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Background. The Caoguo-4 decoction, a classical Mongolian medicine formula, is widely used to treat spleen deficiency diarrhea
(SDD) in Mongolian for decades. Previously, the Caoguo-4 decoction volatile oil has been confirmed to be effective in
ameliorating symptoms of spleen deficiency diarrhea in an animal model. However, the underlying mechanism of the Caoguo-
4 decoction volatile oil is yet to be established. The aim of the current study was to investigate the antidiarrheal effects and
mechanism of the Caoguo-4 decoction volatile oil. Method. Wistar rats were randomly divided into 5 groups of 10 animals
including control, model, positive, Caoguo-4 decoction, and Caoguo-4 decoction volatile oil groups (10 rats in each group). All
the rats, besides those in the control group, were induced to develop SDD by a bitter-cold purgation method with Xiaochengqi
decoction. The antidiarrheal effect of Caoguo-4 decoction volatile oil was evaluated by pathological section, serum D-xylose
and AMS content, plasma MTL content, and gut microbiota analysis via 16S rRNA sequencing. Results. The results showed
that the developed SDD rat model (model group) had decreased food intake, increased weight loss, soft stool, and bad hair
color. When compared with the control group, serum was significantly reduced serum D-xylose and AML but increased MTL
levels in the model group (p < 0:05). However, after treatment with either the Caoguo-4 decoction (the decoction group) or
Smecta (the positive group) or volatile oil from the Caoguo-4 decoction (the volatile oil group), a significant increase in the
serum D-xylose levels was observed. Additionally, AML levels significantly increased in the positive and volatile oil groups, and
MTL levels significantly decreased in the decoction and volatile oil groups, when compared with the model group (p < 0:05).
The pathological changes of the intestinal mucosa showed that the structure of the epithelium in the villi of the small intestine
was affected, deformed, and incomplete in the model group when compared with the control group. However, either the
decoction group or the volatile oil group recovered the villous morphology. The results of OTU analysis and alpha diversity
analysis of intestinal bacteria showed that the intestinal microbiota of the SDD model rats showed an obvious decrease in
richness and diversity of intestinal microbiota. But the intervention treatment of decoction and volatile oil could significantly
recover the richness and diversity of intestinal microbiota. Conclusion. The intestinal microbiota destroyed in SDD modelling
could be significantly improved by the Caoguo-4 decoction volatile oils, which provides reference for clinical medication.

1. Introduction

Spleen deficiency diarrhea (SDD) is a common disease of
traditional Chinese medicine (TCM). The main cause of

SDD according to TCM is considered to be spleen deficiency,
endophytic dampness, Qi consumption, and stomach dishar-
mony, resulting in conductive dysfunction of the intestines
[1, 2]. The deficient spleen fails to transport and the weak
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stomach fails to digest and process foods; thus, the water and
foods are then retained to affect the ascent of spleen yang;
consequently, it collapses to cause diarrhea [3]. At present,
the specific pathogenesis of SDD remains unknown: immune
dysfunction, intestinal barrier dysfunction, mental factors,
etc. [4]. With the deepening of research, gut microbiota has
become one of the most critical factors in SDD progression,
accompanied by diarrhea induced by dysfunctional or infec-
tion intestinal environment [5, 6]. Related research also con-
firmed that the quantity of beneficial physiological bacteria
such as Lactobacillus and Bifidobacterium in the intestine of
mice is negatively correlated with the severity of the symp-
toms of SDD in mice; that is, the more severe the symptom
of SDD in mice, the smaller the quantity of Lactobacillus
and Bifidobacterium in the intestine of mice, leading to disor-
der of gut microbiota [7]. Therefore, a better understanding
of the gastrointestinal microflora in SDD has been of great
significance. Acupoint application therapy is the application
of Chinese herbal medicine to the corresponding points to
regulate meridians, yin and yang, and qi as well as the blood
of the human body [8]. The Shenque point has a thin cuticle
making it conducive to rapid drug absorption, and its loca-
tion close to the intestinal tract strengthens the spleen and
stomach by promoting the flow of Qi and relaxing the bowels
[9]. Increasing evidence suggests that TCM achieved a good
therapeutic effect for SDD for its less toxicity and equal or
even better antidiarrheal efficacy [10]. Caoguo-4 decoction
is a kind of traditional Mongolian medicine formula, origi-
nated from the medical classic of “Yi Fang Feng Ji.” It has
long been used clinically for the maintenance of “Heyi” and
upward “Heyi” disease and specifically has been identified
to have a significant effect on spleen deficiency diarrhea.
“Mongolian Medicine Prescription” [11]: “Used for the treat-
ment of stomach “Heyi “syndrome, head tingling, spleen dis-
ease, etc.” “Chinese Medical Encyclopedia (Mongolian
version)” recorded [12]: “Indications for head stabbing pain,
abdominal distension and bowel rumbling caused by
Ascending “Heyi” and “Siming Heyi.” “It is composed of
Amomum tsao-ko Crevost et Lemarie, Eugenia caryophyllata

Thunb., Aucklandia lappa Decne., and Foeniculum vulgare
Mill., which all belong to the “warm-natured” category of
the Mongolian medicine, with a role specifically in dispelling
the spleen and stomach chill. However, Caoguo-4 decoction
has a curative clinical effect on SDD, but with limited devel-
opment due to being short of defined pharmacodynamics
and mechanisms.

Volatile oils refer to the active components from TCM.
Valuable properties of volatile oils have been confirmed
experimentally or empirically. Examples include [13] Euge-
nia caryophyllata Thunb. (strengthening the spleen and
resisting bacteria), Aucklandia lappa Decne. (moving Qi
and relieving pain), Amomum tsao-ko Crevost et Lemarie
(invigorating the stomach and dispelling dampness), Foeni-
culum vulgare Mill. (regulating Qi flowing for strengthening
the spleen), etc. In the previous study from this group, the
Caoguo-4 decoction volatile oil has been confirmed to be
effective in ameliorating symptoms of the SDD rat model,
which is comparable to the effect of the Caoguo-4 decoction.
However, the underlying mechanisms by which the Caoguo-
4 decoction volatile oil exhibits antidiarrheal activity
remains poorly understood. Hence, the aim of this study
was to investigate the antidiarrheal effect and mechanism
of the Caoguo-4 decoction volatile oil through regulation
of intestinal microbiota.

CG

(a)

MG

(b)

CG

(c)

CG

(d)

CG

(e)

MG

(f)

Figure 1: Microcosmic indexes of rats in the control group and the model group. Note: CG: control group; MG: model group: (a) stool from
the control group; (b) stool from the model group; (c) anal area of the control group; (d) anal area of the model group; (e) posture of the
control group; (f) posture of the model group.

Table 1: The contents of D-xylose, AML, and MTL in blood of rats
with spleen deficiency diarrhea.

Group D-Xylose AMS MTL

CG 1:66 ± 0:30 4294 ± 848 167:58 ± 25:73
MG 0:81 ± 0:37∗ 2469 ± 929∗ 196:34 ± 23:47∗

TG 2:52 ± 1:20# 2880 ± 371 160:47 ± 28:68#

HG 2:15 ± 0:41## 3862 ± 559# 145:20 ± 17:99##

YXG 2:07 ± 0:54## 3712 ± 740# 202:03 ± 62:39
Note: CG: control group; MG: model group; TG: soup group; HG: oil group;
YXG: positive group. Compared with the control group, ∗p < 0:05, ∗∗p <
0:01; compared with the model group, #p < 0:05, ##p < 0:01.
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2. Materials and Methods

2.1. Materials and Chemicals. Amomum tsao-ko (batch
number: 1709009), cloves (batch number: 1710004), fennel
(batch number: 1711009), Costustoot (batch number:
1703003), Rheum officinale (batch number: 1806007), fruc-
tus aurantii immaturus (batch number: 1806008), and Mag-
nolia officinalis (batch number: 1805003) were purchased
from Jiangxi Zhangshu Tianqitang Chinese Herbal Slices
Co., Ltd. (Jiangxi, China). The commercial enzyme-linked
immunosorbent assay (ELISA) kits for D-xylose, serum
motilin (MTL), and amylase were purchased from Jiancheng
Enzymatic Immunity Co., Ltd. (Nanjing, China). Jojoba oil
was purchased from Dimei Biotechnology Co., Ltd. (Guang-
zhou, China).

2.2. Plant Materials and Volatile Oil Extraction. Caoguo-4
decoction, a kind of traditional Mongolian medicine for-
mula, contains the following ingredient: Amomum tsao-ko
Crevost et Lemarie (also known as CaoGuo in China), Euge-
nia caryophyllata Thunb. (also known as DingXiang in
China), Aucklandia lappa Decne. (also known as MuXiang
in China), and Foeniculum vulgare Mill. (also known as

HuiXiang in China). All the herbs were purchased from
Chengdu Huichu Technology Co., Ltd. (Chengdu, China),
which were authenticated by Professor Fei Ge (Jiangxi Uni-
versity of Traditional Chinese Medicine, Nanchang, China).
According to the ratio of CG : MX : DX : HX = 5 : 5 : 3 : 3,
the dried Chinese herbs were crushed into coarse powder.

Caoguo-4 decoction was prepared as follows: 100 g crude
Caoguo-4 decoction was made into powder and put in 10
times of water for 15 minutes, boiled for 30 minutes, filtered,
and collected. Repeat such procedures. Puted the two liquid
together, concentrated them to 0.256 g/ml.

Caoguo-4 decoction volatile oil was extracted by the
steam distillation method. The steam distillations were car-
ried out according to the Chinese Pharmacopoeia (2020).
Briefly, 360 g of Caoguo-4 decoction medicinal powder was
completely immersed in Milli-Q water in proportion of
1 : 10 (W/V) for 30min. The mixture was submitted to
hydrodistillation in a Clevenger-type apparatus at tempera-
ture of 100°C for 240 minutes. Volatile oil was dried over
Na2SO4. The yield of volatile oil was 5% (V/W), and the
oil was stored at -20°C until analysis. For animal experiment,
the volatile oil was diluted with jojoba oil with the dilution
ratio of 1 : 10 (V/V).

(a) (b)

(c) (d)

(e)

Figure 2: Effect of each group on small intestinal mucosa histopathology in rats with spleen deficiency diarrhea (hematoxylin-eosin; 40x
magnification): (a) CG group, (b) MG group, (c) TG group, (d) HG group, and (e) YXG group.
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2.3. Animal Experimental Design

2.3.1. Animal. SPF Wistar rats weighing ∼200–220 g were
purchased from Lai-Ke-Jing-Da Experimental Animal Co.
Ltd. (Hunan, China) and consisted of both genders at a pro-
portion of 1 : 1. The animals were housed individually in the
Experimental Animal Center of Jiangxi University of Chi-
nese Medicine (Jiangxi, China). Standard tap water and rat
food were available. After acclimation for 7 days, all rats
were randomly divided into 5 groups of 10 animals each as
follows: the normal control group (CG), the spleen defi-
ciency diarrhea model group of treatment groups (MG),
the positive group of treatment groups (YXG), the Caoguo-
4 decoction group of treatment groups (TG), and the
Caoguo-4 decoction volatile oil group of treatment groups
(HG). The spleen deficiency diarrhea model was induced

in the MG group, the YXG group, the TG group, and the
HG group.

During all experiments, water and food were available ad
libitum. All animal procedures were conducted in accor-
dance with the institutional guidelines approved by the
Ethics Committee of the Jiangxi University of Chinese Med-
icine (no. JZLLSC2018-0086).

2.3.2. Spleen Deficiency Diarrhea Model and Group
Treatments. The spleen deficiency diarrhea (SDD) model
was established using a bitter-cold purgation method with
Xiaochengqi decoction [14, 15]. Briefly, the rats were intra-
gastrically administered with 3ml/100 g Xiaochengqi decoc-
tion for 21 days once every other day. Meanwhile, the rats
were not fed with any chow but drinking water freely on
gavage day and were fed ad libitum on the next day. The
CG group was intragastrically administered with the same
volume of double-distilled water with food and water ad libi-
tum. The YXG group was intragastrically administered with
Smecta, prepared in 40mg/ml suspension with distilled
water (equivalent to 10 times the clinical dosage). The TG
group was given the Caoguo-4 decoction with a mass con-
centration of 0.256 g/ml (the amount of 10ml/kg/day was
applied). The HG group was given the Caoguo-4 decoction
volatile oil through the umbilical cord and stimulating the
Shenque acupoint with 1.92ml (the yield of volatile oil was
5% (V/W), 10 times of the oral dose). The modelling was
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considered successful if the following criteria were meet: (a)
slow weight gain or weight loss, (b) less eating amount and
more drinking volume, (c) loose stools, (d) lassitude or irri-
tating, (e) yellow and dry hair, (f) curling up for fear of cold,
and (g) D-xylose and amylase (AMS) levels measured once
per week for 3 weeks.

Xiaochengqi decoction, a kind of traditional Chinese for-
mula, contains the following ingredient: Radix et Rhizoma

Rhei, Fructus Citri aurantii immaturus, and Cortex Magno-
liae officinalis with the amount ratio of 2 : 3 : 3 for SDD
modelling. All the herbs were purchased from Jiangzhong
Chinese Medicine Yinpian Co. Ltd. (Jiangxi, China) as crude
herbs. Xiaochengqi decoction was prepared as follows: the
herbs were soaked in 10 times the amount of water for 30
minutes and heated for 1 hour each time, and the filtrate
was combined twice and then condensed to 1 g/ml.

2.4. Sample Collection. At the 21th day, after fasting for 24
hours, the rats were sacrificed by intraperitoneal injection
of 1% pentobarbital sodium (50mg pentobarbital/kg rat
body weight). Blood was harvested from the abdominal
aorta into tubes with ethylene diamine tetra acetic acid.
Plasma was isolated by centrifugation at 4000 rpm for
15min at 4.0°C. The supernatant was collected and stored
at -80°C for later analysis. The small intestine was put into
4% buffered formalin solution and embedded in paraffin.
These sections were stained with hematoxylin and eosin
(HE) and periodic acid-Schiff (PAS), respectively, in accor-
dance with the standard procedures for histopathological
analysis. The intestinal feces were taken under sterile condi-
tions and then put into sterile tubes in liquid nitrogen for
further analysis. The amounts of spleen deficiency-
associated cytokines including D-xylose, AMS, and MTL
were determined using ELISA kits according to the manu-
facturers’ instructions.

Table 2: Comparison of OTUs and diversity of samples between groups.

Groups A Observed species PD-whole tree B Recovery rate

CG 449:86 ± 28:72 351:50 ± 10:64 34:48 ± 0:31 4:47 ± 0:43 >0.99
MG 286:88 ± 22:05∗∗ 233:80 ± 13:62∗∗ 24:40 ± 1:89∗∗ 4:59 ± 0:15 >0.99
TG 393:16 ± 36:37## 311:08 ± 34:21## 30:42 ± 3:02# 5:03 ± 0:47 >0.99
HG 379:11 ± 58:53# 312:05 ± 55:76# 30:79 ± 4:18# 4:47 ± 0:89 >0.99
YXG 337:04 ± 61:82 274:28 ± 39:38 28:17 ± 3:04 4:57 ± 0:42 >0.99
Note: CG: control group; MG: model group; TG: soup group; HG: oil group; YXG: positive group. Compared with the control group, ∗p < 0:05, ∗∗p < 0:01;
compared with the model group, #p < 0:05, ##p < 0:01.
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Table 3: Species at different groups of phylum classification levels
(%).

Phylum
CG

group
MG
group

TG
group

HG
group

YXY
group

Cyanobacteria 0.12% 0.00%∗∗ 0.03% 0.01% 0.01%

Saccharibacteria 2.30% 0.00%∗ 0.10%# 0.07%# 0.14%

Proteobacteria 1.36% 5.24%∗∗ 5.89% 3.97%# 3.96%

Tenericutes 0.42% 0.05%∗∗ 0.10% 0.15% 0.09%

Bacteroidetes 2.17% 0.64% 1.57% 5.47% 1.24%

Firmicutes 78.76% 84.05% 80.95% 81.78% 86.42%

Euryarchaeota 0.04% 0.00%∗ 0.01% 0.01% 0.01%

Verrucomicrobia 0.21% 0.37% 0.36% 0.64% 1.09%

Actinobacteria 14.54% 9.61% 10.96% 7.90% 7.03%

Other 0.07% 0.03% 0.02% 0.02% 0.01%

Note: compared with the control group, ∗p < 0:05, ∗∗p < 0:01; compared
with the model group, #p < 0:05, ##p < 0:01.
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2.5. ELISA. The rats were sacrificed by intraperitoneal injec-
tion of 1% pentobarbital sodium (50mg pentobarbital/kg rat
body weight). Serum was stored at −80°C for analysis of D-
xylose and AMS content using the enzyme-linked immuno-
sorbent assay (D-xylose ELISA kit provided by Nanjing Jian-
cheng Bioengineering Institute Co., Ltd., no.20180621; AMS
ELISA kit provided by Nanjing Jiancheng Bioengineering
Institute Co., Ltd., no. 20180612). Plasma was stored at
−80°C for analysis of MTL content using the enzyme-
linked immunosorbent assay (MTL ELISA kit provided by
Nanjing Jiancheng Bioengineering Institute Co., Ltd., no.
20180901).

2.6. Histopathological Observation. The jejunum tissues were
isolated, rinsed with ice PBS, fixed in 4% paraformaldehyde
solution for 24 hours, removed, cut well into the dewatering
box, and dehydrated in 75% alcohol for 4 h, 85% alcohol,
and 90% alcohol for 2 hours each; anhydrous ethanol I
and anhydrous ethanol II for 30min; alcohol benzene,
xylene I, and xylene II for 5-10min; and wax I, wax II, and
wax III for 1 h. The tissue was soaked in wax and embedded.
The paraffin tissues were cut into 4μm thick sections with a
cryotome and were stained with hematoxylin and eosin
(H&E), periodic acid-Schiff (PAS), or Masson’s trichrome
(M-T). The morphological changes in the stained tissues
were observed under a light microscope.

2.7. Gut Microbiota Analysis. The feces samples collected
from all groups on the third week were used for the micro-
bial community analysis. Total genomic DNAs from the
feces of mice were extracted using the E.Z.N.A.® stool DNA-
Kit (Omega Bio-Tek, Norcross, GA, U.S.) according to the
manufacturer’s instruction. The quality of extracted DNA

was checked by 1% agarose gel electrophoresis and spectro-
photometry (optical density at the 260nm/280 nm ratio). All
extracted DNA samples were stored at -20°C for further
analysis.

The V3–V4 hypervariable regions of the 16s rRNA gene
were subjected to high-throughput sequencing by Beijing
Allwegene Tech, Ltd. (Beijing, China) using the Illumina
Miseq PE300 sequencing platform (Illumina, Inc., CA,
USA). The V3-V4 regions of the bacterial 16s rRNA gene
were amplified with the universal primers of the forward
338F (5′-ACTCCTACGGGAGGCAGCAG-3) 5and the
reverse 806R (5′-GACTACHVGGGTWTCTAAT-3′). The
PCR program was as follows: 95°C for 5min and 25 cycles
at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s with the final
extension of 72°C for 10min. PCR reactions were performed
in triplicate: 25μl mixture containing 2.5μl of 10× Pyrobest
Buffer, 2μl of 2.5mM dNTPs, 1μl of each primer (10μM),
0.4U of Pyrobest DNA Polymerase (TaKaRa), and 15ng of
template DNA. The amplicon mixture was applied to the
MiSeq Genome Sequencer (Illumina, San Diego, CA, USA).

2.8. Illumina MiSeq Sequencing. Amplicons were extracted
from 2% agarose gels and purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA,
U.S.) according to the manufacturer’s instructions and
quantified using QuantiFluor™-ST (Promega, U.S.). Purified
amplicons were pooled in equimolar and paired-end
sequenced (2 × 300) on an Illumina MiSeq platform accord-
ing to the standard protocols.

The extraction of high-quality sequences was firstly per-
formed with the QIIME package (Quantitative Insights Into
Microbial Ecology) (v1.2.1). Raw sequences were selected
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Figure 7: Profiling histograms of species at different groups of genus classification levels: a—CG group, b—MG group, c—TG group,
d—HG group, and e—YXG group.
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based on sequence length, quality, primer, and tag. The raw
sequences were selected, and the low-quality sequences were
removed; specific information is as follows: (i) the 300 bp
reads were truncated at any site receiving an average
quality score < 20 over a 50 bp sliding window, discarding
the truncated reads that were shorter than 50 bp. (ii) Exact

barcode matching, 2 nucleotide mismatches in primer
matching, and reads containing ambiguous characters were
removed. (iii) Only sequences that overlap longer than
10 bp were assembled according to their overlap sequence.
Reads which could not be assembled were discarded. The
unique sequence set was classified into operational

Table 4: Species at different groups of genus classification levels (%).

Genus GC MC TJG HFYG YXZ

Collinsella 0.01% 0.55%∗∗ 0.07%## 0.64% 0.74%

Phascolarctobacterium 0.00% 0.65%∗ 0.08%## 0.19% 0.17%

Bifidobacterium 3.10% 1.14% 1.20% 1.80% 1.16%

Akkermansia 0.21% 0.37% 0.36% 0.64% 1.09%

Ruminococcaceae_UCG-014 3.32% 0.95%∗ 2.49% 3.35%## 2.09%

Anaerostipes 0.00% 0.33% 0.09% 1.27% 1.21%##

Acinetobacter 0.00% 0.11%∗ 0.73% 0.03% 0.30%

Ruminococcaceae_UCG-013 0.87% 0.13%∗ 1.15% 0.55% 0.78%#

Ruminococcus_torques_group 0.00% 0.42%∗ 0.19% 0.11% 0.74%

Escherichia-Shigella 0.00% 2.43%∗∗ 1.71% 2.16% 2.31%

Aerococcus 1.36% 0.85% 1.55% 0.21%# 0.23%#

Anaerotruncus 0.01% 0.54% 0.19% 0.37% 0.15%

Bacteroides 0.00% 0.20%∗∗ 0.07%# 0.78% 0.25%

Faecalibaculum 0.42% 0.02%∗∗ 0.17% 0.13% 0.05%

Butyricicoccus 0.01% 1.80%∗ 0.79% 0.12%# 0.53%

Staphylococcus 0.83% 0.44% 0.19% 0.02%# 0.10%

Desulfovibrio 0.49% 0.22% 0.34% 0.11% 0.06%

Jeotgalicoccus 1.10% 2.79% 1.72% 0.53%# 0.77%#

Eubacterium_coprostanoligenes_group 0.23% 0.11% 0.52% 0.67% 0.65%

Romboutsia 10.56% 8.65% 6.03%# 3.83%## 6.92%

Blautia 0.03% 2.52%∗ 2.23%## 1.15% 2.48%

Subdoligranulum 0.00% 0.62%∗ 2.91%# 0.27% 0.66%

Lachnospiraceae_NK4A136_group 0.27% 0.09% 1.00% 0.05% 0.06%

Lactobacillus 40.83% 44.49% 37.52% 53.23% 52.16%

Candidatus_Saccharimonas 2.28% 0.00%∗∗ 0.05% 0.07%# 0.12%

Oligella 0.52% 0.20% 1.44%# 0.10% 0.37%

Allobaculum 6.17% 7.75% 8.52% 4.09% 3.27%#

Enterococcus 0.23% 4.47% 4.30% 2.21% 2.42%

Facklamia 0.48% 0.43% 0.85%# 0.10%# 0.25%#

Ruminococcus_2 0.05% 0.11% 0.15% 0.91%# 0.79%#

Adlercreutzia 0.93% 0.22% 0.13% 0.12% 0.17%

Enterorhabdus 1.55% 0.27%∗ 0.54%# 0.42% 0.48%#

Helicobacter 0.00% 1.25%∗∗ 0.97% 1.09% 0.56%

Eubacterium_hallii_group 0.00% 0.34%∗ 0.51% 0.08% 0.31%

Parasutterella 0.00% 0.74% 0.15% 0.42% 0.13%

Corynebacterium_1 6.67% 5.78% 6.60% 2.95% 3.19%

Ruminococcaceae_UCG-005 0.08% 0.17% 2.22% 1.64% 1.74%

Clostridium_sensu_stricto_1 7.27% 0.07% 0.01% 1.97%# 0.67%#

Other 10.08% 7.77% 9.66% 11.04% 9.24%

Note: CG: control group; MG: model group; TG: soup group; HG: oil group; YXG: positive group. Compared with the control group, ∗p < 0:05, ∗∗p < 0:01;
compared with the model group, #p < 0:05, ##p < 0:01.
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taxonomic units (OTUs) under the threshold of 97% iden-
tity using UCLUST. Chimeric sequences were identified
and removed using USEARCH (version 8.0.1623). The tax-

onomy of each 16S rRNA gene sequence was analyzed by
UCLUST against the Silva119 16S rRNA database using con-
fidence threshold of 90%.

a: Dermabacteraceae
b: Microbacteriaceae
c: Micrococcales
d: Bacteroidaceae
e: Porphyromonadaceae
f: Staphylococcaceae
g: Bacillales
h: Aerococcaceae
i: Enterococcaceae
j: Clostridiaceae_1
k: Lachnospiraceae
l: Erysipelotrichaceae
m: Erysipelotrichales
n: Erysipelotrichia
o: Alphaproteobacteria
p: Enterobacteriaceae
q: Enterobacteriales
r: Unknown_Family
s: Unknown_Order
t: Unknown_Class
u: unidentified
v: Mollicutes_RF9
w: Mollicutes

a

Cladogram

b
c
d
e

Figure 8: Cladogram: analysis of significant difference between samples: a—CG group, b—MG group, c—TG group, d—HG group, and
e—YXG group.
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Figure 9: LDA score of significantly different bacteria in each group: a—CG group, b—MG group, c—TG group, d—HG group, and
e—YXG group.
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2.9. Statistical Analysis. Statistical analysis was performed
using SPSS 24.0. The graphs were made using GraphPad
Prism 6.0. One-way analysis of variance (ANOVA) and
two-tail Student’s t-test were conducted for comparisons
among the multiple groups. p < 0:05 was considered to be
statistically significant.

3. Results

3.1. Macro Characterization. Throughout the experiment,
the physiological status between the CG group and the other
four groups (MG, TG, HG, and YXG group) is significant.
The CG group displayed flexible reaction, smooth coat, con-
trolled food intake, and granular stool. The spleen deficiency
model in the other four groups (MG, TG, HG, and YXG
group) was developed using Xiaochengqi decoction as previ-
ously described. The rats in other groups began to have diar-
rhea on the 3rd day after the establishment of the model. The
water content in their stools increased markedly. On the 7th

day, the diarrhea was more obvious. The stools were thin,
and there was dirt around the anal area. They squinted visu-
ally, crouched obviously, piled up, arched back, were tired
and sleepy, fed less, reacted slowly, and defecated many
times, and their fur was dark and glossy (Figure 1).

3.2. Effect of Caoguo-4 Decoction Volatile Oil on Serum D-
Xylose and AMS Content and Plasma MTL Content in
Spleen Deficiency Rats. Table 1 shows that the plasma MTL
content in the MC group was higher than that in the CG
group (p < 0:05). The plasma MTL content in the TG and
MG groups was lower than that in the MG group (p < 0:05
). The serum D-xylose and AMS content in the MG group
was lower than that in the CG group (p < 0:05), but for the
TG, MG, and YXG groups, serum was significantly increased
in the serum D-xylose and AMS levels (p < 0:01 or p < 0:05).
This result indicated that Caoguo-4 decoction and Caoguo-4
decoction volatile oil could upregulate the content of D-
xylose, AML, and MTL in rats.

3.3. The Histopathological Changes in the Intestinal Mucosa.
The histopathological changes of the intestinal mucosa of
mice in all groups were analyzed by HE staining
(Figure 2). Mice in the CG group showed integrity of the
intestinal epithelium and no inflammatory cell infiltration
in interstitial cells. But in the MC group, mucosal lesions
with a massively destructed epithelium and a mass of glands
were decreased with disorder and inflammatory cell infiltra-
tion. In the TG and HG group, with a little inflammatory cell
infiltration, the structure of the epithelium in the villi of the
small intestine was almost complete, only partially broken.
This result indicated that Caoguo-4 decoction and Caoguo-
4 decoction volatile oil could significantly protect intestinal
mucosa structure and reduce histologic inflammation.

3.4. OTU Analysis. Figure 3 shows the operational taxo-
nomic unit (OTU) number of all the bacteria in the gut.
When compared with the CG group, the MG group had
224 identical species, the TG group had 315 identical species,
the HG group had 316 identical species, and the TYG group
had 270 identical species. Further, when compared with the

MG group, the TG group had 314 identical species, the HG
group had 311 identical species, and the YXG group had 308
identical species. Between the TG group and the HG group,
there were 389 identical species. It can be seen that after the
treatment using the Caoguo-4 decoction volatile oil, the
number of bacterial OTUs in the HG group is the same as
that in the TG group; further, there was similar number of
bacterial OTUs in the TG group and the CG group. The
results indicate that the simultaneous use of the Caoguo-4
decoction volatile oil and the Caoguo-4 decoction can effec-
tively restore intestinal microbiota and restore intestinal
microecological environment.

In Figure 4, we find that the YXG group points are more
dispersed, indicating that the intestinal microbial commu-
nity in this group of rats is the most different. However,
the TG group and the HG group points are relatively con-
centrated, indicating that the difference between the two
groups of rat’s intestinal microbial community is small.
Interestingly, in the HG group, the difference was minimal.

3.5. Alpha Diversity Analysis. The good coverage value for
each group was greater than 0.99, indicating that the results
of this sequencing can reflect the actual situation of microor-
ganisms in the sample. The results of alpha diversity analysis
between groups (Figure 5) indicated that compared with the
CG group, the intestinal microbiota richness index (Figure 5,
chao1 and observed species) (Table 2) in the MG group was
significantly reduced (p < 0:01) and the diversity index (PD
whole tree) significantly decreased (p < 0:05). Further, com-
pared with the MG group, the intestinal microbiota richness
index (Figure 5, chao1 and observed species) of rats in the
TG group and HG group was significantly increased
(p < 0:01) and the diversity index (whole tree) increased sig-
nificantly (p < 0:05).There was no significant difference in
the YXG group (p > 0:05). Further, there was no significant
difference in the Shannon index (Figure 5, Shannon) in each
experimental group (p > 0:05), which indicated that the
intestinal microbiota of spleen deficiency diarrhea rats had
been well recovered posttreatment with Caoguo-4 decoction.

3.6. Species Annotation Analysis. According to the OTUs
obtained from the sample sequencing and the species repre-
sented by OTUs, the corresponding columnar diagrams of
the species were drawn for each sample (Figure 6) at the
phylum and belonging to the classification grade.

The distribution of phylum horizontal species is shown
in Table 3. The results show that the intestinal structure of
rats at the phylum level is mainly thick-walled fungus, Acti-
nomycetes phylum, and deformed fungus phylum, in which
the proportion of deformed bacteria phylum is the lowest,
the proportion of thick-walled fungus is the highest, and
Actinomycetes phylum is the second most dominant flora.
Compared to the control group, in the model group, Sac-
charibacteria (p < 0:05), Tenericutes (p < 0:01), Euryarch-
aeota (p < 0:05), and Cyanobacteria significantly decreased
(p < 0:01). However, Proteobacteria significantly increased
(p < 0:01). Compared with the model group, the Sacchari-
bacteria of the decoction group increased significantly
(p < 0:05). And Proteobacteria of the volatile oil group
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decreased significantly (p < 0:05), Saccharibacteria signifi-
cantly increased (p < 0:05), and there was no significant dif-
ference in the positive group.

Figure 7 and Table 4 show the distribution of horizontal
species; the results show that when compared with the con-
trol group, in the model group, Enterorhabdus (p < 0:05),
Candidatus_Saccharimonas (p < 0:01), and Ruminococca-
ceae_UCG-013/UCG-014 (p < 0:05) significantly decreased.
However, Escherichia-Shigella and Helicobacter significantly
increased (p < 0:01). Compared with the model group, the
decoction group had significantly decreased Romboutsia
(p < 0:05) and significantly increased Subdoligranulum
(p < 0:05), Enterorhabdus (p < 0:05), and Oligella (p < 0:05).
In the volatile oil group, Candidatus_Saccharimonas
(p < 0:05) and Ruminococcaceae_UCG-014 (p < 0:01) signifi-
cantly increased and Aerococcus (p < 0:05), Butyricicoccus
(p < 0:05), and Romboutsia (p < 0:01) significantly decreased.
In the positive group, Aerococcus (p < 0:01), Ruminococca-
ceae_UCG-013 (p < 0:01), and Jeotgalicoccus (p < 0:01) signif-
icantly decreased, whereas Anaerostipes (p < 0:01) and
Enterorhabdus (p < 0:05) significantly increased.

3.7. Analysis of Significant Difference between Samples. The
circle radiating from the inside to the outside represents
the classification level from the door to the genus (or spe-
cies). Each small circle at different levels represents a classi-
fication at this level, and the diameter size of the small circle
is proportional to the relative abundance size of each genus
or species (Figure 8). With coloring principle, the species
without significant difference is colored yellow; the different
species biomarkers follow the group coloring: the red node
represents the microbial group that plays an important role
in the “red group” and the green node represents the micro-
bial group that plays an important role in the “green group.”
The name of the species is represented in the English alpha-
bet in the figure and is shown in the legend on the right.

Figure 9 shows the species in which the linear discrimi-
nant analysis (LDA) score is greater than the set value, that
is, the biomarker with statistically significant differences.
This figure indicates species with significant differences in
abundance in different groups, and the length of the histo-
gram represents the size of the significantly different species.
The longer the column, the greater the LDA value. Clostrid-
ium, Clostridiaceae, Enterorhabdus, Staphylococcus, soft-wall
fungus door Tenericutes, and Coriobacteriaceae had the
highest abundance in the control group. Enterococcaceae,
Bacillales, Enterobacteriales, Escherichia, Blautia, and the
genus Anaerotruncus were the most abundant in the model
group. Erysipelotrichia, Erysipelotrichaeae, Erysipelotrichi-
chales, Allobaculum, Proteobacteria, Aerococcaceae, Rumino-
coccaceae, Aerococcus, Oligella, Micrococcales, Eubacterium
Hallii, Brachybacterium, Dermabacteraceae, Microbacteria-
ceae, marine Oceanobacillus, and α-Proteobacteria had the
highest abundance in the decoction group. Anaerostipes,
Ruminococcus 2, Bacteroides, Bacteroidaceae, Porphyromo-
nadaceae, and Parabacteroides had the highest abundance
in volatile oil groups. The different species with the highest
abundance in the positive group were Lachnospiraceae,
Coprococcus, and Ruminococcaceae.

4. Discussion

To test our hypothesis that regulation of intestinal microbi-
ota by the Caoguo-4 decoction volatile oil is related to its
antidiarrheal efficacy, we established the SDD model in rats
demonstrated by indices of diarrhea and clinical symptoms,
which is consistent with previous studies. Its main function
is to affect the power of the gastrointestinal tract and can
stimulate the secretion of pepsin and pancreatic fluid along
with gallbladder contraction. The effect on gastrointestinal
movement is manifested in increasing the tension of the
lower esophageal sphincter, promoting the movement of
the stomach, small intestine, and gallbladder, and contribut-
ing to the absorption of food. The experimental results
showed that the plasma motilin in the model group was sig-
nificantly higher than that in the control group, which was
consistent with the previous studies such as Lu [16] and Li
and Zhen [17], but the results are inconsistent with studies
from groups such as Song et al. [18] and Shao et al. [19];
hence, there is a need to further study its mechanism. After
administration with either the decoction group or volatile oil
group, there is significant decrease in motilin, and the
decrease in the volatile oil group was more obvious thus
proving that this group was most efficient for the treatment
of SDD. Results also showed that there was some damage to
the intestinal mucosal structure in the model group, and the
Caoguo-4 decoction and the Caoguo-4 decoction volatile oil
group could improve the damaged epithelial structure and
reduce inflammation.

The results of OTU analysis and alpha diversity analysis
showed that the intestinal microbiota of spleen deficiency
model rats changed significantly. With the increase in the
number of samples and their corresponding grade values,
the number of bacteria and relative abundance tend to be
more towards a certain constant value. This indicates that
the sequencing depth is sufficient to reflect the level of com-
munity richness, the number of OTUs is close to the actual
situation, and the uniformity of community composition is
higher. Additionally, the coverage value is the coverage of
the sample library in the experiment, with 10% as the upper
limit; the higher the value, the higher the probability of the
sequence being detected in the sample, which means that
the sequencing results can reflect the real situation of the
sample.

Further, the richness and diversity of intestinal microbi-
ota also decreased significantly. Through intervention with
decoction and volatile oil, the richness and diversity of intes-
tinal flora recovered significantly, but there was no signifi-
cant change in the positive group. This shows that the
intestinal microbiota in rats with SDD has been destroyed,
and both decoction and volatile oil can restore the unbal-
anced intestinal microbiota, and it can be speculated that
decoction and volatile oil are superior to Smecta in the treat-
ment of spleen deficiency diarrhea.

Intestinal microbiota are the most important and diverse
microbial community living in the human body [20], and in
order to maintain the body function in a stable state, intesti-
nal microbiota will restrict each other to achieve dynamic
balance. Intestinal microbiota disorders in the TCM are
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considered important biological basis for “spleen deficiency”
[21]. Further, the intestinal microecological changes of the
SDD model are closely related to spleen inactivation. In this
study, the thick-wall fungus door accounted for a large pro-
portion in the gut, but there was no significant difference
between the groups in this experiment. The change of the
main intestinal microbiota caused by SDD is the decrease
in the number of bacteria and Saccharibacteria in the intes-
tinal tract (Bacteroidetes), but the number of bacteria in the
deformed fungus door (Proteobacteria) increased corre-
spondingly. This change was mainly due to the high nutri-
tional requirements of the anaerobic bacteria Gram-
negative Bacillus (mostly Bacillus-gate bacteria) caused by
intestinal microenvironment destruction and the prolifera-
tion of lactobacillus bacteria with strong antibiotic resistance
and lower nutritional requirements [22]. In this experiment,
the Proteobacteria in the diarrhea model group of SDD was
significantly increased, and the treatment of volatile oil in
Caoguo-4 decoction inhibited the Proteobacteria in rats,
and the bacteria of Bacillus were recovered. In this paper,
the number of Mycobacterium doors in the model group
was lower than that in the control group, and the number
of Bacillus in the volatile oil group was the best to recover.

At the level of diarrhea, the genus Escherichia coli,
Enterococcus, and pylori were observed to be increased, but
the genus Bifidobacterium and rumen were reduced. Escher-
ichia coli is the main pathogen causing the global epidemic
of infectious diarrhea and outbreak of local diarrhea. The
genus Enterococcus is a gram-positive coccus, which is aero-
bic or anaerobic and is in control of the host. Under con-
trolled circumstances, it will not endanger the health of the
host, but in the lack of nutrients, high alkaline and other
harsh environment for a prolonged time can cause patholog-
ical changes, leading to infection disease [23, 24]. Bifidobac-
terium is a probiotic in the gut of humans and animals. It
participates in a series of physiological processes, such as
immunity, nutrition, digestion, and protection, and has the
function of maintaining the balance of controlling intestinal
microbiota, inhibiting the growth of pathogenic bacteria,
and preventing and controlling constipation, dysentery,
and gastrointestinal disorders [20]. In this study, each drug
group had a conditioning effect on lactic acid bacilli in the
gut of rats in the model group.

In addition, the regulation degree of the Caoguo-4
decoction agent and volatile oil on intestinal microbiota of
SDD model rats was different. Compared with decoction,
volatile oil had a conditioning effect on rumen fungus,
pseudo-rod bacteria, and Saccharibacteria. Compared with
the volatile oil group, decoction has a conditioning effect
on Bacillus, Enterococcus, Romboutsia, Subdoligranulum,
Enterorhabdus, and Oligella. The results show that the
potential mechanism of the Caoguo-4 decoction agent and
volatile oil on the SDD rat model is different, which may
suggest the unique regulation mechanism of volatile oil on
intestinal microbiota. In short, the two intervention groups
changed the structure of intestinal microbiota and increased
the beneficial bacteria such as the Bifidobacterium genus,
rumen fungus, Arabidopsis bacteria, and Saccharibacteria
and reduced harmful bacteria such as deformed fungus

doors, Escherichia coli, Romboutsia, and Blautia. Further,
by analyzing the species or communities with significant dif-
ferences between the groups, it was found that the changes
of Enterococcus, Enterobacter, and Escherichia coli may be
related to the diarrhea index of spleen deficiency.

5. Conclusion

In summary, Caoguo-4 decoction and volatile oils are bene-
ficial against diarrhea, which reduced the incidence of diar-
rhea and improved stool. Our research proved that
Caoguo-4 decoction and volatile oils can upregulate the con-
tent of D-xylose, AML, and MTL in rats, changing the struc-
ture of intestinal microbiota by increasing the beneficial
bacteria such as the Bifidobacterium genus, rumen fungus,
Arabidopsis bacteria, and Saccharibacteria and reducing
harmful bacteria such as deformed fungus doors, Escherichia
coli, Romboutsia, and Blautia. To achieve treatment of
spleen deficiency diarrhea with its mechanism being still
unknown, further research is needed.
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Previous studies on serum fetuin-B (fetuin-like protein IRL685) have investigated its association with T2DM; however, the reason
for the variation in serum fetuin-B and its regulatory factors in metabolic disease remain unclear. Here, we evaluated serum fetuin-
B levels in women with newly diagnosed MetS and performed multiple interventions to investigate the role of fetuin-B in the
pathogenesis of MetS. Serum fetuin-B levels were assessed using ELISA. Bioinformatics analysis was performed to analyze
fetuin-B-related genes and signaling pathways. Additionally, oxidative stress parameters were measured in the in vitro study.
For subgroup analyses, we performed EHC, OGTT, and treatment with a GLP-1RA to investigate the regulatory factors of
serum fetuin-B. We found that in comparison with healthy subjects, serum fetuin-B levels were markedly increased in women
with MetS. Further, serum fetuin-B showed a positive correlation with WHR, FAT%, TG, FBG, HbA1c, FIns, HOMA-IR, VAI,
and LAP. Bioinformatics analysis revealed that most fetuin-B-related core genes were involved in cholesterol metabolism and
fat decomposition. Consistent with this finding, multivariate regression analysis showed that triglyceride content and WHR
were independently associated with serum fetuin-B. We also observed that serum fetuin-B levels were markedly elevated in
healthy subjects after glucose loading and in women with MetS during EHC. In vitro, overexpression of fetuin-B promoted
oxidative stress in HepG2 cell. After 6 months of treatment with a GLP-1RA, serum fetuin-B levels in women with MetS
decreased following an improvement in metabolism and insulin sensitivity. Therefore, serum fetuin-B is associated with MetS,
which may serve as a biomarker of oxidative stress. This trial is registered with ChiCTR-OCC-11001422.

1. Introduction

Metabolic syndrome (MetS) is characterized by several
symptoms, including insulin resistance (IR), abdominal obe-
sity, hypertension, and dyslipidemia [1]. Over the past few
decades, MetS and obesity have developed into global epi-
demics, attributable to high-fat diet and sedentary lifestyle,
placing an enormous economic burden on healthcare sys-

tems [2]. The risk of cardiovascular disease and type 2 diabe-
tes mellitus (T2DM) has been reported to increase by 2- and
5-fold in patients with MetS, respectively [3, 4]. Further-
more, MetS increases all-cause mortality from 1.30- to
1.70-fold, with women showing a higher incidence than
men [5]. Therefore, the pathogenesis of MetS and how its
components interact remain uncertain, and there is a lack
of consistent treatment recommendation. For the optimal
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management of patients with MetS, it is thus critical to iden-
tify biomarkers that can accurately predict outcomes and
therapeutic responses.

Fetuin-like protein IRL685 (fetuin-B) was first identified
as the second member of the cystatin superfamily of cysteine
protease inhibitors in 2000. It shows 22% homology with
fetuin-A [6]. Fetuin-B is encoded by the FETUB gene, which
has a chromosomal localization of 3q27.3 with eight exons,
and mutations in this region have previously been confirmed
to be prone to MetS and diabetes [6]. Further, fetuin-B
expression levels have been reported to be higher in hepato-
cytes from mice with liver steatosis, impairing insulin action
in myotubes and hepatocytes. In addition, fetuin-B silencing
improved glucose tolerance in obese mice but did not affect
their body weight, which suggests that fetuin-B regulates
blood glucose levels via an insulin-independent mechanism,
possibly through glucose effectiveness [7, 8]. In clinical stud-
ies, serum fetuin-B was found to be strongly associated with
triglyceride (TG) content in the liver and early insulin secre-
tion stimulated by glucose [9, 10]. It has also been reported
that in comparison with healthy controls, fetuin-B levels
are substantially increased in patients with nonalcoholic
fatty liver disease, T2DM, polycystic ovary syndrome, and
gestational diabetes mellitus [11–13]. Therefore, previous
studies have suggested that fetuin-B, as an adipokine or
hepatokine, is closely related to glucose and lipid metabo-
lism. However, the association between fetuin-B and MetS
and its mechanism remain unclear.

In this study, we measured serum fetuin-B levels in
healthy individuals and women newly diagnosed with MetS.
A preprint for this part of the study has been published [14].
To investigate the association between serum fetuin-B and
MetS as well as IR, we performed multiple intervention
experiments, including euglycemic-hyperinsulinemic clamps
(EHCs), oral glucose tolerance tests (OGTTs), and treatment
with a glucagon-like peptide-1 receptor agonist (GLP-1RA).
Furthermore, we investigated the effect of fetuin-B on FFA-
induced oxidative stress in vitro.

2. Materials and Methods

2.1. Participants and Inclusion/Exclusion Criteria. Overall,
377 Chinese women (192 with MetS, 185 healthy subjects;
age, 38 ± 15 years; body mass index (BMI), 23:7 ± 4:2
kg/m2) were recruited from outpatients attending the
Department of Endocrinology at the Second Affiliated Hospi-
tal, Chongqing Medical University, as well as from the com-
munity or universities via advertisements or routine medical
examinations performed between December 2016 and
December 2018. The diagnostic criteria of MetS were based
on the United States National Cholesterol Education Program
Expert Panel Adult Treatment Panel III criteria [15]. Partici-
pants were diagnosed with MetS if they showed ≥3 of the fol-
lowing: (1) central obesity (waist circumference (WC): Asian
women, ≥80 cm), (2) hypertension (≥130/85mmHg), (3)
hyperglycemia (fasting glucose ≥ 5:6mmol/L or T2DM), (4)
elevated plasma TG levels (≥1.69mmol/L), and (5) low levels
of high-density lipoprotein-cholesterol (HDL-C: women,
<1.29mmol/L). The participants were classified as those hav-

ing normal glucose tolerance, impaired glucose tolerance, or
T2DM, using the diagnostic criteria of the American Diabetes
Association [16]. The exclusion criteria included heart,
hepatic, or renal failure; presence of malignant tumors, type
1 diabetes, acute infection, or other chronic metabolic diseases;
pregnancy; and long-term use of steroids. In this study, all par-
ticipants with MetS were newly diagnosed, and there was no
involvement of any drug treatment, physical exercise, or diet
control. The healthy subjects had no history of other diseases,
hypertension, or family history of diabetes, and their blood
glucose levels were normal. All study protocols were approved
by the Human Research Ethics Committee of Chongqing
Medical University, and all experiments were performed in
accordance with the Declaration of Helsinki. Written
informed consent was obtained from all participants.

2.2. Anthropometric Examinations and Biochemical
Measurements. After an overnight fast for at least 12 h,
anthropometric measurements were made and blood sam-
ples were obtained by professionals from all participants.
Body measurements (weight, height, WC, hip circumference
(HC), blood pressure, and fat percentage in vivo (FAT%))
and biochemical indices, including levels of fasting blood
glucose (FBG), 2 h post-OGTT glucose (2 h-BG), insulin,
glycosylated hemoglobin (HbA1c), TG, total cholesterol
(TC), HDL-C, low-density lipoprotein cholesterol (LDL-C),
and free fatty acids (FFA), were measured, as previously
reported [17]. We also subjected all women to a 75 g, 2 h
OGTT, according to the American Diabetes Association
criteria [16].

2.3. Measurement of Serum Fetuin-B Levels. Serum fetuin-B
levels were determined using a commercial enzyme-linked
immunosorbent assay kit (RayBiotech, Inc., Norcross, GA,
USA), as the manufacturer’s instructions. The detection
limit of this kit was 4.0 ng/mL; the intra- and interassay coef-
ficient of variation was 10% and 12%, respectively.

2.4. Bioinformatic Analysis

2.4.1. Protein-Protein Interaction (PPI) Network Construction
and REACTOME Analysis. The Search Tool (v11.0) for the
Retrieval of Interacting Genes (STRING) database was used
to construct the PPI network [18]. An interaction score of
0.4 was used as the cut-off standard, and the PPI network
was visualized. The STRING database was used for REAC-
TOME enrichment analysis to screen out signal pathways
and genes related to metabolism [19]. The false discovery
rate ðFDRÞ < 0:01 indicated statistical significance in REAC-
TOME analysis.

2.4.2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Analysis. We used the clusterProfiler
package to perform GO and KEGG pathway analyses [20].
A list of GO and KEGG annotation terms was thus obtained.
Further, we categorized all genes to the biological processes
(BP), cellular components (CC), and molecular functions
(MF) of GO categories. p < 0:05 indicated statistical signifi-
cance in the case of GO and KEGG terms.
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2.5. In Vitro Study

2.5.1. Cell Culture and Treatment. HepG2 cells were cultured
in DMEM supplemented by 10% fetal bovine serum as
previously reported [21]. The cells were transfected with plas-
mid expressing fetuin-B (pcDNA3.1-fetuin-B, GenePharma,
Inc. Shanghai, China) or control plasmid (pcDNA3.1) for
24h. To induce oxidative stress, HepG2 cells were exposed
to 1mM fatty acid mixtures (FFAs, oleic acid: palmitate,
2 : 1) for another 24h as previously reported [21].

2.5.2. Determination of Oxidative Stress Parameters. The
activities of antioxidant enzymes including superoxide dis-
mutase (SOD), glutathione (GSH), and malondialdehyde
(MDA) were measured by their specific assay kits (Beyotime,
Inc., Shanghai, China), according to the manufacturer’s
instructions. To investigate intracellular reactive oxygen spe-
cies (ROS) formation, FFA-treated HepG2 cells were incu-
bated with 10μM dichloro-dihydro-fluorescein diacetate
(DCFH-DA) at 37°C for 20min. Fluorescence of ROS in
the cells was recorded with a fluorescence microscope
(Olympus Corporation, Tokyo, Japan), and intensity was
analyzed using ImageJ software.

2.6. EHC. For subgroup analysis, EHC was performed in 16
women with MetS and 27 healthy subjects as previously
reported [17]. A venous channel was established in the ante-
cubital vein to infuse insulin and glucose, and another cath-
eter was implanted into the dorsal vein of the contralateral
hand for blood sampling. Regular human insulin (1mU/kg/-
min) was infused for 2 h, and 20% glucose was infused to
maintain blood glucose levels at the primary level. The blood
glucose level was measured every 15min during EHC to
guide the glucose infusion rate. During the steady state of
the clamp, the glucose infusion rate was equal to the glucose
disposal rate and related to body weight (M value). Blood
samples were collected at 0, 80, 100, and 120min to analyze
serum fetuin-B levels and other parameters. The blood sam-
ples were centrifuged to separate serum and stored at −80°C
until analysis.

2.7. Intervention Therapy with Liraglutide (GLP-1RA).
Twenty-four obese women with MetS were recruited from
outpatients attending the Department of Obesity at the Sec-
ond Affiliated Hospital, Chongqing Medical University. The
inclusion criteria were age 18–35 years, BMI of 25–35 kg/m2,
and meeting the diagnostic criteria of MetS which have been
described previously [15]. The exclusion criteria included
the presence of medullary thyroid carcinoma or severe gas-
trointestinal diseases, family history of thyroid tumor, preg-
nancy, and recent history of medication. These individuals
have voluntarily participated in the GLP-1RA intervention
study for 6 months. The initial dose of liraglutide taken
before breakfast was 0.6mg/d; the dose was increased by
0.6mg/d every week until it reached 1.8mg/d. All partici-
pants provided informed consent and were aware of the
potential side effects of liraglutide before treatment.
Anthropometric measurements, biochemical examinations,
OGTTs, and EHCs were performed as described above
before treatment and also at weeks 12 and 24.

2.8. Calculations. BMI (kg/m2) was calculated as weight (kg)
divided by height squared (m2). Waist-to-hip ratio (WHR)
was calculated as follows: WC ðcmÞ/HC ðcmÞ. The M value
was calculated as glucose infusion rate divided by body
weight, as previously described [17]. Homeostasis model
assessment of insulin resistance (HOMA-IR) was calculated
as follows: ½ fasting insulin ðFIns, mU/LÞ × FBG ðmmol/LÞ�/
22:5. The cut-off value of IR was HOMA-IR > 3 [22]. Vis-
ceral adiposity index (VAI) was calculated as ½WC ðcmÞ/ð
36:58 + BMI ðkg/m2Þ × 1:89Þ� × ½TG ðmmol/LÞ/0:81� × ½1:52/
HDL‐C ðmmol/LÞ�. Finally, lipid accumulation product
(LAP) in women was calculated as follows: ½WC ðcmÞ − 58�
× TG ðmmol/LÞ [23, 24].

2.9. Statistical Analysis. SPSS v24.0 (SPSS, Chicago, IL) was
used for statistical analyses. Values are expressed as the
mean ± SD or SME, or median with interquartile range.
Before analysis, logarithmic conversion was conducted for
variables with nonnormal distribution. Student’s t-test, non-
parametric tests, or analysis of variance was used to compare
differences between groups. Simple and partial correlation
analyses were conducted to explore the relationships
between variables and serum fetuin-B. The variables that
showed an independent association with serum fetuin-B
levels were evaluated using multiple linear regression. Binary
logistic regression analysis was used to examine the associa-
tion between serum fetuin-B and MetS. The change in
fetuin-B levels in women with MetS was analyzed using the
row mean score and Cochran–Armitage trend test. When
data were compared with the control group, p < 0:05 indi-
cated a significant difference.

3. Results

3.1. Anthropometric and Biochemical Parameters and Serum
Fetuin-B Levels. In this cross-sectional study, the distribu-
tion range of serum fetuin-B levels was 1.08–10.30mg/L
for most healthy subjects (83.2%, Figure 1(a)). Table 1 shows
the main clinical features and metabolic parameters of all
participants (average age, 37:9 ± 15:6 years). In comparison
with healthy subjects (6:01 ± 3:94mg/L), women with MetS
showed a significant increase in serum fetuin-B levels
(8:03 ± 3:75mg/L, p < 0:001, Table 1, Figure 1(b)). After
adjustment for age and BMI, this increase remained signifi-
cant. In comparison with healthy subjects, age, BMI,
FAT%, WHR, blood pressure, blood lipids (including TG,
TC, LDL-C, and FFA), FBG, 2 h-BG, FIns, 2 h insulin after
glucose overload (2 h-Ins), HbA1c, HOMA-IR, VAI, and
LAP were significantly higher in women with MetS, while
HDL-C was lower (p < 0:001 for all, Table 1). In addition,
there was a statistically significant increase in serum fetuin-
B levels in overweight/obese women (n = 161, BMI ≥ 24
kg/m2) than in lean women (n = 216, BMI < 24 kg/m2; 7:52
± 4:01 vs. 6:68 ± 3:91mg/L, p < 0:05; Figure 1(c)). To assess
the association between serum fetuin-B levels and IR, we
classified all subjects into IR (HOMA-IR > 3) and no IR
(HOMA-IR ≤ 3) groups. In comparison with the no IR
group (6:33 ± 3:95mg/L), serum fetuin-B levels were
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markedly elevated in the IR group (7:92 ± 4:04mg/L,
p < 0:01; Figure 1(d)).

3.2. Association between Fetuin-B and Other Variables. Lin-
ear correlation analysis showed that there was a significant
positive correlation between fetuin-B and obesity- and
lipid-related (BMI, WHR, FAT%, TG, LAP, and VAI) as well
as glucose-related (HbA1c, FBG, 2 h-BG, FIns, 2 h-Ins, and
HOMA-IR) (p < 0:05 or p < 0:01) parameters in all subjects,

but no correlation was observed between fetuin-B and HDL-
C or FFA (Table S1). Moreover, TG and WHR were
independently associated with serum fetuin-B, as evident
via multiple regression analysis (Figure 1(e), Table S1). The
multiple regression equation was Y fetuin‐B = 4:381 + 0:674
XTG + 1:731XWHR .

3.3. Relationship between Serum Fetuin-B and MetS. Logistic
regression analysis demonstrated that serum fetuin-B was
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Figure 1: Serum fetuin-B levels in the study population. (a) Distribution of serum fetuin-B in 185 healthy women. (b) Serum fetuin-B levels
in MetS and healthy subjects. (c) Serum fetuin-B levels according to BMI (lean: BMI < 24 kg/m2; overweight/obese: BMI ≥ 24 kg/m2). (d)
Serum fetuin-B levels, according to HOMA-IR (IR: HOMA‐IR > 3; non-IR: HOMA‐IR ≤ 3). (e) All factors and stepwise multiple
regression analyses of the serum fetuin-B and MetS in study individuals. (f) Serum fetuin-B levels in relation to the number of MetS
components. (g) The odds ratio of having MetS in different tertiles of serum fetuin-B (tertile 1, ≤5.49mg/L; tertile 2, 5.49-8.58mg/L;
tertile 3, >8.58mg/L). Data were means ± SME. ∗p < 0:05 or ∗∗p < 0:01 vs. controls, lean, no IR, or tertile 1.
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related to MetS (odds ratio OR, 1.150; 95% confidence inter-
val (CI), 1.086–1.217; p < 0:01). This relationship persisted
even after age, BMI, FAT%, HbA1c, FIns, TC, LDL, and
FFA, and other possible confounding factors were controlled
(Table S2). Further, the row mean score and Cochran–
Armitage trend test showed a significant linear trend and
independent correlation between serum fetuin-B levels and
MetS (Table S3). Moreover, according to MetS
components, we divided the mean levels of serum fetuin-B
into six grades. Figure 1(f) shows that with an increase in
MetS components, serum fetuin-B levels progressively
increased (p for trend <0.05). Individuals with 0, 1, 2, 3, 4,
and 5 MetS components showed increasing serum fetuin-B
levels (5:75 ± 3:49, 6:03 ± 4:00, 6:29 ± 4:38, 7:75 ± 3:39,
8:08 ± 4:05, and 8:78 ± 3:97mg/L, respectively).
Furthermore, we divided serum fetuin-B levels into tertile
1 (≤5.49mg/L), 2 (5.49–8.58mg/L), and 3 (>8.58mg/L).
The OR was calculated as an estimate of developing MetS.
The risk of developing MetS in tertiles 2 and 3 was higher
than that in tertile 1 (OR, 2.07; 95% CI, 1.25–3.43 for
tertile 2; OR, 2.96; 95% CI, 1.78–4.94 for tertile 3; vs. tertile
1, p < 0:01 for all, Figure 1(g)).

3.4. Bioinformatic Analysis of Fetuin-B-Related Genes and
Signaling Pathways

3.4.1. PPI Network Construction. We ranked the degree of
genes enriched in metabolic pathways from high to low.
The top six genes (fibrinogen alpha chain (FGA), apolipo-
protein B-100 (APOB), apolipoprotein A-IV (APOA4),
fibrinogen gamma chain (FGG), alpha-2-HS-glycoprotein
(AHSG), and secreted phosphoprotein 24 (SPP2)) were used
as the core genes for another round of enrichment
(Figure 2(a)). Metabolic pathways were screened via REAC-
TOME enrichment analysis, and the core genes enriched in
those pathways were ranked (Figure 2(b)).

3.4.2. GO Analysis. We used p < 0:05 as the screening condi-
tion and arranged the results from large degree to small
degree. In the case of biological processes, proteins were
mainly involved in posttranslational protein modification,
toll-like receptor signaling pathway, chylomicron assembly,
and TG-rich lipoprotein particle remodeling. In the case of
cellular components, proteins were mainly enriched in the
endoplasmic reticulum lumen, endoplasmic reticulum part,

Table 1: Main clinical features and serum fetuin-B levels in MetS and control subjects.

Variable Controls (n = 185) MetS (n = 192) p

Age (years)‡ 33:4 ± 13:1 42:2 ± 16:5 <0.001
BMI (kg/m2) 20:9 ± 2:7 26:3 ± 3:6 <0.001
FAT (%) 26:8 ± 5:3 37:3 ± 6:1 <0.001
WHR‡ 0:80 ± 0:07 0:98 ± 0:34 <0.001
SBP (mmHg) 112:0 ± 13:3 129:4 ± 18:9 <0.001
DBP (mmHg) 73:3 ± 10:2 81:2 ± 12:1 <0.001
TC (mmol/L) 4:18 ± 1:01 4:79 ± 1:15 <0.001
TG (mmol/L)† 1:02 ± 0:58 2:27 ± 1:23 <0.001
HDL-C (mmol/L)† 1:35 ± 0:36 1:18 ± 0:34 <0.001
LDL-C (mmol/L) 2:37 ± 0:82 2:86 ± 0:88 <0.001
FFA (μmol/L) 0:51 ± 0:23 0:63 ± 0:27 <0.001
HbA1c (%)‡ 5:2 ± 0:3 6:2 ± 1:5 <0.001
FBG (mmol/L)‡ 4:73 ± 0:52 6:55 ± 2:19 <0.001
2 h-BG (mmol/L)† 5.57 (4.85-6.44) 9.46 (7.55-12.02) <0.001
FIns (mU/L)† 6.79 (5.70-8.28) 17.94 (11.46-27.51) <0.001
2 h-Ins (mU/L)† 41.09 (26.13-60.29) 124.10 (67.76-221.90) <0.001
HOMA-IR† 1.43 (1.16-1.78) 5.13 (3.42-7.51) <0.001
LAP† 11.50 (5.36-20.71) 65.84 (48.29-89.02) <0.001
VAI† 1.23 (0.85-1.74) 3.55 (2.58-4.81) <0.001
Fetuin-B (mg/L) 6:01 ± 3:94 8:03 ± 3:75 <0.001
Fetuin-B (mg/L)§ 6:07 ± 0:35 8:09 ± 0:33 <0.001
Values are given as mean ± SD or median (interquartile range). Abbreviations: BMI: body mass index; FAT%: the percentage of fat in vivo; WHR: waist-hip
ratio; SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglyceride; TC: total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C:
low-density lipoprotein cholesterol; FFA: free fatty acid; FBG: fasting blood glucose; 2 h-BG: 2 h blood glucose after glucose overload; FIns: fasting plasma
insulin; 2 h-Ins: 2 h plasma insulin after glucose overload; HbA1c: glycosylated hemoglobin; HOMA-IR: homeostasis model assessment of insulin
resistance; LAP: lipid accumulation product; VAI: visceral adiposity index. †Log transformed before analysis; ‡nonparametric tests; §mean ± standard error
by general linear model with adjustment of age and BMI.
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and cytoplasmic vesicle lumen. Finally, in the case of
molecular function, proteins were mainly involved in endo-
peptidase inhibitor and regulator activity, cholesterol trans-
porter activity, and intermembrane cholesterol transfer
activity (Figure 2(c)).

3.4.3. KEGG Pathway Analysis. We used p < 0:05 as the
screening condition and ranked the p values from large to
small. We found that proteins were predominantly enriched
in pathways associated with vitamin digestion and absorp-
tion, fat digestion and absorption, cholesterol metabolism,
complement and coagulation cascades, platelet activation,
and staphylococcus aureus infection (Figure 2(d)).

3.5. Overexpression of Fetuin-B Aggravated Oxidative Stress
in HepG2 Cells. It has been reported that metabolic disorder

is related to oxidative stress [25]. Therefore, we investigated
the effect of fetuin-B on FFA-induced oxidative stress in
HepG2 cells.

As expected, the expression of fetuin-B protein and
mRNA was significantly increased in HepG2 cells transfected
with pcDNA3.1-fetuin-B (Figures 3(a) and 3(b)). As shown in
Figure 2(c), overexpression of fetuin-B in HepG2 cells signifi-
cantly increased intracellular ROS production induced by
FFAs, compared with that in control cells. Furthermore, in
FFA-treated HepG2 cells, overexpression of fetuin-B signifi-
cantly decreased SOD and GSH levels but increased MDA
levels (Figures 3(d)–3(f)). These results indicated that fetuin-
B increases oxidative stress in HepG2 cells.

3.6. Effects of Hyperglycemia and Hyperinsulinemia on
Serum Fetuin-B. To understand the effects of glucose load
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Figure 2: Bioinformatics analysis related to fetuin-B. (a) The PPI network through the keyword FETUB related to metabolism. (b) The
enriched pathways of the REACTOME. The X-axis represents FDR. The Y-axis represents the pathway terms. The longer the bar means
the more reliable the pathways. (c, d) The results of GO and KEGG analysis. The X-axis represents the ratio of involved genes, and the
Y-axis represents GO and KEGG terms. The size of the bubbles indicates the number of genes involved, and each bubble represents a
term. The darker the color, the smaller the p value.
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on the circulating levels of fetuin-B, we performed OGTTs.
In healthy women, serum fetuin-B levels were significantly
higher after glucose challenge compared with the basal
value, peaking at 30min (from 3:34 ± 2:96 to 10:15 ± 5:17
mg/L) and remaining stable until the end of the experiment
(Figure 4(a)). However, in patients with MetS, glucose load
did not cause any significant changes in serum fetuin-B
levels (Figure 4(a)). In comparison with healthy subjects,
the area under the curve for fetuin-B (AUCf) was signifi-

cantly increased in women with MetS (Figure 4(a)). During
OGTTs, glucose-stimulated insulin secretion curves showed
that the level of insulin secretion in women with MetS was
significantly higher than that in healthy subjects and showed
a peak delay; moreover, the area under the curve for insulin
(AUCi) was increased in comparison with healthy subjects,
which also confirmed the existence of IR in patients with
MetS (Figure 4(b)). We then performed EHCs to further
explore the factors affecting the secretion of serum fetuin-B
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Figure 3: Fetuin-B exacerbated FFA-induced oxidative stress in HepG2 cells. HepG2 cells were transfected with pcDNA3.1-fetuin-B or
pcDNA3.1 for 24 h and treated as indicated in the methods. (a) Fetuin-B protein expression. (b) Fetuin-B mRNA expression. (c) The
level of intracellular ROS production. (d) The SOD activity. (e) The GSH production. (f) The MDA production. ROS: reactive oxygen
species; SOD: superoxide dismutase; GSH: glutathione; MDA: malondialdehyde. The results were presented as the mean ± SD. ∗p < 0:05
and ∗∗p < 0:01.
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(Figure 4(c)). In response to hyperinsulinemia, serum
fetuin-B levels significantly increased in patients with MetS,
whereas there was no change in healthy subjects
(Figure 4(d)). Meanwhile, women with MetS showed lower
M values than healthy women (4:47 ± 1:88 vs. 10:23 ± 2:79
mg/kg/min, p < 0:01; Figure 4(d)). These results indicated

that patients with MetS showed IR and that serum fetuin-B
secretion might be regulated by circulating insulin levels
in vivo.

3.7. Effects of GLP-1RA Intervention on Serum Fetuin-B
Levels. Twenty-four patients with MetS participated in a
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Figure 4: Serum fetuin-B levels in interventional studies. (a) Time course of changes in serum fetuin-B levels in healthy (n = 15) and MetS
subjects (n = 28) during the OGTT and the area under the curve for serum fetuin-B (AUCf). (b) Glucose-stimulated insulin secretion curve
in healthy (n = 15) and MetS (n = 28) subjects during the OGTT and the area under the curve for insulin (AUCi). (c) EHC protocol. (d)
Time course of serum fetuin-B changes and the M values in healthy (n = 16) and MetS subjects (n = 27) during the EHC. Data were
means ± SME. ∗p < 0:05 or ∗∗p < 0:01 vs. control or baseline.
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GLP-1RA intervention study for 6 months (Figure 5(a)).
Table S4 shows the main clinical features and metabolic
parameters pre- and posttreatment. In comparison with
pretreatment data, markers of lipid metabolism and obesity
(BMI, FAT%, TG, TC, HDL-C, LDL-C, and LAP) and
parameters associated with glucose metabolism and IR
(HbA1c, FIns, and HOMA-IR) were significantly
ameliorated 3 months posttreatment in patients with MetS
(p < 0:01 or p < 0:05). Furthermore, 6 months posttreatment,
FBG, 2h-BG, and VAI also showed a significant decline
(p < 0:01). A noticeable decline was observed in serum
fetuin-B levels from 10:67 ± 4:87mg/L pretreatment to 8:90
± 3:45mg/L 3 months posttreatment and 7:38 ± 2:74mg/L 6
months posttreatment (Figure 5(b)). In addition, blood
glucose levels at 120min and the area under the curve for
glucose (AUCg, 16:68 ± 2:79 vs. 19:46 ± 4:74mmol/h/L, p <
0:05) during OGTTs were significantly lower than before
GLP-1RA intervention (Figure 5(c)). In comparison with
pretreatment data, M values during EHCs were significantly
higher at both 3 and 6 months posttreatment (4:39 ± 1:30
and 4:66 ± 1:53 vs. 3:29 ± 0:82, p < 0:01 for all; Figure 5(d)).
These data further confirmed that fetuin-B levels decreased
in vivo with an improvement in IR.

4. Discussion

Fetuin-B, which is believed to be a hepatokine and/or adipo-
kine, is mainly expressed in the liver and white adipose tis-
sue, placenta, and heart, and it is evidently strongly
associated with energy metabolism [6]. Several case-
controlled and cross-sectional studies have reported that
serum fetuin-B levels are markedly elevated in patients with
nonalcoholic fatty liver disease, T2DM, gestational diabetes
mellitus, and polycystic ovary syndrome [11–13]. However,

only a few studies have explored the relationship between
fetuin-B and MetS in humans, and the pathophysiological
mechanism remains unclear. In this study, women were
selected for eliminating the interference of gender differ-
ences. Serum fetuin-B levels were significantly elevated in
women with MetS. In addition, fetuin-B was positively
related to lipid- and glucose-related parameters and inde-
pendently associated with MetS. As expected, in addition,
fetuin-B overexpression aggravated oxidative stress in vitro.
Therefore, our results suggest that fetuin-B impacts glucose
and lipid metabolism and antioxidant stress, which is closely
related to the occurrence and development of MetS. How-
ever, the cause of elevated fetuin-B levels in patients with
MetS remains unknown. We believe that an increase in
serum fetuin-B levels in patients with MetS can be attributed
to elevated metabolic stress, involving, for example, hyperin-
sulinemia, dyslipidosis, and antioxidative disorder. These
disorders stimulate fetuin-B release and secretion; neverthe-
less, further studies are warranted.

Meex et al. recently reported that fetuin-B silencing in
obese mice improved glucose tolerance but did not affect
body weight. In the case of humans, they found that serum
fetuin-B was positively associated with fasting insulin and
HOMA-IR, but no correlation was observed between serum
fetuin-B and markers of obesity, inflammation, and blood fat
[7]. Another study in women with gestational diabetes mel-
litus reported that serum fetuin-B had no association with
obesity, hypertension, and dyslipidemia [13]. In addition,
Qu et al. found that serum fetuin-B in patients with T2DM
showed a significant positive association with TG, but no
association was observed with other lipids or BMI [10].
However, herein, serum fetuin-B levels were noticeably ele-
vated in overweight/obese women compared with lean
women, and they were associated with BMI, LAP, and
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Figure 5: Effects of GLP-1RA treatment on serum fetuin-B and insulin sensitivity in MetS women. (a) Liraglutide treatment protocol. (b)
Serum fetuin-B levels in MetS subjects after GLP-1RA treatment. (c) Blood glucose levels and the area under the curve for blood glucose
(AUCg) in MetS subjects during the OGTT after GLP-1RA treatment. (d) Changes of M value in MetS subjects during the EHC after
GLP-1RA treatment. Data were means ± SME. ∗p < 0:05 or ∗∗p < 0:01 vs. baseline.
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VAI; furthermore, TG and WHR were independently associ-
ated with serum fetuin-B. These data suggest that serum
fetuin-B is associated with lipid metabolism and obesity.
The precise reason for the discrepancy in our results and
those reported by previous studies is unknown, but we
believe that the discrepancy could be due to the higher
BMI of patients with MetS included in this study. The asso-
ciation between fetuin-B and obesity thus remains
ambiguous.

To further explore the association between fetuin-B and
glucose and lipid metabolism, we performed bioinformatics
analysis to identify related core genes and signaling path-
ways. Through the construction of a PPI network, we iden-
tified six fetuin-B-related proteins; they were enriched in
pathways related to glucose and lipid metabolism, which
formed the core of the PPI network. Among the identified
proteins, alpha-2-HS-glycoprotein is reportedly associated
with IR and diabetes [26, 27]; fibrinogen alpha chain with
chronic inflammation, lipid metabolism, and diabetic com-
plications [28]; and fibrinogen gamma chain and secreted
phosphoprotein 24 with lipid metabolism and obesity [29].
Secreted phosphoprotein 24 is also involved in glucose and
lipid metabolism [30]. Apolipoprotein A-IV and apolipo-
protein B-100 are closely related to glucose and lipid metab-
olism, IR, and polycystic ovary syndrome [31–34]. Based on
GO and KEGG pathway analysis, fetuin-B-related proteins
were found to be involved in, for example, fat absorption
and cholesterol metabolism. Therefore, consistent with the
results of our population-based study, bioinformatics
analysis revealed that fetuin-B is closely related to lipid
metabolism and IR, ultimately leading to occurrence and
development of MetS.

It has been well established that oxidative stress induced
by lipid metabolism disorder is one of the important causes
of IR [35]. However, whether fetuin-B promotes IR is related
to oxidative stress remains unknown. In this experiment, we
investigated the effect of fetuin-B on FFA-induced oxidative
stress in vitro. The results demonstrated that fetuin-B over-
expression aggravated oxidative stress by increasing ROS
and MDA production and inhibiting SOD activity and
GSH production. Meanwhile, Zhou et al. reported that
hepatic knockdown of fetuin-B activated the AMP-
activated protein kinase (AMPK) pathway to inhibit lipo-
genesis [21]. Fetuin-B silencing in obese mice improved
glucose tolerance and IR [7]. This further supported our
hypothesis that fetuin-B may aggravate metabolic disorder
and IR in MetS individuals by promoting oxidative stress.

To evaluate whether blood glucose and insulin affect
fetuin-B secretion, we performed OGTTs to observe changes
in serum fetuin-B levels in vivo. A significant increase in
serum fetuin-B levels was observed in healthy subjects, but
patients with MetS showed no change. These results indi-
cated that hyperglycemia and/or hyperinsulinemia promote
fetuin-B secretion in healthy individuals.

EHC is the gold standard technique for evaluating IR in
both humans and animals. During EHC, under the condi-
tions of hyperinsulinemia and euglycemia, serum fetuin-B
levels did not change in healthy subjects; however, a signifi-
cant increase in serum fetuin-B levels was observed in

patients with MetS. Therefore, we believe that hyperglyce-
mia, not hyperinsulinemia, is the main factor affecting
serum fetuin-B levels in healthy individuals. In patients with
MetS, elevated insulin levels led to an increase in serum
fetuin-B levels, while hyperglycemia inhibited fetuin-B
release. Therefore, serum fetuin-B levels did not change dur-
ing OGTTs under the conditions of hyperglycemia and
hyperinsulinemia. However, the cause of this phenomenon
is unknown. Meex et al. suggested that fetuin-B might regu-
late glucose metabolism by reducing glucose effectiveness or
by another unknown insulin-independent mechanism [7].
Similar results were reported by another study [8]. In con-
trast, our human studies demonstrated that hyperglycemia
may lead to an increase in fetuin-B levels in healthy women
but inhibit fetuin-B release in patients with MetS. It remains
unclear whether feedback regulation exists between fetuin-B
and glucose. Moreover, as evident from our EHC results, M
values showed significant differences between the groups.
The difference between our results and those of previous
studies could be attributed to long-term metabolic disorders
and IR in women with MetS, but further studies need to be
conducted to validate such findings.

Liraglutide is a GLP-1RA and is used for treatment of
T2DM and obesity; it has beneficial effects on various meta-
bolic parameters and is one of the preferred drugs for
improving IR [36, 37]. In previous studies, we found that lir-
aglutide promotes the secretion of some adipokines, such as
adiponectin and visfatin in vivo [38, 39]. In this study, we
found that GLP-1RA treatment for 6 months led to a signif-
icant decrease in serum fetuin-B levels, which was accompa-
nied by ameliorated glucose metabolism and IR, as indicated
by increased M values. Therefore, it is possible that chronic
hyperinsulinemia related to IR results in an increase in
fetuin-B levels. This indicates that the effect of liraglutide
on fetuin-B levels is at least partially mediated by GLP-
1RA-induced changes in insulin levels, which is secondary
to the role of GLP-1RA in enhancing insulin sensitivity.
These results further suggest that fetuin-B is associated with
IR and MetS and also demonstrate a beneficial role of GLP-
1RA in affecting fetuin-B secretion and release in vivo. Based
on these data, it is apparent that fetuin-B levels tend to be
lower in the state of insulin sensitivity and higher in the state
of IR. Previous studies have found that GLP-1RA regulated
the expression of lipid metabolism-related genes and delayed
the cellular senescence by alleviating oxidative stress and
inflammatory reaction [40]. A recent study has shown that
liraglutide significantly reduced ROS production but
increased SOD activity in high fat-treated HepG2 cells
[41]. We found for the first time that the decrease of
fetuin-B in MetS patients after liraglutide treatment may also
be related to its antioxidation. However, more studies were
needed to confirm our conjecture.

Our study has some limitations: (1) considering the
cross-sectional design of this study, our results do not prove
causal relationships; (2) we included a relatively small sam-
ple size, particularly in intervention experiments; therefore,
our data may be affected by outliers; (3) this cohort included
only Chinese women and did not include men. Therefore,
our findings should be applied cautiously to other ethnic
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populations; and (4) the study failed to investigate the spe-
cific signal pathways by which fetuin-B affects hepatocytes.
However, we included patients who were newly diagnosed
with MetS and those without any lifestyle intervention and
drug treatments, thereby avoiding the interference of disease
course and other confounding factors. In addition, we per-
formed various intervention experiments in vivo and
in vitro, including EHC, to evaluate the association between
fetuin-B and metabolism and IR. Thus, our data provide suf-
ficient evidence to confirm that an association is present
between fetuin-B and MetS in women.

5. Conclusions

We report that serum fetuin-B levels are elevated in women
with MetS and that is related to glucose and lipid metabo-
lism and IR. Using multiple interventions, including EHCs,
OGTTs, and treatment with a GLP-1RA, we also found that
serum fetuin-B was affected by blood glucose, insulin, and
GLP-1RA in vivo. Additionally, fetuin-B overexpression
aggravated oxidative stress in vitro. Therefore, we believe
that fetuin-B can serve as a biomarker for screening MetS
in women.

Abbreviations

T2DM: Type 2 diabetes mellitus
MetS: Metabolic syndrome
OGTT: Oral glucose tolerance test
EHC: Euglycemic-hyperinsulinemic clamp
GLP-1RA: Glucagon-like peptide-1 receptor agonists
WHR: Waist-to-hip ratio
FAT%: Fat percentage in vivo
TG: Triglyceride
FBG: Fasting blood glucose
FIns: Fasting plasma insulin
HbA1c: Glycosylated hemoglobin
HOMA-IR: Homeostasis model assessment of insulin

resistance
LAP: Lipid accumulation product
VAI: Visceral adiposity index
SOD: Superoxide dismutase
GSH: Glutathione
MDA: Malondialdehyde
ROS: Reactive oxygen species.

Data Availability

All the data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

S.X., H.H., S.R., M.Y., and S.G. researched and analyzed
data. B.Z.,Y.H., and H.L. reviewed and edited the manu-

script. C.C. revised English. L.L. and G.Y. wrote and edited
the manuscript. L.L. is the guarantor of this work and, as
such, had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy
of the data analysis. Shiyao Xue, Hongdong Han, and Shunli
Rui contributed equally to this project.

Acknowledgments

This work was supported by research grants from the
National Natural Science Foundation of China (81300670)
and from the Science and Technology Program of Health
Bureau of Chongqing (2019ZDXM039). We thank patients
and healthy individuals who made this study possible.

Supplementary Materials

Table S1: correlation analysis of variables associated with
circulating fetuin-B levels in study population. Table S2:
association of serum fetuin-B levels with MetS in fully
adjusted models. Table S3: row mean scores and Cochran–
Armitage trend test of the impact of circulating fetuin-B
levels on MetS individuals. Table S4: main clinical and met-
abolic features pre- and posttreatment with GLP-1RA in
MetS women. (Supplementary Materials)

References

[1] R. H. Eckel, K. G. M. M. Alberti, S. M. Grundy, and P. Z. Zim-
met, “The metabolic syndrome,” The Lancet, vol. 375,
no. 9710, pp. 181–183, 2010.

[2] M. G. Saklayen, “The global epidemic of the metabolic syn-
drome,” Current Hypertension Reports, vol. 20, no. 2, p. 12,
2018.

[3] J. B. Meigs, M. K. Rutter, L. M. Sullivan, C. S. Fox, R. B.
D'Agostino Sr., and P. W. Wilson, “Impact of insulin resis-
tance on risk of type 2 diabetes and cardiovascular disease in
people with metabolic syndrome,” Diabetes Care, vol. 30,
no. 5, pp. 1219–1225, 2007.

[4] S. M. Grundy, B. Hansen, S. C. Smith, J. I. Cleeman, R. A.
Kahn, and for Conference Participants, “Clinical management
of metabolic syndrome,” Circulation, vol. 109, no. 4, pp. 551–
556, 2004.

[5] E. Ford, “Risks for all-cause mortality, cardiovascular disease,
and diabetes associated with the metabolic syndrome: a sum-
mary of the evidence,” Diabetes Care, vol. 28, no. 7,
pp. 1769–1778, 2005.

[6] E. Olivier, E. Soury, P. Ruminy et al., “Fetuin-B, a second
member of the fetuin family in mammals,” The Biochemical
Journal, vol. 350, no. 2, pp. 589–597, 2000.

[7] R. C. Meex, A. J. Hoy, A. Morris et al., “Fetuin B is a secreted
hepatocyte factor linking steatosis to impaired glucose metab-
olism,” Cell Metabolism, vol. 22, no. 6, pp. 1078–1089, 2015.

[8] A. Peter, M. Kovarova, H. Staiger et al., “The hepatokines
fetuin-A and fetuin-B are up-regulated in the state of hepatic
steatosis and may differently impact on glucose homeostasis
in humans,” American Journal of Physiology-Endocrinology
and Metabolism, vol. 314, no. 3, pp. E266–E273, 2018.

[9] D. Wang, Y. Liu, S. Liu et al., “Serum fetuin-B is positively
associated with intrahepatic triglyceride content and increases
the risk of insulin resistance in obese Chinese adults: a cross-

15Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2021/6657658.f1.docx


sectional study,” Journal of Diabetes, vol. 10, no. 7, pp. 581–
588, 2018.

[10] H. Qu, Y. Qiu, Y. Wang, Y. Liao, Y. Zheng, and H. Zheng,
“Plasma fetuin-B concentrations are associated with insulin
resistance and first-phase glucose-stimulated insulin secre-
tion in individuals with different degrees of glucose toler-
ance,” Diabetes & Metabolism, vol. 44, no. 6, pp. 488–492,
2018.

[11] Z. Li, M. Lin, C. Liu et al., “Fetuin-B links nonalcoholic fatty
liver disease to type 2 diabetes via inducing insulin resistance:
association and path analyses,” Cytokine, vol. 108, pp. 145–
150, 2018.

[12] A. Adamska, A. M. Polak, A. Krentowska et al., “Increased
serum fetuin-B concentration is associated with homa-beta
and indices of liver steatosis in women with polycystic ovary
syndrome: a pilot study,” Endocrine Connections, vol. 8,
pp. 1159–1167, 2019.

[13] S. Kralisch, A. Hoffmann, U. Lössner et al., “Regulation of the
novel adipokines/ hepatokines fetuin A and fetuin B in gesta-
tional diabetes mellitus,” Metabolism, vol. 68, pp. 88–94,
2017.

[14] S. Xue, Y. Ren, M. Yang et al., “High serum fetuin-B levels are
associated with the presence of metabolic syndrome in
women: a case-controlled study and interventional studies,”
Researchsquare, 2020.

[15] S. M. Grundy, J. I. Cleeman, S. R. Daniels et al., “Diagnosis and
management of the metabolic Syndrome,” Circulation,
vol. 112, no. 17, pp. 2735–2752, 2005.

[16] D. A. American, “Diagnosis and classification of diabetes mel-
litus,” Diabetes Care, vol. 35, Supplement_1, pp. S64–S71,
2012.

[17] M. Yang, R. Liu, S. Li et al., “Zinc- 2-Glycoprotein is associated
with insulin resistance in humans and is regulated by hyper-
glycemia, hyperinsulinemia, or liraglutide Administration:
Cross-sectional and interventional studies in normal subjects,
insulin-resistant subjects, and subjects with newly diagnosed
diabetes,” Diabetes Care, vol. 36, no. 5, pp. 1074–1082, 2013.

[18] D. Szklarczyk, J. H. Morris, H. Cook et al., “The STRING data-
base in 2017: quality-controlled protein–protein association
networks, made broadly accessible,” Nuclc Acids Research,
vol. 45, pp. D362–D3D8, 2017.

[19] B. Jassal, L. Matthews, G. Viteri et al., “The reactome pathway
knowledgebase,” Nucleic Acids Research, vol. 48, pp. D498–
D503, 2019.

[20] G. Yu, L. G. Wang, Y. Han, and Q. Y. He, “clusterProfiler: an R
package for comparing biological themes among gene clus-
ters,” OMICS, vol. 16, no. 5, pp. 284–287, 2012.

[21] W. Zhou, J. Yang, J. Zhu et al., “Fetuin B aggravates liver X
receptor-mediated hepatic steatosis through AMPK in Hep
G2 cells and mice,” American Journal of Translational
Research, vol. 11, pp. 1498–1509, 2019.

[22] A. Valsesia, W. H. M. Saris, A. Astrup, J. Hager, and
M. Masoodi, “Distinct lipid profiles predict improved glycemic
control in obese, nondiabetic patients after a low-caloric diet
intervention: the diet, obesity and genes randomized trial,”
The American Journal of Clinical Nutrition, vol. 104, no. 3,
pp. 566–575, 2016.

[23] M. C. Amato, C. Giordano, M. Galia et al., “Visceral adiposity
index: a reliable indicator of visceral fat function associated
with cardiometabolic risk,” Diabetes Care, vol. 33, no. 4,
pp. 920–922, 2010.

[24] G. Bedogni, H. Kahn, S. Bellentani, and C. Tiribelli, “A simple
index of lipid overaccumulation is a good marker of liver stea-
tosis,” BMC Gastroenterology, vol. 10, no. 1, p. 98, 2010.

[25] S. Spahis, J. Borys, and E. Levy, “Metabolic syndrome as a mul-
tifaceted risk factor for oxidative stress,” Antioxidants & Redox
Signaling, vol. 26, no. 9, pp. 445–461, 2017.

[26] Y. Wang, W. Koh, M. Jensen, J. Yuan, and A. Pan, “Plasma
fetuin-A levels and risk of type 2 diabetes mellitus in a Chinese
population: a nested case-control study,” Diabetes and Metab-
olism Journal, vol. 43, no. 4, pp. 474–486, 2019.

[27] J. I. Heo, D. W. Yoon, J. H. Yu et al., “Melatonin improves
insulin resistance and hepatic steatosis through attenuation
of alpha-2-HS-glycoprotein,” Journal of Pineal Research,
vol. 65, no. 2, article e12493, 2018.

[28] M. Zhang, G. Fu, and T. Lei, “Two urinary peptides associated
closely with type 2 diabetes mellitus,” PLoS One, vol. 10, no. 4,
article e0122950, 2015.

[29] M. Insenser, R. Montes-Nieto, N. Vilarrasa et al., “A nontar-
geted proteomic approach to the study of visceral and subcuta-
neous adipose tissue in human obesity,” Molecular and
Cellular Endocrinology, vol. 363, no. 1-2, pp. 10–19, 2012.

[30] P. Hebbar, R. Nizam, M. Melhem et al., “Genome-wide associ-
ation study identifies novel recessive genetic variants for high
TGs in an Arab population,” Journal of Lipid Research,
vol. 59, no. 10, pp. 1951–1966, 2018.

[31] Z. Wang, L. Wang, Z. Zhang, L. Feng, X. Song, and J. Wu,
“Apolipoprotein A-IV involves in glucose and lipid metabo-
lism of rat,”Nutrition &Metabolism, vol. 16, no. 1, p. 41, 2019.

[32] Y. S. Kim, B. H. Gu, B. C. Choi et al., “Apolipoprotein A-IV as
a novel gene associated with polycystic ovary syndrome,”
International Journal of Molecular Medicine, vol. 31, no. 3,
pp. 707–716, 2013.

[33] V. Lamantia, S. Bissonnette, H. Wassef et al., “ApoB-lipopro-
teins and dysfunctional white adipose tissue: Relation to risk
factors for type 2 diabetes in humans,” Journal of Clinical Lipi-
dology, vol. 11, no. 1, pp. 34–45.e2, 2017.

[34] D. F. Vine, Y. Wang, M. M. Jetha, G. D. C. Ball, and S. D. Proc-
tor, “Impaired Apo B-lipoprotein and triglyceride metabolism
in obese adolescents with polycystic ovary syndrome,” The
Journal of Clinical Endocrinology and Metabolism, vol. 102,
pp. 970–982, 2017.

[35] J. Meigs, M. Larson, C. Fox, J. Keaney, R. Vasan, and
E. Benjamin, “Association of oxidative stress, insulin resis-
tance, and diabetes risk phenotypes: the Framingham Off-
spring Study,” Diabetes Care, vol. 30, no. 10, pp. 2529–2535,
2007.

[36] M. Rizzo, A. A. Rizvi, A. M. Patti et al., “Liraglutide improves
metabolic parameters and carotid intima-media thickness in
diabetic patients with the metabolic syndrome: an 18-month
prospective study,” Cardiovascular Diabetology, vol. 15, no. 1,
p. 162, 2016.

[37] A. Astrup, S. Rössner, L. van Gaal et al., “Effects of liraglutide
in the treatment of obesity: a randomised, double- blind,
placebo-controlled study,” The Lancet, vol. 374, no. 9701,
pp. 1606–1616, 2009.

[38] L. Li, G. Yang, Q. Li et al., “Exenatide prevents fat-induced
insulin resistance and raises adiponectin expression and
plasma levels,” Diabetes, Obesity & Metabolism, vol. 10,
no. 10, pp. 921–930, 2008.

[39] L. Li, Z. Miao, R. Liu, M. Yang, H. Liu, and G. Yang, “Liraglu-
tide prevents hypoadiponectinemia-induced insulin resistance

16 Oxidative Medicine and Cellular Longevity



and alterations of gene expression involved in glucose and
lipid metabolism,” Molecular Medicine, vol. 17, no. 11-12,
pp. 1168–1178, 2011.

[40] Y. Oh andH. Jun, “Effects of glucagon-like peptide-1 on oxida-
tive stress and Nrf 2 signaling,” International Journal of Molec-
ular Sciences, vol. 19, 2018.

[41] C. Zhu, Y. Luo, H. Wang et al., “Liraglutide ameliorates
lipotoxicity-induced oxidative stress by activating the NRF2
pathway in HepG2 cells,” Hormone and Metabolic Research,
vol. 52, no. 7, pp. 532–539, 2020.

17Oxidative Medicine and Cellular Longevity



Research Article
Crocetin Exerts Its Anti-inflammatory Property in LPS-Induced
RAW264.7 Cells Potentially via Modulation on the
Crosstalk between MEK1/JNK/NF-κB/iNOS Pathway and
Nrf2/HO-1 Pathway

Yi-Ling Wen,1 Ziyu He,2 De-Xing Hou,2 and Si Qin 1,2

1Key Laboratory for Food Science and Biotechnology of Hunan Province, College of Food Science and Technology,
Hunan Agricultural University, Changsha 410128, China
2The United Graduate School of Agricultural Sciences, Faculty of Agriculture, Kagoshima University, Korimoto 1-21-24,
Kagoshima 890-0065, Japan

Correspondence should be addressed to Si Qin; qinsiman@hunau.edu.cn

Received 26 November 2020; Revised 17 July 2021; Accepted 13 August 2021; Published 10 September 2021

Academic Editor: Alin Ciobica

Copyright © 2021 Yi-Ling Wen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Crocetin is a main bioactive component with a carotenoid skeleton in Gardenia jasminoides, a typical traditional Chinese
medicine with a long history in Southeast Asia. Crocetin is being commonly consumed as spices, dyes, and food colorants.
Recent pharmacological studies had implied that crocetin may possess potent anti-inflammatory properties; however, the
underlying molecular mechanism is not fully elucidated. In the present study, the regulatory effect of crocetin on redox balance
was systematically investigated in lipopolysaccharide- (LPS-) stimulated RAW264.7 cells. The results showed that crocetin
dose-dependently inhibited LPS-induced nitric oxide production and inducible nitric oxide synthase (iNOS) expression in
RAW264.7 cells. Molecular data revealed that crocetin exerted its anti-inflammatory property by inhibiting the
MEK1/JNK/NF-κB/iNOS pathway and activating the Nrf2/HO-1 pathway. The shRNA-knockdown (KD) of MEK1 and ERK1
confirmed that the activation of MEK1 and inhibition of JNK mediated the anti-inflammatory effect of crocetin. Moreover, the
pull-down assay and computational molecule docking showed that crocetin could directly bind to MEK1 and JNK1/2. It is
noticed that both KD and knockout (KO) of HO-1 gene blocked this action. More detailed data have shown that HO-1-KO
blocked the inhibition of p-IκB-α by crocetin. These data indicated that crocetin exerted its anti-inflammatory property via
modulating the crosstalk between the MEK1/JNK/NF-κB/iNOS pathway and the Nrf2/HO-1 pathway, highlighting HO-1 as a
major player. Therefore, the present study reveals that crocetin can act as a potential candidate for redox-balancing modulation
in charge of its anti-inflammatory and chemopreventive effect, which strengthens its potency in the subsequent clinic
application in the near future.

1. Introduction

Gardenia jasminoides is widely planted in China, Japan,
Korea, India, and North America [1]. As a traditional and
crucial herbal medicine, Gardenia jasminoides is recorded
in Chinese Pharmacopoeia, with multiple functions on clear-
ing heat and detoxifying, reducing fever and headache, caus-
ing diuresis, cooling blood, and eliminating swelling [2, 3].
Plenty of pharmacological studies had found that Gardenia
jasminoides can possess various pharmacological activities

in hepatochemoprevention [4, 5], neuroprotection [6], anti-
inflammatory regulation [7, 8], and antithrombotic and car-
diovascular intervention [1, 9, 10], In addition, it is also
widely applied as an excellent natural colorant. Crocetin, as
the major natural colorant in Gardenia jasminoides, has been
used in many fields, such as cotton, textiles, beverages, and
food. The beneficial characteristics and pharmacological
activities of crocetin have also been reported previously,
including the chemopreventive effect on tumors [11–13],
neurodegeneration [14–16], cardiovascular disease [17, 18],
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hepatic damage [19, 20], diabetes [21–23], and colitis dis-
eases [24]. Molecular mechanism studies suggested that cro-
cetin’s biological activity may be attributed to its anti-
inflammatory ability [14, 25]. However, the underlying
molecular mechanism of its anti-inflammatory ability has
not been fully elucidated.

Nitric oxide (NO), a highly reactive gas signal molecule,
is involved in various physiological and pathological pro-
cesses in many organ systems including nervous, immune,
and cardiovascular [26, 27]. The production of NO is pre-
cisely regulated by nitric oxide synthase (NOS). There are
three isozymes of NOS: the two constitutively expressed
forms, endothelial NOS (eNOS) and neuronal NOS (nNOS),
and the inducible form (iNOS) [28]. Significantly, high-level
iNOS expression is associated with various inflammations
and chronic diseases, such as stroke, demyelinating diseases,
cancer, and neurodegenerative diseases [28, 29]. Thus, iden-
tification of iNOS inhibitors is considered to be a promising
approach to prevent acute and chronic inflammatory states.

The nuclear factor erythroid 2 related factor 2
(Nrf2)/heme oxygenase 1 (HO-1) signaling pathway plays
a critical role in protecting cells against excess oxidative
stress stimuli, and it can maintain intracellular redox
homeostasis via regulation on a variety of pathways such
as autophagy, ferroptosis, pyroptosis, and apoptosis [30].
Recent molecular evidence shows that the Nrf2/HO-1 sig-
naling pathway plays important role on the anti-
inflammatory property of bioactive compounds [31], and
overexpression of HO-1 in macrophages can significantly
inhibit the production of proinflammatory cytokines by
LPS stimulation and increase the anti-inflammatory
response [32]. Further in vivo data shows that IL-10-
mediated protection against LPS-induced septic shock in
mice was significantly attenuated by cotreatment with the
HO-1 inhibitor, zinc protoporphyrin [33], and both mice
and humans lacking HO-1 expression have a phenotype that
develops a chronic inflammatory state [34, 35]. These data
imply that there exists a key link between antioxidation
and anti-inflammation, and activation of Nrf2/HO-1 may
be the potent and promising new molecular target for the
treatment of inflammation-related disorders. Moreover, the
crosstalk between the Nrf2/HO-1 pathway and the inflam-
matory pathway has been investigated in several studies,
and HO-1 is a candidate to connect these pathways [36,
37]. However, this crosstalk is not well studied and lacks
in-depth molecular evidence.

Therefore, in the present study, the molecular mecha-
nism underlying the anti-inflammatory and antioxidant
effect of crocetin is fully investigated by the application of
shRNA-KD and CRISPR-Cas9-KO technologies in LPS-
induced inflammatory RAW264.7 cells, especially the role
of crocetin on modulation of redox balance, the crosstalk
between the Nrf2/HO-1 pathway and the inflammatory
pathway, and its targeted extracellular receptors.

2. Materials and Methods

2.1. Materials and Cell Culture. Crocetin is donated by
Tairui Biotechnology Co., Ltd (Nanyang, Henan, China).

Crocetin was purified by HPLC with 98% purity, and it
can be dissolved in DMSO (0.1% final concentration in cul-
ture medium). LPS (Escherichia coli Serotype 055:B5) was
purchased from Sigma (St. Louis, MO, USA). AZD6244,
SB202190, SP600125, and U0126 were from MedChemEx-
press (Monmouth Junction, NJ, USA). Antibodies against
iNOS, phospho-ERK1/2, phospho-p38 kinase, phospho-
JNK, ERK1/2, p38 kinase, JNK, and IκB-α were purchased
from Cell Signaling Technology (Beverly, MA, USA).
GAPDH and p65 were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Antibodies against HO-1 and
Nrf2 were from Abcam (Cambridge, MA, USA); 2′,7′
-dichlorofluorescein diacetate (DCFH-DA) was from Beyo-
time Institute of Biotechnology (Beyotime, Guangzhou,
China). Fetal bovine serum (FBS) was from Biological
Industries (Kibbutz Beit Haemek, Israel). Murine
macrophage-like RAW264.7 cells were purchased from
ATCC (Rockville, MD, USA) and cultured at 37°C in a 5%
CO2 atmosphere in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS. Because FBS contains
numerous compounds, such as LPS and growth factors,
which influence the biological characteristics of macro-
phages [38–41], we performed all of the experiments under
serum-free conditions.

2.2. Cell Viability Assay. The cell viability was measured by
an MTT assay. Briefly, RAW264.7 cells were seeded in a
96-well plate and treated with various concentrations of cro-
cetin for 24 h. Subsequently, the supernatant was discarded,
and 50μl of MTT solution was added to each well. Cells
were incubated at 37°C for an additional 4 h in the dark.
The acidic isopropanol was added to dissolve the formazan
crystals, and the optical density (OD) was measured at
570 nm with a microplate reader (Thermo Scientific, MA,
USA). Viability was determined by comparing the OD of
sample-treated cells with those of the untreated cells.

2.3. Pull-Down Assay. Crocetin-Sepharose 4B beads were
prepared as described previously [42]. Briefly, crocetin
(5mg) was coupled to CNBr-activated Sepharose 4B beads
(75mg) in a coupling buffer overnight at 4°C according to
the manufacturer’s instructions. The mixture was washed
in 5 volumes of coupling buffer and then centrifuged at
110 g for 3min at 4°C. The precipitate was resuspended in
5 volumes of 0.1M Tris-HCl buffer (pH8.0) with 2 h rota-
tion at room temperature. After washing three times with
0.1M acetate buffer (pH4.0) containing 0.5M NaCl, the
mixture was further washed with 0.1M Tris-HCl (pH8.0)
buffer containing 0.5M NaCl. The RAW264.7 cell lysate
(500 g/mL) was incubated at 4°C overnight with Sepharose
4B beads or Sepharose 4B crocetin-coupled beads (100μl,
50% slurry) in reaction buffer (NP-40). The beads were then
washed five times with a washing buffer. The proteins were
detected by Western blotting with each specific antibody.

2.4. Molecular Modeling. The modeling of crocetin to TLR4-
MD2, MEK1, JNK1/2, and Keap1-Nrf2 proteins (PDB codes:
5IJB, 1S9J, 3V3V, and 3WN7) was performed using Molec-
ular Operating Environment™ software (MOE, Version
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2012.10, Chemical Computing Group Inc.) [43]. Hydrogen
atoms were first added, and force field atomic charges were
assigned. Docking of crocetin to protein kinases was done
by using MOE-AS EDock 2013 software [42].

2.5. Construction and Transfection of Short Hairpin RNA
(shRNA). Three short hairpin RNA (shRNA) interference
sequences targeting mouse HO-1, MEK1, ERK1, Nrf2, and
a negative control sequence (NC) were designed, synthe-
sized, and cloned into the pLKO.1 vector. After DNA
sequencing, a three-plasmid-based lentiviral packaging sys-
tem (vector plasmid-psPAX2-pMD2.G) was used to trans-
fect HEK293T cells to package lentiviruses. Plasmids were
transiently transfected into HEK293T cells using the Lipo-
fectamine 3000 DNA Transfection Reagent (Thermo Scien-
tific, MA, USA). The supernatants containing viruses were
harvested and added with PGE8000 at a final concentration
of 5% for incubation overnight and then were centrifuged at
7000 g for 20min at 4°C by ultracentrifugation (Thermo Sci-
entific, MA, USA). RAW264.7 cells were incubated with len-
tivirus for at least 36 h for successful infection. Puromycin
was added for screening living cells, and the interference effi-
ciency was detected by Western blotting.

2.6. Construction of HO-1 Knockout Gene by CRISPR System.
Single-guide RNA (sgRNA) targeting mouse HO-1 gene
(NM_010442.2) was designed using the CRISPR design web-
site (http://crispr.mit.edu, in the public domain). The con-
trol sgRNA sequence (5′-TGCGAATACGCCCACGCGA
TGGG-3′) was designed to target the lacZ gene from Escher-
ichia coli [44]. The lentiCRISPR-v2 vector was purchased
from Addgene (Cat. 52961; Cambridge, MA, USA). To
express sgRNA in the RAW264.7 cells, the oligos of top oli-
gos 5′-CACCG-20nt and bottom oligos 5′-AAAC-20 nt-C-
3′ were annealed and cloned into the lentiCRISPR-v2 vector
by BsmB1 (New England Biolabs, Boston, MA, USA). The
flowing steps (virus packaging, virus infection, and puromy-
cin screening) were done as described in shRNA-KD. Subse-
quently, the monoclonal cells were picked out and cultured
into clumps, and the knockout efficiency was detected by
Western blotting.

2.7. Measurement of Nitric Oxide (NO) and Intracellular
ROS Assay. Nitric oxide in the culture medium is stably
present as nitrite (NO2-) which can be assayed by using
the Griess reagent (Madison, WI, USA). According to the
manufacturer’s manual, RAW264.7 cells (1:0 × 106 cells)
were seeded into each well of 12-well plates. After preculture
for 24 h, cells were starved by being cultured in serum-free
medium for another 2.5 h to eliminate the influence of
FBS. The cells were then treated with or without crocetin
for 1.5 h before exposure to 40 ng/ml LPS for 12h. The level
of nitric oxide released into the culture medium was
determined by measuring absorbance at 530nm in a micro-
plate reader.

The intracellular reactive oxygen species (ROS) genera-
tion of cells was investigated using DCFH-DA as a well-
established compound to detect and quantify intracellular-
produced hydrogen peroxide [45]. In brief, RAW264.7 cells

were plated in a 96-well plate and pretreated with crocetin
for 2 h before exposure to LPS (40ng/ml) for 12h. DCFH-
DA was added to the medium with a final concentration of
20μM for an additional 30min. The fluorescence intensity
was then measured at an excitation (485 nm) and emission
(530 nm) wavelength using a fluorescent Multilabel Counter
(Perkin-Elmer) and was expressed as the percentage of
DMSO vehicle control in the absence of LPS. Data are the
mean ± SD of three separate experiments.

2.8. Nuclear Protein Extraction and Western Blot Analysis.
Nuclear extracts were prepared according to the manufac-
turer’s manual (Sigma, St. Louis, MO, USA). Harvested cells
were lysed in buffer A on ice for 10min and then centrifuged
at 17000 g for 10min at 4°C. The nuclear pellets were resus-
pended in buffer B on ice for 40min and then centrifuged at
17000 g for 10min at 4°C. The supernatants containing
nuclear extracts were stored at –80°C until use.

Protein concentration was determined by using a dye-
binding protein assay kit (Beyotime, Guangzhou, China).
Protein extracts were separated by 10% SDS-PAGE and
transferred to PVDF membranes (Amersham Pharmacia
Biotech, Little Chalfont, UK). The membranes were blocked
at room temperature for 1 h with 5% nonfat dry milk and
then incubated with each primary antibody at 4°C overnight
and further incubated for 1 h with HRP-conjugated second-
ary antibody. Bound antibodies were detected by the ECL
system with a Lumi Vision PRO machine.

2.9. Statistical Analyses. ImageJ and Prism 5.0 were utilized
to perform quantitative analysis. All of the results from three
independent experiments and data were expressed as the
mean ± standard error of themean ðSEMÞ for the number
of experiments. A statistical probability of p < 0:05 was con-
sidered statistically significant.

3. Results

3.1. Crocetin Suppresses LPS-Induced NO Release and iNOS
Expression. Crocin and crocetin are the main natural pig-
ments that coexisted in Gardenia Yellow with functional
potency. It was reported that crocin exerted powerful anti-
inflammatory properties by the inhibition of iNOS expres-
sion [46]. Therefore, it is necessary to clarify the anti-
inflammatory activity of crocetin (the structure is shown in
Figure 1(a)). Firstly, the effect of crocetin on the viability
of RAW264.7 cells was conducted with the MTT assay. As
shown in Figure 1(b), it was found that there is no significant
difference in the cell viability when treated with crocetin at
the concentrations of 0, 10, 20, and 40μg/ml, while the num-
ber of living cells was significantly reduced at 80μg/ml
(p < 0:05). Thus, the concentrations of 10 and 20μg/ml were
selected to proceed in the following study. In Figure 1(c),
40 ng/ml of LPS successfully stimulated the expressions of
NO in RAW264.7 cells; pretreatment with 10 or 20μg/ml
of crocetin inhibited the LPS-induced NO release. Moreover,
the expression of iNOS, the rate-limiting enzymes of NO,
was also detected. As shown in Figure 1(d), dose-
dependent inhibition of iNOS expression was found in
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LPS-stimulated cells after crocetin treatment (p < 0:01).
These results indicated that crocetin possessed inhibitory
activity on NO production and iNOS expression.

3.2. Crocetin Inhibits the Activation of the Nuclear Factor
kappaB (NF-κB). To date, transcription factor nuclear factor
kappaB (NF-κB) is frequently reported to directly bind to
the conserved sequence in the promoter region of iNOS gene
and can regulate its transcription efficiently [28, 29, 47–49].
Thus, NF-κB was selected in the subsequent study to find
which transcriptional factor is the target for crocetin. Firstly,
the time course of treatment with 20μg/ml of crocetin was
performed to investigate its effect on the expression of IκB-
α and p65. As shown in Figure 2(a), 40 ng/ml of LPS was

found to significantly reduce the expression of IκB-α at
30min and 60min (p < 0:05) and restore to the basal expres-
sion at 120min; cotreatment with 20μg/ml of crocetin
maintains the high expression of cytoplasm IκB-α at
30min, but not at 60min and 120min. Moreover, the
expressions of nuclear p65 were inhibited significantly at
60min by crocetin treatment, compared with LPS stimula-
tion only, while this action disappeared at 120min. The time
course result of LPS treatment only and cotreatment of cro-
cetin indicated that the time points of LPS stimulation in the
cell model and the action of the transcription factor are con-
sistent with the previous studies.

To verify the inhibitory effect of crocetin on the NF-κB
pathway, the dose course of crocetin treatment was

O

O

OH
HO

(a)

Ce
ll 

vi
ab

ili
ty

 (%
)

0

30

60

90

120

⁎

Crocetin (𝜇g/ml) 10– 20 40 80

(b)

⁎⁎
⁎

Re
la

tiv
e a

bs
or

ba
nc

e (
N

O
)

0.3

0.2

0.1

0

LPS (40 ng/ml)
Crocetin (𝜇g/ml) 10

+ + +
–

–
–
–

20 20

(c)

iNOS

GAPDH

⁎

⁎⁎

LPS (40ng/ml)
Crocetin (𝜇g/ml) 10––

– –+++
20 20

Re
lat

iv
e d

en
sit

y 
(%

 o
f L

PS
 al

on
e)

150

100

50

0

(d)

Figure 1: The effects of crocetin on nitric oxide production and iNOS expression. (a) The structure of crocetin. (b) The cytotoxicity assay of
crocetin in RAW264.7 cells. Cytotoxicity assay was performed as described in Materials and Methods. (c) Crocetin inhibits LPS-induced NO
release. RAW264.7 cells were treated with crocetin (10–20μg/ml) for 1 h before starvation in serum-free medium for another 2.5 h and then
exposed to 40 ng/ml LPS for an additional 12 h. The amount of NO in medium was measured as described in Materials and Methods. (d)
Crocetin suppresses LPS-induced iNOS expression. RAW264.7 cells were pretreated with crocetin (10–20 μg/ml) for 1 h before starvation in
serum-free medium for 2.5 h and then exposed to 40 ng/ml LPS for an additional 12 h of treatment. The expressions of proteins were
detected by Western blot analysis using their corresponding antibodies. Data are presented as the mean ± SD of at least triplicate tests. ∗

p < 0:05 and ∗∗p < 0:01 vs. LPS-treated cells.
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Figure 2: Continued.
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conducted to confirm its effect on the key factor of this path-
way, the expressions of cytoplasm IκB-α and p-IκB-α. The
results obtained in Figure 2(b) showed that LPS increased
the phosphorylation of IκB-α and decreased the protein level
of IκB-α (p < 0:01), and cotreatment with crocetin dose-
dependently blocked this process. To further confirm the
nuclear translocation of the transcription factor p65, the
nuclear translocations of them were both detected. Accord-
ing to the action time point for these two transcription fac-
tors in Figure 2(a), the result showed that pretreatment
with crocetin can dose-dependently inhibit the LPS-
induced nuclear translocation of p65 (Figure 2(c)). All of
these results revealed that crocetin inhibited the expression
of iNOS by blocking LPS-induced IκB-α phosphorylation
and p65 translocation.

3.3. Crocetin Blocks LPS-Induced iNOS Expression by
Increasing MEK1/ERK1 Phosphorylation but Inhibiting JNK
Phosphorylation. MAPKs play essential roles in LPS or phy-
tochemical stimulated iNOS expression in RAW264.7 cells;
thus, it is necessary to detect the protein kinase cascades
and their activities in the crocetin-induced NO inhibitory
effect to better elucidate the underlying mechanism. Firstly,

several typical protein kinase inhibitors were selected to be
applied in the following experiment, including AZD6244,
SB202190, and SP600125, which are the inhibitors for
MEK1/2, p38 kinase, and JNK, respectively. As shown in
Figure 3(a), pretreatment of JNK inhibitor can markedly
reduce LPS-induced iNOS expression (p < 0:001), MEK
inhibitor only slightly reduce that, and p38 has no effect,
which implied that only JNK is essential in LPS-induced
iNOS expression. To further investigate the coeffect of croce-
tin on this process, 20μg/ml crocetin was coadded in the
cells with protein kinase inhibitor treatment. Surprisingly,
as shown in Figure 3(b), pretreatment with MEK inhibitor
eliminated the inhibitory effect of crocetin on iNOS expres-
sion (p < 0:01). These results indicated that crocetin may
inhibit the expression of iNOS by regulating the phosphory-
lation of MEK and JNK.

Moreover, to investigate the actual effect of crocetin on
the protein kinase pathways of JNK, MEK, and p38, a series
of immune blots were detected. As shown in Figure 3(c),
crocetin only showed a dose-dependent inhibitory effect on
LPS-induced phosphorylation of JNK (p < 0:01), but there
is no significant effect on phosphorylation of MEK and
p38. This result aroused our curiosity, and we speculate that
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Figure 2: The effect of crocetin on the key nuclear transcription factors of iNOS gene. (a) The effect of crocetin on IκB-α/p65 expression at
an indicated time. RAW264.7 cells were pretreated with crocetin (20 μg/ml) for 1 h before starvation in serum-free medium for 2.5 h and
then exposed to 40 ng/ml LPS for an indicated time. The level of protein was detected by Western blot analysis using their
corresponding antibodies. (b) Crocetin dose-dependently inhibits LPS-induced degradation of IκB-α. RAW264.7 cells were pretreated
with crocetin (10–20μg/ml) for 1 h before starvation in serum-free medium for 2.5 h and then exposed to 40 ng/ml LPS for an additional
30min. The total and phosphorylation of IκB-α were detected by Western blot analysis using their corresponding antibodies. (c)
Crocetin inhibits LPS-induced nuclear translocation of p65. Cell culture and crocetin (10–20 μg/ml) treatment were done as described in
(b). Extraction of nuclear and cytosolic p65 was performed as described in Materials and Methods. Lamin B and GAPDH were used as a
control for nuclear and cytosolic protein, respectively. Data are presented as the mean ± SD of at least triplicate tests. ∗p < 0:05 and ∗∗p
< 0:01 vs. LPS-treated cells.
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Figure 3: Continued.
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Figure 3: The effect of crocetin on the phosphorylation of protein kinases. (a) JNK inhibitor suppressed LPS-induced iNOS expression.
RAW264.7 cells were pretreated for 1 h with AZD6244, SB202190, or SP600125 alone and then exposed to 40 ng/ml LPS for 12 h. The
expression of iNOS was detected by Western blot analysis. (b) MEK inhibitor reversed the effect on crocetin-mediated iNOS inhibition.
RAW264.7 cells were treated with MAPK inhibitors for 1 h, subsequently added crocetin for another 1 h, and then exposed to 40 ng/ml
LPS for 12 h. Western blot was applied to detect iNOS expression. (c) Crocetin inhibited LPS-induced phosphorylation of JNK but has
no significant effect on MEK and p38. RAW264.7 cells were pretreated with crocetin (10-20μg/ml) for 1 h and then exposed to 40 ng/ml
LPS for 0.5 h. The total and phosphorylated protein kinases were detected with their antibodies, respectively. (d) MEK1-KD and ERK1-
KD relieved the crocetin-induced iNOS inhibition. Selecting RAW264.7 cells with scramble shRNA as blank controls (NC), MEK1-KD
cell lines or ERK1-KD cell lines were treated with crocetin for 1 h and then exposed to 40 ng/ml LPS for 12 h. The iNOS expression was
detected by Western blot analysis. (e) Crocetin increased the phosphorylation of MEK. RAW264.7 cells were pretreated with crocetin
(20 μg/ml) at the indicated time or pretreated with crocetin (10-20μg/ml) for 30min, and then, total and phosphorylated protein levels
of MEK were detected with their antibodies, respectively. (f) JNK is critical for LPS-induced iNOS expression. ERK1-KD (shRNA-2) cells
were pretreated with SP600125 (10-20μM) for 1 h, and the following steps were done as described in (a). The expressions of iNOS were
detected by Western blot analysis. Each value represents the mean ± SD of triplicate tests. ∗p < 0:05 and ∗∗p < 0:01 vs. LPS-treated cells.
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the reason for this phenomenon is that the MEK inhibitor has
diverse targets or mutual antagonism competing with croce-
tin. Subsequently, shRNA technology was applied to knock
down (KD) the gene expression ofMEK1 and ERK1 to elimi-
nate these potential possibilities. Interestingly, the same result
was obtained as MEK inhibitor treatment (Figure 3(b)); both
MEK1 knockdown (MEK1-KD) and ERK knockdown
(ERK1-KD) restored LPS-induced iNOS expression which is
inhibited by crocetin treatment, p < 0:01 (Figure 3(e)). These
results indicated that the above possibilities are not the reason
for the not significant effect of crocetin on the MEK pathway;
maybe the treatment time of its inhibitor for a long time is the
cause. Therefore, pretreatment with crocetin for 15-60min
was selected for immunoblot, instead of the previous 90min
(Figure 3(c)). As shown in Figure 3(d), it was found that the
phosphorylation of ERK was increased significantly within
30 minutes after crocetin treatment, and crocetin also
increased the expressions of p-ERK in a dose-dependent man-
ner (p < 0:05).

Furthermore, to investigate the relationship between
MEK1/ERK1 and JNK, the JNK inhibitor was used in
ERK1-KD cells. The result showed that the JNK inhibitor
can still significantly inhibit the expression of iNOS in the
ERK1-KD cell line in a dose-dependent manner, p < 0:001
(Figure 3(f)), which indicated that JNK played a crucial role
in LPS-stimulated iNOS expression, and crocetin exerted its
anti-inflammatory effect via induction of MEK1/ERK1
phosphorylation and subsequent inhibition of JNK
phosphorylation.

3.4. Crocetin Exerts Its Anti-inflammatory Effect via
Activation of Nrf2/HO-1 Signaling Pathway. It has been
reported that the activation of the Nrf2/HO-1 pathway is
involved in the attenuation of NF-κB translocation and
iNOS expression [50, 51]. To investigate the effect of croce-
tin on the crosstalk between Nrf2/HO-1 and NF-κB/iNOS
pathway and whether this crosstalk is essential for its anti-
inflammatory property, gene knockdown and knockout
technologies had been performed. As shown in Figure 4(a),
the time course result of 4-16h showed that the expressions
of total Nrf2 and its downstream antioxidant protein HO-1
were increased significantly by crocetin treatment (p < 0:01
), but not that by NQO1, compared with LPS treatment only;
the time course result of 30-120min showed that the expres-
sions of both cytoplasm and nuclear Nrf2 were induced sig-
nificantly by crocetin treatment (p < 0:01). Besides, crocetin
was found to activate the Nrf2/HO-1 pathway significantly
in a dose-dependent manner.

To verify the essential role of the Nrf2/HO-1 pathway in
crocetin-inhibited iNOS expression, both Nrf2 and HO-1
genes were knocked down. As shown in Figure 4(b), two
repeated KD genes for Nrf2 and HO-1 had been constructed
(p < 0:001), and the results showed that knockdown of HO-1
and Nrf2 genes could largely diminish the inhibitory effect of
crocetin on LPS-induced iNOS overexpression, p < 0:05
(Figure 4(b)). Moreover, the CRISPR/Cas9 system was used
to construct the HO-1 gene knockout (KO) cell model to fur-
ther confirm this action. As shown in Figure 4(c), the results of
HO-1-KO cells displayed are similar to that of HO-1-KD cells
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Figure 4: The involvement of the Nrf2/HO-1 pathway in the crocetin-induced inhibitory activity on iNOS expression. (a) Crocetin
increased the expressions of Nrf2 and HO-1 and the nuclear translocation of Nrf2. For Nrf2 and HO-1 expressions, RAW264.7 cells
were pretreated with the indicated dose of crocetin for 1 h before starvation in serum-free medium for 2.5 h and then exposed to
40 ng/ml LPS for an indicated time. For Nrf2 nuclear translocation, cell culture and crocetin (20 μg/ml) treatment were done as
described in Figure 2(c). The expressions of proteins were detected by Western blot analysis using their corresponding antibodies. (b)
Nrf2-knockdown (Nrf2-KD) and HO-1-knockdown (HO-1-KD) blocked crocetin-dependent iNOS inhibition. Detection of the knockout
efficiency of two monoclonal cells (top). NC and HO-1-KO cell treatment was done as described in (b). (c) HO-1-knockout (HO-1-KO)
blocked crocetin-dependent iNOS inhibition. The total and phosphorylated protein kinases were detected with their antibodies,
respectively. (d) HO-1-KO blocked crocetin-dependent p-IκB-α inhibition. NC and HO-1-KO cell treatment was done as described in
Figure 2(b). Data are presented as the mean ± SD of triplicate tests. ∗p < 0:05 and ∗∗p < 0:01 vs. LPS-treated cells.
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(Figure 4(b)). Further, the role of HO-1 in the inflammatory
signaling pathway was determined. As shown in Figure 4(d),
crocetin significantly inhibited the expression of p-IκB-α
(p < 0:01), but this effect can be reversed in HO-1-KO cells.
In addition, crocetin significantly inhibited the phosphoryla-
tion of JNK, and this effect can also be detected in HO-1-KO
cells (p < 0:01). These results strengthen the direct crosstalk
between the Nrf2/HO-1 and NF-κB/iNOS pathways and high-
light the essential role of HO-1 in this crosstalk.

The above data indicated that crocetin may exert its anti-
inflammatory effect via activation of the Nrf2/HO-1 signal-
ing pathway, and HO-1 is a vital link to regulate the redox
balance in RAW264.7 cells treated with crocetin.

3.5. The Direct Binding Proof and Docking Model of Crocetin
to MEK1, JNK1/2, Keap1-Nrf2, and TLR4-MD2. Our data
suggest that MEK1, JNK1/2, Keap1, and Nrf2 are potential
targets for crocetin to inhibit inflammatory signaling. Thus,
we investigated whether the crocetin directly binds to them,
using the bead-bound pull-down assay, which has been val-
idated as an effective screening tool in our previous study
[42]. In brief, crocetin is coupled with CNBr-Sepharose 4B
beads and then incubated with protein lysate extracted from
RAW264.7 cells. The bound protein was extracted by centri-
fuge and detected by Western blotting with respective anti-
bodies after washing out. As shown in Figure 5(a), MEK1
and JNK1/2 were detected in the complex of Sepharose 4B
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Figure 5: The direct binding proof and computational docking model for the action of crocetin. (a) Binding abilities of crocetin to MEK1,
JNK1/2, and Keap1-Nrf2. Whole cell lysate (input control, lane 1), lysate precipitation with Sepharose 4B beads (negative control, lane 2),
and Sepharose 4B-crocetin-coupled beads (lane 3) were applied to SDS-PAGE and then detected with MEK1, JNK1/2, Nrf2, or Keap1
antibody, respectively. The binding efficiency to crocetin was presented as the ratio of input control. (b, c) The docking models of
crocetin to MEK1 and JNK1/2. Electrostatic potential surface is indicated in a close-up figure of the upper side, and hydrogen bonds are
indicated by blue and green lines in the lower figure. White, blue ribbon: protein kinase; red ribbon: ATP-binding site; yellow: crocetin.
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beads-crocetin-proteins, with 22.7% and 95% binding rates
compared to the cell lysate control, while only JNK1/2 was
slightly detected in the Sepharose 4B beads alone. Mean-
while, Keap1, the major Nrf2 endogenous inhibitor, has
shown a powerful combination with Crocetin-Sepharose
4B beads with a 194.6% binding rate, and only 12.5% bind-
ing rate was detected with Nrf2 antibody, while both Keap1
and Nrf2 were not detected in the Sepharose 4B beads alone.
These data showed that crocetin could bind directly with
protein kinases of MEK1 and JNK1/2. Moreover, Keap1
had stronger binding activity than Nrf2, which is suggested
that crocetin may directly combine with Keap1 for modifica-
tion and then release Nrf2 from the Keap1-Nrf2 complex.

As shown in Supplementary Fig. 3A, the computational
docking analysis data showed that there are 3 hydrogen
bonds for the binding of crocetin to the TLR4-MD2 com-
plex, which is not the same binding region of LPS. This
result suggested that crocetin may not bind competitively
with LPS to block the LPS-induced inflammation. To know
how crocetin binds to MEK1, JNK1/2, and Keap1-Nrf2 com-
plex, the computer modeling of crocetin bound to these pro-
teins was performed, using the software as described in
Materials and Methods. The results provided interesting
information that five hydrogen bonds were formed between
crocetin and Arg201, Glu201, Tyr125, Lys175, and Asp635
residues of MEK1, which are configured nearby ATP-
binding pocket (Figure 5(b)). As shown in Figure 5(c), three
hydrogen bonds were formed between crocetin and Lys358
and Asp362 residues of JNK1/2, which configured a part of
the ATP-binding pocket. Further analysis data suggested
that crocetin can directly bind to MEK1 on the ATP-
binding site 145 and 146 and bind to JNK1/2 by hydrogen
bond 358. For the Keap1-Nrf2 complex, three hydrogen
bonds were formed between crocetin and His552, Asp579,
and Asp573 residues of Keap1, which did not configure a
part of the Keap1 catalytic domain (Supplementary Fig.
3B). These docking results further support our pull-down
binding data between crocetin and MEK1 and JNK1/2.

4. Discussion

Crocetin is previously reported as an effective anti-
inflammatory agent in other studies [25, 52]. However, the
molecular mechanism underlying this action has not been
fully elucidated, especially the effect of crocetin on the extra-
cellular receptor and the crosstalk between inflammatory
pathways and other pathways. In the present study, the
molecular mechanism of the anti-inflammatory property of
crocetin in the LPS-stimulated RAW264.7 cell model had
been investigated in depth. The results showed that crocetin
exerts its anti-inflammatory property mainly via the
MEK1/ERK1/JNK/NF-κB/iNOS pathway (Figure 1). Further
molecular data by application of shRNA-KD and CRISPR-
Cas9 KO technologies confirmed the anti-inflammatory
effect of crocetin, and what is more interesting, KD and
KO of HO-1 gene both inhibited this action (Figure 4).
Coupled with the molecular data of Nrf2 activation by croce-
tin, the present study discovers the crosstalk between the
Nrf2/HO-1 pathway and the MEK1/ERK1/JNK/NF-κB/i-

NOS pathway, and HO-1 plays an essential role in the regu-
latory effect of crocetin on keeping the redox balance
(Figures 3 and 4). The molecular mechanism in detail is
summarized in Figure 6.

NO, as a major inflammatory mediator, has played a sig-
nificant role in the expansion of oncogenesis and inflamma-
tory reaction, and it is suggested that the inhibition of NO
overproduction or downregulation of iNOS is an imperative
target for the prevention and treatment of inflammation and
its related complications. Up to now, several studies, both
in vitro and in vivo, have shown that crocetin has strong
anti-inflammatory activity via inhibition of NO or iNOS in
cancer cells [46, 53]. However, the effect of crocetin on the
above two inflammatory mediators in the RAW cell model
has not been fully investigated [25]. In the present study, it
was found that the anti-inflammatory property of crocetin
depends on its inhibition of NO and iNOS.

Mitogen-activated protein kinase activation induces the
expression of multiple inflammatory genes by regulating
nuclear transcription factor NF-κB [54, 55]. In the present
study, specific inhibitors of these protein kinases were used,
and it was found that only JNK and MEK1/ERK1 are associ-
ated with the anti-inflammatory activity of crocetin
(Figure 3). Further data by using MEK1/ERK1-KD cells
and JNK inhibitor implied that phosphorylation of JNK is
essential for the action of crocetin, and JNK is downstream
of MEK1/ERK1, which is consistent with other previous
studies [54, 56, 57]. In brief, it was reported that dual-
specificity protein phosphatases (DUSP) can dephosphory-
late both the threonine and tyrosine residues in the activa-
tion loop of MAPKs, thereby inactivating them [56].
Activation of MEK1/ERK1 can increase the transcription
of DUSP2 which can limit JNK phosphorylation [57]. More
powerful evidences have been shown by using Sepharose 4B
beads and pull-down assay to find out the direct binding
proof of crocetin to MEK1 and JNK1/2. Our result
(Figure 5(a)) suggested that crocetin may directly bind to
MEK1 and JNK1/2. Besides, computational docking of cro-
cetin to MEK1 and JNK1/2 (Figures 5(b) and 5(c)) was also
analyzed, and the results provided some interesting binding
information between the hydroxyl groups of crocetin and
amino acid residues of MEK1 and JNK1/2.

As is well known, the Nrf2/HO-1 antioxidant signaling
pathway plays a crucial role in the anti-inflammatory pro-
cess. LPS can stimulate a higher level of ROS generation,
cytokines, and chemokines in Nrf2-KO cells [58, 59]. Several
studies have reported the crosstalk between Nrf2/HO-1 with
NF-κB/iNOS. Nrf2-knockout mice showed increased mRNA
and protein levels of iNOS, and the activation of Nrf2 leads
to the reduction of iNOS [58, 60]. Nrf2 or HO-1 gene-
deficient mice with pneumococcal meningitis showed signif-
icantly higher levels of HMGB1 and iNOS [61]. Here, the
data showed that crocetin can activate the Nrf2/HO-1 path-
way (Figure 4(a)) which may be attributed to the direct
binding between crocetin and Keap1-Nrf2 complex (Supple-
mentary Fig. 3B). Nrf2-KD, HO-1-KD, and HO-1-KO inhi-
bition can attenuate crocetin-mediated iNOS inhibitory
activity (Figures 4(b) and 4(c)). More detail is shown in
Figure 4(d) that crocetin had increased the expression of
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HO-1 which is contributed to the stability of IκB-α
(Figure 4(d)). This result was also well replicated in another
study [62]. These data implied that this action of crocetin is
partially attributed to the activation of the Nrf2/HO-1 path-
way, especially the induction of HO-1. Moreover, a series of
studies speculate that the regulation of iNOS by the
Nrf2/HO-1 antioxidant signaling pathway stems from its
ability to inhibit the production of ROS which can effectively
activate MAPKs [63]. However, as shown in Supplementary
Fig. 1, crocetin was found to dose-dependently inhibit LPS-
induced ROS production, but treatment with different con-
centrations of NAC, a common ROS scavenger [64], has
no effect on LPS-induced iNOS expression. These results
suggested that there was no significant correlation between
the crocetin-mediated iNOS inhibitory activity and the
reduction of crocetin-mediated ROS production. Thus, fur-
ther research is needed to elucidate the molecular mecha-
nism in depth underlying the relationship between ROS,
Nrf2/HO-1, and NF-κB/iNOS.

A previous review suggests that the immunomodulatory
activity of crocetin may be caused by direct targeting Toll-
like receptors (TLRs) and the subsequent regulation of various
transcription factors such as NF-κB and AP-1 [65]. Thus, to
confirm whether crocetin competes with LPS for binding to
TLR4 to exert its anti-inflammatory property, computational
docking analysis based on the structure of the TLR4-MD2

complex (PDB ID: 5IJB) and crocetin was performed. The
data (Supplementary Figure 3A) showed that crocetin is
docked in the different domains of the TLR4-MD2 complex
with LPS, suggesting that crocetin might have no
competitive binding to the TLR4-MD2 complex with LPS.
Moreover, another piece of evidence is that knockdown of
TLR-4 has no effect on crocetin-caused induction of HO-1
(Supplementary Fig. 2). These data further confirmed that
crocetin exerts its anti-inflammatory effect by not targeting
TLR-4, and which potent extracellular receptors crocetin
targets require more detailed exploration.

5. Conclusion

In the present study, it was found that crocetin exerted its
anti-inflammatory property by inhibiting the
MEK1/JNK/NF-κB/iNOS pathway and activating the
Nrf2/HO-1 pathway; the direct crosstalk between the
MEK1/JNK/NF-κB/iNOS pathway and the Nrf2/HO-1 path-
way is existing in crocetin-treated cells, which is essential for
the anti-inflammatory effect of crocetin; HO-1 is the key link
point of the above crosstalk. Therefore, crocetin can act as a
redox balance modulator to orchestrate precisely its anti-
inflammatory and chemopreventive effect via its regulatory
action on the crosstalk between the NF-κB/iNOS pathway
and the Nrf2/HO-1 pathway.
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Figure 6: Schematic diagram of the molecular mechanism underlying the anti-inflammatory effect of crocetin on LPS-induced RAW264.7
cells. LPS can stimulate the activation of the TLR4/NF-κB/iNOS inflammatory pathway in RAW264.7 cells. Crocetin treatment effectively
inhibits LPS-induced iNOS expression by inhibition of the MEK1/ERK1/JNK/NF-κB/iNOS pathway and activation of the Nrf2/HO-1
pathway. HO-1 is the link point for the crosstalk between these two pathways, and KD or KO of HO-1 gene can eliminate the potent
anti-inflammatory effect of crocetin. In addition, crocetin treatment significantly inhibits the LPS-induced ROS production, while this
protective mechanism involved is not clarified, which is involved in protected effects.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: the role of ROS in
LPS-induced iNOS expression. (A) Crocetin inhibits LPS-
induced ROS production. Cell culture and treatment were
done as described in Materials and Methods. (B) NAC
(ROS scavengers) cannot inhibit LPS-induced iNOS expres-
sion. RAW264.7 cells were treated with NAC (5–15μM) for
1 h before starvation in serum-free medium for another 2.5 h
and then exposed to 40 ng/ml LPS for an additional 12 h.
The expressions of iNOS were detected by Western blot
analysis. Data are presented as themean ± SD of at least trip-
licate tests. ∗p < 0:05 and ∗∗p < 0:01 vs. LPS-treated cells.

Supplementary 2. Supplementary Figure 2: the involvement
of TLR-4 in iNOS and HO-1 expressions. (A) RT-qPCR test
of gene knockdown efficiency. (B) TLR-4 is involved in LPS-
induced iNOS inhibition but not involved in crocetin-
induced HO-1 overexpression. NC and TLR-4-KD cells were
pretreated with crocetin (20μg/ml) for 1 h and then exposed
to 40 ng/ml LPS for an additional 12 h. The HO-1 and iNOS
expression was detected by Western blot analysis using their
corresponding antibodies. Data are presented as the mean
± SD of triplicate tests. ∗p < 0:05 and ∗∗p < 0:01 vs. LPS-
treated cells.

Supplementary 3. Supplementary Figure 3: the docking
models of crocetin to TLR4-MD2 and Keap1-Nrf2 complex.
(A) There are 3 hydrogen bonds for the binding of crocetin
to the TLR4-MD2 complex, which is not the same binding
region of LPS. (B) For the Keap1-Nrf2 complex, three
hydrogen bonds were formed between crocetin and
His552, Asp579, and Asp573 residues of Keap1, which did
not configure a part of the Keap1 catalytic domain.
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The increasing numbers of elderly Alzheimer’s disease (AD) patients because of a steady increase in the average lifespan and aging
society attract great scientific concerns, while there were fewer effective treatments on AD progression due to unclear exact causes
and pathogenesis of AD. Moderate (200-500mg/d) and regular caffeine consumption from coffee and tea are considered to alleviate
the risk of AD and have therapeutic potential. This paper reviewed epidemiological studies about the relationship of caffeine intake
from coffee or/and tea with the risk of AD and summarized the caffeine-related AD therapies based on experimental models. And
further well-designed and well-conducted studies are suggested to investigate the optimal dosages, frequencies, and durations of
caffeine consumption to slow down AD progression and treat AD.

1. Introduction

AD is the most common cause of dementia, which is associ-
ated with the physical deterioration of the brain tissue, lead-
ing to greater cognitive malfunctions than those of normal
brain aging [1]. The incident rate of AD increases dramati-
cally with age, only 2% among 65 years of age, 12.7% among
90 years of age, and 21.2% among 95 years of age, respectively
[2]. And cognitive impairment, characterized by rapid mem-
ory and attention decline, is the high-risk factor for AD [1].
Because cognitive impairment is likely to progress to AD at
a rate of 10% quicker than normal cognitive people at the
same age [3], cognitive decline is regarded as a preclinical
marker for early dementia. Thus, lowering cognitive decline
also indicates a reduction of the risk of AD [4]. Furthermore,
cognitive disorders include dementia, cognitive impairment,
and cognitive decline [5].

AD is the consequence of the complex interplay between
the genetic and environmental factors, including medical his-
tory of diseases and dietary habits [6]. Currently, there are
limited efficient pharmacological therapies in reversing the

cognitive deterioration and slowing down the progression
of AD [7]. And the permitted six drugs only provide tempo-
rary and incomplete symptomatic relief accompanied by
severe side effects [8]. Therefore, clinicians considered mod-
ifiable risk factors for brain function preservation, such as
lifestyle, obesity, diabetes, and hypertension [5]. Because
those nonpharmacological interventions are easy to achieve,
acceptable, cheap, and without negative consequences at rou-
tine levels, they could help reduce healthcare costs at popula-
tion levels as good prophylaxis of AD [9]. Concerning aspects
relating to lifestyle, multiple studies have examined the
potential role of phytochemicals in preventing and slowing
down progressive pathogenic changes in AD, including fla-
vonoids, phenolic acids, carotenoids, curcumin, resveratrol,
and some alkaloids (in the comprehensive reviews [10, 11]).
Among them, the effects of caffeine seem to be well
researched and documented [12].

Caffeine (1,3,7-trimethylxanthine), a purine alkaloid, is
one of the most common and widely consumed psychoactive
stimulants daily, exerting its functions on CNS to help antifa-
tigue, increase concentration, and trigger the arousal of
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neurons after short-term consumption [13]. Because chronic
low doses of caffeine have been reported to protect against
CNS hypoxia and ischemia in rats [14] and gerbils [15, 16],
whereas acute caffeine administration exacerbated ischemic
neuronal damage in rats with forebrain ischemia produced
by bilateral carotid occlusion plus hypotension [14], caffeine
may have neuroprotective effects; thus, it is reasonably
hypothesized that regular caffeine consumption at a low dose
for the long term could help prevent AD.

This article is initially aimed at examining the potential
role of constant caffeine consumption in AD development
based on human studies and treating AD based on experi-
mental studies. The second aim is to recommend caffeine
dosages, frequencies, and durations that may be beneficial.

2. Caffeine in AD: Human Study

Coffee and tea are the twomost popular drinks worldwide and
are the leading global dietary sources of caffeine [13].
Although caffeine contents vary in a cup of coffee in different
studies due to various serving sizes (50-190ml), types of coffee
beans (Arabica or Robusta), preparation methods (boiled or
filtered), and serving types (decaffeinated or Italian), the mean
caffeine content is generally 90mg per 230ml of coffee (a reg-
ular cup of coffee is 230ml) [17]. Caffeine amounts also vary
in a cup of different types of tea. Fresh tea leaves should
undergo the diverse degree of fermentation and oxidation of
polyphenols during manufacturing; therefore, 100ml of non-
fermented green tea has 15mg of caffeine on average, and
semifermented oolong tea and fermented black tea have
17mg of caffeine per 100ml on average (a regular cup of tea
is 100ml) [18]. If coffee or/and tea consumption could provide
appropriate dosages of caffeine to modify the progression of a
neurodegenerative disorder that may evolve many years
before the emergence of visible clinical symptoms, as appears
to be the case with AD, without side effects, they may be rec-
ommended as a daily natural complementary therapy for low-
ering the risk of AD and slowing down the progression of AD.

This article summarizes 15 human studies including case-
control studies, cohort studies, cross-sectional studies, and
meta-analyses in Table 1, to access the possible effects of caf-
feine from coffee or/and tea on AD and suggest optimal dos-
ages, frequencies, and durations of coffee and tea consumption.

2.1. Method. (1) If the selected human studies defined neither
the exact caffeine doses in a cup of coffee and tea nor the
exact volume of a cup, the caffeine amounts were determined
by 90mg caffeine per cup of coffee (a regular cup of coffee is
230ml) [17], 15mg caffeine per cup of green tea, and 17mg
caffeine per cup of black/oolong tea (a regular cup of tea is
100ml) [18]. (2) The average amounts of daily coffee and
tea consumption by Canadians were determined by Conway
[19] and Lindsay et al. [20], respectively. (3) Because West-
erners consume more black tea and rarer green tea than East-
erners [21], if the particular types of tea were not identified in
the study from the West, tea consumption refers to the mean
caffeine amounts of black tea. (4) Tea consumption based on
the Eastern study refers to the majority of consumed tea
types.

2.2. Caffeine. A retrospective and matched-pair case-control
study reported that AD patients only consumed an average
of 73:9 ± 97:9mg/d caffeine as compared to healthy control
cases who had 198:7 ± 135:7mg/d during the last 20 years
preceding AD diagnosis. And caffeine exposure during this
period could lower the risk of AD significantly with an OR
of 0.40 (95% CI = 0:25-0.67). Daily caffeine intake was
sourced from instant coffee (60mg caffeine/142ml), decaf-
feinated coffee (3mg caffeine/142ml), tea leaf (30mg caffei-
ne/142ml), instant tea (20mg caffeine/142ml), and cola
drinks (18mg caffeine/170ml) [22]. However, another
nested case-control study observed that midlife caffeine
intake from coffee (137mg/227ml), tea (47mg/227ml), and
cola (46mg/340ml) was not significantly associated with
the risk of late-life AD (25 years later). But the highest levels
of caffeine consumption (411.0–1872.5mg/d) were related to
a lower OR of having any of the neuropathological lesion
types at autopsy as compared to lower caffeine intake
(≤137.0mg/d) (multivariable-adjusted OR = 0:45, 95% CI =
0:23-0.89, and P = 0:04). And the adjusted mean caffeine
intake among decedents with AD lesions was 279mg as com-
pared to 333mg among those without lesions (P = 0:10) [23].
The 2010 meta-analyses of 11 studies reported that caffeine
intake could reduce the risk of AD, with the summary RR
of 0.83 (95% CI = 0:32–2.15, I2 = 40:5%) [24].

2.3. Coffee. After a 21-year-long period of follow-up observa-
tions, the Finnish cohort study reported that participants
who consumed 690 to 1150mg/d of coffee (270 to 450mg/d
caffeine) at midlife had a decreased risk of late-life AD by
58% significantly compared with those drinking 0 to
460mg/d of coffee (0 to 180mg/d caffeine, reference). Tea
consumption was not associated with a decreased risk of
AD later in life, partially because the majority of participants
(60.5%) in this study did not drink tea, making statistical
power low [25]. A large-scale population-based prospective
cohort study among Canadians aged above 65 years consis-
tently reported that daily coffee consumption (243mg/d caf-
feine [26]) reduced the risk of AD by 31% during a 5-year
follow-up, while daily tea drinking (64mg/d caffeine [19])
was not associated with lowering AD risk (OR = 1:12, 95%
CI = 0:78-1.61) [20]. Furthermore, a multiethnic cohort
study among persons aged above 45 years old reported that,
during an average of 16.2 years of follow-up, higher coffee
intake (above 2 cups/d, above 180mg/d caffeine) lowered
the risk for all-cause death, with an HR of 0.82, as compared
to 1 cup/d (HR = 0:88, 95% CI = 0:85–0.91). But only lower
coffee consumption (1 cup/d, 90mg/d caffeine) had a mar-
ginally positive association with the risk of AD (HR = 0:90,
95% CI = 0:71–1.14) as compared to a negative effect by
higher coffee consumption (above 2 cups/d, 180mg/d caf-
feine) [27]. Another large population-based cohort study of
old Swedish adults (mean age of 83.2 years) reported that
there were no associations of coffee consumption (177mg/d
caffeine) and risk of dementia during a mean follow-up of
12.6 years [28]. However, the 2007 meta-analyses of 4 obser-
vational studies reported that coffee consumption could sig-
nificantly reduce AD risk in comparison with
nonconsumers with a pooled risk estimate of 0.73 (95% CI

2 Oxidative Medicine and Cellular Longevity
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= 0:58–0.92), in a highly significant heterogeneity (chi-
squared: 13.6, P < 0:01) [29].

2.4. Tea. A national population-based prospective nested
case-control study on illiterate elderly Chinese subjects
reported a significant inverse relationship between dietary
habits of tea drinking and cognitive decline (OR = 0:82,
95% CI = 0:68-1.00, and P = 0:0468) [30]. And the
community-based cross-sectional study among elderly Japa-
nese subjects aged above 70 years also reported an inverse
dose-dependent response between green tea consumption
and prevalence of cognitive impairment. Subjects who con-
sumed over 200ml/d green tea (30mg/d caffeine) and
100ml/d (15mg/d caffeine) had a significantly lower cogni-
tive impairment risk by 54% and by 38%, respectively, as
compared to below 300ml/wk (45mg/wk caffeine, reference)
(P = 0:0006). However, a weaker association was observed for
black or oolong tea consumption with the risk of cognitive
impairment, and there was a null association between coffee
consumption and the risk of cognitive impairment [31]. On
the contrary, in the Singaporean cross-sectional study, par-
ticipants habitually consumed vastly more black or oolong
tea than green tea. Thus, the more inverse relation of black
or oolong tea consumption with cognitive impairment was
found as compared to green tea. And a higher intake corre-
sponded to a lower risk of cognitive impairment, with an
OR of 0.46 (95% CI = 0:31-0.68) for above 215ml/d
(37mg/d caffeine) and an OR of 0.55 (95% CI = 0:38-0.79)
for occasional intake. No significant associations were found
between coffee intake and cognitive status [4]. And another
Singaporean cross-sectional study among Chinese elders
aged above 55 years reported that total tea consumption
(34mg/d caffeine) was related to better performance on
global cognition (MMSE) (B = 0:055, SE = 0:026, and P =
0:03) and memory improvement (B = 0:031, SE = 0:012,
and P = 0:01). The neuroprotective effects of tea consump-
tion on cognitive function were not limited to a particular
tea type. As 45.8% of participants consumed Chinese black/-
oolong tea, 37.6% consumed English black tea and 21.6% had
green tea. However, no association was found between coffee
intake and cognitive function, as well as a decrease in AD risk
[32]. Another cross-sectional study among elderly Norwe-
gians (aged 70-74 years) observed that habitual tea con-
sumers who consumed a mean value of 222ml/d (37mg/d
caffeine) black tea during the previous years had better cogni-
tive performance than nonconsumers, examined by cognitive
tests other than MMSE. And the sharpest dose-response
effect of tea was up to 200ml/d on cognitive performance,
after which it tended to plateau [21]. Meanwhile, a meta-
analysis of 26 studies (predominately Chinese studies)
showed that tea drinking was significantly associated with a
decreased risk of cognitive disorders in the elders
(OR = 0:65, 95% CI = 0:58-0.73, and I2 = 78:8%) as com-
pared to nonconsumers or rare consumers, partially owning
to neuroprotective effects of caffeine components in tea.
There were elusive findings of the relationship between tea
intake and AD in the subgroup analysis (OR = 0:88, 95% CI
= 0:65-1.12) due to the lack of included studies, especially
non-Chinese studies [33]. On the contrary, a meta-analysis

of 20 studies concluded 5 AD-related studies, which reported
that caffeine intake from coffee or tea was not significantly
associated with the risk of AD in the random-effects model
among elderly participants, with a subtotal OR/RR of 0.78
(95% CI = 0:50-1.22, I2 = 71:0%) [5].

2.5. Discussions on Human Studies. The current studies sug-
gested that caffeine intake may be associated with a lower risk
of cognitive disorders including AD, cognitive impairment,
and cognitive decline, despite the presence of some inconsis-
tent results. And the neuroprotective effects of caffeine were
closely tied to the appropriate frequencies and dosages of
consumption. According to Cappelletti et al., low caffeine
intake is less than 200mg/d, moderate caffeine intake is
between 200 and 500mg/d, and high caffeine intake is above
500mg/day [34]. And the definitions of drinking frequency
are regular intake (every day and above 5 times per week)
and rare intake (below 2 times per week and never drinking).
In line with data from included research showing an inverted
U-shaped caffeine dose-response curve [20, 22, 25, 27], regu-
larly intaking moderate caffeine had a better cognitive func-
tion and a lower AD risk. However, low caffeine intake
levels had a borderline positive or null relationship with
AD risk [27, 28], and high caffeine consumption may
increase the risk of AD and decrease cognitive performance,
especially from coffee intake [27].

Additionally, as the long-term follow-up observations
were commonly used in the cohort design. And coffee drink-
ing habits may alter over time, possibly after a significant
interval, if the cognitive state or other environmental influ-
ences such as lifestyle changes occur. The more obvious pro-
tective effects of caffeine from coffee against AD were more
likely to be reported in studies with shorter follow-up as
cognition-impaired patients would reduce their daily coffee
intake compared to healthy participants, just like the study
conducted by Lindsay et al. of 5 years [20] compared with
that by Larsson and Wolk of 12.3 years [28].

Coffee, which is more frequently consumed in Western
countries than tea as a more popular beverage in Eastern
countries, contains much higher amounts of caffeine than
any type of tea [25]. Studies in Western countries consis-
tently reported that coffee had neuroprotective effects but
null associations of tea consumption, while Eastern countries
found the opposite. The neuroprotective effects of tea con-
sumption may be more related to the abundant tea flavo-
noids (catechins), especially EGCG in green tea and
theaflavins in black tea, rather than the stimulant effect of
scarce caffeine contents [32]. Furthermore, diversities con-
nected to the ratio of tea leaves to hot water (the boiling
way) and the reuse habits of the same tea leaves several times
in East Asia in comparison with single-use coffee also make a
difference in the analysis between the exact dosage of caffeine
and positive neuroprotective effects [35]. And the amounts of
caffeine intake from tea also depend on social and cultural
diversities. For example, Japanese subjects consume vastly
green tea (2 cups of green tea per day; one cup is 100ml) as
a social activity, while Chinese subjects consume a range of
tea (more black/oolong tea) [4], resulting in inconsistent
results about protective effects of different types of tea among

8 Oxidative Medicine and Cellular Longevity



Japanese and Chinese subjects. Furthermore, because West-
erners consume more black tea and rarer green tea than East-
erners, a European study observed that habitual black tea
consumption could lower the risk of AD but the plateau
effects were up to 200ml/d, even corresponding to the neuro-
protective effects of lower caffeine amounts but in a habitual
intake. And, by meta-analysis, which predominately had
summarized Chinese studies, partially due to neuroprotective
effects of caffeine in tea, tea consumption could reduce the
risk of cognitive disorders in elders compared to noncon-
sumers or rare consumers [33]. It is thus reasonably assumed
that the true association and interplay of flavonoids and caf-
feine with neuroprotection effects were underestimated. And
all the studies on the neuroprotective effects of tea but not
coffee were cross-sectional studies, with the results confined
by the inference of a temporal causal relation between coffee
and tea consumption and prevalence of AD, but the cogni-
tion in the old adults is shaped by long-term exposures [4].
Furthermore, the exact neuroprotection of tea for the old
adults has also been affected by ambiguous drinking history
and durations of tea before the involvement of studies. Fur-
ther studies are needed to gather data from the long-term
consumption of caffeinated coffee and tea to confirm the
dose- and frequency-dependent association and the exact
time of caffeine when its neuroprotective benefits begin
[24]. And more well-defined studies are thus needed to be
conducted on different racial/ethnic groups to achieve
greater biological plausibility.

Findings of human epidemiological studies may also be
influenced by various residual confounders, including smok-
ing and physical activities, as a result of measurement errors
or complementary effects of other active substances in coffee
or/and tea, including magnesium [36], EGCG [37], and thea-
flavins [38], indicating human studies did not support the
role of caffeine isolation in AD prophylactics.

Additionally, observational studies focusing on data
from the self-reported questionnaires easily introduced
biases and created incorrect information, especially in the
long-term study. For example, the variability of daily doses
of caffeine is increased through occasionally intaking other
sources of caffeine like cola without informing the
researchers. These exposure misclassifications undermine
the methodological approach in particular in recalling it
in the long term [24].

Further, different meta-analyses applied different search-
ing strategies, inclusion criteria, and methods to select data
for quantitative analysis, resulting in inconsistent findings
[24]. And the quality of primary studies is the validity of
meta-analysis. None of the double-blind placebo-controlled
trials was selected in the meta-analysis that could provide
more robust evidence [29], while observationally epidemio-
logical studies were included, which recruited various partic-
ipants, used different sample sizes, and applied different
diagnostic criteria and methods of data analysis. For exam-
ple, CSHA was a nationwide population-based study [20]
while the study of Maia and De Mendonça [22] was a small
hospital-based study with only 108 participants. Kuriyama
et al. [31] utilized a cutoff value of MMSE of 26 for cognitive
impairment diagnosis compared with 23 in Ng et al. [4]. And

meta-analysis has evened up a cup of coffee or tea among all
studies, even though there were discrepancies in the defini-
tion of caffeine volumes in a cup, making it difficult to vali-
date the dosages of neuroprotective effects of caffeine.

Besides, the main methodological limitation of this study
was to neglect the effects of the coffee and tea preparation
method, as well as specific coffee and tea types such as decaf-
feinated coffee and tea. Instead, it used 90mg caffeine per
230ml coffee, 15mg caffeine per 100ml green tea, and
17mg caffeine per 100ml black/oolong tea directly.

In conclusion, it is reasonably suggested that caffeine
from moderate and regular caffeine consumption from
coffee could impede AD progression but may not for tea
intake. And it is required to conduct further well-defined
studies on the exact optimal dosages, frequencies, and
durations of caffeine from various tea types to minimize
the risk of AD.

3. Caffeine: Pharmacokinetic Profile

The pharmacokinetic profile of caffeine may be linked to the
favorable effects of caffeine on reducing the risk of AD.

After consuming caffeine, caffeine can be absorbed
quickly and completely by the gastrointestinal tract, espe-
cially in the small intestine, with very high bioavailability
(99%-100%) [39]. 96.34mg of caffeine resulted in a maximal
plasma concentration of 2.47μg/ml [40], in the following 30
to 60 minutes [41]. Due to the hydrophobic properties of caf-
feine, it can also cross through BBB quickly, and then, the
brain achieves similar caffeine concentrations as blood, pro-
posing mechanisms of neuroprotection against cognitive
dysfunction by oral caffeine intake [41]. Long-term caffeine
consumption leads to adaptive changes in the brain, indicat-
ing greater betterment on cognitive performance that
occurred among the older adults with continuous and regular
caffeine consumption [42]. And chronic caffeine treatments
could protect against seizures and maintain spatial memory
in the mouse model, which was greater than acute caffeine
administration [42].

The elimination half-life of moderate amounts of caf-
feine in systemic circulation has been reported about 5
hours, indicating a quick metabolic rate of caffeine [43].
But the high doses of caffeine over 500mg have lower
elimination rates and thus may affect the cardiovascular
system with their positive inotropic and chronotropic
effects and the central nervous system with their locomo-
tor activity stimulation and anxiogenic-like effects,
accountable for tremor, tachycardia, and anxiety, respec-
tively [34]. But in the habitual caffeine consumers with
moderate amounts of caffeine consumption, the acute
proarrhythmic effect even caused by high caffeine intake
was somewhat attenuated [44]. But regularly intaking high
amounts of caffeine leads to caffeine abuse and depen-
dence and can result in caffeine intoxication, which puts
individuals at risk for premature and unnatural death
[34]. Consequently, caffeine is a central nervous stimulant
and should not be used in excess. When used to treat AD,
it may require controlling the doses of caffeine below
500mg/d.
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4. Pathogenesis of Alzheimer’s Disease and
Mechanisms of Caffeine Therapies

AD progressively causes neuronal damage and leads to
dementia, which is commonly related to cognitive dysfunc-
tion and mental decline, being the third biggest cause of old
disabilities and death [45]. This age-related problem is fur-
ther influenced by population aging and leads to substantial
growth in the AD patient population from 32.5 million in
2021 to 53.3 million by 2030 [46].

The neuropathological hallmarks of AD are the cerebral
extracellular deposition of diffuse and neuritic senile plaques
made by Aβ peptides, the intracellular aggregation of flame-
shaped NFTs composed of hyperphosphorylated aggregates
of the microtubule-associated tau protein, and the selectively
large-scale neuronal loss [47]. In understanding the pathol-
ogy, neurobiological mechanisms underlying AD have been
the key. And the most important changes identified can be
explained currently by Aβ theory, tau protein theory, oxida-
tive stress theory, ApoE4 theory, and adenosine theory.

Meanwhile, human studies do not allow concluding on
the role of caffeine itself in the modulation of AD risk. This
article has concluded some experimental studies, especially
in the transgenic mouse models of AD, based on the biolog-
ical alternations observed in these human pathologies, to fur-
ther investigate the effects of caffeine on AD development
and potential therapeutic effects and dosages.

4.1. Aβ Theory. Aβ theory is related to the imbalance
between the production of Aβ through proteolysis of APP
by β-secretase and γ-secretase and the clearance of produced
Aβ, which is the triggering event and the most important fac-
tor [47].

Newly produced Aβ comes into a dynamic equilibrium
between isoforms soluble Aβ1-40 and deposited Aβ1-42 [48].
And the soluble Aβ1-40 can be cleared out of the brain and
entered into plasma down a concentration gradient [48],
while the deposited toxic Aβ1-42 is more difficult to be cleared
due to greater hydrophobicity, which leads to acquiring the
configuration of a β-pleated sheet and easily clumping them-
selves together to cause depositions of amyloid neuritic pla-
ques, which disrupt cell functions and lead to AD [49]. By
targeting β-secretase and γ-secretase to reduce Aβ produc-
tion or increasing the clearance speed of deposited Aβ1-42,
the progression of AD might be relieved.

APPsw mice, which were the most prominent transgenic
ADmodels in animals, can develop substantial levels of brain
Aβ and widespread cognitive impairment with age [50]. The
4-5 weeks of treatment of 1.5mg/d caffeine with the human
equivalent of 500mg/d caffeine in aged APPsw mice (18-19
months old) could stimulate PKA activity which would
decrease the hyperactive form of c-Raf-1. This would correct
dysregulation of the c-Raf-1 inflammatory pathway, inacti-
vating the NF-κB pathway and suppressing β-secretase
expression (Figure 1, Pathway 1). Therefore, the evident Aβ
deposition was reduced by 46% and 40% within the entorhi-
nal cortex and hippocampus of Tg caffeine-treated mice
compared to Tg controls in total, respectively, at 20–21
months of age [51]. Among them, soluble Aβ1-40 and insolu-

ble Aβ1-42 levels of aged caffeine-treated Tg mice were
reduced by 25% and 51% in the cortex and by 37% and
59% in the hippocampus, respectively, when compared with
Tg controls [51]. Also, 1.5mg/d caffeine treatment to aged
4-month-old APPsw Tg mice for 5.5 months could reduce
β-secretase by 50% when following completion of behavioral
testing at 9.5 months, then significantly lowering soluble
Aβ1-40 production by 37% (P < 0:05) and insoluble Aβ1-42
production by 32% (P < 0:05) as compared to Tg control
mice [41]. GSK-3α dysregulation is known to Aβ production
by enhancing PS1 mutation which increases the γ-secretase
cleavage of APP activity [52]. Caffeine (1.5mg/d)-treated
Tg mice had normalized PS1 band density ratios, compared
with the significantly elevated Tg control group, after 5.5
months [41]. When treating cultured SweAPP N2a cells with
caffeine in a dose-response manner (0-20μM), the maximal
effects of decreasing active GSK-3α levels were achieved at
20μM (the human equivalent of 100–200mg of caffeine) by
90 minutes [51] (Figure 1, Pathway 1).

4.2. Tau Protein Theory.Although Aβ theory is regarded to be
the beginning of AD progression, however, it cannot fully
explain the etiopathogenesis of AD. Tau protein is the second-
ary pathogenic event, subsequently leading to neurodegenera-
tion [53]. Aβ exposure promotes GSK-3β overexpression,
connected to neurodegeneration-related tau hyperphosphory-
lation [54]. Indeed, a study reported that chronic lithium
(GSK-3β inhibitor) treatment prevented tau hyperphosphory-
lation in the GSK-3β transgenic mice [55].

Tau is a highly soluble protein whose biological activities
are related to microtubules and are regulated by the degree of
phosphorylation [56]. Under normal phosphorylation condi-
tions, tau supports stabilizing the functions of microtubules
on neuronal growth and axonal nutrient transport, while
hyperphosphorylated tau loses its interactions with microtu-
bules and prefers to aggregate with other tau molecules,
forming neurofibrillary tangles inside neurons [56]. These
neurofibrillary tangles consequently lead to microtubule dys-
function and blockage of the neuronal transport system,
which damages the synaptic communications between neu-
rons and AD-related brain changes [56]. And neurofibrillary
tangles firstly found in the EC and hippocampus can extend
to the amygdala and cortical areas (temporal, frontal, and
parietal), causing more damage [57, 58].

The changes in Aβ oligomers and tau protein are
reported by studies to be the most important factors for neu-
ronal dysfunction in AD pathology [59, 60]. And the strate-
gies refer to decreasing phosphorylation degrees of tau.

In SweAPP N2a cells, the best caffeine treatment for sup-
pression of GSK-3β levels was 20μM for 30 minutes, and a
lower phosphorylation degree of tau was proposed [51]
(Figure 1, Pathway 2). 0.3 g/l of chronic caffeine delivery
through drinking water (4μM plasma caffeine) to THY-
Tau22 mice (aged 2 months old) for 10 months was signifi-
cantly associated with an increase in dephosphorylated tau
protein at Tau1 pathologic epitopes by 36.4% (±7.4%), as well
as mitigated levels of proteolytic fragments of tau protein by
reducing N-terminal fragments by 40.9% (±5.2%) and C-
terminal fragments by 54.8% (±3.5%), as compared to
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untreated THY-Tau22 mice [61]. Reduction of tau phos-
phorylation by caffeine is consistent with an in vitro model
of cultured cortical neurons (SH-SY5Y cells) in the non-
pathogenic context, with dosages of 20mM [62], which has
been far higher than those achieved following habitual caf-
feine consumption (>10mM) [63].

4.3. Oxidative Stress Theory. It is well understood that AD is
strongly linked to extensive cellular OS [64]. OS is related to
ROS accumulation in the brain because of inequality between
ROS generation and antioxidant clearance activity [65]. The
ROS could react quickly to biological components like lipid,
leading to malfunction of the brain because the brain is
mostly made up of a lipid that is easy to oxidize [65]. In addi-
tion, ROS could impair the mitochondrial electron transport
system by disrupting its antioxidant enzyme functions, SOD1
and SOD2, causing a further increase in ROS levels that
finally activate caspase and subsequently neuronal apoptosis
[66] (Figure 1, Pathway 3). Also, OS could augment Aβ pro-
duction and aggregation and facilitate tau hyperphosphory-
lation, which, in turn, further promotes ROS formation
[67]. Thus, treatment with antioxidant properties could pro-
tect neurons from oxidative stress and Aβ toxicity.

Caffeine can be the antioxidant to inhibit lipid peroxida-
tion and mitigate OS by suppressing the production of ROS
[65]. The use of 10μM caffeine treatment might reduce intra-
cellular ROS by 40.36%, increase SOD activity by 48.55%,
and decrease malondialdehyde by 44.29% of the SH-SY5Y
cells which have been exposed to the combination of Aβ25-
35 and AlCl3 for 48 h, and antiapoptotic Bcl-2 protein levels
for the prevention of neuronal death has been rescued

[68]. Furthermore, the number of caspase-3-positive neu-
rons was reduced by 48% after 1.84mg/d caffeine treat-
ment (equivalent to daily human consumption of
4.86mg/kg body weight of caffeine) as compared to cul-
tures treated with only 20μM of Aβ25-35 for 48h, concur-
ring the neuroprotective effects of caffeine against Aβ25-35-
induced neuronal death [69].

4.4. ApoE4 Theory. ApoE4 is considered the largest genetic
risk factor for AD, with a prevalence of about 14%, conferring
a drastically elevated risk of AD with an earlier age of onset in
a gene dose-dependent manner [70]. ApoE4 promotes the
accumulation, aggregation, and deposition of Aβ in the
brain. ApoE4 might be less efficient for clearing Aβ in the
BBB due to a lower affinity to Aβ than other ApoE isoforms
(ApoE2, ApoE3) [70].

Besides, ApoE4 also generates aberrant brain cholesterol
metabolism which can further increase Aβ generation and
contribute to the AD risk [70]. ApoE is mainly produced by
brain astrocytes, which account for up to 40% of all brain
cells, and could carry the lipoprotein-bound cholesterol from
circulating plasma to the brain, which has been regulated by
the presence of BBB [70]. ApoE4 is less efficient in transport-
ing cholesterol from astrocytes to neurons and has a low
binding capacity to plasma cholesterol [70]. Thus, high
ApoE4 levels may lead to elevated cholesterol levels in the
plasma and astrocytes [71]. And 2% cholesterol-enriched
diets could induce hypercholesterolemia in rabbits; 3 times
higher levels of insoluble Aβ1-40 were achieved by increasing
γ-secretase activity to cleave APP on the hippocampus [72].
Hypercholesterolemia has been associated with OS by
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Figure 1: Caffeine neuroprotective mechanisms. (1) Aβ theory contains two routes. Firstly, caffeine stimulates PKA activity that decreases the
hyperactive form of c-Raf-1. This abnormal c-Raf-1 form supports AD progression by activating the NF-κB pathway and β-secretase expression.
Secondly, caffeine lowers the GSK-3α dysregulation which increases PS1 mutation and γ-secretase expression. (2) Tau protein theory relates to
the caffeine deactivating GSK-3β expression which can also be triggered by Aβ that expedites tau hyperphosphorylation and neurofibrillary
tangle formation inside neurons. (3) Oxidative stress theory shows that caffeine inhibits ROS formation which can be promoted by Aβ. ROS
can impair the mitochondrial electron transport system, further triggering caspase and neuronal apoptosis. (4) ApoE4 theory shows that
caffeine can decrease high plasma and astrocyte cholesterol levels induced by high ApoE4 levels and reduce BBB disruptions by
hypercholesterolemia (1Adapted from “Pathology of Alzheimer’s Disease”, by BioRender.com (2021). Retrieved from https://app.biorender.com/
biorender-templates/t-5d8baeb4f7e1a5007dd46b18-pathology-of-alzheimers-disease/).
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increasing ROS levels [72], and it could also disrupt BBB,
increasing brain cholesterol levels further [73] (Figure 1,
Pathway 4). Thus, strategies refer to reducing brain choles-
terol accumulation.

0.5mg/d and 30mg/d caffeine treatments for 12 weeks
decreased cholesterol-induced Aβ accumulation and
increased the phosphorylated tau and active form of enzyme
GSK-3β, as well as ROS generation in the hippocampus of
rabbits (1.5-2 years old) which were daily fed a 2%
cholesterol-enriched diet for 12 weeks. But the low caffeine
dose (0.5mg/d) was more efficient than the high dose
(30mg/d) in reducing Aβ40 and Aβ42 levels (-33.64% com-
pared with -22.62%; -58.65% compared with -45.46%,
respectively), which were reduced to similar levels as the con-
trol [72]. 12 weeks of 3mg/d caffeine was given to rabbits
aged 1.5 to 2 years, blocking the increased disruptions of
BBB induced by the daily 2% cholesterol-enriched diet [73].
This was characterized by stabilization of the tight junc-
tions between adjacent endothelial cells which involved
an increase in expression of tight junction proteins includ-

ing occludin and zonula occludens by 72.71% and 50.37%,
respectively [73].

4.5. Adenosine Theory. Aside from the common molecular
pathogenesis of AD and associated theories, where many dis-
tinct factors interrelate, caffeine is largely linked to adenosine
theory, which also interacts with other theories.

Adenosine is an endogenous neuroprotectant abundant
in the CNS, and its extracellular concentrations rise consider-
ably in response to brain damage, neuroinflammation, and
aging [74]. Adenosine effects are mediated by interactions
with G protein-coupled receptors called adenosine receptors,
such as inhibitory A1R and excitatory A2AR [75].

A1R is found in abundance in the neocortex, cerebellum,
hippocampus, and dorsal horn of the spinal cord [76]. A2AR
is extensively expressed in the striatopallidal neurons and
olfactory bulb, with lesser levels in other brain regions like
the hippocampus [76]. Because low concentrations of adeno-
sine prefer to act on the A1R, while greater levels prefer to act
on the A2AR, aging causes an imbalance in the expression of
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Figure 2: Caffeine intervenes with adenosine theory related to (a) lowering Aβ production by antagonizing A2AR which can increase AC
levels, cAMP and PKA activities, and overload of intracellular Ca2+ (2BioRender.com (2021). [Online]. Available from: https://app
.biorender.com/user/signin/) and (b) inhibit adenosine functions on the decrease of neurotransmitter Ach expression (created with https://
biorender.com/ Created with BioRender.com.3Adapted from “Neuromuscular Junction”, by BioRender.com (2021). Retrieved fromhttps://
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A1R and A2AR, contributing to cognitive impairment and an
increased risk of AD [77, 78]. Meanwhile, adenosine lacks its
inhibitory A1R-mediated neuroprotective effects and
ATP/adenosine metabolism in the aged brain but is modified
to favor neurotransmission concerning stimulatory A2AR; a
physiological cost may be suggested by an increased vulnera-
bility of senescent neurons to excitatory amino acid toxicity
and a decrease in the number of functioning synapses [79].
Of high interest, A2AR antagonists, in particular, have been
proposed to protect against cognitive and memory dysfunc-
tion evoked in experimental models of AD [41], independent
of A1R-mediated responses [80].

Furthermore, the activations and increased numbers of
A2AR increase their coupling to G protein and efficacy in
increasing AC levels, leading to AMP being converted to
cAMP and higher levels of PKA. The calcium channels are
more phosphorylated, resulting in an overload of intracellu-
lar Ca2+ [74], which stimulates Aβ and tau protein produc-
tion and increases OS and neuroinflammation, ultimately
contributing to increasing AD risk (Figure 2(a)) [64]. Also,
the Aβ may promote overload of cellular calcium by induc-
ing membrane-related OS and forming pores in the mem-
brane [81]. Furthermore, the cholinergic and adenosinergic
systems in the aged brain have an inverse relationship, with
key neurotransmitter Ach levels in the brain declining with
age while adenosine levels rise [82]. And because adenosine
inhibits the release of Ach [83], adenosine accumulation
has been linked to the progression of age-related cognitive
deficits, making it an attractive target for pharmaceutical
intervention (Figure 2(b)).

Caffeine, a well-known neuromodulator with an associa-
tive effect on cognitive performance, is structurally similar to
adenosine due to purine backbones (Figure 3), which com-
pete with the actions of adenosine as a nonselective A2AR
antagonist [84].

Subchronic administration of daily 30mg/kg caffeine for
4 days to mice (3-4 months old, 35-45 g) (the equivalent of
360-540mg of caffeine) prevented Aβ25-35-induced amnesic
effects [84], extending the finding that 25μM caffeine fully
prevented the death of cultured cerebellar granule neurons
of rats caused by the Aβ25-35 through stimulating the cholin-
ergic neurotransmission [85]. Chronic administration of

high amounts of caffeine (100mg/kg/d) to mice (25-30 g)
for 4 days resulted in a 40-50% increase in the density of cho-
linergic, muscarinic, and nicotinic receptors in the brain and
may also have augmented cholinergic activity, which facili-
tated disruptions in the progression of AD [86].

Based on data collected from animal models and cell
lines, chronic caffeine administration or other pharmacolog-
ical agents that mimic caffeine in moderate amounts (200-
500mg/d) at midlife would have therapeutic potential in
the AD treatment later in life according to five theories, espe-
cially attenuating the Aβ burden and Aβ-induced neurotox-
icity. Even experimental studies indicate rather favorable
effects of caffeine; such benefits may not be fully relevant to
AD in humans, particularly when high dosages were used,
necessitating us to carefully analyze and conduct more well-
defined human studies to evaluate the role of caffeine on
AD treatment. Meanwhile, a meta-analysis of diverse animal
models also found that the effects of caffeine andA2AR antag-
onists are mostly determined by the dose, the schedule and
time of administration, and the method of administration
[87]. Moderate dosages of caffeine have been shown to
increase memory function in mice [88–90], whereas greater
doses of caffeine have been shown to damage memory acqui-
sition [91, 92].

5. Conclusions

In conclusion, based on the results of epidemiological and
experimental studies, moderate and regular caffeine con-
sumption may help to prevent or delay the onset of AD and
may be a viable therapeutic approach. However, before con-
ducting rigorous preclinical and clinical research on its ther-
apeutic potential in terms of precise neuroprotective dosages,
frequencies, and durations, this recommendation would be
premature. And to answer conflicting results in some human
studies, the future study is required to set international con-
sensual criteria for outcome measure, apply multivariate
analyses to manage various confounding risk factors, clarify
the drinking history of coffee and tea in the self-reported
questionnaires, recruit a large number of participants from
multiethnic backgrounds, and conduct a long follow-up
period.
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Figure 3: The chemical structure of caffeine (a) and adenosine (b) (4KingDraw (2021). [Online]. Available from http://www.kingdraw.cn/en/
index.html/).
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Meanwhile, as long as caffeine intake is maintained daily
(e.g., tolerance), moderate usage of caffeine is usually not asso-
ciated with harmful side effects. Although caffeine has been sus-
pected of causing hypertension, there is no association between
caffeine consumption in coffee or/and tea and blood pressure.
Given the already widespread use and acceptance of coffee in
moderate amounts, long-term coffee intake could be a viable
strategy for reducing the risk of AD. However, more research
into the effects of tea consumption on the risk of AD is needed.

Abbreviations

AD: Alzheimer’s disease
CNS: Central nervous system
mg/d: Milligram per day
wk: Week
OR: Odds ratio
CI: Confidence interval
RR: Relative risk
I2: Heterogeneity
HR: Hazard ratio
MMSE: Mini-Mental State Examination

(higher MMSE scores mean higher
cognitive function), which measures
global cognition including memory,
attention, language, praxis, and visuo-
spatial ability [24]

MMSE-r: The Chinese revised version of MMSE
m-MMSE: A modified version of the Mini-Mental

State Examination
B: Regression coefficient
SE: Standard error
NINCDS-ADRDA: National Institute of Neurological and

Communicative Disorders and Stroke
and the Alzheimer’s Disease and
Related Disorders Association

BMI: Body mass index
HAAS Programme: Honolulu-Asia Aging prospective

cohort Study Programme
CLHLS: Chinese Longitudinal Health Longevity

Study
CAIDE: Cardiovascular Risk Factors, Aging and

Dementia
SBP: Systolic blood pressure
MI: Myocardial infarction
DM: Diabetes mellitus
CSHA: Canadian Study of Health and Aging
MEC: Multiethnic cohort
SIMPLER: Swedish Infrastructure for Medical

Population-based Life-course Environ-
mental Research, previously the Swed-
ish Mammography Cohort and the
Cohort of Swedish Men

SLAS: Singapore Longitudinal Aging Study
HUSK: Hordaland Health Study
CASI: Cognitive Abilities Screening

Instrument
ICD: Codes from the International Classifi-

cation of Diseases

ICD-9: Ninth revision
ICD-10: Tenth revision
3MS: Modified Mini-Mental State

Examination
d: Day
USA: The United States of America
N/A: None/anonymity
CVD: Cardiovascular disease
BBB: Blood-brain barrier
Ca2+: Calcium ions
EGCG: Epigallocatechin gallate
Aβ peptides: Amyloid beta peptides
NFTs: Neurofibrillary tangles
ApoE: Apolipoprotein E
APP: Amyloid precursor protein
β-Secretase: Beta-secretase
γ-Secretase: Gamma-secretase
APPsw: Swedish mutation
PKA: Protein kinase A
NF-κB: Nuclear factor kappa-light-chain-

enhancer of activated B cells
GSK-3: Glycogen synthase kinase-3
EC: Entorhinal cortex
OS: Oxidative stress
ROS: Reactive oxygen species
SOD1: Superoxide dismutase 1
SOD2: Superoxide dismutase 2
Ach: Acetylcholine
A1R: Adenosine A1 receptor
A2AR: Adenosine A2A receptor
AC: Adenylyl cyclase
cAMP: Cyclic AMP
Tg: Transgenic
PS1: Presenilin 1
THY-Tau22: Characterized by a significant tau

expression in the hippocampal forma-
tion with a small cortex pathology and
no significant spinal cord pathology,
making it a reliable model for assessing
the modeling effects on hippocampal
tau pathology and their associated
effects on behavior and plasticity [61]

Malondialdehyde: A marker of oxidative stress.

Data Availability

After electronic searches on databases PubMed and Science-
Direct, potential eligible studies from 2000 up until 2020 have
been identified. According to instructions in Boolean opera-
tors and wildcards, the searches applied the following terms
to clarify dietary risk factors (coffee OR tea OR caffeine) com-
bined with terms of interested results (cognit∗ AND (declin∗
OR damag∗)) or (neurodegenerat∗ OR Alzheimer∗). The
range of obtained results is around 2000 records. After scan-
ning titles, keywords, and the gist of abstracts in each article,
the articles were retained for close reading and analysis of
details if all of the following inclusion criteria are met: (1)
the published paper had full length and was in a peer-
reviewed source; (2) it evaluated caffeine which was sourced
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from caffeine, coffee, or tea; and (3) it mentioned AD, cogni-
tive impairment, or cognitive decline. And a study was
excluded if it met one or more of the following exclusion cri-
teria: (1) the published paper was in a non-peer-reviewed
source (i.e., website, magazines); (2) it was in the abstract
form; (3) the investigational product was not caffeine, coffee,
or tea; (4) it investigated diseases which were not related to
cognitive disorders; and (5) it was a duplicate publication.
In addition, the present article included several secondary
research papers (i.e., narrative review, systemic review, and
meta-analysis studies) which could recommend other rele-
vant research studies with the same topics after looking
through their reference lists as key clues. Articles in which
caffeine was not studied were excluded. Articles, where
sources of caffeine were not from coffee or tea, were excluded.
Also, articles in which cognitive decline or Alzheimer’s dis-
ease was not mentioned were excluded as well. Researchers
paid deliberate attention to papers which concluded human
studies or animal studies for neuroprotective effects of caf-
feine for approving arguments as well as theories behind
the pathogenesis of neurodegenerative diseases. This paper
focused on the prevention and postponement of progression
of age-related neurodegenerative diseases; thus, analyses
ignored cognitive decline within the normal range. And arti-
cles concerning the dosage and frequency of coffee and tea
consumption were selected to have a deep analysis for com-
paring the difference between coffee and tea. This article
includes both single studies like longitudinal studies and
meta-analyses for more prudent considerations.
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The maintenance of homeostasis is essential for mitigating stress and delaying degenerative diseases such as Alzheimer’s disease
(AD). AD is generally defined as the abnormal production of β-amyloid (Aβ) and advanced glycation end products (AGEs).
The effects of L-theanine on Aβ and AGE generation were investigated in this study. Decreased AGEs and Aβ1-42 levels were
reflected by increased acetylcholine (ACh) concentration and acetylcholinesterase (AChE) activity inhibition compared to model
rats. L-Theanine also inhibited nuclear factor-κB (p65) protein expression by activating sirtuin1 (SIRT1), reducing inflammatory
factor expression, and downregulating the mRNA and protein expression of AGE receptors (RAGE). Superoxide dismutase 2
and catalase protein expressions were markedly upregulated by L-theanine, whereas oxidative stress-related injury was alleviated.
The expression of peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) was also found to be increased. H&E
staining showed that the apoptosis of hippocampal neurons was mitigated by decreased Bax and cleaved-caspase-3 protein
expression and the increase of Bcl-2 protein expression. Moreover, L-theanine increased the gene and protein expression of
brain-derived neurotrophic factor (BDNF). These findings suggest that the potential preventive effects of L-theanine against AD
may be attributed to its regulation of SIRT1 and BDNF proteins and its mitigation of AGEs/RAGE signaling pathways in the
brain tissue of AD model rats.

1. Introduction

Advanced glycation end products (AGEs) accumulate in
human and animal serum or tissues with age [1, 2]. Clinical
studies have found that the amount of AGE-modified β-
amyloid protein (Aβ) in the cerebrospinal fluid of patients
with Alzheimer’s disease (AD) is three times higher than that
in healthy individuals [3]. AD is a progressive neurodegener-
ative disease associated with abnormal deposition of Aβ in
the brain [4]. Under normal conditions, the production and
clearance of Aβ in the body are in dynamic equilibrium.
When Aβ metabolism is dysfunctional, this balance is dis-
rupted, and Aβ accumulates, resulting in neurotoxicity [5].
Oxidative stress, mitochondrial dysfunction, inflammation,

and neuronal cell apoptosis are closely related to AD patho-
genesis [6]. Receptor for AGEs (RAGE), a multiligand mem-
brane receptor primarily expressed in neurons and immune
cells [7], binds AGEs and Aβ, thus activating various signal-
ing pathways in brain tissues, resulting in oxidative damage,
mitochondrial dysfunction, chronic inflammation, protein
degeneration, and apoptosis [7–9]. These mechanisms can
disrupt brain cell homeostasis, ultimately leading to a degen-
eration of the normal brain structure and function [9, 10].

Since excess D-galactose exceeds the body glucose metab-
olism capacity, the Maillard reaction can occur between the
aldehyde and protein free amino groups, resulting in the for-
mation of AGEs [11, 12]. In addition, in the presence of oxi-
dative stress, glucose produced by D-galactose metabolism is
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oxidized to produce active carbonyl compounds (such as
methylacetaldehyde), which also promote the formation of
AGEs [1]. Studies have shown that the brain tissue is unable
to metabolize excess D-galactose and that the gradual
decrease in brain function induced by D-galactose positively
correlates with AGE formation, Aβ deposition, decrease in
acetylcholine (ACh) levels, neuronal apoptosis, and loss of
brain-derived neurotrophic factor (BDNF) in brain tissues
[13]. Sirtuin1 (SIRT1) is an important functional protein
in various mammalian metabolic tissues and can regulate
the biological processes involved in neurodegenerative dis-
eases, such as inflammation, oxidative stress, mitochondrial
function, cell senescence, and apoptosis [14]. Sirtuin1 elicits
its effects by activating downstream transcription factors
and has shown the potential to attenuate D-galactose-
induced brain aging in rats [15, 16]. BDNF is a key factor
that promotes neuronal survival and development and
improves learning and memory [17, 18]. Additionally,
SIRT1 and BDNF may be key factors in AGE production
and cognitive impairment in D-galactose-induced glycosyla-
tion model rats [19, 20].

Food nutrition intervention aimed at inhibiting the pro-
duction of AGEs, reducing the accumulation of Aβ in brain
tissue, downregulating the expression of RAGE protein, and
maintaining homeostasis in brain tissue may be an effective
approach to treat and prevent AD [7, 21]. Epidemiological
studies have shown that daily tea drinking can reduce the
risk of neurodegenerative diseases, such as cognitive decline
and cognitive impairment in the elderly [22, 23]. L-Theanine
from tea can increase the amount of glutathione (GSH) and
ACh and the activities of antioxidant enzymes, such as
superoxide dismutase (SOD), catalase (CAT), and GSH-
peroxidase (Px); promote the synthesis and secretion of
BDNF; decrease the amount of malondialdehyde (MDA);
and maintain a balance expression of inflammatory factors
in brain tissue, thereby reducing mitochondrial damage
induced by external stress, such as cadmium, Aβ1-42, and
polychlorinated biphenyls (e.g., Aroclor1254), and inhibit-
ing apoptosis in brain neuronal cells [23, 24]. At the same
time, in vitro studies have shown that L-theanine reduces
AGE formation [25]. We have previously reported that L-
theanine can protect the liver, promote AGE metabolism,
and reduce the amount of AGEs in the liver and serum by
maintaining the balance between oxidative stress and
inflammation in the liver tissues of D-galactose-induced
model rats [26, 27]. However, D-galactose can circulate in
the blood, therefore reaching various tissues and organs
and form AGEs [1, 8]. To the best of our knowledge, no
reports have described the effects of L-theanine on AGE for-
mation in brain tissues.

Therefore, D-galactose-induced glycosylated model rats
were used to explore the mechanisms underlying L-theanine
maintenance of homeostasis in brain tissues in this study.
We further investigated the role of L-theanine in mitigating
the effects of adverse factors, such as brain inflammation, oxi-
dative stress, mitochondrial function, cell senescence, and
apoptosis mediated by AGEs/RAGE. Our findings may pro-
vide a scientific basis for the development of functional prod-
ucts based on L-theanine to promote healthy aging.

2. Materials and Methods

2.1. Materials and Reagents. Healthy male Sprague-Dawley
rats (6 weeks old, specific pathogen-free, weighing 180–
200 g) were obtained from Hunan Slack Jingda Experimental
Animal Co., Ltd. (China) (animal quality certificate number:
43004700043916). L-Theanine (cat. no. G5388) and D-galac-
tose (cat. no. SMB00395; purity ≥ 99%) were purchased from
Sigma (St. Louis, MO, USA). Enzyme-linked immunosorbent
assay (ELISA) kits for AGEs (cat. no. CSB-E09413r), Aβ1-42
(cat. no. CSB-E10786r), tumor necrosis factor- (TNF-) α
(cat. no. CSB-E11987r), interleukin- (IL-) 1β (cat. no. CSB-
E08055r), IL-6 (cat. no. CSB-E04640r), and neuronal nitric
oxide synthase (nNOS; cat. no. CSB-E14034r) were pur-
chased from Wuhan Huamei Biological Engineering Co.,
Ltd. (China). Kits for evaluation of the expression or activity
of SOD (cat. no. A001-3), CAT (cat. no. A007-1), GSH-Px
(cat. no. A005), NOS (cat. no. A014-2), total antioxidant
capacity (T-AOC; cat. no. A015-2), MDA (cat. no. A003-1),
ACh (cat. no. A105-1), and acetylcholinesterase (AChE; cat.
no. A024-1-1) were purchased from Nanjing Jiancheng Insti-
tute of Bioengineering (China). Antibodies targeting β-actin
(cat. no. 60008-1–Ig), RAGE (cat. no. 16346-1-AP), SOD2
(cat. no. 24127-1-AP), CAT (cat. no. 14195-1-AP), SIRT1
(cat. no. 13161-1-AP), peroxisome proliferator-activated
receptor-γ coactivator- (PGC-) 1α (cat. no. 66369-1-Ig),
nuclear factor- (NF-) κB (p65) (cat. no. 10745-1-AP), Bcl-2
(cat. no. 26593-1-AP), Bax (cat. no. 50599-2-Ig), cleaved-
caspase-3 (cat. no. 19677-1-AP), and BDNF (cat. no.
66292-1-Ig), as well as horseradish peroxidase (HRP) goat
anti-mouse IgG (cat. no. SA00001-1) and HRP goat anti-
rabbit IgG (cat. no. SA00001-2) were purchased from Pro-
teintech Company (USA). Anti-Ace-NF-κB antibodies
(p65; cat. no. ab19870) were purchased from Abcam (Cam-
bridge, UK).

2.2. Experimental Animal Design. Rats were housed in sepa-
rate cages in a room with a constant temperature (25 ± 2°C)
and humidity (50–60%), with a light cycle set to 14 h of
light/10 h of darkness. Before the experiment, all 30 rats were
provided with standard rat chow and water ad libitum. After
1 week for acclimation, the rats were divided into five groups
(n = 6 rats/group) according to different treatment methods,
as follows: (1) control group (CON), rats were fed the corre-
sponding dose of normal saline according to their body
weight, and the corresponding volume of normal saline was
injected into the back of the neck; (2) model group (MOD),
rats were fed the corresponding dose of physiological saline
according to body weight and were injected with 200mg/kg
body weight (BW) of D-galactose physiological saline solu-
tion subcutaneously into the back of the neck; (3) low-dose
L-theanine group (L-LT), rats were fed 100mg/kg BW of L-
theanine physiological saline solution and were injected with
200mg/kg BW of D-galactose subcutaneously into the back of
the neck; (4) medium-dose L-theanine group (M-LT), rats
were fed 200mg/kg BW of L-theanine physiological saline
solution and simultaneously injected with 200mg/kg BW
of D-galactose into the back of the neck; and (5) high-dose
L-theanine group (H-LT), rats were fed 400mg/kg BW of
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L-theanine physiological saline solution and injected with
200mg/kg BW of D-galactose subcutaneously into the back
of the neck.

The rats were treated once a day for 56 days. After 8
weeks, all rats fasted but were allowed free access to water
ad libitum. Rats were anesthetized by intraperitoneal injec-
tion of 3% pentobarbital sodium, and rat brain tissues were
harvested and stored in a cryogenic refrigerator at -80°C
(Thermo Corporation, USA). The experimental animal pro-
gram was approved by the Animal Experiment Ethics Com-
mittee of Hunan Agricultural University (No: 015063506,
Changsha, China) and was strictly implemented in accor-
dance with the 8th edition of the US Guidelines for the Care
and Use of Laboratory Animals.

2.3. Sample Analysis

2.3.1. Histopathological Detection and Analysis of
Hippocampal Tissue in Experimental Rats. With reference
to the methods reported by Zeng et al. [26], the same part
of the hippocampal tissue from three rats in each group
was embedded in paraffin and stained with hematoxylin-
eosin (H&E), and pathological changes in the hippocampal
tissue were observed under a 400x light microscope (Leica
Microsystems AG, Wetzlar, Germany).

2.3.2. Detection of AGEs and Aβ1-42 in the Brain Tissues of
Experimental Rats Using ELISA. Approximately 0.02 g tissue
was collected from the same part of the brain in each rat, and
the amount of AGEs and Aβ1-42 in the brain tissue was
detected according to the manufacturer’s instructions.

2.3.3. Biochemical Detection of ACh and AChE in
Experimental Rat Brain Tissue. Approximately 0.02 g tissue
was collected from the same part of the brain in each rat,
and the contents of ACh and AChE in the brain tissues were
detected using an enzyme labeling instrument according to
the manufacturer’s instructions.

2.3.4. Detection of Oxidative Stress in the Brain Tissues of
Experimental Rats. Approximately 0.02 g tissue was collected
from the same part of the brain in each rat. The levels of
SOD, CAT, GSH-Px, NOS, T-AOC, and MDA in the brain
tissues of each group were detected using an enzyme labeling
instrument according to the instructions provided by the kit
manufacturer.

2.3.5. Detection of Inflammatory Cytokines in the Brain
Tissues of Experimental Rats Using ELISA. Approximately
0.02 g tissue was collected from the same part of the brain
in each rat. According to the manufacturer’s instructions,
the protein contents of TNF-α, IL-1β, IL-6, and nNOS were
measured using an enzyme labeling instrument.

2.3.6. Real-Time Quantitative Polymerase Chain Reaction
(qPCR). The mRNA expression levels of RAGE, SIRT1,
PGC-1α, and BDNF in brain tissues were measured using
qPCR. Approximately 0.05 g tissue was collected from the
same part of the brain in each rat, and total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). The RNA was then reverse transcribed into cDNA,

and an ABIQuantStudio3 fluorescence qPCR instrument
was used for PCR amplification. The PCR cycle parameters
were as follows: predenaturation at 95°C for 10min, followed
by 40 cycles of denaturation at 95°C for 15 s, and annealing at
60°C for 60 s. The 2–△△Ct method was used to calculate the
expression level of each gene in each sample relative to that
in the control group. The sequences of the target genes were
obtained from NCBI, and primers were designed using Pri-
merPremier5. All primers were synthesized by Shanghai
Shenggong Biological Engineering Co., Ltd. (Table 1).

2.3.7. Western Blotting. With reference to the methods
reported by Zeng et al. [26], homogenates from 0.05 g hippo-
campal tissue from three rats in each group were randomly
selected, and protein was extracted after cleavage. Protein
concentrations were then determined. Samples were boiled
and denatured, and proteins were separated by electrophore-
sis and transferred to membranes. Membranes were then
incubated with appropriate primary antibodies, washed,
and incubated with secondary antibodies. Protein bands were
detected using enhanced chemiluminescence. The molecular
weight and optical density of target bands for RAGE, SOD2,
CAT, SIRT1, PGC-1α, NF-κB (p65), Ace-NF-κB (p65),
BDNF, Bcl-2, Bax, and cleaved-caspase-3 were analyzed
using a gel image processing system (Media Cybernetics,
Inc., Rockville, MD, USA).

2.4. Statistical Analysis. The data were processed using the
GraphPadPrism6 software (GraphPad Software, Inc., USA),
and the results are expressed as means ± standard
deviations. Single-factor analysis of variance and least signif-
icant difference tests were used to compare the significance of
differences between groups. Differences with P values <0.05
were considered significant.

3. Results

3.1. Pathological Changes in the Hippocampal Tissues of Rats
in Each Group. Hippocampal neurons in the MOD group,
which were induced by D-galactose, were arranged in a more
disordered manner and showed higher shrinkage or apopto-
sis (black arrow) in comparison with the CON group
(Figure 1). With the L-theanine treatment, the damage was
substantially reduced, resulting in a neat arrangement of
the cells. The effects obtained with the highest concentration
of L-theanine were similar to the CON group, which indicate
a potential protective effect of L-theanine in the hippocampal
tissues.

3.2. Effects of L-Theanine on AGEs and Aβ1-42 in the Brain
Tissues of Experimental Rats. As shown in Figure 2, the con-
centrations of AGEs and Aβ1-42 in the brain tissues of the
MOD group were significantly (P < 0:01) higher than those
of the CON group. Additionally, following the administra-
tion of medium (200mg/kg) and high-dose (400mg/kg) of
L-theanine, the concentration of AGEs and Aβ1-42 in the
brain tissues significantly decreased in a dose-dependent
manner. However, there was no significant decrease in the
L-LT group.
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3.3. Effects of L-Theanine on ACh and AChE in the Brain
Tissues of Experimental Rats. The amounts of ACh and
AChE in the brain tissues are shown in Figure 3. Com-
pared with the CON group, the amounts of ACh and
AChE were significantly decreased and increased, respec-
tively, in the brain tissues of the MOD group (P < 0:01).
Following L-theanine treatment, the level of ACh and
AChE in brain tissues significantly improved and decreased,
respectively, in a dose-dependent manner (P < 0:05 and
P < 0:01, respectively).

3.4. Effects of L-Theanine on Oxidative Stress in Brain Tissues
of Experimental Rats. Evaluation of oxidative stress response
to L-theanine is shown in Figure 4. SOD, CAT, GSH-Px, and
T-AOC activities were significantly decreased, whereas NOS
activity and MDA concentration were significantly increased
in brain tissues after D-galactose exposure (P < 0:01). After
administration of medium and high-dose of L-theanine,
SOD, CAT, and T-AOC activities were significantly
increased, whereas NOS activity and MDA concentration
significantly decreased (P < 0:05 and P < 0:01). Similarly,
there were no significant changes in oxidative stress levels
in brain tissues treated with a low concentration of L-thea-
nine (P > 0:05).

3.5. Effects of L-Theanine on Inflammatory Cytokines in Brain
Tissues from Experimental Rats. Inflammatory cytokines play
important roles in age-related degenerative diseases [28]. As
shown in Figure 5, inflammatory factors, including IL-1β,
IL-6, TNF-α, and nNOS, in the brain tissues of the MOD
group were significantly higher than those of the CON group
(P < 0:01). Compared with the MOD group, the levels of IL-
1β, IL-6, TNF-α, and nNOS in the brain tissues of the L-thea-
nine-treated groups were significantly decreased (P < 0:01).

3.6. Effects of L-Theanine on RAGE, SIRT1, PGC-1α, and
BDNF mRNA Levels in the Brains of Experimental Rats. As
shown in Figure 6, compared with the CON group, RAGE
mRNA levels in the brain tissues of the MOD group were sig-
nificantly increased, whereas those of PGC-1α and BDNF
mRNA significantly decreased (P < 0:01). Compared with
the MOD group, RAGE mRNA levels in the brain tissues
of the L-theanine-treated groups significantly decreased

(P < 0:01). In contrast, the levels of SIRT1, PGC-1α, and
BDNF mRNAs were significantly increased in the M-LT
and H-LT groups (P < 0:01).

3.7. Effects of L-Theanine on the Expression of Key Proteins in
the Brain Tissues of Experimental Rats. As shown in Figure 7,
the protein expression levels of RAGE, SIRT1, Ace-NF-κB
(p65), and BDNF in the brain tissues of the MOD group were
significantly altered in comparison with the CON group
(P < 0:01). Significant changes in those protein expression
levels were observed in the M-LT and H-LT groups
(P < 0:05 or P < 0:01), whereas no significant change was
observed in brain tissues (P > 0:05).

As shown in Figure 8, the expression levels of PGC-1α,
SOD2, and CAT proteins in the brain tissues of rats in the
MOD group were significantly lower than those of the
CON group (P < 0:01). Compared with the MOD group,
the protein expression levels of SOD2 in the brain tissues of
rats in the L-LT group did not significantly change
(P > 0:05), whereas those of PGC-1α and CAT significantly
increased (P < 0:05). The expression levels of PGC-1α,
SOD2, and CAT proteins in the brain tissues of rats in
the M-LT and H-LT groups were significantly increased
(P < 0:01).

As shown in Figure 9, compared with the CON group,
the significant changes in protein expression levels of Bcl-2,
Bax, and cleaved-caspase-3 were observed in the brain tissues
of rats in the MOD group (P < 0:01). Compared with the
MOD group, the protein expression levels of cleaved-
caspase-3 in the brain tissues of rats in the L-LT group did
not significantly change (P > 0:05), whereas the protein
expression levels of Bcl-2 and Bax were significantly changed
(P < 0:01). Additionally, significant changes in the protein
expression levels of Bcl-2, Bax, and cleaved-caspase-3 were
observed in the brain tissues of rats in the M-LT and H-LT
groups (P < 0:01).

4. Discussion

Aβ is a transmembrane protein that abnormally accumulates
in the brains of patients with AD and can penetrate the cell
membrane of neurons, alter the cell osmotic balance, induce
neurotoxicity, and lead to memory impairment and neuronic
loss [29]. Notably, AGE concentration positively correlates
with the degree of pathological changes in patients with cog-
nitive impairment [3, 30]. Long-term exposure to a high con-
centration of D-galactose significantly increases AGEs and
Aβ1-42 levels in the brain of mice and results in cognitive
impairment [31, 32]. Reducing AGEs and Aβ1-42 levels in
the brain is essential for the prevention of cognitive impair-
ment. Aβ1-42 concentration in the cerebral cortex and hippo-
campus was reportedly significantly decreased in mice fed L-
theanine for 5 weeks [33]. We found that the concentrations
of AGEs and Aβ1-42 were significantly increased when
induced with D-galactose and then decreased after L-theanine
treatment, which is consistent with the fact that nutritional
intervention with L-theanine effectively reduced the amount
of AGEs and Aβ1-42 in brain tissues [33, 34].

Table 1: Primers used for qPCR.

Gene Forward and reverse primer (5′–3′) Product
size (bp)

β-Actin
F: ACATCCGTAAAGACCTCTATGCC
R: TACTCCTGCTTGCTGATCCAC

223

RAGE
F: CTGCCTCTGAACTCACAGCCAATG
R: GTGCCTCCTGGTCTCCTCCTTC

155

SIRT1
F: AAAGGAAATATATCCCGGACA
R: TTTGGATTCCTGCAACCTG

134

PGC-1α
F: AATCAAGCCACTACAGACACC
R: TCTCTGCGGTATTCGTCCCTC

148

BDNF
F: GTCCCGGTATCAAAAGGCCAAC
R: AGTGCCTTTTGTCTATGCCCCT

103
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Progressive cognitive impairment is also related to
dynamic changes in ACh and AChE activity [35]. In this
study, when induced by D-galactose, the activity of AChE
was significantly increased in rat brains. L-Theanine can
inhibit ACh degradation by decreasing the activity of AChE

in brain damage induced by scopolamine (1mg/kg, i.p.)
[36]. Similarly, our results showed that L-theanine inhibited
the AChE activity and restored normal levels of ACh in brain
tissues, thereby repressing the damage caused by AGEs and
Aβ1-42. These findings were consistent with the fact that

CON MOD

L-LT M-LT H-LT

Figure 1: Pathological changes in rats’ hippocampal tissues of each group (400x; n = 3). The black arrows indicate shrinkage or apoptosis of
nerve cells. L-LT: low-dose (100mg/kg) L-theanine group; M-LT: medium-dose (200mg/kg) L-theanine group; H-LT: high-dose (400mg/kg)
L-theanine group.
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L-theanine blocked the increase in Aβ1-42 content and
AChE activity induced by external stress and prevented
AD [33, 34, 36].

AGEs and Aβ1-42 can bind to RAGE and promote intra-
cellular oxidative stress production, with the activation of the
RAGE signal pathway [8, 37]. The brain is the most vulnera-
ble organ to oxidative stress due to its high metabolic activity,

high lipid content, and limited antioxidant defense capacity
[13]. According to the theory of free radical aging, maintain-
ing the balance of oxidative stress contributes to preventing
or delaying age-related diseases [38]. Previous studies have
shown that D-galactose induces oxidative stress damage and
mitochondrial dysfunction and promotes the production of
AGEs [13, 39]. In this study, we found that the gene and
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protein expression levels of RAGE were increased in the
brains of D-galactose-induced glycosylated model rats, and
significant changes were observed in various oxidative stress
indexes. Mitochondria are the primary energy production
site for normal cell physiological activities and enhance brain
cognitive ability [40]. However, excessive production of
active oxidative stress products leads to mitochondrial dam-
age and dysfunction, a key factor in the occurrence of neuro-
degenerative diseases, such as AD [41]. Studies have shown
that PGC-1α is a key regulator of mitochondrial biosynthesis
and function [40, 42], whereas antioxidant enzymes such as
SOD2 and CAT protect the mitochondria from oxidative
stress, exerting neuroprotective effects [43]. L-Theanine
increased SOD2 and CAT protein levels in the brains of rats
exposed to D-galactose, thereby alleviating the imbalances in
oxidative stress components, inhibiting the production of
AGEs, and preventing AGE-induced neurotoxicity in brain
tissues. L-Theanine also upregulated PGC-1α mRNA and
protein in the brains of D-galactose-treated rats, contributing
to normal biosynthesis of mitochondria in rat brain tissues
and positively regulating oxidative metabolism. In addition,
L-theanine recalibrated the redox balance in the mitochon-
dria to resist the occurrence and development of neurode-
generative diseases [44]. This may be attributed to the
antioxidant activity of L-theanine, as reported by Ben and
Jo; indeed, L-theanine maintains the normal biological func-
tion of mitochondria, thereby reducing neurotoxicity to pro-
tect nerve cells [45, 46].

Chronic inflammation, which also high related with AD,
is a pathological condition characterized by a continuous
active inflammatory response and tissue destruction [47].

Persistent oxidative stress injury is also a signal of chronic
inflammation and is closely associated with the pathological
and physiological changes of many age-related degenerative
diseases [48]. Inflammation can mitigate abnormalities and
promote tissue healing in acute cases at low levels. However,
a long-term high level of inflammation could seriously dam-
age host tissues [49]. The transcription factor NF-κB is a key
factor regulating inflammation. Of note, NF-κB acetylation
activates its regulatory ability. Continuous increases in Ace-
NF-κB (p65) protein levels promote the secretion of down-
stream proinflammatory factors, such as IL-1β, IL-6, and
TNF-α, and induce systemic inflammation [50]. In addition,
activated NF-κB (p65) positively correlates with high expres-
sion of RAGE [51]. Activated NF-κB, RAGE, and proinflam-
matory factors form a vicious circle, causing a state of
persistent pathological inflammation in the brain. As an
effective immunomodulator [24, 52, 53], L-theanine was
found to inhibit the activation of NF-κB (p65) and the
expression of proinflammatory factors, such as TNF-α, IL-
1β, and IL-6 in the rat brain, thereby promoting resistance
to nerve cell damage. Accordingly, L-theanine inhibited
Ace-NF-κB protein expression in rat brains exposed to D-
galactose and downregulated RAGE mRNA and protein
expression, thus preventing an increase in proinflammatory
markers, such as IL-1β, nNOS, TNF-α, and IL-6. These find-
ings suggest that L-theanine could be used to regulate the
persistent pathological inflammatory state in the brain tis-
sues of D-galactose-treated model rats and restore inflam-
matory balance in brain tissues.

Apoptosis is an active form of programmed cell death,
which is closely related to AD lesions and is regulated by
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Figure 6: Expression levels of RAGE, SIRT1, PGC-1α, and BDNFmRNAs in rats’ brain tissues of each group (n = 6). Compared with the CON
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specific proteins, including Bcl proteins and caspases [54].
Cho and Di reported that L-theanine has antineuronal apo-
ptosis effects, suggesting applications in the prevention and
treatment of neurodegenerative diseases [34, 55]. L-Theanine
inhibited the expression of the apoptotic proteins, including
Bax and cleaved-caspase-3. Furthermore, L-theanine pro-
moted the expression of the antiapoptotic protein Bcl-2,
which controls the level of neuronic apoptosis in brain tissues
and maintains brain environment stability. Additionally,
H&E staining of hippocampal rat tissues confirmed that
L-theanine blocked D-galactose-induced neuronal apoptosis.

Impairment of neuronal plasticity due to normal aging is
paralleled by neuronal damage, apoptosis, and reduced cog-
nitive ability [17]. Neurotrophins and their receptors, partic-
ularly BDNF, are expressed in highly malleable brain regions
(e.g., the hippocampus and cerebral cortex), which are con-
sidered molecular mediators of functional and morphologi-
cal synaptic plasticity. These molecules are also essential for
neuronal proliferation, excitability, synaptic transmission,
and plasticity [56, 57]. In addition, BDNF plays a vital role
in supporting the survival and growth of sensory and motor
neurons, all of which are vital factors for learning and mem-
ory [58]. Moreover, some exogenous substances enhance

BDNF expression, thereby inhibiting neuronal apoptosis
and reducing neurodegenerative changes [59, 60]. We found
that D-galactose inhibited the expression of BDNF, whereas
L-theanine enhanced the expression of BDNF mRNA and
protein in the brains of D-galactose-treated rats, thereby
preventing D-galactose-induced hippocampal neuron dys-
function. These findings are consistent with a report that
L-theanine increases BDNF content in the serum or hippo-
campal tissue and inhibits the effects of neurotoxicity caused
by exogenous stress on neurodegenerative diseases [55]. Fur-
thermore, it has been reported that PGC-1α overexpression
can reverse the inhibition of BDNF mRNA expression in
neurons of APP/PS1 transgenic mice [61]. More importantly,
the increased expression of upstream PGC-1α can upregulate
the BDNF expression and counteract the effect of Aβ1-42 on
neuronal apoptosis [61, 62]. Collectively, these findings indi-
cate that PGC-1α plays a pivotal role in BDNF upregulation.
Our results suggest that L-theanine may also upregulate
the level of PGC-1α protein in rat hippocampus exposed
to D-galactose, recover the level of BDNF, and improve
the D-galactose-induced brain damage.

Homeostasis of the internal environment is essential for
promoting healthy aging of the body [28]. SIRT1 is a highly
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conserved protein that functions in deacetylation and
maintenance of the homeostasis of the internal environ-
ment [28, 63]. SIRT1 is involved in several biological pro-

cesses, such as oxidative stress, inflammatory reactions,
apoptosis and senescence, mitochondrial biosynthesis,
glucose and lipid metabolism, and oxidative metabolism
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mediated by downstream RAGE factors, such as SOD2, CAT,
NF-κB, Bax, and PGC-1α [63, 64]. Moreover, SIRT1 plays
important roles in inhibiting the occurrence and develop-
ment of neurodegenerative diseases, protecting nerve cells,
and maintaining normal nerve function [14]. Abnormal
increases in AGEs and Aβ1-42 induced by D-galactose can
mediate inflammation, oxidative stress injury, mitochondrial
dysfunction, and apoptosis and decrease BDNF and ACh
levels, resulting in induction of the pathological processes
of neurodegenerative diseases [13, 65, 66]. Therefore, reduc-
ing the concentrations of AGEs and Aβ1-42 and the RAGE
expression in brain tissue is critical for preventing and treat-
ing neurodegenerative diseases. In our study, we showed that
L-theanine inhibited the accumulation of AGEs and Aβ1-42 in
the brains of model rats exposed to D-galactose and facilitate
the maintenance of normal BDNF and ACh levels. Addition-
ally, L-theanine blocked NF-κB acetylation and downregu-
lated RAGE mRNA and protein levels by activating SIRT1
[67]. Furthermore, L-theanine maintained the balance of
inflammatory responses, modulated redox balance and mito-
chondrial biosynthesis, and reduced neuronal apoptosis in
the hippocampus, thereby facilitating homeostasis of brain
tissue and alleviating brain injury induced by D-galactose.

Prevention and treatment of D-galactose-induced brain
injury by L-theanine could apply to other tissues besides the
brain. For example, previous studies have shown that age-
related degenerative diseases can be controlled or attenuated
by activating the energy metabolite adenylate-activated pro-
tein kinase (AMPK) [68]. The longevity protein SIRT1 is
required for AMPK activity [69]. We have previously shown
that L-theanine has protective effects in the livers of D-galac-
tose-treated rats and promotes glucose metabolism through
the AMPK signaling pathway, resulting in reduced sugar
concentrations in the body [26, 27]. Therefore, we speculate
that L-theanine can inhibit the positive reaction of Schiff base

formation between D-galactose and free amino groups, along
with its reduction of AGEs and Aβ1-42 concentrations,
thereby alleviating D-galactose-induced damage in rats’ brain
tissues.

Thus, the potential alleviation mechanism of L-theanine
on brain injury induced by D-galactose is presented in
Figure 10. Treatment with L-theanine decreased Aβ1-42 and
mitigated AGEs/RAGE-induced brain damage by upregulat-
ing SIRT1 and BDNF proteins.

5. Conclusion

L-Theanine was found to mitigate brain damage via inhibit-
ing AGEs/RAGE signaling pathways and upregulating SIRT1
and BDNF, which indicate that L-theanine may be a potential
functional food to prevent AD and promote healthy aging.
For future work, studies of further mechanisms of L-theanine
on different tissues of rats will be required. It would also be
desirable to examine the metabolism of L-theanine in a rat
model of D-galactose-induced brain damage.
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Bioactive peptides (BPs) are fragments of 2–15 amino acid residues with biological properties. Dietary BPs derived from milk, egg,
fish, soybean, corn, rice, quinoa, wheat, oat, potato, common bean, spirulina, and mussel are reported to possess beneficial effects on
redox balance and metabolic disorders (obesity, diabetes, hypertension, and inflammatory bowel diseases (IBD)). Peptide length,
sequence, and composition significantly affected the bioactive properties of dietary BPs. Numerous studies have demonstrated
that various dietary protein-derived BPs exhibited biological activities through the modulation of various molecular mechanisms
and signaling pathways, including Kelch-like ECH-associated protein 1/nuclear factor erythroid 2-related factor 2/antioxidant
response element in oxidative stress; peroxisome proliferator-activated-γ, CCAAT/enhancer-binding protein-α, and sterol
regulatory element binding protein 1 in obesity; insulin receptor substrate-1/phosphatidylinositol 3-kinase/protein kinase B and
AMP-activated protein kinase in diabetes; angiotensin-converting enzyme inhibition in hypertension; and mitogen-activated
protein kinase and nuclear factor-kappa B in IBD. This review focuses on the action of molecular mechanisms of dietary BPs
and provides novel insights in the maintenance of redox balance and metabolic diseases of human.

1. Introduction

Dietary food proteins contain short sequences of amino acids
(AAs) that possess various biological activities. The short
chains of AAs with biological properties are known as bioac-
tive peptides (BPs). BPs usually contain 2–15 AA residues.
The BP sequences present in the food proteins are generally
hidden in the inner core of the parent proteins [1]. However,
bioactive peptides can be released from food proteins with
the help of several techniques including proteolysis, micro-
bial fermentation, and gastrointestinal (GI) digestion [2–4].
Among these methods, in vitro enzymatic hydrolysis using
commercial proteolytic enzymes is the widely employed
method in recent times. The proteases cleave the specific sites
on the dietary proteins and release the short chains of BPs
[5]. Enzymatic hydrolysis of dietary proteins enhances the
nutritional value, bioactivity, and functionality and reduces
the allergenicity [6]. Several commercial proteases, namely,
thermolysin, bromelain, trypsin, alcalase, papain, pepsin,

neutrase, pancreatin, corolase, protamex, and pronase, have
been employed to generate biologically active peptides from
various dietary proteins. Among the above-mentioned prote-
ases, alcalase, trypsin, pepsin, and pancreatin are the most
widely used proteases for the preparation of peptides, with
various health benefitting properties, from numerous food
sources [7–10]. These enzymes are routinely used due to their
broad specificity to produce smaller peptides with various
bioactivities and easily availability.

Dietary BPs have been shown to positively affect the var-
ious systems of the human body including the immune, car-
diovascular, GI, and nervous systems [11]. The BPs must
cross the GI barrier and reach the target tissue or organ in
order to exhibit health benefits. Dietary peptides exert bioac-
tivities through the modulation (either enhance or decrease)
of various molecular mechanisms and pathways. Bioactive
properties of dietary peptides are affected by the peptide
sequence, length, hydrophobicity, and composition [12–14].
Dietary peptides are easily absorbable across the intestinal
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border via peptide transport 1 (PepT1) and possess excellent
functional properties (solubility, foaming, and emulsification
properties) [15–18]. Additionally, dietary BPs are generally
safer than synthetic drugs. Hence, BPs obtained from dietary
sources could be used as health foods/nutraceuticals in the
management/prevention of various diseases. Numerous BPs
derived from whey, casein, milk, soybean, shark, bonita,
pacific whiting, porcine, and bovine have been on the market
in various countries for human use as functional foods/health
foods/nutraceuticals [19].

Redox homeostasis (balance) is an important cellular
process that plays a vital role in the maintenance of a normal
physiological steady state [20]. Disturbance of balance
between oxidants and antioxidants results in the oxidative
stress. Recently, many BPs prepared from various food
sources such as walnut, egg, fish, quinoa, soybean, millets,
corn, wheat, rice, potato, milk, and spirulina have shown to
possess beneficial effects in the maintenance of redox homeo-
stasis and prevention/management of metabolic diseases
[21–26]. However, reviews describing the role of dietary
BPs in the modulation of molecular mechanisms of redox
balance and metabolic diseases are scanty in the literature.
Hence, the current review focuses on the recent literature
related to the effects of dietary BPs on various molecular
mechanisms and signaling pathways involved in the redox
homeostasis and metabolic diseases (obesity, diabetes, hyper-
tension, and inflammation), as shown in Figure 1.

2. Roles of Dietary Bioactive Peptides in
Maintaining Redox Balance

Redox reaction is a chemical reaction that involves the trans-
fer of electrons from the reducing agent to the oxidizing
agent [27]. Redox homeostasis (balance) plays a significant
role in the maintenance of ordinary physiological functions
of the human body. Redox balance is considerably affected
by reactive oxygen species (ROS) that are generated during
aerobic cellular metabolism [28]. Reactive oxygen species
are unstable and highly reactive in the redox reactions due
to the presence of unpaired electrons in the outer shells.
Under normal physiological conditions, redox balance is
maintained through careful regulation of ROS generation
and elimination from the body [29]. However, excess pro-
duction of ROS during oxidative stress conditions could alter
the intracellular redox balance and promote the development
of numerous diseases such as cancer, diabetes, atherosclero-
sis, cardiovascular, and neurodegenerative diseases. The
body’s natural antioxidant defense system, namely, superox-
ide dismutase (SOD), glutathione peroxidase (GPx), and cat-
alase (CAT), plays a vital role in the maintenance of balance
between ROS formation and elimination [30].

Several studies have demonstrated that a number of pep-
tides identified from various dietary sources have shown the
ability to suppress oxidative stress and maintain the redox
balance through multiple molecular mechanisms such as
scavenging free radicals; chelating transition metals; enhanc-
ing the production of endogenous antioxidant enzymes SOD,
CAT, and GPx; and stimulating the nuclear factor erythroid
2-related factor 2 (Nrf2) antioxidant defense mechanism

[12, 15, 17, 26, 31–34]. The antioxidant mechanisms showed
by the dietary peptides mainly depend on the peptide
sequence, length, composition, and hydrophobicity [12, 34,
35]. The food-derived antioxidant peptides usually contain
3–15 AA residues [12, 32]. Table 1 shows the AA sequences
and molecular mechanisms of antioxidant peptides produced
from various dietary proteins.

The Kelch-like ECH-associated protein 1- (Keap1-)Nrf2-
antioxidant response element (ARE) is the main antioxidant
signaling pathway that prevents oxidative stress and helps
maintain the optimum redox steady state in the body [36].
The Nrf2 is a vital leucine zipper transcription factor, which
controls the expression of several antioxidant proteins in
response to ROS stress. Keap1 is a suppressor protein for
Nrf2, and under a normal ROS steady state, Keap1 binds with
Nrf2 and helps proteasome to degrade the Keap1-Nrf2 com-
plex. However, Nrf2 separates from Keap1 during oxidative
stress and migrates to the nucleus where it attaches to ARE
and thereby promotes the expression of several antioxidant
enzymes/proteins [32, 37, 38]. Endogenous antioxidant
enzymes such as SOD, GPx, and CAT scavenge different
kinds of ROS and thereby protect the cells from oxidative
stress-induced damage. SOD catalyses the transformation
of superoxide anion to O2 and H2O2. CAT converts H2O2
to H2O and O2. GPx helps in the reduction of H2O2 to
H2O and O2 [39]. Hence, it is important to stimulate the
Nrf2 antioxidant signaling pathway to suppress/prevent the
oxidative stress in the body.

Recently, numerous novel antioxidant peptides that stim-
ulate the Keap1-Nrf2-ARE antioxidant signaling pathway
and antioxidant enzymes have been isolated from different
dietary sources such as casein [40], milk protein concentrate
[41], corn gluten [31], soybean [42], walnut [43], potato,
Moringa oleifera seeds [25], watermelon seeds [39], Crassos-
trea rivularis [44], krill [38], turtle [45], Mytilus coruscus
[46], Channa argus [3], and silver carp muscle [12]. Snake-
head (Channa argus) soup was hydrolyzed using pepsin
and pancreatin and identified four antioxidant peptides,
IVLPDEGK, PGMLGGSPPGLLGGSPP, SDGSNIHFPN,
and SVSIRADGGEGEVTVFT [3]. The authors performed
molecular docking studies for the peptides and indicated that
peptides could bind to the active site of Keap1 and thereby
activate the cellular antioxidant Keap1-Nrf2 signaling path-
way. A peptide RDPEER isolated from alcalase hydrolysate
of watermelon seed reduced the oxidative stress by reducing
ROS and increasing the antioxidant enzymes, SOD, CAT,
and GSH-Px, in HepG2 cells [39]. Four casein-derived pep-
tides, ARHPHPHLSFM, AVPYPQR, NPYVPR, and
KVLPVPEK, were shown to decrease the oxidative stress in
Caco-2 cells by enhancing antioxidant enzymes, namely,
SOD1, Trx1, GR, TrxR1, and NQO1, through the activation
of the Keap1-Nrf2 signaling mechanism. It was found that
the peptides bound to the Nrf2 and prevented the binding
between Keap1 and Nrf2 and thereby stimulated the
increased expression of antioxidant enzymes [32]. In a study,
a peptide, AMVDAIAR, isolated from pepsin hydrolysate of
krill enhanced antioxidant enzymes SOD, CAT, and GPx and
thereby suppressed the oxidative stress in H2O2-induced
hepatocytes through increasing the expression of Nrf2 [38].
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Peptide EDYGA derived from soft-shelled turtle enhanced
the Nrf2 level through the binding of the glutamate residue
of the peptide to Arg 415 of the Kelch receptor pocket [45].
Dipeptide IF identified from potato exhibited antioxidant
effects by increasing the antioxidant enzymes GPx 4, SOD1,
HO-1, SOD2, and peroxiredoxin 2 in the kidney tissues of
the spontaneously hypertensive rats (SHRs) [33]. The
authors concluded that the dipeptide showed antioxidative
activity through preventing Nrf2 degradation by protein
kinase B (Akt) activation and GSK-3β phosphorylation.

3. Role of Dietary Bioactive Peptides in Obesity

Obesity is a public health issue worldwide and characterized
by excessive body fat accumulation due to the difference
between energy intake and energy spending, which enhances
the risk of metabolic disorders, namely, type 2 diabetes mel-
litus (T2DM), hypertension, and cardiovascular disorders
[47, 48]. It is estimated that globally, 18% men and 21%

women will suffer from obesity by 2025 [49]. Adipocytes
are fat cells and the main function of adipocytes is the storage
of energy as fat. Preadipocytes differentiate into mature adi-
pocytes through a process known as adipogenesis. Hypertro-
phy and hyperplasia of adipocytes are two mechanisms that
contribute to the obesity and obesity-related metabolic disor-
ders [50, 51].

Several recent studies demonstrated that various dietary
peptides from soybean, quinoa, common bean, camel whey,
spirulina, blue mussel, skate, tuna, Alaska pollock, sardinella,
hazelnut, and kefir exhibited antiobesity effects through
modulation of multiple molecular mechanisms including
the reduction of adipogenesis through downregulation of
the expression of peroxisome proliferator-activated receptor-
(PPAR-) γ, CCAAT/enhancer binding protein alpha
(C/EBP-α), sterol regulatory element binding protein-
(SREBP-) 1, and HMGCR, enhancing lipolysis, reducing
body weight (BW) and food intake, inhibiting lipase activity,
decreasing the accumulation of triglycerides, and blocking

Dietary protein

Bioactive peptide sequences

Enzymatic hydrolysis

Modulation of important mechanism by dietary
peptides in redox balance and metabolic disorders

Redoxbalance
Stimulation of KEAP1-NRF2-ARE signaling

pathway

Obesity
Downregulation of PPAR-𝛾, C/EBP𝛼,
SREBP1 pathway

Diabetes
Activation of IRS-1/PI3K/Akt and AMPK pathway

Hypertension
Inhibition of ACE and reduction of
systolic blood pressure (SBP)

Inflammation
Inhibition of activation of NF-𝜅B and MAPK
pathways

Figure 1: Effects of dietary bioactive peptides on molecular mechanisms involved in redox balance and metabolic disorders. ACE:
angiotensin-converting enzyme; Akt: protein kinase B; AMPK: AMP-activated protein kinase; ARE: antioxidant response element; C/EBP:
CCAAT-enhancer-binding proteins; IRS-1: insulin receptor substrate; PPAR: peroxisome proliferator-activated receptor; Keap1: Kelch-like
ECH-associated protein 1; MAPK: mitogen-activated protein kinase; NF-κB: nuclear factor-κB; Nrf2: nuclear factor erythroid 2-related
factor 2; PI3K: phosphatidylinositol 3-kinase; SREBP1: sterol regulatory element-binding protein 1.
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Table 1: Molecular mechanisms of action of dietary peptides in redox balance.

Dietary
protein source

Enzyme used
to produce
peptides

Peptide sequence or
molecular weight

Object IC50/EC50 values
Activity/mechanisms of

action
Reference

Ziziphus
jujuba fruits

Papain and
trypsin

VGQHTR and GWLK
DPPH, ABTS,
and metal

chelating assays
—

Peptides scavenged ABTS
and DPPH and showed
strong metal chelating

activity

[114]

Corn gluten Alcalase <1 kDa and GLLLPH
H2O2-induced

HepG2
—

Peptides reduced ROS and
increased SOD, CAT

activities, and GSH levels
and GR activity

[115]

Milk protein
concentrate

Trypsin —
Healthy and
diabetic rats

—

Peptides enhanced the
activities of CAT, SOD and

reduced glutathione,
glutathione-S-transferase,

and GPx

[41]

Palmaria
palmata
macroalgal
protein

Corolase PP SDITRPGGNM
ORAC and
FRAP assays

—

Peptide showed strong
oxygen radical absorbance

capacity and ferric-
reducing antioxidant

power activity

[116]

Rice bran Trypsin YSK
DPPH and

reducing power
assays

DPPH IC50 0.15
mg/mL

Peptide exhibited high
DPPH free radical

scavenging activity and
reducing power

[1]

Nile tilapia
skin gelatin

Ginger
protease

GPA
H2O2-induced
IPEC-J2 cell

—

GPA activated the
expression of antioxidant
response element-driven
antioxidant enzyme genes
HO-1, NAD(P)H quinone
oxidoreductase-1, and
glutamyl cysteine ligase

modulator and suppressed
ROS production

[37]

Manchurian
walnut
(Juglans
mandshurica
Maxim.)

Alkaline
protease

<3 kDa Mice —

Peptides increased the
antioxidant capacity by

enhancing SOD, GSH-Px,
and CAT activities and

reducing the MDA content

[43]

Soybean Alcalase <3 kDa

H2O2-incuded
oxidative stress
in Caco-2 cell
and DPPH

assay

DPPH IC50 2.56
mg/mL

Peptides displayed DPPH
radical scavenging activity
and decreased intracellular
ROS and stimulated the

antioxidant enzymes CAT,
GP, and GR

[42]

Oyster
(Crassostrea
rivularis)
meat

Alcalase <3 kDa Normal male
mice

—

Peptides showed
antioxidant capacity by

increasing the activities of
GSH-Px, SOD, and CAT
and reducing MDA levels

[44]

Buffalo casein — YFYPQL

H2O2 induced
Caco-2 cell and

ABTS and
ORAC assays

—

YFYPQL showed
antioxidant and inhibited

ROS generation and
decreased cellular oxidative

products, MDA, and
protein carbonyls and

increased CAT, SOD, and
GPx by stimulating Nrf2

[40]
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Table 1: Continued.

Dietary
protein source

Enzyme used
to produce
peptides

Peptide sequence or
molecular weight

Object IC50/EC50 values
Activity/mechanisms of

action
Reference

stress signaling and
scavenged ABTS and
ORAC free radicals

Wheat germ
protein

Alcalase,
pepsin, and
proteinase K

TVGGAPAGRIVME,
VGGIDEVIAK,

GNPIPREPGQVPAY,
SGGSYAD ELVSTAK, and

MDATALHYENQK

ABTS assay —
Peptides exhibited strong
ABTS radical scavenging

activity
[117]

Carp
(Cyprinus
carpio) skin
gelatin

Protamex —
Healthy adult
Wistar rats

—

Peptides showed
antioxidant activity by

increasing the glutathione
reductase activity

[118]

Sesame
(-icum L.)
seed protein

Alcalase and
trypsin

RDRHQKIG, TDRHQKLR,
MNDRVNQGE,
RENIDKPSRA,
SYPTECRMR,

GGVPRSGEQEQQ, and
AGEQGFEYVTFR

DPPH and
ABTS assays

DPPH IC50 0.105
and ABTS IC50
0.004mg/mL

SYPTECRMR exhibited
the highest DPPH and
ABTS free radical

scavenging antioxidant
activity

[34]

Finger millet Trypsin
STTVGLGISMRSASVR and

TSSSLNMAVRGGLTR
DPPH assay DPPH 75–80%

Peptides exhibited DPPH
and ABTS radical

scavenging activities by
interaction of serine and
threonine residues of

peptides with free radicals

[119]

Potato — Dipeptide IF SHR rats —

Peptides increased the
antioxidant enzymes HO-

1, GPx, SOD, and
peroxiredoxin 2 through

the Akt pathway to regulate
Nrf2 activity and prevented
Nrf2 degradation by Akt
activation and GSK-3β

phosphorylation

[33]

Mytilus
Coruscus
mussel

Trypsin <1 kDa

H2O2-induced
HUVEC and
OH, O2, and
ferric-reducing

assays

—

Peptides reduced the
accumulation of ROS and
MDA production and

increased the levels of the
SOD, CAT, and GSH-Px

cellular antioxidant
capacities through

regulating the Nrf2-driven
antioxidant defense
mechanisms. Peptides
showed strong OH, O2
radical scavenging
activities and ferric-
reducing power

[46]

Mackerel
(Scomber
japonicus)
muscle

Protamex ALSTWTLQLGSTSFSASPM DPPH assay DPPH 36.34%

Peptide showed strong
DPPH radical scavenging

activity with 36%
inhibition

[120]

Soft-shelled
turtle

Neutrase,
papain,

proteinase,
pepsin, and
trypsin

EDYGA HepG2 cells —

EDYGA modulated the
Nrf2/ARE pathway by
enhancing the Nrf2 level
via Nrf2 stabilization and
decreasing the level of

[45]
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Table 1: Continued.

Dietary
protein source

Enzyme used
to produce
peptides

Peptide sequence or
molecular weight

Object IC50/EC50 values
Activity/mechanisms of

action
Reference

Keap1 and glutamate
residues of EDYGA bound
to the Arg 415 of Kelch
domain receptor pocket

Foxtail millet
(Setaria
italica)
prolamins

Alcalase PFLF and IALLIPF

H2O2-induced
human

keratinocyte
HaCaT cells

—

Peptides decreased the
production of ROS and
MDA and enhanced the

GSH level

[121]

Krill Pepsin AMVDAIAR
H2O2-

stimulated
hepatocytes

DPPH IC50 0.87
mM

Peptide reduced oxidative
stress by enhancing SOD,
CAT, and GPx. Peptide
increased Nrf2 and HO-1
expression and activated
Nrf2/HO-1 by activating

the ERK pathway

[38]

Watermelon
seed protein

Alcalase RDPEER
H2O2-induced
oxidative stress
in HepG2 cells

—

RDPEER reduced the
oxidative stress by

increasing CAT, SOD, and
GSH-Px, and reducing

MDA production and ROS
accumulation

[39]

Scallop
(Patinopecten
yessoensis)
shellfish

Pepsin,
dispase, and
alcalase

<3 kDa

DPPH, HO∗,
and ABTS
assays and

H2O2-induced
PC-12 cells

DPPH EC50
1.30–2.40, ABTS
EC50 0.75–1.98,
and OH EC50

1.07–1.43mg/mL

Peptides scavenged the free
radicals of DPPH, HO∗,
ABTS, and inhibited ROS

accumulation

[122]

Milk casein —
ARHPHPHLSFM,

AVPYPQR, NPYVPR, and
KVLPVPEK

Peroxide-
induced

oxidative stress
Caco-2 cells

—

Peptides enhanced the
expression of SOD1, Trx1,
TrxR1, GR, and NQO1 by
activating the Keap1-Nrf2

pathway. Peptides
inhibited the interaction
between Keap1 and Nrf2,
by binding to Nrf2 in the

Keap1 pocket and
increased antioxidant
enzyme expression

[32]

Corn gluten
meal

Fermentation
mice with
Bacillus
subtilis

MTCC5480
(BS5480)

<10 kDa Aging rats —

Peptides increased
activities of total SOD,
CAT, GPx, and total

antioxidant capacity and
decreased MDA

[31]

Moringa
oleifera seeds

Flavor
protease

GY, PFE, YTR, FG, QY, IN,
SF, SP,YFE, IY, and LY

H2O2 induced
oxidative
damage in
Chang liver

cells and DPPH
and ABTS
assays

DPPH EC50
0.75–2.28mg/mL
and ABTS EC50
0.32–1.03mg/mL

Peptides exhibited strong
scavenging activities on
free radicals DPPH and
ABTS+. SF and QY
scavenged ROS by

increasing SOD and CAT
and reducing MDA

[25]

Ginger
Pepsin and
trypsin

VTYM
DPPH and
ABTS assays

EC50 of DPPH
19:9 ± 2:1 and

ABTS 24:0 ± 3:7
μmol/L

VTYM showed potent
DPPH and ABTS radical

scavenging activity
[9]

[3]
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lipogenesis by reducing the fatty acid synthase [2, 10, 52, 53].
Various molecular mechanisms of antiobesity peptides are
shown in Table 2.

During maturation of preadipocytes into adipocytes, sev-
eral transcriptional factors are involved. PPAR and C/EBP
are two transcription factors that stimulate adipocyte differ-
entiation [50]. Lipid and carbohydrate metabolism is regu-
lated by the PPARs. SREBP1 is a lipogenic transcription
factor upon activation by PPAR-γ which promotes the adi-
pogenesis and lipogenesis. SREBP1 stimulates lipoprotein
lipase and fatty acid synthase and thereby enhances the lipid
accumulation in the adipocytes [50]. Therefore, inhibition of
the PPARs, C/EBP, and SREBP1 transcriptional factors
involved the adipogenesis and lipogenesis using dietary-
derived BPs is an efficient approach in the prevention or
treatment of obesity and related diseases. It has been revealed
that numerous dietary peptides from soy bean, quinoa, hazel-
nut, canola, tuna, ark shell, and blue mussel showed antiobe-
sity activities by inhibiting the expression of PPAR-γ, C/EBP,
and SREBP1 transcriptional factors [10, 51, 54].

It was found that the antiobesity effects of dietary BPs are
related to the peptide sequence, length, composition, and
protein source [13]. Peptides with < 1 kDa from blue mussel
by pepsin hydrolysis exhibited antiobesity effects by enhanc-
ing lipolysis and downregulating adipogenic transcription
factors, such as PPAR-γ, C/EBP-α, and SREBP1 [10]. An
antiobesity pentapeptide RLLPH was isolated from alcalase
hydrolysate of hazelnut (Corylus heterophylla Fisch) and
found that the pentapeptide could decrease adipogenesis
through reducing the expression of PPAR-γ, C/EBP-α,
SREBP-1c, adipocyte protein (aP2), FAS, acetyl-CoA carbox-
ylase 1 (ACC1), and HMGCR in 3T3-L1 adipocytes [13].

Additionally, the authors indicated that the hydrophobic
AAs, proline, and leucine, of the peptide, might have contrib-
uted to the antiobesity effects of the peptides. Peptides with
more hydrophobic AAs can easily penetrate the cell mem-
brane and increase lipid solubility. In a study, peptides < 1
kDa from ark shell (Scapharca subcrenata) protein inhibited
intracellular lipid buildup and enhanced the lipolysis [51].
The authors were also demonstrated that ark shell peptides
inhibited adipogenesis by decreasing the expressions of
PPAR-γ, C/EBP-α, SREBP-1c, lipoprotein lipase, and FAS
in mouse mesenchymal stem cells. Moreover, the expression
of PPAR-γ, C/EBP-α, and aP2 was decreased by tuna skin
collagen-derived peptides in obese mice, which resulted in
the decrease of adipocyte size [55].

In addition to the downregulation of vital transcriptional
factors (PPAR-γ, C/EBP-α, and SREBP-1c) of adipogenesis,
several in vivo studies demonstrated that the antiobesity
activity of dietary peptides is due to the decrease of BW and
food consumption. Oral administration of peptides (10
mg/mL), produced from smooth hound (Mustelus mustelus)
muscle by alkaline crude enzyme from M. mustelus intes-
tines, for 21 days reduced the BW and food intake in rats
[5]. The authors suggested that BW reduction was probably
due to the regulation of appetite. The antiobesity effect of
Alaska pollack-derived peptides was investigated, and it was
found that peptide administration (100 or 300mg/kg BW)
to rats for 3 days decreased the weight of white adipose tissue
and reduced the food intake [56]. The authors suggested that
the decrease in food intake and white adipose tissue weight of
rats after peptide treatment was due to downregulation/sup-
pression of gene expressions of neuropeptide-Y and agouti-
related peptide in hypothalamus, which may reduce the

Table 1: Continued.

Dietary
protein source

Enzyme used
to produce
peptides

Peptide sequence or
molecular weight

Object IC50/EC50 values
Activity/mechanisms of

action
Reference

Snakehead
(Channa
argus) soup

Pepsin and
pancreatin

IVLPDEGK,
PGMLGGSPPGLLGGSPP,

SDGSNIHFPN, and
SVSIRADGGEGEVTVFT

DPPH and Fe2+

chelating assays
and H2O2

induced HepG2
cells

DPPH IC50 1.39
mM and Fe2+

chelating ability
IC50 4.60mM

Peptides exhibited strong
DPPH and Fe2+ chelating
ability and molecular
docking indicated that
peptides can bind to the
active site of Keap1 and

thereby activate the cellular
antioxidation Keap1-Nrf2

pathway

Silver carp
muscle

Papain and
alcalase

<1 kDa and LVPVAVF

H2O2 induced
oxidative stress
Caco-2 cells
and DPPH

assay

DPPH EC50 0.65
mg/mL

Peptides showed
antioxidant activity by
enhancing the activity of
SOD, CAT, and GSH-Px
and reduced ROS and
showed strong DPPH
scavenging activity

[12]

ARE: antioxidant response element; ATBS: 2,2′-azino-bis (3-ethylbenzothiazoline-6 sulphonic acid) diammonium salt; Akt: protein kinase B; CAT: catalase;
DPPH: 2,2-diphenyl-1-picrylhydrazyl; ERK: extracellular signal-regulated kinases; FRAP: ferric reducing antioxidant power; GPx: glutathione peroxidase;
GSH: glutathione; GR: glutathione reductase; H2O2: hydrogen peroxide; HO-1: heme oxygenase 1; IC50: 50% inhibitory concentration; ROS: reactive oxygen
species; SHR: spontaneously hypertensive rats; SOD: superoxide dismutase; MDA: malondialdehyde; NQO1: NAD(P)H quinine dehydrogenase 1; Nrf2:
nuclear factor erythroid 2-related factor; HUVEC: human umbilical vein endothelial cells; Keap 1: Kelch-like ECH-associated protein 1; HO: heme
oxygenase; Trx1: thioredoxin 1; TrxR1: thioredoxin reductase 1; ORAC: oxygen radical absorbance capacity.
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appetite. In a study, it was found that antiobesity effects of
sardinella- (Sardinella aurita-) derived peptides were medi-
ated by reducing the BW gain, food intake, and the relative
epididymal adipose tissue weight in Wistar rats after 10
weeks of peptide treatment [2]. It was demonstrated that Spi-
rulina platensis-derived peptides exhibited antiobesity effects
by reducing BW (39.8%) and lowering serum glucose
(23.8%) through altering the gene expressions of Acadm,
Retn, Fabp4, Ppard, and Slc27a1 in the brain and liver of
mice fed with peptides (2 g/kg BW) for 4 weeks [57].
Recently, it was reported that walleye pollock skin collagen-
derived peptides considerably reduced the BW gain in obese
mice after 8 weeks of peptide treatment [58]. The authors
also pointed that peptides inhibited the growth of adipocytes
and the accumulation of adipose tissue in obese mice. Fur-
thermore, in a placebo-controlled, randomized clinical inves-
tigation, salmon fish-derived peptide supplementation (16
g/d) for 42 days notably decreased (5.6%) the BMI in obese
humans [59].

Pancreatic lipase is an important enzyme that aids in the
hydrolysis of dietary fat in the small intestine. Therefore,
inhibition of pancreatic lipase is an efficient approach in the
management and treatment of being overweight and obesity
[2, 24]. Apart from inhibition of adipogenesis and lipogene-
sis, some dietary peptides exhibited pancreatic lipase inhibi-
tory activity. Peptides produced from camel milk by using
alcalase-, bromelin-, and papain-inhibited porcine pancreatic
lipase [24]. It was also found that sardinella peptide adminis-
tration to rats for 10 weeks decreased the pancreatic lipase
activity [2].

4. The Role of Dietary Bioactive Peptides in
Diabetes Mellitus

Diabetes mellitus (DM) is a complex metabolic disorder with
increased blood sugar levels and T2DM accounts for 90% of
diabetes patients. T2DM results from insulin resistance (cells
less responsive to the insulin actions) and/or insufficient
insulin production from pancreatic beta cells. Obesity
(BMI ≥ 30 kg/m2) has been reported to greatly increase the
risk of developing T2DM [60]. Uncontrolled T2DM can
cause severe complications such as high blood pressure,
stroke, heart attack, atherosclerosis, retinopathy, nephropa-
thy, neuropathy, and dementia.

Recently, several peptides derived from a variety of die-
tary protein sources including egg white, whey, casein, egg
yolk, rice bran, quinoa, soybean, wheat, corn, black bean,
oat globulin, walnut, potato, common bean, millets, spiru-
lina, bovine, porcine, Atlantic cod, Atlantic salmon, halibut
skin, Styela clava, boarfish, tilapia skin, largemouth bass,
zebra blenny, blue whiting, and sea cucumber have shown
antidiabetic effects by altering several molecular mechanisms
of diabetes such as inhibition of enzymes including α-amy-
lase, dipeptidyl peptidase- (DPP-) IV, and α-glucosidase;
reduction of FBG and HbA1C; enhancement of HOMA-IR;
stimulation of secretion of glucagon-like polypeptide-1
(GLP-1) and insulin levels; upregulation of phos-
phatidylinositol 3-kinase (PI3K), p-GSK-3β, p-Akt, and glu-
cose transporter (GLUT)2/4 signaling pathways; blocking of

glucose transporters GLUT2 and SGLT1; decreasing of the
activation of p38 and c-Jun N-terminal kinase (JNK)1/2;
enhancement of the stimulation of insulin receptor
substrate-1 (IRS-1) tyrosine residue and Akt; and decreasing
of gluconeogenesis through activation of IRS-1/PI3K/Akt
and AMP-activated protein kinase (AMPK) [6, 21, 61–64].
The isolated peptide sequences and molecular mechanisms
of dietary antidiabetic peptides are shown in Table 3.

α-Amylase is an important enzyme in the carbohydrate
digestion that breaks down α-1,4 glycosidic linkages of starch
and produces oligosaccharides. α-Glucosidase is present in
the brush borders of the small intestine and hydrolyzes the
disaccharides and starch to glucose by acting upon α(1→ 4)
glycosidic bonds. Therefore, inhibition of α-amylase and α-
glucosidase prevents carbohydrate digestion and thus dimin-
ishes the postprandial increase of blood glucose. Several
chemical α-glucosidase and α-amylase inhibitors (acarbose,
voglibose, and miglitol) have been in use for the management
and treatment of T2DM [65]. However, side effects associ-
ated with these inhibitors limited their use [63]. Recently,
many peptides isolated from several food sources including
egg white, corn, oat, egg yolk, spirulina, quinoa, soybean,
Phaseolus vulgaris, and zebra blenny have exhibited α-amy-
lase and α-glucosidase inhibitory activities [61, 62, 66, 67].
Egg white albumin was hydrolyzed using alcalase, and a pen-
tapeptide KLPGF was isolated with α-glucosidase (50%
inhibitory concentration (IC50) 59.5μmol/L) and α-amylase
(IC50 120μM) inhibitory activities [66]. Three peptides,
GVPMPNK, LRSELAAWSR, and RNPFVFAPTLLTVAAR,
were extracted from spirulina platensis, and it was found that
peptide LRSELAAWSR strongly inhibited α-amylase with
IC50 of 313.6μg/mL and α-glucosidase with IC50 of 134.2
μg/mL [68]. A α-glucosidase inhibitory peptide,
LAPSLPGKPKPD, was identified from egg yolk hydrolysate
produced by proteinase from Asian pumpkin with an IC50
value of 1065.6μmol/L [67]. Three peptides, LLPLPVL,
SWLRL, and WLRL, produced from soy protein showed α-
glucosidase inhibitory activity with IC50 162.2–237.4μmol/L
[63]. A study reported isolation of α-glucosidase inhibitory
peptide, QHPHGLGALCAAPPST, from quinoa with an
IC50 of 1.0–1.45mg/mL [62]. Recently, corn germ protein
was hydrolyzed by using alcalase, trypsin, and flavourzyme
and it was found that the peptide fraction (2–10 kDa) showed
strong α-amylase inhibition (71.3%) and α-glucosidase inhi-
bition (37.1%) activities [61].

Another strategy for the management and treatment of
T2DM is to inhibit the DPP-IV that degrades and inactivates
incretin hormones, namely, glucose-dependent insulinotro-
pic peptide (GIP) and GLP-1. Therefore, inhibition of DPP-
IV by dietary-derived BPs can enhance the half-life of GLP-
1 and thereby increase the release of glucose-dependent insu-
lin from pancreatic cells [61]. For inhibition of DPP-IV activ-
ity, several synthetic drugs such as saxagliptin, linagliptin,
sitagliptin, and vildagliptin are presently used. However, side
effects (diarrhea, nausea, stomach pain, headache, and sore
throat) associated with these drugs have forced researches
to search for DPP-IV inhibitors from natural dietary sources
without any side effects [69]. Many recent studies have
reported that dietary protein-derived peptides are an
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excellent source of DPP-IV inhibitors. Peptides obtained
from millet, corn, quinoa, egg yolk, oat, whey, casein, Spiru-
lina platensis, porcine, Atlantic salmon, sea cucumber, large-
mouth bass, blue whiting, and Capros aper inhibited the
DPP-IV activity [67, 70–72]. It has been found that dietary
peptides inhibit DPP-IV through attaching the peptides to
the active sites of DPP-IV via hydrogen bonds and hydro-
phobic interactions and thereby prevent the enzyme action
[14, 21]. Two peptides NDWHTGPLS and TYPHQQPPILT
derived from papain hydrolysates of millet proteins inhib-
ited DPP-IV activity (75%) [21]. It was demonstrated that
both the peptides inhibited DPP-IV activity by occupying
the active sites of DPP-IV via hydrogen and pi bonds. In
a recent study, Atlantic salmon skin was hydrolyzed by
using trypsin and isolated a new DPP-IV inhibitory pep-
tide, LDKVFR, with IC50 of 128.7μM [14]. Additionally,
it was found that 6 H bonds and 8 hydrophobic interac-
tions played a significant role in the inhibition of DPP-
IV by LDKVFR. A peptide, LDQWLCEKL, obtained from
trypsin hydrolysate of α-lactalbumin-rich whey proteins
inhibited DPP-IV (IC50 131μM) through a noncompetitive
mode of inhibition.

The PI3K/Akt signaling pathway regulates the glucose
uptake. When cells are resistant to insulin, glucose uptake is
impaired in the liver and skeletal muscles. Insulin activates
IRS after binding to IRS and the activated IRS phosphorylates
IRS-1. Phosphorylation of IRS-1 results in the activation of
PI3K. The activated PI3K phosphorylates Akt, and the acti-
vated Akt helps in the migration of intracellular GLUT2/4
to the plasma membrane and therefore increases the glucose
absorption into cells. But insulin resistance weakens the
PI3K/Akt signaling pathway [73, 74]. Hence, stimulation of
the PI3K/Akt molecular pathway is an efficient approach in
the management of insulin resistance. In a study, the authors
hydrolyzed walnut protein using alcalase and isolated an
antidiabetic peptide LPLLR with a molecular weight of
610.4Da. The authors reported that the identified peptide
improved hepatic insulin resistance (IR) through enhancing
glycogen synthesis and glucose uptake and reducing gluco-
neogenesis via activating the IRS-1/PI3K/Akt and AMPK sig-
naling pathways in hepatic HepG2 cells [75]. Two hundred
forty-two peptides, with a molecular weight ranging from
203 to 1907Da, were isolated from the hydrolysate of sea
cucumber and found that the peptides showed antidiabetic
effects by upregulation of PI3K, p-Akt, p-GSK-3β, and
GLUT2/4 signaling pathways, while decreasing p-IRS1
expression in diabetic rats [73].

In addition to the peptides described above, the antidia-
betic activities of dietary peptides have also been investigated
in human subjects. In a randomized and crossover clinical
trial, whey peptide (<5000Da) (1400 or 2800mg/kg BW)
administration to 21 prediabetic human subjects decreased
under the curve (iAUC) of glucose as well as showed a minor
insulinotropic effect and reduced HbA1c [76]. A double-
blind crossover clinical trial conducted using peptides
(<2000Da) derived from Atlantic cod showed that a single
dose of 20mg/kg BW considerably decreased the postpran-
dial insulin in 41 healthy individuals [77]. Moreover, pep-
tides derived from Styela clava have also been shown to

decrease the hemoglobin A1c and plasma insulin levels after
4 weeks of administration in patients with T2DM [78].

5. The Role of Dietary Bioactive
Peptides in Hypertension

Hypertension is an important risk factor that can increase the
chance of developing heart attack or stroke. Clinically, sys-
tolic blood pressure (SBP) 140mmHg or above and/or DBP
90mmHg or above are considered as hypertension [79]. It
is estimated that over a billion people (1 in 5 women and 1
in 4 men) are suffering from hypertension.

Food-derived peptides play a significant role in the pre-
vention of hypertension. Recently, numerous antihyperten-
sive peptides are isolated from different food sources such
as milk [80], casein [81, 82], egg white ovotransferrin [22],
rice bran [1], wheat [83], soybean [84], potato [85], turmeric
and ginger [9], quinoa [62], black cumin [86], coix [87], pis-
tachio [88], hazelnut [89], mung bean [90], lentil [91], sea-
horse [92], egg white from ostrich [93], chum salmon [94],
skate [95], cuttlefish [96], Sipuncula [97], bighead carp [98],
shrimp (Pandalus borealis) [79], and beef [99]. The isolated
dietary protein-derived peptides have been demonstrated to
exhibit antihypertensive activities through influencing vari-
ous molecular mechanisms including inhibition of
angiotensin-converting enzyme (ACE), reduction of SBP,
decrease of angiotensin II levels and AT1R expression,
enhancing vasodilation, improving central blood pressure
and arterial stiffness, and inhibition of vasoconstriction via
PPAR-γ expression [9, 79, 84, 90]. Table 4 shows the molec-
ular mechanisms of antihypertensive peptides isolated from
various dietary sources.

Human blood pressure is regulated by ACE (EC 3.4.15.1).
ACE cleaves the dipeptide, HL, from angiotensin I and con-
verts the inactive angiotensin I into angiotensin II and
thereby enhances the blood pressure. Angiotensin II is a
powerful vasoconstrictor, and ACE inactivates the bradyki-
nin, which is a potent vasodilator. Therefore, inhibition of
ACE is an important molecular target in the prevention
and management of hypertension. Currently, several peptide
drugs, namely, captopril, lisinopril, and enalapril, are used as
ACE inhibitors for the management of high blood pressure
[80, 97, 100]. Due to the side effects (cough, fatigue, dizziness,
headaches, and loss of taste) associated with these synthetic
drugs, there is an increasing interest to search for safe ACE
inhibitors from natural food sources. Various food sources
are an excellent source of ACE inhibitory peptides. Most die-
tary ACE inhibitory peptides contained 3–15 AA residues.
Recently, several peptides have been isolated with ACE inhib-
itory activity from numerous dietary sources such asmilk [80],
casein [82], egg white [93], soybean [84], rice bran [1], wheat
[83], pistachio [88], potato and rapeseed [85], turmeric and
ginger [9], quinoa [62], black cumin [86], hazelnut [89], lentil
[91], seahorse [92], chum salmon [94], skate [95], cuttlefish
[96], Sipuncula [97], bighead carp [98], and beef [99].

It has been demonstrated that hydrogen bonds play a
vital role in the binding of BPs to the ACE catalytic pocket
and thereby facilitate ACE inhibition. Three ACE inhibitory
peptides, LLSGTQNQPSFLSGF, NSLTLPILRYL, and
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TLEPNSVFLPVLLH, were isolated from lentil seeds with
IC50 of 44–120μM, and it was found that the peptides inhib-
ited ACE through interactions by hydrogen bonds with three
residues of the ACE catalytic site [91]. A tripeptide YSK with
ACE inhibition was identified from trypsin hydrolysate of
rice bran, and ACE inhibition of YSK was due to the forma-
tion of hydrogen bonds with the binding site of ACE [1]. The
molecular interactions between dipeptide, YV, obtained from
ostrich egg white and ACE were studied and it demonstrated
that YV inhibited ACE (IC50 63.97μg/mL) by binding to S1
and S2 pocket sites of ACE through hydrogen bonds [93].
A pentapeptide, ACKEP, purified from pistachio kernel
hydrolysates was shown to inhibit ACE (IC50 126μM) by
binding with seven AAs of the ACE catalytic site (His383,
His387, Glu384, Arg522, Asp358, Ala356, and Asn70) and
two atoms of ACKEP [88]. In a study, three ACE inhibitory
peptides, AVKVL, YLVR, and TLVGR, were identified from
alcalase hydrolysate of hazelnut. The authors found that all
the three peptides exhibited ACE inhibition (IC50 5.42–
249.3μM) via a noncompetitive inhibition through the for-
mation of cation–pi interactions [89]. In another study, four
ACE inhibitory peptides, EDEVSFSP, SRPFNL, RSPFNL,
and ENPFNL, were purified from fermented soybean with
IC50 of 0.131–0.811mg/mL [84]. It was suggested that the
N-terminal sequence and the location of AAs in the peptides
play an essential role in ACE inhibition. Recently, a peptide,
VTPVGVPK, produced by α-chymotrypsin hydrolysis from
black cumin seed was shown to inhibit ACE (IC50 1.8μM)
through a noncompetitive inhibition [86]. A peptide,
QHPHGLGALCAAPPST, identified from chymotrypsin
hydrolysate of quinoa inhibited ACE by binding to the num-
ber of active hotspots of the ACE enzyme [62]. Moreover,
two peptides, SAGGYIW and APATPSFW, were isolated
from wheat gluten with ACE inhibition of IC50 0.002–0.036
mg/mL [83]. The authors concluded that two peptides with
proline and negatively charged residues inhibited ACE
through the modulation of ionic and hydrophobic connec-
tions of the ACE active site.

In addition to ACE inhibition, several in vivo studies
(animal and human) have reported the blood pressure-
lowering effects of numerous peptides isolated from various
food sources. Peptides, SLVSPSAAAAAAPGGS and
KKRSKKKSFG, generated from potato and rapeseed were
found to reduce (154.7mmHg) the mean arterial blood pres-
sure of treated rats compared to the control (177mmHg)
group [85]. Two antihypertensive peptides, IQW and LKP,
were identified from thermolysin and pepsin hydrolysates
prepared from egg white ovotransferrin and demonstrated
that tripeptide (IQW and LKP) administration reduced the
mean blood pressure by 19 and 30mmHg, respectively, com-
pared to control SHRs [22]. Administration of a peptide,
VELYP, produced from Sepia officinalis muscle, to SHR
exhibited antihypertensive effects by decreasing SBP [96].
In a study, a beef myofibrillar protein-derived peptide LIV-
GIIRCV at 400 and 800mg/kg BW decreased SBP by 28
and 35mmHg in SHRs, respectively [99]. A randomized
and double-blind human trial conducted on level 1 hyperten-
sive patients demonstrated that eight-week supplementation
of casein-derived tripeptides, VPP and IPP, ameliorated cen-

tral blood pressure and arterial stiffness [81]. In a recent ran-
domized, double-blind clinical trial, the administration of
shrimp-derived peptides (1200mg/d) for eight weeks
reduced the BP in mild- or moderate-hypertension patients
[79]. Additionally, the authors suggested that the reduction
of BP was probably due to the decrease of angiotensin II
levels in hypertension patients.

6. The Role of Dietary Bioactive Peptides in
Inflammatory Bowel Diseases (IBD)

Inflammation is a complex and natural response of the body
in an attempt to resolve harmful stimuli such as pathogens,
tissue injuries, infections, or toxins. However, uncontrolled
and chronic inflammation has been reported to be linked
with several diseases such as T2DM, metabolic syndrome,
IBD, cardiovascular disease, cancer, asthma, arthritis, and
chronic obstructive lung disease [101]. IBD symptoms such
as diarrhea, abdominal pain, fever, vomiting, BW loss, and
rectal bleeding affect the quality of life of patients [102].
Crohn’s disease (DC) and ulcerative colitis (UC) are two
major forms of IBD [103]. UC is the inflammation of colon.
Chronic inflammation in the intestine produces excessive
and uncontrolled proinflammatory cytokines including
tumor necrosis factor-alpha (TNF-α), interleukin- (IL-) 1β,
IL-6, IL-8, IL-12, interferon-gamma (IFN-γ), and IL-17
[102, 103].

The mechanism of anti-inflammation by food protein-
derived BPs is that they can inhibit the phosphorylation of
signaling pathways including nuclear factor-kappa B (NF-
κB), mitogen-activated protein kinase (MAPK), Janus
kinase-signal transducer and activator of transcription
(JAK-STAT), and peptide transporter PepT1 as shown in
Figure 2 [26, 104, 105]. The NF-κB pathway contains IKKs,
IκBs, and p65/p50, while the MAPK pathway contains p38,
JNK, and extracellular signal-regulated kinases (ERK). BPs
can inhibit the NF-κB receptor, resulting in the inhibition
of the activation of inhibitory κB kinases (IKKα/β/γ), which
can lead to phosphorylation of cytoplasmic transcription fac-
tor (IκBα/β/γ) and IκBα degradation. BPs can inhibit the
MAPK receptor and inhibit MAP3K phosphorylation, which
can mediate the phosphorylation of the downstreamMAP2K
andMAPK. The inhibition of phosphorylation of MAPK and
JAK2-STATs by BPs can alleviate the release of cytokines.
The BP inhibition of translocations of the above transcrip-
tion factors in nucleus (ATF-2, AP-1, and c-Jun) can cause
the gene change, reducing the productions of proinflamma-
tory cytokines, such as IL-1β, IL-6, IL-8, TNF-α, and IFN-
γ, resulting in the inflammation suppression (Figure 2). In
addition, the PepT1 can transport small BPs to the blood-
stream; therefore, the role of PepT1 is vital to the bioactivity
of BPs and needs further investigation [15, 26].

Peptides isolated from a variety of dietary protein sources
(e.g., soy bean, common bean, corn, egg white, whey, casein,
salmon, and crucian carp) have shown to inhibit intestinal
inflammation through multiple molecular mechanisms.
These include downregulation of the expression of IL-8, IL-
1β, IL-6, TNF-α, IFN-γ, IL-12, and IL-17; upregulation of
IL-10; and inhibition of activation of the NF-κB and MAPK
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Table 4: Molecular mechanisms of action of antihypertensive peptides isolated from various food sources.

Dietary protein
source

Enzyme used to
produce
peptides

Peptide sequence or
molecular weight

Object
IC50/EC50
values

Activity/mechanisms of action Reference

Pea protein Thermolysin <3 kDa SHR and clinical
trial

—
Peptides (100 and 200mg/kg

BW) reduced SBP
[140]

Casein — VPP and IPP Clinical trial —
VPP and IPP improved central
blood pressure and arterial

stiffness
[81]

Pistachio
kernel

Pepsin and
trypsin

ACKEP
ACE inhibition

assay
ACE IC50
126μM

ACKEP inhibited ACE by
binding with ACE active site

[88]

Chum salmon
(Oncorhynchus
keta) skin

Trypsin GLPLNLP
ACE inhibition
assay and SHRs

ACE IC50
18.7μM

GLP exhibited ACE inhibition
and antihypertensive effect by

decreasing SBP
[94]

Skate
(Okamejei
kenojei) skin

Alcalase and
protease

LGPLGHQ and
MVGSAPGVL

ACE inhibition
assay and SHRs

ACE IC50
3.09–4.22

μM

Peptides inhibited ACE and
decreased SBP and inhibited
vasoconstriction via PPAR-γ
expression, activation, and
phosphorylation of eNOS in

lungs

[95]

Egg white
ovotransferrin

Thermolysin
and pepsin

IQW and LKP SHRs —
Peptides reduced mean blood

pressure
[22]

Cuttlefish
(Sepia
officinalis)
muscle

Crude enzymes
from B.

mojavensis and
cuttle fish

hepatopancreas

VELYP, AFVGYVLP,
and EKSYELP

ACE inhibition
assay and SHRs

ACE IC50
5.22μM

VELYP showed strong ACE
inhibition through a

noncompetitive inhibition and
had antihypertensive effects by

decreasing SBP

[96]

Potato and
rapeseed

Alcalase and
potato autolysis

SLVSPSAAAAAAPGGS
and KKRSKKKSFG

Goldblatt rat
with

hypertension
and ACE
inhibition

ACE IC50
324

μg/mL
and 156
μg/mL

Peptides inhibited ACE and
exhibited antihypertensive effects

by reducing SBP
[85]

Rice bran
protein

Trypsin YSK
ACE inhibition

assay
ACE IC50
76mM

YSK showed ACE inhibition
through the formation of

hydrogen bonds with active
pockets of human ACE

[1]

Sipuncula
(Phascolosoma
esculenta)

Pepsin and
trypsin

RYDF, YASGR and
GNGSGYVSR

ACE inhibition
assay and SHRs

ACE IC50
235 μM,
185 μM,
and 29
μM

Three peptides inhibited ACE
noncompetitively. GNGSGYVSR

(5mg/kg BW) showed
antihypertensive effect by

decreasing SBP

[97]

Lentil seeds
(Lens culinaris
var.)

Savinase
LLSGTQNQPSFLSGF,
NSLTLPILRYL, and
TLEPNSVFLPVLLH

ACE inhibition
assay

ACE IC50
44–120
μM

Inhibited ACE through
interaction by hydrogen bonds
with three ACE residues of the

catalytic site

[91]

Bighead carp
muscle

Pepsin
YNLKERYAAW and

YNRLPEL
ACE inhibition

assay

ACE IC50
1.35–3.42

μM
Peptides inhibited ACE activity [98]

Bovine casein
Pepsin and
trypsin

YQKFPQYLQY
ACE inhibition
assay and SHRs

ACE IC50
11.1μM

Peptide inhibited ACE via
competitive inhibition and

exhibited antihypertension by
decreasing SBP

[82]

Hazelnut
(Corylus
heterophylla
Fisch.)

Alcalase
AVKVL, YLVR, and

TLVGR
ACE inhibition
assay and SHRs

ACE IC50
15.42–

249.3μM

Peptides inhibited ACE activity
via a noncompetitive mode via
the formation of cation–pi

interactions and YLVR reduced
SBP

[89]

YV [93]
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pathways via suppression of phosphorylation of p65,
ERK1/2, p38, JNK1/2, and Syk signaling molecules [102,
103, 106, 107]. The isolated peptides and their molecular
mechanisms of anti-intestinal inflammatory effects are pre-
sented in Table 5.

Dietary anti-intestinal inflammatory peptides are short
chains of AAs that generally contain 2–10 AAs. The common
AAs of these peptides are alanine, valine, leucine, serine,
methionine, tyrosine, and phenylalanine [102, 103, 108].
Pepsin and pancreatin are the two most commonly employed

Table 4: Continued.

Dietary protein
source

Enzyme used to
produce
peptides

Peptide sequence or
molecular weight

Object
IC50/EC50
values

Activity/mechanisms of action Reference

Egg white from
ostrich

Alkaline
hydrolysis

ACE inhibition
assay

ACE IC50
63.97
μg/mL

YV showed ACE inhibition by
binding to S1 and S2 ACE pocket

sites via hydrogen bonds

Soybean
Pediococcus
pentosaceus
SDL1409

EDEVSFSP, SRPFNL,
RSPFNL, and ENPFNL

ACE inhibition
assay

ACE IC50
0.131–
0.811
mg/mL

Peptides inhibited ACE via
essential N-terminal sequence

and amino acid position
[84]

Shrimp
(Pandalus
borealis)
protein

— —

Randomized,
double-blind,
placebo-

controlled, 8-
week clinical

study

—
Peptides (1200mg/d) reduced the
blood pressure due to a reduction

of angiotensin II levels
[79]

Beef (Bos
taurus
coreanae)
myofibrillar
proteins

Alkaline-AK
and papain

LIVGIIRCV
ACE inhibition
assay and SHRs

—
Peptides (400 and 800mg/kg
BW) inhibited ACE by 74.29%

and decreased SBP
[99]

Milk

Fermented
using L.

delbrueckii
QS306

LPYPY
ACE inhibition

assay

ACE IC50
12.87
μg/mL

LPYPY inhibited ACE with IC50
12.87 μg/mL

[80]

Mung bean
protein

Bromelain
LPRL, YADLVE,

LRLESF, HLNVVHEN,
and PGSGCAGTDL

ACE inhibition
assay and SHRs

ACE IC50
5.39–

1912μM

Peptides showed ACE inhibition
and reduced SBP

[90]

Seahorse
(Hippocampus
abdominalis)

Protamex
APTL, CNVPLSP, and

PWTPL
ACE inhibition
assay and SHRs

ACE IC50
0.044μM

Peptides exhibited
antihypertension by lowering
blood pressure via vasodilation

and ACE inhibition

[92]

Black cumin
seed

α-
Chymotrypsin

VTPVGVPK
ACE inhibition

assay

ACE IC50
value 1.8

μM

VTPVGVPK inhibited ACE via a
noncompetitive inhibition

[86]

Quinoa protein Chymotrypsin QHPHGLGALCAAPPST
ACE inhibition

assay
—

Peptide displayed ACE inhibition
by binding to ACE active hotspots

[62]

White
turmeric,
turmeric, and
ginger proteins

Pepsin and
trypsin

VTYM, RGPFH, AEPPR,
GSGLVP, KM, SPV,
CACGGV, DVDP,

CGVGAA, HVVV, and
RSC

ACE inhibition
assay

ACE IC50
16.4–36.5

μM
Peptides showed ACE inhibition [9]

Coix prolamin Pepsin VDMF
ACE inhibition

assay
ACE IC50
382.28μM

VDMF reduced ACE and AT1R
expression in AngII-injury

HUVECs
[87]

Wheat gluten
Alcalase and
PaproA

SAGGYIW and
APATPSFW

ACE inhibition
assay

ACE IC50
0.002–
0.036
mg/mL

Peptides and negatively charged
amino acids inhibited ACE via

modulating ionic and
hydrophobic interactions on ACE

catalytic sites

[83]

ACE: angiotensin-converting enzyme; BW: body weight; IC50: 50% inhibitory concentration; SBP: systolic blood pressure; SHR: spontaneously hypertensive rat;
PPAR-γ: peroxisome proliferator-activated receptor γ.
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proteolytic enzymes to produce anti-inflammatory peptides
from various food proteins [103, 109, 110]. The TNF-α-
treated Caco-2 cell is a widely used human intestinal cell
model for the investigation of the anti-inflammatory prop-
erty of dietary peptides. TNF-α activates the both NF-κB
and MAPK signaling pathways in Caco-2 cells and thereby
produces large quantities of proinflammatory mediators
[110]. Excess and uncontrolled production of proinflamma-
tory cytokines plays a vital role in the progression of intesti-
nal inflammation [103].

Numerous recent studies reported that dietary BPs could
inhibit the intestinal inflammation through the reduction of
proinflammatory mediators. Four peptides, DEDT-
QAMPFR, MLGATSL, SLSFASR, and MSYSAGF, isolated
from egg white exerted anti-inflammatory activities in colitis
mouse by inhibiting the production of TNF-α and IL-6 as
well as reducing the mRNA-expressions TNF-α, IL-6, IL-
17, IL-1β, IFN-γ, and MCP-1 [111]. Tripeptide VPY from
soybean inhibited IL-8 secretion in Caco-2 cells [108]. The
peptide was also found to decrease the mRNA expressions
of inflammatory mediators TNF-α, IL-6, IL-1β, IFN-γ, and
IL-17 in the peptide-treated mice colon. Dipeptides (CR,
FL, HC, lLL, and MK) produced from egg white ovotransfer-
rin, by using pepsin and trypsin hydrolysis, decreased the
gene expression of TNF-α, IL-8, IL-6, IL-1β, and IL-12, while
enhancing IL-10 expression, in Caco-2 cells [103]. Crucian
carp-derived 178 peptides (<1500Da) at 50, 100, and 150
μg/mL considerably reduced the secretion of TNF-α, IL-6,

and IL-1β in IEC-6 small intestine cells as well as in dextran
sodium sulfate-induced ulcerative colitis mice [106].

Several recent reports demonstrated the role of NF-κB in
the pathogenesis of IBD [106]. Activation of NF-κB has been
shown to be involved in the IBD patients [112]. The NF-κB
and MAPK pathways are two vital proinflammatory signal-
ing pathways that majorly regulate cellular inflammatory
responses by secreting various cytokines after activation by
various inflammatory stimuli [113]. Transcription factor
NF-κB regulates the inflammatory responses by stimulating
the production of various proinflammatory cytokines and
chemokines. Phosphorylation of IκB by inflammatory stim-
uli (LPS and TNF-α) releases the NF-κB that migrates to
the nucleus and activates expression of the numerous genes
connected with inflammation [110, 112]. The MAPK family
contains three components such as p38 MAPK, ERK1/2,
and JNK/SAPK. Phosphorylation of MAPK components
stimulates the other kinases and migrates to the nucleus
where they induce the transcription of several inflammatory
genes and thereby enhance the secretion of proinflammatory
mediators [110].

Peptides derived from egg, milk, fish, and beans exhibited
the anti-intestinal inflammatory activity through the inhibi-
tion of MAPK and NF-κB molecular pathways [102, 103,
110]. A tetrapeptide, IPAV, isolated from whey proteins
exhibited anti-inflammatory activity in Caco-2 cells by inhi-
biting IL-8 expression and by suppression of phosphoryla-
tion of p65, ERK1/2, p38, JNK1/2, and Syk signaling

Enzymes Bioactive peptides

Cytoplasm

IKKs

I𝜅Bs

NF-𝜅B
p65/p50 ERK

MAPK

p38 JNK

STATs

STATs

DNA

Nucleus

Inflammatory cytokines

Inflammation

Cell membrane

Dietary proteins

Receptor Receptor Receptor

PepT1

p

p p
p

p

p
JAK2 JAK2

p

p

p
p

Figure 2: The mechanism of anti-inflammation of dietary protein-derived bioactive peptides: NF-κB, MAPK, JAK2-STAT, and PepT1. ERK:
extracellular signal-regulated kinases; MAPK: mitogen-activated protein kinase; NF-κB: nuclear factor-kappa B; JAK-STAT: Janus kinase-
signal transducer and activator of transcription; JNK: c-Jun N-terminal kinase; p: phosphorylation; PepT1: peptide transport 1.
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molecules [102]. Bean milk- and yogurt-derived LLV, γ-E-S-
(Me)C, and γ-EL inhibited TNF-α-induced IL-8 production
and gene expression of inflammatory mediators, TNF-α,
IL-1β, IL-8, and IL-6, through the inhibition of phosphoryla-
tion of IκB-α of NF-κB and JNK of MAPK signaling path-
ways in Caco-2 cells [113]. Four peptides DEDTQAMPFR,
DEDTQAMPF, MLGATSL, and MSYSAGF isolated from
egg considerably suppressed the phosphorylation of JNK,
p38, and IκB of NF-κB and MAPK signaling pathways and
thereby reduced the gene expression of IL-8, IL-1β, IL-6,
TNF-α, and IL-12 in TNF-α-stimulated Caco-2 cells [110].
These results indicated that dietary BPs had the potential to
treat inflammation or IBD via NF-κB or MAPK or other sig-
naling pathways.

7. Conclusions and Further Perspectives

Numerous dietary peptides showed beneficial effects on
redox balance and metabolic disorders (obesity, T2D, hyper-
tension, and inflammation). Dietary peptides modulated sev-
eral molecular mechanisms (e.g., Keap1-Nrf2-ARE signaling
pathway in oxidative stress, PPAR-γ, C/EBP-α, SREBP1
pathway in obesity, IRS-1/PI3K/Akt and AMPK signaling
pathways in T2D, ACE inhibition in hypertension, and
MAPK in IBD) and thereby exerted positive effects in redox
balance and metabolic disorders. Most of the studies are con-
ducted using cell and animal models. Although substantial
evidence from cell and animal investigations is available for
the BPs as described in this review, scientific evidence from
clinical studies is still meager. Hence, more clinical investiga-
tions are needed to get in-depth knowledge about the BP’s
efficacy, absorption, distribution, metabolism, excretion,
toxicity, and effect on gut microbiome in the human body
in the future. In the future, the benefits and risks of long-
term and large-quantity consumption of BPs on human
health need to be addressed. The interaction of BPs with
other drugs in the human body has to be investigated com-
prehensively. Additionally, newer technologies are needed
to produce BPs cost effectively from dietary sources. The
BPs should be produced with consumer-acceptable taste,
quality, and stability. Although there are several challenges
for future growth, the dietary BPs could be used as health
foods in the management/prevention of metabolic disorders
(obesity, T2DM, hypertension, and inflammation) and
oxidative stress-related diseases (e.g., cancer and IBD). We
hope that the BP’s industry will have a bright future in the
coming years as people are increasingly aware of health
benefits of dietary BPs.
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Inflammatory bowel disease (IBD) is a chronic intestinal disorder threatening human health. Di-peptide alanyl-glutamine (Ala-
Gln) has various beneficial effects on gut health. However, its role and functional mechanism in treating IBD are still not clear.
Therefore, the protective effects of Ala-Gln and glutamine (Gln) on dextran sulfate sodium- (DSS-) induced colitic mice were
investigated in this study. The results showed that oral supplementation of Ala-Gln or Gln significantly attenuated the colitis
symptoms in mice, including body weight loss, colon length, disease activity index, histological scores, and tissue apoptosis. The
concentrations of interleukin- (IL-) 1β, IL-6, tumor necrosis factor-α, and myeloperoxidase were significantly decreased, while
the concentrations of immunoglobulins (IgA, IgG, and IgM) and superoxide dismutase were significantly increased by Ala-Gln
or Gln supplementation. The expression of occludin and peptide transporter 1 (PepT1) was significantly increased by Ala-Gln
or Gln. Interestingly, Ala-Gln had better beneficial effects than Gln in alleviating colitis. In addition, 16S rDNA sequencing
showed that the DSS-induced shifts of the microbiome (community diversity, evenness, richness, and composition) in the
mouse colon were restored by Gln and Ala-Gln, including Lactobacillus, Bacteroides_acidifaciens, Bacteroidales, Firmicutes,
Clostridia, Helicobacter, and Bacteroides. Correspondingly, the functions of the microflora metabolism pathways were also
rescued by Ala-Gln, including fatty acid metabolism, membrane transporters, infectious diseases, and immune system. In
conclusion, the results revealed that Ala-Gln can prevent colitis through PepT1, enhancing the intestinal barrier and modulating
gut microbiota and microflora metabolites.

1. Introduction

Inflammatory bowel disease (IBD, including ulcerative
colitis) is a chronic gastrointestinal disorder caused by
inflammation or oxidative stress in the colon, which has
threatened the human health and has various colitis symp-
toms, such as gut bleeding, bloody diarrhea, body weight
(BW) loss, epithelial cell loss, neutrophil infiltration, and
the release of proinflammatory mediators (e.g., interleukin-
(IL-) 1β, IL-4, IL-5, IL-6, IL-8, and tumor necrosis factor-
(TNF-) α) [1]. However, the use of drugs to treat IBDs often
has side effects. The application of bioactive peptides with the

potential to manage chronic intestinal inflammation comes
into people’s view [1].

Glutamine (Gln) is a well-studied amino acid with
immune-modulating effects [2, 3], and it can alleviate intesti-
nal inflammation [4]. The Gln can be utilized to maintain the
intestinal structure and function [5], and it also can mediate
protein synthesis by intestinal microorganisms [6]. Gln used
in human and animal studies is often in the form of alanyl-
glutamine (Ala-Gln) [3]. However, the difference of the
effects between Ala-Gln and Gln is still not clear. Intrigu-
ingly, Ala-Gln has a superior preventive effect on intestinal
damage with more mucosal weight, protein content, and
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villus height than those in mice with alanine plus Gln mix-
ture [7]. Ala-Gln had a better effect on improving enterocyte
proliferation than Gly-Gln or Gln [8]. In other words, Ala-
Gln may serve as a bioactive peptide and has better effects
than Gln or alanine alone.

It was reported that Ala-Gln can alleviate inflammation
via inhibiting cytokine expression and regulating T cells in
colitic mice [3, 9, 10] and alleviates the allergic inflammation
of the airways and lungs through modulating gut microbiota
and their metabolites in mice [11]. The Ala-Gln can attenu-
ate metabolic stress, enhance immunity [12], and inhibit
intestinal mucositis in mice [13]. In addition, Ala-Gln can
also improve the gastrointestinal epithelial structure and
immune status of early-weaned calves [14]. In a number of
studies, dextran sulfate sodium- (DSS-) induced mouse coli-
tis is a widely used model to study IBD with the features of
ulcerative colitis [1, 15]. The peptide Ala-Gln has attracted
an increasing interest of scientists. However, the role and
functional mechanism of Ala-Gln on colitis are still unclear,
particularly in the gut microbiota. Therefore, the objective
of this study is to explore the effects of Ala-Gln on DSS-
induced acute colitis in mice.

2. Materials and Methods

2.1. Mouse Treatment. Forty male mice (6-7 weeks old; Insti-
tute of Cancer Research; body weight (BW), 28-32 g) were
obtained from Liaoning Changsheng Biotechnology Co.,
Ltd. (Benxi, China). Ala-Gln was obtained from Wuhan
Jetide Biotech Co., Ltd. (Wuhan, China). The DSS was pur-
chased from Sangon Biotech Co., Ltd. (A600160-0250,
Shanghai, China). Mice were randomly assigned to four
groups (n = 10): control, DSS, DSS+Gln (Gln), and
DSS+Ala-Gln (Ala-Gln). Mice in the Gln or Ala-Gln group
received Gln (2.5%, w/v, 500mg Gln/kg BW/d) or Ala-Gln
(3.75%, w/v, 750mg Ala-Gln/kg BW/d, equivalent to
500mg Gln/kg BW/d) dissolved in sterilized distilled water
by daily intragastric gavage from day 1 to 14. From day 8 to
14, the mice in DSS, Gln, and Ala-Gln groups were given
3% DSS (w/v) in water. Mice were kept under the controlled
conditions of 12 h light/dark, constant temperature (25°C),
and humidity (50 ± 5%). The amount of Gln and Ala-Gln
given to mice is a safe dose used in clinical studies [10, 15].

2.2. Disease Activity Index (DAI) and Colon Histologic
Analysis. The DAI was assessed with the score sum according
to BW loss, stool consistency and bleeding, and mouse con-
dition as previous reports [16, 17]. After sacrificing mice on
day 15, the colon length was measured, and the colon tissue
(~3.5 cm proximal to the anus) was fixed with 10% buffered
formalin and stained with hematoxylin and eosin (HE) to
obtain the morphology structure. The tissue damage was
evaluated using the degree of inflammatory cell infiltration
based on previous descriptions [16, 18]. In addition, the cell
apoptotic level was assessed by the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay by using
a cell death detection kit with the nuclei stained with DAPI
(Roche, Basel, Switzerland). The morphology was observed
using fluorescent microscopy (DMIL LED, Leica, Germany).

2.3. Enzyme-Linked Immunosorbent Assay (ELISA). The
serum was obtained with blood being centrifuged for
15min at 1500 g. The concentrations of immunoglobulin
(Ig) A, IgG, and IgM in the serum were detected by using
ELISA kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The contents of IL-1β, IL-6, TNF-α, super-
oxide dismutase (SOD), and myeloperoxidase (MPO) in
colon tissues were measured by using ELISA kits according
to the manufacturer’s instructions [19]. The content of tissue
protein was measured using the Bicinchoninic Acid Protein
Assay Kit (P0011, Beyotime, Shanghai, China) and analyzed
using a microplate reader (Bio-Rad, 680, Hercules, CA, USA).

2.4. Western Blot. Colon tissue was lysed using radioimmuno-
precipitation assay lysis buffer (P0013B, Beyotime, Shanghai,
China) and PMSF (ST506, Beyotime, Shanghai, China), and
the lysate was homogenized and centrifuged to obtain the
supernatant. The sample in the supernatant with loading
buffer (SibEnzyme, Russia) was kept at 95°C to denature
the protein. The sample was condensed and separated via
the appropriate concentration of SDS gel electrophoresis
and then transferred to a PVDF membrane (Sigma-Aldrich,
UK), which was then blocked in 5% BSA. After being washed
using TBST buffer, the PVDF membrane was incubated with
primary antibodies at 4°C overnight (1 : 1000), including β-
actin (4970S, CST), PepT1 (sc-373742, Santa Cruz, CA,
USA), occludin (sc-133255, Santa Cruz, CA, USA), extracel-
lular signal-regulated kinase (ERK; CST 4695S), pERK (CST
4370S), p38 (CST 8690S), pp38 (CST 4511S), c-Jun N-
terminal kinase (JNK; CST 3708S), and pJNK (CST 9255S).
Subsequently, the membrane was incubated with an HRP-
conjugated secondary antibody (1 : 8000, CST, Danvers,
MA, USA). The bands were observed by using Chemilma-
ging software (Baygene Biotech, China) with fluorescence
excited using HRP-conjugated ECL Western Blotting Sub-
strate (Tanon, Shanghai, China). Band intensity was mea-
sured using ImageJ software (NIH, USA) and normalized
using β-actin.

2.5. Gut Microbiota. The DNA of mouse colon luminal con-
tent was extracted by using the QIAamp DNA Stool Mini Kit
(Qiagen, Hilden, Germany). The primers targeting V3 to V4
regions of the 16S rDNA sequence were amplified using poly-
merase chain reaction (PCR). The PCR products were puri-
fied using Agencourt AMPure XP and sequenced using a
HiSeq platform. The raw data was filtered, and the Opera-
tional Taxonomic Units (OTUs; >97% similarity) were clus-
tered by using USEARCH and the data was analyzed by using
an RDP classifier (>80% confidence). The diversity indices of
alpha and beta were analyzed using Quantitative Insights
into Microbial Ecology (QIIME; http://qiime.org/). The dis-
tances among samples were computed using principal
component analysis (PCA) and partial least squares discrim-
inant analysis (PLS-DA). In addition, linear discriminant
analysis (LDA) effect size (LEfSe) was used to determine taxa,
which can characterize each population (LDA score > 4) to
discover biomarkers. A Venn diagram was drawn by using
R software and used to present OTU overlap among samples.
Additionally, the cladogram plot was drawn using Figure
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Tree software to identify corresponding group biomarkers
(http://tree.bio.ed.ac.uk/software/figtree/). The taxonomical
levels were carried out at the phylum, class, order, genus,
and species levels. Moreover, the function of the metagenome
was predicted using Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States (PICRUSt;
http://picrust.github.com) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) levels 1, 2, and 3.

2.6. Statistical Analysis. Data analysis was performed by Stu-
dent’s t-test between two groups and one-way ANOVA
followed by Tukey’s comparison among multiple groups by
using SPSS software (SPSS Inc., Chicago, IL, USA). The
results were presented as means ± standard error of mean
(SEM). p < 0:05 was considered statistically significant.

3. Results

3.1. Ala-Gln Alleviated DSS-Induced Mouse Colitis. The
experiment was carried out according to a timeline as shown
in Figure 1(a). Colitis symptoms had appeared in mice after
oral treatment with DSS for a week, including low BW
(Figure 1(b)), short colon length (Figure 1(c)), and high
DAI (Figure 1(d)). However, the BW and colon length were
significantly upregulated by Ala-Gln (p < 0:05) (Figures 1(b)
and 1(c)). The DSS-induced high DAI was significantly
decreased by Ala-Gln (p < 0:05) (Figure 1(d)). However, the
treatment of Gln did not significantly alleviate DSS-induced
mouse colitis. These results suggested that the DSS-induced
colitis symptom was dramatically alleviated by Ala-Gln.

3.2. Colon Tissue Damage and Apoptosis. The challenge with
DSS in mice damaged colon tissue as shown in HE straining
morphology, including crypt loss and leukocyte infiltration;
however, these damage signs were attenuated by Gln and
Ala-Gln. DSS challenge increased the colon histological
index. Interestingly, this increase was significantly amelio-
rated by Gln and Ala-Gln (Figure 2(a)). In addition, DSS
treatment enhanced colon apoptosis as shown in TUNEL-
positive nuclei; however, this increase was significantly
counteracted by Gln and Ala-Gln (Figure 2(b)). These results
indicated that Gln and Ala-Gln restored the DSS-induced
colon damage.

3.3. Effects of Ala-Gln on Inflammatory Mediators and
Immunoglobulins. The contents of inflammatory mediators
IL-1β, IL-6, and TNF-α in colon tissue of DSS-challenged
mice were significantly reduced by Gln or Ala-Gln supple-
mentation (p < 0:05) (Figures 3(a)–3(c)). The concentrations
of immunoglobulins IgA, IgG, and IgM in serum were signif-
icantly increased by Ala-Gln (p < 0:05) (Figures 3(d)–3(f)).
In mouse colon tissues, SOD activity was significantly
increased and MPO concentration was significantly decreased
by Ala-Gln administration (p < 0:05) (Figures 3(g) and 3(h)).
These results indicated that Gln and Ala-Gln rescued the
immunity status of mice. However, IL-1β, TNF-α, IgG, SOD,
and MPO were not significantly affected by Gln, indicating
that Gln is not so effective as Ala-Gln to suppress DSS-
induced colitis.

3.4. Western Blot. The expression of the tight junction (TJ)
protein occludin was significantly increased by Gln and
Ala-Gln (p < 0:05) (Figures 4(a) and 4(b)), indicating that
the intestinal barrier was enhanced by Gln and Ala-Gln to
alleviate the colitis. The expression of the peptide transporter
PepT1 (Figures 4(a) and 4(c)) was also significantly upregu-
lated by Gln and Ala-Gln (p < 0:05), indicating that PepT1
was involved in colitis alleviation by Ala-Gln. However, no
significant difference was detected in the expression of phos-
phorylation MAPK signaling (p38, JNK, and ERK) (data not
shown), suggesting that the MAPK signaling pathway was
not involved in alleviating intestinal inflammation of Ala-Gln.

3.5. Gut Microbiota. The colon microbial community of mice
was analyzed by the 16S rDNA phylogenetic method with
OTU similarity higher than 97%. Alpha diversity of the
microbial communities was estimated by using Shannon
and Simpson indices. The Shannon index was significantly
decreased by DSS treatment (p < 0:01), while the Simpson
index was significantly increased by DSS (p < 0:05), indicat-
ing that DSS decreased the diversity of gut microbial commu-
nity of mice (Figures 5(a) and 5(b)). Moreover, this decrease
was drastically rescued by both Gln and Ala-Gln. The micro-
biota structure was analyzed by PCA, which showed that the
gut microbiota was separated by DSS, Gln, and Ala-Gln treat-
ments (Figures 5(c) and 5(d)). Compared with the DSS
group, gut microbiota was separated by Gln and Ala-Gln
treatments using OTU-based partial least squares discrimi-
nant analysis (PLS-DA) (Figure 5(d)). In addition, the Venn
diagram illustrated that 261 universal OTUs were detected
out of 521 total OTUs in all samples. There were 105, 6, 3,
and 11 unique OTUs in control (total 432), DSS (total 346),
Gln (total 356), and Ala-Gln (total 381) groups, respectively
(Figure 5(e)). The key bacterial alterations in the taxonomic
cladogram showed that Sphingobacteriaceae, Sphingobacter-
iales, Sphingobacteria, Turicibacteraceae, and Turicibacter-
ales were the unique cluster markers in the Gln group
(Figure 5(f)). The LDA score of taxon abundance illustrated
that DSS treatment significantly increased the abundances
of Dorea and Defluviitalea, while Gln significantly increased
the abundances of Ruminococcus and Coprococcus (p < 0:05),
and Ala-Gln significantly increased p_75_a5 abundance
(p < 0:05). Notably, compared with the control group, DSS
challenge in all other groups significantly decreased the abun-
dance of probiotics, such as Prevotellaceae, Lactobacillales,
Lactobacillaceae, and Lactobacillus (p < 0:05, Figure 5(g)).

The Firmicutes and Bacteroidetes were the predominant
bacteria at the phylum level, and Clostridia and Bacteroidia
were the predominant bacteria at the class level, while Clos-
tridia and Bacteroidales were the predominant bacteria at
the order level (Figures 6(a)–6(c)). At the phylum level, Bac-
teroidetes abundance and the ratio of Bacteroidetes/Firmi-
cutes were significantly decreased by Gln and Ala-Gln
(p < 0:05, Figure 6(a)). At the class level, Clostridia abundance
was significantly increased by Gln, while the abundances of
Bacteroidia and Epsilonproteobacteria were significantly
decreased by Gln or Ala-Gln (p < 0:05, Figure 6(b)). At the
order level, the abundance of Clostridiales was significantly
increased by Gln, while the abundances of Bacterioidales and
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Campylobacterales (gastrointestinal pathogens) were signifi-
cantly decreased by Gln or Ala-Gln (p < 0:05, Figure 6(c)).
At the genus level, the abundances of pathogens Helicobacter
spp. and Bacteroides spp. were increased by DSS challenge,
while they were significantly decreased by Gln or Ala-Gln to
counteract DSS-induced increases (p < 0:05, Figure 6(d)). At
the species level, the abundance of Bacteroides_acidifaciens

was significantly increased by DSS challenge, while it was sig-
nificantly decreased by Gln (p < 0:05, Figure 6(e)). These
results indicated that the DSS-induced change of gut microbi-
ota was restored by Gln and Ala-Gln.

3.6. Effects of Ala-Gln on Metabolism Pathways of Gut
Microbial Community. The metabolism of microbial
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Figure 1: Supplementations of Gln and Ala-Gln attenuated the mouse colitis symptoms induced by DSS. (a) Experimental timeline. (b) Body
weight. (c) Colon length. (d) Disease activity index. Results were shown as means ± SEM (n = 6). ∗p < 0:05 versus control group; #p < 0:05
versus DSS group.
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communities was predicted by PICRUSt. At KEGG level 1,
the function of environmental information processing was
significantly enhanced by Ala-Gln compared with DSS treat-
ment (p < 0:05, Figure 7(a)). At KEGG level 2, the functions
of membrane transport and enzyme families were signifi-
cantly enhanced by Ala-Gln (p < 0:05, Figure 7(b)). However,
the functions of replication and repair, genetic information
processing, infectious diseases, immune system, and glycan
biosynthesis and metabolism were significantly inhibited by
Ala-Gln (p < 0:05, Figure 7(b)). At KEGG level 3, compared
with the DSS group, the metabolism functions of trans-
porters, ABC transporters, and biosynthesis of ansamycins
were significantly enhanced by Ala-Gln treatment. However,
the functions of DNA replication proteins, fatty acid biosyn-
thesis, propanoate metabolism, folate biosynthesis, epithelial
cell signaling in Helicobacter pylori infection, polycyclic aro-

matic hydrocarbon degradation, restriction enzyme, and
bacterial toxins were significantly inhibited by Ala-Gln com-
pared with the DSS treatment (p < 0:05, Figure 7(c)).

From the above results, the underlying mechanism of
Ala-Gln in alleviating colitis of mice can be concluded as fol-
lows: (1) the transport of Ala-Gln via PepT1 into intestinal
epithelial cells, (2) the decrease in IL-1β, IL-6, TNF-α, and
MPO and the increase in IgA, IgG, IgM, and SOD, and (3)
the normalization of microbiota and microbial metabolism
(Figure 8).

4. Discussion

The IBD is a complex chronic intestinal inflammation associ-
ated with the nutrition and gut microbiome [1]. As we know,
the use of drugs to manage IBD has many side effects. It was
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Figure 2: Supplementations of Gln and Ala-Gln rescued DSS-induced mouse colon histological damage. (a) The HE staining micrographs
and histological scoring of mouse colon morphology. Bar = 50μm. (b) Fluorescent micrographs and quantitation of TUNEL (green) and
DAPI (blue) of colon tissue. Bar = 100 μm. Results were shown as means ± SEM (n = 6). ∗p < 0:05 versus control group; #p < 0:05 versus
DSS group.
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Figure 3: Continued.
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reported that bioactive peptides derived from food proteins
had anti-inflammatory function with the potential to treat
IBD without side effects [1, 20, 21], such as peptides IRW,
IQW [22], EWP [23], GLTSK [24], glycomacropeptide [25],

KPV [26], QCQCAVEGGL [27], RILSILRHQNLLKELQ-
DLAL [28], VPY [29], WH [30], P-317 [31], pyroGlu-Leu
[32], γ-EC, and γ-EV [33]. Bioactive peptides can cross the
intestinal epithelial wall and enter intact into the bloodstream
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Figure 3: Effect of the supplementations of Gln and Ala-Gln on cytokines, immunoglobulins, SOD, and MPO of mice. (a–c) Concentrations
of IL-1β, IL-6, and TNF-α in colon tissue. (d–f) Concentrations of IgA, IgG, and IgM in serum. (g, h) Contents of SOD and MPO in colon
tissue. Results were shown as means ± SEM (n = 7). ∗p < 0:05 versus control group; #p < 0:05 versus DSS group.
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having bioactive function; therefore, the efficiency to transport
amino acids can be enhanced by peptides [20, 34]. In addition,
Gln is a therapeutic candidate for improving intestinal health
based on its influence on repairing the intestinal epithelial wall
and enhancing immunity [35]. Several studies have been per-
formed to investigate the beneficial effects of Gln and Ala-Gln
on colitis and intestinal health [3, 9, 15, 36]. However, little is
known about the difference betweenGln and Ala-Gln in colitis
and gut microbiota in the intestinal inflammation. In addition,
a dose of 750mg Ala-Gln/kg BW/d (equal 500mg Gln/kg
BW/d) was used to manage mice based on previous reports
of the safe and effective treated dose [9, 10, 15].

The DSS-induced colitic mice are an intensively used
model to study IBD with the evaluation of DAI, BW, colon
length, signaling pathways, inflammatory cytokines, and gut
microbiome in mice [1, 17, 37]. In this study, high DAI, short
colon length, and colon tissue damage were observed in DSS-
challenged mice, indicating that the colitis model was estab-
lished successfully [38]. However, these IBD markers were
restored by the oral supplement of Ala-Gln, indicating that
the mouse colitis was attenuated by Ala-Gln. As shown in
this study, it has been confirmed that Ala-Gln attenuated
colon inflammation and increased colon length [9]. The
cytokines IL-1β, IL-6, IL-8, and TNF-α can cause intestinal
inflammation [1], and their release can induce intestinal dys-
function [37]. The intestinal inflammatory cytokine disor-
ders always are associated with oxidative stress imbalance
[39, 40]. In this study, the decreases in the contents of IL-
1β, IL-6, and TNF-α caused by Ala-Gln were confirmed by
a previous study which showed that Gln reduced the expres-
sion of these cytokines in mice with Pasteurella multocida
vaccine [41]. These results can be explained partly by Gln
bioactivity, which can inhibit DSS-induced colitis via the
decrease in proinflammatory cytokines and SOD [36]. The

Gln has also been found to inhibit inflammatory response
by regulating NF-κB activation, which can cause proinflam-
matory cytokine release [42], while Gln can inhibit inflam-
matory cytokines and is beneficial for intestinal mucosa in
endotoxemic rats [43]. In the current study, the decrease in
inflammatory cytokines by Ala-Gln (not by Gln with IL-1β
and TNF-α) indicated that the extent of colitis was amelio-
rated by Ala-Gln, which has better beneficial effects than
Gln. Additionally, the contents of IgA, IgG, and IgM were
increased by Ala-Gln to enhance the immune system. It
was reported that Gln can increase IL-6 and SIgA concentra-
tions and protect against Escherichia coli infection via intesti-
nal innate immunity in mice [2, 44]. These results indicated
that dietary Ala-Gln can ameliorate colitis via enhancing
immunoglobulin levels.

The TJ barrier is important to intestinal health by modu-
lating gut permeability and IBD pathogenesis [45], and the
impairment of its integrity is a crucial reason to cause colitis.
The Gln had defensive effects on the maintenance of intesti-
nal barrier integrity in Caco-2 cells [46]. In the present study,
the expression of the TJ protein occludin in the colon was
upregulated by Ala-Gln. Another reason for the better sup-
pression effect of Ala-Gln than Gln is that Ala-Gln is the sub-
strate of intestinal PepT1, which can transport Ala-Gln
efficiently into the blood circulation [20]. Although PepT1
expression can be upregulated in the IBD colon due to its
transport of bacterial peptides into cells, PepT1 can also
transport Ala-Gln into intestinal cells and bloodstream to
inhibit inflammation [47], such as anti-inflammatory pep-
tides VPY [29], KPV [26], IPAV [48], and β-Ala-His [49].
Therefore, PepT1 is a promising potential target for manag-
ing colitis; however, its mechanism underlying the inhibition
of colitis by bioactive peptides still needs further investiga-
tion. However, in this study, no significant effect of Ala-Gln
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Figure 6: The relative abundances of predominant different bacteria after Gln and Ala-Gln treatments were shown at the phylum (a), class
(b), order (c), genus (d), and species (e) levels. Results were shown as means ± SEM (n = 7). ∗p < 0:05; ∗∗p < 0:01.
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was observed on MAPK phosphorylation, indicating that
MAPK signaling is not the mechanism for Ala-Gln to ame-
liorate colitis. In addition, oxidative stress is another mecha-
nism that causes IBD [50], and the SOD activity can be
decreased by DSS challenge [16, 22]. As an indicator for coli-
tis extent, MPO can induce tissue damage due to the release
of oxyradicals from leukocytes [3]. In this study, Ala-Gln
showed defensive effects by increasing SOD, demonstrating

that Ala-Gln could inhibit colitis through mediating oxida-
tion resistance. The MPO concentration was increased by
DSS and reversed by Ala-Gln, indicating that Ala-Gln has
alleviated colitis inflammation.

The microbiota plays a critical role in maintaining gut
oxidative environment and altering chronic inflammation
of human and animals [51]. In the current study, intestinal
microbial composition was changed and the microbial

Metabolism

Relative abundance (%) Log2 (Ala-Gln/DSS) p value/FDR

Organismal systems

Genetic information processing

Environmental information processing

0

Human diseases

−1.0−0.5 0.0 0.5 1.010 20 30 40 0.05 0.10 0.15

FDR
p value

DSS
Ala-Gln

(a)

Relative abundance (%) Log2 (Ala-Gln/DSS) p value/FDR

Circulatory system
Glycan biosynthesis and metabolism

Signaling molecules and interaction
Enzyme families

Genetic information processing

0

Replication and repair
Immune system

Membrane transport
Infectious diseases

−1.0−0.5 0.0 0.5 1.04 8 12 0.0 0.2 0.3

FDR
p value

DSS
Ala-Gln

0.1 0.4

(b)

Relative abundance (%) Log2 (Ala-Gln/DSS) P value/FDR
Fatty acid biosynthesis

Propanoate metabolism
Terpenoid backbone biosynthesis

DNA replicaion proteins
Antigen processing and presentation

Zeatin biosynthesis
Progesterone–mediated oocyte maturation
Synthesis and degradation of ketone bodies

Proteasome
Taurine and hypotaurine metabolism

Bacterial toxins
Transporters

NOD–like receptor signaling pathway
Retinol metabolism

Prion diseases
Prion diseases

ABC transporters
Tetracycline biosynthesis

Biosynthesis of ansamycins
Policyclic aromatic hydrocabon degradation

Epithelial cell signaling in helicobacter pylori intection
Biotin metabolism

Restriction enzyme

0 −4 42 6 0.0 0.4

FDR
p value

DSS
Ala-Gln

04 0.2 0.6

(c)

Figure 7: The metabolized pathways of the different microflora abundances after Ala-Gln supplementation in DSS-challenged mice at KEGG
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diversity was reduced in colitic mice. Gut microbial diversity
was decreased by DSS challenge, while it was significantly
increased by Gln and Ala-Gln, indicating that Gln and Ala-
Gln reversed DSS-induced decrease in microbial diversity.
In this study, the DSS challenge decreased the OTU numbers,
while Ala-Gln treatment increased OTUs to counteract their
shifts, indicating that the richness of the gut microbiome was
normalized by Ala-Gln to a certain extent. It was reported
that the increase in Bacteroidetes and the ratio of Bacteroide-
tes/Firmicutes were the indicators of IBD [17, 37]. In the cur-
rent study, the microbiota composition was reversed and the
ratio of Bacteroidetes/Firmicutes was decreased by Ala-Gln
treatment. It was also observed that Gln increased the Firmi-
cutes/Bacteroidetes ratio, decreased the abundance of Firmi-
cutes, and beneficially changed the bacterial community
and activated the innate immunity in the intestine [52]. It
was reported that the decrease in Bacteroides and the increase
in Firmicutes have a defensive effect on IBD [53]. The abun-
dance of Firmicutes in DSS-induced colitic mice was also
increased by serine [37]. The decrease in Bacteroides abun-
dance linked to intestinal inflammation can explain the coli-
tis amelioration by Ala-Gln [17]. In our study, Gln increased
Clostridiales abundance, which can promote the develop-
ment of intestinal IgA-producing cells and benefits the
immunological responses [54]. The Ala-Gln or Gln restored
DSS-induced change of Lactobacillus, Bacteroidales, Firmi-
cutes, Bacteroides_acidifaciens, Clostridia, Helicobacter, and
Bacteroides. These results indicated that Ala-Gln alleviated
the DSS-induced decrease in microbial diversity, evenness,
and composition and rescued gut microbiota dysbiosis,
which was confirmed by a previous study that Gly-Gln
reduced the inflammatory response in piglets by modulating
gut microbial community and metabolism [5]. The reason
may be that Gln can regulate amino acid utilization via intes-
tinal microorganisms [6].

The metabolism functions of gut microbiota were also
inhibited by Ala-Gln, such as epithelial cell signaling in Heli-
cobacter pylori infection, infectious diseases, polycyclic aro-
matic hydrocarbon degradation, and bacterial toxins.
Among them, Helicobacter pylori infection is a key factor in

intestinal disease etiology [55]. However, the metabolism of
membrane transporters was enhanced by Ala-Gln, indicating
that nutritional transporters (e.g., PepT1) may be enhanced
to transport more nutrients into epithelial cells and blood-
stream to resist inflammation. Furthermore, the role of gut
microbiota mediated by Ala-Gln is still lacking; therefore,
the modulating mechanism of Ala-Gln on gut microbiota
needs to be investigated in the future.

5. Conclusion

This study reveals that the oral administration of Gln and
Ala-Gln can protect against DSS-induced colitis through
alleviating mucosa damage and inflammatory responses,
upregulating the expression of TJ and PepT1 proteins and
modulating gut microbiota in mice. The DSS-induced shifts
of the microbiome (community diversity, evenness, richness,
and composition) in the mouse colon were restored by Gln
and Ala-Gln supplementation, including Lactobacillus, Bac-
teroides_acidifaciens, Bacteroidales, Firmicutes, Clostridia,
Helicobacter, and Bacteroides. The metabolism functions of
gut microflora were also rescued by Ala-Gln, including mem-
brane transporters (PepT1), fatty acid and propanoate
metabolism, infectious diseases, immune system, and bacte-
rial toxins. Interestingly, Ala-Gln has a better beneficial effect
than Gln in alleviating colitis. In conclusion, Ala-Gln can
prevent IBD through PepT1, enhancing the intestinal barrier
and modulating gut microbiota and their metabolites. This
study provides a new insight into the biological function
and protective effect of Ala-Gln in managing IBD. Further-
more, the role and the underlying mechanism of PepT1
and gut microbiota in alleviating colitis need to be investi-
gated in the future.
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Cassiae Semen is a widely used herbal medicine and a popular edible variety in many dietary or health beverage. Emerging evidence
disclosed that improper administration of Cassiae Semen could induce obvious liver injury, which is possibly attributed to emodin,
one of the bioactive anthraquinone compounds in Cassiae Semen, which caused hepatotoxicity, but the underlying mechanisms are
not completely understood. Hence, the present study firstly explored the possible role of oxidative stress-mediated mitochondrial
dysfunction and ER stress in emodin-cause apoptosis of L02 cells, aiming to elaborate possible toxic mechanisms involved in
emodin-induced hepatotoxicity. Our results showed that emodin-induced ROS activated ER stress and the UPR via the
BiP/IRE1α/CHOP signaling pathway, followed by ER Ca2+ release and cytoplasmic Ca2+ overloading. At the same time,
emodin-caused redox imbalance increased mtROS while decreased MMP and mitochondrial function, resulting in the leaks of
mitochondrial-related proapoptotic factors. Interestingly, blocking Ca2+ release from ER by 2-APB could inhibit emodin-
induced apoptosis of L02, but the restored mitochondrial function did not reduce the apoptosis rates of emodin-treated cells.
Besides, tunicamycin (TM) and doxorubicin (DOX) were used to activate ER stress and mitochondrial injury at a dosage where
obvious apoptosis was not observed, respectively. We found that cotreatment with TM and DOX significantly induced apoptosis
of L02 cells. Thus, all the results indicated that emodin-induced excessive ROS generation and redox imbalance promoted
apoptosis, which was mainly associated with BiP/IRE1α/CHOP signaling-mediated ER stress and would be enhanced by
oxidative stress-mediated mitochondrial dysfunction. Altogether, this finding has implicated that redox imbalance-mediated ER
stress could be an alternative target for the treatment of Cassiae Semen or other medicine-food homologous varieties containing
emodin-induced liver injury.

1. Introduction

Cassiae Semen, the dried and ripe seed of Cassia obtusifolia L.
or Cassia tora L., is a well-known Chinese herbal medicine
and has been used for more than 2000 years in China and
other East Asian countries, thanks to its remarkable efficacy
for hepatoprotection, lowering blood pressure, improving
eyesight, and antioxidation [1]. Besides, as a popular edible

substance and a common ingredient in many slimming
health foods and beverages, Cassiae Semen has displayed
excellent performance in the control of blood lipid and body
weight [2]. However, this medicine-food homologous variety
has been demonstrated to exhibit obvious hepatoxicity that
can eventually result in liver damage and cholestasis [3].
The safety of Cassiae Semen has therefore become a global
health concern.
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In recent years, there is a growing body of evidence
that emodin, an anthraquinone compound extracted from
Cassiae Semen, is not only a major bioactive substance
but also the main hepatoxic substance of this edible herbal
medicine [4]. As documented in previous researches, emo-
din could not only attenuate CCl4-, APAP-, and ethanol-
induced hepatotoxicity of hepatocytes by inhibiting oxida-
tive stress or lipid peroxidation but also ameliorate LPS-
caused fulminant hepatic failure by suppressing immune
responses [5]. Given such hepatoprotective activity, emo-
din was once considered a promising medicine for differ-
ent liver diseases. But the latest studies showed that
emodin (more than 30μM) dose-dependently caused sig-
nificant disturbance of fatty acid metabolism and apoptosis
in human hepatocytes [6, 7]. Pharmacokinetics studies
confirmed that emodin was the critical hepatotoxic compo-
nent of other medicines containing emodin [8]. Nevertheless,
the mechanisms by which emodin induces hepatotoxicity are
not yet fully understood.

Reactive oxygen species- (ROS-) initiated perturbation of
redox homeostasis and the subsequent oxidative stress
always participate in xenobiotic-induced hepatoxicity.
Generally speaking, excessive accumulation of intracellular
ROS could cause oxidative injuries to biomacromolecules
and organelles, mostly resulting in apoptotic cell death
[8]. Once ROS causes a decrease in the mitochondrial
membrane potential and an increase in mitochondrial
membrane permeability, mitochondrial proapoptotic fac-
tors will be released to the cytoplasm and trigger the
mitochondrial-dependent apoptosis [8]. What is worthy of
note is that elevated intracellular ROS generation directly
induces the endoplasmic reticulum (ER) stress, which could
in turn activate the ER-related apoptotic cell death that is
characterized by the calcium release from the ER and the
activation of Caspase-12 [9, 10]. More importantly, mito-
chondrion and the ER coordinate the oxidative stress
responses and play an important role in the initiation of
apoptosis.

Previous articles have reported that emodin (50μM) did
have an impact on mitochondrial oxidative phosphorylation
in hepatocytes and triggered ROS-mediated ER stress in
human T cells [11], suggesting that emodin-caused hepato-
toxicity would be associated with ROS-induced mitochon-
drial dysfunction and ER stress. Unfortunately, no report is
currently available that emodin induces ROS generation
and the consequent ER stress- and/or mitochondrial-related
apoptosis in hepatocytes. Instead, emodin (10μM) could
inhibit oxidative stress generated by arachidonic acid plus
iron [12]. Thus, the role of ROS-mediated mitochondrial
dysfunction, ER stress, and related apoptotic cell death in
hepatotoxicity caused by emodin needs to be explored.

In the present study, to determine the toxicity effects of
emodin on the liver, the cytotoxicity and redox status of
emodin-treated human hepatocytes were examined before
the mitochondrial function, ER stress, and toxic mechanisms
involved in presenting a possible mode of action of emodin-
induced hepatotoxicity were investigated. Furthermore, the
role of reduced mitochondrial function in emodin-induced
ER-related apoptosis was also discussed.

2. Methods and Materials

2.1. Cell Culture and Reagents. The normal human hepato-
cyte cell line (L02) was purchased from the Type Culture Col-
lection of the Chinese Academy of Sciences, Shanghai, China.
The L02 cells were cultured in complete RPMI-1640 medium
(Gibco, Thermo Fisher Scientific, USA) containing 10% fetal
bovine serum (FBS, 11011-861, EVERY GREEN) and 1%
penicillin-streptomycin (10 kU/mL-10mg/mL, FG101-01,
Transgene, China) and maintained in an incubator with 5%
CO2 at 37°C. The culture medium was renewed every two
days, and cells were passaged at 80% confluence using
0.25% trypsin-EDTA. Emodin was purchased from EFEBIO
Company (E054323, 98% (HPLC), China). (2-(2,2,6,6-Tetra-
methylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl) triphenyl-
phosphonium chloride (MitoTEMPO or MT, SML0737,
≥98% (HPLC)) and 2-aminoethyl diphenylborinate (2-
APB, #9754, 97% (HPLC)) were from Sigma-Aldrich
(China). N-Acetyl-L-cysteine was acquired from Beyotime
Biotechnology (NAC, S0077, >99%, China). Tunicamycin
(TM) and doxorubicin (DOX) were purchased from Solarbio
Life Science (T8480 and D8740, China), and their purities
were both more than 98%.

2.2. Cell Viability Assay. Cell viability was determined using
the Cell Counting Kit-8 assay (CCK-8, Dojindo, Japan)
according to the manufacturer’s instructions. Cells were
seeded in a 96-well plate and treated with emodin (0, 6.25,
12.5, 25, and 50μM) for 24 h. At the end of treatment, cells
were washed with PBS buffer and incubated with RPMI-
1640 medium containing 10% CCK-8 solution for 2 h in an
incubator with 5% CO2 at 37

°C. Sequentially, the absorbance
of each well was measured with a microplate reader at
450 nm (Multiskan MK3, Thermo Fisher Scientific, USA).
Cell viabilities for treated groups were presented as percent-
ages of that of the control.

2.3. Determination of Cell Apoptosis Rate. An Annexin V-
FITC/PI apoptosis detection kit (C1062L, Beyotime, China)
was used to detect the apoptosis of L02 cells according to
the manufacturer’s instructions. The L02 cells (3 × 105) were
seeded in 60mm plates and treated with emodin (25μM,
with or without MT (5μM), 2-APB (20μM)), TM
(62.5 nM), and DOX (125nM). After treatment, the cells
were collected into 15mL centrifugal tubes and washed with
warm PBS. Then, cells in each group were centrifuged for
5min at 1000 rpm at room temperature (RT). Having the
supernatant discarded, 195μL 1x binding buffer was used
to resuspend cells in 1.5mL centrifugal tubes, followed by
5μL Annexin V-FITC and 10μL PI for double staining. Soon
after incubation in the dark at room temperature (RT) for
10min, the cell suspensions were submitted to a flow cyt-
ometer (FACSCalibur, Becton Dickinson, USA) to determine
apoptosis rates at an excitation wavelength of 488nm.

2.4. Measurement of Intracellular ROS. The L02 cells were
placed into 35mm plates at a density of 1 × 105 cells. The
next day, the cells were treated with 6.25, 12.5, 25, and
50μM of emodin with or without 5mM NAC for 24h. After
being washed with warm PBS, the cells were incubated with
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1mL of serum-free medium containing 10μM of 2,7-
dichlorofluorescein diacetate (DCFH-DA) (C1300-1, Apply-
gen Technologies, China). After 30min of incubation at
37°C, the cells were washed twice by PBS before the images
were captured by one inverted fluorescence microscope
(Ti2, Nikon, Japan). Fluorescence images were analyzed
using ImageJ software, while fluorescence intensities in
treated groups were expressed by normalized values to that
of the control.

2.5. Confocal Microscopy. Cells placed into 20mm glass-
bottomed culture dishes were treated with emodin (25μM)
and with or without MitoTEMPO (5μM) or 2-APB
(20μM) when they grew to 50-70% confluence. After 24 h
treatment, the lipophilic cationic fluorescent dye JC-1 (Key-
GEN, Nanjing, China) was used to detect the changes in
the mitochondrial membrane potential (MMP), and the
MitoSOX™ Red mitochondrial superoxide indicator
(M36008, Thermo Fisher Scientific, USA) was applied to
determine the mitochondrial superoxide anion. All the pro-
cedures were performed based on the manufacturer’s proto-
col. For JC-1, fresh staining solution JC-1 (1x) was
prepared immediately with a stock solution of JC-1 (200x)
diluted in ultrapure water and JC-1 staining buffer (5x)
before use. The cells were incubated with 1mL of JC-1 (1x)
for 20min at 37°C, then washed twice with cold PBS, and
examined immediately on a Confocal Laser Scanning Micro-
scope (Leica TCS-SP2 confocal microscope). Fluorescence
was excited at 514nm and measured between 514 and
529nm (green) and at 585-590nm (red). For MitoSOX
detection, cells were incubated in a warmmedium containing
5μM MitoSOX reagent. After 10min of incubation at 37°C,
these cells were washed with PBS and analyzed by the same
confocal microscope but at (Ex/Em) 510/580 nm. All image
acquisitions and analyses were performed using Volocity
demo software. The intensity of the laser beam and the
photodetector sensitivity were kept constant to compare the
relative fluorescence intensities between these groups.

2.6. Detection of the Level of Cytoplasmic Calcium (Ca2+).
Fluo-4 AM (F312, Dojindo, Japan) was used to detect
changes of calcium ions (Ca2+) in the cytoplasm. The cells
were seeded in glass culture dishes at a density of 2:5 × 104
/mL. After 24h treatment with emodin (25μM) with or with-
out MitoTEMPO (5μM) or 2-APB (20μM), cells were
stained with the 1μM Fluo-4 AM for 40min according to
the manufacturer’s descriptions. The extra dye was removed
by a three-time wash with HBSS. The concentration of cyto-
plasmic Ca2+ was detected with a confocal microscope, the
excitation wavelength was 494nm, and the emission wave-
length was 516nm.

2.7. Western Blotting Analysis. After emodin treatment, the
cells were washed and lysed with RIPA buffer (C1053+,
Applygen Technologies) and protease inhibitor cocktail
(P1265, Applygen Technologies) to collect proteins. A
bicinchoninic acid (BCA) protein assay kit (P1511, Applygen
Technologies) was used to quantify the concentrations of
whole-cell proteins of each group. The proteins were sepa-

rated using a sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then transferred to PVDF
membranes (IPVH00010, Millipore, Germany), subse-
quently blocked in 5% milk diluted in tris-buffered saline
solution with 0.05% Tween 20 (TBST) for 2 h at RT and incu-
bated with primary antibody at 4°C overnight. The mem-
branes were washed with TBST for 3 × 10min and
incubated with secondary antibodies at RT for 1 h. After
another three-time wash, the expressions of proteins were
detected by enhanced chemiluminescence (ECL) according
to the manufacturer’s instructions (WBKLS0500, Millipore).
The band intensity of each protein was quantified using Ima-
geJ software. β-Actin was used as a loading control to nor-
malize the protein expression. Information for all indicated
antibodies used in our study could be found in supplemen-
tary materials (Table S1).

2.8. Seahorse XF Cell Mito Stress Test. Oxygen Consumption
Rates (OCRs) and Extracellular Acidification Rates (ECARs)
were both detected in real time using the Mito Stress Test Kit
(103015-100, Agilent) and carried out with a Seahorse XFe96
Analyzer (Seahorse Bioscience, Agilent, Texas, USA) accord-
ing to the manufacturer’s instructions. Briefly, the cells were
seeded in a Seahorse XF 96-well microplate (8000 cells/well,
101085-004, Agilent). After drug treatment, cells were incu-
bated at 37°C with 5% CO2 for 24h. Then, the cells were
washed and incubated in Seahorse XF assay medium
(103575-100, Agilent) supplemented with 2mM Glutamax
(103579-100, Agilent), 1mM sodium pyruvate (103578-100,
Agilent), and 25mM glucose (103577-100, Agilent) at 37°C
for 1 h without CO2. Base OCR values were measured,
followed by sequential drug injection including oligomycin
(2μM), carbonyl cyanide-p-trifluoromethoxy-phenylhydra-
zone (FCCP, 0.5μM), and rotenone/antimycin A (1μM),
respectively, and the detection of OCR values, which would
stand for the ATP production (proton leak), maximal respi-
ration, and spare capacity in each group. Finally, cell num-
bers were counted by DAPI staining after the Mito Stress
Test XF metabolic assay using a Scan High-Content System
(Thermo Fisher Scientific, Massachusetts, USA). The mito-
chondrial respiratory capacity of each group was normalized
to total cell numbers and presented as pmol/min/10,000
cells.

2.9. Statistical Analysis. All results were presented as mean
± standard deviation (SD) and generated from at least three
independent experiments. One-way ANOVA followed by
the LSD post hoc test for multiple comparisons was per-
formed for statistical analysis. Only at p < 0:05 was consid-
ered significant.

3. Results

3.1. Elevated Intracellular ROS Mediated Emodin-Induced
Cytotoxicity on Human Hepatocytes. To determine the cyto-
toxicity of emodin on human hepatocytes, we exposed L02
cells to various emodin of concentrations (0-100μM,
Figure 1(a)) for 24 h. As shown in Figure 1(b), cell viability
was reduced significantly by emodin in a dose-dependent
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Figure 1: Emodin inhibited the viability of L02 cells via enhancing intracellular ROS. (a) Chemical structure of emodin. (b) Cell viability of
L02 cells after 24 h emodin treatment was detected using the CCK-8 assay. (c, d) Intracellular ROS levels in L02 induced by emodin (×200),
scale bar: 100μm. (e, f) Intracellular ROS levels in L02 treated with NAC, emodin, or NAC+emodin (×200), scale bar: 100μm. (g) Cell
viability of L02 cells treated with NAC, emodin, or NAC+emodin. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001 vs. the control
groups; #p < 0:05, ###p < 0:001 vs. the emo groups.
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manner. It was found that 25μM of emodin decreased L02
cell viability to 72:10 ± 2:81%. Figures 1(c) and 1(d) showed
that emodin dose-dependently increased the intracellular
levels of ROS. When L02 cells were cotreated with NAC (an
inhibitor of ROS) and emodin (25μM), intracellular ROS
was significantly alleviated (Figures 1(e) and 1(f)). In addi-
tion, the cell viability in the NAC and the emodin cotreat-
ment group was evidently increased compared with the
emodin group (Figure 1(g)). The results indicated that
elevated intracellular ROS promoted emodin-induced cyto-
toxicity on human hepatocytes.

3.2. Emodin Caused ER Stress and Ca2+ Overloading through
the BiP/IRE1α/CHOP Signaling Pathway. To evaluate the
effects of emodin on the ER, we detected the levels of ER
stress-related proteins in cells treated with emodin using
western blotting assay. As shown in Figure 2, compared with
the control group, the expressions of BiP, IREIα, and XBP-1s
were markedly increased, while those of ATF-6 and ATF-6α
were distinctly decreased in the emodin groups in a dose-
dependent manner. However, the protein bands of p-RERK
and p-eIF2α were not different between the emodin groups
and the control group. Previous studies have demonstrated
that the intracellular Ca2+ concentration homeostasis is
mostly maintained by the ER. Hence, we stained the L02 cells
with Fluo-4 AM to explore the intracellular Ca2+ flux
induced by emodin. As shown in Figures 3(a) and 3(b),
enhanced cytoplasmic Ca2+ loading was observed in the
emodin-treated group, which was suppressed by cotreatment
with 2-APB, an antagonist of Ca2+ release from the ER.
Therefore, these results suggested that emodin could cause

BiP/IRE1α/XBP-1s signaling pathway-mediated ER stress,
which eventually induced Ca2+ release from the ER and
resulted in cytoplasmic Ca2+ loading.

3.3. Emodin-Induced Apoptosis Was Associated with ER
Stress-Triggered Ca2+ Release. To further elucidate the role
of ER stress-indued Ca2+ overloading in the apoptosis
induced by emodin, the expressions of p-PLCγ and CHOP
were detected. As shown in Figures 3(c) and 3(d), the protein
levels of both CHOP and Caspase-12 were significantly
elevated, especially in the high-dose groups. However, the
expression of p-PLCγ remained unchanged in the emodin
groups, indicating that ER stress promoted Ca2+ release
through CHOP rather than PLCγ signaling. Moreover,
cotreatment with 2-APB significantly decreased emodin-
induced apoptosis of L02 cells, suggesting Ca2+ release from
the ER participated in emodin-induced apoptosis
(Figure 3(e)). Also, the increase in Caspase-12 expression in
emodin-treated cells indicated the critical role of the ER in
emodin-induced cytotoxicity (Figures 3(c) and 3(d)). Thus,
our results demonstrated that emodin-induced apoptosis
was mostly ER stress-related.

3.4. Overexpression of Superoxide Anion Decreased MMP and
Mitochondrial Function. There is increasing evidence that
apoptosis is also closely related to mitochondrial damage or
dysfunction. Thence, to detect the production of mitochon-
drial superoxide anion and its effects on MMP, the MitoSOX
red and JC-1 probes were employed, respectively. Our results
showed that emodin upregulated the level of mitochondrial
superoxide, which could be relieved by a mitochondrial-
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Figure 2: Emodin caused the activation of the BiP/IRE1α/CHOP signaling pathway. (a) The protein levels of BiP, p-RERK, p-eIF2α, ATF-6,
ATF-6α, IREIα, and XBP-1s in L02 were measured by western blotting assay. (b) The quantitative analysis of the indicated proteins. ∗p < 0:05,
∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001 vs. the control groups.
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targeted antioxidant MT (Figures 4(a) and 4(c)). As shown in
Figures 4(b) and 4(d), an obvious decrease in the ratio of red
fluorescence to green fluorescence was observed in emodin-
treated cells, and this shift could be reversed by MT cotreat-
ment. Then, the Mito Stress Test was performed to evaluate
mitochondrial function in cells after emodin treatment of
24 h, and it was found that L02 cells treated with emodin dis-
played an evident reduction in basal OCRs, ATP production
OCRs, and coupling efficiency OCRs (Figures 4(e) and 4(f)).
Emodin enhanced the proton leak OCRs at 25μM, which
also indicated significant damage to mitochondrial function
(Figure 4(f)). Besides, mitochondrial-related proapoptosis
factors were detected. For example, the ratio of Bax/Bcl-2
and the contents of cytochrome C and Caspase-3 were
increased in emodin groups (Figure 4(g)). Furthermore, the
proportion of apoptosis of L02 cells displayed a marked

increase in the emodin group, which could be partly reversed
by MT cotreatment, but there was no significant difference
(Figure 4(h)). Hence, the results suggested that emodin-
induced overexpression of mitochondrial superoxide anion
could cause mitochondrial dysfunction, but the apoptosis of
emodin-treated cells might not be totally mitochondrial-
dependent.

3.5. Ca2+ Release from ER Participated in Emodin-Induced
Mitochondrial Dysfunction. Interestingly, it was found that
scavenging of emodin-induced mitochondrial superoxide
using MT did not reverse cytoplasmic Ca2+ loading com-
pared with the emodin group (Figure 5(a)). However, when
Ca2+ release from the ER to the cytoplasm was inhibited by
2-APB, emodin (25μM)-induced mitochondrial superoxide
was alleviated (Figure 5(b)). To further elucidate the effects
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Figure 3: Apoptosis induced by emodin was associated with ER stress-triggered Ca2+ release. (a, b) The intracellular concentration of Ca2+.
Scale bar: 47μm. (c, d) The protein levels of p-PLCγ, CHOP, and Caspase-12 in L02 were detected by western blotting assay. (e) Emodin-
induced apoptosis of L02 cells cotreated with or without 2-APB was analyzed using FACS analysis. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and
∗∗∗∗p < 0:0001 vs. the control groups; #p < 0:05, ##p < 0:01 vs. the emo groups.
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Figure 4: Emodin induced oxidative inhibition of MMP and mitochondrial function. (a, c) The intracellular superoxide anion levels in L02
cells were assessed using MitoSOX. Scale bar: 140μm. (b, d) The MMP levels in L02 cells were detected using the JC-1 probe. Scale bar:
140μm. (e) Mitochondrial function in L02 cells treated with emodin (0-50μM) for 24 h was measured via the Mito Stress Test. (f) Effects
of emodin on OCRs of basal, ATP production, proton leak, and coupling efficiency. (g) The protein levels of Cyto-C, Bax/Bcl2, and
Caspase-3 in emodin-treated L02 cells were detected using western blotting. (h) Emodin-induced apoptosis of L02 cells cotreated with or
without MT was analyzed using FACS analysis. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001 vs. the control groups; #p < 0:05 vs.
the emo groups.
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Figure 5: Continued.
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of ER Ca2+ release induced by emodin on the mitochondrial
function, L02 cells were exposed to emodin with/without MT
or 2-APB. As shown in Figure 5(c), MT could restore the
reduced function of the mitochondrial respiratory chain
induced by emodin. Also, 2-APB cotreatment could mark-
edly reduce emodin-caused proton leak of mitochondria
and enhance the coupling efficiency of mitochondrial respi-
ratory chain to some extent in emodin-treated hepatocytes
(Figure 5(d)). The results indicated that Ca2+ release from
the ER participated in emodin-induced mitochondrial
dysfunction by disturbing the mitochondrial redox status.

3.6. Oxidative-Related Decrease in Mitochondrial Function
Participated in ER-Related Apoptosis. To further explore the
relationship between emodin-induced mitochondrial dys-
function and ER stress, DOX and TMwere chosen as positive
drugs to induce mitochondrion injury and ER stress, respec-
tively. Neither of them caused any significant decrease in cell
viability at the indicated concentration (data not shown).
Indeed, excessive mitochondrial superoxide anion was
detected in L02 cells treated with DOX (125nM)
(Figure 6(a)); TM (62.5 nM) activated the BiP/IRE1α/CHOP
signaling pathway without increasing Caspase-3 content
(Figures 6(b) and 6(c)), but DOX did not induce the activa-
tion of this signaling pathway (Figures 6(d) and 6(e)). As
shown in Figure 6(f), compared with control, DOX or TM
administration alone did not induce significant increases in
apoptosis of L02 cells, which also provided more evidence
that neither DOX at 125nM nor TM at 62.5 nM had a signif-
icant effect on cell viability. However, coexposure to DOX
and TM could significantly elevate the apoptosis rate from
6.3% to 14.9%, suggesting that oxidative stress-mediated
mitochondrial injury might be involved in ER stress-related
apoptosis. Moreover, mitochondrial respiratory function

analysis also demonstrated that TM exacerbated DOX-
induced decreases in basal mitochondrial respiratory func-
tion and ATP production (Figure 6(g)). Taken together other
results described above, it could be concluded that oxidative
inhibition of mitochondrial function decreases ATP supply,
which might play an important role in ER stress-related cell
apoptosis.

4. Discussion

As a popular medicine-food homologous variety, Cassiae
Semen has been applied in clinical practice or daily cuisine
in China and other East Asia countries for two thousand
years, due to the excellent pharmacological effects on vision
improvement, kidney and liver protection, and blood lipid
control [13]. Recently, there have been many reports on its
adverse effects caused by improper administration of tradi-
tional Chinese medicines or diet containing Cassiae Semen.
Such adverse effects as acute liver injury have raised increas-
ing concerns about the safety of this dietary/medicinal plant
seed [3]. Emodin, one of the main bioactive compounds in
Cassiae Semen, was considered to be able to alleviate inflam-
mation without toxicity [5]. However, the latest evidence
showed that emodin could directly induce cytotoxicity on
hepatocytes [6], but the related toxic mechanisms were not
entirely understood. Hence, our study was the first to confirm
that emodin could promote excessive ROS generation and
redox imbalance in human hepatocytes, followed by BiP/IR-
E1α/CHOP signaling-mediated ER stress and the unfolded
protein response (UPR) and intracellular Ca2+ overloading,
resulting in ER-related apoptosis but not mitochondrial-
dependent apoptosis. Also, oxidative-related mitochondrial
dysfunction played an important role in emodin-induced
ER-related apoptosis.
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Figure 5: Ca2+ release produced by ER stress participated in emodin-induced mitochondrial dysfunction. (a) The intracellular Ca2+ flux was
stained with the Fluo-4 AM dye. (b) The superoxide anion levels were detected with the MitoSOX probe. (c, d) Mitochondrial functions in the
L02 cells treated with MT, emodin, or Emodin+MT, 2-APB, and 2-APB+emodin were obtained by the Cell Mito Stress Test Kit, and the
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and ∗∗∗∗p < 0:0001 vs. the control groups; #p < 0:05, ##p < 0:01, ####p < 0:0001 vs. the emo groups.
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Redox equilibrium is of importance to cell survival and
function [14]. Abnormal ROS levels and oxidative stress
always participate in the following toxic effects induced by
internal toxicants or xenobiotic exposure [15, 16]. A previous
study reported that emodin treatment promoted ROS con-
tent in the rat liver [17], but several studies found that low
doses of emodin could inhibit ROS-mediated oxidative stress

in HeLa cells and rat macrophages [12, 18]. In conformity
with earlier findings related to non-hepatocytes, our results
demonstrated that emodin-induced ROS generation was
associated with emodin-caused hepatic cytotoxicity. Metabo-
lomic profiling identified obvious emodin-cysteine adducts
in the cell culture medium, indicating that excessive con-
sumption of cysteine-related antioxidants, such as GSH,
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Figure 6: Oxidation-related decrease in mitochondrial function participated in ER stress-related apoptosis. (a) The mtROS levels in L02 cells
treated with DOX were measured using the MitoSOX probe. (b–e) The expressions and quantification analysis of BiP, IRE1α, CHOP, and
Caspase-3 in cells treated with TM and DOX. (f) The apoptosis rates of L02 cells treated with DOX, TM, or DOX+TM were analyzed
using FACS analysis. (g) Mitochondrial functions in the L02 cells treated with TM, DOX, or TM+DOX for 24 h, and the effects of these
treatments on OCRs of basal and ATP production. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. the control groups.
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might play a critical role in emodin-induced ROS generation
and oxidative stress in hepatocytes [19]. As the main cellular
redox hubs, MMP and mitochondrial function in turn were
affected by overgenerated superoxide anion free radicals
[20]. Obvious reductions in the coupling efficiency of
OXHPS and ATP production suggested the depletion of
intracellular ATP content. Meanwhile, the increased cyto-
chrome C release, Bax/Bcl-2 ratio, and Caspase-3 expression
suggested that emodin-caused hepatocytes’ apoptosis would
be possibly mitochondrial-dependent [21]. However, we
found that MT indeed restored mitochondrial function but
did not significantly decrease emodin-induced apoptosis.
Therefore, oxidative stress-mediated inhibition of mitochon-
drial function could not be the core regulatory pathway of
emodin-induced apoptosis of human hepatocytes.

Generally, ROS-induced oxidative stress affects the prog-
ress of protein folding, maturation, and degradation, all of
which are controlled and proceed in the ER [10]. Induced
aggregation of misfolded or unfolded proteins in the ER
eventually leads to BiP-mediated ER stress, which would
induce the UPR to degrade these undesirable proteins [22].
As documented, IRE1α-, ATF6-, and PERK-mediated signal-
ing transduction mechanisms are the main UPR pathways
[23]. Of the three signaling pathways, emodin only induced
the activation of IRE1α, which could increase the folding
capacity of the ER by promoting the expression of XBP-1s
[24]. At the same time, the entrance of misfolding or misfold-
ing protein would be also repressed by the enhancement of
IRE1α-XBP-1s signaling [25]. Hence, emodin induced the
activation of IRE1α-XBP-1s signaling in order to restore the
ER function. But on the other hand, a prolonged increase in
IRE1α-XBP-1s signaling has been reported to trigger apopto-
sis via activating the downstream apoptotic factors, such as

ASK1, p38 MAPK, and JNK [10]. Besides, CHOP, a multi-
functional transcription factor, has been implicated in apo-
ptosis in ER stress. Our study found that CHOP could be
induced by IRE1α-XBP-1s rather than by PERK-ATF4 or
PERK-eIF2α mediated the UPR, which has been reported
to be stronger inducer signaling of CHOP [26, 27]. The
expressions of downstream apoptotic genes of CHOP, for
instance, DOCs, GADD34, and TRB3, and apoptosis ensued
[28]. In short, the BiP/IRE1α/XBP-1s/CHOP signaling path-
way might be involved in emodin-induced apoptosis and
hepatotoxicity.

Previous studies have reported that CHOP could pro-
mote the expression of ER oxidoreduction 1α (ERO1α),
which would redox regulate the activity of IP3R rather than
PLCγ to cause Ca2+ release from the ER lumen [29].
Enhanced cytoplasmic Ca2+ content was likely to trigger the
activation of calcium-dependent protein kinase II (CaMKII),
which cleaved Caspase family members and finally activated
various apoptotic pathways, including ER-related apoptosis
that was mediated by Caspase-12 activation [30, 31]. Inter-
estingly, enhanced CHOP-ERO1α-CaMKII activation could
cause NADPH depletion and ROS generation in the ER
lumen [32, 33]. As a result, emodin treatment might create
a ROS-CHOP-positive feedback loop, which exacerbated
oxidative injury induced by emodin. Also, we found that
MT rescued emodin-induced mitochondrial function by
inhibiting mitochondrial oxidative stress but could not
regain intracellular Ca2+ homeostasis and suppress apopto-
sis, possibly because those ROS productions derived from
mitochondria triggered excessive ROS generation in the ER
lumen. Also, ROS in ER-caused Ca2+ leakage could not be
canceled by reducing mitochondrially generated reactive
oxygen species (mtROS) levels. Only when the release of
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Figure 7: Schematic representation of the potential roles of oxidative stress mediated mitochondrial dysfunction and ER stress in emodin-
induced hepatotoxicity.
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Ca2+ from the ER to the cytoplasm was reduced could
emodin-induced apoptosis be decreased. Hence, emodin
exerted cytotoxic effects on human hepatocytes probably
via ER-related apoptosis.

Recent advances have demonstrated the structural or
mechanistic connections between the ER and mitochondria,
for instance, mitochondrial-associated ER membranes
(MAMs) [34]. Importantly, some of IP3Rs are located in
MAMs and would provide a pathway to ER-mitochondrial
Ca2+ transfers [35]. Therefore, emodin-induced ER stress
and CHOP expression would enhance the ER Ca2+ influx to
mitochondria, leading to mtROS in the mitochondrial
matrix, both of which have been confirmed in emodin plus
2-APB-treated cells. Moreover, enough energy supply is nec-
essary for protein folding and trafficking, the degradation of
misfolded proteins in the ER [36]. Emodin-induced mtROS
or Ca2+-induced secondary mtROS could both significantly
inhibit mitochondrial oxidative phosphorylation. Also, Ca2+

overloading in the cytoplasm or mitochondria destroyed
the normal Ca2+ gradient across the mitochondrial and ER
membrane, which plays a key role in the mitochondrial
ATP supply of the ER [37]. Altogether, emodin-induced
oxidative inhabitation in mitochondrial function would
aggravate ER-related apoptosis.

5. Conclusion

In conclusion, as presented in Figure 7, we demonstrated for
the first time that emodin caused obvious oxidative stress in
human hepatocytes and ER-related apoptosis, which was asso-
ciated with the activation of the BiP/IRE1α/CHOP signaling
pathway and cytoplasmic Ca2+ overloading. During this prog-
ress, oxidative stress-mediated mitochondrial dysfunction
would enhance emodin-induced-related hepatic apoptosis.
Our findings are expected to help gain keen insights into toxic
mechanisms underlying emodin-triggered hepatotoxicity and
have implications for that oxidative stress-mediated ER stress
could be an alternative target for the treatment of Cassiae
Semen or other medicine-food homologous varieties contain-
ing emodin-induced liver injury.
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Vinegar is good for health. Tetramethylpyrazine (TMP) is the main component of its flavor, quality, and function.We hypothesized
that vinegar/TMP pretreatment could induce myocardial protection of “nutritional preconditioning (NPC)” by low-dose, long-
term supplementation and alleviate the myocardial injury caused by anoxia/reoxygenation (A/R). To test this hypothesis, TMP
content in vinegar was detected by HPLC; A/R injury model was prepared by an isolated mouse heart and rat cardiomyocyte to
evaluate the myocardial protection and mechanism of vinegar/TMP pretreatment by many enzymatic or functional, or cellular
and molecular biological indexes. Our results showed that vinegar contained TMP, and its content was in direct proportion to
storage time. Vinegar/TMP pretreatment could improve hemodynamic parameters, decrease lactate dehydrogenase (LDH) and
creatine phosphokinase activities, and reduce infarct size and apoptosis in the isolated hearts of mice with A/R injury. Similarly,
vinegar/TMP pretreatment could increase cell viability, decrease LDH activity, and decrease apoptosis against A/R injury of
cardiomyocytes. Vinegar/TMP pretreatment could also maintain the mitochondrial function of A/R-injured cardiomyocytes,
including improving oxygen consumption rate and extracellular acidification rate, reducing reactive oxygen species generation,
mitochondrial membrane potential loss, mitochondrial permeability transition pore openness, and cytochrome c releasing.
However, the protective effects of vinegar/TMP pretreatment were accompanied by the downregulation of VDAC1 expression
in the myocardium and reversed by pAD/VDAC1, an adenovirus that upregulates VDAC1 expression. In conclusion, this study
is the first to demonstrate that vinegar/TMP pretreatment could induce myocardial protection of NPC due to downregulating
VDAC1 expression, inhibiting oxidative stress, and preventing mitochondrial dysfunction; that is, VDAC1 is their target, and
the mitochondria are their target organelles. TMP is one of the most important myocardial protective substances in vinegar.

1. Introduction

Vinegar, produced via the complex fermentation of grain or
fruits, is a worldwide popular condiment [1, 2]. Many works
have shown the beneficial effects of vinegar consumption on
the health of human [3–7]. Tetramethylpyrazine (TMP,
Figure 1(a)), which naturally exists in a variety of fried,

roasted, or fermented foods, is considered to be the main
component of vinegar’s flavor, nutrition, and health care
function and quality [1, 2, 8]. TMP is also called as ligustra-
zine, derived from the rhizome of Ligusticum wallichii, and
has many biological activities [9]. More and more medical
scientists believe that TMP is beneficial to human health,
especially cardiovascular and cerebrovascular health [10–12].
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Previously, we have found that TMP has an excellent pro-
tection on a variety of the myocardium or blood vessel
injuries [13–16].

Coronary artery spasm or occlusion may result in myo-
cardial ischemia, or even infarction [17]. In clinical practices,
fast coronary flow reconstruction and reperfusion is the first-
line treatment. However, reperfusionmay lead to more serious
tissue injury than the ischemia itself (ischemia/reperfusion,
I/R) [18]. Ischemic preconditioning (IPC) and pharmacologi-
cal preconditioning (PPC) could alleviate myocardial damage
[17–19], but the application of these methods is limited by eth-
ical concerns and technical difficulties. We have previously
raised the concept of nutritional preconditioning (NPC) and
proved it to be as an ideal solution to relieve myocardial
damage [20–24]. We have further revealed that NPC inhibits
intracellular reactive oxygen species (ROS) generation and
mitochondria-mediated apoptosis pathway, which might
efficiently alleviate anoxia/reoxygenation (A/R) damage,
prevent mitochondrial dysfunction, and improve cardiac
function [18, 22–24].

Voltage-dependent anion channel 1 (VDAC1) is a pro-
tein on the outer membrane of the mitochondria. VDAC1
is involved in the construction of mitochondrial permeability
transition pore (mPTP) and acts as the gatekeeper of mPTP
[25]. In responses to A/R, VDAC1 expression is upregulated,
mPTP is opened, and myocardial damage is aggravated. We
have shown that VDAC1 plays an important role in the

resveratrol’s protection against A/R damage; in other words,
VDAC1 was the target of resveratrol myocardial protection
[20, 26, 27].

Therefore, we intend to explore whether NPC through
low-dose, long-term supplementation of vinegar/TMP,
representing a healthy dietary habit, could induce myocardial
protection, and whether the protection mechanism is
mediated by VDAC1 on the mitochondria.

2. Materials and Methods

2.1. Reagents and Vinegar Samples. Vinegars A-F were pur-
chased from supermarket. TMP (purity: 98%) and atractylo-
side (Atr) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). pAD/VDAC1 was purchased from Gene Chem
Co., Ltd. (Shanghai, China). Antibodies against VDAC1,
cytochrome c (cyt C), and β-actin were purchased from Cell
Signaling Technology (Beverly, MA, USA).

2.2. Animals. Adult male Kunming mice (20-22 g) and the
neonatal (0-3 days) Sprague-Dawley (SD) rats were pur-
chased through the Animal Center of Nanchang University
(Nanchang, China). The animal protocols complied with
the NIH Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, revised 1996) and were
approved by the ethics committee of Nanchang University
(No. 2019-0106).
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Figure 1: TMP concentration test in 6 kinds of commercial food vinegar. (a) Chemical structures of TMP. (b) Standard solution of TMP. (c)
A typical vinegar sample of TMP.
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2.3. Determination of TMP in Vinegar Samples. TMP control
stock solution, negative control solution, and test solution
were weighed and filtered through the 0.22μm organic mem-
brane. The TMP content in the vinegar samples was mea-
sured with HPLC as described previously [28]. A HPLC
system (Agilent 1100 HPLC Systems, Santa Clara, CA,
USA) with a Chemstation Edition Workstation, aG1313A
autosampler, and Hypersil ODS (Thermo, Waltham, MA,
USA, 250mm × 4:6mm, 5μm) was used. The sample injec-
tion volume was 20μl. The mobile phase was comprised of
methanol and 40mM ammonium dihydrogen phosphate
(50 : 50, v/v). The total flow rate was 1ml/min. The wave-
length of detection was 280nm. The temperature of the
column was 35°C.

2.4. In Vivo Experiments. The mice were raised in specific
pathogen-free environment at 22°C to 25°C, 50% humidity,
and 12 h dark/light cycle. Food (AIN-93G) and water were
being fed regularly.

2.4.1. Intramyocardial Gene Delivery. Mice were intraperito-
neally injected with 100mg/kg ketamine and 8mg/kg xyla-
zine for anesthesia. The endotracheal intubation was
performed, and then of the heart was exposed through the
left anterior lateral incision of the fourth intercostal space.
pAD/VDAC1 (2 × 1011 plaque-forming units/ml) was
directly injected into the left ventricular free wall (4-5 sites,
10μl/site); the residual air was exhausted before closing the
chest. Sham-operated mice underwent the same procedures
except for the gene delivery [20].

2.4.2. Preparation of Langendorff Isolated Heart Perfusion
and A/R Injury Model. 24h post treatment, mice were anaes-
thetized by intraperitoneal injection of 100mg/kg ketamine
and 8mg/kg xylazine. The heart was quickly taken out and
kept in precooled Krebs-Henseleit (KH) buffer. Then, the
heart was mounted on an improved Langendorff device and
perfused with KH buffer saturated with 95% O2 and 5%
CO2, at 37

°C (pH 7.4) under 60-70mmHg pressure. Care-
fully inserted a ball filled with water (6-10mmHg) into the
left ventricle. Hemodynamic parameters, including left ven-
tricular developed pressure (LVDP, kPa), maximum positive
and negative changes in LVDP (±dp/dt max, kPa/s), and
coronary flow (CF, ml/min), were measured with PowerLab
system (ADInstruments, Sydney, Australia) [20].

Firstly, the hearts were perfused by the above method for
30min. Then, the normal KH buffer was replaced with mod-
ified KH buffer with glucose removed and saturated with 95%
N2 and 5% CO2 at 37°C and pH 6.8, for 30min to induce
whole heart ischemia. The normal KH buffer was restored
for another 30min to induce A/R injury. The control hearts
were only perfused by normal KH buffer [20].

2.4.3. Experimental Design.Mice were randomly divided into
8 groups, namely, (1) control, (2) A/R, (3) vinegar+A/R, (4)
TMP+A/R, (5) vinegar+A/R+pAD/VDAC1, (6) TMP+A/R+
pAD/VDAC1, (7) vinegar+A/R+Atr, and (8) TMP+A/R+
Atr. Mice in groups (3), (5), and (7) were given 0.1ml/10 g
vinegar (Brand vinegar C) by gavage every day for 6 weeks.
Mice in groups (4), (6), and (8) were given 6mg/kg TMP

by gavage every day for 6 weeks. At the beginning of the last
two weeks, mice in groups (5) and (6) were injected with
pAD/VDAC1 according to the methods described above.
Mice in groups (7) and (8) were intraperitoneally injected
with 5mg/kg Atr [23]. Mice in the control and A/R groups
were given equal volume of normal saline by gavage for 6
weeks.

2.4.4. Determination of Hemodynamic Parameters and
Related Enzyme Activities. Hemodynamic parameters were
recorded [20]. Creatine phosphokinase (CPK) and lactate
dehydrogenase (LDH) activities were determined with a
Bio-Rad 680 microplate reader (Hercules, CA, USA) accord-
ing to the kit manufacturer’s guidelines (Jiancheng, Nanjing,
China).

2.4.5. Measurement of Myocardial Infarction or Apoptosis by
TTC/TUNEL Staining. After reperfusion, half of the hearts of
the mice randomly were selected and cut into 1mm cross
sections. 2,3,5-Triphenyltetrazolium chloride (TTC, Sigma-
Aldrich) staining was carried out as described previously
[20]. Briefly, the sections incubated with 1% TTC in PBS
(pH 7.4) for 30min at 37°C and stored overnight at room
temperature in 10% formaldehyde. Then, the sections were
photographed with a digital camera and images were ana-
lyzed using planimetry by Image Jo software (National Insti-
tutes of Health, Bethesda, MD, USA). The risk area was
calculated as the total ventricular area minus the cavity.

At the same time, the risk area of the left ventricular tis-
sue of the remaining half of the mouse hearts was fixed and
embedded, and cut into 5μm sections. The terminal deoxy-
nucleotidyl transferase-mediated nick end labeling (TUNEL,
Promega, Madison, WI, USA) staining was performed to
evaluate myocardial apoptosis as described previously [20].
TUNEL-positive cells were counted [23].

2.4.6. Caspase-3 Activity Measurement. Caspase-3 activity in
the myocardium was measured by caspase-3 activity assay
kit (R&D, Minneapolis, Minnesota, USA), according to the
instruction of the manufacturer.

2.4.7. Determination of Myocardial Antioxidant Potential
and Oxidative Stress Level. For evaluating the antioxidant
potential, the ferric reducing antioxidant power (FRAP) of
myocardial homogenate pretreated by vinegar/TMP was
determined as previously described (Cell Biolabs, Santiago,
CA, USA) [23]. Superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px) activities, and mal-
ondialdehyde (MDA) levels were determined according to
the instructions (Jiancheng).

2.4.8. Western Blots Assay. Proteins from the myocardial
samples and cardiomyocytes were extracted with a protein
extraction kit (Applygen Technologies, Beijing, China).
Then, the protein content was quantified using the bicincho-
ninic acid protein assay kit (Thermo). Protein expression was
analyzed with western blotting as previously described [29].
From each sample, proteins (30μg) were separated on a
12% SDS-PAGE gel and transferred onto the polyvinylidene
fluoride membranes. After transfer, the membranes were
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blocked and incubated overnight at 4°C with the following
primary antibodies: VDAC1 (1 : 500), cyt c (1 : 500), and β-
actin (1 : 2000). Secondary antibody by conjugated horserad-
ish peroxidase (1 : 5000) was used, and β-actin was used as
internal control.

2.5. In Vitro Experiments

2.5.1. Primary Cardiomyocyte Culture. Cardiomyocytes from
0-3-day-old SD rats were isolated as previously described [18,
29]. Briefly, the hearts from neonatal rats were removed and
placed in precooling D-Hanks’ balanced salt solution. The
ventricles were digested with 0.1% trypsin and then harvested
repeatedly by centrifugation at 600 × g for 5min. The cells
were resuspended in plating medium (80% Dulbecco’s mini-
mal essential medium, DMEM), 20% fetal bovine serum, and
100U/ml of penicillin and streptomycin, and plated in cul-
ture dishes that were incubated 37°C for 30min to remove
nonmyocytes. The suspended cells were plated on 60mm
gelatin-coated culture dishes at 1 × 106 cells per dish and
incubated at 37°C in a standard humidity incubator with
95% O2 and 5% CO2. After 18 h, cardiomyocytes were
washed and plated in fresh medium and incubated for
additional 3 days at 37°C in a standard humidity incubator
with 95% O2 and 5% CO2 before the experiment.

2.5.2. Adenovirus Transfection and A/R Damage. pAD/V-
CAD1 was transfected into cardiomyocytes cultured in fresh
DMEM supplemented with 15% FBS. After 48h, the trans-
fection efficiency was about 85% [18]. The transfected cardi-
omyocytes were incubated at 37°C, 95% O2 and 5% CO2, for
2 h, and then, the subsequent experiments were carried out.

The culture plates with cardiomyocytes were placed in an
air-tight anoxic chamber at 37°C, 95% N2 and 5% CO2, for
3 h, and then changed to 95% O2 and 5% CO2 for 2 h to
induce A/R damage [18, 21].

2.5.3. Experimental Design. Firstly, we need to eliminate the
possible influence of acidity, confirm the concentration-
effect relationship between vinegar/TMP pretreatment, and
select the optimal concentration of vinegar/TMP. Cardio-
myocytes were divided into the following groups: (1) control:
cells were incubated in fresh DMEM for 50h; (2) A/R: cells
were incubated in fresh DMEM for 43h, and then damaged
by A/R with the above methods; (3) vinegar+A/R: cells were
pretreated with various concentrations of vinegar (Brand
vinegar C 1.25, 5, and 20μl/ml) for 43 h and transferred to
fresh DMEM, followed by A/R damage; (4) TMP+A/R: cells
were pretreated with various concentrations of TMP (5, 20,
and 80μM) for 43 h and transferred to fresh DMEM,
followed by A/R damage; and (5) acetic acid alone/acetic
acid+A/R: cells were pretreated by 8% acetic acid 20μl/ml
for 43 h and transferred to fresh DMEM, followed by A/R
damage or normal DMEM. After relevant treatment, cell
viability and LDH activity were measured.

Next, we explored whether VDAC1 expression could
influence the effects of vinegar/TMP pretreatment against
A/R damage. Cardiomyocytes were divided into the following
groups: (1) control group; (2) A/R group; (3) vinegar+A/R
group; (4) TMP+A/R group; (5) vinegar+A/R+pAD/VCAD1

group; (6) TMP+A/R+pAD/VCAD1 group; (7) vinegar+A/R
+Atr group; and (8) TMP+A/R+Atr group. The cardiomyo-
cytes of (3), (5), and (7) groups were pretreated with 5μl/ml
vinegar (brand vinegar C) for 43h and changed the fresh
DMEM and suffered by A/R damage. The cardiomyocytes of
(4), (6), and (8) groups were pretreated with 20μM TMP for
43h and changed the medium and suffered by A/R damage.
The cardiomyocytes of (5) and (6) groups were pretreated
by pAD/VCAD1 for 2h prior to the pretreatment with vin-
egar or TMP. The cardiomyocytes of (7) and (8) groups
were pretreated by 50μM Atr for 2h prior to A/R damage.
After relevant treatment, cell viability, LDH and caspase-3
activities, apoptosis, VCAD1 expression, ROS generation,
oxygen consumption rate (OCR), extracellular acidification
rate (ECAR), mitochondrial membrane potential (MMP),
mPTP openness, and release of cyt c to the cytoplasm were
determined.

2.5.4. Determination of Cell Viability, LDH and Caspase-3
Activities, Apoptosis, and Intracellular ROS Generation. After
relevant treatment, LDH activity of supernatant was mea-
sured by LDH kits (Jiancheng). Cardiomyocytes were
detected as follows: cell viability was tested by MTS kit
(Promega), caspase-3 activity was detected by caspase-3
activity kit (R&D), apoptosis was measured with Annexin
V-EGFP/PI apoptotic detection kit (BD Biosciences, San
Diego, CA, USA), and intracellular ROS was assessed
using a DCFH-DA probe (Invitrogen, Carlsbad, CA,
USA), according to their manufacturer’s instructions,
respectively [15].

Table 1: Determination of TMP concentration in six different
brands of vinegar (n = 3).

Sample no.
Peak
area

Mean
Concentration

(μg/ml)
Storage time of
mark (month)

Brand
vinegar A

390.8

394.3 221.73

32

394.9 32

397.2 32

Brand
vinegar B

451.0

448.4 261.22

40

450.2 40

444.1 40

Brand
vinegar C

994.2

1006.1 512.59

62

993.4 62

1030.8 62

Brand
vinegar D

No peak

— —No peak

No peak

Brand
vinegar E

1219.6

1214.7 634.33

70

1217.3 70

1207.1 70

Brand
vinegar F

824.3

821.4 650.50

76

813.3 76

826.7 76
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Figure 2: Continued.
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2.5.5. Measurement of OCR and ECAR.Mitochondrial respi-
ration and glycolysis may reflect bioenergetics and overall
cell health. OCR and ECAR detected by XFp Extracellular
Flux Analyzer (Seahorse Biosciences, North Billerica, MA,
USA) could evaluate the above function in real time as previ-
ously described [18].

2.5.6. Assessment of MMP and mPTP Opening. MMP loss
was measured with the fluorescent probe JC-1 (Invitrogen,
Carlsbad, CA, USA) and flow cytometry as previously
described [18]. mPTP opening could be measured by the
Ca2+-induced mitochondria swelling test as previously
reported [23].

2.6. Statistical Analysis. Data were presented as the mean ±
SEM. One-way or two-way analysis of variance with the post

hoc Tukey-Kramer test was used to compare the groups. Sta-
tistical analysis was performed by Statistical Package for the
Social Sciences (SPSS) software version 22.0 (IBM Corpora-
tion, Armonk, NY, USA). P < 0:05 was considered as statisti-
cally significant.

3. Results

3.1. TMP Concentration in Commercial Food Vinegar. We
found that the elution peak of TMP could be detected at
5.0min of the retention time (Figure 1(b)). TMP peaks
of 6 vinegar samples were identified and quantified
(Figure 1(c)). As shown in Table 1, brand vinegar A had
the lowest TMP concentration at 221.73μg/ml. Brand vine-
gar F had the highest TMP concentration at 650.50μg/ml.
No TMP was detected in brand vinegar D. The average
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Figure 2: Effects of the hemodynamic parameters, LDH and CPK activities, and the myocardial infarct size by vinegar/TMP pretreatment on
isolated mouse heart against A/R injury. (a) Histogram of LVDP. (b, c) Histogram of ±dp/dt max. (d) Histogram of CF. (e, f) Histogram of
activities of LDH and CPK. Data were expressed as themean ± SEM (n = 10). (g) Histogram of myocardial infarct size. Data were expressed as
themean ± SEM (n = 5). (a) P < 0:01 vs. the control group. (b) P < 0:01 vs. the A/R group. (c) P < 0:01 vs. the vinegar+A/R group. (d) P < 0:01
vs. the TMP+A/R group.
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concentration of TMP of the other 5 vinegars is 456:07 ±
90:85 μg/ml. In addition, we found that TMP concentration
in brand vinegars was proportional to its storage time (calcu-
lated from the production date, Table 1), which was consis-
tent with the research results of Xu et al. [30].

3.2. Protective Effects of Vinegar/TMP Pretreatment on the
Isolated Mouse Heart against A/R Damage. Hemodynamic
parameters such as LVDP, ±dp/dt max, and CF are impor-
tant indicators of cardiac function [20]. After A/R damage,
LVDP, ±dp/dt max, and CF significantly decreased; how-
ever, the cardiac function of mice was significantly recovered
with vinegar/TMP pretreatment (Figures 2(a)–2(d), P < 0:01).
Similarly, after A/R injury, the tissue damage-related enzyme
LDH and CPK activities and the infarct size, which was the
gold index for myocardial damage [23], all significantly
increased, and still vinegar/TMP pretreatment could restore
the changes (P < 0:01, Figures 2(e)–2(g)). Our results also
showed a significant increase in caspase-3 activity and
TUNEL-positive cells after A/R injury, which was attenuated

by vinegar/TMP pretreatment (P < 0:01, Figures 3(a) and
3(b)). Interestingly, the protective effects of vinegar/TMP
pretreatment were largely diminished by cotreatment of
pAD/VDAC1 or Atr (P < 0:01, Figures 2 and 3).

It has been reported that the oxidative stress of the myo-
cardium increases with A/R damage [19, 31]. Our results
showed that SOD, CAT, and GSH-Px activities were inhib-
ited, MDA level increased, and the FRAP results showed that
myocardial antioxidant capacity decreased after A/R damage.
Vinegar/TMP pretreatment could attenuate these adverse
responses. However, these effects of vinegar/TMP pretreating
were almost canceled by cotreatment of pAD/VDAC1 or Atr
(P < 0:01, Table 2).

Western blot analysis (Figure 3(c)) indicated that A/R
damage resulted in upregulation of VDAC1 (P < 0:01), and
long-term oral vinegar/TMP intake significantly reduced it
(P < 0:01).

The results showed that low-dose, long-term oral vine-
gar/TMP intake could induce protection to A/R injury to
the isolated mouse heart and this protective effect is
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Figure 3: Effects of antiapoptotic and the expression of VCAD1 by vinegar/TMP pretreatment on isolated mouse heart against A/R injury.
(a) Histogram of caspase-3 activity. (b) Histogram of apoptotic cells (TUNEL staining. Red arrows indicated TUNEL-positive
cardiomyocytes). (c) The expression of VCAD1 in the myocardium. Data were expressed as the mean ± SEM (n = 5). (a) P < 0:01 vs. the
control group. (b) P < 0:01 vs. the A/R group. (c) P < 0:01 vs. the vinegar+A/R group. (d) P < 0:01 vs. the TMP+A/R group.

Table 2: Vinegar/TMP preconditioning preserves the myocardial homogenate ferric reducing antioxidant potentiality and the activities of
antioxidant enzymes and reduced the levels of lipid peroxidation in the myocardium against A/R injury.

Groups
FRAP

(mmol Fe2+/l)
SOD activity
(U/g tissue)

GPx activity
(U/g tissue)

CAT activity
(U/g tissue)

MDA content
(nmol/g tissue)

Control 5:11 ± 0:20 86:32 ± 4:22 19:52 ± 1:46 14:68 ± 1:25 29:06 ± 1:83
A/R 1:42 ± 0:04a 20:82 ± 1:61a 4:83 ± 0:51a 6:35 ± 0:52a 140:28 ± 7:52a

Vinegar+A/R 4:06 ± 0:23b 51:61 ± 2:62b 13:06 ± 1:35b 10:28 ± 0:82b 82:31 ± 5:06b

TMP+A/R 4:35 ± 0:22b 56:28 ± 2:81b 15:20 ± 1:38b 11:06 ± 0:76b 78:62 ± 4:91b

Vinegar+A/R+pAD/VDAC1 1:93 ± 0:06c 25:12 ± 1:85c 6:62 ± 0:60c 7:21 ± 0:54c 135:20 ± 7:08c

TMP+A/R+pAD/VDAC1 2:15 ± 0:05d 27:32 ± 1:66d 6:91 ± 0:58d 7:02 ± 0:53d 132:61 ± 7:63d

Vinegar+A/R+Atr 1:71 ± 0:05c 22:08 ± 1:58c 4:51 ± 0:61c 5:86 ± 0:55c 146:65 ± 8:02c

TMP+A/R+Atr 1:86 ± 0:06d 21:39 ± 1:62d 4:92 ± 0:57d 5:98 ± 0:58d 143:28 ± 7:31d

Data were presented as the mean ± SEM for five individual experiments. aP < 0:01 vs. the control group. bP < 0:01 vs. the A/R group. cP < 0:01 vs. the vinegar
+A/R group. dP < 0:01 vs. the TMP+A/R group.
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associated with the downregulation of VDAC1 expression in
the myocardium and the opening of mPTP [20, 23].

3.3. Protective Effects of Vinegar/TMP Pretreatment on
Cardiomyocyte against A/R Damage. As shown in Supple-
mental Figures S1 and S2, cardiomyocytes subjected to A/R
damage displayed decreased cell viability and increased
LDH activity, and vinegar/TMP pretreating could reverse
the changes in a concentration-dependent manner. In the
acetic acid alone/acetic acid+A/R groups, the two indexes did
not change, suggesting the observed protective effects from
vinegar were independent of its acidity. The concentration of
vinegar/TMP pretreating for the subsequent experiment was
selected at 5μl vinegar/20μM TMP (Figures 4(a) and 4(b)).

Compared with the control group, cell viability/LDH
activity did not alter in the groups with vinegar alone, TMP
alone, pAD/VDAC1 alone, vinegar+pAD/VDAC1, TMP+
pAD/VDAC1, vinegar+Atr, and TMP+Atr (P > 0:05), but
decreased in the group with Atr alone (P < 0:01). The same
was observed for the pAD/VDAC1+A/R group and Atr+
A/R group compared with the A/R group (P < 0:01,
Supplemental Figures S3 and S4), indicating that the
upregulation of VDAC1 expression by pAD/VDAC1 and the
opening of mPTP by Atr might aggravate cardiomyocyte
damage [20, 23]. As shown in Supplemental Figure S5, in
the group of vinegar/TMP alone, VDAC1 expression was
significantly downregulated (P < 0:01). In the groups of
pAD/VDAC1 alone and pAD/VDAC1+A/R, the expression
of VDAC1 was upregulated to different degrees (P < 0:01,
Supplemental Figure S6), indicating that adenovirus
pAD/VDAC1 transfection was effective.

After A/R damage, caspase-3 activity and apoptosis
rate were increased, whereas vinegar/TMP pretreatment
significantly suppressed caspase-3 activity and apoptosis
of cardiomyocyte (P < 0:01, Figures 4(c) and 4(d)). Sim-
ilarly, the effects of vinegar/TMP pretreating were almost
canceled with cotreatment of pAD/VDAC1 or Atr
(P < 0:01, Figures 4(a)–4(d)).

Western blot analysis (Figures 4(e) and 4(f)) indicated
that the changes of VDAC1 expression in cardiomyocytes
were similar to those in the mouse myocardium.

3.4. Effects of Vinegar/TMP on Alleviating Mitochondrial
Dysfunction in Cardiomyocyte. The OCR of cardiomyocyte
by vinegar/TMP pretreatment was higher than those sub-
jected to A/R. The results showed that the basal respiration,
maximal respiration, ATP production, and spare respiratory
capacity were significantly higher in cardiomyocytes under-
gone with vinegar/TMP pretreatment (P < 0:01, Figure 5(a));
however, the proton peak was slightly lower. Similarly, the
ECAR of vinegar/TMP-pretreated cardiomyocyte was higher
than A/R-pretreated cardiomyocyte, indicating significantly
increased glycolysis and glycolytic capacity (P < 0:01,
Figure 5(b)). But nonglycolytic acidification and glycolytic
reserve increased slightly.

As shown, A/R damage caused a significant increase in
ROS level. Vinegar/TMP pretreatment could significantly
reduce ROS (P < 0:01, Figure 5(c)). In contrast, A/R damage
caused a decline in MMP level, and vinegar/TMP pretreat-
ment could reverse the change (P < 0:01, Figure 5(d)).

After A/R treatment, mitochondrial swelling was
observed, indicating that mPTP was opened; vinegar/TMP
pretreatment with mPTP opening showed a marked mild
trend (P < 0:01, Figure 5(e)). In addition, A/R injury
increased cyt c concentration in the cytoplasm (P < 0:01),
and vinegar/TMP pretreatment significantly reduced it
(P < 0:01, Figures 4(e) and 4(g)).

Similarly, these effects of vinegar/TMP pretreating were
almost canceled with cotreatment of pAD/VCAD1 or Atr
(P < 0:01, Figures 5(c)–5(e)).

4. Discussion

Vinegar is a worldwide popular food condiment and pickling
material due to its taste and flavor [7]. It also has nutrition
and health care functions [4, 6] and plays an important role
in traditional Chinese medicine (TCM) food therapy [5]

0.0

0.4

0.8

1.2

1.6

2.0

2.4
a

b b

A/R
5 𝜇l/ml vinegar
20 𝜇mol TMP

Cy
t C

 (f
ol

d 
of

 𝛽
-a

ct
in

)
– + + +
– – + –
– – – +

(g)

Figure 4: Protective effects of vinegar/TMP pretreatment for cardiomyocyte against A/R injury. (a) Histogram of cell viability. (b) Histogram
of LDH activity. (c) Histogram of caspase-3 activity. (d) Flow cytometry dot plots and histogram of apoptotic cells. (e) Western blot of
VCAD1 and cyt c expression in cardiomyocyte. (f) Histogram of VCAD1 expression. (g) Histogram of cyt c expression. Data were
expressed as the mean ± SEM (n = 8). (a) P < 0:01 vs. the control group. (b) P < 0:01 vs. the A/R group; (c) P < 0:01 vs. the vinegar+A/R
group. (d) P < 0:01 vs. the TMP+A/R group.
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and Mediterranean diet [3]. Studies have shown that vinegar
possesses antioxidant [6, 32], anti-inflammatory, and antia-
diposity properties [3, 33], which may affect lipid profile,
suppress adipocyte differentiation and fat accumulation,
reduce body weight and plasma triglyceride, and prevent
HFD-induced obesity and obesity-related cardiovascular
complications [3, 6, 32–35]. Many healthy ingredients have
been reported in vinegar, such as carbohydrates, organic
acids, amino acids, peptides, and some functional factors,
including TMP. TMP has pleasant tones of nutty and roasted
flavors and is usually used to enhance food special flavor [2].
TMP is considered as one of the most aroma-active com-
pounds [8, 36] and a functional ingredient [2, 37], determin-
ing vinegar quality [1, 28]. The formation mechanism of
TMP in vinegar is controversial, but its concentration
increases significantly with the storage time [30], which was

reconfirmed in this study (Table 1, from 221.73μg/ml to
650.50μg/ml).

TMP is an alkaloid with multitarget and multimechan-
ism. It is also extracted from Ligusticum wallichii’s rhizome.
It has many biological functions, including inhibition of oxi-
dative stress and inducing cytoprotection [9]. TMP is a
promising candidate for managing cardiovascular and cere-
brovascular diseases [10–12]. Our previous study also articu-
lated that TMP has excellent protective function on a variety
of the myocardium and blood vessel injuries [13–16]. In this
study, we characterized the effect of vinegar/TMP pretreat-
ment in alleviating A/R-induced myocardial damage by mul-
tiple functional, enzymatic, cellular, or molecular biological
indicators (Figures 2–5, Table 2). It is worth noting that,
firstly, by adopting a high concentration acetic acid as control
[30], we ruled out the impact of vinegar on myocardial
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Figure 5: Effects of vinegar/TMP on alleviating mitochondrial dysfunction in cardiomyocyte against A/R injury. (a) Mitochondrial OCR
curves and histogram of the important parameter. (b) Mitochondrial ECAR curves and histogram of the important parameter. Data were
expressed as the mean ± SEM (n = 3). (c) Histogram of ROS generation. (d) Histogram of MMP levels. (e) Histogram of mPTP opening.
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vinegar+A/R group. (d) P < 0:01 vs. the TMP+A/R group.
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protection due to acidity. Secondly, similar levels of myocar-
dial protection were observed between pretreatment of TMP
and pretreatment of vinegar containing equivalent TMP con-
centration, implying TMP to be the most important myocar-
dial protective factors in vinegar. Thirdly, A/R injury was
induced only after complete clearance of the vinegar/TMP
in both the in vitro (after media change) and in vivo (24 h
after administration [9]) models. Thus, the observed myocar-
dial protection was likely due to the change of cardiomyo-
cytes’ property during long-term NPC [17], rather than
spontaneous response to the vinegar/TMP. Lastly, in this
study, physiologically relevant concentration of vinegar was
applied in priming to mimic the daily vinegar intake of
people [4]. The results suggested that normal dietary con-
sumption of vinegar (15ml daily) meets the condition of
NPC to induce myocardial protection [38].

IPC or PPC may trigger the production of endogenous
myocardial protective substances, or change the related bio-
active molecules to withstand serious I/R injury [17, 19].
However, the ethical concerns and technical difficulties are
the limiting factors of these two methods. NPC is a conve-
nient and feasible substitute, as it provides similar myocardial
protection through dietary intake of natural and nontoxic
nutrients [20]. In previous studies, we have demonstrated
the use of several nutrients (including TMP, ferulic acid, res-
veratrol, curcumin, astragaloside IV, and apigenin) for NPC
to effectively and safely protect the myocardium and blood
vessels against various injuries [14, 20–24]. Therefore, it
could be concluded that in this study, the effects of vine-
gar/TMP pretreatment belong to NPC myocardial protec-
tion. We further found that A/R injury could significantly
upregulate VDAC1 expression, and with the protective
effects induced by vinegar/TMP pretreatment, the upregula-
tion of VDAC1 expression was significantly inhibited
(Figures 3(c) and 4(e)); however, when combined with the
pAD/VDAC1 to reupregulate VDAC1 expression, the pro-
tective effects of vinegar/TMP pretreatment were basically

reversed (Figures 2–5). Therefore, it could be concluded that
the target of vinegar/TMP pretreatment was VDAC1.

VDAC1 is involved in the formation of an important
pore in the mitochondrial membrane, namely, mPTP, which
is responsible for the transport of metabolites and signal
transduction [25, 39]. VDAC1 is upregulated in A/R-injured
cardiomyocytes. It forms complex with Bax, and triggers
apoptosis through the release of apoptosis factor such as
cyt c into the cytoplasm [40]. In the previous studies,
we also obtained similar results: VDAC1 was upregulated
in cardiomyocytes by A/R injury, which promoted
mitochondrial-mediated apoptosis. Resveratrol, another
important functional factor, could inhibit the upregulation
and modification of VDAC1 and played a role in myo-
cardial protection [20, 26, 27].

After A/R damage, ROS may break out with the increase
of free radical and the decrease of scavenging ability [17–19,
31]. Our results found that after A/R injury, the myocardium
showed the higher level of oxidative stress, weaker antioxi-
dant potential, and more intracellular ROS generation. Due
to TMP possessing stronger antioxidant capacity itself [9],
vinegar/TMP pretreatment could partially reverse the above
changes (Table 2, Figure 5(c)).

In recent years, it has been found that the mitochondria
not only undertake and complete energy metabolism but also
actively or passively participate in, or even determine cell
function, survival state and death mode [41]. Therefore, to
ensure the integrity of its structure and function is the basis
of many life activities [23]. mPTP is a multiprotein complex
formed between the inner and outer mitochondrial mem-
branes. mPTP opening is regarded as a pivotal event in the
irreversible reperfusion injury. Sustained mPTP opening will
result in mitochondrial depolarisation, swelling, and rupture
of the external membranes, and ultimately lead to mitochon-
drial dysfunction [42, 43]. As an important protein of mPTP,
VDAC1 is located in the outer membrane of the mitochon-
dria, which controls the entry and exit of mitochondrial

mPTP opening
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Cyto cMitochondrial membrane
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Figure 6: The mechanism of myocardial protection induced by vinegar/TMP. Vinegar contains TMP. TMP is one of the most important
myocardial protective substances in vinegar. “Nutritional preconditioning” through low-dose long-term consumption of vinegar/TMP is
shown to trigger myocardial protection, alleviating A/R-induced myocardial damage in vivo and in vitro. Vinegar/TMP pretreatment acts
through downregulating VDAC1 expression, inhibiting oxidative stress, and preventing mitochondrial dysfunction. VDAC1 is their target,
and the mitochondria are their target organelles.
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metabolites and ions, as well as mPTP opening [25]. There-
fore, inhibiting the function of VDAC1 can prevent mPTP
opening, which is beneficial to the prevention of myocardial
injury [20]. In the previous studies, we found that TMP could
target the mitochondria, could prevent mPTP openness, and
had an excellent protective effect on a variety of the myocar-
dium or blood vessel injuries [13–15]. In the present study,
with the downregulation of VDAC1 expression by vine-
gar/TMP pretreatment, the mitochondrial function of cardio-
myocytes stimulated by A/R injury was significantly improved
(Figure 5, including energy metabolism maintenance, acidosis
correction, oxidative stress inhibition, and normal membrane
function); however, the protection of vinegar/TMP pretreat-
ment could be almost canceled by opening mPTP with Atr
[23]. Therefore, the mitochondrion was the ultimate target
organelle of vinegar/TMP pretreatment.

In conclusion, the study reconfirmed the existence of
TMP in vinegar and a varying concentration associated with
storage time. “Nutritional preconditioning” through low-
dose long-term consumption of vinegar/TMP was shown to
trigger myocardial protection, alleviating A/R-induced myo-
cardial damage in vivo and in vitro (Figure 6). We also dem-
onstrated that TMP acts through downregulating VDAC1
expression, inhibiting mPTP opening, and preventing mito-
chondrial dysfunction.
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Supplementary Materials

Figure S1: vinegar/TMP pretreatment protects cardiomyocyte
against A/R injury (on the cell viability). Vinegar/TMP pre-
treatment significantly increased the cell viability (P < 0:01)
in a concentration-dependent manner. However, in the acetic
acid alone/acetic acid+A/R group, the cell viability did not
change (P > 0:05). Data were presented as the mean ± SEM
for eight individual experiments. (a) P < 0:01 vs. the control
group. (b) P < 0:01 vs. prior dosage. (c) P > 0:05 vs. the corre-
sponding vinegar pretreatment. (d) P > 0:05 vs. the A/R
group. (e) P > 0:05 vs. the control group. Figure S2: vine-
gar/TMP pretreatment protects cardiomyocyte against A/R
injury (on the LDH activity). Vinegar/TMP pretreatment sig-
nificantly increased the LDH activity (P < 0:01) in a
concentration-dependent manner. However, in the acetic acid
alone/acetic acid+A/R group, the LDH activity did not change
(P > 0:05). Data were presented as the mean ± SEM for eight
individual experiments. (a) P < 0:01 vs. the control group.
(b) P < 0:01 vs. prior dosage. (c) P > 0:05 vs. the correspond-
ing vinegar pretreatment. (d) P > 0:05 vs. the A/R group. (e)
P > 0:05 vs. the control group. Figure S3: effects of vine-
gar/TMP alone, or upregulating VDAC1 expression, or open-
ing mPTP on the cell viability of cardiomyocyte. Cell viability
did not change by using vinegar alone, TMP alone, pAD/V-
DAC1 alone, vinegar+pAD/VDAC1, TMP+pAD/VDAC1,
vinegar+Atr, and TMP+Atr when compared with the control
group (P > 0:05). However, the cell viability with Atr alone
was lower compared to that of the control group (P < 0:01),
which was also the case for the pAD/VDAC1+A/R group
and Atr+A/R group compared with the A/R group, indicating
that treatment with pAD/VDAC1 upregulated VDAC1
expression, allowing Atr to open the mPTP, thereby aggravat-
ing cardiomyocyte injury. Data were presented as the mean
± SEM for eight individual experiments. (a, b) P < 0:01 vs.
the control group. (c) P < 0:01 vs. the A/R group. Figure S4:
effects of vinegar/TMP alone, or upregulating VDAC1
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expression, or opening mPTP on the LDH activity of cardio-
myocyte. LDH activity did not change by using vinegar alone,
TMP alone, pAD/VDAC1 alone, vinegar+pAD/VDAC1,
TMP+pAD/VDAC1, vinegar+Atr, and TMP+Atr when com-
pared with the control group (P > 0:05). However, the LDH
activity with Atr alone was higher compared to that of the con-
trol group (P < 0:01), which was also the case for the pAD/V-
DAC1+A/R group and Atr+A/R group compared with the
A/R group, indicating that treatment with pAD/VDAC1
upregulated VDAC1 expression, allowing Atr to open the
mPTP, thereby aggravating cardiomyocyte injury. Data were
presented as the mean ± SEM for eight individual experi-
ments. (a, b) P < 0:01 vs. the control group. (c) P < 0:01 vs.
the A/R group. Figure S5: effects of vinegar/TMP alone on
VDAC1 expression of cardiomyocyte. Vinegar/TMP alone
significantly downregulated VDAC1 expression of the normal
cardiomyocyte. Data were presented as the mean ± SEM for
three individual experiments. (a) P < 0:01 vs. the control
group. Figure S6: effects of pAD/VDAC1 alone treatment
or pAD/VDAC1+A/R treatment on VDAC1 expression of
cardiomyocyte. With pAD/VDAC1 alone treatment and
pAD/VDAC1+A/R treatment, the expression of VCAD1
was upregulated in different degrees (P < 0:01), indicating
that adenovirus pAD/VDAC1 could do good work. Data were
presented as the mean ± SEM for three individual experi-
ments. (a, b) P < 0:01 vs. the control group. (c) P < 0:01 vs.
the A/R group. (Supplementary Materials)
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Due to the challenges of antibiotic resistance to global health, bacteriocins as antimicrobial compounds have received more and
more attention. Bacteriocins are biosynthesized by various microbes and are predominantly used as food preservatives to
control foodborne pathogens. Now, increasing researches have focused on bacteriocins as potential clinical antimicrobials or
immune-modulating agents to fight against the global threat to human health. Given the broad- or narrow-spectrum
antimicrobial activity, bacteriocins have been reported to inhibit a wide range of clinically pathogenic and multidrug-resistant
bacteria, thus preventing the infections caused by these bacteria in the human body. Otherwise, some bacteriocins also show
anticancer, anti-inflammatory, and immune-modulatory activities. Because of the safety and being not easy to cause drug
resistance, some bacteriocins appear to have better efficacy and application prospects than existing therapeutic agents do. In this
review, we highlight the potential therapeutic activities of bacteriocins and suggest opportunities for their application.

1. Introduction

Many human diseases are associated with bacterial infec-
tions. While antibiotics have played an instrumental role in
the fight against them, the widespread misuse of antibiotics
has led to the emergence of a serious worldwide drug resis-
tance problem; the discovery of new antimicrobial drugs is
therefore urgent [1]. Bacteriocins are peptides with antibacte-
rial activity synthesized by bacterial ribosomes, and they are
usually inhibitory to proximate bacteria. [2] Bacteriocins
are typically classified into Class I (heat-stable posttransla-
tionally modified peptides below 10kDa) including lanthi-
peptide, lasso peptide, head-to-tail cyclized peptides,
thiopeptide, glycosylated bacteriocin, and sactipeptide; Class
II (heat-stable unmodified small peptides below 10 kDa)
including IIa/b/c/d; and Class III (thermally unstable pep-
tides larger than 10 kDa) [3]. Due to its unique mechanism
of action, such as modification of the pyrophosphate moiety
of lipid-II, bacteriocins have a relatively narrower spectrum
of inhibition against bacteria and are less likely to develop
widespread drug resistance than antibiotics [4, 5].

Bacteriocins can inhibit many disease-causing bacteria,
including some antibiotic-resistant strains, suggesting the
potential application of bacteriocins in antagonizing patho-
genic infections. The human body (e.g., in gastrointestinal
tract, respiratory tract, and skin and reproductive tract) has
a large number of microorganisms, and the host microbiota
is constantly interacting with the host cells. Many human
microorganisms can produce bacteriocins which are reported
to be closely related to human health, such as promoting the
balance of the gut microbiota and inhibiting the invasion of
foreign pathogenic bacteria [6]. In addition to inhibiting
pathogenic bacteria, bacteriocins have shown inhibitory
effects on a wide range of cancer cells as well as modulating
effects on inflammation and immunity, suggesting that they
also show anticancer and anti-inflammatory activities.
Therefore, bacteriocins have a great potential for application
in human health.

In recent years, there have been some reports on bacterio-
cins and human health, but there is still a lack of systematic
reviews in this field of research. Therefore, it is necessary to
summarize the bacteriocins produced by different bacteria
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and their beneficial effects on human health, so as to provide
a theoretical basis for the research and development of bacte-
riocins. In this review, we summarized the antibacterial, anti-
cancer, anti-inflammatory, and immune-modulatory
activities of bacteriocins and concluded their mechanisms
of action.

2. Functional Properties and
Mechanisms of Bacteriocins

Pathogenic microorganisms pose a major threat to human
health and may even endanger human lives. It is predicted
that millions of people will die from bacterial infections in
the coming decades, because of the emergence of
multidrug-resistant (MDR) bacteria [7, 8]. Despite the
important contribution of antibiotics in the fight against
pathogenic infections, the widespread use and misuse of anti-
biotics have led to some serious adverse consequences, such
as the emergence of superbugs. [9] New compounds for inhi-
biting the multiresistant pathogens and limiting the spread of
antibiotic resistance are urgently needed. Bacteriocins are
ribosomally synthesized antimicrobial peptides. Some bacte-
riocins need to be modified by a posttranslational modified
enzyme system and transported by a special transport system
to outside of the cell to exert their biological activities (e.g.,
lantibiotics) [10]. In contrast to antibiotics, the unique mech-
anism of action (binds the pyrophosphate moiety of Lipid-II
[11]) prevents bacteriocins from developing resistance, and
treating pathogenic infections with bacteriocins or bacterio-
cins in combination with antibiotics instead of antibiotics
can reduce the overuse of antibiotics, thereby reducing the
spread of antibiotic resistance. [5, 12] Moreover, some strains
that are resistant to antibiotics appear to have a higher sus-
ceptibility to antimicrobial peptides. [13] Leon et al. points
out that the mechanism of antimicrobial activities of bacte-
riocins is completely different from that of antibiotics, which
indicated that bacteriocins will be possible as “new age infec-
tion fighters” [14]. Some bacteriocins show inhibitory activi-
ties against pathogenic microorganisms and can effectively
inhibit infections of the human body by pathogenic microor-
ganisms. This suggests that bacteriocin is an effective alterna-
tive for the treatment of pathogenic microbial infections. The
anti-infection effects of bacteriocins and mechanisms are
summarized in Table 1 and Figure 1. Many bacteriocins
(e.g., lanthipeptides) demonstrate inhibitory activity against
the pathogens. In addition, some bacteriocins have demon-
strated inhibitory effects on viruses and parasites.

2.1. Inhibiting Bacterial Infections. Many bacteriocins typi-
cally exhibit antibacterial activity against the critical patho-
genic bacteria, including some antibiotic-resistant Gram-
positive (G+) bacteria including Mycobacterium tuberculosis,
methicillin-resistant Staphylococcus aureus (MRSA), Listeria
monocytogenes, vancomycin-resistant enterococci (VRE),
Clostridium difficile, and Gram-negative (G-) bacteria includ-
ing Escherichia coli and Salmonella enterica. Bacteriocins
exert their antimicrobial action through inhibiting the bacte-
ria cell wall biosynthesis by complexing the lipid II and form-
ing the pore in cell membrane, disrupting bacterial

population sensing as a signaling molecule, or targeting the
ATP-dependent protease, or binding to a site on 23S rRNA
and inhibits elongation factor-dependent reactions (Table 1).

Nisin, produced by Lactococcus lactis, is the most
researched and developed bacteriocin. Since nisin was found
in 1928, it has been used for decades as a safe, natural food
biopreservative that significantly inhibits the growth of a
wide range of pathogenic microorganisms [15]. For example,
nisin can inhibit the growth of Streptococcus pneumonia [16]
which could cause the disease of pneumonia, meningitis, and
sepsis. In addition, nisin has an inhibitory effect on many
pathogenic bacteria and ameliorates infections caused by
these pathogens, such as respiratory tract infections caused
by S. aureus [17] and gastrointestinal infections by VRE in
mice [18].

In addition, many diseases associated with pathogenic
bacterial infections can be treated by bacteriocin interven-
tions. M. tuberculosis is the pathogen that causes tuberculo-
sis, which affects a quarter of the world’s population. Some
bacteriocins have been reported to inhibit M. tuberculosis
in vitro. For example, griselimycin, a cyclic bacteriocin, is
effective in curing mice infected with tuberculosis in vivo.
[19] S. aureus infections can lead to diseases such as mastitis
and bacteraemia. Laterosporulin10, microbisporicin,
NVB333, and mersacidin can inhibit S. aureus in vitro and/or
in vivo, thereby treating respiratory tract, foot, abdominal
cavity, and nasal cavity of S. aureus infection. [20–22] L.
monocytogenes is the pathogen of listeriosis. It mainly uses
food as a vector and is one of the deadliest foodborne patho-
gens, causing 20 to 30% of the infected deaths [23]. More-
over, it also has the ability to cross the intestinal barrier to
reach the blood and extraintestinal organs. Some studies have
reported that certain bacteriocins, such as pediocin PA-1, lac-
tocin AL705, and enterocin CRL35, inhibit the growth of L.
monocytogenes and also reduce the number of their passage
through the intestinal barrier [24, 25]. E. coli and Salmonella
infections usually cause diarrhea and intestinal inflammation
and lead to the disorder of the intestinal flora and the
destruction of the intestinal barrier. They cross the intestinal
barrier into the blood and reach other extraintestinal organs
and cause the aggravation of the symptoms of the infection.
Some studies have shown that bacteriocins (e.g., microcin
and colicin) have an inhibitory effect on E. coli and Salmo-
nella in vitro and can effectively reduce the numbers of E. coli
(e.g., O157: H7) and Salmonella in the infected mice, improv-
ing the adverse effects caused by these pathogens [26–28]. In
addition, some bacteriocins (e.g., subtilosin and gassericin E)
have a significant inhibitory effect on the pathogens (e.g.,
Gardnerella vaginalis) which can cause the bacterial vaginal
diseases [29, 30].

Interestingly, some studies have shown that bacteriocin
alone or in combination with antibiotics can not only
broaden the antibacterial spectrum (even effective against
antibiotic-resistant bacteria) but also significantly reduce
the MIC value [20, 31–34]. For example, Singh et al. reported
that the combinations of nisin-ceftriaxone and nisin-
cefotaxime were found to be highly synergistic against S.
enterica serovar typhimurium than in those treated with
drugs alone, specifically manifested in lower MIC value and

2 Oxidative Medicine and Cellular Longevity
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less organ cell load [31]. This suggests that bacteriocins could
be considered an effective way to reduce the spread of antibi-
otic resistance.

2.2. Inhibiting Virus Infections. Viral infections can attack
and destroy the immune system, leading to the formation
of malignant tumors. Current treatments for viral infections
are mainly chemical drugs, such as inhibitors of DNA poly-
merase activity that inhibit the replication of the virus [35].
However, the virus is prone to mutate and easily leads to be
resistant to these drugs. Therefore, the search for new antivi-
ral drugs is imminent. It has been reported that certain bac-
teriocins are demonstrated to show antiviral activities to a

variety of viruses. Herpes simplex virus types 1 and 2
(HSV-1 and HSV-2) are human viral pathogens that can
cause serious clinical conditions including genital ulcera-
tions, corneal blindness, and encephalitis, and over 530 mil-
lion people worldwide are infected with HSV-2 [36].
Studies reported that several bacteriocins show inhibitory
effects against HSV. For example, subtilosin targets intracel-
lular transport of viral glycoproteins in the late stages of the
viral replication cycle to exert antiviral or virucidal effects
[37]. Similarly, enterocin CRL35 affects the late steps of virus
multiplication [38, 39] and labyrinthopeptin A1 targets the
glycoproteins, exerting an antiviral effect [40, 41]. In addi-
tion, bacteriocins have been reported to have antiviral or
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translocation
of pathogens

Liver Kidney Lung

Antibacteria infection

Inhibit the replication or 
transmission of virus 

Prevent the synthesis
of late glycoprotein

Bacteriocins

Antiparasite infectionAntivirus infection
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G−

(a) (b) (c)

Mitochondrial membrane 
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Figure 1: Bacteriocins protect the human body from infection by inhibiting a wide variety of pathogenic microorganisms via different
mechanisms. (a) For bacteria, bacteriocins can directly kill pathogenic bacteria by inhibiting the bacteria cell wall biosynthesis by
complexing the lipid II and forming the pore in cell membrane, disrupting bacterial population sensing as a signaling molecule, or enters
the cell via a transporter and interacts with critical enzymes (e.g., ATP-dependent protease). This eliminates the presence of pathogenic
bacteria in the organism and reduces their migration to various extraintestinal organs, i.e., the lung, kidney, and liver. (b) For viruses,
bacteriocins can inhibit the proliferation or transfer of viruses by blocking the synthesis of glycoproteins in the late stage of virus
replication. (c) For parasites, bacteriocins can inhibit the parasites through mitochondrial membrane depolarization and reactive oxygen
species production.
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virucidal effects against a variety of other viruses, such as
human immunodeficiency virus (HIV), zika virus, and den-
gue virus [37, 42]. Compared to be antibacterial agents, bac-
teriocins have been much less studies as antiviral agents, and
the mechanisms of bacteriocins involved are less well under-
stood and need further research.

2.3. Inhibiting Parasite Infection. There are 342 species of hel-
minth parasites and 70 species of protozoan parasites in
humans [43]. The relationship between the parasite and the
host is complex, as it may either promote host health or cause
diseases [44, 45]. Protozoa such as Plasmodium, Trypano-
soma, and Entamoeba can cause serious diseases (e.g.,
malaria, sleeping sickness, and amoebic dysentery) in
humans [46, 47]. Several bacteriocins have been reported to
have an inhibitory effect on some parasites and can amelio-
rate diseases caused by parasites. For example, AS-48 is a
head-to-tail cyclized peptide, synthesized by Enterococcus
faecalis. It not only has bactericidal effect on many G+ bacte-
ria and several G- bacteria but also effectively reduces the
number of Trypanosoma cruze by mitochondrial membrane
depolarization and reactive oxygen species production,
improving the symptoms of Chagas’ disease [48]. AdDLP is
the first bacterial defensin-like peptide identified in the G-

bacterium Anaeromyxobacter dehalogenans. 10μM AdDLP
can kill 100% of Plasmodium falciparum without harming
mammalian red blood cells [49]. Although the research about
bacteriocins inhibiting parasites are still limiting, bacterio-
cins are potential to be an effective drug to fight against par-
asite infection.

3. Anticancer Activities

Cancer is a major public health problem worldwide and is the
leading cause of death in the global [50]. Although there have
been new breakthroughs in cancer research in recent years,
there are still many challenges that need to be addressed,
and the prevention and treatment of cancer need to be fur-
ther explored continuously. Cancer occurs when the cells
that line the tissue become abnormal and grow out of control.
With the enhancement of migration ability, some cancers
might even be present without any signs or symptoms [51,
52]. Inhibiting the proliferation and migration of cancer cells
is an effective measure to prevent and treat cancer.

In recent years, researches on the anticancer effect of pep-
tide have gradually become the focus of attention. Bacterio-
cins have shown anticancer activities such as killing and
inhibiting invasion of some cancer cells. Table 2 and
Figure 2 summarize the anticancer effects of bacteriocins
and the mechanisms reported so far, including induction of
cell apoptosis, blocking of cell cycle, inhibition of cell migra-
tion, and destruction of cell membrane structure.

Nisin can induce the apoptosis of a wide range of cancer
cells (e.g., HNSCC, SW480, LS180, HT29, Caco2, SW1088,
A375, and IMR-32) [53–59] through multiple mechanisms.
After treatment with different concentrations of nisin, the
apoptosis index (i.e., bax/bcl-2) of cancer cells was increased,
the cell cycle was arrested, and the expression of genes related
to proliferation and migration (e.g., cea, ceam6, and mmp2f)
were suppressed. In addition, nisin also induces the cell
membrane damage, promotes the release of lactate dehydro-
genase (LDH), increases the accumulation of reactive oxygen

Table 2: Anticancer effects of bacteriocins.

Bacteriocins Classification Source Target cancer cells (mechanism) or effects in vivo

Nisin Lanthipeptide L. lactis

SW1088 [57]; HNSCC (arresting the cell cycles) [53]; SW480 (increasing the
apoptosis index of bax/bcl-2) [54]; LS180, HT29, and Caco2 (decreasing the
expression of genes related to proliferation and migration) [55]. IMR-32
(enhancing cell membrane fluidity) [59]. Combining with doxorubicin can

reduce the tumor volume of skin cancer in mice [60]. Decreasing the IC50 of 5-
FU on A431 cells and promote the elimination of tumors in mice [61, 153]

Nisin Z Lanthipeptide L. lactis

A375 (inducing cell membrane damage, increasing ROS accumulation,
inhibiting mitochondrial respiration and glycolytic metabolism) [58]; HNSCC
(induces apoptosis and reduces proliferation and clone formation). Reduces the

occurrence of tumors in mice and prolongs survival [154]

Bovicin HC5 Lanthipeptide S. bovis HC5 MCF-7 and HepG2 [155]

Duramycin Lanthipeptide S. griseoverticillatum MCA-RH 7777 (enhancing the sensitization) [67]

Chaxapeptin Lasso peptide S. leeuwenhoekii C58 A549 [66]

Thiostrepton Thiopeptide S. aureus
MCF-7 (inhibiting FOXM1expression) [68, 69]. Inhibiting endometriosis lesions

and reducing the levels of MMP9 and bcl-2 in rats [70]

Microcin E492 Microcin K. pneumoniae
HeLa, Jurkat, and Ramos (forming ion channels) [63]. Tumor inhibition in

SW480 and SW620 zebrafish xenograft models [156]

Pediocin CP2 Class IIa P. acidacticactic CP2
MCF-7, HepG2, Sp2/0-Ag14 and HeLa (affecting cell division and DNA

synthesis) [64]

Pediocin PA-1 Class IIa P. acidilactici K2a2-3 HT29 and HeLa [24]

Plantaricin A Class IId L. Plantarum Jurka (disrupting cell membrane structure) [65]

Laterosporulin
10

Class IId B. laterosporus SKDU10
MCF-7, HEK293T, HT1080, HeLa and H1299 (disrupting cell membrane

structure) [62]
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species (ROS), and inhibits the mitochondrial respiration
and glycolytic metabolism (lead to cancer cells running out
of energy). Interestingly, nisin can also be used in combina-
tion with anticancer drugs to significantly enhance their anti-
cancer effects in vivo. Preet et al. [60] reported that nisin as an
adjunct can promote the effects of doxorubicin against
DMBA-induced skin carcinogenesis by improving histopath-
ological features, promote cell apoptosis of tumor, and
increase superoxide dismutase (SOD) levels, thereby reduc-
ing the average load and volume of the tumor. Similarly,
Rana et al. [61] demonstrated that nisin and 5-FU combina-
tion be synergistic against DMBA-induced skin cancer and
could promote the rapid removal of tumors in vivo. These
results point towards the possible use of bacteriocins as an
adjunct to anticancer drug to prevent local tumor invasion,
metastasis, and recurrence and develop alternate strategies
to combat currently and developing drug resistance in cancer
cells.

Apart from nisin, laterosporulin10 (LS10), a class IId bac-
teriocin produced by Brevibacillus laterosporus SKDU10, not
only effectively inhibits pathogens [21] (i.e., M. tuberculosis
and S. aureus) but also kills a variety of cancer cells (e.g.,
MCF-7, HEK293T, HT1080, HeLa, and H1299 cell lines) at

10μM by destroying the membrane structure. Interestingly,
it shows low toxicity towards normal prostate epithelium
cells (RWPE-1) [62]. Microcin E492 produced by K. pneu-
moniae can trigger cancer cells to form ion channels, result-
ing in cell shrinkage, DNA fragmentation, extracellular
exposure of phosphatidylserine, caspase activation, and loss
of mitochondrial membrane potential, inhibiting the growth
of HeLa, Jurkat RJ 2.25, and Ramos cell lines at the concen-
tration more than 5μg/mL. Like LS10, microcin E492 also
had no effect on normal cells (KG-1 and a primary culture
of human tonsil endothelial cell) [63]. Pediocin CP2, a class
IIa bacteriocin from Pediococcus acidilactici MTCC 5101,
can affect cell division and DNA synthesis and induce pro-
grammed cell death of multiple cancer cells (MCF-7, HepG2,
and HeLa) at 25μg/mL without selective cytotoxicity. [56,
64] In addition, plantaricin A [65] from Lactobacillus plan-
tarum, pediocin PA-1 [56] from P. acidilactici K2a2-3, chax-
apeptin [66] from Streptomyces leeuwenhoekii C58, and
duramycin [67] from Streptoverticillium griseoverticillatum
have been reported to inhibit Jurkat, HeLa, A549, and
MCA-RH 7777 cell lines, respectively. Thiostrepton, pro-
duced by Streptomyces, is an exciting bacteriocin that was
reported to have in vivo anticancer properties as of nisin.

Bacteriocins

Inner

Apoptosis and necrosis Migration and proliferation

Cancer cells

Nucleus

FluidityOutside

LDH

Bax/bcl2

Foxm1
mmp9

ROS

Figure 2: Bacteriocins inhibit the development of cancer by inhibiting the growth of cancer cells through various mechanisms. Bacteriocins
increase the fluidity of cell membranes and form ion channels on cancer cell membranes, increasing the release of LDH. Bacteriocins promote
the accumulation of intracellular ROS, increase the apoptotic index (bax/bcl2), reduce the expression of FOXM1 and MMP9, inhibit
mitochondrial energy metabolism and glycolysis, reduce its energy supply leading to apoptosis and necrosis, or inhibit its migration and
proliferation, which ultimately promotes the apoptosis and necrosis, inhibiting the migration and proliferation of cancers.
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Thiostrepton not only forms a tight complex with the fork-
head box M1 (FOXM1, a key regulator of the cell cycle) bind-
ing domain and inhibits FOXM1 expression, inhibiting
MCF7 cell in vitro at 10μM, but also decreases FOXM1
expression and acts as a proapoptotic agent, thereby inhibit-
ing endometriosis and reducing MMP9 and bcl-2 levels
in vivo at 150mg/kg [68–70]. Therefore, many bacteriocins
have the potential to be used as antitumor agents by interfer-
ing with some aspect of cancer progress. They have a signif-
icant potential for developing as antitumor drugs.

4. Anti-Inflammation and
Immunomodulation Activities

The immune system is a complex network of cells, tissues,
and organs that work together to protect the body from
harmful substances and defend against disease, which plays
an important role in maintaining the health of human [71].
Many diseases are linked to disturbances in the immune sys-
tem, such as inflammation and immune deficiency [72]. Bac-
teriocins also have anti-inflammatory and immune-
modulatory effects as detailed in Table 3 and Figure 3. Bacte-
riocins can inhibit the inflammatory effects caused by
pathogen-associated molecular patterns (PAMPs) or other
irritants by modulating cytokine levels. This is characterized
by an increase in anti-inflammatory cytokines and a decrease
in proinflammatory cytokines by regulating the activation of
certain pathways, such as Toll-like receptor (TLR), nuclear
factor kappa-B (NF-κB), and mitogen-activated protein
kinase (MAPK) signaling pathways. Bacteriocins also pro-
mote the secretion of antimicrobial substances from epithe-
lial cells to kill proinflammatory bacteria. And they inhibit
the infection-induced inflammation and migration of patho-
gens by increasing the expression of tight junction proteins
(TJP), strengthening the intestinal barrier, and reducing the

invasion of proinflammatory pathogens into the bloodstream
and extraintestinal organs.

Nisin has been reported to have a significant anti-
inflammatory effect in vitro and in vivo. Nisin A can increase
the activity of human keratinocytes HaCaT, inhibit LPS-
induced proinflammatory cytokine levels (TNF-α), and
reduce bacterial growth, promoting wound healing [73].
Nisin Z inhibits S. agalactiae and S. aureus and leads to a sig-
nificantly decreased milk somatic cell count in cows with
mastitis, thus effectively relieving the symptoms of mastitis
[74]. Nisin P from Streptococcus lactis SMN003 reduces uter-
ine inflammation in rats by regulating the concentration of
proinflammatory and anti-inflammatory cytokines (regulate
the levels of B7-2, IFN-γ, IL-2, and IL-8) and normalized
uterine neutrophils thus restoring endometrial architecture
[75].

Plantaricin EF, class IIb bacteriocins which are produced
by L. plantarum, can promote the expression of TJP in obese
mice, increase the integrity of intestinal barrier, reduce the
weight of obese mice, and reduce the inflammation of fat
[76]. Microcin M produced by E. coli MC4100 mediates the
competition of Enterobacter in inflammatory bowel, reduces
the colonization of intestinal pathogenic bacteria, and
reduces intestinal inflammation [77]. A lasso peptide of
microcin J25 from E. coli can reduce the levels of IL-6, IL-8,
and TNF-α to prevent intestinal damage and inflammation
caused by ETEC K88. Microcin J25 also can effectively
improve the production performance of salmonella-infected
broilers, systemic inflammation, and the composition of fecal
microflora [32, 78–80]. This is inconsistent with the com-
monly held view that bacteriocins have little effect on the
structure of intestinal flora. It might be due to the special
structure of microcin J25 (a lasso peptide), which makes it
insensitive to proteases and thus affects intestinal microor-
ganisms. Besides, microcin J25 also improves the fecal micro-
biota of weaned piglets, thereby promoting piglet growth,

Table 3: Anti-inflammation and immunomodulation effects of bacteriocins.

Bacteriocins Classification Resource Highlights

Nisin A Lanthipeptide L. lactis
Decreasing the levels of IL-6, IL-8, and TNF-α and reduce the growth of

bacteria in the wound [73]

Nisin Z Lanthipeptide L. lactis Inhibiting S. agalactiae and S. aureus, alleviating mastitis in cows [74]

Nisin Lanthipeptide L. lactis
Increasing the level of IL-12 in macrophages [82], adjust the levels of inflammatory
factors in both directions and promote immune balance [83]. Decrease the levels

of TNF-α, TNF-β, NF-κB, IL-1, and ROS in mice [153]

Nisin P Lanthipeptide S. lactis SMN003 Regulating cytokine concentration to reduce uterine inflammation in rats [75]

Thiostrepton Thiopeptide Streptomyces sp. Inhibiting psoriasis-like inflammation induced by TLR7, TLR8, and TLR9 [86]

Microcin M Microcin E. coli MC4100 Inhibiting intestinal pathogenic bacteria and reducing intestinal inflammation [77]

Microcin J25 Lasso peptide E. coli
Improving intestinal inflammation of broiler and mouse caused by Salmonella

and ETEC [78, 79]

Sublancin Glycocin B. subtilis 800
Enhancing macrophage function, increase CD 4+ and CD 8+ cells, thereby enhancing
immune response [84, 85]. Inhibiting NF-κB, relieving intestinal inflammation [157]

Gassericin A
Circular

bacteriocins
L. gasseri LA39

Binding to KRT19 thus promote fluid absorption and decrease secretion early-weaned
piglets [158]

Salivaricin LHM Class II L. salivarius Inhibiting inflammation caused by P. aeruginosa, with immune regulation in mice [81]

Plantaricin EF Class IIb L. plantarum Reducing obesity and fat inflammation [76]

Lmo2776 Class IId L. monocytogenes Targeting the commensal P. copri and modulate intestinal infection in mice [159]
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apparent total digestibility, and intestinal barrier function
[32]. Salivaricin LHM from Lactobacillus salivarius inhibits
the growth and biofilm formation of Pseudomonas aerugi-
nosa (often cause nosocomial infection) and can also reduce
the inflammation and prevent injury caused by P. aeruginosa
infection. So, the salivaricin LHM has anti-inflammation
effect in vivo and in vitro [81].

In fact, whether it is an anti-infective, antitumor, or anti-
inflammatory effect, this is inseparable from immune regula-
tion. Nisin can not only reduce the level of proinflammatory
factors to play an anti-inflammatory function but also pro-
mote the secretion of proinflammatory factors under certain
conditions. For example, nanoparticles synthesized by nisin
and Ag (nisin-Ag) increased the level of the proinflammatory
cytokine IL-12 in macrophages [82]. Interestingly, nisin pro-
motes the proliferation of peripheral blood mononuclear
cells (PBMC), stimulate the production of IL-1 and IL-6,

and increase the proportion of CD4+ CD8+ T cells. Contrary,
when PBMC is stimulated by LPS, nisin reduces the produc-
tion of LPS-induced proinflammatory cytokine IL-6 [83]. It
indicates that nisin has strong immune-modulatory activity.
Sublancin (1.0mg/kg) can enhance macrophage function,
increase CD 4+ and CD 8+ cells, and protect mice from
MRSA infection [84]. It also prevents cyclophosphamide-
induced immunosuppression in mice and inhibits NF-κB
activation to balance the immune response during infection,
alleviating intestinal inflammation [85]. Thiostrepton is a
kind of thiopeptide, which can inhibit the psoriatic inflam-
mation, which induced by TLR7, TLR8, and TLR9 in vivo
[86].

As mentioned above, bacteriocins have a wide range of
biological activities, suggesting that they may be used as
anti-infective compounds and effective therapeutic agents
in the treatment of a number of immune-related diseases,
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Figure 3: Anti-inflammation and immunomodulation effect of bacteriocins. (a) For the anti-inflammatory effect, some bacteriocins can
increase anti-inflammatory cytokine levels, decrease proinflammatory cytokine levels, and maintain the balance between immune cells by
inhibiting the activation of inflammatory signaling pathways in a state of inflammation. Some bacteriocins can act directly on pathogenic
bacteria or reduce colonization of pathogenic bacteria by stimulating the production of antimicrobial substances. Some bacteriocins can
promote the expression of intestinal tight junction proteins and strengthen the intestinal barrier. (b) For immune regulation, some
bacteriocins can promote the body to produce inflammatory cytokines and promote the phagocytosis of macrophages, thus boosting the
immunity and achieving immune regulation in the immunosuppressive state.
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and they may even have promising applications in cancer
therapy.

5. Opportunities of the Application of
Bacteriocins in Human Health

5.1. Delivery Systems for Bacteriocins. Bacteriocins are an
essential class of polypeptide substance. They are reported
to be involved in improving gut health, such as reducing
pathogenic bacteria colonization, improving the intestinal
barrier, and alleviating intestinal inflammation. Besides, bac-
teriocins are not easy to cause drug resistance and have little
influence on commensal flora. For example, thuricin CD, a
posttranslationally modified bacteriocin produced by B.
thuringiensis DPC 6431with an activity against C. difficile,
has potential as a targeted therapy in the treatment of C. dif-
ficile-associated infection while also reducing collateral
impact on the commensal flora [87]. Some bacteriocins, such
as lasso peptide microcin J25, have stable s structures to avoid
degradation by proteases in digestive tract [80]; however,
most bacteriocins are susceptible to be degraded by proteases
when administered orally, leading to the loss of antimicrobial
activity. As a result, only a small fraction of bacteriocins has
been tested in vivo by intraperitoneal injection, nasal feeding,
or applying to skin. Therefore, effective delivery methods are
necessary to ensure that they are not degraded when they
reach the intestine.

Nanoparticles (i.e., metal nanoparticles, organic nano-
particles, nanospheres, and nanofibers), probiotics, and gels
may be used as bacteriocin delivery systems [88]. For exam-
ple, nisin nanoparticles have sustained release effect com-
pared with nisin alone, prolonging the action time for the
recurrent vaginal candidiasis treatment [89], and slow release
contributes to prolonging the duration of the effect. In addi-
tion, some delivery modes enhance the activity of bacterio-
cins. For example, compared with enterocin alone,
enterocin-capped silver nanoparticles (En-SNPs) synthesized
by enterocin and nanosilver have stronger antibacterial activ-
ity against multiple foodborne pathogens (i.e., E.coli ATCC
25922, B. cereus,K. pneumoniae, L. monocytogenes,M. luteus,
P. acidilactici LB42, S. flexneri, and S. aureus) [90]. Mohid
et al. described five bacteriocins which are effective against
M. tuberculosis. After being embedded in liposomes (phos-
phatidylcholine: cardiolipin =3 : 1), four of them are better
than rifampicin (traditionally used to treat M. tuberculosis
infection) in vivo [91]. However, as the best of our knowl-
edge, those delivery systems has only little effect to solve
the protease degradation problem.

Many probiotics have been reported to tolerate the gastro-
intestinal environment and successfully colonize the intestine.
Consequently, bacteriocin-producing probiotics act as vehicles
to transport the bacteriocins to the intestinal tract for their
beneficial effects. Malvisi et al. found that nisin-producing
strains show stronger antimicrobial activity against mastitis-
causing bacteria than nonnisin-producing strains [92]. Simi-
larly, Yin et al. demonstrated greater anti-inflammatory activ-
ity in mice fed L. plantarum compared to the mutant strain
lacking the bacteriocin plantaricin [93]. In turn, the produc-
tion of bacteriocins promotes the colonization of probiotic

bacteria, facilitating their occupation of ecological niches and
reducing the colonization of pathogenic bacteria [94]. Thus,
bacteriocin-producing strains can be used as vehicles to help
bacteriocins colonize and function in gastrointestinal research.

5.2. Increasing Bacteriocins Production and Activity by
Genetic Engineering. The production of bacteriocins in the
original strains is usually low, and some bacteriocins are
encoded by plasmids and are not produced in stable yields.
Increasing the yield of bacteriocins is of great importance
for the research and application of bacteriocins. In addition,
the activity of some bacteriocins has to be improved in prac-
tice, which can also reduce the amount of bacteriocins used
and thus indirectly solve the problem of insufficient bacteri-
ocin production. Genetic engineering is a good solution to
both of these problems. For the increase of bacteriocin pro-
duction, Ni et al. used the shuttle expression vector pMG36e
with the strong constitutive promoter p32 to further enhance
the production of nisin by overexpressing the genes nisA,
nisRK and nisFEG in L. lactis LS01 [95]. Kong et al. obtained
the 14.5 kb complete gene cluster of nisin from L. lactis K29
nisin-producing bacteria, transferred it into L. lactis
MG1363 with pCCAMβ1 plasmid, and overexpressed the
core peptide gene nisA, thereby increasing the yield of nisin
[96]. For the enhancement of the bacteriocins activity, Zhou
et al. attached the tail (PRPPHPRL) of apidaecin 1b to nisin,
and the activity of nisin against E. coli CECT101 was
increased by more than twofold [97]. Recently, Steven et al.
have improved the activity of antimicrobial peptides against
pathogenic bacteria and broadened the spectrum of inhibi-
tion by combinatorically shuffling the peptide modules of
12 lanthipeptides. [98] Overall, genetic engineering is an
effective approach to increase bacteriocin production and
enhance bacteriocin activity.

5.3. Bacteriocins as Narrow-Spectrum Antimicrobials to Be
Needed for Healthy HumanMicrobiota. The human microbi-
ota is composed of a diverse community of bacteria, and the
microbial composition and abundance changes are related to
a range of human diseases. Broad-spectrum antibiotic
administration could dramatically reduce gut microbiota
diversity and cause many side effects. For example,
antibiotic-associated diarrhea occurs when the balance of
“good and bad bacteria” in the gastrointestinal is disrupted
after taking antibiotics.

Many bacteriocins have a relatively narrower spectrum
and targeted against a little specific bacteria compared to
antibiotics which have a broad-spectrum activity. As bacte-
riocins usually inhibit closely related bacteria, some bacterio-
cins produced by pathogens showed specific antimicrobial
activity to the related pathogenic bacteria. For example, lan-
tibiotic suicin from S. suis has an inhibitory effect against S.
gordonii which can cause human sepsis [99]. Klebocin from
clinical isolates of K. pneumonia show antimicrobial activity
to pathogenic species from enterobacteriaceae [100]. Aureo-
cins produced by S. aureus has a strong inhibitory effect on S.
aureus and S. agalactiae [101]. In addition, bacteriocins have
no impact on normal microbial flora due to their narrow
spectrum. For instance, diffocin is produced by C. difficile
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CD4 and can specifically kill other C. difficile strains. The
modified diffocins completely prevented the intestinal settle-
ment of C. difficile without infecting gut flora by oral admin-
istration in mice [102]. Similarity, thuricin CD produced by
B. thuringiensis DPC 6431 showed elimination of C. difficile
and has little impact on normal genera in gut [87]. Microcin
J25 intervention in a diarrhea model reduces pathogenic E.
coli colonization while improving intestinal microbiology
[32]. Therefore, bacteriocins have a great potential to be used
as a narrow-spectrum bacterial inhibitor for the treatment of
infection-related diseases in human.

In practice, the safety of some bacteriocins is of concern
as their producing bacteria are pathogenic. Therefore, for
these bacteriocins, using purified bacteriocins or heteroge-
nous probiotic bacteria expressing the bacteriocin rather
than the producing strains is applicable. It is worth mention-
ing that a rigorous safety assessment of bacteriocins in vitro
and in vivo is necessary before practical application, regard-
less of whether the source is probiotic or pathogenic.

6. Conclusion and Prospect

This review highlights the potential of bacteriocins as novel
therapeutic treatments in microbe infection, cancer, and
immune system in human body. There is an abundance of
knowledge on the bacteriocins applied in food industry, agri-
culture, and veterinary fields. However, there is limiting
available in vitro and in vivo data regarding human health.
Due to the sensitivity of some bacteriocins to protease, many
studies on the activity of bacteriocins are confined to in vitro
experiments and have not been deeply studied in the model
of animals. Some posttranslationally modified bacteriocins
show higher stabilities in the digestive tract, while less is
known about their impact in an in vivo environment. The
bacteriocin delivery system might be an important path to
solve the degradation of bacteriocin in the digestive tract.
Besides, more and more bacteriocin biosynthesis clusters
are predicted using bioinformatic approaches; however, the
bacteriocin-producing strain is not easy to obtain. The com-
bination of high-throughput sequencing and culture omics
may provide ideas for the discovery of new bacteriocins and
their producing strains. More research related to the cytotox-
icity, hemolytic activity, distribution, and metabolism of bac-
teriocins is needed to explore their contribution to human
health. The unique antibacterial mechanism of bacteriocins
compared to conventional antibiotics makes them a potential
alternative to antibiotics. Further studies on the function and
mechanism of action of bacteriocins will help advance their
practical application in anti-infection, anticancer, and anti-
inflammation or immunomodulation.
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Dietary fiber has a long history in the intervention study of hyperlipidemia. In this review, current understandings of structures,
sources, and natures of various kinds of dietary fibers (DFs) were analyzed first. Available evidences for the use of different
varieties of DFs in the lipid-lowering action both in vitro and in vivo were subsequently classified, including both soluble ones,
such as glucans, pectins, and gums, and insoluble ones, including arabinooxylans and chitosans, in order to draw a primary
conclusion of their dose and molecular weight relationship with lipid-lowering effect. Their potential mechanisms, especially the
related molecular mechanism of protective action in the treatment and prevention of hyperlipidemia, were summarized at last.
Five major mechanisms are believed to be responsible for the antihyperlipidemic benefits of DFs, including low levels of energy,
bulking effect, viscosity, binding capacity, and fermentation thus ameliorating the symptoms of hyperlipidemia. From the
molecular level, DFs could possibly affect the activities of HMG-CoA reductase, LDL receptors, CYP7A1, and MAPK signaling
pathway as well as other lipid metabolism-related target genes. In summary, dietary fibers could be used as alternative
supplements to exert certain lipid-lowering effects on humans. However, more clinical evidence is needed to strengthen this
proposal and its fully underlying mechanism still requires more investigation.

1. Introduction

Cardiovascular disease (CVD), including atherosclerosis,
stroke, and myocardial infarction, is a leading factor to cause
death in modern industrialized societies, which indicates that
to reduce the risk factors for CVD plays a critical role in the
management of public health, including decreased concen-
trations of plasma total cholesterol (TC), low-density lipo-
protein cholesterol (LDL-C), and triacylglycerols (TG). It
has been estimated that a reduction in LDL-C for 10mmol/L
correlated with a 22% reduction in the risk of CVD mortality
and morbidity and greater than 10mmol/L TG concentra-
tions is associated with significantly increased risk of acute
pancreatitis and CVD [1, 2]. Besides these factors, high levels
of plasma high-density lipoprotein cholesterol (HDL-C) are
also found to be inversely related to the risk of CVD,
although the application of state-of-the-art medical interven-

tions targeting on HDL-C to reduce the CVD burden failed
to show the anticipated beneficial effect.

Cholesterol, a subtype of lipids, originates from two
sources in the human body; one is synthesized in the liver
(about 700-900mg/d), and another is taken in by diet (about
300-500mg/d). In spite of small amounts of cholesterol that
are used for the synthesis of steroid hormones and cell mem-
branes, most of them are used by the liver to synthesize bile
acids, such as cholic acid, which is essential to increase the
absorption of hydrophobic nutrients. Bile acids are stored
in the gall bladder and released into the duodenum and prox-
imal jejunum after the stimulation of cholecystokinin. About
95% of excreted bile acids are reabsorbed and recycled by
reuptake through enterohepatic circulation, and the lost frac-
tion is compensated by synthesis and diet uptake. Cholesterol
is critical in the lipid metabolism for it participates in the
transportation of lipids as the form of lipoproteins, which
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are small spheres containing phospholipids, apolipoproteins,
and cholesterol. These lipoproteins can be divided into sub-
groups: LDL-C, HDL-C, and VLDL-C. LDL-C delivers fat
molecules to the cells and can drive the progression of ath-
erosclerosis if they become oxidized and form plaque within
the walls of arteries. Conversely, HDL-C is considered
“good” cholesterol that protects against cardiovascular dis-
eases and helps scavenge LDL-C from the arteries and carries
it back to the liver, where it is broken down [3, 4]. Given the
central role of cholesterol in the lipid metabolism, a reduc-
tion of cholesterol is closely related with a lowering action
of other lipids. Understanding the process of lipid metabo-
lism will help to reveal the underlying mechanisms of lipid-
lowering action and its molecular mechanism.

Hyperlipidemia, referring to a metabolism disorder, is a
common disease in modern society along with an unhealthy
diet and less physical activity and has been regarded as the
most crucial risk factor leading to CVD [5]. Its diagnosis is
often based on the abnormal deviation of one or several
plasma lipids, which composed of increased TG, TC, and
LDL-C and decreased HDL-C. Measures to adjust the dys-
function of lipid metabolism is commonly agreed to prevent
the outbreak of CVD, including restricted diet of less carbo-
hydrates and fats and more exercise plus medicine interven-
tion. However, hyperlipidemic patients regularly taking
drugs, such as statins and fibrates, have various complaints
about their adverse effects or contraindications [6, 7]. Mean-
while, a number of functional foods or nutraceuticals, such as
plant stanols and sterols, soya protein, garlic, β-glucans, and
other dietary fibers, have also been identified with antihyper-
lipidemic function [8, 9]. Dietary fiber, “the seventh nutrient”
of the body, is particular and nonreplaceable to maintain the
health and composed of two types: hydrosoluble and insolu-
ble ones, and they are classically believed to exert their influ-
ence on lipid metabolism in different patterns: hydrosoluble
fiber forms an unstirred water layer on the intestinal wall
and delays the absorption of sugar and fat, while the insoluble
ones increase the volume of the stool. However, this catego-
rization is criticized for its inaccuracy to represent the effects
of all fibers in the lipid-lowering action [10].

The impactions of dietary fiber on reducing serum lipids
stem from a study carried out in the 1970s. At that time, the
same dose between 2 and 10 g/d of oats, pectins, or guar gum
was regarded as equal in the action of reducing TC and LDL-
C [11]. Recent analyses have focused on specific fiber type,
especially the molecular weight, indicating that different
kinds of dietary fibers may not be equal, and there is a
dose-response relationship that existed between fiber intake
and the effects of lipid reduction. In the present paper, we
summarized the relationship of different structures, molecu-
lar weights, and doses of each kind of dietary fiber and their
antihyperlipidemic effect and their underlying mechanisms.

2. Structures, Compositions, and Sources of
Different DFs

Dietary fiber has a long history of multiple health beneficial
effects, preventing or withstanding a series of common dis-
eases, including cancer, diabetes, hyperlipemia, CVD, series

of intestinal diseases, and obesity [12, 13]. The major
subtypes of DFs consist of cellulose, hemicellulose, chitosan,
pectin, β-glucan, gum, and pectin, which all refuse to be
hydrolyzed by any digestive enzymes secreted by nonrumi-
nant animals. Therefore, the majority of DFs cannot be
absorbed by the small intestine and is thus utilized by the
intestinal microorganisms for fermentation in the caecum
and colon. Though plants usually harbor both hydrosoluble
and insoluble DFs, their ratio differs according to the species
and maturity degree of the plant.

Cellulose, hemicellulose, lignin, and chitosan compose
the whole part of insoluble DFs. Binding as many as 10,000
D-glucose residues with β-l,4-glycocisidic and β-l,6-glycoci-
sidic bonds forms a tree-like molecule, defined as cellulose,
which is the base of the microfibril structure and the reason
why it absolutely cannot be dissolved in water. Hemicellu-
loses are assembled with a series of heterogenic monosaccha-
rides, and most of them are also insoluble in water but in
alkali solutions. Various cereals contain hemicellulose, which
consists of mainly arabinoxylans and arabinogalactans with
mainly xylans or galactans as backbone and arabinose or
pentosans as side chains. The water solubility of hemicellu-
lose is strongly affected by the branching and substitution:
the more branched the molecule is and the more hydrophilic
the substitutions are, the more soluble the hemicellulose will
be [14]. Lignin constitutes with amorphous molecules of phe-
nyl propyl alcohol or its derivatives and exists widely in plant
xylem, which is seldom considered edible. This paper aban-
dons the discussion of lignin for this reason. Chitosan is
derived from chitin with alkaline deacetylation, which
composes of β-1-4-linked D-glucosamine and N-acetyl-D-
glucosamine, and participates in the forming of the exoskel-
eton of crustaceans and the cell walls of fungi. Chitosan can
exist either in a primary and unorganized structure or in a
microcrystalline form, which normally can be hardly
resolved in water.

Most other DFs are water soluble, including β-glucan,
alginates, carrageenans, agar, pectin, gum, and some prebi-
otics. The endospermic cell wall polysaccharides of wheat,
oat, and rye are mainly water soluble, whose major constitu-
ents are β-l,3- and β-l,4-linked glucose and the β-l,3-linkages
usually appear after several β-l,4-linkages [15]. Glucan is also
commonly stored in various kinds of fungus, such as Gano-
derma and Lentinula edodes, and thus attaching them with
biological activity. The fungi glucans are characteristic of β-
1,3- and β-1,6-linkages while β-1,3- and β-1,4-linkages
appear in cereal glucans. The backbones of these glucans
are composed of mixed α- and β-D-glucan or pure β-D-glu-
can while their side chains are heterogeneous of xylose, man-
nose, galactose, or uronic acid. Based on the different
components and structures, these glucans can be both water
soluble or insoluble [16]. The insoluble parts of fungi glucans,
holding about 50–80% of the total glucan, form the structural
components of the cell wall and are usually cross-linked to
other molecules like chitin or to proteins [17]. Seaweed
includes red, brown, green, and blue ones, and their polysac-
charide extracts vary from one another, which can be further
divided into glucans, alginates, carrageenans, agar, and
focoidan for their different compositions. The structure of
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seaweed glucans showed by NMR spectroscopy is composed
of two parts: β-1,3-glucan as backbone and about another
one-fifth of β-1,6-glucan as sidechains [18]. Alginates are
typically bonded with hundreds of D-mannuronic acid and
L-guluronic acid residues. Carrageenan and agar are
sulphated galactans with basic linear structure of galactose
residues, but they differ from each other in whether the 1,4-
linked anhydrogalactose is D or L form [19, 20]. Fucoidans
are acidic and sulfated macromolecules composed of L-
fucose along with several other oligosaccharides such as
mannose, galactose, and xylose, which are usually extracted
from brown algae like Fucus vesisulosus and sporophyll of
Undaria pinnatifida. Pectin can dissolve in hot water and
form a gel when it cools down, which owns an extremely
diverse structure, but the main monomeric residue remains
almost unchanged, mainly D-galacturonic acid with inter-
ruptions of rhamnose or galactose. Three major kinds of
pectin molecules are recognized: homogalacturonan, rham-
nogalacturonan-I, and rhamnogalacturonan-II [21], and

they exist not separately but to form covalently linked
domains. Plant-secreted gums usually possess highly
branched structures and thus are highly water soluble. The
molecules of endosperm cell walls of leguminous seeds are
galactomannans, which are usually referred to as guar gum
or locust bean gum. Fructooligosaccharides (FOS) and fruc-
tans are widely stored in various plants like garlic, onion,
leek, chicory, and green algae. They vary in both molecular
structure and weight: FOS are a common name for only
lower polymers, referring to less than 10 fructooligomers,
while fructans are molecules with a high degree of polymeri-
zation. Fructans may be classified into three main types:
inulin, levan, and the branched ones. The inulin consists of
fructose that connected mostly or exclusively with 1,2-link-
ages while levan fructose residues are joint mostly or exclu-
sively with 2,6-linkages, and the branched ones contains
both [22]. FOS and inulin are often served as prebiotics in
modern functional food industries. The structures of the
most typical DFs are illustrated in Figure 1.

Galactan

𝛽-Glucan Galactomannan(guar gum)

Arabinogalactan

Symbols denote:

Arabinoxylan

Fucoidan
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Sulphated galactans
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Figure 1: Structures and classifications of typical dietary fibers.
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3. Lipid-Lowering Effect of Different DFs

Based on current knowledge, certain kinds of nutraceuticals
could exert significant lipid-lowering activity, although not
effective enough to compare with statins, such as plant sterols
and stanols, red yeast rice extract, garlic, bergamot, green tea
extracts, and multiple kinds of soluble dietary fiber [23].

3.1. Oat or Oat β-Glucans. β-Glucan is an important dietary
fiber with a biological function, which existed mainly in
yeast, bacteria, oats, and barley as well as medicinal mush-
rooms. There are hundreds of studies involved in the effect
of oat β-glucan on metabolism diseases. A meta-analysis that
included 17 RCTs (916 hypercholesterolemic patients)
showed that β-glucan consumption significantly reduced
LDL-C (-0.21mmol/L (8.1mg/dL); 95% CI, -0.27 to -0.14;
p < 0:00001), [24]. In a randomized, single-blind, wheat
bran–controlled study, it suggested that consumption of
11 g oat bran β-glucan nearly doubled the plasma secretion
of bile acids within 8 h and thus decreases serum cholesterol
by measuring the metabolite 7-hydroxy-4-cholesten-3-one in
the plasma [25]. Similarly, the supplementation of oat β-glu-
can (5 g/meal, twice a day) muesli diet significantly increased
the synthesis of bile acid and lowered cholesterol absorption
when compared to the control diet. It further suggested that
the combination 5 g oat β-glucan plus 1.5 g plant stanols
per meal enhances the lipid-lowering effect by reducing the
absorption of cholesterol (p < 0:001) while the synthesis of
bile acid remains unchanged [26]. Another study found that
young adults consumed 6 g β-glucan containing oat bran diet
daily for 2 weeks and had significantly lowered their TC, TG,
LDL-C, VLDL-C, plasminogen activator inhibitor-1 (PAI-1),
and factor VII (fVII), as well as fecal volumes and dry matter
of the experiment group than the control group, while both
groups had no significant differences in body weight [27].
Multiple studies verified that high level of PAI-1 is correlated
with increased risk of CVD while both PAI-1 and fVII could
influence postprandial TG levels [28, 29]. Another meta-
analysis that included 28 randomized controlled trials
declared that oat β-glucan in doses of 3 g/d reduced LDL-C
and TC relative to control by 0.25mmol/L and 0.30mmol/L,
respectively, without changing HDL-C or TG [30]. A recent
6-week randomized controlled trial was designed to assign
87 mildly hypercholesterolemia patients to one of the three
groups: control or low dose of oat β-glucan (1.5 g/d, OL) or
high dose (3.0 g/d, OH), whose plasma TC levels are situated
between 5 and 7.5mmol/L. Results showed that while TC
reduced significantly in all groups, only OL and OH reduced
significantly the plasma LDL-C and the intake of 1.5 g/d was
proved to be as effective as the dose of 3 g/d irrelevant with
different food formats [31]. However, another clinical trial
aiming to test the effects of physicochemical properties of
β-glucan on its ability to lower serum LDL-C found that
the β-glucan must be served with sufficient quantity (3 g/d)
and the efficacy of oat β-glucan in lowering blood TC was
decreased by 50% when its molecular weight (MW) was
reduced from 2,210,000 g/mol to 210,000 g/mol, suggesting
that molecular weight plays an important role in the lipid-
lowering action of oat β-glucan. Given that the viscosity of

β-glucan is determined by its solubility and MW [32], this
indicates further that mechanism of the lipid-lowering action
of soluble β-glucanmay be modulated by its physicochemical
properties in the intestine. Similar results were found by
another randomized clinical trial, in which 345 patients of
both Caucasians and non-Caucasians were randomly
assigned to consume cereal containing wheat fiber (control,
n = 74 : 13 Caucasian : non-Caucasian) or 4 different oat β-
glucan groups: 3 g/d of high-MW 2,250,000 g/mol (n =
67 : 19), 4 g/d medium-MW 850,000 g/mol (n = 50 : 17),
3 g/d medium-MW 530,000 g/mol (n = 54 : 9), or 4 g/d low-
MW 210,000 g/mol (n = 51 : 12) for 4 weeks. Individuals that
consumed medium to high MW β-glucan all had signifi-
cantly reduced LDL-C by 4.8 to 6.5% in both race, but low-
MW had no effect compared to control [33]. Moreover, a
latest systematic review that included 58 trials also claimed
that a median dose of 3.5 g/d of oat β-glucan significantly
lowered LDL-C by 0.14-0.23mmol/L (p < 0:00001), non-
HDL-C by 0.15−0.26mmol/L (p < 0:00001), and apoB by
0.02−0.05 g/L (p < 0:0001) compared with control [34].
However, there is also controversial result. 66 overweight
females were randomized into one of three 2MJ energy-
deficit diets: a control and two interventions including 5–
6 g or 8–9 g β-glucan. After 3 months, all groups lost weight
(p < 0:001) and significant reductions in TC, LDL-C, HDL-
C, and leptin while no significant differences were noted
between the groups, suggesting that oat β-glucan cannot
enhance the antihyperlipidemic effect in energy-restricted
diets [35]. From the above evidences, it is commonly agreed
that oat and its enriched β-glucans are effective lipid-
lowering agents, 3 g/d may be the effective dosage, and low
molecular weight β-glucans (less than 200 kDa) have
minor hypolipidemic effect. However, what is the ideal
MW of the β-glucans for hyperlipidemic patients needs
further investigation.

3.2. Barley or Barley β-Glucan.Many studies pointed out that
barley β-glucan also possesses lipid-lowering properties.
Eight eligible trials lasted 4 to 12 weeks involving 391 sub-
jects, which are aimed at evaluating the lipid-reducing effect
of barley, were identified in a meta-analysis. It found that
the intake of 3–10 g barley β-glucan lowered TC by about
14mg/dL, LDL-C by about 10mg/dL, and TG by about
12mg/dL but did not significantly alter the HDL-C level
[36]. A later meta-analysis conducted with 11 studies reached
similar conclusions; supplementation of comparable barley
glucan could lower TC and LDL-C concentrations by
0.30mmol/L and 0.27mmol/L, respectively; and this lipid-
lowering action had no dose-dependent relationship [37].
Hamsters were fed with high-fat diets plus different kinds
of grain including whole grain wheat, barley, barley supple-
mented with HPMC (2%-3%), debranned oat, and oat sup-
plemented with HPMC, which were all compared to a diet
containing cellulose as control. Results showed that all
supplementations significantly lowered plasma LDL-C con-
centrations compared to the control and HPMC further
strengthened the lipid-lowering effect both in the plasma
and liver. It appears that whole grain barley especially when
HPMC is applied could reduce the cholesterol mainly
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through modulation of the synthesis and excretion of hepatic
cholesterol and bile acid [38]. Another study also supports
the idea that consumption of 3 g/d high MW β-glucan from
barley lowered TC effectively by circa 0.12mol/L, while low
MW β-glucan did not alter serum TC levels and even raise
the dose to 5 g/d. This effect was further found to be corre-
lated with gene-diet interaction, whereby individuals with G
allele carriers of the CYP7A1 gene, namely, GG homozygotes
or GT heterozygotes, exhibited more pronounced cholesterol-
lowering effects than TT carriers (p = 0:0006) [39].

3.3. Mushroom Polysaccharides. Mushroom polysaccharides
existed in varied forms including β-glucan. A great variety
of active polysaccharide molecules, including heteroglucans,
heterogalactans, and heteromannans have been obtained
from various kinds of mushrooms such as fungi, basidiomy-
cetes, and ascomycetes, whose biological function has been
explored by abundant studies over the past decades [40]. In
a study, Pleurotus ostreatusDF fraction (PDF) led to a reduc-
tion of hepatic TG because Dgat1 was downregulated in HFD
mouse models. It could also reduce hepatic TG accumulation
by modulating cholesterol-related gene expression in a man-
ner similar to that of typical antihypercholesterolemic drugs
including simvastatin and ezetimibe, although no significant
change in plasma and liver biochemical data were noticed
[41]. They further prepared 4 different mushroom extracts
including β-glucans, water-soluble polysaccharides, ergos-
terol, and their mixture to examine the underlying molecular
mechanisms involved in cholesterol-lowering action, in
which the mRNA levels of 17 cholesterol-related genes from
the jejunum, caecum, and liver of high cholesterol-fed mice
were evaluated. The 4 tested supplements decreased plasma
TC by 22−42% and LDL-C by 27−51%, and two of them
increased mRNA levels of jejunal Npc1l1 and Abcg5 and
hepatic Npc1l1, which indicates that the mushroom extracts
could decrease dietary cholesterol absorption and increase
bile acid excretion [42]. Zou et al. [43] developed a two-
stage pH control strategy to enhance the production of poly-
saccharide in mushroom fermentation. Results showed that
this mycelia zinc polysaccharide of 3:64 × 104Da improves
both the blood and the liver lipid levels and the antioxidant
status and attenuates the liver cell injury in hyperlipidemic
mice [44]. These findings suggested that mushroom extracts
including β-glucan and other water-soluble heteropoly-
saccharides may have potential to serve as the novel
cholesterol-lowering functional foods.

Besides, β-glucan (source unknown) appeared to be more
effective in lowering plasma LDL-C, TC, apoA-I, and glucose
levels, compared with rice bran-enriched food in a 14-week
trial [45]. Another meta-analysis that included 17 random-
ized controlled trials with 916 subjects showed that 3-
10.3 g/d β-glucan consumption in hypercholesterolemic
population significantly lowered TC by average 0.26mmol/L
and LDL-C concentration by average 0.21mmol/L, with no
significant differences in HDL-C, TG, and glucose, and no
reports of adverse effects were received [24], which suggested
the feasibility of β-glucan as adjuvant agents of antihyperlipi-
demia. According to the scientific opinion of EFSA, 3 g/d
β-glucans from cereals including oats and barley or from

mixtures of nonprocessed or minimally processed whole
grain should be equal and served in one or more times to
achieve the experimental hypolipidemic effect. However,
some study criticized that a typical serving of cereals contain-
ing this amount of β-glucans requires more than 100 g/d
[46]. In practice, this is quite difficult to realize unless this
amount is separated into more than two portions per day.
Maybe developing purified β-glucan products could help to
solve this difficulty of application.

3.4. Konjac Glucomannan. 12 male baboons were included in
a 9wk crossover, randomized trial, in which they were fed a
typical western human diet with or without supplements of
5% konjac glucomannan (KGM). Serum TC levels were
observed to be about 25% higher than baseline when baboons
consumed the western diet without supplements while KGM
could reverse this increase. KGM supplementation also led to
significant reduction of TG from baseline values and circulat-
ing FFAs. Liver cholesterol concentration was 31-34% lower
with KGM than with the western diet [47]. The effectiveness
of 3.9 g/d KGM on a reduced serum cholesterol (10%, p <
0:0001), LDL-C (7.2%, p < 0:007), and TG (23%, p < 0:03)
in men was also observed in a double-blind crossover,
placebo-controlled 4wk study back in 1995. Besides, this
hypolipidemic effect of KGM is observed without adverse
effects, showing that KGM is an effective cholesterol-
lowering dietary adjunct [48]. A meta-analysis that involved
12 studies (n = 370), 8 in adults and 4 in children, declared
that the intake of 3 g/d KGM significantly lowered LDL-C
for 10% (MD: 20.35mmol/L; 95% CI: 20.46, 20.25mmol/L)
and non-HDL-C for 7% (MD: 20.32mmol/L; 95% CI:
20.46, 20.19mmol/L) and 6 of them suggested no impact of
KGM on apolipoprotein B [49] Another meta-analysis
included 14 RCTs with 531 patients concluded that the use
of glucomannan (dose ranging between 1.24 and 15.1 g/d)
significantly reduces TC (WMD: -19.28mg/dL; 95% CI:
-24.30, -14.26), LDL cholesterol (WMD: -15.99mg/dL; 95%
CI: -21.31, -10.67), and triglycerides (WMD: -11.08mg/dL;
95% CI: -22.07, -0.09) [50].

3.5. Pectins. Another viscous DF called pectin, distributed
widely in cell walls of fruits and vegetables, consists of linear
chains of α-1-4-galacturonic acid units with side chains
including galacturonic and glucuronic acids and also shows
a prominent blood cholesterol-lowering effect. By reference
to an early meta-analysis, 7 relevant studies (n = 277 subjects)
around the 1990s showed that the intake of pectins at 4.7 g/d
caused a significant lowering effect on TC and LDL-C and
there existed a significant dose-dependent relationship
between the intake and the lowering effect, but no significant
dose-response exhibited for HDL-C and TG [11]. A later
study found that when hamsters were fed with high-
cholesterol (0.1% w/w) diets plus 3% of lemon pectin or the
same dose of the polygalacturonic acid region fraction of
the lemon pectin for 8 weeks, both groups showed significant
lower blood TC levels than the cellulose group. However,
only the polygalacturonic acid region fraction group reached
statistical significance in the lowering experiment of liver
cholesterol which may suggest that the polygalacturonic acid
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regions of the pectin are responsible for the cholesterol-
lowering action of the pectins [51]. The team studied further
to find out whether the cholesterol-lowering effect of the
peels of lemon contributed mainly from the pectin compo-
nent using the same experiment model. Results suggested
that lemon peel is as effective as the pectin extracted from
the peels in lowering blood and liver cholesterol in hamsters
[52]. Another study found the cooperation of pea proteins
and apple pectin is extremely effective to reduce plasma cho-
lesterol in rats by upregulating CYP7A1 and NTCP genes,
which are involved in hepatic cholesterol turnover [53]. A
12-week, placebo-controlled, randomized, parallel double-
blinded study enrolled 66 middle-aged patients with abnor-
mal glucose metabolism to examine the effects of sugar beet
pectin (SBP) or polydextrose (PDX) on fasting glucose and
lipid levels. Both the SBP and PDX had an increase in fasting
serum HDL-C concentration compared to the control [54].
Another study compared serum cholesterol-lowering effect
of different nutritional supplements, including 30 g/d of
pectin, 20 g/d of polyphenols, 6 g/d of phytosterols, and all
possible combinations compared to 3mg/kg of lovastatin
using familial hypercholesterolemic (FH) swine. Although
the effect of pectin is not the best during the 4-week experi-
ment, however, both phytosterol and polyphenol enhanced
the reduction in LDL-C of pectin. All supplementation group
showed about a half of the efficiency of lovastatin to reduce
TC in FH swine, which suggested the possibility of these diets
alone or in combination with drugs to reduce LDL-C [55].
From the above evidences, it is not hard to recognize that
pectin and other functional foods may serve as an adjuvant
therapy agent for hyperlipidemia and it was suggested by
the EFSA that in order to achieve the cholesterol-lowering
effect on adults, it should provide more than 6 g pectins/d
in one or more servings [56].

3.6. Brown Alga Polysaccharides. Alginates and fucoidan are
usually extracted from brown algae like Fucus vesisulosus
and sporophyll of Undaria pinnatifida. Multiple studies
found that brown alga extracts also possess the hypolipid-
emic activity. An extract of brown algae, Padina arborescens
(PAE; 0.5%, w/w), was proved to reduce the blood glucose,
glycosylated hemoglobin, and plasma insulin levels, as well
as plasma TC, LDL-C, TG, and FFA levels, and improve glu-
cose tolerance in a 6-week mouse experiment. These may be
modulated through the PAE-caused significantly lowered
hepatic activities of glucose-6-phosphatase and phospho-
enolpyruvate carboxykinase and increased glucokinase
activity [57]. As an alginate modifier, 2% calcium alginate
(Ca-Alg) was found can significantly reduce the plasma TC
in rats fed a high-cholesterol diet for 2 weeks, and this was
induced by increased fecal excretion of bile acid and reduced
intestinal reabsorption, evidenced by a notably lowered por-
tal concentration of bile acid, which in turn stimulates bile
acid synthesis and leads to a decrease in plasma cholesterol
[58]. Polysaccharide from the sporophyll of a brown alga
Undaria pinnatifida (AP) could reach a yield of 38.7% from
its dry matter, which was composed of about 80% alginate
and 20% fucoidan. The 1.7% AP supplementation obviously
reduced total weight gain and fat accumulation and

improved the serum lipid profile in HFD-rats, including
TG, TC, and VLDL-C, which were all closely linked with
increased fecal weight and reduced gastrointestinal transit
time. Moreover, the hepatic lipid peroxidation was reduced,
suggesting a protective action of the liver against HFD [59].
Alginate at 20 g/kg notably reduced hepatic cholesterol to
13.1μmol/g but did not influence serum lipids. However,
the amidated alginate at 20 g/kg significantly decreased
serum TC from 2.93 to 2.00mol/L, TG from 1.66 to
0.92mol/L, hepatic cholesterol from 17.5 to 5.9μmol/g, and
total hepatic lipids from 67.4 to 51.7mg/g in female HFD rats
through significantly increased fecal concentrations of neu-
tral sterols from 98.7 to 122.4μmol/g dry matter [60]. Apoli-
poprotein E-deficient mice fed a HFD plus either 1% or 5%
fucoidan for 12 weeks showed a significant reduction of liver
and adipose tissue weight, blood lipid, TC, TG, non-HDL-C,
and glucose levels but increased plasma lipoprotein lipase
(LPL) activity and HDL-C levels. Fucoidan also improved
hepatic steatosis and lipid profile [61]. Fucoidan treatment
also significantly improved the serum lipid profile 2 h after
administration of poloxamer-407, which induces acute
hyperlipidemia in mice [62]. From above evidences, polysac-
charide extracts from brown algae could exert obvious hypo-
lipidemic action; however, the effective dosage may have not
yet been systematically studied.

3.7. Some Types of Prebiotics. Prebiotics are resistant to be
hydrolyzed in the small intestine but are fermentable by
commensal intestinal microorganism and, therefore, gives
growth-promoting effects on beneficial microbes such as
Bifidobacterium sp. and Lactobacillus sp. The major type of
prebiotics includes inulin, fructooligosaccharides (FOSs),
galactooligosaccharides (GOSs), xylooligosaccharides (XOSs),
maltooligosaccharides (MOs), lactulose, lactulosucrose, fruc-
tans, resistant starch, etc. [63]. Soluble prebiotics are able to
increase the viscosity of the digestive tract and the thickness
of the unstirred layer in the small intestine and thus inhibit
the uptake of cholesterol [64]. The hypotriglyceridemic effect
of prebiotics is also believed to be due to a reduction in hepatic
reesterification of fatty acids in addition to modulation of the
expression of liver lipogenesis-related genes, resulting in lower
hepatic secretion rate of TG [65]. In addition, the beneficial
modulation of microorganism-induced metabolite variation
including SCFAs may also contribute to the hypolipidemic
effect of prebiotics. Inulin, FOS, and GOS are themost popular
prebiotics used in food industries, including infant food.

3.7.1. Fructooligosaccharides (FOS). FOS are naturally bioac-
tive compounds, stored in many common foods, such as
banana, garlic, asparagus, onion, wheat, and rye, and con-
sisted of glucose and fructose residues joined by β-1,2-glyco-
sidic linkages. An early study found that FOS prevents serum
lipid disorders and lowered the activity of fatty acid synthase
in the liver of rats [66]. A later study found that when rats
received 2.5 g/kg lipid emulsion supplemented with FOS,
their plasma TG was significantly suppressed compared with
ones without FOS, and this may be caused by enhanced fecal
excretion of lipids [67]. A reduced hepatic lipogenesis and
steatosis caused by FOS is regulated by a reduction of the
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activity of lipogenic enzymes, leading to the reduction of
VLDL-C and TG secretion [68]. Either 340 or 6800mg
FOS/kg body weight/day yacon root FOS supplementation
for 90 days was observed with a significant decrease in fasting
plasma TG and VLDL levels in a diabetic rat model [69]. The
results of a human study indicate that the FOS supplementa-
tion enhanced obviously the reduction of LDL-C and steato-
sis of patients, who had more exercise and a balanced diet
[70]. A systematic review also supported this idea, and the
most obvious reduction is plasma TC levels [71]. Another
study found that 2 g/d FOS plus probiotic increased signifi-
cantly serum HDL-C levels, but no significant reduction of
TC and TG in elderly people with type 2 diabetes mellitus
was observed [72]. However, another team evaluated the
supplementation with short-chain FOS 10.6 g/d in mild
hypercholesterolemic patients and reported no significant
reduction in plasma TC concentrations [73]. From the above
evidences, most studies approve the beneficial effects of FOS
on hyperlipidemia; however, the inconsistent results sug-
gested more efforts are required.

3.7.2. Inulin. When male hamsters were fed HFD plus 8, 12,
or 16% inulin for 5 wks, their serum TC concentrations were
significantly reduced by 15%-29%, TG were significantly
lowered by 40%-63%, and only 16% inulin specifically
decreased VLDL-C, while LDL-C and HDL-C were not
significantly altered. Further notable changes in the bile acid
and hepatic lipid profile demonstrate that the lipid-lowering
action of inulin is possibly due to an altered hepatic triacyl-
glycerol synthesis and VLDL secretion and reduced reab-
sorption of bile acids [74]. Hypercholesterolemic rats had a
significant decline in plasma LDL-C and a significant rise of
HDL-C levels compared to the control after 4 weeks of inulin
intake, and this is associated with more excretions of fecal
lipid and cholesterol [75]. Although enough positive data of
lipid-lowering effects have been observed in animals, a rela-
tively high dose of inulin had to be applied. There are also
some human studies evolving. Unbalanced serum lipid levels
accompanied by diabetes mellitus were found to be alleviated
by inulin supplementation, including a significant reduction
in TC by 12.90%, TG by 23.60%, and LDL-C by 35.30%
and a rise of HDL-C by 19.90% [76]. In another 4-week trial,
subjects consumed 50 g cereal,which includes 18% of inulin,
showed significantly decreased plasma TC, TG, and total fac-
ultative anaerobes and increased bifidobacteria, while the
weight, fecal bile acid excretion, SCFAs, and fecal pH were
not notably altered. Besides, there is a remarkable finding
that the modulation of serum lipids was negatively correlated
with bifidobacteria number and positively related to the
output of secondary bile acid [77]. A review that included 9
inulin or oligofructose supplementation in human volunteer
studies found 3 of them exhibited significant reductions in
TG, 4 of them showed modest reductions in TC and LDL-
C, while only 2 of them reported with no effects [78]. Consid-
ering these studies have been conducted in both normal and
moderately hyperlipidemic subjects and the dose and exper-
imental duration were all varied, it is thus reasonable that
their results are inconsistent. Besides several important ani-
mal studies that have supported the idea that the lipid-

lowering effects of inulin and oligofructose originate mainly
from the inhibition of fatty acid synthesis in the liver, how-
ever, this pathway is relatively inactive in man for human sel-
dom consumes a high-carbohydrate diet. There are also other
controversial results. Pedersen et al. [79] investigated the
effect of 14 g/d of inulin consumption on blood lipids in
young healthy women having a limited fat intake for 2
months and did not find any significant differences between
the two groups. Similarly, 17 healthy subjects after 6 months
of daily administration of inulin and oligofructose without
modifying their way of life exhibited no effect on serum TG
levels and hepatic lipogenesis and only a slight decrease in
TC and LDL-C levels [80]. These two results may be
explained by a recent study, in which the hypolipidemic
effect of inulin differed depending on dietary fat content
(5% versus 20%). This study also suggested that lipid-
lowering action of inulin mainly comes from the increased
excretion of total lipid and neutral sterol [81].

3.7.3. Resistant Starch (RS). Resistance for digestion of RS
originates from its compact structure and partial crystalline
structure, which has been regarded as a kind of prebiotics
to be beneficial for health, including lose weight, reduce
lipids, and prevent intestine diseases. Compared with the
wheat starch group, 20% RS significantly induced the cecal
hypertrophy by 2.4 times and accumulation of SCFAs, while
the cholesterol absorption was reduced from 47% to 14%. RS
also effectively reduced the plasma TC by about 30% and TG
by about 25%. Moreover, there were apparent lower concen-
trations of TC and TG (-50%) in the livers of RS-fed rats, too
[82]. Similarly, the plasma TC, VLDL-C, and LDL-C concen-
trations were all significantly reduced and fecal total bile acid
concentration, total SCFAs, and acetic acid were all signifi-
cantly higher when rats received 0.5% cholesterol plus 15%
bean RS. This also suggested that the hypolipidemic effect
of RS may be attributed by its action against absorption and
fermentation effect in the intestine [83]. RS has been well
characterized for its glycemic control properties, which may
also have impact on lipid metabolism. Besides the doubled
HDL-C concentration, the results of 2 g/d RS administration
in type 2 diabetic rats showed that blood glucose level and TC
and TG concentrations were all significantly reduced
(p < 0:01) [84]. On the contrary, another experiment using
12 8-week-old male pigs consumed a synthetic western diet
with (10 g/RS/day) or without potato starch reached different
lipid profiles. Although the serum lipids including TC, LDL-
C, VLDL-C, and TG were similar, HDL-C particles were
obviously higher by 28% and fasting serum glucose was low-
ered by 20% in the RS group [85]. Healthy overweight
patients were given either 24 g/d of RS or regular corn starch
for 21 d in addition to their regular meals. Although RS
resulted in no significant changes in their weight or other
physical parameters, there were significant lowering effects
of plasma TC, LDL-C, and the mean fasting serum glucose
levels in subjects supplemented RS [86]. These studies all
suggested that the consumption of RS may be beneficial in
lipid management strategies in addition to lowering blood
glucose, but the connection with SCFA production and gly-
cemic effect still needs further study. In order to prove RS
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as a novel therapeutic agent of hyperlipidemia especially in
diabetic patients, controlled trials with larger sample sizes
and longer duration both in animal and human are required.

3.8. Gum. A study found that guar gum significantly lowered
the fecal lipid digestibility and the intestinal conjugated bile
salts (p = 0:0001) for both control chicken and sterilized
one [87]. One milligram partially hydrolyzed guar gum
(PHGG) significantly decreased the TC, LDL-C, TG, and
VLDL-C and delayed the formation of arterial thrombus in
rat fed HFD. In addition, the increased Bax and decreased
Bcl-2 and HSP-70 protein expression were found to be bal-
anced by PHGG in the arteries of HFD hamsters [88]. Diet
containing either 5%, 10%, or 20% guar gum was fed to dia-
betic rats for a month. Although diabetes elevated serum
lipids in all rats within 2 weeks, the guar gum diet signifi-
cantly reduced the plasma TC, TG, and LDL-C levels as well
as the atherogenic index, suggesting that guar gum was effec-
tive in the treatment of hyperlipidemia in diabetes rats [89].
Guar gum treatment also decreased markers of the metabolic
syndrome, including body weight, adipose weight, TG,
glucose, and insulin levels in a dose-dependent manner in
HFD mice [90]. Guar gum of 3 different viscosities was
assessed in male rats fed HFD for 3 weeks indicating while
all guar gum can reduce TC, liver steatosis, and blood glucose
levels, only the medium one was most effective in preventing
the diet-induced hyperlipidemia and liver steatosis [91]. The
effect of 6 g PHGG in yogurt on postprandial plasma lipid
concentrations was tested in 11 healthy male adults. Results
indicated that the supplementation significantly suppressed
the incremental peaks and areas of postprandial plasma TC
and TG [92]. After 10 wks of HFD plus 5% guar gum in rats,
the fat mass percentage, epididymal fat pad weight, and the
liver lipid concentrations were all significantly lower than
the controls [93]. However, there is also controversial result.
A study reported that supplementation of dietary fiber at the
5% level for 3 weeks, including cellulose, guar gum, PHGG,
glucomannan, highly methoxylated pectin, and guar gum,
on normal rats induced no significant effect on the serum
lipid levels [94]. Considering this study is referred to only
normal subjects, most other animal study showed that guar
gum and PHGG are effective lipid-lowering agents; however,
the effect on human still needs more experimental data.

3.9. Hydroxypropylmethylcellulose (HPMC). HPMC is also a
food gum, which shares many common characteristics with
soluble fibers, such as high viscosity, and has been widely
adopted in the food and medicine industries as emulsifier,
diaphragm, suspender, thickener, dispersant, and stabilizer.
It is a nonfermentable dietary fiber and has also been also
demonstrated with modulation effect of lipid metabolism.
In a trial, after a baseline period, 51 mild-to-moderate hyper-
cholesterolemic men were randomly divided into two groups
to consume 5.0 g/d HPMC with or between meals for 2
weeks. In the between-meal group, TC was reduced by
5.1%, LDL-C by 7.7% (both p < 0:01), while in the with-
meal group, reductions were 8.3% for TC and 12.8% for
LDL-C (both p < 0:01), which suggested that HPMC has a
better lipid-lowering effect when taken with meals [95]. In

another trial, HPMC were given differently in dose 3, 5, or
10 g/d of low, moderate, moderately high, or high viscosity
to hypercholesterolemic patients. Results showed that all
HPMC could reduce LDL-C ranging from 6.1% to 13.3%,
and the reduction of TC and non-HDL-C was associated
with that for LDL-C, but HDL-C, TG, and apolipoprotein B
were not significantly altered [96]. This team also conducted
another experiment to examine the lipid profile of 2:5 g × 2/d
HPMC consumed subjects with hypercholesterolemia after
at least 4 weeks of statin therapy. Results showed that HPMC
consumption resulted in significantly larger reductions in TC
(10.9 vs. 3.5%), non-HDL-C (12.8 vs. 2.9%), LDL-C (15.7 vs.
5.1%), and Apo B (8.7 vs. 3.9%), which support the view that
HPMC is an effective adjunct to statin therapy in patients
with primary hypercholesterolemia [97]. Another study
found that rats with a HFD plus 5% HPMC had obviously
reduced epididymal fat pad weight and liver lipid concentra-
tions. The HPMC group also had an obvious higher ex vivo
palmitate oxidation in muscle compared with the same dose
of a fermentable fiber, guar gum, implying a higher oxidation
capacity to FAs, which demonstrate that HPMC can reduce
the adiposity and hepatic steatosis induced by HFD, and this
ability does not correlate with fermentability [93]. Another
study found that 6% HPMC could significantly reduce 55%
of body weight gain, 13% of liver weight, and 45% of plasma
LDL-C concentration of mice compared to the same dosage
of microcrystalline cellulose- (MCC-) fed mice through
upregulating genes related to fatty acid oxidation and synthe-
sis of cholesterol and bile acids and downregulating genes
related to oxidative stress, triglyceride synthesis, and polyun-
saturated fatty acid elongation in the liver [98]. The above
evidences suggest that 5 g/d in human diet or 5-6% of HPMC
in animal feeding could both exert relative strong lipid-
lowering effect; more research will be required to define the
roles of viscosity on the lipid-modulating effects of HPMC
and the dosage relationship between human and animals.

3.10. Whole Grain or Arabinoxylan.Whole grain, referring to
grain with unpeeled bran, which includes wheat, rye, and oat,
owns high content of both soluble and insoluble DFs, which
comprises mainly of arabinoxylans and glucans. A multi-
compartmental metabolomics study comparing whole grain
rye with added rye bran with refined wheat in pig found that
rye bran induces lower levels of linoleic acid-derived oxyli-
pins and TC in the plasma [99]. Compared to 0% wheat bran
(WB), 10 or 20% of WB induced obvious decrease in TC and
HDL-C, while 5, 10, or 20%WB induced similar reduction in
PL and TL in a dose-dependent manner [100]. In another
study, hamster feeding experiment found that 5 g/kg of wheat
bran arabinoxylans (Axs) lowered plasma TC and LDL-C
concentrations and increased the output of TL, TC, and bile
acids through reducing the activity of HMG-CoA reductase
and increasing the activity of CYP7A1 in the liver as well as
concentrations of SCFAs in the gut [101]. These results indi-
cated the AXs lower the plasma lipids through promoting the
excretion of fecal lipids, regulating the lipid metabolism
related genes, and producing more colonic SCFAs. Besides
a significant reduction in TG, LDL-C, and an increase in
HDL-C, a wheat fermented powder also caused a significant
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variation of important antioxidant biomarkers in a rabbit
feeding experiment [102].

3.11. Chitosans. There are multiple studies reporting the
hypolipidemic effect of chitosan in animal models. It was
suggested that subacute toxicity of chitosan was small and
the observed adverse effect level was considered to be over
2,000mg/kg in rats [103]. Supplementation of 5% chitosan
for 12wks in rats could significantly decrease serum concen-
trations of TC, LDL-C, and hepatic levels TC, TG and
increase the output of fecal bile acids, but the plasma levels
of TG and HDL-C were considered unaltered. In addition,
the result of RT-PCR showed that chitosan could reverse
the reduction of LDL receptor mRNA levels, which led by
the intake of saturated fat and cholesterol [104]. 250-
1000mg/kg chitosan oligosaccharide (COS) administration
of mice caused a significant reduction of serum TC and
LDL-C and a significant increase in peritoneal macrophage-
derived 3H-cholesterol in liver and bile as well as in feces,
which suggested a positive role for COS in reversion of the
cholesterol transport. In addition, the observed lipid-
lowering action was in a dose-related relationship of the
modulation of hepatic protein expressions of CYP7A1, SR-
BI, and LDL receptor (LDL-R) by COS [105]. Six weeks of
5% chitosan supplement was found to significantly decrease
the body weight gain and the lipids level both in the plasma
and liver, while it was found to increase the output of fecal
fat and cholesterol and hepatic lipoprotein lipase activities
of HFD rats compared with rats only fed a HFD, which sug-
gested that chitosan improves obviously the hypercholester-
olemia in rats through reducing the absorption of fat and
cholesterol [106]. Lower plasma TC, LDL-C, VLDL-C, and
apolipoprotein B (Apo B) concentrations as well as higher
HDL-C and no significant difference in TG or glucose levels
were observed in rats fed a diet containing chitosan for 2wks.
In addition, rats fed the chitosan diet had a changed compo-
sition in VLDL particles as evidenced by increased TG per-
centages and core lipid proportions and decreased free
cholesterol, cholesteryl ester, phospholipid, and the surface
lipid proportions, suggesting that chitosan has a great influ-
ence on the VLDL particle formation and regulation of lipo-
protein metabolism in rats [107]. Three studies are involved
in the evaluation of different MW of chitosan. Among 21,
46, and 130 kDa, the medium one was the most effective
one to inhibit pancreatic lipase activity in vitro and to reduce
the serum TG and thus, it was fed to mice together with a
HFD for 20 weeks. It prevented the increase of body weight,
mainly the accumulation of white adipose tissue and liver
lipids including TC and TG, and further increased the fecal
bile acid and fat. The results suggested that the hypolipidemic
action of this chitosan may be through increasing the excre-
tion of fecal fat and bile acid caused by its binding activity
and through inhibition of pancreatic lipase activity and
subsequently decrease the absorption of dietary lipids from
the small intestine [108]. Similarly, another study compared
the lipid-lowering activities of high (712.6 kDa) and low
(39.8 kDa) MW chitosan in rats fed HFD for 8 weeks. The
low one was more effective in decreasing the body weight
gain, serum TC, and LDL-C, as well as decreased liver TG.

The activities of liver and serum lipoprotein lipase and fecal
fat level were also higher than the high MW group [109].
However, the result is quite opposite in streptozotocin-
(STZ-) induced diabetic rats, which reported that rats fed
with both high MW (100 kDa) and low MW (14 kDa) chito-
san had increased HDL-C, whereas significantly decreased
plasma glucose and TC and increased fecal cholesterol excre-
tion were observed only in diabetic rats fed with high MW
chitosan [110]. From these results, we could draw a primary
conclusion that the MW of chitosan strongly affect its hypo-
lipidemic effect and the ideal MW is between 21 and 100 kDa.
Moreover, compared with untreated chitosan, the reducing
effects of medium-milled chitosan on serum TG, TC, and
LDL-C and liver TG and TC were all increased by about
10% [111].

There are just a few reports about chitosan’s lipid-
lowering effect in humans. A meta-analysis of 6 RCTs with
416 hypercholesterolemia patients concluded that it has a
significant effect on TC (-0.3mmol/L (11.6mg/dL); p =
0:002) but not on LDL-C, HDL-C, or TGs [112]. However,
several other studies showed that it could exert an effect on
LDL-C. One of them declared that the dietary chitosan could
reduce serum TC levels by 5.8–42.6% and LDL-C levels by
15.1–35.1% [113]. A 12-week trial found an overall treatment
effect of a 40 kDa chitosan from the placebo group. The 2.4 g
once-daily group reducing LDL-C by 16.9% showed the best,
even better than the same dosage but separately adminis-
trated group, which reduce the LDL-C only by 9.7%. But
there were 29 mild adverse events reported by 23% patients
related to the chitosan treatment, including constipation
and diarrhea [114]. The EFSA suggested that evidences from
chitosan indicated a small, but statistically significant effect
on the reduction of both TC and LDL-C levels, with no effect
observed on HDL-C. The panel suggested further that in
order to achieve this effect on blood lipids, 3 g/d chitosan
should be applied [115]. Taken together, chitosan possesses
the ability to lower lipids but may cause some side effects;
therefore, more controlled clinical trials of a longer duration
are essential to assess the dose-hypolipidemic effects besides
the evaluation of its adverse effects.

3.12. Other Insoluble DFs. Different insoluble dietary fibers
cholestyramine, chitosan, and cellulose have been assumed
with high, intermediate, and low ability to bind with bile
acids, respectively. Especially, the cholestyramine has long
been clinically applied as a cholesterol-lowering, bile acid-
binding drug. A study reported that the consumption of
7.5% of either one of the three dietary fibers showed similar
hypolipidemic activity in mice fed a diet containing high
levels of fat and cholesterol; however, cholestyramine showed
the best ability to deplete the hepatic cholesterol and this may
be induced by a decrease of cholesterol absorption efficiency
and an increase of fecal bile acid and cholesterol excretion,
which is caused by its high capacity to bind with bile acids.
However, chitosan or cellulose reduced only the food intake
including cholesterol, but the impact is neither on intestinal
cholesterol absorption nor on the output of fecal bile [116].
Lignin extracted from olive stones was found to be able to
bind significantly more bile acids than any other fraction,
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and the capacity is similar to that of cholestyramine, espe-
cially when cholic acid was applied ex vivo [117]. From these
evidences, the hydroinsoluble DF may contribute more to
affect the absorption of cholesterol.

3.13. Combination of Soluble and Insoluble DFs. Okara owns
a high dietary fiber content of 54–55%, mainly IDF but also
SDF content. High-cholesterol-fed rats supplemented with
enzymatically treated okara showed a significant reduced
TG levels both in serum and in the liver but a higher TL,
TG, and bile acid (p < 0:001) in the feces. The improved
intestinal transit by increasing fecal bulk, the decreased pH,
and increased SCFA production indicated that this okara
exerts a potential prebiotic effect [118]. Another study com-
pared the effects of cellulose and pectin on the metabolism
of lipid and carbohydrate in rats for 6wks. The TC level in
plasma was significantly lower while plasma HDL-C was sig-
nificantly higher in 5% of the pectin group while rats fed the
same dosage of cellulose had lower contents of TC and TG in
the liver. However, a significantly lower plasma glucose was
observed in 2.5% of cellulose plus 2.5% of the pectin group
[119]. These results suggested that a diet containing fiber
may be a possible adjuvant treatment for correcting some
disturbances of metabolism, but IDF and SDF should be con-
sidered separately for their different mechanism to exert the
balancing effect. However, in some occasions, they need to
be applied in a combination to maximize this effect.

3.14. Modifiers of DFs. It has long been predicted that chem-
ical modifications may increase the cholesterol-lowering
effect of polysaccharides. Hydrophobic derivatives of highly
alkyl or acyl group-substituted pectin, chitosan, and cellu-
lose, all confirmed this prediction, which have high binding
capacity to cholesterol and thus left fewer cholesterol for
enterohepatic circulation [120]. A study also found that
hydrophobic amidated pectins significantly altered choles-
terol homeostasis in rats and amidation of pectin decreased

its fermentability to produce lower cecal SCFAs in rats
[121]. The administration of Cymodocea nodosa sulphated
polysaccharide (CNSP) exhibited a better serum lipid level
by decreasing lipase activity of obese rats compared with
untreated polysaccharides. Additionally, CNSP administra-
tion to HFD rats induces further antioxidant activity [122].
A modifier was further prepared by this team using highly
methoxylated citrus pectin with a degree of 60% substitution
of N-octadecylamine, which significantly decreased the con-
centrations of cholesterol in hepatic tissue and triacylglycer-
ols in serum. The feeding experiment showed its potential
to substitute typical antilipidemic drugs at a low dose and
used for a period shorter than 3 months [123]. In another
study, the interaction of chitosan and its two derivatives with
plasma leptin, glucose, insulin, and total cholesterol and fur-
ther interaction with mRNA expression of adipocytokines
were investigated in a diet-induced insulin-resistant rat
model. The results proved that all the three substances not
only lowered the level of plasma leptin, glucose, insulin,
and TC in vivo but also downregulated the mRNA expression
of leptin and resistin and up-regulated the mRNA expression
of adiponectin and PPAR-γ in vitro. In addition, the two chi-
tosan derivatives exhibited better regulating effect [124].

4. Mechanisms of DFs to Affect
Lipid Metabolism

Five major mechanisms are believed to be responsible for the
antihyperlipidemic benefits of DFs, including low levels of
energy, bulking effect, viscosity, binding capacity, and fer-
mentation, which are summarized in Figure 2. Foods rich
in DFs include whole grain products, legumes, and fruits
classified as low GI foods, which refer to a relatively low
glycemic effect compared to an equal amount of available
carbohydrate (usually from white bread or glucose). Fully
fermentable RS, for instance, has been estimated to contrib-
ute about 8.8 kJ/g, whereas glucose contributes 17 kJ/g

Bulking effect

Gut microorganisms

Produce SCFAsReduced energy harvesting

Faeces

Bile acids
Enhanced binding capacity

Reduced transit time

More excretion of bile acids
Reduced absorption of nutrients

Unstirred water layer in the intestinal wall

Prolonged satiety

Reduced food intake

Delay the absorption

Viscosity of DFs

Figure 2: Possible positive effects of typical dietary fibers on hypolipidemic process.
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[125]. Some fibers, generally referred to as IDF, provide
bulking effect, hence increasing stool mass, alleviating consti-
pation, and improving regularity. Meanwhile, most of the
SDF is associated with a great water-holding capacity. Lactu-
lose, for example, has long been considered a laxative and
proved to be effective in multiple constipation intervention
studies. The increased stool weight is due to the physical
presence of DF as well as the water held inside the fiber
matrix, such as cellulose and lignin; although are mostly
not fermentable in the colon, they can effectively increase
fecal bulk by their particle formation and water-holding
capacity. Due to the increased bulk and water content, the
nutrients in the intestine are diluted, including sugar and
lipids, and their migration to the intestinal walls also slows
down. The IDFs are also associated with decrease in intestinal
transit time that helps reduce the absorption time of these
sugars and lipids. As a result, they can reduce the absorption
of macronutrients, especially carbohydrates and cholesterol
either by delaying gastric emptying or by shortening small
intestinal transit time, in addition to a reduced glycemic
response, which could further assist the reduction in insulin
stimulation of hepatic cholesterol synthesis [126]. These
intrinsic properties of DFs that relate to bulking and viscosity
effects also promote prolonged satiety and reductions in food
intake, which accounts for another important mechanism of
lipid lowering [20]. In addition to the fiber’s viscosity, the
ability of DFs to bind to bile to disturb the reabsorption of
bile salt from the small intestine is another factor that leads
to synthesis of new bile acids from cholesterol and hence
reducing blood cholesterol levels and lipid-lowering effect
[127]. Since the production and excretion of bile acids repre-
sent the major pathway of cholesterol removal from the body
and the biosynthesis of bile acids in the liver is modulated
through a series of positive and negative feedback mecha-
nisms, the increased fecal removal of bile acids reduces the
amount of bile acids present in the plasma. 5% guar gum,
for an example, significantly lower lymph flow and lymphatic
lipid transport and thereby diminishes lipid transport by
means of its physicochemical properties related to water
behavior in the intestine [128]. DFs undergo a fermentation
process to produce short-chain fatty acids (SCFAs), includ-
ing propionate, acetate, and butyrate. The concentration of
both acetate and propionate is reported to be increased more
than 2-fold in the rats’ portal plasma after the oligofructose
intake. However, the involvement of SCFAs is, as for lipid-
lowering effect, makes it difficult to draw a conclusion with
complete identity, as they have an antagonistic effect: propi-
onate has been reported to inhibit fatty acid synthesis [129],
whereas acetate is a lipogenic substrate. Despite a large part
of SCFAs absorbed by the host, which accounts for about
10% of daily energy supply [130], gut microorganisms rely
fast entirely on the energy from fermentation process. This
fermentation process reduces the total energy supply of the
body, thus balancing the lipid metabolism in hyperlipidemic
patients. From this perspective, this fermentable property of
DFs exerts beneficial effect on balancing lipid metabolism
compared to other nutrients being directly digested in the
small intestine. Studies also revealed that SCFAs could cause
satiety and inhibit cholesterol synthesis [131, 132]. We will

discuss the relationship between lipid metabolism and
SCFAs more specifically below for its complexity, focusing
on the molecular mechanism. Each kind of DF distinguishes
from one another in these five properties for sure. For
instance, the different molecular weights of β-glucan were
found to have no impact on its total fermentation products
but affect its viscosity, which has further impact on its bind-
ing capacity to bile acid, absorptive layer in the small intes-
tine, and transit time [133]. However, more or less of these
five major properties of DFs indicates that DFs play a positive
role in the hypolipidemic process.

5. Molecular Mechanism of the Hypolipidemic
Effect of DFs

5.1. 3-Hydroxy-3-methylglutaryl Coenzyme A (HMG-CoA)
Reductase. HMG-CoA reductase, officially abbreviated as
HMGCR, is the rate-controlling enzyme of the mevalonate
pathway, which is the metabolic pathway producing choles-
terol and other isoprenoids. In mammalian cells, this enzyme
is suppressed by cholesterol and degradation of LDL via the
LDL receptor as well as oxidized species of cholesterol.
Meanwhile, its competitive inhibitors will induce the hepatic
expression of LDL receptors, which in turn increases the
catabolism of plasma LDL-C and lowers the plasma concen-
tration of lipids. This enzyme is thus the target of the widely
used cholesterol-lowering drugs, such as the statins. An early
study found that the addition of 5% chitosan to sterol diet
suppressed the increase of plasma and liver cholesterol by
54% and 64%, respectively, and this is correlated with the
chitosan-modulated reduction of HMG-CoA reductase
activity by four times, compared to high-sterol diet-alone
rats [134]. Most of the later studies referring to the hypo-
lipidemic mechanism of dietary fiber come to a similar
finding that HMG-CoA reductase activity was downregu-
lated [38, 53, 62, 83, 101, 135], which indicates the possi-
bility of DFs as adjunct to traditional lipid-lowering drug
or adjuvant therapy for hyperlipidemic patients.

5.2. LDL Receptors. As discussed above, the upregulated
expression of LDL receptors will increase the decomposition
of LDL-C, which means a balance of lipid metabolism in
hyperlipidemic patients. A study found that hepatic protein
expressions of LDL receptor were improved in a dosage-
dependent manner in chitosan oligosaccharide- (COS-)
administered mice. In addition, the expression of scavenger
receptor BI (SR-BI), which plays a critical role in cholesterol
uptake from plasma to the liver, was also upregulated in a
dose-dependent manner of COS supplementation mice,
while the main transporters for transferring cholesterol to
plasma HDL, the level of ABCA1 and ABCG1 remains
unchanged, which also correlates with the unchanged HDL-
C level [105]. However, barley bread enriched with HPMC
was found to downregulate the expression of the ABCG5
gene [38]. Fucoidan was found to attenuate the hepatic
expression of mature SREBP-2 protein with a subsequent
decrease in hepatic HMG-CoA reductase mRNA expres-
sion and an increase in hepatic LDL receptor mRNA
expression, indicating that fucoidan improves serum lipid
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levels by regulating the expression of key enzymes of TC
and LDL-C metabolism in the liver through modulation
of SREBP-2 [62].

5.3. Cytochrome P450 7A1 (CYP7A1). Cytochrome P4507A1
(CYP7A1) also known as cholesterol 7-alpha-monooxygenase
or cholesterol 7 alpha-hydroxylase, an important member
belonging to the cytochrome family, has an important role
in cholesterol metabolism because it catalyzes the conversion
process from cholesterol to 7-alpha-hydroxycholesterol, the
first and rate-limiting step in bile acid synthesis. The activation
of CYP7A1 leads to an increase of bile acid biosynthesis thus
decreasing the concentration of cholesterol. Bile acids provide
feedback inhibition of CYP7A1 by at least two different path-
ways, one involving the farnesoid X receptor (FXR) and small
heterodimer (SHP) as well as liver receptor homolog (LRH-1)
and another involving inflammatory cytokines, including
TNF-α and IL-1β [136]. CYP7A1 is upregulated by the
nuclear receptor liver X receptor (LXR) when cholesterol
levels are high and downregulated by sterol regulatory
element-binding proteins (SREBP) when plasma cholesterol
levels are low [137]. The activity of CYP7A1 in the liver was
significantly increased by β-glucan from both barley and oats
compared with the control [135]. The extreme lipid-lowering
action of pea proteins plus apple pectin was also found to be
regulated by CYP7A1 and sodium/bile acid cotransporter
(also known as the Na+-taurocholate cotransporting polypep-
tide (NTCP) or liver bile acid transporter (LBAT)) [53]. The
lowered TC and LDL-c concentrations and increased excre-
tions of TL, TC, and bile acids caused by wheat bran arabinox-
ylans were also found to be modulated by increased activity of
CYP7A1 in the liver [101]. Similarly, the mRNA level of
CYP7A1 of the HMPC group was found upregulated by 1.9-
fold and the expression levels of SREBP-1c and stearoyl-CoA
desaturase (SCD-1) were downregulated by 2- and 5-fold,
respectively, relative to the control group [98]. Hepatic gene
expression profiles demonstrated that polysaccharide from
Lycium barbarum (LBP), a well-known Chinese traditional
herbal medicine, can activate the phosphorylation of AMPK,
suppress nuclear expression of SREBP-1c, and decrease pro-
tein and mRNA expression of lipogenic genes in vivo and
in vitro. Moreover, LBP significantly elevated uncoupling
protein-1 (UCP1) and peroxisome proliferator-activated
receptor coactivator-1 (PGC-1) expression of brown adipose
tissue [138]. The fecal effect of glucan also could activate
CYP7A1, which catalyzes the rate-limiting step in the biosyn-
thesis of bile acids from cholesterol, leading to an upregulation
of bile acid synthesis from plasma cholesterol and thus lower-
ing the circulating LDL-c levels [139]. Most of the other stud-
ies also found that CYP7A1 is an important target of DF’s
lipid-lowering action [38, 105].

5.4. MAPK Signaling Pathway. TheMAPK signaling pathway
was found to regulate the expression of CCAAT-enhancer-
binding proteins α (C/EBPα) and peroxisome proliferator-
activated receptors γ (PPARγ) mRNA during adipogenesis
process in 3T3-L1 cells and thus play an important role in
the process of lipid metabolism. A water-soluble extract of
P. binghamiae thalli (PBEE) including water-soluble polysac-

charides is able to inhibit preadipocyte differentiation and
adipogenesis in a dose-dependent manner, which is caused
by the decreased the expression of PPARγ and fatty acid-
binding protein aP2 [140]. Similarly, mice fed a high-fat diet
supplemented with 10% guar gum for 12 weeks also induced
correction of metabolic abnormalities caused by PPARγ
repression, subsequently increasing mitochondrial uncou-
pling protein 2 (UCP2) expression and AMP/ATP ratio,
leading to the activation of AMPK [141]. Fucoidan could
decrease the lipid accumulation through inhibiting the
expression of both early C/EBPα and PPARγ and late aP2
adipogenic transcription factors, which play a crucial role
for adipocyte development. Moreover, fucoidan also inhib-
ited the early activation of p38 MAPKs, extracellular signal-
regulated kinases p-ERK1/2, and Jun N-terminal kinase
p-JNK activity in a dose-dependent manner [142].

5.5. Other Lipid Metabolism-Related Genes. A study found
that fucoidan decreases the expression of FAS and ACC
mRNA with only moderate inhibitory effect on SREBP-1c
mRNA expression in both HepG2 hepatocytes and the
mouse liver [62]. Our latest work also focused on the molec-
ular mechanism of the antihyperlipidemic effect of rice bran
polysaccharides (RBP) in high-fat diet mice. Besides signifi-
cantly reduced weight and liver and fat pad weight, improved
lipid profile in the plasma and recovered fat liver lesion were
observed under the protection of RBP. Microarray analysis
revealed that RBP could result in a regulation of over 150
genes, including multiple genes involved in the hepatic lipid
metabolism like Sult3a1, Sult3a2, several CYPs, Acnat2,
Acot6, SERPINA3, SERPINA6, RORA, and several APOs.
IPA database suggested further that NF-κB may play a vital
role in the lipid-lowering effect of RBP. Real-time quantita-
tive PCR and western blot confirmed that RBP affect several
lipid metabolism target genes including PPAR-α, PPAR-γ,
PPAR-δ, SREBP-1C, FASN, ACC, SIRT, and CD36 [143].
Another microarray test compared the hepatic expression
level of gene between HPMC supplementation and only
HFD-fed rats, and the results overlapped with our results to
a large extent: Serpina6, Aqp8, Hsd17b7, Nsdhl, Tm7sf2,
and Cyp51. There are also some genes involved in fatty acid
β-oxidation, such as Ehhadh and Acacb, and the elongation
of very long-chain fatty acid-like 2 (Elovl2), sterol-C4-
methyl oxidase-like (Sc4 mol), and patatin-like phospholi-
pase domain-containing 2 (Pnpla2), which is involved in
triglyceride breakdown by regulating adipose triglyceride
lipase, was all upregulated [98]. DNA microarray analysis
and q-PCR also demonstrated that fucoidan induces differ-
ential expression of genes encoding proteins involved in lipid
metabolism, energy homeostasis, and insulin sensitivity, by
activating PPARα, inactivating Srebf1, and affecting LPL
activity in HFD-fed ApoEshl mice [61]. Another study eval-
uated gene expression profiles in the small intestinal mucosa
of db/db mice fed with PHGG. DNA microarray and real-
time PCR analyses reported that PHGG upregulated the
expression of 9 genes, including Oas3, Oas1g, Duox2, and
Nlrc5, potentially related to host defense functions, and
downregulated the expression of 8 genes, including sterol
O-acyltransferase (Soat1), which is involved in cholesterol
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esterification and absorption, in the small intestine [144].
The expression levels of lipid oxidation gene Acox1, glycogen
synthesis genes, GS2 and GYG1, and insulin-induced genes,
Insig-1 and Insig-2, were significantly upregulated while fatty
acids and triglyceride synthesis and metabolism-related gene
SREBP-1, fatty acid synthesis gene (Fads1), and gluconeo-
genesis gene G6PC1 were greatly downregulated in RS-
administrated diabetic rats [84].

5.6. SCFAs. Given that SCFAs also count for a part of lipids
and energy, food rich in DFs seemed to stimulate hyperlipid-
emia through harvesting the metabolites. But epidemiologi-
cal study results suggest that they prevent it rather than
promote it. Propionate, for instance, at the concentration of
0.6mmol/L, could decrease the expression level of fatty acid
synthase mRNA in cultured hepatocytes and thus considered
a mediator having an antilipogenic property [68]. In addi-
tion, a 2-fold concentration of propionate at the portal vein
of rats supplemented with fructan compared to controls
selectively decreased the transition of acetate into total lipids
[145]. A study found that the fluxes of SCFAs rather than
concentrations reversely correlate with biomarkers of the
metabolic syndrome in an animal experiment, including
body weight, adipose weight, and TG [90]. The same team
suggest further that SCFAs induce a PPARγ-mediated switch

from lipid synthesis to consumption. Oral sodium acetate,
sodium propionate, and sodium butyrate supplementation
prevented and reversed HFD-induced metabolic abnormali-
ties in mice by decreasing PPARγ expression and activity.
This increased the expression of mitochondrial uncoupling
protein 2 and increased the ratio of AMP to ATP, leading
to an acceleration of the hepatic and adipose oxidative
metabolism via AMPK. The mediator function of PPARγ
could also be proved by PPARγ-absent mice, who exhibited
no protective effect of the same supplementation. These
results demonstrated that adipose and hepatic PPARγ are
critical mediators of the beneficial effects of SCFAs on the
metabolic syndrome, indicating that SCFAs may be used
therapeutically as cheap and selective PPARγ modulators
[146]. Studies also revealed that SCFAs could cause satiety
via increased production of GLP-1 and PYY by stimulating
FFARs and inhibit the rate-limiting enzyme of choles-
terol HMGCoA reductase to inhibit cholesterol synthesis
[131, 132]. Guar gum-induced obvious increase of peripheral
glucose clearance also may be mediated by the SCFAs, for
they are responsible for the change of colonic hormone
glucagon-like peptide-1(GLP-1), which also has impaction
on the lipid metabolism [141]. We summarized these possi-
ble molecular mechanisms of typical dietary fibers affecting
the lipid metabolism in Figure 3.
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Figure 3: Possible molecular mechanism of dietary fibers on lipid lowering.
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6. Future Perspectives

Other than the direct effect of DFs on hyperlipidemia, the site
of action-targeted drug delivery system using polysaccha-
rides as package, such as pectin, dextran, gum, alginate,
inulin, and konjac glucomannan, has attracted increased
attention because this method could increase the bioavail-
ability of the drug at the target site and meanwhile reduce
the side effects. A study suggested that the employment of
ultrafine redispersible spray dried emulsion with pectin as a
carrier to form a delivery method for atorvastatin calcium
holds a promising approach for an enhanced antihyperlipi-
demic effect for the widely used drug [147]. Another test that
found an optimized formulation using glycyrrhetinic acid-
modified chitosan as a liver-targeted carrier of atorvastatin
showed increased plasma concentration, and the accumula-
tion in the liver was nearly 2.59 times more than the plain
drug nanoparticles [148]. Pharmaceutical and pharmacolog-
ical indicators suggested that the proposed strategy can be
successfully utilized for liver targeting of therapeutics.

There has been increasing interest in the effect of dietary
fiber, on lowering the blood lipid concentration. There are
various mechanisms by which serum and hepatic lipids are
reduced by dietary fiber: binding to bile, viscosity, and buck-
ing in the small intestine caused the suppression of glucose
and lipid absorption, increased production of SCFAs, and
modulation of lipid metabolism-related genes. In addition,
dietary fibers, classified as the seventh nutrients, are generally
considered safe, but overconsumption could cause intestinal
discomfort. From the above evidences, dietary fibers could
be used as alternative supplements to exert health benefits,
including lipid-lowering effects on humans. However, more
clinical evidence is needed to strengthen this proposal and
its fully underlying mechanism still requires more investiga-
tion. Only if we fully understand the mechanism and dose
relationship of each kind of DFs we are able to apply them
in the intervention of hyperlipidemic patients.

Abbreviations

SCFA: Short-chain fatty acids
CVD: Cardiovascular diseases
PL: Phospholipid
TL: Total lipid
TC: Total cholesterol
TG: Triacylglycerols
LDL-C: Low-density lipoprotein cholesterol
HDL-C: High-density lipoprotein cholesterol
VLDL: Very low-density lipoprotein
FOS: Fructooligosaccharides
PAI-1: Plasminogen activator inhibitor-1
fVII: Factor VII
HPMC: Hydroxypropyl methyl cellulose
EFSA: European Food Safety Authority
KGM: Konjac glucomannan
FFAs: Free fatty acids
GOS: Galactooligosaccharides
XOS: Xylooligosaccharides
MO: Maltooligosaccharides

SDF: Soluble dietary fiber
IDF: Insoluble dietary fiber
RS: Resistant starch
GG: Guar gum
PHGG: Partially hydrolyzed guar gum
AX: Arabia xylan
APO: Apolipoprotein
ACC: Acetyl-CoA carboxylase
LDLR: Low-density lipoprotein receptor
Dgat1: Diacylglycerol acyltransferase1
SR-BI: Scavenger receptor-BI
ABCA: ATP binding cassette subfamily A
ABCG: ATP binding cassette subfamily G
P450: Cytochrome P450
P4507A1: Cytochrome P450 7A1
AMPK: Adenosine 5′-monophosphate- (AMP-) acti-

vated protein kinase
HMG-CoA: 3-Hydroxy-3-methylglutaryl–coenzyme A
SREBP: Sterol regulatory element-binding protein
SHP: Small heterodimer partner
MCC: Microcrystalline cellulose
WB: Wheat bran
MAPK: Mitogen-activated protein kinase
C/EBPα: CCAAT/enhancer binding protein α
aP2: Adipocyte fatty acid-binding protein
ERK: Extracellular signal-related kinase
JNK: JUN N-terminal kinase
Soat: Sterol O-acyltransferase
ACOX: Accyl-CoA oxidase
FAS: Fatty acid synthase
FFARs: Free fatty acid receptors
GLP-1: Glucagon like peptide 1
MW: Molecular weight
PPARs: Peroxisome proliferator-activated receptors
SERPINA: Serpin family A member
FXR: Farnesol X receptor
LXR: Liver X receptor
RXR: Retinoid X receptor.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the “2011 Collaborative Inno-
vation Center of Hunan province” (2013, No. 448), the
“start-up project for Ph.D. of Hanshan Normal University”
(XJ2020001703), and the Key Project of the Education
Department of Guangdong province (2019KTSCX098).

References

[1] J. I. Harland, “Food combinations for cholesterol lowering,”
Nutrition Research Reviews, vol. 25, no. 2, pp. 249–266, 2012.

[2] B. G. Nordestgaard and A. Varbo, “Triglycerides and cardio-
vascular disease,” The Lancet, vol. 384, no. 9943, pp. 626–635,
2014.

14 Oxidative Medicine and Cellular Longevity



[3] P. Gunness and M. J. Gidley, “Mechanisms underlying the
cholesterol-lowering properties of soluble dietary fibre poly-
saccharides,” Food & Function, vol. 1, no. 2, pp. 149–155,
2010.

[4] T. van der Gronde, A. Hartog, C. van Hees, H. Pellikaan, and
T. Pieters, “Systematic review of the mechanisms and evi-
dence behind the hypocholesterolaemic effects of HPMC,
pectin and chitosan in animal trials,” Food Chemistry,
vol. 199, pp. 746–759, 2016.

[5] Y. Ma,W.Wang, J. Zhang et al., “Hyperlipidemia and athero-
sclerotic lesion development in Ldlr-deficient mice on a long-
term high-fat diet,” PloS One, vol. 7, no. 4, article e35835,
2012.

[6] J. Pedro-Botet, J. Millán Núñez-Cortés, J. J. Chillarón, J. A.
Flores-le Roux, and J. Rius, “Severity of statin-induced
adverse effects on muscle and associated conditions: data
from the DAMA study,” Expert Opinion on Drug Safety,
vol. 15, no. 12, pp. 1583–1587, 2016.

[7] S. Cham, H. J. Koslik, and B. A. Golomb, “Mood, person-
ality, and behavior changes during treatment with statins:
a case series,” Drug Safety - Case Reports, vol. 3, no. 1,
p. 1, 2016.

[8] D. Kerckhoffs, F. Brouns, G. Hornstra, and R. P. Mensink,
“Effects on the human serum lipoprotein profile of β-glucan,
soy protein and isoflavones, plant sterols and stanols, garlic
and tocotrienols,” The Journal of Nutrition, vol. 132, no. 9,
pp. 2494–2505, 2002.

[9] R. Deng, “Food and food supplements with hypocholesterole-
mic effects,” Recent Patents on Food, Nutrition & Agriculture,
vol. 1, no. 1, pp. 15–24, 2009.

[10] S. Y. Kim, H. J. Song, Y. Y. Lee, K.-H. Cho, and Y. K. Roh,
“Biomedical issues of dietary fiber β-glucan,” Journal of
Korean Medical Science, vol. 21, no. 5, pp. 781–789, 2006.

[11] L. Brown, B. Rosner, W.W.Willett, and F. M. Sacks, “Choles-
terol-lowering effects of dietary fiber: a meta-analysis,” The
American Journal of Clinical Nutrition, vol. 69, no. 1,
pp. 30–42, 1999.

[12] J. M. Lattimer andM. D. Haub, “Effects of dietary fiber and its
components on metabolic health,” Nutrients, vol. 2, no. 12,
pp. 1266–1289, 2010.

[13] Y. Nie, Q. Lin, and F. Luo, “Effects of non-starch polysaccha-
rides on inflammatory bowel disease,” International Journal
of Molecular Sciences, vol. 18, no. 7, p. 1372, 2017.

[14] M. S. Izydorczyk and C. G. Biliaderis, “Cereal arabinoxylans:
advances in structure and physicochemical properties,” Car-
bohydrate Polymers, vol. 28, no. 1, pp. 33–48, 1995.

[15] M. Mendis, E. Leclerc, and S. Simsek, “Arabinoxylans, gut
microbiota and immunity,” Carbohydrate Polymers, vol. 139,
pp. 159–166, 2016.

[16] X. Huang and S. Nie, “The structure of mushroom polysac-
charides and their beneficial role in health,” Food & Function,
vol. 6, no. 10, pp. 3205–3217, 2015.

[17] B. Schwartz and Y. Hadar, “Possible mechanisms of action of
mushroom-derived glucans on inflammatory bowel disease
and associated cancer,” Annals of Translational Medicine,
vol. 2, no. 2, p. 19, 2014.

[18] F. Bobadilla, C. Rodriguez-Tirado, M. Imarai, M. J.
Galotto, and R. Andersson, “Soluble β-1,3/1,6-glucan in
seaweed from the southern hemisphere and its immuno-
modulatory effect,” Carbohydrate Polymers, vol. 92, no. 1,
pp. 241–248, 2013.

[19] N.-G. Asp, “Dietary fibre-definition, chemistry and analytical
determination,” Molecular Aspects of Medicine, vol. 9, no. 1,
pp. 17–29, 1987.

[20] A. Lovegrove, C. H. Edwards, I. De Noni et al., “Role of poly-
saccharides in food, digestion, and health,” Critical Reviews in
Food Science and Nutrition, vol. 57, no. 2, pp. 237–253, 2015.

[21] W. G. T. Willats, J. P. Knox, and J. D. Mikkelsen, “Pectin: new
insights into an old polymer are starting to gel,” Trends in
Food Science & Technology, vol. 17, no. 3, pp. 97–104, 2006.

[22] N. Benkeblia, “Fructooligosaccharides and fructans analysis
in plants and food crops,” Journal of Chromatography A,
vol. 1313, pp. 54–61, 2013.

[23] A. F. G. Cicero, A. Colletti, G. Bajraktari et al., “Lipid-lower-
ing nutraceuticals in clinical practice: position paper from an
International Lipid Expert Panel,” Nutrition Reviews, vol. 75,
no. 9, pp. 731–767, 2017.

[24] X. Zhu, X. Sun, M. Wang et al., “Quantitative assessment of
the effects of beta-glucan consumption on serum lipid profile
and glucose level in hypercholesterolemic subjects,” Nutri-
tion, metabolism, and cardiovascular diseases : NMCD,
vol. 25, no. 8, pp. 714–723, 2015.

[25] M. Andersson, L. Ellegård, and H. Andersson, “Oat bran
stimulates bile acid synthesis within 8 h as measured by 7α-
hydroxy-4-cholesten-3-one,” The American Journal of Clini-
cal Nutrition, vol. 76, no. 5, pp. 1111–1116, 2002.

[26] E. Theuwissen and R. P. Mensink, “Simultaneous intake of β-
glucan and plant stanol esters affects lipid metabolism in
slightly hypercholesterolemic subjects,” The Journal of Nutri-
tion, vol. 137, no. 3, pp. 583–588, 2007.

[27] M. Kristensen and S. Bugel, “A diet rich in oat bran improves
blood lipids and hemostatic factors, and reduces apparent
energy digestibility in young healthy volunteers,” European
Journal of Clinical Nutrition, vol. 65, no. 9, pp. 1053–1058,
2011.

[28] H. Peng, F. Yeh, G. de Simone et al., “Relationship between
plasma plasminogen activator inhibitor-1 and hypertension
in American Indians: findings from the Strong Heart Study,”
Journal of Hypertension, vol. 35, no. 9, pp. 1787–1793, 2017.

[29] H. Mieszczanska, N. K. Kaba, C. W. Francis et al., “Effects of
pioglitazone on fasting and postprandial levels of lipid and
hemostatic variables in overweight non-diabetic patients with
coronary artery disease,” Journal of Thrombosis and Haemos-
tasis, vol. 5, no. 5, pp. 942–949, 2007.

[30] A. Whitehead, E. J. Beck, S. Tosh, and T. M. S. Wolever,
“Cholesterol-lowering effects of oat β-glucan: a meta-
analysis of randomized controlled trials,” The American Jour-
nal of Clinical Nutrition, vol. 100, no. 6, pp. 1413–1421, 2014.

[31] K. E. Charlton, L. C. Tapsell, M. J. Batterham et al., “Effect of
6 weeks' consumption of β-glucan-rich oat products on cho-
lesterol levels in mildly hypercholesterolaemic overweight
adults,” The British Journal of Nutrition, vol. 107, no. 7,
pp. 1037–1047, 2012.

[32] T. M. Wolever, S. M. Tosh, A. L. Gibbs et al., “Physicochem-
ical properties of oat β-glucan influence its ability to reduce
serum LDL cholesterol in humans: a randomized clinical
trial,” The American Journal of Clinical Nutrition, vol. 92,
no. 4, pp. 723–732, 2010.

[33] T. M. S. Wolever, A. L. Gibbs, J. Brand-Miller et al., “Bio-
active oat β-glucan reduces LDL cholesterol in Caucasians
and non-Caucasians,” Nutrition Journal, vol. 10, no. 1,
p. 130, 2011.

15Oxidative Medicine and Cellular Longevity



[34] H. V. T. Ho, J. L. Sievenpiper, A. Zurbau et al., “The effect of
oatβ-glucan on LDL-cholesterol, non-HDL-cholesterol and
apoB for CVD risk reduction: a systematic review and
meta-analysis of randomised-controlled trials,” The British
Journal of Nutrition, vol. 116, no. 8, pp. 1369–1382, 2016.

[35] E. J. Beck, L. C. Tapsell, M. J. Batterham, S. M. Tosh, and X. F.
Huang, “Oat β-glucan supplementation does not enhance the
effectiveness of an energy-restricted diet in overweight
women,” The British Journal of Nutrition, vol. 103, no. 8,
pp. 1212–1222, 2010.

[36] R. Talati, W. L. Baker, M. S. Pabilonia, C. M. White, and C. I.
Coleman, “The effects of barley-derived soluble fiber on
serum lipids,” Annals of Family Medicine, vol. 7, no. 2,
pp. 157–163, 2009.

[37] S. S. AbuMweis, S. Jew, and N. P. Ames, “β-Glucan from bar-
ley and its lipid-lowering capacity: a meta-analysis of ran-
domized, controlled trials,” European Journal of Clinical
Nutrition, vol. 64, no. 12, pp. 1472–1480, 2010.

[38] H. Kim, M. Turowski, W. H. Anderson, S. A. Young, Y. Kim,
and W. Yokoyama, “Supplementation of hydroxypropyl
methylcellulose into yeast leavened all-whole grain barley
bread potentiates cholesterol-lowering effect,” Journal of
Agricultural and Food Chemistry, vol. 59, no. 14, pp. 7672–
7678, 2011.

[39] Y.Wang, S. V. Harding, P. Eck et al., “High-molecular-weight
β-glucan decreases serum cholesterol differentially based on
the CYP7A1 rs3808607 polymorphism in mildly hypercho-
lesterolemic adults,” The Journal of Nutrition, vol. 146,
no. 4, pp. 720–727, 2016.

[40] A. C. Ruthes, F. R. Smiderle, and M. Iacomini, “Mushroom
heteropolysaccharides: a review on their sources, structure
and biological effects,” Carbohydrate Polymers, vol. 136,
pp. 358–375, 2016.

[41] V. Caz, A. Gil-Ramírez, C. Largo et al., “Modulation of
cholesterol-related gene expression by dietary fiber fractions
from edible mushrooms,” Journal of Agricultural and Food
Chemistry, vol. 63, no. 33, pp. 7371–7380, 2015.

[42] V. Caz, A. Gil-Ramírez, M. Santamaría et al., “Plasma
cholesterol-lowering activity of lard functionalized with
mushroom extracts is independent of Niemann-Pick C1-
like 1 protein and ABC sterol transporter gene expression
in hypercholesterolemic mice,” Journal of Agricultural and
Food Chemistry, vol. 64, no. 8, pp. 1686–1694, 2016.

[43] X. Zou, X. Guo, and M. Sun, “pH control strategy in a shaken
minibioreactor for polysaccharide production by medicinal
mushroom Phellinus linteus and its anti-hyperlipemia activ-
ity,” Bioprocess and Biosystems Engineering, vol. 32, no. 2,
pp. 277–281, 2009.

[44] L. Zheng, G. Zhai, J. Zhang et al., “Antihyperlipidemic and
hepatoprotective activities of mycelia zinc polysaccharide
from _Pholiota nameko_ SW-02,” International Journal of
Biological Macromolecules, vol. 70, pp. 523–529, 2014.

[45] M. Rondanelli, A. Opizzi, F. Monteferrario, C. Klersy,
R. Cazzola, and B. Cestaro, “Beta-glucan- or rice bran-
enriched foods: a comparative crossover clinical trial on lipidic
pattern in mildly hypercholesterolemic men,” European Jour-
nal of Clinical Nutrition, vol. 65, no. 7, pp. 864–871, 2011.

[46] EFSA, “Scientific opinion on the substantiation of a health
claim related to barley beta-glucans and lowering of blood
cholesterol and reduced risk of (coronary) heart disease pur-
suant to Article 14 of Regulation (EC) No 1924/2006,” EFSA
Journal, vol. 9, no. 12, p. 2470, 2011.

[47] C. S. Venter, H. H. Vorster, and D. G. van der Nest,
“Comparison between physiological effects of konjac-
glucomannan and propionate in baboons fed “Western”,
diets,” The Journal of Nutrition, vol. 120, no. 9, pp. 1046–
1053, 1990.

[48] A. Arvill and L. Bodin, “Effect of short-term ingestion of kon-
jac glucomannan on serum cholesterol in healthy men,” The
American Journal of Clinical Nutrition, vol. 61, no. 3,
pp. 585–589, 1995.

[49] H. V. T. Ho, E. Jovanovski, A. Zurbau et al., “A systematic
review and meta-analysis of randomized controlled trials of
the effect of konjac glucomannan, a viscous soluble fiber, on
LDL cholesterol and the new lipid targets non-HDL choles-
terol and apolipoprotein B,” The American Journal of Clinical
Nutrition, vol. 105, no. 5, pp. 1239–1247, 2017.

[50] N. Sood, W. L. Baker, and C. I. Coleman, “Effect of gluco-
mannan on plasma lipid and glucose concentrations, body
weight, and blood pressure: systematic review and meta-anal-
ysis,” The American Journal of Clinical Nutrition, vol. 88,
no. 4, pp. 1167–1175, 2008.

[51] A. H. M. Terpstra, J. A. Lapré, H. T. de Vries, and A. C.
Beynen, “Intact pectin and its polygalacturonic acid regions
have similar hypocholesterolemic properties in hybrid F1B
hamsters,” Nahrung, vol. 46, no. 2, pp. 83–86, 2002.

[52] A. H. M. Terpstra, J. A. Lapré, H. T. de Vries, and A. C.
Beynen, “The hypocholesterolemic effect of lemon peels,
lemon pectin, and the waste stream material of lemon peels
in hybrid F1B hamsters,” European Journal of Nutrition,
vol. 41, no. 1, pp. 19–26, 2002.

[53] C. Parolini, S. Manzini, M. Busnelli et al., “Effect of the com-
binations between pea proteins and soluble fibres on choles-
terolaemia and cholesterol metabolism in rats,” The British
Journal of Nutrition, vol. 110, no. 8, pp. 1394–1401, 2013.

[54] U. Schwab, A. Louheranta, A. Törrönen, and M. Uusitupa,
“Impact of sugar beet pectin and polydextrose on fasting
and postprandial glycemia and fasting concentrations of
serum total and lipoprotein lipids in middle-aged subjects
with abnormal glucose metabolism,” European Journal of
Clinical Nutrition, vol. 60, no. 9, pp. 1073–1080, 2006.

[55] B. T. Metzger, D. M. Barnes, and J. D. Reed, “A comparison of
pectin, polyphenols, and phytosterols, alone or in combina-
tion, to lovastatin for reduction of serum lipids in familial
hypercholesterolemic swine,” Journal of Medicinal Food,
vol. 12, no. 4, pp. 854–860, 2009.

[56] EFSA, “Scientific opinion on the substantiation of health
claims related to pectins and reduction of post-prandial gly-
caemic responses (ID 786), maintenance of normal blood
cholesterol concentrations (ID 818) and increase in satiety
leading to a reduction in ene,” EFSA Journal, vol. 8, no. 10,
p. 1747, 2010.

[57] M. H. Park and J. S. Han, “Padina arborescens ameliorates
hyperglycemia and dyslipidemia in C57BL/KsJ-db/db mice,
a model of type 2 diabetes mellitus,” Journal of Medicinal
Food, vol. 18, no. 10, pp. 1088–1094, 2015.

[58] Y. Idota, Y. Kogure, T. Kato et al., “Cholesterol-lowering
effect of calcium alginate in rats,” Biological & Pharmaceuti-
cal Bulletin, vol. 39, no. 1, pp. 62–67, 2016.

[59] B. M. Kim, J. H. Park, D. S. Kim et al., “Effects of the polysac-
charide from the sporophyll of brown alga Undaria pinnati-
fida on serum lipid profile and fat tissue accumulation in
rats fed a high-fat diet,” Journal of Food Science, vol. 81,
no. 7, pp. H1840–H1845, 2016.

16 Oxidative Medicine and Cellular Longevity



[60] M. Marounek, Z. Volek, E. Skřivanová, T. Taubner,
A. Pebriansyah, and D. Dušková, “Comparative study of the
hypocholesterolemic and hypolipidemic activity of alginate
and amidated alginate in rats,” International Journal of Bio-
logical Macromolecules, vol. 105, Part 1, pp. 620–624, 2017.

[61] T. Yokota, K. Nomura, M. Nagashima, and N. Kamimura,
“Fucoidan alleviates high-fat diet-induced dyslipidemia and
atherosclerosis in ApoEshl mice deficient in apolipoprotein
E expression,” The Journal of Nutritional Biochemistry,
vol. 32, pp. 46–54, 2016.

[62] J. Park, M. Yeom, and D. H. Hahm, “Fucoidan improves
serum lipid levels and atherosclerosis through hepatic
SREBP-2-mediated regulation,” Journal of Pharmacological
Sciences, vol. 131, no. 2, pp. 84–92, 2016.

[63] S. P. Singh, J. S. Jadaun, L. K. Narnoliya, and A. Pandey, “Pre-
biotic oligosaccharides: special focus on fructooligosaccha-
rides, its biosynthesis and bioactivity,” Applied Biochemistry
and Biotechnology, vol. 183, no. 2, pp. 613–635, 2017.

[64] C. L. Dikeman, M. R. Murphy, and G. C. Fahey Jr., “Dietary
fibers affect viscosity of solutions and simulated human gas-
tric and small intestinal digesta,” The Journal of Nutrition,
vol. 136, no. 4, pp. 913–919, 2006.

[65] M. Beylot, “Effects of inulin-type fructans on lipid metabo-
lism in man and in animal models,” British Journal of Nutri-
tion, vol. 93, Supplement 1, p. S163, 2007.

[66] N. Agheli, M. Kabir, S. Berni-Canani et al., “Plasma lipids and
fatty acid synthase activity are regulated by short-chain
fructo-oligosaccharides in sucrose-fed insulin-resistant rats,”
The Journal of Nutrition, vol. 128, no. 8, pp. 1283–1288, 1998.

[67] Y. Nakamura, M. Natsume, A. Yasuda, M. Ishizaka,
K. Kawahata, and J. Koga, “Fructooligosaccharides suppress
high-fat diet-induced fat accumulation in C57BL/6J mice,”
BioFactors, vol. 43, no. 2, pp. 145–151, 2017.

[68] N. M. Delzenne, C. Daubioul, A. Neyrinck, M. Lasa, and H. S.
Taper, “Inulin and oligofructose modulate lipid metabolism
in animals: review of biochemical events and future pros-
pects,” British Journal of Nutrition, vol. 87, Supplement 2,
pp. S255–S259, 2002.

[69] N. C. Habib, S. M. Honoré, S. B. Genta, and S. S. Sánchez,
“Hypolipidemic effect of Smallanthus sonchifolius (yacon)
roots on diabetic rats: Biochemical approach,” Chemico-Bio-
logical Interactions, vol. 194, no. 1, pp. 31–39, 2011.

[70] M. Malaguarnera, M. Vacante, T. Antic et al., “Bifidobacter-
ium longum with fructo-oligosaccharides in patients with
non alcoholic steatohepatitis,” Digestive Diseases and Sci-
ences, vol. 57, no. 2, pp. 545–553, 2012.

[71] G. T. Costa, G. C. Abreu, A. B. B. Guimarães, P. R. L. Vascon-
celos, and S. B. Guimarães, “Fructo-oligosaccharide effects on
serum cholesterol levels. An overview,” Acta Cirurgica Brasi-
leira, vol. 30, no. 5, pp. 366–370, 2015.

[72] C. Moroti, L. Souza Magri, M. de Rezende Costa, D. C. U.
Cavallini, and K. Sivieri, “Effect of the consumption of a
new symbiotic shake on glycemia and cholesterol levels in
elderly people with type 2 diabetes mellitus,” Lipids in Health
and Disease, vol. 11, no. 1, p. 29, 2012.

[73] R. Giacco, G. Clemente, D. Luongo et al., “Effects of short-
chain fructo-oligosaccharides on glucose and lipid metabo-
lism in mild hypercholesterolaemic individuals,” Clinical
Nutrition, vol. 23, no. 3, pp. 331–340, 2004.

[74] E. A. Trautwein, D.  . Rieckhoff, and H. F. Erbersdobler, “Die-
tary inulin lowers plasma cholesterol and triacylglycerol and

alters biliary bile acid profile in hamsters,” The Journal of
Nutrition, vol. 128, no. 11, pp. 1937–1943, 1998.

[75] M. Kim and H. K. Shin, “The water-soluble extract of chicory
influences serum and liver lipid concentrations, cecal short-
chain fatty acid concentrations and fecal lipid excretion in
rats,” The Journal of Nutrition, vol. 128, no. 10, pp. 1731–
1736, 1998.

[76] P. Dehghan, B. Pourghassem Gargari, and
M. Asgharijafarabadi, “Effects of high performance inulin
supplementation on glycemic status and lipid profile in
women with type 2 diabetes: a randomized, placebo-
controlled clinical trial,” Health promotion perspectives,
vol. 3, no. 1, pp. 55–63, 2013.

[77] F. Brighenti, M. Casiraghi, E. Canzi, and A. Ferrari, “Effect of
consumption of a ready-to-eat breakfast cereal containing
inulin on the intestinal milieu and blood lipids in healthy
male volunteers,” European Journal of Clinical Nutrition,
vol. 53, no. 9, pp. 726–733, 1999.

[78] C. M. Williams and K. G. Jackson, “Inulin and oligofructose:
effects on lipid metabolism from human studies,” British
Journal of Nutrition, vol. 87, Supplement 2, pp. S261–S264,
2002.

[79] A. Pedersen, B. Sandström, and J. M. M. Van Amelsvoort,
“The effect of ingestion of inulin on blood lipids and gastro-
intestinal symptoms in healthy females,” British Journal of
Nutrition, vol. 78, no. 2, pp. 215–222, 2007.

[80] F. Forcheron and M. Beylot, “Long-term administration of
inulin-type fructans has no significant lipid- lowering effect
in normolipidemic humans,”Metabolism: clinical and exper-
imental, vol. 56, no. 8, pp. 1093–1098, 2007.

[81] K. H. Han, A. Yamamoto, K. I. Shimada, H. Kikuchi, and
M. Fukushima, “Dietary fat content modulates the hypolipid-
emic effect of dietary inulin in rats,” Molecular Nutrition &
Food Research, vol. 61, no. 8, 2017.

[82] H. W. Lopez, M. A. Levrat-Verny, C. Coudray et al., “Class 2
resistant starches lower plasma and liver lipids and improve
mineral retention in rats,” The Journal of Nutrition,
vol. 131, no. 4, pp. 1283–1289, 2001.

[83] Z. Zhou, F. Wang, X. Ren, Y. Wang, and C. Blanchard,
“Resistant starch manipulated hyperglycemia/hyperlipidemia
and related genes expression in diabetic rats,” The British
Journal of Nutrition, vol. 94, no. 6, pp. 902–908, 2005.

[84] Z. Zhou, F. Wang, X. Ren, Y. Wang, and C. Blanchard,
“Resistant starch manipulated hyperglycemia/hyperlipidemia
and related genes expression in diabetic rats,” International
Journal of Biological Macromolecules, vol. 75, pp. 316–321,
2015.

[85] T. C. Rideout, S. V. Harding, A. Raslawsky, and C. B. Rempel,
“Dietary resistant starch supplementation increases high-
density lipoprotein particle number in pigs fed a western
diet,” Journal of Dietary Supplements, vol. 14, no. 3,
pp. 334–345, 2016.

[86] O. J. Park, N. Kang, M. J. Chang, and W. K. Kim, “Resistant
starch supplementation influences blood lipid concentrations
and glucose control in overweight subjects,” The Journal of
Nutritional Biochemistry, vol. 14, no. 3, pp. 166–172, 2003.

[87] S. Maisonnier, J. Gomez, A. Bree, C. Berri, E. Baeza, and
B. Carre, “Effects of microflora status, dietary bile salts and
guar gum on lipid digestibility, intestinal bile salts, and histo-
morphology in broiler chickens,” Poultry Science, vol. 82,
no. 5, pp. 805–814, 2003.

17Oxidative Medicine and Cellular Longevity



[88] D. C. Kuo, S. P. Hsu, and C. T. Chien, “Partially hydrolyzed
guar gum supplement reduces high-fat diet increased blood
lipids and oxidative stress and ameliorates FeCl3-induced
acute arterial injury in hamsters,” Journal of Biomedical Sci-
ence, vol. 16, no. 1, p. 15, 2009.

[89] S. Samarghandian, M. A. Hadjzadeh, F. Amin Nya, and
S. Davoodi, “Antihyperglycemic and antihyperlipidemic
effects of guar gum on streptozotocin-induced diabetes in
male rats,” Pharmacognosy Magazine, vol. 8, no. 29, pp. 65–
72, 2012.

[90] G. den Besten, R. Havinga, A. Bleeker et al., “The short-chain
fatty acid uptake fluxes by mice on a guar gum supplemented
diet associate with amelioration of major biomarkers of the
metabolic syndrome,” PloS One, vol. 9, no. 9, article
e107392, 2014.

[91] F. Fåk, G. Jakobsdottir, E. Kulcinskaja et al., “The physico-
chemical properties of dietary fibre determine metabolic
responses, short-chain fatty acid profiles and gut microbiota
composition in rats fed low- and high-fat diets,” PloS One,
vol. 10, no. 5, article e0127252, 2015.

[92] S. Kondo, J. Z. Xiao, N. Takahashi, K. Miyaji, K. Iwatsuki, and
S. Kokubo, “Suppressive effects of dietary fiber in yogurt on
the postprandial serum lipid levels in healthy adult male vol-
unteers,” Bioscience, Biotechnology, and Biochemistry, vol. 68,
no. 5, pp. 1135–1138, 2004.

[93] D. A. Brockman, X. Chen, and D. D. Gallaher, “High-viscos-
ity dietary fibers reduce adiposity and decrease hepatic stea-
tosis in rats fed a high-fat diet,” The Journal of Nutrition,
vol. 144, no. 9, pp. 1415–1422, 2014.

[94] K. Yamada, Y. Tokunaga, A. Ikeda et al., “Effect of dietary
fiber on the lipid metabolism and immune function of aged
Sprague-Dawley rats,” Bioscience, Biotechnology, and Bio-
chemistry, vol. 67, no. 2, pp. 429–433, 2003.

[95] K. C. Maki, M. H. Davidson, S. Torri et al., “High-molecular-
weight hydroxypropylmethylcellulose taken with or between
meals is hypocholesterolemic in adult men,” The Journal of
Nutrition, vol. 130, no. 7, pp. 1705–1710, 2000.

[96] K. C. Maki, M. L. Carson, W. H. Kerr Anderson et al., “Lipid-
altering effects of different formulations of hydroxypropyl-
methylcellulose,” Journal of Clinical Lipidology, vol. 3, no. 3,
pp. 159–166, 2009.

[97] K. C. Maki, M. L. Carson, M. P. Miller et al., “Hydroxypropyl-
methylcellulose lowers cholesterol in statin-treated men and
women with primary hypercholesterolemia,” European Jour-
nal of Clinical Nutrition, vol. 63, no. 8, pp. 1001–1007, 2009.

[98] H. Kim, G. E. Bartley, S. A. Young, K. H. Seo, and
W. Yokoyama, “Altered hepatic gene expression profiles
associated with improved fatty liver, insulin resistance, and
intestinal permeability after hydroxypropyl methylcellulose
(HPMC) supplementation in diet-induced obese mice,” Jour-
nal of Agricultural and Food Chemistry, vol. 61, no. 26,
pp. 6404–6411, 2013.

[99] N. P. Nørskov, M. S. Hedemann, H. N. Lærke, and K. E. B.
Knudsen, “Multicompartmental nontargeted LC-MS meta-
bolomics: explorative study on the metabolic responses of
rye fiber versus refined wheat fiber intake in plasma and urine
of hypercholesterolemic pigs,” Journal of Proteome Research,
vol. 12, no. 6, pp. 2818–2832, 2013.

[100] M. Numan Ahmad and H. Rabah Takruri, “The effect of
dietary wheat bran on sucrose-induced changes of serum glu-
cose and lipids in rats,” Nutricion Hospitalaria, vol. 32, no. 4,
pp. 1636–1644, 2015.

[101] L. T. Tong, K. Zhong, L. Liu et al., “Effects of dietary wheat
bran arabinoxylans on cholesterol metabolism of hypercho-
lesterolemic hamsters,” Carbohydrate Polymers, vol. 112,
pp. 1–5, 2014.

[102] L. Pozzo, F. Vizzarri, M. Ciardi et al., “The effects of fermen-
ted wheat powder (Lisosan G) on the blood lipids and oxida-
tive status of healthy rabbits,” Food and Chemical Toxicology,
vol. 84, pp. 1–7, 2015.

[103] S. K. Kim, P. J. Park, H. P. Yang, and S. S. Han, “Subacute tox-
icity of chitosan oligosaccharide in Sprague-Dawley rats,”
Arzneimittelforschung, vol. 51, no. 9, pp. 769–774, 2001.

[104] G. Xu, X. Huang, L. Qiu, J. Wu, and Y. Hu, “Mechanism
study of chitosan on lipid metabolism in hyperlipidemic
rats,” Asia Pacific Journal of Clinical Nutrition, vol. 16, Sup-
plement 1, pp. 313–317, 2007.

[105] C. Zong, Y. Yu, G. Song et al., “Chitosan oligosaccharides
promote reverse cholesterol transport and expression of scav-
enger receptor BI and CYP7A1 in mice,” Experimental Biol-
ogy and Medicine, vol. 237, no. 2, pp. 194–200, 2012.

[106] J. Zhang, J. Liu, L. Li, andW. Xia, “Dietary chitosan improves
hypercholesterolemia in rats fed high-fat diets,” Nutrition
Research, vol. 28, no. 6, pp. 383–390, 2008.

[107] H. T. Yao and M. T. Chiang, “Plasma lipoprotein cholesterol
in rats fed a diet enriched in chitosan and cholesterol,” Jour-
nal of Nutritional Science and Vitaminology (Tokyo), vol. 48,
no. 5, pp. 379–383, 2002.

[108] M. Sumiyoshi and Y. Kimura, “Low molecular weight chito-
san inhibits obesity induced by feeding a high-fat diet long-
term in mice,” The Journal of Pharmacy and Pharmacology,
vol. 58, no. 2, pp. 201–207, 2006.

[109] J. Zhang, W. Zhang, B. Mamadouba, and W. Xia, “A com-
parative study on hypolipidemic activities of high and low
molecular weight chitosan in rats,” International Journal of
Biological Macromolecules, vol. 51, no. 4, pp. 504–508,
2012.

[110] H. T. Yao, S. Y. Huang, and M. T. Chiang, “A comparative
study on hypoglycemic and hypocholesterolemic effects of
high and low molecular weight chitosan in streptozotocin-
induced diabetic rats,” Food and Chemical Toxicology: An
International Journal Published for the British Industrial Bio-
logical Research Association, vol. 46, no. 5, pp. 1525–1534,
2008.

[111] W. Zhang and W. Xia, “Effect of media milling on lipid-
lowering and antioxidant activities of chitosan,” International
Journal of Biological Macromolecules, vol. 72, pp. 1402–1405,
2015.

[112] W. L. Baker, A. Tercius, M. Anglade, C. M. White, and C. I.
Coleman, “A meta-analysis evaluating the impact of chitosan
on serum lipids in hypercholesterolemic patients,” Annals of
Nutrition & Metabolism, vol. 55, no. 4, pp. 368–374, 2009.

[113] R. Ylitalo, S. Lehtinen, E. Wuolijoki, P. Ylitalo, and
T. Lehtimäki, “Cholesterol-lowering properties and safety of
chitosan,” Arzneimittelforschung, vol. 52, no. 1, pp. 1–7, 2002.

[114] S. Jaffer and J. S. Sampalis, “Efficacy and safety of chitosan
HEP-40 in the management of hypercholesterolemia: a ran-
domized, multicenter, placebo-controlled trial,” Alternative
Medicine Review, vol. 12, no. 3, pp. 265–273, 2007.

[115] EFSA, “Scientific opinion on the substantiation of health
claims related to chitosan and reduction in body weight (ID
679, 1499), maintenance of normal blood LDL-cholesterol
concentrations (ID 4663), reduction of intestinal transit time

18 Oxidative Medicine and Cellular Longevity



(ID 4664) and reduction o,” EFSA Journal, vol. 9, no. 6,
p. 2214, 2011.

[116] A. M. van Bennekum, D. V. Nguyen, G. Schulthess,
H. Hauser, and M. C. Phillips, “Mechanisms of cholesterol-
lowering effects of dietary insoluble fibres: relationships with
intestinal and hepatic cholesterol parameters,” British Journal
of Nutrition, vol. 94, no. 3, pp. 331–337, 2005.

[117] G. Rodríguez-Gutiérrez, F. Rubio-Senent, A. Lama-Muñoz,
A. García, and J. Fernández-Bolaños, “Properties of lignin,
cellulose, and hemicelluloses isolated from olive cake and
olive stones: binding of water, oil, bile acids, and glucose,”
Journal of Agricultural and Food Chemistry, vol. 62, no. 36,
pp. 8973–8981, 2014.

[118] M. J. Villanueva-Suárez, M. L. Pérez-Cózar, I. Mateos-Apar-
icio, and A. Redondo-Cuenca, “Potential fat-lowering and
prebiotic effects of enzymatically treated okara in high-
cholesterol-fed Wistar rats,” International Journal of Food
Sciences and Nutrition, vol. 67, no. 7, pp. 828–833, 2016.

[119] M. Krzysik, H. Grajeta, A. Prescha, and R. Weber, “Effect of
cellulose, pectin and chromium(III) on lipid and carbohy-
drate metabolism in rats,” Journal of Trace Elements in Med-
icine and Biology, vol. 25, no. 2, pp. 97–102, 2011.

[120] J. Čopíková, T. Taubner, J. Tůma, A. Synytsya, D. Dušková,
and M. Marounek, “Cholesterol and fat lowering with hydro-
phobic polysaccharide derivatives,” Carbohydrate Polymers,
vol. 116, pp. 207–214, 2015.

[121] M. Marounek, Z. Volek, A. Synytsya, and J. Copíková, “Effect
of pectin and amidated pectin on cholesterol homeostasis and
cecal metabolism in rats fed a high-cholesterol diet,” Physio-
logical Research, vol. 56, no. 4, pp. 433–442, 2007.

[122] R. Ben Abdallah Kolsi, A. Ben Gara, R. Chaaben et al., “Anti-
obesity and lipid lowering effects of Cymodocea nodosa
sulphated polysaccharide on high cholesterol-fed-rats,”
Archives of Physiology and Biochemistry, vol. 121, no. 5,
pp. 210–217, 2015.

[123] M.Marounek, Z. Volek, D. Dušková, J. Tůma, and T. Taubner,
“Dose-response efficacy and long-term effect of the hypocho-
lesterolemic effect of octadecylpectinamide in rats,” Carbohy-
drate Polymers, vol. 97, no. 2, pp. 772–775, 2013.

[124] X. Liu, F. Yang, T. Song et al., “Therapeutic effect of carbox-
ymethylated and quanternized chitosan on insulin resistance
in high-fat-diet-induced rats and 3T3-L1 adipocytes,” Journal
of Biomaterials Science Polymer Edition, vol. 23, no. 10,
pp. 1271–1284, 2012.

[125] C. J. Rebello, A. G. Liu, F. L. Greenway, and N. V. Dhurand-
har, “Dietary strategies to increase satiety,” Advances in Food
and Nutrition Research, vol. 69, pp. 105–182, 2013.

[126] F. J. Dai and C. F. Chau, “Classification and regulatory per-
spectives of dietary fiber,” Journal of Food and Drug Analysis,
vol. 25, no. 1, pp. 37–42, 2017.

[127] E. Theuwissen and R. P. Mensink, “Water-soluble dietary
fibers and cardiovascular disease,” Physiology & Behavior,
vol. 94, no. 2, pp. 285–292, 2008.

[128] B. Shirouchi, S. Kawamura, R. Matsuoka et al., “Dietary guar
gum reduces lymph flow and diminishes lipid transport in
thoracic duct-cannulated rats,” Lipids, vol. 46, no. 8,
pp. 789–793, 2011.

[129] R. S. Wright, J. W. Anderson, and S. R. Bridges, “Propionate
inhibits hepatocyte lipid synthesis,” Proceedings of the Society
for Experimental Biology and Medicine, vol. 195, no. 1,
pp. 26–29, 1990.

[130] E. N. Bergman, “Energy contributions of volatile fatty acids
from the gastrointestinal tract in various species,” Physiolog-
ical Reviews, vol. 70, no. 2, pp. 567–590, 1990.

[131] B. S. Samuel, A. Shaito, T. Motoike et al., “Effects of the gut
microbiota on host adiposity are modulated by the short-
chain fatty-acid binding G protein-coupled receptor, Gpr
41,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 105, no. 43, pp. 16767–16772,
2008.

[132] C. K. Chakraborti, “New-found link between microbiota and
obesity,” World journal of gastrointestinal pathophysiology,
vol. 6, no. 4, pp. 110–119, 2015.

[133] T. Immerstrand, K. E. Andersson, C. Wange et al., “Effects of
oat bran, processed to different molecular weights of β-glu-
can, on plasma lipids and caecal formation of SCFA in mice,”
The British Journal of Nutrition, vol. 104, no. 3, pp. 364–373,
2010.

[134] J. G. LeHoux and F. Grondin, “Some effects of chitosan on
liver function in the rat,” Endocrinology, vol. 132, no. 3,
pp. 1078–1084, 1993.

[135] L. T. Tong, K. Zhong, L. Liu, X. Zhou, J. Qiu, and S. Zhou,
“Effects of dietary hull-less barley β-glucan on the cholesterol
metabolism of hypercholesterolemic hamsters,” Food Chem-
istry, vol. 169, pp. 344–349, 2015.

[136] J. Y. L. Chiang, “Bile acids: regulation of synthesis: thematic
review series: bile acids,” Journal of Lipid Research, vol. 50,
no. 10, pp. 1955–1966, 2009.

[137] A. Chawla, E. Saez, and R. M. Evans, “Don't know much bile-
ology,” Cell, vol. 103, no. 1, pp. 1–4, 2000.

[138] W. Li, Y. Li, Q. Wang, and Y. Yang, “Crude extracts from
Lycium barbarum suppress SREBP-1c expression and pre-
vent diet-induced fatty liver through AMPK activation,”
BioMed Research International, vol. 2014, Article ID
196198, 10 pages, 2014.

[139] J. C. Cohen, “Contribution of cholesterol 7α-hydroxylase to
the regulation of lipoprotein metabolism,” Current Opinion
in Lipidology, vol. 10, no. 4, pp. 303–308, 1999.

[140] S. I. Kang, M. H. Kim, H. S. Shin et al., “A water-soluble
extract of Petalonia binghamiae inhibits the expression of
adipogenic regulators in 3T3-L1 preadipocytes and reduces
adiposity and weight gain in rats fed a high-fat diet,” The
Journal of Nutritional Biochemistry, vol. 21, no. 12,
pp. 1251–1257, 2010.

[141] G. den Besten, A. Gerding, T. H. van Dijk et al., “Protection
against the metabolic syndrome by guar gum-derived short-
chain fatty acids depends on peroxisome proliferator-
activated Receptor γ and glucagon-like peptide-1,” PloS
One, vol. 10, no. 8, article e0136364, 2015.

[142] K. J. Kim, O. H. Lee, and B. Y. Lee, “Fucoidan, a sulfated poly-
saccharide, inhibits adipogenesis through the mitogen-
activated protein kinase pathway in 3T3-L1 preadipocytes,”
Life Sciences, vol. 86, no. 21-22, pp. 791–797, 2010.

[143] Y. Nie, F. Luo, L. Wang et al., “Anti-hyperlipidemic effect of
rice bran polysaccharide and its potential mechanism in
high-fat diet mice,” Food & Function, vol. 8, no. 11,
pp. 4028–4041, 2017.

[144] Z. Yasukawa, Y. Naito, T. Takagi et al., “Partially hydrolyzed
guar gum affects the expression of genes involved in host
defense functions and cholesterol absorption in colonic
mucosa of db/db male mice,” Journal of Clinical Biochemistry
and Nutrition, vol. 51, no. 1, pp. 33–38, 2012.

19Oxidative Medicine and Cellular Longevity



[145] C. Daubioul, N. Rousseau, R. Demeure et al., “Dietary fruc-
tans, but not cellulose, decrease triglyceride accumulation in
the liver of obese Zucker fa/fa rats,” The Journal of Nutrition,
vol. 132, no. 5, pp. 967–973, 2002.

[146] G. den Besten, A. Bleeker, A. Gerding et al., “Short-chain fatty
acids protect against high-fat diet-induced obesity via a
PPARγ-dependent switch from lipogenesis to fat oxidation,”
Diabetes, vol. 64, no. 7, pp. 2398–2408, 2015.

[147] M. Basha, A. H. Salama, and S. El Awdan, “Reconstitutable
spray dried ultra-fine dispersion as a robust platform for
effective oral delivery of an antihyperlipidemic drug,” Inter-
national Journal of Pharmaceutics, vol. 532, no. 1, pp. 478–
490, 2017.

[148] R. Rohilla, T. Garg, J. Bariwal, A. K. Goyal, and G. Rath,
“Development, optimization and characterization of glycyr-
rhetinic acid-chitosan nanoparticles of atorvastatin for liver
targeting,” Drug Delivery, vol. 23, no. 7, pp. 2290–2297, 2016.

20 Oxidative Medicine and Cellular Longevity



Research Article
Dietary Beta-Hydroxy Beta-Methyl Butyrate Supplementation
Alleviates Liver Injury in Lipopolysaccharide-Challenged Piglets

Yehui Duan ,1 Bo Song ,1,2 Changbing Zheng ,1 Yinzhao Zhong,1 Qiuping Guo,1

Jie Zheng,1,2 Yulong Yin,1,3 Jianjun Li ,1 and Fengna Li 1

1CAS Key Laboratory of Agro-ecological Processes in Subtropical Region, Hunan Provincial Key Laboratory of Animal Nutritional
Physiology and Metabolic Process, National Engineering Laboratory for Pollution Control and Waste Utilization in Livestock and
Poultry Production, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha 410125, China
2University of Chinese Academy of Sciences, Beijing 100039, China
3Animal Nutritional Genome and Germplasm Innovation Research Center, College of Animal Science and Technology,
Hunan Agricultural University, Changsha, Hunan 410128, China

Correspondence should be addressed to Jianjun Li; jianjunli@isa.ac.cn and Fengna Li; lifengna@isa.ac.cn

Received 13 January 2021; Revised 6 March 2021; Accepted 22 March 2021; Published 2 April 2021

Academic Editor: Janusz Gebicki

Copyright © 2021 Yehui Duan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The current study was performed to investigate whether dietary β-hydroxy-β-methylbutyrate (HMB) could regulate liver injury in
a lipopolysaccharide- (LPS-) challenged piglet model and to determine the mechanisms involved. Thirty piglets (21 ± 2 days old,
5:86 ± 0:18 kg body weight) were randomly divided into the control (a basal diet, saline injection), LPS (a basal diet), or LPS
+HMB (a basal diet + 0.60% HMB-Ca) group. After 15 d of treatment with LPS and/or HMB, blood and liver samples were
obtained. The results showed that in LPS-injected piglets, HMB supplementation ameliorated liver histomorphological
abnormalities induced by LPS challenge. Compared to the control group, the activities of serum aspartate aminotransferase and
alkaline phosphatase were increased in the LPS-injected piglets (P < 0:05). The LPS challenge also downregulated the mRNA
expression of L-PFK, ACO, L-CPT-1, ICDH β, and AMPKα1/2 and upregulated the mRNA expression of PCNA, caspase 3,
TNF-α, TLR4, MyD88, NOD1, and NF-κB p65 (P < 0:05). However, these adverse effects of the LPS challenge were reversed by
HMB supplementation (P < 0:05). These results indicate that HMB may exert protective effects against LPS-induced liver injury,
and the underlying mechanisms might involve the improvement of hepatic energy metabolism via regulating AMPK signaling
pathway and the reduction of liver inflammation via modulating TLR4 and NOD signaling pathways.

1. Introduction

As a key metabolic organ and a major site for detoxification
in the body, the liver contributes importantly to protect body
from bacteria and their toxic products, such as lipopolysac-
charide (LPS) [1, 2]. Consequently, it is of major health and
scientific significance for animals and humans to maintain
the liver health. LPS is a component of the outer membrane
of Gram-negative bacteria. Through the recognition by
Toll-like receptor 4 (TLR4), LPS can excessively activate
immune cells such as Kupffer cells (macrophages) and neu-
trophils [3]. The TLR4/myeloid differentiation factor 88-
(MyD88-) mediated pathway can activate nuclear factor-κB
(NF-κB) and induce productions of proinflammatory cyto-

kines, such as tumor necrosis factor-α [4]. Subsequently,
excessive liver inflammatory response leads to severe liver
injury, such as cytoplasm vacuolization, hepatocyte karyoly-
sis, disruption of hepatic cell cords, and inflammatory cell
infiltration [5]. Moreover, inflammatory liver injury is often
accompanied by insufficient energy supply in the liver [6,
7]. Therefore, modulating hepatic inflammatory response
plays an essential role in attenuating LPS-induced liver
injury. With the joint efforts of many researchers, several
nutritional supplements (such as aspartate, N-acetylcysteine,
chondroitin sulfate-rich extract of skate cartilage, and α-
ketoglutarate) have been demonstrated to have the potential
to alleviate LPS challenge-induced liver damage [6–9]. In
spite of these interesting observations, it is still urgent to find
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low-cost drugs that doctors and animal producers are more
preferable for.

β-Hydroxy-β-methylbutyrate (HMB) is a derivative of
leucine and metabolized in the liver from the keto acid of leu-
cine by α-ketoisocaproate dioxygenase [10]. Studies have
shown that HMB is used as a nutritional supplement to exert
positive roles in animals and humans under stressful or
inflammatory conditions [11–13]. We recently reported that
dietary supplementation with 0.60% HMB prevents muscle
protein degradation and alleviates intestinal injury in LPS-
challenged piglets [12, 13]. Given its beneficial roles under
inflammatory condition, we hypothesized that HMB may
also exert positive roles in the liver of LPS-challenged piglets.
Intriguingly, recent evidence points to a strong relationship
between HMB supplementation and liver health. First,
HMB supplementation in patients after liver transplant has
been reported to be safe and well tolerated [14]. Further evi-
dence comes from the finding that HMB exerts beneficial
effects in ameliorating insulin resistance via inhibiting glu-
cose transporter type 2 in rat liver [15]. These metabolic
enhancements that have been related to HMB make it a
prime substrate to be used in subjects suffering from liver
injury. Surprisingly, although most of the endogenous
HMB is generated in the liver, there are few reports concern-
ing the effects of HMB supplementation in subjects with liver
disease. Therefore, further investigation is certainly
necessary.

Therefore, we here seek to determine whether HMB
could attenuate liver injury in LPS-challenged weanling pig-
lets and, if so, to elucidate the underlying mechanisms. Pigs
are similar to human in physiology and anatomy, and the
swine model is hence considered to be a good animal model
for investigating human nutrition and physiology [16, 17].
The present results will offer insight into the mechanisms
of HMB’s actions in the liver of piglets and also provide use-
ful information for nutritionally ameliorating liver injury in
inflammatory condition in humans.

2. Materials and Methods

2.1. Animals and Experimental Diets. The animal use proto-
col for this study was approved by the Committee on Animal
Care of the Institute of Subtropical Agriculture, Chinese
Academy of Sciences. Thirty healthy pigs (Landrace, 21 ± 2
d, barrow, 5:86 ± 0:18 kg) were chosen and randomly
assigned to three groups (n = 10): (1) nonchallenged control
(CON); (2) LPS-challenged control (LPS, E. coli serotype
055:B5; Sigma Chemical, St. Louis, MO, USA); (3) LPS
+0.60% HMB-Ca treatment (LPS+HMB; HMB-Ca, purity
= 99:2%, Ca = 13:6%, Sipu Biochemical Co. LTD, Zhangjia-
gang, China). The HMB-Ca and LPS doses were used in
accordance with our previous studies [12]. On days 1, 3, 5,
7, 9, 11, 13, and 15 of the trial, overnight fasted piglets of
the LPS and LPS+HMB groups were intraperitoneally
administered LPS, whereas piglets in the CON group were
injected with the same volume of sterile saline as previously
described [12]. Piglets were raised individually in cages
(1:80 × 1:10m pen) and had ad libitum access to diets and
clean drinking water. Diets were formulated to meet the

nutritional needs for piglets according to the National
Research Council (NRC, Supplementary Table 1) [18]. The
experiment lasted for 15 days.

2.2. Sample Collection. All pigs were slaughtered by electri-
cally stunning (250V, 0.5A, for 5-6 s) and exsanguinating
at 3 h after LPS or saline injection on day 15 of the trial.
Before slaughter, blood samples were obtained from the jug-
ular vein and centrifuged at 3,000 × g at 4°C for 15min to
recover the serum, which was stored at -80°C until further
analysis. After slaughter, liver samples were immediately
and rapidly obtained and fixed in 4% formaldehyde or stored
at -80°C until further analysis.

2.3. Serum Biochemical Parameters. The concentrations of
serum aspartate aminotransferase (ASAT), alanine amino-
transferase (ALAT), alkaline phosphatase (AKP), and gluta-
myl transpeptidase (GGT) were analyzed using the
Biochemical Analytical Instrument (Beckman CX4) and
commercial kits (Sino-German Beijing Leadman Biotech
Ltd., Beijing, China).

2.4. Liver Morphology. After a 24 h fixation, liver morphology
was examined as previously described [19].

2.5. Reverse Transcription and Real-Time Quantitative PCR.
The quantitative RT-PCR analysis was conducted according
to our previous studies [20, 21]. Briefly, total RNA of the liver
tissue was extracted using Trizol reagent (Invitrogen, Carls-
bad, CA, USA). The primer sequences for the selected genes
were shown in Table 1. The expression of the target genes rel-
ative to housekeeping gene (β-actin) was determined by the
2−△△Ct method [20].

2.6. Western Blot Analysis. Relative protein levels for claudin-
1 (Invitrogen Technology, Danvers, MA, USA) and p-
AMPKα (Thr172, Cell Signaling Technology Inc., Danvers,
MA, USA) obtained from the liver tissue were determined
by the Western blotting technique according to our previous
studies [22–24]. The bands of the protein were visualized
using a chemiluminescent reagent (Pierce, Rockford, USA)
with a ChemiDoc XRS system (Bio-Rad, Philadelphia, PA,
USA). We quantified the resultant signals using Alpha
Imager 2200 software (Alpha Innotech Corporation, CA,
USA) and normalized the data with the value of the inner
control β-actin or the corresponding total protein.

2.7. Statistical Analyses.All data in this study was analyzed by
the one-way ANOVA of SAS software version 9.2 (SAS Insti-
tute Inc., Cary, NC, United States), followed by a Duncan’s
multiple-range test to determine treatment effects. Results
are presented as means with standard errors. Differences
between significant means were considered as statistically
different at P < 0:05.

3. Results

3.1. Liver Morphology. Compared to the CON, the pigs
treated with LPS exhibited liver injury, as evidenced by hepa-
tocyte caryolysis, karyopycnosis, hypatocyte vacuolization,
and hepatic cell cords arrangement in disorder,
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inflammatory cell infiltration, fibroblast proliferation, and
hyperaemia in hepatic sinusoids (Figures 1(a) and 1(b)). Fur-
thermore, the impairment of liver induced by LPS was largely
recovered by HMB supplementation (Figure 1(c)).

3.2. Serum Biochemical Parameters. As presented in Figure 2,
the activities of serum ASAT and AKP were increased by
LPS challenge, and the elevation of these parameters was
nearly reversed to the level of control diet-fed pigs by
HMB supplementation (P < 0:05). Serum activities of
ALAT and GGT were not significantly different among
groups (P > 0:05).

3.3. Liver mRNA Expression of Genes Related to the Energy
Metabolism. The mRNA expression of genes involved in
carbohydrate metabolism (hexokinase 2, Hexok2; phospho-
fructokinase, L-PFK; pyruvate kinase, PK; pyruvate dehy-
drogenase, PDH), fatty acid oxidation (acyl-coenzyme A

oxidase, ACO; liver carnitine palmitoyltransferase I, L-
CPT-1), and tricarboxylic acid cycle (citrate synthase, CS;
isocitrate dehydrogenase β; isocitrate dehydrogenase γ,
ICDH γ) in the liver of pigs was shown in Figure 3. Com-
pared to the CON, LPS challenge significantly downregu-
lated the mRNA expression of ACO and L-CPT-1
(P < 0:05) and had a tendency to downregulate the mRNA
expression of L-PFK and ICDH β (P < 0:01). Among the
LPS-challenged pigs, HMB supplementation upregulated
the mRNA expression of L-PFK, L-CPT-1, and ICDH β
(P < 0:05) and had a tendency to increase the ACO mRNA
expression (P < 0:01).

3.4. Liver mRNA Expression of Genes Related to the Energy
Sensing Network. The mRNA expression of AMP-activated
protein kinase α (AMPKα) 1/2, peroxisome proliferator-
activated receptor γ coactivator 1α (PGC-1α), and silent
information regulator 1 (SIRT1) in the liver of pigs was

Table 1: Primers used for real-time quantitative PCR.

Genes Forward (5′-3′) Reverse (5′-3′)
HexoK 2 CTCATCACAACCGTTACCA TGTCATTAGTGTCCTCATCC

L-PFK CTGCACCGCATCATGGA CCCCATCACCTCCAGAACA

PK TCACTCCACAGACCTCAT TACCTAGCCACCTGATGT

PDH GCAGACTTACCGTTACCAT GATAGCCGAGTTCTTCCAA

ACO CTCGCAGACCCAGATGAAAT TCCAAGCCTCGAAGATGAGT

L-CPT-1 GGACCGCCACCTGTTCTGCCTCTA GCCCCCTCCGCTCGACACATAC

CS TCTCAGCTCAGTGCAGCCATTACA CTGCAACACAAGGTAGCTTTGCGA

ICDH β TGTGGTTCCTGGTGAGAG CGAGATTGAGATGCCGTAG

ICDH γ GGTGGAGAGCCTCAAGAT TGGTGGTGTTGTCTACGA

AMPKα1 AAATCGGCCACTACATCCTG GGATGCCTGAAAAGCTTGAG

AMPKα2 AACATGGACGGGTTGAAGAG CGCAGAAACTCACCATCTGA

Sirt1 CTGGAACAGGTTGCAGGAAT CCTAGGACATCGAGGAACCA

PGC-1α GATGTGTCGCCTTCTTGTTC CATCCTTTGGGGTCTTTGAG

PCNA TACGCTAAGGGCAGAAGATAATG CTGAGATCTCGGCATATACGTG

Caspase-3 ACCCAAACTTTTCATAATTCA ACCAGGTGCTGTAGAATATGC

TNF-α TCCAATGGCAGAGTGGGTATG AGCTGGTTGTCTTTCAGCTTCAC

COX2 ATGATCTACCCGCCTCACAC AAAAGCAGCTCTGGGTCAAA

HSP70 GCCCTGAATCCGCAGAATA TCCCCACGGTAGGAAACG

TLR4 TCAGTTCTCACCTTCCTCCTG GTTCATTCCTCACCCAGTCTTC

MyD88 GATGGTAGCGGTTGTCTCTGAT GATGCTGGGGAACTCTTTCTTC

IRAK1 CAAGGCAGGTCAGGTTTCGT TTCGTGGGGCGTGTAGTGT

TRAF6 CAAGAGAATACCCAGTCGCACA ATCCGAGACAAAGGGGAAGAA

NOD1 CTGTCGTCAACACCGATCCA CCAGTTGGTGACGCAGCTT

NOD2 GAGCGCATCCTCTTAACTTTCG ACGCTCGTGATCCGTGAAC

RIPK2 CAGTGTCCAGTAAATCGCAGTTG CAGGCTTCCGTCATCTGGTT

NF-κB p65 AGTACCCTGAGGCTATAACTCGC TCCGCAATGGAGGAGAAGTC

β-Actin TGCGGGACATCAAGGAGAAG AGTTGAAGGTGGTCTCGTGG

ACO: acyl-coenzyme A oxidase; AMPKα: AMP-activated protein kinase α; CS: citrate synthase; Hexok 2: hexokinase2; HSP70: heat shock protein 70; ICDH β:
isocitrate dehydrogenase β; ICDH γ: isocitrate dehydrogenase γ; IRAK1: IL-1 receptor-associated kinase 1; L-CPT-1: liver carnitine palmitoyltransferase I; L-
PFK: 6-phosphofructokinase (liver type-like); MyD88: myeloid differentiation factor 88; NODs: nucleotide-binding oligomerization domain protein; PCNA:
proliferation cell nuclear antigen; PDH: pyruvate dehydrogenase; PGC-1α: peroxisome proliferator-activated receptor-g coactivator-1α; PK: pyruvate kinase;
RIPK2: receptor-interacting serine/threonine-protein kinase 2; SIRT1: silent information regulator transcript 1; TLR4: toll-like receptor 4; TNF-α: tumor
necrosis factor-α; TRAF6: TNF-α receptor-associated factor 6.
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shown in Figure 4. Compared to the CON, significant
decreases in the expression of AMPKα1 and AMPKα2 were
shown in the liver of pigs after treatment with LPS
(P < 0:05). Among the LPS-challenged pigs, HMB supple-
mentation tended to increase the mRNA expression of
AMPKα1 and AMPKα2 by 15.85% and 22.37%, respectively,
but these decreases did not reach statistical difference
(P > 0:05). Dietary treatments had no significant effects on
the mRNA expression of Sirt1 and PGC-1α (P > 0:05).

3.5. Liver mRNA Expression of Proliferation Cell Nuclear
Antigen (PCNA), Caspase-3, Tumor Necrosis Factor-α
(TNF-α), and Heat Shock Protein 70 (HSP70). As shown in
Figure 5, compared to the CON, LPS challenge significantly
upregulated the mRNA expression of liver PCNA, caspase
3, and TNF-α (P < 0:05). Compared to pigs treated with
LPS, HMB supplementation significantly decreased the cas-
pase 3 mRNA expression (P < 0:05) and downregulated the
mRNA expression of PCNA and TNF-α by 14.07% and
11.02%, respectively, but this decrease did not reach statisti-
cal difference (P > 0:05). Dietary treatments did not signifi-
cantly affect the mRNA expression of Sirt1 and PGC-1α
(P > 0:05).

3.6. Liver mRNA Expression of TLR4 and Nucleotide-Binding
Oligomerization Domain Protein (NODs) and Their
Downstream Signals. As shown in Figure 6, LPS challenge
significantly upregulated the mRNA expression of liver
TLR4, MyD88, NOD1, and NF-κB p65 relative to the CON
(P < 0:05). Dietary HMB supplementation to the LPS-
challenged pigs significantly downregulated the mRNA
expression of MyD88 and NF-κB p65 (P < 0:05) and
decreased the mRNA expression of TLR4 and NOD1 by
16.30% and 8.27%, respectively, but this decrease did not
reach statistical difference (P > 0:05).

3.7. Liver Protein Expression of P-AMPKα and Claudin-1. As
shown in Figure 7, no significant effect was observed for liver
claudin-1 protein expression in response to dietary treat-
ments (P > 0:05). The phosphorylation of AMPKα was
downregulated by LPS challenge relative to the saline-
injected pigs (P < 0:05). Compared to the LPS pigs, HMB
supplementation significantly increased the protein expres-
sion of p-AMPKα (P < 0:05).

4. Discussion

The awareness of the roles of HMB in many biological and
physiological processes including liver physiology is increas-
ing [14, 15]. Our previous studies have revealed that dietary
supplementation with 0.6% HMB mitigated growth suppres-
sion and intestinal injury of LPS-challenged weanling piglets
[12, 13]. In the present study, we extended it into the liver to
investigate the effects of 0.6% HMB supplementation on liver
injury. We found that in response to LPS challenge, serum
activities of ASAT and AKP (useful biochemical indicator
of liver injury [8, 25]) were increased. These findings indi-
cated that LPS could cause liver injury. Further evidence for
a relationship between LPS challenge and liver injury comes
from the findings of liver histopathological alterations,
including infiltration of inflammatory leucocytes and karyo-
lysis, karyopyknosis, vacuolation, and haemorrhage of hepa-
tocytes. These results were consistent with other studies [2,
8]. Interestingly, HMB decreased serum activities of ASAT
and AKP and ameliorated LPS-induced heptatocyte caryoly-
sis, karyopycnosis, and fibroblast proliferation. These find-
ings suggest that HMB offered a beneficial effect on the
inhibition of liver injury.

Figure 1: Histological examination of the liver samples of piglets
injected with lipopolysaccharide (LPS) or saline. Sections were
obtained with haematoxylin and eosin (×200). CON: control;
HMB: β-hydroxy-β-methylbutyrate.
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To evaluate the mechanisms of HMB’s mode of action,
we initiated studies to analyze the mRNA expression of genes
related to the energy metabolism. First, we found that HMB
supplementation upregulated the mRNA expression of
PFK, ACO, L-CPT-1, and ICDH β in the liver of LPS-
challenged piglets. PFK is involved in catalyzing the first step

of glycolysis, that is, the phosphorylation of glucose to glu-
cose 6-phosphate to produce ATP and pyruvate [26]. ICDH
β, a key enzyme in TCA cycle, transports metabolic interme-
diates from the cytosol into mitochondria to support the
TCA cycle [27]. ACO and L-CPT-1 are implicated in the pro-
cess of fatty acid oxidation, which is an important source of
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Figure 2: Effects of dietary supplementation of HMB on serum biochemical parameters of piglets injected with LPS or saline. (a) Aspartate
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energy [7]. Therefore, the findings of the current study sug-
gested that HMB, to some extent, could stimulate glycolysis,
fatty acid oxidation, and TCA cycle to produce more ATP to
mitigate LPS-induced energy stress in the liver of piglets.
Such improved liver energy status prompted us to investigate
whether HMB supplementation could activate AMPK signal-
ing pathway in the liver of LPS-challenged piglets. AMPK is a
cellular sensor of energy status; it functions to restore cellular

ATP by switching off anabolic processes (further ATP con-
sumption) in favor of catabolic processes (ATP generation).
Enhanced AMPK activation has been reported to attenuate
LPS-induced injury severity of tissues such as the liver, intes-
tinal, and lung in animals [7, 13, 28]. In the present study,
HMB supplementation upregulated the mRNA expression
of AMPKα1/2 in the liver of LPS-injected piglets, accompa-
nied by elevated AMPKα phosphorylation. Overall, these
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Figure 4: The mRNA expression of AMPKα1/2, Sirt1, and PGC-1α in the liver of piglets injected with LPS or saline. Values are means, with
their standard errors represented by vertical bars (n = 10). a,bMean values with different letters were considered to be significantly different
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Figure 5: The mRNA expression of proliferation cell nuclear antigen (PCNA), caspase-3, tumor necrosis factor-α (TNF-α), and heat shock
protein 70 (HSP70) in the liver of piglets injected with LPS or saline. Values are means, with their standard errors represented by vertical bars
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data suggested that HMB supplementation led to an
improved energy status in the injured liver of LPS-injected
piglets via activating AMPK signaling pathway.

Apart from energy, cell turnover including cell prolifera-
tion and apoptosis also affects tissue integrity and homeosta-
sis [29, 30]. In particular, premature apoptosis occurs in
response to errors in the signaling cascade of tissues under
pathological condition. On the other hand, injured cells

may proliferate uncontrolled and become a cancerous cell
mass when they were unable to enter the apoptotic pathway
[31]. In this study, we found that LPS challenge gave rise to
hepatocyte proliferation and apoptosis, as evidenced by
upregulated mRNA expression levels of PCNA and
caspase-3. Other studies corroborate these results [32]. In
agreement with expectations, the mRNA expression levels
of PCNA and caspase-3 in the liver of LPS-challenged piglets
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were upregulated in response to HMB supplementation.
These results revealed that inhibition of hepatocyte prolifer-
ation and apoptosis might be a contributing mechanism for
the improved liver health in the LPS-injected piglets upon
HMB supplementation.

Intrigued by decreased levels of serum proinflammatory
cytokines upon HMB supplementation [12], we wondered
whether HMB could ameliorate liver inflammatory response
to improve liver integrity. Consistent with our serum TNF-α
data, we found that hepatic TNF-α mRNA expression was
upregulated following LPS challenge, and this elevation was
reversed to the level of LPS-challenged piglets by HMB treat-
ment. Emerging evidence has revealed that overproduction
of proinflammatory cytokines leads to liver damage [33,
34]. Therefore, these data suggested that HMB might exert
a role in reducing liver LPS-induced inflammation, which
prompted us to perform in-depth studies to investigate the
underlying mechanisms. TLR4 and NOD1/2 are the most
popular signaling among others to respond primarily to
LPS and to trigger the activation of inflammatory response
[35, 36]. In this study, in good accordance with the alter-
ations in serum TNF-α level and liver TNF-αmRNA expres-
sion, we observed that mRNA expressions of TLR4 and
MyD88 (TLR4 signaling related genes), NOD1 (NOD signal-
ing related genes), and NF-κB p65 were increased in the liver
of LPS-injected piglets, and then reversed by HMB. There-
fore, inhibition of hepatic TLR4 and NOD signaling path-
ways in the LPS-injected piglets could be one possible
mechanism to explain the ability of HMB to counter liver
injury. Similar results were obtained in resistance-trained
men (22:3 ± 2:4 years), in which HMB decreased circulating
TNF-α and TNF-α receptor 1 expression during recovery
[37]. Taken together, we expanded our scope from muscle
and intestine to liver and demonstrated that HMB could also
protect liver tissue from LPS-induced injury via inhibiting
TLR4 and NOD signaling pathways.

In conclusion, our data demonstrate that dietary HMB
supplementation could ameliorate liver injury in the LPS-
challenged piglets. These beneficial effects of HMB might be
associated with improved hepatic energy metabolism via reg-
ulating AMPK signaling pathway and reduced liver inflam-
mation via modulating TLR4 and NOD signaling pathways.
These findings contribute to developing new interventions
to ameliorate liver injury and dysfunction in animals and
humans with exposure to endotoxin.
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Bacterial infections are among the major factors that cause stress and intestinal diseases in piglets. Lipopolysaccharide (LPS), a
major component of the Gram-negative bacteria outer membrane, is commonly employed for inducing an immune response in
normal organisms for convenience. The association between LPS stimulation and gut immunity has been reported. However,
the effects of gut immunity on microbial homeostasis and metabolism of host, especially bile acid and lipid metabolism in
piglets, remain unclear. Hence, in the current study, we elucidated the effect of gut immunity on microbial balance and host
metabolism. Twenty-one-day-old healthy piglets (male) were randomly assigned into the CON and LPS groups. After 4 hours of
treatment, related tissues and cecal contents were obtained for further analysis. The obtained results showed that stimulated LPS
considerably damaged the morphology of intestinal villi and enhanced the relative expression of proinflammatory cytokines.
Besides, LPS partially changed the microbial structure as indicated by β-diversity and increased operational taxonomic units
(OTUs) related to Oxalobacter and Ileibacterium. Furthermore, bile acid, a large class of gut microbiota metabolites, was also
assessed by many proteins related to the enterohepatic circulation of bile acids. It was also revealed that LPS markedly inhibited
the mRNA and protein expression of TGR5 and FXR (bile acid receptors) in the ileum, which expressed negative feedback on
bile acid de novo synthesis. Additionally, results indicated upregulated mRNA of genes associated with the production of bile
acid in the liver tissues. Moreover, LPS reduced the expression of bile acid transporters in the ileum and liver tissues and further
disturbed the normal enterohepatic circulation. Taken together, gut immunity and microbial dysbiosis are associated with
altered bile acid metabolism in LPS-challenged piglets, which provided theoretical basis for revealing the potential mechanism of
intestinal inflammation in swine and seeking nutrients to resist intestinal damage.

1. Introduction

The gastrointestinal tract of neonatal piglets is vulnerable to
external stimuli, such as weaning, diarrhea, pathogens infec-
tion, and hostile environmental condition during the early
life period [1–3]. Gut microbiota in the enteric cavity is
important for the protection of the host intestine against
damage [4]. The host intestine and gut microbiota remain
in a steady-state condition under normal physiological con-
ditions. During dysbiosis and intestinal injury, inflammatory
bowel disease (IBD) results in a detrimental change of micro-

bial community structure, the rapid proliferation of patho-
genic bacteria, and invasion of epithelial and lamina
propria cells by pathogens [5, 6]. Conversely, dysregulation
or imbalance of gut microbiota also leads to metabolic syn-
drome andmany other diseases, thus affecting the host health
negatively for the long term [7, 8]. The gut microbiota and
metabolites considerably contribute to the crosstalk between
microbiota and host homeostasis, which leads to their partic-
ipation in the occurrence and development of cardiovascular
diseases, host metabolism, immune responses, and energy
expenditure [9–13].

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 6634821, 15 pages
https://doi.org/10.1155/2021/6634821

https://orcid.org/0000-0002-8412-8743
https://orcid.org/0000-0002-5980-1473
https://orcid.org/0000-0002-3908-7102
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6634821


Recently, microbiota-derived metabolites, including the
endotoxin LPS, bile acids (BAs), trimethylamine N-oxide
(TMAO), indolepropionic acid (IPA), and short-chain fatty
acids (SCFAs), have attracted wider scientific attentions [11,
14–16], though SCFAs are the most common and abundant
metabolites [17]. However, BAs, important endogenous
molecules, have gradually been paid more attention in the
field of liver diseases and intestinal inflammation [18–20].
Compared with SCFAs, BAs have been identified to be more
relevant with gut microbiota in mice feeding on a high-fat
diet (HFD) [21]. Studies have revealed that primary BAs syn-
thesized in the liver can be transformed into secondary BAs
by the metabolic activities of enteric anaerobic bacteria
[22]. At the terminal ileum, the majority of BAs are reab-
sorbed by multiple protein complexes, such as ileal bile
acid-binding protein (Ibabp) and apical sodium-dependent
bile acid transporter (ASBT) into enterocytes [23]. This is
followed by their secretion into the portal circulation via
the basolateral BA transporters organic solute transporter
subunit-α (OST-α), OST-β, and multidrug resistance-
associated protein 2 (MRP2). BAs are then taken up by trans-
porters into hepatocytes. The underlined procedures consist
of the whole enterohepatic circulation of BA [18, 24]. BA
de novo synthesis in the liver depends on the regulatory
factors such as FXR and its downstream targets in the ileum
and liver [23, 25]. The whole circulation of BAs effectively
emulsifies and drives the fat-soluble vitamins or lipid absorp-
tion in the intestine [26, 27]. Furthermore, BAs have been
reported for their participation in the development of meta-
bolic diseases and maintenance of intestinal homeostasis
[28]. However, under microbial dysbiosis, whether bile acid
metabolism (biosynthesis, transport, and circulation) partic-
ipates in the process of gut microbiota in regulating host
immune and metabolism is not clear.

Thus, this study is aimed at systematically evaluating the
role of intestinal injury in changing the gut microbial compo-
sition, disturbing the bile acid metabolism, and disturbing
lipid metabolism in a piglet model. The intestinal injury
model was conducted by intraperitoneal injection of LPS,
and then gut immunity, microbial balance, bile acid, and
lipid metabolism were measured. Our results showed that
LPS stimulation in piglets resulted in the occurrence of
inflammation both in the ileum and liver, and further dis-
turbed microbial homeostasis with alteration of bile acid
and lipid metabolism.

2. Materials and Methods

2.1. Animals and Experimental Treatments. The approval for
each animal experiment was provided by the Animal Care
and Use Committee of Zhejiang University (Hangzhou,
China) and was in accordance with the institutional guide-
lines. A total of twenty healthy male 21-day-old piglets
(Duroc × Landrace × Yorkshire, body weight of 7:05 ± 0:13
kg) were purchased and then randomly assigned into two
groups (n = 10 per treatment). Piglets were injected intraper-
itoneally with phosphate-buffered solution (PBS, the equiva-
lent volume to LPS) or LPS (10mg/kg body weight). Then

after 4 h, the piglets were slaughtered, followed by the collec-
tion of samples for further evaluation.

2.2. Sample Collection and Processing. After 4 h treatment
with LPS, piglets were sacrificed. The distal ileum was fixed
in 4% paraformaldehyde, while the freezing of the remaining
ileum, whole colon, and liver tissues was carried out in liquid
nitrogen, followed by their storage at -80°C until analysis.
Fresh cecal contents from each individual were collected into
sterile plastic tubes and then frozen in liquid nitrogen,
followed by storage at -80°C until DNA extraction.

2.3. Intestinal Morphology. For distal ileum histological anal-
yses, formalin-fixed and paraffin-embedded tissues were cut
into thick (4μm) sections, followed by slicing as well as stain-
ing with haematoxylin and eosin (H&E). Leica DM3000
Microsystem was used for obtaining the images of the slices.
Next, the height of the villi and the depth of the crypt were
evaluated by Image-Pro Plus software (IPP; produced by
Media Cybernetics Corporation, USA).

2.4. RNA Extraction and Real-Time Quantitative PCR (q-
PCR) Analysis. TRIzol reagent (Invitrogen, USA) was used
for the extraction of total RNA, as suggested by our earlier
protocol [29, 30]. NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, USA) was employed for evaluating the purity as
well as the concentration of the RNA. Next, cDNA was
synthesized from RNA (2μg) by RevertAid RT Reverse Tran-
scription Kit (Thermo Fisher Scientific, Waltham). q-PCR
was conducted with FastStart Universal SYBR Green master
mix (Roche, Mannheim, Germany) via StepOnePlus Real-
Time PCR system (Applied Biosystems, Foster City, USA).
Table 1 shows gene-specific primers for q-PCR. The reference
gene β-actin was used as an internal control. Each sample was
run in triplicate, and the 2-ΔΔCt method was employed for
evaluating relative mRNA expression of the target gene.

2.5. Western Blot Analysis. Total Protein Extraction Kit was
used for the extraction of total proteins of the ileum and
colon, followed by determining the concentration of proteins
by Standard BCA Protein Assay Kit. The underlined kits
were procured from Keygen Biotech (Nanjing, China). West-
ern blotting was used for evaluating the expression level of
proteins [29, 30]. Briefly, the separation of proteins (in equal
amounts) was carried out by an SDS-PAGE, followed by
transferring into a PVDF membrane (Millipore, USA). Then,
skimmed milk (5%) was used for membrane blockage for
60min at ~25°C and then overnight incubated with appro-
priate primary antibodies for iNOS (1 : 1000, Proteintech,
China), FXR (1 : 4000, Abcam, USA), TGR5 (1 : 4000, Abcam,
USA), and β-actin (1 : 5000, Abcam, USA) at 4°C. After
washing with TBST, membranes were incubated with sec-
ondary antibodies (1 : 5000, EarthOx, USA) for 1 h at room
temperature. Chemiluminescence detection was performed
using an ECL luminescence reagent (Biosharp, Hangzhou,
China) according to the manufacturer’s instructions. Specific
bands were detected, analyzed, and quantified by ImageJ
software (NIH, Bethesda, MD, USA).

2 Oxidative Medicine and Cellular Longevity



Table 1: Primer sequences for q-PCR.

Gene Primer sequence (5′⟶ 3′) GenBank number

ACACA
Forward: TGGACAGGGCTCTTACCTGT
Reverse: GAGACCAGTGAAGGCTGCTT

XM_021066229.1

Acsl1
Forward: GTCCTTCCTCCGATGATACTCTG
Reverse: GGACCACAGGGAAGATGGTG

NM_001167629.2

ASBT
Forward: CCAGAGTGCCTGGATCATCG
Reverse: GGAGTAACCGGCCAAAGGAA

NM_001244463.1

β-Actin
Forward: GAAGCTGTGATGGACGCAGG
Reverse: CCTGGAGAGGTTCACCGGAA

XM_021086047.1

BSEP
Forward: CGCAGCGTGAAGAAATGTGG

Reverse: AACCGAAACAGTTGAAAGAGGC
XM_003133457.5

CD36
Forward: TAGGAATCCCACTGCCTCAC
Reverse: GCTTCAAGTGCTGGGTCAAA

NM_001044622.1

CPT1A
Forward: TGGTGTCCAAATACCTCGCC
Reverse: GATAATCGCCACGGCTCAGA

NM_001129805.1

CYP27A1
Forward: GAGGGCAAGTACCCAGTACG
Reverse: TGACTCTCCTTCCGTGGTGA

NM_001243304.1

CYP7A1
Forward: CCGCTTCTGATACCTGTGGA
Reverse: GGTTTGCTCGGAGGAACTCA

NM_001005352.3

CYP8B1
Forward: CAAGTTCGACCGCATGTTCC
Reverse: TTATGCCGTGCCTCTCCAAG

NM_214426.1

Dbi
Forward: GCCACTACAAACAAGCGACC
Reverse: TTGGAAGTCCCTTTCAGCCC

NM_214119.1

FABP5
Forward: AGGCACCAGTCCGCTTATTC
Reverse: TTTCGTAGGGCCATTCCCAC

NM_001039746.2

FASN
Forward: CGTTGGGTCGACTCACTGAA
Reverse: GAGACAGTTCACCATGCCCA

NM_001099930.1

FATP4
Forward: CAGAGTGGCTGTCGTTCCG

Reverse: GGTTACCAACCTCCCAGCAAG
XM_021069619.1

FGF19
Forward: TGAGTACCGTGGCGATCAAG
Reverse: GCGGATCTCCTCCTCGAAAG

XM_003122420.3

FGFR4
Forward: CCAGGAGTTCTTTGCCTTCTC
Reverse: GCGACTACCCTCCTTGTACC

XM_013987555.2

FXR
Forward: TGAGCTTTGTGTCGTTTGCG

Reverse: ACATTCAGCCAACATTCCCATC
NM_001287412.1

IBABP
Forward: GCGACATAGAGACCATCGGG
Reverse: GTAGTTGGGGCTGTTCACCA

NM_214215.2

IL-10
Forward: GGGTGTGCCCTATGGTGTTC
Reverse: GGGTGGGTAGGCTTGGAATG

NM_214041.1

IL-1β
Forward: CCAGCCAGTCTTCATTGTTCA
Reverse: GCTGGATGCTCCCATTTCTC

NM_214055.1

IL-6
Forward: ACAAAGCCACCACCCCTAAC
Reverse: CGTGGACGGCATCAATCTCA

NM_214399.1

KLB
Forward: ATCGACGACCAGTCTCTGGA
Reverse: TGACTTTATCAAGCAGGTGTGC

XM_003482367.4

L-FABP
Forward: CATCACTACCGGGTCCAAGG
Reverse: TTCTCCCCAGTCAGGGTCTC

NM_001004046.2

LPL
Forward: CAGCCCTGGCTTTGCTATTGA
Reverse: GACTCCACGTGCTGTTCCTTC

NM_214286.1

LRH-1
Forward: CGAAGAGCTCTGTCCTTACTGTC

Reverse: GTCCATTGGCTCGGATGAGG
NM_001267893.1

MDR3
Forward: AAACCGGGTGTCCTCAGACT
Reverse: TCGGGGAGATCGACCAGATT

XM_021063468.1

MRP2 XM_021073710.1
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2.6. Microbiota Analysis Based on 16S rRNA High-
Throughput Sequencing. Genomic DNA of cecal contents
was extracted using a DNA kit (TIANGEN Biotech Co.
Ltd., Beijing, China) according to the manufacturer’s
instructions. The NanoDrop 2000 was used for evaluating
the concentration as well as purity of the extracted geno-
mic DNA. The integrity of genomic DNA was determined
by electrophoresis on 1% (w/v) agarose gels. Then, the
DNA samples were sent to Majorbio Bio-pharm Technol-
ogy (Shanghai, China) to perform amplicon pyrosequenc-
ing on the Illumina MiSeq platform. The distinct V3-V4
regions of the 16S rRNA genes were amplified by PCR with
specific primers 338F (5′-ACTCCTACGGGAGGCA
GCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTA
AT-3′). The clean sequences were assigned to the same oper-
ational taxonomic units (OTUs) with ≥97% similarity. The
data was analyzed on the free online platform of Majorbio
Cloud Platform (https://cloud.majorbio.com/). Alpha diver-
sity, including Shannon, Simpson, Sobs, Ace, Chao1, and
Coverage, was calculated to reflect the bacterial diversity
and richness. Beta diversity on unweighted UniFrac was
calculated based on OTU level. UniFrac-based principal
component analysis (PCA) and principal coordinate analysis
(PCoA) were performed to get principal coordinates and
visualized from complex data. Dissimilarity in community
structure between samples was calculated by nonmetric

dimensional scaling (NMDS). The relative abundance of
microbiota was examined at different taxonomic levels. The
relative abundance of significant differences in family, genus,
species, and OTU levels was calculated by the Wilcoxon rank
sum test.

2.7. Statistical Analysis. The obtained results were repre-
sented as the mean ± SEM. GraphPad Prism version 8.0
(San Diego, USA) was used for statistical analysis. Statistical
significance was assessed by a two-tailed Student’s t-test or
Wilcoxon rank sum test. P < 0:05 was considered statistically
considerable.

3. Results

3.1. Intestinal Inflammation in Piglets after LPS Stimulation.
LPS is the endotoxin portion of the Gram-negative bacterial
cell wall [31] and is the most abundant proinflammatory
stimulus in the gastrointestinal tract. In the current study,
LPS was used to induce immune responses in piglets. As
shown in Figures 1(a) and 1(b), LPS stimulation considerably
decreased villi height and the ratio of villi height : crypt depth
(VCR) of the ileum, which showed elevated histological
destruction of the ileum (caused by LPS). For further analy-
sis, mRNA expressions of proinflammatory cytokines in the
ileum and colon were also measured. The obtained results

Table 1: Continued.

Gene Primer sequence (5′⟶ 3′) GenBank number

Forward: GGCTACTCCTGCGTGTTCTT
Reverse: TCCTCAGCAACATCCCACAC

MRP3
Forward: GGTTGGAAGGCCACCGTTTT
Reverse: GTGTGCAAGGACAGGTTGGA

XM_003131575.6

NOS2
Forward: TTGAATCTGGGTGAAGAGCCC
Reverse: GCGGTGAAGTGTGTCTTGGA

NM_001143690.1

NTCP
Forward: TTCCCTGCACCATAGGCATC
Reverse: CGAGCATTGAGGCGGAAAAG

XM_001927695.5

OATP
Forward: CAGAAGATCCATCAGAGTGTGTGA

Reverse: GTGTTCACCGATCCAGTGTCA
XM_021091164.1

OST-α
Forward: GACGGAGCCAGAAGGAAAGAC
Reverse: CAGACGGAGGGGATGCTGTA

NM_001244266.1

OST-β
Forward: GGCGTGTGCTAAATGCAGAG
Reverse: GTTTTCCACACGGCTGTCAC

XM_005658570.3

PPAR-α
Forward: GAAGTACGGCGTCTACGAGG
Reverse: CGCACCAAATGATAGCAGCC

NM_001044526.1

SHP
Forward: TGCTGCCTGGAGTCCTTATG
Reverse: ACAGGGCGAAAGAAGAGGTC

XM_003127720.4

SREBF1
Forward: GAGCCGCCCTTCACAGAG
Reverse: GTCTTCGATGTCGGTCAGCA

NM_214157.1

TGF-β
Forward: GAGAGCCTCAACTTCCCTCC
Reverse: CCATGTCGATGGTCTTGCAG

NM_214015.2

TGR5
Forward: AGATTAGCTGAGCGGTAGCAGG
Reverse: CCATGGCTTGCCATCAAGGT

XM_013984487.2

TNF-α
Forward: CGACTCAGTGCCGAGATCAA
Reverse: CTCACAGGGCAATGATCCCA

NM_214022.1
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revealed that the LPS challenge considerably elevated the
expression of IL-6, NOS2, and IL-1β, and lowered the expres-
sion level of anti-inflammatory cytokines such as TGF-β in
the ileum, as depicted in Figure 1(c). Furthermore, LPS
enhanced the expression of IL-1β and IL-6 in the colon, as
shown in Figure 1(d). To verify the occurrence of intestinal
inflammation, the protein level of proinflammatory inducible
nitric oxide synthase (iNOS), the enzyme responsible for
nitric oxide (NO) production, was also detected and the
obtained results revealed that the expression of iNOS in the
LPS group was considerably elevated in the ileum and colon,
as shown in Figures 1(e) and 1(f). Taken together, LPS stim-

ulation successfully induced intestinal inflammation and
harmed the gut immunity of piglets.

3.2. The Variations of Gut Microbiota between
Noninflammatory and Inflammatory Piglets. It has been
reported in the literature that intestinal inflammation is usu-
ally accompanied by microbiota dysbiosis [32–34]. The
above results showed that LPS resulted in severe inflamma-
tory responses in the gastrointestinal tract. Whether it dam-
ages the balance of gut microbiota is unclear. Therefore, it
is important to identify the differences that exist in the gut
microbial richness and populations between different subject
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Figure 1: Intestinal inflammation occurred in piglets after LPS stimulation. (a) Representative H&E staining images of the distal ileum. (b)
Villi height; crypt depth; the ratio of villi height : crypt depth (VCR). (c) q-PCR results of cytokine expression in the ileum. Expression was
normalized to β-actin. (d) q-PCR results of cytokine expression in the colon. Expression was normalized to β-actin. (e) Immunoblot
analysis of total protein extracts from piglets’ ileum tissue samples. (f) Immunoblot analysis of total protein extracts from piglets’ colon
tissue samples. iNOS: inducible nitric oxide synthase. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 were regarded as statistically
significant.
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groups. 16S sequencing of cecal contents was profiled to
evaluate the dynamic changes in gut microbiota. Alpha
diversity index is an important indicator of species diver-
sity and richness. Among which the coverage index, a
marker of sequencing depth, indicated that the data met
the requirements of subsequent analysis (Table 2). More-
over, results in Table 2 demonstrated that the species
diversity and richness were not affected as accessed by
Shannon, Simpson, Sobs, Ace, and Chao1 index between
the CON and LPS groups. Furthermore, the structure of
microbial composition was analyzed. Among various
methods, the principal component analysis (PCA) and
the principal coordinate analysis (PCoA) are predominant.
PCA and PCoA based on unweighted UniFrac metrics
showed partially distinct clustering of intestinal microbe
communities of each group (Figure 2(a)). In addition,
nonmetric multidimensional scaling (NMDS) ordination
performed on the Bray-Curtis dissimilarity also showed that
the bacterial community profiles from LPS-treated piglets
were partly separated from those of samples in the CON
group (Figure 2(a)). The underlined results indicated that
LPS treatment leads to the change of gut microbiota
structure.

The relative abundance of bacteria was further evaluated
at various levels; a detailed phylogenetic analysis of the taxo-
nomic composition of the microbiome based on OTU was
conducted. At the phylum level, a total of 14 phyla were
shared by piglets from all groups, and six bacteria had relative
abundance exceeding 1% in at least one sample: Firmicutes,
Bacteroidetes, Synergistota, Proteobacteria, Actinobacteriota,
and Desulfobacterota. As shown in Figure 2(b), the major
phyla in all piglets were Firmicutes and Bacteroidetes; these
findings are in good agreement with other reported studies
[35]. In detail, the relative abundance of Firmicutes
(86.31%) in the CON group was slightly decreased to Firmi-
cutes (82.06%) in the LPS group, while the relative abundance
of Bacteroidetes (8.24%) in the CON group was slightly
increased to Bacteroidetes (13.14%) in the LPS group, result-
ing in a lower Firmicutes-Bacteroidetes ratio. Surprisingly,
there were no significant differences in the top 10 at family
and genus levels between the CON group and the LPS group
(Figures 2(c) and 2(d)).

Nonetheless, variations in the microbial composition of
both groups were further explored. Statistical figures revealed

the relative abundance of significant differences on family,
genus, species, and OTU levels. As shown in Figure 3(a), only
Oxalobacteraceae, a family in the subclass of Betaproteobac-
teria, was upregulated by the LPS challenge. Among all
genera, Oxalobacter and Ileibacterium were significantly
expanded in LPS-treated piglets (Figure 3(b)). Concretely,
the relative abundance ofOxalobacter formigenes and Ileibac-
terium valens at the species level was upregulated in the LPS
group (Figure 3(c)). The Wilcoxon rank sum test based on
OTU level revealed that OTU131 (Rikenellaceae RC9 gut
group) was dramatically downregulated, while OTU225
(Oxalobacter formigenes) and OTU332 (Ileibacterium valens)
were increased by LPS stimulation (Figure 3(d)). The above
results indicated that LPS treatment resulted in a reshuffling
of the microbiota communities.

3.3. Microbiota Dysbiosis Results in the Disturbance of Bile
Acid Enterohepatic Circulation. The gut microbiota regulates
host immunity and metabolism through abundant microbial
metabolites [4, 9, 11, 36], among which SCFAs and bile acids
are the most common metabolites [17]. To the best of our
knowledge, bile acids have been synthesized from cholesterol
in the liver [21, 25, 37], then further metabolized by the gut
microbiota, and moved through enterohepatic circulation
[24, 38]. Thus, proteins associated with enterohepatic circu-
lation were evaluated for the measurement of the underlined
process. As depicted in Figure 4(a), LPS stimulation consid-
erably attenuated the protein expression of two important
BA receptors, as farnesoid X receptor (FXR) and G protein-
coupled bile acid receptor 1 (GPBAR1, also called TGR5).
Meanwhile, mRNA expression of the underlined receptors
further validated the harmful effect of LPS on the metabolism
of bile acid, as depicted in Figure 4(a).

In addition, bile acids activate FXR in enterocytes to
induce the expression level of its downstream targets, i.e.,
small heterodimer partner (SHP) and fibroblast growth
factor 19 (FGF19, swine FGF19, and mouse FGF15 are
homologous). The obtained results revealed a low expression
level of TGR, FXR, and FGF19 in the piglets exposed to LPS,
as shown in Figure 4(b). However, the expression of SHP
was not affected. The underlined results suggested that
LPS stimulation reduced the concentration of BAs in the
ileum. Furthermore, BA-binding proteins and transporters
in the ileum, such as ASBT, OST-α, OST-β, and Ibabp,
were significantly inhibited by LPS, while the obvious var-
iations were not observed in MRP2, as depicted in
Figure 4(c), which results in decreasing of BAs transferring
across the enterocyte for entering into the portal vein, thus
disrupting enterohepatic circulation and further inducing
BA de novo synthesis.

To check the variation of bile acids in the liver, genes
associated with the synthesis and transportation of BA were
also evaluated. The obtained results revealed that LPS
administration considerably decreased the mRNA expres-
sion of FXR and its downstream targets, i.e., SHP and liver
receptor homolog-1 (LRH-1), as shown in Figure 5(a).
Decreased ileal FGF19 indeed led to a lower level of FGF
receptor 4 (FGFR4)/β-Klotho (KLB) heterodimer complex
(Figure 5(a)). FXR in the ileum and liver cooperated to

Table 2: The microbial alpha diversity based on whole OTU table in
the cecal contents of piglets challenged with LPS.

Items CON LPS P value

Shannon 3:2765 ± 0:3300 3:1117 ± 0:6580 >0.9999
Simpson 0:0949 ± 0:0284 0:1418 ± 0:1081 >0.9999
Sobs 250:2000 ± 29:9370 244:8000 ± 27:7070 0.9975

Ace 303:3700 ± 34:3760 296:9600 ± 15:9010 0.9937

Chao1 304:3800 ± 34:2980 304:2200 ± 16:3850 >0.9999
Coverage 0:9980 ± 0:0002 0:9980 ± 0:0002 >0.9999
Data is presented as the mean ± SEM (n = 6). All numbers were unified as
0.0000. P values are from the Wilcoxon rank sum test.
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Figure 2: Continued.
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regulate BA de novo synthesis. CYP7A1 and CYP8B1 are
the hepatic genes required for primary BA synthesis, and
the obtained results revealed that CYP7A1 was upregulated
by LPS while CYP8B1was not affected, as shown in
Figure 5(b), which agreed with the theoretical analysis.
Additionally, BA transporters were also measured in the
liver. Proteins encoded by Na+-taurocholate cotransporting
polypeptide (NTCP) and organic anion-transporting poly-
peptide (OATP)are transporters responsible for BA uptake
at the basolateral side of the hepatocytes. Results indicated
that the expression level of NTCP was suppressed by LPS,
while OATP was not affected by LPS, as depicted in
Figure 5(c), which further induced BA de novo synthesis.
Transporters encoded by bile salt export protein (BSEP),
MRP2, and ATP binding cassette subfamily B member 4
(MDR3) pump BAs into the gallbladder. Results showed
that LPS notably repressed the mRNA expression of BSEP,
MRP2, and MDR3 (Figure 5(c)), which leads to a reduction
in the level of bile acid in the intestine. The other trans-
porters encoded by OST-α, OST-β, and multidrug
resistance-associated protein 3 (MRP3) are responsible for
the export of BAs from the liver into the systemic circula-
tion. Figure 5(c) reveals that LPS considerably elevated
the mRNA expression of OST-α, thus driving the excretion
of bile acids into the systemic circulation. Collectively, LPS-
induced microbial dysbiosis damaged the enterohepatic cir-
culation of BAs and increased the expenditure of BA
synthesis.

3.4. Disturbance of BA Enterohepatic Circulation Is Harmful
to the Normal Lipid Metabolism. The signaling of BA in the
liver and intestine contributes to the regulation of lipid
metabolism [39]. For example, when stimulated, bile acids
were pumped from the gallbladder into the small intestine
for emulsifying and solubilizing fats for absorption [40].
The above results showed that LPS stimulation broke
down the BA enterohepatic circulation. Thus, whether
the disturbance of BA enterohepatic circulation had nega-
tively affected the lipid metabolism needs further investiga-
tion. Firstly, genes related to lipolysis were measured in
mRNA level. As shown in Figure 6(a), piglets challenged
with LPS expressed lower lipoprotein lipase (LPL) and
fatty acid-binding protein 5 (Fabp5), with no effect on
diazepam binding inhibitor (Dbi) in the ileum. Then, fatty
acid transporters in the ileum showed seemingly contro-
versial results, and an upregulated expression of CD36
and reduced expression of liver fatty acid-binding proteins
(L-FABP) were observed (Figure 6(b)). The above results
indicated that LPS inhibited lipolysis and transportation in
the intestine. In addition, we also measured genes related to
fatty acid synthesis and oxidation in the liver. Fatty acid syn-
thase (FASN) and acetyl-CoA carboxylase alpha (ACACA)
are the rate-limiting enzymes in the process of fatty acid syn-
thesis, while sterol regulatory element-binding transcription
factor 1 (SREBF1) is an important transcription factor
involved in lipid metabolism [41]. Results in Figure 6(c)
showed that the expression of SREBF1 was significantly

CON LPS

Re
la

tiv
e a

bu
nd

an
ce

 (%
)

0

5
20

40

60

80

100
Genus

Others
NK4A214_group
Prevotella
Norank_f_Eubacterium_
coprostanoligenes_group
Romboutsia
UCG-002
Ruminococcus
Lachnoclostridium
Succiniclasticum
Christensenellaceae_R-7_group
Lactobacillus

(d)

Figure 2: LPS changed the composition and structure of piglet’s gut microbiota in the cecal contents. (a) The microbial beta diversity was
accessed by principal component analysis (PCA), principal coordinate analysis (PCoA), and nonmetric multidimensional scaling (NMDS)
analysis based on the OTU table. (b) Relative abundance > 1% of bacterial phyla. (c) Relative abundance of the top 10 families. (d) Relative
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upregulated by LPS, whereas no change was observed in
FASN and ACACA. Moreover, the expression of acyl-CoA
synthetase long-chain family member 1 (Acsl1) and carnitine
palmitoyltransferase 1A (Cpt1a), two essential rate-limiting
enzymes of fatty acid β-oxidation, was suppressed by LPS
(Figure 6(d)). Peroxisome proliferator-activated receptor
alpha (PPAR-α) is a key nuclear transcription factor that
affects the target genes involved in lipid metabolism, cell
proliferation, cell differentiation, and immune responses,
and the obtained results revealed the downregulation of the
underlined transcription factor, as depicted in Figure 6(d).
The fatty acid transporter, such as CD36, was considerably
induced by LPS stimulation (Figure 6(e)). Above results
elucidated that LPS challenge disturbed the enterohepatic
circulation of bile acids and further destroyed the normal
lipid metabolism.

3.5. Intestinal Inflammation Further Caused Liver
Inflammation. The reported studies have been revealed that

intestinal inflammation can influence the liver through the
gut-liver axis [42, 43]. Our results indicated that the LPS
challenge contributed to severe intestinal inflammation.
However, whether it can be transferred to the liver in our
model is not clear. The mRNA expression of cytokines was
measured. The obtained results revealed an elevated expres-
sion level of proinflammatory cytokines, i.e., IL6, IL-1β,
and TNF-α; however, LPS stimulation did not affect the
two key anti-inflammatory cytokines, i.e., IL-10 and TGF-β,
as depicted in Figure 7. Taken together, inflammation in
the gut can be transferred to the liver and may further influ-
ence host metabolism.

4. Discussion

Gross lesion score and histopathological examinations are
commonly used for evaluating the severity of necrotic enter-
itis [22, 44]. The villi height, crypt depth, and VCR are
important indicators for assessing intestinal function and
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health [45]. In this study, LPS-induced piglets showed
reduced villi height and VCR in the ileum, implying the
decreased surface area for nutrient absorption and harmful
effect on gut health. Meanwhile, homeostasis of cytokines
in the intestine also plays a pivotal role in maintaining gut
immunity, including proinflammatory cytokines, i.e., iNOS,
IL6, IL-1β, and TNF-α, and anti-inflammatory cytokines,
i.e., IL-10 and TGF-β [46]. The reported studies revealed an
elevated expression level of proinflammatory cytokines in
patients affected with IBD, which implied that targeting the
balance between proinflammatory and anti-inflammatory
cytokines could be a potential treatment for gut inflamma-
tion [47]. In the current study, the obtained results indicated
that LPS stimulation not only enhanced the mRNA expres-
sion of IL-6 and IL-1β but also enhanced the transcriptional
and translational level of iNOS, and further induced intesti-
nal inflammation, which showed consistency with the other
reported studies [48, 49].

Some studies revealed that gut immunity has been con-
siderably associated with gut microbiota [4, 5], and a wide
range of gastrointestinal diseases, such as recurrent C. diffi-
cile infection (CDI), inflammatory bowel diseases (IBD,

including Crohn’s disease (CD) and ulcerative colitis (UC)),
colorectal cancer (CRC), and metabolic disorders, are
affected by the variations observed in the composition and
functions of gut microbiota [6, 50]. Researchers implied that
the variations in gut microbiota between Jinhua and Land-
race pigs may contribute to the disease resistance disparity
[51, 52]. Given the strict interdependence between gut
immunity and the host microbiota, 16S rRNA gene sequenc-
ing of the piglets’ cecum contents was conducted. Our results
confirmed that LPS had no effect on microbial diversity and
richness, but partially changed the structure and composition
of gut microbiota, especially the upregulated abundance of
Oxalobacter formigenes and Ileibacterium valens. Oxalobac-
ter formigenes were first reported in 1985, which is a group
of anaerobic bacteria that degrade oxalic acid and it is
believed that the underlined bacteria may considerably affect
the host [53]. Up to now, Oxalobacter formigenes has been
used in a phase II study in subjects with primary hyperoxa-
luria type 1 and end-stage renal disease [54]. Ileibacterium
valens, a novel member of the family Erysipelotrichaceae,
was first reported in 2017 [55]. In light of late discovery, only
one paper postulated that this bacterium might do with
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Figure 4: LPS damaged the ileal genes and protein expression related to enterohepatic circulation of bile acids. (a) Protein expression of bile
acid receptors FXR and TGR5. FXR: farnesoid X receptor; TGR5: G protein-coupled bile acid receptor 1. (b) Expression of genes that regulate
bile acid metabolism. SHP: small heterodimer partner; FGF19: fibroblast growth factor 19. (c) Expression of genes required for bile acid
transportation. ASBT: apical sodium-dependent BA transporter; Ibabp: ileal bile acid-binding protein; OST-α: organic solute transporter
subunit α; OST-β: organic solute transporter subunit β; MRP2: multidrug resistance-associated protein 2. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P
< 0:001 were regarded as statistically significant.
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energy expenditure [56]. Further studies are warranted to
experimentally verify the relative contribution of each
enriched bacterial species and their effect on host metabolism
and health.

Microbial dysbiosis results in IBD, obesity, and metabolic
diseases [5, 7]. Metabolites produced by gut microbiota are
considered essential intermediates between the microbiota
and its host [57]. The metabolites of gut microbiota can cause
modulation in the immune reactions of the host, thereby
influencing their immune system and plays a considerable
role in the inflammations and diseases [13]. Among them,
SCFAs were the most abundant and extensively investigated
metabolites [58]. In HFD mice and DSS mice, BA was evalu-
ated as an effective metabolic factor correlated with the gut
microbiota which affects the health of the host relative to
SCFAs [19–21]. Our results also showed that microbial
change induced by LPS stimulation is deleterious to BA
enterohepatic circulation. Reduced BA regulatory factors in
the ileum and liver had negative feedback on BA synthesis.
As a result, increased synthesis of BA in the liver and impair-
ment of BA uptake were also observed. The above results
indicated that LPS stimulation reduced the content of BA

in the gut. It has also been indicated that increased BA bio-
synthesis from cholesterol might prevent hepatic cholesterol
accumulation, thus improving host metabolism; however, the
underlined process is not clearly understood and needs fur-
ther investigation.

The reported studies and accumulating evidence indi-
cated that BA is a metabolic regulator in the intestine, which
considerably affects the emulsification and absorption of fats
[27, 39, 59, 60]. In this study, it has been revealed that distur-
bance in BA enterohepatic circulation influenced lipid
metabolism. Lipolysis is the process of the breakdown of fatty
acids or lipids by a chemical reaction [61]. Our results
showed that reduction of BAs in the intestine prevented the
expression of genes related to lipolysis and fatty acid trans-
porters, and thus damaged lipid metabolism in the gastroin-
testinal tract. Furthermore, the variations were also observed
in the de novo synthesis and oxidation of fatty acid in the
liver, which leads to further deposition of fat in the liver.
The underlined process can trigger lipid metabolic repro-
gramming. The above results indicated that BA enterohepa-
tic circulation is closely related to host lipid metabolism.
Other reported studies also have confirmed that various types
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Figure 5: Hepatic gene expression related to enterohepatic circulation of bile acids by q-PCR. (a) Hepatic expression of genes that regulate
bile acid metabolism. LRH-1: liver receptor homologue 1; FGFR4: fibroblast growth factor receptor 4; KLB: Klotho beta. (b) Hepatic
expression of genes required for primary bile acid synthesis. CYP7A1: 7a-hydroxylase; CYP8B1: 12a-hydroxylase; CYP27A1: sterol 27-
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of BAs exert different effects on lipid metabolism in mice and
humans [37, 62, 63]. However, there is still a lack of clarity
regarding the association between the metabolism of bile
acids and lipid which needs further exploration.

Intestinal inflammation can be transferred to the liver
through the gut-liver axis [42] and further impacts host

metabolism in the liver [59]. Our results revealed an eleva-
tion in the level of proinflammatory cytokines in the liver
(upon LPS stimulation), which indicated hepatic inflamma-
tion. Our observations contrasted with published data
together suggested that intestinal damage induced by various
stimulators enhanced hepatic inflammation [44]. Whether
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Figure 6: The obstruction of bile acid enterohepatic circulation made against the normal lipid metabolism. (a) Ileal expression of genes that
regulate lipolysis. LPL: lipoprotein lipase; Dbi: diazepam binding inhibitor; Fabp5: fatty acid-binding protein 5. (b) Ileal gene expression of
fatty acid transporters. (c) Hepatic expression of genes related to fatty acid synthesis. FASN: fatty acid synthase; ACACA: acetyl-CoA
carboxylase alpha; SREBF1: sterol regulatory element binding transcription factor 1. (d) Hepatic expression of genes required for fatty acid
β-oxidation. Acsl1: acyl-CoA synthetase long-chain family member 1; Cpt1a: carnitine palmitoyltransferase 1a; PPAR-α: peroxisome
proliferator-activated receptor alpha. (e) Hepatic gene expression of fatty acid transporters. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P
< 0:0001 were regarded as statistically significant.
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liver injury dampened host metabolism is vague and limited
in our study.

In the current study, we evaluated the effects of gut
immunity and microbial dysbiosis on bile acids and lipid
metabolism in the piglets exposed to LPS. However, some
areas are poorly explored and need further investigation,
i.e., the bacteria that regulate the metabolism of bile acids,
the association of microbiome with host metabolism, and
the relationship between host immunity and gut microbiota.
Besides, their potential mechanism also needs to be further
explored.

5. Conclusion

In conclusion, the obtained results revealed that LPS stimula-
tion results in intestinal erosion and the release of proinflam-
matory cytokines further lead to profound changes in the gut
microbial composition and structure, especially the relative
abundance of Oxalobacter formigenes and Ileibacterium
valens. The underlined variations led to a disturbance in the
enterohepatic circulation of BAs, which further damages
lipid metabolism. However, there is still a lack of clarity
regarding the relationship of gut immunity and intestinal
microbiota with host metabolism and their potential mecha-
nism which needs further investigation.
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Objective. Severe aplastic anaemia (SAA) is an autoimmune disease with immune tolerance dysfunction mediated by
hyperactivated T lymphocytes that target the haematopoietic system. Numerous studies suggest that long noncoding RNAs
(lncRNAs) play a significant role in almost every level of gene function/regulation. However, their specific mechanisms in SAA
remain undetermined. This study is aimed at determining the role of key lncRNAs in CD8+ T lymphocytes in the mechanisms
of SAA. Methods. RNA-seq was performed to detect all lncRNAs and mRNAs in peripheral CD8+ T lymphocytes from SAA
patients and healthy controls. The lncRNA targets were predicted by bioinformatics, Gene Ontology (GO) analysis, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis. RT-qPCR was used to verify the expression of key lncRNAs and their
predicted targets. We screened lncRNA AF117829.1, which was correlated with autoimmune diseases and downregulated in
CD8+ T lymphocytes, and further validated its effects on CD8+ T lymphocytes from SAA patients. Results. We systematically
described the lncRNA/mRNA expression changes in CD8+ T lymphocytes in SAA patients and assessed their possible biological
functions and signalling pathways. A total of 194 lncRNAs and 2099 mRNAs were changed in SAA patients versus healthy
controls. These differentially expressed lncRNAs/mRNAs were associated with organelle components, catalytic activity, the
response to stimulation, signal transduction, the immune system and metabolic processes. The downregulated expression of one
altered factor, lncRNA AF117829.1, in CD8+ T lymphocytes from SAA patients increased CD8+ T lymphocyte immune
function by promoting RIP2 expression. lncRNA AF117829.1 overexpression in CD8+ T lymphocytes reduced perforin and
granzyme B expression. The same effect was achieved with GSK583, a RIP2 kinase inhibitor. Conclusions. The proliferation and
overactivation of CD8+ T lymphocytes, also known as cytotoxic T cells (CTLs), directly induce bone marrow (BM) failure in
SAA patients, but the specific mechanism remains unclear. We found that lncRNA AF117829.1 and its target genes were
associated with T cell proliferation, differentiation, and immune dysregulation and that lncRNA AF117829.1 regulated CD8+ T
lymphocyte function in SAA patients by promoting RIP2 expression. These findings improve our understanding of the
molecular mechanism of immune pathogenesis and provide potential targets for SAA diagnosis and treatment.

1. Introduction

Severe aplastic anaemia (SAA) refers to a haematological
disease represented by pancytopenia in association with bone
marrow (BM) hypoplasia/aplasia. The typical clinical symp-
toms of SAA comprise severe anaemia, infection, and
bleeding/bruising; SAA is an acute condition that progresses
rapidly [1]. If effective treatment is not given in time, patients
often die from severe bleeding or infection. At present,
immunosuppressive therapy (IST) and haematopoietic ther-
apy based on antithymocyte globulin, antilymphocyte globu-

lin (ATG/ALG), and cyclosporine A (CsA) have been widely
used in the treatment of this disease with an effective rate of
up to more than 70%, but these approaches are ineffective
in nearly 30% of SAA patients, some of which die from the
disease [2]. Even after treatment, 10% of patients in remis-
sion may relapse [2]. Therefore, further exploration of the
immune pathogenesis of SAA is of great significance for
determining new treatment directions and establishing effec-
tive diagnostic and prognostic indicators.

Current research has revealed that environmental fac-
tors (cytotoxic chemicals, drugs, viral infection, or ionizing
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radiation) facilitate SAA development by inducing autoim-
mune damage (mainly mediated by CD8+ T lymphocytes)
to haematopoietic stem cells or by inducing other immune
responses; the features of these immune cells have aroused
great attention from scholars [3]. CD8+ T lymphocytes exert
their cytotoxic function on target cells mainly through per-
forin and granzyme B and the Fas-FasL interaction [4]. We
found that the number of activated inhibitory T lymphocytes
(mostly CD8+ T lymphocytes) increased and that the cells
were in a hyperactive state in SAA patients [5–7]. CD8+ T
lymphocytes isolated from SAA patients can cause meaning-
ful damage to BM cells in vitro [8]. Therefore, CD8+ T lym-
phocytes play a critical role in the pathogenic mechanism
of SAA.

Long noncoding RNAs (lncRNAs) were first proposed by
Brannan et al. in the 1990s [9]. Studies on lncRNAs are
increasing due to state-of-the-art high-throughput sequenc-
ing techniques. lncRNAs are greater than 200 nt in length
and do not have obvious protein-coding functions [10–12].
In recent decades, increasing evidence has shown that
lncRNAs have crucial regulatory effects on mammalian
biology [13]. The regulatory role of lncRNAs in autoimmune
diseases has attracted widespread attention. The persistent
expression of lncRNA-NEAT1 might be a potential cause of
the increased production of multiple cytokines in patients
with systemic lupus erythaematosus (SLE) [14]. The lipo-
polysaccharide- (LPS-) induced expression of chemokines
and cytokines, including IL-6 and CXCL10, was significantly
attenuated as a result of NEAT1 silencing, and lncRNA-
NEAT1 might be a target in SLE treatment. Li et al. analysed
the lncRNA and mRNA expression profiles of peripheral
blood mononuclear cells from immune thrombocytopenia
(ITP) patients by gene chip technology [15]. They found that
1177 lncRNAs and 632 mRNAs were significantly downreg-
ulated in newly diagnosed ITP patients compared to healthy
controls. Furthermore, CD4+ T lymphocytes from ITP
patients exhibited increased expression of lncRNA mater-
nally expressed gene 3 (MEG3) [16]. Overexpression of
lncRNA MEG3 inhibited miR-125A-5P transcription in
CD4+ T lymphocytes under the action of dexamethasone.
In vitro experiments showed that downregulation of MEG3
or overexpression of miR-125A-5P could facilitate Foxp3
transcription, inhibit RORγt expression, and lead to Treg/
Th17 imbalance, which provided new ideas for elucidating
the molecular mechanism of ITP. There are thousands of
lncRNAs in the mammalian genome that regulate gene
expression in immunocytes, such as T lymphocytes and den-
dritic cells (DC), during various immune processes [17, 18].
lncRNA CD244 mediates the methylation of H3K27 at the
IFN-γ/TNF-α gene site and then inhibits IFN-γ/TNF-α
secretion from CD8+ T lymphocytes [19]. Mao et al. found
that IL-36β enhances the activity of CD8+ T lymphocytes
in killing tumour cells by regulating lncRNA-GM16343 [20].

In summary, lncRNAs play an essential role in the devel-
opment and activation of immune cells. Nevertheless, the
expression of lncRNAs in CD8+ T lymphocytes and the
mechanism by which they influence the biological activity
of CD8+ T lymphocytes from SAA patients are still
unknown. To further address these gaps in knowledge, we

assessed lncRNA expression and the function of CD8+ T
lymphocytes in SAA to provide new insights for the effective
diagnosis and management of SAA.

2. Materials and Methods

2.1. Study Populations. The study enrolled patients and
control subjects, each with a signed informed consent form,
and was approved by the Ethical Committee of Tianjin Med-
ical University General Hospital. From September 2017 to
January 2020, we enrolled 48 newly diagnosed SAA patients
who had never received IST; the median age was 44.5
(24-59) years old. We also enrolled 33 patients in remis-
sion after IST (R-SAA) and 38 healthy volunteers to serve
as controls. The diagnosis of SAA was made according to
standard criteria [21].

2.2. CD8+ T Lymphocyte Isolation, Enrichment Analysis, and
Functional Test. We isolated CD8+ T lymphocytes from the
peripheral blood of newly diagnosed SAA patients and
healthy controls using CD8 MicroBeads (Miltenyi Biotec,
Germany) in accordance with the manufacturer’s protocol.
To assess CD8+ T lymphocyte enrichment, the cells were
stained with antibodies against CD3-APC and CD8-FITC
and analysed with the Beckman Coulter CytoFLEX™ Flow
Cytometer (CytoFLEX) according to a standard procedure.
Perforin and granzyme B expression and cell apoptosis
were also analysed with CytoFLEX according to standard
procedures.

2.3. RNA-seq.RNA-seqwas performed as described by Springer
Nature Experiments (http://experiments.springernature.com/
articles/10.1007/978-1-4939-6539-7_10) [22–24]. After that,
Gene Ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis were
applied to predict the function of lncRNAs and perform
gene annotation [25, 26]. Bedtools (v2.17.0) and Blast
(v2.2.28+) software were used to predict whether specific
lncRNAs regulate gene expression in cis or in trans,
respectively.

2.4. RNA Extraction and RT-qPCR. After total RNA was
extracted from CD8+ T lymphocytes with TRIzol, the
samples were subjected to subsequent reverse transcription
to synthesize complementary DNA using the FastQuant
RT Kit (with gDNase) according to the manufacturer’s
instructions. Then, we performed RT-qPCR on a Bio-Rad
iQ5 Real-Time System to detect the relative expression of
lncRNA AF117829.1, TCONS_00043638, TCONS_00329529,
TCONS_00002554, RIP2, ADAM8, DUOX2, and BCR with
the primers shown in Table 1 (normalized to the expression
of β-actin). The data were analysed by using a modification of
the 2−ΔΔCt method.

2.5. Western Blotting. Western blotting was carried out
as described by Abcam (http://www.abcam.com/ps/pdf/
protocols/WB-beginner.pdf). We incubated the blots over-
night at 4°C with rabbit anti-GAPDH, rabbit anti-RIP2,
rabbit anti-MAPK, and rabbit NF-κB primary antibodies
from Cell Signalling Technology to probe the target proteins.
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Band density was quantified by ImageJ and normalized to
that of GAPDH.

2.6. Lentivirus Transduction. Lentiviruses expressing lncRNA
AF117829.1 were constructed by GeneChem (Shanghai,
China). Empty vectors were also purchased from GeneChem.
After CD8+ T lymphocyte activation with the T Cell Activa-
tion/Expansion Kit (Miltenyi Biotec, Germany), cell transfec-
tions of lentivirus expressing lncRNA AF117829.1 or
negative control lentivirus were performed in strict accor-
dance with the manufacturer’s instructions at a multiplicity of
infection ðMOIÞ = 100. Puromycin dihydrochloride (Thermo
Fisher) was used as the antibiotic selection agent. The infection
rate and subsequent perforin and granzyme B expression were
analysed by flow cytometry (FCM) as described above.

2.7. Treatment of CD8+ T Lymphocytes with a RIP2 Kinase
Inhibitor (GSK583). After cell magnetic separation and puri-
fication, peripheral blood CD8+ T lymphocytes from SAA
patients and healthy controls were treated with GSK583
(80nM) or an equivalent volume of DMSO for 24 h [27].
Apoptosis and perforin and granzyme B expression were
detected by FCM as previously described.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). After
culturing the cells for 24h, the cell supernatants were
obtained by centrifugation, and the changes in IL-6 and
IL-1β were detected by using IL-6 and IL-1β ELISA kits
(Nanjing SenBeiJia Biological Technology Co., Ltd.).

2.9. Statistical Analysis. Normally distributed data were
presented as the mean ± standard error, and nonnormally
distributed data were presented as the median (25%, 75%).
Student’s t-test (two-tailed), chi-squared t-test, one-way
ANOVA, and Mann-Whitney U test were used to analyse
the experimental data. Data analysis was performed with

GraphPad Prism (version 7.0) and SPSS 24.0. p < 0:05 was
deemed to indicate significance.

3. Results

3.1. Analysis of the Expression Profiles of lncRNAs and
mRNAs in Peripheral CD8+ T Lymphocytes from Patients
with SAA. The expression profiles of lncRNAs and mRNAs
in CD8+ T lymphocytes were analysed by RNA-seq technol-
ogy in 4 newly diagnosed SAA patients and 4 healthy con-
trols. The basic characteristics of the populations are shown
in Table 2. A total of 2099 altered mRNAs (1104 upregulated
mRNAs and 995 downregulated mRNAs) were observed
(Figure 1) (Supplementary file S1). GO analysis indicated
that the differentially expressed mRNAs were enriched in
catalysis, transduction activity, molecular function regula-
tion, cell metabolism, immune system, and other functions.
KEGG analysis showed that the differentially expressed
mRNAs were mainly enriched in the c-Jun N-terminal kinase
(JNK), RAS, nucleotide-binding oligomerization domain 2/
receptor-interacting protein 2 (NOD2/RIP2), and mitogen-
activated protein kinase (MAPK) signalling pathways. A total
of 194 lncRNAs, including 107 upregulated and 87 downreg-
ulated lncRNAs, were altered in SAA patients versus healthy
controls (Figure 1) (Supplementary file S2). GO analysis
showed that the differentially expressed lncRNAs were
associated with organelle components, catalytic activity, the
response to stimulation, signal transduction inside and out-
side of cells, biological regulation, and metabolic processes.
KEGG analysis revealed that the differentially expressed
lncRNAs were involved in ubiquitin-mediated proteomics,
antigen processing and presentation, NOD, and other signal-
ling pathways (Figure 2).

According to the microarray data, the lncRNAs related to
immune regulation included TCONS_00379951 (lncRNA
AF117829.1), TCONS_00043638, TCONS_00329529, and
TCONS_00002554. The predicted target gene transcripts
related to the above lncRNAs included ENST00000540020,
ENST00000415217, ENST00000606851, andENST00000487968
(Table 3).

4. The Expression of lncRNA AF117829.1 in the
CD8+ T Lymphocytes of SAA Patients

4.1. lncRNA and mRNA Expression in CD8+ T Lymphocytes.
We enrolled 48 newly diagnosed SAA patients, 33 R-SAA
patients, and 38 healthy volunteers. The baseline characteris-
tics are shown in Table 4. Among all subjects, differential
lncRNA and mRNA expression was considered to be
meaningful if the following conditions (gene expression
change > 2‐fold and FDR ≤ 0:05) were met. As shown in
Table 5, we found that lncRNA AF117829.1 expression was
notably decreased in the SAA and R-SAA groups compared
with the healthy control group (p = 0:0109; p = 0:00005).
The mRNA expression of its target gene, RIP2, was increased
in the SAA and R-SAA groups compared with the healthy
control group (p = 0:9897; p = 0:0003) (Figure 3(a), A and
B). lncRNA TCONS_00043638 (p = 0:00006; p = 0:0174)
and its target gene mRNA ADAM8 (p = 0:9532; p = 0:0362)

Table 1: Primer sequences.

Primer Sequence (5′ to 3′)
β-Actin forward TGGACATCCGCAAAGACCTGT

β-Actin reverse CACACGGAGTACTTGCGCTCA

lncRNA AF117829.1 forward GGAGTCAGTGTCAGAGTTGGAGTG

lncRNA AF117829.1 reverse ACCTGTATTGCTTGGCTCATGGC

TCONS_00043638 forward GAGGACAGAAGGTGGAAGTCAAGC

TCONS_00043638 reverse AAGACCGCAGAGGAGAGTGAGAC

TCONS_00329529 forward TCCGAACGCCTCGTGGACTG

TCONS_00329529 reverse ACAACGCAGAATGAAGGAGGTCAG

TCONS_00002554 forward AGCAGTGGCTCATGCCTATAATCC

TCONS_00002554 reverse GAGTTGGAGACCAGCCTGGATAAC

mRNA RIP2 forward ATTCTGTGATCACAAGACCACT

mRNA RIP2 reverse CCTTGTAGGCTTGGTACTAACA

mRNA ADAM8 forward TGAATCACGTGGACAAGCTATA

mRNA ADAM8 reverse GAACCTGTCCTGACTATTCCAA

mRNA DUOX2 forward TTGCTCAGGTGCTGGACATCAAC

mRNA DUOX2 reverse GAAGGACAGGTAGCCATTGCCATC

mRNA BCR forward CAGCCTATCACCATGACTGACAGC

mRNA BCR reverse GACTTCGGTGGAGAACAGGATGC
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had the same expression tendency as lncRNA AF117829.1
(Figure 3(a), C and D). The expression of lncRNA
TCONS_00329529 (p = 0:1423; p = 0:0048) and its target
gene mRNA DUOX2 was increased in both the SAA and
R-SAA groups compared with the healthy control group
(p = 0:0256; p = 0:0008) (Figure 3(a), E and F). The expres-
sion of lncRNA TCONS_00002554 and its target gene
mRNA BCR was not significantly different between the
groups (Figure 3(a), G and H). The above results were basi-
cally consistent with the sequencing results.

4.2. Perforin and Granzyme B Expression Was Increased in
CD8+ T Lymphocytes from SAA Patients. The expression of
both perforin and granzyme B was upregulated in the CD8+
T lymphocytes of newly diagnosed SAA patients (33.34%
(23.7%, 41.95%); 21.68% (14.45%, 38.9%)) compared with
those of R-SAA patients (21.55% (12.57%, 31.85%); 9.8%
(0.9%, 19%)) and healthy controls (14.6% (9.91%, 20.33%);
2.75% (0.517%, 10.25%)) (p < 0:05) (Figure 3(b)).

4.3. The Correlation between the Expression of the Previously
Mentioned lncRNAs and the Expression of Perforin and
Granzyme B in CD8+ T Lymphocytes. lncRNA AF117829.1
expression had a negative correlation with perforin and gran-
zyme B expression. lncRNA TCONS_00043638 expression
was also negatively correlated with perforin and granzyme
B expression. The expression of both lncRNA TCONS_
00329529 and lncRNA TCONS_00002554 was positively
correlated with the perforin expression but not the granzyme
B expression (Figure 4(a)).

4.4. The Correlation between lncRNA AF117829.1 Expression
in CD8+ T Lymphocytes and Clinical Indexes. The results
showed that lncRNA AF117829.1 expression was positively
correlated with the clinical indexes of SAA patients, includ-
ing the white blood cell count (WBC), red blood cell count
(RBC), haemoglobin (Hb), percentage of reticulocytes
(RET%), platelet count (PLT), and absolute neutrophil count
(NEU). All p values were less than 0.05 (Figure 4(b)).

4.5. RIP2 Signalling Pathway-Related Protein Levels Were
Significantly Increased in SAA Patients. Considering the
above RT-qPCR results for lncRNAs and mRNAs, we further
verified the signalling pathways that might be regulated by
lncRNAs. According to the sequencing results, the mRNA
expression of RIP2, the predicted target gene of lncRNA

AF117829.1, satisfied the differential expression conditions
of high-throughput omics (difference > 2-fold, p value <
0.05). The downstream targets of RIP2 could regulate the
NF-κB and MAPK pathways, which are closely related to T
cell proliferation. Therefore, we used western blotting to
detect the levels of key proteins, including RIP2, NF-κB,
and MAPK. The results showed that the RIP2, NF-κB, and
MAPK protein levels were significantly increased in the
CD8+ T lymphocytes of SAA patients compared to those of
R-SAA patients and healthy controls (Figure 3(c)).

5. lncRNA AF117829.1 Mediated the Effect of
CD8+ T Lymphocytes in SAA Patients

5.1. The Expression of lncRNA AF117829.1 and mRNA RIP2 in
lncRNA AF117829.1-Overexpressing CD8+ T Lymphocytes.
We used FCM to detect the transfection rate of lncRNA
AF117829.1 in the CD8+ T lymphocytes of newly diagnosed
SAA patients, R-SAA patients, and healthy controls. The
transfection rate reached more than 40% (Figure 5(a)).
lncRNA AF117829.1 expression was increased in CD8+ T
lymphocytes of the lncRNA AF117829.1 lentivirus group
(27:36 ± 4:026) compared with those of the blank group
(2:375 ± 1:016) (p < 0:001). RIP2 mRNA expression was
significantly decreased (0:06786 ± 0:0148; 0:1353 ± 0:02897)
(p < 0:05) (Figure 5(d)).

5.2. lncRNA AF117829.1 Overexpression Suppressed the
Apoptosis of CD8+ T Lymphocyte. We assessed the changes
in the apoptosis rate of CD8+ T lymphocytes transfected with
lncRNA AF117829.1 by FCM. The results showed that
lncRNA AF117829.1-overexpressing CD8+ T cells had lower
apoptosis rates (22:85 ± 3:767%) than blank control cells
(38:48 ± 1:566%) (p = 0:0086) (Figure 5(b)).

5.3. Perforin and Granzyme B Expression in lncRNA
AF117829.1-Overexpressing CD8+ T Lymphocytes. Next, we
detected perforin and granzyme B expression in CD8+ T
lymphocytes transfected with lncRNA AF117829.1 lentivirus
by FCM. Perforin and granzyme B expression was signif-
icantly downregulated in lncRNA AF117829.1-overex-
pressing CD8+ T cells (2:549 ± 0:5219%; 0:6118 ± 0:2415%)
compared with blank control cells (5:012 ± 0:8285%; 2:549 ±
0:5219%) (p = 0:022; p = 0:003) (Figure 5(e)).

Table 2: Clinical data and laboratory values for 4 newly diagnosed SAA patients and 4 healthy controls.

No. Sex Age WBC (×109/L) RBC (×1012/L) Hb (g/L) RET (×109/L) PLT (×109/L) NEU (×109/L)
SAA1 F 59 1.59 2.61 85 15.3 24 0.47

SAA2 M 24 1.55 1.84 53 4.7 15 0.45

SAA3 F 57 0.36 2.21 68 3.1 17 0.22

SAA4 M 32 2.35 1.65 61 3.6 15 0.37

HC1 F 61 6.86 3.29 84 88.2 166 2.77

HC2 M 33 4.09 4.22 109 54.1 161 4.11

HC3 F 56 5.76 3.16 65 64.8 275 3.31

HC4 M 30 5.53 3.63 104 52.9 319 4.62
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Figure 1: Analysis of the lncRNA andmRNA expression profiles of CD8+ T lymphocytes from patients with SAA. (a) Magnetic-activated cell
sorting (MACS) was used to sort CD8+ T lymphocytes from the peripheral mononuclear cells of 4 newly diagnosed SAA patients and 4
healthy controls, and the enrichment of CD8+ T lymphocytes (>90%) was detected by FCM. (b) Description of lncRNAs and related
statistics. When annotating known lncRNAs, we first integrated the lncRNA information of the Ensembl database, GENCODE database,
University of California, Santa Cruz (UCSC) database, and other authoritative databases. We also used CuffCompare software for
annotation (A). Based on the information regarding the position of lncRNAs on the reference genome, the obtained lncRNAs were
divided into the following three categories: intergenic lncRNAs, antisense lncRNAs, and intronic lncRNAs, and the number of each type
of lncRNA was statistically analysed (B). (c) Screening of differentially expressed target genes of lncRNAs and mRNAs. The test results
were screened according to the significance criteria for differences (gene expression change > 2‐fold and FDR ≤ 0:05), and we assessed
whether the significant differentially expressed target genes of lncRNAs (A) and mRNAs (B) were up- or downregulated. Blue represents
downregulation of the target gene, whereas red represents upregulation of the target gene. There were 194 lncRNAs (107 upregulated and
87 downregulated) and 2099 mRNAs (1104 upregulated and 995 downregulated) with significant expression changes. (d) Hierarchical
clustering analysis based on the lncRNA (A) and mRNA (B) expression profiles. Cluster analysis is used to determine the similarity of the
data and classify the data according to the similarity. This method was used to cluster closely related genes or genes with the same
function into groups, to identify the function of unknown genes or the unknown function of known genes, and to infer whether the genes
are involved in the same metabolic process or cell pathway. Different coloured regions represent different clusters and groupings, and the
gene expression patterns within each group are similar, indicating that genes within each group may have similar functions or participate
in the same biological processes. B2, B4, B6, and B7 represented 4 SAA patients. A1, A5, A6, and A7 represented 4 healthy
controls. The blue column indicates highly expressed genes, and the red column indicates genes with lower expression; the log10
(fragments per kilobase of transcript permillionmapped reads ðFPKMÞ + 1) value was used for clustering. The colour sequence from red
to blue represents an increase in gene expression.
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5.4. RIP2, NF-κB, and MAPK Protein Levels in lncRNA
AF117829.1-Overexpressing CD8+ T Lymphocytes. The pro-
tein levels of RIP2, NF-κB, and MAPK showed a tendency

to decrease in the overexpression group compared with the
blank group. The RIP2 and NF-κB protein levels were signif-
icantly reduced (Figure 5(c)).

(c)

Figure 2: GO and KEGG analysis of the lncRNA and mRNA expression profiles of CD8+ T lymphocytes from patients with SAA. (a) GO
analysis of differentially expressed lncRNAs (A) and mRNAs (B). (b) KEGG enrichment bubble plot for differentially expressed lncRNAs
(A) and mRNAs (B). (c) The pathway related to our study from KEGG analysis. In this pathway map, RIP2 was upregulated, which is
represented in red. The MAPK signalling pathway is closely related to various biological functions, such as T cell differentiation and
proliferation. After activation of the NOD1/NOD2 signalling pathway by the NOD-like receptor (NLR) family, the NOD-RIP2 interaction
leads to the activation of nuclear factor-κB (NF-κB) and the MAPK pathway and promotes the transcription of proinflammatory
cytokines (IL-6, IL-1β).

Table 3: Predicted lncRNA target genes and correlated transcripts.

lncRNA Acting Transcript ID Effect Gene ID Regulation

TCONS_00379951 Cis∗ ENST00000540020 Promote ENSG00000104312 Down

TCONS_00043638 Cis∗ ENST00000415217 Promote ENSG00000151651 Down

TCONS_00329529 Cis∗ ENST00000606851 Promote ENSG00000272168 Up

TCONS_00002554 Trans# ENST00000487968 Inhibit ENSG00000186716 Down

TCONS_00026350 Cis∗ ENST00000261465 Promote ENSG00000117594 Down

TCONS_00380395 Cis∗ ENST00000521559 Inhibit ENSG00000132549 Down

TCONS_00117395 Trans# ENST00000481617 Inhibit ENSG00000133138 Down
∗Cis refers to cis-acting regulation. Cis-acting regulation usually refers to the way in which DNA sequences on the same chromosome directly regulate the
expression of other adjacent genes. #Trans refers to trans-acting regulation. Trans-acting regulation is another mechanism by which lncRNAs can regulate
target genes. In this mode, lncRNAs and target genes directly recognize each other through base pairing independent of chromosome position.
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5.5. Perforin and Granzyme B Expression Decreased in CD8+
T Lymphocytes Treated with GSK583. GSK583, a RIP2 kinase
inhibitor, was used to treat CD8+ T lymphocytes collected
from the peripheral blood of SAA patients in vitro. MACS
was used to sort CD8+ T lymphocytes, and the purity was
greater than 90%, as detected by FCM (Figure 5(f)). Perforin
expression in GSK583-treated CD8+ T lymphocytes was
decreased compared with that in DMSO-treated cells
(22:23 ± 2:517%; 35:2 ± 4:237%; p = 0:025). The expression
of granzyme B tended to decrease but was not significantly
different between the two groups (38:63 ± 3:392%; 46:35 ±
6:345%; p = 0:33) (Figure 5(g)).

5.6. RIP2 and MAPK Protein Levels Were Also Decreased in
CD8+ T Lymphocytes Treated with GSK583. Protein was
extracted from CD8+ T lymphocytes after GSK583 interven-
tion, and western blotting was used to detect the RIP2 and
MAPK protein levels. The results suggested that RIP2 and
MAPK were significantly downregulated in CD8+ T lympho-
cytes treated with GSK583 (Figure 5(h)).

5.7. Changes in IL-6 and IL-1β in the Culture Supernatants
after GSK583 Intervention. Changes in IL-6 and IL-1β were
detected in the culture supernatants after GSK583 interven-
tion by ELISA. The results showed that the IL-6 levels
decreased with GSK583 treatment compared with DMSO
treatment (2:95 ± 0:337; 4:538 ± 0:579; p = 0:036). The IL-
1β levels exhibited a decreasing trend but did not show a
significant difference (5:793 ± 0:275; 6:575 ± 0:2527; p =
0:828) (Figure 5(i)).

6. Discussion

SAA is an autoimmune disease, and its immune tolerance
mechanism is dysregulated by hyperfunctional T lymphocytes
targeting the haematopoietic system [28]. The abnormal
immune regulation mechanism is the main pathogenesis

mode. First, myeloid dendritic cell (mDC) dysfunction leads
to an insufficient number of T regulatory cells (Tregs), which
causes Th1/Th2 imbalance. Then, haematopoietic stem/pro-
genitor cells are attacked by activated CD8+ T lymphocytes
through the Fas/FasL pathway, perforin, granzyme B, and
TNF-β, causing serious pancytopenia [29, 30]. CD8+ T lym-
phocytes play very important roles in the pathogenesis of
SAA, which is characterized by an increase in the number
and activity of CD8+ T lymphocytes [31, 32]. Moreover, oligo-
clonal T cell expansion exists in autoimmune diseases such as
SLE [33, 34]. Our group detected the expression of tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL) in
the CD8+ T lymphocytes of SAA patients and found that
TRAIL expression was negatively correlated with the expres-
sion of perforin and granzyme B in CD8+ T lymphocytes
and apoptosis. The TRAIL pathway may activate CD8+ T
lymphocytes abnormally and induce the pathogenesis of
SAA [35]. The frequency of mutations/polymorphisms of
the T cell receptor (TCR)/CD3 signalling complex seems to
be decreased in autoimmune disease, chronic inflammation,
and malignant tumour states compared to healthy states,
which might be caused by T lymphocyte immunodeficiency
[36, 37]. The above findings indicate that abnormal immune
responses to haematopoietic stem cells/progenitor cells are
due to dysregulation of the T cell activation pathway [8].

Based on our previous high-throughput sequencing results
and further studies, we found that lncRNA AF117829.1
expression was notably decreased in CD8+ T lymphocytes
from patients with SAA, whose function was associated with
T lymphocyte proliferation and activation. lncRNAs regulate
gene expression independent of protein coding and interact
with protein-coding genes in various cell types through multi-
ple processes, such as epigenetic regulation of transcription,
mRNA stability, and protein localization [38]. lncRNAs have
been shown to be closely related to various immune diseases
[39–41]. Downregulation of lncRNA ITSN1-2 is associated
with rheumatoid arthritis (RA). lncRNA ITSN1-2 may reduce

Table 4: Baseline characteristics of SAA and R-SAA patients and healthy controls.

Sex (M/F) Median age (range) WBC (×109/L) RBC (×1012/L) Hb (g/L) RET (×109/L) PLT (×109/L) NEU (×109/L)
SAA 23/25 44.5 (15-79) 1:53 ± 0:17 1:73 ± 1:13 67:4 ± 2:59 8:93 ± 1:45 40:40 ± 6:13 0:37 ± 0:13
R-SAA 19/14 30 (11-64) 5:01 ± 0:64 4:16 ± 0:56 121 ± 8:13 73:13 ± 9:77 98:67 ± 17:89 2:77 ± 0:54
HC 15/23 38 (20-52) 5:2 ± 0:34 4:39 ± 1:02 117 ± 6:23 77:88 ± 3:55 263 ± 10:57 3:83 ± 1:09

Table 5: lncRNA and mRNA expression in CD8+ T lymphocytes as detected by RT-qPCR. The data were represented as the median
(25%, 75%).

SAA R-SAA HC

AF117829.1 0.74 (0.431, 1.205) 2.215 (0.8442, 5.136) 6.688 (3.342, 10.32)

RIP2 5.494 (2.144, 30.95) 4.274 (2.398, 9.056) 1.991 (0.4553, 4.655)

TCONS_00043638 0.3 (0.15, 0.5) 0.6373 (0.4093, 1.15) 1.6 (0.6, 2.4)

ADAM8 3.327 (1.678, 4.467) 2.454 (1.624, 4.226) 2.328 (0.5487, 2.98)

TCONS_00329529 4.691 (1.873, 10.79) 3.9 (0.2907, 6.495) 1.739 (0.152, 5.036)

DUOX2 6.923 (3.937, 9.961) 3.443 (1, 8.3) 2.17 (1.075, 4.175)
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Figure 3: Continued.
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the proliferation and immunoreaction of fibroblast-like syno-
viocytes by inhibiting the NOD2/RIP2 signalling pathway in
RA patients [42]. Qiu et al. found that lncRNA MEG3 in

peripheral blood CD4+ T lymphocytes could affect the bal-
ance of Treg/Th17 cells by regulating microRNA-17 in asthma
patients [43].
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Figure 3: The expression of lncRNA AF117829.1 in the CD8+ T lymphocytes of patients with SAA. (a) lncRNA and mRNA expression in
CD8+ T lymphocytes. (b) Perforin and granzyme B expression in CD8+ T lymphocytes detected by FCM (A), and those expressions were
upregulated in the CD8+ T lymphocytes of newly diagnosed SAA patients (B). (c) Expression of relevant proteins involved in the RIP2
signalling pathway.
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Figure 4: Continued.
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At present, there are few studies on lncRNAs in SAA.
In our study, we performed high-throughput sequencing
and predicted the target genes of differentially expressed
lncRNAs in CD8+ T lymphocytes from patients with SAA.
The GO analysis showed that the predicted target genes of
lncRNAs were mainly related to signal transduction activity,
metabolic process, the response to stimuli, and organelle
components. The KEGG analysis showed that the predicted
target genes of lncRNAs were related to antigen processing
and presentation and the NOD, MAPK, and PKC signalling
pathways. The MAPK signalling pathway plays an extremely
crucial role in various biological functions, such as T lympho-
cyte differentiation and proliferation [44]. After activation of
the NOD1/NOD2 signalling pathway, the interaction between
NOD and RIP2 activates the NF-κB and MAPK pathways,
which promotes the activation of proinflammatory cytokine
transcription [45]. Our results are consistent with the
sequencing results. lncRNA AF117829.1 expression in
CD8+ T lymphocytes was significantly decreased in SAA
patients compared with healthy controls and was signifi-
cantly negatively correlated with perforin and granzyme
expression. lncRNA TCONS_00043638 expression was
negatively correlated with perforin and granzyme B expres-
sion. lncRNA TCONS_00329529 and lncRNA TCONS_
00002554 expression was positively correlated with per-
forin expression. This suggests that these lncRNAs could

regulate CD8+ T lymphocyte function in the pathogene-
sis of SAA.

Among these lncRNAs, lncRNA AF117829.1 expression
had a significantly negative correlation with perforin and
granzyme B expression and a significant positive correlation
with the blood cell counts of SAA patients. RIP2, the pre-
dicted target gene of lncRNA AF117829.1, is closely related
to immunity. The downstream signalling pathway of RIP2
can regulate the NF-κB and MAPK pathways. RIP2 partici-
pates in the TCR signalling pathway, activates NF-κB and
MAPK signalling, and induces the transcription of inflam-
matory factors by recruiting TNFR1 and CD14 receptor
signalling complexes [46]. However, there are no relevant
reports on the mechanism of RIP2 in CD8+ T lymphocytes
in SAA. We found that the protein levels of RIP2, NF-κB,
and MAPK were significantly increased in CD8+ T lym-
phocytes in SAA patients. Overexpression of lncRNA
AF117829.1 in CD8+ T lymphocytes from SAA patients
decreased the expression of mRNA RIP2 and related pro-
teins (RIP2, NF-κB, and MAPK) in the RIP2 signalling
pathway. Similarly, perforin and granzyme B expression
decreased, and the apoptosis of CD8+ T lymphocytes
decreased. Our results suggest that the overexpression of
lncRNA AF117829.1 may affect the RIP2 signalling pathway
and regulate the apoptosis and inflammation of CD8+ T lym-
phocytes in SAA. RIP2 kinase is a multidomain, dual-specific
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Figure 4: The correlation between the expression of screened lncRNAs, the expression of molecules related to CD8+ T lymphocyte function,
and SAA patient clinical characteristics. (a) The correlation between lncRNA expression and perforin and granzyme B expression in the
CD8+ T lymphocytes of SAA patients, including lncRNA AF117829.1 (A, B), lncRNA TCONS_00043638 (C, D), lncRNA TCONS_
00329529 (E, F), and lncRNA TCONS_00002554 (G, H). (b) The correlation between lncRNA AF117829.1 expression in CD8+ T
lymphocytes and the clinical indexes of SAA patients, including WBC (A), RBC (B), Hb (C), RET% (D), PLT (E), and NEU (F).
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Figure 5: lncRNA AF117829.1 mediated the effect of CD8+ T lymphocytes in SAA patients. (a) FCM to detect the transfection rate of
lncRNA AF117829.1 in the CD8+ T lymphocytes of newly diagnosed SAA patients, R-SAA patients, and healthy controls. (b) FCM to
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lncRNA AF117829.1-overexpressing CD8+ T lymphocytes. (e) Perforin and granzyme B expression in the lncRNA AF117829.1-
overexpressing CD8+ T lymphocytes. (f) The purity of CD8+ T lymphocytes isolated from newly diagnosed SAA patients as detected by
FCM. (g) Perforin and granzyme B expression decreased in CD8+ T lymphocytes treated with GSK583, as determined by FCM. (h) RIP2
and MAPK protein levels detected by western blotting in CD8+ T lymphocytes treated with GSK583. (i) The changes in IL-6 and IL-1β
levels tested by ELISA in the culture supernatants of cells treated with GSK583.

16 Oxidative Medicine and Cellular Longevity



kinase [47]. After phosphorylation and ubiquitination, RIP2
kinase can activate NF-κB and MAPK to achieve downstream
signal transduction and the transcription of inflammatory
cytokines [48, 49]. RIP2 kinase is considered to be a therapeu-
tic target to treat several autoimmune diseases. GSK583 is a
highly effective and selective RIP2 kinase inhibitor. Haile
et al. demonstrated the effectiveness of GSK583 in blocking
downstream NOD2/RIP2 signals in cell models, in vivo ani-
mal models, and isolated human disease models [50]. In ani-
mal models of experimental colitis, RIP2 kinase inhibitors
can effectively reduce inflammation [51]. In our experiments,
we found that perforin and granzyme B expression signifi-
cantly decreased in CD8+ T lymphocytes with GSK583 inter-
vention. In addition, IL-1β and IL-6 secretion also decreased.

In summary, lncRNAs are mostly involved in the patho-
genesis of diseases through indirect regulation of immune
pathogenesis via pathways such as the cytokine-cytokine
receptor interaction pathway and the RIP2, NF-κB, and
MAPK signalling pathways. In this study, we verified that, at
low levels, lncRNA AF117829.1 mediates the RIP2 signalling
pathway to activate CD8+ T lymphocyte function and partic-
ipate in the pathogenesis of SAA immune abnormalities.

7. Conclusions

SAA is recognized as an autoimmune disease with immune
tolerance dysfunction mediated by hyperactivated T lympho-
cytes that target the haematopoietic system. Previous studies
have shown that the proliferation and overactivation of CD8
+ T lymphocytes, also known as CTLs, is a direct factor caus-
ing bone marrow failure in SAA patients, but the specific
mechanism remains unclear. Our present research displayed
the RNA-seq results, possible biological functions, and sig-
nalling pathways of CD8+ T lymphocytes from patients with
SAA. A total of 194 lncRNAs and 2099 mRNAs exhibited
expression changes in the CD8+ T lymphocytes of SAA
patients versus R-SAA patients and healthy controls. The pre-
dicted target genes of differentially expressed lncRNAs are
related to biological processes such as catalytic activity, the
response to stimuli, and intra- and extracellular signal trans-
duction. The decreased expression of lncRNA AF117829.1 is
closely related to the overactivation of CD8+ T lymphocytes
in SAA patients. lncRNA AF117829.1 can regulate the func-
tion of CD8+ T lymphocytes by promoting the expression of
its target gene RIP2, and the function of CD8+ T lymphocytes
is inhibited by treatment with GSK583, a RIP2 kinase inhibi-
tor. Our findings reveal a possible mechanism of lncRNA
AF117829.1 in the CD8+ T lymphocytes of patients with
SAA, which is helpful for understanding the molecular mech-
anism of immune pathogenesis and provides potential targets
for the diagnosis and treatment of SAA.
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Cigarette smoke- (CS-) induced oxidative stress and inflammation in the lung are serious health problems. Primary and reprocessed
tea products contain multiple antioxidants that have been reported to protect the lung against CS-induced injury. However, the
beneficial effects of Eurotium cristatum fermented loose dark tea (ECT) and Eurotium cristatum particle metabolites (ECP) on
CS-induced lung injury and its potential hepatic metabolic detoxification are still unclear. Therefore, sixty mice were randomly
divided into six equal groups. CS-exposed mice were prevented or treated with ECP or ECT infusions for 12 or 8 weeks to
determine the antioxidative stress, anti-inflammatory and potential metabolic detoxification of ECT and ECP. Thirty-six mice
were randomly divided into six equal groups to observe the effects on hepatic metabolic detoxification by replacing daily
drinking water with ECT. Results showed that CS significantly decreased the activities of glutathione peroxidase (GSH-Px)
and superoxide dismutase (SOD) and upregulated the expressions of malondialdehyde (MDA), tumor necrosis factor alpha
(TNF-α), interleukin-6 (IL-6), IL-8, and IL-1β in serum. These adverse effects were modulated by ECP and ECT. In
addition, ECT upregulated the mRNA expression of pregnane X receptor (PXR) and cytochrome P450 (CYP450) in the liver
on daily free drinking ECT mice group. Western blot analysis further revealed that in CS-exposed mice, ECP and ECT
significantly decreased the phosphorylation of mitogen-activated protein kinase (MAPK) in the lung but upregulated the
protein expressions of PXR and aryl hydrocarbon receptor (AhR) in the liver. Overall, our findings demonstrated that ECT
and ECP protected against lung injury induced by CS via MAPK pathway and enhanced hepatic metabolic detoxification via
PXR and AhR pathways. Therefore, daily intake of ECT and ECP can potentially protect against CS-induced oxidative and
inflammatory injuries.

1. Introduction

Cigarette smoke (CS) contains more than 6,000 chemicals,
and 40 of which are carcinogenic [1]. Exposure to CS trig-
gers an increase in colossal free radicals and production of
reactive oxygen species (ROS). Combined, they induce oxi-

dative stress damages and lipid peroxidation and disrupt
the oxidation/antioxidation system [2, 3]. In humans, the
antioxidant system regulates accumulation of free radicals,
which modulates oxidative damages. CS exposure disrupts
antioxidative processes catalyzed by superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px). At the same
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time, CS increases the expression of malondialdehyde (MDA),
which is a product of lipid peroxidation that damages the lung
[4]. In addition, oxidative stress promotes inflammation in the
lung [5]. Moreover, the inflammatory responses from the
initial occult exogenous oxidative stress are secondary sources
of endogenous ROS. Overall ROS induces a vicious cycle of
lung damage [6]. Smoking induces damages beyond the
organs directly in contact with CS such as the liver. CS con-
tains toxic chemical substances that increases oxidative stress,
necroinflammation, and liver fibrosis [7]. In addition,
smoking also disrupts the expression of important xenobi-
otic pregnane X receptor (PXR) and ligand-activated tran-
scription factor aryl hydrocarbon receptor (AhR) in the
liver. This in turn represses the expression of cytochrome
P450 (CYP450), which adversely affects drug metabolism
and detoxification in the liver [8, 9]. These studies under-
line the integral antioxidants play roles in preventing and
reversing CS-induced lung and liver injury. Meanwhile,
tea has been extensively demonstrated to be an excellent
natural antioxidant [10]. Eurotium cristatum fermented
loose dark tea (ECT) is a potential excellent antioxidant,
attributed to the interaction between the tea and the fungi.

ECT is a type of primary dark tea (PDT) that fermen-
ted with Eurotium cristatum strains and covered with
“golden flora.” Similar to Fu brick tea (FBT, a brick-
shaped Eurotium cristatum-fermented dark tea), ECT is a
daily beverage and nutritional supplement frequently
consumed at the border and southern regions of China.
Previous studies have shown that dark tea lowers lipid
levels in the body [11] and participates in antiobesity [12],
antioxidative [4], anti-inflammatory [13], and detoxification
[14] processes. Further, FBT aqueous extract inhibits the
mitogen-activated protein kinase (MAPK) and nuclear
factor-erythroid 2-related factor-2 (Nrf2) signaling pathways
in cells, thereby reducing oxidative stress levels [4]. ECT con-
tains catechins, alkaloids, gallic acid (GA), and covers with lots
of Eurotium cristatum particle metabolites (ECP). Research
shows that catechins inhibit oxidative stress, lipid peroxida-
tion, and the expression of proinflammatory mediators [15].
Caffeine (CAF) is the most abundant alkaloid in tea. It pos-
sesses antioxidative properties and protects against lung dam-
ages by modulation pulmonary inflammation [16]. Notably,
GA inhibits oxidative stress and inflammation [17]. Several
researches report that nonfungi-fermented teas including
green and black tea modulate oxidative stress and undesirable
inflammatory response caused by CS exposure [18, 19]. Yet,
how the tea performs these functions, alone or in combination
with ECP, remains to be validated.

This study therefore investigated the ameliorative effects
of ECT and ECP on CS-induced oxidative stress and inflam-
mation via MAPK pathway and hepatic metabolic detoxifica-
tion via PXR/AhR pathway in mice. These findings provide a
theoretical basis for the antioxidation, anti-inflammatory,
and metabolic detoxification capabilities of ECT and ECP.

2. Materials and Methods

2.1. Animals.Ninety-six (experiment 1, n = 36; experiment 2,
n = 60, respectively), 4-week-old SPF female C57BL/6 exper-

imental mice were purchased from Changsha Slack Jingda
Experimental Animal Co., Ltd. (Changsha, Hunan, China).
They were reared under 12/12 hours of light and dark
alternating cycles. The room temperature was maintained
at 25 ± 1°C, under 40-70% relative humidity. Adequate
food and water were provided throughout the experimen-
tal period. The protocol for the experiments was approved
by the Animal Testing Committee of Hunan Agricultural
University. Before the experiments, there was one-week
adaptation period to the feeds.

2.2. Chemicals and Reagents. Raw PDT leaves, FBT, and
Hua Juan Tea (HJT) were purchased from the Baishaxi
Tea Factory Co., Ltd. (Yiyang, Hunan, China). The Euro-
tium cristatum strains were isolated from Baishaxi brick
tea using the direct separation technique. Tea-lyophilized
powder was prepared at the Hunan Agricultural University.
Cigarettes were purchased from the Hunan China Tobacco
Industry Co., Ltd. (Changsha, Hunan, China). Vacuum
diaphragm pumps were purchased from Kamoer, KVP15-
KL-1 (Shanghai, China). Analytical kits for GSH-Px, SOD,
and MDA were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, Jiangsu, China). ELISA kits for
the analysis of tumor necrosis factor alpha (TNF-α),
interleukin-6 (IL-6), IL-8, and IL-1β were purchased from
Wuhan Hualianke Biotechnology Co. Ltd. (Wuhan, Hubei,
China). Antibodies against p-p38 (4511S), p38 (8690S), p-
Jun N-terminal kinase (p-JNK, (9251S)), JNK (9252S), p-
extracellular-regulated kinase (p-ERK, (4370S)), and ERK
(4695S) were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Monoclonal antibodies against
PXR (ab192579), AhR (ab84833), and GAPDH (ab181602)
were purchased from Abcam (Cambridge, UK). All other
chemicals and reagents were at analytical grade.

2.3. Experiment 1. ECT Enhances Potential Metabolic
Detoxification by Modulating PXR and CYP450 in Mice
Liver. To evaluate the potential hepatic metabolic detoxifica-
tion property of dark tea, 36 healthy mice were randomly
divided into 6 groups (n = 6, per group): (1) control, (2) epi-
gallocatechin gallate (EGCG), (3) PDT, (4) FBT, (5) HJT, and
(6) ECT group. Notably, EGCG solution (80mg/kg) and dark
tea infusions (800mg/kg) were used to instead of daily drink-
ing water during the 8 weeks feeding period. Dark tea infu-
sions were prepared using freeze-dried powder of PDT,
FBT, HJT, ECT, and sterilized water. The relative mRNA
expressions of PXR- and CYP450-related genes (CYP1A2,
CYP2B1, CYP2C6, CYP3A1, CYP3A9, and CYP3A18) in
mice liver tissues were assessed using real-time fluorescent
quantitative PCR.

2.4. Experiment 2. ECT and ECP Ameliorate CS-Induced
Lung Injury via MAPK and Enhance Hepatic Metabolic
Detoxification via PXR and AhR in CS-Exposed Mice. To
determine the antioxidative stress, anti-inflammatory, and
potential metabolic detoxification properties of ECP and
ECT on CS-induced damages, 60 mice were randomly
divided into 6 groups (n = 10): (1) control, (2) CS model
group, (3) CS exposure and ECP preventive group, (4) CS
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exposure and ECT preventive group, (5) CS exposure and
ECP cure group and (6) CS exposure and ECT cure group.
Preventive group, which received ECP/ECT for 12 weeks,
was also exposed to air/CS for the entire experimental
period. The interval between smoke exposure and feeding
was about 5 hours per day. Cure group, which was exposed
to air/CS for 8 weeks, received ECP/ECT from weeks 9 to
12. CS-exposed groups were exposed to 4% (vol/vol, CS/air)
CS for 1 hour per day (12 cigarettes) for 12/8 weeks using a
modified ventilated CS exposure chambers connected to 2
vacuum diaphragm pumps. One pump was connected to
a burning cigarette to deliver fresh smoke (40mL/min),
whereas the other pump simultaneously delivered fresh air
(960mL/min) from outside the chamber. Control group
were exposed to fresh air in a separate ventilated chamber
using a similar procedure. Biochemical analyses were then
performed to detect the effects of GSH-Px and SOD, as well
as the expression of MDA, TNF-α, IL-6, IL-8, and IL-1β in
mice serum. Western blot analysis was performed to detect
the expression of phosphorylated p38/JNK/ERK MAPK
and expression of PXR/AhR proteins.

2.5. Expression of PXR, CYP1A2, CYP2B1, CYP2C6, CYP3A1,
CYP3A9, and CYP3A18 mRNA in the Liver. Total RNA of
liver was extracted using cold TRIzol reagent (Tiangen,
Beijing, China). The quality and concentration of total
RNA at 260/280 nm was detected by spectrophotometry.
cDNA was synthesized based on the FastQuant RT Kit
(Tiangen, Beijing, China). The primers were synthesized
at Sangon Biotech Co., Ltd. (Shanghai, China) and listed
in Table 1. Amplification of the cDNA was performed using
the SuperReal PreMix Plus kit (Tiangen, Beijing, China)
following the manufacturer’s instruction. The relative
expression of PXR, CYP1A2, CYP2B1, CYP2C6, CYP3A1,
CYP3A9, and CYP3A18 mRNA in the liver was then evalu-
ated. The reaction was performed using the real-time PCR
system (Roter-Gene Q), under the following parameters:
predenaturation at 95°C for 10 minutes, subsequent denatur-
ation at 95°C for 10 seconds, annealing at 55°C for 20
seconds, and elongation at 72°C for 30 seconds. The amplifi-
cation was performed through 40 cycles, with the mRNA
expression of the target gene analyzed based on the 2−ΔΔCt
equation normalized to the mean values of internal reference
GAPDH gene.

2.6. Preparation of ECT. PDT leaves were sterilized at 121°C
for 20min, cooled, and thereafter inoculated with fungal sus-
pension. The fermentation was conducted in an incubator at
28-30°C under 80% humidity. After drying at 90-120°C for
60min, the ECT leaves were stored at -20°C refrigerator for
further use.

2.7. Preparation of ECP and ECT Infusion. The gold ECP
were first passed through a 100-mesh screen from ECT,
and the ECP were extracted with boiling ultrapure water for
30min in a boiling water bath. The ECP infusion was then fil-
tered under reduced pressure. ECT were extracted using
ultrapure boiling water for 30min in a boiling water bath.
The ECT infusion was then filtered under reduced pressure.

ECP and ECT dosages depended on the weight of the mice
(600mg/kg). All samples were divided into small portions
and stored under -20°C. The procedures were repeated
weekly to keep the samples fresh.

2.8. HPLC Analysis. The concentration of catechins, alka-
loids, and GA on PDT, ECT, and ECP infusions was ana-
lyzed using an Agilent LC-1260 high-performance liquid
chromatography (HPLC) (Santa Clara, USA). The HPLC
was equipped with a Welchrom C18 column (250mm ×
4:6mm × 5 μm). The mobile phase was ultrapure water
(A) and N, N-dimethylformamide :methanol : glacial acetic
acid = 39.5 : 2 : 1.5 (B) with a gradient elution of 9-14% B at
0-10min, 14-23% B at 10-15min, 23-36% B at 15-27min,
36%-36% B at 27-31min, 36%-9% B at 31-32min, and 9%
B at 32-37min. The temperature of the chromatographic
column was maintained at 30°C throughout all experi-
ments. The injection volume was 10μL. The HPLC chro-
matogram was monitored at UV 278nm.

2.9. Collection of Mice Serum, Lung Tissue, and Liver Tissue.
Before sample collection, the mice were starved of food for
12 h. The mice were sacrificed following intraperitoneal
anesthetization using pentobarbital sodium. Blood was
drawn from the eyelids for serum collection. Briefly, after
1 h incubation at room temperature, the blood was centri-
fuged for 10min 2500 r/min for 10min under at 4°C. The
upper serum was collected and stored at -80°C for future
use. The lung and liver tissues were removed, washed 3 times
with precooled saline, and dried. The right lung tissues were
placed in formalin for preparation of pathological tissue
sections. Some of the lung not in formalin and liver tissues
were stored at -80°C.

2.10. Histological Evaluation. The right lung tissues were
fixed in formalin for 3 days, embedded in paraffin, and there-
after stained using hematoxylin and eosin solution (H&E).
The sections were observed under an optical microscope at
200x magnification to assess any morphological changes in
lung tissue.

2.11. Biochemical Analysis. The oxidative stress index in mice
serum was assessed by measuring the catalytic activities of
GSH-Px and SOD, as well as the expression of MDA using
ELISA kits (Nanjing Jiancheng, Nanjing, Jiangsu, China).
On the other hand, the inflammatory responses were
assessed by measuring the concentrations of TNF-α, IL-6,
IL-8, and IL-1β using ELISA kits (Hualianke, Wuhan, Hubei.
China). All ELISA kits were strictly used based on the manu-
facturer’s instructions.

2.12. Western Blot Analysis. The MAPK proteins in the lung
and PXR/AhR proteins in the liver were extracted using total
protein extraction kit (Solarbio, Beijing, China), and quanti-
fied based on the BCA protein assay kit (Solarbio, Beijing,
China). Thereafter, 20μg of denatured proteins were sepa-
rated in 10% polyacrylamide gel using electrophoresis and
then transferred to PVDF membrane (80V, 30min, 120V,
60min). The membranes were blocked for 1 h at room
temperature using 5% nonfat milk in TBS-Tween (TBST),
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washed 3 times using TBST, and then incubated overnight at
4°C with several primary antibodies (p-p38 and p38, p-JNK
and JNK, p-ERK and ERK, PXR and GAPDH, AhR and
GAPDH (1 : 10000)). After three washes with TBST, the
membranes were reincubated for 1.5 h at room temperature
with horseradish peroxidase-conjugated secondary antibod-
ies in TBST supplemented with 5% BSA. After 3 washes with
TBST, the immunoblots were visualized after chemilumines-
cence. Protein concentrations were quantified by using
Image J software.

2.13. Statistical Analysis. Data was analyzed using Prism
version 7 (GraphPad Software, La Jolla, CA, USA). Differ-
ence between groups was analyzed using one-way ANOVA
and Student’s t-tests, based on Fisher’s LSD. Continuous
variables were expressed as mean ± SD. Statistical signifi-
cance was set at P < 0:05 or P < 0:01.

3. Result

3.1. HPLC Analysis. Catechins, alkaloids, and GA were the
major metabolites detected in PDT (Figure 1(a)), ECT
(Figure 1(b)), and ECP (Figure 1(c)). As shown in
Figure 1(d), after fermentation, total content of catechins in
ECT was 34:37 ± 0:79mg/g, decreasing by 63.54% in PDT
(P < 0:01). However, the concentration of GA was 11:86 ±
0:49mg/g with an increase percentage of 85.85 (P < 0:01).
Three alkaloids (theobromine, theophy, CAF) all increased
in ECT. Notably, CAF was the most abundant alkaloid at
38:99 ± 0:99mg/g in ECT. All catechins, alkaloids, and GA
were only slightly detected in ECP, perhaps due to the fact
the detection method for ECP is different from the others.
The decrease in ECT polyphenols was due to fermentation,
in which the polyphenols were concerted to bioactive theab-
rownins [20]. These findings suggest that Eurotium cristatum

fermentation changes the composition of metabolites on
ECT compared to PDT, with the fungi retaining several
bioactive and potential antioxidation substances.

3.2. Effects of EGCG, PDT, FBT, HJT, and ECT on the
Expression Level of PXR- and CYP450-Related Genes
(CYP1A2, CYP2B1, CYP2C6, CYP3A1, CYP3A9, and
CYP3A18) in Liver Tissues. As shown in Figure 2, compared
with the control group, PDT and ECT significantly increased
the expression of PXR mRNA. FBT and ECT induced a sig-
nificant increase in the expression of CYP1A2 mRNA. ECT
significantly increased the mRNA expression of CYP2B1.
PDT, FBT, HJT, and ECT all significantly increased the
mRNA expression of CYP2C6. EGCG and ECT significantly
increased the mRNA expression of CYP3A1. PDT, HJT, and
ECT significantly increased the expression of CYP3A9
mRNA. The expression of CYP3A18 mRNA decreased in
all groups. These findings demonstrate that ECT plays a
significant role in upregulating the expressions of PXR- and
CYP450-related genes (CYP1A2, CYP2B1, CYP2C6,
CYP3A1, CYP3A9, and CYP3A18). Also, the effect of ECT
was superior to that of EGCG, PDT, FBT, and HJT. Statistical
significance was set at P < 0:01 for all the analyses.

3.3. Histological Status of Mice Lung Tissues.Mice exposed to
CS gradually but slowly gained weight with exposure fre-
quency. Their fur turned yellow, and compared to controls,
were rough and dull. Some mice shed their hair, lost appetite,
and moved relatively slowly. After CS exposure, it took about
30min for the mice to recover from the depressive
symptoms.

As shown in Figure 3(a), the bronchi and alveolar of mice
in the control group were intact with normal alveolar spaces.
In contrast, those of CS group displayed dilated alveolar
spaces, infiltration of inflammatory cells, shedding of

Table 1: Primers used in the quantitative real-time polymerase chain reactions.

Gene Gene accession number Primer sequence 5′-3′ Product size (bp)

PXR —
F: GACGGCAGCATCTGGAACTAC

112
R: TGATGACGCCCTTGAACATG

CYP1A2 NM_012541
F: AAGCGCCGGTGCATTG

1,882
R: GCAGGAGGATGGCTAAGAAGAG

CYP2B1 J00719
F: CCCCATGTCGCAGAGAAAGT

1,567
R: GCGGTCATCAAGGGTTGGTA

CYP2C6 BC100092
F: CTCTGTTGCTCCTGCTGAAGTG

1,268
R: TGCCAACCACACGATCAATC

CYP3A1 L24207
F: TTATGCTCTTCACCGTGATCCA

2,015
R: GATCAATGCTGCCCTTGTTCTC

CYP3A9 NM_147206
F: GGCCTACAGCATGGATGTGA

1,976
R: CTGTGGGTTGTTAAGGGAATCAA

CYP3A18 NM_145782
F: AAGCACCTCCATTTCCTTCATAAT

2,005
R: TCTCATTCTGGAGTTTCTTTTGCA

GAPDH AF106860
F: CCTTCCGTGTTCCTACCC

2,039
R: CCCAAGATGCCCTTCAGT

F: forward; R: reverse.
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epithelial cells in the tracheal cavity, and congestion in the
pulmonary interstitial space (Figure 3(b)). Intriguingly,
ECP and ECT treatment prevented or reversed the develop-
ment of these pathological changes (Figures 3(c)–3(f)).

3.4. Effects of ECP and ECT on the Activities of Serum
Antioxidant Enzymes. The effect of ECP and ECT on the
activity of antioxidant enzymes of mice was shown in
Figures 4(a)–4(c). Compared with the control, CS exposure
significantly decreased the activity of SOD and GSH-Px as
well as upregulated the expression of MDA. In contrast, com-
pared with control, ECP and ECT treatment significantly
enhanced the activity of SOD and GSH-Px and significantly

decreased the expression of MDA. The statistical significance
was set at P < 0:01 for all the analyses.

3.5. Expressions of Inflammatory Cytokines in Serum. Com-
pared with CS exposure significantly upregulated the
expression levels of TNF-α, IL-6, IL-8, and IL-1β
(Figures 5(a)–5(d)). However, ECP and ECT treatment con-
ferred reduced expression levels of TNF-α, IL-6, IL-8, and
IL-1β (P < 0:01) in CS-exposed mice.

3.6. Western Blot Analysis. Phosphorylations of p38, JNK, and
ERK proteinwere measured to uncover the molecular mecha-
nism underlying modulation of CS-induced inflammatory
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response by ECP and ECT. Meanwhile, the expressions of
PXR and AhR proteinwere evaluated to investigate the
molecular mechanism underlying hepatic metabolic detoxi-
fication of ECP and ECT in CS-exposed mice. Compared
with the control group, the phosphorylations of p38, JNK,
and ERK proteinwere significantly (P < 0:01) upregulated
in the lung of the CS mice (Figures 6(a)–6(c)). However,
ECP and ECT intake, either as preventive or treatment
intervention, regulated abnormal phosphorylations of p38,
JNK, and ERK. In addition, compared with controls, CS
exposure significantly (P < 0:01) repressed the expression
levels of PXR and AhR protein (Figures 6(d) and 6(e)).
However, preventive ECT or cure treatment with ECP
and ECT significantly (P < 0:01) upregulated the expression
of PXR protein (Figure 6(d)). Furthermore, cure treatment
with ECP and ECT restored normal expression of AhR pro-
tein (Figure 6(e)).

4. Discussion

CS causes several health issues worldwide. Persistent CS
exposure causes numerous chronic respiratory complications
in the lung such as chronic obstructive pulmonary disease
(COPD), emphysema, and in severe cases, lung cancer [21–
23]. Also, smoking causes direct and indirect toxic effects
on the liver, including oxidative stress, necroinflammation,
and metabolic disorder [7]. The metabolic detoxification of
the liver is related to the systemic antioxidant and anti-
inflammatory effects. Studies have showed that several natu-
ral antioxidants including tea can modulate the oxidative
stress, inflammation, and liver toxicity caused by CS [24–
27]. Even though mechanism with which tea inhibits oxida-
tive stress and inflammation has been described, how it
mediates metabolic detoxification remains to be validated.
Therefore, we first simulated daily tea intake, and in
C57BL/6 mice, daily water intake was replaced with aqueous
EGCG, PDT, FBT, HJT, and ECT infusions to evaluate the
effect of different dark teas on the hepatic metabolic detoxifi-

cation. We found ECT significantly increased the mRNA
expression levels of PXR and CYP450. Yao et al. reported
similar findings, in which tea was found to increase the
expression of CYP450-related genes [28]. Subsequently, we
established a lung injury mice model by CS to investigate
the mechanism of ECT and ECP to ameliorate CS-induced
lung injury and as well how it mediates hepatic metabolic
detoxification.

ECT is an antioxidant with lower levels of total catechin
but high alkaloid, GA, and theabrownins compared to PDT
[29]. In this study, HPLC revealed that after fermentation,
the concentration of alkaloids and GA in ECT increased,
whereas that of total catechins decreased. However, only
low levels of the metabolites were detected in ECP. Given that
ECP is an Eurotium cristatummetabolite, the HPLC method
for tea might not be suitable for measuring ECP. Elsewhere,
Zou et al. showed that in addition to the 4 commonly known
metabolites (echinulin, dehydroechinulin, neoechinulin A,
and variecolorin O), cristatumin F, a novel metabolite, was
also detected in Eurotium cristatum crude extracts isolated
from Fu brick tea. Among them, cristatumin F exhibited
scavenging effects on free radicals [30]. These findings dem-
onstrated that ECT and ECP have high level of active antiox-
idant and anti-inflammatory substances. Based on these
findings, we hypothesized that ECT and ECP could alleviate
CS-induced lung injury by inhibiting oxidative damages
and inflammatory responses and may also has the ability to
enhance the hepatic metabolic detoxification.

CS exposure greatly impacts on the survival of mice.
Compared with controls, mice in the ECP and ECT cure
groups showed consistent unhealthy status during the first
2 months. These adverse events were significantly reversed
after the cessation of smoking and the beginning of gavage
during the final month. Also, ECP and ECT preventive
groups significantly improved the adverse status of the mice.
Pathological examination of the tissue sections revealed that
the lung tissues of mice in the control group displayed nor-
mal structure with no inflammatory cell infiltration. In
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Figure 2: Effects of EGCG, PDT, FBT, HJT, and ECT on the expression of PXR and CYP450mRNA in mice liver. (a–g) Represent changes in
PXR, CYP1A2, CYP2B1, CYP2C6, CYP3A1, CYP3A9, and CYP3A18, respectively. Values represents mean ± SD. ∗Statistical significance at
P < 0:05; ∗∗statistical significance at P < 0:01.
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contrast, there were abnormal alterations in alveolar and epi-
thelial cells and infiltration of inflammatory cells in CS model
group. However, cure and preventive treatment of ECP and
ECT significantly reversed these changes. The protective
effects of ECP and ECT are associated with its antioxidative
and anti-inflammatory effects.

Oxidative stress disrupts the antioxidant system and
increases lipid peroxidation. Therefore, functions of SOD
and GSH-Px antioxidant enzymes and MDA peroxidation
are key indicators of oxidative stress in the body [4]. In
this study, we found CS exposure significantly suppressed
SOD and GSH-Px activities. Nevertheless, ECP and ECT

(a) (b)

(c) (d)

(e) (f)

Figure 3: The effects of ECP and ECT on pathological appearance in the lung tissues exposed to CS (200x). (a) Control group shows normal
lung tissue with uniform alveolar spaces (thin arrow). (b) CS model group shows dilated alveolar spaces (thin arrow), inflammatory cell
infiltration (thick arrow), epithelial cells in the tracheal cavity are shed, and pulmonary interstitial congestion. (c) CS with ECP preventive
group shows dilated alveolar spaces (thin arrow) and inflammatory cell infiltration (thick arrow). (d) CS with ECT preventive group
shows dilated alveolar spaces (thin arrow) and inflammatory cell infiltration (thick arrow). (e) CS with ECP cure group shows dilated
alveolar spaces (thin arrow), but less inflammatory cell infiltration (thick arrow). (f) CS with ECT cure group shows dilated alveolar
spaces (thin arrow), but less inflammatory cell infiltration (thick arrow). Thin arrows show dilated alveolar spaces, whereas the thick one
shows infiltration of inflammatory cells. Preventive group, included ECP/ECT intake from weeks 1 to 12 of mice exposed to CS through
the same period. The interval between smoke exposure and feeding was about 5 hours per day. Cure group, mice were exposed to CS
commenced from weeks 1 to 8, after which the mice received ECP/ECT from weeks 9 to 12.
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treatment restored these changes. Notably, the effect was
superior in cure groups than preventive groups. These find-
ings underline the protective effect of ECP and ECT against
CS-induced oxidative damages. Previous studies showed that
CS-induced lung injury is associated with excess free radicals
and lipid peroxidation [31]. Herein, the CS group exhibited
higher MDA levels compared to the control group signifi-
cantly. However, both preventive and cure groups with
ECP and ECT significantly decreased CS-induced damages
and expression of MDA. These findings suggest that ECP
and ECT inhibit CS-induced oxidative stress.

To further clarify the pathophysiological effects of ECP
and ECT on CS-exposed mice, we measured the concentra-
tion of 4 inflammatory markers including TNF-α, IL-6, IL-
8, and IL-1β. In a separate study, it was found that TNF-α
and IL-1β in human endothelial cells exposed to CS for
longer periods were significantly higher than in nonsmokers
[32]. Significant IL-1β increases in lung tissue of COPD
patients and induces sputum production [33]. On the other
hand, CS exposure significantly increased secretion of IL-8

in human bronchial epithelial cells [34]. IL-6 is a robust
cytokine that activates proliferation of T and B cells and
regulates inflammatory response. CS exposure increases
infiltration of inflammatory cells and expression of IL-6
and TNF-α in bronchial alveolar lavage fluid (BALF) [35,
36]. In this study, compared to control group, CS exposure
significantly upregulated the expression of TNF-α, IL-6,
IL-8, and IL-1β. However, ECP and ECT treatment signif-
icantly downregulated the expression of the above proin-
flammatory cytokines. Notably, the effect of ECP and
ECT was superior in cure groups than the preventive
groups. This is probably because CS exposure in the cure
groups was stopped after 8 weeks, whereas that of preventive
groups continued for 4 more weeks, thus, the extended
smoke exposure severely hindered recovery from the oxida-
tive damages. Interestingly, ECP conferred better effects than
ECT in the cure groups. In contrast, the effect of ECT in the
preventive groups was superior to that of ECP. This tendency
may be due to the fact that the mice in the cure groups were
already injured before receiving ECP and ECT and that acute
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Figure 4: The effects of ECP and ECT on GSH-Px and SOD activities and the expression of MDA levels in serum of mice exposed to CS.
Preventive group (P), included ECP/ECT intake from week s1 to 12 of mice exposed to CS through the same period. The interval between
smoke exposure and feeding was about 5 hours per day. Cure group (C), mice were exposed to CS commenced from weeks 1 to 8, after
which the mice received ECP/ECT from weeks 9 to 12. (a) Active unit of GSH-Px. (b) Activity of SOD. (c) Concentration of MDA. The
values represent mean ± SD of each measure. ∗∗P < 0:01, compared with the normal control group; ##P < 0:01, compared with the CS
model group.
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ingestion of CAF may exacerbate lung injury after ECT
feeding [37]. Yet in the preventive groups, after long-
term treatment with smoking and feeding, mice showed
increased tolerance to the CAF in ECT. Therefore, in the
preventive groups, ECT was more effective than ECP in
ameliorating lung injury in mice as a result of its higher
content of tea polyphenols and GA. Hence, we hypothe-
sized that the use of mild antioxidants such as ECP in
the early stages would be more effective in improving the
oxidative stress and inflammatory response after cessation
of long-term CS exposure. However, ECT consumption
was more effective in improving oxidative stress and
inflammatory responses during prolonged CS exposure.

MAPK signaling pathway regulates extracellular signal-
ing in cells. The tertiary MAPK kinase pathway regulates
important physiological and pathological processes including
cell growth, differentiation, apoptosis, and inflammation. It
further regulates expression of p38, JNK, and EKR proteins.
ERK mediates cellular inflammatory and transcriptional
activities. During COPD development, activated ERK pro-
motes the release of proinflammatory cytokines such as
TNF-α, IL-6, and IL-1β. This exacerbates inflammation in

the airways and increases oxidative DNA and alveolar cell
damages [38, 39]. p38 and JNK pathways are regulated by
stress-induced signals and lung proinflammatory cytokines
[40, 41]. Moreover, recent findings show that TNF-α acti-
vates the p38 MAPK signaling pathway, which induces
asthma and the development of COPD [42]. CS metabolites
induce phosphorylation of cellular H3S10 histones via the
JNK and phosphatidylinositol 3-kinase/protein kinase B
pathways, which directly promotes tumorigenesis [43]. In
both COPD and non-COPD patients, CSE treatment upreg-
ulated the expression of IL-6 and IL-8 in lung bronchial cells
and activated the p38 and JNK signaling pathways. There-
fore, in general, CS induces proinflammatory responses that
exacerbate COPD [44]. This study showed that CS exposure
significantly upregulated the expression of phosphorylated
p38, JNK, and ERK proteins and activated the MAPK signal-
ing pathway. However, both preventive as well as ECP and
ECT treatments reversed the above effects. Notably, the
ECP and ECT protective effects were superior in cure than
in preventive groups. This was in agreement with recent
studies that showed that FBT reduces the level of UVB-
induced oxidative stress in human keratinocytes by
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Figure 5: The effects of ECP and ECT on TNF-α, IL-6, IL-8, and IL-1β levels in serum of mice exposed to CS. (a–d) Concentration of TNF-α,
IL-6, IL-8, and IL-1β, respectively. The measures represent mean ± SD. ∗∗P < 0:01, compared with the normal control group; ##P < 0:01,
compared with the CS model group.
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Figure 6: Continued.
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modulating the MAPKs/Nrf2 signaling pathway [45]. Also, it
has been demonstrated that metabolites with antioxidant and
anti-inflammatory properties such as GA, catechins, and
Eurotium cristatum metabolites modulate the MAPK signal-
ing pathway [4, 46, 47]. Therefore, our findings demon-
strated that ECT and ECP inhibit CS-induced activation of
lung MAPK signaling pathway, phosphorylation of p38,
JNK, and ERK proteins, oxidative stress, and inflammation
in mice.

PXR, a member of nuclear receptor superfamily NR1I2,
plays a critical role in the metabolic detoxification system
by detecting biological xenobiotics and triggering detoxifica-
tion reactions, primarily expressed in the liver and intestine
[48]. As already mentioned, PXR is a xenosensor that mod-
ulates the expression of xenobiotic-metabolizing enzymes
and transporters. Therefore, this mediates the elimination
of xenobiotics and endogenous toxic chemicals such as bile
acids [49]. A recent study showed that exposing PXR knock-
out mice to 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB-153)
markedly reduced the expression of GSH-Px and increased
oxidative stress levels in vivo. On the other hand, PCB
metabolites were significantly upregulated in mice liver,
indicative of oxidative stress and DNA damage in the mice
liver [50]. Naspinski et al. reported that PXR enhances cellu-
lar detoxification by upregulating expression of metabolizing
enzyme, effectively protecting cells from benzopyrene- (BaP-
) induced DNA damage [51]. These findings suggest that
PXR protective against oxidative liver damage modulates
expression of metabolic enzyme and enhances metabolic
detoxification [49]. AhR is a xenobiotic receptor strongly
expressed in the liver cells. It detects environmental toxins

and regulates metabolism of xenobiotic [52]. Also, AhR par-
ticipates in liver development, regulates liver regeneration,
and inhibits tumor development. Moreover, mice models
showed that AhR prevents activation of hepatic stellate cells
and liver fibrogenesis [53, 54]. Numerous studies have also
demonstrated that AhR alleviates oxidative stress, inflamma-
tion, and apoptosis induced by CS [55–57]. In this study, we
found CS exposure significantly decreased the expression of
PXR and AhR. However, both preventive and cure ECP as
well as ECT increased the expression of PXR and AhR
proteins after CS exposure. Therefore, findings of this study
suggest ECP and ECT are potential antioxidants that could
enhance hepatic metabolic detoxification.

Meanwhile, increasing evidence suggests of a potential
cross talk between MAPK, PXR, AhR, and other inflamma-
tory signaling pathways. In particular, CS exposure activates
the MAPK pathway in the lung [58], consistent with our
findings. CS exposure also induces the overexpression of
other inflammatory signaling pathways such as nuclear fac-
tor kappa B (NF-κB) and TNF-α [59]. It also reduces the
expression of AhR protein in lung, decreasing the protective
capacity of AhR against inflammatory and oxidative damages
in lung [60]. The effect of CS exposure on PXR in lung has
not been reported, probably because PXR is mainly express
in liver and intestine. Our findings demonstrated that ECT
and associated ECP represses the MAPK signaling pathway
and proinflammatory cytokine. Therefore, we speculate
ECT and the fungi protects against CS-induced lung injury
may be related to the AhR, MAPK, and NF-κB pathways
(Figure 7(a)). The effect of CS exposure on PXR and AhR sig-
naling pathways in the liver is scarcely reported. However,
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Figure 6: The effects of ECP and ECT on the expression of p38 and p-p38, JNK and p-JNK, and ERK and pERK proteins in the lung and PXR
and AhR protein in the liver of mice exposed to CS. Western blot analysis for the expression of (a) phosphorylated p-p38 and total p38, (b) p-
JNK and total JNK, (c) p-ERK and total ERK in lung tissues of mice exposed to CS. Expression of (d) PXR and (e) AhR proteins in the liver
tissues of mice exposed to CS. Measurements represents mean ± SD. ∗∗P < 0:01, compared with the normal control group; ##P < 0:01,
compared with the CS model group.
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mice models show that chronic CS exposure activates the
MAPK and NF-κB signaling pathways and induces the release
of proinflammatory cytokines in the liver [59, 61]. Activated
MAPK pathway inhibits expression of CYP450-related genes
affecting drug metabolism and detoxification in the hepato-
cytes [62]. NF-κB inhibits expression of PXR mRNA and
disrupts the PXR-CYP450 gene responses [48]. In this study,
ECT and associated ECP enhanced the expression of
PXR/AhR proteins in the liver induced by CS exposure. Hence,
it is reasonable to hypothesize that CS exposure disrupts the
PXR, AhR, MAPK, and NF-κB signaling pathways and inhibit
hepatic drug metabolism and detoxification. Moreover, ECT
and associated ECP are antioxidant that can reverse these
events (Figure 7(b)). However, we did not assess genes and
proteins expression of MAPK and NF-κB in the liver as well
as NF-κB, PXR, and AhR in the lung of the experimental mice.
In addition, expression of key tissue molecular indicators for
inflammation such as NF-κB and activator protein-1 was not
evaluated. Nevertheless, these researches will continue to be
investigated in the future.

5. Conclusion

This study demonstrated that ECT and ECP significantly
improved the health and restored normal pathophysiology

in the lung induced by CS. Moreover, they remarkably
enhanced the SOD and GSH-Px functions and downregu-
lated the expression of MDA, IL-6, IL-8, IL-1β, and TNF-α
in the serum. In addition, ECT and ECP downregulated
phosphorylation of lung p38, JNK, and ERK proteins in
mice. Furthermore, ECT remarkably upregulated the expres-
sion of mRNA for PXR- and CYP450-related genes. It also
upregulated the protein expression of PXR and AhR in the
liver. Overall, this study demonstrated that ECT and ECP
protects against CS-induced oxidative stress and inflamma-
tory damages in mice lung, via the MAPK signaling path-
way. Meanwhile, ECT and ECP also protects against
modulation of metabolic detoxification in the liver via the
PXR/AhR signaling pathway. Accordingly, daily intake of
ECT and ECP can potentially protect against CS-induced
oxidative and inflammatory injury.
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Diphlorethohydroxycarmalol (DPHC), a type of phlorotannin isolated from the marine alga Ishige okamurae, reportedly alleviates
impaired glucose tolerance. However, the molecular mechanisms of DPHC regulatory activity and by which it exerts potential
beneficial effects on glucose transport into skeletal myotubes to control glucose homeostasis remain largely unexplored. The aim
of this study was to evaluate the effect of DPHC on cytosolic Ca2+ levels and its correlation with blood glucose transport in
skeletal myotubes in vitro and in vivo. Cytosolic Ca2+ levels upon DPHC treatment were evaluated in skeletal myotubes and
zebrafish larvae by Ca2+ imaging using Fluo-4. We investigated the effect of DPHC on the blood glucose level and glucose
transport pathway in a hyperglycemic zebrafish. DPHC was shown to control blood glucose levels by accelerating glucose
transport; this effect was associated with elevated cytosolic Ca2+ levels in skeletal myotubes. Moreover, the increased cytosolic
Ca2+ level caused by DPHC can facilitate the Glut4/AMPK pathways of the skeletal muscle in activating glucose metabolism,
thereby regulating muscle contraction through the regulation of expression of troponin I/C, CaMKII, and ATP. Our findings
provide insights into the mechanism of DPHC activity in skeletal myotubes, suggesting that increased cytosolic Ca2+ levels
caused by DPHC can promote glucose transport into skeletal myotubes to modulate blood glucose levels, thus indicating the
potential use of DPHC in the prevention of diabetes.

1. Introduction

Glucose is stored as glycogen in the skeletal muscle, a major
site of glucose uptake that is critical to whole-body glucose
metabolism in humans. Previous studies have shown that
genetic activation of glycolytic metabolism in the skeletal
muscle leads to an improvement in whole-body glucose
homeostasis in mice [1]. Indeed, elevation in blood glucose
levels results in increased glycolytic metabolism, which may
represent an important aspect of the adaptive response in
skeletal muscle [1].

Glucose uptake to control the blood glucose homeostasis
can be induced through the activation of muscle contraction
[2]. Some of the signaling mechanisms that mediate an
increase in the expression of glucose transporter 4 (Glut4)
in response to exercise have been identified to be driven by

a rise in cytosolic Ca2+ levels due to increased release of
Ca2+ from the sarcoplasmic reticulum (SR) [3, 4]. These
studies showed that an increase in glucose uptake during
muscle contractions does not require membrane depolariza-
tion but only a release of Ca2+ to the cytoplasm [5]. Cyto-
solic Ca2+ in the skeletal muscle regulates several signaling
pathways and metabolic events related to contraction and
relaxation [6].

Increased cytosolic Ca2+ levels in the skeletal muscle
leads to the initiation of contraction, generating signals for
the activation of Glut4 translocation [7, 8]. In addition, con-
tractile activity results in an increase in the phosphorylation
of Ca2+/calmodulin-dependent protein kinase II (CaMKII)
in skeletal muscle, leading to the upregulation of Glut4 [4].
Glucose uptake in the skeletal muscle tissue is achieved
by at least two major mechanisms: (1) insulin-dependent
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activation of PI3-K/Akt and (2) activation of AMPK by
muscle contraction due to exercise, in order to maintain
energy balance [9]. Activation of AMPK plays a key role
in maintaining cellular energy levels and stimulation of
glucose uptake.

Furthermore, muscle contraction can stimulate Glut4
and 5′ AMP-activated protein kinase (AMPK) expression
to increase adenosine triphosphate (ATP) production [10,
11]. ATP hydrolysis, via the interaction between actin and
myosin molecules, generates the force for muscle contraction
[12]. The actomyosin ATPase activity is regulated by
troponin-tropomyosin interaction, which is a crucial part of
the protein interaction [13]. In addition, the binding of
Ca2+ to troponin results in the contraction of muscle fibers
[14]. In particular, the Ca2+ regulation mechanisms include
the release upon Ca2+ binding to troponin C and the inhibi-
tion of contractile interaction through troponin I.

Previous studies have shown that diabetes mellitus is
commonly linked to a decreased efficiency in utilizing ATP
as energy in the skeletal muscles [15]. Increasing glucose
uptake is derived from muscle contractile activity, resulting
in the prevention of diabetes [16]. Alterations in Ca2+

homeostasis in skeletal muscles are strongly associated with
metabolic stress and diabetes, as Ca2+ is indispensable for
glucose uptake during muscle contraction in response to
fluctuations in blood glucose [17, 18]. Therefore, in this
study, we hypothesized that glucose transport can be regu-
lated by the Ca2+-dependent cytosolic signaling pathways in
muscle cells; this helps in regulating blood glucose levels.

In our previous studies, we demonstrated that the marine
alga Ishige okamurae shows antidiabetic associated responses
through the modulation of blood glucose levels as well as
inhibition of carbohydrate-digestive enzymes [19]. In addi-
tion, diphlorethohydroxycarmalol (DPHC), a phlorotannin
isolated from Ishige okamurae, was revealed to have potential
antidiabetic activity via prominent inhibitory effects against
the α-glucosidase and α-amylase enzymes [20]. However,
regulating glucose homeostasis and the underlying mecha-
nisms of glucose uptake in skeletal muscle by DPHC treat-
ment to control blood glucose levels have not yet been
examined.

In the present study, we found that during impaired glu-
cose tolerance, DPHC can induce glucose uptake in the skel-
etal muscle to improve blood glucose homeostasis. In
addition, we explored the effects of DPHC on cytosolic
Ca2+ levels in the skeletal muscle and the underlying signal-
ing mechanisms in in vitro and in vivo models. Further, the
effect of DPHC onmuscle contraction was evaluated in a zeb-
rafish model with alloxan-induced hyperglycemia. Data from
this study demonstrate that glucose transport is an important
part of the mechanism underlying the effect of DPHC and
further provide insights into strategies aimed at improving
glucose homeostasis to help ameliorate metabolic disorders
in patients with diabetes in the future.

2. Materials and Methods

2.1. Materials. Diphlorethohydroxycarmalol (DPHC) was
isolated as previously described by Heo et al. [19]. Fluo-4

Direct™ Calcium Assay kit was purchased from Invitrogen by
Thermo Fisher Scientific (Waltham,MA,USA). 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenylte-trazolium bromide (MTT); 2-
deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose
(2-NBDG); 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetra-
acetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM); D-
(+)-glucose (glucose); 2,4,5,6(1H,3H)-pyrimidinetetrone
(alloxan monohydrate); and 1,1-dimethylbiguanide hydro-
chloride (metformin) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Antibodies against phospho-AMP-
activated protein kinase (Thr172), AMPK and p-Akt
(Ser473), Akt, Glut4, and GAPDH were obtained from Cell
Signaling Technology (Bedford, MA, USA), and anti-rabbit
secondary antibodies were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). ATP Assay Kit (colori-
metric/fluorometric) was purchased from Abcam (Abcam
Inc., Cambridge, USA).

2.2. C2C12 Cell Culture, Differentiation, and Cell Viability
Assay. Previous studies have shown that C2C12 cells repre-
sent a model to study insulin resistance in diabetes and
improvement in muscle function [21, 22]. C2C12 skeletal
muscle cells (American Type Culture Collection) were main-
tained in DMEM with 10% FBS and antibiotics, at 37°C in a
humidified incubator of 5% CO2. When the cells reached
80% confluence, C2C12 cells were differentiated into skeletal
myotubes in DMEM-low glucose with 2% horse serum for 5
days. Viability levels of C2C12 cells were determined by the
ability of mitochondria to convert MTT to an insoluble for-
mazan product. Cells were maintained in 96-well plates at a
density of 3 × 104 cells/well and subsequently subjected to
different concentrations of DPHC (0.1, 2, 10, and 30μM)
for 24 h. Cells were pretreated with MTT solution (2mg/mL)
for 3 h. Subsequently, cell density was determined by measur-
ing optical density (OD) at 540nm using a microplate reader
(Gen5 version 2.05, BioTek, Winooski, Vermont, USA).

2.3. Glucose Uptake Assay. Differentiated cells and skeletal
myotubes were maintained in serum-free and low-glucose
DMEM for 6 h before treatment with DPHC. After incuba-
tion, cells were treated with DPHC in glucose-free media.
Subsequently, 2-NBDG at 50μM final concentration was
added for 24h at 37°C. Then, cells were washed twice with
PBS, serum-free medium was added, and the fluorescence
intensity was immediately measured in a microplate reader
at an excitation wavelength of 485nm and an emission wave-
length of 530nm. After being taken up by the cells, 2-NBDG
was converted into a nonfluorescent derivative (2-NBDG
metabolite). The overall glucose uptake was obtained by
quantifying the diminution in the fluorescence. The assay
was performed as described by Blodgett et al. [23].

2.4. Cytosolic Ca2+ Level by Fluo-4 in Skeletal Myotubes.
Cytosolic Ca2+ level was detected using the Ca2+-sensitive
probe Fluo-4 in 1x PBS (phosphate-buffered saline, com-
prised of 140mM NaCl, 5.9mM KCl, 1.8mM MgCl2,
10mM HEPES, 11.5mM glucose, 1.2mM NaH2PO4, and
5mM NaHCO3). Skeletal myotubes were incubated in 1x
Fluo-4 for 30 minutes at 37°C, washed with PBS and added
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1x PSS with 0.1% BSA. After recording basal fluorescence for
10 sec at interval time of 1 sec, cells were directly added 1x
PSS or DPHC (3, 10, and 30μM) in 0.1% BSA. After record-
ing fluorescence for 55 sec with interval time of 1 sec, reflect-
ing cytosolic Ca2+ levels were obtained to the microscope
(Gen 5 version 3.03, BioTek, Winooski, Vermont, USA). A
box plot was used to visualize descriptive statistics of the dif-
ferent groups [24].

2.5. Experimental Animals

2.5.1. Maintenance of Parental Zebrafish and Collection of
Embryos. Adult zebrafish was obtained from a commercial
dealer (Jeju aquarium, Jeju, Korea). Fifteen fishes were kept
in 3.5 L acrylic tank according to the conditions: 28:5 ± 1°C,
fed two times a day (Tetra GmgH D-49304, Melle, Germany)
with a 14/10 light/dark cycle [25]. Embryos were mated, and
spawning was stimulated by setting of light, after breeding 1
female and 2 males. Embryos were collected within 30min
and transferred to Petri dishes containing embryo media.
The zebrafish experiment received approval from the Animal
Care and Use Committee of the Jeju National University
(Approval No. 2017-0001).

2.5.2. Toxicity of DPHC in Zebrafish Embryos. From approx-
imately 4 hours postfertilization (hpf), embryos (n = 15)
were transferred to individual wells of 12-well plates contain-
ing 950μL embryo media with 50μL of DPHC (0.1, 2, 10,
and 30μM). Percent survival of zebrafish embryos exposed
to DPHC up to 168hpf was measured.

2.5.3. Cytosolic Ca2+ Level Measurement in Zebrafish Larvae.
In accordance with a previous study [26], the cytosolic Ca2+

level of zebrafish larvae was detected using the Ca2+-sensitive
probe, Fluo-4. Zebrafish larvae were incubated in the 2x
Fluo-4 for 30 minutes at 28:5 ± 1°C and subsequently treated
with DPHC (0.1, 2, and 10μM). As a control, to ensure if the
Ca2+ signal was completely blocked by chelation of cytosolic
Ca2+ with BAPTA-AM, we preincubated fish with 0.1mM
BAPTA-AM for 1 h before loading the Fluo-4.

2.5.4. Blood Glucose Level. Wild-type zebrafish were exposed
to 2mg/mL alloxan for 1 h and transferred to 1% glucose for
another 1 h. The media was then changed to water for 1 h,
and zebrafish were injected with saline, or DPHC, or metfor-
min, with or without BAPTA-AM for 90min. Adult zebra-
fish were divided into six groups: normal, alloxan-treated
group, DPHC (0.3μg/g body weight), metformin (5μg/g
body weight; a positive control with known blood glucose
level-controlling activity) [27], BAPTA-AM (3μg/g body
weight), and BAPTA-AM (3μg/g body weight) with DPHC
(0.3μg/g body weight). Blood glucose level was measured
using the protocol described by Zang et al. [28].

2.5.5. Plasma Membrane Protein Extraction of Zebrafish
Muscle Tissue. In accordance with a previous study [29],
membrane protein of zebrafish muscle tissue was extracted
using a membrane protein extraction kit (Catalog number
89842, Thermo Scientific, Waltham, Massachusetts, USA)
according to the manufacturer’s protocols. For the zebrafish

muscle tissue collection, the fish’s head, tail, fins, skin, and
internal organs were removed using a scalpel and forceps.
Zebrafish muscle tissue (20-40mg) was washed in 4mL of
cell wash solution and homogenized in 1mL of perme-
abilization buffer. And then, tissue was incubated for
10min at 4°C. The homogenates were centrifuged at 16,000
× g for 15min at 4°C to pellet permeabilized cells, and then
the supernatant containing cytosolic proteins was removed.
The membrane proteins pellet was resuspended in 1mL of
solubilization buffer, then pipetted up and down, incubated
30min at 4°C, and centrifuged at 16,000 × g for 15min at
4°C. The supernatant containing solubilized membrane and
membrane-associated proteins was stored for western blot
analysis.

2.6. Western Blot Analysis. Western blot analysis was carried
out using the protocol described by Ko et al. [30]. The
phospho-AMPK (Thr172), total-AMPK (Ser473), phos-
phor-Akt, total-Akt, and Glut4 were used at 1 : 1000 dilution,
and secondary antibodies were used at 1 : 3000 dilution.

2.7. ATP Assay.Using 0.1mMATP standard dilution, a stan-
dard curve was generated following the ATP assay kit proto-
col (ab83355, Abcam, America). 10mg of muscle tissue was
harvested for each assay and washed in cold PBS. Tissue
was homogenized in ice-cold 2N PCA with 10-15 passes.
Following maintaining on ice for 30-45min, samples were
centrifuged at 13,000 g for 3min at 4°C, and supernatants
were collected. Samples were adjusted to pH between 6.5
and 8 to neutralize the samples and precipitate the excess
PCA. Samples were centrifuged at 13,000 g for 15min at
4°C, and supernatants were collected. The supernatants were
transferred to individual wells of 96-well plates mixed with
the same volume of ATP reaction mix and incubated at 21
± 1°C for 30min, protected from light. ATP levels in each
sample were determined by measuring optical density (OD)
at 570nm using a microplate reader (Gen5 version 2.05, Bio-
Tek, Winooski, Vermont, USA). The amount of ATP in the
samples was calculated according to the standard curve.

2.8. Immunofluorescence (IF). To conduct histological analy-
sis, the muscle tissue of zebrafish was fixed in Bouin’s solu-
tion for 24 h and subsequently transferred to 70% ethanol
for storage. Following this, the tissue was dehydrated in a
graded ethanol series and embedded in paraffin. The muscle
tissue was sectioned into 7μm sections using a microtome
(Leica, Nussloch, Germany) and mounted onto glass slides.
The tissue slides were deparaffinized and treated with animal
serum to block antibody binding and then incubated with
anti-GLUT4 antibodies (1 : 400), troponin I (1 : 400), and tro-
ponin C (1 : 400) overnight at 4°C. In addition, the tissue
slides were rinsed with PBS and incubated with fluorescent-
dye conjugated secondary antibodies (1 : 200) for 1 h at 21
± 1°C. Rinsed tissue slides were mounted with slide mount-
ing medium (SIGMA). The fluorescence from tissue slides
was observed and imaged under the microscope (Gen5 ver-
sion 3.03, BioTek, Winooski, Vermont, USA).

2.9. Statistical Analysis. All of the data were presented as
means ± standard error (SE). The mean values were calculated
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based on data from at least three independent experiments
which were conducted on separate days using freshly pre-
pared reagents. All the experiments were statistically ana-
lyzed using one-way analysis of variance (one-way
ANOVA) and Fisher’s LSD test (in GraphPad Prism Version
7.03). A p value of less than 0.05 (#p < 0:05, ##p < 0:01,
###p < 0:001, and ####p < 0:0001) was considered statistically
significant and compared with the nontreated group. A p
value of less than 0.05 (∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001,
and ∗∗∗∗p < 0:0001) was considered statistically significant
and compared with the no sample-treated group.

3. Results

3.1. Regulation of Blood Glucose Levels in Adult Zebrafish. To
assess whether blood glucose levels are influenced by DPHC,
we used an alloxan-induced hyperglycemic zebrafish model
[25]. Initially, to evaluate the toxicity of DPHC, zebrafish
embryos were exposed to 0.1, 2, 10, and 30μM of DPHC in
the embryo media for 168 hpf. As shown in Figure 1(a),
90%, 90%, and 80% of the zebrafish survived after treatment
with 1.2, 6, and 12μM DPHC, respectively, whereas 30μM
DPHC treatment showed a significant decrease in survival
to 70 ± 4:71% compared to that observed in the control
group. Therefore, the subsequent zebrafish experiments were
conducted with concentrations that permitted ≥80% survival
(Figure 1(a)).

Zebrafish treated with 2mg/mL alloxan showed pancre-
atic islet damage, leading to reduced glucose-mediated insu-
lin secretion, resulting in a diabetic condition (Figure 1(b)).
Blood glucose levels of zebrafish in the 0.6% glucose group
increased 3.28-fold compared to those in the normal group
(Figure 1(c)), which were comparable to the blood glucose
levels in a hyperglycemic mouse model. Injection with
increasing concentrations of DPHC (0.03, 0.1, and
0.3μg/g) in 0.6% glucose to zebrafish decreased blood glu-
cose levels by 269, 223, and 206mg/dL, respectively,
whereas metformin (3μg/g) led to a 176mg/dL decrease
in the blood glucose level. These data suggest that DPHC
can reduce blood glucose levels in a hyperglycemic zebra-
fish model.

3.2. Measurement of Cell Viability and Glucose Uptake in
Skeletal Myotubes. As glucose uptake by skeletal muscles is
the key step in glucose homeostasis [31], we examined the
effect of DPHC on glucose uptake in differentiated myocytes.
Initially, the cells were treated with DPHC (0.1, 2, 10, and
30μM) for 24 h, and cell viability was assessed using an
MTT assay. As shown in Figure 2(a), cells treated with DPHC
did not show a significant difference in cell viability com-
pared to those of the control group. It was therefore con-
firmed that these concentrations of DPHC were nontoxic
and were used for further in vitro experiments.

Glucose uptake following DPHC treatment in skeletal
myotubes was evaluated without insulin stimulation
(Figure 2(b)). Treatment of the skeletal myotubes with DPHC
led to an increase in glucose uptake in a concentration-
dependent manner, and 30μM of DPHC led to a significant
increase in glucose uptake of 154% compared to that in the

control group. These data suggested that DPHC treatment
can induce glucose uptake in the absence of insulin in skeletal
myotubes.

3.3. Increasing the Cytosolic Ca2+ Level in Skeletal Myotubes.
To investigate the change of cytosolic Ca2+ levels by DPHC
treatment, we performed Ca2+ imaging using Fluo-4-AM, a
cell permeable and sensitive calcium indicator. Exposure of
skeletal myotubes to DPHC in the presence of extracellular
Ca2+ in this PSS buffer with the addition of CaCl2 resulted
in a rapid and robust increase in cytosolic calcium levels
(Figure 2(c)). Similarly, in the absence of external Ca2+, ele-
vation in cytosolic Ca2+ levels upon DPHC treatment in the
skeletal myotubes was also observed, indicating that no dif-
ference was observed by the presence or absence of extracel-
lular Ca2+ (Figure 2(d)). In Figure 2(e), the box plot of the
Ca2+ response for 60 sec from Figures 2(c) and 2(d) in the
presence or absence of extracellular Ca2+ shows that cytosolic
Ca2+ levels following 30μM DPHC treatment were not sig-
nificantly altered by extracellular Ca2+. Additionally, the skel-
etal myotubes pretreated with BAPTA-AM, a cytosolic Ca2+

chelator, elicited no change in cytosolic Ca2+ upon DPHC
treatment in both the presence or absence of extracellular
Ca2+. Elevation of cytosolic Ca2+ in skeletal myotubes treated
with DPHC regardless of the existence of extracellular Ca2+

suggests that the Ca2+ increase by DPHC is likely to be
related to the release of Ca2+ to the cytosol from the SR and
not to Ca2+ influx by plasma membrane Ca2+ channels.

Next, the level of cytosolic Ca2+ with different concen-
trations of DPHC (3, 10, and 30μM) was analyzed by mea-
suring fluorescence changes in skeletal myotubes in the
absence of extracellular Ca2+. Cytosolic Ca2+ was instantly
observed to increase upon DPHC treatment, while in the
presence of BAPTA-AM, this calcium response was abol-
ished (Figures 3(a) and 3(b)). The Ca2+ response in total
skeletal myotubes upon DPHC treatment was quantified
as shown in Figure 3(c), indicating that cytosolic Ca2+ sig-
nificantly increased with 3, 10, and 30μM DPHC compared
to that with PSS treatment. This response was also observed
in single skeletal myotubes (Figure 3(d)). These data
showed that the Ca2+ release from the SR is induced in
response to DPHC treatment of the skeletal myotubes.

3.4. DPHC Engages Cytosolic Ca2+ Signaling to Regulate
Blood Glucose. Given that cytosolic Ca2+ release is indispens-
able for glucose uptake in myocytes [32], we postulated that
DPHC might engage Ca2+ signaling to regulate skeletal mus-
cle glucose homeostasis. To test this, we performed Ca2+

imaging studies in 3 hdf zebrafish embryos using Fluo-4 dye
in the absence of external Ca2+ following exposure to DPHC.
Initially, we confirmed that no significant fluorescence was
induced by treatment with different concentrations of DPHC
alone (without Fluo-4) compared to that in the controls (N,
no Fluo-4 and no drugs exposed, and F, only Fluo-4 exposed)
(Figure 4(a)). Moreover, fluorescence in the zebrafish in the
Fluo-4 alone (F) sample increased 1.62-folds compared to
that in the normal (N) control. These data showed that the
intracellular Ca2+ in zebrafish embryos were detected by
Fluo-4. Next, the effect of DPHC in Fluo-4-exposed embryos
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was assessed. Zebrafish embryos exposed to DPHC and Fluo-
4 had a rapid rise in cytosolic Ca2+; however, this increase
was abolished with preincubation of the 10μM DPHC-
treated zebrafish embryos with 0.1mM BAPTA-AM for 1 h

(Figure 4(b)). This finding suggests that DPHC can induce
cytosolic Ca2+ elevation in zebrafish embryos.

To examine whether Ca2+ is required for the blood
glucose-lowering effect of DPHC, we treated alloxan-
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Figure 1: Evaluation of toxicity of DPHC by assessment of survival rate and measurement of blood glucose level in zebrafish. The zebrafish
were treated with various concentrations of DPHC from Ishige okamurae. (a) Survival curves of zebrafish embryos after exposure to DPHC
(n = 15 for each group). (b) Diagram and (c) result for blood glucose level of zebrafish injected with DPHC and metformin for 90min. Data
are expressed as themean ± SE (n = 3 for each group). ∗,#Values having different superscripts are significantly different at ∗p < 0:05, ∗∗p < 0:01,
and ∗∗∗∗p < 0:0001 compared with the no sample-treated group; ####p < 0:0001 compared with the nontreated group.
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induced hyperglycemic zebrafish with DPHC and measured
blood glucose and ATP levels. As shown in Figure 4(c), the
alloxan-treated group had blood glucose levels of up to
278mg/dL, while they were significantly lower in the
DPHC (0.3μg/g) and metformin (3μg/g) (149mg/dL and

151mg/dL, respectively) treatment groups and the blank
group (first column, saline only injected group). Impor-
tantly, this blood glucose-lowering effect of DPHC was sig-
nificantly attenuated with BAPTA-AM treatment, resulting
in blood glucose being at the same level as in the non-
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Figure 2: Determination of cell viability by theMTT assay in the myotubes. (a) Myotubes were incubated with the indicated concentrations of
DPHC for 24 h. (b) Myotubes were starved in serum-free media and incubated for 24 h with DPHC (3, 10, and 30μM) and 2-NBDG (50 μM).
Detection of cytosolic Ca2+ levels using the Fluo-4 calcium indicator in the myotubes. Myotubes were loaded with Fluo-4 in PSS in the (c)
presence or (d) absence of Ca2+ and treated with control (PSS only), 30 μM of DPHC, or BAPTA-AM. Box plots representation of (e) the
cytosolic Ca2+ levels in myotube responses after 30μM of DPHC or BAPTA-AM treatment as presented in (c) and (d). Data are expressed
as the mean ± SE, n = 3 per group, ∗p < 0:05 compared with the nontreated group. N.S.: no significance compared with the DPHC in the
presence or absence of extracellular Ca2+.
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DPHC-treated zebrafish. Furthermore, STZ/saline groups in
the diabetic mouse model showed a lower glucose tolerance,
with higher glucose level after 90min, compared with the nor-
mal/saline group in Figure S1a. We calculated the area under
the curve (AUC) of IGTT in each group. In Figure S1b, the
AUC of IGTT in the STZ/saline group was significantly
increased compared with that in the normal/saline group.

However, the increased AUC of IGTT were significantly
decreased by STZ/DPHC and STZ/metformin. In particular,
the STZ/BAPTA+DPHC group showed no significant
change in AUC of IGTT.

These results showed that the cytosolic Ca2+ release from
the SR by DPHC is indispensable for its effect on blood glu-
cose homeostasis in hyperglycemic zebrafish with suppressed

0 sec 1000 𝜇m 1000 𝜇m 1000 𝜇m30 sec 60 sec

(a)

0
0.0

0.5

1.0

1.5

2.0

[C
a2+

] Δ
F

/F
0

10 20

PSS & DPHC

30
Time (sec)

40 50 60

1x PSS
3 𝜇M
10 𝜇M

30 𝜇M
BAPTA-AM

(b)

0
PSS 3 𝜇M 10 𝜇M 30 𝜇M BAPTA

1.0

1.2

1.4

1.6

1.8

2.0

[C
a2+

] Δ
F

/F
0

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

(c)

0
0

2

4

6

8

Lo
ca

l [
Ca

2+
] Δ

F
/F

0

10 20 30
Time (sec)

40 50 60

1x PSS
3 𝜇M
10 𝜇M

30 𝜇M
BAPTA-AM

(d)

Figure 3: Detection of cytosolic Ca2+ levels in the absence of extracellular Ca2+ using the Fluo-4 indicator in the myotubes. (a) Representative
images of myotubes at time zero (0 sec) and after stimulation with 30μM of DPHC at time 30 sec and 60 sec. (b) Traces and (c) box plot
representation of Ca2+ levels in response to addition of DPHC or BAPTA-AM in myotubes. The fluorescence levels of single myotubes
after addition of DPHC or BAPTA-AM was also monitored (d). ∗p < 0:05 and ∗∗∗p < 0:001 compared with the PSS group.
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Figure 4: Detection of cytosolic Ca2+ changes using the Fluo-4 in zebrafish larvae. (a) Zebrafish larvae were stimulated with only DPHC (1.2,
6, and 12μM). (b) Zebrafish larvae were stimulated with DPHC in Fluo-4 and compared with/without Fluo-4 groups. Changes in cytosolic
Ca2+ levels were measured by changes in fluorescence intensity of Fluo-4 using ImageJ. (c) Measurement of blood glucose level in zebrafish.
Zebrafish were injected with BAPTA-AM (3 μg/g body weight) for 1 h, after which the zebrafish were injected with DPHC (0.3μg/g body
weight) for 90min. Experiments were performed in triplicate, and the data are expressed as the mean ± SE, n = 4 per group. ∗ ,#Values
having different superscripts are significantly different at ∗∗∗∗p < 0:0001 compared with the no sample-treated group; ##p < 0:01 and
####p < 0:0001 compared with the nontreated group.
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insulin secretion, suggesting that DPHC-induced blood glu-
cose homeostasis requires activation of cytosolic Ca2+ release
and the downstream signaling pathway.

3.5. Assessment of the Expression of Glucose Transport
Pathway Components in Zebrafish Muscle Tissue. We exam-
ined the effect of DPHC on Glut4 translocation in the muscle
membranes of hyperglycemic zebrafish by immunofluores-
cence. As shown in Figure 5(a), Glut4 intensity significantly
decreased 0.5-fold relative to those in the nontreated group.
When injected with DPHC or metformin, the Glut4 intensity
increased to 0.87- or 0.90-fold relative to that in the alloxan-
treated group. In particular, BAPTA-AM-injected groups
with/without DPHC showed no significant change in inten-

sity. This finding suggests that DPHC can induce Glut4
translocation by increasing the cytosolic Ca2+ level in hyper-
glycemic zebrafish muscle.

To evaluate the molecular components that are involved
in the regulation of glucose uptake by DPHC, the protein
levels of membrane-associated Glut4 and phosphorylation
of AMPK and Akt in the muscle of alloxan-induced hyper-
glycemic zebrafish were analyzed by western blotting. As
shown in Figures 5(b)–5(d), the membrane localization of
Glut4 and phosphorylation levels of AMPK and Akt signifi-
cantly decreased in the muscle of alloxan-induced hypergly-
cemic zebrafish compared to those in the blank-treated
animals. However, DPHC and metformin promoted Glut4
translocation to the membrane and phosphorylation of
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Figure 5: Expression of (a) Glut4 in zebrafish muscle tissues by immunofluorescence. Analysis of (b) Glut4, (c) AMPK, and (d) Akt signaling
pathway in zebrafish muscle tissues by western blotting. The muscle extract was analyzed by western bottling, and the signal intensities were
examined by the Fusion FX7 acquisition system (Vilber Lourmat, Eberhardzell, Germany). Experiments were performed in triplicate, and the
data are expressed as mean ± SE, n = 4 per group. ∗ ,#Values having different superscripts are significantly different at ∗p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001 compared with the no sample-treated group; ##p < 0:01 and ####p < 0:0001 compared with the nontreated
group. N.S.: no significance compared with the BAPTA-AM group.
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AMPK, indicating that DPHC can stimulate the glucose
transport pathway in hyperglycemic zebrafish. However,
DPHC did not affect the expression of Akt compared to that
in the alloxan-induced hyperglycemic zebrafish. As shown
Figure S2, membrane Glut4 level of the STZ/saline group in
the diabetic mouse model was significantly decreased
compared with that in the normal/saline group. However,
the decreased membrane Glut4 levels were significantly
increased by STZ/DPHC and STZ/metformin. In particular,
the STZ/BAPTA+DPHC group showed no significant
change in membrane Glut4 level.

In contrast, Ca2+ depletion by BAPTA-AM failed to acti-
vate phosphorylation of these proteins, and protein levels
remained unchanged even with DPHC treatment compared
to those in the alloxan-induced hyperglycemic zebrafish, sug-
gesting that DPHC can induce Ca2+-dependent activation of
the Glut4/AMPK pathway in the muscles of hyperglycemic
zebrafish to control glucose homeostasis.

3.6. Determination of Muscle Contraction in Zebrafish
Muscle. To assess whether skeletal muscle contraction in
hyperglycemic zebrafish is affected by DPHC, we examined
troponin C and I intensity in hyperglycemic zebrafish using
immunofluorescence. As shown in Figure 6(a), troponin C
intensity in skeletal muscles of hyperglycemic zebrafish sig-
nificantly decreased by 0.33-fold of that in the nontreated
group (p < 0:001). However, DPHC significantly increased
troponin C intensity (p < 0:01). In addition, troponin I inten-
sity in the skeletal muscle of hyperglycemic zebrafish signifi-
cantly increased to 3.3-fold of that in the nontreated group
(Figure 6(b)). However, DPHC treatment significantly
decreased troponin I intensity. These results indicated that
DPHC can stimulate muscle contraction in hyperglycemic
zebrafish.

We examined the CaMKIIs that are involved in the
improvement of glucose homeostasis by DPHC in skeletal
muscles of hyperglycemic zebrafish. As shown in Figure 6(c),
DPHC treatment significantly reduced the CaMKII level in
the alloxan-induced hyperglycemic zebrafish. However,
BAPTA-AM-injected groups with/without DPHC did not sig-
nificantly change the CaMKII expression level. This finding
suggests that DPHC can induce muscle contraction by CaM-
KII expression, the latter being induced in turn by increased
cytosolic Ca2+ level in the hyperglycemic zebrafish muscle.
Furthermore, DPHC treatment modestly increased the
alloxan-induced reduction in ATP levels in the skeletal muscle
in hyperglycemic zebrafish, whilst this increase was reversed
with BAPTA-AM treatment (Figure 6(d)). The data suggest
that DPHC can improve glucose homeostasis by inducing
muscle contraction in hyperglycemic zebrafish.

4. Discussion

Abnormal metabolism of glucose in diabetes reduces insulin
sensitivity and induces postprandial hyperglycemia contrac-
tile activity in the skeletal muscle. Previous studies have
reported the antidiabetic effects of Ishige okamurae extract
on blood glucose level and insulin resistance in C57BL/KsJ-
db/dbmice [20]. We showed that DPHC isolated from Ishige

okamurae significantly reduced the blood glucose level in the
hyperglycemic zebrafish model with impaired glucose toler-
ance. In addition, DPHC can induce glucose uptake in the
absence of insulin in C2C12 cells (Figure 2(b)). Our data sug-
gest that DPHC can induce glucose transport in the skeletal
muscle through contractile activity, resulting in the regula-
tion of blood glucose level in a hyperglycemic model.

Glucose uptake by the skeletal muscle is regulated by glu-
cose delivery to the skeletal muscle cells, surface membrane
permeability to glucose, and flux through intracellular
metabolism. In addition, the skeletal muscle possesses con-
tractile activity that can effectively restore glucose regulation
in an insulin-independent manner [2, 33]. Previous studies
using different methods and models show that muscle con-
tractions enhance glucose uptake similar to that by insulin
action [33, 34]. Zebrafish models have been established to
study a wide range of human pathologies, including genetic
disorders and acquired diseases [35, 36]. Previous studies
used alloxan or streptozotocin or only glucose water to gen-
erate an acute hyperglycemic zebrafish model [37, 38]. Shin
et al. [38] suggested that a hyperglycemic zebrafish model is
appropriate for experiments that call for a short-term
model.

Skeletal muscle contraction is initiated by depolarization
of the plasma membrane and T tubules, which not only trig-
gers Ca2+ release from the SR but also leads to the interaction
of actin and myosin filaments and development of tension in
the fibers. The contraction and relaxation cycle produced by
muscle fibers is called twitch [39]. In previous studies, the
time course of Ca2+ in skeletal muscle fibers was studied by
Ca2+ indicators [40], and Garcia and Schneider [41] also sug-
gested that the kinetic properties that were characterized in
the fast-twitch skeletal muscle fiber were controlled by Ca2+

release from the SR. The transient increase in calcium levels
is important for intermediate signaling between the excita-
tion and contraction phase in skeletal myotubes [42]. In this
study, we present data supporting an association between the
cytosolic Ca2+ release by DPHC in skeletal myotubes and its
antidiabetes activity [20] that can improve impaired glucose
uptake in diabetes to enable the maintenance of glucose
homeostasis. Glucose uptake through the cell membrane is
the rate-limiting step in glucose homeostasis in the skeletal
muscle under physiological conditions [43] and is indepen-
dently stimulated by Ca2+/contraction-dependent processes
[44, 45]. The period between muscle stimulation and con-
traction is called latent period [46], which is a period of 10
seconds after DPHC treatment. After 10 seconds, the skeletal
myotubes undergo a contracting period followed by a relaxa-
tion period. The basic unit of activity in the muscle fiber is the
twitch that can induce short contractions [42]. DPHC signif-
icantly increased cytosolic Ca2+ levels in the skeletal myo-
tubes, independent of extracellular Ca2+, ruling out the
involvement of Ca2+ influx pathways and suggesting induc-
tion of Ca2+ release from the SR by DPHC [3, 5]. Although
Ca2+ release from the SR of myotube cells can facilitate
attachment/detachment of myosin to actin and the energy
supply to ensure the excitation-contraction-relaxation cycle
of muscle cells [47], the role of Ca2+ in glucose uptake, as well
as its pathogenic contribution to diabetes, remains elusive.
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Figure 6: Continued.
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The remarkable observation in our study is that cytosolic
Ca2+ release by DPHC treatment can induce glucose uptake
resulting in the modulation of blood glucose levels in the
hyperglycemic zebrafish model, suggesting that cytosolic
Ca2+ in skeletal myotubes can improve glucose homeostasis.
Increased intracellular Ca2+ levels, even at low concentra-
tions to induce contractions, provide the signal to activate
Glut4 translocation to the cell surface in skeletal muscle inde-
pendently of insulin [48]. Depending on the coordination
and integration of several physiological systems, blood glu-
cose homeostasis is maintained. Moreover, during exercise,
an increased need for glucose by contracting muscle results
in glucose uptake from blood into the working skeletal mus-
cles [48, 49]. This study suggests that glucose homeostasis in
muscles can be suggested as an important strategy for diabe-
tes therapy [50] and can improve insulin sensitivity and
reduce postprandial hyperglycemia [23, 30, 51].

Overexpression of key signaling proteins regulating
energy metabolism in the skeletal muscle can improve meta-
bolic disturbances associated with hyperglycemia. The dia-
betic mouse model generated using alloxan has been

reported to affect expression of Glut4, resulting in a
decreased uptake of glucose and increased blood glucose
levels [52]. In addition, AMPK activation promotes Glut4
translocation and increases glucose uptake directly in the
skeletal muscle [25]. Muscle contraction stimulates glucose
transport by AMPK activation, increasing cytosolic Ca2+

level and Glut4 activation. Furthermore, previous studies
have shown that increasing the cytosolic Ca2+ level induces
glucose uptake in isolated rat muscle without increasing
AMPK phosphorylation [34, 53, 54], suggesting that cyto-
solic Ca2+ levels increase glucose uptake during contractile
activity. Our results showed that DPHC can stimulate
Glut4 translocation and phosphorylation of AMPK, which
was dependent on cytosolic Ca2+ in skeletal myotubes,
while there was no effect on Akt activation. The cytosolic
Ca2+ regulation by DPHC treatment in skeletal myotubes
can reinforce the Glut4/AMPK pathways for a profound
effect on glucose uptake metabolism. Our data further indi-
cated that DPHC can normalize metabolic disturbances in
diabetes and improve glucose homeostasis in skeletal
muscles.
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Figure 6: Measurement of (a) troponin C, (b) troponin I, (c) CaMKII, and (d) ATP levels in zebrafish muscle tissues. Zebrafish were injected
with BAPTA-AM (3 μg/g body weight) for 1 h, after which the zebrafish were injected with DPHC (0.3 μg/g body weight) for 90min.
Experiments were performed in triplicate, and the data are expressed as mean ± SE, n = 3 per group. ∗ ,#Values having different superscript
are significantly different at ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 compared with the no sample-treated group; ###p < 0:001 compared
with the nontreated group.
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Skeletal muscle contraction is regulated by Ca2+ by con-
trolling the action of specific regulatory proteins such as
tropomyosin and troponin [55]. Troponin C is a Ca2+-binding
component in muscle contraction. Troponin I is an inhibitory
component of contractile interaction between myosin and
actin in the presence of tropomyosin [56]. Our results showed
that alloxan-induced hyperglycemic zebrafish can stimulate
dysfunction of muscle contraction. We confirmed that the
DPHC can promote muscle contraction by increasing cyto-
solic Ca2+ levels in the hyperglycemic zebrafish muscle. In
addition, CaMKII activation promotes Glut4 translocation to
increase glucose uptake directly in the skeletal muscle [4]. Pre-
vious studies have shown that caffeine treatment induces the
activation of CaMKII by muscle contraction via Ca2+ release
from the SR in rat muscle [53]. We confirmed that DPHC
can stimulate CaMKII production in skeletal muscle tissues
of hyperglycemic zebrafish. Our results showed that DPHC
can enhance CaMKII expression levels; this is influenced by
cytosolic Ca2+ in skeletal muscles of hyperglycemic zebrafish.

Muscle contraction initiates Ca2+ release into the myofi-
bril and, as a result, increases ATP demand through the activ-
ity of myosin and Ca2+ ATPases. Since the SR (source of
Ca2+) and mitochondria (source of ATP) are both necessary
for the flawless execution of the contractile cycle [49], we
confirmed that the ATP level in hyperglycemic zebrafish,
the model where we observed the blood glucose-lowering
effect of DPHC, was increased by DPHC treatment.

5. Conclusions

In this study, we uncovered the molecular mechanisms under-
lying the euglycemic effects of DPHC in the skeletal muscle of
a hyperglycemic zebrafish model. DPHC can increase
cytosolic Ca2+ level to activate Glut4/AMPK pathways of the
skeletal muscle, which promotes glucose transport in hyper-
glycemic zebrafish. Also, increased Ca2+ by DPHC is linked
with the regulation of troponin I/C, CaMKII, and ATP levels
that enable muscle contraction. Therefore, the findings from
this study provide a mechanistic and integrative approach
demonstrating the upregulation of cytosolic Ca2+ by DPHC
in the skeletal muscle as a potential therapeutic mechanism
for improving glucose metabolism during diabetes.
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A high-fat diet (HFD) has been previously associated with the development of diseases such as chronic colitis. While chlorogenic
acid (CGA) is known to exhibit potent antioxidant, antibacterial, and anti-inflammatory properties, little is known about its effects
on intestinal inflammation. In this study, we investigated the effects of CGA on intestinal inflammation in an HFD-induced obesity
rat model and assessed whether these effects were related to changes in gut microbiota composition. This was achieved by
examining physiological and biochemical indicators, the liver transcriptome, and the structure of the fecal microflora. CGA
treatment significantly reduced HFD-induced internal organ weight gain, promoted colon tissue repair, downregulated the
expression of inflammatory cytokines, and promoted the accumulation of the tight junction protein. KEGG enrichment analysis
of differentially expressed genes, applied to data from the RNA-seq of rat liver tissue, revealed that CGA treatment significantly
affected amino acid and lipid metabolism in the liver. Furthermore, CGA decreased the abundance of bacteria belonging to the
genera Blautia, Sutterella, and Akkermansia and increased butyric acid levels, which were positively correlated with the
abundance of Ruminococcus (butyric acid producer). Moreover, the beneficial changes observed in the HFD group were not as
pronounced as those in the CGA treatment group. In summary, CGA can alleviate colitis in HFD-induced obesity through its
anti-inflammatory effects associated with changes in gut microbiota composition and an increase in the production of short-
chain fatty acids and thus can be used as a potential drug for the treatment of this pathology.

1. Introduction

Obesity has become a global epidemic, increasing in preva-
lence in both developed and developing countries. Moreover,
the current trend shows that obesity develops at an earlier age
in humans [1]. Approximately 937 million obese and 396
million overweight adults were reported globally in 2005,
and these numbers are predicted to increase to 1.35 billion
and 573 million, respectively, by 2030 [2]. A long-term
high-fat diet (HFD) can lead to obesity [1], metabolic disor-
ders, and an increased risk of developing a series of chronic
diseases, such as type II diabetes or cardiovascular disease
[3]. Structural and functional changes in the intestinal micro-
biota occur as a result of HFD intake, leading to an increase
in the accumulation of inflammation-promoting metabolites,

which in turn contribute to an increased risk of developing
colorectal cancer [4].

Several studies have shown that food polyphenols influ-
ence the community structure and morphology of the intes-
tinal microflora [5, 6]. For example, resveratrol regulates
intestinal microflora composition as well as lipogenesis by
suppressing lipoprotein lipase expression and the expression
of genes involved in fatty acid biosynthesis [5]. Tea polyphe-
nols improve dysbiotic intestinal flora by upregulating
antioxidant enzyme activity and tight junction protein levels
in the ileum [7].

Chlorogenic acid (CGA) is a well-known phenolic acid
derived from caffeic acid and quinic acid [8] and is widely
found in plants, fruits, and vegetables [9]. It has antibacterial,
antiviral, antitumor, and antioxidant properties. Furthermore,
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it has been reported to lower blood pressure and blood lipid
levels, increase white blood cell counts, protect the liver and
gallbladder, and scavenge free radicals [10, 11]. Our previous
studies have shown that CGA supplementation in HFD-fed
rats can decrease body weight and improve lipid metabolism
disorders and obesity-related hormone levels. Furthermore,
CGA supplementation reduces macrophage infiltration and
suppresses inflammatory signaling [12]. Additionally, CGA
can attenuate colon barrier damage by decreasing myosin
light chain kinase expression and promoting the dynamic
distribution of tight junction proteins in a colitis rat model
[13]. CGA supplementation also ameliorates 2.5% dextran
sulfate sodium-induced colitis by suppressing signaling
pathways involved in the inflammatory response and apo-
ptosis [14]. Long-term CGA supplementation increases gut
microbiota diversity, thereby potentially improving overall
metabolism. Furthermore, chronic dietary CGA attenuates
diet-induced inflammation as well as cardiovascular, liver,
and metabolic changes [15].

TheHFD-induced obesity rat model has been widely used
to study insulin resistance, blood glucose homeostasis, dyslip-
idemia, and genetic fatty liver disease [16–19]. However, few
studies have investigated the effects of CGA on intestinal
inflammation induced byHFD. Therefore, we aimed to inves-
tigate the ability of CGA to slow down or inhibit intestinal
inflammation in rats after 7 weeks of HFD feeding. For this
purpose, rats were divided into three groups (HFD, HFD+
SPR (high-fat recovery group), and HFD+CGA). Further-
more, we compared the effects of natural recovery and CGA
treatment on HFD-induced colon inflammation by analyzing
physiological and biochemical indices, the liver tran-
scriptome, and the intestinal flora of rats. Finally, we aimed
to explain the underlying mechanisms of action of CGA.

2. Materials and Methods

2.1. Animal Experiments. All animal experiments were in
accordance with the Guide for the Care and Use of Labora-
tory Animals of Hunan Agricultural University and
performed in compliance with the Guide for the Protection
and Use of Laboratory Animals of Hunan Agricultural
University. The protocol was approved by the Animal Pro-
tection and Utilization Committee of Hunan Agricultural
University. Forty male Sprague-Dawley (SD) rats (Hunan
Silaike Jingda Co., Changsha, China; certificate number,
HNASLKJ2016-0002) were reared in the animal room of
the Institute of Subtropical Agricultural Research, Chinese
Academy of Sciences, with two rats housed in each cage. All
rats were provided free access to food and water throughout
the experiment. The room was maintained at 22 ± 1°C and
approximately 60% humidity. After one week of adaptive
feeding under a 12-hour light/dark cycle, the rats were ran-
domly divided into the following two groups: normal control
group (NC; n = 10) and high-fat diet group (HFD; n = 30).
After 7 weeks, the rat obesity model was established (the
average body weight of rats in the HFD group was >20%
higher than the average body weight of the NC group [20]).
The body weight of rats in the NC group was unaltered. Next,
the HFD group was equally divided into the following three

subgroups: the HFD group (n = 10, fed a high-fat diet, with
distilled water administered by gavage), the high-fat recovery
group (HFD+SPR; n = 10, switched to normal feed, with
distilled water administered by gavage), and the CGA group
(HFD+CGA; n = 10, fed a high-fat diet, with 100mg/kg
CGA (CAS: 327-97-9) administered by gavage). The NC
group was fed a diet of 3.6 kcal/g, containing 72.3% carbohy-
drates, 19.7% protein, and 10% fat. The HFD group received
a diet of 4.6 kcal/g, containing 46.4% carbohydrates, 19.6%
protein, and 34.6% fat. Chow was ordered from Botai Hon-
gda Biotechnology Co. (Beijing, China). Figure 1 provides a
schematic diagram of the treatment schedule. Gastric perfu-
sion was performed after 8 weeks of experimentation. In
the later stage of treatment, rat feces were collected after fast-
ing for 12h before administering the gavage. The collected
fecal samples were placed in a sterile enzyme-free Eppendorf
tube and stored at -80°C. Blood samples were collected from
the heart, incubated at room temperature for 30min, and
centrifuged at 3,500 rpm at 4°C for 15min. The isolated
serum was stored at -80°C. At the end of the experimental
period, the rats were sacrificed using pentobarbital sodium.
Then, the rats were dissected, and tissues and organs of inter-
est were removed, weighed, washed with normal saline, and
preserved in liquid nitrogen. Parts of the colon and liver tis-
sues were removed and fixed in 10% formalin for subsequent
histopathological analysis.

2.2. Histomorphological Examination. The colon and liver
tissues from each group (n = 6) were fixed in 10% formalin.
Tissue samples were slowly flushed with water, dehydrated
in different concentrations of ethanol at 37-45°C for 2-4 h,
and embedded in wax (SVA, Uppsala, Sweden). Tissue was
cut and sectioned into 5μm sample slices, dewaxed, stained,
and sealed. Cross-sections of colon and liver tissues were
photographed under a 10x and 40x objective lens using a bio-
microscope (ML31; MSHOT, Guangzhou, China), and gross
pathological changes in the tissue were observed and recorded.

2.3. Enzyme-Linked Immunosorbent Assays. For the four
groups, plasma levels of tumor necrosis factor-alpha (TNF-α),
monocyte chemoattractant protein-1 (MCP-1), interleukin 6
(IL-6), and lipopolysaccharide (LPS) were measured using
commercially available kits (CSB-E14247r/E04640r/E04595r/-
E11987r/E07429r; CUSABIO, Wuhan, China) and a micro-
plate reader (BioTek, Winooski, VT, USA).

2.4. Quantitative PCR Analysis. Total RNA was extracted
from colon tissues using TriQuick Reagent (Solarbio, Beijing,
China), and the obtained precipitate was washed and
dissolved. RNA quality was assessed using an ultra-micro
UV-visible spectrophotometer (NanoDrop 2000; Thermo
Fisher Scientific, Waltham, MA, USA). RNA was reverse-
transcribed into cDNA, and quantitative PCR was per-
formed. For all samples, the RNA concentration was adjusted
to 1,000 ng/μL. Reverse-transcription was performed using a
FastKing RT Kit with gDNase (TaKaRa, Kusatsu, Japan) to
remove genomic DNA, in accordance with the manufac-
turer’s instructions. A SuperReal PreMixPlus SYBR Green
kit (TIANGEN, Beijing, China) was used for quantitative
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RT-PCR. Ct values were generated for TNF-α, MCP-1, IL-6,
and β-actin from rat colon tissue using an ABI 7300 Real-
Time PCR Instrument (Applied Biosystems, Foster City,
CA, USA). Relative expression was determined using the
2-ΔΔCt method.

2.5. Determination of Protein Expression Levels by Western
Blotting. After thoroughly grinding the protein samples with
a liquid, RIPA buffer solution was added (a piece of protease
inhibitor was added per 10mL of RIPA buffer solution),
followed by lysis on ice for approximately 30min. The lysed
sample was centrifuged at 12,000 rpm at 4°C for 5min, and
the supernatant was collected into a new EP tube. The
protein concentration was determined using a BCA protein
concentration determination kit (Beyotime Biotechnology,
Shanghai, China). The concentration of all samples was
adjusted to 1000 ng/μL, and samples were transferred into
new EP tubes. Next, the samples were denatured in a water
bath at 99°C for 10min, immediately cooled to 4°C in ice (liq-
uid water vapor was removed from the tube wall), shaken and
mixed thoroughly, and finally aliquoted and stored at -80°C
until western blotting. Based on the molecular weight of the
selected antibody, the concentration of the resolving (lower)
gel was 12% and that of the stacking (upper) gel was 5%. Elec-
trophoresis was performed at 80V for approximately 20min,
with the sample separating in the separation gel. The voltage
was increased to 120V, and electrophoresis was continued
for approximately 1 h. The proteins were transferred from
the gel onto blotting membranes at 180mA for 75min and
blocked with skimmed milk powder for 2 h. The membrane
was washed once with TBST (Beyotime Biotechnology,
Shanghai, China), and the corresponding primary antibody
(Proteintech, Chicago, USA) was applied overnight (the dilu-
tion ratio of TNF-α (17590-1-AP), IL-10 (60269-1-Ig), Ocln
(13409-1-AP), IL-6 (66146-1-Ig), and β-actin (66009-1-Ig)
was 1 : 1000). Then, the primary antibody was washed off,
and the secondary antibody was applied for 2 h (the dilution
ratio of Goat anti-rabbit IgG (H+L) (SA00002-2) and Goat
anti-rat IgG (H+L) (SA00002-9) was 1 : 5000). Before chemi-
luminescent detection, the membrane was washed and the
color was developed with a luminous chromogenic solution.

Results were analyzed using ImageJ (NIH, Bethesda, MD,
USA), converting the destination strip image to grayscale
image, compared the intensity of destination strips with β-
actin strip as the control.

2.6. Liver Transcriptome Analysis by RNA-seq. Total RNA
was extracted from the liver tissue using TriQuick Reagent
(Solarbio, Beijing, China). RNA quality was then assessed
using the ultra-micro UV-visible spectrophotometer Agilent
2100 Bioanalyzer (Agilent RNA 6000 Nano Kit), and RNA
integrity was determined by gel electrophoresis. Next, quality
control analysis of raw reads was performed to determine
whether the sequenced data were suitable for the follow-up
analysis (https://github.com/BGI-flexlab/SOAPnuke). Hier-
archical Indexing for Spliced Alignment of Transcripts was
used to align reads with the reference genome in directional
mode (http://www.ccb.jhu.edu/software/hisat). Clean reads
were mapped to the reference genome using Bowtie 2
(http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml), and
then, gene expression levels were calculated with RSEM
(http://deweylab.biostat.wisc.edu/ RSEM). We detected DEGs
with DEseq2, which is based on the negative binomial distri-
bution (https://bioconductor.org/packages/release/bioc/html/
DESeq2.html). Based on KEGG annotation results, we classi-
fied DEGs according to the official classification and
performed KEGG pathway functional enrichment using phy-
per, a function of R.

2.7. Determination of Short-Chain Fatty Acid Levels in Feces
by GC-MS. In brief, rat feces were added to 1mL of ddH2O,
mixed thoroughly on a vortex mixer, and shaken on an oscil-
lator for 30min. Then, the samples were incubated overnight
at 4°C, after centrifugation at 15,000 rpm for 20min, and the
supernatant was transferred to a new EP tube. The superna-
tant was mixed with 25% metaphosphoric acid at a volume
ratio of 9 : 1 and then reacted at room temperature for 4 h.
The samples were centrifuged at 12,000 rpm for 15min, and
the resulting supernatant was filtered through a 0.45μm dis-
posable water membrane and added to an N10149 automatic
liquid sampler (Agilent, Santa Clara, CA, USA) for evalua-
tion by gas chromatography-mass spectrometry (GC-MS)

1 week 8 weeks 15 weeks

Group 2: HFD

Group 3: HFD+SPR

Group 4: HFD+CGA

Group 1: NC Normal diet

High fat diet

High fat diet

High fat diet

Normal diet+Distilled water

High fat diet+Distilled water

Normal diet+Distilled water

High fat diet+CGA

Figure 1: Time chart of the experimental treatment plan.
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to create a standard curve for analyzing various known short-
chain fatty acids (SCFAs). Each stock solution of different
SCFAs (Sigma, St. Louis, MO, United States) was prepared,
and gradient of 10μL, 20μL, 50μL, 100μL, 300μL, and
500μL of stock solutions were, respectively, mixed with
100μL of 25% metaphosphoric acid, then diluted to
1000μL with ddH2O. The stock solution and diluted solution
were stored at 4°C away from light. Chromatographic analysis
was determined using DB-FFAP column of 30m ðlengthÞ ×
0:25 μm ðinner diameterÞ × 0:25 μm ðfilm thicknessÞ with a
flame ionization detector (FID), and high purity nitrogen
(99.999%) was used as the carrier gas at a flow rate of
0.8mL/min, and high purity hydrogen (99.999%) was used
as the auxiliary gas. The initial temperature was 60°C, and
the temperature increased to 220°C at a rate of 20°C/min
and maintained for 1min.

2.8. Determination of Intestinal Microorganisms. DNA was
extracted from rat feces using a DNA Stool Mini Kit (Qiagen,
Hilden, Germany). DNA sample integrity was assessed by 1%
agarose gel electrophoresis, with a NanoDrop 2000 spectro-
photometer used to determine DNA concentration and
purity. The V3 and V4 hypervariable regions of 16S rRNA
were selected for DNA amplification. The NEB Next Ultra
DNA Library Prep Kit for Illumina (New England Biolabs,
Ipswich, MA, USA) was used to construct the library, and
libraries were sequenced on a MiSeq instrument (Illumina,
San Diego, CA, USA) after passing Qubit quantification
and the library test specifications. Raw sequencing data were
spliced and filtered to obtain clean reads. Paired-end sequenc-
ing fragments were spliced using Adobe Flash Professional,
with a threshold of 97% similarity. Operational taxonomic
unit (OTU) clustering and species analysis were performed.
The diversity of the sequence data was analyzed using QIIME
software, and sample richness and evenness information were
obtained. Additionally, the samples were analyzed by
weighted principal coordinate analysis (PCoA) and clustered
based on UniFrac distance. The community structure among
different samples and groups was analyzed. All offline data
were analyzed by the Beijing Genomics Institute.

2.9. Statistical Analysis. Statistical analysis was performed
using SPSS 25.0 software (IBM, Armonk, NY, USA), and
single-factor analysis of variance was used to analyze data
from the same group and different groups. Data are
expressed as mean ± SEM. Data from multiple groups were
analyzed by analysis of variance. The results were analyzed
and plotted using Prism 7 (GraphPad, San Diego, CA, USA).

3. Results and Discussion

3.1. Effects of High-Fat Diet on Body Weight and Body Fat
Content of SD Rats. In terms of the initial body weight, no
significant difference was observed between groups (the aver-
age initial weight was 338:45 ± 14:8 g). After 2 weeks of feed-
ing the HFD, body weights were significantly different
between the NC and HFD groups (P < 0:05). As shown in
Figure 2(a), after 8 weeks of HFD feeding, the average body
weight of rats in the HFD group was more than 20% higher

than the average body weight of the NC group, indicating
that the obesity model was successfully established. The
weight change in rats receiving CGA treatment is shown in
Figure 2(b). No significant difference was observed between
the four treatment groups; however, compared with the
HFD group, the weight of rats in the HFD+SPR and
HFD+CGA groups increased at a slower rate. The effects of
CGA on BMI and Lee index values are presented in
Figures 2(c) and 2(d). CGA treatment significantly reduced
the BMI (P < 0:05) and Lee index (P < 0:05) values of HFD
rats. Furthermore, the HFD+SPR group presented signifi-
cantly reduced BMI values (P < 0:05) and Lee index values,
to a certain extent. The various physical indicators of SD rats
in each group are shown in Table 1. Compared with the NC
group, the weight of all important organs, except the testicu-
lar tissue in the HFD group, increased significantly; com-
pared with the HFD group, the weight of all important
organs, except testicular tissue, decreased significantly after
CGA treatment. The increased weight of all internal organs
demonstrated that the obesity model was successful. Aspar-
tate aminotransferase (AST) and alanine aminotransferase
(ALT) values assess the extent of liver damage, whereas
immunoglobulin G (IgG) and IgM determine the presence
of inflammation as their expression is elevated during
inflammatory conditions. Typically, low-density lipoprotein
cholesterol (LDL-C) and high-density lipoprotein cholesterol
(HDL-C) are used to assess high-fat obesity models and,
hence, were accordingly selected to model obesity. Addition-
ally, cholesterol values are assessed to examine cholesterol
metabolism in rats. Compared with the NC group, the
plasma levels of LDL-C, HDL-C, IgG, IgM, AST, and ALT
decreased significantly in the HFD group. Moreover, the
declining LDL-C/HDL-C ratio, often considered to attenuate
the risk of metabolic disorders associated with obesity [21],
indicated that the HFD disrupted the blood lipid metabolism
in rats to a certain extent; however, following CGA treat-
ment, the above indices were significantly improved. These
results showed that CGA can alleviate obesity caused by the
HFD, demonstrating efficacy consistent with the effects of
dietary correction (HFD+SPR).

3.2. Histopathological Analysis Showed That Chlorogenic Acid
Reduces Colonic and Liver Tissue Inflammation Caused by a
High-Fat Diet. Figure 3 presents the hematoxylin and eosin
(HE) staining of rat colon and liver tissue sections of each
group. In the NC group (Figure 3(a)), the colon epithelium
was intact and the crypt structure appeared normal. In the
HFD group (Figure 3(b)), the colon epithelial mucosa was
slightly swollen, with damaged and irregular crypts. In the
HFD+SPR group (Figure 3(c)), the colon crypts presented a
relatively compact structure, without significant damage,
which was significantly improved when compared with the
HFD group. In contrast, in the HFD+CGA group
(Figure 3(d)), the colon epithelial mucosa was slightly
ulcerated, the colon epithelial tissue was damaged, the crypt
structure was normal, and no inflammation-associated infil-
trations were observed. Figures 3(e)–3(h) present the HE-
stained micrographs of rat liver tissues. A normal phenotype
was observed in the liver tissues of normal rats (Figure 3(e)).
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Table 1: Physical indicators of rats fed the experimental diet.

Parameter NC HFD HFD+SPR HFD+CGA

Liver (g) 14:93 ± 1:59c 26:80 ± 2:47a 18:76 ± 2:93b 17:83 ± 2:14b

Kidney (g) 3:37 ± 0:39b 4:04 ± 0:22a 3:96 ± 0:42a 3:29 ± 0:49b

Thymus (g) 0:08 ± 0:04b 0:15 ± 0:04a 0:10 ± 0:03b 0:12 ± 0:05ab

Spleen (g) 0:77 ± 0:14b 0:99 ± 0:14a 0:97 ± 0:17a 0:83 ± 0:09ab

Heart (g) 1:49 ± 0:08c 1:69 ± 0:13a 1:61 ± 0:14ab 1:52 ± 0:11bc

Lung (g) 2:19 ± 0:10c 3:05 ± 0:45a 2:74 ± 0:41b 2:31 ± 0:29b

Testicular (g) 4:30 ± 0:26a 3:85 ± 0:23b 4:37 ± 0:25a 4:26 ± 0:52a

Perirenal fat (g) 9:57 ± 2:33c 25:68 ± 5:32a 14:19 ± 2:27b 16:92 ± 3:14b

Testicular fat (g) 8:61 ± 2:53d 21:60 ± 3:2a 17:29 ± 2:36b 12:73 ± 4:38c

IgG (g/L) 1:65 ± 0:24a 1:26 ± 0:24b 1:51 ± 0:29ab 1:74 ± 0:26a

IgM (g/L) 0:12 ± 0:04a 0:07 ± 0:02b 0:10 ± 0:02a 0:11 ± 0:02a

ALT (U/L) 60:00 ± 8:72a 99:67 ± 20b 56:70 ± 7:13a 48:99 ± 14:48a

AST (U/L) 97:92 ± 14:28a 193:50 ± 48:17b 119:76 ± 33:87a 84:50 ± 10:24a

LDL-C (mmol/L) 1:39 ± 0:27a 1:08 ± 0:11b 1:37 ± 0:26a 1:11 ± 0:17b

HDL-C (mmol/L) 1:38 ± 0:28a 0:83 ± 0:10b 1:29 ± 0:26a 1:21 ± 0:15a

LDL-C/HDL-C 1:01 ± 0:10b 1:31 ± 0:29a 1:07 ± 0:17b 0:96 ± 0:15b

All data are expressed as the mean ± SD. The values in the same row with different letters are significantly different (∗P < 0:05), and the values of each group
with the same letters are not significantly different (P > 0:05).
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Figure 2: Effect of chlorogenic acid on body index values: (a) weight changes during the establishment of the model; (b) weight changes
during chlorogenic acid (CGA) treatment; (c) BMI; (d) Lee’s index. NC: natural control group; HFD: high-fat diet group; HFD+SPR: high-
fat recovery group; HFD+CGA: CGA treatment group. All data are expressed as mean ± SEM. The values in the same row with different
letters are significantly different (∗P < 0:05), and the values of each group with the same letters are not significantly different (P > 0:05).
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However, liver tissue sections fromHFD-fed rats (Figure 3(f))
showed enlarged hepatocytes, disorganized vacuolar degener-
ation, and deposits of fatty granules. The HFD-specific vacu-
olar phenotypes were significantly alleviated in the
HFD+SPR group (Figure 3(g)), while the hepatocyte size
was normal in theHFD+CGA group (Figure 3(h)). Therefore,
CGA treatment can significantly reduce HFD-induced colon
inflammation in SD rats.

3.3. Effect of Chlorogenic Acid on Serum LPS Levels and the
Expression of Related Inflammatory Cytokines. Serum inflam-
matory cytokine levels for each animal group are shown in
Figure 4. Compared with the NC group, the levels of the
proinflammatory factors, TNF-α, MCP-1, IL-6, and LPS,
increased by 69.63%, 94.99%, 59.39%, and 207.33%, respec-
tively, in the HFD group. The levels of TNF-α, MCP-1, IL-
6, and LPS in the HFD+SPR and HFD+CGA groups were
significantly lower than those observed in the HFD group
(P < 0:05); in the HFD+SPR group, the levels of these factors
decreased by 12.37%, 225.95%, 53.52%, and 302.93%, respec-
tively, and in the HFD+CGA group, the levels were decreased
by 135.23%, 308.16%, 66.78%, and 265.34%, respectively.
These results revealed that CGA can relieve inflammation
caused by an HFD, and its effect was superior to that demon-
strated by dietary correction.

3.4. Effect of Chlorogenic Acid on Cytokine Gene Expression in
Colonic Tissue. The relative mRNA expression levels of
related genes in rat colonic tissues for each group are shown
in Figure 5. The relative mRNA expression levels of TNF-α
andMCP-1 were significantly higher in the HFD group than
in the NC group, with lower expression levels observed in the
HFD+CGA group than in the HFD+SPR group. Compared
with the NC group, the relative mRNA expression levels of
TNF-α increased by 52.64% in the HFD group, and the rela-
tive mRNA expression levels of MCP-1 increased by
488.48%. Compared with the HFD group, the relative mRNA

expression levels of TNF-α, MCP-1, and IL-6 decreased by
2365.92%, 673.30%, and 73.58%, respectively, in the HFD+
CGA group, which significantly differed from expression
levels in the HFD group. In summary, CGA treatment inhib-
ited colonic tissue inflammation in rats fed an HFD.

3.5. Effect of Chlorogenic Acid on Cytokine Protein Expression
in Colonic Tissue. The expression levels of relevant proteins
in rat colonic tissues from each group are shown in
Figure 6. No significant differences in TNF-α protein expres-
sion levels were observed among the NC, HFD+SPR, and
HFD+CGA groups; however, TNF-α protein expression
levels were significantly lower in the HFD+CGA and HFD+
SPR groups than in the HFD group. The protein expression
of IL-6 was significantly higher in the HFD group than in the
NC group and the HFD+CGA group (P < 0:05). CGA may
have inhibited the expression of IL-6 protein and alleviated
colonic inflammation to a certain extent. Compared with
the NC group, the expression of Ocln, an intestinal epithelial
tight junction protein, was significantly higher in the HFD+
SPR and HFD+CGA groups (P < 0:05). IL-10 expression
levels were higher in the HFD+CGA group than in the NC
group; however, inflammation induced by hyperlipidemia
was not significantly alleviated following CGA treatment.

3.6. KEGG Pathway Analysis of Differentially Expressed Genes
in Liver Tissue. Based on the classification and enrichment
analysis of KEGG biological pathways, the classification of
biological pathways of differential genes between the HFD
and HFD+CGA groups was enriched (Figure 7). The path-
ways were divided into six categories including human
diseases, metabolism, organismal systems, cellular processes,
and environmental and genetic information processing. A
total of 422 differentially expressed genes were involved in
208 pathways between the HFD group and the HFD+CGA
group, of which 41 pathways were significantly enriched,
including 11 significant signaling pathways related to amino
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Figure 3: Hematoxylin-eosin staining of rat colonic and liver tissue from each group. Hematoxylin-eosin staining of colonic and liver tissue
of rats from the natural control (NC, (a, e)), high-fat diet (HFD, (b, f)), high-fat recovery (HFD+SPR, (c, g)), and chlorogenic acid treatment
(HFD+CGA, (d, h)) groups. Stained colonic and liver tissue sections were photographed using a Mingmei ML31 biomicroscope under 10x
and 40x objective lens.
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Figure 5: Expression levels of related genes in colonic tissue of rats in each group. Relative mRNA expression of TNF-α (a),MCP-1 (b), and
IL-6 (c) in colonic tissue of rats.
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Figure 4: Effects of chlorogenic acid on the expression of inflammatory cytokines and LPS. Serum levels of TNF-α (a), MCP-1 (b), IL-6 (c), and
LPS (d).NC: natural control group;HFD: high-fat diet group;HFD+SPR: high-fat recovery group; HFD+CGA: chlorogenic acid treatment group.
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acid and lipid metabolism, listed top place (Table 2). Addi-
tionally, the bile acid excretion pathway was also included.

3.7. Effect of Chlorogenic Acid on Intestinal Microbial
Diversity. The analysis of β-diversity and α-diversity of rat
intestinal microbiota for each group is shown in Figure 8. A
principal component analysis (PCA) diagram (Figure 8(a))
and a heat map of the genus-based β-diversity matrix
(Figure 9(f)) are presented to highlight significant differences
among the four groups; however, no significant differences
were observed among the four groups, indicating that the
experimental groups were homogeneous. Unique and over-
lapping OTUs, for a total of 1,618 OTUs, are represented in
a Venn diagram (Figure 8(b)). Some OTUs were common
among all four groups, while others were unique to a specific
group. The NC, HFD, HFD+SPR, and HFD+CGA groups
had 53, 95, 97, and 45 unique OTUs, respectively. As shown

in the box chart (Figures 8(c)–8(e)), compared with the NC
group, the Sobs, Chao index, and ACE index values of the
HFD group decreased significantly, by 41.66%, 35.29%, and
37.00%, respectively. These results revealed that long-term
HFD can reduce the abundance and diversity of intestinal
microorganisms. Conversely, in the HFD+CGA group, the
Sobs, Chao index, and ACE index values significantly
increased by 34.50%, 27.89%, and 31.08%, respectively, com-
pared with the HFD group, indicating that after CGA treat-
ment, the richness of intestinal microorganisms returned to
a level similar to that observed in the NC group.

3.8. Effect of Chlorogenic Acid on Intestinal Microflora. The
composition of the intestinal microflora of rats in each group
was analyzed and is shown in Figure 9. At the phylum level
(Figure 9(a)), Bacteroidetes, Firmicutes, Spirochaetes, Proteo-
bacteria, Cyanobacteria, Verrucomicrobia, Tenericutes,

NC HFD HFD+SPR HFD+CGA
0.000

0.002

0.004

0.006

0.008 A

B
B

C

TNF-𝛼

TNF-𝛼

𝛽-Actin

Re
la

tiv
e e

xp
re

ss
io

n 
of

 p
ro

te
in

(a)

NC HFD HFD+SPR HFD+CGA
0.0

0.2

0.4

0.6

0.8

A

B
BC

IL-10

IL-10

β-Actin

Re
la

tiv
e e

xp
re

ss
io

n 
of

 p
ro

te
in

(b)

NC HFD HFD+SPR HFD+CGA
0.000

0.001

0.002

0.003

0.004

0.005 A
A

B B

Ocln

Ocln

𝛽-Actin

Re
lat

iv
e e

xp
re

ss
io

n 
of

 p
ro

te
in

(c)

NC HFD HFD+SPR HFD+CGA
0.000

0.002

0.004

0.006

0.008

0.010

A

B B

C

IL-6
Re

la
tiv

e e
xp

re
ss

io
n 

of
 p

ro
te

in

IL-6

𝛽-Actin

(d)

Figure 6: Protein expression levels in colonic tissue of rats in each group. Protein expression levels of TNF-α (a), IL-6 (b), Ocln (c), and IL-10
(d) in rat colonic tissue.
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Actinobacteria, and Elusimicrobia were the most abundant in
all four groups. Compared with the NC group, the HFD
group presented a lower relative abundance of Tenericutes
and a higher relative abundance of Proteobacteria. After
CGA treatment, the relative abundance of Chlorophyta sig-
nificantly increased (P < 0:05). Simultaneously, the abun-
dance of Tenericutes increased by 65.93% and the
abundance of Elusimicrobia decreased by 80.52%. Based on
the horizontal heat map of genus (Figure 9(e)), the relative
abundance of bacteria in the HFD group significantly dif-
fered from that in the NC, HFD+SPR, and HFD+CGA
groups, but the relative abundance in the NC, HFD+SPR,
and HFD+CGA groups tended to be consistent. Compared
with the NC group, the HFD group presented a significantly
higher relative abundance of Blautia, Sutterella, and Akker-

mansia (P < 0:05), and a lower relative abundance of Blautia
and Sutterella CGA treatment.

3.9. Effect of Chlorogenic Acid on Short-Chain Fatty Acid
Levels in Feces. The analysis of SCFA levels in rat feces of each
group is shown in Figure 10. Butyric acid and acetic acid
levels were significantly lower in the HFD group than in the
NC group (P < 0:05). Compared with the HFD group, a
significant increase in butyric acid levels was observed in
the CGA-treated group (P < 0:05). No significant difference
was noted in propionic acid levels among the four groups;
however, propionic acid levels were 22.57% lower in the
HFD group than in the NC group. As HFD demonstrated
the greatest effect on butyric acid levels, we analyzed the
relative abundance of related intestinal microflora at the
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genus level. Furthermore, we analyzed the correlation
between the abundance of intestinal microorganisms at the
genus level and butyric acid levels. As shown in
Figures 10(b)–10(f), butyric acid levels negatively correlated
with the abundance of Allobaculum, Blautia, Coprobacillus,
and Sutterella and positively correlated with the abundance
of Ruminococcus. Therefore, we speculate that, to a certain
extent, changes in the abundance and diversity of intestinal
flora resulted in changes in the SCFA content.

4. Discussion

CGA supplementation has shown promising results for the
regulation of lipid metabolism [22] and glucose homeostasis
[23] via multiple mechanisms, including the promotion of
lipid β-oxidation via PPAR-α [24], its antioxidant effects
[25], and its capacity to improve insulin sensitivity in periph-
eral tissues [26]. In addition, CGA exhibits antibacterial and
anti-inflammatory properties [27]. Our results indicate that a
long-term HFD significantly increases body weight and
induces colon inflammation in rats, compared to the NC
group. Additionally, HFD-fed rats exhibited fat deposition
in the liver and lipid metabolism disorders. CGA interven-
tion improved the negative effects of HFD in rats, which is
in line with the results of previous studies [12, 28, 29].

Accumulating evidence suggests that HFD has a strong
effect on the gut microbiota, converting healthy gut microbi-
ota into a dysbiotic disease-associated entity [30]. Numerous
studies have shown that HFD-induced obesity leads to the
development of chronic diseases, damaged intestinal mucosa,
and chronic intestinal inflammation by compromising the
intestinal flora of animals [30–32]. A previous study reported
that approximately 30% of CGA can be absorbed into the
bloodstream through the stomach and small intestine, while
the remaining 70% reaches the large intestine. CGA is metab-
olized in the liver, and its metabolites might interact with the
gut microbiota [33]. Thus, we propose two mechanisms
through which CGA may exert its effects on the microbiota.

One mechanism is represented by the direct entry of CGA
into the large intestine, which may change the microbial
structure and reduce the abundance of certain pathogenic
bacterial species. For instance, the relative abundance of
Blautia and Sutterella was significantly reduced (P < 0:05)
in the intestine of CGA-treated mice compared to controls.
However, our experiment found that the relative abundance
of Akkermansia in the HFD group was significantly higher
than that in the control group, which was inconsistent with
the results of previous studies [34, 35]. Akkermansia species
have been identified as mucin-degrading bacteria that reside
in the mucus layer [36]. Furthermore, Akkermansia can help
maintain the health of the digestive tract and reduce the risk
of obesity, diabetes, and inflammation [37]. Interestingly,
several studies have reported that resveratrol administration
alters the composition and function of the gut microbiome
of obese mice, and these have been characterized by a
decreased abundance of Akkermansia [38]. Moreover,
omeprazole-induced dysbiosis of the intestinal flora pro-
motes the growth ofAkkermansia and inhibits bifidobacterial
growth, thus leading to thinning of the mucus layer through a
reduced number of goblet cells in the small intestine [39].
Therefore, Akkermansia species may play diverse roles in
the regulation of intestinal functioning, and exploring their
relationship with other microorganisms in the gut environ-
ment might elucidate these roles. Additionally, we noted that,
at the genus level, the abundance of Staphylococcus and
Escherichia in the HFD group was higher than that in the
other three groups, thereby indicating that CGA administra-
tion and the cessation of HFD could reduce the abundance of
these two genera. This is consistent with previous in vitro
CGA antibacterial test results [27, 40]. These observations
describe a possible mechanism by which CGA administra-
tion may alleviate colon inflammation.

There is a second mechanism that might explain the
effects of CGA. KEGG enrichment analysis revealed 11 sig-
nificantly enriched signaling pathways related to amino acid
and lipid metabolism in the liver, suggesting that CGA is

Table 2: KEGG pathway enrichment of the differential expressed genes involved in amino acid and lipid metabolism between the HFD and
HFD+CGA groups.

Serial Pathway DEGs P value Q value Pathway ID

4 Glycine, serine, and threonine metabolism 6/42 0.00004 0.00228 ko00260

6 Steroid biosynthesis 4/26 0.00065 0.02269 ko00100

7 Cysteine and methionine metabolism 5/58 0.00205 0.06087 ko00270

8 Valine, leucine, and isoleucine biosynthesis 2/5 0.00234 0.06087 ko00290

9 Linoleic acid metabolism 4/41 0.00370 0.08540 ko00591

11 Glycerophospholipid metabolism 6/106 0.00626 0.11017 ko00564

12 Phenylalanine, tyrosine, and tryptophan biosynthesis 2/8 0.00636 0.11017 ko00400

18 Arachidonic acid metabolism 6/119 0.01079 0.12472 ko00590

25 Alanine, aspartate, and glutamate metabolism 3/41 0.02574 0.21416 ko00250

30 Arginine biosynthesis 2/23 0.04930 0.33080 ko00220

31 Phenylalanine metabolism 2/23 0.04930 0.33080 ko00360

37 Bile secretion 4/95 0.06103 0.34306 ko04976

KEGG pathway enrichment of the differential expressed genes involved in amino acid and lipid metabolism between the HFD and HFD+CGA groups. Notice:
we just showed the P value is equal or smaller than 0.05 about the pathway of amino acid and lipid metabolism, and bile secretion.
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absorbed in the stomach and small intestine and ultimately
enters the liver through the bloodstream. In particular, CGA
administration may significantly affect amino acid metabo-
lism in the liver of HFD-fed obese rats, although this has not
been suggested in previous studies. In our study, CGA admin-
istration downregulated the expression of phosphoserine

aminotransferase (EC2.6.1.52) and D-3-phosphoglycerate
dehydrogenase, which indicates lower serine biosynthesis.
Conversely, the expression of L-serine/L-threonine ammonia
lyase (EC:4.3.1.17,4.3.1.19) was upregulated (Fig. S1). There-
fore, the synthesis of branched-chain amino acids (BCAAs)
includes leucine (Leu), isoleucine (Ile), and valine (Val).
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Figure 8: Analysis of β-diversity and α-diversity of the intestinal microflora of rats in each group. Principal component analysis (PCA)
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Figure 9: Continued.
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Furthermore, the synthesis of glutamic acid (Glu), arginine
(Arg), tyrosine (Tyr), and phenylalanine (Phe) was also
affected (Fig. S2), indicating that CGA might be involved in
modulating the synthesis of these BCAAs. BCAAs also act as
nitrogen donors for amino acids (AAs) such as Ala, Glu, and
Gln. Through signaling pathways, especially the PI3K-AKT-
mTOR pathway, BCAAs are involved in the regulation of
energy balance, nutrient metabolism, gut health, and immu-
nity and thus play a key role in the etiology of diseases, such
as insulin resistance or type 2 diabetes mellitus [41, 42]. In
fact, metabolic imbalances in BCAAs can lead to various
health problems, including diabetes and cancer [42]. Further-
more, BCAAs act as regulators, promoting intestinal develop-
ment, nutrient transport, and immune-related functions,
resulting in improved gut health [43–45]. Thus, a dynamic
balance of BCAAs is essential for physiological and immuno-
logical health. Further, we speculate that CGA might affect
bile acid excretion by modulating AA and lipid metabolism.
CGA affects the composition and species abundance of the
intestinal microbiota through the liver-intestine axis and alle-
viates HFD-induced colon mucosal injuries. Indeed, the
microbial abundance of the HFD+CGA and HFD+SPR
groups was similar to that of the NC group, but higher than
that of the HFD group. This might be explained by the similar
lipid metabolism between the HFD+CGA and HFD+SPR
groups. Moreover, bile acid metabolism was also similar
between the two treatment groups.

In this study, a long-term HFD led to an increase in the
abundance of gram-negative Escherichia bacteria, which
was decreased by CGA treatment. Thus, CGA treatment
might be the reason for the significant decrease in serum
LPS levels in the HFD+CGA group. LPS is a component of
the outer wall of gram-negative bacteria, which increases
intestinal tight junction permeability. Furthermore, it trig-
gers TLR4 signal transduction, which activates the NF-κB
(p50/p65) pathway [46], resulting in the upregulation of
inflammatory cytokines. The serum and colon levels of
inflammatory cytokines observed in this study support this
hypothesis. Nevertheless, our results showed that the expres-
sion level of certain proteins in the colon is not fully consis-
tent with the expression level of the related genes in terms
of mRNA accumulation. However, since mRNA molecules
and proteins are the products of gene expression at different
levels, this discrepancy is not surprising. In fact, efficient
translation of an mRNA molecule to a protein requires
editing, posttranslational processing, etc. Therefore, possibly
owing to the different efficiency of transcription and transla-
tion, we did not detect perfectly corresponding mRNA and
protein levels, although we measured similar trends [47].
However, we found that ELISA and western blotting yielded
almost identical protein levels. At the mRNA level, the
expression of the proinflammatory factor-coding genes
MCP-1 and IL-6 in the HFD+CGA group was significantly
lower than that in the HFD+SPR group. Moreover, the body
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Figure 9: Analysis of intestinal microbial composition of rats in each group (n = 6). Changes in the flora composition at the level of phylum
(a), changes in the horizontal heat map of genus (e), and changes in the β-diversity matrix heat map of genus (f). Changes in the abundance of
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weight, BMI, and Lee’s index of the HFD+CGA group were
significantly lower than those of the HFD+SPR group. We
conclude that the partial effect of CGA administration to
the HFD+CGA group led to a better outcome than that of
the HFD+SPR group.

Recently, a large number of studies have shown that
short-chain fatty acids (SCFAs) are effective in protecting
rodents and humans from inflammation-related damage
[47] and reduce the occurrence of intestinal inflammation
by regulating host intestinal immunity [48]. Butyric acid,
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Figure 10: Analysis of short-chain fatty acids in the fecal of each group. (a) Butyric acid, acetic acid, and propionic acid levels in feces
(μg/g); correlation between butyric acid levels and the abundance of Allobaculum (b), Blautia (c), Coprobacillus (d), Sutterella (e), and
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one of the fundamental SCFAs, can regulate the expression of
various genes and is used as an energy source, either directly
or indirectly. As an important signal transduction molecule,
butyric acid can regulate gene expression by inhibiting his-
tone deacetylases or activating G protein-coupled receptors
41 and 43 to alter the metabolic activity [49]. There are
various bacterial species that produce butyric acid, including
representatives of Actinomycetes, Bacteroides, Clostridium,
Proteus, Spirochetes, and Thermophiles [50]. Our results
reveal that the diversity of intestinal microorganisms
changed after CGA treatment. The abundance of SCFA-
producing bacteria increased, resulting in increased SCFA
production. Compared to the NC group, the microbial diver-
sity of the HFD+CGA group decreased, while the percentage
of butyric acid-producing strains, such as Ruminococcus,
increased significantly and showed a positive correlation with
butyric acid levels. These results are in agreement with the
studies discussed above.

5. Conclusions

To summarize, our study reveals that CGA alleviates obesity-
induced colon mucosal damage. We hypothesized that
chlorogenic acid changes the composition of the intestinal
microbiota by regulating amino acid and lipid metabolism
in SD rats or by directly acting on the microflora, thereby
reducing serum LPS levels and enhancing the production of
short-chain fatty acids to inhibit the development of colitis.
The results provide a meaningful reference for how to adjust
food composition to promote gut health.
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Foot ulcers are one of the most common and severe complication of diabetes mellitus with significant resultant morbidity and
mortality. Multiple factors impair wound healing include skin injury, diabetic neuropathy, ischemia, infection, inadequate
glycemic control, poor nutritional status, and severe morbidity. It is currently believed that oxidative stress plays a vital role in
diabetic wound healing. An imbalance of free radicals and antioxidants in the body results in overproduction of reactive oxygen
species which lead to cell, tissue damage, and delayed wound healing. Therefore, decreasing ROS levels through antioxidative
systems may reduce oxidative stress-induced damage to improve healing. In this context, we provide an update on the role of
oxidative stress and antioxidants in diabetic wound healing through following four perspectives. We then discuss several
therapeutic strategies especially dietary bioactive compounds by targeting oxidative stress to improve wounds healing.

1. Introduction

Diabetes mellitus (DM) and its complications are increas-
ingly prevalent worldwide with a serious burden on patients
and health care systems [1] Diabetic foot ulcers have a sub-
stantial impact on disability, morbidity, and mortality. The
mechanism of diabetic wound chronicity has not been well
understood. It is currently believed that oxidative stress plays
a vital role in the occurrence and development of diabetic
wound [2, 3]. Oxidative stress is caused by overproduction
of reactive oxygen species and insufficient antioxidant
systems. However, the process of oxidative stress in wound
development and healing remains unclear. This review will
further develop the discussion on how oxidative stress may
affect diabetic wound healing in terms of skin injury, neurop-
athy, arterial disease, and infection. Furthermore, the plausi-
ble role of antioxidants including plant bioactive compounds
on promoting wound healing will be addressed in order to
explore novel approaches and strategies for promotion of
diabetic wound healing.

2. Oxidative Stress State in the Development
and Healing of Diabetic Wound

Reactive oxygen species (ROS) are crucial regulators of several
phases of wound healing. Indeed, low levels of ROS are
required for the fight against external damage [4]. However,
excessive oxidative stress on tissues and the decrease of antiox-
idant ability results in redox imbalance, which is a major cause
of nonhealing diabetic wounds [5]. Clinical studies investigated
that nonhealing diabetic wounds are infiltrated by the highly
oxidizing environment, which is associated with hyperglycemia
and tissue hypoxia, that leads to delayed wound repair. People
with long-term type 2 diabetes have significant reductions in
the antioxidant enzyme activity [6]. Oxidative stress may influ-
ence diabetic wound healing through skin injury, neuropathy,
ischemic lesion, and topical infection (Figure 1).

2.1. Diabetic Skin Injury. The repair process of diabetic
skin injury includes the temporally overlapping stages of
coagulation, inflammation, migration-proliferation, and
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remodeling [7].While the molecular mechanisms underlying
such defects have not yet been clarified, some have reported
that a hyperglycemic state directly affects the keratinocyte
and fibroblast activity inducing changes in protein synthesis,
proliferation, and migration, reduced antimicrobial peptide
expression, and increased oxidative stress. These myriad
changes may result in the injury of the skin barrier function
making the skin susceptible to damage and infection [8–11].
A balanced redox state is likely critical for prompt healing.
Diabetic skin appears to be infiltrated withmore inflammatory
cells, edema, and less granulation tissue formation than the
normal skin, suggesting a deterioration in diabetic ulcer heal-
ing reserve [2, 7].Additionally, the periwound and central
wound tissue in people with diabetes appears to also be more
likely to be prone to excessive oxidative stress and damage,
which results in poor healing [12, 13]. Kim et al. suggested that
both high oxidative stress levels and bacteria set the wound up
for chronic wound development [14].

Experiments that have evaluated hypoxia and oxidative
stress suggest that they may lead to the downregulation of
miRNA biogenesis genes in cultured fibroblasts [15]. Recent
efforts have indicated the levels of serum advanced glycation
end product (AGE), and its epidermal receptors were ele-
vated in diabetes [9, 16]. AGEs bind to receptors on the endo-
thelial cell surface inducing the overproduction of ROS [17].
AGE in the diabetic wound microenvironment appears to
impair wound contraction and prolongs the inflammatory
response and appears to deleteriously damage extracellular
matrix (ECM) proliferation [18]. Nrf2 is a key transcription
factor involved in wound healing by regulating angiogenesis
and antioxidant gene expression, which is impaired in diabe-
tes [19, 20]. A recent study indicates that activation of Nrf2
signaling significantly increased TGF-β1 and reduced
MMP9 in keratinocytes in diabetic wound healing [12].
Another study reported that SIRT1 (silent mating informa-

tion regulation 2 homolog) activation could protect vascular
endothelial cells from oxidative stress damage to improve
angiogenesis in wounds to accelerate wound healing in dia-
betic mice, and this effect may be through the AKT-Nrf2
pathway [21]. Sirtuins are class III histone deacetylase
enzymes which are evolutionarily conserved and possess
NAD+dependent deacetylase activity. Sirtuin 3 (SIRT3) is
a protein deacetylase located in the mitochondria. It serves
to regulate the mitochondrial function, which is involved in
regulating cellular redox status, mitochondrial energetics,
biogenesis, dynamics, and apoptosis. Recent work has dem-
onstrated that the lack of SIRT3 reduced blood supply, inhib-
ited vascular endothelial growth factor (VEGF) expression,
promoted superoxide production, impaired total antioxidant
capacity, and consequently resulted in delayed skin wound
healing in diabetic mice [22]. Therefore, sirtuins may be a
new therapeutic target to improve diabetic wound healing.

2.2. Diabetic Neuropathy. At least half of the people with
diabetes will develop clinically significant peripheral neu-
ropathy [23–25]. Sensory nerve dysfunction leads to the
loss or weakening of skin protection. Motor neuropathy,
which increases plantar pressure that directly destroys
the tissue, causes plantar capillary occlusion, local tissue
ischemia, and destruction [26]. The autonomic neuropathy
of sweat glands in people with diabetes leads to reduced
skin sweating, abnormal temperature regulation, and dry
and chapped skin, which in turn damages the integrity
of the skin, leading to a reduced barrier to infection. It
also leads to perturbations in the skin blood flow and
microcirculatory disorders such as loss of peripheral sym-
pathetic nerve innervation and tension, leading to vasomo-
tor dysfunction and abnormal arteriovenous shunting. As
a result, the abnormal blood flow distribution and nutri-
tional capillary ischemia could occur.
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Figure 1: The role of oxidative stress in development and chronicity of diabetic wound.
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It has been well demonstrated that hyperglycemia is a
critical mechanism in the induction of oxidative stress.
Increased oxidative stress appears to deleteriously affect
blood supply, structure, and metabolism of the peripheral
nerve [26] that leads to extensive deterioration to the all
aspects of the peripheral nervous system including
Schwann cells, myelinated axons, and sensory neurons
located in the dorsal root ganglia [27]. Meanwhile, insuffi-
cient ATP supplies could lose the ability to transport
axons, as axons were rich in mitochondria, providing
direct nerve energy supply, thereby further promoting axo-
nal injury, causing diabetic neuropathy. The loss of ability
of detoxify the excess oxidative stress with insufficient
ATP supplies led the axons oxidative stress damage in
hyperglycemia, which precipitated axonal degeneration or
apoptosis [28]. Studies have suggested that multiple bio-
chemical pathways are deleteriously affected by oxidative
stress (Figure 2).

2.2.1. Activated Polyol Pathway. The polyol pathway mainly
includes the conversion of glucose to sorbitol by aldose
reductase (AR) and the conversion of sorbitol to fructose by

sorbitol dehydrogenase. In patients with diabetes, elevated
intracellular levels of glucose cause the affinity of AR for glu-
cose to also increase. This then leads to the increased produc-
tion of sorbitol. Subsequent accumulation of sorbitol reduces
the activity of Na+K+-ATPase which reduces the physiolog-
ical reserve of nerve cells and commensurate reduction of
nerve conduction velocity. It is also understood that the
hyperglycemia-induced polyol pathway leads to increased
oxidative stress because of depletion of NADPH, which is
derived from the pentose phosphate pathway that generates
GSH from glutathione. Meanwhile, excess fructose, as a
product in metabolism, accelerates glycation and further
consumption of NADPH to aggravate intracellular oxidative
stress [29]. It has been confirmed in diabetic mice with high
expression of aldose reductase. Diabetic mouse models indi-
cate that sorbitol accumulates significantly in the sciatic
nerve of diabetic AR+/+ mice. Traces of oxidative stress
and DNA damage in the sciatic nerve were additionally
observed [30]. Until now, aldose reductase inhibitors have
been used to inhibit oxidative stress through the polyol
pathway [31]. This may be beneficial for improving diabetic
ulcer with concomitant neuropathy.
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2.2.2. Activated Hexosamine Pathway. In an environment
characterized by hyperglycemia, fructose-6 phosphate, a
metabolic intermediate of glycolysis, is shifted from the
glycolytic pathway to the hexosamine pathway and then
converted to uridine diphosphate N-acetylglucosamine
(UDPGlcNAc). Subsequently, UDPGlcNAc attaches to the
serine and threonine residues of transcription factors [32].

Studies have reported activation of the hexosamine
pathway leading to the impaired nerve function. In addi-
tion, the hexosamine pathway can promote the expression
of cytokines such as TGF-α and TGF-β1 [33, 34].

Hyperglycemia activates the hexosamine pathway that
eventually results in increasing of transcription factor Sp1,
which is promoting the overexpression of TGF-β1 and plas-
minogen activator inhibitor-1(PAI-1) in arterial endothelial
cells [35, 36]. In addition, hyperglycemia induces the hexosa-
mine pathway, and NF-κB signaling increases the expression
of thrombospondin 2 (TSP2). TSP2 is a critical matricellular
protein in injury responses. This appears to delay diabetic
wound healing [37].

2.2.3. Activated AGE Pathway. In DM, nonenzymatic gly-
cosylation of glucose can chemically interact with amino
acids, lipids, and nucleic acids, which lead to the forma-
tion of reversible early glycosylation products. After chem-
ical reconstitution irreversible AGEs subsequently form,
AGE receptors exist in a variety of cell types such as vascular
endothelial, vascular smooth cells, and others. As AGEs
combine with their receptors, ultimately, extracellular and
intracellular structure and function are altered [38].

The formation of AGEs on ECM molecules can increase
ECM production and tissue stiffness directly or indirectly
through activation of TGF-β receptors to stimulate cell
growth. A signaling cascade triggered by the binding of AGEs
to its receptor on the endothelial cell surface leads to activation
of NADPH oxidase and overproduction of ROS, p21, RAS,
and MAPKs. NF-κB is a key target of AGE-RAGE signaling.
Excess oxidative stress derived from the AGE-RAGE axis acti-
vates NF-κB and affects transcriptional activation of numer-
ous cytokines and adhesion molecules including endothelin-
1, ICAM-1, E-selectin, and tissue factor, many of which are
closely linked to inflammation and diabetic angiopathy [17].

AGEs also reduce the bioavailability of endothelium NO
and cause the overproduction of ROS [39, 40]. It has been sug-
gested that the AGEs-RAGE axis contributes to microvascular
and macrovascular complications of diabetes [41].Thus, the
process of the AGE pathway might induce neuropathy via
impairing vasodilation, thickening capillary basement mem-
brane, and endothelial hyperplasia.

In addition to the aforementioned effects, AGEs nega-
tively impact diabetic ulcer healing by increasing apoptosis,
decreasing the proliferation of fibroblasts, and reducing the
activity of growth factors such as fibroblast growth factor
[42]. Moreover, AGE-induced autophagy is associated with
delayed cutaneous ulcer healing through stimulation of M1
polarized macrophage [43, 44].

2.2.4. Activated PKC Pathway. PKC is comprised of a group
of serine/threonine protein kinases with important physio-

logical functions affecting many cellular signaling transduc-
tion pathways [45]. There are several isoforms of PKC,
which play a critical role in multiple biological systems.
PKCα, βI, βII, and δ are main components of the periph-
eral nerve [46]. In the environment of hyperglycemia, over-
production of oxygen free radicals inhibits the activity of
glyceraldehyde phosphate dehydrogenase (GAPD). This
leads to increased conversion of dihydroxyacetone phosphate
(DHAP) to diacylglycerol (DAG), which in turn activates the
PKC pathway [47]. Activated PKC can mediate the produc-
tion of oxygen free radicals, inhibiting the activity of NO,
thus leading to damage of the endothelial function.

A diabetic mouse study paradoxically reported decreased
PKC activity. The difference from the previously stated
results was likely due to the reduced expression of membrane
PKC-α translocated to the cytoplasm, while the expression of
membrane PKCβII increased [48]. Recent studies have
reported improved neural function of diabetic rats with the
administration of nonselective PKC isoform inhibitors or
selective PKC β inhibitors. In addition, the sustained increas-
ing PKCδ of human fibroblasts of DM hindered wound
healing and insulin signaling was observed, thereby PKCδ
inhibition may be a novel approach for treating diabetic
wounds [49]. In summary, the mechanism of the PKC
pathway in diabetic complications remains unclear.

Recent experiments have suggested that benfotiamine,
a lipid-soluble analogue of vitamin B1, might improve dia-
betic wound healing via preventing the activation of the
hexosamine pathway and the AGE and PKC pathway [50].
Preclinical studies showed that stimulating Nrf2-mediated
antioxidant in the local regenerative environment of diabetic
wounds significantly improved the molecular and cellular
composition of wound beds [51].

The process of OS is irreversible and exerts a memory
effect on metabolism with the correction of hyperglycemia
[52, 53]. It was well demonstrated that the duration and
severity of hyperglycemia were associated with the occur-
rence and progression of diabetic neuropathy, and enhanced
glucose control delayed the process of developing clinical
neuropathy in type 1 diabetes mellitus [3, 54]. However, con-
clusions in type 2 diabetes mellitus remain elusive [3, 55].
Indeed, strict glucose control does appear to impair nerve
conduction velocity and vibration threshold in type 2 diabe-
tes mellitus. This might be because neurons are more prone
to severe hypoglycemic episodes. With acute glucose fluctua-
tions, the PKC pathway is activated while inflammatory
factors and adhesion molecules were secreted [56, 57], which
further results in endothelial dysfunction and oxidative stress
of the peripheral nerve.

2.3. Diabetic Peripheral Artery Disease. The role of diabetic
angiopathy is well described in diabetic wounds. Diabetic
microangiopathy and macroangiopathy are the combined
result of irreversible complex nonenzymatic glycation,
elevated oxidative stress and inflammation, and endothelial
dysfunction and hypercoagulability state [58].

Oxidative stress caused by activated biochemical path-
ways, such as the AGE/RAGE pathway, the polyol pathway,
PKC activation, and the hexosamine pathway, results in
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production of inflammatory mediators, pericyte degenera-
tion, thickening basement membrane, endothelial hyperpla-
sia, NO reduction, impaired vasodilation, and increasing
procoagulant biomarkers, such as IL-6, TNF-α, D-dimer,
and PAI-1. All of these are in one way or another involved
in the development of diabetic microangiopathy [59–62].
The alteration of the capillary or arteriolar vessel structure
prevented the delivery of nutrients and activated white blood
cells to specific tissues, increases the susceptibility and sever-
ity of infections, and accelerates the occurrence and progres-
sion of diabetic ulcer. In addition, microthromboembolism
might be more prone to occur in terminal vessels of smaller
diameter, which aggravates ischemia and hypoxia of the local
tissue in diabetic wounds. SKQ1 as a mitochondria-targeted
antioxidant increased the number of myofibroblasts, lowered
the levels of neutrophils, and elevated macrophage infiltra-
tion; moreover, SKQ1 decreased lipid peroxidation levels
without alteration of circulatory IL-6 and TNF levels. SKQ1
treatment also improved cell migration, thereby improving
dermal wound healing of genetically diabetic mice [63].

The biochemical pathways participated in the develop-
ment of diabetic macroangiopathy were as follows: AGEs-
RAGE axis, polyol pathway, hexosamine pathway, PKC
activation, overproduction of ROS, and chronic inflamma-
tion [64, 65]. In turn, atherosclerosis induced endothelial
dysfunction and inflammation, and these processes are
worsened in diabetes [59]. Moreover, recent evidences inves-
tigated that hypoglycemia may also play an vital role in
vascular complications of diabetes [66]. Hyperglycemia or
short-term glucose fluctuations induced OS and proathero-
genic gene expression alteration which will be long-lasting
later even in normal glycemic conditions [67]. As a result,
the lumen of large vessels in diabetes narrow or abstract,
and tissue ischemia deteriorated, which lead to a delay in
diabetic wound closure.

2.4. Topical Infection. Patients with uncontrolled DM are
more prone to skin infections such as fungal and bacterial
infections. In turn, infections make the wound difficult to
heal. The microbiome in diabetic wounds is closely related
to the skin microbiome showing complex time-dependent
features as well as individual differences. Diabetic wounds
display disease-related changes. Staphylococcal species
dominate [68–71].

3. Antioxidants in Diabetic Wound Healing

3.1. Antioxidant Effects of Antimetabolism Imbalance
Drugs on Wound Healing. Metformin is a classic therapy
for DM. Recent literatures have reported that metformin
improved angiogenic functions of endothelial and endo-
thelial progenitor cells by activating the NOS pathway,
and it is effective in the treatment of skin wounds in
diabetic mice [72, 73].

SGLT2 inhibitors, as a novel glucose-lowering approach,
grow evidence suggesting that it can lower the mRNA expres-
sion of TNF-α, IL-6 and MCP-1, and infiltration of inflam-
matory cells in the plaque and adipose tissue to improve
inflammation and endothelial function, which seem to be

involved in the alleviation of atherosclerosis by empagliflozin
[74, 75]. Furthermore, with SGLT2 inhibitor therapy, the
proinflammatory phenotype and glucotoxicity in experimen-
tal diabetic animals were reversed [75]. In addition,
hyperglycemia-induced mitochondrial dysfunction was
relieved by SGLT2i in hyperglycemic mouse aorta vascular
cultures [76]. Therefore, SGLT2i may be beneficial to diabetic
wounds for healing.

Dipeptidyl peptidase-4 (DPP-4) inhibitors can lower
blood glucose and reduce cardiovascular risk in patients with
type 2 diabetes mellitus. Previous studies indicated that DPP-
4 exerts a preventive effect on oxidative stress via Nrf2 or
other pathways. Therefore, DDP-4 may be a treatment
option for patients with diabetic chronic wounds [77, 78].

Fenofibrates, along with a proper diet to fight against
high cholesterol and triglyceride levels, has been indicated
to simulate keratinocyte differentiation and improve the skin
barrier in vivo [79]. It also ameliorated oxidative stress and
blockade of Wnt/β-catenin signaling [80]. These findings
provide insights into treatment for diabetic ulcers. Systemi-
cally, use of statins exerts a reduction on cholesterol and
can stimulate angiogenesis. Recent researches have revealed
that stains can improve wound healing process in diabetic
mice [81–83]. These may be a considerable therapy for
patients with diabetic chronic wounds in clinic.

3.2. Antioxidant Effects of Drugs for Diabetic Neuropathy
on Wound Healing. α-Lipoic acids (ALA) have been dem-
onstrated to inhibit the progression of diabetic neuropathy
by scavenging ROS, regeneration of endogenous and
exogenous antioxidants, renovation of oxidized proteins,
inhibition of NF-Kb, and regulation of gene transcription.
Nowadays, it is widely used in the clinic for diabetic
microangiopathy [64, 84, 85].

Coenzyme Q10, an endogenous synthesized lipid and a
vitamin-like substance primarily present in the mitochon-
dria, ameliorates oxidant stress and apoptosis [86]. CoQ10
is an electron transport in the mitochondrial respiratory
chain, consequently increasing energy generation of ATP
and enhancing the mitochondrial antioxidant activity [87].
Aldose reductase inhibitors are used to inhibit oxidative
stress by the polyol pathway [31], and it may be beneficial
for improving diabetic ulcer with neuropathy.

3.3. Antioxidant Effects of Drugs for Diabetic Angiopathies
on Wound Healing. Cilostazol, a phosphodiesterase type
3 inhibitor, has been suggested to be involved in the pro-
cedure of antiatherosclerosis with antiplatelet and vasodila-
tory effects. A study on diabetic mice indicated that cilostazol
significantly reduced RAGE, ROS, NF-κB signaling, down-
stream gene expressions, and cell functions induced by
hyperglycemia in VSMCs [88]. Low molecular-weight hepa-
rin ameliorates chronic diabetic wound healing, possibly by
increasing microcirculation of wound margin [89, 90], but
it is still controversy [91]. Iloprost improved limb perfusion
and may be an important therapy for diabetic ulcerative
lesions with severe ischemia [92]. However, there are only
sparse data and lack of high-quality randomized controlled
studies to show efficacy in any of these three agents [93].
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3.4. Antioxidant Effects of Drugs for Diabetic Skin on
Wound Healing. The epidermal growth factor (EGF)
administration was beneficial for the alleviation of oxida-
tive stress to improve wound repair [94]. Biogenic AgNPs
synthesized from Brevibacillus brevis KN8 could inhibit
the overexpression of MMP-2 and MMP-9 in granulation
tissues and accelerated wound healing in diabetic mice
beyond the antimicrobial activity [95]. Sodium pentaborate
pentahydrate (NaB) displayed great antimicrobial proper-
ties and improved proliferation, migration, and the expres-
sion of growth factor and gene expression in dermis, and
studies on diabetic rats proved that NaB improve diabetic
wound healing rate [96].

3.5. Antioxidant Effects of Drugs for Diabetic Infection on
Wound Healing. Strict antimicrobial dressing should be per-
formed in diabetic ulcers with infection [97]. The micro-

biome in wound is associated to the skin microbiome
showing complex and time-dependent features, as well as
individual differences [68]. The microbial culture can be used
to guide antimicrobial therapy.

Efficient antimicrobial treatment with daptomycin [98]
exerted positive effects on wound healing at the molecular
level, such as reducing the level of local IL-6 and MMP-9
and increasing TIMP-1 in theMRSA-infected diabetic wound.

3.6. Antioxidant Effects of Plant Ingredients on Wound
Healing. Ferulic acid (FA) is a natural antioxidant derived
from fruits and vegetables that inhibited lipid peroxidation
and increased the expression of catalase, superoxide dismut-
ase, glutathione, nitric oxide, and serum zinc and copper,
probably improving the healing process in diabetic ulcer
[99]. Besides, syringic acid treatment also promotes migra-
tion and proliferation to improve wound healing [100].

Table 1: Antioxidants and their potential benefit in diabetic wound healing.

Drugs Observation Mechanism Reference

Antimetabolism
imbalance

Metformin
Improved angiogenic functions

of ECs and EPCs
NO, AMPK/mTOR pathway [72, 73]

SGLT2i
Improve inflammation and

endothelial function
Lower mRNA expression of TNF-α,

IL-6, and MCP-1
[74–76]

DDP-4i Antioxidative stress Nrf2 pathway [77, 78]

Fenofibrates Improve skin barrier Wnt/β-catenin pathway [79, 80]

Statins
Promote angiogenesis and

lymphangiogenesis
PI3-kinase/Akt pathway [81–83]

Therapy for diabetic
neuropathy

ALA Antioxidative stress Inhibition of NF-κB
[64, 84,
85]

Aldose reductase inhibitors Antioxidative stress Polyol pathway [31]

Coenzyme Q10
Ameliorates oxidant stress and

apoptosis
Increasing energy generation of ATP [86, 87]

Therapy for diabetic
angiopathies

Cilostazol Antiatherosclerosis [88]

Low molecular-weight
heparin

Increase microcirculation Anticoagulation [89–91]

Iloprost Improve limb perfusion / [92]

Therapy for the
diabetic skin

EGF Antioxidative stress / [94]

Biogenic AgNPs Accelerate wound healing
Inhibit overexpression of MMP-2 and

MMP-9, antimicrobial
[95]

NaB Accelerate wound healing
Antimicrobial activity and improve

proliferation
[96]

Therapy for infection Antibiotics Fight against for infection / [97, 98]

Plant ingredients for
OS

Ferulic acid Antioxidative stress
Reduce MMP (2, 8, 9) and increase

TIMP-1 and 2
[99, 100]

Chlorogenic acid Antioxidative stress Elevate the level of reduced glutathione [102]

Potential
antioxidants

The drug-loaded ROS-
scavenging hydrogel

Accelerate wound healing
Decrease ROS level and upregulate M2

phenotype macrophages
[103]

Deferoxamine
Promote neovascularization

and regeneration
Suppress OS and activate hypoxia-

inducible factor-1 alpha ion
[104]

Propolis / Increase GSH/GSSG) ratio [108]

N-Acetyl cysteine (NAC) Accelerate wound healing Accelerate wound healing
[109,
110]
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The fusion protein decreased serum proinflammatory
cytokines such as IL-6, TNF-α, expression of cyclooxygen-
ase-2, and increased activities of antioxidant enzyme includ-
ing superoxide dismutase, glutathione peroxidase, and
catalase, and it also increased proangiogenic cytokines levels
including VEGF, intercellular adhesion molecule, and
expression of VEGF, FGF-2, p-ERK, and p-Akt protein in
granulation in diabetic rats, which significantly accelerated
the diabetic wound healing [101].

Animal study has indicated chlorogenic acid, a dietary
antioxidant, that could accelerate wound healing, enhance
hydroxyproline content, decrease malondialdehyde/nitric
oxide, and elevate the level of reduced glutathione in wound
bed [102]. However, a number of researches are needed to
furtherly confirm these data.

3.7. Antioxidant Effects of Potential Antioxidants on Wound
Healing. The drug-loaded ROS-scavenging hydrogel pro-
motes wound closure by decreasing the ROS level and upreg-
ulating M2 phenotype macrophages around the wound.
Moreover, such hydrogels formed in wound also increased
the release of granulocyte macrophage colony-stimulating
factor to fight against external bacteria and improve the
wound closure [103].

The experiment has indicated that deferoxamine (DFO)
could reduce oxidative stress and promote hypoxia-
inducible factor-1 alpha activation to facilitate neovasculari-
zation and regeneration in chronic diabetic wounds.
Dominik Duscher has demonstrated the treatment of DFO
and the enhanced concept drug delivery system treatment
eTDDS that markedly increased wound vascularity, dermal
thickness, collagen deposition, and tensile strength, thereby
accelerating wound healing. Therefore, DFO eTDDS may
have the potential in treatment of diabetic wounds [104].

In addition, vitamins A, C, and E are antioxidants [105];
however, some literature has reported that high doses of vita-
mins possibly increase the mortality of cardiovascular events
and risk of tumors such as lung and skin tumors [106, 107].
Propolis could increase the glutathione (GSH) and GSH/glu-
tathione disulfide (GSSG) ratio, deplete TNF, and increased
interleukin10 levels to reduce the wound area [108]. Antiox-
idant with N-acetyl cysteine (NAC) is known to improve
endothelial cell function and angiogenesis, and Mohamed
et.al reported that daily NAC use improved postamputation
stump healing, perfusion, neovascularization, and reduced
muscle fiber damage [109, 110] (Table 1).

Further research is needed to confirm or refute whether
these therapies are beneficial to diabetic wound healing. In
addition, melatonin, taurine, and acetyl L-carnitine have
been reported to improve oxidative stress in diabetic wounds
in the recent literatures. However, a number of randomized
controlled studies are needed to confirm.

4. Conclusion

Wound healing is a complex, dynamic process. However,
most diabetic wounds are difficult to heal. Multiple factors
such as hyperglycemia, neuropathy, blood supply, matrix
turnover, wound contraction, and the microbiome play a role

in the complex symphony of diabetic wound healing. Oxida-
tive stress regulates wound healing through several related
signal pathways. It therefore stands to reason that active con-
trol of ROS levels through antioxidants and antioxidative
enzyme systems may reduce oxidative stress-induced dam-
age to improve wound healing. Traditional systemic and top-
ical medications could be beneficial for wound healing.
Clinicians and scientists would do well to focus on develop-
ment and testing of antioxidants to facilitate diabetic wound
healing, thereby reducing the unnecessary burden of amputa-
tion, morbidity, and mortality in this population.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

WD conceived of and designed the study and revised the
manuscript for important intellectual content. LD, PS, and
TC performed the literature search. CD generated the figures
and tables. WD and LD performed the background research.
WD and DGA edited the manuscript. LD and WD drafted
the manuscript. All authors have read and approved the
content of the manuscript.

Acknowledgments

This research was funded by the Natural Science Founda-
tion of Chongqing Municipal Science and Technology
Bureau (cstc2018jcyjAX0335; cstc2020jcyj-msxmX0298),
the Fundamental Research Funds of Central Universities
at Chongqing University (2019CDYGYB020) awarded to
Dr. Wuquan Deng, and also partially supported by the
National Institutes of Health, National Institute of Diabetes
and Digestive and Kidney Diseases (1R01124789-01A1)
awarded to Dr. Armstrong DG.

References

[1] D. G. Armstrong, M. A. Swerdlow, A. A. Armstrong, M. S.
Conte, W. V. Padula, and S. A. Bus, “Five year mortality
and direct costs of care for people with diabetic foot compli-
cations are comparable to cancer,” Journal of Foot and Ankle
Research, vol. 13, no. 1, p. 16, 2020.

[2] A. J. M. Boulton, D. G. Armstrong, M. J. Hardman et al.,
Diagnosis and management of diabetic foot infections, Amer-
ican Diabetes Association, Arlington, (VA), 2020.

[3] B. C. Callaghan, A. A. Little, E. L. Feldman, and R. A. C.
Hughes, “Enhanced glucose control for preventing and treat-
ing diabetic neuropathy,” Cochrane Database of Systematic
Reviews, vol. 6, article Cd007543, 2012.

[4] C. Dunnill, T. Patton, J. Brennan et al., “Reactive oxygen
species (ROS) and wound healing: the functional role of
ROS and emerging ROS-modulating technologies for aug-
mentation of the healing process,” International Wound
Journal, vol. 14, no. 1, pp. 89–96, 2017.

[5] M. C. Sanchez, S. Lancel, E. Boulanger, and R. Neviere, “Tar-
geting oxidative stress and mitochondrial dysfunction in the

7Oxidative Medicine and Cellular Longevity



treatment of impaired wound healing: a systematic review,”
Antioxidants, vol. 7, no. 8, p. 98, 2018.

[6] J. Dworzanski, M. Strycharz-Dudziak, E. Kliszczewska et al.,
“Glutathione peroxidase (GPx) and superoxide dismutase
(SOD) activity in patients with diabetes mellitus type 2
infected with Epstein-Barr virus,” PLoS One, vol. 15, no. 3,
article e0230374, 2020.

[7] D. G. Armstrong and G. C. Gurtner, “A histologically hostile
environment made more hospitable?,” Nature Reviews Endo-
crinology, vol. 14, no. 9, pp. 511-512, 2018.

[8] A. L. Lima, T. Illing, S. Schliemann, and P. Elsner, “Cutaneous
manifestations of diabetes mellitus: a review,” American Jour-
nal of Clinical Dermatology, vol. 18, no. 4, pp. 541–553, 2017.

[9] J. H. Kim, N. Y. Yoon, D. H. Kim et al., “Impaired permeabil-
ity and antimicrobial barriers in type 2 diabetes skin are
linked to increased serum levels of advanced glycation end-
product,” Experimental Dermatology, vol. 27, no. 8,
pp. 815–823, 2018.

[10] H.-Y. Park, J.-H. Kim, M. Jung et al., “A long-standing hyper-
glycaemic condition impairs skin barrier by accelerating skin
ageing process,” Experimental Dermatology, vol. 20, no. 12,
pp. 969–974, 2011.

[11] T. A. M. Andrade, D. S. Masson-Meyers, G. F. Caetano et al.,
“Skin changes in streptozotocin-induced diabetic rats,” Bio-
chemical and Biophysical Research Communications,
vol. 490, no. 4, pp. 1154–1161, 2017.

[12] M. Long, M. R. de la Vega, Q. Wen et al., “An essential role of
NRF2 in diabetic wound healing,” Diabetes, vol. 65, no. 3,
pp. 780–793, 2016.

[13] C.-C. E. Lan, C.-S. Wu, S.-M. Huang, I.-H. Wu, and G.-
S. Chen, “High-glucose environment enhanced oxidative
stress and increased interleukin-8 secretion from keratino-
cytes: new insights into impaired diabetic wound healing,”
Diabetes, vol. 62, no. 7, pp. 2530–2538, 2013.

[14] J. H. Kim, B. Yang, A. Tedesco et al., “High levels of oxidative
stress and skin microbiome are critical for initiation and
development of chronic wounds in diabetic mice,” Scientific
Reports, vol. 9, no. 1, p. 19318, 2019.

[15] E. Baldini, E. Testa, C. Voellenkle et al., “Dysregulation of
microRNA expression in diabetic skin,” Journal of Dermato-
logical Science, vol. 98, no. 3, pp. 186–194, 2020.

[16] Y. W. Niu, M. Y. Miao, W. Dong, J. Y. Dong, X. Z. Cao, and
S. L. Lu, “Effects of advanced glycation end products and its
receptor on oxidative stress in diabetic wounds,” Zhonghua
Shao Shang Za Zhi, vol. 28, pp. 32–35, 2012.

[17] A. Goldin, J. A. Beckman, A. M. Schmidt, and M. A. Creager,
“Advanced glycation end products: sparking the develop-
ment of diabetic vascular injury,” Circulation, vol. 114,
no. 6, pp. 597–605, 2006.

[18] J. A. David, W. J. Rifkin, P. S. Rabbani, and D. J. Ceradini,
“The Nrf2/Keap1/ARE pathway and oxidative stress as a
therapeutic target in type II diabetes mellitus,” Journal Diabe-
tes Research, vol. 2017, article 4826724, 15 pages, 2017.

[19] M. A. Soares, O. D. Cohen, Y. C. Low et al., “Restoration of
Nrf2 signaling normalizes the regenerative niche,” Diabetes,
vol. 65, no. 3, pp. 633–646, 2016.

[20] R. Teena, U. Dhamodharan, D. Ali, K. Rajesh, and K. M.
Ramkumar, “Genetic polymorphism of the Nrf2 promoter
region (rs35652124) is associated with the risk of diabetic foot
ulcers,” Oxidative Medicine and Cellular Longevity, vol. 2020,
Article ID 9825028, 9 pages, 2020.

[21] X. Li, G. Wu, F. Han et al., “SIRT1 activation promotes angio-
genesis in diabetic wounds by protecting endothelial cells
against oxidative stress,” Archives of biochemistry and bio-
physics, vol. 661, pp. 117–124, 2019.

[22] S. Yang, M. Xu, G. Meng, and Y. Lu, “SIRT3 deficiency delays
diabetic skin wound healing via oxidative stress and necrop-
tosis enhancement,” Journal of Cellular and Molecular Medi-
cine, vol. 24, no. 8, pp. 4415–4427, 2020.

[23] D. G. Armstrong, A. J. M. Boulton, and S. A. Bus, “Diabetic
foot ulcers and their recurrence,” The New England Journal
of Medicine, vol. 376, no. 24, pp. 2367–2375, 2017.

[24] D. G. Armstrong, “The 10-g monofilament: the diagnostic
divining rod for the diabetic foot?,” Diabetes Care, vol. 23,
no. 7, p. 887, 2000.

[25] D. G. Armstrong, L. A. Lavery, and L. B. Harkless, “Who is at
risk for diabetic foot ulceration?,” Clinics in Podiatric Medi-
cine and Surgery, vol. 15, no. 1, pp. 11–19, 1998.

[26] I. G. Obrosova, “Update on the pathogenesis of diabetic neu-
ropathy,” Current Diabetes Reports, vol. 3, no. 6, pp. 439–445,
2003.

[27] D. C. Rosenberger, V. Blechschmidt, H. Timmerman,
A. Wolff, and R.-D. Treede, “Challenges of neuropathic pain:
focus on diabetic neuropathy,” Journal of Neural Transmis-
sion, vol. 127, pp. 589–624, 2020.

[28] P. Fernyhough and J. McGavock, “Mechanisms of disease,”
Handbook of clinical neurology, vol. 126, pp. 353–377, 2014.

[29] L. Pang, X. Lian, H. Liu et al., “Understanding diabetic neu-
ropathy: focus on oxidative stress,” Oxidative Medicine and
Cellular Longevity, vol. 2020, Article ID 9524635, 13 pages,
2020.

[30] E. C. M. Ho, K. S. L. Lam, Y. S. Chen et al., “Aldose reductase-
deficient mice are protected from delayed motor nerve con-
duction velocity, increased c-Jun NH2-terminal kinase acti-
vation, depletion of reduced glutathione, increased
superoxide accumulation, and DNA damage,” Diabetes,
vol. 55, no. 7, pp. 1946–1953, 2006.

[31] S. K. Srivastava, U. C. S. Yadav, A. B. M. Reddy et al., “Aldose
reductase inhibition suppresses oxidative stress-induced
inflammatory disorders,” Chemico-Biological Interactions,
vol. 191, pp. 330–338, 2011.

[32] A. Hosseini andM. Abdollahi, “Diabetic neuropathy and oxi-
dative stress: therapeutic perspectives,” Oxidative Medicine
and Cellular Longevity, vol. 2013, Article ID 168039, 15 pages,
2013.

[33] P. P. Sayeski and J. E. Kudlow, “Glucose metabolism to
glucosamine is necessary for glucose stimulation of trans-
forming growth Factor-α gene transcription,” The Journal
of Biological Chemistry, vol. 271, no. 25, pp. 15237–
15243, 1996.

[34] V. Kolm-Litty, U. Sauer, A. Nerlich, R. Lehmann, and E. D.
Schleicher, “High glucose-induced transforming growth fac-
tor beta1 production is mediated by the hexosamine pathway
in porcine glomerular mesangial cells,” The Journal of Clini-
cal Investigation, vol. 101, no. 1, pp. 160–169, 1998.

[35] X. L. Du, D. Edelstein, L. Rossetti et al., “Hyperglycemia-
induced mitochondrial superoxide overproduction activates
the hexosamine pathway and induces plasminogen activa-
tor inhibitor-1 expression by increasing Sp1 glycosylation,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 97, no. 22, pp. 12222–
12226, 2000.

8 Oxidative Medicine and Cellular Longevity



[36] Y.-Q. Chen, M. Su, R. R. Walia, Q. Hao, J. W. Covington, and
D. E. Vaughan, “Sp1 sites mediate activation of the plasmin-
ogen activator inhibitor-1 promoter by glucose in vascular
smooth muscle cells,” Journal of Biological Chemistry,
vol. 273, pp. 8225–8231, 1998.

[37] B. Kunkemoeller, T. Bancroft, H. Xing et al., “Elevated
thrombospondin 2 contributes to delayed wound healing in
diabetes,” Diabetes, vol. 68, no. 10, pp. 2016–2023, 2019.

[38] C. Y. Chen, A. M. Abell, Y. S. Moon, and K. H. Kim, “An
advanced glycation end product (AGE)-receptor for AGEs
(RAGE) axis restores adipogenic potential of senescent prea-
dipocytes through modulation of p53 protein function,” The
Journal of biological chemistry, vol. 287, no. 53, pp. 44498–
44507, 2012.

[39] G. D. Frank, S. Eguchi, and E. D. Motley, “The role of reactive
oxygen species in insulin signaling in the vasculature,” Antiox-
idants & redox signaling, vol. 7, no. 7-8, pp. 1053–1061, 2005.

[40] R. Bucala, K. J. Tracey, and A. Cerami, “Advanced glycosyla-
tion products quench nitric oxide and mediate defective
endothelium-dependent vasodilatation in experimental dia-
betes,” The Journal of clinical investigation, vol. 87, no. 2,
pp. 432–438, 1991.

[41] M. Brownlee, H. Vlassara, and A. Cerami, “Nonenzymatic
glycosylation and the pathogenesis of diabetic complica-
tions,” Annals of internal medicine, vol. 101, no. 4, pp. 527–
537, 1984.

[42] Y. Duraisamy, M. Slevin, N. Smith et al., “Effect of glycation
on basic fibroblast growth factor induced angiogenesis and
activation of associated signal transduction pathways in vas-
cular endothelial cells: possible relevance to wound healing
in diabetes,” Angiogenesis, vol. 4, no. 4, pp. 277–288, 2001.

[43] R. Kang, D. Tang, M. T. Lotze, and H. J. Zeh 3rd., “RAGE reg-
ulates autophagy and apoptosis following oxidative injury,”
Autophagy, vol. 7, pp. 442–444, 2014.

[44] Y. Guo, C. Lin, P. Xu et al., “AGEs induced autophagy
impairs cutaneous wound healing via stimulating macro-
phage polarization to M1 in diabetes,” Scientific Reports,
vol. 6, no. 1, article 36416, 2016.

[45] M. Freeley, D. Kelleher, and A. Long, “Regulation of protein
kinase C function by phosphorylation on conserved and
non-conserved sites,” Cellular signalling, vol. 23, no. 5,
pp. 753–762, 2011.

[46] C. P. Tseng and A. K. Verma, “Functional expression and
characterization of the mouse epitope tag-protein kinase C
isoforms, alpha, beta I, beta II, gamma, delta and epsilon,”
Gene, vol. 169, no. 2, pp. 287-288, 1996.

[47] M. Brownlee, “Biochemistry and molecular cell biology of
diabetic complications,” Nature, vol. 414, no. 6865, pp. 813–
820, 2001.

[48] K. Uehara, S.-I. Yamagishi, S. Otsuki, S. Chin, and
S. Yagihashi, “Effects of polyol pathway hyperactivity on pro-
tein kinase C activity, nociceptive peptide expression, and
neuronal structure in dorsal root ganglia in diabetic mice,”
Diabetes, vol. 53, no. 12, pp. 3239–3247, 2004.

[49] M. Khamaisi, S. Katagiri, H. Keenan et al., “PKCδ inhibition
normalizes the wound-healing capacity of diabetic human
fibroblasts,” The Journal of clinical investigation, vol. 126,
no. 3, pp. 837–853, 2016.

[50] A. Stirban, M. Negrean, B. Stratmann et al., “Benfotiamine
prevents macro- and microvascular endothelial dysfunction
and oxidative stress following a meal rich in advanced glyca-

tion end products in individuals with type 2 diabetes,” Diabe-
tes Care, vol. 29, no. 9, pp. 2064–2071, 2006.

[51] P. S. Rabbani, T. Ellison, B. Waqas et al., “Targeted Nrf2 acti-
vation therapy with RTA 408 enhances regenerative capacity
of diabetic wounds,” Diabetes Research and Clinical Practice,
vol. 139, pp. 11–23, 2018.

[52] A. Ceriello, S. Kumar, L. Piconi, K. Esposito, and
D. Giugliano, “Simultaneous control of hyperglycemia and
oxidative stress normalizes endothelial function in type 1 dia-
betes,” Diabetes Care, vol. 30, no. 3, pp. 649–654, 2007.

[53] A. Ceriello, M. A. Ihnat, and J. E. Thorpe, “Clinical review
2: the "metabolic memory": is more than just tight glucose
control necessary to prevent diabetic complications?,” The
Journal of Clinical Endocrinology and Metabolism, vol. 94,
no. 2, pp. 410–415, 2009.

[54] B. Fullerton, K. Jeitler, M. Seitz, K. Horvath, A. Berghold, and
A. Siebenhofer, “Intensive glucose control versus conven-
tional glucose control for type 1 diabetes mellitus,” Cochrane
Database of Systematic Reviews, vol. 2014, article Cd009122,
2014.

[55] K. M. Pantalone, A. D. Misra-Hebert, T. M. Hobbs et al.,
“Effect of glycemic control on the diabetes complications
severity index score and development of complications in
people with newly diagnosed type 2 diabetes,” Journal of Dia-
betes, vol. 10, no. 3, pp. 192–199, 2018.

[56] L. Monnier, E. Mas, C. Ginet et al., “Activation of oxidative
stress by acute glucose fluctuations compared with sustained
chronic hyperglycemia in patients with type 2 diabetes,” Jour-
nal of the American Medical Association, vol. 295, no. 14,
pp. 1681–1687, 2006.

[57] A. Ceriello, K. Esposito, L. Piconi et al., “Oscillating glucose is
more deleterious to endothelial function and oxidative stress
than mean glucose in normal and type 2 diabetic patients,”
Diabetes, vol. 57, no. 5, pp. 1349–1354, 2008.

[58] R. B. Goldberg, “Cytokine and cytokine-like inflammation
markers, endothelial dysfunction, and imbalanced coagula-
tion in development of diabetes and its complications,” The
Journal of Clinical Endocrinology and Metabolism, vol. 94,
no. 9, pp. 3171–3182, 2009.

[59] G. Balasubramanian, P. Vas, N. Chockalingam, and
R. Naemi, “A Synoptic Overview of Neurovascular Interac-
tions in the Foot,” Frontiers in Endocrinology, vol. 11, 2020.

[60] B. T. Ngo, K. D. Hayes, D. J. DiMiao, S. K. Srinivasan, C. J.
Huerter, andM. S. Rendell, “Manifestations of cutaneous dia-
betic microangiopathy,” American Journal of Clinical Derma-
tology, vol. 6, no. 4, pp. 225–237, 2005.

[61] C. P. Domingueti, L. M. Sant'Ana Dusse, M. das Graças Car-
valho, L. P. de Sousa, K. B. Gomes, and A. P. Fernandes, “Dia-
betes mellitus: the linkage between oxidative stress,
inflammation, hypercoagulability and vascular complica-
tions,” Journal of Diabetes and its Complications, vol. 30,
no. 4, pp. 738–745, 2016.

[62] F. Semeraro, F. Morescalchi, A. Cancarini, A. Russo,
S. Rezzola, and C. Costagliola, “Diabetic retinopathy, a vascu-
lar and inflammatory disease: therapeutic implications,” Dia-
betes & Metabolism, vol. 45, no. 6, pp. 517–527, 2019.

[63] I. A. Demyanenko, V. V. Zakharova, O. P. Ilyinskaya et al.,
“Mitochondria-targeted antioxidant SkQ1 improves dermal
wound healing in genetically diabetic mice,” Oxidative Medi-
cine and Cellular Longevity, vol. 2017, Article ID 6408278, 10
pages, 2017.

9Oxidative Medicine and Cellular Longevity



[64] K. G. Park, M. J. Kim, H. S. Kim, S. J. Lee, D. K. Song, and I. K.
Lee, “Prevention and treatment of macroangiopathy: focus-
ing on oxidative stress,” Diabetes Research and Clinical Prac-
tice, vol. 66, Suppl 1, pp. S57–S62, 2004.

[65] N. Katakami, “Mechanism of development of atherosclerosis
and cardiovascular disease in diabetes mellitus,” Journal of
Atherosclerosis and Thrombosis, vol. 25, no. 1, pp. 27–39,
2018.

[66] M. Hanefeld, E. Duetting, and P. Bramlage, “Cardiac implica-
tions of hypoglycaemia in patients with diabetes - a system-
atic review,” Cardiovascular Diabetology, vol. 12, no. 1,
p. 135, 2013.

[67] A. El-Osta, D. Brasacchio, D. Yao et al., “Transient high glu-
cose causes persistent epigenetic changes and altered gene
expression during subsequent normoglycemia,” The Journal
of Experimental Medicine, vol. 205, no. 10, pp. 2409–2417,
2008.

[68] G. Daeschlein, P. Hinz, T. Kiefer, and M. Jünger, “Role of the
microbiome in chronic wounds,” Der Hautarzt, vol. 70,
pp. 422–431, 2019.

[69] A. Spichler, B. L. Hurwitz, D. G. Armstrong, and B. A. Lipsky,
“Microbiology of diabetic foot infections: from Louis Pasteur
to 'crime scene investigation',” BMC Medicine, vol. 13, no. 1,
p. 2, 2015.

[70] A. S. Moffarah, M. Al Mohajer, B. L. Hurwitz, and D. G. Arm-
strong, “Skin and soft tissue infections,” in Diagnostic Micro-
biology of the Immunocompromised Host, pp. 51–68, Wiley,
2016.

[71] G. S. Watts, J. E. Thornton, K. Youens-Clark et al., “Identifi-
cation and quantitation of clinically relevant microbes in
patient samples: comparison of three k-mer based classifiers
for speed, accuracy, and sensitivity,” PLoS Computational
Biology, vol. 15, no. 11, article e1006863, 2019.

[72] L. M. Shawky, E. A. El Bana, and A. A. Morsi, “Stem cells and
metformin synergistically promote healing in experimentally
induced cutaneous wound injury in diabetic rats,” Folia His-
tochemica et Cytobiologica, vol. 57, no. 3, pp. 127–138, 2019.

[73] X. Han, Y. Tao, Y. Deng, J. Yu, Y. Sun, and G. Jiang, “Metfor-
min accelerates wound healing in type 2 diabetic db/db
mice,” Molecular Medicine Reports, vol. 16, no. 6, pp. 8691–
8698, 2017.

[74] J. H. Han, T. J. Oh, G. Lee et al., “The beneficial effects of
empagliflozin, an SGLT2 inhibitor, on atherosclerosis in
ApoE (-/-) mice fed a western diet,” Diabetologia, vol. 60,
no. 2, pp. 364–376, 2017.

[75] M. Oelze, S. Kröller-Schön, P. Welschof et al., “The
sodium-glucose co-transporter 2 inhibitor empagliflozin
improves diabetes-induced vascular dysfunction in the
streptozotocin diabetes rat model by interfering with oxida-
tive stress and glucotoxicity,” PLoS One, vol. 9, article
e112394, 2014.

[76] V. K. Pulakazhi Venu, M. El-Daly, M. Saifeddine et al., “Min-
imizing hyperglycemia-induced vascular endothelial dys-
function by inhibiting endothelial sodium-glucose
cotransporter 2 and attenuating oxidative stress: implications
for treating individuals with type 2 diabetes,” Canadian Jour-
nal of Diabetes, vol. 43, no. 7, pp. 510–514, 2019.

[77] S. H. Choi, S. Park, C. J. Oh, J. Leem, K. G. Park, and I. K. Lee,
“Dipeptidyl peptidase-4 inhibition by gemigliptin prevents
abnormal vascular remodeling via NF-E2-related factor 2
activation,” Vascular Pharmacology, vol. 73, pp. 11–19,
2015.

[78] A. Avogaro and G. P. Fadini, “The effects of dipeptidyl
peptidase-4 inhibition on microvascular diabetes complica-
tions,” Diabetes Care, vol. 37, pp. 2884–2894, 2014.

[79] L. G. Kömüves, K. Hanley, A. M. Lefebvre et al., “Stimulation
of PPARα promotes epidermal keratinocyte differentiation
in vivo,” The Journal of Investigative Dermatology, vol. 115,
no. 3, pp. 353–360, 2000.

[80] Q. Liu, X. Zhang, R. Cheng, J. X. Ma, J. Yi, and J. Li, “Salutary
effect of fenofibrate on type 1 diabetic retinopathy via inhibit-
ing oxidative stress-mediated Wnt/β-catenin pathway activa-
tion,” Cell and Tissue Research, vol. 376, no. 2, pp. 165–177,
2019.

[81] J. Asai, H. Takenaka, S. Hirakawa et al., “Topical simvastatin
accelerates wound healing in diabetes by enhancing angio-
genesis and lymphangiogenesis,” The American journal of
pathology, vol. 181, no. 6, pp. 2217–2224, 2012.

[82] A. P. Sawaya, I. Jozic, R. C. Stone et al., “Mevastatin promotes
healing by targeting caveolin-1 to restore EGFR signaling,”
JCI insight, vol. 4, no. 23, 2019.

[83] A. Bitto, L. Minutoli, D. Altavilla et al., “Simvastatin enhances
VEGF production and ameliorates impaired wound healing
in experimental diabetes,” Pharmacological Research,
vol. 57, no. 2, pp. 159–169, 2008.

[84] G.-D. Xiang, H.-L. Sun, L.-S. Zhao, J. Hou, L. Yue, and L. Xu,
“The antioxidant alpha-lipoic acid improves endothelial dys-
function induced by acute hyperglycaemia during OGTT in
impaired glucose tolerance,” Clinical Endocrinology, vol. 68,
pp. 716–723, 2008.

[85] A. S. Ametov, A. Barinov, P. J. Dyck et al., “The sensory
symptoms of diabetic polyneuropathy are improved with
alpha-lipoic acid: the SYDNEY trial,” Diabetes Care, vol. 26,
no. 3, pp. 770–776, 2003.

[86] N. Sadeghiyan Galeshkalami, M. Abdollahi, R. Najafi et al.,
“Alpha-lipoic acid and coenzyme Q10 combination amelio-
rates experimental diabetic neuropathy by modulating oxida-
tive stress and apoptosis,” Life Sciences, vol. 216, pp. 101–110,
2019.

[87] N. Bhadri, T. Sanji, H. M. Guggilla, and R. Razdan, “Amelio-
ration of behavioural, biochemical, and neurophysiological
deficits by combination of monosodium glutamate with
resveratrol/alpha-lipoic acid/coenzyme Q10 in rat model of
cisplatin-induced peripheral neuropathy,” ScientificWorld-
Journal, vol. 2013, article 565813, 8 pages, 2013.

[88] S.-C. Su, Y.-J. Hung, C.-L. Huang et al., “Cilostazol inhibits
hyperglucose-induced vascular smooth muscle cell dysfunc-
tion by modulating the RAGE/ERK/NF-κB signaling path-
ways,” Journal of Biomedical Science, vol. 26, p. 68, 2019.

[89] G. Jörneskog, K. Brismar, and B. Fagrell, “Low molecular
weight heparin seems to improve local capillary circulation
and healing of chronic foot ulcers in diabetic patients,” VASA
Zeitschrift fur Gefasskrankheiten, vol. 22, pp. 137–142, 1993.

[90] M. Kalani, J. Apelqvist, M. Blombäck et al., “Effect of dalte-
parin on healing of chronic foot ulcers in diabetic patients
with peripheral arterial occlusive disease: a prospective, ran-
domized, double-blind, placebo-controlled study,” Diabetes
Care, vol. 26, no. 9, pp. 2575–2580, 2003.

[91] J. Aragón-Sánchez and J. L. Lázaro-Martínez, “Comments on
the use of bemiparin in diabetic foot ulcers,” Diabetic Medi-
cine, vol. 26, no. 1, p. 110, 2009.

[92] F. Mirenda, M. La Spada, D. Baccellieri, F. Stilo, F. Benedetto,
and F. Spinelli, “Iloprost infusion in diabetic patients with

10 Oxidative Medicine and Cellular Longevity



peripheral arterial occlusive disease and foot ulcers,” Chirur-
gia italiana, vol. 57, pp. 731–735, 2005.

[93] T. Elraiyah, A. Tsapas, G. Prutsky et al., “A systematic review
and meta-analysis of adjunctive therapies in diabetic foot
ulcers,” Journal of Vascular Surgery, vol. 63, 2016.

[94] A. G. Ojalvo, J. B. Acosta, Y. M.Mari et al., “Healing enhance-
ment of diabetic wounds by locally infiltrated epidermal
growth factor is associated with systemic oxidative stress
reduction,” International Wound Journal, vol. 14, no. 1,
pp. 214–225, 2017.

[95] N. Krishnan, B. Velramar, B. Ramatchandirin et al., “Effect of
biogenic silver nanocubes onmatrix metalloproteinases 2 and
9 expressions in hyperglycemic skin injury and its impact in
early wound healing in streptozotocin-induced diabetic
mice,” Materials Science and Engineering: C, vol. 91,
pp. 146–152, 2018.

[96] S. Demirci, A. Doğan, S. Aydın, E. Ç. Dülger, and F. Şahin,
“Boron promotes streptozotocin-induced diabetic wound
healing: roles in cell proliferation and migration, growth fac-
tor expression, and inflammation,” Molecular and Cellular
Biochemistry, vol. 417, no. 1-2, pp. 119–133, 2016.

[97] J. C. Dumville, B. A. Lipsky, C. Hoey, M. Cruciani, M. Fiscon,
and J. Xia, “Topical antimicrobial agents for treating foot
ulcers in people with diabetes,” Cochrane Database of System-
atic Review, vol. 6, article Cd011038, 2017.

[98] A. Ambrosch, D. Halevy, B. Fwity, T. Brin, and R. Lobmann,
“Effect of daptomycin on local interleukin-6, matrix metal-
loproteinase-9, and metallopeptidase inhibitor 1 in patients
with MRSA-infected diabetic foot,” The international jour-
nal of lower extremity wounds, vol. 13, no. 1, pp. 12–16,
2014.

[99] M.M. Ghaisas, S. B. Kshirsagar, and R. S. Sahane, “Evaluation
of wound healing activity of ferulic acid in diabetic rats,” Inter-
national Wound Journal, vol. 11, no. 5, pp. 523–532, 2014.

[100] J. Ren, M. Yang, F. Xu, J. Chen, and S. Ma, “Acceleration of
wound healing activity with syringic acid in streptozotocin
induced diabetic rats,” Life Sciences, vol. 233, p. 116728, 2019.

[101] Q. Chen, W. Li, J. Wang, X. Qu, and G. Wang, “Lysozyme-
antimicrobial peptide fusion protein promotes the diabetic
wound size reduction in streptozotocin (STZ)-induced dia-
betic rats,” Medical science monitor : international medical
journal of experimental and clinical research, vol. 24,
pp. 8449–8458, 2018.

[102] D. Bagdas, B. C. Etoz, Z. Gul et al., “In vivo systemic chloro-
genic acid therapy under diabetic conditions: wound healing
effects and cytotoxicity/genotoxicity profile,” Food and chem-
ical toxicology : an international journal published for the
British Industrial Biological Research Association, vol. 81,
pp. 54–61, 2015.

[103] H. Zhao, J. Huang, Y. Li et al., “ROS-scavenging hydrogel to
promote healing of bacteria infected diabetic wounds,” Bio-
materials, vol. 258, p. 120286, 2020.

[104] D. Duscher, A. A. Trotsyuk, Z. N. Maan et al., “Optimization
of transdermal deferoxamine leads to enhanced efficacy in
healing skin wounds,” Journal of Controlled Release,
vol. 308, pp. 232–239, 2019.

[105] A. F. M. Pessoa, J. C. Florim, H. G. Rodrigues et al., “Oral
administration of antioxidants improves skin wound healing
in diabetic mice,” Wound Repair and Regeneration, vol. 24,
pp. 981–993, 2016.

[106] G. S. Omenn, G. E. Goodman,M. D. Thornquist et al., “Risk fac-
tors for lung cancer and for intervention effects in CARET, the
Beta-carotene and retinol efficacy trial,” JNCI: Journal of the
National Cancer Institute, vol. 88, no. 21, pp. 1550–1559, 1996.

[107] J. J. Challem, “Re: risk factors for lung cancer and for
intervention effects in CARET, the Beta-carotene and reti-
nol efficacy trial,” Journal of the National Cancer Institute,
vol. 89, no. 4, pp. 325-326, 1997.

[108] V. Mujica, R. Orrego, R. Fuentealba, E. Leiva, and J. Zúñiga-
Hernández, “Propolis as an adjuvant in the healing of human
diabetic foot wounds receiving care in the diagnostic and
treatment centre from the regional hospital of Talca,” Journal
Diabetes Research, vol. 2019, article 2507578, 10 pages, 2019.

[109] M. A. Babizhayev, I. A. Strokov, V. V. Nosikov et al., “The
role of oxidative stress in diabetic neuropathy: generation
of free radical species in the glycation reaction and gene
polymorphisms encoding antioxidant enzymes to genetic
susceptibility to diabetic neuropathy in population of type
I diabetic patients,” Cell Biochemistry and Biophysics,
vol. 71, no. 3, pp. 1425–1443, 2015.

[110] M. A. Zayed, X. Wei, K. M. Park et al., “N-Acetylcysteine
accelerates amputation stump healing in the setting of diabe-
tes,” FASEB Journal, vol. 31, no. 6, pp. 2686–2695, 2017.

11Oxidative Medicine and Cellular Longevity



Research Article
Bixin Attenuates High-Fat Diet-Caused Liver Steatosis and
Inflammatory Injury through Nrf2/PPARα Signals

Shasha Tao ,1,2 Youjing Yang ,2 Jianzhong Li ,3 Hongyan Wang ,1 and Yu Ma 1

1Chongqing University Central Hospital & Chongqing Emergency Medical Center, No. 1 Jiankang Road, Yuzhong District,
Chongqing 400014, China
2School of Public Health, Medical College of Soochow University, 199 Ren’ai Road, Suzhou 215123, China
3Department of Nephrology, The First Affiliated Hospital of Soochow University, Suzhou, Jiangsu 215006, China

Correspondence should be addressed to Shasha Tao; taoqishu619@126.com

Received 14 October 2020; Revised 29 December 2020; Accepted 21 January 2021; Published 2 February 2021

Academic Editor: Si Qin

Copyright © 2021 Shasha Tao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Nonalcoholic fatty liver disease is the most common liver disease worldwide. Hepatic steatosis and oxidative stress are the main
characteristics of NAFLD (nonalcoholic fatty liver disease), which also affect its prognosis. Bixin acts as novel Nrf2 (NF-E2 p45-
related factor 2) activator with the cytoprotection against oxidative stress and inflammation; this study mainly focused on the
mechanism of Nrf2 activation by bixin and explored its potential feasibilities in long-term high-fat diet- (HFD-) caused hepatic
steatosis and inflammatory response in vitro and in vivo. Bixin was found to activate Nrf2 signals by the modification of critical
Keap1 (Kelch-like ECH-associated protein 1) cystine and competitive interaction with Keap1 with upregulating P62 mRNA and
protein expression. In human liver cells exposed to FFA (free fatty acid), bixin displayed a pronounced cytoprotective activity
with upregulation of Nrf2-mediated gene expression, such as PPARα and its targets related with fatty acid oxidation. In HFD-
fed mice, systemic administration of bixin attenuated lipid accumulation, decreased oxidant inflammatory damage in the liver,
and reduced circulating lipid levels through Nrf2. Different from most of other established inducers, bixin activated Nrf2 signals
through two different mechanisms with safe administration for protection of oxidant inflammatory damage and attenuation of
lipid accumulation in the in vivo long-term HFD-fed mice. Bixin represents a prototype Nrf2 activator that displays
cytoprotective activity upon system administration targeting hepatic steatosis and oxidant inflammation originating from long-
term HFD-fed mice. And bixin-based Nrf2-directed systemic intervention may also provide therapeutic benefit in protecting
other organs in the process of metabolic syndrome.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) affects approxi-
mately 30% of adult population and has become one of the
most common liver diseases around the world [1–3]. Charac-
terized by steatosis, inflammation, cell ballooning, tissue
necrosis, or apoptosis, NAFLD is regarded as the hepatic
manifestation of metabolic syndrome, ranging from simple
hepatic steatosis to severe stages of nonalcoholic steatohepa-
titis (NASH), which could be further developed into cirrhosis
and hepatocellular carcinoma [4–6]. Therefore, development
of novel therapeutic strategies to limit and prevent the initia-
tion and development of NAFLD is urgently needed.

Lipid accumulation and oxidative stress are considered as
the major factors that affect the procedure of NAFLD [7, 8].
Hepatic accumulative lipid induces the tissue oxidative stress,
which subsequently causes the lipid peroxidation [9, 10].
These series of events lead to hepatic damage, such as inflam-
matory response, cell apoptosis, or necrosis, which exacerbate
the NAFLD. Studies have reported that levels of reactive oxy-
gen species (ROS) in NAFLD patients are markedly increased
compared with those in healthy subjects [11, 12]. Thus, atten-
uation of lipid accumulation and suppression of oxidative
stress would be an efficient method to treat the NAFLD.
Cumulative studies reported that the NF-E2 p45-related
factor 2 (Nrf2) signals serve as a critical cellular defense
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system that prevents tissue damage in the process of several
diseases by regulating a range of genes [13–15].We and others
have also demonstrated the feasibilities of diet-derived Nrf2
activators including sulforaphane (SF), cinnamaldehyde
(CA), and tanshinone I (T-I) for the prevention of tissue dam-
age in various diseases (including inflammation, fibrosis, dia-
betic nephropathy, and tumor) through modulation of the
Nrf2-dependent cellular defense mechanism [16–18]. Besides
that, Nrf2 signals are also involved in negatively controlling
the lipid accumulation not only by suppressing the FFA
uptake factors such as cluster of differentiation 36 (CD36)
and fatty acid transport proteins (FATPs) but also through
regulating fatty acid metabolism and transport by activating
peroxisome proliferator-activated receptor α (PPARα) signals
[19, 20]. For example, depletion of n-3 long polyunsaturated
fatty acids decreased PPARα signals, contributing liver steato-
sis by inhibiting FFA oxidation [21].

Apocarotenoid bixin is a Food and Drug Administration-
(FDA-) approved natural food colorant and additive, which
is extracted from the seeds of the achiote tree and proven to
be safe for human administration [22]. Derived from lyco-
pene through oxidative cleavage, bixin has traditionally been
used in Mexico and South America to treat infectious and
inflammatory diseases like skin, prostate, and chest pain
[23, 24]. Previous in vitro biochemical measurement indi-
cated bixin could quench the environmental reactive oxygen
species (ROS). Similarly, animal studies also showed that
bixin protects against oxidative DNA damage and suppresses
lipid peroxidation [25]. Furthermore, our previous study has
identified that bixin is a novel Nrf2 inducer, which could
quench the ROS and inhibit the lung tissue inflammation
and fibrosis [26, 27]. In addition, we also found that bixin
could protect against UV exposure-caused skin tissue dam-
age in an Nrf2-dependent manner as well [28].

Nrf2 is primarily regulated by Keap1, a substrate adaptor
for a Cul3-containing E3 ubiquitin ligase [29]. Under basal
conditions, the Keap1-Cul3-E3 ubiquitin ligase complex con-
stantly ubiquitinates Nrf2 protein and promotes it for degra-
dation by 26s proteasome to maintain it at a low level [30].
Nrf2 is primarily localized in a complex with Keap1 via direct
protein-protein interactions between the Keap1 Kelch
domain and the ETGE (strong binding) and DLG (weak
binding) motifs of Nrf2 Neh2 domain [31]. So far, there are
two potential mechanisms reported to activate Nrf2 signals
via regulation of Keap1: canonical mechanism, which confers
the activation by cellular exposure to oxidative or electro-
philic stress that modified the critical cysteine residues in
Keap1, leading to a conformational change of Keap1-Cul3-
E3 complex that releases the bind with DLG motif and
subsequently stabilized Nrf2 [32], while the noncanonical
mechanism does not modify Keap1 cysteines. P62 (also
termed as sequestosome 1, SQSTM1) is an important medi-
ator that involved in the noncanonical mechanism, which
binds with the Kelch domain of Keap1 with its pSTGE motif
[33]. By this competition, Nrf2 was released and translocated
to the nucleus to activate its target genes.

In this study, we explored the mechanism of bixin in the
activation of Nrf2 signals and demonstrated that activation of
Nrf2 by bixin suppressed the NF-κB pathway and upregu-

lated the PPARα with its targets, which plays a pivotal role
in hepatic steatosis and inflammation by using a high-fat
diet- (HFD-) fed mice model. These results suggest that phar-
macological activation of Nrf2 by bixin may provide thera-
peutic benefit against metabolic syndrome-related organs’
abnormal and oxidant inflammatory damage.

2. Materials and Methods

2.1. Chemicals, Antibodies, and Cell Culture. Bixin was
purchased from Spectrum (New Brunswick, NJ). Oleic acid,
palmitic acid, DAPI, cycloheximide, rapamycin, and bafilo-
mycin A1 were purchased from Sigma (St. Louis, MO).
MG132 was purchased from Amquar (Colorado, USA). Pri-
mary antibodies against Nrf2 (sc-13032), Keap1 (sc-15246),
HO-1 (sc-136960), P65 (sc-8008), p-P65 (sc-136548), P62
(sc-28359), ubiquitin (Ub) (sc-8017), PPARα (sc-398394),
Acox1 (sc-517306), CPTII (sc-37294), and GAPDH (sc-
32233) were purchased from Santa Cruz (Santa Cruz, CA).
Antibody against 8-oxo-dG was purchased from Trevigen
(Gaithersburg, MD; #3154-MC-050). Horseradish peroxi-
dase- (HRP-) conjugated secondary antibodies were all pur-
chased from ImmunoWay (Plano, TX; #RS001, #RS002).
Alexa Fluor 488 anti-mouse and Alexa Fluor 594 anti-
rabbit were purchased from Santa Cruz. Human hepatic cell
line LO2 was purchased from Cell Bank of the Chinese
Academy of Sciences in Shanghai, China. Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% FBS, 100 units/ml penicillin, and 100μg/ml strepto-
mycin. All cells were kept in a humidified incubator at 37°C
with 5% CO2.

2.2. Transfections of siRNA and Plasmids, and Luciferase
Reporter Gene Assay. Plasmid transfection was performed
with Lipofectamine 2000 (Invitrogen), and HiPerfect trans-
fection reagent (Qiagen, Hilden, Germany) was used for
transfection with small interfering RNA (siRNA) according
to the manufacturer’s instructions. Nontargeted siRNA
(Ctrl-siRNA, #1027281), Nrf2-targeted siRNA (Nrf2-siRNA,
#SI00657937), and P62-targeted siRNA (P62-siRNA,
#SI00057596) were purchased from Qiagen. Activation of
Nrf2 transcriptional activity was performed as previously
described [34]. LO2 cells were cotransfected with expression
vectors for either Keap1 wild-type (Keap1 WT) or a mutant
Keap1 (Keap1 C151S), along with mGst-ARE firefly and
Renilla luciferase reporters. At 24 h posttransfection, cells
were treated with SF (5μM), tBHQ (50μM), As (5μM), or
bixin (40μM) for 16h, and then lysed for analysis of the
reporter gene activity using the Beyotime Biotechnology
dual-luciferase reporter gene assay system.

2.3. Cell Viability Assay. Potential cytotoxicity of bixin in
LO2 cells was assessed by the functional impairment of the
mitochondria with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT, Sigma). About 1 × 104 cells
per well were plated in a 96-well plate. After overnight incu-
bation, the cells were treated with different doses of bixin for
48 h. Then, 40μg MTT was added into the cells. After 2 h
incubation, the medium was removed by aspiration. 100μl
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isopropanol/HCl was added into each well to dissolve the
crystals. Absorbance at 570nm was measured by a synergy
2 multimode microplate reader (BioTek, Seattle, USA).

2.4. ROS and Cell Apoptosis Detection. Followed by Ctrl-
siRNA or Nrf2-siRNA transfection, cells were treated with
bixin 40μM for 24h prior to FFA exposure 1mM
(oleic acid/palmitic acid = 2 : 1 dissolved in 20% BSA). In
the detection of ROS, the cells were incubated with fresh
medium containing 10μg/ml 2′,7′-dichlorodihydrofluores-
cein diacetate (H2DCFDA, Sigma) for 1 h. And cell apoptosis
detection was performed with Annexin V-FITC Apoptosis
Detection Kit purchased from Beyotime (China). Finally, the
cells were resuspended to 106/ml in PBS. Fluorescence was
measured by flow cytometry (Becton Dickinson and Com-
pany, USA) with the excitation at 488nm and emission at
515nm (ROS detection). The entire process was performed
in the dark.

2.5. Preparation of Nuclear and Cytoplasmic Fractions.
Nuclear and cytoplasmic fractions were prepared according
to manufacturer’s instructions (CWBiotech, China,
CW0199S). Briefly, cells were scraped into ice-cold PBS, cen-
trifuged at 3000g, and resuspended in ice-cold buffer A with
protease inhibitor cocktail. After added buffer B, the mixture
was centrifuged at 13400g for 15 min for collecting the cyto-
plasmic fraction. Then, the buffer C was used to solve the
nuclear fraction from the cell pellet. To ensure the subcellular
fractions were separated properly, subcellular lysates were
verified by the antibodies against the corresponding fractions.

2.6. Immunoblot Analysis, Immunoprecipitation,
Ubiquitination Assay, Protein Half-Life, Indirect
Immunofluorescence, and Oil Red O Staining. The immuno-
blot analysis was employed to detect protein expression. Cell
and tissue lysates were prepared the same as previously
reported [35]. Lysates were run in the SDS-polyacrylamide
gel and subjected to immunoblot analysis with the indicated
antibodies. For immunoprecipitation and ubiquitination
assay, cells were harvested in RIPA buffer (Thermo) and
incubated with the indicated antibodies (1μg) together with
protein A agarose beads (Invitrogen) at 4°C for 16 h. Immu-
noprecipitated proteins were analyzed by immunoblot with
antibodies against Ub, Keap1, Nrf2, and P62 (Santa Cruz).
To clarify Nrf2 stability, cell lysates at different time points
from control- or bixin-treated cells were subjected to immu-
noblot analyses with the anti-Nrf2 and anti-GAPDH anti-
bodies. The intensity of Nrf2 and GAPDH bands was
quantified with ImageJ and plotted against the time after
addition of cycloheximide (CHX). For indirect immunofluo-
rescence, cells were seeded on round glass coverslips (Fisher
Scientific). After fixed with chilled methanol, coverslips were
incubated with the primary antibodies and the respective sec-
ondary antibodies for 50min each. Coverslips were mounted
with antifade mounting solution (Invitrogen). For Oil Red O
staining, the cells’ coverslips and frozen liver sections
(10μm) were fixed and stained with freshly made Oil Red
O solution. Images were captured with a fluorescence micro-
scope (Leica DM2500).

2.7. RNA Extraction and Quantitative Real-Time PCR (qRT-
PCR). Total RNA was extracted from both cells and liver
tissues with TRIzol reagent purchased from CWBio (Beijing,
China). cDNA was generated with equal amounts of mRNA
with HiFiScript cDNA synthesis kit according to the manu-
facturer’s instructions (CWBio, Beijing, China). Primer
sequences of human Nrf2, HO-1, NQO1, P62, and GAPDH
and mouse P62, Nrf2, HO-1, NQO1, IL-6, TNF-α, and
GAPDH were described previously [26, 28]. The ABI 7500
(Applied Biosystems) was used to evaluate mRNA expres-
sion. Procedures of qRT-PCR were as follows: initial denatur-
ation (95°C, 10min), 40 cycles of amplification (95°C, 15 s;
60°C, 1min), and melting curve (95°C, 15 s; 60°C, 1min;
95°C, 15 s; 60°C, 15 s) with 96-well PCR plates(nest,
402101). Mean crossing point (Cp) values and standard devi-
ations (SD) were determined. Cp values were normalized to
the respective Cp values of human GAPDH or mouse β-actin
reference gene. Data are presented as a fold change in gene
expression compared to the control group.

2.8. Animals and Treatments. Nrf2 wild-type (WT) and
knockout (KO) mice were obtained by breeding Nrf2 hetero-
zygote mice. All mice maintained in a 12 h light/dark cycle,
pathogen-free condition. Eight-week-old Nrf2 WT and
Nrf2 KO mice were randomly divided into 4 groups
(n = 10 per group): control (Ctrl; corn oil), bixin (dissolved
in corn oil), HFD-fed group (HFD), and bixin+HFD. HFD
mice were generated by a high-fat diet (60 kcal% high-fat
diets, D12492, Research Diets, USA) for 25 weeks. The
respective control mice were fed with normal standard per-
mitted food (D12450J) and water consumption ad libitum.
The mice received bixin (200mg/kg) or corn oil once every
three days from the 12th week after HFD feeding. The study
protocols were approved by the Soochow University Institu-
tional Animal Care and Use Committee. Animal handling
here is according to the Guide for the Care and Use of
Laboratory Animals.

2.9. Hematoxylin andEosin (H&E)and Immunohistochemistry
(IHC) Staining. The tissues were embedded in the paraffin
followed by fixing with 4% paraformaldehyde for 24h. After
dehydration, the slides (4μM)were cut.H&E stainingwas used
to assess the morphologies of live tissues with the indicated
treatments. The procedures of IHC and DNA damage of 8-
oxo-dG were performed the same as our previous study [26].
Positive proteins’ staining was performed by EnVision+Sys-
tem-HRP kit (Dako) based on themanufacturer’s instructions.
The sections were analyzed with a fluorescence microscope
(Leica DM2500).

2.10. Biochemical Measurements. The levels of aspartate trans-
aminase (AST), alanine aminotransferase (ALT), low-density
lipoprotein (LDL) cholesterol, high-density lipoprotein
(HDL) cholesterol, total cholesterol (TC), and triglyceride
(TG) were measured by the respective kit according to the
manufacturer’s instructions. Kits of AST (C0010-2), ALT
(C009-2), LDL (A113-1-1), HDL (A112-1-1), TC (A111-1),
and TG (A110-1) were purchased from Nanjing Jiancheng
Institute of Biotechnology (Nanjing, China).
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2.11. Statistical Analyses. The results are expressed as the
means ± SD. SPSS 19.0 was used to perform the statistical
tests. Student’s t-test (unpaired) was employed to compare
multiple groups, while one-way ANOVA with Bonferroni
adjustment was used to control type 1 error for multiple com-
parisons. A p < 0:05 was considered statistically significant.

3. Results

3.1. Bixin Activated the Nrf2 Signals in Liver Cells without
Detectable Toxicity. According to bixin’s chemical structure
(Figure 1(a)) and our previous study, the cytotoxicity of bixin
was first needed to be determined before investigating its
effects on Nrf2 signals in LO2 cells [26]. The MTT assay
showed that there was no cytotoxicity observed at the doses
below 200μM (Figure 1(b)). The dose range of 0-40μMwith-
out toxicity was chosen for the subsequent studies. Immuno-
blot analyses indicated that bixin increased the protein
expression of Nrf2, HO-1, and NQO1 in a dose-dependent
manner (Figure 1(c)). And bixin (40μM) increased Nrf2
expression as early as 8 h and persisted up to 24 h. The
expression of its targets (HO-1 and NQO1) was upregulated
as early as 8 h and peaked at 24 h, which could persist to 48 h.
Keap1, the adaptor protein of Nrf2, was a little decrease along
with the upregulation of Nrf2 expression as determined in
Figures 1(c) and 1(d). To verify the data, indirect immunoflu-
orescence of Nrf2 was performed. Bixin increased the expres-
sion of Nrf2 especially in the nucleus of LO2 cells
(Figure 1(e)). Then, the separation of the cytoplasm and
nucleus was performed. The results showed that bixin
increased the expression of Nrf2 in the nucleus (Figure 1(f
)). Taken together, these data indicated that bixin could
activate Nrf2 signals with no toxicity.

3.2. Bixin Upregulates Nrf2 Signals by Decreasing Nrf2
Ubiquitination and Increasing Its Protein Stability in a
Keap1 C151-Dependent Manner.Next, the mRNA expression
ofNrf2 and its targets (HO-1 andNQO1)was investigated. As
shown in Figure 2(a), bixin increased the expression of HO-1
and NQO1 at 24 h without the upregulation of Nrf2, which
indicated that bixin activated Nrf2 signals on the posttran-
scriptional level. To further explore the mechanism of Nrf2
activation by bixin, an in vivo ubiquitination assay was per-
formed in LO2 cells. Bixin decreased the ubiquitination of
Nrf2 compared with untreated cells (Figure 2(b)). Besides
that, Nrf2 protein stability also affects the activation of Nrf2
signals. Thus, the half-life of endogenous Nrf2 protein was
determined in LO2 cells with bixin treatment. Bixin elongated
Nrf2 half-life from 19.2min to 47.8min (Figure 2(c)). To fur-
ther investigate whether bixin activated Nrf2 in a canonical
manner, endogenous expression of Keap1 was silenced by
siRNA in LO2 cells. The cells were then cotransfected with
Keap1-WT or Keap1-C151S plasmids as well as ARE firefly
luciferase and Renilla luciferase reporters to evaluate Nrf2
transcriptional activity. Nrf2 transcriptional activity by SF or
tBHQ was inhibited with Keap1-C151S transfection
(Figure 2(d)). In contrast, arsenic treatment was still able to
induce Nrf2 transcriptional activity in the Keap1-C151S cells
consistent with our previous finding that arsenic is a nonca-

nonical Nrf2 inducer that works through a Keap1 C151-
indenpent mechanism [18]. And bixin partially inhibited the
induction of Nrf2 transcription activity in Keap1 C151S cells.
Taken together, these results indicated that bixin upregulates
Nrf2 signals by decreasing Nrf2 ubiquitination and increasing
its protein stability, which is partially related with the critical
C151 sensor residue in Keap1.

3.3. Bixin Activates Nrf2 by the Upregulation of P62.With the
evidence showing that bixin activates Nrf2 signals which is
partially Keap1-C151-dependent, the further mechanism of
bixin on the regulation of Nrf2 was then investigated. Since
Figures 3(a) and 3(b) have shown that bixin could time-
dependently increase the P62 expression in mRNA and
protein levels, we next silenced the expression of P62 with
siRNA; the upregulation of Nrf2 by bixin was dramatically
inhibited as shown in Figure 3(c). Consistent with our
previous study, P62 containing a “pSTGE” domain could
competitively bind with “Kelch” domain of Keap1 to activate
Nrf2, and bixin could increase the expression of P62
(Figures 3(a)–3(c)). An immunoprecipitation assay was per-
formed in LO2 cells to explore the interaction of P62 and
Keap1. Bixin treatment could increase the binding of P62
and Keap1 (Figure 3(d)). Additionally, the cells were fixed
and immunostained with Keap1 (green) and P62 (red). The
images showed that bixin increased the colocation of Keap1
and P62 (Figure 3(e)). Taken together, these results indicated
that bixin increased Nrf2 protein expression through the
increased P62 competitively binding with Keap1.

3.4. Bixin Protects LO2 Cells from FFA-Induced Lipid
Accumulation and Cytotoxicity through Nrf2. As reported
previously, Nrf2 improved the lipid accumulation caused by
FFA exposure [36]. The fatty acid oxidation and
lipogenesis-related proteins’ expression were next evaluated
with bixin treatment in our study. After cells were exposed
to bixin, fatty acid oxidation-related proteins (PPARα and
its targets Acox1, CPTII) increased in a dose-dependent
manner, but did not affect the protein expression related with
lipogenesis (Figure 4(a)). In Nrf2 knockdown cells, the
expression of PPARα and its targets (Acox1, CPTII) was
mostly inhibited as shown in Figure 4(b), which indicated
that bixin upregulated the fatty acid oxidation-related pro-
teins in the Nrf2-dependent manner. Next, the prevention
of lipid accumulation was investigated in the cells exposed
with FFA. The results from Oil Red O staining showed that
the lipid accumulation was dramatically decreased in bixin-
treated cells, while siNrf2 could attenuate this prevention
(Figure 4(c)). Then, the feasibility of bixin for cytoprotection
against FFA-induced toxicity was investigated. Oxidative
stress and cell apoptosis were measured after LO2 cells were
challenged by FFA with or without bixin pretreatment. Bixin
pretreatment decreased the levels of ROS and cell apoptosis
induced by FFA exposure. Bixin alone has no effects, which
indicated that bixin itself could not trigger the oxidative
stress and has less toxicity. However, bixin-mediated
suppression was not detected in Nrf2 knockdown cells,
indicating that the cytoprotection of bixin was through
Nrf2 signals (Figures 4(d) and 4(e)). These data indicated
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Figure 1: Bixin activated the Nrf2 signals in liver cells without detectable toxicity. (a) Bixin’s chemical structure. (b) Cell viability was
measured in LO2 cells administrated with the indicated doses of bixin for 48 h. (c) LO2 cells were administrated with bixin (0-40μM) for
24 h or treated with bixin 40μM for the indicated time (d). Cell lysates were subjected to immunoblot analyses with the indicated
antibodies. Quantification of relative protein expression was determined; results are expressed as the means ± SD (∗p < 0:05, Ctrl vs. bixin
treatments). (e) After treated with bixin (40 μM) for 24 h, LO2 cells were fixed and subjected to indirect immunofluorescence staining of
Nrf2 (green); nucleus was stained with DAPI (the representative images were shown, scale bar = 100 μm). (f) Immunoblot analysis of Nrf2
in nuclear and cytoplasmic fractions of LO2 cells with or without bixin treatment with the indicated antibodies. Cyto: cytoplasmic fraction
of LO2 cells; Nucl: nuclear fraction of LO2 cell.
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that bixin could attenuate the lipid accumulation, maintain
the redox balance upon FFA exposure, and protect cells from
FFA-caused cell apoptosis through Nrf2 signals.

3.5. Bixin Blunts Hepatosteatosis and Reduces Circulating
Lipid Levels in HFD-Fed Mice through Nrf2 Signals. To
explore the impacts of bixin on the regulation of Nrf2 signals
in the process of hepatic lipid metabolism, Nrf2 WT and KO
mice with a long-term HFD were employed in this study. The
duration of HFD feeding and bixin administration is shown

in Figure 5(a). There is no significant difference of food and
water consumption among the indicated group of mice
(Figures 5(b) and 5(c)). After 25 weeks on the HFD, body
weight (BW), the ratio of liver weight to BW (LW/BW), liver
TG contents, and liver TC contents were significantly
increased, which was inhibited by bixin in Nrf2 WT mice
(Figures 5(d)–5(g)). And Nrf2 KO mice exhibited aggravated
hepatic steatosis in comparison with HFD-fed mice, showing
increased levels of BW, LW/BW, and liver TG contents,
which could not be decreased by bixin administration. In

2.5

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n

2.0

1.5

1.0

0.5

0
Nrf2 HO-1 NQO1

Bixin 24 h treatment (𝜇M)

0 𝜇M
20 𝜇M
40 𝜇M

⁎

⁎
⁎

⁎

(a)

Nrf2

Bixin +

++MG132

IP: Nrf2

IB: Ub

Input
GAPDH

−

(b)

Re
lat

iv
e i

nt
en

sit
y 

in
 lo

g
(N

rf2
/G

A
PD

H
)

0

01

0.1

Bixin t1/2 = 47.8 min 
Ctrl t1/2 = 19.2 min 

0.01

10 20 30 40 50 60

Ctrl Bixin
15 30 60 0 15 30 60

Nrf2

Chase time (min)

GAPDH

CHX (min)

(c)

Re
lat

iv
e l

uc
ife

ra
se

 ac
tiv

ity

0
Ctrl SF

#

##

⁎

⁎

⁎
⁎

⁎

⁎

tBHQ As Bixin

Keap1 WT
Keap1 C151S

1

2

3

4

(d)

Figure 2: Bixin upregulates Nrf2 signals by decreasing Nrf2 ubiquitination and increasing its protein stability in a Keap1 C151-dependent
manner. (a) LO2 cells were treated with the indicated doses of bixin for 24 h; the mRNA expression of Nrf2 and its targets (HO-1 and
NQO1) was investigated by qRT-PCR (∗p < 0:05, Ctrl vs. bixin treatments). (b) LO2 cells were treated with bixin (40 μM) for 24 h along
with MG132 (10 μM) for 4 h. Anti-Nrf2 immunoprecipitates were analyzed by immunoblot analyses with anti-Ub antibody for the
detection of ubiquitin-conjugated Nrf2. (c) LO2 cells were either left untreated or treated with bixin (40 μM) for 24 h. CHX (100 μM) was
added for the indicated time points, and cell lysates were subjected to immunoblot analyses with anti-Nrf2 and anti-GAPDH antibodies.
The intensity of Nrf2 and GAPDH bands was quantified and plotted against the time after addition of CHX, and the half-life of Nrf2 was
calculated. (d) LO2 cells cotransfected with the plasmids expressing either wild-type Keap1 (Keap1 WT) or C151-mutated Keap1 (Keap1
C151S) along with mGst-ARE firefly luciferase and Renilla luciferase reporters were left untreated or treated with the indicated
compounds for 16 h. Dual luciferase activities were measured, and the data are expressed as the means ± SD (∗p < 0:05, Ctrl vs.
compound-treated groups; #p < 0:05, Keap1 WT vs. Keap1 C151S group).
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addition, the circulating lipid levels were also investigated.
After 25 weeks on the HFD, both Nrf2 WT and KO mice
developed marker hypercholesterolemia. Serum total choles-
terol (TC), serum low-density lipoprotein (LDL), and serum
high-density lipoprotein (HDL) cholesterol levels showed a
little increase in Nrf2 KO mice without significant difference
(Figures 5(f)–5(k)). Bixin could reduce the levels of serum
TC, serum LDL, and serum HDL only in Nrf2 WT mice as
well. In addition, the hepatic functional changes were mea-
sured accordingly; serum aminotransferase (ALT) and aspar-
tate aminotransferase (AST) were determined. HFD feeding
increased the levels of ALT and AST, which were blunted
by bixin administration (Figures 5(l) and 5(m)). Oil Red O
staining exhibited widespread lipid vacuoles deposited in
the liver sections of both Nrf2 WT and KO mice with HFD.
And bixin administration could only decrease the lipid accu-
mulation in the livers of Nrf2 WT mice (Figure 5(n)). Taken
together, these results demonstrated that bixin could reduce
the lipid accumulation and improve liver dysfunction in the
Nrf2-dependent manner.

3.6. Bixin Upregulates Nrf2 Signals and PPARα Involved in
HFD-Induced Hepatic Steatosis. To further explore the feasi-
bility of Nrf2 signals regulated by bixin in prevention against
HFD-induced hepatic steatosis, H&E staining was then per-
formed to investigate the tissue pathology. Consistent with
the Oil Red O staining, H&E staining revealed cell ballooning
in the liver of HFD-fed mice in both Nrf2 WT and KO mice.
In addition, Nrf2 deficiency aggravated the lipid accumula-
tion in the liver tissue section, which is consistent with
Figures 5(e) and 5(f). Bixin injection did not cause any path-
ological changes of the tissue. Importantly, in Nrf2 WT mice
fed with HFD and cotreated with bixin, hepatic pathological
changes were ameliorated (Figure 6(a)). Then, the related
protein expression was next detected (Figure 6(b)). HFD
induced the expression of fatty acid synthase (FASN), an
indicator of liver steatosis in both Nrf2 WT and KO mice.
And the expression of FASN is higher in the liver of Nrf2
KO mice as well. Besides that, the expression of P62 was
increased with bixin treatment in both Nrf2 WT and KO
mice. The protein expression of Nrf2 and its targets
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Figure 3: Bixin activates Nrf2 by the upregulation of P62. (a) LO2 cells were treated with bixin 40μM for the indicated time. Cell lysates were
subjected to immunoblot analyses with the indicated antibodies. Quantification of relative protein expression was determined; results are
expressed as the means ± SD (∗p < 0:05, Ctrl vs. bixin treatments). (b) LO2 cells were treated with bixin 40 μM for 4 h and 24 h. mRNA
was extracted, and P62 mRNA expression was detected by qRT-PCR assay; results are expressed as the means ± SD (∗p < 0:05, Ctrl vs.
bixin treatments). (c) LO2 cells were transfected with nontargeted siRNA or P62-targeted siRNA for 24 h, and then treated with bixin
40μM for another 24 h. The indicated protein expression was investigated by immunoblot analysis. (d) LO2 cells were treated with bixin
(40 μM) for 24 h. Cell lysates were immunoprecipitated with the anti-P62 antibody and analyzed by immunoblot analyses with the anti-
Keap1 antibody. The total protein expression was analyzed by immunoblot assay with the anti-P62, anti-Keap1, and anti-GAPDH
antibodies (input). (e) LO2 cells were treated with bixin (40 μM) for 24 h. The cells were fixed and subjected to indirect
immunofluorescence staining of P62 (red) and Keap1 (green).
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Figure 4: Continued.
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(NQO1, HO-1) increased in the liver tissue of Nrf2 WT mice
with bixin injection, HFD feeding, or combination compared
with the control group. Then, the expression of PPARα and
its targets (Acox1, CPTII) was explored in the liver sections
of both Nrf2 WT and KO mice. Consistent with the in vitro
study, bixin could increase the expression of PPARα and its
targets via Nrf2. In Nrf2 WT mice, the expression of PPARα
and its targets (Acox1, CPTII) increased in the bixin, HFD,
and combination groups of mice. And there is no significant
induction of lipid metabolism-related protein (PPARα and

its targets) in the liver with Nrf2 deficiency. Interestingly, it
was also reported that using combined supplementations
such as DHA and HT is warranted to prevent liver steatosis
through regulating PPARα and Nrf2 signals. Given this, these
results indicated that bixin upregulates Nrf2 signals and
PPARα involved in HFD-induced hepatic steatosis.

3.7. Bixin Attenuates the Hepatic Inflammation and Blunts
the Liver Abnormality through Nrf2. H&E staining exhibited
the HFD-caused liver steatosis combined with the infiltration
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of inflammation cells. NF-κB is the most common signal
regulating inflammatory response, and the protein levels of
p-P65 were employed to assess the activation of NF-κB. A
significant increase of p-P65 protein was observed with
long-term HFD in both Nrf2 WT and KO mice. Bixin alone
did not affect either p-P65 or P65 expression. In the HFD-fed
Nrf2 WT mice injected with bixin, p-P65 protein levels were
significantly decreased compared to those in HFD-fed mice
(Figure 7(a)). And the qRT-PCR analysis of interleukin-
(IL-) 6 and TNF-α confirmed that HFD-fed activated NF-
κB in both types of mice and bixin attenuated this activation
only in Nrf2 WT mice (Figure 7(b)). Next, IHC analysis for
8-hydroxy-2′-deoxyguanosine (8-oxo-dG) was performed
to detect HFD-caused oxidative DNA damage. HFD dramat-
ically enhanced 8-oxo-dG staining in both types of mice,
indicating the serious oxidative stress in the tissue, which
could adoptively induce Nrf2 signals. Bixin itself did not have
any effect, but could suppress 8-oxo-dG staining caused by
HFD in Nrf2 WT mice (Figure 7(c) and S1). To further con-
firm that, the cell apoptosis was investigated by TUNEL
assay. HFD-fed-caused cell apoptosis could be repressed in
only Nrf2 WT mice as showed in Figure 7(d) and S1. Taken
together, these results indicated that bixin attenuates the
hepatic inflammation and blunts the liver abnormality in
the Nrf2-dependent manner.

4. Discussion

NAFLD is a common liver disease worldwide. Hepatic stea-
tosis and inflammation are the main characteristics of
NAFLD, which also affect the prognosis as well [7, 37]. An
urgent need exists for the exploration of efficient strategies
that prevent and limit lipid accumulation and inflammatory
response in the duration of NAFLD. Bixin, extracted from
the seeds of Bixa orellana, has emerged as defined antioxidant
and anti-inflammatory properties, which could prevent oxi-
dative DNA damage and lipid peroxidation. And in our pre-

vious study, we identified bixin is a novel Nrf2 activator,
which could suppress the NF-κB regulated inflammatory
response and improve the lung fibrosis through inhibition
of TGFβ1 signals in an Nrf2-dependent manner [22, 26].
Nrf2 serves as an important role against inflammation and
has been confirmed to suppress HFD-induced oxidative
stress with hydroxytyrosol administration. And according
to the previous studies, AR-EVOO supplementation reversed
IRD-induced oxidative stress, lipid peroxidation, and protein
oxidation through NF-κB inactivation. Based on this, here we
mainly focused on the mechanism of Nrf2 signals’ activation
by bixin and explored its potential feasibilities in HFD-
caused hepatic steatosis and inflammatory response.

In this study, we demonstrated that bixin activates Nrf2
signals at the posttranscriptional level by decreasing the
Nrf2 ubiquitination and stabilizing its protein expression
(Figure 1). We found that the induction of Nrf2 signals was
partially related with the critical C151 sensor residue in
Keap1 (Figure 2). In addition, bixin could also enhance the
protein and mRNA expression of P62, which could interact
with Keap1 “Klech” domain through its “STGE” motif
(Figure 3). Thus, bixin administration could activate Nrf2
signals through two different mechanisms: (i) canonical
mechanism, which modifies the critical cysteine residues in
Keap1, leading to a conformational change of Keap1-Cul3-
E3 complex that releases the bind with DLG motif of Nrf2
and subsequently stabilized Nrf2 [32] and (ii) noncanonical
mechanism that P62 binds with the Kelch domain of Keap1
with its pSTGE motif to stabilize Nrf2 [33].

The induction of Nrf2 signals inhibited the NF-κB signal-
ing pathway and decreased the oxidative DNA damage,
which attenuated inflammatory response, cell apoptosis,
and tissue functional disorder and histological damage
(Figures 4–7). In addition, according to the previous reports,
Nrf2 signals activated PPARα signals, which can restrain
lipid peroxidation and attenuate FFA accumulation in the
tissues [36]. Together with the report that bixin protects
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(n)

Figure 5: Bixin blunts hepatosteatosis and reduces circulating lipid levels in HFD-fedmice through Nrf2 signals. (a) Schematic representation
of HFD feeding and bixin administration duration in Nrf2 WT and KO mice. (b) Food consumption, (c) water consumption, (d) BW, (e)
LW/BW, (f) liver TG content, (g) liver TC content, (h) serum TG, (i) serum TC, (j) serum LDL, (k) serum HDL, (l) serum ALT, and (m)
serum AST of mice with the indicated treatments are provided. Results are expressed as the means ± SD (n = 10; ∗p < 0:05, Ctrl vs.
treatment groups; #p < 0:05, HFD group vs. HFD+bixin group). (n) Liver tissue sections from different groups of Nrf2 WT and Nrf2 KO
mice were subjected to Oil Red O staining (n = 10; scale bar = 100 μm. Representative images from each group are shown).
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against lipid peroxidation, the expression of PPARα and its
targets (Acox1 and CPTII) was investigated (Figures 4(a)
and 4(b)) [38]. We found that PPARα and its targets were
upregulated by bixin in a dose- and time-dependent manner
(Figure 4(a)). As a result, bixin decreased the accumulation of
lipid in the cells and liver tissues as well, while bixin could not
improve the situation in the cells with Nrf2-siRNA transfec-
tion, which indicated that bixin regulated the PPARα signals

and suppressed the lipid accumulation via Nrf2 (Figures 4(c)
and 6(b)). Our next step of study will directly focus on the
regulation of Nrf2 and PPARα signals by bixin and its role
in the lipid metabolism.

Then, in this work, we also unveiled the mechanism of
P62 induced by bixin on the induction of Nrf2 signals. We
found that bixin treatment increased the level of P62
(Figures 3(a) and 3(b)). According to the previous studies,
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Figure 6: Bixin upregulates Nrf2 signals and PPARα involved in HFD-induced hepatic steatosis. (a) Liver tissue sections from different
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quantification of relative protein expression was determined; results are expressed as the means ± SD (n = 10; ∗p < 0:05, Ctrl vs. treatment
groups; #p < 0:05, HFD group vs. HFD+bixin group).
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there is a “STGE” domain in the protein of P62, which could
interact with the Kelch domain of Keap1, leading to the
release of Nrf2 [39–41]. Therefore, we analyzed the interac-
tion of P62 and Keap1 by immunoprecipitation and
immunofluorescence (Figures 3(d) and 3(e)). After bixin
treatment, the binding of P62 and Keap1 was increased as
data shown in Figure 4(d), which indicated that bixin acti-
vated Nrf2 by increasing P62 to connect with Keap1. And
silencing the P62 expression, which reduced this interaction,
could affect the increase of Nrf2 caused by bixin (Figure 4(c)).
In addition, as demonstrated previously, there are two differ-
ent mechanisms of Nrf2 induction [32, 34, 42]. ROS and
most of classical Nrf2 inducers activate Nrf2 by modification
of critical cysteine residues in Keap1, which usually causes
the obvious cytotoxicity even though Nrf2 expression can
be dramatically increased accordingly, such as the upregula-
tion of Nrf2 caused by HFD in Figure 6(b) [43]. Here except
for the canonical mechanism, bixin activated Nrf2 via the
induction of P62, which may be contributed to its low toxic-
ity characteristic. In addition, compared with single treat-
ment, the Nrf2 signaling pathway did not show further
increase in the liver of mice from the combination group.
The reason for this may be because bixin pretreatment could
activate Nrf2 signals, which upregulate the antioxidant capa-
bility in the tissue and directly polish the accumulative lipid-
caused ROS and protect the tissue cells from the oxidative
stress damage.

Cumulative studies have reported that NAFLD is the
hepatic manifestation of metabolic syndrome [5, 44]. For
example, the hepatic steatosis and inflammation could be
caused by the abnormal lipid metabolism and chronic
inflammation in the adipose tissue in the metabolic diseases,
which means that the hepatic disorder would be solved by

etiological correction [45, 46]. But as we have known, these
kinds of diseases are usually complicated with multiple fac-
tors for their initiation and development, which are difficult
to target and treat with. Bixin here was conferred with the
cytoprotection to the liver tissue against lipid accumulation
and inflammation induced by HFD-fed mice, which is impor-
tant for the tissues that have already been injured. Bixin i.p.
injection could also increase the antioxidant and inflamma-
tory capability of other tissues in HFD-caused metabolic
syndrome, which may cooperatively improve these hepatic
abnormalities as well. Bixin-based Nrf2-directed systemic
intervention may also provide therapeutic benefit in protect-
ing other organs in the process of metabolic syndrome.

5. Conclusion

Bixin activated the Nrf2 signals through both canonical and
noncanonical mechanisms and represents a prototype Nrf2
activator that displays cytoprotective activity upon system
administration targeting hepatic steatosis and oxidant
inflammation originating from long-term HFD-fed mice.
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The gastrointestinal tract (GT) is the major organ involved in digestion, absorption, and immunity, which is prone to oxidative
destruction by high levels of reactive oxygen species (ROS) from luminal oxidants, such as food, drugs, and pathogens. Excessive
ROS will lead to oxidative stresses and disrupt essential biomolecules, which also act as cellular signaling molecules in response
to growth factors, hormones, and oxygen tension changes. Hypoxia-inducible factors (HIFs) are critical regulators mediating
responses to cellular oxygen tension changes, which are also involved in energy metabolism, immunity, renewal, and microbial
homeostasis in the GT. This review discusses interactions between HIF (mainly HIF-1α) and ROS and relevant diseases in the
GT combined with our lab’s work. It might help to develop new therapies for gastrointestinal diseases associated with ROS and
HIF-1α.

1. Introduction

The gastrointestinal tract (GT) is the major place of nutrient
digestion and absorption, and it is prone to oxidative destruc-
tion by highly reactive oxygen species (ROS) [1, 2]. Reactive
oxygen species are byproducts of normal cellular metabo-
lism. They usually contain an unstable number of electrons,
and they make them extraordinarily reactive. Excessive
ROS do harm to essential biomolecules, including nucleic
acids, proteins, and lipids. Accumulated ROS will lead to oxi-
dative stresses, which contribute to various diseases in the GT
[3]. However, ROS also act as important signaling molecules
in response to growth factors, hormones, and oxygen tension
changes [4, 5]. Hypoxia-inducible factors (HIFs) are indis-
pensable transcription factors in response to low oxygen
[6]. HIFs have drawn lots of attention from researchers for

their role involved in gastrointestinal energy metabolism,
immunity, renewal, and microbial homeostasis. Intriguingly,
there are close relationships between ROS and HIFs. This
review is aimed at summarizing interactions between HIFs
and ROS in the GT to help develop new treatments for
gastrointestinal diseases induced by ROS and HIFs.

2. The Role of ROS in the GT

ROS include superoxide (O2
⋅–), hydroxyl radicals (OH⋅),

hydrogen peroxide (H2O2), singlet oxygen (1O2), hypochlor-
ous acid (HOCl), chloramines (RNHCl), and ozone (O3) [7].
Gastrointestinal ROS are usually classified as endogenous
and exogenous ROS. As has been reviewed by Bhattacharyya
et al., endogenous ROS mainly comes from mitochondrial
electron transport chain (mETC), NADPH oxidase (NOX),

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 8893663, 9 pages
https://doi.org/10.1155/2021/8893663

https://orcid.org/0000-0002-9120-3756
https://orcid.org/0000-0001-6750-5888
https://orcid.org/0000-0002-9475-5134
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8893663


cyclooxygenase (COX), myeloperoxidase (MPO), lipoxy-
genases (LOXs), xanthine oxidase (XO), and transition
metals; correspondingly, food, drink, xenobiotics, cigarettes,
and radiation lead to exogenous ROS in the GT [8].

In addition, toxins and environmental stresses can also
contribute to exogenous ROS in the GT. Reportedly, aflatoxin
B1 and aflatoxin M1 treatment inhibited cell viability,
enhanced LDH release, and led to DNA damage in Caco-2
cells, which was related to elevated ROS [9]. Patulin also
induced endoplasmic reticulum stress andmitochondrial apo-
ptosis in human intestinal cells in the ROS-dependent way
[10]. Our lab’s work also showed that deoxynivalenol treat-
ment significantly upregulated the MDA levels and downreg-
ulated the total antioxidant capacity, which further led to
reduced villus height and increased lymphocytes in the piglet
ileum and jejunum [11]. The environment is a major source
of ROS in the GT. For instance, heat stress led to elevated
ROS and MDA levels and reduced antioxidase activity,
accounting for increased apoptosis and intestinal permeability
in the rat small intestine [12]. In addition, noise also contrib-
utes to oxidative stress. Noise-treated rats suffered mast cell
degranulation, damages to the endothelial cell membrane,
and increased eosinophils in the lamina propria of villi in the
intestine, which might be caused by excessive ROS [13]. Addi-
tionally, transport stress contributed to oxidative stresses in
the intestine, including increased MDA, endotoxin, NOX1,
and lactic dehydrogenase (LDH) levels and decreased expres-
sion of SOD and tight junction proteins [14]. Our lab’s work
also showed that weaning stress decreased antioxidant enzyme
levels and affected the expression of genes involved in ROS
generation in piglets [15]. As mentioned above, multiple
variables can affect the generation of ROS and, eventually, lead
to oxidative stress-induced diseases in the GT.

Excessive ROS can do harm to DNA, proteins, and lipids.
Further, we found that ROS significantly inhibited the prolif-
eration rate, mitochondrial respiration, and antioxidative
capacity and contributed to cell apoptosis in IPEC-J2 cells
[16]. However, ROS also act as signaling molecules and con-
tribute to defense systems in the body. ROS act as the activa-
tor of Ca2+ permeable cationic channels formed by transient
receptor potential melastatin 2 protein in immune cells [17].
Tyrosine-protein kinase Lyn is a member of the Src family of
protein tyrosine kinase, which is involved in multiple cellular
signaling transduction [18]. ROS are critical for intestinal
epithelial cell activities. NOX-derived O2

⋅– has been reported
to augment host defense in colon epithelial cells [19]. Addi-
tionally, NOX-derived ROS plays a key role in modulations
of the actin cytoskeleton, monolayer permeability, cell migra-
tion, cell proliferation, and focal adhesion kinase phosphory-
lation [20]. Further, ROS participate in the regulation of
bacteria to the host. VvpE is an elastase encoded by an oppor-
tunistic gram-negative pathogen Vibrio vulnificus [21]. And
lipid raft-mediated ROS signaling is essential for the inhibi-
tion of mucin 2 expression by VvpE in the intestinal epithe-
lial cells [22]. Further, our work also showed that the low
dosage of H2O2 might play a feedback regulatory role against
oxidative injury via upregulating the expression of UCP2 and
mitochondrial proton leak in IPEC-J2 cells [23]. ROS act as
signaling molecules in the modulation of various signaling

pathways, leading us to investigate whether ROS participate
in the regulation of HIF-1α.

3. The Role of HIFs in the GT

HIF-1 was first discovered by Semenza and Wang when they
studied the transcription of the hypoxia-inducible human
erythropoietin gene [24]. HIFs are heterodimers consisting
of hypoxia-inducible α-subunit (HIF-1α, HIF-2α, and HIF-
3α) and β-subunit (aryl hydrocarbon receptor nuclear
translocator (ARNT)/HIF-1β and ARNT2) [25]. Among
them, HIF-1α is the most ubiquitously expressed [26].

The degradation of HIF-α is mainly regulated on the
posttranslational level [27]. HIF-α is continuously synthe-
sized, and it is rapidly degraded by proteasomal pathways
under normoxia. However, under hypoxia, the degradation
of HIF-α is hindered. As reviewed by Strowitzki et al., the
degradation is mainly regulated by HIF prolyl 4-
hydroxylases (PHDs): PHD1, PHD2, and PHD3; two prolyl
residues in the oxygen-dependent degradation domain of
HIF-α-subunits are hydroxylated by PHDs, contributing to
the ubiquitination mediated by von Hippel-Lindau (VHL)
ubiquitin ligase; factor-inhibiting HIF (FIH) can hydroxylate
an asparagine residue in the C-terminal transactivation
domain of HIF-1α; under hypoxic conditions, the hydroxyl-
ation of HIF-α by PHD and FIH is retarded; accumulated
HIF-α forms complexes with HIF-β and translocates to the
nucleus to initiate transcription of target genes [28].

The physiological gastrointestinal mucosa has a uniquely
steep oxygen gradient that the vascularized subepithelial
mucosa is rich in oxygen while the luminal epithelium is
hypoxic [29]. Moreover, under pathological states such as
inflammation, the GT often has reduced oxygen levels [30,
31]. As the central sensor of hypoxia, HIF-1α governs the
transcription of numerous genes, which also act as a
double-edged sword in energy metabolism, immunity,
renewal, and microbial homeostasis of the GT (Figure 1).

HIF-1α takes part in gastrointestinal energy metabolism,
including glycolysis and nutrient absorption (glucose, lipid,
and glutamine) [32, 33]. It was also an essential regulator in
gastrointestinal immunity. The knockout of HIF-1α led to a
significant decrease of CD8αα+ and TCRγδ+ population in
intestinal epithelial cells of mice [34]. Further, activation of
HIF-1α attenuated C. difficile-induced colitis in mice [35].
In line with this, suppression of the HIF-1α/COX-2 pathway
contributed to the releases of inflammatory cytokines
induced by NF-κB p65 in the porcine ileum [36]. However,
there were also studies that suggest that HIF-1α contributes
to pathological progress in gastrointestinal diseases. As has
been reported, Jian-Pi Qing-Chang treatment attenuated
the intestinal epithelial permeability and inflammation by
inhibiting NF-κB/HIF-1α pathways in colitis mice [37].
Further, the interferon-gamma (IFN-γ) induced intestinal
epithelial permeability and disruption of the intestinal tight
junction by activating HIF-1α [38]. Similarly, berberine
treatment can suppress the activation of HIF-1α, thus
alleviating IFN-γ- and TNF-α-induced intestinal epithelial
barrier dysfunction [39].
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Further, HIF-1α played a key role in the renewal of the
GT. A recent study reported that downregulated HIF-1α
inhibited the proliferation of gastric cancer cells [40, 41].
Moreover, the transcription factor Krüppel-like factor 2
overexpression inhibited proliferation and promoted apo-
ptosis by suppressing the expression of Notch-1 via inhibi-
tion of HIF-1α in colorectal cancer cells [42]. In line with
this, the 4-(2-phenylpyridin-4-yl)pyrazoles exerted antiproli-
feration and apoptosis-inducing effect by inhibiting the acti-
vation of HIF-1α in HCT116 cells [43]. However, the
evodiamine treatment suppressed proliferation and induced
apoptosis by upregulating bone morphogenetic protein 9
(BMP9), which could activate p53 via the upregulation of
the HIF-1α in HCT116 cells [44].

There is a strong correlation between HIF-1α and intesti-
nal microbiota. The activation of HIF-1α significantly sup-
pressed the colonization of C. albicans and mortality from
invasive disease by enhancing the expression of CRAMP in
the mouse colon [45]. Further, there was a significant
decrease in the Firmicutes/Bacteroidetes ratio and Lactobacil-
lus abundance, as well as an increased abundance of Akker-
mansia in intestinal epithelial-specific HIF-1α knockout
mice [46]. In line with this, it was reported that the abun-
dance of Erysipelotrichales and Lactobacillales increased
while the abundance of Bacteroidales and Desulfovibrionale
decreased in intestinal epithelial-specific HIF-1α knockout
mice [34].

HIF-1 has been reported to be regulated by other stimuli
in addition to oxygen, including hormones such as insulin,
growth factors such as platelet-derived growth factor, trans-
forming growth factor-beta, and insulin-like growth factor,
and vasoactive peptides such as angiotensin-2 [47]. Apart
from these nonhypoxic stimuli, a few studies suggest that
ROS also participate in the regulation of HIF-1α in the GT.

4. Mechanism of HIF-1α Regulation by ROS in
the GT

4.1. ROS Regulate the Expression of HIF-1α.As important cel-
lular signal molecules, ROS are implicated in numerous sig-
nal MAPK, PI3K/Akt/mTOR, and NF-κB pathways, which
further regulate the expression of HIF-1α. Under hypoxia,
ROS activated ERK1/2 and further enhanced the HIF-1α
transcriptional activity, leading to the photodynamic

therapy-resistant phenotype in colorectal spheroids [48].
Further, both endogenous and exogenous H2O2 could upreg-
ulate the expression of HIF-1α via activating PI3K/Akt/m-
TOR pathways in human colorectal carcinoma cells [49,
50]. Accordantly, H2O2 treatment activated Akt and ERK
and subsequently increased the expression of HIF-1α as well
as its target genes in gastric mucosal epithelial cells, which
could be reversed by ROS scavengers [51]. In line with this,
the expression of HIF-1α was mediated in an ERK-
dependent way under hypoxia in H2O2-treated gastric cancer
cells [52].

Moreover, ROS can activate IκB kinase (IKK), which
contributes to the degradation of IκB and the release of NF-
κB proteins [53, 54]. Activated NF-κB played a key role in
the transcription of HIF-1α. As p50 and p65 directly
bounded to the promotor of HIF-1α, overexpression of p50
and p65 enhanced expression of HIF-1α mRNA while ele-
vated expression of IκB had a reverse effect under hypoxia
[55]. Consistently, treating human intestinal epithelial cells
with the IKK2 inhibitor led to diminished expression of
HIF-1α protein, suggesting NF-κB acted as upstream of
HIF-1α [56]. In line with this, it is reported that ROS upreg-
ulated the expression of HIF-1α via activating the NF-κB
pathway in gastric cancer cells, which could be attenuated
by antioxidants [57].

4.2. ROS Regulate the Stability and Activity of HIF-1α. Under
normoxia, HIF-1α is rapidly degraded via hydroxylation by
PHDs, binding to VHL, ubiquitylation, and proteasomal deg-
radation. During hypoxia, there are intracellular generations
of ROS and NO [58], and NO can react with ROS to form
RNS [59], which can modulate the posttranslation of pro-
teins by S-nitrosation [60]. As has been reported, RNS,
formed by endogenous ROS and NO, induced the S-nitrosa-
tion of PHD2, contributing to the elevated stabilization of
HIF-1α in HCT116 cells [58]. Besides, an earlier study
reported that brusatol treatment diminished the production
of mitochondrial ROS, leading to the activation of PHDs
and subsequent degradation of HIF-1α in colorectal cancer
cells [61].

VHL is the major component of E3 ubiquitin ligases,
which regulates the ubiquitylation and consequent proteaso-
mal degradation of HIF-α. An earlier study reported that
indomethacin treatment led to elevated expression of VHL
through oxidative stress in IEC6 cells [62]. Further, increased
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Figure 1: The role of HIF-1α in the gastrointestinal tract. HIF-1α is involved in gastrointestinal energy metabolism, immunity, renewal, and
microbiota.
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VHL contributed to the degradation of HIF-1α, which can be
reversed by the MnSOD mimetic [62].

The bHLH- (basic helix-loop-helix-) PAS (Per/ARNT/-
Sim) domains of HIF mediate the generation of the heterodi-
mer and DNA binding [63]. The activity of HIF-1α will be
suppressed when its association with ARNT is retarded
[64]. An early study reported that curcumin treatment
degraded ARNT via the ubiquitin-proteasome system in the
ROS-dependent way, leading to the inhibition of HIF-1 in
MKN28 cells [65].

5. HIF-1α Regulated by ROS Plays a Role in
Gastrointestinal Diseases

Different sources of ROS participate in the modulation of
HIF-1α and further play a role in the pathologic progress of
various gastrointestinal diseases (Figure 2). There is evidence
that cigarette smoke exposure led to increased ROS, contrib-
uting to the disruption of intestinal tight junctions by upreg-
ulating HIF-1α expression in the rat small intestine [66].
Further, elevated ROS mediated by NOX2 upregulated the
expression of HIF-1α in the small intestine and rectal cancer
cells, contributing to rectal cancer cell proliferation [67]. ROS
derived from Helicobacter pylori-infected gastric epithelial
cells mediated the expression of HIF-1α and its target gene
vascular endothelial growth factor (VEGF), which contrib-
uted to gastric carcinogenesis [68]. Further, HIF-1αmay lead
to high-altitude polycythemia- (HAPC-) induced gastric
mucosal lesions (increased apoptosis, microvessel density,
and swollen mitochondria) in a ROS-mediated signaling
pathway [69]. Moreover, limb ischemia reperfusion-
induced ROS contribute to the proliferation of gastric epithe-
lial cells and vascular endothelial cells of gastric tissue by
upregulating HIF-1α expression [70]. However, Clostridium
difficile toxin-mediated ROS play a key role in the stabiliza-
tion of HIF-1α, leading to the innate protection of colon epi-
thelial barrier function, which suggested that HIF-1α played
a dual role in gastrointestinal diseases [71].

Mitochondria are the major source of intracellular ROS.
However, there is a debate about whether mitochondrial
ROS can regulate the expression of HIF-1α. It is reported that
brusatol treatment downregulated mitochondrial ROS levels,
leading to diminished HIF-1α protein levels and cell death in
colorectal cancer under hypoxia [61]. In contrast, treating
SNU-638 cells with the mitochondrial electron transport sys-
tem inhibitor (rotenone, amobarbital, antimycin A, and
KCN) did not affect the expression of HIF-1α protein [72].
The difference may be due to different cell types.

Moreover, the glutathione system is critical for the regu-
lation of nonhypoxic HIF-1α in gastrointestinal diseases. N-
Acetylcysteine, a thiol-containing antioxidant, is a precursor
of reduced glutathione and a direct ROS scavenger [73].
Under hypoxia, N-acetylcysteine treatment can significantly
decrease the expression of HIF-1α by diminishing ROS, sup-
pressing the survival and invasion ability of gastric cancer
cells under hypoxia [74]. Cysteamine, the reduced form of
cystamine, contributes to the generation of glutathione, one
of the most important antioxidants [75]. However, cyste-
amine treatment has been shown to decrease the activities

of SOD and GSH-PX, leading to increased ROS in the rat
duodenum [76], and augmented the HIF-1α expression in
the early stage of duodenal ulceration [77].

Further, a variety of antioxidants can modulate HIF-1α
expression via affecting ROS levels in the GT. For example,
vitamin E supplementation diminished HIF-1α protein
expression, protecting from intestinal injury induced by hyp-
oxia in the rat ileum [78]. Quercetin and its metabolite iso-
rhamnetin possess antioxidation effects in different tissues
[79]. Under hypoxia, quercetin treatment reduced the activ-
ity of HIF-1α and enhanced apoptosis in colon cancer cells
[80]. Further, isorhamnetin and melatonin treatment could
reduce HIF-1α expression via suppressing the ROS level,
contributing to the inhibition of invasion and migration of
human colon cancer cells [81]. L-Carnosine, an endoge-
nously synthesized histidine dipeptide with antioxidant
activity [82, 83], can mediate the generation of ATP and
ROS in HCT116 cells [84]. It is reported that L-carnosine
treatment decreased the HIF-1α protein levels and sup-
pressed the proliferation of colon cancer cells [85]. Resvera-
trol, a natural phenol with antioxidant properties, reduced
the expression of HIF-1α by scavenging ROS, leading to sup-
pressed glucose uptake and glycolytic metabolism in colon
cancer cells [86]. Overall, HIF-1α regulated by ROS plays a
key role in gastrointestinal diseases.

6. HIF-1α Regulates ROS Levels in the GT

As an important transcriptional regulator, HIF-1α regulates
the transcription of numerous genes involved in different cell
progress [87]. HIF-1α can also modulate ROS generation in
the GT. As has been reported, HIF-1α knockdown leads to
increased ROS production in gastric cancer cells [74]. Con-
sistently, there is a significant increase in ROS levels in
Caco-2 treated with CoCl2, one of the hypoxic mimetic
agents [88].

Mitochondria are the main source of intracellular ROS
that oxidative phosphorylation (OXPHOS) consumes 90%
to 95% of cellular oxygen, 3% of which can be transformed
into superoxide [89]. Moreover, the mTOR pathway plays a
key role in the regulation of HIF-1α. Leucine treatment can
activate mTOR and subsequently activates HIF-1α in intesti-
nal epithelial cells of weaned piglets; elevated HIF-1α inhibits
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Figure 2: HIF-1α regulated by ROS plays a role in gastrointestinal
diseases. HIF-1α regulated by ROS contributes to rectal cancer,
gastric carcinogenesis, gastric mucosal lesions, duodenal
ulceration, and disruption/protection of intestinal tight junctions.
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OXPHOS and induces glycolysis, leading to total ROS reduc-
tion [90]. Further, HIF-1α knockdown increased ROS pro-
duction in different gastric cancer cell lines under hypoxia
[74]. In line with this, the treatment of N-oxalyl-D-phenylal-
anine, an FIH inhibitor, can ameliorate ionizing radiation-
induced DNA damage and apoptosis by suppressing ROS
levels [91], which indicated the effect of HIF on regulating
ROS generation. However, few studies reported the underly-
ing mechanism behind regulations of ROS by HIF-1α in the
GT. Thus, further studies are required, which may help to
develop new therapies for gastrointestinal diseases induced
by ROS.

7. Conclusion

As a double-edged sword, ROS act as indispensable signaling
molecules while excessive content causes oxidative tissue
damage in the GT. Moreover, HIF-1α is also a key regulator
in gastrointestinal health involved in energy metabolism,
immunity, renewal, and microbial homeostasis. There are
strong correlations between ROS and HIF-1α in the GT,
which are as yet ill-defined. It is now evident that ROS regu-
late HIF-1α in different ways (Figure 3). However, the mech-
anism of ROS levels modulated by HIF-1α is vague and
controversial. As the crosstalk between HIF-1α and ROS
plays a key role in gastrointestinal diseases, it might be a
promising target for disease treatment. Thus, broader and
deeper studies are needed to understand the underlying

mechanism of their interactions in the gastrointestinal path-
ologic processes.
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Ophiopogonin D (OPD), a compound from the Chinese herb Radix Ophiopogonis, reportedly induces increased levels of
cytochrome P450 2J3 (CYP2J3)/epoxyeicosatrienoic acids (EETs) and Ca2+ in rat cardiomyocytes. Little is known regarding the
specific mechanism between CYP2J3 and Ca2+ homeostasis. Here, we investigated whether CYP2J3 is involved in the protective
action of OPD on the myocardium by activating the Ca2+ homeostasis-related protein complex (SERCA2a and PLB) in H9c2 rat
cardiomyoblast cells. The interaction between SERCA2a and PLB was measured using fluorescence resonance energy transfer.
OPD attenuated heart failure and catalyzed the active transport of Ca2+ into the sarcoplasmic reticulum by inducing the
phosphorylation of PLB and promoting the SERCA2a activity. These beneficial effects of OPD on heart failure were abolished
after knockdown of CYP2J3 in a model of heart failure. Together, our results identify CYP2J3 as a critical intracellular target for
OPD and unravel a mechanism of CYP2J3-dependent regulation of intracellular Ca2+.

1. Introduction

Cytochrome P450 2J3 (CYP2J3) is a member of the cyto-
chrome P450 superfamily of enzymes and catalyzes many
reactions involved in the metabolism of drugs and other
xenobiotics. They are highly expressed in the myocardium
and are involved in the metabolism of arachidonic acid
(AA). The metabolites of AA are epoxyeicosatrienoic acids
(EETs), which reportedly have anti arrhythmic [1], anti-
inflammatory [2], antiapoptotic [3], and antioxidant [4]
effects, as well as a role in cardiovascular protection [5]. Spe-
cifically, EETs can maintain Ca2+ homeostasis in myocardial
cells and alleviate the symptoms of heart failure in rats by
upregulating the expression of sarcoplasmic reticulum
Ca2+-ATPase (SERCA) and phospholamban (PLB). Addi-
tionally, the CYP2J3 overexpression and increased levels of
EETs reportedly decrease endoplasmic reticulum (ER) stress
signaling and ER stress-mediated apoptosis in rats with heart
failure (HF) by maintaining the sarcoplasmic reticulum

Ca2+-ATPase (SERCA2a) activity and intracellular Ca2+

homeostasis [6].
Research has indicated that the decreased SERCA2a

activity and expression are hallmarks of HF in both experi-
mental animal models and patients [7, 8]. SERCA2a regulates
Ca2+ reuptake into the sarcoplasmic reticulum (SR), and dys-
regulated Ca2+ homeostasis is an initiating event in HF [9].
Furthermore, the SERCA2a activity can be regulated by a
small intrinsic protein located in the SR named phospholam-
ban (PLB). In the dephosphorylated state, PLB inhibits the
SERCA2a activity and SR Ca2+transport. Phosphorylation
of PLB by either cAMP-dependent protein kinase (PKA) at
Ser16 residue or Ca2+-calmodulin-dependent protein kinase
(CaMKII) at Thr17 residue relieves the inhibition of the SER-
CA2a activity, thus increasing the rate of SR Ca2+ uptake
[10]. As a result, the SERCA2a-PLB Ca2+-regulatory system
has been implicated in cardiovascular disease [11, 12]. Indus-
try and academic researchers have extensively searched for
the affinity of the regulatory interaction between SERCA2a
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and PLB. For instance, fluorescence resonance energy trans-
fer (FRET) has been used to directly detect the interaction of
donor-labeled SERCA2a with acceptor-labeled PLB or
acceptor-labeled SERCA2a with donor-labeled PLB in mem-
branes [12–14]. We previously showed that ophiopogonin D
(OPD), a steroidal glycoside isolated from Radix Ophiopogo-
nis (a tuber of Ophiopogon japonicas KerGawl), can induce
the SERCA2a expression by upregulating the CYP2J3/EET
system [12]. However, the relative contribution of CYP2J3
to OPD’s effects on Ca2+ homeostasis and interaction
between SERCA and PLB has not been investigated. Whether
CYP2J3 participates in modulating the interaction between
SERCA2a with PLB remains unknown.

Here, we report a compound extracted from the root of
Radix Ophiopogonis as a potent CYP2J3 agonist. Our results
demonstrate that OPD confers its anti-HF effects by inducing
the CYP2J3 expression and subsequently promoting the
interaction between SERCA2a and PLB, which is helpful for
maintaining Ca2+ homeostasis.

2. Material and Methods

2.1. Antibodies and Reagents. OPD (purity: 98% by high-
performance liquid chromatography) and isoproterenol·HCl
(ISO) were purchased from the National Institutes for Con-
trol of Pharmaceutical and Biological Products (Beijing,
China) and Sigma-Aldrich (St Louis, MO, USA), respec-
tively. The TransScript™ First-Step RT-PCR SuperMixFast
and SYBR® Green Master Mix were purchased from Trans-
Gen Biotech Co., Ltd. (Beijing, China). Antibodies against
GAPDH and phosphorylated PLB (p-PLB) (Ser16/Thr17)
were from Cell Signaling Technology Inc. (CST, Danvers,
MA, USA). Antibodies against CaMKII, p-CaMKII, p-
T197-PKA, PKA, p-PLB (p-Ser16), and SERCA2-ATPase
were from Abcam (Cambridge, UK). The antibody against
p-PLB (p-Thr17) was from Zen BioScience (Chengdu, China)
[15], and the antibody against CYP2J3 was from Bioss (Bos-
ton, MA, USA). The Universal Magnetic Co-IP Kit was
obtained from Active Motif, Inc. (Carlsbad, CA, USA). Nor-
mal Rabbit IgG was from Cell Signaling Technology. Oregon
Green 488 BAPTA was purchased from Invitrogen (Carls-
bad, CA, USA). p-CMV-N-CFP-PLB, p-CMV-N-YFP-SER-
CA2a, and pLVX-IRES-ZsGreen-1-CYP2J3 were from
Biomed (Beijing, China). The specific inhibitors of CaMKII
(KN-93) and PKA (H-89) were purchased from Selleck Che-
micals (Houston, TX, USA). Helicid was from TargetMol
(Shanghai, China). All other reagents were purchased from
commercial suppliers unless otherwise indicated.

2.2. Cell Culture and Treatment.H9c2 cells, a subclone of the
original clonal cell line derived from embryonic BD1X rat
heart tissue, were obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (100 IU/mL) in a humidified atmosphere of
95% air and 5% CO2 at 37

°C. The cells were seeded in 96-
or 6-cell culture plates for each experiment and grown in a
humidified incubator containing 5% CO2. ISO was dissolved

in distilled water. OPD, Helicid, H-89, and KN-93 were dis-
solved in dimethyl sulfoxide and diluted with DMEM.

2.3. Cell Viability Assay. Cell viability was determined with
the Cell Counting Kit-8 (CCK-8) assay. Briefly, cells were
seeded in 96-well plates at a density of 4 × 103 per well in
100mL complete medium. After being treated with different
concentrations of OPD (1–80μmol/L), the cells were further
incubated in a medium containing 0.5% CCK-8 for 0.5–4h.
The absorbance of 450nm was measured with a microplate
reader.

2.4. Measurement of ER-Free Ca2+. H9c2 cells were treated
with different concentrations of OPD (0.25, 0.5, 1μmol/L)
and ISO (1μmol/L). After 24 h, the ER Ca2+ concentration
was measured using the Mag-Fluo-4/AM Kit from
GENMED Scientific Inc. (Arlington, VA, USA), according
to the supplier’s instructions, as previously described [16,
17]. The cultured cells were incubated with 1mL of 5μmol/L
Mag-Fluo-4/AM for 30min at 37°C to optimize loading into
the ER. Cells were washed three times with D-Hank’s solu-
tion to remove the probes. Relative ER Ca2+ was expressed
as a percentage of the control.

2.5. Measurement of Ca2+-ATPase Activity. H9c2 cells were
treated with OPD and ISO as previously mentioned. The
enzyme activity of SERCA2a in SR was detected with a micro-
plate system. SERCA2a vesicles were obtained as previously
described for the measurement of its activity [18], which was
detected using an inorganic phosphorus colorimetric method
with the Ultramicro-ATPase Assay Kit (Jiancheng, China).
Briefly, this test includes an enzymatic and phosphorus reac-
tion based on the theory that ATP is decomposed into ADP
and inorganic phosphate (Pi) by ATPase. The activity of
ATPase was measured by the quantity of Pi, and the amount
of Pi decomposed by ATPase per mg tissue or cell protein
per h (μmol Pi/mg prot/h) was regarded as one unit of the
ATPase activity. The values for the maximal SERCA2a activity
were taken directly from the experimental data and normal-
ized for total protein concentration (mmol/g protein/min).
These data were analyzed by nonlinear regression with com-
puter software (GraphPad Software, San Diego, CA, USA).

2.6. RNA Isolation and Quantitative PCR. After being treated
with the corresponding drugs as described above, total RNA
was extracted. The expression of specific mRNAs was quan-
tified with quantitative PCR (qPCR) as previously described.
Briefly, total RNA was prepared from H9c2 cells using Trizol
reagent. The RNA integrity and concentration were mea-
sured using the DU-600 ultraviolet spectrophotometer
(Beckman Coulter, Brea, CA, USA). All RNA samples with
an OD260/OD280 between 1.8 and 2.0 were used for qPCR.
Total RNA was reverse transcribed with the Transcriptor
First-strand cDNA Synthesis Kit to obtain the cDNAs. qPCR
was performed using the ABI Prism 7500 Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA) using
the Trans Script™ SYBR® Green Master Mix Kit, according
to the instructions provided. Each target gene was quanti-
fied, with GAPDH serving as the internal control. The
primer sequences are listed in Table 1.
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2.7. Western Blot Analysis. Protein concentrations were
determined using a BCA protein assay kit. Proteins were ana-
lyzed by sodium dodecyl sulfate-polyacylamide gel electro-
phoresis (SDS-PAGE) and blotted using standard protocols
[19]. The expression was quantified by densitometry and
normalized to the GAPDH expression. Then, all groups were
normalized to their respective controls.

2.8. Coimmunoprecipitation Assay. A coimmunoprecipita-
tion (co-IP) assay was conducted to examine the physical
association between SERCA2a and p-PLB/PLB. A co-IP
assay was performed using the Universal Magnetic Co-IP
Kit (Active Motif) according to the manufacturers’ protocol.
Briefly, H9c2 cells were treated with phosphate-buffered
saline (PBS)/inhibitor solution and collected by brief centri-
fugation and lysed in lysis buffer. Protein complexes were
immunoprecipitated using SERCA2a antibody (CST) or
IgG as a control. The immunoprecipitation was performed
overnight at 4°C. The complexes were incubated with Protein
G Magnetic Beads for 1 h at 4°C on a rotator. The resin was
washed four times with 500μL complete co-IP/wash buffer.
The eluted protein complexes were resolved by SDS-PAGE
(10% gel) and detected with PLB/p-PLB antibody.

2.9. Immunofluorescence Colocalization. The colocalization of
SERCA2a and PLB/p-PLB proteins in ISO-induced HF was
detected. H9c2 cells were cultured in DMEM supplemented
with 10% FBS and penicillin-streptomycin (100 IU/mL) in a
humidified atmosphere of 95% air and 5% CO2 at 37

°C. The
cells were seeded on laser confocal small dish for each experi-
ment and grown in a 37°C humidified incubator containing
5% CO2. After 24h drug treatment, the cell culture media
was removed, and cells were washed with 1× PBS. The cells
were fixed in 100% ice-cold methanol for 10–15min at room
temperature and allowed to dry for 15min. Next, the cells were
washed twice with 1× PBS/IFA for 5min and permeabilized
with 0.3% Triton-X 100 in 1× PBS/IFA for 10min followed
by washing twice with 0.03% Triton-X 100 for 5min. The
cells were blocked in 5% BSA in 1× PBS/IFA for 1h. Then,
the cells were incubated with the appropriate primary anti-
body (rabbit-SERCA2a, mouse-PLB, rabbit-p-PLB; both
diluted 1 : 1000) at 4°C for overnight. After washing, the cells
were incubated with the corresponding secondary antibody
(goat anti-mouse IgG, FITC-conjugated and goat anti-rabbit
IgG, RBITC-conjugated), diluted 1 : 500 for another 1h. 4′6-
diamidino-2-phenyllindole (DAPI) was added to cells at a
dilution of 1 : 2000 for 1h in the dark. Then, the cells were

washed six times with 0.03% Triton-X 100 for 5min and
sealed with the Prolong® Gold antifade reagent. Sections were
examined using the LSM800 confocal laser scanning micro-
scope. The immersion-oil Plan Neofluar 60/0.75 objective
was used. Double fluorescence for green and red channels
was imaged using excitation of an argon-krypton laser at
wavelengths of 488 and 543nm. Images were acquired and
processed for colocalization analysis in the TIFF format.
Quantitative analysis was performed employing ImageJ Pro
Plus Software.

2.10. H9c2 Cell Culture and Small Interfering RNA
Transfection. H9c2 cells were seeded at a density of 1:2 ×
106/well in a 6-well dish. At 12h after plating, the cells were
incubated with 80nmol/L CYP2J3 small interfering RNA
(siRNA) and control siRNA in 1mL Opti-MEM medium
for 6 h as previously described. After 6 h, new serum-free
DMEM with OPD and ISO was added. Cells were incubated
for another 24 or 48 h for different experiments.

2.11. Small-Molecule Inhibition of Kinase and Metabolic
Targets. H-89 and KN-93 (1μmol/L; Selleck), specific inhibi-
tors for PKA and CaMKII, respectively, were used to investi-
gate PKA/Ser16-PLB, and CaMKII/Thr17-PLB signaling
pathways mediated the effect of OPD. Cells were treated with
the abovementioned medium containing H-89 and KN-93 for
6h, finally cultured in a medium containing ISO (1μmol/L)
and the highest concentration of OPD (1μmol/L).

2.12. Molecular Biology and HEK293T Cell Culture. Rat PLB
fused to the C-terminus of the cyan fluorescent protein
(CFP), and rat SERCA2a fused to the C-terminus of the
enhanced yellow fluorescent protein (YFP). Extraction of
fluorescent protein plasmid was performed with Qiagen
Company’s Plasmid Extraction Kit (Plasmid DNAMaxiprep
Kit; Germantown, MD, USA). HEK293T cells were cultured
on dishes coated with polylysine. The dishes were filled with
complete DMEM growth medium containing 10% heat-
inactivated FBS. The cells were transfected according to the
manufacturer’s instructions after the cell density reached
10%. MEM growth medium was used instead of complete
DMEM growth medium during the 6 h incubation of
HEK293T with plasmid. For the FRET experiments,
HEK293T cells were cotransfected with CFP-PLB plasmid
and YFP-SERCA2a plasmid at a concentration of 500ng/μL.

2.13. Plasmid Detection and Time-Resolved FRET Imaging.
Plasmids were transfected into HEK293T cells according to

Table 1: Primer sequences used for qPCR.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
CYP2J3 CATTGAGCTCACAAGTGGCTTT CAATTCCTAGGCTGTGATGTCG

r-PXR AAAGCAGTGGCCACCTAACA CCCCACATACACGGCAGATT

GAPDH CAAGGTCATCCATGACAACTTTG GGGCCATCCACAGTCTTCTG

PKA GCTGGCTTTGATTTACGG GATGTTTCGCTTGAGGATA

CaMKII CCTGAACCCTCACATCCACC CCAGGTACTGAGTGATGCGG

SERCA2a TCTGACTTTCGTTGGCTGTG GCCTTTGTTATCCCCAGTGA

PLB TACCTTACTCGCTCGGCTATC GAGAAGCATCACAATGATGACC
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the abovementioned procedures. The DNA sequencing
results of the two recombinant plasmids were correct and
can be used in downstream experiments. To verify the trans-
fection efficacy of CFP-PLB plasmid and YFP-SERCA2a PLB
into HEK293T cells, after a 24 h transfection, cells were lysed,
and proteins from the cell lysates were resolved by electro-
phoresis followed by western blot analysis (see Section 2.7).
The mixture was incubated with horseradish peroxidase-
conjugated goat-anti-mouse or goat-anti-rabbit IgG second-
ary antibodies (1 : 2000) for 1 h at room temperature and
visualized using the ImageQuant LAS 500 (Healthcare Bio-
Sciences AB, Uppsala, Sweden). Fluorescence imaging was
performed with an inverted microscope equipped with the
Plan-Apochromat 100×/1.40 Oil DICM27 objective. For epi-
fluorescence imaging, illumination was introduced through
an excitation filter wheel equipped with 427/10 nm (for
CFP) and 504/12 nm (for YFP) narrowband filters and a mul-
tiple band dichroic mirror. Emission was detected with a
back-thinned electron-multiplying charged couple device
camera (LSM 880; AxioObeserver, Zeiss, Oberkochen, Ger-
many) through the emission filter wheel, 472/30 nm (for
CFP) and 542/27 nm (for YFP). “Prismless” total internal
reflection fluorescence (TIRF) used the 458-nm Ar laser line,
directed through the objective with a multiple band dichroic
mirror. TIRF emission was selected with filters described
above. For spatially resolved, acceptor-selective photobleach-
ing, the Ar laser 514-nm line was selected by a laser line filter
and directed to the sample with a10/90 beam splitter. The
bleach beam was focused to a spot on the specimen using a
Keplerian telescope composed of two planoconvex lenses.
Laser photobleaching exposure time was controlled by a Uni-
blitz shutter and was typically for 54.55 s with 20 frames. The
above activity was measured using software (ZEN). Image
records from multiple experiments were averaged together
to reduce error. Analysis of the evolution of the line-out pro-
files was performed by fitting image data with a custom anal-
ysis program written in Graphpad Software.

2.14. Statistical Analyses. All data were expressed as the
mean ± standard deviation (SD). Comparisons between
groups were performed by a one-way analysis of variance. P
< 0:05 was considered statistically significant.

3. Results

3.1. Effects of OPD on the Viability of H9c2 Cells. Cells were
treated with different concentrations of OPD (1–80μmol/L),
and the viability of H9c2 cells was detected by the CCK-8
assay. The cell viability was apparently decreased after the
incubation with OPD. The results suggested that the responses
stimulated by OPD on cell viability were concentration-
dependent. High concentrations of OPD had obvious inhibi-
tory effects on cell vitality. To investigate the effects of OPD
on cardiomyocytes, OPD concentrations of 0.25, 0.5, and
1μmol/L were used in subsequent experiments (Figure 1).

3.2. Activation of the CYP2J3 Expression in H9c2 Cells and
HEK293T Cells by OPD. To determine the effect of OPD on
the CYP2J3 protein expression in cardiomyocytes, we per-

formed immunoblot analyses and qPCR. OPD qualitatively
induced the CYP2J3 mRNA and protein expression as
expected (Figure 2(a)), in accordance with previous results
[16, 20]. Next, we determined the effects of OPD on CYP2J3
using an ISO-induced cell model, which represents a state of
heart failure. H9c2 cell lysates were prepared for the estima-
tion of the CYP2J3 immunoreactive protein; GAPDH was
used to indicate protein loading. From Figure 2(b), the
CYP2J3 mRNA and protein expression was increased at each
concentration by OPD and ISO cotreatment. ISO is a β-
adrenergic receptor agonist, which induces HF both in vitro
and in vivo [21]. The expression of CYP2J3 was decreased
in the ISO-induced HF group. The role of OPD was illus-
trated by data showing that transfection of CYP2J3 siRNA
into H9c2 cells, which inhibited the CYP2J3 expression,
abrogated the inhibitory of ISO on CYP2J3 degradation
(Figures 2(c) and 2(d)). pLVX-IRES-ZsGreen-1-CYP2J3
plasmid was transfected into HEK293T cells for 24 h, and
cells were treated with OPD for another 24 h. The fluores-
cence intensity of CYP2J3 was detected by laser confocal
focusing (Figure 2(e)). Compared with the CYP2J3 group,
the fluorescence intensity in the OPD-treatment group was
significantly increased.

3.3. OPD Induces Colocalization of SERCA2a and p-PLB
through CYP2J3 at the ER. To determine whether SERCA2a
colocalized with PLB/p-PLB, colocalization of three proteins
in H9c2 cells was examined by immunofluorescence using a
confocal microscope. The results showed some colocalization
between SERCA2a and PLB/p-PLB to different degrees.
OPD induced colocalization between SERCA2a and p-PLB
(Figure 3(b)), while SERCA2a and PLB protein showed
decreased colocalization in H9c2 cells after OPD treatment
(Figure 3(a)). Transfection of CYP2J3 siRNA was performed
to test the CYP2J3 function in the colocalization of SER-
CA2a/PLB and SERCA2a/p-PLB. After the transfection of
CYP2J3 siRNA, H9c2 cells were treated with OPD and ISO
as mentioned above to determine the induction of OPD in
HF cells (Figures 4(a) and 4(b)). Images show immunofluo-
rescence of SERCA2a (green) and p-PLB (red) proteins in
H9c2 cells and changes of their colocalization pattern follow-
ing the OPD (1μmol/L) and ISO (1μmol/L) administration
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Figure 1: Effect of OPD on the viability of H9c2 cells. H9c2s were
treated with different concentrations of OPD (1–80μmol/L) for
24 h, and the cell viability was detected by the CCK-8 assay, ∗P <
0:05, ∗∗P < 0:01, and ∗∗∗P < 0:005 versus the control group, n = 4
per group.
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as mentioned above. An embedded scattergram estimated
the amount of each detected antigen based on colocalization.
Colocalized pixels of yellow color are located along the diag-
onal of the scattergram. Compared with the NC group, the
red (p-PLB) intensity decreased in the si-CYP2J3 group.
The OPD-treated si-CYP2J3 group showed increased p-
PLB intensity compared with the OPD-treated NC group.

3.4. OPD Increases the Physical Association between
SERCA2a and p-PLB through CYP2J3. To evaluate the influ-

ence of OPD in the interaction of p-PLB with SERCA2a,
H9c2 cells were treated with OPD and ISO as mentioned
above. Total cellular proteins were extracted. After preclear-
ing with protein G sepharose beads, the cell lysates were incu-
bated with or without an anti-SERCA2a antibody followed
by incubation with protein G sepharose beads. The co-IP’d
protein complexes were eluted and analyzed by western blot-
ting using antibodies against p-PLB and PLB. Co-IP’d bands
were seen for p-PLB and PLB (Figure 5(a)), while the anti-
body used could detect the capsid protein in western blot
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Figure 2: Effect of OPD on the expression of CYP2J3 in H9c2 cells and 293 T cells. (a) H9c2s were treated with different concentrations of
OPD (0.25, 0.5, 1 μmol/L) for 24 h. CYP2J3 mRNA and protein expression were increased in OPD-treatment groups ∗P < 0:05, ∗∗P < 0:01
versus the control group; ∗∗∗P < 0:005 versus the ISO-treatment group (1 μmol/L). (b) H9c2s were cotreated with ISO (1 μmol/L) and
different concentrations of OPD (0.25, 0.5, 1 μmol/L) for 24 h. CYP2J3 mRNA and protein expression were decreased in the ISO-
treatment group ###P < 0:005 versus the control group; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:005 versus the ISO-treatment group. (c)
CYP2J3-siRNA and negative control- (NC-) siRNA were transfected into H9c2s. Cells were treated with OPD (1 μmol/L) and ISO
(1 μmol/L) as mentioned above. CYP2J3 mRNA and protein expression were decreased in the Si-CYP2J3 group, aP < 0:05 versus the si-
control group; the CYP2J3 protein and mRNA level were increased in the OPD-treated group, bP < 0:01 versus the OPD-treated NC
group. (d) CYP2J3-siRNA and NC-siRNA were transfected with H9c2s. Cells were cotreated with OPD (1 μmol/L) and ISO (1 μmol/L) as
mentioned above. CYP2J3 mRNA and protein expression were decreased in the si-CYP2J3 group, cP < 0:05 versus the si-control group;
CYP2J3 mRNA and the protein expression were decreased in the ISO-treated si-CYP2J3 group, dP < 0:01 versus the ISO-treated NC
group. (e) 293 T cells were transfected with pLVX-IRES-ZsGreen-1-CYP2J3 plasmid for 24 h. Cells were treated with OPD (1 μmol/L) for
24 h. The CYP2J3 expression was increased in the OPD-treated+CYP2J3 transfected group versus the CYP2J3 transfected group, n = 3 per
group.
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Figure 3: OPD induces SERCA2a colocalization of SERCA2a and p-PLB in HF cells. Images were collected on the LSM880 confocal
microscope with Plan-Apochromat ×63. (a) Images showing immunofluorescence of SERCA2a (red) and PLB (green) proteins in H9c2
cells and changes of their colocalization pattern following OPD (1 μmol/L) and ISO (1 μmol/L) administration. An embedded scattergram
estimated the amount of each detected antigen based on colocalization. Colocalized pixels of yellow color are located along the diagonal of
the scattergram. Compared with the control group, the green (PLB) intensity increased in the ISO-treated group while the red (SERCA2a)
intensity decreased. The OPD-treated group showed decreased PLB intensity compared with the ISO-treated group.(b) Images showing
immunofluorescence of SERCA2a (green) and p-PLB (red) proteins in H9c2 cells and changes of their colocalization pattern following
OPD (1 μmol/L) and ISO (1 μmol/L) administration. An embedded scattergram estimated the amount of each detected antigen based on
colocalization. Colocalized pixels of yellow color are located along the diagonal of the scattergram. Compared with the control group, the
red (p-PLB) intensity decreased in the ISO-treated group. The OPD-treated group showed increased p-PLB intensity compared with the
ISO-treated group.
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Figure 4: Continued.
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analysis. The co-IP assay demonstrated that the endogenous
SERCA2a protein was specifically co-IP’d with p-PLB in an
OPD-dependent manner (Figure 5(a)). To confirm the regu-
latory function of CYP2J3 in the interaction between SER-
CA2a and p-PLB/PLB proteins, H9c2 cells were transfected
with CYP2J3 si-RNA for 24 h, and the immunoprecipitations
were repeated. Membranes were initially probed with an
antibody against SERCA2a and subsequently with antibodies

against the immunoprecipitating protein. The results suggest
that the suppression of CYP2J3 alleviates the physical bind-
ing between SERCA2a and p-PLB (Figure 5(b)). Further-
more, OPD may induce the expression of CYP2J3 to
promote the interaction of SERCA2a and p-PLB.

3.5. OPD Increases the Ca2+-ATPase Activity and Ca2+
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Figure 4: OPD induced SERCA2a colocalization of SERCA2a and p-PLB through CYP2J3 in H9c2 cells. Cells were transfected with CYP2J3
siRNA for 24 h. ISO and OPD were administrated as mentioned above. (a) Images showing immunofluorescence of SERCA2a (red) and PLB
(green) proteins in H9c2 cells and changes of their colocalization. An embedded scattergram estimated the amount of each detected antigen
based on colocalization. Colocalized pixels of yellow color are located along the diagonal of the scattergram. Compared with the NC group, the
green (PLB) intensity increased in the Si-CYP2J3 group while the red (SERCA2a) intensity decreased. The OPD-treated si-CYP2J3 group
showed decreased PLB intensity compared with the OPD-treated NC group. (b) Images showing immunofluorescence of SERCA2a
(green) and p-PLB (red) proteins in H9c2 cells and changes of their colocalization pattern following OPD (1 μmol/L) and ISO (1 μmol/L)
administration as mentioned above. An embedded scattergram estimated the amount of each detected antigen based on colocalization.
Colocalized pixels of yellow color are located along the diagonal of scattergram. Compared with the NC group, the red (p-PLB) intensity
decreased in the si-CYP2J3 group. The OPD-treated si-CYP2J3 group showed increased p-PLB intensity compared with the OPD-treated
NC group.
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supported Ca2+ uptake in the ER was significantly lower than
the control. In addition, compared with the ISO-treated
group, OPD supported Ca2+ uptake was much higher
(Figures 6(b) and 6(c)). Next, we explored the possible action
of OPD on the Ca2+-ATPase. The activity of Ca2+-ATPase
was weaker in ISO-treated HF cells than in nontreated con-
trol cardiomyocytes. Importantly, treatment with OPD
markedly improved the activity of Ca2+-ATPase in a dose-
dependent manner (Figure 6(a)).

3.6. OPD Activates PLB Phosphorylation in HF Cells. To ver-
ify whether OPD transcriptionally modulates the expression
of proteins involved in Ca2+ transportation, we performed
qPCR to measure the steady-state levels of mRNA encoding
the subunits of SERCA2a and PLB. As already observed at

the protein level, the expression of SERCA2a and PLBmRNA
was increased in the OPD-treated group compared with the
controls (Figure 7). The phosphorylation status of PLB was
able to remove the inhibitory effect of PLB on SERCA2a,
resulting in increased SR-Ca2+ uptake and enhancedmyocyte
contractility and relaxation (Ca2+ and excitation-contraction
coupling in the heart). We actually measured a marked
decrease in total PLB associated with a more evident increase
in the phosphorylated form of the protein, resulting in a sig-
nificant increase in the p-PLB/PLB ratio. Consistent with this
finding, a more efficient intracellular Ca2+ dynamic was
observed in H9c2 cells. It is worth noting that OPD-treated
cells exhibited a significantly higher p-PLB/PLB ratio com-
pared with ISO-induced (Figure 8(a)) and AngII-induced
(Figure 8(b)) HF cardiomyocytes.
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Figure 5: SERCA2a co-IP analysis of p-PLB and PLB proteins. (a) H9c2 cells were pretreated with ISO (1 μmol/L) and OPD (0.25, 0.5,
1μmol/L) at the indicated concentrations mentioned above. The physical association between SERCA2a and PLB/p-PLB was examined by
a co-IP assay. Compared with the ISO-treated group, OPD induced the interaction between SERCA2a and p-PLB in a dose-dependent
manner. (b) CYP2J3-siRNA and NC-siRNA were transfected into H9c2s. Cells were cotreated with OPD (1 μmol/L) and ISO (1 μmol/L)
as mentioned above. Western blot analysis of the interaction between SERCA2a and p-PLB/PLB proteins by co-IP. CYP2J3 depletion
weakened the physical binding of SERCA2a and p-PLB in H9c2 cells, and OPD treatment improved the faint binding caused by CYP2J3.
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3.7. Inhibition of the PKA and CaMKII Cascade Does Not
Abolish the Effect of OPD on Phosphorylation of PLB. It is
already known that PLB is phosphorylated by either
PKA at the Ser16 residue or CaMKII at the Thr17 residue
[22]. To examine whether activation of the two kinase
pathways by OPD results in the phosphorylation of PLB-
mediated regulation of the SERCA2a, we performed a
series of experiments with chemical modulators of the
PKA and CaMKII pathway, such as the H-89 (PKA inhib-
itor) and KN-93(CaMKII inhibitor). The results showed a
clear dissociation between the phosphorylation of Ser16

and Thr17 residues of PLB after AngII and ISO treatment,
respectively. The H-89 (PKA inhibitor) selectively induced a
decrease in Ser16 phosphorylation during AngII and OPD
cotreatment (Figure 9(a)). In other words, OPD played a role
in the phosphorylation of PLB-Ser16 through the AngII-
induced PKA cascade. As a result, we examined the expression
of PKA and p-PKA after AngII and OPD cotreatment. We
found that OPD induced the activation of PKA cascade in
AngII-treated HF cells (Figure 9(c)). Interestingly, CaMKII
seems not to be activated in the AngII-induced HF cell model
(Figure 9(c)). During ISO treatment, KN-93 (CaMKII) selec-
tively induced a decrease in Thr17 phosphorylation after OPD
application (Figure 9(b)). OPD selectively induced phosphor-
ylation of PLB-Thr17 through the CaMKII pathway with ISO
treatment in H9c2 cells. OPD induced the expression of phos-
phorylated CaMKII in ISO-treated HF cells (Figure 9(d)),
indicating that selective underlying mechanisms are involved
in the phosphorylation of two sites. This point was further
explored in subsequent experiments.

3.8. The FRET Assay of HEK293T Cells Expressing SERCA2a
and PLB. To optimize the conditions of transient transfection
in HEK293T cells, cells were infected with YFP-SERCA2a
and CFP-PLB (Figure 10(a)) for 24h. Total cellular proteins
were extracted, resolved by electrophoresis, and transferred
to nitrocellulose membranes before being subjected to west-
ern blot analysis to determine the expression of PLB and
SERCA2a with GAPDH used as a loading control. The
results showed the expected band sizes of SERCA2a
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Figure 6: Effects of OPD on ER Ca2+ uptake and Ca2+-ATPase activity in HF cells. (a) Effects of OPD on the Ca2+-ATPase activity measured
by the quantity of Pi. The activity of SERCA2a was decreased in the ISO-treatment group, ##P < 0:01 versus the control group; OPD
(1 μmol/L) induced the Ca2+-ATPase activity, ∗∗∗P < 0:005 versus the ISO-treatment group. (b, c) Effects of OPD followed ISO (1 μM) on
[Ca2+]SR. Application of 1μM ISO indicated complete depletion of [Ca2+] in the SR compared with the control group, ###P < 0:005.
Twenty-four hour application of OPD increased the Ca2+ uptake in ER, ∗∗∗P < 0:005 versus the ISO-treated group, n = 3 per group.
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(170 kDa), PLB (35 kDa), and GAPDH (25 kDa), which indi-
cated the suitable transfection conditions (Figure 10(b)).
When two fluorescent probes are brought into close proxim-
ity (<100Å), they can undergo FRET [23, 24]. FRET between
YFP-SERCA2a and CFP-PLB was detected by selective
photobleaching of YFP. CFP fluorescence increased locally
after brief YFP exposure to a focused spot of 514nm laser
illumination (Figure 10(c), arrow). CFP-SERCA intensity
(postbleach/prebleach) indicated that about 18% increase in
CFP-SERCA fluorescence was restricted to the target site
(Figure 10(c)). Donor enhancement after acceptor photo-
bleaching is diagnostic of FRET [25]. After OPD pretreat-
ment for 6 h, FRET between YFP-SERCA2a and CFP-PLB
was observed as mentioned above (Figure 10(d), arrow).
The intensity of CFP did not significantly change after YFP
photobleaching (Figure 10(d)). This may be attributed to
OPD blocking the unphosphorylated status of PLB.

3.9. OPD Induces Pregnane X Receptor Nuclear Translocation.
It is known that pregnane X receptor (PXR) is a “master reg-
ulator” or “xenosensor” for the metabolism and clearance of

diverse endogenous and exogenous compounds [26]. When
a ligand (prescription drugs, herbal supplements, vitamins,
and other endobiotics) binds to PXR [22], target genes are
upregulated through transcriptional induction. CYP3A4 is
the most important and well-studied target gene of PXR,
which is the crucial drug/xenobiotic enzyme and metabolizes
about 50% of all drugs and xenobiotics [27]. In addition, PXR
regulates the expression of several other important drug/xe-
nobiotic-metabolizing enzymes such as CYP2C9, CYP2B6,
CYP2C19, and CYP3A5 [22]. The regulation of CYP2J is
relatively deficient when compared with other isoforms
belonging to the CYP2 subfamily, such as CYP2C, 2D,
and 2E. Furthermore, the transcriptional regulator of
CYP2J3 still remains ambiguous. Our previous study dem-
onstrated that OPD promoted the translocation of PXR
from the cytoplasm to the nucleus in a concentration-
dependent manner (Figure 11(a)). To identify the regula-
tory effect of PXR on CYP2J3, the expression of CYP2J3
decreased after the transfection of PXR-siRNA into H9c2
cells (Figure 11(b)). In addition, OPD reversed the decline
in the PXR expression after Helicid (specific inhibitor of
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Figure 8: Effects of OPD on the phosphorylated status of PLB in different HF cardiomyocytes. (a) SERCA2a and p-PLB protein levels were
decreased in AngII-induced HF cells, a,bP < 0:005 versus the control group. The PLB expression increased compared with the control group,
cP < 0:005. Different concentrations of OPD (0.1, 0.2, 0.5 μmol/L) reversed the change compared with the AngII-treated group, ∗P < 0:05,
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The PLB expression increased compared with the control group, cP < 0:005. Different concentrations of OPD (0.25, 0.5, 1 μmol/L)
reversed the change compared with the ISO-treated group, ∗P < 0:05, ^P < 0:05, #P < 0:05, n = 3 per group.
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Figure 9: Continued.
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PXR) treatment (Figure 11(c)). After the transfection of si-
PXR in ISO-induced HF H9c2 cells, the expression of
CYP2J3 decreased, and OPD could reverse this decrease
(Figure 11(d)).

4. Discussion and Conclusions

OPD is a steroidal glycoside isolated from Radix ophipogo-
mis, which has recently garnered increasing interest for its
anti-inflammatory and antioxidative activities in different
cardiovascular diseases [28–30]. Our previous studies first
reported that OPD can induce both the CYP2J3 and CYP2J2
expression. Specifically, OPD significantly reduced intracel-
lular Ca2+ overload by upregulating the levels of CYP2J3/
EETs in rat myocardial cells. Moreover, OPD promoted
Ca2+ homeostasis by regulating Ca2+ handling proteins,
which included SERCA2a and PLB [29]. The above studies
in our laboratory reported for the first time that OPD can
effectively induce CYP2J and affect the expression of calmod-
ulin. However, there is no in-depth study on whether OPD
can directly affect the interaction between SERCA2a and
PLB, or whether CYP2J3 participates in modulating the
interaction between SERCA2a with PLB remains unknown.
The current study is a further study of the above work. It is
first confirmed that OPD can directly enhance the interaction
between SERCA and phosphorylated PLB. Our previous two
in vivo studies verified the cardiovascular protective effect of

OPD through the ischemia-reperfusion model and myocar-
dial hypertrophy animal model [20]. In the current study,
we reported that in vitro OPD can exert its anti-HF effects
by inducing the interaction between SERCA2a and PLB
through CYP2J3, identifying CYP2J3 as a direct intracellu-
lar target of OPD and providing important insight into the
mechanism of OPD actions. The primary myocardial cells,
as the cells derived from the myocardial tissue, are closest
to the myocardial tissue. In the further study, we will ver-
ify the effect of OPD on HF in mice such as the TCA
heart failure model or primary myocardial cells. The previ-
ous experiment results in our lab demonstrated that OPD
(0.1μmol/L~80μmol/L) had no obvious toxic effect on
cells (cell viability > 84%). Besides, cells were treated with dif-
ferent times and concentrations of OP-D (0.1~200μmol/L),
the viability of HUVECs was detected by MTT assay, and
the results suggested that high concentrations (80μmol/L)
of OPD had obvious inhibitory effect on cell vitality (>85%)
[20]. Similarly, in the current experiment, OPD had no obvi-
ous toxic effect on H9c2 cells.

In addition, it can be concluded that OPD targets Ca2+

homeostasis in the ER. The results of this study revealed that
the reduction PLB can restore the frequency response in fail-
ing cardiomyocytes [31, 32]. The intracellular Ca2+ handling
system of the SR plays a critical role in the maintenance of the
normal cardiac pumping activity [31, 32]. PLB is recognized
as an important regulator for the normal cardiac function
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Figure 9: Effects of OPD on the phosphorylated status of PLB in ISO or Ang-II induced HF cells. (a) H-89 selectively inhibited Ser16

phosphorylation of PLB during AngII and OPD cotreatment. (b) KN-93 selectively inhibited Thr17 phosphorylation of PLB during ISO
(1 μmol/L) and OPD (1 μmol/L) cotreatment. (c) PKA was phosphorylated in Ang-II induced HF cells, ∗P < 0:05 versus the control group.
OPD promoted the expression of p-PKA (the activation state of PKA), #P < 0:05 versus the Ang-II-treated group. Furthermore, there was
no significance in the expression of CaMKII and p-CaMKII. (d) CaMKII was phosphorylated in ISO-induced HF cells, ###P < 0:005 versus
the control group. OPD promoted the expression of p-CaMKII (activation state of CaMKII), ++P < 0:05, +++P < 0:05 versus the ISO-
treated group, n = 3 per group. Furthermore, there was no significance in the expression of PKA and p-PKA.
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[34]. In this study, we demonstrate that OPD associates with
downregulation of PLB and upregulation of p-PLB and SER-
CA2a in two HF cell models (Figures 8(a) and 8(b)). The
expression of PLB and SERCA2a is likely related to the size
of Ca2+ stores in the SR and ultimately influences intracellu-
lar Ca2+ release and cardiac contractility. Upregulation of
PLBmay be harmful to cardiac performance by elevating dia-
stolic Ca2+ attributable to suppression of SERCA2a. Central
regulators of cardiac excitation-contraction coupling are
PKA and CaMKII. An interesting phenomenon showed that
OPD promoted the phosphorylation of PLB at Ser16 not
Thr17 by increasing the PKA activity and no effects on CaM-
KII in the AngII-induced HF cell model, while in the ISO-
induced HF cell model, OPD promoted the phosphorylation
of PLB at Thr17 not Ser16 by increasing the CaMKII activity
and no effects on PKA. Meanwhile, a series of inhibitors were
used to confirm this phenomenon (Figure 9). The study
reveals that CaMKII can be activated by oxidation at
Met281/282 and phosphorylation at Thr287 [34]. Our results
showed that OPD activated the phosphorylation of CaMKII
in an ISO-induced HF cell model. CaMKII was phosphory-
lated by ISO, while OPD influenced the phosphorylation sta-
tus. By contrast, ox-CaMKII was altered very little. Oxidative
CaMKII was activated by AngII, while OPD released the oxi-
dation (Figure 12). Interestingly, there was no obvious
change in phosphorylated CaMKII (Figure 9). Previous
research has revealed that OPD can clean the ROS to protect
endothelial cells from H2O2-induced oxidative stress [29].
OPD may ease the AngII-mediated oxidative burden to
reduce the ox-CaMKII expression. In the heart, autophos-
phorylation of CaMKII is particularly prevalent during β-
adrenergic signaling [32, 33]. HF and many of the conditions
are associated with significant oxidative stress. ROS have
been reported to lead to a dynamic PTM at methionine resi-
dues in vitro, which reveals that AngII and endothelin-1 (ET-
1) activate CaMKII by a primarily oxidation-dependent

pathway [34]. The underlying mechanism may be related to
the ISO-induced β-adrenergic signaling and AngII-induced
primarily oxidation-dependent pathway [35]. We had
checked the oxidized and phosphorylated expression of
CaMKII in two HF cell models (Figure 11). It is the first time
to discover and confirm that OPD has selectivity for PLB
phosphorylation sites in heart failure models induced by dif-
ferent factors. Above results indicated that OPD can protect
cardiomyocytes by directly promoting the phosphorylation
of PKA or CaMKII or by reducing the oxidation level of
CaMKII. All data showed that OPD-induced SERCA2a inter-
action and colocalization with PLB are mediated by CYP2J3
(Figures 3–5). Furthermore, our results support that OPD
promotes PXR translocation from cytoplasm to the nucleus
(Figures 3–5). PXR siRNA significantly attenuated the
expression of CYP2J3 (Figures 10(b) and 10(c)). The PXR
was originally discovered as a nuclear receptor for transcrip-
tion regulation [36]. In our previous study, knocking down
PXR might diminished the induced effect of OPD on CYP2J3
[16]. However, since this phenomenon was only initially dis-
covered at that time, the data was not very sufficient at that
time. Therefore, in the current study, we continued to verify
and further confirmed that PXR was involved in OPD’s tran-
scriptional regulation of CYP2J with detailed results. The
results further indicated that PXR might participate in the
regulation of CYP2J3. Nuclear receptors, including PXR,
CAR, and AHR, have regulatory effects on CYP enzyme. It
is the first time that has been found and confirmed that
PXR participates in the transcription induction of CYP2J.
Whether other nuclear receptors or transcription factors par-
ticipate in the transcription regulation of CYP2J needs fur-
ther studies. Taken together, our finding that CYP2J3
mediates the interaction between SERCA2a and PLB suggest-
ing that the appropriate expression and function of CYP2J3 is
critical in maintaining Ca2+ homeostasis. Indeed, alterations
in the CYP2J3 expression and translational modification are

YFP-SERCA2a+OPD CFP-PLB+OPD Overlay

(d)

Figure 10: The FRET assay of HEK293T cells expressing SERCA2a and PLB. (a) The plasmid profiles of pCMV-N-YFP-SERCA2a and
pCMV-N-CFP-PLB. (b) Immunoblot of CFP-PLB, YFP-SERCA2a, and CFP/YFP with anti-PLB monoclonal antibody, anti-SERCA2a
antibody, and anti-GFP antibody, respectively. Lanes from the left are (1) pCMV-N-YFP-SERCA2a (predicted band size: 170 kDa), (2)
pCMV-N-CFP-PLB (predicted band size: 35 kDa), (3) pCMV-N-CFP-PLB+pCMV-N-YFP-SERCA2a, (4) untransfected HEK293T cell
homogenate control, and (5) pCMV-N-YFP+ pCMV-N-CFP (predicted band size: 27 kDa). (c) Profiles of YFP-SERCA2a (yellow points)
and CFP-PLB (blue points) fluorescence at 10 s after YFP-selective laser spot photobleaching. The data are described in the line chart, and
the arrow shows the relationship between YFP-SERCA2a and CFP-PLB fluorescence across the target region. The intensity indicates 18%
energy transfer. (d) Profiles of YFP-SERCA2a (yellow points) and CFP-PLB (blue points) fluorescence after OPD treatment. There is no
obvious change in the CFP intensity after YFP-selective laser spot photobleaching.
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Figure 11: Continued.
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Figure 11: The expression of CYP2J3 decreased after the PXR was knocked down. (a) OPD induces PXR nuclear translocation in H9c2 cells.
∗P < 0:05, ∗∗P < 0:01 compared with the control group. (b) The expression of CYP2J3 decreased after the PXR was knocked down, ∗∗∗P <
0:001, ###P < 0:001 versus the NC group. The effect of OPD on the transcription of the genes encoding CYP2J3 in HF H9c2 cells
transfected with siPXR. aP < 0:01, dP < 0:01 versus the si-control group. bP < 0:05, cP < 0:05 versus the si-control group. eP < 0:001,
fP < 0:001 versus the si-control group. (c) The expression of CYP2J3 decreased after the PXR was knocked down.∗∗∗P < 0:001 versus the
control group, #P < 0:05, ###P < 0:001 versus the Helicid group. aP<0.05, bP<0.01 versus the control group. cP<0.05, dP<0.05, eP<0.05,
fP < 0:05 compared with the Helicid group. (d) The effect of OPD on the expression of CYP2J3 and PXR after PXR was knocked down in
HF H9c2 cells. aP < 0:01, dP < 0:01 versus the si-control group. bP < 0:05, cP < 0:05 versus the si-control group. eP < 0:001, fP < 0:001
versus the si-control group, n = 3 per group.
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implicated in the onset and progression of cardiac hyper-
tropy, myocardial I/R injury, and other disordered Ca2+ reg-
ulation diseases [37–40]. Our laboratory has carried out
systematic research around OPD, which has proved that

OPD has a very good pharmacological effect on heart failure,
mainly by inducing CYP2J to promote the SERCA2a activity,
maintaining intracellular calcium homeostasis, and then pro-
tecting myocardial cells. It showed that OPD has a good

CON 0.25
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Figure 12: Effect of OPD on CaMKII. OPD activated the phosphorylation of CaMKII in this ISO-induced HF cell model. By contrast, ox-
CaMKII was altered very little. Oxidative CaMKII was activated by AngII, whereas OPD released the oxidation.

C
yt

op
la

sm

ER

DHPR

①

②LCCs

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

RyRs SERCA2a PLB

Na+/Ca2+

Ca2+

CICR: calcium-induced calcium release

① myocardial contraction  ② myocardial relaxation

+

Ophiopogonin D

CYP2J3

EETs

+ PXRE

PXR PXR

+

+

EETs

+

C
yt

op
la

sm

DHPR

①

②LCCs

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

RyRs SERCA2a PLB

Na+/Ca2

Ca

a P

+

Ophiopogonin D

CYP2J3

EETs

+ PXRE

PXR PXR

+

+

EETs

+2+

Figure 13: Ophiopogonin D increases SERCA2a interaction with phospholamban by promoting CYP2J3 upregulation (abbreviation: LCCs:
L-type calcium channel; EETs: epoxyeicosatrienoic acids; DHPR: dihydropyridine receptor; RyRs: ryanodine receptor; SERCA2a: Ca2
+ -ATPase2a; PLB: phospholamban; ER: endoplasmic) reticulum.

20 Oxidative Medicine and Cellular Longevity



prospect and development value to become a drug for the
treatment of cardiovascular disease. Whether it can become
a drug for the treatment of heart failure needs to be carried
out according to the guiding principle of new drug develop-
ment, but OPD as the leading compound for the treatment
of heart failure is beyond doubt. To this end, our results iden-
tify CYP2J3 as an attractive target and OPD as a promising
lead for HF therapy (Figure 13).
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Alanylglutamine Relieved Asthma Symptoms by Regulating Gut
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Objective. Allergic asthma is a chronic inflammatory disease, which seriously affects the life quality of patients, especially children.
Alanylglutamine is a nutritional supplement with potential protective and anti-inflammatory effects, but its function in allergic asthma
remains elusive. In this study, we focused on the investigations of the roles and functional mechanism of Alanylglutamine in asthma.
Methods. Ovalbumin (OVA) induction was utilized to establish a mouse asthma model. 16S rDNA sequencing was performed to
compare the diversity of intestinal microorganisms under different treatments. Gas chromatography was utilized to screen the
intestinal microbe-short-chain fatty acids in the stool. The lung tissue was extracted to determine signaling pathways, including
AMPK, NF-κB, mTOR, STAT3, IKKβ, TGF-β, and IL-1β through Western blot or RT-qPCR. Results. It was observed that
Alanylglutamine reduced the cytokine in OVA-induced allergic asthma mice. H&E staining showed obvious pneumonia
symptoms in the asthma group, while Alanylglutamine alleviated the inflammatory infiltration. Alanylglutamine reversed gut
microbiota compositions in OVA-induced allergic asthma mice and enhanced the butyric acid level. The protective role of
Alanylglutamine may be associated with the gut microbiota-butyric acid-GPR43 pathway in asthma mice. In contrast to the
OVA group, Alanylglutamine activated the protein expression of P-AMPK/AMPK and inhibited the protein expression of
P-mTOR/mTOR, P-P65/P65, P-STAT3/STAT3, P-IKKβ/IKKβ, TGF-β, and IL-1β, with similar effects from butyric acid.
Conclusion. The results indicated that Alanylglutamine might be beneficial for asthma, and its effect was achieved through the
regulation on microbiota and the derived metabolites. The therapeutic effects might be associated with AMPK, NF-κB, mTOR, and
STAT3 signaling pathways. These findings will help identify effective therapeutic direction to alleviate allergic inflammation of the
lungs and airways.

1. Introduction

Asthma, also known as bronchial asthma, is a respiratory dis-
ease with complex etiology, involving a variety of cells and
different molecular mechanisms in the lungs and airways
[1]. It is a chronic inflammatory disease, which seriously
affects the life quality of patients, especially children [2].
According to the latest scientific statistics, more than 300

million people suffer from asthma worldwide [3, 4]. The total
incidence of asthma for children under 5 years old is 23/1,000
per year, and 4.4/1,000 for adolescents aged from 12 to 17 [3,
5]. Corticosteroids inhibit inflammation in asthmatic air-
ways, which can be used in asthma therapy currently [6].
Although it is effective in alleviating acute symptoms, its
adverse reactions, such as cardiotoxicity, are causing increas-
ing concern during long time therapy. Besides, there are
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growing numbers of patients who are recognized as
corticosteroid-resistant [7]. Therefore, it is urgent to develop
effective and safe drugs to relieve asthma symptoms.

Alanylglutamine is a nutritional supplement consisting of
the amino acids of L-glutamine and L-alanine. It is a stable
water-soluble dipeptide with potential protection and absorp-
tion promoting activity. According to previous studies,
Alanylglutamine plays an important role in the inflammatory
injury of lung tissue. For example, Alanylglutamine can
improve acute lung injury induced by endotoxin (LPS)
through regulating Th17/Treg [8]. It also relieved intestinal
epithelial cells with LPS-induced inflammation and barrier
function damage [9]. It was confirmed that oral administra-
tion of both free amino acid (alanyl and glutamine) and
dipeptide form (Alanylglutamine) can significantly alleviate
LPS-induced inflammation [10]. As allergic asthma is an
inflammation-related disease, we are interested in whether
Alanylglutamine could exert a protection role in the asthma
symptoms.

In recent years, accumulative evidence suggested that the
intestinal functions are closely related with lung mucosal
immune organs. Intestinal-pulmonary axis regulation plays
an important role in respiratory diseases. Intestinal microor-
ganisms may affect lung and respiratory diseases, such as
lung infection, asthma, and chronic obstructive pulmonary
disease [11]. Studies have reported that flora transplantation
into the intestinal tract could change the microecology of the
intestine, thereby affecting the immune and metabolic func-
tions with therapeutic effects [12]. In the preliminary exper-
iment, we transplanted the flora of Alanylglutamine on
ordinary mice into sterile mice and established an ovalbumin
(OVA) model to observe the phenotype. It was found that
Alanylglutamine relieved asthma symptoms through intesti-
nal flora. Further researches are necessary to identify their
inner associations regarding the combined therapeutic effects
for the asthma.

In this study, we intend to verify the relationship among
Alanylglutamine dipeptide, gut microbiota, and derived
metabolites in the OVA asthma model. We will examine
the allergic inflammation of the lungs and airways under dif-
ferent treatments from the perspective of improving intesti-
nal microorganisms by Alanylglutamine. In addition, we
will investigate the expressions of related molecules, and dis-
cuss the possibility of enhancing the treatment of asthma
with related drugs.

2. Material and Methods

2.1. Animal and Asthmatic Model. The experiment animals
utilized in this research were maintained following the proto-
col approved by the Institutional Animal Care and Use Com-
mittee of Second Xiangya Hospital. Adult male BALB/c mice
of 8 weeks old, weighing about 20 grams, were all purchased
from Well-bio (Changsha, China) and categorized into three
groups: the control group, the OVA model, and the
Alanylglutamine treatment+OVA model (Alanylglutamine)
(n = 10). All mice were placed in specific pathogen conditions
and maintained at a 12 h light-dark cycle, with diet freedom.
In the OVA model group, 20μg OVA (Sigma-Aldrich, USA)

injection was performed on days 1 and 8. According to pre-
vious research [13, 14], aerosol (with 1% OVA in PBS) stim-
ulated for 20 minutes on day 24, day 25, and day 26 using an
ultrasonic nebulizer (Omron, Vernon) to induce allergic
asthmatic mice model. Mice in the Alanylglutamine group
received OVA with a diet containing 0.15% Alanylglutamine.
Samples were collected after 48 hours following the last
treatment.

2.2. Antibiotic Treatment. 30 adult male BALB/c mice were
treated with antibiotics in drinking water for two weeks.
The antibiotics contain 1mg/mL streptomycin sulfate,
1mg/mL gentamicin, 1mg/mL penicillin, and 0.5mg/mL
vancomycin. Then, water was replaced and mice were further
sorted into three groups: the control group, the OVA model,
and the Alanylglutamine treatment+OVAmodel (Alanylglu-
tamine) (n = 10). OVA induction and Alanylglutamine sup-
plementation were the same with the above treatments.

2.3. Sodium Butyrate (NaB) Treatment. 40 adult male
BALB/c mice were assigned into 4 groups: the OVA model,
the OVA+NaB, the OVA+antibiotics, and the OVA+antibi-
otics+NaB (n = 10). OVA induction and antibiotic treatment
were the same with the above treatments. NaB was ingested
through gavage, with a dosage of 200mg/kg/day.

2.4. Leukocyte Count in Bronchoalveolar Lavage Fluid
(BALF). After separating the lungs from the mice, who were
sacrificed by intraperitoneal injection of pentobarbital
sodium (150mg/kg), 0.9mL cold PBS with 2mM EDTA
and 2% fetal bovine serum (FBS) were instilled into them.
Then, the BAL fluid was collected through a procedure
according to the previous study [15]. BALF was acquired
after lavage and centrifuged at 2000 g at 4°C for 5 minutes.
The sediment was resuspended in 50μL PBS, and the num-
ber of cells was calculated using a hemocytometer. The col-
lected BALF was centrifuged at 800 g, and its supernatant
was utilized for analysis of the cytokine level.

2.5. ELISAMeasurement of Cytokines. Concentrations of total
leukocyte count, IFN-γ, IL-1β, IL-6, TNF-α, and TGF-β1 in
BALF were measured by murine cytokine-specific Quantikine
ELISA kits (eBioscience), in accordance with the manufac-
turers’ instructions.

2.6. Western Blot. Tissue lysates were made in a radioimmu-
noprecipitation assay (RIPA) buffer containing 25mM Tris-
HCl (pH7.2), 0.15M NaCl, 0.1% SDS, 1% Triton X-100, 1%
sodium deoxycholate, and 1mM EDTA. Determination of
protein concentration was carried out by bicinchoninic acid
protein assay kit (Pierce). After being subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis, the pro-
tein was transferred to a nitrocellulose membrane. Total pro-
tein or phosphorylation was detected using a goat polyclonal
antibody against rabbit or mouse after blocking. The protein
bands were quantified using a digital imaging system
(UVtec).

2.7. RT-qPCR. TRIzol® reagents (Invitrogen Life Technolo-
gies; Thermo Fisher Scientific, Waltham, MA, USA) were
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employed to extract total RNA. Subsequently, a Prime-
Script™ RT reagent kit (Thermo Fisher Scientific) was uti-
lized for reverse transcription. We conducted real-time
RNA quantification on an ABI StepOne Plus Detection Sys-
tem (Applied Biosystems) using a Power SYBR Green PCR
Master Mix (Applied Biosystems). The primer sequences
were designed in the laboratory and synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China). The primers were
designed as follows: AMPK forward, 5′-CGGGGTCATTC
TCTATGCTT-3′, and reverse, 5′-TTTAAACCACTCGT
GTTCCCT-3′; mTOR forward, 5′-ACCAACTATACCCG
CTCCC-3′, and reverse, 5′-TAGTTGCCATCCAGACCCG
TA-3′; P65 forward, 5′-TAGCCAGCGAATCCAGACCAA
CA-3′, and reverse, 5′-TGGGTCCCGCACTGTCACCT-3′;
STAT3 forward, 5′-CAATACCATTGACCTGCCGAT-3′,
and reverse, 5′-GAGCGACTCAAACTGCCCT-3′; and β-
actin forward, 5′-ACATCCGTAAAGACCTCTATGCC-3′,
and reverse, 5′-TACTCCTGCTTGCTGATCCAC-3′.

2.8. 16S rDNA Sequencing. The bacterial 16S rDNA gene of
the stool was analyzed via a TIANamp Stool DNA Extraction
Kit (TIANGEN Biotechnology, China) with Ribonuclease A
(QIAGEN, Germany). We measured the purity and concen-
trations of the DNA through NanoDrop 1000 (Thermo
Fisher Scientific). The primer sequences were used as follows:
341F primer: 5′-CCTAYGGGRBGCASCAG-3′, and 806R
primer: 5′-GGACTACHVGGGTWTCTAAT-3′. Then, we
constructed an amplicon sequencing library and performed
sequencing using Illumina HiSeq 2500 (Illumina, San Diego,
CA, USA). The data filtering, detection, and detachment of
chimeric sequences were fulfilled by the Quantitative Insights
Into Microbial Ecology (QIIME) pipeline (2019.07) and
UCHIME algorithm, respectively. Sequences with similarities
greater than 97% were defined as the same operational taxo-
nomic unit (OTU) through UPARSE. Mothur and SSU data
sets of the SILVA rRNA Database were applied for species
annotation with a confidence threshold of 0.8. The analysis
of sequencing data on the alpha and beta diversities was ful-
filled by QIIME and R. According to the Kyoto Encyclopedia
of Genes and Genomes (KEGG) gene function spectrum
data, the overall metabolic function of the flora was con-
verted and calculated, which was presented as a differentiated
KEGG pathway analysis.

2.9. Determination of Short-Chain Fatty Acids (SCFAs) in
Stool. The SCFAs in stool samples of the mice, including
acetic acid, propionic acid, butyric acid, and its isomer isobu-
tyric acid, were detected using Gas Chromatograph Mass
Spectrometer-QP2010 (GC-MS) (Shimadzu, Tokyo, Japan).
Every stool sample was homogenized with 50mg/mL metha-
nol by vortex for 10 seconds and treated by ultrasound for 10
minutes. Next, the mixed samples in each group were centri-
fuged at room temperature at 14,000 rpm for 5 minutes. The
supernatant was diluted with methanol 10 times. Upon
injection, 1μL of sample was evaporated at 230°C. The com-
pounds were separated via an Agilent J&W fused silica capil-
lary column DB-FFAP (Agilent, Santa Clara, CA, USA).
After being ionized by electron impact at -70 eV at 200°C,

the samples were analyzed via a quadrupole mass spectrom-
eter. Each SCFA was identified using GCMSsolution software
(Shimadzu, Japan). The concentrations of SCFAs were quan-
tified according the peak areas of the total ion current.

2.10. Immunofluorescence Analysis. To determine the
expression of GPR43 in eosinophils of lung tissue, we per-
formed immunofluorescence staining on slides of paraffin-
embedded lung tissue. The slides were incubated with primary
GPR43 antibody overnight. Subsequently, the slides were cul-
tured by Alexa Fluor 488 and Alexa Fluor 594 secondary anti-
bodies (Invitrogen, Carlsbad, CA, USA) for 1hour. Then, the
slides were mounted by Vectashield (Vector Laboratories,
USA) with DAPI. LSM 510 confocal microscope (Zeiss,
Germany) was used for cell photography and counting.

2.11. H&E Staining of Lung. After being fixed with 4% para-
formaldehyde and embedded in paraffin, 4μm sections of
mouse lung tissues were stained with Hematoxylin and Eosin
(H&E) (Beyotime, China) for standard histopathological
examination. Each pathological section was observed under
an optical microscope. The representative images for patho-
logical analysis were utilized to evaluate the infiltration of
inflammatory cells in the mouse airway and perivascular
and alveolar cells.

2.12. Statistical Analysis. The data from the experiments were
expressed as mean values ± standard deviation (SD). Statisti-
cal significance from different groups of mice was calculated
by one-way ANOVA (>2 groups). P value less than 0.05 was
considered to be statistically significant.

3. Results

3.1. Alanylglutamine Reduced the Cytokine Productions and
Alleviated Inflammatory Infiltration in OVA-Induced Allergic
AsthmaMice. In the allergic asthmamodel, the leukocyte count
in BALF was significantly reduced (Figure 1(a)), while Alanyl-
glutamine treatment reversed the BALF leukocyte concentra-
tion. It indicates the protective effect of Alanylglutamine in
OVA-induced allergic asthma mice. As inflammation is widely
associated with asthma symptoms, wemeasured the inflamma-
tory indicators in BALF, including IL-1β (Figure 1(b)), IL-6
(Figure 1(c)), TNF-α (Figure 1(d)), TGF-β (Figure 1(e)), and
IFN-γ (Figure 1(f)). In the OVA-treated mice, a significant
inflammatory response was observed by the increased IL-1β,
IL-6, TNF-α, TGF-β, and IFN-γ concentrations (P < 0:01).
Alanylglutamine showed an anti-inflammatory effect by signif-
icantly reducing IL-1β, IL-6, and TGF-β level in BALF. Mean-
while, H&E staining showed obvious pneumonia symptoms in
the OVA group, while Alanylglutamine alleviated the inflam-
matory infiltration (Figure 1(g)).

3.2. Alanylglutamine Reversed Gut Microbiota Compositions
in OVA-Induced Allergic Asthma Mice. Fecal microbiota
diversity and compositions were further tested by 16S rDNA
sequencing. To evaluate the microbiota α-diversity, observed
OTUs and Simpson, Shannon, Chao, and PD indexes were
analyzed. The results showed that OVA treatment markedly
reduced bacterial α-diversity, with the decreased levels of
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Figure 1: Continued.
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observed OTUs, Shannon index, and PD, while Alanylgluta-
mine treatment reversed the observed OTUs and Shannon
index. Meanwhile, Chao1 index was increased in the Alanyl-
glutamine group compared with the control and OVA
groups (Figures 2(a)–2(e)). Fecal dysbiosis was observed in
OVA-induced allergic asthma mice, which was reversed in
the Alanylglutamine group.

Microbiota at the phylum was further analyzed
(Figure 2(f)). It revealed that the major phyla were Bacteroi-
detes and Firmicutes, accounting for 95%.We found that three
phyla were markedly changed in this study (Figures 2(g)–2(i)).
Although OVA treatment failed to affect Bacteroidetes and
Firmicutes abundance, Alanylglutamine markedly reduced
Bacteroidetes and increased Firmicutes abundance, compared

with the OVA group (P < 0:05). Meanwhile, the relative
abundance of Tenericutes was significantly enhanced in
OVA-challenged mice, which was reversed by dietary Alanyl-
glutamine (P < 0:05). Microbiota at the genus level (top 20)
was also analyzed. 11 genera were markedly altered in response
to OVA or Alanylglutamine treatment (Supplementary
Figure 1). Corynebacterium, Odoribacter, Staphylococcus, and
Turicibacter were markedly enhanced and Parabacteroides,
Streptococcus, Coprococcus, Bacteroidetes, Allobaculum,
and Sutterella were decreased in OVA-challenged mice, in
contrast to the control mice (P < 0:05). However, the relative
abundance of Corynebacterium, Parabacteroides, Odoribacter,
Coprococcus, Bacteroidetes, and Allobaculum was significantly
reversed in Alanylglutamine-fed mice (P < 0:05). It showed
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Figure 1: Alanylglutamine reduced the cytokine productions and alleviated inflammatory infiltration in OVA-induced allergic asthma mice:
(a) BALF leukocyte count; (b) IL-1β; (c) IL-6; (d) TNF-α; (e) TGF-β; (f) IFN-γ level in BALF; (g) lung tissue morphology depicted by H&E
staining. n = 8. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001; ns: not significant.
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that Alanylglutamine might improve asthma by regulating
Tenericutes, Corynebacterium, Parabacteroides, etc.

PICRUSt was used to analyze functional profiling of
microbial communities, including amino acid metabolism,
carbohydrate metabolism, cell motility, cellular processes
and signaling, energy metabolism, enzyme families, folding,
sorting and degradation, genetic information processing, gly-
can biosynthesis and metabolism, lipid metabolism, mem-
brane transport, metabolism, metabolism of cofactors and
vitamins, nucleotide metabolism, poorly characterized, repli-
cation and repair, and transcription and translation.

Based on the function prediction and analysis results of
the KEGG pathway database, the total number of genes anno-
tated to the pathway database in all samples was counted, and
a bar chart was drawn. As shown in Figure 3(a), the gene
quantity distribution of the KEGG pathway of level 1 or 2
was visually displayed. The abscissa showed the number of
genes enriched in the signal pathway of three groups of sam-
ples. The ordinate showed the significantly enriched signal
pathways. According to Figures 3(b)–3(f), OVA treatment
markedly reduced cell motility, genetic information pro-
cessing, nucleotide metabolism, and replication and repair
(P < 0:05), while Alanylglutamine significantly increased cell
motility (P < 0:05). Meanwhile, it also revealed that Alanylglu-
tamine enhanced folding, sorting, and degradation.

3.3. Effects of Alanylglutamine on Bacterial Metabolites in the
Stool in OVA-Induced Allergic Asthma Mice. Bacterial
metabolites such as acetic acid (Figure 4(a)), propanoic acid
(Figure 4(b)), butyric acid (Figure 4(c)), isobutyric acid
(Figure 4(d)), valeric acid (Figure 4(e)), and isovaleric acid
(Figure 4(f)) in the stool were further analyzed. OVA treat-
ment markedly reduced fecal butyric acid, isobutyric acid,
and valeric acid concentrations (P < 0:05). However, dietary
supplementation with Alanylglutamine enhanced the butyric
acid level (P < 0:05), indicating that butyric acid may involve

in alleviating the role of Alanylglutamine in OVA-induced
allergic asthma mice.

3.4. Alanylglutamine Treatment Failed to Alleviate OVA-
Induced Allergic Asthma in Antibiotic-Challenged Mice. To
further investigate the association of Alanylglutamine with
gut microbiota in asthma, antibiotics were employed to
eliminate the microbiota. Similarly, the leukocyte in BALF
was markedly reduced (Figure 5(a)). The concentrations of
IL-1β, IL-6, TNF-α, and TGF-β were elevated in OVA and
antibiotic-cotreated mice (Figures 5(b)–5(f)). However,
Alanylglutamine failed to affect leukocyte, IL-1β, IL-6, and
TNF-α level in BALF, but it alleviated TGF-β concentration
in antibiotic-challenged mice. H&E staining also showed no
obvious alleviating effect on the inflammatory infiltration in
Alanylglutamine and antibiotic cotreatment (Figure 5(g)).
In summary, these results indicated gut microbiota might
involve in the role of Alanylglutamine in the OVA-induced
allergic asthma.

SCFA content analysis in the stool was further conducted
to investigate the effects of Alanylglutamine treatment in
asthma mice with antibiotics (Figures 6(a)–6(f)). The levels
of butyric acid and isovaleric acid in asthmamice were signif-
icantly downregulated (Figures 6(c) and 6(f)). It was verified
that butyric acid may have important effects on the regula-
tion procedure of Alanylglutamine or intestinal microorgan-
ism. Therefore, in the following experiments, butyric acid
was directly added to the mice to examine its exact functional
mechanism.

3.5. Effects of Butyric Acid in OVA-Induced Allergic Asthma
Mice. Microbial and metabolite analyses indicated that gut
microbiota and butyric acid might involve in the role of Ala-
nylglutamine in OVA-induced allergic asthma mice. Thus,
NaB was further administrated to identify the potential
mechanism. An OVA-induced allergic asthma model was
induced with or without antibiotics. BALF leukocyte and
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Figure 2: Differences of α-diversity index and species composition of the phylum level: (a) observed OTUs; (b) Simpson index; (c) Shannon
index; (d) Chao1 index; (e) PD whole tree; (f) phylum level; (g) Bacteroidetes; (h) Firmicutes; (i) Tenericutes. OTUs: operational taxonomic
units. ∗P < 0:05; ns: not significant.
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cytokines were further tested (Figures 7(a)–7(f)). The results
showed that NaB treatment significantly enhanced BALF
leukocyte contents. The OVA+antibiotic+NaB group also
enhanced BALF leukocyte content. It reduced the IL-1β,
IL-6, TNF-α, and TGF-β level in OVA-induced allergic
asthma both in antibiotic-free and antibiotic-treated mice
notably, indicating an anti-inflammatory effect in the OVA-
induced allergic asthma model. Compared with the model
group, NaB treatment showed reduced inflammatory infiltra-
tion on the H&E-stained sections of lung tissue (Figure 7(g)),
supporting the effect of butyric acid on leukocyte count. The
above results indicated that both NaB and antibiotics had a
certain anti-inflammatory effect. The anti-inflammatory
treatment of NaB was more effective than that of antibiotics,
and their combination had the most effective treatment.

Considering that GPR43 served as the specific receptor of
butyric acid, lung tissues were collected for analysis of GPR43
expression using the immunofluorescence (Figure 8). In the
asthma model (OVA), the GPR43 expression was reduced
compared with the control group, while the treatment of
OVA+Alanylglutamine and OVA+NaB markedly enhanced
the expression of GPR43 (Figure 8). The immunofluores-

cence staining results further confirmed the protective role
of Alanylglutamine in asthma mice, which might be associ-
ated with the gut microbiota-butyric acid-GPR43 pathway.

3.6. Alanylglutamine Inhibited the NF-κB Pathway and
STAT3 Pathway. To clarify the molecular mechanisms of
Alanylglutamine in OVA-induced allergic asthma, we
further collected the lung samples from control, OVA,
Alanylglutamine-treated asthma mouse (OVA+Alanylgluta-
mine), and NaB treatment groups (OVA+NaB). We analyzed
the protein and mRNA expressions of several relative signal-
ing pathways through Western blot (Figures 9(a) and 9(b))
and RT-qPCR (Figure 9(c)). It was shown that both Alanyl-
glutamine and butyric acid could affect AMPK, NF-κB,
mTOR, and STAT3 signaling pathways. In contrast to the
OVA group, Alanylglutamine activated the protein expres-
sions of P-AMPK/AMPK. It inhibited the protein expressions
of P-mTOR/mTOR, P-P65/P65, and P-STAT3/STAT3, with
similar effects from butyric acid (Figure 9(a)). Abnormal acti-
vation of NF-κB is usually closely related to IKKβ phosphory-
lation. Therefore, the upstream and downstream pathway
proteins of NF-κB were tested by Western blot. Compared
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Figure 3: Difference analysis among samples from control, OVA, and Alanylglutamine mice: (a) KEGG pathway; (b–f) differentiated KEGG
pathways for the analysis in cell mobility, folding, sorting and degradation, genetic information processing, nucleotide metabolism, and
replication and repair. The vertical axis is absolute abundance of microbiota, and there was no unit for this. ∗P < 0:05; ns: not significant.
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with the OVA group, Alanylglutamine suppressed the
protein expressions of P-IKKβ/IKKβ, TGF-β, and IL-1β
(Figure 9(b)). The results of RT-qPCR indicated that Ala-
nylglutamine failed to affect the mRNA expression of

AMPK, mTOR, P65, and STAT3 (Figure 9(c)). In sum-
mary, the results demonstrated that Alanylglutamine acti-
vated the AMPK pathway and inactivated the mTOR,
P65, and STAT3 pathway.
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Figure 4: Effects of Alanylglutamine on bacterial metabolites in the stool in OVA-induced allergic asthma mice: (a) acetic acid; (b) propionic
acid; (c) butyric acid; (d) isobutyric acid; (e) valeric acid; (f) isovaleric acid. ∗P < 0:05; ∗∗P < 0:01; ns: not significant.
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Figure 5: Continued.
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4. Discussion

Colonized gut microbiota is presently recognized as potential
mediators of host immune responses in different diseases.
The remodeling of microbiota contributed to different effects
on inflammation in the lung. For instance, it was confirmed
that gut microbiota was overtly changed. Susceptibility to
the TH2 model of allergic asthma was also increased, with
perinatal exposure to vancomycin, but not streptomycin
[16]. The importance of immune regulation by commensal
microbiota in the respiratory mucosa via inflammasome acti-
vation was also revealed. Alanylglutamine was reported to
reduce muscle wastage of alanine and glutamine in anaesthe-
tized dogs after operation [17]. In oxidatively stressed Caco-2
cells, the dipeptide could hold PepT1-mediated transport
[18]. Based on the relationship between gut microbiota and
immunity, we analyzed the roles of the dipeptide Alanylglu-
tamine in OVA-induced asthma with allergic lung inflamma-
tion. Administrations of Alanylglutamine with different
feeding routes by parenteral or enteral led to an enhanced
plasma glutamine response compared to baseline [19].
Herein, we discovered that the uptake of Alanylglutamine
changed the gut microbiota, especially in the OVA-induced
asthma model.

Probiotics are used to modify the intestinal flora, which is
beneficial for improving the nonalcoholic fatty liver disease
(NAFLD) in ob/ob mice [20]. NAFLD is characterized by
intestinal bacterial overgrowth. Thus, we postulated that
Alanylglutamine-mediated changes of probiotics might
improve the inflammation condition through intestinal flora
modification. Indeed reshaping of the gut microbiota as well
as increased levels of short-chain fatty acids by high-fiber
feeding exhibited beneficial roles in food allergy with
increased Treg differentiation [21]. SCFA are microbial

metabolites derived from bacterial fermentation serving as a
sign of gut health, which are also considered to modulate
chronic inflammation illnesses. SCFA-producing bacteria
are the connection between microbiota functions and epige-
netic regulation of inflammatory mechanisms [22]. SCFAs,
such as acetate, propionate, and butyrate, are produced when
dietary fiber is fermented by gut microbiota. As for butyrate,
it was reported that sodium butyrate is capable of inducing
apoptosis in tumor cell lines [23]. Recent studies have
unveiled that sodium butyrate and other short-chain fatty
acids can guard against inflammation in colon diseases. Buty-
rate in CNS is anti-inflammatory in brain-derived microglial
cells. However, it shows proinflammation in the microglial
cell line, which may be related to the anticancer properties
of butyrate observed in tumor cells [24]. In this study, we also
found that Alanylglutamine mediated SCFA during remodel-
ing of gut microbiota and protected against airway allergy
such as asthma.

In the respiratory tract, there was synergistic antitumor
activity against lung cancer cells with a combination therapy
of lovastatin and butyrate in vitro [25]. LPS-induced acute
lung injury was also ameliorated by sodium butyrate with
reduced HMGB1 release [26–28]. In this study, we found that
the butyrate displayed protective effects on asthma. After the
intervention of the chemicals, the signaling pathways includ-
ing AMPK, mTOR, P65, and STAT3 were also affected. It
was noticed that Alanylglutamine had almost the same effects
on asthma, compared with butyrate. The AMPK phosphory-
lation was upregulated markedly, while NF-κB, STAT3, and
Akt/mTOR signals were downregulated significantly after
the Alanylglutamine treatment. Alanylglutamine also inhib-
ited the phosphorylation of IKKβ and the protein expression
of TGF-β and IL-1β. The effects on molecular signaling path-
ways of AMPK, mTOR, P65, and STAT3 are also consistent

Control+antibiotics OVA+antibiotics Alanylglutamine+antibiotics

(g)

Figure 5: Alanylglutamine treatment failed to alleviate OVA-induced allergic asthma in antibiotic-challenged mice. The expression of
inflammatory cytokines by ELISA in the groups of control+antibiotic, OVA+antibiotic, and Alanylglutamine+antibiotic mice: (a) BALF
leukocyte count; (b) IL-1β; (c) IL-6; (d) TNF-α; (e) TGF-β; (f) IFN-γ levels from BALF; (g) lung tissue morphology study measured by
H&E staining. n = 8. ∗P < 0:05; ∗∗P < 0:01; ns: not significant.
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with the previous researches, in which Plumbagin protects
liver against fulminant hepatic failure and chronic liver fibro-
sis in LX-2 cells [29].

Although we performed analysis in several signaling
pathways, the exact molecular pathways involved in the path-
ogenesis and treatment of various diseases are quite complex
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Figure 6: Amino acid content (mg/kg) in the groups of control+antibiotic, OVA+antibiotic, and Alanylglutamine+antibiotic mice: (a) acetic
acid; (b) propionic acid; (c) butyric acid; (d) isobutyric acid; (e) valeric acid; (f) isovaleric acid. ∗P < 0:05; ns: not significant.
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Figure 7: Continued.
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and complicated. In a previous study, the scientist demon-
strated that diet supplemented with baicalin could alleviate
oxidative stress and enhance nutrition absorption in
deoxynivalenol-challenged pigs. The effects of baicalin might
be related to the inhibition of NF-κB and activation of the
mTOR pathway, which are different from our results [30–
33]. Another study showed that anti-inflammatory and anti-
oxidative stress effects of baicalin about atherosclerosis might
be in connection with inhibiting the NF-κB and p38 MAPK
signaling pathways [33]. Considering the complexities in
the signaling pathways involved in the functional procedures
from Alanylglutamine, we plan to further study the relevant

molecular mechanisms in its therapy to asthma in the future
research.

It is established that intestinal flora closely involves in the
development of asthma [34], which is often accompanied by
inflammatory reaction. In the peripheral blood of children
with asthma, the possibility of intestinal flora disorders and
gastrointestinal discomfort symptoms increases, with the ele-
vation in the levels of inflammatory factors such as TNF-α
and IL-6 [35]. In a previous study, Stephanie et al. showed
that TNF-α, IL-33, and IL-13 had a crucial role in treatment
of asthma in obese mice, of which the gut microbiome was
altered in contrast to the control mice [36]. In this study,

OVA OVA+NaB OVA+antibiotics OVA+antibiotics+NaB

(g)

Figure 7: Effects of butyric acid on OVA-induced allergic asthma through cytokine productions in BALF and inflammatory infiltration in the
lung tissue. The expression of inflammatory cytokines by ELISA in the groups of OVA, OVA+NaB, OVA+antibiotic, and OVA+antibiotic
+NaB mice: (a) BALF leukocyte count; (b) IL-1β; (c) IL-6; (d) TNF-α; (e) TGF-β; (f) IFN-γ level from BALF; (g) lung tissue morphology
study measured by H&E staining. n = 8. ∗P < 0:05; ∗∗P < 0:01; ns: not significant.
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Figure 8: Immunofluorescence staining for the expressions of GPR43, DAPI, and their merge results in the groups of control, OVA, OVA
+Alanylglutamine, and OVA+NaB mice. n = 8.
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Figure 9: Continued.
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we found that Alanylglutamine could reverse the changes of
intestinal flora and inflammatory factors, inducing by OVE.
Due to funding and time limitations, we did not provide
the molecular evidence for the direct correlation between
gut microbiota and the symptom. In the future work, we will
perform in-depth analysis on this aspect and hope to further
enhance the treatment effects of asthma with related drugs.

5. Conclusions

We established the relationship among Alanylglutamine
dipeptide, SCFA, and antibiotics in the asthma model through
a series of experimental verifications. Our results implicated
that Alanylglutamine might be beneficial for asthma, and its
effect was achieved through regulation on microbiota and
the derived metabolites of butyric acid. Moreover, the
therapeutic effects might involve in the regulation of AMPK,
NF-κB, mTOR, and STAT3 signaling pathways. These find-
ings will help identify the effective therapeutic direction to
alleviate allergic inflammation of the lungs and airways.
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Supplementary Figure 1: microbiota at the genus level (top 20)
was analyzed, including Corynebacterium, Adlercreutzia, Bac-
teroides, Parabacteroides, Prevotella, Odoribacter, Prevotella,
Sporosarcina, Staphylococcus, Lactobacillus, Streptococcus,
Turicibacter, Dehalobacterium, Coprococcus, Dorea, Rumi-
nococcus, Oscillospira, Butyricimonas, Allobaculum, and Sut-
terella. 11 genera were markedly altered in response to OVA
or Alanylglutamine treatment. ∗∗P < 0:01; ∗∗∗P < 0:001; ns:
not significant. (Supplementary Materials)
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Streptococcus mutans is a recognized cariogenic bacterium and a major producer of biofilm matrix. The presence of Candida
albicans in dental plaque with S. mutans enhances the virulence leading to the onset of rampant caries which is similar to early
childhood caries (ECC). The purpose of this study was to explore the effect of Lactobacillus plantarum CCFM8724 (CCFM8724)
on the treatment and prevention of dental caries induced by S. mutans and C. albicans in vivo. Rats were divided into 6 groups:
the control group and model group, 2 treatment groups, and 2 prevention groups (0.02% chlorhexidine or CCFM8724). The
fluctuation of microbial colonization and the change of bacteria flora in rat oral cavity after sowing of L. plantarum CCFM8724
were investigated by colony-forming units (CFU) and microflora analysis. The caries of rats were assessed by microcomputed
tomography (micro-CT) and Keyes scoring method. The results showed that L. plantarum CCFM8724 in both the treatment
and prevention groups could significantly decrease the population of S. mutans and C. albicans in the rats’ oral cavity (p < 0:001),
the mineral loss of enamel (p < 0:05), and the scores of caries (p < 0:05). Besides, L. plantarum CCFM8724 exhibited better effects
than chlorhexidine. Hence, L. plantarum CCFM8724 was proved to be a potential oral probiotic on caries treatment and
prevention in vivo and it may have the prospect of application in dental caries (especially ECC) prevention products.

1. Introduction

Dental caries is one of the most prevalent oral bacterial infec-
tious diseases that afflict children and adults worldwide. It
can lead to the irreversible tooth demineralization, which is
mainly associated with acidic biofilm formation and sugar
intake [1]. Early childhood caries (ECC) is a unique form of
rampant caries developed in babies and toddlers, especially
preschool children. ECC can result in rapid and aggressive

destruction of primary teeth which not only causes painful
pulpal but also impacts on the development of permanent
dentition and systemic health [2, 3]. Traditional treatment
for deciduous caries is extremely costly and time consuming.
Hence, ECC has been a major challenge in public health until
today.

Streptococcus mutans has been recognized as the main
cariogenic bacteria for its strong acidogenic and aciduric
capacities [4]. And it is also the major producer of biofilm
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matrix, providing acid milieus within which caries-associated
organisms thrive [5]. Intriguingly, recent studies have found
that, in addition to S. mutans, fungus such as Candida albi-
cans was detected frequently in high numbers in plaque bio-
films from toddlers with caries [6, 7]. Moreover, the presence
of C. albicans in mixed-species biofilms induces S. mutans
glucosyltransferase (GTF) expression, which converts dietary
sucrose into extracellular polysaccharides (EPS) and build
more cariogenic biofilms [8]. Rather, the synergistic alliance
of them amplifies the biofilm virulence which led to rampant
caries similar to ECC in an animal model [9].

Common mechanical measures for dental caries control,
although effective, have been limited by the preference of chil-
dren and the elderly. It is known that chlorhexidine (CHX) has
a bactericidal effect on S. mutans and fungicidal effect on C.
albicans [10]. While the limitation of antimicrobial drugs is
that once the intervention with CHX stops, the same patho-
gens will repopulate in oral niches and result in recurrence
of tooth decay. To avoid this, lower dental plaque virulence
with ecological methods are being increasingly preferred over
broad-spectrum antimicrobials for long-term caries control
[11]. In this regard, it is essential to develop an alternative
product which can disrupt the cariogenic virulence and pro-
mote oral microecological balance with no adverse effects.

The FAO/WHO (Food and Agriculture Organization of
the United Nations, World Health Organization) define pro-
biotics as live microorganisms that play a beneficial role in
the health of the host by taking appropriate amounts. In the
past 10 years, probiotics have achieved a lot in preventing
or treating gastrointestinal infections and diseases such as
acute diarrhea, ulcerative colitis, Crohn’s disease, and pou-
chitis [12, 13]. Currently, with the increasing acceptance of
probiotics, more and more attention has been paid to probi-
otic usage in other areas such as dental caries prevention,
periodontitis relieving, and regulation of oral microecological
balance [14]. And several clinical trials have demonstrated
that the administration of Lactobacillus genus including L.
rhamnosus, L. reuteri, and L. paracasei decreased the lesion
of caries in children [15–17]. However, the number of studies
on the interaction of Lactobacillus with cariogenic bacteria
and fungi and the effects of the probiotic L. plantarum on
ECC caries model in vivo is limited, which prompted us to
address these knowledge gaps.

In our previous study, L. plantarum CCFM8724 isolated
from healthy human feces exhibited a considerable effect on
inhibiting S. mutans and C. albicans dual biofilm formation
in vitro [18]. In this study, we examined the changes of S.
mutans and C. albicans colonization and caries development
in the rat oral cavity by plate culture counting, 16S rDNA
sequencing, micro-CT, and caries scoring to evaluate the
effect of L. plantarum CCFM8724 on the prevention or treat-
ment of caries in vivo. These results will provide enlighten-
ment and proof on probiotics preventing and treating
rampant caries induced by S. mutans and C. albicans.

2. Methods

2.1. Ethics Statement. This research methodology was con-
ducted in accordance with institutional ethical standards.

The study on animals was approved by “Jiangsu Institute of
Parasitic Diseases, Animal Care and Use Committee”
(IACUC-JIPD-2019030). All experiments were in accor-
dance with the guidelines of the China Ministry of Science
and Technology Guide for the Care and Use of Laboratory
Animals.

2.2. Strains and Inoculum Preparation. L. plantarum
CCFM8724 was isolated from healthy human feces and inoc-
ulated in MRS broth (Difco™, Detroit, MI, USA) under
anaerobic conditions at 37°C. S. mutans ATCC 25175 was
purchased from the China Common Microbial Species Pres-
ervation and Management Center (CGMCC, Beijing, China)
and cultured in Tryptic Soy Broth (TSB, Difco™, Detroit, MI,
USA) under anaerobic conditions at 37°C. C. albicans SJ was
isolated from human carious dentin, which was grown in
Yeast Extract Peptone Dextrose Medium (YPD, Difco™,
Detroit, MI, USA) under aerobic conditions at 37°C. All
strains were frozen in 30% (v/v) glycerol broth at -80°C and
routinely streaked on corresponding agar plates. The plates
were cultured at 37°C for 48h and at least three times consec-
utively using 2% (v/v) inoculum in corresponding broth at
37°C for 18 h before use.

Prior to use in animal experiments, the microbial cultures
were centrifuged at 3000 g for 10min and washed twice with
sterile saline solution. The bacteria and yeast were then cen-
trifuged and resuspended in saline solution and diluted to a
suspension of 1 × 109 living cells (CCFM8724 and S.mutans)
or 106 (C. albicans) by colony counting.

2.3. Animals and General Procedures. Animal experimental
design is shown in Figure 1. Female SPF Wistar rats (21 days
old) were purchased from Charles River Laboratories (Beijing,
China). All of the rats were divided randomly into 6
groups, comprising of 2 treatment groups (T1-CHX and
T2-CCFM8724), 2 prevention groups (P1- CHX and P2-
CCFM8724), and the caries-free and caries model groups.
The rats in the caries-free group were given normal diet
and distilled water during the whole experiment. Other
groups were offered a cariogenic diet 2000 (obtained from
Nantong Trophy Feed Technology Co., Ltd.) and water
containing 5% sucrose ad libitum. The oral flora of rats
was suppressed by ampicillin (0.5μg/mL) and streptomycin
(200μg/mL) for 3 days before the experiment.

The caries model group was infected with S. mutans and
C. albicans for 5 consecutive days from the first day of the
experiment. The specific manipulation was to saturate the
sterile cotton sticks with suspension of the two cariogenic
microorganisms separately and then coat the suspension
onto the rat oral cavity for 15 s per quadrant, as described
by Beiraghi et al. [19]. Diet and water were forbidden for half
an hour after tooth coating to ensure the colonization of
microorganisms [20]. The establishment of tested strains
was verified on day 6 and 7. The treatment groups were then
applied with 0.02% CHX or CCFM8724 from day 8 to 12 and
day 15 to 56. After verifying the successful colonization of
lactobacilli, CHX or Lactobacillus was given three times a
week until the end of the experiment (from day 15 to 56).
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To test the prevention effect of Lactobacillus on caries,
CHX or CCFM8724 was firstly applied to coat the teeth on
day 1-5. After the establishment of lactobacilli, S. mutans
and C. albicans were used for another 5 consecutive days.
No treatment was done in the prevention groups for the next
6 weeks to the end of the experiment. The whole experiment
period was 8 weeks. The rats were weighed daily, and their
weight gains were calculated.

2.4. Oral Microbial Count. Four samples (day 6, 13, 27, and
56) were taken during the whole experiment. Specific sam-
pling method was scraping the surface of rat dentin with ster-
ile cotton stick back and forth three to four times. S. mutans
was counted onMitis Salivarius Agar (Difco, No. 229810, BD
Diagnostic Systems) with 200 IU/L bacitracin (MSB) [21],
and C. albicans was plated on BIGGY Agar (BBL, No.
211027, BD Diagnostic Systems) [22], while MRS supple-
mented with 12μg/mL vancomycin was used to enumerate
lactobacilli [23].

2.5. DNA Extraction, PCR, and 16S rDNA Sequencing. Cotton
swabs sampled from the rat oral cavity on day 56 before sacri-
ficed were stored at -80°C before examination. According to
the instructions, FastDNA Spin Kit for feces (MP Biomedical,
United States) was used to extract microbial genome DNA.
The V3-V4 region of the 16S rDNA gene was amplified by
PCR. After cutting from the 1.5% agarose gel, the product
was purified by a QIAquick Gel Extraction Kit (Qiagen,
Germany) and quantified by a Quant-iT PicoGreen dsDNA
Assay Kit (Life Technologies, United States). Libraries were
established by a TruSeq DNA LT Sample Preparation Kit
(Illumina, United States) and were sequenced for 500 + 7
cycles on Illumina MiSeq using a MiSeq Reagent Kit. At last,
the sequence data of 16S rDNA were analyzed by QIIME
pipeline as described previously [24].

2.6. Caries Scoring.On day 56, the rats were anesthetized and
decapitated. The soft tissues on the teeth and jaws were
peeled offwith a scalpel, and the residual debris in the sutures
was washed by ultrasonic cleaning for 20 minutes. The max-

illary and mandibular molars were soaked in 10% polyfor-
maldehyde for 24 hours [25, 26], then washed and dried.
All the specimens were immersed in a 0.4% ammonium
purpurate staining solution for 12 h and hemisectioned in
the mesiodistal direction with an ultrathin carborundum
disk (0.2mm in thickness). The caries of rat molars were
observed under a stereomicroscope (Leica CLS 100X,
Wetzlar, Germany) and scored according to the method
reported by Keyes [27].

2.7. Micro-CT Analysis. All mandibles were imaged using a
microcomputed tomography (micro-CT) system (Quantum
GX2; PerkinElmer, Hopkinton, MA, USA). An acquisition
setting was used for scanning all the samples: 90KV, 88μA;
field of view: 18μm; acquisition time: 4min; camera mode:
high resolution. Each sample was rotated 360°, and all images
were imported into Analyze 12.0 software (AnalyzeDirect,
Overland Park, KS, USA) to reconstruct three-dimensional
images of the mandibles, respectively. And a fixed threshold
of 5,200 Hounsfield units was used to separate enamel from
the whole mandible [28]. Mineral density (MD) of the
enamel was calculated after calibration with hydroxyapatite
standards of appropriate density.

2.8. Statistical Analysis. SPSS Statistics 25.0 (SPSS, Inc.,
Chicago, IL, USA) was used for the analysis. Graphpad Prism
8.0 and Origin 8.5 were used to map and analyze the data.
The differences between the mean values of the groups were
analyzed by one-way analysis of variance using Duncan’s
multiple range tests. Data expressed as mean ± standard
error of the mean (s.d, n = 8).

3. Results

3.1. Microorganism Colonization of the Rat Oral Cavity.Dur-
ing the animal experiment, all animals appeared to be in good
physical condition and no significant differences in weight
gain were observed among the groups (p > 0:05). The coloni-
zation of S. mutans and C. albicans were 5.6 and 4.1 log
(CFU/mL) in the first sampling, respectively (Figures 2(a)
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Figure 1: Animal experimental design.
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and 2(b)). After 5 consecutive days of Lactobacillus interven-
tion, the population of S. mutans in T2 groups decreased
from 5.4 to 4.0 log (CFU/mL) (p < 0:001) and remained at
4.1 log (CFU/mL) until the end of the experiment. CHX
(T1) also inhibited the growth of S. mutans throughout the
experiment, which reduced the population of S. mutans to
4.5 log (CFU/mL) (p < 0:001) and stabilized at this level.

After administered 0.02% CHX or CCFM8724 on day 1-
5, the colonization of S. mutans in the prevention groups (P1
and P2) was significantly lower than that in the caries model
group (p < 0:001). However, once CHX was stopped, the
number of S. mutans continued rising, from 4.7 log
(CFU/mL) (second sampling) to 5.3 log (CFU/mL) (fourth
sampling), which was close to the number observed in the
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Figure 2: Microorganism count (log CFU/mL) recovered from rat oral swabs for 4 times. (a) Counting results of S. mutans. (b) Counting
results of C. albicans. Values are significantly different from the caries model group in each sampling at ∗p < 0:05, ∗∗p < 0:01, or ∗∗∗p <
0:001 (a, b). (c) Counting results of L. plantarum. Groups with dissimilar letters differ, p < 0:05.
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caries model group (p > 0:05), while the population of S.
mutans in the oral cavity (P2) remained at a low level (4.3
log (CFU/mL), p < 0:001) until the end of the experiment
after CCFM8724 administration was stopped.

A similar phenomenon was observed on the change of C.
albicans (Figure 2(b)). The effect of CHX treatment (T1) on
C. albicans tended to decrease with time. Moreover, CHX
cannot prevent the colonization and growth of C. albicans
(P1, p > 0:05), while CCFM8724 intervention exhibited a sig-
nificant inhibitory effect on C. albicans (p < 0:001) during the
experiment. Interestingly, the CCFM8724 prevention group
(P2) did not immediately affect C. albicans after the coloniza-
tion of Lactobacillus but reduced the number of C. albicans in
the third (p < 0:05) and fourth (p < 0:001) sampling.

According to the counts of L. plantarum (Figure 2(c)),
cariogenic bacterial and fungi did not affect the colonization
of Lactobacillus (P2 and T2, p > 0:05), which ranged from 5.5
to 5.8 log (CFU/mL) in both two groups. The population of L.
plantarum in the CCFM8724 prevention group (P2) experi-
enced significant fluctuations in the second, third, and fourth
sampling, from 4.7 (CFU/mL) to 3.7 log (CFU/mL), and back
to 4.5 log (CFU/mL) (p < 0:05), while that in the CCFM8724
treatment group decreased from 5.8 log (CFU/mL) (second
sampling) to 4.2 log (CFU/mL) (third sampling) and then
stabilized to 4.2 log (CFU/mL) (fourth sampling).

3.2. Microflora Analysis. Since the counts of S. mutans, C.
albicans, and Lactobacillus shifted in different groups during
the experiment, we also revealed the alterations of bacterial
abundance and proportion among different groups by
Illumina 16S rDNA gene sequencing. Compared with the
caries-free group, the application of 0.02% CHX or
CCFM8724 revealed major changes in relative abundance
in the oral microbiome of rats (Figure 3(a)). The notable dif-
ference in Streptococcus was found between the caries-free
group (CF, 3.65%) and the caries model group (C, 22.5%)
(p < 0:05). Treatment with CCFM8724 significantly decreased
the abundance of Streptococcus when compared with the car-
ies model group (p < 0:05), although there was no difference
observed between the T1 (7.24%) and T2 (6.01%) groups
(Figure 3(b)). The same degree of decrease was obtained in
the two prevention groups (P1, 17.24%, P2, 9.43%, p < 0:05).
Relative abundance of Lactobacillus remained lowest in the
caries-free group (CF, 0.22%), caries model group (C,
0.43%), and CHX treatment group (T1, 0.22%). No signifi-
cant difference was observed among these three groups.
Treatment with CCFM8724 can significantly increase the rel-
ative abundance of Lactobacillus, as shown in Figure 3(b),
while the Lactobacillus abundance in the CCFM8724 preven-
tion group (P2) was more than 1%, which is the highest in all
groups (1.5%, p < 0:05).

3.3. Micro-CT Analysis. To enhance the visibility of caries site
on rat molars, 3D reconstructions of mandible molars were
performed by micro-CT. Enamel and dentin were stripped
according to the density threshold (Hounsfield units). Mean-
while, the corresponding sagittal slice of the same molar was
taken for comparative observation (Figure 4). Compared
with the sagittal slice image between the caries model group

and caries-free group, it is obvious that the enamel (green)
of sulcal or adjacent areas were not continuous if caries
occurred.

To evaluate the results of micro-CT, the mean enamel
volume (Figure 5(a)) and density (Figure 5(b)) of molars
were analyzed in each group. Morphometric volume analysis
revealed that the enamel volume in the CCFM8724 preven-
tion group (P2) was closest to that of the caries-free group,
followed by the CCFM8724 intervention group (T2). There
was no significant difference in enamel volume between the
CHX prevention group (P1) and intervention group (T1),
but the enamel volume in both two groups was significantly
larger than that of the caries model group (p < 0:05). The
enamel density showed a similar result to those of enamel
volume, but there was no difference in enamel density
between the CHX prophylaxis group (P1) and dental caries
model group (p > 0:05).

3.4. Caries Scoring. Under stereoscopic microscopy, various
caries lesions were observed in all of the dyed molars except
the caries-free group. The caries scores (Table 1) indicated
that the lesion level E (enamel caries) of smooth surface or
sulcal surface was considerably decreased in all the four
groups, except that the CHX prevention group did not
exhibit a significant effect on sulcal caries. According to the
scores of different severity, the CCFM8724 prevention group
showed the best effect, in which smooth surface and fissures
did not appear with extensive caries (Dm, 3/4 of the dentin
affected). And the total score (E) of this group was the lowest.
The order of anticaries effect is as follows: the Lactobacillus
treatment group, CHX treatment group, and lastly, CHX pre-
vention group.

4. Discussion

In view of the increasing incidence and prevalence of dental
cavity and its detrimental effects on oral health, novel strate-
gies are required for its prevention and control. In recent
years, the application of probiotics to prevent dental caries
has become more and more common. Krzyściak et al. proved
that L. salivarius HM6 could inhibit S. mutans and C. albi-
cans dual biofilm formation and reduce the pathogenic spe-
cies in vitro [29]. Although lactobacilli themselves could
produce organic acid, it can be concluded that the overall
effect of lactobacilli on caries prevention seems favorable
when probiotics candidates are carefully selected [30]. And
other studies have shown that Lactobacillus could attenuate
the growth of S. mutans [31] or C. albicans [32] in human
mouth. However, little is known whether Lactobacillus could
exhibit effect on the mutually reinforcing alliances of S.
mutans and C. albicans that coexist in the mouth.

In our study, CCFM8724 showed a considerable inhibi-
tory effect on S. mutans and C. albicans during the interven-
tion which lasted less than 2 months, three times a week
(Figures 2(a), 2(b), and 3(b)). The prevention group in which
CCFM8724 colonized firstly succeeded in controlling the
proliferation of S. mutans but did not affect the colonization
of C. albicans at first (Figures 2(a) and 2(b)). Although C.
albicans decreased significantly and stabilized at a certain
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level in the later stage, this may be related to the protective
effect of S. mutans on C. albicans [33, 34]. The colonization
of Lactobacillus is also the key to its function. From
Figure 2(c), it can be seen that the colonization of CCFM8724
was a fluctuating process, which may be the result of compet-
itive adherence with pathogenic bacteria in the mouth [35].
Meanwhile, Lactobacillus could maintain a healthy oral envi-
ronment by producing antimicrobial substances including
organic acids, hydrogen peroxide, bacteriolytic enzymes, bac-
teriocins, and biosurfactants to inhibit the growth of patho-

genic bacteria [36, 37]. However, the oral cavity is a
nutrient fluctuating environment, whether CCFM8724 could
maintain the balance of the oral environment for a longer
time should be investigated further.

The oral microbiome analysis of the rats in different
tested groups was a novel aspect to supplementarily certifi-
cate the CFU counting results. The genus level composition
of all groups seemed no notable differences, and the major
genus detected throughout the study were Enterobacteria-
ceae, Aggregatibacter, Streptococcus, and Lactobacillus as
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Figure 3: Changes in the level of genus in the oral cavity of rats in different groups. (a) Relative abundance of main genus > 0:1% in different
groups. (b) Changes of the abundance of Streptococcus genus in different groups. Groups with dissimilar letters differ, p < 0:05. (c) Changes of
the abundance of Lactobacillus genus in different groups. Groups with dissimilar letters differ, p < 0:05.
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Figure 4: 3D micro-CT image of mandibular molars, separated enamel (green), and corresponding 2D scale sagittal slice of the same molar
(enamel is green) in each group. Red arrows: caries lesion site.
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Figure 5: (a) Volume of enamel of mandibular molars. (b) MD of enamel of mandibular molars. Groups with dissimilar letters differ, p < 0:05.

Table 1: Effect of different groups on caries development (incidence and severity) in rats.

Group
Smooth surface Sulcal surface

Total Severity Total Severity
E Ds Dm E Ds Dm

Caries model 13:2 ± 5:2 8:3 ± 0:8 5:7 ± 0:5 23:7 ± 5:2 18:8 ± 4:1 9:3 ± 2:4
T1-CHX 8:6 ± 2:6∗ 5:0 ± 1:1∗ 2:1 ± 0:6∗ 21:3 ± 6:8∗ 12:9 ± 3:5∗ 7:1 ± 1:4
T2-CCFM8724 6:6 ± 3:8∗ 4:7 ± 1:1∗ 2:0 ± 1:4∗ 19:6 ± 4:0∗ 6:6 ± 2:7∗ 2:4 ± 0:8∗

P1-CHX 7:9 ± 5:6∗ 6.5± 2.8 4.5± 2.1 21.8± 6.2 16.3± 4.9 6.9± 1.9
P2-CCFM8724 6:5 ± 2:4∗ 1:9 ± 0:1∗ — 15:4 ± 7:3∗ 3:1 ± 3:0∗ —

Data are expressed asmean ± standard error of the mean (n = 8). E: enamel caries; Ds: dentin exposed; Dm: 3/4 of the dentin affected. ∗p < 0:05 when compared
with the caries model group.
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displayed in Figure 3(a). Meanwhile, the relative abundance
of S. mutans in the caries model (22.5%) is in agreement to
a recent report by Garcia et al. [38], in which the caries model
was established by S. mutans alone. The diversity of oral
microbiota in the caries model seemed to decrease, which
may be attributed to the colonization of Candida. Haukioja
et al. also found that increased Candida was related to
reduced diversity of salivary microbiota [39]. Furthermore,
the relative abundance of the Lactobacillus and Streptococcus
in T2 and P2 (Figure 3(b)) groups was negatively correlated,
which was consistent with the counting results in Figure 2.
Intriguingly, Aggregatibacter actinomycetemcomitans has
been reported to produce a signaling molecule called
autoinducer-2 (AI-2) which could regulate the C. albicans
biofilm formation [40]. Combined with the relative abun-
dance changes of Aggregatibacter in the model group and
other test groups, there may be a negative correlation
between Aggregatibacter and C. albicans. More explorations
should be taken to demonstrate this in further study. After
all, C. albicans can affect the composition of bacteria in
the oral cavity and its status in the oral ecosystem is no
longer neglectable [41]. However, the microbiome of oral
fungi in caries model needs to be further explored by gene
sequencing.

Microtomography (micro-CT) is a modified version of
medical computed tomography, which can capture images
from multiple angles and produce nondestructive visualiza-
tion of dental structures in three dimensions [42]. As a tool
to provide high-resolution images as well as both qualitative
and quantitative analyses of the tooth, microtomography is
the gold standard for caries detection and evaluation
in vitro, which gained increasing popularity in use for dental
research [43]. Hence, mciro-CT has been recommended as a
reliable method to evaluate the volume and MD of dental
hard tissue, especially to focus on the density of the hard tis-
sues [42, 44]. It is well known that caries occur with demin-
eralization of hard tissues, and enamel is the initial site of
dental caries. Therefore, the enamel which separated from
the dentin is often used to analyze the caries severity in most
studies [45–47]. In this study, the enamel volume and MD of
one side of the mandible were calculated. The larger the vol-
ume of the residual enamel indicated the stronger the anti-
caries effect of the tested group. And the higher MD value
proved the less loss of minerals or the stronger remineraliza-
tion effect. And the result showed that the enamel caries
severity increased in the order of P2, T2, T1, and P1, which
provided evidence of the notable effect of Lactobacillus, while
little effect of CHX prevention.

Despite these considerable advantages of micro-CT, the
high cost and long scanning time are the disadvantages.
Therefore, the Keyes scoring method is still widely used for
analyzing the primary caries in animal models along with
the supplementary testimony of micro-CT. Klinke et al.
[22] revealed that the combination of S. mutans and C. albi-
cans could lead to more serious pit and fissure caries than
smooth caries, which is similar to the results of the model
group (Table 1). No significant difference of smooth surface
caries was observed in caries scores or images among four
tested groups. What really widened the score gap was the

relief of pit and fissure caries. Except that the CHX interven-
tion group had no significant effect on occlusal caries, other
groups showed a notable effect on smooth and fissure caries.
The lowest total score (level E) was the CCFM8724 preven-
tion group, which indicated that Lactobacillus exhibited bet-
ter anticaries effect when colonized firstly in the oral cavity
than later treatment. Probiotics can be promising candidates
for novel anticariogenic substances owning to their essential
ability of oral colonization and competition with oral patho-
gens for adhesion sites [35, 48].

In this study, both CCFM8724 treatment and prevention
significantly attenuated the growth of S. mutans and C. albi-
cans in the rat oral cavity, while CCFM8724 showed potential
ability to colonize the oral cavity which is also the key to its
function. In addition, the significant difference of caries lesions
between the model group and lactobacillus-associated groups
were verified via micro-CT and Keyes scoring method, dem-
onstrating the anticaries properties of CCFM8724 in vivo.
Further confirmation by clinical studies, would confirm the
oral probiotic nature of CCFM8724 in alleviating dually
infected caries.
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Zinc lactate (ZnLA) is a new organic zinc salt which has antioxidant properties in mammals and can improve intestinal function.
This study explored the effects of ZnLA and ZnSO4 on cell proliferation, Zn transport, antioxidant capacity, mitochondrial
function, and their underlying molecular mechanisms in intestinal porcine epithelial cells (IPEC-J2). The results showed that
addition of ZnLA promoted cell proliferation, inhibited cell apoptosis and IL-6 secretion, and upregulated the mRNA expression
and concentration of MT-2B, ZNT-1, and CRIP, as well as affected the gene expression and activity of oxidation or antioxidant
enzymes (e.g., CuZnSOD, CAT, and Gpx1, GSH-PX, LDH, and MDA), compared to ZnSO4 or control. Compared with the
control, ZnLA treatment had no significant effect on mitochondrial membrane potential, whereas it markedly increased the
mitochondrial basal OCR, nonmitochondrial respiratory capacity, and mitochondrial proton leakage and reduced spare
respiratory capacity and mitochondrial reactive oxygen (ROS) production in IPEC-J2 cells. Furthermore, ZnLA treatment
increased the protein expression of Nrf2 and phosphorylated AMPK, but reduced Keap1 and p62 protein expression and
autophagy-related genes LC3B-1 and Beclin mRNA abundance. Under H2O2-induced oxidative stress conditions, ZnLA
supplementation markedly reduced cell apoptosis and mitochondrial ROS levels in IPEC-J2 cells. Moreover, ZnLA
administration increased the protein expression of Nrf2 and decreased the protein expression of caspase-3, Keap1, and p62 in
H2O2-induced IPEC-J2 cells. In addition, when the activity of AMPK was inhibited by Compound C, ZnLA supplementation
did not increase the protein expression of nuclear Nrf2, but when Compound C was removed, the activities of AMPK and Nfr2
were both increased by ZnLA treatment. Our results indicated that ZnLA could improve the antioxidant capacity and
mitochondrial function in IPEC-J2 cells by activating the AMPK-Nrf2-p62 pathway under normal or oxidative stress
conditions. Our novel finding also suggested that ZnLA, as a new feed additive for piglets, has the potential to be an alternative
for ZnSO4.
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1. Introduction

Zinc (Zn), one of the most important trace elements in mam-
mals, has been reported to reduce the incidence of diarrhea
and improve the structure and function of the intestinal bar-
rier in postweaning piglets [1–4]. Extracellular and intracellu-
lar Zn2+ in mammalian cells play a key role in physiological or
pathological processes, including growth, immunity, and
nutrient metabolism [5]. Previous reports have confirmed that
Zn deficiency in animals led to a decrease in the number of T
cells [6], oxidative stress, intestinal dysfunction, and inflam-
matory cell infiltration [4, 7, 8]. Traditionally, inorganic Zn
(oxides and sulfates) has served as a feed additive to promote
growth performance in livestock. To date, Zn additives in
the market are in various types, such as zinc oxide, zinc sulfate,
and nanozinc, all of which have a benefit in Zn absorption and
combating diarrhea [9–13]. However, the excessive use and
low absorption efficiency of inorganic Zn in livestock and
poultry breeding resulted in the deposition of heavy metals
in animal products and the high production of excrement,
which inevitably caused concerns in meat safety and environ-
mental pollution [14, 15].

Zinc lactate (ZnLA) is chemically synthesized from feed-
grade zinc oxide and DL-lactic acid and can easily bind with
ligands or metal carriers in enterocytes, which plays a key
role in antioxidant function and immune response in ani-
mals. Previous studies have reported that the relative bio-
availability of ZnLA in animal production is higher than
that of inorganic Zn and can improve the growth perfor-
mance of animals [16]. For example, the addition of ZnLA
to animal feed improved the utilization of serum free amino
acids and meat quality (e.g., average shell strength and shell
thickness) and reduced the shell-breaking rate in chickens
[17, 18]. Dietary ZnLA supplementation could also increase
the birth weight and weaning survival rate in rabbits, as well
as enhance fur elasticity and brightness [19]. Recent reports
have indicated that organic Zn in pigs is more helpful in
adjusting the adaptive response to piglets’ oxidative stress
compared with inorganic Zn [20]. However, the effect mech-
anisms of ZnLA on the antioxidant and anti-inflammatory
ability in pigs have not been well-studied.

It is known that nuclear factor erythroid 2-related factor
2 (Nrf2), a principal key transcription factor, has been con-
sidered as the main stress regulator that activates the antiox-
idant system. Upon exposure to various stressors, the release
of Nrf2 from Kelch-like ECH-associated protein 1 (Keap1)
translocates into the nucleus, resulting in the expression of
various cytoprotective genes [21]. Recent studies have
reported that Nrf2 could be activated by AMP-activated pro-
tein kinase (AMPK) and modulate autophagy-related genes
(e.g., p62, Beclin, and LC3B-1/2) to participate in the allevia-
tion of oxidative stress in mammalian cells [22]. Autophagy-
related protein p62 can inhibit Nrf2 degradation and pro-
mote Nrf2 stability and nuclear translocation by interfering
with Keap1-Nrf2 interaction to participate in the cellular
antioxidative stress response [23]. However, whether ZnLA
could protect against oxidative stress by modulating
AMPK-Nrf2 activation and autophagy signals is still poorly
understood. Moreover, mitochondria are the main energy
source of cells, where they play an important role in cell pro-

cesses such as apoptosis, reactive oxygen species (ROS) gen-
eration, cell cycle, and thermogenesis. Oxidative damage
leads to ROS production and mitochondrial dysfunction
[24]. A previous study showed that the combination of Zn
and selenium improved mitochondrial function and allevi-
ated oxidative stress caused by Alzheimer’s disease [24].
Therefore, the purpose of this study was to compare the
effects of ZnLA and ZnSO4 on cell proliferation and autoph-
agy, Zn transport, antioxidant capacity, and mitochondrial
function in intestinal porcine epithelial cells (IPEC-J2) and
to reveal the associated regulatory mechanism of ZnLA in
H2O2-induced oxidative stress in IPEC-J2 cells.

2. Materials and Methods

2.1. Cell Culture. The IPEC-J2 cells derived from the jejunal
epithelia of the neonatal piglets were used in all studies to
assess the related mechanisms in vitro. IPEC-J2 cells were
grown in uncoated plastic culture flasks in Dulbecco’s Mod-
ified Eagle Medium (DMEM), 10% fetal calf serum (FBS;
Hyclone, UT, USA), 5mM L-glutamine, and 1% antibiotics
(100U/mL penicillin and 100U/mL streptomycin) and cul-
tured at 37°C with 5% CO2. The media was changed every
two days, and the pH of all cell culture media was maintained
at 7.4. The cells covered the bottom of the culture bottle and
were trypsinized into a six-well plate and cultured at 37°C
with 5% CO2. When cells were grown to 70-80% confluence,
the cells were cultured in treatment mediums. The cells were
then collected to determine the relevant indicators.

2.2. Cell Viability Assays. IPEC-J2 cells were seeded in a 96-
well plate at a density of 8 × 103 cells/well and grown to
80% confluence. Cells were treated with DMEM containing
ZnLA (99%; Sichuan Zoology Feed Co. Ltd.) and ZnSO4 with
final Zn concentrations of 0, 0.1, 0.5, 1, 2.5, 5, 7.5, 10, 15, and
20mg/L. After incubation for 6, 12, 24, 36, 48, and 60 h, cell
viability was evaluated by cell counting kits (CKK-8)
(Dojindo, Kumamoto, Japan) using a microplate reader at
450 nm according to the manufacturer’s instructions.

2.3. Cell Treatment. At ~70-80% confluence, ZnLA or ZnSO4
was added to fresh medium without FBS, which contained
the same amount of Zn (7.5mg/L). In order to eliminate
the interference of lactic acid, equal amounts of lactic acid
and Zn compared with the ZnLA group were used. To induce
oxidative stress, 200μM H2O2 (Sigma-Aldrich, MO, USA)
was used as previously reported [25]. Compound C (5μM)
(Selleck, Shanghai, China), an AMPK inhibitor, was added
to the medium to inhibit AMPK activity.

2.4. Intracellular Enzymes and Inflammatory Cytokines.Har-
vested cells were extracted total proteins; then, cellular mal-
ondialdehyde (MDA), superoxide dismutase (SOD), lactic
dehydrogenase (LDH), glutathione peroxidase (GSH-PX),
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α),
cysteine-rich intestinal protein 1 (CRIP1), cysteine-rich
intestinal protein 2 (CRIP2), and metallothionein 1A
(MT1A) activities or levels were determined using ELISA kits
(Wuhan Huamei Biotechnology Co. LTD) in accordance
with the manufacturer’s protocols.
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2.5. Cell Apoptosis Assay. Apoptosis analysis was performed
with the Annexin V-FITC/PI (propidium iodide) flow
cytometry kit. IPEC-J2 cells were seeded into 6-well plates
at a density of 1 × 106 cells/well. After treatment, 5μL
Annexin V-FITC for 15min and 5μL PI for 5min at room
according to the manufacturer’s instructions [26].

2.6. Cell Cycle Assay. Cell cycle progression was examined
with a flow cytometer using propidium iodide (PI) staining.
Briefly, IPEC-J2 cells were seeded into 6-well culture plates.
After treatment, the cells were trypsinized and fixed with cold
70% ethanol at 4°C overnight. The cells were then rehydrated,
washed twice with ice-cold PBS, and analyzed by PI staining.
PI absorbance was determined by fluorescence-activated cell
sorting on a flow cytometer (Beckman Coulter Inc., USA).

2.7. Mitochondrial ROS Measurement. Intracellular mito-
chondrial reactive oxygen (ROS) generation was evaluated
using MitoSOX Red reagent (Invitrogen, Shanghai, China).
IPEC-J2 cells were seeded into 6-well plates and then cul-
tured in different treatments. Cells were treated with 5μM
MitoSOX Red reagent at 37°C for 10min in the dark. Then,
the fluorescence intensity of 12,000 cells was assayed using
a Beckman MoFlo XDP flow cytometer (Beckman Coulter
Inc., CA, USA).

2.8. Mitochondrial Membrane Potential (MMP)
Measurement. Mitochondrial depolarization in the early
stages of apoptosis was evaluated using JC-1 reagent (Invitro-
gen) by double fluorescence staining. The loss of MMP was
indicated by a decrease in the red/green mean fluorescence
intensity ratio. IPEC-J2 cells were seeded into confocal dishes
and then treated under different conditions. JC-1 (10μg/mL)
was added to the medium for 30min in the dark and then the
cells were washed twice with PBS. Cells in the confocal dishes
were treated with an antifluorescence quenching agent and
observed using a Zeiss LSM880 confocal microscope as
previously described [26].

2.9. Mitochondrial Respiration Metabolism Assays. Mito-
chondrial respiration was measured using the XF-24 Extra-
cellular Flux Analyzer and a Cell Mito Stress Test Kit
(Agilent Technologies, Inc., CA, USA) in accordance with
the manufacturer’s instructions. Non-ATP-linked oxygen
consumption (proton leak), ATP-linked mitochondrial oxy-
gen consumption (ATP production), and maximal respira-
tion capacity were estimated. Baseline oxygen consumption
rate (OCR) minus the maximal respiratory capacity repre-
sented the spare respiratory capacity. Residual oxygen con-
sumption after the addition of rotenone and antimycin A
was due to nonmitochondrial respiration and was subtracted
from all measured values in the analysis. Total cellular
protein concentration was determined with a BCA assay kit
to normalize mitochondrial respiration rates [27].

2.10. Real-Time Quantitative Polymerase Chain Reaction.
The expression of mRNA was measured by real-time quanti-
tative PCR. Total RNA was extracted from samples of IPEC-
J2 cells using TRIzol reagent (Invitrogen) and reverse tran-
scribed into cDNA using the Prime Script RT reagent kit

(TaKaRa Bio, Otsu, Japan). Quantitative PCR was performed
using SYBR Premix Ex Taq (TaKaRa Bio, Japan). The reac-
tion was performed at a total volume of 10μL, with the assay
solution containing 5μL SYBR Green mix (TaKaRa Bio,
Japan), 0.2μL ROX internal reference dye, 3.4μL deionized
H2O, 1μL cDNA template, and 0.2μL each of the forward
and reverse primers. The expression of the housekeeping
gene β-actin was used to normalize the expression levels.
The primers were designed to flank introns using the Primer
5 software. The primer sequences are listed in the supple-
mental Table 1.

2.11. Protein Qualification by the Wes Simple Western System
and Western Blot. The process of protein quantification was
performed using the Wes Simple Western System (Protein-
Simple, San Jose, CA, USA) or the Western Blot technique
as previous described [25, 26]. The antibodies used in the
study included nuclear factor erythroid 2-related factor 2
(Nrf2) (Abcam, Cambridge, MA, USA), β-actin (Abcam),
Kelch-like ECH-associated protein 1 (Keap1) (Abcam),
AMP-activated protein kinase (AMPK) (Abcam), phosphor-
ylated AMPK (Abcam), lamin B (Abcam), and p62 (Abcam).
The mouse β-actin antibody was used as a loading control for
total protein, while nuclear Nrf2 protein expression was nor-
malized to lamin B. All protein concentrations were deter-
mined using a standard BCA protein assay. Results of Wes
Simple Western System were obtained using the “gel view”
function of the Protein Simple software (ProteinSimple).
Western blot data were quantified using the ImageJ software.

2.12. Immunofluorescence Assay. IPEC-J2 cells (1 × 105 cells
per well) were seeded into confocal dishes and treated with
different conditions. Cells were fixed with 4% paraformalde-
hyde for 20min and permeabilized with Triton X-100 (0.3%)
for 10min. Then, cells were blocked with bovine serum albu-
min (1%) for 30min and were incubated overnight with
Nrf2, caspase-3, or Keap1 antibodies diluted at 1 : 100 at
4°C. Cells were washed with cold PBS three times, and then
incubated with secondary antibody for 1 h. Nuclear DNA
was labeled with 4′,6-diamidino-2-phenylindole (DAPI) for
2 minutes. The fluorescence images were captured using a
Zeiss LSM880 confocal microscope and analyzed with the
ZEN software.

2.13. Statistical Analysis. Statistical analysis was analyzed
through one-way ANOVA or t-test using the SPSS 19.0 soft-
ware. All the data were presented as means ± standard error
of themean (SEM). P values below 0.05 were considered sta-
tistically significant.

3. Results

3.1. Effects of ZnLA Supplementation on Cell Viability, Cell
Cycle, and Apoptosis. To determine the effects of different
Zn sources on cell proliferation in IPEC-J2 cells, we exposed
IPEC-J2 cells to increasing concentrations of ZnLA or ZnSO4
for 6, 12, 24, 36 48, or 60h, respectively (Figures 1(a) and
1(b)). We found that exposure to 7.5mg/L Zn for 12h signif-
icantly increased cell viability compared with other treat-
ments (P < 0:05). Thus, the concentrations of 7.5mg/L Zn
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Figure 1: Continued.
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from ZnLA or ZnSO4 for 12 h were selected as suitable con-
ditions for the subsequent experiments. As shown in
Figures 1(c) and 1(d), the G1 phase of the cell cycle was
markedly decreased in the ZnLA group compared with the
control group (P < 0:05). However, ZnLA administration
was increased in the S phase (P < 0:05) and G2/M phase
(P < 0:05). In addition, we found that the proportion of early
and late apoptotic cells treated with ZnLA was the lowest
compared to the other three groups (Figure 1(e)). These
results suggested that ZnLA could reduce cell apoptosis and
promote cell proliferation.

3.2. Effects of ZnLA Supplementation on Mitochondrial ROS,
MMP, and Mitochondrial Respiration Metabolism. Our
results showed that Zn treatment decreased the levels of
mitochondrial ROS production (P < 0:05) but did not differ
between the ZnLA and ZnSO4 groups (Figures 2(a) and
2(b)). There was no difference in the ratio of JC-1 red fluores-
cence to green fluorescence (P > 0:05) (Figure 2(n)). Com-
pared with the control group, ZnLA treatment remarkably
increased the mitochondrial basal OCR, nonmitochondrial
respiratory capacity, and proton leak (P < 0:05)
(Figures 2(c)–2(i)). Compared with the ZnSO4 group, ZnLA
administration increased the mitochondrial basal OCR, non-
mitochondrial respiratory capacity, and maximal respiration
in IPEC-J2 cells (P < 0:05). ZnSO4+LA administration
increased the basal OCR rate, ATP production, and maximal
respiration compared with the ZnSO4 group (P < 0:05). As

for mitochondrial-related gene expression, ZnLA supple-
mentation increased the mRNA expression of uncoupling
protein 2 (UCP2) and pyruvate dehydrogenase A1 (PDHA1)
(Figures 2(j) and 2(m)) compared with the control group, but
the mRNA expression of mitochondrial transcription factor
A (Tfam) and cytochrome c oxidase (Cycs) was not affected
by ZnLA administration (Figures 2(k) and 2(l)). Meanwhile,
ZnSO4 treatment increased UCP2 mRNA abundance but did
not affect the expression of Tfam, Cycs, and PDHA1.

3.3. Effects of ZnLA Supplementation on Antioxidant
Function, Inflammation, and Zn Transport. For critical vali-
dation of the in vitro experiment demonstrating the effects
of ZnLA on intestinal Zn transport, inflammation, and anti-
oxidant function, we determined the levels or activities of
intracellular antioxidant enzymes, inflammatory cytokines,
and zinc transporter proteins (Figures 3(a)–3(i)). Compared
with the control group, LDH activity was decreased with
ZnLA or ZnSO4 treatment (P < 0:05), and the activity of
LDH in the ZnLA treatment was lower than that in ZnSO4
treatment. Compared with the control group, ZnLA treat-
ment significantly increased the activity of GSH-PX
(P < 0:05), while decreasing the MDA concentration
(P > 0:05). SOD activity in the ZnSO4+LA group was the
lowest (P < 0:05). Compared with the control group, the con-
centration of intracellular IL-6 in the other three treatments
was significantly decreased (P < 0:05), but there was no dif-
ference in TNF-α concentration among these groups. ZnLA
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Figure 1: Effects of zinc lactate on cell viability, cell cycle, and apoptosis in IPEC-J2 cells. Values are expressed asmeans ± SEM (n = 4). (a, b)
Cell viability under different levels of Zn sources; (c, d) cell cycle in each phase; (e) cell apoptosis ratio. a,b,cMeans of bars with different letters
were significantly different (P < 0:05).
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Figure 2: Continued.
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supplementation increased the levels of Zn transporter pro-
teins CRIP1 and CRIP2 (P < 0:05), but had no effect on
MT1A levels compared with that in the CON group. Further-
more, we also determined the mRNA expression levels of Zn
transporters and antioxidant-related genes (Figures 3(j)–
3(q)). Compared with the control group, ZnLA or ZnSO4
supplementation markedly increased the mRNA expression
of ZNT-1 andMT-2B in IPEC-J2 cells (P < 0:05). The mRNA
expression of CRIP2 and MT1A in the ZnSO4 group was also
increased in comparison with the other three groups
(P < 0:05), while there was no difference in the expression
of CRIP1 among the four groups. The mRNA expression
levels of CAT and CuZnSOD in the ZnLA group were higher
than those in the other groups, but there was no difference in
the expression of Gpx1 among these groups.

3.4. Effects of ZnLA Supplementation on the Expression of
Nrf2/Keap1, AMPK, and Autophagy-Related Pathways. To
further validate whether ZnLA supplementation could allevi-
ate oxidative stress in IPEC-J2 cells via Nrf2/Keap1, AMPK,
and autophagy-related pathways, we determined the expres-
sion of the key target molecules using Western blotting and
immunofluorescence techniques. We found that Nrf2 pro-
tein was mostly located in the cytoplasm of IPEC-J2 cells,
but ZnLA administration could increase the amount of

Nrf2 transferred to the nucleus (Figures 4(a) and 4(c)). Com-
pared with the control group, the expression of Keap1 was
reduced by ZnLA treatment (P < 0:05). Furthermore, the
protein expression of AMPK in ZnSO4+LA group was high-
est (P < 0:05), and ZnLA treatment remarkably increased
(P < 0:05) the protein expression of phosphorylated AMPK
(Figures 4(c) and 4(d)). Compared with the ZnSO4 group,
the expression of p62 in the ZnLA group was decreased,
but there was no significant difference (Figure 4(e)). Our
results also showed that ZnLA treatment markedly reduced
the mRNA expression of autophagy-related genes LC3B-1
and Beclin (P < 0:05), but it had no effect on the mRNA
expression of p62 and LC3B-2 (P > 0:05) (Figure 4(f)).

3.5. Effects of ZnLA Supplementation on Mitochondrial ROS,
Apoptosis, and the AMPK-Nrf2-p62-Mediated Pathway
under Oxidative Stress Conditions. To further define the
effect of ZnLA on the alleviation of oxidative stress in enter-
ocytes, we built an oxidative stress model of H2O2-induced
IPEC-J2 cells. The levels of mitochondrial ROS and apoptosis
were determined in the presence or absence of 7.5mg/L
ZnLA. As shown in Figure 5(a), H2O2 exposure markedly
increased cell apoptosis in IPEC-J2 cells, while ZnLA supple-
mentation decreased the proportion of apoptotic cells (the
proportion of early apoptotic cells and late apoptotic cells,
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Figure 3: Continued.
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6.84%) compared with the H2O2 treatment groups (12.24%)
(P < 0:05). The results of the immunofluorescence assay
showed that caspase-3 was located in the cytoplasm of
IPEC-J2 cells, and compared with the control group, H2O2
exposure significantly increased caspase-3 protein expression
(P < 0:05) (Figure 5(d)), while ZnLA or ZnSO4 administra-
tion decreased the protein expression of caspase-3.

To test whether ZnLA could protect IPEC-J2 cells from
oxidative damage by scavenging intracellular ROS, flow
cytometry was used to detect mitochondrial ROS. The results
showed that compared with the H2O2 group, ZnLA treat-
ment significantly decreased mitochondrial ROS production
in the H2O2-induced IPEC-J2 cells (P < 0:05) (Figures 5(b)
and 5(c)). However, ZnSO4 treatment had no effect on the
levels of mitochondrial ROS in H2O2-induced IPEC-J2 cells
(P > 0:05). As shown in Figures 5(e) and 5(f), the protein
expression of nuclear Nrf2 in the ZnLA+H2O2 group was sig-
nificantly increased while Keap1 protein expression was
decreased compared with the H2O2 group. H2O2 treatment
increased the expression of autophagy-related protein p62,
while ZnLA supplementation markedly decreased the
expression of p62 in H2O2-induced IPEC-J2 cells (P < 0:05)
(Figure 5(g)). To further explore whether AMPK-Nrf2 sig-
naling could be activated by ZnLA supplementation under
oxidative stress conditions, we treated cells with an AMPK
inhibitor (Compound C) to inhibit AMPK activity [28].
When AMPK activity was inhibited by Compound C, ZnLA
supplementation did not promote the nuclear translocation
of Nrf2 and did not decrease the protein expression of Nrf2
and Keap1 in the cytoplasm of IPEC-J2 cells (P > 0:05)
(Figures 5(h) and 5(i)).

4. Discussion

Dietary Zn supplementation could promote cell proliferation
and protect intestinal barrier function in postweaning piglets
against diarrhea [29]. In the present study, we found that the
addition of ZnLA was more effective in promoting cell prolif-
eration and suppressing cell apoptosis than ZnSO4, at the
same concentration. This is consistent with many reports
that Zn supplementation plays an important role in improv-

ing cell proliferation and differentiation [30, 31]. For exam-
ple, a recent study has reported that ZnLA supplementation
improved the growth performance of young grass carp by
maintaining intestinal immune and physical barrier func-
tions [32]. The small intestine, as a major site of Zn absorp-
tion, can maintain Zn homeostasis by regulating the
expression of Zn transport proteins [33]. A number of pro-
teins involved in Zn absorption and transport have also been
identified, including metallothionein (MT), SLC30 (ZNT),
SLC39 (ZIP), and CRIP [34]. Previous studies reported that
downregulation of ZNT-1 protein could cause the release of
LDH and the activation of caspase protein following
ischemia-reperfusion [35]. MT participates in the storage,
transport, and bioutilization of Zn, so a decreased expression
of MT reduces the absorption efficiency of Zn in the body
[36]. Moreover, MT2 is rich in reduced thiol groups (SH),
which have a free radical scavenging capacity 100 times that
of GSH, and can inhibit the release of mitochondrial cyto-
chrome c and activate caspase-3 to reduce cell apoptosis
and myocardial injury [37, 38]. These were further confirmed
by the present study where it was found that ZnLA adminis-
tration increased the mRNA expression of ZNT-1, MT1A,
and MT-2B and intracellular GSH-PX activity, but decreased
LDH activity, cell apoptosis, and caspase-3 protein expres-
sion levels in IPEC-J2 cells. Further, CRIP and MT regulate
physiological balance by competitive transport of Zn [39].
In the current study, we found that ZnLA supplementation
promoted the protein expression of CRIP1/2 in IPEC-J2 cells,
suggesting the improvement of Zn transport capacity follow-
ing ZnLA treatment. The results of cell apoptosis and caspase
protein expression also indicated that the antiapoptosis effect
of ZnLA was better than that of ZnSO4 in IPEC-J2 cells.

Mitochondria, a site for the major source of intracellular
ATP, plays a crucial role in scavenging ROS and is tightly
linked to apoptosis and proliferation [40, 41]. Our results
showed that ZnLA treatment increased the mRNA expres-
sion of PDHA1 and UCP2 in IPEC-J2 cells. PDHA1 can reg-
ulate mitochondrial ATP production and control the
generation of ROS [42]. This is consistent with the results
of present study that ZnLA treatment increased mitochon-
drial ATP production and decreased the production of

CO
N

Zn
LA

Zn
SO

4

Zn
SO

4+L
A

B

A
A

A

MT-2B

0

5

10

20

15

Re
lat

iv
e m

RN
A

 le
ve

ls 
in

IP
EC

-J
2 

ce
lls

 cu
ltu

re
d 

12
 h

(q)

Figure 3: Effect of zinc lactate on Zn transport, inflammatory cytokines, and antioxidant enzymes in IPEC-J2 cells. Values are expressed as
means ± SEM (n = 4). (a) The activity of GSH-PX; (b) the concentration of LDH; (c) the concentration of MDA; (d) the activity of SOD; (e, f)
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mitochondrial ROS. UCP2, a protein on the inner membrane
of mitochondria, can inhibit mitochondrial membrane trans-
port pore opening, prevent mitochondrial Ca2+ overload, and
reduce the formation of ROS, thereby inhibiting cell apopto-
sis [43]. Diano and Horvath reported that UCP2 activation

could increase proton leak and then decreased ROS produc-
tion to defend against oxidative stress [44]. Based on the
detection of cell respiration, we also observed that ZnLA
administration increased mitochondrial proton leakage,
mitochondrial basal OCR, and nonmitochondrial respiratory
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Figure 4: Effects of zinc lactate on the AMPK-Nrf2-p62 signaling pathway in IPEC-J2 cells. Values are expressed asmeans ± SEM (n = 4). (a)
Localization of Nrf2 (×63 magnification): red, Nrf2; blue, DAPI; (b) localization of Keap1 (×63 magnification): red, Keap1; blue, DAPI; (c, d)
protein expression of AMPK-Nrf2 pathway; (e) p62 protein expression; (f) the mRNA expression of Beclin, p62, LC3B-1, and LC3B-2.
a,b,cMeans of bars with different letters were significantly different (P < 0:05).
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capacity, suggesting that ZnLA could improve mitochondrial
respiratory metabolism and maintain energy equilibrium in
IPEC-J2 cells. Our current results showed that ZnLA had
no effect on MMP. It is known that decreased MMP pro-
moted mitochondrial membrane permeability transition
pore opening, activated the caspase-mediated apoptosis
pathway, and led to cell apoptosis [45]. Increased MMP
inhibited oxidative phosphorylation, resulting in an imbal-
ance of energy metabolism [46]. Our results indicated that
ZnLA administration could maintain the homeostasis of
MMP. In addition, our results also showed that ZnSO4+LA
supplementation increased mitochondrial basal OCR, ATP
production, and proton leak. This may be because lactic acid
forms pyruvate in the presence of LDH, which then enters
the mitochondria to participate in energy metabolism,
thereby increasing the production of ATP. These results sug-
gest that ZnLA administration plays important roles in mito-
chondrial function.

Previous studies reported that dietary Zn deficiency
resulted in an increased sensitivity to oxidative stress and
increased ROS production in animals [47]. This was evi-
denced by our findings that treatment with ZnLA improved
antioxidant capacity in IPEC-J2 cells by regulating
antioxidant-related gene expression and antioxidant enzyme
concentrations, as well as reducing mitochondrial ROS levels.
GSH-PX, CAT, and SOD are important members of the anti-
oxidant enzyme system [48]. In the present study, ZnLA
treatment significantly increased the CAT and CuZnSOD
mRNA abundance and the activity of GSH-PX in IPEC-J2
cells, indicating that ZnLA administration may enhance their
antioxidant ability by improving the expression and activity
of antioxidant-related enzymes. Due to alterations in Zn dis-
position during the inflammatory response, this makes it

even easier to interpret the relationship between Zn metabo-
lism and immune function in animals [49]. Our results
showed that ZnLA administration decreased the secretion
of proinflammatory cytokines such as IL-6 and TNF-ɑ in
IPEC-J2 cells. This is consistent with a previous study as
reported that addition of ZnLA could decrease serum IL-6
concentration of grass carp to improve immunity. Recent
reports have proved that Zn plays a role in maintaining the
integrity of the intestinal mucosa through its function in T
cell generation and regulating inflammatory cytokines [50].

It has been reported that antioxidant enzyme activities
were partly related to the gene transcription, which were reg-
ulated by Nrf2/Keap1 signaling molecules [51]. In the pres-
ent study, ZnLA administration promoted Nrf2 nuclear
translocation and prevented the formation of the Nrf2/Keap1
complex, which resulted in the upregulation of antioxidant
gene expression. Bartolini et al. reported that the aggregation
of p62 enhanced its interaction with Keap1 and blocked the
degradation of Keap1 by autophagosomes, thus activating
the translocation of Nrf2 to the nucleus [52]. However, our
results showed that under H2O2 induction conditions, ZnLA
supplementation decreased the expression of p62 and Keap1,
while increasing the expression of Nrf2. It is possible that the
activated Nrf2 signaling pathway inhibited cell autophagy by
scavenging ROS, thereby forming an antioxidative stress
feedback pathway. Furthermore, there is another evidence
showing that activation of AMPK could alleviate oxidative
stress via the crosstalk between Nrf2 and AMPK signals
[28]. In our current study, Compound C, an AMPK inhibi-
tor, was used to inhibit the activity of AMPK and to investi-
gate the interaction between Nrf2 and AMPK. Our results
showed that under normal conditions, the protein expression
of phosphorylated AMPK was increased by ZnLA
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Figure 5: Effects of zinc lactate on cell apoptosis, mitochondrial ROS, and AMPK-Nrf2-p62 signaling pathway in H2O2-induced IPEC-J2
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administration, and when the activity of AMPK was inhib-
ited by Compound C, ZnLA treatment still led to a decreased
expression of nuclear Nrf2 protein. However, when Com-
pound C was removed, ZnLA administration could signifi-
cantly increase the expression of Nrf2 and decrease p62
protein expression in H2O2-induced IPEC-J2 cells. These
suggest that ZnLA might activate the AMPK-Nrf2-p62 sig-
naling pathway to alleviate oxidative stress in IPEC-J2 cells.
Zimmermann et al. showed that the activation of AMPK
could facilitate the nuclear translocation of Nrf2 and improve
mitochondrial respiratory metabolism in response to oxida-
tive stress [53]. This is consistent with our current results as
showed that ZnLA administration increased the Nrf2 nuclear
translocation and AMPK activity as well as cell respiration,
thereby promoting the expression of antioxidant-related
genes to eliminate excess mitochondrial ROS. These results
indicate that exogenous ZnLA may maintain redox balance
and mitochondrial function by activating the AMPK-Nrf2-
p62 signaling pathway in enterocytes.

5. Conclusions

This study provided evidence that the administration of
ZnLA has a better effect on promoting mitochondrial ROS
against oxidative stress, compared to ZnSO4 treatment. Fur-
thermore, ZnLA supplementation enhanced the activities
and expression of antioxidant enzymes, decreased proinflam-
matory cytokine secretion, and modulated mitochondrial
function by activating the AMPK-Nrf2-p62 pathway under
normal or oxidative stress conditions. The AMPK-Nrf2-p62
pathway activated by ZnLA could further regulate the resto-
ration of redox balance. The in vitro efficacy of ZnLA indi-
cated that it may be used in animal trials for the prevention
of oxidative stress. Our novel findings also suggested that
ZnLA, as a new feed additive for weaned piglets, has the
potential to be an alternative for an equivalent amount of
inorganic Zn.
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Bisphenol A (BPA) and its analogues (BPs) are suspected posing potential endocrine disrupting properties. They might migrate
into foodstuffs through food packaging materials or contaminated water and soil. Dietary exposure is of paramount importance
way for human health. European Food Safety Authority (EFSA) lowered the value of tolerable daily intake (TDI) from
50 μg/kg bw/day (d) to a temporary (t) TDI (t-TDI) of 4 μg/kg bw/d. In this study, the Chinese total dietary samples were
analyzed for assessing the exposure risk of BPs by diets. BPA, bisphenol F (BPF), bisphenol S (BPS), and bisphenol AF (BPAF)
were found in 12 kinds of food samples except for bisphenol B (BPB). A deterministic approach was used to calculate the
dietary intakes of 4 kinds of compounds. For different age and gender groups, the exposure levels of BPA (178.440-
403.672 ng/kg bw/d) was the highest, followed by BPS (21.372-52.112 ng/kg bw/d), BPF (20.641-50.507 ng/kg bw/d), and BPAF
(0.434-1.210 ng/kg bw/d). Based on the t-TDI set by EFSA (4μg/kg bw/d for BPA), the BPs through dietary intake pose low risks
on the Chinese general population even summarization exposure levels of different BPs. However, human can be exposed to
multiple endocrine disrupting chemicals rather than BPs alone; combined exposure risks should be further considered.

1. Introduction

Bisphenol A (BPA) is a high-production and high-volume
chemical, which is used to manufacture various commodi-
ties, such as inner coatings and contact materials of beverage
or food due to its rigidity, transparency, and resistance [1].
However, BPA has been shown to be migrated into food,
and the migration can be amplified by exposure to alkaline
or acidic conditions. Possible sources of human exposure to
BPA has been reported, including personal care products
[2], teethers [3], environmental water [4], dust [5], air [6],
thermal papers [7], drinks [8], and food [9–13]. Diet is the
major source of exposure to BPA [9]. An increasing number
of studies have shown that exposure to BPA is associated
with a variety of toxicities in the neurological [14], endocrine
[15], reproductive [16], metabolic [17], and immune systems

[18]. Regulations on the production and use of BPA have
been brought into force in European Union [19], United
States [20], South Korea [21], Japan [22], and China [23].
In 2015, the European Food Safety Authority lowered the
value of tolerable daily intake (TDI) from 50μg/kg bw/day
(d) to a temporary (t) TDI (t-TDI) of 4μg/kg bw/d [19].

Due to the limitation of the BPA use, the bisphenol
analogues (BPs), such as BPB, BPS, BPF, and BPAF, were
developed as alternatives to BPA and replaced BPA for use
in epoxy resins, plastics, thermal papers, and food can lin-
ings. As a consequence, BPA analogues were found in several
foods (cereals, fruits, meats, etc.) including the commodities
from China [24, 25]. However, the endocrine disruptive
nature of these analogues seems that they are not less toxic
than BPA. Previous reports have shown that the adverse
effects of BPs are similar with BPA or more harmful than
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BPA [26, 27]. Thus, there is increasing demand for the risk
assessment of combined exposure of different BPs. Total diet
study (TDS) is considered a most efficient and effective
method to evaluate the average daily dietary intake of certain
chemical substances through the ready-to-eat diet in popula-
tions of different ages or genders. The ready-to-eat diet has
the advantage of considering loss or introduction of target
chemicals and providing analytical results for realistic esti-
mation of dietary intake [28]. In fact, TDS can be used as a
priority-setting tool to enable risk managers to focus their
limited resources on target compounds. To date, only dietary
intakes of BPA in the composite food samples from the
Chinese or Canadian TDS were reported [28, 29]. Dietary
intake data from TDS on other BPs was not available by far.

The objectives of this work are (i) to investigate the con-
tamination levels of different BPs in the fifth Chines TDS
(2009-2013) and (ii) estimate exposure risk among different
age and gender Chinese populations.

2. Materials and Methods

2.1. Reagents and Chemicals. BPA (CAS 80-05-7, purity
98.5%), BPA-d4 (purity > 97:8%) BPB (CAS 77-40-7, purity
> 98:5%), BPF (CAS 620-92-8, purity > 99:0%), BPAF
(CAS 1478-61-1, purity 98.0%), and BPS (CAS 80-09-1,
purity > 98%) were supplied by Tokyo Chemical Industry
Co. Ltd. (Tokyo, Japan). BPF-d10 (purity > 99%) and
BPS-13C12 (purity > 99%) were purchased from Toronto
Research Chemical Inc. (Ontario, Canada), and BPAF-d4
(purity > 99%) was available from CDN Isotopes Inc. (Que-
bec, Canada). BPA-d4 (purity > 99%) and BPB-13C12
(purity > 99%) were obtained from Cambridge Isotope Labo-
ratories Inc. (Andover, MA). LC-MS grade methanol
(MeOH) and acetonitrile (ACN) were offered by Sigma
−Aldrich (St. Louis, MO). Ultrapure water was obtained
from a Milli-Q ultrapure system (Millipore, Bedford, MA,
USA). Phosphate-buffered saline (PBS, 0.2M) was purchased
from Solarbio Science & Technology Co., Ltd. (Beijing,
China). The stock standard solutions (10μg/mL) were indi-
vidually prepared by dissolving in MeOH and were stored
at −20°C. Working solutions were prepared by serial dilution
of stock solutions with MeOH/water (50 : 50, v/v).

2.2. Sample Collection. All samples were from the fifth Chi-
nese TDS. The sampling strategy were similar to the fourth
Chinese TDS in 2007 [28]. Compared to the fourth Chinese
TDS, the sampling sites of the fifth Chinese TDS were
enlarged from 12 to 20 provinces (municipalities, autono-
mous regions), which were geographically divided into four
regions. The regions were as follows: North region 1: Hei-
longjiang (HLJ), Liaoning (LN), Hebei (HB), Jilin (JL) prov-
inces, and Beijing Municipality (BJ); North region 2: Henan
(HN), Shanxi (SX), Qinghai (QH) provinces, Ningxia Hui
Autonomous Region (NX), and Nei Monggol Autonomous
Region (NM); South region 1: Jiangxi (JX), Fujian (FJ), Zhe-
jiang (ZJ) provinces, and Shanghai Municipality (SH); and
South region 2: Hubei (HuB), Sichuan (SC), Hunan (HuN),
Guangdong (GD) provinces, and Guangxi (GX) Zhuang
Autonomous Region. Each region and each province repre-

sent a major market basket and a minor market basket,
respectively. In each province (municipality, autonomous
region), three survey points (two rural and one urban sites,
each site has 30 households) was selected. The selected survey
points shall be able to represent the general dietary habits,
nutritional pattern, and actual dietary structure of residents
of each province. The household-based dietary survey
adopted a three-day weighed food record method. The con-
sumption foods were classified into 12 groups: cereals and
cereal products, legume and related products, potatoes and
potato products, meats and meat products, eggs and egg
products, aquatic foods and aquatic food products, milk
and dairy products, vegetables and vegetable products, fruits
and fruit products, sugar and sugar products, beverages and
water, and alcohol beverages. Samples of various groups were
purchased from markets, grocery stores, shops, and farms
near the survey points and were cooked and mixed to form
the composites of different food groups similar to the average
daily consumption for the population in the province
(municipality, autonomous region) according to the results
of dietary survey. All samples were stored at -20°C until use.

2.3. Sample Preparation. All samples were divided into three
broad categories: plant-derived foods (including cereals and
cereal products, legume and related products, potatoes and
potato products, vegetables and vegetable products, fruits and
fruit products, and sugar and sugar products), animal-derived
foods (including meats and meat products, eggs and egg prod-
ucts, aquatic foods and aquatic food products, and milk and
dairy products), and beverages (including beverages and water
and alcohol beverages). The sample preparation methods were
based on our previous work [30, 31] with some modifications.

For plant-derived foods, 1 g of homogeneous sample were
weighed in 15mL polypropylene centrifuge tubes. After the
addition of ACN (5mL), the tube was vortexed for 30 s. The
sample was then ultrasonically extracted for 20min and cen-
trifuged at 9184g for 10min. The supernatant was transferred
to another 15mL polypropylene centrifuge tube. The extrac-
tion step was repeated, and the respective extracts were com-
bined and concentrated to dryness by a gentle stream of N2
at 40°C. The residue was redissolved in MeOH/PBS (10 : 90,
v/v; 10mL), and the solution was vortexed for 30 s. The resul-
tant solution was subjected to IAC cleanup.

For animal-derived foods, 1 g of sample were weighed in
15mL polypropylene centrifuge tubes. ACN (5mL) was added.
The mixtures were vortexed for 30 s, ultrasonically extracted
for 20min, and centrifuged at 9184g for 10min. The superna-
tants were transferred to fresh 15mL polypropylene centrifuge
tubes; then, PBS (3mL) was added, and the mixture was stored
at −20°C for 3h. The upper ACN layer was then collected and
concentrated to dryness by a gentle stream of N2 at 40

°C. The
residue was redissolved in MeOH/PBS (10 : 90, v/v; 10mL),
and the solution was vortexed for 30 s. The resultant solution
was subjected to IAC cleanup.

For beverage samples were firstly degassed in an ultra-
sonic bath for 30min. Degassed samples (4mL) were diluted
with 16mL PBS and adjusted to pH8.5 with sodium hydrox-
ide solution (0.2M). The resultant solution was subjected to
IAC cleanup.
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The prepared solution was loading onto the IAC, then
washed with PBS (9mL) and water (9mL). Finally, MeOH
(3mL) was used to desorb BPA and BPs. The MeOH-
containing analytes were collected and evaporated under
nitrogen at 40°C. The residue was redissolved with MeOH/-
water (30 : 70, v/v; 1mL), and the solution was centrifugated
at 9000 rpm and transferred 800μL into vial, then analyzed
by ultrahigh-performance liquid chromatography tandem
mass spectrometry (UHPLC-MS/MS).

2.4. Instrumental Analysis.UHPLC-MS/MS analysis was car-
ried out using a UHPLC system (Nexera X2, Shimadzu,
Japan) coupled with a Shimadzu LC-MS 8060 triple quadru-
pole mass spectrometer (Kyoto, Japan). UHPLC separation
was performed on a Waters ACQUITY BEH C18 column
(2:1mm × 100mm; 1.7mm; MA, USA). The column tem-
perature was set at 40°C with a flow rate of 0.3mL/min, and
the injection volume was 5μL. The mobile phases consist of
methanol and water. The initial gradient conditions were
30% methanol, followed by a linear increase to 100% metha-
nol in 6min, and then changed to isocratic conditions with
100% methanol for 2min. Subsequently, the mobile phase
was decreased to 30% methanol in 1min, held for 3min
before the next injection. The MS/MS detection was operated
in the negative ionization mode with multiple reaction mon-
itoring. N2 was used as the nebulizing gas at flow rate of
3 L/min; heating gas and drying gas flow rate were 10 L/min
and 10 L/min, respectively. Interface temperature, desolva-
tion line temperature, and heat block temperature were
300°C, 250°C, and 400°C, respectively. The optimizedMS/MS
parameters for the target compounds are given in Table S1.

2.5. Quality Assurance and Quality Control (QA/QC). Isoto-
pic-labeled internal standards (BPS-13C12, BPF-d10, BPA-d4,
BPB-13C12, and BPAF-d4,) were used to compensate for the
matrix effect and recovery loss during the whole analytical
procedure. BPS, BPF, BPA, BPB, and BPAF in the food sam-
ples were quantified using calibration curves (r > 0:999) that
were established with seven different concentrations of target
standards (0.05-5.00 ng/mL for BPS and BPAF, 0.50-
50.0 ng/mL for BPA and BPB, and 1.00-100 ng/mL for
BPF). The limits of quantification (LOQs) of BPS and BPAF
were 0.05μg/kg for plant-derived foods and animal-derived
foods and 0.013μg/L for beverages. The LOQs of BPA and
BPB were 0.5μg/kg for plant-derived foods and animal-
derived foods and 0.10μg/L for beverages, respectively. The
LOQs of BPF were 1.0μg/kg for plant-derived foods and
animal-derived foods and 0.20μg/L for beverages, respec-
tively. The recoveries of BPS, BPF, BPA, BPB, and BPAF
standards spiked in the matrix sample ranged from 84.6 to
116.8%, 86.4-113.3%, 87.2-116.3%, 87.3-116.7%, and 87.7-
117.5%, respectively. The coefficient of variation of all ana-
lytes for spiked samples were both below 13.5%.

Blank contamination is a disturbing problem in the ultra-
trace analysis of BPA and should be avoided in order to achieve
low detection limit [32]. Several methods were applied to lower
the BPA contamination: (i) glassware were used instead of plas-
tics, and glassware was consecutively rinsed with MeOH and
ultrapure water, then baked for four hours at 400°C in a muffle

furnace before use (L9/11/B 170, Nabertherm Industrial Fur-
naces Limited, Lilienthal/Bremen, Germany) [28]; (ii) proce-
dural blanks were analyzed to evaluate background
concentration of each analyte, and the concentration was
ensured to be below the corresponding LOQ; and (iii) a mid-
point calibration standard and methanol were injected every
10 sample injections to check for the instrumental stability, con-
tamination, and the carry-over between samples [33].

2.6. Food Consumption and Bodyweight Data. We combined
different age (2-7, 8-12, 13-19, 20-50, 51-65, and >65-year-
old) and gender groups to estimate daily dietary intakes (EDI)
of seven analytes. The data of food consumption (Table S2)
and body weights (Table S3) given by the fifth China total
diet study [34] and National Health and Family Planning
Commission of the People’s Republic of China [35, 36] were
used to calculate the dietary doses of different food groups.

2.7. Estimation of Daily Intake. Estimation of daily intake
(EDI) represented the individual dietary exposure of specific
age and gender groups of the general population bymultiplying
the detected levels of target foods and by the average daily food
intake of the corresponding food items in each age and gender
group [9]. EDI for different age and gender groups was assessed
and can be expressed using the following equations:

EDI = C/w × FI
BW , ð1Þ

where EDI (ng/kg body weight (bw)/day (d)) expresses daily
exposure for the different age (2-7, 8-12, 13-19, 20-50, 51-65,
and >65-year-old) and gender groups; C (μg/kg) expresses
themeasuredmean concentrations of seven analytes in the cor-
responding food item in the current study, and concentrations
below the LOD were replaced by 0.5 LOD, and those below the
LOQ but above the LOD by 0.5 LOQ [37]; w expresses the
water dilution coefficient of the food samples (Table S4); and
FI (g/day) expresses the food intake of the corresponding
food item by each age and gender group.

3. Results and Discussion

3.1. EDCs in Foodstuffs.Among 240 composite samples involv-
ing in 12 different food items, the highest overall detective rate
was found to be 76.7% (BPS), followed by 75.8% (BPA), 29.2%
(BPF), 20.8% (BPAF), and 0 (BPB). BPB was not detected in
any of the 240 food samples; it is unlikely that BPB have been
used in food packaging. This was consistent with previous
reports [25, 38]. Furthermore, BPB was also not detected in
breast milk and urine samples from Chinese residents [39,
40]. This suggested that Chinese people were not exposed to
BPB through dietary or environmental conditions. Concentra-
tions of detected 4 EDCs are listed in Table 1. It is noteworthy
that all the samples were cooked and then mixed with water.
Therefore, we converted the concentrations of detected EDCs
in water-diluted samples into original concentrations of EDCs
in uncooked samples based on the water dilution coefficient
(Table S4). Although BPA was gradually replaced by its
analogues, it was demonstrated that BPA and BPS were the
predominant contaminants in foodstuffs. Mean BPA
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Table 1: Concentrations of EDCs in different categories of food items collected from 20 provinces in China.

BPA BPS BPF BPAF

Cereals (n = 20)
Mean (μg/kg) 4.058 0.314 0.352 0.020

Range (μg/kg) <LOD-14.773 <LOD-2.203 <LOD-1.743 <LOD − <LOQ
Detective rate (%) 75.0 70.0 40.0 70.0

Legumes and nuts (n = 20)
Mean (μg/kg) 0.815 4.570 5.248 0.032

Range (μg/kg) <LOD-2.908 <LOD-47.932 <LOD-81.034 <LOD-0.188
Detective rate (%) 45.0 65.0 70.0 80.0

Potatoes (n = 20)
Mean (μg/kg) 7.018 0.618 0.218 0.046

Range (μg/kg) <LOD-42.945 <LOD-7.619 <LOD-1.160 <LOD-0.753
Detective rate (%) 90.0 85.0 10.0 10.0

Meats (n = 20)
Mean (μg/kg) 2.756 1.774 0.416 0.008

Range (μg/kg) <LOD-12.088 <LOD-10.121 <LOD-1.535 <LOD
Detective rate (%) 80.0 90.0 25.0 0

Eggs (n = 20)
Mean (μg/kg) 5.531 0.747 4.040 0.013

Range (μg/kg) <LOD-28.720 <LOD-5.339 <LOD-67.831 <LOD-0.100
Detective rate (%) 90.0 90.0 30.0 10.0

Aquatic foods (n = 20)
Mean (μg/kg) 3.302 1.635 0.653 0.016

Range (μg/kg) <LOD-19.366 <LOD-9.127 <LOD-5.121 <LOD-0.121
Detective rate (%) 70.0 90.0 30.0 10.0

Milk (n = 20)
Mean (μg/kg) 1.107 0.459 0.281 0.008

Range (μg/kg) <LOD-4.390 0.324-1.217 <LOD-1.710 <LOD
Detective rate (%) 60.0 100.0 20.0 0

Vegetables (n = 20)
Mean (μg/kg) 15.073 0.738 0.621 0.016

Range (μg/kg) <LOD-29.966 <LOD-2.437 <LOD-2.997 <LOD − <LOQ
Detective rate (%) 70.0 80.0 40.0 45.0

Fruits (n = 20)
Mean (μg/kg) 14.991 0.795 0.641 0.010

Range (μg/kg) <LOD-26.420 <LOD-2.006 <LOD-8.572 <LOD − <LOQ
Detective rate (%) 80.0 95.0 25.0 10.0

Sugar (n = 20)
Mean (μg/kg) 12.581 0.553 0.280 0.008

Range (μg/kg) <LOQ-69.431 <LOD-2.633 <LOD-1.602 <LOD
Detective rate (%) 70.0 70.0 10.0 0

Beverages and water (n = 20)
Mean (μg/L) 1.074 0.439 0.852 0.003

Range (μg/L) <LOD-3.783 <LOD-8.560 <LOD-11.346 <LOD − <LOQ
Detective rate (%) 80.0 30.0 20.0 15.0

Alcoholic beverages (n = 20)
Mean (μg/L) 1.498 0.006 0.109 0.002

Range (μg/L) 0.285-4.487 <LOD-0.029 <LOD-0.982 <LOD
Detective rate (%) 100.0 55.0 30.0 0
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concentrations ranged from 0.815 to 15.073μg/kg. The BPA
concentration of sugar from LN province (69.431μg/kg) were
the highest in all the samples. In China, more than 90% of the
sugar production was contributed by sugarcane [41]; the
BPA-contaminated sugarcane in LN was extracted and
concentrated during the production process leading to the
high concentrations of BPA in sugar. Besides, alcoholic
beverage samples were all found to be positive; this is due to
the migration of BPA from the packaging material (glass
bottle or plastic bottle) and the stopper of the glass bottle [42].
Compared to beverages and water, mean concentrations of
BPA in alcoholic beverages was higher; it can be interpreted
as the higher solubility of BPA in alcohol than in water.
Increase levels of BPA was found when comparing with
previous Chinese TDS in year 2007 [28]; it can be explained
by the fact that growing demand of polycarbonates in
consumer goods results in the increase use of BPA. The
highest mean concentrations were found in vegetables (mean:
15.073μg/kg) and fruits (mean: 14.991μg/kg), followed by
sugar (mean: 12.581μg/kg), which may be due to its
widespread presence as environmental contaminants or due
to migration from food contact materials. BPA concentrations
(1.074μg/L) in beverages and water in China were consistent
with those in Australia [43], French [44], and Portugal [45],
but higher than those in Norway [13]. The mean levels of
BPA in meat (2.756μg/kg) and aquatic foods (3.302μg/kg)
are similar to those reported by Zhou et al. [25].

The overall detective rate of BPS was comparable with
BPA. The highest BPS concentration (59.915μg/kg) was
detected in legumes and nuts from SX province. The highest
mean concentration of BPS was also found in legumes and
nuts (4.570μg/kg), followed bymeat (1.774μg/kg) and aquatic
foods (1.635μg/kg). Compared with nonfat food, concentra-
tion of BPS in fat food showed higher levels. The similar trend
was found in reports by Zhou et al. [25] and Liao and Kannan
[24]. Except for the above three food items, levels of BPS in the
rest of food items were significantly higher than those reported
by Liao and Kannan [24]. It implies that BPS were increasingly
used as a main substitute of BPA in China.

BPF also was detected in various food items (29.2% detec-
tive rate). The items of legumes and nuts and eggs contained
high concentrations of BPF, and the overall mean concentra-
tions in these two items were 5.248 and 4.040μg/kg, respec-
tively (Table 1). Mean concentration of BPF in 240 samples
ranged from 0.109 to 5.248μg/kg, which was consistent with
those in 289 samples from China [24] and 267 samples from
United States [46], respectively. The highest concentration of
BPF (94.854μg/kg) was detected in legumes and nuts from

HLJ province. The detective rate of BPAF was the lowest in
4 EDCs. It should be noticed that BPAF was frequently
detected in cereals (70.0%) and legumes and nuts (80.0%).
There is a conjecture to explain the high detective rates in
these food items: crops may absorb and concentrate the
BPF and BPAF from their growing environment, such as
water, soil, air, and dust [25].

3.2. Dietary Intakes of EDCs. The previous studies [9, 44] indi-
cated that dietary intakes of EDCs showed a decrease with the
growth of the age. This study shows the same trend in Table 2.
The highest and the lowest dietary intakes of each EDCs were
in 2- to 7-year-old children and over 65-year-old elders,
respectively. We found that there was almost no difference
in the dietary intakes of BPA between genders. It should be
noted that dietary intakes of people aged 2- to 19 year old (crit-
ical time of development) were obviously higher than that of
aged above 19. When EDCs are present during development,
there is now a growing probability that maternal, fetal, and
childhood exposure to chemical pollutants play a larger role
in the etiology of many endocrine diseases and disorders of
the thyroid, immune, digestive, cardiovascular, reproductive,
and metabolic systems [47]. These suggested that EDC expo-
sure has greater impact on pre-teens than in adults [9]. Con-
sidering the similar structure and endocrine disrupting
properties of BPA and other BPs, the exposure levels of all che-
micals were summed up to assess the risks through dietary
intake (Table 2); the combined exposure levels (222.337-
507.501ng/kgbw/d) were still below the t-TDI of BPA [19],
which indicated the safety of BPA exposure. The exposure
levels of BPA (178.440-403.672ng/kg bw/d) was the highest,
followed by BPS (21.372-52.112ng/kg bw/d), BPF (20.641-
50.507ng/kgbw/d), and BPAF (0.434-1.210ng/kg bw/d). The
order was consistent with those of BPs which was conducted
by Zhou et al. [25]. Large amounts of sewage sludge were
applied as land every year, and plant-derived food could
adsorb EDCs through leaves or roots from the land. Concen-
trations of EDCs in sewage sludge reported by Song et al.
[48] in China were BPA (9.4ng/g), BPS (4.3ng/g), BPF
(1.9ng/g), and BPAF (0.4ng/g); the order was the same as
the exposure of EDCs in this study. However, the mean expo-
sure of BPF reported by Liao and Kannan [24] was ca 10 times
higher than that of BPS. It can be explained by the fact that the
samples collected by Liao and Kannan were from nine cities in
China; the dietary characteristics of residents in different cities
were not fully considered. The intake of BPA in fifth Chinese
TDS in this study (200.955ng/kg bw/d, mean value for male
and female above age of 19) was lower than those reported

Table 2: Dietary exposure of EDCs in different gender and age groups (ng/kg bw/d).

2-7 (alla) 8-12 (all) 13-19 (M b) 13-19 (F c) 20-50 (M) 20-50 (F) 51-65 (M) 51-65 (F) >65 (M) >65 (F) Mean (>19, all)
BPA 403.672 331.271 321.082 269.759 199.489 218.320 208.380 221.212 178.440 179.890 200.955

BPS 52.112 42.755 40.622 37.975 26.146 27.365 26.159 26.737 22.463 21.372 25.040

BPF 50.507 41.661 39.707 38.501 24.918 26.478 25.144 25.869 21.374 20.641 24.071

BPAF 1.210 0.936 0.868 0.770 0.539 0.544 0.528 0.529 0.453 0.434 0.505

∑BPs 507.501 416.623 402.279 347.005 251.092 272.707 260.211 274.347 222.730 222.337 250.571
aAll stands for male and female, bM stands for male; cF stands for female.
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Figure 1: Continued.
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by Liao and Kannan [24], but higher than the fourth Chinese
TDS by Niu et al. [28] and 2008 Canadian TDS by Cao et al.
[29]. Compared to the TDS in China and Canada, the increase
of BPA exposure in fifth Chinese TDS can be interpreted as ris-
ing consumption of BPA. It is reported that BPA consumption
in China has increased 10-fold for 2000-2014, to ca. 3 million
tonnes per year [49]. Intake of BPA in this study was in the
range of those reported by the US National Toxicology Pro-
gram [50] (8–1500ng/kgbw/d) and was somewhat lower than
those reported by the FAO&WHO [51] (400–1400ng/kgbw/d)
and EFSA [52] (1500ng/kgbw/d). Difference in food habits
may contribute to the high intakes of FAO and WHO and
EFSA. Migration of BPA often occurs from epoxy can coatings
to contents; canned food is largely consumed as the main part
of the diet of people from many countries. It was reported that

Chinese ate only 1kg of canned food per year, but European
and American ate 50 and 90kg per year, respectively [53].

The EDI of EDCs by the adult residents from 20 prov-
inces were shown in Figure 1. The EDI of BPA was higher
among the residents of the industrially developed provinces
(JL, LN, JS, ZJ, HuB, SC, and SX) than among those of the
other regions. The most likely causes of the above is that
higher BPA consumptions of industries in these provinces
contributes to the dietary intake. The EDI of BPS was higher
in the North 2 and South 2 regions due to the high concentra-
tions of BPS and high consumption of meat in these regions.
The EDI of BPF in the north regions was higher than that of
the south regions. The high dietary intake may be related to
the consumption and concentrations of BPF in legumes
and nuts and eggs. The EDI of BPAF among the southeast
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Figure 1: Dietary intakes of (a) BPA, (b) BPS, (c) BPF, and (d) BPAF among 20 provinces.
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Figure 2: Food items that contribute to total dietary exposure to (a) BPA, (b) BPS, (c) BPF, and (d) BPAF of the different age/gender groups.
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of China (JL and LN), South I regions (JS, ZJ, and FJ), QH,
and HuB shows high dietary intake; this may be explained
by the fact that BPAF was used as important chemical raw
materials in these industrial provinces.

BPA contributed to the majority of the total intakes of the
EDCs, and the mean dietary exposure to other EDCs was as fol-
lows: BPS was 25.040ng/kgbw/d for adult; this was followed by
BPF (24.071ng/kgbw/d), and BPAF (0.505ng/kgbw/d),
respectively. It was higher than those reported earlier (BPS,
1.310ng/kgbw/d; BPF, 7.460ng/kgbw/d; and BPAF,
0.275ng/kgbw/d) [46]. What deserves our attention is the
increasing dietary intakes of BPA, BPS, and BPF, while that of
BPAF changed less than other EDCs. Because manufacturers
have begun to apply BPS and BPF as BPA substitutes in con-
sumer and commercial use, but BPA are still the predominant
chemical used in plastics, food packaging, and other products
[27].

The contribution of various food items to total dietary
intake of BPA, BPS, BPF, and BPAF are shown in Figure 2
and showed small difference in all age and gender groups.
For BPA, the main dietary contributors were vegetables
(46.7%-58.4%), cereals (18.1%-21.1%), and fruits (8.9%-
17.1%). The results were similar with Niu et al. [28]. For
BPS, the main dietary contributors were legumes and nuts
(18.4%-30.1%), vegetables (16.5%-23.8%), and meats (13.5%-
19.7%). For BPF, the main dietary contributors were legumes
and nuts (20.6%-32.3%), beverages and water (15.2%-19.8%),
and vegetables (14.0%-21.2%). For BPAF, the main dietary
contributors were cereals (33.7%-41.3%) and potatoes
(17.1%-21.2%). As shown above, vegetables, cereals, and bev-
erages and water contribute most of the EDC exposure,
because these three food items are the major part of people’s
diet, where the daily consumption are higher than other food.
It is important to note that legumes and nuts contribute a lot
to the dietary intake of BPS and BPF though its dietary con-
sumption and is not as many as vegetables, cereals, beverages
and water. The explanation could be that the BPF is often used
in industrial floors and food packaging [27].

4. Conclusion

This report surveyed the contamination levels of 5 kinds of
EDCs in food samples from the fifth Chinese TDS and found
they were detected with varying degrees. Among all the die-
tary samples, BPB was not found, and detective rates of
BPA and BPS were more than 75.8%. The exposure levels
of BPA (178.440-403.672 ng/kg bw/d) was the highest,
followed by BPS (21.372-52.112 ng/kg bw/d), BPF (20.641-
50.507 ng/kg bw/d), and BPAF (0.434-1.210 ng/kg bw/d).
This result implied that though BPF has a low detective rate,
BPS and BPF were used as main BPA alternatives. The die-
tary intake of BPA for Chinese people in different age or gen-
der groups was below the TDI. Especially for the children
aged 2-7 years old, dietary intakes of all the EDCs were nearly
twice the value of people aged above 19 years old, which
posed a potential threat to growth and development of chil-
dren. Coexistence of BPs often happened in food; a mixture
of BPs at lower concentration than BPs alone still had estro-
gen and antiandrogen activity [54]. Though TDI of BPS, BPF,

and BPAF have not been set by authorities yet, the health risk
caused by the coexposure of BPs should not be overlooked.
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Ophiopogonin D (OPD) and Ophiopogonin D′ (OPD′) are two bioactive ingredients in Ophiopogon japonicus. Previously
published studies have often focused on the therapeutic effects related to OPD’s antioxidant capacity but underestimated the
cytotoxicity-related side effects of OPD′, which may result in unpredictable risks. In this study, we reported another side effect
of OPD′, hemolysis, and what was unexpected was that this side effect also appeared with OPD. Although hemolysis effects for
saponins are familiar to researchers, the hemolytic behavior of OPD or OPD′ and the interactions between these two isomers
are unique. Therefore, we investigated the effects of OPD and OPD′ alone or in combination on the hemolytic behavior in vitro
and in vivo and adopted chemical compatibility and proteomics methods to explain the potential mechanism. Meanwhile, to
explain the drug-drug interactions (DDIs), molecular modeling was applied to explore the possible common targets. In this
study, we reported that OPD′ caused hemolysis both in vitro and in vivo, while OPD only caused hemolysis in vivo. We
clarified the differences and DDIs in the hemolytic behavior of the two isomers. An analysis of the underlying mechanism
governing this phenomenon showed that hemolysis caused by OPD or OPD′ was related to the destruction of the redox balance
of erythrocytes. In vivo, in addition to the redox imbalance, the proteomics data demonstrated that lipid metabolic disorders
and mitochondrial energy metabolism are extensively involved by hemolysis. We provided a comprehensive description of the
hemolysis of two isomers in Ophiopogon japonicus, and risk warnings related to hemolysis were presented. Our research
also provided a positive reference for the development and further research of such bioactive components.

1. Introduction

Hemolysis is the rupturing of erythrocytes and the release
of their contents into the surrounding fluid. Hemolysis
may occur in vivo or in vitro. Many factors can cause
hemolysis, such as intrinsic causes (i.e., defects in the red
blood cell (RBC) membrane, defects in hemoglobin [1],
defective erythrocyte metabolism [2], Marchiafava-Micheli
syndrome [3], etc.) and extrinsic causes (i.e., immune-
mediated causes [4], toxicants or chemical reagents, phys-

ical factors [5], etc.). Regardless of intrinsic or extrinsic
causes, disrupted redox balance is one of the common
causes of hemolysis. The RBCs, in addition to their pri-
mary role as oxygen carriers, function as redox modulators
[6]. However, this modulation ability is limited. Instead,
mature erythrocytes, with their absence of protein synthe-
sis and high oxygen-carrying capacity, are particularly sus-
ceptible to oxidative damage because they are rich in heme
iron and oxygen, which can spontaneously generate H2O2
and lipid peroxides [7, 8].
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Ophiopogon japonicus (Thunb.) is a well-known tradi-
tional Chinese medicine used to treat cardiovascular and
chronic inflammatory diseases [9, 10]. Although it is not
included in the medicinal and food dual-use list announced
by the National Health Commission of the People’s Republic
of China, it is allowed to be used in functional foods [11], and
in southern provinces of China, Ophiopogon japonicus is
often used in dietary soups [12]. OPD and OPD′ are two bio-
active ingredients in Ophiopogon japonicus, and they are iso-
mers of each other (see Figure 1). Previously, published
literature on the active monomers in Ophiopogon japonicus
mostly focused on OPD and its antioxidant effect [13–16].
Since 2017, the literature related to OPD′ has gradually
increased and is almost all related to its cytotoxicity [17].
Our mentor’s team reported for the first time that OPD′ at
a concentration greater than 5μmol/L can promote H9C2
cell apoptosis through the endoplasmic reticulum stress
pathway [18]. Based on its cytotoxic effect, Zongliang et al.
[19, 20] developed it as a potential antiprostate cancer agent.
However, with the deepening of our studies, we found that
the cytotoxicity or other properties, such as the hemolytic
properties that we discovered and reported in this manu-
script, of OPD′ limit its druggability. Moreover, in this man-
uscript, we reported that OPD, as an antioxidant, could also
cause hemolysis in vivo. Despite extensive studies, a compre-
hensive analysis of hemolysis and drug-drug interactions
(DDIs) between OPD and OPD′ is missing, limiting our abil-

ity to assess the risks of medicines, functional foods, and diets
containing Ophiopogon japonicus. Previous profiling studies
lacked hemolysis, which necessarily underestimates its
adverse effect and restricts analysis in a hemolysis-biased
manner.

In this study, we investigated the effects of OPD andOPD′
alone or in combination on the hemolytic behavior in vitro
and in vivo. We identified that there is a huge difference in
the hemolysis behavior between OPD and OPD′ and clarified
the specific manifestations of the behavior. We further
adopted chemical compatibility and multiomics (i.e., metabo-
lomics, lipidomics, and proteomics) methods to explain the
different hemolytic behaviors in vitro and in vivo, and we
found that both in vitro and in vivo, redox imbalance and lipid
metabolism disorders played an important role in the hemoly-
sis process. We also inferred that the DDIs between OPD and
OPD′ are not limited to the complementarity of physical and
chemical properties, and a competitive target related to hemo-
lysis may also exist. Therefore, molecularmodeling technology
was used to find the common target of the two isomers.

2. Materials and Methods

2.1. Drugs and Reagents. OPD (F05975, purity: 98% by
HPLC) and OPD′ (F581298, purity: 98% by HPLC) were
purchased from the Shanghai EFE Biotechnology Co., Ltd.
(Shanghai, China). Streptavidin PE conjugate (12-4317-87)
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Figure 1: The chemical structure of Ophiopogonin D (OPD) and Ophiopogonin D′ (OPD′). (a) Ophiopogonin D: ruscogenin 3-O-{α-L-
rhamnopyranosyl (1⟶2)-[β-D-xylopyranosyl (1⟶3)]-β-D-fucopyranoside}. (b) Ophiopogonin D′: diosgenin 3-O-{α-L-rhamnopyranosyl
(1⟶2)-[β-D-xylopyranosyl (1⟶3)]-β-D-glucopyranoside}.Chemical formula: C44H70O16, MW= 854.
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was purchased from Thermo Fisher. Biotinamidohexanoic
acid N-hydroxysuccinimide ester (B2643, purity ≥ 98%,
powder) was purchased from Sigma-Aldrich. 1,1-Diphenyl-
2-trinitrophenylhydrazine (DPPH) was purchased from the
Tokyo Chemical Industry Co., Ltd. (batch number: 217-
591-8). Trolox (Lot No.1218C026, purity: not less than
50%) was purchased from the Solarbio Co., Ltd. (Beijing,
China). Water was prepared by double distillation. All other
reagents were of analytical or HPLC grade. Water, methanol,
acetonitrile, and formic acid were purchased from the Sino-
pharm Chemical Reagent Co., Ltd. (Beijing, China) and
CNW Technologies GmbH (Düsseldorf, Germany).

2.2. Animals, Animal Management, and Experimental
Design. The erythrocyte suspensions used in the in vitro
hemolysis test were collected from New Zealand white
rabbits purchased from the Beijing Jinmuyang Laboratory
Animal Breeding Co., Ltd. (production license: SCXK
(Jing)-2015-0005). An in vivo hemolysis study was conducted
in apparently healthy adult KMmice (18-20g, male). Animals
were purchased from the Beijing Keyu Animal Breeding Cen-
ter (production license: SCXK (Jing)-2018-0010). The animals
used in the multiomics research were Wistar rats that were
purchased from the Beijing Vital River Laboratory Animal
Technology Co. Ltd. (production license: SCXK (Jing)-2016-
0011). All animals were housed in an environmentally
controlled breeding room (temperature: 22 ± 2°C, humidity:
50 ± 5%, dark/light cycle: 12/12h). The animals were provided
with standard laboratory food and water. The rabbits were
raised in a single cage, and 3 mice and rats were raised per
cage. During the experiment, the animals had free access to
food and water [21, 22]. The experimental protocols were
approved by the Animal Ethics Committee of Academy of
Military Medical Sciences (approval No. IACUC-DWZX-
2020-684) and were performed in accordance with the guide-
lines of the National Institutes of Health for the Care and Use
of Laboratory Animals. Prior to each experiment, all animals
were kept under laboratory conditions for a period of 4 days
or more for acclimatization. Since there are multiple indepen-
dent animal experiments, the experimental design is described
in detail under their respective experimental items, such as in
Sections 2.3, 2.6, and 2.7.

2.3. In Vitro Hemolysis Test. The in vitro hemolysis test
referred to the “Technical Guidelines for the Study of Stimu-
lating and Hemolytic Properties of Traditional Chinese Med-
icines and Natural Medicines” issued by the State Food and
Drug Administration in 2005(Guideline number:[Z]-GPT4-
1). Four groups were designed to investigating whether OPD
and OPD′ exhibit drug-drug interactions in hemolytic behav-
ior. They were the OPD group, OPD′ group, OPD+OPD′
group (premixed before administration), and OPD⟶OPD′
group (based on the isomers’ physical and chemical proper-
ties, considering whether preadministration has a protective
effect, we set the OPD⟶OPD′ group, in which OPD and
OPD′ were used in sequence, 5min apart). The concentra-
tions of OPD and OPD′ in each group were 0, 5, 10, 20,
and 40μg/mL. After each group of samples were prepared

according to the guidelines, they were immediately placed
in a 37 ± 0:5°C water bath for 3h, removed, and centri-
fuged at 3000 rpm for 5min, and the supernatant was
transferred to a 24-well plate. An ultraviolet spectropho-
tometer was used to measure the absorbance of each group
of samples at 570nm, calculate the hemolysis rate, and
draw the hemolysis rate-concentration curve.

One of the difficulties in the study of active monomers
of traditional Chinese medicine is poor water solubility,
resulting in dose deviation and inaccurate concentration.
Both of OPD and OPD′ suffered from this problem, and
our pilot studies have shown that 25% methanol in saline
as the solvent can not only completely dissolve OPD and
OPD′ but is also safe for RBCs within 4 h of in vitro
hemolysis experiments. Compared with other solvents,
there were no dose deviations, and the results were extrap-
olated to be more credible clinically.

2.4. Effects of Different Solvents or Compatible Drugs on the
Hemolytic Behavior of OPD′. To investigate the effects of
commonly used clinical solvents on OPD′ hemolytic behav-
ior, saline, glucose (5%), fructose (10%), and mannitol (20%)
were selected to dilute the OPD′ stock liquid, in which OPD′
was completely dissolved in methanol (25%), to the following
series of concentrations 5, 10, 20, 40, and 80μg/mL. The
hemolysis rate of each sample was determined according to
the guidelines, and the hemolysis rate-concentration curve
was drawn.

Trolox is a reductive water-soluble vitamin E that pro-
tects RBCs from hemolysis due to its oxidative properties.
Investigating the effect of the combined use of Trolox and
OPD′ on the hemolytic behavior of OPD′ was helpful to
explore the reasons for the difference in the hemolytic
behavior of the two isomers in vitro. OPD′ (40μg/mL) was
selected as the positive control; at this concentration, the
hemolysis rate of RBCs in vitro was almost 100%. The con-
centration of OPD′ was fixed and mixed with different con-
centrations of Trolox solution, and then, the relationship
between the change in the hemolysis rate and the concentra-
tion of Trolox was revealed. In addition, in the in vitro
hemolysis test, we discovered that the OPD⟶OPD′ group
also exhibited drug-drug interactions. Here, we applied the
same procedure as with Trolox to further explore the effect
of OPD on OPD′-induced hemolysis.

2.5. Reasonable Explanation of the Different Hemolytic
Behaviors of OPD′ and OPD In Vitro

2.5.1. DPPH Method for the Determination of the
Antioxidizability of OPD and OPD′. The DPPH method
[23] was first proposed in 1958 and can be used to determine
the antioxidant capacity of biological samples in vitro. In this
study, it was used to investigate whether the difference in the
hemolytic behavior between the two isomers is related to the
oxidizability and reducibility.

2mL of 5, 10, 20, and 40μg/mL OPD and OPD′ samples
was added to 5 tubes, followed by the addition of 4mL of
24mg/L DPPH ethanol (95%) solution under dark
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conditions and shaking. After avoiding light at room temper-
ature for 30min, UV-visible spectrophotometry was used to
measure the absorbance (Ai) at 517nm. The same amount
of DPPH ethanol (95%) without sample extract was used as
the control group, and the absorbance (A0) of the control
group was measured by the same method. Equation (1) was
used to calculate the inhibition rate, which represents the
antioxidant capacity, and the greater the inhibition rate, the
stronger the antioxidant capacity.

Inhibition rate = A0 − Ai

A0
× 100%: ð1Þ

2.5.2. Effect of OPD′ Alone or in Combination with OPD on
the SOD, MDA, LDH, GSH, and Na+-K+-ATPase Content.
The experiment was divided into 3 groups: normal control
group (NC), OPD′ group, and OPD⟶OPD′ group (OPD
and OPD′ were used in sequence 5min apart). To a 10mL
test tube, 2.5mL of RBC suspension (20%) and then 2.5mL
of test drugs in different groups were added in turn, with
the same volume of solvent added for the control in the NC
group. After careful mixing, the mixture was placed in a
37°C constant temperature water bath and incubated for
4 h. After incubation, the test tubes were carefully removed
and centrifuged at 1500 rpm (4°C) for 10min. The superna-
tant was discarded with a disposable pipette, and 0.2mL of
the lower layer of the RBC pellet was taken for counting
cells, to which 3mL of prechilled purified water was added,
followed by mixing and shaking to fully lyse the RBCs.
Then, it was stored at 4°C until use. The ELISA kit instruc-
tions were followed to determine lactate dehydrogenase
(LDH) enzyme activity and the contents of malondialde-
hyde (MDA), superoxide dismutase (SOD), glutathione
(GSH), and Na+-K+-ATPase in the cytoplasm of each group
of erythrocytes [24, 25].

2.6. In Vivo Hemolysis Test. Biotin labeling, as an alternative
nonradioactive approach for the determination of RBC
survival, is widely accepted [26, 27]. In this study, 30mg/kg
biotinamidohexanoic acid N-hydroxysuccinimide ester solu-
tion was injected via the tail vein to label RBCs. After 1 h, to
determine the efficiency of biotin labeling, blood samples
were collected from each animal, and streptavidin PE conju-
gate was used to bind biotin, which was used to label RBCs
for flow cytometric analysis. Animals with a labeling effi-
ciency greater than or equal to 95% were selected for RBC
lifespan analysis.

Fifteen mice were randomly assigned to 3 groups: normal
control group (NC), OPD group, and OPD′ group. Accord-
ing to the limit of the clinical hemolysis rate (5%) and the
results obtained from the in vitro hemolysis test, the plasma
concentration of OPD′ should not exceed 5μg/mL. The
doses of OPD and OPD′ in each group were defined as
0.25mg/kg; at this dose, the configuration of the drug was
free of organic reagents. All drugs were administered by
intravascular injection for 30 days. Changes in the percentage
of labeled RBCs with the administration time can be used to
estimate the RBC lifespan. The first blood sample analysis

should be completed within 3 days after administration,
and the subsequent analysis interval was based on the first
analysis results, but did not exceed 7 days.

2.7. Proteomics Methods to Explore the Potential Mechanism
of OPD- and OPD′-Induced Hemolysis In Vivo. Twenty-two
rats were randomly assigned to 3 groups: the normal control
group (NC, n = 6), OPD group (n = 8), and OPD′ group
(n = 8). All drugs were administered by intravascular injec-
tion for 14 days. According to the limit of the clinical hemo-
lysis rate (5%) and the results obtained from the in vitro
hemolysis test, the doses of OPD and OPD′ in each group
were defined as 0.25mg/kg. Plasma was prepared by centrifu-
gation for metabolomics and lipidomics analysis. Both meta-
bolomics and lipidomics analyses were performed on a
UPLC-MS/MS system tandem with different mass spectrom-
eters and separated under different LC conditions (unpub-
lished manuscript).

At the same time, the nonanticoagulated whole blood of
each group was prepared into RBC suspensions according
to the guidelines (Guideline number: [Z]-GPT4-1). Subse-
quently, pure water was added to fully lyse the RBC mem-
brane, followed by centrifugation. The supernatant was
discarded, and the precipitate was washed 2-3 times repeat-
edly. Then, the precipitate was the prepared blood ghost,
i.e., the RBC membrane. Fifty microliters of sample lysate
was added, and then, protease inhibitor PMSF was added to
make the final concentration 1mM. The solution was then
boiled for 10min and centrifuged at 12000 g for 10min at
room temperature. The supernatant was centrifuged again,
and the supernatant is the total protein solution of the sam-
ple, with the protein concentration determined by the BCA
method. After protein quantification, 100μg of each sample
was placed into a 10K ultrafiltration tube, and the filter-
aided sample preparation (FASP) method [28] was used to
enzymatically digest the protein. For tandem mass tag
(TMT) labeling, 41μL of anhydrous acetonitrile was added
to a TMT6 [29] reagent vial at room temperature. The
reagents were dissolved for 5min and centrifuged. Then,
41μL of the TMT6 label reagent was added to each 100μL
sample for mixing. The tubes were incubated at room tem-
perature for 1 h. Finally, 8μL of 5% hydroxylamine was
added to each sample and incubated for 15min to terminate
the reaction. The prepared sample was first separated by
reverse-phase chromatographic separation, and the sample
in the period of 8-60min was collected. Then, the collected
samples were further separated by a HPLC system and
detected by mass spectrometry. The data were analyzed by
Proteome Discoverer™ software (Version 2.2, Thermo,
USA), and the databases utilized were UniProt-proteome_
UP000002494-Rattus norvegicus (Rat) (Strain Brown Nor-
way). Detailed proteomic analysis methods can be seen in
the supplementary materials (see Method S1).

2.8. Molecular Modeling to Find the Common Hemolysis
Target of OPD and OPD′. The bioassay of OPD′ and OPD
indicates that they will result in hemolysis in vitro and
in vivo. To predict the putative targets and conduct pathway

enrichment analysis for OPD′ and OPD, the targets

4 Oxidative Medicine and Cellular Longevity



associated with hemolysis were collected from famous data-
bases such as UniProt. Putative target prediction was based
on the SEA (similarity ensemble approach) [30] approach.
This method is based on the molecular fingerprint to calcu-
late the similarity between the query molecule and the corre-
sponding ligand molecule in the target database. ChEMBL17
was used as the target database. RDKit ECFP4 (1024 bits) was
used as the molecular fingerprint. Pharmaceutical target
seeker (PTS) [31] was used as a shape-based approach. In
PTS, the weighted Gaussian algorithm (WEGA) [32], which
is based on molecular three-dimensional conformation
superposition, was used to calculate the 3D similarity
between the query molecule and the corresponding ligand
molecule in the target database. The Reactome Pathway
Database (https://reactome.org) was used for pathway analy-
sis for the predicted potential targets of OPD′ and OPD.

2.9. Statistical Analysis. SAS version 9.1 (SAS Inc. USA) was
used to perform the statistical analyses. All data are expressed
as themean ± SD. For comparisons between two groups, Stu-
dent’s t-test was used. For comparisons among three or more
groups, the data were analyzed using a one-way analysis of
variance (ANOVA). For all analyses, a p value of <0.05 was
considered to indicate statistical significance and a p value
of <0.01 was considered to indicate extreme statistical signif-
icance. GraphPad Prism (version 6.0) was used to draw the
statistical figures.

3. Results and Discussion

3.1. In Vitro Hemolytic Behavior of OPD and OPD′ Is
Inconsistent. The hemolytic behaviors of the 4 test groups
(i.e., OPD, OPD′, OPD⟶OPD′, and OPD+OPD′) are pre-
sented in Figure 2. The curve shows that OPD has no eryth-
rocyte hemolysis in the concentration range of 0-40μg/mL.
In contrast, the RBCs were rapidly hemolyzed within
15min after the administration of OPD′, and the hemolysis
rate was linearly related to the concentration of OPD′.
According to the clinical guidelines, the unacceptable hemo-
lysis rate is 5% (Guideline number: [Z]-GPT4-1); therefore,
the concentration of OPD′ should not exceed 5μg/mL. More
interesting data came from the other two groups, and the
hemolytic behavior of OPD′ was weak when OPD and
OPD′ were used in sequence (group OPD⟶OPD′). At
a concentration of 20μg/mL, the hemolysis rate of the
OPD′ group was approximately 10% lower than that of
the OPD+OPD′ group. However, the OPD⟶OPD′
group’s data suggest that OPD plays a role in protecting
erythrocytes from being destroyed by OPD′. Obviously,
the hemolytic behavior of each group is inconsistent,
which provides much evidence for subsequent research.

3.2. Different Solvents or Compatible Drugs Affect the
Hemolytic Behavior of OPD′ In Vitro. The research results
have shown that different solvents or compatible drugs have
a significant effect on OPD′-induced hemolysis. As shown in
Figure 3(a), compared with saline, glucose (5%), fructose
(10%), and mannitol (20%) alleviated hemolysis caused by

OPD′, and mannitol (20%) had the most obvious alleviating
effect. For example, when mannitol (20%) was used as
the solvent, the hemolysis rate of OPD′ (40μg/mL) was
4:67% ± 0:42%, and this value was 98:15% ± 1:80% when
saline was used as the solvent; therefore, the hemolysis rates
was reduced by 93.48%. Correspondingly, the hemolysis
rates of glucose (5%) and fructose (10%) were 22:53% ±
1:26% and 23:36% ± 1:07%, respectively.

As shown in Figure 3(b), the compatible drug Trolox did
not cause hemolysis in a series of concentrations, and
40μg/mL OPD′ maintained a hemolysis rate close to 100%
(98:15% ± 1:80%). When a series of concentrations of OPD
and Trolox were pretreated with erythrocytes, the high
hemolysis rate caused by OPD′ (40μg/mL) was decreased,
and the degree of reduction was linearly related to the con-
centration of OPD and Trolox. In the range of 5-10μg/mL,
the decreasing effect of OPD was better than that of Trolox.
However, in the range of 20-40μg/mL, the decreasing effect
of OPD was weakened compared with that of Trolox. The
better the decreasing effect, the stronger the ability to protect
erythrocytes.

3.3. Relationship between Different Hemolytic Behaviors of
OPD and OPD′ and the Redox Balance. According to the
results of Figures 2 and 3, OPD, Trolox, glucose (5%), and
fructose (10%) can all alleviate the hemolysis rate caused by
OPD′. Among them, Trolox, glucose (5%), and fructose
(10%) are all reductive substances. To explore whether the
difference in the hemolysis behavior of OPD and OPD′ is
related to reductive or oxidative properties, the DPPH
method was adopted. As shown in Figure 4, OPD′ has almost
no DPPH free radical scavenging ability. In contrast, the
DPPH free radical scavenging ability of OPD became stron-
ger as the concentration of OPD gradually increased. How-
ever, compared with the positive control drug Trolox, OPD
is not as good as Trolox in scavenging DPPH free radicals.
Therefore, OPD′ has almost no reducibility, while OPD has
a certain degree of reducibility, which could reasonably
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Figure 2: In vitro hemolytic behavior of OPD and OPD′. The error
bars represent the standard deviation of measurements for 4 parallel
samples in four separate groups (n = 4).
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explain why OPD has the ability to alleviate hemolysis caused
by OPD′ similar to Trolox, glucose (5%), and fructose (10%).

As shown in Figure 5(a), the LDH content in the erythro-
cyte cytoplasm gradually decreased as the OPD′ concentra-
tion increased compared with that in the NC group. At
concentrations of 10μg/mL and 20μg/mL, the difference
was significant (p < 0:05), and at a concentration of
40μg/mL, the difference was very significant (p < 0:01).
When OPD was used to pretreat erythrocytes at a concentra-
tion of 40μg/mL, the LDH content in the cytoplasm of eryth-
rocytes increased significantly (p < 0:05) compared with that
in the OPD single-use group. After treatment with OPD′, the
MDA content in the cytoplasm of RBCs increased, which was
positively correlated with the OPD′ concentration. Pretreat-

ment with OPD alleviated the increase in the MDA content
caused by OPD′ (Figure 5(b)). Trends similar to the change
in the LDH content also appeared in the SOD, GSH, and
Na+-K+-ATPase content (Figures 5(c)–5(e)). After treatment
with OPD′, the contents of SOD, GSH, and Na+-K+-ATPase
in the erythrocyte cytoplasm all showed a dose-dependent
decrease, and this decrease was reversed or alleviated by pre-
treatment with OPD to a certain extent.

From the results of the in vitro hemolysis test, the effects
of solvents and compatible drugs on the hemolysis test, and
the detection of redox balance-related factors, it is speculated
that the hemolysis caused by OPD′ in vitromay be related to
the destruction of the redox balance. LDH is a marker
enzyme that exists in the cytoplasm of cells and can sensi-
tively reflect the degree of cell membrane damage [33].
MDA is a naturally occurring product of lipid peroxidation
and prostaglandin biosynthesis that is mutagenic and carci-
nogenic [34], and the MDA content reflects the degree of
lipid peroxidation in erythrocytes. SODs constitute a very
important antioxidant defense against oxidative stress in
the body [35]. The enzyme acts as a good therapeutic agent
against reactive oxygen species-mediated diseases. GSH plays
an important role in the body’s biochemical defense system.
In addition to eliminating free radicals generated by metabo-
lism [36], GSH can also improve the body’s immunity. Both
SOD and GSH play a very important role in maintaining the
redox balance. After treatment with OPD′, the erythrocyte
membrane was damaged, resulting in increased membrane
permeability and the leakage of cell content such as LDH.
The MDA content was significantly increased, and both the
SOD and the GSH content were significantly decreased.
Na+-K+-ATPase is an important enzyme for erythrocytes to
complete energy metabolism [37]. It actively transports K+

and Na+, thereby maintaining the balance of osmotic pres-
sure on both sides of the cell membrane. In our study, after
treatment with OPD′, its enzyme activity was suppressed.

0 5 10 15 20 25
Conc. of OPD′ (𝜇g/mL)

30 35 40

0

20

40

60

80
H

em
ol

ys
is 

ra
te

 (%
)

100

OPD′+Saline
OPD′+Glucose (5%)
OPD′+Fructose (10%)
OPD′+Mannitol (20%)

(a)

0 5 10 15 20 25
Conc. of OPD′ or trolox (𝜇g/mL)

30 35 40

0

20

40

60

80

H
em

ol
ys

is 
ra

te
 (%

)

100

40 𝜇g/mL OPD′

OPD→40 𝜇g/mL OPD′

Trolox→40 𝜇g/mL OPD′

Trolox

(b)

Figure 3: Effects of different solvents or compatible drugs on hemolytic behavior of OPD′. (a) The commonly used clinical solvents. (b) The
compatible drugs, OPD, and Trolox. The error bars represent the standard deviation of measurements for 4 parallel samples in four separate
groups (n = 4).
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Therefore, based on the experimental results, we can infer
that the hemolytic behavior of OPD′ in RBCs manifests as
oxidative damage. By inhibiting the activities of SOD and

GSH, it reduces the ability of RBCs to scavenge superoxide
anion free radicals, leading to increased membrane perme-
ability, aggravating the degree of lipid peroxidation of RBC
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Figure 5: Effects of OPD′ and OPD pretreated (OPD⟶OPD′) on LDH, MDA, SOD, GSH, and Na+-K+-ATPase content: (a) LDH content,
(b) MDA content, (c) SOD content, (d) GSH content, and (e) Na+-K+-ATPase content. The error bars represent the standard deviation of
measurements for 3 parallel samples in three separate groups (n = 3). ∗Compared with the NC group, the statistical value was significant
(p < 0:05); ∗∗compared with the NC group, the statistical value was very significant (p < 0:01); #compared with the OPD′ group, the
statistical value was significant (p < 0:05); ##compared with the OPD′ group, the statistical value was very significant (p < 0:01).
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membranes, resulting in increasedMDA content, and further
aggravating the oxidative damage of cell membranes.
Increased membrane permeability also induced LDH leak-
age, which resulted in a decreased LDH content in the cyto-
plasm of erythrocytes. OPD′ can also inhibit the activity of
ATPase on the RBC membrane, affect its material transport
and energy metabolism, and lead to changes in the structure
and function of the membrane. Eventually, erythrocytes were
ruptured, and hemolysis occurred. However, OPD can
reverse the hemolysis caused by OPD′ to a certain extent
because of its reducibility.

3.4. Both OPD and OPD′ Caused Hemolysis In Vivo. The dif-
ferences between the in vitro hemolysis behavior of OPD and
OPD′ and the drug-drug interactions (DDIs) based on the
hemolysis behavior of the two isomers were very peculiar,
which makes us eager to explore the hemolysis behavior
and DDIs of these two isomers in vivo. We have used a vari-
ety of methods to study the hemolytic behavior of OPD and
OPD′ in vivo, such as single-dose- and multiple-dose-based
acute toxicity tests (single-dose or 14 days) and subacute tox-
icity tests (30 days), and the experimental animals include
rats and mice [38]. The data in unpublished manuscripts
show that multiple doses of OPD and OPD′ both caused
hemolysis in vivo, which was manifested by a decrease in
the HGB content, a decrease in the RBC count, and a signif-
icant increase in the absolute value and percentage of RET.
Correspondingly, the results related to hemolysis were also
observed in the pathological changes of organs and the ani-
mal body weight. Urine test results also indicate the occur-
rence of intravascular hemolysis.

Although these indicators indicate the occurrence of
hemolysis, they are not the gold standard examination for
the diagnosis of hemolysis. The essential feature of any
hemolytic disorder is the shortened RBC lifespan [39, 40].
As shown in Figure 6(f), administering OPD and OPD′
through tail vein injection for 30 consecutive days signifi-
cantly shortens the lifespan of RBCs. At the same time point
(i.e., 3rd, 7th, 12th, 18th, 21st, and 30th), compared with the NC
group, the percentages of labeled cells in both the OPD and
OPD′ groups were significantly decreased (p < 0:05 or
0.01). These results confirmed that both OPD and OPD′
caused hemolysis in vivo. Thus far, we not only discovered
the hemolysis of OPD′ in vitro but also found the hemolysis
of OPD in vivo.

There are some possible speculations for this phenome-
non; one is that OPD is biotransformed into OPD′ or its ana-
logues in animals, and the other one is that both OPD and
OPD′ were metabolized into more activated forms for hemo-
lysis, but the speculations lack sufficient data. Based on the
speculations, we studied the possibility of the conversion
between OPD and OPD′ at both the in vivo and in vitro
levels, and the results did not find any signs of such conver-
sion. We hypothesized that the inconsistency of the hemo-
lytic behavior of OPD in vivo and in vitro may be related to
its metabolites, and related research is ongoing.

3.5. Multiomics Studies Reveal the Underlying Mechanism of
Hemolysis Caused by OPD and OPD′. Our previous results
in an unpublished study demonstrated that changes in
endogenous differential metabolites and differential lipids,
enrichment of differential metabolic pathways, and
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Figure 6: Effects of OPD′ and OPD on erythrocyte life span. (a) and (b) exhibited the flow cytometry analysis workflow; (b) 7th day, NC
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Figure 7: Continued.
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correlation analysis all showed that the causes of the hemoly-
sis of OPD and OPD′ are closely related to disorders of phos-
pholipid metabolism.

In this study, we focused on the proteomics results of
blood ghosts. Based on the screening criteria (i.e., fold‐
change > 1:5 or <0.6), 2905 credible proteins were obtained.
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Figure 7: Proteomics results of OPD and OPD′. (a) Venn plot of three compared sets. (b) Up- or downregulated differential proteins in three
compared sets. (c) KEGG bubble plot of three compared sets. (d) Top 10 biological processes, cell components, and molecular functions of
three compared sets. (e) PPI network plots of three compared sets. (i) NC-OPD-compared group, (ii) NC-OPD′-compared group, and
(iii) OPD-OPD′-compared group.
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Compared with the NC group, 636 and 270 proteins were
differentially expressed between the OPD and OPD′ groups,
respectively, and 364 proteins were differentially expressed
between the OPD and OPD′ groups. As shown in
Figure 7(a), a Venn plot shows the logical relationships
between the three compared sets. In Figure 7(b), the number
of up- or downregulated differential proteins is displayed. In
Figure 7(c), a bubble plot of KEGG showed that the related
enriched significant pathway terms resulted in three com-
pared sets. In Figure 7(d), the top 10 biological processes, cell
components, and molecular functions of the three compared
sets are displayed. Under OPD intervention, blood ghost
proteomics results suggested that biological processes were
significantly enriched in the cellular component, subunit or
organelle organization, biogenesis, and assembly. However,
when treated with OPD′, biological processes were different
and enriched in DNA conformation changes and packaging,
RNA splicing, mRNA splicing, and processing. This provides
a new perspective for understanding the interactions of
OPD′ and OPD with RBCs. Cell component analysis indi-
cated that extracellular organelles, exosomes, extracellular
membrane-bound organelles, and vesicles were significantly
changed in the NC vs. OPD comparison set. In the NC vs.
OPD′ comparison set, in addition to extracellular organelles,
exosomes, and vesicles, intracellular organelle parts and
lumens were significantly changed. At the molecular function
level, OPD and OPD′ were similar, and they were both
enriched in enzyme, protein, and RNA binding. To realize
these analyses and visualize the protein interactions between
differential proteins and the KEGG pathway, PPI network
plots were selected and are shown in Figure 7(e).

Proteomics analysis provided a comprehensive descrip-
tion of protein changes in OPD- and OPD′-treated eryth-
rocytes, but it did not specify the targets for the next step.
Differential protein analysis suggested that hemolysis
caused by OPD and OPD′ may contribute to lipid meta-
bolic disorders (e.g., Q5M872 [41] and Q5XIT9), mito-
chondrial energy metabolism (e.g., D3ZAQ0 [42] and
Q03344), high mobility group protein binding (e.g.,
P63159 and Q4KLJ0 [43]) and cytoskeletal (e.g., Q6IFU7
[44, 45], Q6IFU9, and A0A0G2JST3). These proteins are
very valuable research objects.

3.6. Some Potential Targets Related to Hemolysis Reveal the
Difference in Hemolytic Behavior between OPD and OPD′.
We first built the three-dimensional molecular structures of
OPD and OPD′ (see Figure 8) and predicted the putative tar-
gets based on the SEA approach and shape-based approach,
respectively.

The putative targets of OPD and OPD′ predicted by the
SEA method are shown in Table 1. Among the 12 targets,
the target predicted by the OPD′ structure accounted for
100%, while the target predicted by the OPD structure only
accounted for 5/12. These 5 targets are indexed as 2, 6, 8, 9,
and 10, respectively.

The top 10 targets predicted by the shape similarity
method are shown in Table 2.

The putative targets predicted by the shape similarity
method were combined with all the putative targets predicted
by SEA. These putative targets were then compared with the
collected hemolysis-related targets (see Table S1). The results
illustrate that the target “solute carrier organic anion
transporter family member 1B3” (Q9NPD5) is the potential
target for OPD′. Q9NPD5 was submitted to the Reactome
Pathway Database for pathway analysis. Detailed pathway
information is shown in Table 3.

Q9NPD5, also known as OATP1B3, is an anion trans-
porter. It has been proven that the hepatic uptake of OPD
and OPD′ is mediated by organic anion-transporting poly-
peptides (OATPs) [46–48]. This report, on the one hand,
confirmed the reliability of the molecular modeling results;
on the other hand, it pointed out that OPD and OPD′ can
affect the transporting activities of OATP1B1 and OATP1B3
in a substrate-dependent manner. Several reports in the liter-
ature have shown that the inhibition of organic anion trans-
porting polypeptides OATP1B1 and OATP1B3 might lead to
hyperbilirubinemia [49, 50]. This may be one of the reasons
why OPD and OPD′ cause hemolysis in vivo, and it is also
a potential hemolysis prevention target worthy of further
study.

In addition to Q9NPD5, several other targets that are
not directly related to hemolysis are also worthy of atten-
tion, such as AT1A1 (Table 1, Index 2), which affects Na+-
k+-ATPase activity, and its effect on hemolysis has been
discussed in the previous paragraph. DHCR7 (Table 1,

(a) (b)

Figure 8: Three-dimensional molecular structures of OPD and OPD′: (a) OPD′; (b) OPD.
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Index 6), EBP (Table 1, Index 8), and ERG2 (Table 1, Index 9)
proteins encoded by these genes were all involved in the cho-
lesterol biosynthetic pathway, which is part of steroid biosyn-
thesis [51–53]. The interaction between OPD or OPD′ and
these proteins will further affect the integrity of the cell mem-
brane structure, which may lead to hemolysis. The target pre-
dicted by molecular modeling also has limitations, but it
provides some references for the study of the potential mech-
anism of OPD and OPD′ hemolysis.

4. Conclusions

In summary, we reported the hemolytic properties of OPD
and OPD′ and clarified their differences with regard to their
hemolytic behavior in vivo and in vitro. In vitro, we estab-
lished that hemolysis induced by OPD′ was related to a redox

imbalance, and OPD has a certain protective effect. We also
put forward some reasonable suggestions for safe clinical
use. In vivo, we confirmed that both OPD and OPD′ caused
hemolysis, and in addition to redox imbalance, proteomics
data revealed that lipid metabolic disorder and mitochon-
drial energy metabolism have extensive participation in
hemolysis. Proteomics and molecular modeling provided a
comprehensive description of hemolysis-related protein
changes and targets, which may benefit further study of the
hemolysis mechanisms of OPD and OPD′.

Data Availability

All data used to support the findings of this study are avail-
able from the corresponding author upon request.

Table 2: The top 10 predicted targets based on the shape similarity method.

Rank Entry Target name Organism

1 Q11201 CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase 1 Homo sapiens

2 O54939 Testosterone 17-beta-dehydrogenase 3 Rattus

3 Q9UHC9 Niemann-Pick C1-like protein 1 Homo sapiens

4 Q9NPD5 Solute carrier organic anion transporter family member 1B3 Homo sapiens

5 P60568 Interleukin-2 Homo sapiens

6 P08069 Insulin-like growth factor I receptor Homo sapiens

7 P31749 Serine/threonine-protein kinase AKT Homo sapiens

8 P04626 Receptor protein-tyrosine kinase erbB-2 Homo sapiens

9 P30304 Dual specificity phosphatase Cdc25A Homo sapiens

10 P35372 Mu opioid receptor Homo sapiens

Table 3: The pathways details of the target Q9NPD5.

Index Function Term

1 Metabolism (Homo sapiens) Recycling of bile acids and salts

2 Transport of small molecules (Homo sapiens) Transport of organic anions

Table 1: The putative targets which predicted by SEA.

Index Affinity threshold (nM) p value Target name Target description

1 5 5.25E-21 AMYP_HUMAN Pancreatic alpha-amylase

2 5 1.60E-28 AT1A1_CANLF Sodium/potassium-transporting ATPase subunit alpha-1

3 5 1.00E-36 CP125_MYCTU Steroid C26-monooxygenase

4 5 2.85E-09 CP17A_HUMAN Steroid 17-alpha-hydroxylase/17,20 lyase

5 5 4.51E-06 CP17A_RAT Steroid 17-alpha-hydroxylase/17,20 lyase

6 5 9.68E-10 DHCR7_RAT 7-Dehydrocholesterol reductase

7 5 3.91E-06 DPOLA_HUMAN DNA polymerase alpha catalytic subunit

8 5 8.23E-06 EBP_HUMAN 3-Beta-hydroxysteroid-delta(8), delta(7)-isomerase

9 5 1.66E-07 ERG2_YEAST C-8 sterol isomerase

10 5 7.00E-13 IL2_HUMAN Interleukin-2

11 5 2.46E-08 MRP4_HUMAN Multidrug resistance-associated protein 4

12 5 6.15E-29 NPC1_HUMAN Niemann-Pick C1 protein
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Type 2 diabetes represents a serious societal health problem due to the vulnerability to cardiovascular events. Diet therapy is the
most basic treatment for type 2 diabetes. The present study was conducted to study the effect of a fasting-mimicking diet and
specific meal replacement foods on blood glucose control in patients with type 2 diabetes. Our study included 100 patients with
type 2 diabetes who underwent a physical examination which were enrolled and randomly assigned as 50 patients each to the
test group (with low energy-specific meal replacement meals during a fasting-mimicking diet) and the control group (with
specific meal replacement foods given normal adult doses). After 4 months, efficacy indicators which were fasting blood glucose,
2-hour postprandial venous blood glucose, and glycosylated haemoglobin of the experimental group were all lower than those of
the control group (P < 0:05); observation indicators that include body mass index, waist circumference, blood lipids
(triglyceride, cholesterol, and low-density lipoprotein), and blood pressure levels were all lower than the control group, and
high-density lipoprotein levels were all higher than the control group (all P < 0:05). Both groups of fasting blood glucose, 2-hour
postprandial venous blood glucose, and blood pressure had a relatively stable downward trend, but the experimental group had
a more significant decline. In conclusion, the study revealed that a fasting-mimicking diet and specific meal replacement foods
can safely and effectively reduce weight and improve metabolic syndrome in patients with type 2 diabetes.

1. Introduction

The latest surveys of obesity and metabolic syndrome show
that the prevalence of type 2 diabetes in overweight (body
mass index (BMI) 25–27.5 kg/m2) and obese (BMI > 27:5
kg/m2) populations in China is 12.8% and 18.5%, respec-
tively. The global prevalence of type 2 diabetes is increasing
annually, and the latest data from the International Diabetes
Federation (IDF) 2019 showed that approximately 463 mil-
lion adults worldwide have diabetes. It is estimated that, by
2030 and 2045, the number of individuals with diabetes will
reach 578.4 and 700.2 million, respectively. Therefore, the
prevention and treatment of type 2 diabetes are particularly
important. Diet is presently considered a key factor in the

management of patients with obese type 2 diabetes. The
fasting-mimicking diet (FMD) involves alternate fasting
and consumption of a calorie-restricted diet wherein only
25% of the normal intake is consumed on fasting days and
normal caloric intake is maintained on eating days [1]. A
large number of studies have shown that FMD is an emerging
dietary intervention that can effectively reduce and control
weight in obese patients with type 2 diabetes, improve
impaired glucose regulation, and improve the risk factor level
of diabetes [2–4]. A study by Cheng et al. at the University of
Southern California found that FMD can promote the
renewal and growth of pancreatic cells and promote insulin
production. Moreover, FMD can reverse the symptoms of
type 1 and type 2 diabetes in mouse models and is effective
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in insulin in vitro in patients with type 1 diabetes [5]. Fur-
thermore, Stekovic et al. of Graz University of Technology
in Austria evaluated the FMD in healthy, nonobese individ-
uals and found that FMD could reduce the body weight,
improve the ratio of fat to lean meat, decrease blood lipids,
and reduce the levels of the cardiovascular and inflammatory
markers related to aging [6]. Several studies have reported
that FMD can improve the health of model organisms and
prolong their life expectancy, with good physiological regula-
tory significance in overweight individuals with or without
type 2 diabetes as well as in healthy and nonobese partici-
pants. However, the determination of 25% of energy intake
on a fasting day has not been previously addressed.

To fill this gap, this study developed the Food for Special
Medical Purpose (FSMP) protocol, which was quantified and
applied to fasting days. The FSMP is a specially formulated
food that is developed to meet the special needs of a nutrient
or diet for people with restricted eating, digestive and absorp-
tion disorders, metabolic disorders, or specific disease states.
This study analyzed the effect of FMD combined with specific
substitute foods on blood glucose in patients with type 2
diabetes mellitus.

2. Materials and Methods

2.1. Ethics Approval and Consent to Participate. This study
conforms to the principles of the Declaration of Helsinki
and was conducted with the approval of the Ethics Commit-
tee of CR & WISCO General Hospital Affiliated to Wuhan
University of Science and Technology and the Chinese Clin-
ical Trial Registry (grant no. ChiCTR2000032968). It was
registered on 17 May and 2020-retrospectively registered,
http://www.chictr.org.cn/ChiCTR2000032968. Permissions
were obtained from all the relevant authorities of the hospital
before enrollment of the patients, and written informed con-
sent was sought from all the participants before enrollment.
Necessary measures were taken to maintain confidentiality
of the data and privacy of the participants.

2.2. General Information. From January 2018 to December
2018, 100 patients with type 2 diabetes and BMI ≥ 28 kg/m2

who underwent a physical examination at the endocrine
clinic and physical examination centre of CR &WISCOGen-
eral Hospital Affiliated to Wuhan University of Science and
Technology were selected for a 4-month simulated fasting
diet. The random number table method was used to ran-
domly assign 50 patients each to the test and control groups.

2.3. Inclusion and Exclusion Criteria

2.3.1. Inclusion Criteria. The inclusion criteria are as follows:
meeting the World Health Organization (WHO) diagnostic
criteria for type 2 diabetes, adult male and female partici-
pants (age 18–65 years, both inclusive), BMI ≥ 28 kg/m2,
good glycemic control (glycosylated haemoglobin (HbA1c)
7.0–10.0%, both values inclusive), relatively stable weight
(weight change ≤ 10% for at least 3 months before study
inclusion), and willingness to use a glucometer. The blood
glucose was measured and recorded in the participant’s diary.

2.3.2. Exclusion Criteria. The exclusion criteria are as follows:
participation in other clinical trials within 3 months preced-
ing study enrolment; systolic blood pressure ≥ 180mmHg
and/or diastolic blood pressure ≥ 110mmHg during screen-
ing visits; regular use of insulin, oral steroids, or anti-
inflammatory drugs; diagnosis of cardiovascular disease;
stroke, gastrointestinal disease, chronic nephritis, hepatobili-
ary disease, or renovascular disease; pregnant and lactating
women; relatives of the investigators of the trial, employees
of the hospital, or others who were related to the trial person-
nel; a major illness or physical weakness; and the investiga-
tor’s judgement that the participant may be unable to
complete this study.

2.4. Test Design. The FMDmeal replacement food used in the
trial was developed by the partner unit Maide Technology
Company Limited by Shares (Maide Technology Co., Ltd.,
Wuhan, China) and had good safety. The meal replacement
formula comprised avocado, oatmeal, green food nutrition
powder, salt, and bitter melon powder. According to the book
Calories and Protein Intake published by the WHO, a healthy
woman orman needs 1800–1900 and 1980–2340Kcal per day.
This 4-month study included meal replacement intervention
for 3 months and normal diet for the last month. The test
group consumed FMD meal replacement powder from Mon-
day to Friday in the second week of a month and ate normally
for the rest of the month. The energy provision on the first day
and the second to fifth days was 1196 and 805Kcal, respec-
tively (formula for patients weighing 75kg). The investigator
adjusted the meal replacement amount of the patient accord-
ing to the weight and physical consumption, whereas the con-
trol group consumedmeal replacement powder fromMonday
to Friday of the second week of the month (the same compo-
sition and different caloric composition as those in the test
group; the calories met the abovementioned recommended
daily requirement for normal adults) and ate normally for
the remainder of the month.

During the test period, all patients received metformin
hydrochloride tablets (Gehuazhi, Sino-American Shanghai
Bristol-Myers Squibb Pharmaceutical Co., Ltd., Shanghai,
China), 0.5 g, once daily as treatment for diabetes, and patient
compliance was ascertained. For patients in the test group who
had hypoglycemia or other discomforts on FMDmeal replace-
ment days, the metformin hydrochloride dosage was adjusted
or discontinued after assessment by the endocrinologist.

2.5. Test Indices. The efficacy indicators were fasting plasma
glucose (FPG), 2-hour postprandial glucose (2hPG), and
HbA1c. The observation indicators included BMI, waist cir-
cumference, blood lipids (triglyceride (TG), cholesterol,
high-density lipoprotein (HDL), and low-density lipoprotein
(LDL)), and blood pressure. The FPG, 2hPG, and blood pres-
sure measurements were obtained every week to evaluate the
fluctuation of indicators in the study cycle because of the
short-term differences. The remaining indicators are checked
before and after the test.

2.6. Statistical Analysis. All data were analyzed in SPSS 21.0
statistical software. The present report is based on the
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intention-to-treat analysis. Normal distribution of continu-
ous variables was assessed by the Kolmogorov–Smirnov test.
Results are expressed as mean ± standard deviation (SD).
Data with normal distribution are expressed as (χ ± s). Inter-
group comparisons were analyzed by the t-test. The observa-
tion index volatility was measured by repeated measures
analysis of variance. Numerical data was expressed as per-
centages and analyzed with the chi-square test. Differences
were statistically significant at P < 0:05.

3. Results

We recruited 320 type 2 diabetes patients and selected
115/320 (35.9%) of them to enter this study based on the
inclusion and exclusion criteria. Out of 115 participants, 58
(50.4%) were randomized into the test group, and 57
(49.6%) were randomized into the control group. Only
50/58 (86.2%) of the test group received meal replacement
diet intervention and also provided baseline data in the test
group arm, and only 50/57 (87.7%) of the control group
received adult-recommended calorie meal replacement diets
and provided baseline data in the control group arm. There
were n = 8 and n = 7 patients in the test group and the control
group arm, respectively, who withdrew their consent after

randomization and did not provide baseline data. There
was no loss to follow-up in the 16-time visits (see Figure 1).

3.1. Study Participant Characteristics before Experimental
Intervention. A total of 100 patients with type 2 diabetes were
included in this study, the general information of the two
groups of patients was compared, and the difference was
not statistically significant (all P > 0:05; see Table 1).

3.2. Data Analysis of Efficacy Indicators after Experimental
Intervention. Table 2 shows the values after 4 months of
experimental intervention. The FPG was 5:25 ± 0:23
mmol/L in the experimental group and 6:27 ± 0:37mmol/L
in the control group, the 2hPG was 7:02 ± 2:27mmol/L and
8:33 ± 0:89mmol/L, respectively, and the HbA1c was 6:47
± 0:51% and 7:50 ± 0:50%, respectively. All glycemic param-
eters showed significant statistical intergroup differences
(P < 0:05; see Table 2).

3.3. Observation Index Data Analysis after Experimental
Intervention. After 4 months of experimental intervention,
the BMI of the experimental and control groups were 25:04
± 1:00 and 28:99 ± 0:99 kg/m2, respectively, and the waist
circumference was 90:82 ± 4:26 and 98:38 ± 4:27 cm,

Assessed for eligibility (n = 320)

Randomized (n = 115)

Allocation

Follow-up (16 times)

Analysis

Test group (n = 50)
Lost to follow-up (n = 0)

Test group
Analyzed (n = 50)

Control group
Analyzed (n = 50)

Control group (n = 50)
Lost to follow-up (n = 0)

Allocated to intervention (n = 58)
◆ Test group (n = 50)
◆ Withdrew their consent and did not provide

Allocated to intervention (n = 57)
◆ Control group (n = 50)
◆ Withdrew their consent and did not provide

Excluded (n = 205)
◆ Not meeting inclusion criteria (n = 178)
◆ Declined to participate (n = 20)
◆ Other reasons (n = 7)

baseline data (n = 8) baseline data (n = 7)

Figure 1: CONSORT diagram showing the number of participants at enrollment and follow-ups.
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respectively, showing significant statistical intergroup differ-
ences (all P < 0:05; see Table 3).

The systolic blood pressure in the experimental and the
control group was 141:10 ± 6:67 and 149:08 ± 5:50mmHg,
respectively, and diastolic blood pressure was 80:50 ± 5:97
and 85:20 ± 6:12mmHg, respectively, showing significant
statistical differences (all P < 0:05; see Table 4).

The TC of the experimental group and the control group
were 3:63 ± 0:97 and 5:60 ± 0:94mmol/L, respectively. The
TG was 2:05 ± 0:54 and 3:51 ± 0:47mmol/L, respectively.
LDL-C was 1:97 ± 0:49 and 3:38 ± 0:62mmol/L, respectively.
HDL-C was 2:28 ± 0:50 and 1:42 ± 0:27mmol/L, respec-
tively, showing significant statistical intergroup differences
(all P < 0:05; see Table 5).

3.4. Overall Trend Analysis of Relevant Data after Test
Intervention. The FPG, 2hPG, and blood pressure in the
two groups showed a steady decline, and the decline in the
test group was more significant. “Some additional figure file
shows this in more detail (see Figures 2–5).”

4. Discussion

Diet therapy is the most basic therapy for type 2 diabetes.
During the treatment of obesity type 2 diabetes, diet therapy

Table 2: Intergroup comparison of blood glucose levels before and
after the tests.

Groups
FPG (mmol/L) 2hPG (mmol/L) HbA1c (%)
Before the test Before the test Before the test
After the test After the test After the test

Control
7:57 ± 0:52 11:80 ± 1:42 7:93 ± 0:52
6:27 ± 0:37 8:33 ± 0:89 7:50 ± 0:50

Test
7:56 ± 0:56 11:97 ± 1:24 7:83 ± 0:51
5:25 ± 0:23a 7:02 ± 2:27b 6:47 ± 0:51c

t value -16.75 -9.84 -10.23

n = 50 in each group. All values aremean ± standard deviation (SD). P value
indicated statistical significance (a, b, and c: P ≤ 0:001; all P < 0:05).

Table 3: Intergroup comparison of the waist circumference and
BMI before and after the tests.

Groups
Waist circumference (cm) BMI (kg/m2)

Before the test Before the test
After the test After the test

Control
104:32 ± 4:84 30:12 ± 1:09
98:38 ± 4:27 28:99 ± 0:99

Test
105:10 ± 5:20 30:15 ± 1:18
90:82 ± 4:26a 25:04 ± 1:00b

t value -8.87 -19.84

n = 50 in each group. All values aremean ± standard deviation (SD). P value
indicated statistical significance (a and b: P ≤ 0:001; both P < 0:05).

Table 4: Intergroup comparison of blood pressure before and after
the tests.

Groups
Systolic pressure (mmHg) Diastolic pressure (mmHg)

Before the test Before the test
After the test After the test

Control
155:22 ± 6:21 90:62 ± 6:67
149:08 ± 5:50 85:20 ± 6:12

Test
155:28 ± 5:96 91:48 ± 5:13
141:10 ± 6:67a 80:50 ± 5:97b

t value -6.54 -3.89

n = 50 in each group. All values aremean ± standard deviation (SD). P value
indicates statistical significance (a and b: P ≤ 0:001, both P < 0:05).

Table 5: Intergroup comparison of blood lipids before and after the
tests.

Groups

TC
(mmol/L)

TG
(mmol/L)

HDL-C
(mmol/L)

LDL-C
(mmol/L)

Before the
test

Before the
test

Before the test Before the test

After the
test

After the
test

After the test After the test

Control
6:18 ± 0:96 3:93 ± 0:41 1:21 ± 0:25 3:96 ± 0:66
5:60 ± 0:94 3:51 ± 0:47 1:42 ± 0:27 3:38 ± 0:62

Test

6:41 ± 1:06 3:80 ± 0:48 1:23 ± 0:40 3:83 ± 0:73
3:63 ± 0:97

a
2:05 ± 0:54

b 2:28 ± 0:50c 1:97 ± 0:49d

t value -10.29 -14.51 10.77 -11.96

n = 50 in each group. All values aremean ± standard deviation (SD). P value
indicates statistical significance (a, b, c, and d: P ≤ 0:001; all P < 0:05).

Table 1: Baseline characteristics of the participants in the study
subgroups.

Item Control group Test group P

Male (n (%)) 24 (48%) 22 (44%) 0.424

Age (y) 49:84 ± 1:94 50:02 ± 1:76 0.628

Course of disease (y) 5:35 ± 1:12 5:37 ± 1:00 0.925

FPG (mmol/L) 7:57 ± 0:52 7:56 ± 0:56 0.956

2hPG (mmol/L) 11:80 ± 1:42 11:97 ± 1:24 0.546

HAb1c (mmol/L) 7:93 ± 0:52 7:83 ± 0:51 0.345

Waist circumference (cm) 104:32 ± 4:84 105:10 ± 5:20 0.439

BMI (kg/m2) 30:12 ± 1:09 30:15 ± 1:18 0.888

TG (mmol/L) 3:93 ± 0:41 3:80 ± 0:48 0.152

TC (mmol/L) 6:18 ± 0:96 6:41 ± 1:06 0.264

HDL-C (mmol/L) 1:21 ± 0:25 1:23 ± 0:40 0.752

LDL-C (mmol/L) 3:96 ± 0:66 3:83 ± 0:73 0.335

Systolic pressure (mmHg) 155:22 ± 6:21 155:28 ± 5:96 0.960

Diastolic pressure (mmHg) 90:62 ± 6:67 91:48 ± 5:13 0.472

FPG: fasting blood sugar; 2hPG: 2-hour postprandial blood glucose; HbA1c:
glycosylated haemoglobin; BMI: body mass index; TG: triglyceride; TC:
serum total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-
C: low-density lipoprotein cholesterol. All values are mean ± standard
deviation (SD). P values indicated no statistically significant differences
(P > 0:05) on between-group comparisons.
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is helpful to reduce weight; correct protein, sugar, and lipid
metabolism; and improve the metabolic syndrome [7]. As a
subclass of diet therapy, FMD has been shown to benefit
the reduction of the risks for diabetes and cardiovascular dis-
ease and modulate the hormones that regulate hunger and
satiety [8]. Whereas all forms of diet therapy exist in patients
with long-term adherence to poor compliance, disadvantages
such as inaccurate grasp of the value lead to poor dietary
treatment, malnutrition, and increased risk of metabolic dis-
orders. However, our study analyzed the effect of specific
meal replacement foods during FMD on blood glucose in
patients with type 2 diabetes. Specific meal replacement foods
were quantified and applied to fasting days. Therefore, this

study not only shows the advantages of FMD in improving
blood glucose in patients with type 2 diabetes but also
reduces the malnutrition of patients with type 2 diabetes dur-
ing FMD through the advantages of special medical food.

The result of this study showed that after the 4-month
trial, FPG, 2hPG, HbA1c, BMI, waist circumference, blood
pressure, and blood lipids (triglycerides, cholesterol, and
low-density lipoprotein) in the test group were lower than
those in the control group. The density lipoprotein level
was higher than the control group, whereas the FPG, 2hPG,
and blood pressure in the two groups showed a steady
decline, and the decline in the test group was more signifi-
cant. In addition, the HbA1c in the test group was
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Figure 2: Trend of FPG changes during the two groups of experiments. The blue represents the experimental group, and the green represents
the control group. After 16 weeks of the experimental cycle, FPG in both groups showed a steady decline, but the decline was more significant
in the experimental group.
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significantly lower than that of the control group. Thus, spe-
cific meal replacement intervention during FMD can safely
and effectively improve blood glucose, blood lipids, and
blood pressure; reduce weight and improve metabolic
parameters in patients with type 2 diabetes; improve patient
compliance; achieve stable and lasting blood glucose control.
The relevant mechanisms for these findings may be as fol-
lows. The pathogenesis of hyperlipidemia, type 2 diabetes
mellitus, and metabolic syndrome is modulated by inflam-
matory cells. Short-term calorie restriction can reduce the
metabolism and inflammatory activity of monocytes, thereby
significantly reducing the number of inflammation-related
monocytes in the blood and tissues and thereby improve

the metabolic parameters [9]. Furthermore, FMD induces
prenatal-development gene expression in the adult pancreas.
Fasting conditions reduce PKA and mTOR activity and
induce Sox2 and Ngn3 expression and insulin production.
The effects of the FMD are reversed by IGF-1 treatment
and recapitulated by PKA and mTOR inhibition. These
results indicate that a FMD promotes the reprogramming
of pancreatic cells to restore insulin generation in islets from
diabetics [5]. Sutton et al. conducted a 5-week intermittent
fasting study on men with prediabetes. The results showed
that intermittent fasting could not improve the 24 h blood
glucose level and did not affect atherosclerosis, LDL-C, and
HDL-C and significantly reduced insulin levels, improved
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insulin sensitivity and β-cell reactivity, and lowered blood
pressure [10]. The comparison shows that the long-term fast-
ing simulation of decreasing food and giving specific meal
replacement food intervention can better benefit the regula-
tion of blood glucose and lipid in patients with type 2 diabe-
tes. Wei et al. conducted a 3-month FMD test on 100 general
health participants from the United States. The experimental
group showed decreased levels of FPG, insulin-like growth
factor 1 (IGF-1), BMI, TG, TC, LDL-C, blood pressure, and
C-reactive [11]. The two groups of test subjects are different,
but the results of the two groups of experiments are similar,
suggesting that the intervention of specific meal replacement
foods during FMD in this study is more conducive to the reg-
ulation of metabolic indicators in type 2 diabetes patients.

A limitation of this study is that the effect of specific sub-
stitute food intervention on patients with type 2 diabetes dur-
ing FMD was significant. However, the participants of this
study were all patients with type 2 diabetes with obesity,
hypertension, and high blood lipids. Whether this diet is suit-
able for type 2 diabetes patients with normal weight and
blood pressure needs further investigation. As we use calorie
restriction based on its advantages in improving type 2 diabe-
tes, we need to pay attention to avoid potential risks such as
hypoglycemia. Exploring the influence of diet therapy on
patients with type 2 diabetes for different people is a long-
term goal that must be adhered to in the future research.

5. Conclusions

Diet therapy is the most basic treatment for type 2 diabetes.
This study found that intervention through specific meal
replacement foods for patients with type 2 diabetes during
FMD can safely and effectively improve blood glucose, blood
pressure, blood lipids, and other metabolic indicators; reduce
weight; improve patient compliance; and achieve stable and
lasting blood glucose control.
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Mitochondria are the main organelles that produce adenosine 5′-triphosphate (ATP) and reactive oxygen species (ROS) in
eukaryotic cells and meanwhile susceptible to oxidative damage. The irreversible oxidative damage in mitochondria has been
implicated in various human diseases. Increasing evidence indicates the therapeutic potential of mitochondria-targeted
antioxidants (MTAs) for oxidative damage-associated diseases. In this article, we introduce the advantageous properties of
MTAs compared with the conventional (nontargeted) ones, review different mitochondria-targeted delivery systems and
antioxidants, and summarize their experimental results for various disease treatments in different animal models and clinical
trials. The combined evidence demonstrates that mitochondrial redox homeostasis is a potential target for disease treatment.
Meanwhile, the limitations and prospects for exploiting MTAs are discussed, which might pave ways for further trial design and
drug development.

1. Introduction

Mitochondria, subcellular organelles found in most eukary-
otic cells, are responsible for numerous metabolic network
processes, including the tricarboxylic acid cycle (TCA cycle),
glycolysis, oxidative phosphorylation (OXPHOS), amino
acid metabolism, and fatty acid oxidation. Among them,
the most important physiological function of mitochondria
is to generate ATP by oxidizing nutrients. To participate in
adenosine 5′-triphosphate (ATP) production, mitochondria
use a complex system interacting with these metabolic net-
work processes, during which free radicals are produced.
Generally, mitochondrial ROS production mainly occurs at
the site of the electron transport chain located on the mito-
chondrial inner membrane, and the leakage of electrons from

complex I and complex III leads to oxygen consumption and
superoxide formation [1]. The mitochondrial redox homeo-
stasis refers to an equilibrium between ROS production and
scavenging, which is the basis for mitochondrial function
and cell fate determination [2].

At present, it is recognized that many pathological
changes are associated with impaired mitochondrial function
[3], such as increased accumulation of ROS and decreased
OXPHOS and ATP production. Although the production
of intracellular ROS is itself an inevitable process, cells have
an adaptive defense system to scavenge ROS [4]. However,
under most oxidative stress conditions, the endogenous
antioxidant system in the cells is not enough to scavenge
excess ROS. In that case, the accumulation of ROS will cause
oxidative damage to intracellular lipids, DNA, and proteins,
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thereby accelerating the development of related diseases [5].
In the past decade, research has focused on maintaining
redox homeostasis and normal function of mitochondria
via antioxidants [6]. Current medical projects are aimed at
exploiting drugs that restore mitochondrial function and reg-
ulate mitochondrial ROS production [7]. To modulate mito-
chondrial redox homeostasis, the drug should selectively
accumulate in the mitochondria and interact with mitochon-
drial targets, ultimately maintaining normal cellular func-
tions [8]. Although this mitochondrial targeting strategy is
attractive, the clinical applications are hampered by some
challenges, such as the poor biological availability and the
lack of evidence in animal models and clinical research
studies [9]. Several drugs have been applied for clinical trials;
however, no drug has been approved by the US Food and
Drug Administration (FDA) for mitochondria-targeted
treatment.

The present review article is aimed at summarizing
experimental data on mitochondria-targeted antioxidants
(MTAs) for various disease treatments in different models
and clinical trials to present the evidence supporting the ther-
apeutic potential of these MTAs. We specifically focused on
brain neurological diseases [10, 11], cardiovascular diseases
[12–14], and cancer development [15, 16], all of which are
closely associated with oxidative damage and signal activa-
tion caused by the excess accumulation of ROS in mitochon-
dria. Meanwhile, the potential MTA applications in disease
treatment, their limitations, and prospects for exploiting
MTAs are discussed.

2. Moving Forward from Nontargeted
Antioxidants to MTAs

An increasing number of studies are aimed at developing
conventional (nontargeted) antioxidants for restoring physi-
ology conditions during oxidative stress. Although prelimi-
nary studies on many cell or animal models showed
promising results, the results from clinical trials were some-
times contradictory. A recent review article [17] has summa-
rized the adverse effects of nontargeted antioxidants (NAs)
including vitamin A, vitamin C, vitamin E, and β-carotene.
These adverse effects of NAs were mainly observed in the
treatments of lung cancer and cardiovascular diseases [18].
Redox signaling is an important part of many physiological
processes. Excessive or inappropriate use of antioxidants
may abolish ROS production and result in compensatory
upregulation of mitogen-activated protein kinase (MAPK)
pathways [19], which in turn negatively affect the endoge-
nous antioxidant system and normal cell growth [20].
Another concern is whether conventional (nontargeted)
antioxidants can be absorbed properly and how they are
metabolized in different organs. These uncertainties make it
difficult to determine the dose of traditional antioxidants
used for disease treatment. The most effective way for an
antioxidant stepping forward to disease treatment is to con-
jugate with a carrier, such as lipophilic cations, liposomes,
or peptides, to enable its bioactive ingredient to be targeted
for transport into the mitochondria. This targeted delivery
enables antioxidants to achieve high concentration accumu-

lation in cells and mitochondria, thereby protecting cells
and tissues from oxidative damage through different mecha-
nisms. Ideal antioxidants should be bioavailable and can
quickly enter the blood circulation via intestinal absorption
or intravenous injection. The MTAs could accumulate in
the mitochondria and protect the targeted tissues (brain,
liver, kidney, muscle, ear, and heart) from oxidative damage
(Figure 1). In the past decade, many studies focusing on the
development of mitochondria-targeted antioxidants gave
promising results, which we will discuss in detail.

3. Lipophilic Cation-Linked MTAs

The mitochondrial transmembrane potential theory was first
proposed by Skulachev et al. in 1969 [21]. The lipophilic cat-
ion could easily penetrate cells and mitochondria with the
help of ΔΨm, which is positive outside and negative inside.
The targeted transport of antioxidants to mitochondria can
be achieved by using a lipophilic cation as a transport vehicle.
This strategy can be applied for a variety of bioactive sub-
stances, especially these hydrophobic ones that are not easily
absorbed by cells and mitochondria. In the past decades, tri-
phenylphosphonium (TPP) has been commonly used for the
development of MTAs. Presentative studies on the TPP-
linked MTAs are summarized in Table 1, and the chemical
structures of MitoQ, SkQ1, MitoE, and Mito-TEMPO are
shown in Figure 2. Among them, MitoQ and SkQ1 have been
extensively studied in various animal models and several
human clinical trials [22]. In a clinical trial on twenty healthy
older adults (60-79 years) with impaired endothelial function
(NCT02597023), oral MitoQ (20mg/day) supplementation
improved brachial artery flow-mediated dilation, decreased
aortic stiffness, and lowered the plasma low-density lipopro-
tein [23]. In a clinical trial on hepatitis C virus- (HCV-)
infected patients (NCT00433108), oral MitoQ (40 or
80mg/day) supplementation decreased serum alanine trans-
aminase (ALT), indicating a decreased necroinflammation in
the liver [24]. SkQ1 was documented to relieve the dry eye
symptoms in a phase 2 study (NCT02121301) [25]. Mean-
while, a vehicle-controlled study of SkQ1 as a treatment for
dry eye syndrome is recruiting (NCT04206020).

Toxicity to mitochondria is a major limiting factor for the
application of TPP-linked antioxidants in disease treatment
[26]. During the transport of the TPP-linked antioxidants,
TPPs increasingly adhere to the surface of the mitochondrial
inner membrane. This accumulation of TPPs could destroy
the integrity of the mitochondrial membrane and limit aero-
bic respiration and ATP synthesis [27]. In the toxicity assess-
ment of in vivo experiments [28] using a mouse model, the
maximum tolerated doses of methyl TPP and MitoE2 are
3.8 and 6.0mg/(kg ∗ bodyweight), respectively. Evident
toxic effects of TPP and MitoE2 were observed at 6.4
and 10.2mg/(kg ∗ bodyweight), respectively. Intravenous
injection of MitoQ was not toxic to the mice at 20mg/
(kg ∗ bodyweight) but significantly toxic at 27.0mg/
(kg ∗ bodyweight). It is noteworthy that long-term and
low-dose MitoQ administration did not exhibit any toxic
effect to the mouse models [29], which indicates that the
toxic effect is caused by the disruption of normal function
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of mitochondria in response to a concentrated accumulation
of TPP, and an oral administration with low-dose TPP com-
pound is feasible. Therefore, in clinical trials testing TPP-
linked antioxidants, it is necessary to strictly control the
dosage and to ensure the effective concentration of the MTAs
is lower than the threshold that destroys the normal function
of mitochondria. Although some of these TPP-linked antiox-
idants such as MitoQ and SkQ1 have been evaluated in a
wide range of clinical trials (NCT03166800, NCT02597023,
NCT00329056, NCT03764735, and NCT02121301), more
studies are required to assess their optimal dosages for
different disease phases, their long-term effects on redox
signal activation, and their potential side effects.

4. Liposome-Encapsulated Antioxidants

Liposomes are lipid bilayer membrane vesicles first discov-
ered in 1964 and have been commonly used as nanocarriers
for pharmaceuticals and bioactive substances [40]. One
advantage of the liposomal encapsulation strategy over lipo-
philic cations is that bioactive molecules can be encapsulated
and delivered without altering their molecular structure and
bioactivity. The liposome-encapsulated antioxidants are
composed of phosphatidylcholine, phosphatidylglycerol,
cholesterol, and antioxidant component. The encapsulated

antioxidants such as quercetin, N-acetyl-L-cysteine (NAC),
and vitamin E exhibited better therapeutic effects on the
models of liver injuries [41] and MCF-7 carcinoma cells [42]
when compared with those in nonencapsulated form. For
example, only liposomal encapsulated NAC can long-
lastingly prevent the cytokine-induced neutrophil chemoat-
tractant expression in the lung, thereby protecting the rats
against lipopolysaccharide-induced acute respiratory distress
syndrome [43]. It has been reviewed that liposomal encapsu-
lated analogs of vitamin E (α-tocopheryl succinate and α-toco-
pheryl ether-linked acetic acid) exerted better anticancer
effects on various cancer models due to their higher solubility
in aqueous solvents [44]. In a clinical study on fatty liver
patients, the phospholipid-encapsulated silybin was revealed
to protect the liver from oxidative damage via enhancingmito-
chondrial function and insulin sensitization [45]. Liposome-
encapsulated curcumin administration with 100mg/(kg ∗
bodyweight) increased the parameters of plasma antioxidant
activity in the Sprague-Dawley rat [46]. Likewise, astaxanthin
encapsulated within liposomes showed a better bioavailability
than the nonencapsulated astaxanthin and ameliorated oxida-
tive parameters in the Sprague-Dawley rat model of lipopoly-
saccharide- (LPS-) induced acute hepatotoxicity [47].

Liposome-based delivery systems can carry conventional
antioxidants into the mitochondria of the living cells. The
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Figure 1: Administration and transport of nontargeted antioxidants (NAs) and mitochondria-targeted antioxidants (MTAs). Ideal
antioxidants are bioavailable and can be quickly transported into the blood circulation via intestinal absorption or intravenous injection.
The NA can hardly be efficiently delivered to the targeted tissues and mitochondria. The MTAs accumulate 100-500 times in the
mitochondria and protect the tissues (brain, liver, kidney, muscle, ear, or heart) from oxidative damage.
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transport mechanism of liposome-encapsulated MTAs is
shown in Figure 3. Liposome-encapsulated antioxidants
enter the cells via micropinocytosis; after macropinosome
disruption, the liposomal components fuse with the mito-
chondrial membrane, during which the antioxidant
components are delivered into the matrix of targeted
mitochondria. The main disadvantage of the liposome sys-
tem for MTA delivery is the escape of endosome degradation,

which limits the endosomes spontaneously degrading in the
cytoplasm and mitochondria. To overcome this limitation,
the MITO-Porter that consists of a condensed plasmid
DNA and a lipid envelope was developed to deliver bioactive
components to mitochondria [48]. The inventors have intro-
duced the characteristics and potential development of
MITO-Porter in a specific chapter [49]. Generally, the
MITO-Porter-decorated liposomes consist of 1,2-dioleoyl-

Table 1: TPP-linked MTAs.

Mitochondria-targeted
antioxidants

Bioactive
component

Linker Effects Reference

MitoE Vitamin E
2-Carbon
aliphatic
linker

(1) Minimized lipid peroxidation and protected cells from
oxidative damage

(2) Eliminated H2O2-induced oxidative stress and caspase
activation in cells

(3) Accumulated in tissues (heart, brain, muscle, liver, and kidney)
and protected tissues from oxidative damage

[28, 30]

Mito-vitamin E
derivation

Vitamin E
11-Alkyl
linker

(1) Inhibited energy metabolism and promote cell death
(2) Antitumor properties

[31, 32]

SkQ1
SkQR1

Plastoquinone
10-Alkyl
linker

(1) Minimized lipid peroxidation and ROS-induced apoptosis
(2) Beneficial roles in many diseases including aging, stroke, myocardial

infarction, sarcopenia, dry eye syndrome, vascular inflammation
[33, 34]

MitoQ Coenzyme Q
10-Alkyl
linker

(1) Penetrated the mitochondrial membrane and inhibited
lipid peroxidation

(2) Beneficial roles in animal models of alcoholic fatty liver,
neurodegenerative diseases, ischemia-reperfusion, hypertension,
sepsis, and kidney damage in type I diabetes

[35, 36]

MitoC MitoVitC11 Vitamin C
Thioalkyl
linker

(1) Prevented mitochondrial lipid peroxidation and protected
mitochondrial aconitase

(2) Scavenged O2–, peroxyl radicals, and Fe3+ and could be
rapidly recycled to the active ascorbate moiety

[37]

MitoSOD M40403
Thioalkyl
linker

(1) Regulated the mitochondrial redox system to convert ROS
(2) Reversed the rapid and progressive inhibition of aconitase

through redox cycling
(3) Retained Mn2+ under nonacidic conditions

[38, 39]

Notes:ΔΨm:mitochondrial membrane potential; M40403: a macrocyclic Mn SODmimetic system; ROS: reactive oxygen species; TPP: triphenylphosphonium.
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Figure 2: Chemical structures of representative TPP-linked mitochondria-targeted antioxidants (MitoQ, SkQ1, MitoE, and Mito-TEMPO
are shown).
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sn-glycero-3-phosphatidylethanolamine, sphingomyelin,
and stearylated octaarginine peptide (R8). During a
mitochondria-targeted delivery process, the MITO-Porter-
decorated liposomes bind to the mitochondria via electro-
static interactions between R8 and negatively charged
mitochondria and then fuse with the mitochondrial mem-
brane. This delivery system can achieve efficient cytoplasmic
and mitochondria-targeted delivery, which provides a new
way for the treatment of mitochondrial disease. Besides,
delivery experiments using fluorescent probes have verified
MITO-Porter as an effective tool for macromolecule-
targeted delivery [50].

In a mouse model of liver ischemia/reperfusion injury,
systemic injection of MITO-Porter-encapsulated CoQ10
(CoQ10-MITO-Porter) decreased serum alanine transami-
nase (ALT) and prevented kidney injury [51]. Recently, the
mitochondrial delivery of methylated β-cyclodextrin-
threaded polyrotaxanes using a MITO-Porter was revealed
to mediate mitochondrial autophagy, which might be useful
for mitochondria-associated disease treatment [52]. More-
over, the dual-function MITO-Porter (DF-MITO-Porter)
that integrates both R8-modified liposomes and MITO-
Porter was developed to effectively deliver exogenous macro-
biomolecules into the mitochondria, providing an excellent
delivery system for mitochondrial disease treatment [53].
More research studies on the MITO-Porter delivery system
are expected to be conducted to shed more light on the mito-
chondrial therapeutic strategy and targeted antioxidant
development.

5. Peptide-Based Mitochondrial Antioxidants

The Szeto-Schiller peptide (SS-peptide) and the mitochondria-
penetrating peptide (MPP) are peptide chain-based antiox-
idant delivery systems. SS-peptides contain different
small-molecule lipophilic antioxidant compounds and three
positive charges and can be targeted-delivered to the mito-
chondria with the help of ΔΨm of the cellular membrane
and mitochondrial membrane [54]. The advantageous prop-

erties of SS-peptides include the following: (1) alternating the
MPP sequence between the basic and aromatic residues
which favor their efficient absorption by cells; (2) unsaturated
transport independently from the energy state or a dedicated
peptide transporter [55]; (3) small and easily soluble in water,
easy to synthesize, and the presence of D-amino acids at spe-
cific positions which prevents them from being degraded by
aminopeptidases and allows them to be effectively trans-
ported into the mitochondria [56]; and (4) 1000-5000 times
accumulation in the mitochondria.

Various experiments have confirmed that SS-peptides
can be rapidly absorbed by different cell types, such as neu-
rons [57], kidneys [58], epithelial cells, and endothelial cells
[59]. It is noteworthy that the mitochondrial uptake speed
of SS-peptides is ΔΨm-independent. The absorption of the
SS-peptides does not affect the polarization of the mitochon-
drial membrane, which makes them ideal antioxidants for
disease treatment [60]. For example, SS-02 was revealed to
easily penetrate a single layer of intestinal epithelial cells from
the basal and apical direction [61]. SS-02 has also been
reported to penetrate the blood-brain barrier and thus serve
as a neuroprotective agent [62]. The SS-peptides are effective
in alleviating oxidative stress both in cell models and isolated
mitochondria [63], among them SS-31 was widely validated
to be effective. The therapeutic potential of SS-31 has been
documented for many conditions including brain microvas-
cular endothelial cell damage [64], lateral line hair cell dam-
age [65], mitochondrial morphogenesis [66], atherosclerosis
[67], Friedreich ataxia [68], renal fibrosis [69], limb
ischemia-reperfusion injury [70], exercise tolerance [71],
type 2 diabetes [72], hearing loss [73], neurovascular cou-
pling responses [74], cardiac arrest [75], traumatic brain
injury [76, 77], heart failure [78–81], and acute kidney injury
[82]. Of importance, the phase 2a clinical trial of SS-31
(unique identifier: NCT01755858) on the atherosclerotic
renal artery stenosis patients (ARASP) showed that supple-
menting with SS-31 during percutaneous transluminal renal
angioplasty alleviated the pathological symptoms and
improved kidney function, indicating a positive prospect of
SS-31 in clinical application for ARASP [83].

A recent study on aged mice revealed that the disruption
of mitochondrial redox homeostasis in muscle resulted in
energy defect and exercise intolerance, and SS-31 administra-
tion restored redox homeostasis of the aged muscle, thereby
increasing the exercise tolerance [71]. Five hours of SS-31
treatment significantly decreased mortality of cardiac arrest
rats, during which the blood lactate level in the SS-31-
treated rats was significantly decreased, suggesting improved
mitochondrial aerobic respiration by SS-31 treatment [75].
The antioxidative roles of SS-31 have been also documented
in kidney glomerular mitochondria [84]. SS-31 administra-
tion was revealed to prevent negative changes in pathological
parameters in chronic kidney disease models [69]. More
recently, an acute kidney injury- (AKI-) targeted nanopoly-
plex was designed for SS-31 delivery, which demonstrates a
positive effect of combining the use of nanopolyplexes and
SS-31 in the oxidative stressed and inflamed kidney [82].
Similarly, treatment with SS-31 was found to decrease
cytoplasmic and mitochondrial O2- production by regulating

Liposomal 
encapsulated 
antioxidants

Cell membrane

Cellular uptake

Macropinosome

Macropinosome disruption 
and antioxidant

translocation

Figure 3: The mitochondrial transport of liposome-encapsulated
antioxidants. Liposome-encapsulated antioxidants enter cell
membranes via micropinocytosis; after macropinosome
disruption, the liposomal components fuse with the mitochondrial
membrane, during which the antioxidant components are
delivered into the matrix of targeted mitochondria.
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the expression of NADPH oxidase subunit NOX4 in a model
of traumatic brain injury [76].

Mitochondria-penetrating peptides (MPPs) consist of 4
to 8 alternating positively charged hydrophobically modified
amino acids. They have been widely used for the targeted
delivery of mitochondrial small molecules with the help of
ΔΨm [85]. A series of XJB peptide-based antioxidants
(XJB-5-131, XJB-5-125, and XJB-5-197) have been developed
(Figure 4). XJB-5-131, a scavenger for mitochondrial ROS, is
the most studied among all the XJB peptide-based antioxi-
dants and has been reported to promote weight gain, prevent
neuronal death, and reduce oxidative damage in a mouse
model of neurodegeneration [86]. Besides, XJB-5-131 was
demonstrated to alleviate oxidative damage of DNA and
improve physiology behavior in a Huntington’s disease
model [87, 88]. Likewise, the compounds of XJB-5-131 and
JP4-039 were reported to inhibit ferroptosis via scavenging
ROS and altering the subcellular localization of the ferropto-
sis suppressors [89]. These findings encourage more thera-
peutic evaluation of XJB peptide-based antioxidants in
clinical trials.

6. Potential Applications of MTAs in
Disease Treatment

It is noteworthy that MTAs may exert multiple effects, such
as alterations in redox status, ETC activity, and ATP synthe-
sis during disease treatments, which could be affected by var-
iations of disease types and phases. Proper dosage of the
MTAs used in the trials lowers the ROS production in mito-
chondria and benefits the disease treatments; however, in
some cases, a high dosage of MTAs may inhibit ETC activity
and promote oxidative damage. Below, we reviewed the
experimental and clinical results in Parkinson’s disease
(PD), traumatic brain injury (TBI), cardiovascular disor-
ders/cardiovascular diseases (CVDs), or cancers, emphasiz-
ing the MTA dosage and potential target mechanisms
(Tables 2–5).

6.1. Parkinson’s Disease. Parkinson’s disease (PD) is a pro-
gressive neurodegenerative disease that mainly occurs in
the elderly, without any acknowledged therapies. Evidence
from in vitro cell models, animal models of PD, and genetic
analysis has indicated the involvement of oxidative stress
and mitochondrial dysfunction during PD development
[90]. Thus, the antioxidative strategy shows great potential

for PD therapy. In the past two decades, amounts of studies
have been conducted and revealed the beneficial roles of anti-
oxidants in the different cellular and animal models; how-
ever, the clinical trials using antioxidants (e.g., NAC (oral
1800, 3600mg daily; 900mg effervescent tablet daily), gluta-
thione (100-200mg daily), and vitamin E (1200 IU/day)+-
coenzyme Q10 (1200, 2400mg daily)) to treat PD are
mostly disappointing. The experimental factors including
inefficient oral administration (NCT01470027, direct oral
without any coating or carrier), inadequate patients’ repli-
cates (NCT01427517, totally 9 participants were involved;
NCT02212678, 8 participants were enrolled), and inappro-
priate outcome measures (NCT00329056, only UPDRS
results were provided; NCT02212678, only GSH levels were
provided) may explain these frustrating outcomes from clin-
ical studies. Another possible explanation for this ineffective-
ness is that the phase for the antioxidant’s treatment is too
late for the neurons’ rescue. Clinical trial showing high doses
of CoQ10 administration benefits the PD patients
(NCT01892176), which implies that the traditional antioxi-
dants lack bioavailability, with small scales that can be
absorbed into the mitochondria. A systematic review and
meta-analysis concluded that CoQ10 cannot provide any
symptomatic benefit for PD patients [91]. Consequently,
approaches delivering antioxidants to mitochondria for PD
treatment have been explored. MitoQ was firstly approved
for the clinical trials of PD (NCT00329056) in 2006. A study
showed MitoQ (40, 80mg daily) could slow the progression
of PD as measured by the Unified Parkinson’s Disease Rating
Scale (UPDRS); however, no significant difference between
MitoQ and placebo on any measure of PD progression was
observed [92]. In regard to dosage, although the experiments
in vitro (50 nM, 10μM) and on mouse models (daily
4mg/kg ∗ bodyweight) have shown the beneficial effects of
MitoQ against mitochondrial dysfunction via preserving
striatal dopamine and improving motor functions [93],
more study might be conducted to optimize the oral or
injection dosage and for the preclinical trials. Besides, the
peptide-based mitochondrial antioxidants, such as SS-31
and SS-20 (0.5-5.0mg/kg ∗ bodyweight), have shown simi-
lar neuroprotective effects on cellular and mouse PD
models induced by MPTP [94]; however, the clinical trials
using peptide-based mitochondrial antioxidants to treat
PD have not been approved until now, which might be
hampered by the undesirable results of MitoQ in the
clinical trials.
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Figure 4: Chemical structures of XJB peptide-based mitochondria-targeted antioxidants (XJB-5-131, XJB-5-125, and XJB-5-197 are shown).
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The nanocarrier delivery system that consisted of FDA-
approved Pluronic F68 and dequalinium has been revealed
to enhance the bioavailability of NAC protecting against
the reduced cell viability and oxidative stress in the cellular
model of PD, which raises a significant prospect of
nanocarrier-based NAC to be transitioned for clinical trials
[95]. As indicated by the results from previous clinical trials,
the available clinical therapies using antioxidants for PD can
only alleviate the symptoms; but none can prevent neuronal
degeneration via regulating the dopaminergic system; thus,
the combination of MTAs with the traditional drugs (dopa-
mine receptor activator, such as pramipexole) could be a
considerable strategy for the further experiments and clinical
trials.

6.2. Traumatic Brain Injury (TBI). TBI is a significant cause
of death and disability, with an estimated 60-80 million cases
per year worldwide, and has been considered an important
medical and social problem. TBI can easily damage the cere-
bral circulatory, which in turn leads to cerebral artery con-
traction, glutamate poisoning, mitochondrial dysfunction,
inflammatory response, and cell death, thereby increasing
the severity of the primary damage and causing secondary
brain damage [98]. Mechanistically, selective peroxidation
of cardiolipin, impaired electron transport, decreased ATP
production, and increased formation of ROS during TBI
development lead to the final neurodegeneration and brain
atrophy [99, 100]. In the past two decades, the beneficial
effect of vitamins C and E, progesterone, and NAC to be used

Table 2: MTAs in PD models and clinical trials.

Mitochondria-targeted
antioxidants

Models/clinical
trials

Dosage Effects/mechanism Reference

MitoQ

Cellular MPP+

model
50 nmol/L in

culture medium
(1) Inhibited MPP+-induced decrease in

dopamine levels
[93]

Mouse MPTP
model

4mg/kg ∗ bodyweight;
oral gavage

(1) Protected the nigrostriatal axis against MPTP
toxicity

(2) Improved locomotor activities in MPTP-
treated mice

(3) Inhibited mitochondrial aconitase
inactivation

[93, 96]

Cellular
6-OHDA
model

10-200 nmol/L in
culture medium

(1) Blocked 6-OHDA-induced mitochondrial
fragmentation

[97]

Mouse
6-OHDA
model

5mg/kg ∗ bodyweight;
intragastric

administration

(1) Rescued dopamine neurons loss in SNc
(2) Protected dopamine neurons via activating

PGC-1α and enhance Mfn2-dependent
mitochondrial fusion

[97]

Clinical trial
Daily 40/80mg;

oral administration

(1) Slowed the progression of Parkinson’s disease
as measured by the UPDRS

(2) No difference in the measured parameters
between the treatment and the placebo

NCT00329056

SS-20/Phe-D-Arg-Phe-
Lys-NH2

Cellular MPP+

model
1-10 nmol/L in
culture medium

(1) Rescued mitochondrial oxygen consumption
and ATP production damaged by MPP+

(2) SS-20 (4mg/kg ∗ bodyweight) protected
against the loss of dopaminergic neurons in
the substantia nigra pars compacta

[94]
Mouse MPTP

model

0.5-5mg/kg ∗ bodyweight;
intraperitoneal

injection

SS-31/D-Arg-(2′6′
-dimethyltyrosine)-
Lys-Phe-NH2

Cellular MPP+

model
1-10 nmol/L in
culture medium

(1) Improved cell survival and motor
performance

(2) Decreased cell loss and oxidative stress in the
lumbar spinal cord

(3) SS-31 (10mg/kg ∗ bodyweight) protected
against the loss of dopamine and its
metabolites

[94]
Mouse MPTP

model
0.5-10mg/kg ∗ bodyweight;
intraperitoneal injection

P68+DQA
nanocarriers
NAC

Cellular
rotenone PD

model

1000μmol/L in
culture medium

(1) P68+DQA nanocarrier delivery system
enhanced the stability, bioavailability, and
brain penetrance of NAC

(2) Formulation of NAC into P68+DQA
nanocarriers rescued cell viability and
alleviated oxidative stress

[95]

Notes: 6-OHDA: 6-hydroxydopamine; DQA: dequalinium;Mfn2: mitochondrial GTPase mitofusin-2; MPP+: 1-methyl-4-phenylpyridinium;MPTP: 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine; NAC: N-acetylcysteine; P68: Pluronic F68; PD: Parkinson’s disease; PGC-1α: peroxisome proliferator-activated receptor
gamma coactivator 1 alpha; SNc: substantia nigra pars compacta; UPDRS: Unified Parkinson’s Disease Rating Scale.
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for adjuvant therapy in TBI has been evaluated [101]. Non-
targeted antioxidants, commonly in very high concentra-
tions, are used to achieve therapeutic effects. It should be
noted that mitochondria are the main source of ROS and
determine cell fate [102]; antioxidant delivery to mitochon-
dria is an important target for TBI intervention therapy.

N-Acetylcysteine (NCT00822263), docosahexaenoic acid
(NCT01903525), and melatonin (NCT04034771) had been
approved for the clinical TBI trials. These clinical results
indicated that the NAC (4 grams daily) administration could
reduce the sequela of mild TBI [103]. Although the measure-
ments of temperature, mean arterial pressure, intracranial
pressure (ICP), use of ICP-directed therapies, surveillance
serum brain injury biomarkers, and Glasgow Outcome Scale
(GOS) at 3 months were not different between the NAC
group and the placebo group [104], the metabolomic results
support the antioxidative therapeutic target by the probene-

cid and N-acetylcysteine treatment [105]. Compared with
nontargeted antioxidants, relatively low concentrations of
MTAs show higher antioxidant activity. The antioxidant
activity of SkQR1, XJB-5-131, Mito-TEMPO, SS-31, and
MitoQ was revealed in TBI models (Table 3). Although
the MTA dosages and mechanisms involved in the thera-
peutic efficiency are different, data from these different exper-
imental models suggest that MTAs may be a more effective
means for mitigating the negative effects of TBI. In terms of
mechanism, in addition to antioxidant efficiency, the activa-
tion of anti-inflammatory and Nrf2-ARE signaling may also
be key indicators for the effectiveness evaluation of MTAs.
Until now, the clinical trials using MTAs to treat TBI have
not been approved. In future studies, while focusing on the
action mechanism and effective dose of various MTAs, the
possible toxicological properties of these MTAs also need to
be clarified.

Table 3: MTAs in TBI models.

Mitochondria-targeted
antioxidants/bioactive
component

Models/clinical trials Dosage Effects/mechanism Reference

SkQR1

Rat model by brain
surgery

100 nmol/kg;
intraperitoneal

injection

(1) Decreased the neurological deficit
(2) Lowered the volume of the lesion in the brain cortex
(3) Decreased mitochondrial ROS and GSK-3β activity

[106]

Rat model of focal
one-sided TBI

250 nmol/kg;
intraperitoneal

injection

(1) Rescued the disruptions of limb functions
(2) Increased survivability of neurons
(3) Decreased astroglial expression and infiltration with

segmented neutrophils
(4) Beneficial effects are dependent on the reduction of

mitochondrial reactive oxygen species

[107]

XJB-5-131
Rat CCI model after

TBI

10mg/kg
bodyweight;
intravenous
injection

(1) Protected brain thiols, GSH and PSH, oxidized
by TBI

(2) Decreased caspase 3/7 activity and attenuated
apoptotic neuronal death

(3) Scavenged the electrons leaking from electron carriers

[108]

Mito-TEMPO
Isolated MCAs from
rats with traumatic

injury

30 nmol in the
vessel chamber

(1) Alleviated myogenic constriction
(2) Scavenged H2O2 (PEG-catalase) by blocking both

BKCa channels and TRPV4 channels

[109]

SS-31
Marmarou’s weight
drop model of TBI

5mg/kg;
intraperitoneal
administration

(1) Rescued mitochondrial dysfunction, and alleviated
secondary brain injury

(2) Decreased ROS, malondialdehyde, and cytochrome c
release and prevented the decline of SOD activity

(3) Attenuated neurological deficits, brain water content,
DNA damage, and neural apoptosis

[77]

MitoQ
Marmarou’s weight

drop model

4mg/kg;
intraperitoneal
administration

(1) Alleviated neurological deficits and brain edema and
inhibited cortical neuronal apoptosis

(2) Increased the activity of SOD and GPx and decreased
MDA level

(3) Reduced Bax translocation to mitochondria and
cytochrome c release into the cytosol

(4) Accelerated the Nrf2 nuclear translocation and
upregulated the Nrf2 downstream proteins, including
HO-1 and Nqo1

[110]

Notes: Bax: (Bcl-2)-associated X; BKCa: big conductance Ca2+-activated K+; CCI: chronic constriction injury; GPx: glutathione peroxidase; GSH: glutathione;
GSK-3β: glycogen synthase kinase-3β; HO-1: heme oxygenase-1; MCAs: middle cerebral arteries; MDA: malondialdehyde; Nqo1: quinone oxidoreductase 1;
Nrf2: nuclear factor erythroid 2; PEG-catalase: polyethylene glycol; PSH: protein thiols; SOD: superoxide dismutase; TBI: traumatic brain injury.
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Table 4: MTAs in cardiovascular disease (CVD) models.

Mitochondria-targeted
antioxidants/bioactive
component

Models/clinical trials Dosage Effects/mechanism Reference

Mito-TEMPO

THP-1 cell model
induced

by ox-LDL; high-fat
dietary-fed rats

20 μmol/L;
0.7mg/kg ∗ bodyweight;

intraperitoneal
administration

(1) Attenuated foam cell formation via
promoting autophagic flux

(2) Increased cholesterol efflux via
autophagy-dependent ABCA1 and
ABCG1 upregulation

(3) Reversed the accumulation of TC
and LDL-c

[125]

MitoSNO Open chest mouse model
100 ng/kg ∗ bodyweight;
intravenous injection

(1) Reduced infarct size and troponin
release

(2) Ineffectiveness on hemodynamics in
the heart, dP/dtmax or heart rate

(3) Alleviated infarction and
myocardial fibrosis

[126]

SkQ1
Lifelong treatment of

mice
1 or

30 nmol/kg ∗ bodyweight

(1) Prevented spontaneous
cardiomyopathy

(2) Decreased age-related heart
hypertrophy and diffuse fibrosis

(3) Affected cell adhesion-related gene
expressions, one of which had
mitochondrial localization

[127]

MitoQ

Pressure overload-
induced

heart failure in rats

100μmol/L in
drinking water

(1) Reduced ventricular hypertrophy and
lung congestion

(2) Restored membrane potential in IFM
(3) Improved retention capacity of

mitochondrial calcium in the SSM
and IFM

[128]

Pressure overload-
induced

cardiac fibrosis in rats
2μmol; oral gavage

(1) Attenuated apoptosis, hypertrophic
remodeling, fibrosis, and left
ventricular dysfunction

(2) Blunted TGF-β1 and NOX4
upregulation

(3) Prevented Nrf2 downregulation and
rescued TGF-β1 activation

(4) Ameliorated the cardiac remodeling
dysregulation in phenylephrine and
TGF-β1-induced models

[129]

Rat model of prenatal
hypoxia

125μmol;
intravenous injection

(1) Improved vasorelaxation
(2) Alleviated oxidative stress in

placental cells
(3) Prevented the decrease in vascular

sensitivity to phenylephrine of their
offspring

[130]

Mouse model of aortic
stiffening

250μmol/L in
drinking water

(1) Decreased pulse wave velocity in
old mice

(2) Rescued the decrease of elastin region
elastic modulus and elastin expression

(3) Reversed in vivo aortic stiffness

[131]

MitoE

Bovine aortic endothelial
cells induced by hydrogen
peroxide and glucose

oxidase

1μmol/L in
culture medium

(1) Abrogated H2O2- and lipid peroxide-
induced oxidative protein

(2) Inhibited cytochrome c release, caspase
3 activation, and DNA fragmentation

(3) Inhibited transferrin receptor-
dependent iron uptake and apoptosis

[132]
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6.3. Cardiovascular Diseases (CVDs). Cell redox homeostasis
maintains a healthy physiological state of cardiomyocytes
and vascular endothelial cells. The content of superoxide
anions in the failing human myocardium was found to be
twice more than that in the healthy myocardium [111]. There
are also similar observations in diabetes [112] and hyperten-
sive cardiomyopathy [113]. Besides, the damage parameters
of lipid oxidative, nucleic acid, and protein have been
observed in the circulation or myocardial tissue of patients
with myocardial infarction or heart failure in the animal
models of these conditions [113–116]. Moreover, the oxida-
tive damage of the mitochondria and ROS production by
endothelial cells were significantly higher compared with
the myocardium of young mice, indicating oxidative stress
is also involved in age-related CVDs. The depletion of Sod2
(encoding mitochondrial superoxide dismutase) can aggra-
vate the atherosclerotic process in mice, which confirms the
detrimental role of ROS overproduction [117]. Interestingly,
the absence of a specific cardiomyocyte Txnrd2 (encoding
thioredoxin reductase 2) results in fatal dilated cardiomyop-
athy in the mouse embryo [118]. These observations indicate
that overloaded oxidative stress is associated with a variety of
cardiovascular diseases, such as atherosclerosis, cardiac
hypertrophy, cardiomyopathy, and heart failure [119].

In the cases of overloaded oxidative stress, a timely sup-
plement of antioxidants to maintain the normal function of
the cardiovascular system is crucial for the prevention and
treatment of cardiovascular diseases. Some conventional
antioxidants such as CoQ10 [120], polyphenols [121], vitamin
C [122], and vitamin E [123] have been shown to prevent and
treat cardiovascular disease inmodels, with expanded ongoing
clinical trials (NCT03133793, NCT01925937, NCT02779634,
NCT02847585, NCT02934555, and NCT02218476). How-
ever, the majority of these clinical studies are in unknown sta-
tus which might be attributed to the poor biopharmaceutical
properties and the pharmacokinetics of the nontargeted anti-
oxidants. Mitochondria are the main sites for the ROS pro-
duction and oxidative energy metabolism, implying the
MTAs might show better efficacy for the treatment of cardio-
vascular disease. In recent studies, promising results have

been obtained with the MTAs, including Mito-TEMPO,
MitoSNO, SkQ1, MitoQ, MitoE, SS-20, and SS-31, in the cel-
lular and animal models (Table 4), fostering the initiation of
clinical trials for CVD treatment. These promising results
from preclinical experiments of MitoQ have fostered ongo-
ing clinical trials for diastolic dysfunction (NCT03586414,
suspended due to COVID-19 outbreak) and peripheral artery
disease (NCT03506633, under recruiting). Clinical trials of
SS-31 (formerly named as Bendavia or MTP-131) on the
treatment of reperfusion injury (NCT01572909) and heart
failure (NCT02388464, NCT02788747, NCT02245620, and
NCT02814097) have been completed. The clinical results
on reperfusion injury patients indicated that SS-31 combina-
tion therapy is superior to placebo [124]. These clinical trials
on heart failure patients revealed that SS-31 brings favorable
changes in left ventricular volumes in a dose-dependent
manner. Recently, one study using an explanted human heart
tissue model extended these clinical trials and revealed the
beneficial effects of SS-31 on mitochondrial function in heart
failure [78]. For further application, the clinical dosage and
therapeutic effects of MTAs on the treatment of CVDs need
to be further explored.

6.4. Cancer. The mitochondria-derived ROS are crucial in
cancer development, which makes mitochondria-targeted
antioxidants promising anticancer agents. The relationship
between mitochondrial ROS and cancer development has
been reviewed in recent publications [134, 135]. Generally,
changes in the mitochondrial function of tumor cells (“aero-
bic glycolysis,” also known as “Warburg effect”) lead to fur-
ther mitochondrial ROS production and nuclear DNA
mutations that impair OXPHOS. As a consequence, onco-
genic ROS promote the occurrence and development of
tumors via inducing DNA damage and regulating various
signaling pathways. For example, the production of H2O2
mediated by endogenous oncogenes can improve the prolif-
eration rate of tumor cells via regulating MAPK signals and
stimulating extracellular ERK pathway kinase. Mitochondrial
production of O2- stimulates the growth of KRAS lung cancer
cells through MAPK/ERK signaling [136]. The upregulation

Table 4: Continued.

Mitochondria-targeted
antioxidants/bioactive
component

Models/clinical trials Dosage Effects/mechanism Reference

SS-20, SS-31
Rat model of

myocardial infarction
3mg/kg ∗ bodyweight;
intraperitoneal injection

(1) Reduced lipid peroxidation
(2) Decreased the occurrence frequency

and severity of arrhythmia
[133]

SS-31/elamipretide/
MTP-131

Clinical trials on heart
failure patients

20mg subcutaneous
injection

4 and 40mg intravenous
injection

(1) High-dose SS-31 improved left
ventricular volumes

(2) Improved super complex-associated
oxygen flux, complex (C) I activity

NCT02388464
[78]

Clinical trials on
reperfusion injury

patients

Intravenous at
0.05mg/kg/h

(1) Conjunction SS-31 with standard
therapy is superior to placebo for
reducing myocardial infarction

NCT01572909
[124]

Notes: CF: cardiac fibroblasts; IFM: interfibrillar mitochondria; LDL-c: high-density lipoprotein cholesterol; lncRNAs: long noncoding RNAs; NOX4: NADPH
oxidase subunit 4; Nrf2: nuclear factor erythroid 2; ox-LDL: oxidized high-density lipoprotein; SSM: subsarcolemmal mitochondria; TC: total cholesterol;
TEMPO: 4-hydroxy-2,2,6,6-tetramethylpiperidin-N-oxide; TGF-β1: transforming growth factor β 1.
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of ROS also activates transcription factors such as nuclear
factor-κB (NF-κB), which increases the proliferation of
cancer cells [137].

In the past two decades, several studies focused on target-
ing mitochondria for anticancer therapy. The anticancer
mechanism of these agents includes the following: (1)
increasing the conductivity of mitochondrial transition pore
complex (PTPC), thereby promoting the rupture of mito-
chondrial membrane and the release of mitochondrial
apoptotic factors [138]; (2) targeting proapoptotic Bcl-2
homology domain 3 (BH3) protein mimetics, during which
the apoptotic factors are released [139]; (3) sensitizing the
cancer cells to conventional treatments via inhibiting glycol-
ysis of cancer cells [140]; and (4) interrupting glutamine
catabolism, pyruvate dehydrogenase, and lactate dehydroge-
nase [138]. Comparatively, the MTAs with the properties of
scavenging the mitochondrial ROS or inhibiting the ROS
production could only inhibit the proliferation of cancer cells

instead of triggering apoptosis. Several preclinical studies
have shown the antigrowth effects of MTAs on cancer
models (Table 5). Among the MTAs used for the preclinical
experiments, the SkQ1 was the most promising and exten-
sively studied one showing anticancer effects at a nanomole
dosage in various models. For example, 40 nmol/L SkQ1
treatment suppressed the proliferation of HT1080 and RD
tumor cells in culture via inhibiting mitosis [141]. Daily 5,
30, or 50nmol/kg ∗ bodyweight SkQ1-supplemented diet
decreased the incidence of spontaneous cancers in p53
knockout mice, BALB/c mice, and benzopyrene-induced
mice, respectively [142–144]. Recently, a mitochondria-
targeted peptide KRSH that consisted of lysine, arginine,
tyrosine, and cysteine (Figure 5) was revealed to inhibit cell
proliferation and increase apoptosis of HeLa and MCF-7 cell
lines [145]. Mechanically, the positively charged lysine and
arginine help the KRSH mitochondria-targeted delivery,
meanwhile, the tyrosine and cysteine play antioxidative roles

Table 5: MTAs in cancer models.

Mitochondria-targeted
antioxidants/bioactive
component

Models/clinical trials Dosage Effects/mechanism Reference

SkQ1

HT1080 cells
40 nmol/L in culture

medium

(1) Suppressed cell growth and
prolonged cell mitosis

(2) Induced distribution and activation
of Aurora family kinases

[132]

Tumor cells in culture
or mouse models

40 nmol/L in culture
medium;

250 nmol/kg ∗ bodyweight

(1) Decreased cell growth and the
weight of subcutaneous tumors

(2) Prolonged cell mitosis and
apoptosis

[132]

p53(-/-) mice
5 nmol/kg ∗ bodyweight

per day

(1) Delayed appearance of tumors
(2) Inhibited the growth of xenografts

tumors and angiogenesis
[133]

BALB/c mice in
SPF environment

1 and
30 nmol/kg ∗ bodyweight

per day

(1) Decreased the incidence of
spontaneous cancers at the dosage
of 30 nmol/kg ∗ bodyweight

(2) Suppressed the cancer
dissemination at
1 nmol/kg ∗ bodyweight dosage

[134]

Benzopyrene-induced
carcinogenesis in SHR mice

5 and
50 nmol/kg ∗ bodyweight

per day

(1) Inhibited tumor growth
(2) Dose-dependent effects were

observed
[135]

KRSH HeLa and MCF-7 cells
50 nmol/L in culture

medium

(1) Inhibited greater tumor cell growth
than the normal cells

(2) Increased apoptosis of HeLa and
MCF-7 cells, but not of MCF10A
cells

(3) Accumulated in mitochondria and
increased mitochondrial
depolarization

[136]

Mito-TEMPO
N-Nitrosodiethylamine-induced

hepatocarcinogenesis in
BALB/c mice

0.1mg/kg ∗ bodyweight
weekly

(1) Increased animal survival ratio and
decreased tumor incidence and
tumor multiplicity

(2) Rescued the gap junctions and gap
junctional intercellular
communication of tumor cells

[137]

Notes: HeLa cells: cervical cancer cell line taken from Henrietta Lacks; HT1080: human sarcoma cell line; MCF-7: breast cancer cell line that consisted of the
acronym of Michigan Cancer Foundation-7; p53: tumor protein p53; SPF; specific pathogen free.
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for scavenging mitochondrial ROS. The possible proapopto-
tic effects of KRSH on HeLa andMCF-7 cells might be attrib-
uted to the increased mitochondrial depolarization, but not
the antioxidative effects, although the definite mechanism is
unknown. The Mito-TEMPO, a TPP-linked MTA whose
chemical structure is shown in Figure 2, was revealed to
increase the survival ratio and decrease the tumor incidence
and tumor multiplicity in the N-nitrosodiethylamine-
induced hepatocarcinogenesis mice [146]; however, no
in vitro evidence attributes its anticancer effect to the ROS
scavenging.

MTAs have yielded promising results in several in vitro
and animal models for cancer studies; however, it is notewor-
thy that some subsets of cancer cells, such as melanoma
tumor cells, exhibit metabolic reprogramming heterogeneity,
showing different bioenergy and ROS detoxification capabil-
ities [147]. Besides, a study comparing the effects of MTAs
and NAs on the hepatocarcinogenesis indicates contradic-
tory results; that is, nontargeted antioxidants (NAC and vita-
min E analog Trolox) prevented tumorigenesis, whereas
MTAs (SS-31 and Mito-Q) aggravated tumorigenesis [148].
Therefore, it is critical to clarify the metabolic patterns of dif-
ferent cancer cells in a specific stage and to carefully adopt
appropriate therapeutic strategies before clinical intervention
with MTAs.

7. Conclusion

Mitochondria produce most of the energy and ROS in cells.
Mitochondrial ROS are important signaling molecules
involved in many cellular adaptative oxidative defense sys-
tems. However, excessive ROS accumulation or insufficient
clearance results in damaged mitochondrial DNA and pro-
tein, both of which are pathophysiological features of a vari-
ety of diseases. In the past decades, many studies focused on
developing NAs to restore the normal physiological function
of oxidative stressed mitochondria. Research studies on var-
ious models were promising, but clinical trials sometimes
showed contradictory results. Redox signaling is an impor-
tant part of many physiological processes. Excessive or inap-
propriate use of antioxidants may abolish ROS production
and result in compensatory upregulation of MAPK path-

ways, which in turn break down the endogenous antioxi-
dant system. Thus, applying the appropriate dosage and
delivery method of these antioxidants to balance ROS pro-
duction and antioxidation is crucial for the clinical trials.
Recently, a variety of mitochondria-targeted delivery sys-
tems and antioxidants have been exploited to recover
mitochondrial function from the pathological conditions
in different mechanisms. The outstanding advantages of
MTAs over the nontargeted ones include (1) efficient
pharmacokinetics and absorption and (2) specific accumu-
lation at cells and mitochondria, avoiding nonspecific high
concentration-induced side effects.

This article reviews the characteristics and applications of
different mitochondria-targeting tools, including lipophilic
cations, liposome vectors, peptide-based targeting, and their
recent research reports. Overall, most of these tools have
shown beneficial roles for mitochondria-targeting delivery.
Based on these delivery tools, an increasing number of MTAs
are currently being evaluated, some of which have been vali-
dated as effective agents in stage 2 clinical trials, providing
unlimited possibilities for mitochondria-targeted therapies.
Although the results from current studies are very promising,
the human clinical trials on different disease stages should be
firstly standardized to effectively translate these research
results into usable medicines. Besides, these noteworthy
questions should be preferentially considered to exploit more
MTAs for disease treatment in the future (refer to notewor-
thy questions).
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Additional Points

Noteworthy Questions. (1)What is the decisive mechanism in
the development of mitochondria-targeted disease? (2) What
is the most effective antioxidant for regulating the decisive
mechanism (according to the experiment on separated mito-
chondria)? (3) Which delivery system will be the best choice
for the mitochondria-targeted delivery of antioxidants? (4)
How to optimize the effective MTA dosage in different
administration approaches (e.g., oral, intravenous, or subcu-
taneous) for disease treatment? (5) How to standardize a
clinical trial (e.g., how many patients to get involved, how
long for patient tracking, and what parameters to assess side
effects) for the evaluation of MTAs in disease treatment?
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Quercetin is a bioflavonoid with potential antioxidant properties. However, the mechanisms underlying its effects remain unclear.
Herein, we focused on integrating long noncoding RNA (lncRNA), microRNA (miRNA), and messenger RNA (mRNA)
sequencing of PC-12 cells treated with quercetin. We treated PC-12 cells with hydrogen peroxide to generate a validated
oxidative damage model. We evaluated the effects of quercetin on PC-12 cells and established the lncRNA, miRNA, and mRNA
profiles of these cells. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses of these RNAs were conducted
to identify the key pathways. Quercetin significantly protected PC-12 neuronal cells from hydrogen peroxide-induced death. We
identified 297, 194, and 14 significantly dysregulated lncRNAs, miRNAs, and mRNAs, respectively, associated with the
antioxidant effect of quercetin. Furthermore, the phosphatidylinositol-3-kinase/protein kinase B pathway was identified as the
crucial signalling pathway. Finally, we constructed a lncRNA-associated competing endogenous RNA (ceRNA) network by
utilizing oxidative damage mechanism-matched miRNA, lncRNA, and mRNA expression profiles and those changed by
quercetin. In conclusion, quercetin exerted a protective effect against oxidative stress-induced damage in PC-12 cells. Our study
provides novel insight into ceRNA-mediated gene regulation in the progression of oxidative damage and the action mechanisms
of quercetin.

1. Introduction

The maintenance of normal physiological functions depends
on the balance between reactive oxygen species (ROS) and
intracellular antioxidant factors. Oxidative stress (OS),
caused by the imbalanced regulation of oxidant and antioxi-
dant systems in cells, is deleterious to cells through DNA
damage, cellular dysfunction, and apoptosis [1, 2]. OS has
been implicated in the pathogenesis of numerous disorders
by affecting the normal functions of several tissues [3–5].

Furthermore, numerous age-related and neurodegenerative
diseases, such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and inherited mitochondrial disorders, are
also directly associated with OS [6–8]. Considering this
relationship, extensive research is focused on uncovering
the underlying mechanisms and role of OS in the onset
and development of disease. It is thought that the discov-
ery of new therapeutic strategies for alleviating OS may be
helpful for the treatment of many diseases, especially
neurodegenerative diseases.
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Quercetin (QUE) is a natural flavonoid widely distributed
in many fruits and vegetables. It has numerous biological
activities, including antitumour effects, anti-inflammatory
properties, cardiovascular protection, and regulation of blood
sugar levels [9]. An increasing body of evidence indicates that
QUE has the ability to scavenge ROS, such as superoxide rad-
ical anion and hydroxyl radical, and can act as an antioxidant
agent. Previous in vitro research studies suggested that QUE
has the ability to quench oxygen free radicals [10–12]. Recent
findings indicated that QUE can provide protection against
OS when administered in vivo [13, 14]. In addition, several
studies revealed signal transduction pathways associated with
the ability of QUE to counteract oxidative damage, such as
activation of the nuclear factor erythroid 2-related factor 2-
antioxidant response element (Nrf2-ARE) pathway, induction
of Nrf2 nuclear translocation, and an increase in glutathione
levels [15–17]. To date, research studies on the antioxidant
mechanism of QUE are insufficient.

Recently, noncoding RNAs (ncRNAs), including long
ncRNAs (lncRNAs; with lengths > 200 bp) and microRNAs
(miRNAs; measuring < 200 nucleotides long), have attracted
considerable attention. Dysregulation of lncRNAs and miR-
NAs has been strongly associated with the pathogenesis of
OS [18–20]. Researchers have theorized that lncRNAs
harbouring miRNA response elements could compete with
each other for binding to a common miRNA, thereby regu-
lating the levels and downstream functions of miRNAs.
This hypothesis is termed “competing endogenous RNA
(ceRNA)” [21]. Previous evidence demonstrated that OS
is strongly correlated with ceRNA. lncRNA LINC01619,
as the endogenous competitor, has been shown to regulate
miR-27a/forkhead box protein O1 (miR-27a/FOXO1) for
the induction of endoplasmic reticulum stress and podo-
cyte damage and subsequently trigger OS [22]. Likewise,
by competing to bind to miRNA-150, lncRNA FOXD3-
AS1 blocked its protective effect, thereby contributing to
the OS-induced apoptosis of lung epithelial cells [23]. Over-
all, these studies indicated that the link between ncRNAs
and OS is stronger than previously thought. However, there
is limited knowledge on the role of functional RNA mole-
cules and RNA-mediated regulation networks in the anti-
oxidant mechanism of QUE. Thus, further efforts (i.e.,
analysis of lncRNA and miRNA) to elucidate the antioxi-
dant mechanisms of QUE are warranted.

The cell line rat pheochromocytoma PC-12 has been
commonly used in the investigation of neurological diseases,
such as AD and PD [24]. In the present study, a model of oxi-
dative injury was established by hydrogen peroxide- (H2O2-)
induced damage in PC-12 cells [25] and used to identify the
antioxidant function of QUE. Furthermore, transcriptomics
and bioinformatics analyses were conducted to further inves-
tigate the regulatory mechanisms of QUE in protecting
neuronal cells from oxidative damage.

2. Materials and Methods

2.1. Cell Culture and Treatment. PC-12 cells derived from a
transplantable rat pheochromocytoma were cultured in Dul-
becco’s modified Eagle’s medium containing 10% foetal calf

serum, 100U/mL penicillin, and 100μg/mL streptomycin at
a density of 1 × 104 cells per well (5% CO2 at 37

°C). Experi-
ments were performed 24 h after cells were seeded. The PC-
12 cells were pretreated with various concentrations (6.25,
12.5, or 25μM) of QUE in serum-free Dulbecco’s modified
Eagle’s medium for 2 h. Subsequently, the pretreated cells
were cultured for an additional 6 h with 500μM H2O2 to
stimulate oxidative damage, as previously described [24].
Untreated cells and cells treated with H2O2 alone were used
as normal and model control, respectively. H2O2 was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Viability Assay. Cellular toxicities of H2O2 and the
protective effect of QUE were measured in PC-12 cells using
the MTS assay (Promega Corporation, Madison, WI, USA).
After treatment with the indicated concentrations of H2O2
or QUE, 10μL MTS kit solution was added, and the cells
were incubated for 1 h at 37°C. Subsequently, the absorbance
was measured using a Microplate Reader (BioTek Instru-
ments, Winooski, VT, USA).

2.3. Biochemical Analysis. Cold phosphate-buffered saline
was used to collect treated and untreated PC-12 cell samples
through centrifugation according to the instructions pro-
vided in each enzyme kit. The cells were homogenized with
cold phosphate-buffered saline, and commercial kits (Jiangsu
Feiya Biological Technology Co., Ltd.) were used to obtain
the supernatant for the measurement of malondialdehyde
(MDA), glutathione (GSH), and superoxide dismutase
(SOD) activity.

2.4. Cell Apoptosis Assay. The protective effect of QUE on
apoptosis in PC-12 cells was determined using the Hoechst
assay. The cells pretreated with 25μM QUE were used as
the protection group. After treatment of the cells, 5μg/mL
Hoechst staining solution was added to avoid light staining,
and the cells were placed under an Olympus fluorescence
microscope for imaging. This experiment was repeated
thrice.

2.5. Western Blotting Analysis. Total protein was extracted
from PC-12 cells according to the instructions provided by
the manufacturer for the radioimmunoprecipitation assay
lysis buffer. The protein assay reagent kit was used to mea-
sure the concentrations of the extracted protein. The western
blotting protocol was described in detail in our previous
study [26]. The glyceraldehyde-3-phosphate dehydrogenase
antibody (GAPDH) and β-acting were used as the internal
reference, and the grey value was analyzed using the ImageJ
software.

2.6. RNA Extraction and Monitoring of Quality. We selected
three groups of PC-12 cells, H2O2-induced PC-12 cells, and
H2O2-induced PC-12 cells pretreated with 25μM QUE for
RNA sequencing. For the extraction of total cell RNA from
PC-12 cells, the Trizol reagent (Invitrogen, Carlsbad, CA,
USA) was used in accordance with the protocol provided
by the manufacturer. The detection of RNA quality was per-
formed using the following methods: NanoDrop detection,
Qubit 2.0 detection, and Agilent 2100 bioanalyzer test.
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2.7. Small RNA Library Construction, High-Throughput
Sequencing, and Data Processing. After passing the sample
test, 1.5μg was used as the starting amount of the RNA sam-
ple. The volume was adjusted to 6μL with water, and the
small RNA Sample Prep Kit was used for the construction
of the library. Next, the concentration and insert size of the
library were determined using Qubit 2.0 and Agilent 2100
bioanalyzer test, respectively. The effective concentration of
the library was accurately quantified using quantitative poly-
merase chain reaction (qPCR). Subsequently, the Illumina
NovaSeq platform was used for high-throughput sequencing
with a single-end 50-nucleotide read length. The raw image
data files obtained by Illumina NovaSeq platform sequencing
were converted into raw sequencing sequences (Raw Reads)
in a FASTQ file format. The following quality control was
performed on the Raw Reads to obtain the high-quality
sequences (Clean Reads) by removing the following: (1)
for each sample, the series with low-quality values; (2)
reads with unknown base N (N is an unrecognizable base)
with content ≥ 10%; (3) reads without 3′ linker sequence and
inserts; (4) reads contaminated with 5′ joints; (5) the 3′
linker sequence; (6) reads from ploy A/T/C/G; and (7)
sequences < 18 or >30 nucleotides.

2.8. lncRNA Library Construction, High-Throughput
Sequencing, and Data Processing. After the qualification of
the samples, library construction was performed. Firstly,
the ribosomal RNA (rRNA) of the sample was removed using
the epicentre Ribo-Zero™ kit; rRNA-depleted RNA was
randomly interrupted by adding fragmentation buffer;
rRNA-depleted RNA was used as a template, and random
hexamers were used to synthesize the first one cDNA strand.
Subsequently, we added buffer, deoxyadenosine triphos-
phate, deoxyuridine triphosphate, deoxycytidine triphos-
phate, deoxyguanosine triphosphate, RNase H, and DNA
polymerase I to synthesize a second cDNA strand and used
AMPure XP beads to purify the cDNA. The purified
double-stranded cDNA was then subjected to end repair,
and a sequencing adapter was connected. AMPure XP beads
were used to select the fragment size. Finally, the U-chain was
degraded, and the cDNA library was enriched by PCR. The
original sequence (measured by the deribosomal library)
was quality controlled, and the method was based on previ-
ous studies [27].

2.9. Validation through Real-Time qPCR. Real-time qPCR
analysis was used to validate the results of RNA-Seq. The
ViiA 7 Real-Time PCR System (Applied Biosystems) and
2X PCR master mix (Arraystar, USA) were selected accord-
ing to the instructions provided by the manufacturer. The
lncRNA, mRNA, and miRNA expression levels were normal-
ized to those of β-actin, ACTB, and U6, respectively. The
details of the primers are shown in Table 1. The data repre-
sent the average of three experiments.

2.10. Gene Ontology (GO) and Kyoto Gene and Genomic
Encyclopedia (KEGG) Pathway Analyses. Furthermore, tran-
scriptional changes were determined at the overall level by
GO and KEGG pathway enrichment analyses on mRNAs,

target genes of miRNAs, and target genes of lncRNAs related
to QUE treatment. Both analyses were conducted using the R
language (version 3.5.3).

2.11. Construction of the lncRNA-Associated ceRNA Network.
The ceRNA hypothesis reveals a novel regulatory mechanism
between ncRNAs and coding RNAs [27]. The lncRNA-
associated ceRNA network was established following these
three steps: (1) lncRNA, mRNA, and miRNA related to OS
and those altered by QUE were selected; (2) miRanda and
TargetScan were applied to predict the correlation of miRNA
with ceRNA (herein, lncRNA and mRNA); and (3) a
lncRNA-miRNA-mRNA network was constructed using
the Cytoscape v3.01 software.

2.12. Statistical Analysis. The SPSS version 22.0 (IBM Corp.,
Armonk, NY, USA) software was used for statistical analysis
in our study. p values < 0.05 denoted statistically significant
differences. The DEseq software was utilized to process the
sequencing data. Using p < 0:01 and ∣log2ðfold changeÞ ∣ >2
as the criteria, the differentially expressed (DE) lncRNAs,
DE miRNAs, and DE mRNAs were identified.

3. Results

3.1. QUE Protected PC-12 Cells from H2O2-Triggered Injury.
The protective effect of QUE on PC-12 cell viability rate
induced by H2O2 was detected by the MTS assay. As shown
in Figure 1(a), the cell survival rate in the model group was
significantly reduced compared with that noted in the control
group, indicating that H2O2 induced cytotoxic damage to
PC-12 cells (p < 0:05). Through treatment with QUE, the
survival rate of PC-12 cells was significantly increased in a
dose-dependent manner (p < 0:05).

The protective effect of QUE on the activities of SOD and
GSH and the content of MDA in PC 12 cells injured by H2O2
were detected. As shown in Figure 1(b), the expression levels
of MDA in the model group were higher than those recorded
in the control group. Compared with the model group, the
levels of MDA enzymes in the samples pretreated with
QUE were significantly lower. As shown in Figures 1(c) and
1(d), the expression levels of SOD and GSH in the model
group were significantly reduced compared with those noted
in the control group. Through treatment with QUE, their
expression levels were significantly increased in a dose-
dependent manner. These results indicate that QUE pretreat-
ment can significantly reduce the inhibitory effect of H2O2 on
antioxidant enzymes.

3.2. QUE Protected PC-12 Cells from H2O2-Induced Cell
Apoptosis. To investigate the effects of QUE on the H2O2-
induced apoptosis of PC-12 cells, the Hoechst 33342 staining
method was used to detect cell apoptosis, as shown in
Figure 2(a). The cells in the control group were dark blue.
In the model group, the apoptosis of stained cells was signif-
icantly increased after induction treatment and appeared
blue-white, while the nuclei showed irregular marginaliza-
tion. In the protective group pretreated with QUE, the
phenomenon of cell apoptosis was obviously alleviated.
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Furthermore, western blotting was performed to detect
the expression of apoptosis-related proteins, including Bax,
procaspase-9, cleaved caspase-9, and procaspase-3. As shown
in Figure 2(b), compared with the control group, H2O2
induced an obvious increase in the expression of Bax and
cleaved caspase-9, whereas it decreased the expression of
procaspase-3 and procaspase-9. Pretreatment with QUE
enhanced the expression of procaspase-3 and procaspase-9,
whereas it reduced that of Bax and cleaved caspase-9 com-
pared with the H2O2 group. These results indicate that
pretreatment with QUE can significantly protect PC-12 cells
from H2O2-induced apoptosis.

3.3. DE mRNA and Functional Enrichment Analysis. We
firstly focused on changes in the expression of the coding genes.
Using the criterion of p < 0:01 and ∣log2ðfold changeÞ ∣ >2, 966
DE genes (i.e., 823 upregulated and 143 downregulated)
between the model and control groups and 495 DE genes
(i.e., 130 upregulated and 365 downregulated) between the
model and QUE groups were detected. The MA plot
(Figures 3(a) and 3(b)) and volcano plot (Figures 3(c) and
3(d)) were applied to exhibit differential gene expression
in the above two pairs. The expression profiles of the top
20 upregulated and downregulated DE mRNAs are shown
in Figures 3(e) and 3(f), using unsupervised clustering

Table 1: Primers designed for qRT-PCR validation of candidate miRNAs, mRNAs, and lncRNAs.

Names Forward primer and reverse primer Tm (°C) Product length (bp)

ACTB
F: 5′ CGAGTACAACCTTCTTGCAGC3′
R: 5′ ACCCATACCCACCATCACAC3′ 60 202

β-Actin (R)
F: 5′CGAGTACAACCTTCTTGCAGC3′
R: 5′ ACCCATACCCACCATCACAC3′ 60 202

U6
F: 5′GCTTCGGCAGCACATATACTAAAAT3′
R: 5′CGCTTCACGAATTTGCGTGTCAT3′ 60 89

IL6
F: 5′ TCAGAGCAATACTGAAACCCTA3′
R: 5′ TCCTTAGCCACTCCTTCTGT3′ 60 134

PLK2
F: 5′ ATGGTGGCGATCTCCCTAGT3′
R: 5′ AGCGAACAGCCAGACATCAA3′ 60 247

MDM2
F: 5′ TGAGGTCTATCGGGTCACAGTC3′
R: 5′ CAGGCACATCTAAGCCTTCTTCT3′ 60 263

CDKN1A
F: 5′ TCTTGTGATATGTACCAGCCACAG 3′
R: 5′ GTCAAAGTTCCACCGTTCTCG 3′ 60 182

GADD45G
F: 5′ GTCTACGAGTCCGCCAAAGTC3′
R: 5′ CTATGTCGCCCTCATCTTCT3′ 60 92

MSTRG.89940.1
F: 5′ GTCACCTTACCGTAGGCACA 3′
R: 5′ CCAAATTCCTCCAGCTTCACT 3′ 60 157

MSTRG.4076.1
F: 5′ AGTGCTCCCGACATTCACTT 3′
R: 5′ TCCTTACGCTCAATCTATCCC 3′ 60 103

MSTRG.48686.2
F: 5′ GCAGTACAACAATTATCGCCAA 3′
R: 5′ AGGTCCTTAGAGTGAGCAACG 3′ 60 197

MSTRG.34031.1
F: 5′ TTTCCACAGCCTTTCCACG 3′

R: 5′ CACTTCCACATTGCTCTTCATC 3′ 60 196

Novel_miR_1502
GSP: 5′GGGGAATACTGGGTGCTGT3 ′

R: 5′GTGCGTGTCGTGGAGTCG3′ 60 64

Novel_miR_2218
GSP: 5′GGGGTTCTGGGTGCTGTA3′
R: 5′GTGCGTGTCGTGGAGTCG3′ 60 62

Novel_miR_298
GSP: 5′GAAACGGCGGCGATG3′
R: 5′GTGCGTGTCGTGGAGTCG3′ 60 59

Novel_miR_345
GSP: 5′GGAGGAGGGAACGCAGTCT3′

R: 5′GTGCGTGTCGTGGAGTCG3′ 60 64

Novel_miR_97
GSP:5′GGGGGTGTCTGTCTGAGTG3′
R: 5′GTGCGTGTCGTGGAGTCG3′ 60 62

4 Oxidative Medicine and Cellular Longevity



100

80
C

el
l v

ia
bi

lit
y 

(%
)

60

40

20

0
0 6.25

#

⁎
⁎

12.5 25Control
Quercetin (𝜇M)

(a)

M
D

A
 (n

m
ol

/m
L)

5

4

3

2

1

0
0 6.25

#

⁎

⁎

⁎

12.5 25Control
Quercetin (𝜇M)

(b)

SO
D

 (n
m

ol
/m

L)

8

6

4

2

0

#

⁎

⁎
⁎

0 6.25 12.5 25Control
Quercetin (𝜇M)

(c)

400

300

200

100

0

#

⁎
⁎

0 6.25 12.5 25Control
Quercetin (𝜇M)

G
SH

 (n
m

ol
/m

L)

(d)

Figure 1: Protective effect of QUE on H2O2-induced cytotoxicity in PC-12 cells. (a) Effect of QUE on PC-12 cell viability rate induced by
H2O2. The percentage of cell viability was relative to that of untreated control cells. Effect of QUE on (b) MDA, (c) SOD, and (d) GSH in
PC-12 cells induced by H2O2. In the protected group, PC-12 cells were pretreated with different concentrations of QUE for 2 h and
subsequently incubated with 500 μM H2O2 for an additional 6 h. Values represent mean ± SEM of three independent experiments.
#p < 0:05 versus control; ∗p < 0:05 versus H2O2-treated cells. H2O2: hydrogen peroxide; QUE: quercetin; SEM: standard error of the mean.
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Figure 2: Protective effect of QUE against H2O2-induced apoptosis in PC-12 cells. (a) The effect of QUE on H2O2-induced apoptosis detected
by Hoechst 33342 staining. (b) Western blotting analysis of the expression of apoptotic proteins. The expression levels of Bax, procaspase-9,
cleaved caspase-9, and procaspase-3 were detected. In the protected group, PC-12 cells were pretreated with different concentrations of QUE
for 2 h and subsequently incubated with 500μM H2O2 for an additional 6 h. H2O2: hydrogen peroxide; QUE: quercetin.
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analysis. Furthermore, a total of 294 mRNAs related to the
protection of neuronal cells from OS through treatment
with QUE were identified by comparing gene expression
in the three groups (Figure 3(g)). Notably, 278 mRNAs were
upregulated in the H2O2 group compared with the control
group. Interestingly, intervention with QUE could reverse
these H2O2-induced alterations, producing expression
levels similar to those observed in the control group. Like-
wise, 16 mRNAs were downregulated in the model group
compared with the control group; these changes were also
reversed after treatment with QUE. Collectively, these
results suggested that OS induced transcriptome alterations
in neuronal cells, whereas treatment with QUE could
reverse these changes to a large extent.

GO and KEGG analyses were performed to investigate
the function of QUE-targeted mRNAs. As shown in
Figure 3(h), the most enriched biological process (BP) in
GO terms were lymphocyte chemotaxis, macrophage chemo-
taxis, cell proliferation, etc. The most enriched cellular com-
ponent (CC) terms were acrosomal vesicle, extracellular
space, nucleoplasm, etc., while the most enriched molecular
function (MF) terms were chemokine activity, serine-type
endopeptidase, ligase activity, etc. The top significantly
enriched KEGG pathways are shown in Figure 3(i). The
tumour necrosis factor signalling pathway, FOXO signalling
pathway, and mitogen-activated protein kinase signalling

pathway may be closely involved in the protective effect to
neuronal cells against OS.

3.4. DE lncRNAs and Functional Enrichment Analysis. Like-
wise, the MA plot (Figures 4(a) and 4(b)) and volcano plot
(Figures 4(c) and 4(d)) were applied to compare the DE
lncRNA expression profiles of “model group vs. control
group” and “QUE group vs. model group.” Like mRNA, the
expression profiles of the top 20 upregulated and downregu-
lated DE lncRNAs are exhibited in Figures 4(e) and 4(f).
Using the same criterion (fold change ≥ 2 and p < 0:01),
1,186 DE lncRNAs (i.e., 1,051 upregulated and 135 downreg-
ulated) in the control group compared with the model group
and 489 DE lncRNAs (i.e., 228 upregulated and 261 down-
regulated) in the model group compared with the QUE
treatment group were detected. In comparison with the con-
trol group, 197 lncRNAs were clearly dysregulated in the
model group (i.e., 184 upregulated and 13 downregulated)
(Figure 4(g)). Moreover, after treatment with QUE, these
H2O2-induced lncRNA alterations were reversed, producing
expression levels similar to those noted in the control group.
We subsequently performed a functional enrichment analy-
sis using these 197 lncRNAs.

As shown in Figure 4(h), GO analysis regarding QUE-
targeted lncRNA potential target genes indicated that the
most enriched GO terms included neutrophil chemotaxis,
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Figure 3: Distinct expression pattern of mRNAs and functional enrichment analysis. The MA plot of DE mRNA expression profiles (a)
between the CON group and the model group and (b) between the model group and the QUE group. The volcano plot of DE mRNA
expression profiles (c) between the CON group and the model group and (d) between the model group and the QUE group. Unsupervised
clustering analysis showing the expression profiles of the top 20 upregulated and downregulated mRNAs (e) between the CON group and
the model group and (f) between the model group and the QUE group. (g) Heat map showing 294 mRNAs that were changed when
PC-12 cells were subjected to oxidative damage; pretreatment with QUE reversed these alterations. (h) GO enrichment analysis of mRNAs
altered by QUE. The superscripted number represents the number of genes annotated in the GO term, the ordinate represents the GO
term, and the abscissa represents the −log10(p value). (i) KEGG enrichment analysis of mRNA altered by QUE. The ordinate represents
the KEGG pathway, and the abscissa represents the adjusted p value. CON: control; DE: differentially expressed; GO: Gene Ontology;
H2O2: hydrogen peroxide; KEGG: Kyoto Gene and Genomic Encyclopedia; MOL: model; mRNA: messenger RNA; QUE: quercetin.
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lymphocyte chemotaxis, and macrophage chemotaxis (BP);
extracellular space and acrosomal vesicle (CC); and chemo-
kine activity, serine-type endopeptidase inhibitor activity,
and ligase activity (MF). As shown in Figure 4(i), the PI3K-
AKT signalling pathway, interleukin 17 (IL17) signalling
pathway, and neuroactive ligand-receptor interaction were
enriched in the KEGG analysis of lncRNA potential target
genes.

3.5. DE miRNAs and Functional Enrichment Analysis. By
comparing the miRNA transcriptomes from different groups,
135 H2O2-responsive miRNAs (i.e., 122 upregulated and 13
downregulated in the H2O2 intervention group) and 34
QUE-responsive miRNAs (i.e., five upregulated and 29
downregulated after treatment with QUE) were identified.
The MA plot (Figures 5(a) and 5(b)) and volcano plot
(Figures 5(c) and 5(d)) were applied to detect H2O2-respon-
sive miRNAs and QUE-responsive miRNAs. The results of
the unsupervised clustering analysis, indicating the top 20
upregulated and downregulated DE miRNAs, are shown in
Figures 5(e) and 5(f). Compared with the control group, 14
miRNAs in the model group were upregulated, and this effect
was reversed after treatment with QUE. Of note, all those
miRNAs were newly discovered. This effect was reversed
after treatment with QUE (Figure 5(g)). Functional enrich-
ment analysis was subsequently performed to investigate

the functions of these dysregulated miRNAs based on their
target genes.

In the GO analysis (Figure 5(h)), the top two terms in BP
were negative regulation of transcription from the RNA poly-
merase II promoter and positive regulation of transcription
from the RNA polymerase II promoter. MFs were mainly
enriched in the transcription factor complex and transcrip-
tion repressor complex. Regarding CCs, the enriched terms
included sequence-specific DNA binding and transcription
factor activity, and sequence-specific DNA binding. The
most enriched KEGG pathways are shown in Figure 5(i).
Major genes were enriched in the following pathways: Hippo
signalling pathway, Wnt signalling pathway, etc. These
results suggest that miRNA-regulated target mRNAs may
participate in the protective function of QUE through these
pathways. The PI3K-AKT signalling pathway has also been
found to be closely related to this process.

3.6. Expression Profile Validation. We conducted real-time
qPCR analysis to verify the findings obtained from RNA-
Seq. Of the DE mRNAs most relevant to the antioxidant
stress mechanism of QUE, five mRNAs enriched in the
FOXO signalling pathway were selected for real-time qPCR:
polo-like kinase 2 (PLK2), MDM2, IL6, growth arrest and
DNA damage-inducible gamma (GADD45G), and cyclin-
dependent kinase inhibitor 1A (CDKN1A). Furthermore,
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Figure 4: Distinct expression pattern of lncRNAs and functional enrichment analysis. The MA plot of the expression profiles of DE lncRNAs
(a) between the CON group and the model group and (b) between the model group and the QUE group. The volcano plot of the expression
profiles of DE lncRNAs (c) between the CON and model groups and (d) between the model and QUE groups. Unsupervised clustering
analysis showing the expression profiles of the top 20 upregulated and downregulated lncRNAs (e) between the CON and model groups
and (f) between the model and QUE groups (f). (g) Heat map showing 197 lncRNAs that were altered when PC-12 cells were subjected to
oxidative damage; pretreatment with QUE reversed these alterations. (h) GO enrichment analysis of targeted genes for lncRNAs altered by
QUE. The superscripted number represents the number of genes annotated in the GO term, the ordinate represents the GO term, and the
abscissa represents the −log10(p value). (i) KEGG enrichment analysis of targeted genes for lncRNAs altered by QUE. The ordinate
represents the KEGG pathway, and the abscissa represents the adjusted p value. CON: control; DE: differentially expressed; GO: Gene
Ontology; H2O2: hydrogen peroxide; KEGG: Kyoto Gene and Genomic Encyclopedia; lncRNA: long noncoding RNA; MOL: model;
QUE: quercetin.
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nine dysregulated ncRNAs were selected for real-time qPCR
analysis, including five miRNAs (i.e., novel_miR_97, novel_
miR_298, novel_miR_2218, novel_miR_1502, and novel_
miR_2117) and four lncRNAs (i.e., MSTRG.89940.1,
MSTRG.4076.1, MSTRG.48686.2, and MSTRG.34031.1). As
shown in Figure 6, the expression levels determined by real-
time qPCR were in agreement with the results of RNA-Seq.
Thus, all lncRNAs, miRNAs, and mRNAs were affirmed as
targets closely related to treatment with QUE and included
in further analyses.

3.7. QUE Activates the PI3K-AKT Pathway in Oxidatively
Damaged PC-12 Cells. By combining our findings of the
KEGG analysis and those of previous studies, we hypothe-
sized that the PI3K-AKT pathway may be a key pathway
for the antioxidant mechanism of QUE. As shown in
Figure 7, the protein levels of p-PI3K, p-AKT, PI3K, and
AKT were increased in the QUE group, in a concentration-
dependent manner, compared with those recorded in the
model group. This result suggested that the protein levels of
p-PI3K, p-AKT, PI3K, and AKT were increased in response
to QUE. The above results confirm that QUE may protect
PC-12 cells from H2O2-induced oxidative damage by activat-
ing the PI3K-AKT signalling pathway.

3.8. Integrated Analysis of the lncRNA-Associated ceRNA
Network. In this study, LncBase v.2 available in DIANA
Tools was used to retrieve information on miRNA binding
to specific lncRNAs, and Ingenuity Pathway Analysis was
applied to ascertain the experimentally validated miRNA-
to-mRNA interactions. Based on the DE RNAs identified
between the control group and the model group, the
lncRNA-associated ceRNA network related to OS (contain-
ing 65 mRNAs, 77 lncRNAs, and nine miRNAs) was con-
structed (Figure 8). Furthermore, treatment with QUE can
act on the expression of 18 lncRNAs and subsequently
regulate that of 27 mRNAs, by competitively binding with
novel_miR_345 and novel_miR_298. The arrows in this
lncRNA–miRNA–mRNA network represent RNAs that
QUE acted on. Overall, the evidence obtained from our bio-
informatics analysis suggests that lncRNAs harbour miRNA
response elements and play pivotal regulatory roles in the
antioxidant stress mechanism of QUE.

4. Discussion

To the best of our knowledge, this is the first comprehensive
study of a lncRNA-associated ceRNA network to reveal reg-
ulator pathways with regard to the protective effect of QUE
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Figure 5: Distinct expression pattern of miRNAs and functional enrichment analysis. The MA plot of the expression profiles of DE miRNAs
(a) between the CON and model groups and (b) between the model and QUE groups. The volcano plot of the expression profiles of DE
miRNAs (c) between the CON and model groups and (d) between the model and QUE groups. Unsupervised clustering analysis showing
the expression profiles of the top 20 upregulated and downregulated miRNAs (e) between the CON and model groups and (f) between
the model and QUE groups. (g) Heat map showing 14 miRNAs that were altered when PC-12 cells were subjected to oxidative damage;
pretreatment with QUE reversed these alterations). (h) GO enrichment analysis of targeted genes for miRNAs altered by QUE. The
superscripted number represents the number of genes annotated in the GO term, the ordinate represents the GO term, and the abscissa
represents the −log10(p value). (i) KEGG enrichment analysis of targeted genes for miRNAs altered by QUE. The ordinate represents the
KEGG pathway, and the abscissa represents the adjusted p value. CON: control; DE: differentially expressed; GO: Gene Ontology; H2O2:
hydrogen peroxide; KEGG: Kyoto Gene and Genomic Encyclopedia; miRNA: microRNA; MOL: model; QUE: quercetin.
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on neural cells fromOS-induced damages. Our findings indi-
cated that pretreatment with QUE markedly increased cell
viability in a dose-dependent manner versus that observed
for cells treated with H2O2 alone. In addition, we found that

pretreatment with QUE induced the production of antioxi-
dant enzymes and inhibited apoptosis in H2O2-induced
PC-12 cells. Moreover, 197 DE lncRNAs, 14 DE miRNAs,
and 294 DE mRNAs were identified as related to the
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Figure 6: Differential expression of ncRNAs and mRNAs validated by real-time quantitative polymerase chain reaction (qPCR). The data
showed that the expression levels of the lncRNAs (MSTRG.4076.1, MSTRG.48686.2, and MSTRG.34031.1), miRNAs (novel_miR_97,
novel_miR_298, novel_miR_2218, novel_miR_1502, and novel_miR_2117), and mRNA (PLK2, MDM2, IL6, GADD45G, and CDKN1A)
were upregulated in H2O2-induced PC-12 cells and downregulated when pretreated with QUE. The expression levels of MSTRG.89940.1
were downregulated in H2O2-induced PC-12 cells and upregulated when pretreated with QUE. The real-time qPCR results were
consistent with the RNA sequencing data. ∗p < 0:05, (a) H2O2 vs. CON; (b) QUE vs. H2O2. QUE represents H2O2-induced PC-12 cells
pretreated with QUE. CON represents untreated PC-12 cells. H2O2 represents H2O2-induced PC-12 cells. CON: control; H2O2: hydrogen
peroxide; lncRNA: long noncoding RNA; mRNA: messenger RNA; miRNA: microRNA; ncRNA: noncoding RNA; QUE: quercetin.
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antioxidant activities of QUE, and the results of sequencing
were validated by real-time qPCR. The evidence obtained
from the KEGG enrichment function analysis suggests that
the protective effect of QUE may be related to the PI3K/AKT
signalling pathway, which was further verified by western
blotting. Based on authoritative databases, the lncRNA-
associated ceRNA network was visualized for the compre-
hensive analysis of miRNAs, lncRNAs, and mRNAs. This
approach could shed new light on the prevention of neurode-
generative disorders.

Firstly, we focused on the DE coding genes. A total of 966
H2O2-responsive genes (i.e., 823 upregulated and 143 down-
regulated) were detected. In addition, 495 QUE-responsive
genes (i.e., 130 upregulated and 365 downregulated) were
identified. By comparing the gene expression of the three
groups, we finally determined that 294 mRNAs were poten-
tially related to the protective effect of QUE against OS in
PC-12 cells. Of those, 175 genes were newly discovered genes,
and further follow-up studies are warranted for their func-
tional annotation. Regarding other genes that have been pre-
viously annotated, some are involved in the mechanism of
OS: hes family bHLH transcription factor 1 (HES1), dual
specificity phosphatase 1 (DUSP1), BTG antiproliferation
factor 2 (BTG2), regulator of G protein signalling 2 (RGS2),
and activating transcription factor 3 (ATF3). HES1-mediated
promotion of the extracellular matrix protein expression
inhibits the proliferative and migratory functions of trabecular
meshwork cells under OS [28]. Overexpression of DUSP1
increases cellular susceptibility to oxidative injury [29]. It has
been suggested that the upregulation of BTG2 expression in
response to OS may involve the ROS-protein kinase C-
nuclear factor κΒ cascade [30]. Similarly, RGS2 has been
implicated in OS, and a time- and concentration-dependent
upregulation in RGS2 mRNA has been observed in human
astrocytoma 1321N1 cells treated with H2O2 [31, 32]. Upreg-
ulation of ATF3 has been observed in H2O2-stimulated
NP31 cells, as well as endothelial cells of the glomerulus and
aorta of diabetic model rats [33]. Similar results were found
in the present study. Elevated levels of HES1, DUSP1, BTG2,

RGS2, and ATF3 were identified in the H2O2-treated group
compared with the control group. Interestingly, the expression
of these genes declined to control levels after pretreatment
with QUE. The specific roles of these mRNAs associated with
the antioxidative effect of QUE in neurodegenerative disease
warrant further investigation.

The negative or positive role of lncRNAs is observed in
the oxidation/antioxidant system [34, 35]. Therefore, studies
aiming to explore the lncRNAs in the OS field may be helpful
for the further investigation of specific biomarkers of OS-
related diseases [18]. Antioxidant drugs that target lncRNA
potentially provide a novel strategy for the treatment of neu-
rodegenerative diseases. In our findings, a total of 1,186
lncRNAs were identified to be related to H2O2-induced OS,
and a large number of lncRNAs were previously functionally
characterized. Furthermore, a total of 197 lncRNAs were
found to play critical roles in the protective effects of QUE
on H2O2-induced oxidative injury. However, there is limited
knowledge regarding the potential functions of these dysreg-
ulated lncRNAs. Future studies will contribute to the precise
mechanism of lncRNAs in the protective effects of QUE
against oxidative injury.

ROS are upstream regulators or downstream effectors of
miRNAs, and both are inextricably linked to neurodegenera-
tive processes [19]. Previous studies demonstrated that free
radicals may be one of the signals that change the levels of
miRNAs and their target proteins, leading to neurodegener-
ation in neurodegenerative diseases. Moreover, antioxidants
that reduce OS may be affecting the levels of miRNAs
[36, 37]. In the present study, a total of 135 miRNAs were
observed in response to OS, and a limited number of miR-
NAs were found to play important roles in the antioxidant
effects of QUE. Interestingly, all these miRNAs associated
with the antioxidant properties of QUE were newly discov-
ered. Further observations are needed to reveal the annota-
tions of these miRNAs in neurodegenerative disease and
their specific role in the antioxidant mechanism of QUE.

KEGG pathway analysis was performed to further predict
the potential functions of the DE mRNAs and ncRNAs iden-
tified in this study. The pathway analysis on mRNAs indi-
cated the crucial role of the FOXO signalling pathway
related to the antioxidant mechanism of QUE. Furthermore,
PLK2, MDM2, IL6, GADD45G, and CDKN1A in the FOXO
signalling pathway were validated using real-time qPCR. In
addition, pathway analysis of the miRNA target genes and
lncRNA target genes related to QUE revealed that both are
involved in the PI3K/AKT signalling pathway. Western blot-
ting demonstrated that the levels of p-PI3K, p-AKT, PI3K,
and AKT were increased in a dose-dependent manner by
treatment with QUE. Manipulation of PI3K/AKT/FOXO3a
signalling modulates OS, which may potentially provide
novel therapeutic avenues for PD and AD [38]. It has been
documented that actions on the PI3K/AKT pathway may
be an important strategy associated with protecting cortical
neurons against 4-hydroxynonenal-induced protein oxida-
tion, lipid peroxidation, and mitochondrial dysfunction
[39]. FOXO3a, an important downstream target of PI3K/
AKT, was recognized as a protective factor that participates
in controlling cell fate. OS has been found to trigger FOXO3a
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Figure 7: QUE activates the PI3K-AKT pathway in oxidatively
damaged PC-12 cells. PC-12 cells were pretreated with different
concentrations of QUE for 2 h, and the expression of proteins in
the PI3K-AKT signalling pathway was detected through western
blotting analysis. GADPH was used as a loading control. GADPH:
glyceraldehyde-3-phosphate dehydrogenase; QUE: quercetin.

19Oxidative Medicine and Cellular Longevity



nuclear translocation and directly induce apoptosis. More-
over, klotho protein and resveratrol protect neurons from
OS damage by increasing the phosphorylation of the
PI3K/AKT/FOXO3a pathway [40–42]. Considering previous
studies and our experimental results, we hypothesized that
QUE could protect PC-12 cells fromH2O2-induced oxidative
damage by regulating the PI3K/AKT/FOXO3a pathway;
however, this hypothesis requires further investigation.

RNA transcripts and lncRNAs with miRNA response ele-
ments may act as ceRNA to suppress miRNA function using
shared miRNA response elements for mutual regulation [20].
Thus far, there are several ceRNA-related research studies
investigating OS [22, 23]. In this study, we generated a
putative lncRNA–miRNA–mRNA network describing the
mechanism through which lncRNAs act as ceRNAs. This
mechanism could potentially regulate mRNA expression by
modulating the levels of its upstream miRNA regulators.
Certain lncRNAs, acting as sponges involved in the protec-
tive effect of QUE against OS, were identified. Based on the
results, 18 QUE-targeted lncRNAs could competitively bind

to novel_miR_345 and novel_miR_298 and subsequently
regulate the expression of 27 mRNAs. Of note, additional
observations are warranted to further elucidate this coexpres-
sion network.

In conclusion, changes in the coding and noncoding
transcriptomes of PC-12 cells and H2O2-induced PC-12 cells
with and without QUE intervention were identified. By
combining these results with those obtained from the
bioinformatics analysis, this study indicates that aberrantly
expressed miRNA, lncRNA, and mRNA participate in sev-
eral specific biological processes and are involved in path-
ways related to OS and the antioxidant effect of QUE.
Several limitations should be overcome in future studies aim-
ing to more accurately reflect the antioxidant stress mecha-
nism of QUE. ncRNA and mRNA changes in other cell and
animal models of OS injury should also be examined. Addi-
tionally, further validation research is necessary to observe
potential changes in the apoptotic rate of H2O2-induced
PC-12 cells by manipulating the expression of top ncRNA
and mRNA candidates.

Figure 8: The interaction network of lncRNA–miRNA–mRNA. Circle, square, and triangle represent mRNA, lncRNA, and miRNA,
respectively. Red and green represent upregulation and downregulation, respectively. The arrow represents the RNAs which QUE altered,
and the downward direction indicates downregulation. lncRNA: long noncoding RNA; mRNA: messenger RNA; miRNA: microRNA;
QUE: quercetin.
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The widely used diazepam, as central nervous system inhibitor, has found to be ubiquitous in surface water and drinking water.
Moreover, a series of byproducts such as 2-methylamino-5-chlorobenzophenone (MACB) were generated after the chlorine
disinfection process. However, little information is available about the neurobiological effects of these emerging chemicals at low
doses, especially on infants and children. Here, we exposed zebrafish (Danio rerio) embryos to diazepam and MACB at 0.05, 0.5,
and 5 nM, which were equivalent to environmental levels. Both diazepam and MACB increased the somite number and
promoted nervous development of transgenic zebrafish [Tg (elavl3: EGFP) larvae] at 72 hours postfertilization ( hpf). Both
diazepam and MACB also disrupted the homeostasis of adenosine monophosphate, valine, methionine, and fumaric acid in
zebrafish embryos at 12 hpf. Additionally, the locomotor behavior activity of zebrafish was significantly enhanced after 120-hour
sustained exposure to diazepam or MACB. Moreover, the mRNA expression levels of oct4, sox2, and nanog, modulating the
pluripotency and self-renewal, were upregulated by diazepam and MACB in zebrafish embryo. Altogether, diazepam and MACB
stimulate developmental neurogenesis and may induce neuronal excitotoxicity at quite low doses. These results indicated that
the chronic exposure to psychoactive drugs may pose a potential risk to the development of the nervous system in infancy.

1. Introduction

Drinking water pollution by pharmaceuticals and personal
care products (PPCPs) poses global concerns since it exhibit
pharmacological action potencies even at low concentrations
[1–3]. Psychoactive drugs are one kind of PPCPs and ubiqui-
tously found in the environment [4, 5]. Diazepam (DZP), as
one of the mostly prescribed psychoactive drug, was routinely
used to treat anxiety disorders [6] which troubled about 14%
people worldwide [7]. With the widespread application or
abuse [8], a large amount of DZP was released into environ-
ment by excretion and discard. Thus, DZP has been detected
in wastewater, surface water, and drinking water and persists
at levels as high as hundreds nanograms per liter [9–11].

As an antianxiety and sedative drug, DZP can inhibit dif-
ferent parts of the central nervous system (CNS) by enhanc-
ing the postsynaptic inhibition of gamma-aminobutyric acid
type A (GABAA) [12]. However, there have been concerns

that the drug causes adverse effects on fetal development
because of its fast oral absorption, high bioavailability, long
half-life, and easy penetration of the blood-brain barrier
and blood-fetal barrier [13]. The offspring of Wistar rats pre-
sented neurobehavioral toxicity after prenatal exposure to
different doses of DZP, manifesting as early physiological
development and delayed neurobehavioral development
[14], although the malformation evidences for newborns
when maternal exposed to diazepam are of contradictory
[13]. The floppy infant syndrome of newborn was well docu-
mented after prenatal exposure to diazepam during the last
trimester of pregnancy, the newborns characterized as hypo-
tonia, hypothermia, lethargy, respiratory distress, suckling
difficulties, lower self-regulation, and more CNS stress signs
across the first postnatal month [15, 16]. A survey study in
2016 showed that prenatal exposure to benzodiazepine
would cause severe damage to the hearing and visual cogni-
tion of newborns [17]. All above-mentioned evidences are
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based on prescribed dose exposure to DZP. Few information
is available on adverse effects of DZP at low-dose exposure.
As the same family drug of DZP, oxazepam was found to
alter behavior and the feeding rate of wild European perch
(Perca fluviatilis) at concentrations encountered in effluent-
influenced surface waters [1], while wild-caught zebrafish
exposed to concentrations of the anxiolytic drug oxazepam
as low as 0.57μg/L showed a reduction in the response to
conspecific alarm pheromone [18]. The brain neurochemis-
try for wild-type zebrafish was also altered after 28 days of
exposure to oxazepam at 0.57μg/L level, and the serotonin
turnover (ratio 5-HIAA/5-HT) was reduced [19]. As an
important source of drinking water, PPCPs can transfer to
tap water since the treatment techniques are not specifically
aimed to trace drugs. It is particularly worrying that chlori-
nation of these drugs can produce a series of byproducts
that were more serious toxic effects than their precursors
[20–22]. 2-Methylamino-5-chlorobenzophenone (MACB)
was identified as predominate chlorinated chemical of DZP
after chlorination disinfection process [5, 23] and ubiquitously
found in tap water of Beijing. Even so, there is little informa-
tion on the developmental and ethological effects of the DZP
and MCAB at low-dose exposure for newborn and infant,
although MACB was predicted to be more likely to accumu-
late in nervous system and toxic/mutagenic than the precursor
drug base on quantitative structure-activity relationship [24].

Here, we utilized zebrafish as a neonatal model to deter-
mine the potential effects of DZP andMACB at environmen-
tal concentration. We show that DZP and MACB increased
the somite number of zebrafish embryos after 10-hour expo-
sure. Peripheral and central neurons were quantified in
embryo of HuC-GFP line. The enhancement of neuronal
proliferation was verified in DZP- and MACB-treated zebra-
fish larvae. Moreover, zebrafish larvae exhibited hyperactivity
after sustained exposure to DZP and MACB. The transcrip-
tion factors in the pluripotency regulatory network were also
upregulated in the treated zebrafish embryo. These findings
supported the notion that psychoactive drugs at environ-
mental concentration posed a serious risk to the neurodeve-
lopment of infancy.

2. Materials and Methods

2.1. Chemicals and Reagents. DZP with purity > 98% was
purchased from the National Institutes for Food and Drug
Control (Beijing, China). MACB with purity > 98% was syn-
thesized in laboratory. Dimethyl sulfoxide (DMSO) was sup-
plied by Sigma-Aldrich (purity > 99:7%, St. Louis, USA). The
stock solution of DZP and MACB (10mg/mL) was prepared
in DMSO and stored at -20°C.

2.2. Zebrafish and Treatment. Wild-type (WT) and trans-
genic (TG) line CZ160 [Tg (elavl3: EGFP)] zebrafish were
purchased from China Zebrafish Research Centre (Wuhan,
China) at 3 months old and maintained on aquatic habitat
recirculation systems (Pentair Aquatic Habitats, Apopka,
FL). The neuronal Elav-like (nElavl or neuronal Hu) proteins
are RNA-binding proteins, which are early neuronal markers
in the early development and are crucial for the maintenance

of axonal homeostasis in mature neurons [25, 26]. In trans-
genic HuC-GFP [Tg (elavl3: EGFP)] line, GFP was expressed
in all neurons [27]. HuC-GFP expression could be occurred
in all neuronal process and is important marker in early
development of brain and spinal cord [28]. Water was main-
tained at 28.5°C, with a pH of 7.5, and a conductivity of
500∼780μS. Zebrafish were held at a light cycle of 14 : 10
light-dark, fed with Artemia nauplii twice daily.

To fertilize embryos, adult zebrafish were separated with
2 males to 1 female in spawning boxes overnight. The divi-
sion plate was removed at the next beginning of light cycle.
Then, incubation ended in 30 minutes, and the embryos were
collected and washed three times with embryo medium. Sub-
sequently, embryos were selected for exposure experiments
at 1 hour postfertilization (hpf) in 6 cm high borosilicate glass
dish with DZP and MACB. Our study had indicated that the
concentration of DZP or MACB was about 0.05 nM in drink-
ing water [5]. Zebrafish embryos (n = 45 ± 5) were exposed to
MACB at 0.05 nM, 0.5 nM, and 5nM with three replicates.
The vehicle group is 0.01% DMSO. During the experiment
periods, fifty percent of EM was renewed to keep optimum
and equal concentrations of testedmaterial. The embryos incu-
bated in a thermostatic climate incubator at 28°C (Jiangnan
Instrument Co., Ltd., Ningbo, China). At 12 hpf, 60 embryos
were taken to detect adenosine monophosphate, valine,
methionine, and fumaric acid. Embryos were extracted with
acetonitrile and analyzed by LCMS-8045 (Shimadzu Corpo-
ration, Japan).

2.3. Developmental Assessment. Embryos were viewed under
the stereomicroscope (SZM76, UOP, China), and photo-
graphs were taken in 1280 × 1024 image resolution for count-
ing somites at 10, 12, and 16 hpf, respectively. The key
components of the HuC promoter drive expression of green
fluorescent protein (GFP) expressed specifically in neurons.
The impact of DZP and MACB on neuronal development
was assessed at low concentration using the TG embryos
[Tg (elavl3: EGFP)]. Adult male (or female) WT and female
(or male) TG were separated in spawning boxes overnight.
The TG larvae were collected at 72hpf and imaged using
laser confocal florescence (TCS SP8, Leica, Germany) with
the excitation wavelength at 425 nm and emission at
600 nm. The length of HuC-GFP was measured accurately.

2.4. Locomotor Behavior Assays. Embryo was exposed to
embryo medium with different DZP or MACB concentra-
tions at 1 hpf. Zebrafish (120 hpf) behavior was assessed
using either a light/dark cycle. Briefly, at 104 hpf, zebrafish
larvae were loaded into 96-well plates in 300 μL of embryo
media and allowed to acclimate overnight at 28.5°C. At
120 hpf, zebrafish were placed into a box tracking system
and allowed to acclimate for10min, following which they
were exposed to alternating 10min cycles of dark and light
for an hour. The speed per minute of larva moved in the well
was calculated for each individual larva (n = 24 larvae).

2.5. Total RNA Extraction and Quantitative Real-Time PCR
(qRT-PCR). In order to investigate whether oct4 expression
was associated with high hatch rate before 50 hpf, RT-qPCR
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was used to detect the gene expression of oct4, sox2, and
nanog in zebrafish embryos. A total of 30 embryos (treated
with 5nM) or larvae were collected at 24, 48, and 72 hpf,
respectively. Total RNA of zebrafish larvae was extracted
using Trizol reagents (Thermo Fisher Science, USA) follow-
ing the manufacturer’s instruction. The concentrations of
RNA samples were measured by Nano Drop, and genomic
DNA was removed by RNase-free DNase I. 1 μ g RNA of
each sample was used to synthesize first-strand cDNA using
cDNA Synthesis kit (Takara, Japan). qRT-PCR was per-
formed using SYBR Green qPCR Master Mix (BioRad,
USA) in real-time PCR system (Applied Biosystem, Roche
Life Science, USA). In 20μL of PCR reaction system, 1μL
of cDNA template, 0.8μL of forward primer, 0.8μL of reverse
primer, 7.4μL of nuclease-free water, and 10μL of SYBR
Green qPCRMaster Mix were mixed. The PCR reaction con-
dition was set at 50°C for 2min, 95°C for 3min, followed by
40 cycles of 95°C for 15 s, 60°C for 1min, and 72°C for
2min. The corresponding pair primer sequences were
designed by NCBI (Table 1). Quantitative polymerase chain
reaction (qPCR) was performed to evaluate the expression

level of oct4, sox2, and nanog genes in real-time PCR system
for three times.

2.6. Statistical Analysis. Prism 7.0 (Graphpad Prism Software,
CA) was used for statistical analysis. The data analysis was
carried out using one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons test to compare signifi-
cance. All data were shown as mean ± SEM, and P < 0:05
was defined as statistically significant.

3. Results

3.1. DZP and MACB Promote Somite Development in
Zebrafish. To determine the developmental effects of DZP
and MACB, we exposed zebrafish embryos to these two che-
micals at 5 nM and then monitored the growth from 1hpf
(hour postfertilization) to end of the experiment. We found
that developmental rates of somite were different among
groups (Figure 1(a)). DZP significantly (P < 0:05) increased
the number of embryonic segments from 4 to 5 compared with
DMSO-treated zebrafish embryos at 10hpf (Figure 1(b)).

Table 1: Primers used in real-time PCR analyses of mRNA expression.

Gene name Sequence of the primers (5′-3′)
Forward Reverse

rpl13 TCTGTCCCATGCCAACCAT TCAGACGCACAATCTTGAGAGCAG

oct4 TGTAGTGCGTGTATGGTTCTGC GGTGGTGGACTCTGCTCGTAA

sox2 TGAACGCCTTCATGGTGTGGTC TGAATGGTCGCTTCTCGCTCTC

Nanog AAGACTGAGCCCGACCAAAA GTCAGAGGAACCCCTTCTCG
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Figure 1: DZP and MACB accelerated the development of embryo somite. (a) Early somite development of zebrafish embryos. (b) Total
somite of embryo treated with DZP and MACB at 5 nM for 10 hpf, 12 hpf, and 16 hpf. Data was analyzed by nonparametric, one-way
analysis of variance (ANOVA) test, n = 7 ~ 10 larvae per group, followed with Tukey’s multiple comparisons test, expressed as mean ±
SEM. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗∗P < 0:0001; NS: not significant.
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Somite increased to 7 in DMSO-treated zebrafish at 12 hpf.
DZP and MACB further accelerated the embryonic segment
development at this stage. However, no differences were
observed at 16 hpf for the embryonic somites among groups
(Figure 1(b)). Thus, zebrafish were sensitive to DZP and
MACB in somite development at early stage.

3.2. Assessment of Impact on Nervous Development. For somi-
tic organization underlies the segmental organization of
nerves [29], we further determined neural effects of DZP
and MACB in GFP zebrafish embryos labeled the neural
RNA-binding protein HuC. Embryos were incubated in
DZP or MACB solutions during the period of neural develop-
ment from 1hpf to 72hpf (Figure 2(a)) [30, 31]. The expres-
sion levels of the HuC-GFP were measured by the length of
body with green fluorescence at 72hpf (Figure 2(b)). DZP sig-
nificantly (P < 0:001) promoted neuron proliferation at 0.5
and 5nM (Figure 2(c)). The nervous system was more sensi-
tive to MACB, and the body length significantly increased at
0.05nM exposure. These results indicated that DZP and
MACB could speed up the neurodevelopmental process at
low concentration.

3.3. The Locomotor Behavior of Larvae. Previous studies have
shown that DZP and MACB at drinking water pollution level
interfere with the neurodevelopment of juvenile fish; we fur-
ther explored the behavioral effect of DZP and MACB on the
larval fish using the dark-light test [32, 33]. The eyes of larvae
could detect light signals and made a judgement [34]. For
example, the larval locomotion was high in dark and low in
light when exposed a dark-light cycle [35]. The movement
distance of larvae treated with DZP and MACB was pre-
sented in the dark-light cycles (Figures 3(a) and 3(c)). Our
results showed that DZP and MACB treatment significantly
excited the activity level of larvae in the light (Figures 3(b)
and 3(d)), and the excitatory effect of MACB on motor neu-
rons was obvious over time (Figure 3(c)). There were no
behavioral differences among all groups in dark periods
(Figures 3(e) and 3(f)). Therefore, DZP and MACB stimu-
lated hyperactivity for zebrafish larvae at environmental
doses.

3.4. The Level of Nutrients in Embryos. To further study the
effects of DZP and MACB on neurometabolic, we analyzed
embryonic endogenous substances in the embryo treated
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Figure 2: DZP and MACB stimulate neurogenesis. (a) Treatment flowchart for DZP and MACB exposure in embryonic zebrafish. (b)
Representative images for the protein expression of HuC-GFP in the transgenic (TG) zebrafish treated with 0.05 nM DZP or MACB. The
intensity of HuC was the indicator of neurogenesis and quantified by measuring the fluorescence length. The zebrafish larvae of HuC-GFP
line treated with (c) DZP or (d) MACB for 72 hpf. Data was analyzed by nonparametric, one-way analysis of variance (ANOVA) test, n =
12 larvae per group, followed with Tukey’s multiple comparisons test, expressed as mean ± SEM. ∗P < 0:05; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001;
NS: not significant.
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Figure 3: DZP and MACB enhance the locomotor behavior activity of larvae. (a) The distance of zebrafish larvae treated with DZP. Larvae
moved every 1min at 120 hpf exposed to alternating cycles of light and dark for 60min each. (b) Total distance moved in each light period by
larvae treated with DZP. (c) The distance of zebrafish larvae treated with MACB. Larvae moved every 1min at 120 hpf exposed to alternating
cycles of light and dark for 60min each. (d) Total distance moved in each light period by larvae treated with MACB. Total distance
moved in each dark period by larvae treated with (e) DZP and (f) MACB. Data was analyzed by nonparametric, one-way analysis
of variance (ANOVA) test, n = 20 ~ 24 larvae per group, followed with Tukey’s multiple comparisons test, expressed as mean ± SEM.
∗P < 0:05; ∗∗P < 0:01; ∗∗∗∗P < 0:0001; NS: not significant.
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with DZP or MACB at 5 nM. Zebrafish embryo was entirely
dependent on their own nutrients in yolk sac to sustain
growth and development [36]. The results showed that
MACB increased the level of adenosine monophosphate
(AMP) (Figure 4(a)), which generated the cyclic adenosine
3′,5′-monophosphate (cAMP). The cAMP was an important
signalling molecular improving axonal regeneration [37].
The valine promoted cellular sensitization [38] and was
downregulated by DZP and MACB (Figure 4(b)). Moreover,
the levels of methionine were also decreased by DZP and
MACB (Figure 4(c)). The valine and methionine could affect
the activity of brain-derived neurotrophic factor (BDNF)
[39]. In addition, the fumaric acid has neuroprotection role
in multiple sclerosis (MS) therapy [40]. The metabolic of
fumaric acid was disrupted (Figure 4(d)), indicating neural
developmental disorders in DZP- and MACB-treated zebra-
fish embryos. These results indicated that DZP and MACB
could disrupt neural metabolism at low doses.

3.5. Detection of Gene Expression Related with oct4, sox2, and
Nanog. To explore molecular mechanism regulating the pro-
liferation and differentiation, we analyzed the expression of
transcription-related factors in 10hpf zebrafish embryos.
Octamer-binding transcription factor 4 (oct4), SRY- (sex-
determining region Y-) box 2 (sox2), and homeobox protein
nanog regulate the differentiation of embryonic stem cells
into specific cells. Our results showed that DZP and MACB

upregulated expression levels of oct4 and sox2 at 5 nM
(Figures 5(a) and 5(b)). This trend was consistent with the
accelerated somite growth at 12 hpf and the enhanced sport
ability at 120 hpf. In addition, the risk of MACB was higher
than DZP, because MACB also upregulated the expression
level of nanog (Figure 5(c)). Therefore, both DZP andMACB
promoted the early development of nervous system in zebra-
fish embryos through increasing pluripotency and self-
renewal rates (Figure 5(d)).

4. Discussion

The pharmaceutical pollution in drinking water posing a risk
to human health has attracted great concern. A diverse set of
chemical exposure has been shown to affect infant nervous
development at low concentration due to the immature
development of the blood-brain barrier (BBB) [30, 41]. In
our previous study, we found that the widely used DZP has
contaminated drinking water and generated disinfection
byproduct MACB. Thus, we further investigated their neu-
rotoxicology and metabolic effects in zebrafish. We dem-
onstrated that DZP and MACB increased the number of
somites and neurons and upregulated the expression of
pluripotency and self-renewal transcription factors, pro-
moting the early development of nervous system in zebra-
fish embryos.
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Figure 4: DZP and MACB affected the levels of nutrients in embryos. (a) MACB upregulated adenosine monophosphate. (b) DZP and
MACB downregulated (b) valine, (c) methionine, and (d) fumaric acid. Data was analyzed by nonparametric, one-way analysis of variance
(ANOVA) test, with 3 replicates (n = 50 larvae per group) followed with Tukey’s multiple comparisons test, expressed as mean ± SEM.
∗P < 0:05; ∗∗P < 0:01.
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The total number of somites formed during somitogen-
esis is tightly fixed within a given species. The somites are
derived from the paraxial mesoderm and are located on
either side of the neural tube. Somitogenesis is of vital devel-
opmental importance and controls the differentiation of
peripheral spinal nerves, vertebrae, and skeletal muscle
[42]. It suggests that DZP and MACB would affect early
embryo development at the micropollutant dose. The rapid
onset of somitogenesis in DZP- or MACB-treated group sug-
gests that the nervous inhibitor can accelerate early develop-
ment at low concentration (nM), which was similar with the
effect of antidepressant venlafaxine (10 ng) stimulating neu-
rogenesis in zebrafish embryo [43]. The larval behavioral
phenotype observed in response to cycles of dark-light could
assess swimming behavior at these early life stages. Although
the behavioral test is relatively simple, it can be used to screen
the early neurological dysfunction caused by exogenous com-
pounds [44]. DZP and MACB treatment significantly
increased the activity of larvae in the dark but not in the light,

which may be corresponded with an increase in primary neu-
rogenesis in larval zebrafish. Therefore, DZP and MACB had
neuroexcitatory effects and stimulated the spontaneous
movement of juvenile fish at low doses.

AMP facilitates the cAMP level that improves axonal
regeneration [37] that explains why DZP andMACB acceler-
ated zebrafish motion. In addition, the AMP strictly controls
the activity of AMP-activated protein kinase (AMPK), which
maintains metabolic homeostasis of energy and regulates
growth and proliferation through nutritional signals [45].
The increased AMP could impair protein balance and
decrease the levels of valine and methionine [46]. In addition,
fumaric acid could clean ROS during the process of inflamma-
tion to protect neurons and glial cells [40]. DZP and MACB
decreased the levels of fumaric aid that implied the occurrence
of inflammation in early embryos. Thus, DZP and MACB
might disturb the energy balance and protein homeostasis.

Many transcription factors can regulate the differentia-
tion of embryonic stem cells into specific cells. The oct4, a
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Figure 5: Expression level of transcription factors, oct4, sox2, and nanog, were upregulated. (a) The mRNA expression level of (a) oct4 and (b)
sox2 were upregulated by DZP and MACB at 10 hpf. (c) The mRNA expression level of nanog was upregulated by MACB at 10 hpf. Data was
analyzed by nonparametric, one-way analysis of variance (ANOVA) test, n = 30 larvae per group, followed with Tukey’s multiple
comparisons test, expressed as mean ± SEM. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗∗P < 0:0001; NS: not significant. (d) Diagram showing how DZP
and MACB affect early proliferation and differentiation and nervous activity.
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member of the family of POU-domain transcription factors,
was required for pluripotency and self-renewal in embryonic
stem (ES) during embryo development. The sox2 is a tran-
scription factor that is essential for maintaining self-renewal
or pluripotency of undifferentiated embryonic stem cells,
including neural stem cells. Homeobox protein nanog is a
transcriptional factor that helps ESCs maintain pluripotency
by suppressing cell determination factors. DZP and MACB
promote the expression level of oct4 and sox2 accelerating
the early neurodevelopment of zebrafish embryo [47, 48].
In addition, MACB upregulated the expression of oct4 and
nanog. In previous study, antipsychotic lithium enhanced
oct4 and nanog expression to facilitate reprogramming
depending on major target GSK3β [49]. Thus, MACB
enhanced proliferation and differentiation of somatic cells
which might depend on GABAA receptors or other targets.
GABAergic neurons are critical for early development of hip-
pocampus and neocortex [50]. Previous study showed that
DZP could downregulate GABAergic synapses which modu-
lated neural behavior with compartmentalized Ca2+ dynam-
ics [51]. In addition, intracellular calcium mobilization is
required to modulate development and tissue patterning in
zebrafish embryos [52]. Therefore, it is possible that MACB
accelerated the developing embryos through modulating
intracellular calcium.

5. Conclusion

In conclusion, DZP and MACB accelerated the development
of embryo somites and neurons through upregulating the
transcription factors at drinking water pollution levels.
Meanwhile, DZP and MACB promoted energy metabolism
and resulted in excited behavior. Our results highlighted that
psychiatric drugs stimulated neural genesis at low doses.
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Chronic liver diseases (CLDs) are correlated with oxidative stress induced by the accumulation of intracellular reactive oxygen
species (ROS). In this study, we employed HepG2, a human liver carcinoma cell line containing many antioxidant enzymes, to
explore the function of delphinidin against oxidative stress induced by H2O2 and to provide scientific data of the molecular
mechanism. Cells were pretreated with different concentrations of delphinidin (10 μmol/L, 20μmol/L, and 40μmol/L) for 2 h
before treatment with 750μM H2O2 for 1 h. The results showed that H2O2 decreased the survival rate of HepG2 cells and
increased the level of ROS, but delphinidin pretreatment could possess the opposite result. At the same time, the expression of
Nrf2 was enhanced by the delphinidin pretreatment. This was because delphinidin promoted Nrf2 nuclear translocation and
inhibited its degradation, which led to the increase expression of antioxidant protein HO-1 (Nrf2-related phase II enzyme heme
oxygenase-1). Besides, we found that delphinidin could significantly alleviate the reduction of Nrf2 protein levels and the
accumulation of intracellular ROS levels in Nrf2 knockdown HepG2 cells. In conclusion, our study suggested that delphinidin,
as an effective antioxidant, protected HepG2 cells from oxidative stress by regulating the expression of Nrf2/HO-1.

1. Introduction

The death toll of chronic liver disease (CLDs) associated with
cirrhosis, liver cancer, hepatitis, etc. is on the rise worldwide
[1]. Increasing evidences confirmed the contributory role of
oxidative stress in the pathogenesis of CLDs. As the common
cause of oxidative stress [2, 3], reactive oxygen species (ROS)
are a collective name for molecules containing oxidative reac-
tions, including superoxide anions (O2-), hydroxyl radicals
(OH), hypochlorous acid (HOCl), ozone (O3), and hydrogen
peroxide (H2O2) [4].

There is an adaptive and dynamic antioxidant defense
system to eliminate excessive ROS and protect cells against
oxidative stress in human body. Antioxidants, antioxidant
enzymes, and phase II detoxifying enzymes are included in
this system. Previous studies have shown that the phase II

detoxification enzymes consisted of glutathione S-transferase
(GST), NAD(P)H quinone oxidoreductase-1 (NQO1), and
heme oxygenase-1 (HO-1) which could scavenge free radicals
and electrophiles [5]. In addition, the antioxidant response
element (ARE), a common nucleotide sequence in the pro-
moter regions of phase II detoxifying enzymes, could be effec-
tively activated by nuclear factor erythroid 2-related factor 2
(Nrf2) and could regulate the expression of its downstream
genes [6].

As a key transcription factor, Nrf2 regulates the response
of intracellular antioxidant and plays a crucial role in homeo-
stasis maintenance [7]. Under normal conditions, Nrf2 is
stored in the cytoplasm in an inactive state until it is coupled
with Kelch-like ECH-associated protein 1 (Keap1) and rapidly
degraded by the ubiquitin-protease system. Thereby the
expression of Nrf2 is stable and the transcriptional activity is
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low at this time. While under oxidative stress conditions, Nrf2
is responsible for its separation with Keap1 and transfers into
the nucleus before recognizing and binding with the ARE
which regulates the transcription of downstream biphasic
detoxification enzymes and antioxidant protein genes, such
as GST, NQO1, and HO-1. Previous studies demonstrated
that Nrf2 had protective effects against oxidative stress-
induced diseases such as cancer [8], diabetes [9], respiratory
diseases [10], chronic inflammation [11], cardiovascular dis-
eases [12], and neurodegenerative diseases [13]. Other than
that, several studies previously revealed that polyphenols acti-
vated the Nrf2/Keap1 pathway through different mechanisms
to exert antioxidant activity such as quercetin [14, 15], epi-
gallocatechin gallate [16], baicalein [17], and resveratrol [18].

Anthocyanins, which are widely distributed in edible
plants, are a benefit to health [19–21]. For instance, anthocy-
anins have an effective function in neurological diseases,
hypoglycemia, cardiotoxicity, and anti-inflammation [22–
24]. Delphinidin, a natural anthocyanin, is one of the most
valuable polyphenols due to its high antioxidant activity.
Kim et al. previously revealed that delphinidin possessed
antiangiogenic function potential [25]. Moreover, delphini-
din could inhibit the proliferation of SKOV3 cells (ovarian
cancer cells) [26] and it could prevent prostate cancer via
inhibiting the apoptosis mediated by p53 [27]. Lee et al.
reported that delphinidin could protect chondrocytes against
H2O2-mediated oxidative stress by activating NF-κB and
Nrf2 [28]. However, there is a lack of data on how delphini-
din regulates Nrf2 to exert the function of antioxidant stress.
In this study, we intend to use H2O2 to construct a cell model
of oxidative damage and evaluate the antioxidant activity of
delphinidin. The purpose of this study is to investigate
whether delphinidin exerts antioxidant protection on cells
by regulating the Nrf2 pathway.

2. Materials and Methods

2.1. Cells and Reagents. HepG2 cells were obtained from
Cancer Research Institute of Central South University
(Changsha, China). Delphinidin was purchased from Cay-
man company (Michigan, USA). Hydrogen peroxide solu-
tion (H2O2) was purchased from HengXing Chemical
Reagent (Tianjin, China). RPMI 1640 medium and fetal
bovine serum (FBS) were purchased from Gibco (Grand
Island, NY, USA). Penicillin–streptomycin solution and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reagent were obtained from Gen-View (Calimesa,
CA, USA). The formation of intracellular ROS was deter-
mined using DCFH-DA (Sigma-Aldrich, St. Louis, MO,
USA). The Nuclear and Cytoplasmic Protein Extraction Kit
and protease inhibitor phenylmethylsulfonyl fluoride (PMSF)
were bought from Beyotime (Shanghai, China). The primary
antibodies, such as anti-Keap1, anti-HO-1, and anti-Lamin B
were bought from Santa Cruz Biotechnology (CA, USA).
The Nrf2 antibody was purchased from Abcam (Cambridge,
UK). Antibodies against β-actin antibody and α-tubulin were
obtained from ABclonal (Boston, MA, USA). Paraformalde-
hyde was purchased from Dingguo (Beijing, China). Triton-
X was obtained from Solarbio (Beijing, China). Goat Serum

and DAPI were purchased from Boster (Wuhan, China). Tri-
zol reagent was obtained from Ambion (Austin, USA). qPCR
SYBR Green Master Mix was bought from Vazyme (Nanjing,
China). Reverse transcription kit instructions and Lipofecta-
mine 3000 were purchased from Thermo Fisher Scientific
(Wilmington, USA).

2.2. Cell Culture. HepG2 cells were cultured in RPMI 1640
medium, supplemented with 10% FBS and 1% penicillin–
streptomycin solution at 37°C in a 5% CO2 atmosphere.

2.3. MTT Assay. MTT assay was performed to detect the effect
of delphinidinoncell viability.HepG2cells ( ~ 5 × 103 cells/well)
were seeded in 96-well plates for 24h and then treated with
different concentrations of delphinidin for 24h. After chang-
ing the culture medium, 5mg/mL MTT reagent was added
and the cells were incubated for 4h. Cell viability was calcu-
lated by measuring absorbance at 490nm using a microplate
reader. 10μM, 20μM, and 40μM delphinidin with the treat-
ment of H2O2 were pretreated to assess the impact on cell via-
bility based on the results of the above experiment.

2.4. ROS Assay. HepG2 cells ( ~ 5 × 103 cells/well) were
seeded in 96-well plates for 24h. After refreshing the culture
medium, cells were treated with delphinidin (10μmol/L,
20μmol/L, and 40μmol/L) for 2 h. And then the cells were
exposed with H2O2 (750μmol/L) for 1 h. Cells were washed
once with warm phosphate buffer saline (PBS) and a
serum-free culture medium containing 5μM ROS probe
was added and reacted for 30min. The fluorescence was read
with a spectrofluorimeter (PerkinElmer, Waltham, MA,
USA) at excitation wavelength of 485nm.

2.5. Western Blot Analysis. Cytoplasm and nuclear protein
extraction was prepared by using the Nuclear and Cytoplas-
mic Protein Extraction Kit. Cells were washed 3 times with
ice-cold 1×PBS and lysed in 140μL 1×SDS. Proteins were
separated in a 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently trans-
ferred to polyvinylidene difluoride (PVDF) membranes for
1.5 h before blocking in a 5% skimmed milk for 1 h. Then,
the PVDF membranes were incubated into the specific pri-
mary antibody (Nrf2, Keap1, HO-1, β-actin, Lamin B, and
α-tubulin) at 4°C overnight. After washing 3 times with
Tris-Buffered Saline Tween20 (TBS-T) solution, the PVDF
membranes were incubated with the corresponding second-
ary antibody at room temperature. Finally, the membranes
were scanned in a chemiluminescence imaging system
(Tanon 5500, Shanghai, China).

2.6. Immunofluorescence Assay. HepG2 cells (~3 × 104 cells/-
well) were cultured for 24 h on coverslips in 24-well plates.
Cells were treated with delphinidin (20μmol/L) for 3 h and
then H2O2 (750μmol/L) for 1 h. The cells were subsequently
washed twice with warm PBS and fixed with 4% paraformal-
dehyde at room temperature for 30min. After permeation
with 0.1% Triton-X at room temperature for 20min, cells
were blocked with Goat Serum for 1 h. Then, cells were incu-
bated with Nrf2 primary antibody at 4°C overnight. After
washing 3 times with cold PBS, cells were incubated with
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fluorescent secondary antibody for 1.5 h and stained with
DAPI for 5min in the dark at room temperature. Finally,
coverslips were mounted onto glass slides, and the images
were taken by fluorescence microscope (Thermo Scientific,
Wilmington, USA).

2.7. Immunoprecipitation. HepG2 cells ( ~ 5 × 106 cells/dish)
were seeded in 10 cm petri dish for 24 h. Then, cells were
treated with delphinidin (20μmol/L) for 2 h and H2O2
(750μmol/L) for 1 h. After washing twice with cold PBS, cells
were lysed with cell lysis buffer containing 1mM PMSF. The
lysates were stirred for 1 h at 4°C and then centrifuged at
12,000 xg in a high-speed refrigerated centrifuge at 4°C for
15min. After determining the protein concentrations of
supernatants, the cell extracts were preincubated with 2μg
normal rabbit immunoglobulin G (IgG) and 20μL Protein
A agarose beads (Beyotime, Shanghai, China) for 2 h. The
mixture was centrifuged at 2,500 rpm in a high-speed refrig-
erated centrifuge at 4°C for 5min. The supernatants were
added with anti-Nrf2 antibody (2μg) and stirred at 4°C over-
night and then the supernatants were mixed with 30μL Pro-
tein A agarose beads for 2 h at 4°C. Subsequently, the mixture
was centrifuged at 2,500 rpm in a high-speed refrigerated
centrifuge at 4°C for 5min to collect the beads. After washing
once with cell lysis buffer, the beads were added into 1×SDS
loading buffer and then heated at 100°C for 5 minutes for
subsequent Western blotting experiments.

2.8. Quantitative Real-Time PCR. Total RNA was extracted
from cells with trizol reagent, and 1% agarose gel was used
to assess RNA integrity by using a UV gel imaging system.
Total RNA was reverse transcribed into cDNA according to
the reverse transcription kit instructions. Moreover, real-
time PCR analysis was performed using a qPCR SYBR Green
Master Mix and a LightCycler 96 Instrument (Roche, Basel,
Switzerland). The primers used in the study were synthesized
by Sangon Biotech (Sangon Biotech Co, Shanghai, China)
and shown in Table 1. Finally, the data were calculated using
the 2-ΔΔCq method.

2.9. Transfection of shRNA. The design of knockdown short
hairpin ribonucleic acid (shRNA) (ccggacTGACAGAAGTT
GACAATTActcgagTAATTGTCAACTTCTGTCAgttttt-tg)
targeting Nrf2 was commissioned by GeneChem (Shanghai,
China), and subsequently, the shRNA was cloned into
double-marked lentiviral vector GV248 (GeneChem, Shang-
hai, China). Lipofectamine 3000 was used to transfect sh-con
(negative control) and sh-Nrf2 plasmids into HepG2 cells.
After puromycin treatment, nonspecific cells were eliminated
and cells with green fluorescence were sorted using flow
cytometry. Transfection cells were cultured and detected
using Western blot and ROS methods.

2.10. Statistical Analysis. The SPSS18.0 statistical (Chicago,
IL, USA) software was used for statistical analysis. All the
data was repeated at least 3 times, and the results were
expressed as themean ± SD. The data was estimated the nor-
mality distribution and homogeneity of variance. Statistical
differences between two groups were assessed using a two-
tailed Student’s t-test. The one-way analysis of variance was

used between the multiple sample means (the pairwise com-
parison used the LSD test). Otherwise, the Kruskal-Wallis H
test was used for data analysis (Student-Newman-Keuls test
was used for pairwise comparison). Statistical significance
was considered at P < 0:05.

3. Results

3.1. Delphinidin Protects HepG2 Cells against H2O2-Induced
Oxidative Stress.HepG2 cells were treated with different con-
centrations (0~200μM) of delphinidin for 24 h to test the
cytotoxicity, and the growth inhibition rate was measured
by MTT assays. As shown in Figure 1(b), the IC50 value of
HepG2 cells treated with delphinidin was 65.58μM. Com-
pared with the control group, cells treated with delphinidin
at different concentrations (10μM, 20μM, and 40μM)
showed normal growth, polygonal shape, and well-defined
boundaries (Figure 1(c)). According to the results of the
above MTT experiments, 10μM, 20μM, and 40μM delphi-
nidin were used to pretreat the cells and then the cell viability
of HepG2 cells treated with H2O2 (750μM) was examined.
On the one hand, the cell viability of the H2O2-treated group
decreased significantly (100% and 50:84% ± 1:26%, P < 0:05).
On the other hand, the delphinidin intervention group
increased significantly. (50:84% ± 1:26% and 53:59% ± 0:51%,
55:58% ± 0:28%, and 59:52% ± 1:08%, respectively, P < 0:05)
(Figure 1(d)).

Moreover, the 2′,7′-dichlorofluorescin diacetate (DCFH-
DA) probe was used to detect intracellular ROS levels.
Compared with the control group, the level of ROS in the
H2O2-treated group increased by 60% (P < 0:05). On the con-
trary, compared with the H2O2-treated group, the level of ROS
in the delphinidin intervention group (10μM, 20μM, and
40μM) decreased by 9.4%, 28.7%, and 21.1%, respectively
(P < 0:05) (Figure 1(f)).

3.2. Activation of Nrf2-Related Proteins Regulated by
Delphinidin. Compared with the control group, the protein
expression of Nrf2 increased 1.2-fold at 3 h (P < 0:05) and
that of HO-1 promoted at 3 h, 6 h, and 9h (P < 0:05) after
treatment with 20μM of HepG2 cells (Figures 2(a) and
2(b)). The results showed that cells treated with 20μM del-
phinidin had upregulated the level of Nrf2 and HO-1 protein
at 3 h. Besides, the protein expression of Nrf2 and HO-1 was
upregulated after 20μM and 40μM delphinidin treatment
(P < 0:05). On the other hand, delphinidin did not affect
the protein expression of Keap1 (Figures 2(c) and 2(d)).
Therefore, 3 h processing time and 20μM delphinidin were
chosen for the following experiment.

3.3. Activation of Nrf2/HO-1 Pathway by Delphinidin under
Oxidative Stress. In order to investigate whether delphinidin
could regulate the Nrf2/HO-1 pathway, HepG2 cells were
treated with different concentrations (10μM, 20μM, and
40μM) of delphinidin for 2 h and subsequently treated with
H2O2 (750μM) for 1 h (the total treatment time was 3 h).
Then, the expression of Nrf2-related mRNA and protein
was detected by qPCR and Western blot. Compared with
the H2O2-treated group, the level of Nrf2 mRNA was
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significantly increased in delphinidin intervention groups
(10μM, 20μM, and 40μM). Other than that, delphinidin
resulted in a significant upregulation of HO-1 mRNA in
20μM and 40μM delphinidin groups. There was no
significant difference in the expression of Keap1 mRNA
(Figure 3(a)). As shown in Figures 3(b) and 3(c), we found

that at concentrations of 20μM and 40μM also upregulated
the protein expression of Nrf2 and HO-1. However, the level
of Keap1 protein remained unchanged in each group
(P > 0:05). This result showed that delphinidin could
increase Nrf2 and HO-1 mRNA and protein levels, but had
no effect on Keap1.

Table 1: The primer sequences for real-time PCR.

Gene Forward primer Reverse primer

Nrf2 5′-TACTCCCAGGTTGCCCACA-3′ 5′-CATCTACAAACGGGAATGTCTGC-3′
HO-1 5′-CTGACCCATGACACCAAGGAC-3′ 5′-AAAGCCCTACAGCAACTGTCG-3′
NQO1 5′-GGCAGAAGAGCACTGATCGTA-3′ 5′-TGATGGGATTGAAGTTCATGGC-3′
β-Actin 5′-ATCATGTTTGAGACCTTCAACA-3′ 5′-CATCTCTTGCTCGAAGTCCA-3′
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Figure 1: Effect of delphinidin on cell viability and the generation of ROS level induced by H2O2: (a) a chemical structure of delphinidin; (b)
growth inhibition rate of HepG2 cells treated with different concentrations of delphinidin; (c) morphological observation of HepG2 cells
treated with different concentrations of delphinidin; (d) cell viability of HepG2 cells treated with delphinidin and H2O2; (e) effects of
delphinidin (10 μM, 20 μM, and 40μM) on intracellular ROS levels induced by H2O2. Values were presented as mean ± SD. ∗P < 0:05 vs.
the control group and #P < 0:05 vs. the H2O2-treated group.
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3.4. Delphinidin Promoted the Nuclear Translocation of Nrf2.
To further investigate whether delphinidin could regulate the
nuclear translocation of Nrf2, immunofluorescence experi-
ment was performed to locate Nrf2 in HepG2 cells treated
with delphinidin (20μM) and H2O2 (750μM). Moreover,
Western blot was used to detect the level of Nrf2 in the
cytoplasm and nucleus. Compared with the H2O2-treated
group, the green fluorescence expression in the nucleus of
HepG2 cells was enhanced after treating with delphinidin
(Figure 4(a)). In Figure 4(b), the results showed that few
Nrf2 could be detected in the cytoplasm of the control group.
Conversely, compared with the H2O2-treated group, Nrf2
protein expression was increased in the nucleus of the
delphinidin intervention group (10μM, 20μM, and 40μM)
(P < 0:05). These data indicated that delphinidin could pro-
mote Nrf2 to enter and accumulate in the nucleus.

3.5. Inhibition of Nrf2 Degradation by Delphinidin and H2O2.
Nrf2 in the cytoplasm was degraded by the 26S proteasome.
The 26S proteasome inhibitor MG132 was employed to pre-
treat cells and then the ubiquitination of Nrf2 was detected
by coimmunoprecipitation and Western blot. After treat-
ment with MG132, the levels of ubiquitinated protein and

Nrf2 protein were higher in each group than those without
MG132 (Figure 5(a)). In the IP experiment, whether
MG132 (10μM) was added or not, the expression of
ubiquitinated Nrf2 was higher in cells supplemented with
delphinidin (20μM) and H2O2 (750μM) than other groups
(Figure 5(b)). The above results might indicate that delphini-
din could attenuate the degradation of Nrf2 by inhibiting the
function of the 26S proteasome.

3.6. Effect of Delphinidin and H2O2 on Nrf2 Knockdown Cells.
In order to further verify the cytoprotective effect of Nrf2 and
delphinidin on oxidative stress, HepG2 cells were transfected
with sh-Nrf2 plasmid and subsequently pretreated with
20μM delphinidin before adding 750μM H2O2. The
expression of Nrf2 in the control group was significantly
reduced after transfecting with sh-Nrf2 plasmid, indicating
that the transfection was effective. In addition, the expression
of Nrf2 in HepG2 cells treated with delphinidin alone
increased in both sh-con and sh-Nrf2 cells, which indicated
that delphinidin could upregulate the expression of Nrf2
(Figures 6(a) and 6(b)). Compared with the control group,
the results of ROS assay showed that H2O2 treatment signif-
icantly increased the fluorescence intensity of sh-con cells by
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Figure 2: Nrf2-related protein expression was regulated by delphinidin in time and concentration dependence. The (a) protein bands and (b)
relative protein expression of total Nrf2, Keap1, and HO-1 were reregulated by delphinidin (20 μM) in time dependence. The (c) protein
bands (d) and relative protein expression of total Nrf2, Keap1, and HO-1 were regulated by delphinidin (3 h) in different concentrations.
β-Actin was used as a loading control for the total protein. Values were presented as mean ± SD. ∗P < 0:05 vs. the control group.
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0.77 times, while that of sh-Nrf2 cells increased by 1.55 times
(P < 0:05). Furthermore, the fluorescence intensity of sh-con
cells and sh-Nrf2 cells in the delphinidin intervention group
was significantly reduced by 32.5% and 64.9%, respectively,
compared with that in the H2O2-treated group (Figure 6(c)).
These results indicated that silencing Nrf2 gene enhanced
H2O2-induced oxidative stress in HepG2 cells, while delphini-
din reduced oxidative stress back to normal.

4. Discussion

According to several reports [29], anthocyanins are water-
soluble flavonoids, and their skeleton is a 2-phenylbenzopyran
ring structure (Figure 1(a)). They have an antioxidant activity
which is associated with the diorthohydroxyl functional moi-
ety. Among various kinds of anthocyanins, delphinidin (Dp)
has attracted much attention due to its largest number of
hydroxyl groups on the B ring and high antioxidant activity
[30, 31]. In this study, the HepG2 cells, which possessed many
biological characteristics of hepatocytes and the activity of
many phases I and II antioxidant enzymes, were selected to
evaluate the antioxidative property effect of delphinidin treat-
ment [32, 33]. So far, there are few reports on the antioxidant
activity of delphinidin in HepG2 cells. As a small molecule

that easily crosses the cell membrane, H2O2 is the main com-
ponent of intracellular ROS produced in many physiological
and pathological processes, and it can cause oxidative damage
to cells [34, 35]. Therefore, H2O2 is often used to investigate
the mechanism of oxidative stress [34, 36]. In our previous
experiments, we treated HepG2 cells with 500μM H2O2 and
found that although the intracellular ROS level increased, it
could not meet the requirements for a stable oxidative stress
environment. In this experiment, we selected 750μM H2O2
to treat HepG2 cells for 1h, based on the results of our
previous experiments and others’ studies [37–39]. In our
study, the treatment with 750μM H2O2 resulted in decreased
cell viability and accumulated ROS in HepG2 cells. Similarly,
our study also showed that 750μM H2O2 could cause the
changes of cells morphology (Figure S1). It was significantly
alleviated after pretreatment with delphinidin, which was
consistent with the researches of NI [40] and Lee et al. [28].
At present, the toxicity of delphinidin to HepG2 cells has
not been studied. In our study, we obtained that the IC50
value of delphinidin was 65.58μM by using MTT assays
(Figure 1(b)). The cells treated with different concentrations
(10μM, 20μM, and 40μM) of delphinidin did not cause any
damage to the cells (Figure 1(c)). In some other studies,
varied concentrations of delphinidin were used to treat with

Nrf2
Keapl
HO-1

0

1

2 # #
# #

#

Re
lat

iv
e d

en
sit

y 
of

 m
RN

A
(r

at
io

)

3

Dp (𝜇M) –
–

–
+

10
+

20
+

40
+

20
–H2O2 (750 𝜇M)

⁎

⁎

(a)

40 202010––Dp (𝜇M)
+ –+++–H2O2 (750 𝜇M)

Nrf2

Keap1

HO-1

𝛽-Actin

(b)

Nrf2
Keapl
HO-1

⁎

⁎

Re
lat

iv
e d

en
sit

y 
of

pr
ot

ei
n 

(r
at

io
)

Dp (𝜇M)
– +
– – 10

+
20
+

40
+

20
–H2O2 (750 𝜇M)

0

1

2

3

4

#
#

#
#

Nrf2
Keapl
HO-1

⁎

⁎

Re
lat

iv
e d

en
sit

y 
of

pr
ot

ei
n 

(r
at

io
)

Dp (𝜇M)
– +
– – 10

+
20
+

40
+

20
–H2O2 (750 𝜇M)

0

1

2

3

4

#
#

#
#

(c)

Figure 3: Delphinidin affected the level of Nrf2-related mRNA and protein in HepG2 cells under oxidative stress. (a) Effects of delphinidin
(10 μM, 20 μM, and 40μM) and H2O2 (750 μM) on Nrf2-related mRNA expression. The (b) protein bands and (c) relative protein expression
of total Nrf2, Keap1, and HO-1 proteins were regulated by delphinidin (10 μM, 20 μM, and 40μM) under oxidative stress. β-Actin was used as
a loading control for the total protein. Values were presented asmean ± SD. ∗P < 0:05 vs. the control group and #P < 0:05 vs. the H2O2-treated
group.
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different cells, but it was generally believed that the dose
of delphinidin under of 40μM had no impact to cell
proliferation [28, 41]. Compared with the delphinidin
intervention group (40μM), the delphinidin intervention
group (20μM) had a stronger antioxidant capacity
(Figures 1(d) and 1(e)). It was suggested that the antioxidant
activity of delphinidin in HepG2 cells might be associated
with the dose dependence. As we all known, delphinidin
has a strong antioxidant capacity, but the molecular
mechanism by which delphinidin exerts its antioxidant
activity remains elusive.

Polyphenols, such as delphinidin, quercetin, and kaemp-
ferol, could exert its cytoprotective properties due to its
ability to increase the activity of phase II detoxification
enzymes and the ability to directly clear ROS [42–44].
Among multiple phase II detoxification enzymes, HO-1
and NQO1 are considered to produce beneficial responses
to oxidative stress in a variety of cells [16, 45]. In fact, that
is because heme-derived metabolites produced by HO-1 have
powerful antioxidant and cytoprotective activities [46, 47]. In
addition, according to the related researches, it has been
found that HO-1 and NQO1 could be effectively activated
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Figure 4: Effects of delphinidin on Nrf2 nuclear translocation in HepG2 cells under H2O2-induced oxidative stress. (a) Localization of Nrf2 in
cells after treating with delphinidin and H2O2. (b) The expression of Nrf2 protein in cytoplasm and nucleus after treating with delphinidin
and H2O2. α-Tubulin was used as a loading control for the total protein. Values were presented as mean ± SD. ∗P < 0:05 vs. the control
group and #P < 0:05 vs. the H2O2-treated group.
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by Nrf2 [30]. In our study, delphinidin treatment significantly
upregulated the protein expression of Nrf2 and HO-1
(Figure 3). Unlike the petunidin [48], delphinidin also
increased the mRNA level of Nrf2. Moreover, according to
several previous reports, we found that polyphenols might
activate the Nrf2 pathway by applying slightly oxidative stress
[49]. However, in our study, compared with the control group,
there were no significant differences in ROS levels when cells
were treated with delphinidin (20μM) alone (Figure 1(e)).
Thus, delphinidin did not promote Nrf2 activation in a way
that increased slightly ROS levels.

In physiological conditions, Nrf2 binds to Keap1 in the
cytoplasm and it is continuously ubiquitinated under the syn-
ergistic effect of ub-activating enzyme E1, ub-conjugating
enzyme E2, and ub-ligating enzyme E3. After that, the
ubiquitinated Nrf2 is rapidly degraded by the 26S proteasome.
However, if the body is exposed to poisons, drugs, carcino-
gens, or other electrophiles, Nrf2 will be isolated from Keap1
and transferred into nucleus, where Nrf2 combines with small
Maf proteins to form heterodimers before binding to the ARE;
finally, the downstream phase II detoxification enzyme is acti-
vated [7, 50] (Figure 7). In this study, the immunofluorescence
and ubiquitination experiments were used to investigate
whether delphinidin exerted an antioxidant effect through this
mechanism. The results showed that after delphinidin treat-
ment, the expression of green fluorescence in the nucleus of
HepG2 cells was enhanced (Figure 4(a)). In addition, accord-
ing to the results of Nrf2 protein expression in cytoplasm and

nucleus, we could see that delphinidin promoted the nuclear
translocation of Nrf2 (Figure 4(b)). Recently, it has been
reported that polyphenols such as geraniin [51] and hypero-
side [49] could stimulate the expression of Nrf2 in the nucleus,
and our results were consistent with these compounds, but dif-
ferent from the quercetin in NB4 leukemia cells [52]. Espe-
cially after the pretreatment of MG132, we found that the
expression of Nrf2 and ub-Nrf2 was higher in the group which
treated with delphinidin (20μM) and H2O2 (750μM) than in
other groups (Figure 5). Zhang et al. previously demonstrated
that the fisetin, a dietary flavonoid that had the same function
as delphinidin in upregulating the expression of Nrf2, pro-
longed the half-life of Nrf2 protein [2]. These results suggested
that delphinidinmight reduce the degradation of Nrf2 by inhi-
biting the function of the 26S proteasome, resulting in a higher
expression of the total Nrf2 protein. Actually, Chen et al. pre-
viously revealed that the dietary flavonoids with OH groups
on the B ring and/or unsaturated C ring could act as protea-
some inhibitors [53], which was further supported by our
finding. In addition, Qin et al. previously revealed that myrice-
tin [54] and baicalein [17] could inhibit the ubiquitination of
Nrf2 and downregulate the expression of Keap1, but this
change was not observed after delphinidin intervention. After
analyzing the structures of those compounds, we speculated
that it might be associated with a 4-carbonyl group on the C
ring, which needed further experimental verification. Based
on the above results, we considered that delphinidin elevated
Nrf2 activation probably by upregulating Nrf2 mRNA
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expression and promoting Nrf2 nuclear translocation, rather
than by inducing Keap1 degradation.

According to the above study, we must consider whether
delphinidin could still protect cells from oxidative stress

when Nrf2 was knocked down. Although the ROS level of
the H2O2-treated group in the sh-Nrf2 cells was higher than
that of the sh-con cells, delphinidin could still decrease the
ROS in the sh-Nrf2 cells back to normal level (Figure 6(c)),
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and we also found that the delphinidin could promote the
expression of Nrf2 protein after knocking down Nrf2. The
above results indicated the important role of delphinidin in
alleviating intracellular oxidative damage in Nrf2 knock-
down cells (Figures 6(a) and 6(b)). Considering that there
were no significant differences in ROS levels which treated
with delphinidin (20μM) among the sh-con and sh-Nrf2
cells, and the fluorescence intensity of the delphinidin
intervention group was lower than that of the control group
in sh-Nrf2 cells, we speculated that delphinidin might also play
a role in cytoprotective effect by activating other antioxidant
pathways, such as phosphatidylinositol-3-kinase (PI3K)/Akt
signaling pathway [55] or inhibiting phosphorylation of ERK,
JNK, and p38 [56], which needed further experimental
verification.

5. Conclusion

As an antagonist of the 26S proteasome, delphinidin could
upregulate the expression of Nrf2 mRNA, promote the accu-
mulation of Nrf2 in the nucleus, and inhibit the degradation
of ub-Nrf2, which activated the expression of the down-
stream HO-1. In summary, this study demonstrated that
delphinidin proposed an antioxidant protective effect of alle-
viating the toxic effect induced by H2O2 in HepG2 cells, and
the mechanism was through the Nrf2 signaling pathway. It
was suggested that delphinidin could be used as a new type
of antioxidant to prevent diseases related to oxidative stress.
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