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We invited, to this special issue, investigators to contribute
research articles based on both original preclinical and clini-
cal data and comprehensive reviews aimed at evaluating the
antioxidant and anti-inflammatory activities of nutraceuti-
cals and functional foods, as well as the functional quality
assessment of both natural and industrially processed foods.
Twenty papers were included, comprising 17 original articles
and 3 reviews. The latter discussed the potential health effects
of sulforaphane (SFN) (Houghton), barberry (Berberis vul-
garis) (Kalmarzi et al.), and Oviductus ranae (Zhang et al.).
In addition to the effects on nuclear factor-erythroid 2-
related factor 2 (Nrf2) and nuclear factor-kappa B (NF-κB),
SFN has been suggested as a urease inhibitor, potentially
reducing the disease risks associated with H. pylori infection
(Houghton). Immunomodulating activities have been
reported for barberry, including the inhibition of inflamma-
tory cytokines (interleukin- (IL-) 1, tumor necrosis factor-
(TNF-) α, and interferon- (IFN-) γ) and the stimulation of
IL-4 and IL-10 (Kalmarzi et al.), whereas bioactive compo-
nents of Oviductus ranae increase productions of IL-1β, IL-
6, and TNF-α and activate the NF-κB pathway (Zhang
et al.). Therefore, opposite effects on the immune responses
can be observed with different bioactives and nutraceuticals.

Among research papers in this special issue, Chen et al.
investigated the role of sirtuin 7 (SIRT7), a NAD+-dependent
deacetylase, in the NF-κB signaling pathway in an in vitro
model of lipopolysaccharide- (LPS-) induced inflammation,
and NF-κB modulations have been reported for lupeol in
streptozotocin-induced hyperglycemic rats (Beserra et al.)

and for gallic acid in the ethyl acetate extract fraction of
the Terminalia bellirica fruit (Chen et al.). Farcas et al.
studied both anti-inflammatory and antioxidant activities
of xerophyte Plantago sempervirens Crantz in vitro and in
a turpentine oil-induced inflammation animal model.
Antioxidant and antigenotoxic effects were reported for
methanol extracts of the edible mushroom northwestern
Turkey Infundibulicybe geotropa (Bull.) Harmaja (Sevindik
et al.). Górnicka et al. found that α-tocopherol reduced
lipid peroxidation in rats subjected to a training protocol
on a treadmill. On the other hand, Nrf2-mediated antioxi-
dant effects have been reported for a heteropolysaccharide
extracted from the brown alga Sargassum fusiforme in a
Drosophila melanogaster model (Zhang et al.), and a heat-
resistant extract from the edible microalga Aphanizomenon
flos-aquae (AFA) has been proposed by Nuzzo et al. as a
functional food for protection against oxidative stress (Xiao
et al.). Nrf2 was also involved in the inhibition of oxidative
stress by indigo naturalis. The latter also reduced Th1/Th17
responses in a DSS-induced colitis model in mice (Xiao
et al.). A polyphenolic extract of Chrysanthellum ameri-
canum has been studied by Cojocariu et al. in a rat model
of irritable bowel syndrome. Lv et al. suggested a systems
pharmacology and microbiota approach for treatment of
inflammatory bowel disease, including an absorption-distri-
bution-metabolism-excretion (ADME) analysis of potential
active compounds. Azzini et al. studied the differences in
phytochemical profiles and antioxidant activities of different
S. Giovanni varieties (Pyrus communis L.). Palmacci et al.
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reported that the inflammatory marker neutrophil-to-
lymphocyte ratio (NLR) was lower in celiac disease patients
who consumed chocolate. Green tea (GT) and GT extract
reduced inflammation in a high-fat diet mouse model (Torres
et al.) and ischemia-induced retinal ganglion cell degeneration
in rats (Yang et al.), respectively. Antioxidant and anti-
inflammatory activities were reported for thymoquinone (TQ)
and/or piperine (PP) against microcystin-LR-induced hepato-
toxicity and neurotoxicity in mice by Abdel-Daim et al.,
whereas Kim et al. tested the ethyl acetate extract of Salicornia
europaea L. and its bioactive compound irilin B in the 1-
methyl-4-phenyl1,2,3,6-tetrahydropyridine- (MPTP-) intoxi-
cated Parkinson’s disease- (PD-) like mouse model.

In conclusion, this issue includes original and review
articles covering many aspects of the antioxidant and anti-
inflammatory activities of nutraceuticals, functional foods,
and bioactive compounds from various origins.
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Infundibulicybe geotropa (Bull.) Harmaja is an edible mushroom found in Bolu province in northwestern Turkey. The chemical
composition and bioactivity of these mushrooms has not been previously investigated. We examined the phenolic composition,
elemental content, and antioxidant and antigenotoxic effects of methanol extracts of fruiting bodies. The phenolic compounds
in the fungal samples were determined using high-performance liquid chromatography (HPLC), and element content was
determined using atomic absorption spectrophotometry. Total antioxidant status (TAS), total oxidant status (TOS), and
oxidative stress index (OSI) were determined using the commercially available Rel assay kit. The antigenotoxic effects of the
extract were determined using the MTT assay to assess cell viability and the alkaline single-cell gel electrophoresis assay (Comet
assay). The total phenolic content (ppm) of I. geotropa was found to be catechin (361 ± 2:31), clorogenic acid (553:54 ± 5:06),
and coumaric acid (9:93 ± 0:25). The TAS, TOS, and OSI of the extract were 1:854 ± 0:051mmol/L, 30:385 ± 0:399μmol/L, and
1:639 ± 0:067, respectively. The elemental levels were within “normal” range. In HT22 mouse hippocampal neuronal cells, the
extract (100 and 200μg/ml) showed no genotoxic potential and ameliorated hydrogen peroxide- (H2O2-) induced oxidative
DNA damage. I. geotropa may be considered a good nutrient due to its phenolic constituents and antioxidant potential.

1. Introduction

In recent years, the search for natural sources of functional
nutrients as a food supplement has become common. Thus,
it is quite important to investigate mushrooms, as a natural
source of nutrients which have demonstrated potent antiox-
idant, anti-inflammatory, antitumoral, immunomodulatory,
cardioprotective, hepatoprotective, and neuroprotective
properties [1–5]. Since ancient times, mushrooms have been
used for nutritional and medical purposes and are prevalent
in several regions of the world [6–8]. Apart from their
attractive taste and culinary uses, edible mushrooms are of
nutritional significance owing to their high protein, carbohy-
drate, vitamin, mineral and phenolic levels, and low-fat con-

tent [9–12]. These constituents have been attributed to the
biological activities reported for edible mushrooms.

Increased production of free radicals in living organ-
isms and insufficiency of endogenous antioxidants against
this increase can result in deterioration of several molecular
structures, including lipid, proteins, and nucleic acids. Met-
abolic and chronic diseases such as cardiovascular disor-
ders, diabetes, cancer, cataracts, muscle degeneration, and
neurological diseases such as Parkinson’s disease and Alz-
heimer’s disease, are associated with an imbalance between
oxidative stress formation and endogenous antioxidant
defense mechanisms [13–18]. A growing body of evidence
from epidemiological studies and clinical trials has shown
that supplementation with exogenous antioxidants and
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high consumption of antioxidant-rich foods may slow
down or delay the onset and progression of many chronic
age-related diseases [19, 20].

The beneficial effects of edible mushrooms have been
previously investigated. Mushrooms have been shown to
scavenge reactive oxygen and reactive nitrogen species, che-
late redox-active metals, inhibition lipid peroxidation, and
protein carbonyl formation, increase the levels of endoge-
nous antioxidants such as vitamin C and glutathione, and
increase the activity of antioxidant enzymes such as
glutathione reductase and catalase [21–23]. Several edible
mushroom extracts have been shown to protect against
DNA damage following exposure to various genotoxicants
(H2O2 radicals, methyl methanesulfonate, cyclophospha-
mide, and 2-amino-3-methylimidazo(4,5-f)quinolone) in
several cell lines, including Burkitt’s lymphoma cells, Chinese
hamster lung fibroblastic V79 cells, human laryngeal epi-
dermoid carcinoma HEp2 cells, human hepatoma HepG2
cells, and human lymphocytes [24, 25]. Moreover, several
bioactive compounds present in mushrooms, which were
discovered in molecular studies, have been used in the
development of pharmacological agents in recent years
[26]. Edible mushrooms play a role in the decomposition
of organic materials in nature and contain different levels
of elements based on the substrate content they utilize
[27]. Mushrooms may possess toxic or nutritional proper-
ties based on their elemental composition. Thus, it is
important to determine the elemental content of mush-
rooms consumed as nutrients or medicinal material.

The genus Infundibulicybe contains 19 widespread spe-
cies that are mostly edible. They grow saprotrophic on litter
of leaves and needles or can be found in soils in forests, grass-
land, and alpine habitats. Unlike some other edible mush-
rooms, Infundibulicybe do not have a distinct or foul smell
[28]. However, little is known regarding the constituents
and biological activity of these mushrooms. In the present
study, we aimed to determine the phenolic compounds pres-
ent in Infundibulicybe geotropa (Bull.) Harmaja mushroom.
We also assessed its antioxidant and antigenotoxic capacity
in vitro. We also examined the heavy metal content of these
mushrooms to evaluate the nutritional value of these mush-
rooms as a supplementary nutrient source in humans.

2. Materials and Methods

2.1. Mushroom Species. Infundibulicybe geotropa samples were
collected in Bolu province (Turkey). Morphological and
ecological characteristics of the samples were noted and
photographed in their natural habitats. After field studies,
specimen were taken to the laboratory and confirmation of
the mushrooms were made by mycological experts at Akdeniz
University, Turkey. Micromorphological characteristics were
observed by light microscopy using 3% KOH, Congo Red,
and distilled water. The names of taxa and authors are quoted
according to MycoBank (http://www.mycobank.org/) and
Index Fungorum (http://www.indexfungorum.org/).

2.2. Extraction. Mushroom samples obtained during field
studies were identified and dried at +40°C (Profilo, PFD1350W,

Turkey). Then, the samples were pulverized. Afterwards,
10 g of the pulverized samples was macerated (24 h), with
200mL EtOH (ethanol), MeOH (methanol), and DCM
(dichloromethane) using a magnetic stirrer (Gerhardt EV
14). The extracts obtained with the extraction process were
condensed via filtration at 40°C with a rotary evaporator to
prepare the samples for the experiments (Heidolph Laborota
4000 Rotary Evaporator). The extracts were stored at +4°C
until the experiments were conducted.

2.3. Determination of TAS, TOS, and OSI. I. geotropa mush-
room methanol extracts were analyzed using the Rel assay
commercial assay kit (Assay Kit Rel Diagnostics, Turkey) to
determine the TAS, TOS, and OSI values. Trolox was used
as the calibrator in the TAS analysis, and hydrogen peroxide
was used as the calibrator in the TOS studies. To determine
the OSI, the mmol unit of TAS and the μmol unit of the
TOS were cross-converted, and the index value was
expressed as percentage [29, 30].

2.3.1. TAS Assay Tests. The TAS assay kit contained Reagent
1 (Buffer), Reagent 2 (Color ABTS Radical Solution),
Standard 1 (1.00mmol trolex Equiv./L), and Standard 2
(1.00mmol trolex Equiv./L). 200μL of Reagent 1 was added
to the wells on the 96-well plate. 12μL of mushroom extract
was placed on top. The absorbance was measured at 660 nm.
Then, 30μL of Reagent 2 was added and incubated at 37°C
during 5minutes. After incubation, the second absorbance
was read at 660 nm. Standard 1 and Standard 2 included in
the kit were measured in the same way. Processes for all
mushroom extracts were repeated separately.

2.3.2. TOS Assay Tests. The TOS assay kit contained
Reagent 1 (Assay buffer), Reagent 2 (Prochromogen solu-
tion), Standard 1 (Blank solution: distilled water), and Stan-
dard 2 (stock stabilized standard solution (SSSS): 800mM
H2O2 Equiv./L). For this dilution step, 5μL of the Standard
2 was transferred to the Eppendorf and 1mL of distilled
water was added and vortexed. Then, 5μL of this solution
was placed into the Eppendorf and 1ml of water was added
and 20mM H2O2 was prepared. This solution was repre-
pared each time. Then, 200μL of Reagent 1 was first placed
in the well on the Eliza plate and 30μL of mushroom
extract was added. The first absorbance was then read at
530 nm (first absorbance of the sample). After the measure-
ment, 10μL of Reagent 2 was added. It was then incubated
for 5min at 37°C and the second absorbance at 530nm was
read (second absorbance of the sample). The same proce-
dure was repeated for Standard 2. Separate procedures were
repeated for all mushroom samples [30].

2.4. Determination of Phenolic Compounds. Phenolic com-
pounds in methanol extracts of I. geotropa samples were
determined using a SHIMADZU system HPLC device and
a DAD detector [31]. The injection volume was set up as
20μL. Mobile phase A: 3% acetic acid and B: methanol was
used, and the flow rate was adjusted to 0.8mL per minute.
Chromatographic separation was carried out with an Agilent
Eclipse XDB-C18 column (250 × 4:6mm id 5μm) at 30°C.
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2.5. Determination of the Element Content. I. geotropamush-
room samples were pulverized after the process of drying.
One gram of dried sample was weighed and placed in
50mL glass vials in 3 repeats. 10mL concentrated HNO3
was added and left at room temperature for 24 h. The sam-
ples were heated on the heating plate until the formation of
sediment on the surface. Then, 10mL concentrated HCI
was added to these flasks and the incineration process was
repeated. Following the incineration, 20mL diluted HCl
was added to the samples and the product was filtered. The
elemental content in the filtered samples was then deter-
mined with a PerkinElmer (AAS 400) atomic absorption
spectrophotometer as previously described [32].

2.6. Cell Culture. HT22 mouse hippocampal neuronal cells
(BNCC, 337709) were cultured in a cell culture flask at a
density of 1 × 105 cells/mL and grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum (FCS), 1% glutamine, and 1% antibiotic/antifun-
gal in an atmosphere containing 5% CO2 and 95% oxygen.
All cell culture equipment were obtained from Invitrogen
(Melbourne, Australia).

2.7. Cell Viability Assay.MTT assay was used to evaluate cell
viability following exposure to mushroom methanol extracts
as previously described [33]. Briefly, HT22 cells were seeded
in 96-well microtiter plates at 1:0 × 104 cells/well. Stock solu-
tions of compounds were prepared in 20mM DMSO and
diluted further in complete DMEM so that the final DMSO
concentration was <0.5% (v/v). After 24 h, the cells were
incubated with 50μl of extracts at a range of concentrations
(50–300μg/ml) for 24 h/37°C in a humidified atmosphere
containing 5% CO2 and 95% air. After this incubation,
20μL of MTT (5mg/mL) was added to each well and further
incubated for 4 h at 37°C. The cells were dissolved in 100μL
of DMSO, and the plates were read at 570 nm using a scan-
ning multiwell spectrophotometer. The validity of the MTT
assay was confirmed by viable cell counts using Trypan blue
[34]. The results were expressed as % viability.

2.8. Antigenotoxicity Assay. The antigenotoxicity/genotoxi-
city of methanol extracts of edible mushrooms was evaluated
using the alkaline single-cell gel electrophoresis (Comet)
assay as previously described [35]. Briefly, distilled water
was used as negative control, while H2O2 (100μM) was the
positive control. After incubation with mushroom extract
(100 and 200μg/ml) for 24 h, cells were de-attached by tryp-
sinisation for the Comet assay. For each treatment, the cell
suspension were mixed with low-melting point agarose, of
which 90μL was added to 15μL of the cell homogenate and
placed on a microscope slide precoated with normal melting
point agarose 1.0%. A coverslip was added, and the slides
were placed on ice during 5min. After solidification, the cov-
erslips were removed and the slides were immersed in a lysis
solution. The slides were kept frozen in the lysis solution
(4°C) and protected from light for approximately 14 h. They
were subsequently incubated in freshly prepared alkaline
buffer for 20min for DNA unwinding. Electrophoresis
(20min at 300mA and 25V) was carried out in the same

buffer. The procedure was performed under dimmed light
to prevent further DNA damage. After electrophoresis,
the slides were rinsed with distilled water and neutralized
in Tris 400mM (pH7.5) and left to dry overnight at room
temperature. The dry slides were rehydrated for 3min in
distilled water and then fixed for 10min, rinsed three
times in distilled water, and dried for at least 5 h. The
dry slides were rehydrated for 3min in distilled water,
stained, and constantly shaken for 25min. The slides sub-
merged in the stop solution were rinsed again and imme-
diately tagged for analysis. Comets were visualized using
ethidium bromide staining (20μg/ml for 30 s) and a fluo-
rescent microscope (Nikon Eclipse 600, Japan). The slides
were analyzed under blind conditions by at least two indi-
viduals. DNA damage was given as DNA damage index
(DI). The OpenComet plugin was used for comet scoring.
The results were reported as % tail DNA.

2.9. Statistical Analysis. All experiments were performed 5
times, and results expressed as mean ± standard deviation
unless otherwise stated. Statistical analysis using Student’s
t test was performed using Microsoft Excel. Results were
considered significant when p < 0:05.

3. Results and Discussion

3.1. Phenolic Content of I. geotropa. In this study, the
phenolic compounds in I. geotropa mushroom ethanol
extracts were determined using HPLC, and the findings
are presented in Table 1. Analysis of phenolic compounds
demonstrated that there are 4 main phenolic substances in
I. geotropa: 361:49 ± 2:31ppm catechin; 553:54 ± 5:06ppm
chlorogenic acid, and 9:93 ± 0:25ppm coumaric acid. It is
well-established that catechin is a potent antioxidant com-
pound that is involved in the inhibition of free radicals. It
has also been shown to have protective effects against skin,
breast, prostate, and lung cancers in addition to its antioxi-
dant properties [36]. Chlorogenic acid was reported to pos-
sess several biological activities such as antioxidant and
anti-inflammatory effects, as well as regulation of glucose
and lipid metabolisms, antidiabetic, anticarcinogenic, anti-
inflammatory, and antiobesity effects [37]. Coumaric acid
was shown to have several biological activities including anti-
oxidant, anticancer, antimicrobial, antiviral, anti-inflamma-
tory, antithrombocyte aggregation, anxiolytic, antipyretic,
analgesic, and mitigating effects on diabetes, obesity, hyper-
lipemia, and gout [38]. Another study of phenolic content
conducted in I. geotropa (former name Clitocybe geotrapa)
showed that, apart from the named phenolic compounds iden-
tified in this study, protocatechuic acid, p-hydoxybenzoic acid,
absisic acid, and cinnamic acid may also be present in the
mushroom [39]. Therefore, given their phenolic content, I.

Table 1: Phenolic contents of mushroom.

Phenolic
compound (ppm)

Catechin
Chlorogenic

acid
Coumaric

acid

I. geotropa 361:49 ± 2:31 553:54 ± 5:06 9:93 ± 0:25
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geotropamay be consumed as a natural source for antioxidant
phenols and may exert important health benefits.

3.2. TAS, TOS, and OSI Values for I. geotropa. Mushrooms
have the potential to contain numerous antioxidant enzymes
and reduced coenzymes such as phenolic compounds as an
effective electron source in several different forms and types.
Furthermore, they are rich in antioxidant vitamins A, C, and
E, and other natural products that could metabolically con-
tain and produce several elements with redox potential and
strong antioxidant character. Previous studies on I. geotropa
did not report the oxidative stress status of the mushroom
species. Limited information is available in the literature on
the TAS, TOS, and OSI values in other edible mushrooms.
In the present study, TAS (mmol/L), TOS (μmol/L), and
OSI values were determined using the I. geotropa ethanol
extract. The findings are presented in Table 2.

As shown in Table 2, the TAS value of the mushroom
ethanol extract was 1:854 ± 0:051mmol/L. Studies that
aimed to determine these values demonstrated that the TAS
values in Tricholoma terreum, Coprinus micaceus, Pleurotus
eryngii, Auricularia polytricha, A. auricular, Omphalotus
olearius, Macrolepiota procera, Trametes versicolor, Geas-
trum pectinatum, and Fomitopsis pinicola were 0.38, 0.46,
1.93, 0.93, 1.010, 2.836, 2.823, 0.820, 1.278, and 1.57mmol/L,
respectively [40, 41]. The reported TAS value for I. geotropa
in our study was significantly lower compared to the reported
values for P. eryngii, O. olearius, and M. procera mushrooms
as determined in previous studies. We also found that the
mushroom had a higher TAS value when compared to the
other abovementioned mushrooms. These differences may
be attributed to the count and types of phenolic constituents,
the release of secondary minerals produced by endogenous
and exogenous factors, variation in antioxidant vitamin
levels, as well as changes in the level of enzymatic/nonenzy-
matic antioxidant molecules capable of altering the total anti-
oxidant capacity.

Our study also reported that the TOS value of the mush-
room ethanol extract was 30:385 ± 0:399μmol/L. Previous
reports on mushroom TOS values demonstrated that the
TOS values of T. terreum, C. micaceus, O. olearius, M. pro-
cera, A. auricular, and T. versicolor were 16.76, 16.87, 8.26,
10.35, 23.91, and 2.03μmol/L, respectively [40, 41]. Our cur-
rent study demonstrates that the TOS value of I. geotropa was
generally much higher when compared to the findings
obtained in previous studies. Differences between mushroom
TOS values were noteworthy since the analyses were carried
out by different research groups at different times and with
different species of mushroom collected in different loca-
tions. The differences among the TOS values are likely due
to the differences between the regions where they were col-
lected and the impact of the differences between the meta-
bolic processes of the different mushroom species on their

capacity to produce and accumulate oxidant compounds. It
is suggested that mushrooms or other naturally occurring
products with high TOS values should be cautiously con-
sumed. It is considered that high TOS values in plants may
be due to the impact of environmental and metabolic factors,
which may stimulate the production of free radicals to pro-
tect against harmful endogenous factors in the environment
such as environmental pollutants and certain microorgan-
isms and parasites. Therefore, our findings highlight the
importance of collecting mushrooms to be used as nutrients
or in drug design studies in areas that are free of environmen-
tal toxic agents and heavy metal pollution and to enhance
public awareness of those who work in the field.

The OSI value reflects the rate of inhibition of the oxidant
compounds produced by mushrooms due to environmental
and/or inherent factors by the antioxidant compounds pres-
ent in the organism. Previous studies on the determination of
OSI values reported that the OSI was 4.41, 3.67, 0.29, 0.37,
2.37, 2.17, 1.08, and 0.13 for T. terreum, C. micaceus,O. olear-
ius,M. procera, A. auricula, T. versicolor, G. pectinatum, and
F. pinicola, respectively [40, 41]. The OSI for I. geotropa
(1:639 ± 0:067) in our study was observed to be lower than
that of T. terreum, C. micaceus, A. auricula, and T. versicolor
mushrooms. The higher TOS values observed in the present
study coupled with a higher TAS in the mushroom samples
led to the observation of a lower OSI value. Oxidative stress
induced by oxidant molecules was prevented by TAS, which
covers the whole enzymatic and nonenzymatic systems,
resulting in low OSI values.

3.3. Elemental Content of I. geotropa. Elements also play a
role as cofactors in the functioning of certain enzymes, which
are a part of several metabolic pathways and the endogenous
antioxidant system. Given the cofactor properties of the ele-
ments and their potential effects on homeostasis (protection
of the internal balance of the body), the identification of ele-
mental content of mushrooms is of great importance. Mush-
rooms physiologically accumulate elements at different levels
based on the elemental content of the substrate they utilize.
In the present study, the elemental content of I. geotropa
was determined and presented in Table 3.

The Fe content in I. geotropa was 63:70 ± 8:88, while
the Zn content was 61:24 ± 12:04, Cu content was 30:37
± 1:23, Pb content was 7:00 ± 1:38 and Ni content was
1:12 ± 0:053mg·kg−1. A previous study reported that the
Fe content in I. geotropa mushroom collected in Muğla
province (Turkey) was 662.0, Zn content was 130.4, Cu
content was 65.6, Pb content was 3.2, and Ni content was
4.5mg·kg−1 [42]. It was determined that the Fe content in I.
geotropamushroom collected in Eskişehir province (Turkey)
was 516.7, Zn content was 86.6, Cu content was 82.4, Pb
content was 1.22, and Ni content was 14.0mg⋅kg-1 [43].
Comparatively, it was found that Fe, Zn, Cu, and Ni con-
tents in I. geotropa collected in Bolu (Turkey) were lower.
However, the Pb content was higher in the present study
when compared to both abovementioned studies. The differ-
ence in the level of these elements stems from variation in
the elemental soil content between the regions where the
mushrooms were collected. Furthermore, it is considered

Table 2: TAS, TOS, and OSI values of mushroom.

TAS (mmol/L) TOS (μmol/L) OSI

I. geotropa 1:854 ± 0:051 30:385 ± 0:399 1:639 ± 0:067
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that the high Pb content may be since the area where the
mushrooms were collected in the present study was located
near a busy highway.

Fe is a very important element that is necessary in differ-
ent amounts in different periods for the human body. Fe def-
icit leads to several diseases, especially anemia (Ibrahim et al.,
2012). Fe requirement is met by breast milk for the 6 postna-
tal months. Approximately 0.7-0.9mg/day of Fe is utilized
after 6 months (FAO/WHO, 2004). Between the ages of 1
and 6, the body needs twice as much iron and 1.17mg/day
Fe is needed between the ages of 6 and 15. Furthermore, male
individuals aged 12-16 years require 1.82mg/day of iron,
while female individuals require 2.02mg/day. During preg-
nancy, the Fe requirement is 1.14mg/day, and an adult
female needs approximately 2mg/day of iron during men-
struation and premenopausal period [44]. In the present
study, 63.70mg Fe was found in 1 kg I. geotropa. This amount
is much higher than an individual’s daily iron requirement.
Thus, it is considered that the consumption of the mushroom
samples collected in suitable regions at certain intervals may
be beneficial in meeting the physical Fe requirement, and the
findings of the present study would be beneficial in making
recommendations for the regular consumption of mush-
rooms collected in reliable localities.

Ni content is lower than 0.5mg⋅kg−1 in most food prod-
ucts. However, cocoa products and peanuts may contain up
to 3 to 10mg⋅kg−1 Ni [45]. It can be argued that the Ni con-
tent determined in 1 kg of I. geotropa mushroom is 1.12mg
and did not reach toxic levels. On the other hand, it was
determined that the lowest and highest mushroom Pb con-
tent was 2.86-15.3 while the Zn and Cu contents were 29.8-
158 and 6-187mg⋅kg−1, respectively, in previous studies by
our group [40, 42, 46]. Compared to these values, the Pb,
Zn, and Cu content determined in the I. geotropa appeared

to be within normal ranges identified in the literature. Thus,
it was determined that the I. geotropa samples collected in
Bolu (Turkey) possessed optimal element levels, and con-
sumption of the mushroom is adequate for human health.
However, controlled consumption and avoiding consump-
tion at extreme levels are recommended.

3.4. Antigenotoxic/Genotoxic Effects of I. geotropa. To the best
of our knowledge, there are no previous reports of the toxic-
ity of I. geotropa extract in neuronal cells. Our study investi-
gated the effects of I. geotropa in HT22 cells. Our data shows
that I. geotropa extracts did not significantly reduce cell via-
bility at 50-300μg/ml after 24 h (Figure 1). Other mushroom
extracts, e.g., A. blazei, G. Frondosa, and H. erinaceus, were
found to be toxic to Chinese hamster fibroblast cells after
24 h at concentrations of 2mg/ml [47]. We also examined
the ability of I. geotropa to protect against oxidative DNA
damage using the Comet assay (Figure 2). This versatile assay
allows the detection of single- and/or double-strand DNA
breaks using H2O2 as a genotoxic agent. Our data shows that
H2O2 induced a significant increase in oxidative DNA dam-
age (as indicated by the Comet tail) compared to nontreated
control cells (Comet head only). After 24h, treatment with I.
geotropa extract (100 and 200μg/ml) ameliorated the
increase in DNA damage due to H2O2. The genoprotective
effect of I. geotropa may be attributed to its phenolic content
and high TAS levels. We hypothesize that I. geotropa extract
may exert protection against H2O2 by either direct scaveng-
ing of free radicals and/or upregulation of endogenous anti-
oxidant enzymes (e.g., catalase, glutathione peroxidases)
and antioxidant concentrations (e.g., glutathione) which
detoxify H2O2. Other mushroom extracts (e.g., A. bisporus
and G. lucidum) have been shown to protect against induced
DNA damage in Raji cells [25]. Moreover, the antigenotoxic

Table 3: Element contents of mushroom.

Fe (mg⋅kg−1) Zn (mg⋅kg−1) Cu (mg⋅kg−1) Pb (mg⋅kg−1) Ni (mg⋅kg−1)

I. geotropa 63:70 ± 8:88 61:24 ± 12:04 30:37 ± 1:23 7:00 ± 1:38 1:12 ± 0:053
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Figure 1: Viability of HT22 cells after 24 h treatment with Infundibulicybe geotropa extract (50, 100, 200, and 300 μg/ml). Results are
presented as mean ± SE of 5 independent experiments. ∗p < 0:05 when compared with control (t test).
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effects of A. bisporus extracts have also been attributed to
enhanced tyrosinase activity, which can enhance endogenous
antioxidant defense mechanisms leading to increase glutathi-
one levels [48].

While most studies have shown that edible mushrooms
are safe and well tolerated, some studies have shown that they
may exhibit some genotoxic potential. For example, extracts
of A. blazei, was shown to be genotoxic to HTC rat hepatoma
cells. However, this effect was likely due to the generation of
cytotoxic metabolites in vitro [49]. The genotoxic potential of
mushrooms is essential to accurately determine the edibility
and safety profile of mushrooms for human consumption.
The limited toxicity and significant antigenotoxic effects of
I. geotropa extracts in murine HT22 neuronal cells is encour-
aging and warrants further investigation to elucidate the
modes of action underlying their antigenotoxic effects.

4. Conclusion

Mushrooms provide significant opportunities in the fields of
pharmacological agent development, drug design, and medi-
cine due to their structural properties and exhibit various
metabolic activities in addition to their nutritional properties.
In this study, the biological activity in Infundibulicybe geo-
tropa mushroom collected in Bolu province (Turkey) was
determined. Catechin, chlorogenic acid, and coumaric acid
were determined in the mushroom in the present study. It
was considered that this mushroom species may be a natural
resource, rich in the determined compounds. It was also
found that the mushroom has a strong antioxidant potential.
However, it has been suggested that fungi samples collected
in more reliable regions containing lower oxidant levels
may serve as a better antioxidant source. The extract also
showed excellent protection against oxidative DNA damage
and lacks genotoxic potential in vitro. The elemental content
was at optimal levels as well, suggesting that this extract may
be used as an antioxidant with little or no adverse effects.
However, additional in vivo studies are necessary to confirm
these assumptions.
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Background/Aims. Nonalcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation of metabolic syndrome. It is
currently the most common chronic liver disease with complex pathogenesis and challenging treatment. Here, we investigated the
hepatoprotective role of green tea (GT) and determined the involvement of miRNAs and its mechanism of action. Methods. Male
C57Bl/6 mice were fed with a high-fat diet for 4 weeks. After this period, the animals received gavage with GT (500mg/kg body
weight) over 12 weeks (5 days/week). HepG2 cell lines were transfected with miR-34a or miR-194 mimetics and inhibitors to
validate the in vivo results or were treated with TNF-α to evaluate miRNA regulation. Results. GT supplementation protects
against NAFLD development by altering lipid metabolism, increasing gene expression involved in triglycerides and fatty acid
catabolism, and decreasing uptake and lipid accumulation. This phenotype was accompanied by miR-34a downregulation and
an increase in their mRNA targets Sirt1, Pparα, and Insig2. GT upregulated hepatic miR-194 by inhibiting TNF-α action leading
to a decrease in miR-194 target genes Hmgcs/Apoa5. Conclusion. Our study identified for the first time that the beneficial effects
of GT in the liver can be due to the modulation of miRNAs, opening new perspectives for the treatment of NAFLD focusing on
epigenetic regulation of miR-34a and miR-194 as green tea targets.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is currently the
most common chronic liver disease in Western countries,
affecting about 30% of the worldwide population [1–3]. The
NAFLD is considered the hepatic manifestation of metabolic
syndrome and it is highly related to obese patients [4]. The
mechanisms underlying the development and progression
of NAFLD are displayed in a multiple hit model that involves
insulin resistance (IR), nutritional factors overload, gut
microbiota dysfunction, endoplasmic reticulum (ER) stress,
inflammatory liver environment (cytokine release), and
genetic and epigenetic factors [5–7].

Green tea (GT) is one of the most consumed beverages in
the world and its high content of polyphenols guarantees
health beneficial effects. Among the main biological effects

attributed to GT polyphenols, we can highlight the antioxi-
dant, anti-inflammatory, antitumor, antidiabetic, antiobesity,
and hepatoprotective activities [8, 9]. Several studies have
related the GT consumption to the improvement and pre-
vention of NAFLD [10–13]. The administration of EGCG,
the main polyphenol in GT, improves liver function and
morphology, as well as reducing body weight and ameliorates
insulin sensitivity [14].

The activity of EGCG on pathways such as TLR4/NFkb
and PI3K/AKT/FoxO1 is essential for attenuating inflamma-
tion, endoplasmic reticulum stress, oxidative stress, and
fibrosis in NAFLD [10]. In addition, green tea extract
increases the expression of genes related to lipid oxidation,
preventing the accumulation of liver fat through the activa-
tion of AMPK [11, 13]. Despite the evidence of the beneficial
effects of the green tea and its compounds against NAFLD,
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the mechanism by which polyphenols exert their effects on
the different pathways highlighted here has not been fully
elucidated.

In the last decade, the discovery of epigenetic mecha-
nisms of small noncoding RNAs known as microRNAs
(miRNAs) has emerged as potential therapeutic targets for
several diseases [15]. Increasing evidence suggests that
NAFLD is related to alterations in miRNA expression [16–
20]. Jin et al. reported for the first time the difference in the
pattern of miRNA expression between NAFLD and normal
liver, evidencing the possible contribution of miRNAs for
NAFLD pathogenesis and its potential as therapeutic targets
and diagnosis [21]. miR-122 is the major miRNA known to
be differentially expressed during NAFLD, and it is currently
suggested as a predictive marker of fibrosis [22]. The link
between miRNA and NAFLD is in the ability of these small
molecules to modulate cellular metabolism, especially lipid
metabolism in hepatocytes. Recently, it has been observed
that the increase of miR-34a is responsible for the decrease
of PPAR-α expression and consequent steatosis development
[23]. In addition, inhibition of hepatic miR-24 leads to an
increase in the Insig1 target, a lipogenesis inhibitor, prevent-
ing hepatic lipid accumulation [3]. These data highlight the
potential use of miRNAs as biomarkers and druggable targets
in the search for new preventive and therapeutic strategies.

Recent evidence has been shown that polyphenols can
modulate the expression of a hundred different miRNAs,
which most of them involved in the control of inflammation,
apoptosis, lipid metabolism, and insulin sensitivity [24]. The
epigallocatechin-3-gallate (EGCG), the main polyphenol
present in green tea (GT), is able to modulate the expression
of several miRNAs in hepatocytes [25, 26]. Some studies sug-
gest that the prevention of NAFLD in polyphenol-treated
animals is associated with miRNA modulation [27, 28]. Also,
it has been demonstrated that the administration of plant-
derived polyphenols prevents hepatic steatosis in association
with changes in the expression of miR-103, miR-107, and
miR-122 [27]. In this context, this study is aimed at evaluat-
ing the hepatoprotective role of GT in a high-fat diet (HFD)
mouse model of NAFLD and at determining the involvement
of miRNAs in vivo and in vitro.

2. Material and Methods

2.1. Animals and Green Tea Supplementation. Twelve-week-
old male C57Bl/6 mice were obtained from the University of
São Paulo (USP, Brazil) and were housed in the animal facil-
ity of the Cruzeiro do Sul University for a one-week period of
acclimation. Mice were kept in a room with controlled tem-
perature (24 ± 2°C), light/dark cycle 12 : 12, and were given
water and balanced diet (NUVILAB-CR1, Nuvital Nutrientes
LTDA, Brazil) ad libitum. This study has been approved by
the Ethics Committee on Animal Experimentation of the
Cruzeiro do Sul University (CEUA Cruzeiro do Sul,
135/2014) and all animals received humane care according
to the criteria outlined in the Guide for the Care and Use of
Laboratory Animals. A total of thirty mice were randomly
divided into 3 groups: (i) control (Cont) fed with chow diet,
(ii) high-fat diet (HFD) fed with hyperlipidemic diet, and

(iii) high-fat diet supplemented with green tea (HFD+GT).
The protocol was performed twice with fifteen animals each.
The chow diet consisted of 32% protein, 55% carbohydrates,
and 13% lipids (2.88 kcal/g). On the other hand, HFD (Prag-
Soluções, São Paulo, Brazil) was composed of 20% protein,
36% carbohydrates, and 34% lipids (5.31 kcal/g). Animals
were fed an HFD ad libitum, for 16 weeks. After the 4th week,
the animals were submitted to a daily (Monday through
Friday) oral gavage with 500mg/kg body weight (BW) of
green tea aqueous extract (HFD+GT group) or vehicle
(Cont and HFD) for over 12 weeks. The powdered green
tea extract was commercially acquired from Tovani Benza-
quen, São Paulo, SP, Brazil. The dose of GT was based on
previous in vivo studies from our group [29, 30]. The
human equivalent dose (HED) was determined following
equation: HED ðmg/kg = animalNOAELmg/kgÞ × ðweight
animal ðkgÞ/weight human ðkgÞÞ ð1–0:67Þ. The dose by the
factor method applies an exponent for body surface area, which
accounts for the difference in metabolic rate, to convert doses
between animals and humans [31]. HED = 500mg/kg ×
ð0:022 kg/70 kgÞ0:33 = 34:9mg/kg or 2:44 g/70 kg. Therefore,
we believe that until a total of 2.44g/day/70kg could be used
in humans to promote health beneficial effects. That dose
of GT can easily be ingested as capsules as a nutraceutical
supplement and is therefore of physiological relevance. GT
extract was weighed daily and then solubilized in distilled
water at 70°C. After GT was at room temperature, it was
administered by gavage to mice prior to the feeding period
(between 6 : 00–7 : 00pm) in a final volume of 100μL. The
GT extract and standards (EC, EGCG, EGC, ECG, catechin,
quercetin, and caffeine) were analyzed in an analytical LC
(Varian 210) system with a ternary solvent delivery system
equipped with an autosampler, a photodiode array detector
(PDA) monitored at λ = 200‐800 nm. The catechins, querce-
tin, and caffeine were identified in GT extract by comparing
their retention time with those of standard solutions. As
obtained by the HPLC analysis, polyphenol, catechin, and
caffeine contents in the extract were 39%, 30%, and 0.4%,
respectively [29].

After 16 weeks into the experimental protocol, animals
were euthanized by decapitation (between 9 : 00 and
12 : 00 h). Blood samples were drawn into heparinized tubes
and centrifuged for 10min at 1200×g, and plasma was stored
at −80°C, to the subsequent determination of triglycerides
(TG), aspartate aminotransferase (AST), and alanine trans-
aminase (ALT) as well as the determination of cytokines
and adipokines. The Aspartate Aminotransferase Activity
Assay Kit provides a simple and direct procedure for measur-
ing AST activity. In this kit, the transfer of an amino group
from aspartate to α-ketoglutarate results in the generation
of glutamate, resulting in the production of a colorimetric
(450 nm) product proportional to the AST enzymatic activity
present. One unit of AST is the amount of enzyme that will
generate 1.0μmol of glutamate per minute at pH 8.0 at
37°C. The ALT Activity Assay Kit provides a simple and
direct procedure for measuring ALT activity. ALT activity is
determined by a coupled enzyme assay, which results in a col-
orimetric ð570 nmÞ/fluorometric ðλex = 535/λem = 587 nmÞ
product, proportional to the pyruvate generated. One unit
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of ALT is defined as the amount of enzyme that generates
1.0μmol of pyruvate per minute at 37°C. The tests were per-
formed following the manufacturer’s instructions. The liver
was collected and fixed in 4% phosphate-buffered parafor-
maldehyde or snap-frozen in liquid nitrogen with storage at
−80°C. Different white adipose tissue (WAT) depots—retro-
peritoneal, subcutaneous, and epididymal—and brown adi-
pose tissue (BAT) were removed and weighed to calculate
the adiposity index. Adiposity index was calculated as the
sum of all the fat pad depots per animal and expressed per
g/body weight (BW).

2.2. Assessment of Insulin Sensitivity. Fasting glucose was
measured after 14 weeks through the experimental protocol
as previously described in Rocha et al. [29]. A week prior to
euthanasia, insulin tolerance test (ITT), and the rate of glu-
cose clearance per minute (kITT) were performed and calcu-
lated as described by our group [29].

2.3. Examination of Liver Histopathology. Liver tissue was
fixed in 4% phosphate-buffered paraformaldehyde for 24h.
Fixed samples were dehydrated by sequentially increased
ethanol concentrations, cleared in xylene, and then embed-
ded in paraffin wax. The embedded samples were cut into
5μm sections and stained with hematoxylin and eosin
(H&E). Histological assessment and scoring of steatosis,
hepatocellular ballooning, and lobular inflammation were
performed by a pathologist blinded to the study. NAFLD
activity score (NAS) and fibrosis stage were established using
the histological criteria outlined by Kleiner et al. [32]. The
degree of macrovesicular steatosis was graded using the fol-
lowing 4-point scale, namely, grade 0, steatosis involving
<5% of hepatocytes; grade 1, steatosis involving up to 33%
of hepatocytes; grade 2, steatosis involving 33–66% of hepa-
tocytes; and grade 3, steatosis involving >66% of hepatocytes.
Lobular inflammation was also graded on a 4-point scale,
namely, grade 0, no foci; grade 1, fewer than 2 foci per ×20
field; grade 2, 2 to 4 foci per ×20 field; and grade 3, more than
4 foci per ×20 field. Hepatocyte ballooning was graded on a
3-point scale: 0, none; 1, a few balloon cells; and 2, any/pro-
minent balloon cells. For NAS, features of steatosis, lobular
inflammation, and hepatocyte ballooning were combined
with values from 0 to 8. The OCT-embedded (optimal cut-
ting temperature) frozen livers were sectioned at 10μm with
a cryostat to detect neutral lipids by Oil Red-O staining.
Briefly, slides were fixed in 10% (v/v) formalin for 10min,
stained with Oil Red-O working solution (Sigma-Aldrich,
St. Louis, MO, USA), and counterstained with hematoxylin.

2.4. Glycogen Analysis. Liver glycogen content was measured
after extraction with KOH and precipitation with ethanol
followed by determination of glucose through phenol-
sulfuric hydrolysis [33]. Liver samples (60mg) were placed
in plastic tubes containing 1.0mL of 6N KOH and were
incubated in a boiling water bath for 10 minutes until com-
plete dissolution. 250μL of the homogenate was mixed to
3mL of 95% ethanol and 100μL of 10% K2SO4. A cloudy
white precipitate was formed and the supernatant was dis-
charged after centrifuging (150g for three minutes). After-

ward, 300μL of each sample was analyzed at a wavelength
at 490nm on a Tecan spectrophotometric reader (Salzburg,
Austria). A standard curve of oyster glycogen (Sigma) was
prepared for the final quantification, expressed in
μmol/60mg of hepatic tissue.

2.5. Plasma Insulin and Cytokines/Chemokines and
Adipokines. Plasmatic insulin, cytokines/chemokines (IL-
1β, IL-6, TNF-α), and adiponectin levels were measured
using Multiplex MAP magnetic bead-based multianalyte
panels (Mouse Cytokine/Chemokine Panel I (Cat. No. MCY-
TOMAG-70K), Mouse Adipokine (Cat. No. MADKMAG-
71K), and Mouse Adiponectin Single Plex (Cat. No.
MADPNMAG-70K-01)) (Millipore, Billerica, MA, USA)
according to the manufacturer’s guidelines.

2.6. MicroRNA Expression Analysis. Total RNA was extracted
using miRVANA miRNA isolation kit (Ambion, Foster City,
USA), according to the manufacturer’s instructions. Total
RNA (200ng/μL) was reverse-transcribed using miScriptII
RT kit (Qiagen®, USA) according to the manufacturer’s
instructions. After reverse transcription, the expression of
miR-34a and miR-194 was evaluated by qRT-PCR
(Table 1). The results were normalized to U6. The ΔCt
method (2−ΔΔCt) was used to calculate relative changes in
miRNA expression.

2.7. HepG2 Cell Treatment. Human hepatoma cells were a
gift from Dr. Bruno Cogliati (HepG2; University of São
Paulo). Cells were maintained at 37°C in 5% carbon dioxide
in high-glucose (11.1mmol/L) Dulbecco’s modified Eagle’s
medium (DMEM) with 10% FBS and 10,000U/mL
penicillin-streptomycin. The HepG2 cell line at 70% conflu-
ent was used to validate the expression of target genes of
miR-34a and miR-194. Cells were transfected with miRNA
mimics or inhibitors using Lipofectamine 3000 (Invitrogen)
according to the manufacturer’s instructions. For inhibition
of miR-34a and miR-194, anti-hsa-miR-34a and anti-hsa-
miR-194 were used at final concentration of 40nM. For the
overexpression of pre-hsa-miR-34a and pre-hsa-miR-194
(Ambion), they were also used at 40 nM. Cells were also
treated with GT extract (0.19%) in the presence of miR-34a
and anti-miR194. After 24 h of transfection, the cells were
collected and stored at -80°C for further RNA extraction
and qRT-PCR analysis of target genes (Table 1).

In another set of experiments, the HepG2 cells at 90%
confluent were treated for 24 h with TNF-α (10 ng/mL) to
evaluate if this cytokine can modulate the expression of
miR-34a and miR-194. Moreover, cells were treated with
2μM of a mix of catechins (epigallocatechin-3-gallate 1μM;
epicatechin gallate 300nM; epigallocatechin 500nM and epi-
catechin 200 nM) or with GT extract (0.19%) to prevent the
TNF-α effect. After 24 h, cells were collected and stored at
-80°C for further miRNA expression analysis (Table 1). The
dose of catechins in vitro and GT extract used was previously
obtained in our laboratory as an effective dose to reduce the
triglyceride content in HepG2 cells (data not shown).

2.8. qRT-PCR Analysis. Total RNA from the liver and
HepG2-treated cells was extracted as previously described
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[29]. Total RNA was quantified and its integrity confirmed
using agarose gel electrophoresis. Total RNA (2μg) was used
to synthetize cDNA using random primers and 200U Super-
Script II RNase H reverse transcriptase at 42°C for 50min,
following the manufacturer’s instructions.

The qRT-PCR was carried out using 30ng of cDNA and
5× HOT FIREPol EvaGreen® qPCR Mix Plus (Solis Bio-
dyne), and gene expression was assessed in an Agilent
AriaMx Real-Time PCR under the following conditions:
50°C for 2min, 95°C for 10min, and 40 cycles of 95°C for

Table 1: Nucleotide sequences of primers.

Gene Primer sense (5′ to 3′) Primer anti-sense (5′ to 3′)
miR-34a-5p TGGCAGTGTCTTAGCTGGTTG

miR-194-5p TGTAACAGCAACTCCATGTGGA

Universal_MS2_R CGAGGTCGACTTCCTAGATTTTT

hsa-18s TGAGAAACGGCTACCACATC TTACAGGGCCTCGAAAGAGT

hsa-Apoa5 TGGCTCTTCTTTCAGCGTTT TTGCTCAAGGCTGTCTTTCA

hsa-Hmgcs2 TATAAGGGGCTGGAGGCTTT CATGTTCCCATTGTGAGTGG

hsa-Insig2 GTCCAGTGTAATTGCGGTGTG GAGTGACCACAGTTGCCAAG

hsa-Ppara GCCTACAGGCTATCATTACGG GTTGTGTGACATCCCGACAG

hsa-Sirt1 CCGGATTTGAAGAATGTTGG AGCGCCATGGAAAATGTAAC

mmu-18s CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG

mmu-Acs13 GAGGTCCAGCCATTGTTCAT CAATGACACCTTTGGGGAAC

mmu-Adipor1 AGGCTGAGGAAGATCAAGCA CGTTGTCTTTCAGCCAGTCA

mmu-Adipor2 GGAGTGTTCGTGGGCTTAGG GCAGCTCCGGTGATATAGAGG

mmu-Apoa5 GAGTCGAGTGCTGCACCATA TCGCCTTACGTGTGAGTTTG

mmu-Cd36 TGGAGCTGTTATTGGTGCAG TGGGTTTTGCACATCAAAGA

mmu-Cd86 GACCGTTGTGTGTGTTCTGG GATGAGCAGCATCACAAGGA

mmu-Fasn TATCAAGGAGGCCCATTTTGC TGTTTCCACTTCTAAACCATGCT

mmu-Fgf21r CTGCTGGGGGTCTACCAAG CTGCGCCTACCACTGTTCC

mmu-Foxo1 GTGAACACCATGCCTCACAC ACTTGGGAGCTTCTCCTGGT

mmu-Hmgcr CTCCTCTCCACAAAGCTTGC CTGGTACTCCCATCCA

mmu-Hmgcs2 AGGACATCAACTCCCTGTGC TCAGTGTTGCCTGAATCCTG

mmu-Ikbkb AGCTGTCCTTACCCTGCTGA AAATGACGTGCACAGACTGC

mmu-Insig2 AGTGTGGCCCATACATTTCC GCTCGTGATCACATCTGGTG

mmu-Ir GGATGTGACAGCCACCACAC CTGGGGATTCTTGATTGCAT

mmu-Irs2 CTGCGTCCTCTCCCAAAGTG GGGGTCATGGGCATGTAGC

mmu-Mcr1 AACAAGAATGGTGGGCAGTC TTTGCAAAGTTGGGTTCTCC

mmu-Nfkb GTAACAGCAGGACCCAAGGA TCCGCCTTCTGCTTGTAGAT

mmu-Nrlh3 GGATAGGGTTGGAGTCAGCA GCTTTGTGTCCCCACAGACACT

mmu-Pi3k AAAAATGGCGACGACTTACG TTGCACTGGATTTGCATGAT

mmu-Pnpla2 GAGTGCAGTGTCCTTCACCA CAGTTCCACCTGCTCAGACA

mmu-PPrara CGACCTGAAAGATTCGGAAA CTCGGCCATACACAAGGTCT

mmu-PPrard CGAGTTCTTGCGAAGTCTCC TGTCCTGGGATGGCTTCACAAG

mmu-Pparg TCAGCTCTGTGGACCTCTCC ACCCTTGCATCCTTCACAAG

mmu-Ppargc1a CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC

mmu-Prkaa2 GTGATCAGCACTCCGACAGA TCTCTGGCTTCAGGTCCCTA

mmu-Prkacb GGAGATCATCCTCAGCAAGG GCAGAAGGTCCTTGAGATCG

mmu-Rxrb AGTGTCCAAAATGCGTGACA GCTGCTCAGGGTACTTCTGC

mmu-Sirt1 TCTCCTGTGGGATTCCTGAC ACACAGAGACGGCTGGAACT

mmu-Tlr CAGCAAAGTCCCTGATGACA TGGCATGGACTAAGGATGTG

mmu-Tnf CCACCACGCTCTTCTGTCTA GATCTGAGTGTGAGGGTCTGG

mmu-Traf6 GCCCAGGCTGTTCATAATGT AGCTCGCCCACGTACATACT

mmu-Ucp2 GGTCGGAGATACCAGAGCAC TGTCATGAGGTTGGCTTTCA

mmu-Xbp1s TTACGAGAGAAAACTCATGGGC GGGTCCAACTTGTCCAGAATGC
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15 s, 60°C for 20 s, and 72°C for 30 s. Dissociation protocols
were used to test the effectiveness of the primers in amplify-
ing the genes specifically. In our experiments, the results were
normalized by constitutive gene control (18S), determined in
accordance with the pattern of tissue expression in each tis-
sue analyzed. To identify predicted or validated targets
mRNAs for the selected miRNAs (miR-34a and miR-194),
the miRWalk and DIANA-miRPath databases were used.
The ΔCt method (2−ΔΔCt) was used to calculate relative
changes in mRNA/miRNA expression.

2.9. Statistical Analysis.Our results are given asmean ± SEM.
The variance of the data was verified by the Levene test.
The interaction (diet, D × green tea, GT) was evaluated
through a factorial two-way ANOVA using Tukey as post-
test (P < 0:05). The main effect (diet, D, and/or green tea
treatment, GT) was assessed by a factorial two-way
ANOVA (P < 0:05) when the interaction was not statisti-
cally significant. Student’s t-test (P < 0:05) was used for
in vitro cell analysis. We used SPSS/Windows version 22
statistical package (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism statistics software package version 5.0 for
Windows (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Green Tea Prevents Obesity Attenuating Inflammation in
HFD-Induced NAFLD. During the 16 experimental weeks,
the body weight of the mice was evaluated. GT-
supplemented mice showed attenuated body weight gain,
decreased fat pad depots, resulting in a decreased adiposity
index when compared to the HFD group (Figures 1(a)–1(f)).
GT exhibited significant anti-inflammatory activity
through the reduction of plasmatic inflammatory cytokine
levels (IL-1β, IL-6, and TNF-α), also increasing plasmatic
adiponectin level (Figure 1(g)) compared with the HFD
group. Mice supplemented with GT exhibited lower fasting
glycemia, plasma insulin level, and higher kITT, promoting
lower HOMA index. Besides that, the liver of HFD+GT mice
presented higher expression of insulin signaling genes such
as Irs2 and Pi3k, and higher hepatic glycogen depot
(Figures 1(h)–1(m)). Altogether, these data indicate that
GT supplementation protects against systemic insulin resis-
tance (IR) improving hepatic insulin sensitivity.

3.2. Green Tea Has Hepatoprotective Effects in HFD-Induced
NAFLD. To characterize our NAFLD model, we analyzed the
hepatic lipid droplet accumulation through histological
images using Oil Red-O staining and biochemical analysis
of liver tissue. GT supplementation was effective in reducing
lipid accumulation in the liver of HFD-fed mice
(Figure 2(a)). GT-supplemented mice had lower activity
score of NAFLD when compared to mice only fed with
HFD (Figure 2(b)). Supplementation with GT reversed the
changes in lipid profile induced by HFD in the liver reducing
the macrovesicular steatosis, TG, and cholesterol content
(Figures 2(c)–2(e)). We also evaluated the biochemical
changes that contribute to the NAFLD characterization and
we observed that the supplementation with GT minimizes

liver damage induced by HFD (Figures 2(f) and 2(g)). To
determine the inflammatory, liver profile evaluated the gene
expression of some classical markers of inflammation. GT-
supplemented mice showed higher expression of Mrc1, an
anti-inflammatory macrophage (M2) marker, and lower
expression of inflammatory genes Tlr (TLR4), Traf6, Nfkb
(NF-κB), and Tnf (TNF-α) when compared to the HFD
group (Figure 2(h)).

3.3. Prevention of Steatosis by Green Tea Extract Is Mediated
by Modulating of Lipid and Cholesterol Metabolic Genes. To
understand the metabolic changes that accompanied the
phenotype of NAFLD, we evaluated the expression of key
genes involved in the lipid and cholesterol hepatic metabo-
lism. In general, the supplementation with GT increased lipid
catabolism genes increasing the expression of Adipor1/Adi-
por2 (adiponectin receptors) and Fgf21r—an important
receptor that mediates lipid oxidation in the liver
(Figure 3(a)). GT supplementation induces genes related to
lipolysis and β-oxidation pathway, such as Foxo1, ATGL
(Pnpla2), β subunit of PKA (Prkacb), Sirt1, Rxrb and Acsl3,
AMPK alpha subunit (Prkaa2), PGC1-α (Ppargc1a), PPAR-
α, LXRα (Nr1h3), and Ucp2 when compared to the HFD
group (Figures 3(a)–3(c)). Consistent with the histological
analysis, we observed an increase in the expression of genes
involved in TG accumulation, fatty acid (FA) uptake, and
syntheses such as Apoa5, CD36, and Fasn in HFD-fed mice,
while GT supplementation reverted ApoA5 and Cd36 expres-
sion, decreasing the transcription factor PPAR-γ (Pparg)
(Figure 3(d)).

Regarding the cholesterol metabolism, we observed that
GT supplementation reduces Hmgcs2 (HMG-CoA synthase)
and Hmgcr (HMG-CoA reductase) expression, key genes of
cholesterol biosynthesis, while there is an increase in Insig2
expression, responsible for HMG-CoA reductase cleavage
and inactivation when compared to HFD group
(Figure 3(e)). These data suggest that GT inhibits cholesterol
biosynthesis, thereby decreasing the hepatic lipid content
(Figure 2(e)).

3.4. Green Tea Modulates the Expression of miR-34a and
miR-194 in Murine HFD-Induced NAFLD. To evaluate the
involvement of miRNAs in the mechanism of action of
GT, we evaluate the expression of miRNA 34a that is clas-
sically known to be involved in the regulation of lipid
metabolism and is highly expressed in liver diseases. Also,
miR-194 is poorly studied but it is highly expressed in the
liver and has been implicated as a modulator of the
inflammatory pathway [34].

GT supplementation was effective in reversing miR-34a
expression induced by HFD. Inversely, miR-194 was shown
to be decreased in the NAFLD, whereas supplementation
with green tea increased its expression (Figures 4(a) and
4(b)). After GT treatment, a positive correlation (P < 0:05)
between miR-34a expression with mRNAs levels of adipor2
(r2 = 0:66), Prkacb (r2 = 0:62), and Hmgcs2 (r2 = 0:73) was
found.

To identify predicted or validated targets mRNAs for the
selected miRNAs (miR-34a and miR-194), the miRWalk and
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DIANA-miRPath databases were used. Initially, target genes
involved in processes related to NAFLD pathogenesis such as
glucose and IR, metabolism, inflammation, and lipid metab-
olism were selected. From this search, there were identified
some targets that had their expression modulated by NAFLD
and/or GT in an inverse manner to their respective miRNA,
the selected genes were Sirt1, Pparα, and Insig2 for miR-34a;
Apoa5 and Hmgcs2 for miR-194 (Figure 4(c)). These targets
were then selected for validation in HepG2 cells transfected
with miR-34a or miR-194 mimetics and inhibitors, in order
to outline the possible mechanism by which the modulation
of these miRNAs is related with the development and pre-
vention of NAFLD by HFD and GT, respectively.

3.5. Validation of Target mRNAs Regulated by miR-34a and
miR-194 in HepG2 Cells. We initially confirmed that trans-

fection of anti-miR-34a and miR-34a mimic was effective in
our cell system (Figure 5(a)). Consistent with our outcomes
found in vivo in the HFD-fed mice, cells transfected with
miR-34a mimic showed decreased Sirt1, Insig2, and Ppara
expression. In addition, anti-miR-34a transfection leads to
increased Sirt1, Ppara, and Insig2 expression, similar to the
results of mice in the HFD+GT group (Figures 5(b)–5(d)).
Cells transfected with miR-34a and treated with GT have
presented increased mRNA levels of Sirt1, Ppara, and Insig2.
Taken together, these results suggest that the gene regulation
of Sirt1, Ppara, and Insig2 occurs through the modulation of
miR-34a promoted by GT.

Transfection of HepG2 cells with miR-194 mimic and
inhibitor was also effective (Figure 5(e)). We observed that
anti-miR-194 transfection increased Hmgcs2 expression
when compared to the group transfected with miR-194
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Figure 1: Green tea prevents obesity attenuating inflammation in HFD-fed mice with NAFLD. (a) Body weight, (b) body weight gain,
(c) subcutaneous fatty depots, (d) epididymal, (e) brown adipose tissue, (f) adiposity index, (g) plasma levels of cytokines and
adiponectin, (h) fasting glycemia, (i) calculation of the glucose decay constant in the bloodstream (kITT), (j) plasma insulin concentration,
(k) HOMA index, (l) hepatic gene expression of Ir, Irs2, and Pi3k, (m) and hepatic glycogen content. The ITT assessment was performed
at 0, 5, 15, 30, 60, and 90 minutes after intraperitoneal administration of insulin. Results are presented as mean ± SEM of at least 06
animals per group. ANOVA one- and two-way and Student’s t-test were used for all the statistical analysis. When the difference was
statistically significant, the following overwritten letters were used: aCompared to the Cont group. bCompared to the HFD group.
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mimic, corroborating with the result found in vivo (HFD
group). Similar to the GT-supplemented group in vivo,
miR-194 mimic transfection decreased Hmgcs2 expression.
Apoa5 expression was lower in cells transfected with miR-
194 mimic as compared to the anti-miR-194 treated cells as
observed in GT-supplemented mice compared to HFD mice
(Figures 5(f) and 5(g)). GT treatment of cells transfected with
anti-miR-194 has decreased both Hmgcs2 and Apoa5mRNA
expression. These results evidenced that Hmgcs2 and Apoa5
gene regulation occurs through miR-194 modulation. We
found a positive correlation (P < 0:05) between miR-194
expression (P < 0:05) and mRNA levels of insig2 (r2 = 0:77),
Foxo1 (r2 = 0:63), and adipor2 (r = 0:75) in HFD-fed mice
and for insR (r2 = 0:56) in the HFD+GT group.

To understand the mechanism by which miR-34a and
miR-194 are modulated in NAFLD condition, we evaluated
their expression in HepG2 cells exposed to TNF-α, which
was used to mimic the in vivo inflammation observed during
NAFLD. The expression of miR-34a was independent of
TNF-α exposure (Figure 5(h)), whereas the expression of
miR-194 was directly affected by adding TNF-α in the cell
culture. Interestingly, cells incubated with TNF-α and
treated with a mix of catechins or the GT extract restored
the expression of miR-194 (Figure 5(i)). These results sup-
port the idea that TNF-α regulates miR-194 expression
and the modulation of GT occurs through its anti-
inflammatory activity.

4. Discussion

In the present study, we demonstrate that the GT supple-
mentation protects against obesity and NAFLD development
in HFD-fed mice by altering lipid metabolism, increasing
genes involved in TG catabolism and fatty acid oxidation,
and also decreasing lipid uptake and accumulation as well
as cholesterol synthesis. We have some evidence that the
underlying mechanism by which the GT alters hepatic
metabolism could involve epigenetic regulation of miR-34a
and miR-194 that control the expression of target genes such
as Sirt1/Ppara/Insig2 and Hmgcs2/Apoa5, respectively. The
mechanism by which miR-34a modulation occurs during
NAFLD remains unknown, although we have demonstrated
that miR-194 expression is downregulated by TNF-α and it
was restored by GT.

Our experimental model of HFD was able to induce
NAFLD in mice. In contrast, the livers from mice supple-
mented with green tea extract were protected against the lipid
accumulation and inflammation. The GT extract dose used
in this study was based in a systematic review of the literature
published up to 2013 [35] that concluded, based on an anal-
ysis of the reports from 34 randomized clinical trials, that
liver-related adverse events were rare after GT supplementa-
tion (seven cases in 1405 human subjects that had received
dried GT extracts versus one case in 1200 controls) and that
liver-related adverse effects were generally mild. Mice fed
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Figure 2: Green tea has hepatoprotective effects in HFD-induced NAFLD. (a) Liver histological analysis, (b) activity score of NAFLD, (c)
distribution of macrovesicular steatosis, (d, e) hepatic triglyceride content and cholesterol, (f, g) ALT and AST plasma activity, and (h)
analysis of expression of the genes involved in the inflammatory process, such as Mcr1, Cd86, Tlr, Traf6, Ikbkb, Nfkb, and Tnf. Results are
presented as mean ± SEM of at least 06 animals per group. ANOVA one- and two-way and Student’s t-test were used for all the statistical
analysis. When the difference was statistically significant, the following overwritten letters were used: aCompared to the Cont group.
bCompared to the HFD group.
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with HFD showed higher expression of hepatic genes
involved in lipid accumulation pathways (Apoa5, Cd36, and
Fas). Green tea supplementation decreased genes involved
in lipid accumulation via such as Cd36 and Apoa5 and
increased the expression of key genes involved in FA catabo-
lism such as Pnpla2, Fgf21r, Adipor1, Adipor2, Prkacb, an α-
catalytic subunit of Prkaa2, Sirt1, Pgc1a, Nr1h3, Rxrb, Ppard,
Ppara, Acsl3, and Ucp. Taken together, these results indicate
that green tea is responsible for lower uptake and lipid depo-

sition, enhancing lipid catabolism and protecting the liver
from steatosis.

A wide range of dietary factors, including micronutrients
and bioactive compounds such as polyphenols, can modify
the expression of miRNAs; additionally, these small regula-
tors have significant contribution in pathways related to the
development of NAFLD [24, 36]. Recently, miR-34a has been
reported as a miRNA specifically modulated in liver diseases.
Circulating levels of miR-34a are high in NAFLD patients as
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Figure 3: Prevention of steatosis by green tea extract is mediated by modulating of lipid and cholesterol metabolic genes. (a–c) Analysis of
expression of genes involved in catabolism Adipor1, Adipor2, Fgf21r, Prkacb, Prkaa2, Sirt1, Foxo1, Pnpla2, Ppargc1a, Ppara, Nr1h3, Rxrb,
Ppard, and Acsl3. (d) Genes associated with lipid accumulation (Apoa5, Cd36, Pparg, Fasn). (e) Genes associated with cholesterol
biosynthesis (Hmgcs2, Hmgcr, Insig2). Results are presented as mean ± SEM of at least 06 animals per group. ANOVA one- and two-way
and Student’s t-test were used for all the statistical analysis. When the difference was statistically significant, the following overwritten
letters were used: aCompared to the Cont group. bCompared to the HFD group.
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well as its hepatic expression in animal models of steatosis
[23, 37]. Similarly, our NAFLD model showed increased
hepatic expression of miR-34a, whereas the GT supple-
mentation mitigates that induction. miR-34a expression
in HFD-fed mice was positively correlated with liver cho-
lesterol level (r2 = 0:98), TNF-α (r2 = 0:69), and steatosis
(r2 = 0:66). Important lipid-related genes that were modu-
lated in our in vivo study are a target of miR-34a. The
genes Sirt1, Ppara, and Insig2 had their expression
inversely proportional to miR-34a expression in vivo and
in vitro and GT treatment in vitro abolished miR-34a
inhibitory effects on Sirt1, Ppara, and Insig2 suggesting a
direct effect of GT on miR-34a. Yamakuchi et al. have

demonstrated that the Sirt1 is a direct target of miR-34a
[38]. In agreement with that data, our mice with NAFLD
showed a decrease in the expression of Sirt1 while supple-
mentation with green tea has reverted Sirt1 expression.
Furthermore, Ding et al. [23] reported that inhibition of
miRNA-34a improves hepatic steatosis of mice by increas-
ing the expression of Ppara and Sirt1, enhancing phos-
phorylation of AMPKα and, consequently, increasing
lipid oxidation. Our results suggest that green tea protects
against NAFLD by enhancing the SIRT1/AMPK/PPAR-α
signaling axis leading to increased lipid oxidation, with
miR-34a mediating those effects corroborating with phe-
notype o liver tissue observed in histological images.
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Figure 4: Green tea modulates the expression of miR-34a and miR-194 in murine HFD-induced NAFLD. Relative expression of miR-194 (a)
and miR-34a (b). Results are presented as mean ± SEM of at least 06 animals. ANOVA one-way and two-way were used for the statistical
analysis. When the difference was statistically significant, the following overwritten letters were used: aCompared to the Scramble group.
bCompared to the HFD group. (c) Predicted and validated targets of the miRNAs: miR34a and miR-194. To select the targets, we used the
miRWalk 2.0 database, based on the KEGG signaling pathway. Targets coregulated by different miRNAs or important members of the
inflammation, metabolism, and IR were selected. Only targets present in 3 or more algorithmic bases were considered valid targets. We
select predicted targets from prediction algorithms and validated targets (indicated by ∗) according to the literature. The genes presented
at the intersection of the figure are target genes of both miR-34a and miR-194.
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Figure 5: Continued.
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MiR-194 is known by downregulating the TLR4 signaling
pathway through suppression of TRAF6 [39]. Although
poorly studied, miR-194 presented an interesting modulation
being negatively regulated during NAFLD and restored after
green tea supplementation. Target genes involved in lipid
and cholesterol metabolism, such as Apoa5 and Hmgcs2,
had their expression inversely proportional to miR-194
expression.

Camporez et al. [40] reported that ApoA5 knockout mice
fed with HFD showed improvement in systemic insulin sen-
sitivity and reduced liver steatosis. Corroborating with that
the expression of miR-94 was decreased in the liver of
HFD-fed mice beside an increase of Apoa5 that could, along
with other factors, be responsible for the impairment of insu-
lin sensitivity and liver steatosis observed in our study. Posi-
tive modulation of miR-194 expression promoted by green
tea could be responsible for the decrease of Apoa5 gene

expression and improved insulin sensitivity observed, as well
as prevention of hepatic fatty accumulation. Our in vitro out-
comes validate the modulation of all selected target genes
with their respective miRNAs, evidencing that the protective
effects of GT on the liver are mediated by direct regulation of
miR-34a and miR-194.

It is well established that NAFLD development and evo-
lution are influenced by cytokines and adipokines from adi-
pose tissue, establishing a communication between adipose
and hepatic tissues [41]. This crosstalk mediates several
events and metabolic alterations [42]. TNF-α has been exten-
sively investigated in this context, and several studies have
revealed the regulation of different miRNAs (e.g., miR-142,
miR-155, miR-335) by this cytokine [43, 44]. Recently, our
group demonstrated that GT prevents obesity and improves
adipose tissue metabolism through the miR-335 regulation
mediated by TNF-α repression [45].
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Figure 5: Validation of target mRNAs regulated by miR-34a and miR-194 in HepG2 cells. (a) miR-34a expression, (b) Sirt1, (c) Ppara, (d)
Insig2, (e) miR-194 expression, (f) Hmgcs2, (g) Apoa5, (h) 34a expression, and (i) miR-194 expression. The results are presented as mean
± SEM of at least 05 in vitro transfection experiments. Student’s t-test was used for the statistical analysis. When the difference was
statistically significant, the following superscript letters were used: aCompared to the Scramble group. bCompared to the miR-34a, miR-
194, or TNF-α group. cCompared with respective group without GT.
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In view of the notoriety of TNF-α in regulating miRNA
expression accompanied of increased plasma level and
hepatic expression of TNF-α found in our study, we decided
to evaluate the in vitro regulation of miR-34a and miR-194
in cells exposed to TNF-α and treated with catechins or
GT extract. TNF-α was able to downregulate the miR-194
expression similar to observed in our HFD-induced NAFLD
mouse model. HepG2 cells treated with catechins or GT
extract were able to restore miR-194 expression to basal
levels, similarl to the profile found in vivo following GT sup-
plementation. These data suggest that TNF-α regulates miR-
194 expression and the restoration of miR-194 by GT occurs
through its anti-inflammatory activity. The modulation of
miR-194 via TNF-α has evidenced a crosstalk between adi-
pose tissue and liver mediated by adipocytokines. Since
GT also increases adiponectin plasma levels as well as
their hepatic receptors AdipoR1/R2 that are responsible
for promoting beneficial metabolic actions, we are also

suggesting the involvement of adiponectin as a mediator
of the GT mechanism of action as proposed and presented
in Figure 6.

In summary, this study has provided new evidence that
the protective effects of GT in the liver presenting NAFLD
are at least in part, mediated by miR-34a and miR-194
modulation. This study showed for the first time important
findings such as the modulation of Insig2 by miR-34a, the
involvement of miR-194 in lipid and hepatic cholesterol
metabolism, and their regulation by TNF-α. However, fur-
ther studies are needed to determine whether the modulation
of miR-194 by GT and its catechins is mediated by an anti-
inflammatory effect on TNF-α or by a direct effect on the
expression of miRNA-194. Understanding the pathways
shown herein reveals new targets for the prevention and ther-
apeutic intervention for NAFLD and evidence of the involve-
ment of miR-34a and miR-194 in the mechanism of action of
green tea polyphenols.
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Figure 6: The proposed mechanism by which green tea acts against NAFLD. The reduction of hepatic lipid accumulation mediated by green
tea during NAFLD occurs by a positive and negative regulation of FA oxidation and cholesterol synthesis, respectively. The decrease in miR-
34a expression leads to the increase of its targets SIRT1 and PPAR-α, key genes for β-oxidation. High plasma levels of plasma adiponectin
combined with the increase of its AdipoR1 and AdipoR2 receptors in the liver contribute to the activation of the AMPK pathway through
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Berberis vulgaris is a well-known herb in Iran that is widely used as a medicinal plant and a food additive. The aim of this study was
to investigate the anti-inflammatory and immunomodulatory effects of Barberry and its main compounds. This narrative review
was conducted by searching keywords such as B. vulgaris, Barberry, immunomodulatory, anti-inflammatory, medicinal herbs,
plants, and extract, separately or combined in various databases, such as Web of Sciences, PubMed, and Scopus. According to
the inclusion and exclusion criteria, just English language articles, which reported effective whole plants or herbal compounds,
were included. 21 articles were reviewed in this study. In the in vivo models (mice, rats, and human cells) and in the in vitro
models (some organ cells such as the spleen, kidney, blood, and brain), B. vulgaris and its main components showed
anti-inflammatory effects in both models. The main mechanisms were the shift of cell immune response to Th2, T reg
induction, inhibition of inflammatory cytokines (IL-1, TNF, and IFN-γ), and stimulation of IL-4 and IL-10. The induction of
apoptosis in APCs and other effector cells was another important mechanism.

1. Introduction

Medicinal plants can change the body’s physiological or path-
ological mechanisms to prevent or treat diseases. These plants
have been used widely from ancient ages for medical purposes.

Nowadays, easy access, low cost, and the prevailing belief in
the low side effects have led to a dramatic increase in the use
of these plants compared to chemical medications [1, 2]. In
Iran, the use of medicinal plants is also significantly increased
[3, 4]. Medicinal plants can be used for a variety of purposes,
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including gastroenterology [5], headache and migraine [6],
reproductive disorders [7], diabetes [8, 9], hyperlipidemia
[10], stress and depression [11, 12], liver disorders [13, 14],
and nervous system disorders [15]. Of course, the use of these
drugs also has disadvantages, including deficiencies and lack
of experiments for purity, health effects, or teratogenicity [16].

Berberis vulgaris is a common herb in Iran (called
Barberry) and other countries that widely used it as a medic-
inal plant and its fruit as a food additive. The scientific
classification of B. vulgaris is given in Table 1 [17]. This shrub
plant with a height of 1 to 3 meters is barbed with yellow
wood and ovoid leaves and has hanging yellow flowers that
ultimately turn to pulled reddish fruits with a length of 7 to
10mm and a width of 3 to 5mm. These fruits come ripening
in the end of summer and autumn and are edible. They also
have a sour taste and are rich in vitamin C [18–20]. This
plant is found in regions such as north of America and cen-
tral and southern Europe, and south of Asia [21, 22]. The var-
ious parts of this plant, including stems, roots, fruits and
leaveshave been used in Iran and other countries as tradi-
tional medicine [23]. In traditional medicine, this plant is
used in several purposes, including cleansing of renal stones
and urinary tract diseases and gastrointestinal, liver, and
gallbladder diseases as well as a circulatory system stimuli
[24–26]. Some traditional uses of Barberry are listed in Table 2.

About 22 alkaloid compounds have been identified in the
roots, the leaves, and the fruits of Barberry [27]. Studies about
the chemical components of the extract of this plant show
that alkaloids with an isoquinoline core such as protoberber-
ine, berberamine, tetrandrine, chondocurine, and palmatine
are among the important contents of Barberry. In the quan-
titative HPLC (high-performance liquid chromatography)
analysis of the principal alkaloids of the root, shell, and stem
of B. vulgaris, berberine and barbramine were reported
1.24% and 2.5%, respectively. The anti-inflammatory and
immunosuppressive properties of these compounds are very
important [28–31]. The fruits, flowers, and seeds of this
plant contain significant amounts of phenolic compounds
(including anthocyanin and carotenoid pigments), pectin,
oleoresin, vitamin C, and organic acids such as chelidonic
acid, resin, and tannin [18, 20, 32, 33]. The fruits of this
plant also have a sour taste and contain dextrose, malic acid,
tartaric acid, and citric acid. Barberry extract contains
flavonoids such as quercetin, chrysanthamine, hyperoside,
dolphinidin-3-O-beta-D-glucoside, pelargonin, petunidin-
3-O-beta-D-glucoside, alpha tocopherol, and beta-carotene
(Figure 1) [34, 35]. Some of the important compounds
found in Barberry are listed in Table 3. For Barberry, many
properties are mentioned. In various studies, some pharma-
cological effects, such as antioxidant and cytoprotective
properties [36], inhibition of vascular permeability [37]
and epidermal growth factor (EGF) [38], and anticholinergic
and antihistaminergic properties [18], for anthocyanins and
Barberry fruits are mentioned. The antioxidant activity of
Barberry is such that it reduces the survival of cancer cells,
and this property is probably due to phenolic compounds
and flavonols in the Barberry plant [39, 40].

Studies have shown that alkaloids in this plant increase
immunity through T cells [41, 42]. Berberine in the root of

Barberry has anticonvulsant, sedative, and diuretic effects
[43]. Also, the berberine in Barberry shows the elimination
activity of the ONOO(-) and NOO(2)(-) radicals that can
contribute to oxidative damage reduction [44]. The extract
of this plant is effective in inhibiting activating protein 1
(AP1) of human hepatoma cells [45]. However, the con-
sumption of high levels of alkaloid in this plant (berberine)
can cause respiratory paralysis, but death from the high
consumption of this plant has not been reported so far.
Barberry, by controlling the ACE enzyme (angiotensin con-
verting enzyme) in the brain or by antioxidant property,
can reduce the symptoms of Parkinson’s disease. Barberry
extract inhibits monoamine oxidase A (MAO-A), thus
increasing the level of monoamines such as epinephrine
and dopamine in the brain, which has an antidepressant
effect [28, 43]. Some of the important compounds of this
plant are mentioned in Table 3.

Since access to and use of medicinal plants are very easy
today, extensive studies on these compounds are important
in order to understand their benefits and side effects and can
be used to better understanding and explanation of the status
of these medications in the community’s health. The aim of
this studywas to investigate the anti-inflammatory and immu-
nomodulatory effects of Barberry and its main compounds.

2. Methodology

This narrative review studied the main research performed
on anti-inflammatory and immunomodulatory effects of
B. vulgaris. Keywords such as B. vulgaris, Barberry, immu-
nomodulatory, anti-inflammatory, medicinal herbs, plants,
and extract were searched separately or combined in various
databases, such as Web of Sciences, PubMed, and Scopus.

According to the inclusion and exclusion criteria, just
English language articles, which reported effective whole
plants or herbal compounds that performed standard labora-
tory tests, were included. Unrelated articles that studied other
plants were excluded. The titles and abstracts of the studies
were evaluated independently by two authors according to
the inclusion and exclusion criteria. Data extracted from
various articles were included in the study and entered into
a check list that included some information: Publication year,
authors’ name, model type, concentration or dose of extract,
and mechanisms of action (if reported).

3. Results

21 articles were reviewed in this study. Details of the studies
are presented in Table 4. In the following, we will refer to
the most important observations of these studies:

Table 1: Scientific classification of B. vulgaris.

Kingdom Plantae

Order Ranunculales

Family Berberidaceae

Genus Berberis

Species B. vulgaris

2 Oxidative Medicine and Cellular Longevity



In the study of W-C. Lin and J-Y. Lin, anti-inflammatory
effects of berberine were investigated in nonobese diabetic
(NOD) rats with spontaneously developed type 1 diabetes.
The results showed that type 1 diabetes alone causes inflam-
mation in some visceral organs. The administration of
berberine reduced spontaneous thymus and spleen inflam-
mation in mice. The secretion of IL-6 by splenocytes in the
presence of Con A in NOD mice was significantly higher
than that of ICR mice. Berberine administration (especially
at high doses of 500mg/kg BW; 20 g mouse/day) reduced
ratios of the Th1 (IL-2)/Th2 (IL-4) cytokines expression in
NOD mice splenocytes in the absence/presence of LPS in a
preventive way [46]. In the study of Lee et al., the pulmonary
inflammation process was simulated by stimulating pulmo-
nary factors. Increased levels of inflammatory cytokines such
as IL-1b and TNF-α are associated with pulmonary inflam-
mation. This study showed that different inflammatory
factors such as lipopolysaccharide, 12-o-tetradecanoylphor-
bol-13-acetate, hydrogen peroxide, okadaic acid, and
ceramide induced the production of IL-1b and TNF-α in
human pulmonary epithelial cells (A-549), fibroblast
(HFL1), and lymphoma cells. However, the result showed
that Berberine suppressed inflammatory factors produced
due to the production of TNF-α and IL-1b in human pulmo-
nary cells [47]. In the study of W-C. Lin and J-Y. Lin, the
effects of berberine on the expression of the inflammatory
cytokines gene in the initial splenocyte of mice, in the
presence and absence of lipopolysaccharide (LPS), were
investigated in four experimental models under laboratory

conditions. In the initial splenocyte of mice, in the absence
and presence of LPS, the anti-inflammatory potential of
berberine was reported. A study conducted by Marinova
et al. on tubulointerstitial nephritis (TIN) model rats showed
that the severity of pathologic damage in TIN rats treated by
berberine was significantly lower than that of the control
group. In these rats, berberine reduced the number of
TCD8+ and TCD4+ lymphocytes. The number of these cells
in the peripheral blood is reduced by treatment with berber-
ine and also reduces the infiltrated cells in the kidney [48].

Yan et al. investigated berberine effects on intestinal
injury induced by DSS (dextran sulfate sodium) as well as
on rat colitis and showed that berberine improved weight loss
in rats induced by DSS, as well as the activity of myeloperox-
idase, inflammatory scars, and colon injury. In addition,
berberine inhibited the production of proinflammatory cyto-
kines such as TNF-α, IFN-γ, and IL-17 in colon macrophages
and epithelial cells in DSS mice [49]. A study by Jiang et al.
was conducted to evaluate the protective effects of berberine
on neural cells of the brain parenchyma in EAEmice, and the
results showed that berberine can reduce MMP9 activity in
the brain of EAE mice and, by reducing the expression of
MMP9, causes reducing laminin decomposition and thereby
preserving brain blood barrier (BBB) that results in a
decrease in the number of inflammatory cells infiltrated in
the brain and a reduction in the expression of cytokines
and chemokines in the brain [50]. In another study, Hu
et al. showed that treatment with berberine suppressed the
pathological changes caused by the CIA. In the Aziz study,

Table 2: Some traditional uses of B. vulgaris.

System Effect Part of the plant Method of use

Cardiovascular

Antihypertensive Dried leaves Injection

Antiedema Stem shell Boiled

Varicose vein treatment Root Boiled

Gastrointestinal

Choleretic Dried whole plant Injection

Cholagogue Root Aqueous extract

Diarrhea Root Root

Bowel movement Dried root shell Boiled

Liver and gallbladder disorders Dried root shell Root

Intestinal ulcers Root Root

Hepatitis Dried root shell Boiled

Endocrine

Dysmenorrhea
Fruit

Dried root
Aqueous extract

Menorrhagia Root Aqueous extract

Contraceptive Root Aqueous extract

Immune system

Anti-inflammatory Dried root Root

Rheumatoid arthritis Dried root shell+stem shell Boiled

Gout Flower Boiled

Central nervous system
Reduce fever Dried fruit Aqueous extract

Sedative Dried root Root

Renal

Diuretic Dried root Boiled

Kidney inflammation Dried root Root

Nephritis Dried root shell Boiled
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Figure 1: Structure of some important compounds of B. vulgaris.

Table 3: Important compounds of B. vulgaris.

Compound Nature Part of the plant

Acanthine Alkaloid Root, root shell, stem shell, leaves, sprout

Berbamine Alkaloid Root, stem shell, fruit

Berberine Alkaloid Root, stem, fruit

Berlambine Alkaloid Root

Bervulcine Alkaloid Root

Columbamine Alkaloid Root, stem shell

Tannin Tannin Fruit

Pectin Carbohydrate Fruit

Delphinidin-3-o-beta-d-glucoside Flavonid Leaves

Ascorbic acid Vitamin Fruit, leaves

Palmatine Alkaloid Root, stem shell, fruit

Quercetin Flavonid Leaves

Petunidin-3-o-beta-d-glucoside Flavonid Fruit

Malic acid Alkane to c4 Fruit

Vitamin K Vitamin Leaves

Alpha-tocopherol Oxygen Leaves
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was found that NO levels in the treated B. vulgaris cells were
5% lower than the control group (no treatment was applied
in this group). In the study of Hu et al., berberine treatment
improved EAN symptoms in affected rats [51].

4. Discussion

In this study, 21 articles were reviewed. In the in vivomodels,
mice, rat, and human cells, and in the in vitro models, some
organ cells such as the spleen, kidney, blood, and brain were
used. In this section, we mention the most important
mechanisms of the effect of B. vulgaris and its important
compounds, including berberine.

In the study of W-C Lin and J-Y Lin, the anti-
inflammatory effects of berberine were attributed to a reduc-
tion in TNF-α, IL-6, and IL-1b cytokines. The use of berberine
in NOD mice was positively correlated with LPS-stimulated
IL-10/IL-1b and Con A-stimulated IL-10/TNF-α. This effect
was particularly higher at high doses (500mg/kg BW; 20g
mouse/day). In the confirmation of this finding, Lee et al.
showed that berberine reduces the inflammatory factors
induced by the production of TNF-α and IL-1b in human
pulmonary cells. Berberine inhibited this mechanism by inhi-
biting Ik-Ba phosphorylation. Berberine also inhibited the
expression of cyclooxygenase 2 (COX2) by the regulation of
AP-1 [47]. In the study of W-C Lin and J-Y Lin, change in
the expression of Th1 (TNF-α) and Th2 (IL-4) cytokines
and the shift of Th1/Th2 to Th2 and further increase in the
expression of IL-10 and IL-4 were known as the effective pro-
cesses in the immunomodulatory activity of berberine [46].
Yan et al. showed that berberine improved myeloperoxidase
activity, inflammatory scars, and colon damage. In addition,
berberine inhibited the production of proinflammatory cyto-
kines such as TNF-α, IFN-γ, and IL-17 in colon macrophages
and epithelial cells in DSS-treated mice [49]. In the study of
Ren et al., berbamine altered the response of autoreactive T
cells by two ways: on one hand, by inhibiting the nuclear factor
of activated T cells (NFAT), it reduced the T cells proliferation;
on the other hand, it changed the cytochrome profile of
encephalitogenic T cells. By selective inhibition of IFN-γ
through the Jak/stat pathway and by increasing the SLIM,
which is ubiquitin E3 ligase for STAT4, it boosts STAT4
protease degradation and reduces IFN-γ production [58]. In
study Cui et al., it was found that berberine reduced the differ-
entiation of Th1 and Th17 cells by reducing the expression of
lineage markers. The berberine inhibits the differentiation to
Th17 by activating ERK1/2. ERK plays this role by decreasing
the STAT3 phosphorylation and expressing RORγt. Berberine
also inhibits the differentiation of Th1 by inhibiting the
activity of p38 MAPK and JNK. Berberine reduces STAT1
and STAT4 activities by suppressing p38 MAPK and JNK
activity and controls the stability of STAT4 through the
ubiquitin proteasome pathway [42].

However, the response shift mechanism of Th2 in the
study of Marinova et al. was rejected because in their study
berberine reduced the number of TCD8+ and TCD4+ lym-
phocytes in mice, which showed suppression of both Th1
and Th2 cells. The suppression of Th1 response in this study
was confirmed by inhibiting the delayed type hypersensitivity

in TIN+BB mice and suppression of the Th2 response by
decreasing the amount of IL-6 in the studied animals [48].

Another mechanism that is effective in berberine’s
immunomodulatory effect is the involvement of APCs. By
reducing the activity of NF-κB and thus reducing the supply
of stimulatory stimulant molecules such as CD80 and CD86
on APCs, berberine reduces antigen delivery performance in
these cells. Berberine also suppresses the production of IL-6,
IL-12p40, and IL-23p19 in APCs. In confirmation of these
findings, Hu et al. showed that berberine can limit the matu-
rity of DCs and reduce their longevity by inducing selective
apoptosis. Berberine can lead to oxygen free radical produc-
tion, activation of caspase-3, and polarization loss in the
mitochondrial membrane of DCs, which together result in
the apoptosis of these cells [51].

But Jiang et al. presented another mechanism for the
anti-inflammatory and immunosuppressive properties of
berberine. The purpose of these researchers was to evaluate
the protective effects of berberine on neural cells of the brain
parenchyma in EAE mice, and they reported that berberine
can reduce MMP9 activity in EAE mice, and by decreasing
the expression of MMP9, it decreases laminin decomposition
and thereby preserves the blood brain barrier, resulting in a
reduction in the number of inflammatory cells infiltrated in
the brain and reduced expression of inflammatory cytokines
in the brain [50].

5. Conclusion

It seems that B. vulgaris and its most important component
berberine play their anti-inflammatory and immunomodula-
tory effect through the shift of cell immune response to Th2,
T reg induction, inhibition of inflammatory cytokines (IL-1,
TNF, and IFN-γ), and stimulation of IL-4 and IL-10. The
induction of apoptosis in APCs and other effector cells was
another important mechanism. Berberine has showed to have
several pharmacological properties, including antimicrobial,
anticancer, and immunomodulatory activities. However,
hypocholesterolemic and hypoglycaemic activities of berber-
ine have come to light recently. Furthermore, berberine seems
to have useful effects on the cardiovascular system, owing to its
vase-relaxing and hypotensive activities, as well as the potency
of prevention of congestive heart failure, cardiac hypertrophy,
and arrhythmia. The experimental and clinical evidence avail-
able to date in the literature shows interesting employment
prospects of berberine in the treatment of hypercholesterol-
emia and diabetes. This could open the way not only to a
new therapeutic possibility effective in the control of hyper-
cholesterolemia in patients who do not tolerate statins but also
to new forms of diabetes therapy and all those situations
characterized by evident signs of metabolic syndrome, with
possible reduction of a cardiovascular risk. In the end, it is rec-
ommended to test and apply these effective compounds in the
pharmaceutical industry to control both inflammatory and
autoimmune and metabolic diseases.
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Microalgae are generally considered an excellent source of vitamins, minerals, and bioactive molecules that make them suitable to
be introduced in cosmetics, pharmaceuticals, and food industries. Aphanizomenon flos-aquae (AFA), an edible microalga, contains
numerous biomolecules potentially able to prevent some pathologies including age-related disorders. With the aim to include an
AFA extract (Klamin®) as a functional ingredient in baked products, we investigated if its bioactive molecules are destroyed or
inactivated after standard cooking temperature. The AFA extract was exposed to heat stress (AFA-HS), and no significant
decrease in pigment, polyphenol, and carotenoid content was detected by spectroscopic analysis. Thermal stability of AFA-HS
extract was demonstrated by thermogravimetric analysis (TGA), and no change in the morphology of the granules of the
powder was noticed by SEM microscopic observation. By Folin-Ciocalteu, ORAC, and ABTS assays, no change in the
antioxidant activity and polyphenol contents was found after high-temperature exposition. When added in cell culture,
solubilized AFA-HS lost neither its scavenging ability against ROS generation nor its protective role against Abeta, the main
peptide involved in Alzheimer’s disease. Prebiotic and antioxidant activities of AFA extract that are not lost after thermal stress
were verified on E. coli bacteria. Finally, AFA-HS cookies, containing the extract as one of their ingredients, showed increased
polyphenols. Here, we evaluate the possibility to use the AFA extract to produce functional food and prevent metabolic and age-
related diseases.

1. Introduction

Microalgae comprise prokaryotic cyanobacteria and eukary-
otic photoautotrophic protists, with significant diversity in
their metabolism, cell structure, and habitat [1]. They are
the oldest forms of life and have been the main biotic source
of oxygen on early Earth [2]. These photosynthetic microor-
ganisms exhibit commercial interest due to their ability to
produce biomass from where bioactive compounds can be
obtained. The last ones include pigments, vitamins, proteins,
lipids, polyunsaturated fatty acids, and carbohydrates [3].

Aphanizomenon flos-aquae (AFA) is a cyanobacterial
unicellular organism with remarkable nutritional properties
that, unlike other commercial “microalgae,” spontaneously
grows in Upper Klamath Lake (southern Oregon, USA). This
lake is an ideal natural ecosystem for the growth of the AFA
microalgae, especially during the period between late sum-
mer and early fall, while the cold is gradually starting. Sunny
days favor the intense photosynthetic activity of AFA, which
is achieved by its various pigments, including phycocyanins
and phycoerythrins. Furthermore, the production of fatty
acids, such as omega 3, is favored during the winter, while
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the lake freezes over due to low temperatures. Thanks to
the volcanic origin of the lake, AFA contains a wide and
complete variety of minerals [4, 5] and pigments such as
carotene, beta-carotene, chlorophylls [5, 6], phycocyanins,
phycoerythrins, and polyphenols [5, 7] with significant anti-
oxidant [8], anti-inflammatory [5, 9], and antiproliferative
[10] properties.

Numerous physiologically active biomolecules derived
from algae have been investigated for their role in disease
prevention and health and for their potential use as dietary
supplements [11, 12]. For instance, Sabelli et al. [13] demon-
strated the therapeutic benefits of phenylethylamine (PEA),
an endogenous neuromodulator that is present in AFA algae
and which, when deficient, can lead to certain forms of
depression and affective disturbances [13, 14].

The nutritional supplement Klamin® is an AFA extract
which contains concentrated quantity of phenylethylamine
and other supporting molecules, and it has been proven
to be effective in countering a wide variety of pathologies of
the neurological system, including neurodegenerative diseases
[15–17]. Oxidative stress, inflammation, and mitochondrial
and neurological dysfunctions are some of the main causes
of neurodegenerative pathologies, such as Alzheimer’s disease
(AD) [18–20]. In these years, the role of natural antioxidants
as neuroprotective agents has been investigated in the molec-
ular level, and their benefits have been widely demonstrated
[18, 21–24]. These natural molecules can exert their antioxi-
dant activity in two ways: by the improvement of the activity
of antioxidant enzymes or by their scavenger capacity that
can deactivate the reactive oxygen species (ROS). Therefore,
the high levels of antioxidant molecules present in the AFA
extract can make it a potential therapeutic agent, especially
for those pathologies [19, 20].

In a precedent work, our group demonstrated that Kla-
min® shows scavenging properties against ROS generation
and plays a role in mitochondrial protection [5]. In addition,
it inhibits the aggregation process of beta-amyloid (Abeta),
the main peptide involved in AD [5, 25, 26]. This peptide is
a product of the sequential γ- and β-secretase proteolytic
cleavage of the amyloid precursor protein (APP) [27]. Abeta
has a high tendency to polymerize and form fibrils, aggre-
gates, and the AD characteristic amyloid plaques, changing
its conformation to a β-sheet structure [28]. However, several
findings support the hypothesis that soluble oligomers, espe-
cially the ADDL aggregates, rather than plaques, are the most
neurotoxic agents [29]. On this basis, synthetic or recombi-
nant Abeta oligomers have been administered both in
in vitro and in vivo model systems to mimic the AD pathol-
ogy and study the possibility to inhibit its progression by
using drugs or natural compounds [22, 23, 30–32].

The findings described above support the innovative and
natural strategy that recommends the use of dietary supple-
ments as an alternative form of prevention and treatment
of several pathologies. So, the development of new medical
formulations based on such supplements should be pro-
moted [33–35]. Furthermore, dietary supplements can also
be composed of extracts derived from different plants, and
their health benefits against metabolic syndromes, arterioscle-
rosis, burns or chronic wounds, and neurodegenerative dis-

eases have been proven [36–38]. Thus, dietary supplements
could be recommended as an alternative form of prevention
and treatment of different pathologies and could lead towards
a more natural approach in the pharmaceutical industry.

One potential way in this new approach could be the
development of functional food. In fact, numerous compa-
nies have shown interest in developing new strategies for
the functionalization of food for the health and wellness mar-
ket. Additionally, natural antioxidant compounds can also be
used in the field of food packaging [39, 40] or as additives,
preserving food from deterioration, rancidity, or discolor-
ation. This allows extension of the shelf life without any
adverse effects on the food’s sensory or nutritional qualities.
Moreover, these natural compounds can replace the cur-
rently used synthetic antioxidants such as butylated hydro-
xyanisole (BHA) or butylated hydroxytoluene (BHT) or
propyl gallate (PG), that have also shown toxic effects, as food
additives [41–43].

Finally, Sun et al. showed that anthocyanins extracted
from Chinese purple sweet potato cultivar exert prebiotic-
like activity, highlighting that bioactive molecules extracted
from plants can be beneficial for the intestinal bacterial
flora [44].

The goal of our research is to better analyze the activity of
the bioactive molecules from the AFA extract and promote
further investigation on its application in the food industry.
More specifically, we analyzed a potential use of the AFA
extract Klamin® as an addition to bread and/or biscuit dough,
by investigating if its antioxidant and prebiotic activities would
remain unaffected after its exposure to high temperatures.

2. Materials and Methods

2.1. AFA Extract Sample Preparation. The AFA extract Kla-
min® was kindly provided by Nutrigea Research s.r.l.
(Republic of San Marino) [45]. The product was pulverized,
according to Nuzzo et al. [5]. We called this sample AFA-
Extract (AFA-E). For Heat-Stressed sample preparation,
AFA-E powder was exposed at 220°C for 10 minutes, and this
sample was called AFA-Heat Stressed (AFA-HS). For the
experiments with cells and bacteria, a soluble fraction of the
AFA extract was prepared. More specifically, 10mg of
AFA-E or AFA-HS powder was dissolved in 10mL of PBS
(pH = 7:4; 137mM NaCl, 2.7mM KCl, 8mM Na3PO4). The
solutions were sonicated (70% of the maximum power, twice
for 30 seconds) and magnetically stirred for an hour. The
insoluble fractions were removed by centrifugation at
14,000 rpm for 30min at 4°C. The supernatants (soluble frac-
tions) were collected, filtered by using a 0.45μm Sartorius fil-
ter, aliquoted (1mL/vial), and stored at -20°C. These
fractions are here named as AFA-soluble Extract (AFA-sE),
and AFA-soluble Heat Stressed (AFA-sHS) (Table 1). For
the experimental procedure, 10mg from all the AFA samples
was dissolved in 10mL of PBS to achieve a concentration of
1mg/mL.

2.2. Fluorescent Analysis of AFA Extracts. 10μL of AFA-E
and AFA-HS solutions was directly spotted onto nitrocellu-
lose membrane strips and incubated at room temperature
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in the dark. After 20 minutes, their fluorescence intensity was
measured by using a Typhoon FLA 9500 (GE Healthcare Life
Sciences) fluorescence scanner at a resolution of 20μm. For
fluorescence detection, a different wavelength was used,
according to the pigment 635nm (red laser) for phycocya-
nins, 532 nm (green laser) for phycoerythrins, and 473 nm
(blue laser) for carotenoids. The fluorescence intensity was
reported in arbitrary units (A.U.).

2.3. Chemical Characterization. The AFA-E and AFA-HS
samples were chemically analyzed by Attenuated Total
Reflection-Fourier Transform Infrared (ATR-FTIR) and
UV-Vis spectroscopy. Infrared spectra were obtained with
an ATR accessory (MIRacle ATR, PIKE Technologies) with
a diamond crystal coupled to a Fourier-Transform Infrared
(FTIR) spectrometer (Equinox 70 FT-IR, Bruker). All spectra
were recorded in the range from 4000 to 600 cm-1 with a res-
olution of 4 cm-1, accumulating 128 scans. UV-Vis spectra of
the powder of AFA-E and AFA-HS were taken by using a
Cary 300 Scan UV-visible spectrophotometer.

2.4. Folin-Ciocalteu Colorimetric Assay. The phenolic content
was calculated by using the Folin-Ciocalteu (F-C) colorimet-
ric assay [5]. Aliquots (0.2mL) of the AFA-E and AFA-HS
extracts were made up to 5mL with distilled water, and
0.5mL of Folin-Ciocalteu reagent was added. After 3min,
1mL of Na2CO3 (20% w/v) was added to the reaction mix-
tures that were made up to 10mL with distilled water. The
samples were then stored for 2 hours at room temperature.
The absorbance of the solutions was measured at 765 nm
by using a spectrophotometer (Shimadzu) and was quanti-
fied by using a gallic acid standard curve.

2.5. Oxygen Radical Absorbance Capacity (ORAC) Assay. The
ORAC assay was performed according to [46, 47], slightly
modified. The reaction was carried out by using a 96-well

plate: 160μL of 0.04μM fluorescein in 0.075M Na-K phos-
phate buffer pH 7.0, 20μL of diluted phenolic extract, or
20μL of 100μM Trolox. The mixture was incubated for
10min at 37°C in the dark. After this incubation, 20μL of
40mM 2,2′-Azobis-(2-methylpropionamidine) dihydrochlor-
ide (AAPH) solution was added. The microplate was imme-
diately placed in a microplate reader (Thermo Scientific
Fluoroskan Ascent F2 Microplate), and the fluorescence
was recorded (excitation and emission wavelengths at 485
and 527nm, respectively) every 5min for 60min. The ORAC
value refers to the net area under the curve of fluorescein
decay in the presence of the Klamin® phenolic extract or Tro-
lox, minus the blank area. The activity of the sample was
expressed by μmol of Trolox equivalents (TE)/g of AFA or
AFA-Hs by using the following equation:

ORAC μmol TE/gð Þ = k ∗ a ∗ h ∗
Ssample − Sblank
� �

STrolox − Sblankð Þ

" #

, ð1Þ

where k is the final dilution of the water-soluble extract; a is
the ratio between the volume (liters) of the water-soluble
extract and the grams of AFA-E or AFA-HS; h is the final
concentration of Trolox expressed as μmol/L; and S is the
area under the curve of fluorescein in the presence of sample,
Trolox, or buffer solution. All the reaction mixtures were pre-
pared in triplicates, and at least three independent assays
were performed for each sample.

2.6. ABTS Free Radical Cation Scavenging Assay. The ABTS
radical cation (ABTS⋅+) was generated by the reaction
between 7mMABTS water solution with 2.45mMpotassium
persulfate solution. The reaction took place in the dark at
room temperature for 12-16 h. ABTS and potassium persul-
fate react stoichiometrically at a ratio of 1 : 0.5, resulting in
the incomplete oxidation of the ABTS. The oxidation of the
ABTS starts immediately, but the absorbance does not
become maximal and stable until some hours are elapsed
[48]. The ABTS⋅+ solution was then diluted with water to
obtain a starting absorbance of 1.2 arbitrary units at 734nm.
Right after the dilution, 2mg of AFA-E and AFA-HS was sep-
arately placed in polystyrene cuvettes containing 2mL of the
diluted ABTS⋅+ solution. The decrease of the absorbance was
measured at 734nm by using a Cary 300 Scan UV-visible
spectrophotometer in the dark at room temperature for 24h.
All measurements were performed in triplicate. A sample with
only 2mL of ABTS⋅+ solution was used as a control, to ensure
the stability of the solution. The radical scavenging activity
(RSA) of AFA-E and AFA-HS was expressed as the inhibition
percentage of the free radical of the samples and was calcu-
lated by using the following formula:

Radical ScavengingActivity %ð Þ

=
Að Þcontrol − Að Þsample

Að Þcontrol

� �
× 100,

ð2Þ

where ðAÞcontrol stands for the absorbance of the control sam-
ple at a specific time point and ðAÞsample for the absorbance

Table 1

Abbreviations

AFA-E Powder of AFA extract

AFA-HS Heat-stressed powder of AFA

AFA-sE Hydrosoluble extract of AFA-E

AFA-sHS Hydrosoluble extract of AFA-HS

AFA-E AFA-HS

AFA-sE AFA-sHS
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of the sample at this time point. The results were presented
in mean values with ±standard deviation (<1% for 24h)
[33, 49, 50].

2.7. Thermal Characterization. The thermal stability behav-
ior of the AFA-E powder was investigated by a standard ther-
mogravimetric analysis (TGA) method, using a TGA Q500
from TA Instruments. Measurements were performed with
3-5mg samples in an aluminum pan under air atmosphere
with a flow rate of 50mL/min in a temperature range from
30 to 800°C and with a heating rate of 10°C/min. The weight
loss and its first derivative were recorded simultaneously as a
function of time/temperature. At the same operative condi-
tions, an isothermal thermogravimetric characterization of
the AFA-E sample was carried out, in order to simulate the
cooking conditions. The AFA-E sample was exposed to a sta-
ble temperature of 220°C for 10 minutes, and the weight loss
was evaluated. After 10 minutes, a thermal ramp from 220 to
800° with a heating rate of 10°C/min was performed to com-
plete the thermal analysis.

2.8. Morphological Characterization. Morphology of the
AFA-E and AFA-HS samples was analyzed by Scanning
Electron Microscopy (SEM), using a variable pressure JOEL
JSM-649LA microscope equipped with a tungsten therm-
ionic electron source working in high vacuum mode, with
an acceleration voltage of 5 kV. The specimens were coated
with a 10 nm thick film of gold using a Cressington Sputter
Coater-208 HR. The diameter of the granules of the powder
was analyzed and determined by using the ImageJ software.
Approximately 170 measurements were taken to obtain the
diameter distribution of each algae sample.

2.9. Cell Cultures and Treatment.A549 human epithelial cells
or LAN5 neuroblastoma cells were cultured with RPMI 1640
medium (Celbio srl, Milan, Italy) supplemented with 10%
fetal bovine serum (Gibco-Invitrogen, Milan, Italy) and 1%
antibiotics (50mgmL−1 penicillin and 50mgmL−1 strepto-
mycin). Cells were maintained in a humidified 5% CO2
atmosphere at 37 ± 0:1°C. For toxicity assays, A549 cells were
treated with 0.1, 0.5, and 1μg of AFA-sE and AFA-sHS for 24
hours or with H2O2 (50μM) pure or combined with AFA-sE
and AFA-sHS at different concentrations (0.1, 0.5, and 1μg)
for 24 hours. Untreated A549 cells were used as control. In
the experiment that was carried out for the evaluation of
the neurodegeneration effect, a recombinant Abeta peptide
(60μM) was produced according to Carrotta et al. [51] and
was administered to LAN5 cells under oligomeric form for
24 hours. Small oligomers (ranging between 8 and 67 kDa)
were also prepared according to Carrotta et al. [51]. Briefly,
after a preliminary treatment with trifluoroacetic acid
(TFA), the powder of the recombinant Abeta was dissolved
in 0.01M Tris-HCl buffer, pH 7.2, and the solution was read-
ily characterized by dynamic light scattering (DLS) at T =
15°C [26, 51].

2.10. Determination of Cell Viability. Cell viability was mea-
sured by the MTS assay (Promega Italia, S.r.l., Milan, Italy).
MTS was used according to the manufacturer’s instructions.
After cell treatments, the incubation was carried out for 3

hours at 37°C, 5% CO2. The absorbance was measured at
490 nm on the Microplate Reader Wallac Victor 2 1420 Mul-
tilabel Counter (Perkin Elmer, Inc. Monza, Italy). Results
were expressed as the percentage of the MTS reduction with
the control samples as reference and presented as mean
value ± standard deviation (SD).

2.11. Analysis of Reactive Oxygen Species (ROS) Generation.
To assess ROS generation, treated A549 or LAN5 cells were
placed in a 96-well microplate. Some of A549 were treated
with H2O2 (50μM) alone or with the presence of AFA-sE
(1μg) and AFA-sHS (1μg) or with AFA-sE (1μg) and
AFA-sHS (1μg) as control for 24 hours. Then, dichlorofluor-
escein diacetate (DCFH-DA) (1mM) was added to each sam-
ple, and then the samples were placed in the dark for 10min
at room temperature. After washing them with PBS, the cells
were analyzed by a fluorescence microscope (Axio Scope 2
microscope; Zeiss, Oberkochen, Germany) and a fluorimeter
Microplate Reader (GloMax, Promega) for fluorescence
intensity detection.

2.12. Effect of AFA and AFA-HS on the Probiotic Bacteria
Proliferation. The prebiotic activity of AFA-sE and AFA-
sHS was tested on Escherichia coli (E. coli), a gram-negative
bacterium, with a harmless serotype. One day before the
test, a single colony was inoculated into Luria-Bertani (LB)
liquid medium and incubated at 37°C overnight (o.n.). An
aliquot (5μL) of the o.n. bacterial culture, approximately
109CFU/mL, was added to three test tubes containing fresh
LB medium (5mL). AFA-sE (1μg) or AFA-sHS (1μg) was
added separately to the culture medium at time 0min or
120min. Untreated E. coli was used as control. For the bac-
teria oxidative stress experiment, an aliquot (5μL) of the
o.n. bacterial culture was added to different test tubes con-
taining fresh LB medium (5mL) and H2O2 at different con-
centrations (1, 2, 3, and 4mM) was added when the bacteria
were in the exponential phase of growth (data not shown).
For the inhibition of the oxidative stress experiment, bacte-
ria were incubated with H2O2 (1.5mM) in three different
test tubes, and when the bacteria were in the exponential
phase of growth, AFA-sE (1μg) or AFA-sHS (1μg) was
separately added. E. coli treated with H2O2 or AFA-sE or
AFA-sHS was used as control. In all of the experiments,
the exponential growth was determined by reading the absor-
bance value at 600nm (OD600) at a spectrophotometer with
30min intervals.

Table 2

Ingredients

500 g Mix of flour

126 g Margarine

186 g Sugar

3 g Yeast

93 g Eggs

6 g AFA-E

19.5mL Water
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Figure 1: Continued.
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2.13. Effect of AFA and AFA-HS on the Bacteria Reactive
Oxygen Species (ROS) Generation. An aliquot of E. coli o.n.
culture solution, approximately 109CFU/mL, was diluted
(1 : 105) and 5μL was placed in a 96-well optical bottom
white microplate. H2O2 (1.5mM) with AFA-sE (1μg) or
AFA-sHS (1μg) was added to the wells. E. coli treated with
H2O2 or AFA-sE or AFA-sHS was used as control. Then,
the samples were incubated with 1mM DCFH-DA for 2
and 4 hours at room temperature. Afterward, the E. coli sam-
ples were analyzed by using the Microplate Reader (GloMax,
Promega) for fluorescence detection.

2.14. Functional Food Design. The cookie dough was prepared
according to “Le Farine dei Nostri Sacchi s.r.l.” (Palermo, Italy)

by using classical ingredients with the addition of Klamin® or
AFA-E (Table 2) and baking at 220°C for 10 minutes. Each
cookie (1.5 g) contains 0.1 g of AFA-E. For the F-C assay,
2 g of biscuit dough raw or cooked was dissolved in 15mL
of water and, after vortexing, centrifuged for 20min at
1500g. Then, 0.5mL of the F-C reagent was added to 2mL
of the filtered supernatant and the analysis was performed
as described above.

2.15. Statistical Analysis. The significance of the differences in
the mean values of multiple groups was evaluated by using
one-way analysis of variance (ANOVA) followed by Bonfer-
roni’s post hoc test. Differences were considered significant
when the p value was ≤0.05.
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Figure 1: Fluorescence measures and absorbance quantification of AFA extracts under no-thermic (AFA-E) and thermic stress (AFA-HS).
(a) Fluorescence intensity at 635 nm (phycocyanins), 532 nm (phycoerythrins), 488 nm (chlorophyll), and 473 nm (carotenoids). (b)
Chemical analysis, ATR-FTIR spectra of the AFA-E (top) and AFA-HS (bottom) samples. (c) Polyphenol contents of the AFA-E and
AFA-HS assayed by Folin-Ciocalteu. (d) Antioxidant capacity of the AFA-E and AFA-HS assayed by ORAC reducing capacity. (e) ABTS
assays, comparison between the radical scavenging activity percentages of the AFA-E (left) and the AFA-HS (right) after 24 h.
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Figure 2: Thermal stability analysis. (a) TGA curve of AFA-E expressed as weight percentage (left side) and its first derivate (right side) in the
range of temperature between 30 and 800°C. (b) Isothermal thermogravimetric analysis of AFA-E sample at 220°C (blue area) followed by a
nonisothermal thermogravimetric analysis (pink area) from 220°C to 800°C at the rate of 10°C/min as a function of the time.
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3. Results

3.1. Heat Stress Does Not Affect AFA Extract Content and
Antioxidant Activity. To evaluate if the pigment contents of
AFA extracts are maintained under heath stress, we per-
formed an analysis based on their spectroscopic properties
and chromophore content [52]. By using appropriate excita-
tion and emission filters, no significant difference in fluores-
cence intensity and absorption spectra was detected between
unheated (AFA-E) and heated (AFA-HS) phycoerythrin
and phycocyanin samples. However, light differences were
observed for chlorophyll and carotenoids (Figure 1(a)), indi-
cating a minor stability with respect to the other pigments.
The ring around the AFA spots (Figure 1(a)) was due to the
diffusion of chlorophyll and carotenoids [53].

Infrared spectra of the AFA-E and AFA-HS samples are
reported in Figure 1(b). AFA-E is a mix of compounds, so
various bands can be associated with different chemical
structures, such as polyphenols, pigments, and carotenoids.
The two spectra were mainly characterized by the following
bands: O-H stretching mode at 3281 cm-1, asymmetric CH3
stretching mode at 2957 cm-1, asymmetric and symmetric
CH2 stretching mode at 2926 and 2874 cm-1, respectively,
C=O stretching mode at 1685 cm-1, C=C stretching mode at
1643 cm-1, aromatic C=C stretching mode at 1533 cm-1, sym-
metric CH3 binding mode at 1387 cm-1, and C-O-C stretch-
ing mode at 1034 cm-1. Differences between AFA-E and
AFA-HS spectra in the intensity of the peak at 1533 cm-1

and at 1387 cm-1 were observed. The first one is the stretch-
ing of aromatic C=C conjugated with aliphatic C=C, and it
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Figure 3: Morphological analysis. (a, c) SEM images of the AFA-E powder at different magnifications. (b, d) SEM images of the AFA-HS
powder at different magnifications. (e, f) Particle diameter distribution for the AFA-E and AFA-HS samples, respectively.
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is typical of phenolic compounds [54]. Instead, the peak at
1387 cm-1 can be assigned to the CH3 present in the caroten-
oid structure [55]. Therefore, due to the heating treatment, a
decrease in the quantity of these compounds present in the
AFA-E powder was observed. After that, the maintenance
of polyphenols and bioactive activity after thermic stress
was analyzed by Folin, ORAC, and ABTS assays. The values
were expressed as mg of gallic acid equivalents per g of
extract for the Folin-Ciocalteu assay (Figure 1(c)) and as
μmol of Trolox equivalents (TE) per g of extract for ORAC
assays (Figure 1(d)), and no significant differences were
detected between AFA-E and AFA-HS samples. Finally,
by the ABTS radical cation assay, we measured the reduc-
tion of the radical cation as the inhibition percentage of
absorbance at 734nm. The comparison between the antioxi-
dant activity of the AFA-E and AFA-HS is presented in
Figure 1(e). More specifically, the reaction of our samples
with ABTS⋅+ was completed within 24 h, reaching a percent-
age of 99.1% and 98.6% for AFA-E and AFA-HS, respectively
(Figure 1(e)). These results clearly demonstrate that both
AFA-E and AFA-HS were able to inhibit successfully the free
radicals from the ABTS+ solution.

3.2. Thermal Stability and Morphological Analysis. The ther-
mal properties of the AFA-E sample were evaluated by TGA,

and the main results are reported in Figure 2. Figure 2(a)
shows the thermogravimetric analysis of AFA-E expressed
as weight loss percentage (left side) and its first derivate (right
side). The powder showed a weight loss of ≈16% when it
reached a temperature of 220°C (dash line in Figure 2(a)).
Instead, it is decomposed at 550°C, and at the end of the
thermogravimetric measurement, a final residual of ≈6.5%
was observed.

In Figure 2(b), an isothermal analysis for the AFA-E
powder is reported. In order to evaluate the potential weight
loss in cooking condition, we maintained the temperature of
220°C for 10min. After 10min at the cooking temperature,
the powder lost only 4% of its weight, demonstrating its
potential compatibility with preparation procedure of bakery
products. Afterward, the temperature was increased from
220 to 800°C, and the powder showed the same trend
observed in Figure 2(a) with a total decomposition achieved
at 550°C. Furthermore, the morphology of the AFA-E and
AFA-HS samples was analyzed by SEM. Figures 3(a) and
3(c) show two top-view images at different magnifications
of a characteristic AFA-E sample, whereas Figures 3(b) and
3(d) report the top-view images of the AFA-HS sample. No
differences in shape were noticed between the sample before
and after the thermal treatment, and the “deflated ball” shape
was maintained. In Figures 3(e) and 3(f), the diameter size
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Figure 4: Effect of AFA-sE and AFA-sHS on A549 cells. (a) MTS cell viability assay of A4509 cells alone (Ctrl) or incubated with different
AFA-sE and AFA-sHS concentrations. (b) MTS cell viability assay without (Ctrl) or after treatment of A549 cells with H2O2 alone or in
combination with different AFA-sE and AFA-sHS concentrations. (c) Representative morphological images of A549 untreated cells (Ctrl)
or treated with AFA-sE and AFA-sHS or with H2O2 alone or in combination with AFA extracts. (d) Histogram of A549 untreated cells
(Ctrl) or treated with AFA and AFA-HS cell body size. Bar: 100 μm.
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distribution of the particles is presented for the AFA-E and
AFA-HS samples, respectively. In both cases, a main distri-
bution between 20 and 80μm was observed.

3.3. AFA-sE and AFA-sHS Recover H2O2-Induced Cytotoxic
Effect. In order to understand if AFA-E is able to release toxic
molecules after heat treatment, different concentrations of
untreated (control) and high temperature-treated AFA
extracts were added to A549 cells, and after incubation for
24 hours, an MTS assay was performed. Figure 4(a) shows
that no toxicity was detected at all the concentrations, com-
pared with the control. Furthermore, to assess if unheated
or heated AFA extracts can inhibit H2O2-induced toxicity,
A549 cells were incubated with hydrogen peroxide in combi-
nation with different concentrations of AFA-sE and AFA-
sHS. As shown by theMTS assay, all of the used AFA extracts
are able to inhibit the H2O2-induced cell toxicity, and no dif-
ferences were observed for the heated samples (Figure 4(b)).
All these results were confirmed by the morphological obser-
vation (Figure 4(c)) and analysis of the cell body size in which
a recovery of the altered cell shape due to H2O2 treatment
was detected (Figure 4(d)).

3.4. AFA-sE and AFA-sHS Inhibit ROS Generation. A clear-
cut result about the maintenance of the antioxidant activity
of the AFA extract after thermal treatment was evaluated

by treating A549 cells with H2O2 alone or in combination
with unheated and heated AFA extracts and by using the
DCFH-DA assay. By fluorometric analysis, we detected that
the presence of both of AFA-sE and AFA-sHS decreases
H2O2-induced ROS generation (Figure 5(a)). Furthermore,
these data were confirmed by fluorescence microscope
inspection. Indeed, cells treated with H2O2 showed green
fluorescence due to ROS generation, while cells treated with
AFA extracts or H2O2 AFA-treated extracts did not show
any fluorescence (Figure 5(b)). The result suggests that the
components of AFA extract, such as carotenoids, phycoery-
thrins, phycocyanins, and polyphenols, preserve a significant
role as antioxidant agents even if they are heat stressed.

3.5. Neuroprotective Effect of AFA-sE and AFA-sHS. Since a
neuroprotective effect was demonstrated for Klamin® sup-
plement [5], we tested if this property is maintained after
thermic stress. LAN 5 cells were treated with Abeta oligomers
alone or with AFA-sE and AFA-sHS extracts and submitted
to the MTS assay. The Abeta-induced toxicity was inhibited
by the coadministration of the AFA extracts (Figure 6(a)).
Observation of cell morphology confirmed the viability assay
results (Figure 6(b)). The antioxidant capacity of both AFA
extracts against the Abeta oligomer-induced oxidative stress
was evaluated by the DCFH-DA assay. Fluorescence analysis
indicated that cells treated with Abeta alone exhibit high
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Figure 5: AFA extracts protect A549 cells from oxidative insult. (a) Fluorescence intensity of A549 cells alone (Ctrl) or treated with H2O2 or
AFA-sE or AFA-sHS alone or cotreated with H2O2 and AFA-sE or AFA-sHS measured by the DCFH-DA assay. (b) Fluorescence microscopy
images of untreated cells (Ctrl) and cells treated with H2O2 or cotreated with H2O2 and the AFA extracts.
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Figure 6: AFA-sE and AFA-sHS protect against Abeta-induced toxicity. (a) MTS of untreated LAN5 cells (Ctrl) or cells treated with the AFA
extract, with Abeta alone, or with AFA-sE or AFA-sHS. (b) Morphological representative images of samples indicated in (a). (c) DCFH-DA
assay of untreated LAN5 cells (Ctrl) or cells treated with Abeta oligomers alone or with AFA-sE or AFA-sHS. (d) Fluorescence representative
images of samples indicated in (c). Bar: 50μm.
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levels of ROS generation, whereas cotreatment of Abeta
oligomers and AFA extracts did not produce any fluorescent
signal (Figure 6(c)). The same samples were observed at fluo-
rescent microscopy (Figure 6(d)).

3.6. Prebiotic and Antioxidant Effect of AFA-sE and AFA-
sHS on Bacteria. Prebiotics beneficially affect the intestinal
microbiota, stimulating the growth or activity of helpful
bacteria and altering their composition [55, 56]. The prebiotic
effect of AFA-sE and AFA-sHS on Escherichia coli was evalu-
ated by following the growth curve. AFA-sE and AFA-sHS
were added to E. coli culture at time 0 (Figure 7(a)) or when
the bacteria were in the exponential phase of growth
(Figure 7(b)). In both cases and samples, an increase in the

growth of bacteria was observed with respect to the control,
indicating that AFA extracts induce a prebiotic proliferation
activity of bacteria that is not affected by the heat stress.

The bacterial cell envelope is mainly exposed to the oxi-
dizing molecules generated by the extracellular environment
or host cells, and although bacteria possess defense mecha-
nisms against oxidative stress, they sometimes could be
inadequate. To evaluate whether AFA extracts can inhibit
H2O2-induced toxicity or not, we exposed bacteria in the
exponential phase of growth to peroxide alone or in combi-
nation with AFA-sE or AFA-sHS and a recovery of toxicity
was observed (Figure 8(a)). Furthermore, AFA-sE and
AFA-sHS antioxidant ability was analyzed after 2 and 4
hours by using the DCFH-DA assay. The presence of AFA-
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Figure 7: AFA and AFA-HS have prebiotic effect. E. coli growth curve with the presence of AFA-sE and AFA-sHS added at the beginning (a)
or at the exponential phase of growth (b).
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sE and AFA-sHS decreases H2O2-induced ROS generation in
a time-dependent manner (Figure 8(b)). No significant dif-
ferences in the antioxidant activity were observed between
the unheated and heated samples.

3.7. Functional Cookies’ Preparation. The basic cookie dough
was prepared according to a classic recipe with the addition
of AFA-E and baked at 220°C for 10 minutes (Figure 9(a)).
Furthermore, the presence of polyphenols before and after
the baking of the biscuits was analyzed by the F-C assay
(Figure 9(b)). AFA addition improved the polyphenol con-
tents, and no significant differences were detected after cook-
ing, indicating that AFA is a useful functional compound.

4. Discussion

On the basis of current knowledge, food may not only be
considered as essential for the survival of humans but also
as a delight for the palate, promoter of well-being, and help
in reducing the risk of diseases. This might be particularly
important considering the growing cost of health care, the
increase in life expectancy, and the continuous request for a
better quality of life. Functional foods are conventional foods
with additional functions often related to health promotion
or disease prevention. These products are designed to offer
a reduction in the risk of developing some diseases and a con-
trol of metabolic parameters, such as cholesterol levels, blood
sugar concentration, oxidative stress, and inflammation [57–
59]. Thus, in a view of a varied and balanced human diet,
AFA extract could be an excellent source of vegetable nutri-
ents and bioactive components.

High temperature slightly affects only chlorophyll and
carotenoids, but as demonstrated by classical assays, the
AFA-E antioxidant properties were preserved, indicating
that the undamaged molecules exert a synergic compen-
satory effect.

As suggested by the isothermal thermogravimetric analy-
sis, the AFA extract can resist the thermal treatment, showing
a reduction of just 4% of its initial weight when exposed to a
stable temperature of 220°C. Moreover, a slight reduction of

the aromatic and carotenoid part of the AFA was observed
in the ATR-FTIR spectra. Finally, no morphological changes
were noticed in the powder structure. Thus, AFA extract can
be a suitable ingredient, which meets the functional food
requirements. Taking dietary antioxidants could indeed be
useful in cases in which endogenous antioxidants are not suf-
ficient to counteract the oxidative processes that can take
place in the human body in case of some pathologies or dur-
ing the natural aging process [60]. In agreement with our
results, studies in which Vicia narbonensis L. (Narbon bean)
extract was used to produce gluten-free functional crackers
have demonstrated that the antioxidant capacity of its com-
pounds is not only unaffected and but also possibly increased
during baking [61]. The presence and thermic-stress resis-
tance of AFA bioactive compounds make them suitable as
food ingredients and as preservatives against deterioration
due to oxidation, improving the stability and extending the
shelf life of food products [62].

Neurodegeneration is characterized by oxidative stress
process in specific areas of the brain, and antioxidants
may have a positive effect in this kind of pathologies. Daily
consumption of food containing bioactive molecules with
antioxidant properties could be an approach for the preven-
tion and treatment against neurodegenerative diseases. The
beneficial effect on neurons in which toxicity was induced
by Abeta oligomers was also maintained after thermal stress.
This data suggests that the AFA extract could play a signifi-
cant neuroprotective role if consumed as an ingredient of
functional food. However, its protective role could also be
exerted by direct interaction on Abeta aggregation and amy-
loid plaque formation [5].

On the basis of the reported results in which the biologi-
cal activity of the AFA extract is maintained during baking,
we cannot exclude that the same could also be used to pro-
duce other kind of functional foods such as pasta, one of
the main ingredients of the Mediterranean Diet (MedDiet)
[63] that are cooked at 100°C. In a recent study, pasta enriched
with 3% of Opuntia ficus-indica (OFI) extract, a plant known
for its antioxidant and anti-inflammatory properties, was
given to volunteers and beneficial effects were observed
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Figure 9: AFA extract is a versatile ingredient for functional food. (a) Biscuit dough without or with AFA-E after cooking. (b) Polyphenol
content in cookies without or with AFA.
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[64]. Similarly, pasta with beta-glucans as functional food has
been investigated in a pilot study, demonstrating that its con-
sumption could help in the prevention of age-related meta-
bolic disorders [65].

Many studies have proven that microbiota plays a rele-
vant role in the maintenance of the proper function of the
gastrointestinal system, and several systemic disorders lead
to its imbalance. Obesity and other metabolic-related disor-
ders can cause gut microbiota dysbiosis. Fortunately, numer-
ous bioactive compounds from the diet have a significant
influence on its composition and could be useful tools against
these pathologies [66]. It has been reported that milk fat glob-
ule membrane (MFGM) supplementation is able to modulate
gut microbiota composition, demonstrated by the fact that a
beneficial effect was observed in mice, after following a diet
rich in fats. In addition, the possibility to use MFGM as a
potential ingredient in functional food for dietary strategies
against metabolic disorders has been suggested [67].

Further, antioxidant molecules such as resveratrol
improved the mouse gut microbiota dysbiosis induced by
high-fat diet by increasing the Bacteroides/Firmicutes ratio
[68]. In agreement with these findings, we observed that the
AFA extract has a prebiotic effect and an antioxidant activity
that are not lost after thermal stress, indicating that it could
regulate the gut microbiota composition. AFA extract could
also exert its protective role by modulating the gut microbi-
ota profile. Furthermore, since metabolic disorders are a risk
factor for neurodegeneration [69], we cannot exclude the
possibility that AFA extract could also prevent age-related
disorders via gut microbiota modulation.

AFA biscuits showed increased polyphenol content with
respect to the traditional recipe without AFA, indicating that
their antioxidant properties were not only maintained but
also enhanced after baking the cookies at a high temperature.
Our preliminary results let us speculate that the AFA cookies
could be considered as a functional food for the prevention
and management of pathologies in which oxidative stress is
a risk factor, including metabolic and age-related disorders.
Additional studies on healthy volunteers to whom cookies
are administered will help us to validate the effect of AFA
cookies on human health.
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A growing awareness of the mechanisms by which phytochemicals can influence upstream endogenous cellular defence processes
has led to intensified research into their potential relevance in the prevention and treatment of disease. Pharmaceutical medicine
has historically looked to plants as sources of the starting materials for drug development; however, the focus of nutraceutical
medicine is to retain the plant bioactive in as close to its native state as possible. As a consequence, the potency of a
nutraceutical concentrate or an extract may be lower than required for significant gene expression. The molecular structure of
bioactive phytochemicals to a large extent determines the molecule’s bioavailability. Polyphenols are abundant in dietary
phytochemicals, and extensive in vitro research has established many of the signalling mechanisms involved in favourably
modulating human biochemical pathways. Such pathways are associated with core processes such as redox modulation and
immune modulation for infection control and for downregulating the synthesis of inflammatory cytokines. Although the
relationship between oxidative stress and chronic disease continues to be affirmed, direct-acting antioxidants such as vitamins
A, C, and E, beta-carotene, and others have not yielded the expected preventive or therapeutic responses, even though several
large meta-analyses have sought to evaluate the potential benefit of such supplements. Because polyphenols exhibit poor
bioavailability, few of their impressive in vitro findings have been replicated in vivo. SFN, an aliphatic isothiocyanate, emerges as
a phytochemical with comparatively high bioavailability. A number of clinical trials have demonstrated its ability to produce
favourable outcomes in conditions for which there are few satisfactory pharmaceutical solutions, foreshadowing the potential for
SFN as a clinically relevant nutraceutical. Although myrosinase-inert broccoli sprout extracts are widely available, there now
exist myrosinase-active broccoli sprout supplements that yield sufficient SFN to match the doses used in clinical trials.

1. Introduction

We live in an era where modern medicine is strongly
focused on relief of symptoms with pharmaceuticals,
providing many solutions to address this demand. It is
becoming increasingly apparent, however, that for the dis-
eases which cause most distress at the individual level,
pharmaceuticals typically provide only short-lived symp-
tomatic relief. Few if any modern pharmaceuticals modu-
late fundamental etiological disease processes.

As a consequence, there is a groundswell of interest in
phytochemical solutions which may potentially target the
fundamental upstream causes of disease [1, 2]. Plant-derived

bioactive compounds are already emerging as candidate mol-
ecules with significant therapeutic potential in human health
[3]. Numerous mechanistic investigations of phytochemical
bioactives are already helping to elucidate the pathophysiol-
ogy of both chronic diseases and acute self-limiting conditions
[4]. It is generally considered that such findings may inform
the development of new therapeutic solutions. Although
pharmaceutical medicine has historically looked to plants as
sources of the starting materials for drug development, the
ultimate therapeutic molecule is typically quite different from
the original plant-derived source. By contrast, the focus of
nutraceutical medicines is to retain the plant bioactive in as
close to its native state as possible. The challenge for
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developers of nutraceutical supplements is that the potency of
such nutraceutical concentrates or extracts may be below the
threshold required to nutrigenomically induce the gene
expression required for a significant therapeutic response.

1.1. Searching for Upstream Factors. Because homeostasis in
human cells is reliant on the dynamic integration of many
core biochemical processes, a search for upstream factors
in the etiological processes of disease is the focus of consid-
erable global research; such research is closely focused on
investigating signalling pathways within cells and organ-
elles. Prior to the introduction of better hygiene practices,
the global disease burden was dominated by infectious dis-
eases. By contrast, more recent decades have seen a steady
increase in levels of morbidity and mortality rates from
chronic disease, justifying the claim that chronic disease
has reached epidemic proportions [5].

As one example, the increasing global prevalence of car-
diovascular disease (CVD) and type 2 diabetes (T2DM) is
dominant in the current trajectory for chronic disease. It
is emerging [6] that the primary upstream factor which
links endothelial dysfunction with CVD and T2DM and
described as cardiometabolic disease is closely related to
oxidative stress [6–11].

More recently, mechanistic studies link cardiometabolic
dysfunction with intestinal dysfunction and subsequent met-
abolic endotoxaemia. The cell walls of gram-negative bacteria
increase luminal levels of lipopolysaccharides (LPS) that are
detected by and bind to Toll-like receptor 4 (TLR4). This ini-
tiates the activation of Nf-κB with the subsequent generation
of inflammatory cytokines that are systemically absorbed
[12]. At least three apparently distinct mechanisms—endo-
plasmic reticulum stress, toll-like receptor (TLR) 4 activa-
tion, and changes in gut microbiota—have been identified

as triggers of obesity-associated metabolic inflammation
[13]. SFN, the focus of this review, has been identified as a
molecule that can reduce inflammation via inhibition of
LPS-TLR4 binding [14, 15]; this mechanism is further dis-
cussed in Section 7.5.

1.2. Failed Antioxidant Trials. Attempts to use the classi-
cal antioxidant vitamins to enhance endothelial function
and related glucose modulation have largely resulted in
no response in some studies and adverse effects in others
[9, 16–19].

A 2010 meta-analysis [20] of major randomized placebo-
controlled trials (98,886 subjects in total, Table 1) investigat-
ing the effects of the antioxidant supplement on prevention
of diabetes or effect on glucose homeostasis showed no effect
from vitamin E, vitamin C, beta-carotene, selenium, zinc, and
combinations of these.

Similar meta-analyses also fail to demonstrate significant
chemoprotection or preventive benefits against cancer and
cardiovascular disease via antioxidant vitamins [16, 21–23].
These findings suggest the possibility that intervention with
phytochemicals as redox-modulating biomolecules might
provide an alternative but effective strategy.

1.3. SFN and Type 2 Diabetes Intervention Trials. Whereas
Table 1 lists large-scale clinical trials considering T2DM risk
in thousands of individuals over long periods, the studies in
which SFN has been utilised as the intervention material
are few, are of short duration, and include small numbers
of participants.

To query whether SFN as an indirect antioxidant could
modify disease risk in T2DM where direct-acting antioxi-
dants seemed unable, a 4-week randomized controlled clini-
cal trial [24] was conducted in 2011 to investigate the effect of

Table 1: Major randomized placebo-controlled trials investigating the effects of the antioxidant supplement on prevention of diabetes or
glucose homeostasis.

Study Study population
Duration
(years)

Antioxidants (daily dose) Endpoint Results

Women’s Health Study 38,716 healthy U.S. women 10
Vitamin E (α-tocopherol:

600 IU; 933.3 μmol)
Incident
diabetes

No
effect

Women’s Antioxidant
Cardiovascular Study

6,574 nondiabetic
U.S. women at high

risk of cardiovascular disease
9.2

Vitamin E (α-tocopherol:
300 IU; 466.7 μmol)

Vitamin C (500mg; 2.84Mmol)
Beta-carotene

(25mg; 46.6 μmol)

Incident
diabetes

No
effect

Physician Health Study
22,071 healthy U.S. male

physicians
12

Beta-carotene
(25mg; 46.6 μmol)

Incident
diabetes

No
effect

Alpha-Tocopherol, Beta-Carotene
Cancer Prevention Study

27,379 nondiabetic male
Finnish smokers

12.5

Vitamin E (α-tocopherol 50mg;
116.1 μmol)
Beta-carotene

(20mg; 37.3 μmol)

Incident
diabetes

No
effect

Supplementation with Antioxidant
Vitamins and Minerals study

3,146 nondiabetic French 7.5

Vitamin C
(120mg; 681.4 μmol)

Vitamin E (30mg; 104.5 μmol)
Beta-carotene (6mg; 11.2 μmol)
Selenium (100 μg; 1.27 μmol)

Zinc (20mg; 306 μmol)

Fasting
glucose

No
effect
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5 grams (yielding 112.5μmol SFN) and 10 grams (yielding
225μmol SFN) daily of broccoli sprout powder on 81
T2DM patients and using cardiometabolic biomarkers as
the outcome measures. The results provided the first data
to show that SFN could reduce lipid peroxidation, especially
significant at the higher dose. In particular, favourable redox
status was demonstrated by a decrease in plasma malondial-
dehyde (MDA) and oxidised LDL (OX-LDL). As increased
lipid peroxidation in diabetes has been implicated as an
important factor in the pathogenesis of T2DM complica-
tions, the researchers considered the potential for SFN to play
a role in the prevention of T2DM and its secondary effects.

In general, the studies which have used SFN-yielding
broccoli sprouts or supplements to enhance cellular defences
have shown promising mechanistic findings but inconsistent
clinical responses [25–30]. A 2018 study investigating
biomarkers of inflammation in overweight but otherwise
healthy adults showed significant downregulation of two
such biomarkers; this is expanded in Section 7.6 with the
clinical trial data discussed in Section 7.7. These data hold
promise for the clinical application of SFN in
inflammation-related conditions.

1.4. The Origin of Antioxidant Supplements as Therapy. The
notion that aging was due to a state of oxidative stress within
cells emerged in the 1950s from Dr. Denham Harman, a
research chemist in the petrochemical industry who subse-
quently joined the faculty of the University of Nebraska
Medical Center. His “free radical theory of aging” postulates
that the typical changes that occur during aging are caused
by free radical reactions [31].

The theory gained initial support by others including
Nobel laureate, Linus Pauling whose hypotheses on ascorbic
acid deficiency as an etiological factor in cancer and acute
infectious illnesses earned him enormous popularity with
consumers but derision within much of the scientific com-
munity [32]. It could be argued that the promotion of vita-
min C as a “cure” for the common cold and for cancer
heralded the onset of a huge upsurge in sales of antioxidant
vitamins.

It would seem that because plant-based diets had been
shown epidemiologically to be protective against a range of
diseases [33], it hadbeen erroneously assumed that the protec-
tive effect was conferred by the presence of vitamins like A, C
andE and beta-carotene. Had these early researchers also con-
sidered that plant foods are endowed with an extensive range
of bioactive phytochemicals functioning via different mecha-
nisms, they may not have drawn this conclusion [34–36].

1.5. Addressing a More Nuanced View of Redox Balance. The
study of the relationship between oxidative stress, aging, and
disease remains popular, with investigators striving to iden-
tify interventions that are capable of modulating the
disease-causing processes [37]. The free radical-antioxidant
theory proposed decades ago proved to be too simplistic;
more recent research reveals multiple signalling processes
at play [8]. As we observe the unfolding of the complex rela-
tionships governing endogenous cellular mechanisms, a close
interconnectedness between redox balance, inflammation,

and endoplasmic reticulum stress emerges [38]. What this
indicates is that any therapeutic attempt to successfully
intervene must either address each process individually
or intervene sufficiently upstream at a point that can ben-
eficially influence multiple downstream targets.

It is within this framework of redox-associated disease
that this review considers mechanisms by which the
Brassica-derived phytochemical, sulforaphane (SFN), may
be utilised therapeutically to modulate the upstream cellular
perturbations that contribute to the etiology of disease.

A number of large systematic reviews and meta-analy-
ses, including Cochrane Reviews, have concluded that
although oxidative stress underpins common chronic dis-
eases, antioxidant vitamins do not lead to reduction in dis-
ease risk [16, 22, 39–46].

2. Phytochemicals as Inducers of
Endogenous Defences

A possible alternative approach to the modulation of oxida-
tive stress by direct-acting antioxidant vitamins involves the
application of phytochemicals with nutrigenomic potential
[47]. By definition, a phytochemical is a plant-derived chem-
ical substance that is biologically active but typically nonnu-
tritive [48]; nutrigenomics describes the way in which
phytochemicals and nutrients may affect gene expression.
As such, the application of nutrigenomic principles may
allow effective dietary intervention strategies to recover nor-
mal homeostasis and to prevent or even treat diet-related dis-
eases [49]. Phytochemicals are abundant in the food supply
and have been classified according to their molecular struc-
ture, a property which contributes to their observed benefi-
cial on human health [36, 50].

2.1. Polyphenols: Their Clinical Potential. Polyphenolic bioac-
tives derived from plant species have been extensively
researched in relation to theirmechanisms of action in human
cells and for their clinical potential in modulating disease-
causing processes [51]. Such molecules have significant
in vitro antioxidant potential, but their low bioavailability
[52,53] limits their clinicalusefulnessassystemicantioxidants.

Consequently, although extensively studied in vitro,
attempts to replicate these findings in vivo have been disap-
pointing and it is generally considered that the large molecu-
lar weight and structure of these molecules is a significant
factor impeding their bioavailability [50, 54]. Another role
for polyphenols has more recently been identified in relation
to their prebiotic and other beneficial effects on the gut
microbiota [55].

A very recent meta-analysis of clinical trials in which
polyphenol-based supplements were evaluated for their ben-
eficial effects on specific markers of cardiovascular risk and
cognitive status concluded that definitive recommendations
for the use of these compounds could not yet be made and
that additional characterisation of pharmacokinetics and
safety is required [56]. The bioavailability of the polyphenolic
phytochemicals so abundant in the food supply lies between
1% and 10%. This is discussed in some depth in Section 6 of
an earlier review by this author [54].
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SFN, derived primarily from broccoli and with absolute
bioavailability of around 80% [57], shows promise as a nutri-
genomically active compound capable of increasing several
endogenous antioxidant compounds via the transcription
factor, Nrf2 [58]. SFN, an aliphatic isothiocyanate [59],
emerges as a phytochemical with comparatively high bio-
availability due to its low molecular weight and log P value
of 0.23 [60] when evaluated using the commonly used
octan-1-ol and water system and where log P = 0 represents
equal partitioning between the solvent and water and
where a value > 0 represents a higher concentration in
the lipid phase [61]. Figure 1 highlights the differences
in bioavailability when comparing SFN with polyphenols
commonly used in dietary supplements.

2.2. The Nutrigenomic Link to Endogenous Antioxidants.
Nutrigenomically active phytochemicals exhibit a number
of different mechanisms as modulators of the expression of
genes coding for enzymes which are active in diverse
pathways [62]. One of the intended effects of this strategy is
to increase the production of endogenous antioxidant
compounds including the antioxidant enzymes. Whilst
some phytochemicals may upregulate cellular endogenous
defences, others may downregulate pathways associated
with undesirable prolonged inflammation. The key tran-
scription factors responsible for the induction of redox-
modulating and inflammation-promoting gene expression
are, respectively, Nrf2 and NK-κB; these transcription fac-
tors act both independently and cooperatively via cross
talk that is not yet fully understood [63].

Although such plant-derived compounds may exhibit
direct antioxidant activity, it is their indirect antioxidant
effect which is of most interest, due to the catalytic effect of
the antioxidant enzymes in quenching reactive oxygen and
reactive nitrogen species (ROS and RNS) compared with
nonenzyme antioxidants which exhibit only a one-for-one
stoichiometric effect [64, 65]. There is considerable evidence
to show that induction of such cytoprotective compounds
has multiple beneficial effects [66–69].

Germinated broccoli seeds yield a nutrigenomically
active isothiocyanate, SFN; this review focuses on the proper-
ties of SFN as they relate to its antioxidant, anti-inflamma-
tory, and antimicrobial effects. Furthermore, this discussion
reviews the doses used in relevant clinical trials with a view
to evaluating whether these doses are practical for SFN to
be considered as a nutraceutical with broad clinical applica-
tion and whether it may be considered as an efficacious
nutraceutical in the prevention and treatment of chronic
disease.

2.3. Determining Clinical Potential of a Phytochemical.When
considering the likelihood that a particular phytochemical
may exhibit clinical potential, two important factors bear
mention. Firstly, the bioactive molecule must have suffi-
cient potency to induce adequate gene expression in the
target gene or genes; secondly, the bioactive must be suffi-
ciently bioavailable that the concentration measurable in
the bloodstream or target tissue is able to match the con-
centrations measured in the in vivo studies for which gene
expression is significant [54].

It is not uncommon for in vitro concentrations to yield
impressive changes in gene expression, but this is of no
practical value if the compound exhibits poor bioavailabil-
ity. Polyphenols commonly fall into this category, with
bioavailability preventing the in vivo replication of
in vitro outcomes when the same molecule is ingested in
an oral dose form [70–72].

2.4. The History and Evolution of Sulforaphane Research. It is
twenty-five years since the identification and isolation of the
transcription factor, Nrf2 (coded by the gene nuclear factor
erythroid 2-related factor 2), was first described in the scien-
tific literature [73]. In the ensuing years, Nrf2 has become a
focus of active research on mechanisms of defence in mam-
malian cells; Figure 2 illustrates the upward trend in SFN
research over the period [74]. The role of Nrf2 in human cells
is very relevant to the subject matter of this review because
SFN significantly activates Nrf2 and as such has the potential
to modulate the expression of genes associated with redox
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balance, inflammation, detoxification, and antimicrobial
capacity, all key components of the upstream cellular defence
processes [75].

There are many factors that can activate Nrf2. In addition
to diet-derived molecules, a range of environmental stressors
function as signals to activate Nrf2 and consequent expres-
sion of a battery of defensive genes [76]. Numerous com-
monly ingested phytochemicals are Nrf2 activators, and the
reader is referred to a detailed discussion of the chemical
properties and the subtle differences of individual phyto-
chemical Nrf2 activators in relation to their interactions
within relevant biochemical pathways in human cells [77].

In addition to providing a list of the more extensively
studied phytochemical Nrf2 activators, Eggler and Savinov
suggest, in their concluding remarks, that although it is
unlikely that a single phytochemical will emerge as a magic
bullet for disease prevention or amelioration, future prospects
could include phytochemical “cocktails” formulated for their
synergistic effects [77]. In this regard, a larger quantity of low
potency Nrf2-activating phytochemicals may provide the
same effect as smaller quantities of a single Nrf2 activator
such as SFN. If an additive or a synergistic effect of multiple
Nrf2 activators provides significant Nrf2 activation, it may
explain why diets rich in plant foods have been shown epide-
miologically to significantly benefit human health [78].

Interest in SFN as a food-derived compound with sig-
nificant clinical potential began in 1992 when a group [79]
at Johns Hopkins University published its findings. The
group had published two papers to support their research
on the induction of anticarcinogenic enzymes derived
from broccoli and on assay methods to rapidly detect such
enzymes [79, 80]. Interestingly, SFN was identified here as
a potent activator of cellular defence mechanisms approx-
imately two years before the isolation of Nrf2 by Moi et al.
[73] and Zhang et al. [79].

Broccoli-derived SFN was capable of activating the cyto-
plasmic transcription factor, Nrf2, which in turn translocated
to the nucleus to activate the Antioxidant Response Element
(ARE) in the promoter region of several hundred identified
genes [58, 66, 81, 82]; many of which are related to cellular
defence processes.

The Johns Hopkins group had found that the 3-day ger-
minated broccoli seed contained 20-50 times more of the
precursor glucoraphanin (GRN) than did the mature broc-
coli vegetable [81]. It was this finding that enabled the design
of trials which could achieve clinically relevant SFN effects
with small practical doses of dried broccoli sprouts.

3. Sulforaphane: Structure-
Function Relationship

3.1. Physical Properties of Sulforaphane as an Intervention
Compound. SFN is naturally derived from certain species of
the Brassica vegetable family [83], most notably broccoli.
Classified as cruciferous vegetables, they are known for their
disease-preventive effects [84, 85]. When ingested, the
bioactivity of crucifers is dependent on the dual presence of
a precursor molecule, a glucosinolate, and an enzyme, myro-
sinase, which hydrolyses the precursor; the product is an iso-
thiocyanate (Figure 3) [86].

Broccoli has been shown to be the most significant
dietary source [87] of the precursor glucosinolate, GRN,
which, in the presence of the myrosinase enzyme, is meta-
bolised to SFN. Young sprouted broccoli seeds in the
order of 3-7 days’ growth have been shown to contain
the highest GRN levels [81].

The structure of this small molecule (M.W. 177.29 and
log P = 0:23) confers upon SFN some unique advantages not
afforded other phytochemicals such as the polyphenols which
are structurally large and essentially hydrophilic [70]. One of
the major advantages for SFN is its higher bioavailability, a
consequence of its structure and lipophilicity (Figure 4).

3.2. Bioavailability: Relationship to Molecular Structure. SFN
has been demonstrated to have an absolute bioavailability of
around 80% [57] and to peak in the bloodstream around 1
hour following ingestion [88, 89]. By comparison, the
polyphenols which are large bulky higher molecular weight
molecular structures typically exhibit bioavailability of
around 1-8% [90].

For a food-derived molecule to achieve sufficient
intracellular concentration to affect gene expression, its
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bioavailability must be high enough that it can be
absorbed through the intestinal epithelium and the sev-
eral other membranes between the gut and the target cell.
With its high bioavailability, SFN can therefore be con-
sidered as having at least one of the key properties neces-
sary to be considered for development as a nutraceutical
compound.

4. Sulforaphane as a Molecule with
Nutrigenomic Properties

Nrf2 has been variously described by several researchers as
an “activator of cellular defence mechanisms” [91], “the mas-
ter redox switch” [92], and “a guardian of health span and
gatekeeper of species longevity” [93]. As a mediator for ampli-
fication of the mammalian defence system against various
stressors, Nrf2 sits at the interface between our prior under-
standing of oxidative stress and the endogenous mechanisms
cells use to deal with it [54].

What is emerging is that diseases known to be under-
pinned by oxidative stress are proving to be more responsive
to such amplification of cellular defences via Nrf2 activation
than by administration of direct-acting antioxidant supple-
ments [22, 94].

4.1. The SFN-Nrf2: Activating Gene Expression in Cellular
Defences. The essence of a very complex biochemical process
[74] is that in its basal state, Nrf2 is sequestered to Kelch-like
ECH-associated protein 1 (Keap-1) and associated with cyto-
solic actin filaments; however, when Keap-1 detects a stressor
which may threaten the cell’s integrity, activation of the com-
plex leads to a dissociation of Nrf2 from Keap-1 [95]. Here-
after, it translocates to the nucleus where it may induce
expression of its many target genes, aligning with the ARE
in the promoter region of these genes. The ARE is a cis-acting
enhancer sequence that is upstream of many Phase 2 detoxi-
fication and antioxidant genes [96] (Figure 5 [97]).

Loss of the Nrf2-ARE function in mice has been shown to
increase susceptibility [98] to acute toxicity, inflammation,

and carcinogenesis due to the inability to mount adaptive
responses. The elucidation of this process showed that the
activation of Nrf2-ARE induces a large battery of cytoprotec-
tive enzymes [99].

Cellular Nrf2 levels are under strict control by multiple
mechanisms but the best-characterised is the one which is
mediated by interaction with Keap-1 [63]. Keap-1 not only
binds Nrf2 to cytoplasmic actin filaments in the basal state
but it also acts as a sensor, especially of subtle redox changes
in the cell.

The chemistry of sulfur plays an integral role in Nrf2
activation and subsequent modulation of gene expression.
All Nrf2 activators react with thiol groups. Keap-1 is rich in
sulfur-rich cysteine residues [99] and is under oxidation-
reduction (and alkylation) control via its highly reactive thiol
groups.

An inducer such as SFN activates the Nrf2-Keap-1 com-
plex, with sulfur chemistry playing an important role [99].

4.2. The Significance of the Nrf2-SFN Relationship. Nrf2 is
ubiquitously expressed with the highest concentrations
(in descending order) in the kidney, muscle, lung, heart,
liver, and brain [73, 100]. The activation of Nrf2 activators
has been found to be closely associated with their molecu-
lar structure [100–102]. Because food-derived SFN is
readily bioavailable, such universal Nrf2 tissue distribution
enhances SFN’s potential to modulate systemic gene
expression [92].

The properties of Nrf2 are such that it can be considered
a novel drug target with potential applications across a broad
range of conditions. Interestingly, the Nrf2-activating prop-
erties of SFN have been experimentally used in conjunction
with pharmaceuticals. By way of an example, SFN’s effect
on Nrf2 has been investigated in this context as a means of
minimising the nephrotoxicity which typically limits the
use of the chemotherapeutic drug, cisplatin [103]. Another
example illustrates a synergistic antioxidant and anti-
inflammatory response when SFN is combined with Exemes-
tane, a synthetic steroidal inhibitor of the aromatase reaction
that catalyses the terminal and rate-limiting step of the bio-
synthesis of estrogens. The combination may be considered
to be protective against other chronic diseases unrelated to
aromatase inhibition and the significance of such coadminis-
tration is expanded in Section 9.4 [104].

4.3. Pleiotropic Effects of SFN. Although SFN is most often
considered for its Nrf2-dependent effects and largely
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associated with the induction of antioxidant and Phase 2
detoxification enzymes, other less well-characterised mecha-
nisms are associated with this phytochemical molecule.
These Nrf2-independent mechanisms include but are not
limited to the induction of apoptotic pathways, suppression
of cell cycle progression, inhibition of angiogenesis and
anti-inflammatory activity, and inhibition of metastasis, pri-
marily relevant to cancer [62].

One such effect is its action as a histone deacetylase
(HDAC) inhibitor [105, 106], and there is a growing focus
on the role of SFN and other phytochemicals on such epige-
netic effects [107, 108] and more recently on the role of SFN
as an inhibitor of microRNAs [109]. Epigenetic effects are of
particular clinical interest in that such changes are potentially
reversible and thereby may provide an opportunity for inter-
vention in earlier stages of the cancer process [110]. Tumour
suppressor genes such as p53 may be epigenetically inhibited
[111] so that therapies aimed at removing such suppression
are attractive options, especially if they can be available
through dietary means.

No discussion of SFN and Nrf2 would be complete with-
out reference to the fact that both Nrf2 activators and Nrf2
inhibitors can be utilised in cancer therapy. A very recent
paper [112] highlights this dual role and its implications for
Nrf2 activation. It suggests that because Nrf2 can modulate
the detoxification pathways, its effect on anticancer drugs
may lead to chemoresistance and that the switch between a
beneficial and a detrimental role for Nrf2 in cancer cells
depends on a number of factors which include the tight
control of its activity. This poses an obvious dilemma
which is already under active discussion and investigation
[113–115]; SFN and other phytochemicals capable of mod-
ulating Nrf2 form part of such investigation [112].

A 2012 gene expression study to evaluate the effect of
SFN as an Nrf2 activator showed that despite the very large
5- to 20-fold increase in Nrf2 binding at their AREs, only a
small increase in expression signal was observed. The
researchers concluded that there may be other determinants,
such as tissue-specific cofactors, negative feedback loops, and
epigenetic or signalling mechanisms, which affect both basal
expression and Nrf2-mediated transcriptional regulation of
these highly expressed genes in cells [116].

4.4. Major Actions of SFN at the Cellular Level. The major
documented cellular actions of SFN are listed in the nonex-
haustive summary shown in Table 2 along with commentary
on their clinical implications. These upstream processes have
significant downstream effects and are associated with the
observed effects in clinical trials using SFN or a dietary source
of SFN. Most but not all of these actions are associated with
Nrf2 activation.

5. Sulforaphane in Core Cellular Processes

5.1. Multiple Gene Targets and the Nrf2/ARE Pathway. It has
been suggested that well in excess of 500 genes have been
identified as being activated by SFN via the Nrf2/ARE path-
way [132–134], and it is likely that this underestimates the
number as others are being discovered.

The large battery of upregulated cytoprotective genes
includes those coding for the endogenous enzyme and none-
nzyme antioxidants as well as Phase 2 detoxification enzymes
[58]. Nrf2 plays a crucial role in the coordinated induction of
those genes encoding many stress-responsive and cytopro-
tective enzymes and related proteins [135]. These include
NAD(P)H:quinone reductase-1 (NQO1), haemoxygenase-1
(HO-1), glutamate-cysteine ligase (GCL), glutathione-S-
transferase (GST), glutathione peroxidase (GPX1), thiore-
doxin (TXN), thioredoxin reductase (TXNRD1) [92], and
PPAR-γ (PPARG) [136].

These endogenously-generated enzyme and nonenzyme
molecules are not generally considered to necessarily func-
tion as “antioxidants” even though they exhibit significant
redox-modulating capacity as and when the cell requires it.

When Zhang and colleagues [79] of the Johns Hopkins
group were investigating chemoprevention in the early
1990s, they had been working on cytoprotective genes
including those coding for the Phase 2 detoxification
enzymes NQO1 and the GST families; the discovery that
these genes were significantly induced by broccoli sprout-
derived SFN provided the foundation for the rapid interest
in research in this field.

Of the available SFN clinical trials associated with genes
induced via Nrf2 activation, many demonstrate a linear
dose-response (Table 3). More recently, it has become
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apparent that SFN can behave hormetically [137] with dif-
ferent effects responsive to different doses. This is in addi-
tion to its varying effects on different cell types and
consequent to widely varying intracellular concentrations
[125, 138–142].

5.2. SFN as a RedoxModulator. Even though enzymes known
to function within the Phase 2 detoxification pathway are not
typically considered to be “antioxidants,” it has now been
firmly established that NQO1 provides major antioxidant
functions by virtue of its obligatory two-electron reduction

Table 2: Summary of clinically relevant actions of SFN.

Action Clinical implications

(1) Increases synthesis of glutathione [117].
This has implications for oxidative stress and detoxification

as glutathione is the substrate for both pathways. Glutathione is
also an antioxidant in its own right.

(2) Inhibits some Phase 1 detoxification enzymes that activate
chemical carcinogens [118].

This reduces the level of toxic intermediates with
carcinogenic potential. It also allows Phase 2 to “keep pace”

with Phase 1 processing.

(3) Increases activity of Phase 2 detoxification enzymes.
Sulforaphane is considered the most potent of the Phase 2
inducing substances [79].

As a monofunctional inducer, sulforaphane is
considered to be a significant component of the

anticarcinogenic action of broccoli.

(4) Provides significant antioxidant activity, largely due to
its ability to induce glutathione synthesis.

Glutathione is a critical factor in protecting organisms against
toxicity and disease [119]. The ability of sulforaphane to
upregulate glutathione synthesis is highly significant.

(5) Acts as a histone deacetylase inhibitor, providing DNA
protection [120–122].

Development of histone deacetylase inhibitors is a key
avenue for cancer drug research.

(6) Induces apoptosis, inhibits MMP-2 (metastasis), and
inhibits angiogenesis and cell cycle arrest [28, 105, 123, 124]
(interacts at several levels).

Therapeutic interventions which exhibit several related
actions targeting the same underlying defect are

considered highly desirable.

(7) Limits proinflammatory effects of diesel chemicals by
upregulation of Phase 2 enzymes [125].

Environmental pollutants are known to contribute to various
lung diseases. Removal of the toxins reduces tendency to disease.

(8) Induces thioredoxin (Trx) as part of the ARE.
Thioredoxin is implicated in cardioprotection by

triggering several survival proteins [126]. Sulforaphane
may have beneficial effects in cardiovascular disease.

(9) Bactericidal against Helicobacter pylori and also blocks
gastric tumour formation in animals [127].

Helicobacter is known to contribute to development of stomach
cancer. Elimination of the organism without the use of typical

antimicrobial Triple Therapy could protect the colonic microflora.

(10) Protects dopaminergic cells from cytotoxicity and
subsequent neuronal death (cell culture) [128].

Dopaminergic neurones are associated with Parkinson’s disease.
Pharmaceuticals to treat Parkinsonism are not without risk and the
disease is not usually detected until more than 50% of the neurones
have been lost. A chemoprotective tool could prevent premature loss.

(11) Increases p-53 (associated with tumour suppression) and
bax protein expression, thereby enhancing cellular protection
against cancer [129].

Sulforaphane is an attractive chemotherapeutic agent for tumours
with a p53 mutation [62].

(12) Limits effect of aflatoxin on liver cells [26].

Interventions which can offer significant protection against
environmental and food-borne pollutants could prevent the

consequences of these factors. Appropriate doses of sulforaphane-
yielding substances are yet to be determined.

(13) Enhances natural killer cell activity and other markers of
enhanced immune function [117].

The immune system is a critical part of the body’s defences against
inflammatory as well as infectious diseases. Most diseases benefit

from enhancement to immune function.

(14) Suppresses NF-κB, a key regulator of inflammation [117].
NF-κB expression is downregulated by sulforaphane and as such
downregulates inducible proinflammatory enzymes such as
cyclooxygenase (COX-2) and NO synthase (iNOS).

As an inhibitor of NF-κB as well as an activator of Nrf2, SF modulates
many cancer-related events, including susceptibility to carcinogens,
cell death, cell cycle, angiogenesis, invasion, and metastasis [117].

(15) Sulforaphane is not directly antioxidant. Instead,
it exhibits a weak prooxidant effect [130].

Because sulforaphane is not directly antioxidant but exerts its
antioxidant effect primarily by induction of glutathione and other
antioxidant compounds, it is considered to exhibit an indirect

antioxidant effect.

(16) Potent inducer of HO-1 (haemoxygenase-1).
Haemoxygenase-1 plays an important role in modulating the

effects of oxidants in the lungs [131].
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mechanism which diverts quinones from participating in
oxidative cycling and generation of reactive oxygen
intermediates.

A major new perspective on the functional importance of
this enzyme [143–145] followed the finding that the gene
coding for NQO1 is highly inducible and that its increased
induction protected animals and their cells against oxidative
stress [143–145]. SFN is considered to be one of most potent
phytochemical inducers of NQO1 [96, 146]. As such, SFN’s
nutrigenomic effects contribute to the enhancement of the
cell’s antioxidant capacity [64]. Figure 6 illustrates the
comparative induction of SFN and other phytochemicals.

5.3. Endogenously Generated “Antioxidants” in Type 2
Diabetes. Given the role of SFN in induction of Nrf2-
dependent cytoprotective genes, SFN might be a useful can-
didate for modulation of upstream genes associated with
the etiology of T2DM. A 2016 review paper reaffirms a ratio-
nale for the “unifying hypothesis” proposed by Brownlee in
2001 in which generation of ROS is the key central theme
linking the pathogenesis of T2DM and CVD [147]. In further
support of this hypothesis, Rask-Madsen and King reinforce
the possibility that endogenous protective pathways could
protect against vascular complications in T2DM [148]. The
following sections highlight the role of several inducible
redox-modulating molecules with reference to their activity
in T2DM.

5.4. Highlighting Redox-Modulating Nrf2 Target Genes. Sev-
eral well-studied Nrf2-dependent target genes of possible rel-
evance are those encoding synthesis of glutathione (GSH),
Trx, HO-1, and NQO-1. Each has been shown to be induced
by SFN in a variety of cell types, including endothelial cells. A
study [149] using human aortic cells showed that the activa-

tion of the Nrf2-ARE pathway may represent a novel thera-
peutic approach for the treatment of inflammatory diseases
such as atherosclerosis.

In support of this approach, a 2009 combined cell cul-
ture/animal study [150] showed that shear stress in blood
vessels keeps Nrf2 in an activated state and as such protects
against endothelial dysfunction. Activated by SFN, Nrf2
was shown to prevent endothelial cells from exhibiting a pro-
inflammatory state via the suppression of p38-VCAM-1 sig-
nalling, providing a novel therapeutic strategy to prevent or
reduce atherosclerosis.

In other tissues of the cardiovascular system, Nrf2 has
been shown to regulate both basal and inducible ARE-
controlled cytoprotective genes in cardiomyocytes [151]. As
with endothelia, Nrf2 is required for protection against
glucose-induced oxidative stress and cardiomyopathy in the
heart.

6. SFN: Its Redox-Modulating Effects

6.1. Glutathione. The nonenzyme antioxidant GSH is a
major contributor to cellular redox status and the rate-
limiting enzyme for its synthesis; glutamate-cysteine ligase
(coded by the gene GCL) can be induced by SFN [152].
Antioxidants in general and glutathione in particular can
be depleted rapidly under conditions of oxidative stress,
and this can signal inflammatory pathways associated with
NF-κB [153]. Nrf2 has been found to be the primary fac-
tor inducing the cell survival system under GSH depletion
[154]. Also of interest is the finding that Nrf2 transcrip-
tional activity declines with age [155, 156], leading to
age-related GSH loss among other losses associated with
Nrf2-activated genes. This effect has implications too for
decline in vascular function with age [157].

Table 3: Sulforaphane dosage from lowest to highest in selected clinical trials.

Condition ~Daily SFN dose First author Year

Equivalent sulforaphane dose

Autism 9-14mg (50.8–79.0 μmol) Singh et al. [228] 2014

Nasal allergic response 18mg (101.5 μmol) Heber et al. [230] 2014

Asthma 18mg (101.5 μmol) Brown et al. [226] 2015

Chronic obstructive lung disease 19mg (107.2 μmol) Riedl et al. [29] 2009

Helicobacter pylori infection 30mg (169.2 μmol) Yanaka et al. [217] 2009

Gastric mucosal repair 30mg (169.2 μmol) Yanaka A. [216] 2011

Detoxification (atmospheric pollution) 36mg (203.0 μmol) Egner et al. [231] 2011

Type 2 diabetes 40mg (225.6 μmol) Bahadoran et al. [232, 233] 2012

Prostate-specific antigen (PSA) doubling time 60mg (338.4 μmol) Cipolla et al. [229] 2015

FRESH BROCCOLI SPROUTS

Helicobacter pylori infection 14-56 grams of fresh sprouts Galan et al. [218] 2006

Inflammation markers in overweight 30 grams of fresh sprouts Lopez-Chillon [209] 2018

Metabolic syndrome 100 grams of fresh sprouts Murashima et al. [25] 2004

Glucoraphanin as myrosinase-inactive broccoli “extract”

No prevention with 6 pills branded “extract” 180mg (0.41mmol) GRN—not SFN Atwell et al. [234] 2015

Sulforaphane supplement—a null response trial

Helicobacter pylori infection 2mg (11.28 μmol) Chang et al. [235] 2015
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Some of the age-related decline in function can be
restored with Nrf2 activation by SFN [158]. Studies in aged
mice showed that age-related changes in Th1 immunity
could be restored using SFN as an intervention. This finding
is compatible with the growing recognition of the importance
of the Nrf2 pathway in innate immunity and has implications
for human health [159]. A 2017 clinical pilot study examined
the effect of an oral dose of 100μmol (17.3mg) encapsulated
SFN on GSH induction in humans over 7 days [158]. Pre-
and postmeasurement of GSH in blood cells that included
T cells, B cells, and NK cells showed an increase of 32%.
Interestingly, the researchers found that in the pilot group
of nine participants, age, sex, and race did not influence the
outcome.

Disturbances of thiol-related mechanisms have been
observed [160] in diabetes, with plasma levels of protein-
bound thiols lower in T2DM than in controls. These thiols
include GSH and Trx. An animal study [161] illustrates the
relationship between depressed GSH and the development
of atherosclerosis. In this experiment [7], the rate-limiting
enzyme in GSH synthesis, gamma-glutamyl-cysteine synthe-
tase (γ-GCS), was shown to be downregulated early in the
atherosclerosis process. This effect preceded the appearance
of lipid peroxidation products by several months. The anti-
oxidant enzyme, glutathione peroxidase (GPx) was simulta-
neously downregulated.

Erythrocyte levels of GSH have been shown to change
depending on the stage of the diabetic process of the individ-
ual [162]. It has been shown that compared to controls, pre-
diabetic patients exhibit a significant lowering of GSH [163].
As the disease progresses to diabetes and later to diabetes
with cardiovascular complications, GSH levels rise; however,
they do not reach the levels of controls. The variability in
GSH levels depending on the stage of the disease makes it dif-
ficult to use GSH as an effective clinical trial biomarker to
measure change.

An infusion of GSH as an intervention in a clinical trial
[164] was shown to reverse endothelial dysfunction by
strongly potentiating the effect of acetylcholine-mediated
vasodilation via enhanced nitric oxide activity. Because
GSH as a tripeptide molecule is degraded by gastric proteo-

lytic enzymes, it is generally considered as being unsuitable
as an oral therapeutic [165]. If SFN can be shown to induce
GSH in endothelial cells, this may provide an alternative
means of enhancing GSH levels in endothelial and pancreatic
beta-cells with a view to reducing the complications of T2DM
together with the many conditions for which dysregulated
GSH is associated.

6.2. Thioredoxin: Protection from Elevated Blood Glucose.
Thioredoxin (Trx) is a potent protein disulfide that partici-
pates in many thiol-dependent cellular reductive processes
and plays an important role in antioxidant defence, signal
transduction, and regulation of cell growth and proliferation.
As a cellular thiol, Trx has been shown [166] to be associated
with the development of diabetic complications. Like GSH,
Trx has been shown to protect cells against high ambient
glucose [167].

The thioredoxin system (Figure 7) consists of thiore-
doxin, thioredoxin reductase, and NAD(P)H.

Like GSH, Trx contributes to the cellular thiol pool
[170] with the thioredoxin system shown to exhibit cardi-
oprotective effects [171]. The pentose phosphate pathway
can alleviate much of the oxidative stress created by excess
glucose [169].

There are few studies to associate SFN with heart disease
but significant cardioprotection was demonstrated in an
animal study [126] using fresh broccoli homogenate.
Changes included improved postischaemic ventricular func-
tion, reduced myocardial infarct size, and decreased cardio-
myocyte apoptosis after the rats were sacrificed. These
findings correlated with increased levels of Trx as well as
HO-1.

A 1997 study [172] investigating the role of thioredoxin
in vascular biology describes the induction of mitochondrial
antioxidant enzyme, superoxide dismutase (MnSOD) by Trx.
In addition, Trx influences hormones such as insulin as well
as glucocorticoid receptors and other proteins such as endo-
thelial nitric oxide synthase and signalling proteins such as
transcription factors. The findings of a Phase 1 clinical trial
[25] demonstrated that 100 grams of fresh broccoli sprouts
over a 7-day period provided cardiovascular benefits which
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included favourable changes in blood lipids as well as reduc-
tion in biomarkers of oxidative stress. This study however did
not assay the broccoli sprouts for their SFN yield, limiting its
usefulness.

6.3. NAD(P)H Quinone Dehydrogenase 1: Beyond Redox
Modulation. NAD(P)H quinone dehydrogenase 1 (coded
by the gene NQO1 and with the enzyme sometimes abbrevi-
ated as NQO1) is emerging as an Nrf2-target enzyme with
broad cytoprotective properties. A paper [173] published
almost two decades ago claims that an extensive body of evi-
dence supports the conclusion that catalysing obligatory two-
electron reductions of quinones to hydroquinones, NQO1, pro-
tects cells against the deleterious effects of redox cycling of qui-
nones and their ability to deplete glutathione. The same
researchers [144] have since published on this topic discuss-
ing what they describe as a “multifunctional antioxidant
enzyme and exceptionally versatile cytoprotector.” They sug-
gest too that NQO1 with cytoprotective roles which extend
well beyond its catalytic function could be considered as a

“marker cytoprotective enzyme.” Further, they state that
NQO1 is one of the most consistently and robustly inducible
genes among members of the cytoprotective proteins.

6.4. NQO1 Pharmacokinetics following SFN Ingestion. A
study used breast tissue to measure the pharmacokinetics of
NQO1 induction over 24 hours, following a single serve of a
broccoli sprout homogenate (SFN = 200 μmol) one hour
prior to mastectomy [88].

Maximal induction of NQO1 occurred at around 24
hours, declining thereafter (Figure 8). This peak represents
an approximate 2.8-fold induction over baseline. These
findings are useful when considering the effect of SFN as
an intervention material in acute compared with chronic
conditions. A significant increase in NQO1 occurred
between 6 and 12 hours, a timeframe that may not be
sufficiently responsive for management of an acute state,
leaving one to conclude that NQO1 induction is best
suited to chronic conditions where a rapid response may
not be necessary.
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6.5. Comparative Phytochemical NQO1 Induction. The
induction of NQO1 has been investigated in different
studies to compare the effect of well-known phytochemi-
cals [146, 168, 174]. The comparatively much higher
NQO1 induction by SFN against popular plant-derived
supplements is evident [146].

It has been claimed here and elsewhere that SFN is the
most potent naturally occurring inducer [146, 175] of this
enzyme (Figure 6) NQO1’s antioxidant capacity extends to
scavenging superoxide directly [176], albeit not as efficiently
as does SOD.

6.6. NQO1: Recycling Cellular Bioactives. NQO1’s other
functions extend to the maintenance of coenzyme Q 10 and
vitamin E in their active reduced forms [144]. Induction of
NQO1 by SFN also coordinately induces [58] genes encoding
cellular NADPH-regenerating enzymes such as glucose-6-
phosphate dehydrogenase, 6-phosphogluconate dehydroge-
nase, and malic enzyme. NADPH in turn assists in maintain-
ing GSH in its reduced state. The NQO1 enzyme provides
major antioxidant functions by virtue of its two-electron
reduction mechanism; this diverts quinones from participat-
ing in oxidative recycling and production of ROS and pre-
vents mutagenic changes to DNA [144, 177, 178]. This
function is clinically relevant to chemoprevention.

6.7. Haemoxygenase-1 (HO-1). HO-1 is an inducible isoform
of the first and rate-controlling enzyme of the degradation of
haem into iron, carbon monoxide, and biliverdin, the latter
being subsequently converted into bilirubin [179]. HO-1 is
considered to have potent cytoprotective effects which
include antioxidant and anti-inflammatory properties in car-
diovascular and other tissues. It has been suggested that cyto-
protection may be due to bilirubin directly inhibiting
NADPH oxidase activity, thereby reducing superoxide gen-
eration [180].

Although the mechanism for the anti-inflammatory
effect of HO-1 has not been fully elucidated, there are known
associations between HO-1 and a number of cytokines. The
5′-flanking region of the HO-1 gene contains binding sites
for the transcription factors that regulate inflammation,
including NF-κB and activator protein-1 (AP1) [181]. Leuko-
cyte HO-1 gene expression is significantly lower in patients
with and without diabetic microangiopathy compared with
control subjects and normalization of blood glucose results

in a reduction in HO-1 antigen in the cytoplasm of mononu-
clear leukocytes [182].

Hyperglycaemia is known to increase the formation of
advanced glycation end products (AGEs). In endothelial
cells, the interaction of the AGE with its receptor, RAGE,
induces generation of ROS, NF-κB translocation, and expres-
sion of several proinflammatory and procoagulatory mole-
cules [183]. In normal cells, RAGE is present at low levels
but is increased in the endothelia of diabetics [180].

Given the theme of the above discussion, it could be
asked whether the redox-inflammation couple could be the
common upstream factor at play in a number of chronic dis-
eases, of which T2DM is an example. It has, in fact already
been proposed [7, 184] that oxidative stress is the pathogenic
mechanism linking insulin resistance with dysfunction of
both pancreatic beta-cells and the endothelium, eventually
leading to overt diabetes and cardiovascular disease.

6.8. Redox Effects in Phase 1 vs. Phase 2 Detoxification
Pathways. As long ago as 1985, it was determined that the
ideal chemoprotective compounds are monofunctional
inducers of Phase 2 detoxification enzymes. Monofunctional
inducers function by metabolising the oxidative and
carcinogen-activating products of the Phase 1 enzymes, with-
out having any significant effect on Phase 1 activity itself
[185]. Toxins presented to the Phase 1 enzymes produce
intermediate compounds which are sometimes more toxic
to cells than the initial toxin. It is therefore important that
Phase 2 is sufficiently active that the intermediate products
cannot accumulate in the cellular environment. The majority
of chemical carcinogens require metabolic activation by
Phase 1 before they can initiate cancer [186]. Figure 9 illus-
trates the Phase 1 and Phase 2 detoxification pathways [187].

As a monofunctional inducer, SFN has been described
an ideal detoxifier, as its effect on Phase 1 is minimal com-
pared with its significant activity on Phase 2 [188]. By com-
parison, many of the most potent of the synthetic SFN
analogues [189] are bifunctional inducers and not the
monofunctional inducers having the most chemopreventive
effect. Several synthetic compounds [190] have been inves-
tigated for their chemopreventive potential against lung
cancer in smokers [191].

The process of cellular detoxification of both exogenous
and endogenous factors entails two phases: Phase 1 (oxida-
tive activation reactions) and Phase 2 (conjugative reactions),
effected by several large and diverse gene families [192].
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Figure 9: Interaction of Phase 1 and Phase 2 metabolites in detoxification (an mage from McElwee et al. [192]).
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6.9. Significance of Induction of Phase 1 and Phase 2
Detoxification Enzymes. Not all Brassica-derived compounds
are monofunctional inducers. Indole-3-carbinol (I-3-C)
derived from the mature broccoli vegetable is a bifunctional
inducer and as such may lead to the generation of highly
toxic intermediate compounds which may overwhelm the
capacity of the localised direct-acting antioxidants to quench
them or the Phase 2 processes to detoxify them [193].

By contrast, SFN selectively upregulates Phase 2 detox-
ification enzymes, minimising the risk of generating exces-
sive amounts of reactive intermediates (Figure 9 [192]). As
a consequence, although some I-3-C animal studies show
an anticarcinogenic effect, other studies using I-3-C show
it to have carcinogenic potential where comparable studies
using SFN do not [194–196]. It should be noted that the
comparatively small quantity of I-3-C generated from the
glucosinolates in broccoli vegetable is unlikely to replicate
the effects of isolated synthetic I-3-C concentrations used
in cell culture studies [87].

7. SFN: Its Anti-Inflammatory Effects

7.1. Regulation of NF-κB. Members of the NF-κB family of
transcription factors function as dominant regulators of
inducible gene expression in virtually all cell types in
response to a broad range of stimuli, with particularly
important roles in coordinating both innate and adaptive
immunities [197], as well as inflammatory responses, cell
differentiation, proliferation, and apoptosis.

NF-κB is controlled by various mechanisms of posttrans-
lational modification and subcellular compartmentalisation
as well as by interactions with other cofactors or corepressors
[198]. The NF-κB family of transcription factors includes
RelA (p65), RelB, and others and as a complex, NF-κB medi-
ates immune responses to cellular challenges that include
bacterial and viral infection and inflammation [63].

The activity of NF-κB is tightly regulated at multiple
levels, a factor that may be associated with its influence on
the expression of numerous genes [199]. Nuclear transloca-
tion of NF-κB is primarily controlled by signalling associated
with IκB kinase (IKK) in two related pathways associated
respectively with the NF-κB classical (canonical) and alterna-
tive pathways.

Among the most potent NF-κB activators are tumour
necrosis factor (TNF-α), interleukin (IL)-1β and bacterial
lipopolysaccharide (LPS), with TNF-α activation being
one of the best characterised of the NF-κB signalling path-
ways [200].

7.2. The Action of NF-κB in Intestinal Epithelial Cells. Nrf2
and NF-κB are both well-studied cellular transcription fac-
tors, and their effects occur in all cells including those of
the intestinal epithelium. The gut-immune interface
describes the signalling network that connects the intestinal
epithelial cells to the immune cells of the lamina propria, sit-
uated directly below the epithelium [201]. Here, the microbi-
ota, via this interface, also influence immune function
including inflammatory pathways. As such, the gut-
immune interface directly connects the cellular functions of

redox-balance, inflammation, and infection control via
immune modulation.

7.3. SFN at the Gut-Immune Interface. Because SFN has been
shown to inhibit NF-κB in endothelial cells [202], it is
likely the same effect would occur in other epithelial cells
such as the intestinal epithelium, thereby retarding local
inflammation.

Whereas SFN directly activates cytosolic Nrf2, its action
on NF-κB is to inhibit NF-κB binding to the DNA [203].
NF-κB plays a key role in the immune system where it is acti-
vated by a series of events initiated by Toll-like receptors
(TLR) on epithelial cells [204]. TLR2 and TLR4 can identify
distinct molecular patterns on the cell wall of invading path-
ogens. These patterns act as innate sensors but also shape and
bridge innate and adaptive immune responses.

7.4. Cross Talk between Nrf2 and NF-κB. SFN is associated
with cellular defences via mechanisms governed by the tran-
scription factors Nrf2 and NF-κB; molecular cross talk
between these transcription factors has been reported [63].
Imbalance between Nrf2 and NF-κB is associated with a sig-
nificant number of diseases across various body systems, and
these relationships are the subject of extensive research in
cancer biology in particular [205].

Although the complex interplay between Nrf2 and NF-
κB has been highlighted, there remains much to be explored
in order to understand how such relationships may impact
disease pathophysiology at the molecular level. As part of
the cross talk between these two transcription factors, NF-
κB has been shown to regulate Nrf2-mediated ARE expres-
sion. Several mechanisms exist by which p65 (the canonical
NF-κB subunit) can exert negative effects on ARE-linked
gene expression [206]. It would seem that the cross talk
between Nrf2 and NF-κB enables cells to more finely regulate
their responses to cellular stressors.

7.5. Immune Modulation (Anti-Inflammatory Effects). Acti-
vation of TLR4 by the endotoxin released by gram-negative
bacteria results in signalling that activates NF-κB with subse-
quent generation of inflammatory cytokines [204]. Toll-like
receptor (TLR4) pathways mediate proinflammatory cyto-
kine and interferon responses [207]. SFN has been shown
in a thiol-dependent manner to suppress TLR4 oligomeriza-
tion. Saturated fatty acids are known to act as ligands for
TLR4 in macrophages and adipocytes, with these signals in
turn regulating various proinflammatory transcription fac-
tors [208]. More recently, in-depth investigation of the
microbiome has uncovered the pathways that link these very
signals to cardiometabolic effects, thereby connecting the
gut-immune relationship to systemic disease [13].

7.6. Effect of SFN on Inflammation Markers in Humans. In a
recent study using 30 grams of fresh broccoli sprouts incor-
porated daily into the diet, two key inflammatory cytokines
were measured at four time points in forty healthy over-
weight people [209]. The levels of both interleukin-6 (Il-6)
and C-reactive protein (CRP) declined over the 70 days dur-
ing which the sprouts were ingested. These biomarkers were
measured again at day 90, wherein it was found that Il-6
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continued to decline, whereas CRP climbed again. When the
final measurement was taken at day 160, CRP, although
climbing, had not returned to its baseline value. Il-6
remained significantly below the baseline level at day 160.

The sprouts contained approximately 51mg (117 μmol)
GRN, and plasma and urinary SFN metabolites were mea-
sured to confirm that SFN had been produced when the
sprouts were ingested. The data from this study are expressed
visually in Figure 10.

7.7. Effect of SFN on Inflammation Markers in Type 2
Diabetes Patients. Where the study described above by
Lopez-Chillon et al. investigated healthy overweight people
to assess the effects of SFN-yielding broccoli sprout homoge-
nate on biomarkers of inflammation, Mirmiran et al. in 2012
had used a SFN-yielding supplement in T2DM patients
[210]. Although the data are not directly comparable, the lat-
ter study using the powdered supplement resulted in signifi-
cant lowering of Il-6, hs-CRP, and TNF-α over just 4 weeks.
It is not possible to further compare the two studies due to
the vastly different time periods over which each was
conducted.

8. SFN: Its Antimicrobial Effects

The complex signalling mechanisms discussed above will
apply in a general sense to the modulation of core upstream
processes that occur in human cells in general. In the follow-
ing section, specific actions by SFN exhibit an antimicrobial
effect on a common gut pathogen. It is not known at this
stage whether the mechanisms are applicable to eradication
of other pathogens with similar characteristics.

8.1. SFN and Helicobacter pylori Gut Infection. Although a
direct antimicrobial effect has been demonstrated for
extracts of cruciferous vegetables [211], the effect is not
considered clinically relevant. More recently, SFN has been
shown mechanistically and clinically to have a direct bac-

tericidal effect on the Helicobacter pylori bacterium via two
separate mechanisms.

Approximately half of the global population is thought to
be colonised by the H. pylori organism, making its classifica-
tion as either a pathogen or a commensal uncertain; as such,
it is sometimes described as a pathobiont [212]. H. pylori is
shown to be symptomatic in some people and not in others,
indicating that there may be individual control mechanisms
that keep the organism in check. The popular dietary practice
of salting food can also contribute to its pathogenicity.
Sodium chloride, in the presence ofH. pylori, becomes a can-
cer promoter, enhancing chronic gastric mucosal membrane
inflammation [213].

H. pylori infection may be asymptomatic but by raising
the pH of the gastric contents via continuous synthesis of
ammonia, it contributes to impaired protein digestion and
macromineral malabsorption. Iron absorption is well known
to be impaired in the presence of H. pylori [214].

Consideration of the upstream processes that cells use to
maintain homeostasis might indicate that the redox-
inflammation couple might be associated. Recently, Yanaka,
who had undertaken some of the earlier H. pylori trials using
SFN as an intervention, reviewed several of the mechanisms
by which Nrf2 activators may exhibit their antimicrobial
effect [215]. Yanaka argues that significant protection to the
gastrointestinal tract is afforded by the modulation of oxida-
tive stress and inflammation as a result of simultaneous acti-
vation of Nrf2 and downregulation of NF-κB [216].

In their 2009 study, Yanaka et al. demonstrated that broc-
coli sprouts suppressed the upregulation of the inflammatory
markers, TNF-α and IL-1β in the gastric mucosa byH. pylori
infection in a wild type but not in Nrf2−/−mice, suggesting a
systemic protective effect against gastritis that was the result
of Nrf2 activation [217].

Over the past fifteen years, two clinical trials have dem-
onstrated SFN’s bactericidal effect on the H. pylori organism,
a bacterium which is associated with gastric reflux and cancer
[217, 218]. In the initial study, forty-eight H pylori-infected
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subjects were given 70 grams fresh broccoli sprouts daily
[217]. Three markers of H. pylori infection declined within
eight weeks to below the diagnostic cutoff point. However,
once the intervention had stopped, the levels of H pylori
returning to baseline levels after 8 weeks.

8.2. Urease Inhibition as a Mechanism for Regulating H.
pylori Colonies. In extending the earlier SFN—H. pylori
research, the urease-positive nature of the H. pylori gram-
negative bacterium has been investigated. Urease activity in
human and animal cells can be the cause of some
pathogen-induced infections, and the ongoing quest to pro-
vide appropriate urease inhibitors includes the search for
natural sources [219]. SFN has been demonstrated to exhibit
urease activity, thereby potentially providing a clinical alter-
native to pharmaceutical antibiotics to control H. pylori gas-
tric infections [220].

It is known that H. pylori uses urease to hydrolyse
protein-derived urea available in the human gut lumen in
order to synthesise ammonia; up to 10% of the total protein
content of the H. pylori organism comprises the urease
enzyme [221]. The presence of urease is also essential to
enable H. pylori to colonise the gastric mucosa [222]. This
results in partial neutralisation of the low gastric pH. The
resultant elevated pH provides the preferred conditions that
enable H. pylori to thrive (Figure 11). Several pH-sensitive
urease inhibitors of varying potency have been identified,
and these include ammonia (the product of urease on its sub-
strate), thiols, sulfite, fluoride, green tea-derived epigallocate-
chin gallate (EGCG), and heavy metals [222].

H. pylori is not the only colonising microbe with urease
activity. According to Auron and Brophy in 2012, ureolytic

microbes in the digestive or urinary tracts potentially contrib-
ute to hepatic encephalopathy and coma, resulting in hyper-
ammonaemia and brain intoxication [223]. Several other
potentially pathogenic urease-positive microbes have been
identified; Klebsiella aerogenes, Brevibacterium ammonia-
genes,Morganella morganii, Proteus mirabilis, Staphylococcus
saprophyticus, Escherichia coli, Yersinia enterocolitica, and
Haemophilus influenzae are among the better-known [222].
Whether SFN is capable of reducing their virulence in
humans by urease inhibition is not yet known.

9. Phytochemicals on the Drug Discovery Path

9.1. How do Clinical Trial Data Inform Dose? For a phyto-
chemical to be considered as a therapeutic agent, it must be
evaluated using many of the same tools used in pharmaceuti-
cal product development. Whereas a pharmaceutical is typi-
cally a single molecule, plants are complex multicomponent
mixtures; the phytochemical composition of which is not
constant due to factors which include inherent agricultural
and environmental variability [224].

Of the published SFN research to date, the intervention
materials are nonstandard, with some studies using the pure
chemical SFN as the intervention material where others use
broccoli vegetable, fresh or dried broccoli sprouts; therefore,
comparison of clinical trial outcomes becomes more difficult.

Nevertheless, when working with isolated bioactive phy-
tochemicals and whole foods as a source of the same bioac-
tive, the biopharmaceutical processes typically used in
pharmaceutical development should equally apply. The
LADME principles (liberation, absorption, distribution,
metabolism, and excretion) described in connection with
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the pharmacokinetics of pharmaceuticals should be equally
relevant to phytochemicals [225]. However, such data is
seldom available for the more popular phytochemicals
used preventively or medicinally [224]. A comprehensive
review on this subject by Pferschy-Wenzig and Bauer
[224] highlights the many issues that can be underappreci-
ated by consumers who self-medicate on the basis of lim-
ited safety and efficacy data.

The literature for SFN indicates that many researchers
have addressed the various LADME principles, thereby pro-
ducing a more extensive database that is useful for interpret-
ing the dose-response.

9.2. Published Clinical Trials. There are currently over 1900
published papers which appear in a PubMed search using
the term, “sulforaphane” (PubMed accessed February 4th,
2019). However, there is a limited number of clinical trials
utilising either fresh or processed broccoli sprouts
(Table 3). Not all trials quantitatively specify the bioactive
content of the intervention material. As a result, it is difficult
to interpret their findings in a clinical context.

Table 3 illustrates the range of SFN doses used in selected
clinical trials where the endpoint is a common human disease
or a disease biomarker. Although these trials are of short
duration and with small numbers of participants, these data
enhance our understanding of the potential of SFN as a clin-
ical intervention. Although dose forms and study populations
and endpoints are different across the selected trials, a pattern
emerges to show that clinical outcomes are achievable in con-
ditions such as asthma [226] with daily SFN doses of around
18mg daily and from 27 to 40mg in type 2 diabetes [24, 227].

A lower SFN dose of around 9-14mg daily yielded a pos-
itive outcome in the autism study by Singh et al. [228],
whereas H. pylori control was effective with a higher dose
of 30mg SFN daily. Of the available trials, the prostate-
specific antigen (PSA) doubling time after radical prostatec-
tomy selected the higher 60mg daily dose [229].

In considering SFN as a therapeutic intervention, some
important questions to be asked are as follows: “What
quantity of starting material is needed to achieve a micro-
molar concentration which generates a significant clinical
outcome?” “How can a broccoli sprout raw material be
produced which will be consistent in its composition?”
and “Is it possible to produce a broccoli sprout raw mate-
rial that is a practical solution to consumer needs for a
SFN-yielding supplement?”

9.3. The Clinician’s Dilemma in Applying Clinical Trial Data.
Unlike products categorised by U.S. law as “dietary
supplements,” the subgroups of products claiming to be
“nutraceutical supplements” are typically standardised for
their bioactivity; this may require that one or more bioactives
are specified with each batch produced. Of the various avail-
able supplements which list a dried broccoli sprout or seed
ingredient, the label disclosure is both inconsistent and mis-
leading. Products labelled as “extracts” are manufactured
such that GRN is retained as the extract and the myrosinase
enzyme needed to synthesise SFN from its glucoraphanin
precursor is inactivated [54].

A consumer or a clinician intending to select an avail-
able SFN-yielding supplement on the basis of its dose
compared with those used in the peer-reviewed published
clinical trials has, until very recently, had great difficulty
in doing so, given that sprout and seed “extracts” are typ-
ically labelled as containing “sulforaphane glucosinolate,” a
descriptive commercial name that refers to “glucorapha-
nin” [236]. Some conversion of GRN to SFN can occur
in response to metabolism by the gut microflora; however,
the response is inefficient, having been shown to vary
“from about 1% to more than 40% of the dose” [237].

Standardisation of label disclosure to remove inconsis-
tency and ambiguity would greatly assist both clinicians
and consumers in determining the appropriate daily dose
needed to match the doses used in the clinical trials [236].

9.4. Addressing a Conundrum. Because SFN is derived
from a commonly consumed vegetable, it is generally con-
sidered to lack adverse effects; the safety of broccoli
sprouts has been confirmed [238]. Furthermore, a 2018
publication concluded as follows: “it is clear that SFN is
a safe and relatively nontoxic chemopreventive agent and
exerts anticancer activities through multiple mechanisms,
including regulation of Phase I and Phase II drug-
metabolising enzymes, anti-inflammatory activity, cell cycle
arrest, induction of apoptosis, and the epigenetic regulation
on Nrf2-Keap1, cyclins, and CDK” [239].

However, the use of a phytochemical in chemopreven-
tion engages very different biochemical processes when using
the same molecule in chemotherapy; the biochemical behav-
iour of cancer cells and normal cells is very different [240]. As
such, it cannot be assumed that SFN as a chemopreventive
can be appropriately utilised in the context of chemotherapy
where active cancer has been diagnosed.

No discussion of SFN and Nrf2 would be complete
without reference to the fact that both Nrf2 activators
and Nrf2 inhibitors can be utilised in cancer therapy
[241–243]. Cancer cells are able to hijack the Keap1-Nrf2
system via multiple mechanisms leading to enhanced
chemo- and radioresistance and proliferation via metabolic
reprogramming as well as inhibition of apoptosis [241].
One such mechanism is associated with stimulating the
coordinated induction of hepatic Multidrug Resistance
Proteins (MRPs) which are adenosine triphosphate-
dependent transporters that efflux chemicals out of cells.
This ATP-binding cassette family of Phase III detoxifica-
tion transporters (ABC transporters) [244] is involved in
the efflux of numerous endogenous and exogenous chemi-
cals, including chemotherapeutic drugs. MRPs play a key
role in cellular protection by removing xenobiotics, metab-
olites, and endogenous substrates that can accumulate in
tissues and lead to toxicity. The activation of the Nrf2 reg-
ulatory pathway stimulates the coordinated induction of
hepatic MRPs, such that the effective dose of the drug is
reduced [245]; this may include chemotherapeutic drugs.

A clinician may then ask whether it is prudent to con-
sider therapies that activate Nrf2 in the context of a cancer
diagnosis. James Watson, well-known 1962 Nobel Laureate
[246], more recently [247] expressed his concerns about
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the potential risks associated with the use of antioxidant
therapy in promoting cancer progression. Watson ques-
tions whether free radical-destroying antioxidant nutri-
tional supplements may have caused more cancers than
they have prevented [247].

In the same year that Watson published his viewpoint,
Sporn and Liby suggested that, aside from the extensive
literature on the suppression of carcinogenesis by Nrf2
activation, conversely this transcription factor may be
oncogenic and cause resistance to chemotherapy [115].
Their opinion article, they say, is aimed at rationalising
these conflicting perspectives by critiquing the context
dependence of Nrf2 functions and the experimental
methods behind these conflicting data. An important
new concern they suggest is the finding that common
oncogenes, such as KRAS, BRAF, and MYC, all increase
the transcription and activity of NRF2, resulting in an
increase in cytoprotective activity within the cancer cell
[115]. As well, they query the possible effects of Nrf2 poly-
morphisms, suggesting that enhancement of NRF2 activity
(caused by mutations) can protect tumours from the cyto-
toxic effects of reactive oxygen species that are induced by
chemotherapy or that may be produced endogenously by
oncogenic signalling in advanced tumours.

They conclude and rationalise by suggesting that the
effect of Nrf2 activation is largely related to the biological
time context, stating that Nrf2 activity is desirable (for the
host organism) in early stages of tumourigenesis, when the
host is seeking to control premalignant carcinogenesis, but
is undesirable in later stages of tumourigenesis, when it could
make fully malignant cancer cells become resistant to
treatment.

A very recent paper [112] highlights this dual role and its
implications for Nrf2 activation. It suggests that because Nrf2
can modulate the detoxification pathways, its effect on anti-
cancer drugs may lead to chemoresistance and that the
switch between a beneficial and a detrimental role for Nrf2
in cancer cells depends on a number of factors which include
the tight control of its activity. This poses an obvious
dilemma which is already under active discussion and inves-
tigation [113, 115]; SFN and other phytochemicals capable of
modulating Nrf2 form part of such investigation [112].

Until this dilemma is resolved, clinicians recommending
nutraceutical supplements would be wise to avoid coadmin-
istration of any nutraceutical supplement whilst the patient
is undergoing chemotherapy. Even though “Principles of
Care Guidelines” are promoted by an organisation represent-
ing such clinicians, it seems clear from the aforegoing
discussion that there remains insufficient evidence for coad-
ministration of supplements during oncotherapy [248].

That aside, a different line of investigative research has
considered whether a role exists for phytochemicals to be uti-
lised in conjunction with chemotherapy. A number of in vitro
studies using different cancer cell lines have investigated the
potential for SFN (via several mechanisms) to be utilised in
conjunction with chemotherapeutic drugs. The goal of such
studies is to enable higher doses of the drug to be used before
reaching the toxicity threshold of the normal cells [249–255].

In one study as an example of this process, SFN was
shown to reduce the toxicity of the chemotherapeutic drug
cadmium selenide (CdSe) in human hepatocytes by induc-
tion of GSH synthesis at concentrations of 2.5, 5.0, and
10.0μMSFN, thereby protecting the liver against cytotoxicity
and enabling a higher chemotherapeutic dose to be used
[250]. Here, SFN’s effect on GSH concentration exhibited a
linear dose-response; however, it is unlikely that the higher
concentration could be achieved clinically using either diet-
derived or supplemental SFN.

Clearly, there is much to be learned before phytochemi-
cals including SFN [256] can be recommended for patients
with diagnosed cancers, whether or not the patient is under-
going chemotherapy. Even so, the case for the disease-
preventive (including chemopreventive) effects of crucifer-
ous vegetable consumption in general is strong [257, 258]
and the last twenty-seven years have witnessed a growing
body of evidence to support the roles of SFN in disease pre-
vention, especially given its superior potency as a highly bio-
available Nrf2 activator [259–264].

Albeit limited, the available SFN clinical trial data indi-
cate positive outcomes for a number of common human con-
ditions for which the SFN doses are known. Perhaps future
research will more closely focus on its potential effects in
patients with diagnosed cancer with a view to resolving the
current conundrum.

10. Conclusion

Many decades of research have established strong links
between cellular redox and immune imbalances, and the
development of chronic disease and biomarkers associated
with oxidative stress and inflammation have verified the rela-
tionship. However, several large-scale clinical trials to pre-
vent diseases such as T2DM, CVD, and cancer with
antioxidant vitamin supplements failed to demonstrate the
expected prevention and, in some cases, led to worsening of
the biomarkers.

It was not until the discovery of the transcription factor,
Nrf2, in 1994 that it became clear that although an enhanced
redox balance within the cells was required, the antioxidant
vitamins were unable to deliver this. As the understanding
of nutrigenomic principles evolved, it became clear that
plants contained bioactive phytochemicals that were capable
of activating Nrf2; this resulted in the induction of gene
expression that targeted a large battery of the genes associ-
ated with the core upstream cellular defence processes. A
key advantage of using phytochemicals to target Nrf2
upstream is that a potent Nrf2 activator is capable of inducing
hundreds of genes simultaneously.

Of the phytochemicals with Nrf2 inducer capacity,
Brassica-derived SFN is the most potent naturally occurring
biomolecule known at this time. It is not only a potent Nrf2
inducer but also highly bioavailable so that modest practical
doses can produce significant clinical responses. The daily
SFN dose found to achieve beneficial outcomes in most of
the available clinical trials is around 20-40mg. With a potent,
myrosinase-active whole broccoli sprout supplement, these
doses can be attained with just a few capsules daily.
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Other Nrf2 activators such as shown in Figure 6 not only
lack potency but also lack the bioavailability to be considered
as significant intracellular Nrf2 activators. Our understand-
ing of the roles for poorly bioavailable polyphenols in human
health is evolving to one more associated with its interactions
with the microbiota and the uncertain functions of the
metabolites generated by the microbes [55].

Although most of the research on SFN is associated with
its ability to activate Nrf2, it exhibits a range of other effects.
This review has discussed the way in which another tran-
scription factor, NF-κB, which is associated with inflamma-
tory pathways is downregulated by SFN. This dual action of
SFN is especially intriguing in that Nrf2 and NF-κB interact
via their own “cross talk”.

Infection control is another key activity of the immune
system and is closely associated with NF-κB. In this vein,
SFN has been shown to inhibit the H. pylori bacterium, a sig-
nificant gastric cancer risk factor that is prevalent globally.
Since pharmaceutical solutions to H. pylori eradication are
only partially and temporarily effective, the need for a safe,
effective therapy is pressing. SFN has been found to inhibit
and may possibly even eradicate H. pylori in humans via
two separate mechanisms.

This review has explored the issues associated with the
development of a nutraceutical supplement with significant
ability to beneficially influence many of the upstream pro-
cesses associated with core cellular defences; SFN emerges
as a potential candidate of this class. The available dose-
response evidence is promising, albeit limited so that
larger clinical trials will clearly be needed. Even so, the
existing data reveal a dose-response that appear to be rea-
sonably consistent by disease state and tissue type and that
doses of around 20-40mg SFN daily can be provided in
practical dose form quantities. SFN’s primary advantage
over many other phytochemicals lies in its comparatively
high bioavailability together with its capacity to potently
induce Nrf2 target genes.

Has SFN come of age as a clinically relevant nutraceutical
in the prevention and treatment of chronic disease? Perhaps
not just yet; however, the continuing interest in this some-
what novel phytochemical shows no sign of slowing.
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Indigo naturalis (also known as Qing-dai, or QD), a traditional Chinese medicine, has been widely used as an anticolitis regimen in
the clinical practice of Chinese medicine. However, the precise mechanisms behind its efficacy remain unknown. We investigated
the protective effects and associated molecular mechanisms of QD in DSS-induced colitis in mice. We found that QD
administration attenuated DSS-induced colon shortening, tissue damage, and the disease activity index during the onset of
colitis. Moreover, QD administration significantly suppressed colonic MPO activity and increased the activities of colonic
T-SOD, CAT, and GSH-Px, as well the expression of p-AMPK and Nrf-2 in colon tissues of colitic mice. In addition, QD was
capable of reducing the colonic Th1 and Th17 cell cytokines, the frequencies of Th1 and Th17 cells, and the phosphorylation of
p-STAT1 and p-STAT3 in the mesenteric lymph nodes of colitic mice. An in vitro assay showed that QD significantly
suppressed the differentiation of Th1 and Th17 cells. These findings suggest that QD has the potential to alleviate experimental
colitis by suppressing colonic oxidative stress and restraining colonic Th1/Th17 responses, which are associated with activating
AMPK/Nrf-2 signals and inhibiting STAT1/STAT3 signals, respectively. These findings also support QD as an effective regimen
in the treatment of IBD.

1. Introduction

Inflammatory bowel disease (IBD), such as ulcerative colitis
and Crohn’s disease, represents a group of lifelong recur-
rent relapsing-remitting intestinal disorders, which are
associated with gastrointestinal symptoms, such as weight
loss, diarrhea, abdominal pain, internal bleeding, and exten-
sive colonic mucosal and submucosal damage [1, 2]. IBD
patients are being diagnosed worldwide; its in-patient
admission rate is stabilizing at around 0.3% in Western
countries and is rising rapidly in Asia, in parallel with west-
ernization [3]. For example, the in-patient admission rate of

IBD in the Yunnan province of China has risen 19.4-fold
from 1998 to 2013 [4]. With no cure, its high hospitaliza-
tion costs and increasing prevalence place an increased
stress on healthcare systems. Current medical therapies
for IBD focus mainly on inducing remission and preventing
relapse, and aminosalicylates, corticosteroids, thiopurines,
and biological agents are commonly recommended as the
standard treatments for IBD patients [1]. However, these
agents are not very satisfactory and have various side effects
that limit their therapeutic benefits, particularly for long-
term therapy [5]. For example, long-term treatment of ami-
nosalicylates and corticosteroids could induce depression,
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growth retardation, osteoporosis, and hypertension [5]; and
thiopurines such as azathioprine and 6-mercaptopurine
could induce bone marrow suppression, pancreatitis, and
hepatic toxicity [6]. Thus, there is still a considerable need
to improve the treatment of IBD, and significant research
efforts are underway to address this unmet need.

Over the past two decades, the understanding of IBD
pathogenesis has progressed rapidly, but it is still not
completely understood. However, impaired endogenous
enzymatic antioxidants, including superoxide dismutases
(SOD), catalases (CAT), glutathione peroxidases (GSH-Px),
and glutathione reductases (GRx), and the enhanced produc-
tion of free radicals, such as reactive oxygen species (ROS)
and reactive nitrogen species (RNS), are commonly associ-
ated with the development of IBD [7]. Excessive free radical
production results in considerable colonic inflammation.
Clinically, patients with colitis exhibit an overproduction of
ROS, which has a pivotal role in IBD pathogenesis [8]. In
addition, the dysregulation of mucosal CD4+ T cells also
plays a major role in the development of IBD, which impedes
the resolution of inflammation and instead results in disease
perpetuation and tissue injury [9]. CD4+ T cells mainly
contain effector CD4+ T cells such as T helper 1 (Th1),
Th2, Th17, and regulatory T cells (Tregs). Studies have
shown that intestinal immune homeostasis depends on the
regulation and balance of these CD4+ T cell subgroups, and
the deregulated overexpansion and activation of Th1 and
Th17 cells in relation to Tregs can lead to intestinal inflam-
mation, such as IBD [10–12]. Since Th1 and Th17 cells could
secrete large amounts of proinflammatory cytokines such as
IFN-γ, TNF-α, IL-1β, and IL-17, resulting in persistent intes-
tinal inflammation [13], medications that can suppress
colonic oxidative status and inhibit Th1/Th17 responses
would be shown to be clinically effective.

Indigo naturalis (in China, also known as Qing Dai, or
QD), a dark-blue powder, is sourced from the leaves and
branches of various indigo-producing plants, such as
Baphicacanthus cusia (Nees) Bremek, Indigofera tinctoria
L., Isatis indigotica Fort, Polygonum tinctoria Ait, and Strobi-
lanthes cusia (Nees) Kuntze [14]. In traditional Chinese
medicine (TCM), QD has been widely used for treating
various infectious and inflammatory diseases, such as enteri-
tis, carbuncles, eczema, and psoriasis [14, 15]. A recent mul-
ticenter randomized controlled trial and retrospective
observational studies have demonstrated that QD could be
effective in inducing mucosal healing in patients with UC
and intractable UC [16–18]. In addition, we prescribed a
QD-predominant (QDP) herbal medicinal formula to our
out-patients with intractable UC who failed to respond to
treatment with 5-ASA, prednisolone, or infliximab and
achieved a good curative effect [19]. In an animal experiment
model, Kawai et al. revealed that QD was effective in amelio-
rating DSS-induced colonic inflammation, and the mecha-
nism was associated with increasing IL-10-producing CD4+

T cells and IL-22-producing CD3−RORγt+ cells via aryl
hydrocarbon receptor activation [20]. However, it is unclear
whether QD can ameliorate intestinal inflammation by tar-
geting colonic oxidative stress and effector Th1/Th17 cells.
In the present study, we investigate the therapeutic effects

of QD on DSS-induced acute colitis in mice and examine
its regulatory mechanisms on colonic oxidative stress and
effector Th1/Th17 cells.

2. Materials and Methods

2.1. Reagents. DSS (molecular weight: 36,000 to 50,000) was
purchased from MP Biomedicals (Santa Ana, USA).
Dimethyl sulphoxide (DMSO), sulfasalazine (SASP) (purity:
98%), hexadecyltrimethylammonium bromide, hematoxylin,
eosin, and o-dianisidine dihydrochloride were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine
serum, L-glutamine, penicillin, streptomycin, and mini-
mum essential medium were purchased from Invitrogen
(Carlsbad, CA, USA). CD4+CD62L+ T Cell Isolation Kits
were purchased from Miltenyi Biotec (Bergisch Gladbach,
Germany). The fluorescent antibodies CD4, IFN-γ, IL-17A,
FoxP3, and CD3/CD28 were obtained from eBioscience
(San Diego, CA, USA) or BD Biosciences (San Jose, CA,
USA). Antibodies against p-AMPK, AMPK, Nrf-2, p-STAT1,
STAT1, p-STAT3, STAT3, and β-actin were supplied from
Cell Signaling Technology Inc. (Beverly, MA, USA). Recom-
binant mouse IL-12, IL-6, and TGF-β proteins and antibod-
ies IL-4 and IFN-γ were purchased from BioLegend (San
Diego, CA, USA). IFN-γ, IL-17A/F, TNF-α, and IL-1β ELISA
kits were purchased from eBioscience (San Diego, CA). Total
superoxide dismutases (T-SOD), CAT, and GSH-Px colori-
metric activity assay kits were purchased from Jiancheng Bio-
engineering Institute (Nanjing, China). An enhanced
chemiluminescence kit was supplied by GE Healthcare Bio-
Sciences Corp. (Piscataway, NJ, USA).

2.2. Indigo Naturalis. Indigo naturalis (QD) was obtained
from the dispensary of the TCM, Clinical Division, School
of Chinese Medicine, Hong Kong Baptist University, Hong
Kong, which was derived from the herbs of Strobilanthes
cusia (Nees) Kuntze. The authentication and quality control
of QD were performed based on the requirements of the
Chinese Pharmacopoeia [21]. The voucher specimen
(voucher number: TCM-0110-Q01) was stored in the
Research Laboratory, School of Chinese Medicine, Hong
Kong Baptist University, Hong Kong. To identify the compo-
nents in QD, the sample was weighed exactly, ultrasonically
extracted with DMSO, and filtered through a syringe filter
for subsequent UPLC-QTO-MS analysis.

2.3. UPLC-QTOF-MS Analysis of QD. The components in
QDwere identified using the UPLC-QTOF-MSmethod, with
a small change in the composition of the mobile phase [22].
The mobile phase for the analysis of QD consisted of
(A) 0.1% formic acid in water and (B) 0.1% formic acid
in acetonitrile. A linear gradient was optimized as follows
(flow rate, 0.40mL/min): 0–2.5min, 2–5% B; 2.5–10min,
5–35% B; 10–20min, 35–75% B; 20–23min, 75–100% B;
23–26min, 100% B; 26–26.1min, 100–2% B; and 26.1–
30min, 2% B.

2.4. Animals. Seven to eight-week-old male C57BL/6 mice
weighing 20–24 g were purchased from the Laboratory Ani-
mal Services Center, at the Chinese University of Hong Kong.
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The animals were fed a standard rodent diet with free access
to water and were kept in rooms maintained at 22 ± 1°C with
a 12 h light/dark cycle following international recommenda-
tions. All animal procedures and experiments were carried
out according to the “Institutional Guidelines and Animal
Ordinance” (Department of Health, Hong Kong Special
Administrative Region) and approved by the related ethical
regulations of Animal Ethics Committees of Hong Kong
Baptist University.

2.5. Induction of Colitis and Treatment. Colitis was induced
by DSS administration as per our previous description in
[23]. Briefly, the colitis was induced by feeding the mice 2%
DSS drinking water for five days. After five days of DSS
administration, the colitic mice were subjected to a disease
activity index (DAI) test and selected for the investigation.
The colitic mice were randomly divided into the DSS model
group, the SASP-treated group, and the QD-treated groups
with two different dosages. In parallel, a vehicle control group
was set up to receive drinking water without DSS throughout
the experimental period. QD was orally administrated to the
mice, with a dosage of 0.5 and 1 g/kg/day for 7 days according
to the preliminary experiment. SASP was selected as a refer-
ence positive agent, and its dosage was set to 0.20 g/kg/day
according to the literature [24, 25]. SASP and QD were
freshly suspended in 0.5% CMC-Na solution and orally
administered to the mice for seven days. The vehicle-
treated control group and DSS model group received the
same volume of the dosing vehicle.

2.6. Evaluation of Colitis. Body weight, stool consistency, and
stool bleeding were recorded daily. The DAI was determined
by combining the scores for body weight, stool consistency,
and stool bleeding. At the end of the experiment, colonic seg-
ments were excised to measure the length from the ileocecal
junction to the anal verge. Subsequently, colonic tissues were
embedded in paraffin, and 5mm sections were stained with
hematoxylin and eosin (H&E) and scored in a blind fashion
by an experienced pathologist. Colonic MPO activity was
also measured as described in our previous study [23].

2.7. RNA Extraction and Quantitative PCR Analysis. The
total mRNA of the colon tissue was extracted using TRIzol®
(Invitrogen). The cDNA was synthesized using a TaKaRa
RNA PCR Kit (AMV) Ver. 3.0 (TaKaRa Bio Inc., Dalian,
China), and quantitative real-time PCR (qPCR) was detected
using the ABI 7500 Real-Time PCR System, with a SYBR
Green Master Mix (Applied Biosystems, Foster, CA, USA).
Relative quantification of mRNA expression was normalized
with β-actin control and analyzed using the delta-delta Ct
(2-ΔΔCT) method. Primer sequences (forward/reverse)
were listed as follows: mouse β-actin, forward 5′-TGT
CCA CCT TCC AGC AGA TGT-3′ and reverse 5′-AGC
TCA GTA ACA GTC CGC CTA GA-3′; mouse RORγt,
forward 5′-GGA GCT CTG CCA GAA TGA GC-3′ and
reverse 5′-CAA GGC TCG AAA CAG CTC CAC-3′;
mouse T-bet, forward 5′-AGC AAG GAC GGC GAA
TGT T-3′ and reverse 5′-GGG TGG ACA TAT AAG

CGG TTC-3′; mouse IL-17A, forward 5′-TCG AGA
AGA TGC TGG TGG GT-3′ and reverse 5′-CTC TGT TTA
GGC TGC CTG GC-3′; mouse IFN-γ, forward 5′-TGA
GTA TTG CCA AGT TTG AGG TCA-3′ and reverse
5′-CGG CAA CAG CTG GTG GAC-3′; and mouse T-
bet, forward 5′-AGC AAG GAC GGC GAA TGT T-3′ and
reverse 5′-GGG TGG ACA TAT AAG CGG TTC-3′.

2.8. CD4 T Cell Differentiation. Naïve CD4 T cells were puri-
fied using CD4+CD62L+ T Cell Isolation Kits and diluted to
the density of 1 × 106 cells per mL in RPML-1640 medium.
1 × 105 naïve CD4 T cells were seeded per well into a 96-
well plate and stimulated with plate-bound anti-CD3e Ab
(5 μg/mL), soluble anti-CD28 Ab (2μg/mL), and different
polarized conditions, in the presence of indicated concentra-
tions of QD for 72 h at 37°C. To generate Th1 cells, naïve
CD4 T cells were cultured with IL-12 (50 ng/mL) and anti-
IL-4 Ab (1 μg/mL). For generating Th17 cells, naïve CD4 T
cells were cultured with IL-6 (100 ng/mL), TGF-β (2 ng/mL),
anti-IFN-γ (1μg/mL), and anti-IL-4 Ab (1μg/mL).

2.9. Intracellular Staining.Mesenteric lymph node cells from
DSS-colitis mice were collected after the experiment, and
polarized naïve CD4 T cells were first restimulated with
phorbol myristate acetate (PMA, 50 ng/mL) and ionomycin
(500 ng/mL) in the presence of GolgiPlug (BD Biosciences)
for 5 h and then stained with anti-CD4 and IFN-γ or
IL-17A or FoxP3 Ab for 45min after blocking FcR.
Acquisition was performed using FACS, and data analysis
was conducted using FlowJo software (Tree Star Inc.,
Ashland, OR).

2.10. ELISA and Immunoblot. Colon tissues and lymphocytes
were homogenized or lysed in an ice-cold RIPA lysis buffer
(Cell Signaling Technology, Danvers, MA, USA) with a 1%
(v/v) protease and 10% (v/v) phosphatase inhibitor cocktail
(Roche, Basel, Switzerland) and centrifuged at 16,000 g at
4°C for 15min. The supernatants were collected to determine
the concentrations of the cytokines IFN-γ, IL-17A/F, TNF-α,
and IL-1β, as well as the oxidative stress markers T-SOD,
CAT, and GSH-Px, using commercial ELISA kits according
to the manufacturers’ instructions. The protein expressions
of p-AMPK, AMPK, Nrf-2, p-STAT1, STAT1, p-STAT3,
STAT3, and β-actin were analyzed using Western blotting
as described elsewhere.

2.11. Statistical Analysis. The data are presented as mean
value ± standard deviation. Statistical significances were
evaluated using one-way ANOVA, followed by Duncan’s
multiple range tests. GraphPad Prism 5.0 software (Graph-
Pad Software Inc., San Diego, CA, USA) was used for all
calculations, and p < :05 was considered statistically
significant.

3. Results

3.1. Identification of Major Components in QD by UPLC-
QTOF-MS. Under the optimized conditions [26], the major
constituents of QD were well separated and detected within
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30min under positive ESI-MS ion mode (as shown in
supplementary Fig. 1). Table 1 shows that a comparison of
the retention time (tR), mass fragment ions (m/z), and UV
absorption characteristics (lambda max) with those of
chemical compounds in the literature tentatively identified
23 peak signal chemical components.

3.2. QD Ameliorated the Severity of DSS-Induced Colitis in
Mice. In the present study, the therapeutic effect of QD was
assessed in a murine model of DSS-induced colitis. As shown
in Figure 1, oral administration of QD greatly rescued the
body loss (Figure 1(a)), as well as significantly reduced DAI
(Figure 1(b)), a clinical parameter reflecting the severity of
weight loss, rectal bleeding, and stool consistency, compared
to the DSS model group (p < :05 and p < :01, respectively),
which even showed a comparative effect with SASP, a
first-line drug for UC at a dosage of 0.2 g/kg. In addition,
mice with DSS-induced colitis exhibited a shortened colon
length when compared to the control mice. As shown in
Figure 1(c), QD treatment significantly abated the situation
of colon shortening (p < :05) and ameliorated histopatholog-
ical changes such as crypt destruction, epithelial and goblet
cell loss, and inflammatory cell infiltration (Figure 1(d)).
Compared to the DSS model group, QD-treated groups
showed much lower histopathological scores (Figure 1(e)).

3.3. QD Suppressed Colonic Oxidative Status DSS-Induced
Colitis in Mice. Oxidative stress is one of the critical patho-

genic factors for colonic inflammation, and MPO is known
as a promoting agent for oxidative stress. Notably, colonic
MPO activity was drastically increased in DSS-treated mice
compared with the control mice, which was significantly
reversed by QD treatment, as shown in Figure 2(a).
Accordingly, the activities of antioxidative enzymes includ-
ing T-SOD, CAT, and GSH-Px in colon tissues were signifi-
cantly decreased in DSS-treated mice compared with the
control mice. Compared with the DSS group, QD at both
dosages significantly increased the activities of T-SOD
(38:63 ± 5:60 and 35:83 ± 5:60, respectively, vs. 25:14 ±
5:94), CAT (20:09 ± 2:73 and 19:67 ± 2:30, respectively,
vs. 14:90 ± 2:40), and GSH-Px (3:50 ± 0:41 and 3:36 ±
0:38, respectively, vs. 2:75 ± 0:45) in the colon of DSS-
treated mice (Figures 2(b)–2(d)).

3.4. QD Upregulated AMPK and Nrf-2 Activation in the
Colon of DSS-Treated Mice. It has been reported that acti-
vation of the AMPK/Nrf-2 pathway reduces intracellular
ROS levels to prevent cellular oxidative stress damage
[27]. We further examined the effects of QD on the
expression of p-AMPK, AMPK, and Nrf-2 in the colon
of DSS-treated mice. As shown in Figures 3(a)–3(c),
colonic p-AMPK and Nrf-2 expressions were drastically
decreased in DSS-treated mice compared with the control
mice, but QD treatment could significantly reverse those
decreases (p < :05).

Table 1: Main components identified in QD.

Peak tR (min) Assigned identity Molecular formula

1 0.976 Butanedioic acid C4H6O4

2 5.771 Isatin C8H5NO2

3 5.916 2,3-Dihydro-4-hydroxy-2-oxo-1H-indole-3-acetic acid C10H8N2O2

4 6.497 Deoxyvascinone C11H10N2O

5 7.717 10H-indolo [3, 2-b] quinoline C15H10N2

6 8.884 3-(2-Hydroxyphenyl)-4(3H)-quinazolinone C14H10N2O2

7 8.998 10H-indolo[3,2-b]quinoline-11-carboxylic acid amide C16H11N3O

8 9.597 Tryptanthrin C15H8N2O2

9 11.491 Syringin C17H24O9

10 11.902 3-(2-Carboxyphenyl)-4(3H)-quinazolinone C15H10N2O3

11 13.250 Indigo C16H10N2O2

12 14.006 Indican C14H17NO6

13 14.158 Indirubin C16H10N2O2

14 14.640 2-[Cyano(3-indolyl)methylene]-3-indolone C18H11N3O

15 19.153 Octadecanoic acid C18H36O3

16 19.332 Bisindigotin C32H18N4O2

17 20.554 Qingdainone C23H13N3O2

18 20.848 Betulin C30H50O2

19 21.460 Sugiol C20H28O2

20 22.815 Rotenol C23H24O6

21 23.433 Sitosterol C32H53N7O2

22 24.699 Daucosterol C35H60O6

23 26.831 Clerosterol C29H48O

4 Oxidative Medicine and Cellular Longevity



3.5. QD Suppressed the Expression of Th1 and Th17 Cell-
Related Transcription Factors and Cytokines in the Colon of
DSS-Treated Mice. Mice with DSS-induced acute colitis
display a Th1/Th17-characterized cytokine pattern, which

shows some similarities to the cytokine profile of human
IBD [28]. We therefore examined the effects of QD on Th1
and Th17 cell-related transcription factors and cytokines in
the colon of DSS-treated mice. As shown in Figure 4(a), the
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Figure 1: Effects of QD on body loss (a), DAI (b), colon length (c), and histopathological changes (d, e) of mice with DSS-induced colitis.
Colitis was induced in all groups except the control group. QD and SASP were administered to mice from days 6 to 12. The change in
body weight was taken as the difference between the body weight before the induction of colitis and that immediately before sacrifice on
day 13. The DAI was determined by combining the scores for (1) body weight loss, (2) stool consistency, and (3) stool blood. On
day 13, the mice were sacrificed, their colon length was measured, and the colonic tissue damage was evaluated by histopathological
analysis (H&E staining). Data were expressed as mean ± SD (n = 6 – 8). ###p < :001, compared with the control group; ∗p < :05, ∗∗p < :01,
and ∗∗∗p < :001, compared with the DSS model group.

5Oxidative Medicine and Cellular Longevity



mRNA expression of IFN-γ, IL-17A, T-bet, and RORγt was
remarkably induced by DSS. By contrast, the increased
mRNA expression of IFN-γ, IL-17A, T-bet, and RORγt fol-
lowing DSS treatment were significantly decreased after
receiving QD treatment. In parallel, the augmented levels of
proinflammatory cytokines IFN-γ, IL-17A/F, TNF-α, and
IL-1β in the colon of DSS-treated mice were also significantly
suppressed by QD treatment (p < :01) (as shown in
Figure 4(b)).

3.6. QD Reduced the Frequencies of Th1 and Th17 Cells in
Mesenteric Lymph Nodes of DSS-Treated Mice. Since previ-
ous results showed that QD affected the expression of Th1
and Th17 cell-related transcription factors and cytokines in
the colon of DSS-treated mice, we further examined the
effects of QD on the frequencies of Th1 and Th17 cells in
mesenteric lymph nodes. As shown in Figure 5, the fre-
quencies of Th1 and Th17 cells in mesenteric lymph nodes
were remarkably increased after DSS treatment (p < :05
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Figure 2: Effects of QD on MPO, T-SOD, GSH-Px, and CAT activities in colon tissues of mice with DSS-induced colitis. Colitis was induced
in all groups except the control group. QD and SASP were administered to mice from days 6 to 12. On day 13, the mice were sacrificed and the
MPO, T-SOD, GSH-Px, and CAT activities in the colon tissues were measured. Data were expressed as mean ± SD (n = 6 – 8). ##p < :01 and
###p < :001, compared with the control group; ∗p < :05 and ∗∗p < :01, compared with the DSS model group.
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Figure 3: Effects of QD on the expression of p-AMPK, AMPK, and Nrf-2 in colon tissues of mice with DSS-induced colitis. Colitis was
induced in all groups except the control group. QD and SASP were administered to mice from days 6 to 12. On day 13, the mice were
sacrificed and the expressions of p-AMPK, AMPK, and Nrf-2 in colon tissues were measured using Western blots. Data were expressed as
mean ± SD (n = 3 – 4). #p < :05 and ##p < :01, compared with the control group; ∗p < :05, compared with the DSS model group.
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and p < :001, respectively). By contrast, the increased Th1
and Th17 cells were greatly decreased after QD adminis-
tration (p < :05) (Figures 5(a) and 5(b)). However, the
frequency of CD4+FoxP3

+ cells did not show any signifi-
cant changes after the DSS challenge and QD treatment
(Figure 5(c)).

3.7. QD Suppressed p-STAT1 and p-STAT3 Phosphorylation
in the Mesenteric Lymph Nodes of DSS-Treated Mice. STAT1
and STAT3 are the crucial transcription factors for Th1
and Th17 responses, respectively [28]. We thus examined
the effects of QD on the expression of p-STAT1, STAT1,
p-STAT3, and STAT3 in the mesenteric lymph nodes of
DSS-treated mice. Notably, DSS treatment significantly
increased p-STAT1 and p-STAT3 phosphorylation in the
mesenteric lymph nodes of mice, and QD administration
could significantly inhibit their activation (as shown in
Figures 6(a)–6(c)).

3.8. QD Suppressed Th1 and Th17 Cell Differentiation In
Vitro. To further investigate the protective mechanism of
QD against Th1 and Th17 cells, we examined the effects
of QD on Th1 and Th17 cell differentiation. The results
showed that QD at dosages of 250 and 500 μg/mL could
significantly inhibit Th1 and Th17 cells differentiation
(Figures 7(a) and 7(b)).

4. Discussion

Despite the increased incidences of IBD, there is still no cura-
tive therapy for IBD, and current treatments that focus

mainly on relieving symptoms often have little beneficial
effect or unwanted side effects. When concerning the help-
lessness of chemical drugs, IBD patients naturally prefer to
seek help from traditional herbal medicine (THM), since
they believe that the ingredients of THM are all biological,
organic, and natural materials that are mostly harmless to
humans [29]. QD, as one of most famous heat-clearing and
detoxicating THMs, is often prescribed to IBD patients.
Although QD is clinically effective, its action mechanisms
remain unclear. In the present study, we showed that QD
exhibits a potent anticolitis effect in mice with experimental
colitis by suppressing colonic oxidative stress and restraining
colonic Th1/Th17 responses, which are associated with acti-
vating AMPK/Nrf-2 signals and inhibiting STAT1/STAT3
signals, respectively.

It is well known that oxidative stress is a mechanism
underlying the pathophysiology of IBD. With the production
of excessive ROS, the endogenous self-antioxidant defenses
would be overwhelmed, resulting in mucosal disruption
and ulceration with infiltration of massive inflammatory cells
in the colon tissues [7]. MPO is a marker of tissue injury and
neutrophil infiltration, as well as a promoting agent for oxi-
dative stress [30]. Previous studies have well documented
that the increase of MPO is closely linked to the severity of
IBD [23, 30, 31]. In the present study, we found that colonic
MPO activity in DSS-treated mice was drastically increased
compared with the control mice, indicating extensive neutro-
phil infiltration into the colonic tissues. In addition, the infil-
tration of massive inflammatory cells, such as neutrophils
within the mucosa, produced and released a large amount
of ROS in an uncontrolled manner. Highly localized
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Figure 4: Effects of QD on mRNA and protein expression of Th1/Th17-related cytokines and transcription factors in colon tissues of mice
with DSS-induced colitis: (a) mRNA expression of IFN-γ, T-bet, IL-17A, and RORγt; (b) protein expression of IFN-γ, IL-17A/F, TNF-α, and
IL-1β. Colitis was induced in all groups except the control group. QD and SASP were administered to mice from days 6 to 12. On day 13, the
mice were sacrificed and mRNA expressions of IFN-γ, T-bet, IL-17A, and RORγt in the colon tissues were measured using RT-PCR. Protein
expressions of IFN-γ, IL-17A/F, TNF-α, and IL-1β in the colon tissues were measured using ELISA. Data were expressed as mean ± SD
(n = 6 – 8). #p < :05, ##p < :01, and ###p < :001, compared with the control group; ∗p < :05 and ∗∗p < :01, compared with the DSS model group.
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Figure 6: Effects of QD on the phosphorylation of p-STAT1 and p-STAT3 in mesenteric lymph nodes of mice with DSS-induced colitis.
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Data were expressed as mean ± SD (n = 3 – 4). #p < :05 and ##p < :01, compared with the control group; ∗p < :05, compared with the DSS
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concentrations of ROS could attack and inactivate endoge-
nous antioxidant defenses, such as GSH-Px, T-SOD, and
CAT, thus preventing the neutralization of ROS [32, 33].
We also observed a decrease in colonic GSH-Px, T-SOD,
and CAT activities in DSS-treated mice compared with those
in the control mice, which were consistent with previous
reports [32, 34]. Notably, administration of QD significantly
restrained the elevation of colonic MPO activity and
decreased colonic GSH-Px, T-SOD, and CAT activities in
DSS-treated mice. Also, previous studies have revealed that
QD administration significantly suppressed inflammations
by scavenging ROS in UC patients and attenuated the ROS
production from the NSAID-induced mitochondrial alter-
ation in the gastrointestinal epithelial cells [16, 35]. Taken
together, these findings indicate that QD is effective for inhi-
biting oxidative stress and boosting antioxidant defenses.

Recent evidence has indicated that AMPK activation
plays pivotal roles in regulating epithelial functions in
experimental colitis in mice, and activation of the AMPK
pathway reduces intracellular ROS levels to prevent cellular
oxidative stress damage [27, 36]. Nuclear factor erythroid
2-related factor 2 (Nrf-2) was considered important for
protecting against the oxidative stress in cells, which is
regulated by AMPK [27, 37]. Previous studies have
reported a significant decrease in the mRNA and protein
expressions of Nrf-2 and p-AMPK in the colon tissues of var-
ious experimental colitis, showing that reversing the decrease
of Nrf-2 or p-AMPK ameliorates colitis [27, 36, 38, 39]. Our
data demonstrated that DSS treatment significantly
decreased the expression of Nrf-2 or p-AMPK in the colon

tissues, which can be effectively reversed by QD administra-
tion. These results indicate that the antioxidative potential
of QD on DSS-induced colitis was attributed to activating
the AMPK/Nrf-2 signaling pathway.

Excessive effector T cells such as Th1 and Th17 cells are
major players in the disease process, and targeting Th1/Th17
to attenuate the severity of IBD has been well documented
[40]. To mimic this disease in mice, DSS-induced colitis is a
well-established animal model, which displays a predomi-
nant cytokine pattern of a Th1/Th17 type closely resembling
those in IBD patients [28]. Using this model, we found that
QD could greatly suppress the gene expression of Th1
and Th17 cell cytokines IFN-γ and IL-17A and their tran-
scription factors T-bet and RORγt, as well as the produc-
tion of Th1/Th17-related cytokines, namely, IFN-γ, IL-
17A/F, TNF-α, and IL-1β. Moreover, flow cytometric
detection showed that both Th1 (CD4+IFN-γ+) and Th17
(CD4+IL-17A+) cells in mesenteric lymph nodes of DSS-
treated mice and the differentiation of Th1 and Th17 cells
in vitro were significantly reduced after QD treatment.
These results clearly revealed that QD suppresses
Th1/Th17 responses in DSS-induced colitis.

STATs are a family of nuclear proteins mediating the
actions of numerous cytokines. Among them, STAT1 plays
a critical role in the signal transduction pathway of IFN-γ,
which drives Th1 cell differentiation and activation [41],
and STAT3 is a crucial transcription factor for Th17 cell
development and in regulating the production of IL-17A
[28]. Our data demonstrated that the phosphorylation of
p-STAT1 and p-STAT3 in the mesenteric lymph nodes
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of DSS-induced colitic mice was significantly increased
compared with the expression in the control mice. Addi-
tionally, QD could greatly suppress activation of both
STAT1 and STAT3, indicating that suppressing STAT1
and STAT3 activation could contribute to the inhibitory
effects of QD on Th1/Th17 responses.

5. Conclusion

The present study demonstrates that QD exhibits a potent
therapeutic effect on DSS-induced colitis, which may be asso-
ciated with suppressing colonic oxidative stress and restrain-
ing colonic Th1/Th17 responses, which are associated with
activating AMPK/Nrf-2 signaling pathways and inhibiting
STAT1/STAT3 signaling pathways, respectively. These find-
ings support that QD is an effective regimen for the treatment
of IBD.
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Damage accumulated in the genome and macromolecules is largely attributed to increased oxidative damage and a lack of damage
repair in a cell, and this can eventually trigger the process of aging. Alleviating the extent of oxidative damage is therefore
considered as a potential way to promote longevity. SFPS, a heteropolysaccharide extracted from the brown alga Sargassum
fusiforme, has previously been shown to alleviate oxidative damage during the aging process in mice, but whether SFPS could
extend the lifespan of an organism was not demonstrated. Furthermore, the precise component within SFPS that is responsible
for the antioxidant activity and the underlying mechanism of such activity was also not resolved. In this study, SP2, a fucoidan
derived from SFPS, was shown to exhibit strong antioxidant activity as measured by in vitro radical-scavenging assays. SP2 also
improved the survival rate of D. melanogaster subjected to oxidative stress. The flies that were fed with a diet containing SP2
from the time of eclosion displayed significant enhancement in lifespan and reduced accumulation of triglyceride at the old-age
stage. In addition, SP2 markedly improved the activities of the antioxidant enzymes, superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px) and reduced the contents of the malondialdehyde (MDA) and oxidized
glutathione (GSSG) in old flies. Furthermore, SP2 also upregulated the expression levels of the nuclear factor-erythroid-2-like
2 (nfe2l2 or nrf2) and its downstream target genes, accompanied by a dramatic reduction in the expression of kelch-like
ECH-associated protein 1 (keap1, a canonical inhibitor of the Nrf2) in old flies. Additional support linking the crucial role of
the Nrf2/ARE pathway to the antioxidant effect of SP2 was the relatively high survival rate under heat stress for D.
melanogaster individuals receiving SP2 supplement, an effect that was abolished by the inclusion of inhibitors specific for the
Nrf2/ARE pathway. Collectively, the results indicated that SP2, a S. fusiforme fucoidan, could promote longevity in D.
melanogaster by enhancing the Nrf2-mediated antioxidant signaling pathway during the aging process.

1. Introduction

Aging is a time-dependent and gradual decline in the physi-
ological function of an organism, which ultimately results in
diseases and death. It is now well accepted that the cause of
aging and the factors that promote aging are related to genes,
oxidative stress, signaling pathways, and energy metabolism
[1–3]. Although the exact cause of aging is still a controversy,
it is well acknowledged that these factors are interconnected

and they also interact with each other. The concept that oxi-
dative damage can promote aging is well recognized [4, 5].
Cumulative genomic and cellular damages might induce the
time-dependent loss of function in living organisms, and this
is predominantly a result of oxidative damage [4, 6]. How-
ever, the antiaging effect conferred by antioxidants remains
inconclusive, since the extension of lifespan achieved by
long-term consumption of antioxidants such as vitamin E,
vitamin A, beta-carotene, and glutathione (GSH) is not
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consistent among different organisms [7], and in human, an
increase in the mortality has even been observed [8, 9].
Therefore, the strategy of using antioxidant to promote lon-
gevity should be optimized.

Free radicals such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS) are considered as the major
drivers of oxidative damage. These free radicals and the onset
of oxidative damage can be neutralized or alleviated by
detoxifying and antioxidant enzymes such as SOD, CAT,
and GSH-Px, which are transcriptionally regulated by the
Nrf2/ARE signaling pathway [10]. Nrf2 is a transcriptional
factor that plays an indispensable role in the detoxification
and antioxidant systems, and nef2l2, the gene encoding
Nrf2, has even been proposed to act as a longevity gene
[11, 12]. Unsurprisingly, knocking out the nfe2l2 gene in
mice has been shown to dramatically reduce the capacity
of stress resistance and cellular protection, thus accelerat-
ing the aging process [13, 14]. Additionally, Nrf2 is highly
expressed in young mice and naked mole rats [13, 15, 16].
There have been numerous studies showing that activa-
tion of the Nrf2/ARE signaling pathway can slow down the
aging process or ameliorate aging-related diseases [17, 18].
However, more substantial evidence is still needed to confirm
the antiaging effect conferred by the activation of the
Nrf2/ARE signaling.

Sargassum fusiforme is a seaweed that has earned its rep-
utation as a longevity-promoting vegetable in Northeastern
Asia since it can modulate metabolism, strengthen immune
response, and maintain redox homeostasis [19]. Many
studies have shown that polysaccharides extracted from S.
fusiforme possess antioxidant, antitumor, and immunomod-
ulatory activities [19–22]. Our previous studies have revealed
that SFPS, a heteropolysaccharide extracted from S. fusi-
forme, can significantly improve the antioxidant defense
in aging mice by promoting Nrf2-dependent stress resis-
tance and cellular protection [23, 24]. However, whether
SFPS might also extend the lifespans of organisms, in gen-
eral, remains undetermined.

In this study, we screened several fractions of polysaccha-
rides derived from SFPS. The screening procedure combined
in vitro cell-free antioxidant assay with in vivo oxidative-
resistant test. The results suggested that long-term SP2 sup-
plement could significantly prolong the lifespan of D. mela-
nogaster and enhance its antioxidant capacity. Subsequent
experiment further showed that the SP2 could significantly
activate the CncC/Nrf2-mediated antioxidant signaling
pathway, thus enhancing the stress resistance and antiaging
capacity of D. melanogaster. Collectively, the data sug-
gested that SP2 might promote longevity in D. melanogaster
through activating the Nrf2/ARE signaling pathway.

2. Materials and Methods

2.1. Materials and Reagents. Sargassum fusiforme was
harvested from the coast of Wenzhou, Zhejiang Province,
China. L-Rhamnose (L-Rha), D-galacturonic acid (D-GalA),
D-mannose (D-Man), and D-xylose (D-Xyl) were purchased
from China National Institute for the Control of Pharmaceu-
tical and Biological Products. Luteolin, all-trans-retinoic-acid

(ATRA), D-glucuronic acid (D-GlcA), D-glucose (D-Glc),
D-galactose (D-Gal), and L-arabinose (L-Ara) were pur-
chased from Sigma-Aldrich. 1-Phenyl-3-methyl-5-pyrazo-
lone (PMP) was purchased from Major Chemicals Co. Ltd.
(Hangzhou, China). Acetonitrile (HPLC-grade) was obtained
fromMerck (E. Merck, Darmstadt, Germany). Other utilized
chemicals used were of analytical reagent grade.

2.2. Extraction of Polysaccharides from S. fusiforme. Fresh S.
fusiforme was dried to a constant weight and then pulver-
ized to powder, which was then used for polysaccharide
extraction as described previously [23, 24]. In brief, the
powder was initially defatted in 95% ethanol, and then
the heteropolysaccharide SFPS was isolated from the resid-
ual fraction by hot-water extraction and ethanol precipita-
tion. Subsequently, fractionation of SFPS, which involved
CaCl2 precipitation to separate the fucoidan from the algi-
nate, yielded three fractions, designated as SP1, SP2, and
SP3 (Supplementary Figure 1).

2.3. Stress-Induced Survival Rate Assays and Lifespan Assay.
Drosophila melanogaster individuals (male and female) were
maintained at 25°C and 60% relative humidity and under a
12 h light : 12 h dark cycle. According to the gender, the virgin
flies were separated within 8 h after eclosion. They were
reared on basal medium (10.5% cornmeal (w/v), 10.5%
sucrose (w/v), 2.1% yeast (w/v), 1.3% agar (w/v), and 0.4%
propionic acid (v/v)) without or with polysaccharide. Male
flies were randomly divided into four groups, with at least
100 flies per group. One group was reared on basal medium
only (Con group) while the remaining groups were each
reared on basal medium plus 1.6 g/L SP1, SP2, or SP3 for
10 days. After that, the flies were transferred to a medium
containing 5mmol/L paraquat, and the number of dead flies
from each group was recorded every 10h. Lifespan assay: the
lifespan assay was carried out from the time of eclosion to
death. The flies were reared on basal medium without or with
different concentrations of SP2 (0.4 g/L: low concentration of
SP2, LSP; 0.8 g/L: median concentration of SP2, MSP; and
1.6 g/L: high concentration of SP2, HSP). The number of
dead flies from each group was recorded every day until all
the flies were dead. Heat stress-induced survival rate assay
with/without inhibition of the Nrf2/ARE signaling pathway:
to block the Nrf2/ARE signaling, flies were reared on basal
medium containing, in addition to SP2, the chemical inhibi-
tor of the Nrf2/ARE pathway, luteolin or all-trans-retinoic-
acid (ATRA). The flies were divided into five groups: C or
control group (no inhibitor), L1 group (15 μmol/L luteolin),
L2 group (30μmol/L luteolin), A1 group (0.125 g/L ATRA),
and A2 group (0.25 g/L ATRA). The concentration of SP2
used was the concentration that yielded the best antiaging
effect for each sex, as determined from the result of the life-
span experiment. The flies were reared in a 30°C incubator
to provide heat stress, and the number of dead flies from each
group was recorded every day until all the flies were dead. In
addition, another lot of flies were prepared in the same way;
but after 10 days, 15 flies per sample and 3 samples per group
were taken for RNA extraction, whereas 25 flies per sample
and 3 samples per group were used taken for protein
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extraction at a specific time. The RNA and protein samples
were used for subsequent qRT-PCR and antioxidant activity
assays, respectively.

2.4. HPLC Analysis. The molecular weight of SP2 was deter-
mined by high-performance gel-permeation chromatogra-
phy (HPGPC) using a Waters HPLC apparatus equipped
with a TSK-gel G-5000PWXL column (Φ7 8mm × 300mm
ID, TOSOH, Japan) and a Waters 2414 refractive index
detector. The SP2 sample (20 μL of 5mg/mL preparation)
was injected into the column and eluted with 0.2M NaCl
at a flow rate of 0.6mL/min and a column temperature
of 45°C. The molecular weights were estimated by reference
to the calibration curve obtained from the elution of
Dextran T-series standards of known molecular weights.
HPLC was performed with a Hypersil ODS-3 column
(4 6mm × 250mm) using a mobile phase consisting of
83.0% (v/v) phosphate-buffered saline (PBS, 0.1mol/L,
pH6.9) and 17% acetonitrile (v/v). The flow rate was set
at 0.8mL/min, and the eluent was monitored by absor-
bance at 254nm. D-Glc, D-Gal, L-Ara, L-Rha, D-Xyl, D-
Man, L-Fuc, D-GalA, and D-GlcA were used as reference
monosaccharides.

2.5. Fourier Transform-Infrared (FT-IR) Spectroscopy. The
FT-IR spectrum of the SP2 was obtained with a Tensor 27
spectrophotometer (Bruker Daltonics, Ettlingen, Germany).
The SP2 sample was mixed with KBr powder and then
pressed into a 1mm thick disk, which was then used to
obtain the spectrum, recorded in the frequency range of
4000–400 cm−1.

2.6. Detection of Triglyceride (TG) Content. Twenty-five
flies from each experimental group were randomly taken
at a specific time point to determine the content of triglycer-
ide. Triglyceride content was determined by measuring the
concentration of soluble triglyceride. The flies were first
combined and homogenized in normal saline. The homog-
enate was centrifuged at 3000 × g, and the concentration
of TG in the supernatant was measured using a Genzyme
Triglyceride Kit purchased from Nanjing Jiancheng Incorpo-
ration (Nanjing, China).

2.7. Scavenging Activity of DPPH (1,1-Diphenyl-2-
Picrylhydrazyl Radical 2,2-Diphenyl-1-(2,4,6-Trinitrophenyl)
Hydrazyl) Radical. The effect of SP2 on free radical-
scavenging activity was evaluated by measuring the level
of DPPH-scavenging activity using a DPPH-scavenging
assay kit purchased from Nanjing Jiancheng Incorporation
(Nanjing, China). Polysaccharide solution was prepared by

dissolving the polysaccharide powder in distilled water as
previously described [23]. Next, the polysaccharide solu-
tion was added to DPPH reagent (in 95% ethanol) to yield
a final concentration of 0.4, 0.8, or 1.6 g/L, and the reac-
tion mixture was thoroughly mixed by shaking and then
incubated in the dark for 30min at room temperature. After
that, the absorbance of the resulting solution was read at
517 nm against a blank. DPPH radical-scavenging activity
was calculated using the equation: DPPH − scavenging rate
% = 1‐ A1‐A2 /A0 × 100%, where A0 is the absorbance of
the DPPH alone, A1 is the absorbance of DPPH+polysaccha-
ride, and A2 is the absorbance of the polysaccharide only.

2.8. FRAP (Ferric Ion Reducing Antioxidant Power) and
ABTS (2,2′-Azino-Bis(3-Ethylbenzothiazoline-6-Sulfonic
Acid)) Assays. FRAP and ABTS assays were performed using
assay kits purchased from Nanjing Jiancheng Incorporation
(Nanjing, China) but with an additional control consisting
of the sample only to account for the absorbance due entirely
to the polysaccharide [25]. FRAP reagent was prepared by
mixing 300mmol/L acetate buffer (pH3.6) with 10mmol/L
2,4,6-tripyridyl-s-triazine (TPTZ) and 20mmol/L FeCl3 in a
volume ratio of 10 : 1 : 1, while ABTS radical was prepared
by mixing the ABTS solution (7mmol/L) with potassium
persulfate (2.45mmol/L).

2.9. Measurements of the MDA Content and the Enzymatic
Activities of CAT and SOD. Twenty-five flies from each group
were randomly collected at a specific time and then homoge-
nized as one sample. After centrifugation at 3000 × g, the
supernatant was used for MDA, CAT, and SOD assays per-
formed with assay kits purchased from Nanjing Jiancheng
Incorporation (Nanjing, China). The principles of the assay
kits were based on previously described methods [26, 27].

2.10. qRT-PCR Analysis. Total RNA was extracted from
whole flies using the TRIzol reagent. Fifteen flies per sample
and three samples per group were taken for total RNA extrac-
tion. The total RNA extracted from each sample was then
subjected to qRT-PCR analysis using the AffinityScript qPCR
cDNA synthesis kit. The primers for the target genes were
designed based on the sequences retrieved from FlyBase
(http://flybase.org). The sequences of the primers are listed
in Table 1. Quantitative RT-PCR assay was performed in a
Roche LightCycler 480 platform using the SYBR Green II
method. The transcript level of each gene was calculated by
the ΔΔCt method with reference to that of the rp49 gene
and then normalized to the corresponding control group.

Table 1: The sequences of the primers.

Gene FlyBase no. Forward primers (5′-3′) Reverse primers (5′-3′)
cncC FBgn0262975 GTCGCCACTAAAACCGCATC TTGTTCTTTCCACGCCGACG

keap1 FBgn0038475 TACGAAGATAGTGACGCCCC GTGAAAGACGCTGGTGGAGT

ho FBgn0037933 ATGACGAGGAGCAGCAGAAG ACAAAGATTAGTGCGAGGGC

gclc FBgn0040319 GAGCCATTAGTGCCGTTAGT GTCTTTCGTCTTCGTCTTGG

rp49 FBgn0002626 CCCTCTTCCAGCCATCGTTC CCACCGATCCAGACGGAGTA
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2.11. Statistical Analysis. The data were expressed as mean
± SD of, at least, three separate experiments. Statistical
analyses were carried out by two-way ANOVA and Fish-
er’s LSD multiple comparison tests by SPSS 17.0. Differences
among groups were considered statistically significant at the
P < 0 05 level.

3. Results

3.1. The Fucoidan SP2 Exhibits Excellent Antioxidant
Activity. It is well acknowledged that oxidative damage
contributes to aging, and therefore, factors that enhance
resistance to oxidative stress are considered to have antiaging
effects [28–31]. We have previously reported that the SFPS,
an S. fusiforme heteropolysaccharide, possesses antioxidant
activity and shown that it can significantly alleviate aging-
related stresses [23, 24]. However, the active component
of SFPS responsible for the antiaging effect was not further
evaluated. To address this issue, SFPS was fractionated into

three fractions, which were designated as SP1, SP2, and
SP3 (Supplementary Figure 1). SP1 and SP2 were both
fucoidan whereas SP2 was alginate. In order to select the
most promising candidate, the antioxidant capacities of
SP1, SP2, and SP3 were determined by both in vitro and
in vivo methods. SP2 displayed the highest antioxidant
activity as shown by radical- and ion-scavenging activities
(Figures 1(a)–1(c)), in particular, the ABTS clearance rate
of SP2 was twice the rate of SP1 (Figure 1(b)). All three
polysaccharides significantly enhanced the average survival
time of D. melanogaster individuals that were treated with
5mmol/L paraquat to induce oxidative stress. The flies that
did not receive polysaccharide supplement died within 48h
of paraquat treatment. Twenty-four hours after paraquat
treatment, the survival rate of the flies that had been given
SP2 was 70%, whereas those of flies that had been given
SP2 and SP3 were 55.4% and 57.2%, respectively, while flies
that did not receive polysaccharide had a survival rate of
just 39.5% (Figure 1(d)). The results suggested that SP2
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Figure 1: Antioxidant capacity of the different polysaccharides fractionated from SFPS. Antioxidant activity of the polysaccharides was
assayed in three different cell-free systems. (a) DPPH-scavenging activity, (b) ABTS-scavenging activity, and (c) radical-scavenging
activities and Fe2+ reducing. Data are shown as mean ± SD from three determinations. “∗,” “∗∗,” and “∗∗∗∗” indicate a significant
difference at the P < 0 05, P < 0 01, and P < 0 0001 levels, respectively. (d) Fruit flies were randomly collected (100 flies/group) and reared
on basal medium without (control group) or with 1.6 g/L of SP1, SP2, or SP3 for 10 days. Subsequently, the in vivo oxidative resistant
capacity was evaluated by determining the survival rate of the flies following exposure to oxidative stress induced by 5mmol/L paraquat,
given as a diet.
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might be an effective antioxidant, and therefore, it was
chosen for further antiaging assessment.

3.2. Chemical Composition of SP2. The bioactivity of a com-
pound is closely related to its chemical composition and
structure. Therefore, it is vital to explore the structure-
activity relationship of SP2. SP2 was determined to be a
fucoidan with fucose being the major monosaccharide
(52.89%), while sulfate radical, which is a unique modifica-
tion of fucoidan, accounted for about 15.3% (Table 2). SP2
also contained a relatively high content of Xyl (12.1%), Gal
(11.51%), and Glc (11.33%) (Table 2).

3.3. SP2 Promotes Longevity in D. melanogaster. The in vitro
antioxidant activity assay and the in vivo oxidative stress
resistance assay both demonstrated the remarkable antioxi-
dant capacity of SP2. However, the question as to whether
SP2 could promote longevity under normal condition needed
to be addressed. First, the flies were reared, from the time of
eclosion, on media supplemented with different concentra-

tions of SP2. The result revealed a significant increase in life-
span for the flies receiving SP2 supplement (Figure 2,
Table 3). Interestingly, the effect of SP2 on the lifespan of
the flies varied with gender. At a concentration of 1.6 g/L in
the medium, SP2 extended the mean lifespan by about 22%,
but it extended the male lifespan by a maximum of 10%. At
0.8 g/L, SP2 extended the mean lifespan by about 24% and
the female lifespan by a maximum of 10% (Table 3). Further-
more, SP2 also slowed down the accumulation of triglyceride
(TG) in the aging flies (Figure 3). Old flies are known to accu-
mulate high levels of TG because of a significant decline in
their metabolism, and thus, the accumulation of TG has been
considered as an aging index [32, 33]. Our data was therefore
consistent with SP2 having an antiaging effect, which was
clearly demonstrated by its ability to increase the lifespan of
D. melanogaster.

3.4. SP2 Enhances the Endogenous Antioxidant Capacity
of D. melanogaster. Endogenous antioxidant activity is an
important indicator for determining the aging status of an

Table 2: Chemical composition of SP2.

Molecular
weight (kDa)

Sulfate content
(%)

Monosaccharide composition (%)

52.7 15.3
Man Rha GlcA GalA Glc Gal Xyl Ara Fuc

3.50 1.77 1.11 2.61 11.33 11.51 12.10 — 52.89

Notes: Man: D-mannose; Rha: L-rhamnose; GlcA: D-glucuronic acid; GalA: D-galacturonic acid; Glc: D-glucose; Gal: D-galactose; Xyl: D-xylose; Ara: L-
arabinose; Fuc: L-fucose.
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Figure 2: SP2 extends the lifespan of D. melanogaster.Male (a) and female (b) fruit flies were reared on medium containing no SP2 (Con) or
different concentrations of SP2 (0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)); the number of dead flies from each group was counted daily;
n > 250 flies.

Table 3: Effect of the SP2 to the lifespan of D. melanogaster.

Male Female
Con LSP MSP HSP Con LSP MSP HSP

N 291 283 272 275 270 288 281 288

Max. lifespan 80 2 ± 1 2 84 3 ± 3 6 84 5 ± 2 2 88 4 ± 1 9∗ 83 0 ± 1 7 85 1 ± 1 0 91 5 ± 1 1∗ 87 1 ± 2 3
Mean lifespan 58 2 ± 2 5 56 0 ± 3 6 65 3 ± 1 9∗ 71 1 ± 3 0∗ 59 7 ± 1 3 66 9 ± 1 9∗ 74 1 ± 0 9∗ 70 4 ± 0 8∗

Notes: mean ± SD, ∗P < 0 05.
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organism. For example, significant declines in peroxidase
and superoxide dismutase activities have been observed in
aging organisms, from yeast to human [34]. Analysis of the
antioxidant capacity of D. melanogaster over time revealed
an overall decrease in 50-day-old individuals (Figures 4
and 5). Furthermore, the content of MDA in these individ-
uals also increased during the aging process, and the ratio
of GSH/GSSG, commonly used as an oxidant index, was
reduced. In contrast, 50-day-old flies that had been given
SP2 supplement exhibited significant increases in the levels
of SOD, CAT, and GSH-Px activities (Figures 4(a)–4(f)).
SP2 supplement also reduced the content of MDA in these
individuals by as much as 50% and increased the GSH/GSSG
ratio by about two folds (Figures 4(i)–4(l)). Taken together,
these results suggested that SP2 supplement could slow the
decline in antioxidant defense of D. melanogaster during
the aging process.

3.5. Expansion of D. melanogaster Lifespan by SP2 Involves
the CncC/Nrf2/ARE Signaling Pathway. Nuclear factor-
erythroid 2-related factor 2/antioxidant responsive element
(Nrf2/ARE) is one of the most important antioxidant path-
ways that counteract oxidative stress and damage. Nrf2 is
conserved in metazoan, and in D. melanogaster, it is called
CncC. Previous studies have shown that SFPS can upregulate
the Nrf2/ARE signaling pathway to alleviate aging stress in
mice [23, 24]. Whether SP2 might stimulate the Nrf2/ARE
signaling pathway to enhance the lifespan of D. melanogaster
was the focus of this study. First, the mRNA levels of cncC
(nrf2) and its classical inhibitor keap1 in the flies of different
ages were measured. The results revealed a remarkable
upregulation of the cncC, and dramatic downregulation of
keap1mRNA levels in the old flies that had been given mod-
erate (MSP) and high (HSP) concentrations of SP2 supple-
ment (Figures 5(a)–5(d)). The transcriptional activity of
Nrf2 was further determined by measuring the mRNA levels
of its representative downstream target genes: ho and gclc. As
expected, the mRNA levels of these downstream antioxidant

genes were markedly upregulated at the 30-day-old and
50-day-old old stages in both sexes (Figures 5(e)–5(h)).
Collectively, the results suggested that the Keap1/Nrf2/ARE
signaling pathway might be significantly activated by SP2
during the aging process, thereby enhancing the antioxi-
dant capacity of D. melanogaster individuals that had been
given SP2 supplement, with the consequence of extending
their lifespans.

3.6. SP2-Alleviated Heat Stress Depends on the CncC/Nrf2
Signaling Pathway. To validate that SP2 might exhibit anti-
stress effect via the Nrf2-mediated signaling pathway, the
Nrf2/ARE signaling was blocked by the chemical inhibitor,
luteolin or ATRA [35, 36]. In order to accelerate the aging
process, the flies were subjected to heat stress at 30°C. SP2
supplement significantly extended the lifespan of the flies
under heat stress, but this effect was neutralized when the
flies also received luteolin or ATRA in the medium
(Figures 6(a) and 6(b)). Furthermore, the mRNA levels of
the cncC gene and its representative downstream target
genes, ho, cat, and gclc, in flies that were given just SP2
supplement were significantly upregulated compared with
the control (no SP2 supplement) but declined relative to
the control when the flies received both SP2 plus luteolin or
ATRA (Figures 6(c)–6(f)). The effect of SP2 on stress resis-
tance, therefore, appeared to be largely dependent on the
CncC/Nrf2/ARE signaling pathway.

3.7. SP2 Has No Significant Effect on Body Weight. To inves-
tigate whether SP2 might affect food intake or trigger calorie
restriction in fruit flies, the body weights of the flies given SP2
supplement were compared with those not receiving SP2.
SP2 appeared to increase the body weights of the flies as
measured at 10, 30, and 50 days, but the increases were
not significant for both male or female groups (Figure 7).
This suggested that SP2 did not restrict the food intake in
D. melanogaster.
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Figure 3: SP2 decreases the accumulation of triglyceride (TG) in D. melanogaster during the aging process. The flies were supplemented with
varied concentrations of SP2 (0 (Con), 0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP), and the contents of soluble TG in the male (a) and
female (b) flies of different ages were then measured. Data are shown as the mean ± SD from three determinations, each used the extract
obtained from 25 flies. “∗” and “∗∗” indicate a significant difference at the P < 0 05 and P < 0 01 levels, respectively.
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Figure 4: Continued.
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4. Discussion

The use of Sargassum fusiforme by Traditional Chinese Med-
icine to treat thyroid diseases and as a health maintenance

agent was first recorded in the ancient pharmaceutical
book Shennong Bencaojing, but information concerning
the effective components and the related mechanisms is still
lacking. S. fusiforme has even been regarded as a longevity-
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Figure 4: SP2-supplemented diet slows down the decline in the antioxidant capacity of D. melanogaster during the aging process. The fruit
flies were reared on a medium containing no SP2 (Con) or different concentrations of SP2 (0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)),
and their antioxidant capacity was analyzed at different ages. SOD activity (a, b); GSH-Px level (c, d); CAT activity (e, f); CSSG content (g, h);
MDA content (i, j), and GSH/GSSG (k, l). The antioxidant capacity was determined for both male flies (a, d, e, g, i, and k) and female flies (b, d,
f, h, j, and l). Data are shown as mean ± SD from three determinations, each used the extract obtained from 25 flies. “∗,” “∗∗,” and “∗∗∗”
indicate a significant difference at the P < 0 05, P < 0 01, and P < 0 001 levels, respectively.
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Figure 5: Continued.
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promoting vegetable because it helps to modulate metabo-
lism, strengthen immune response, and maintain redox
homeostasis [19]. However, the claim that it promotes lon-
gevity has not been supported by any direct evidence, despite
numerous studies demonstrating that extracts prepared from
S. fusiforme, which contain predominantly polysaccharides,
have different biological activities, such as antitumor and
antioxidant activities [20–22]. We have previously reported
that the heteropolysaccharide SFPS extracted from S. fusi-
forme can enhance resistance to oxidative stress and even
ameliorate the aging process in mice [23, 24]. However,
there was no evidence to prove that S. fusiforme can extend
the lifespan of an organism. In this study, we showed that
the fucoidan SP2, which was extracted from SFPS, could
markedly prolong the lifespan of D. melanogaster, and to
the best of our knowledge, this could be the first direct evi-
dence to support the claim that S. fusiforme is a longevity-
promoting vegetable.

We have integrated in vitro and in vivo antioxidant assays
to screen for a promising antiaging candidate from among
the different fractions extracted from SFPS. Initial tests
revealed SP2 to be a promising candidate, as it exhibited
the best antioxidant activity and gave the highest survival rate
when fed to the flies (Figure 1). SP2 was therefore chosen for
further study to examine its longevity-promoting effect.
Indeed, SP2 could increase the lifespan of the flies, further
supporting its role as a longevity-promoting polysaccha-
ride (Figures 2 and 3). Although the integrated screening
method described in this study was robust, the extent of
its validity and practicality may require further study, as the
in vitro antioxidant assay may simply depend on a redox
reaction, while the in vivo antioxidant assay depends on both
nonenzymatic antioxidant and enzymatic systems. Previous
studies that attempted to evaluate the antiaging effect of some

antioxidants such as vitamin C, vitamin E, and β-carotene
did not produce conclusive. Good consistency in antioxi-
dant capacity between in vivo and in vitro assays was
obtained for SP2 (Figure 1). Therefore, regardless of the
extent of application for this antiaging screening, the data
gathered for SP2 alone indicated that at least, our integrated
method might provide a feasible and effective screening
approach for other polysaccharides derived from brown alga,
which might have the ability to slow down aging caused by
oxidative damages.

It is worth noting that we merely provided one evidence
of a promising antiaging compound based on its strong anti-
oxidant activity. However, aging is a complex process that
also correlates with the downregulation of metabolism and
protection of cellular components against internal or external
inflicted damage [37]. A decrease in antioxidant capacity and
an accumulation of TG have been suggested as the hallmarks
of aging [38]. The content of TG decreased significantly in
50-day-old flies but increased slightly in 10-day-old flies
when the flies were given SP2 supplement (Figure 3). This
suggested that SP2 significantly promoted metabolism
during the aging process and yet exerted no negative impact
on development in young flies. The activities of SOD, GSH-
Px, and CAT and the contents of MDA and GSH are usually
used to provide a comprehensive assessment of the antioxi-
dant capacity of an organism. SP2 supplement significantly
upregulated the levels of SOD, CAT, and GSH-Px activities
in the aging flies but downregulated the content of MDA
and the ratio of GSSG/GSH in these flies (Figure 4). Intrigu-
ingly, SP2 did not interfere with the redox balance in 10-day-
old flies but comprehensively slowed down both the decline
in antioxidant capacity and the increase in oxidative stress
in 30-day-old and 50-day-old flies (Figure 4). In addition,
the lack of statistical significance in body weight increase
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Figure 5: SP2 supplement upregulates the Keap1/CncC/ARE signaling pathway in aging flies. Fruit flies were reared on basal medium
containing no SP2 (Con) or different concentrations of SP2 (0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)) over 50 days. The flies were
taken at different time intervals, and the mRNA levels of the representative genes (cncC, keap1, gclc, and ho) of the Keap1/CncC/ARE
signaling pathway were measured by qRT-PCR using the rp49 gene as the reference gene. (a, b) cncC, (c, d) keap1, (e, f) gclc, and (g, h) ho.
The expression levels of the genes were evaluated by the ΔΔCt method and normalized to those of the corresponding control. Data are
shown as mean ± SD from three determinations, each used the RNA extracted from 15 flies. “∗,” “∗∗,” and “∗∗∗” indicate a significant
difference at the P < 0 05, P < 0 01, and P < 0 001 levels, respectively.
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for the flies given SP2 supplement compared with their con-
trol counterparts suggested that long-term SP2 supplement
could significantly restore the loss of antioxidant capacity in

D. melanogaster during the aging process without having
any significant effect on growth (Table 3), and this applied
to both male and female flies.
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Figure 6: SP2-mediated stress-resistant effect in fruit flies is dependent on the CncC/Nrf2/ARE signaling. Fruit flies were reared on medium
containing no SP2 (Con) or different concentrations of SP2 (0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)) without and with all-trans-
retinoic-acid (A1, 0.125 g/L; A2, 0.25 g/L) or luteolin (L1, 15 μmol/L; L2, 30μmol/L), and the survival rates of the flies were determined.
(a) Survival rate of male flies; (b) survival rate of female flies. In addition, samples of the flies were also taken after 10 days of treatment,
and the transcript levels of cncC (c), cat (d), ho (e), and gclc (f) were then measured by qRT-PCR using the rp49 gene as a reference gene.
The expression levels of the genes were evaluated by the ΔΔCt method, and then normalized to those of the corresponding control. Data
are shown as mean ± SD from three determinations, each used the RNA extracted from 15 flies. “∗,” “∗∗,” and “∗∗∗” indicate a significant
difference at the P < 0 05, P < 0 01, and P < 0 001 levels, respectively.
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Aging is also a process of time-dependent decline in
function, with cumulative damage in biomacromolecules
and downregulation of cellular defense and damage repair.
This is reminiscent of the expression pattern of Nrf2, a cru-
cial stress regulator in the aging process, which is downreg-
ulated in aging organisms [18, 39], although the expression
starts to decrease from the middle-age stage [23]. Defect in
Nrf2 can result in a decline of stress resistance and hence a
shortened lifespan [13, 14]. Thus, it is of great importance
to show whether reversing the decline of the Nrf2 expression
would slow down the aging process. It has been validated
that upregulation of the Nrf2 expression, either by genetic
manipulation or by pharmacological interference, can signif-
icantly ameliorate the extent of aging-related diseases and/or
retard the aging process [25, 28, 29, 40–42]. In flies given
SP2 supplement, significant upregulation in the expression
of cncC and its downstream target genes (gclc, cat, and ho)
occurred, which further promoted stress resistance and
longevity (Figures 2–5). Conversely, the stress-resistant
effect of SP2 was dramatically repressed by inhibitors of the
CncC/Nrf2/ARE signaling, such as trans-retinoic-acid and
luteolin (Figure 6). Although our data have clearly demon-
strated the involvement of CncC/Nrf2/ARE signaling in
enhancing lifespan, other anti-stress-related signaling path-
ways should not be excluded, since these inhibitors might
also act on other genes or their products. Nevertheless,
the data did indicate that the Nrf2/ARE signaling pathway
plays pivotal roles in antiaging, and targeting this pathway
would be a promising approach for the screening of anti-
aging compounds [43, 44].

However, it must be stressed that the ectopic expres-
sion of Nrf2 in an organism can adversely affect its devel-
opment [45]. For example, constitutive activation of the
Nrf2 gene induces hyperkeratosis in the esophagus and
forestomach, leading to postnatal lethality [46]. It is also
fatal to overexpress Nrf2 during embryonic development,
as Nrf2 also modulates decisions concerned with the fate
of the cell [47, 48]. Therefore, spatiotemporal manipula-
tion of Nrf2 should also be considered. Intriguingly, under

normal condition, SP2 did not seem to influence the over-
all antioxidant capacity and CncC/Nrf2/ARE signaling
pathway at the young-age stage of the flies (Figures 4
and 5), suggesting that it might have no adverse effects
on postnatal development and growth. Though the under-
lying mechanism requires further study, this could be an
important property of SP2 when carrying out future anti-
aging development.

An increasing number of studies suggest that polysaccha-
rides from other sources such as mushroom, hemp seed,
and okra can also upregulate the Nrf2/ARE signaling thus
ameliorating oxidative damages, aging, diabetes, and other
aging-related diseases [49–51]. In addition to S. fusiform
fucoidan, the fucoidans from other algae have also been
shown to enhance the Nrf2/ARE signaling, which can ame-
liorate liver injury and neurodegenerative diseases [52, 53].
However, the underlying mechanism by which polysaccha-
rides upregulate the Nrf2/ARE signaling pathway remains
unclear. It is possible that the bioactivities of polysaccharides
may be intensively related to their molecular structures,
which are determined by the molecular weight, chemical
modification, monosaccharide composition, linkage types,
and chain conformation of the polysaccharides. Fucoidans
consist of a group of certain fucose-containing sulfated
polysaccharides, which have been reported to possess many
biological activities, including immunomodulatory, anti-
inflammatory, antitumor, antioxidation, antivirus, and anti-
coagulant activities [54, 55]. However, the precise structure-
activity relationships (SAR) for these polysaccharides remain
largely undetermined. A fucoidan usually has a backbone of
(1→ 3)-linked or (1→ 3)- and (1→ 4)-linked α-L-fucopyra-
nosyl but also contains sulfated galactofucans, glucuronic
acid, glucose, or xylose at different locations and to different
extents [56]. Relatively high contents of xylose (12.10%),
galactofucans (11.51%), and glucose substitutions (11.33%)
were found in SP2 (Table 2), and this might be crucial for
its antioxidant and antiaging functions. Thus, future study
should focus on the relationship between monosaccharides
and their bioactivity in oxidative aging.
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Figure 7: Effect of SP2 on D. melanogaster body weight. Body weights of male (a) and female (b) flies at different ages and reared on medium
without (Con) or with different concentrations of SP2: LSP (0.4 g/L), MSP (0.8 g/L), and HSP (1.6 g/L). Data are shown as mean ± SD from
three determinations, each based on 10 flies.
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Polysaccharides administered via diets would not be
directly absorbed by the small intestine [24, 57, 58], and thus,
their biological effects in the organisms are thought to be
associated with their roles in modulating gut environment
[59]. For this reason, we speculated that SP2 might modulate
the gut environment of D. melanogaster, but confirmation of
this aspect, including the elucidation of the relationship
between microbiota composition and the structure of the
SP2, will be a subject of further investigation.

5. Conclusion

We have optimized an effective method for screening the
antiaging property of polysaccharides by integrating in vitro
antioxidant screening and in vivo antioxidant resistance
assay. Based on this method, SP2, a fucoidan extracted from
the S. fusiforme heteropolysaccharide SFPS, was shown to
have longevity-promoting activity. SP2 significantly activated
the Nrf2/ARE signaling pathway, hence slowing down the
decline in antioxidant defense capacity of D. melanogaster
and increased its lifespan. This study has provided direct evi-
dence of a longevity-promoting polysaccharide and revealed
the worthiness of further research into SP2 as a health
supplement.
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Chrysanthellum americanum L. (Vatke) is a medicinal plant from the Compositae family used in west-African traditional medicine,
known for its flavonoid and saponin richness and for its strong antioxidant potential. In the present study, we assessed the effects of
Chrysanthellum americanum polyphenolic extract in the psychological stress-induced rat model of irritable bowel syndrome (IBS),
a chronic functional digestive tract disorder marked by immune and inflammatory-related disturbances of central nervous and
peripheral intestinal systems, which is often associated with mood disorders including depression and anxiety. Consequently,
memory impairment, anxiety and depression behavioral indicators, and cerebral oxidative stress biomarker dynamics were
evaluated in a multifactorial heterotypic stress-exposed IBS rats after 6-day gavage with polyphenolic C. americanum extract
(100mg/kg body weight). Y-maze, elevated plus maze, and forced swimming tests were used for assessing behavioral responses.
Administration of the extract exhibited significant anxiolytic and antidepressant-like effects coupled with significantly increased
temporal lobe antioxidant enzyme specific activity (superoxide dismutase and glutathione peroxidase) and decreased
malondialdehyde levels, a well-known lipid peroxidation marker. Furthermore, linear regression statistical analyses showed
significant correlations between the oxidative stress parameters and behavioral tests. In conclusion, our results suggest that the
administration of Chrysanthellum americanum polyphenolic extract could ameliorate mood and cognitive disturbances related
to stress-induced in an IBS rat model. This could be also related to cerebral oxidative stress status attenuation.

1. Introduction

Irritable bowel syndrome (IBS) is a functional digestive dis-
order characterized by abdominal pain, bloating, and stool
irregularities marked by diarrhea, constipation, or recurrent
passage from one state to another [1], without any apparent
abnormal structural lesions or biochemical modifications.
The worldwide prevalence of IBS in adults as estimated by

several meta-analyses was reported to be around 10-20%,
although varying largely from country to country [2], with
1.5 higher odds ratio for women [3].

When considering pathogenesis of IBS, heterogeneity is
the main feature of the multiple triggering factors contribut-
ing to the characteristic symptoms: genetic susceptibility,
acute gastrointestinal infections, gut microbiota alterations,
activation of the gut immune system, inflammatory changes,
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dysregulation of the brain-gut axis, abnormal gut motor, and
sensory functioning [4–7]. Psychological stress represents
also a major factor in IBS symptom occurrence, as the dys-
regulation of the hypothalamic-pituitary-adrenal- (HPA-)
axis response under excessive or prolonged stress induces
visceral hyperalgesia, altered colonic motility, and intestinal
transit in both healthy humans and animals [8]. Interactions
between immune system and stress response appear to be one
of the underlying mechanisms in the IBS outbreaks [9, 10], as
shown in some studies highlighting activation of intestinal
mucosal mast cells and other inflammatory mediators under
chronic stress [11, 12], while all the more low-grade inflam-
mation or immune activation (e.g., increase in the number
of mast cells and lymphocytes, cytokine-related alterations)
is more frequently reported in IBS patients than in healthy
controls [13]. The corticotropin-releasing factor (CRF) fam-
ily of peptides seems to be involved in the activation of
inflammatory responses: urocortin was found to significantly
induce the activation and degranulation of rat lung mast cells
through CRF-R1 receptors with subsequent rapid release of
inflammatory mediators [10, 14].

Similarly, it was shown that stress exposure could lead to
gut microbiota alterations. In this way, beneficial probiotic
bacteria such as Lactobacillus sp. reduction and gram-
negative pathogenic bacteria such as Escherichia coli and
Pseudomonas overgrowth, epithelial adherence, and mucosal
uptake were well documented [15, 16]. Thus, gut microbiota
dysbiosis could play an important role in IBS pathogenesis
[15]. An experimental study found exaggerated HPA stress
response in germ-free mice vs. gnotobiotic mice, which was
reversed by reconstitution with Bifidobacterium infantis,
while in contrast, monoassociation with enteropathogenic
Escherichia coli enhanced the response to stress [17].

Although a certain predominant cause may stand out, in
the pathophysiology of IBS, subsequent interplay of codepen-
dent factors would lead to manifestation of similar symptom-
tology [18]. Psychological stress seems to play a pivotal role
in these interactions including activation of the mucosal
immune system, disturbance of intestinal function (not
uncommonly) accompanied by inflammatory process, and
dysbiosis by impacting the pathways on the brain-gut axis
(e.g., activating the HPA axis, via the vague nerve, various
neuroendocrine agents) that link the “central nervous sys-
tem, peripheral neurons, and gastrointestinal microbiota”
[9, 19]. Disturbance of the brain-gut axis is encountered in
other psychiatric disorders, such as the mood disorders,
anxiety, depression [20, 21], and autism [22]; furthermore,
mood disorders, which are stress-related disorders, are
comorbid at least in 40-60% IBS patients [19]. These facts
constitute the rationale for the current use of stress expo-
sure, under a variety of approaches (neonatal and early life
stress, chronic stress, acute stress, multifactorial stress etc.)
in developing animal models of IBS, which also is the case
of this study.

A few recent studies indicate that oxidative stressmay also
be a contributing factor in the pathogenesis of IBS [23, 24].
Thus, it is noticed in numerous metabolic disorders that
under inflammatory circumstances, immune cell activation
leads to reactive oxygen species (ROS) generation at the site

of inflammation, with a potential subsequent mutual amplifi-
cation of the two processes [25–29].

Furthermore, intestinal microbiota, commensal and
pathogenic, particularly under dysbiotic circumstances, con-
tributes to the generation of ROS by stimulating the cellular
response of phagocytic cells (neutrophils, macrophages) as
well as of other cell types, including intestinal epithelia, in
response to microbial signals and metabolic products [30].

Moreover, clinical and experimental studies concerning
oxidative stress IBS brought consistent evidence that nitrosa-
tive and oxidative products could also contribute to IBS path-
ogenesis. In this way, human clinical studies showed
increased nitric oxide synthase (NOS) activity and increased
nitric oxide levels [31] which together with decreased antiox-
idant capacity could lead to increased lipid peroxidation as
shown by [23]. Regarding antioxidant enzymes, decreased
superoxide dismutase, catalase, and glutathione peroxidase
activities were described for IBS patients, as compared to
the healthy controls [32, 33]. These observations were also
confirmed by IBS animal model studies of oxidative stress
implication description as significantly increased lipid perox-
idation and reduced antioxidant defense in intestinal tissues
of several IBS rat models [5, 34].

Currently, no curing treatment for IBS has been identi-
fied, and management of the disorder is aimed at relieving
the different symptoms, using various pharmaceutical
drugs, such as loperamide, probiotics, anticholinergics and
antispasmodics, tricyclic antidepressants, antibiotics, or psy-
chological therapies—cognitive behavioral therapy, hypno-
therapy etc. [35–38]. Curing the disorder should rather be
targeted towards a more inclusive and personalized lifestyle
improvement [35]. In seeking valid solutions for a more
encompassing approach, natural herbs and plants can have
the potential to provide new compounds of therapeutical
agents, without side effects.

Chrysanthellum americanum L. Vatke is a small erect or
less prone herbaceous plant with very few leaves and yellow
flowers belonging to the Asteraceae family, commonly found
throughout tropical Africa and America [39]. This aromatic
plant is used in Burkina Faso and Central African traditional
medicine in the treatment of fever, hepatitis, jaundice, and
dysentery [40] but is also well-known in herbal medicine
research area. The bioactive compounds identified in the
C. americanum extract are known to possess antioxidant,
P-vitamin, and antilithiasis remarkable properties [40, 41].
Most of the therapeutical properties of C. americanum
extracts are attributed to the saponins (chrysanthellin A
and B) and flavonoids (luteolin 7-O-glucoside, eriodictyol
7-O-glucoside, isookanin 7-O-glucoside or flavonomarein,
okanin 4′-O-glucoside or marein, and maritimetin 6-O-
glucoside or maritimein) [42]. The psychoactive principles
found in the methanolic extract from the plant were referred
to be able to cross the blood-brain barrier and have potential
in the treatment of epilepsy and psychosis [43–45].

In vitro assay of crude and polyphenolic C. americanum
extract effects on liver tissue studies showed lipid peroxida-
tion inhibitory activities similar to quercetin, a commonly
used antioxidative standard in biochemical determinations
[46]. Hence, considering the antioxidative properties and
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the protective effects on the nervous system [47] and its tra-
ditional use for good digestion, we decided to investigate the
effect of a hydroethanolic extract of C. americanum on the
memory processes, anxiety, and depressive-like behavior of
a rat model of chronic stress-induced IBS and the influence
on the brain oxidative stress marker dynamics.

2. Materials and Methods

2.1. Plant Material and Extraction. Chrysanthellum ameri-
canum L. Vatke whole plants were collected during August
2014 in Loumlila, 15 km north of Ouagadougou, capital of
Burkina Faso. The plant was identified by Prof. Millogo-
Rasolodimby from the Vegetal Biology Department of the
University of Ouagadougou. A voucher specimen (ID-
10474) was deposited at the Herbarium of the Laboratory
of Vegetable Biology and Ecology of the University of
Ouagadougou.

The whole plant was dried at room temperature and
ground to fine powder. Seventy-five gram of this powder
was macerated during 48 hours with mechanical stirring
using 750mL of aqueous ethanol (80% v/v) in laboratory
conditions. Following this, extract solutions were concen-
trated under reduced pressure in a rotary evaporator
(BÜCHI, Rotavapor R-200, Switzerland) at approximately
40°C, frozen and lyophilized using a lyophilizer (Telstar-
Cryodos 50, Spain). The obtained aqueous ethanol extracts
(crude extract) were fractionated in solvents of increasing
polarity (dichloromethane, ethyl acetate, butanol, and water
residuals). Butanol fraction (polyphenol extract) was dried
and weighted before packed in waterproof plastic flasks
and stored at 4°C until use. The yields of crude aqueous
ethanol extract and polyphenol extract were 8.00% and
6.22%, respectively.

Dry polyphenolic extract dissolved in physiological saline
(0.9mg/mL) was used for animal treatments.

2.2. Animals. Twenty-four female white Wistar rats weighing
200 ± 18 70 g at the start of the experiment were used. The
animals were housed in a temperature and light-controlled
room (20°C, 55–60% relative humidity and light-dark cycle
of 12 h cycle starting at 08:00 AM). The animals were habit-
uated for one week following their arrival before the stress
paradigm was initiated. Food and water were provided
ad libitum except for two 24-hour periods when food or
water deprivation stress was applied. Rats were treated in
accordance with the guidelines of animal bioethics from
the Act on Animal Experimentation and Animal Health
and Welfare Act from Romania, and all procedures were
in compliance with Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on
the protection of animals used for scientific purposes.

2.3. Chemicals. To carry out our activities, we used analytical
grade solvents and various classic reagents. Ethyl acetate and
2-thiobarbituric acid were purchased from Sigma-Aldrich
(Steinheim, Germany); potassium persulfate, 2,2′ azino-
bis(3-ethylbenzothiazoline 6-sulphonate), and trichloroace-
tic acid were supplied by Fluka Chemie (Buchs, Switzerland);

dichloromethane, ferric dichloride, and ethanol were sourced
from Probalo (Paris, France); butanol was sourced from SDS
(Peyin, France). For cerebral tissue oxidative stress bio-
markers, we used the spectrophotometric SOD Assay Kit
(Fluka Chemie), GPX cellular activity assay kit CGP-1
(Sigma Chemicals), trichloroacetic acid 50%, and thiobarbi-
turic acid 0.73%.

2.4. In Vivo Experiments

2.4.1. Irritable Bowel Syndrome Induction. In order to induce
the IBS symptoms to rats, we used a combined multifactorial
heterotypic chronic and subchronic stress-exposure para-
digm, as described with some variations by previous studies
in the literature [48, 49]. For the current experiment, we
adapted the method by using an original combination of
stressors in order to optimize the protocol and reduce the
time of exposure, which we presented previously [50]: thus,
the IBS groups were exposed each day to two stress factors
for a relative short period of only seven days. First stressor
was constantly used each morning and succeeded by a sec-
ond stress factor that differed daily in order to minimize
habituation. IBS-modeled rats were exposed to one-hour
water avoidance stress during the first half of the day, for
the entire week; the standard procedure consists in placing
the rat on a small platform (8 × 6 cm) in the middle of a
small plastic basin filled with warm water (25°C) at the
height level of the platform [51]. Control group rats were
placed on the same platform but in a waterless container
for 1 hour. Six hours after the water avoidance stress para-
digm, the IBS group was exposed to one of the six different
stressors for each of the last six days of the protocol: (1)
predator sound exposure for 5 minutes, (2) water depriva-
tion for 24 hours, (3) imitation of an abdominal injection,
(4) tilted cage in a 45° angle for 12 h, (5) painful tailpinch
with a clothespin for two minutes, and (6) food deprivation
for 24 hours [48]. Behavioral tests were conducted between
the interval 10:00 AM and 16:00 PM, following the stress
exposure period, the extract administration period and
one additional day for rest. The administration of the poly-
phenolic extract of C. americanum was carried out by oral
gavage for five consecutive days, beginning in the last two
days of the stress exposure protocol and continuing three
days afterwards.

2.4.2. Experimental Design. The rats were divided into four
groups (n = 6 animals per group): (1) the control group
received physiological saline (2.5mL/kg body weight) con-
secutively for six days; (2) the extract-treated group received
C. americanum polyphenolic extract (100mg/kg body
weight) for six days consecutively; (3) the IBS group received
physiological saline (2.5mL/kg body weight) two days during
and four days after rats were exposed to multifactorial stress
paradigm; (4) the IBS-extract (IBS-E group) group received
C. americanum polyphenolic extract (100mg/kg body
weight) two days during and four days after rats were
exposed to multifactorial stress paradigm.

Physiological saline (0.9mg/mL) and dry polyphenolic
extract dissolved in physiological saline were used, and all
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treatments were carried out using intragastrically adminis-
tration by oral gavage on an empty stomach, one hour before
any stress exposure paradigm.

2.4.3. Behavioral Assessment

2.4.3.1. Y-Maze Task. For assessing short-term memory
modifications, we used the reliable Y-maze task, as described
in a previous study [52]. The spontaneous alternation per-
centage, defined by the consecutive entries into all three arms
of the maze, was analyzed as the behavioral marker to reflect
spatial working memory.

2.4.3.2. Elevated Plus Maze Task (EPM). Anxiety-like behav-
ior was assessed in the EPM paradigm which was also
described in our previous study from 2018 [52]. Rats were
placed at the juncture of the open and closed arms, and the
amount of time spent on the open arms was recorded during
a 5min test. Besides time spent in the open arms, head-
dipping behavior, time of grooming, and periods of freezing
were recorded for assessing anxiety.

2.4.3.3. Forced Swimming Test (FST). The antidepressant
effects of the polyphenolic extract of C. americanum on rats
with IBS were assessed using the method described by [53],
but with some modifications: rats were individually placed
into transparent glass cylinders (diameter 30 cm, height
59 cm) containing 25 cm of water at 24 ± 1°C and were let
to swim for a 6-minute period. During the last 4 minutes of
the swimming session, the following behavioral responses,
relevant for depressive behavior, were recorded: (1) immobil-
ity (time spent floating with the minimal movements to keep
the head above the water) and (2) swimming (time spent with
active swimming movements).

2.4.4. Sample Preparation. Following 24 hours after behav-
ioral tests, rats were anesthetized (ketamine 100mg/kg, xyla-
zine 10mg/kg) and rapidly decapitated. The temporal lobes
were collected, weighed, and homogenized with a Potter
Homogenizer coupled with Cole-Parmer Servodyne Mixer
in bidistilled water (1 g tissue/10mL bidistilled water). The
samples were centrifuged for 15min at 3000 rpm; the super-
natant was separated and pipetted into tubes.

2.4.5. Biochemical Determinations

2.4.5.1. Superoxide Dismutase Determination. For determin-
ing SOD enzymatic activity, we used a spectrophotometric
SOD Assay Kit according to the manufacturer’s instructions
as described in a previous study [52]. The method is based on
the water-soluble tetrazolium salt reaction with superoxide
anion producing a water-soluble formazan dye. On this sub-
strate, the O2 reduction rate linearly related to xanthine
oxidase activity and inhibited by SOD is an indirect way of
colorimetric determination. The assay endpoints were mon-
itored by absorbance at 450 nm after 20min of reaction
time at 37°C. The inhibition rate (%) was then reported
considering the total protein content from the sample.
The SOD activity was therefore expressed as enzyme uni-
ts/milligram (U/mg).

2.4.5.2. Glutathione Peroxidase (GPx) Determination. For the
determination of GPx activity, we used an indirect assay
method, previously described [54] based on a GPx cellular
activity assay kit CGP-1 (Sigma Chemicals), that measures
the rate of NADPH consumption (340 nm) during the con-
sidered time unit for the GPx-catalyzed oxidation of glutathi-
one (GSH) to oxidized GSSG which is then coupled with
recycling GSSG back to GSH utilizing glutathione reductase
(GR) and NADPH. The decrease in NADPH at 340nm
during oxidation of NADPH to NADP is indicative of GPx
activity (anis). The results were reported to the total protein
sample content, and GPX activity was expressed as GPx
enzyme units/mg (U/mg).

2.4.5.3. Malondialdehyde Determination. Malondialdehyde
(MDA) concentrations were determined using the thiobar-
bituric acid reactive substance (TBAR) assay method, pre-
viously described [54]. 200 μL of supernatant was added
and mixed with 1mL of trichloroacetic acid at 50%,
0.9mL of TRIS-HCl (pH7.4), and 1mL of thiobarbituric
acid at 0.73%. After vortex mixing, samples were main-
tained at 100°C for 20min. The samples were then centri-
fuged (3000 rpm, 10 minutes), and the supernatant was
read at 532 nm in a UV-VIS spectrophotometrical system
(Beckman Coulter, Canada). The signal was read against
an MDA standard curve, and the results were expressed
as nmol/mg protein.

3. Statistical Analysis

Results were statistically analyzed using one-way analysis of
variance (ANoVA) by using SPSS. All of the results are
expressed asmean ± SEM. Tukey’s test was used to determine
the level of significance of all results obtained on XLSTAT 7.1.
Results were regarded as significant at p < 0 05.

4. Results

4.1. Effect of Chrysanthellum americanum Polyphenolic
Extract on Short-Term Memory in Y-Maze Task. C. ameri-
canum extract effect on short-term memory within Y-maze
task is shown in Figure 1. Analysis of the spontaneous alter-
nation percentage showed a statistically significant difference
between all groups of rats (F 3, 12 = 5 11, p = 0 009). The
decrease in the spontaneous alternation percentages observed
in the stress-exposed rats (IBS groups) was not statistically
significant vs. the control group (F 1, 9 = 5 73, p = 0 31) but
was significantly lower than the extract-alone-treated rats
(F 1, 9 = 5 73, p < 0,034). However, this significant decrease
was not observed in the case of the IBS-extract group,
which did not differ significantly from the control or
extract-alone groups.

4.2. Effect of Chrysanthellum americanum Polyphenolic
Extract on Anxiety Behavior in the Elevated Plus Maze
Task. In the elevated plus maze task, the administration of
the C. americanum extract showed to have anxiolytic effects
by increasing the number of open-arm entries of IBS-
extract-treated rats as compared to the IBS stress-exposed
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group (F 1, 10 = 3 46, p = 0 09), to similar values as those
of the control and the extract-alone groups (Figure 2). The
absence of clear statistical difference may be explained by

the general tendency of all individuals to make no more
than 1 open-arm entries, except for the IBS group, that
generally avoided open-arm exploration. Moreover, these
results were further confirmed by analyzing the time spent
in the open arms (Figure 3). The ANoVA statistical test
revealed that treatment with C. americanum extract signif-
icantly increased the time spent in the open arms in the
extract-treated group, as compared to the IBS stress-
exposed group (F 1, 10 = 5 18, p < 0 04) and also in the
IBS-extract-treated group, as compared to the IBS stress-
exposed group (F 1, 10 = 5 21, p < 0 04). Significantly
decreased time spent in the open arms when compared
to the control group also suggested high anxiety status in
the IBS group (F 1, 10 = 8 81, p < 0 02).

However, regarding exploratory activity, ANoVA
showed no significant difference between studied groups on
the number of crossings from one closed arm to the other
(Figure 4).

4.3. Antidepressant Effects of Chrysanthellum americanum
Polyphenolic Extract in the Forced Swimming Test. Evalua-
tion of antidepressant effects of the C. americanum extract
by FST highlighted statistically significant differences
between groups after one-way ANoVA in both terms of
swimming time (F 3, 20 = 5 86, p < 0 0048) (Figure 5) and
on the immobility time (F 3, 20 = 5 55, p < 0 0061)
(Figure 6). While repeated stress exposure clearly caused
depressive-like behavior in the IBS group: significantly
decreased swimming time (p = 0 01) (Figure 5) and increased
immobility (p = 0 035) (Figure 6) vs. the control group, treat-
ment with C. americanum extract showed a potent antide-
pressive effect, for both treated groups (extract and IBS-
extract groups). Most importantly, this beneficial reversing
effect stands out in the IBS-extract-treated group, suggested
by the significant increase in swimming time (p = 0 03), as
compared to the IBS group (Figure 5) and reduction of
immobility period (p = 0 031992), as compared to the
stress-exposed IBS group (Figure 6).

4.4. Biochemical Assay of Oxidative Stress Biomarkers

4.4.1. GPx Activity Assay. Following the stress exposure pro-
tocol, GPx enzymatic activity measured in the temporal lobes
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Figure 1: C. americanum extract treatment effects on short-term
memory in the extract group and chronic stress-exposed rats
(IBS-E group) in the Y-maze test expressed as spontaneous
alternation (%). The values are expressed as means ± S E M
(n = 6 per group; #p = 0 03 for the C. americanum extract-treated
group vs. the IBS group).
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Figure 2: C. americanum extract treatment effects on the number of
open-arm entries made in the elevated plus maze. The values are
expressed as means ± S E M (n = 6 per group).
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Figure 3: C. americanum extract treatment effects on the time spent
in the open arms in the elevated plus maze. The values are expressed
as means ± S E M (n = 6 per group; ∗p = 0 02 for the IBS group vs.
the control group; #p = 0 04 for the C. americanum extract-treated
group and the IBS C. americanum extract-treated group vs. the
IBS group).
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Figure 4: C. americanum extract treatment effects on the number of
closed-arm entries in the elevated plus maze. The values are
expressed as means ± S E M (n = 6 per group).
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registered a significant decrease in the IBS group, as com-
pared to the control group (F 1, 11 = 12 93, p = 0 0042).
Similarly, a significant difference was observed between the
extract-treated and IBS groups (F 1, 11 = 15 69, p = 0 0022
). No statistically significant differences were observed
between the IBS and extract-treated IBS groups; however,
the latter did not differ significantly from the unstressed
groups, which is suggestive for an improvement in the anti-
oxidative activity (Figure 7).

4.4.2. SOD Activity Assay. Significant overall differences
between groups for SOD activity in the mice temporal
homogenates were observed (F 3, 25 = 6 83, p = 0 0016)
(Figure 8). As in the case of GPx enzymatic activity, we
obtained a significant decrease in SOD activity for the IBS
group as compared to the control group (F 1, 11 = 8 73,
p = 0 013) and to the extract-treated group (F 1, 14 = 20 46,

p = 0 00047) (Figure 8). Also, SOD activity was significantly
decreased in the stress-exposed extract-treated group, as
compared to the control group (F 1, 11 = 5 34, p = 0 04)
and the extract-treated group (F 1, 13 = 10 44, p = 0 006)
(Figure 8).

4.4.3. MDA Assay. A distinct increase in the temporal lobe
MDA concentrations, a lipid peroxidation marker, was
observed in the stress-exposed IBS group, as compared to
all other groups: p = 0 003 vs. the control group, p = 0 011
vs. the extract-treated group, and p = 0 014 vs. the stress-
exposed extract-treated group (Figure 9).

4.5. Pearson’s Correlation and Regression Analysis. Pearson’s
correlation coefficient and regression analysis were per-
formed in order to analyze the connection between oxidative
stress biomarkers and behavioral results. Interestingly, signif-
icant correlations were found between the spontaneous alter-
nation (%) vs. MDA (r = −0 449, p < 0 036) (Figure 10(a))
and to a lesser extent vs. GPx (r = 0 228, p < 0 205)
(Figure 10(b)) or SOD activities (r = 0 259, p < 0 245)
(Figure 10(c)). However, strong correlations were evidenced
by linear regression between swimming time in FST vs.
MDA (r = −0 384, p < 0 05) (Figure 10(d)), vs. SOD
(r = 0 143, p < 0 05) (Figure 10(e)), and GPx activities
(r = 0 528, p < 0 01) (Figure 10(f)) and in the same FST task,
between immobility time vs. MDA (r = 0 354, p < 0 05)
(Figure 10(g)) and vs. GPx activity (r = −0 487, p < 0 05)
(Figure 10(h)). Also, a significant correlation was observed
between time spent in the open arms of the EPM vs. SOD
specific activity (r= 0 386, p < 0 05) (Figure 10(i)).

5. Discussion

The present data indicate that our butanolic extract of C.
americanum has protective effects on the nervous system as
it significantly decreases brain oxidative stress levels and anx-
iety and depressive-like behavioral manifestations in chronic
stress-induced IBS mice.
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Figure 5: Effects of C. americanum extract treatment after stress
exposure on swimming time in the forced swimming test. The
values are expressed as means ± S E M (n = 6 per group; ∗p = 0 01
for the IBS group vs. the control group; ##p < 0 01 for the C.
americanum extract-treated group and the IBS+C. americanum
extract-treated group vs. the IBS group).
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Figure 6: Effects of C. americanum extract treatment after stress
exposure on immobility time in the forced swimming test. The
values are expressed as means ± S E M (n = 6 per group; ∗p = 0 01
for the IBS+C. americanum extract-treated group vs. the IBS
group; #p ≤ 0 05 for the IBS group vs. the control group; ##p < 0 01
for the C. americanum extract-treated group vs. the IBS group).
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Figure 7: The effects of C. americanum extract treatment after
stress exposure on GPx activity in the temporal lobe. The
values are expressed as means ± S E M (n = 6 for each group;
overall p = 0 001; ∗∗p < 0 01 for the IBS group vs. the control
group; ##p < 0 01 for the C. americanum extract-treated group vs.
the IBS group).
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Our recent results showed low antioxidant capacity in
total enzymatic antioxidant capacity (TEAC) but high capac-
ity in reducing lipid peroxidation; also, the butanol fraction is
richer in total phenolic compounds and in flavonoids, as
compared to the crude extract [55].

It was previously shown that Chrysanthellum species
extracts have high antioxidant capacity but also would
possess positive impact on the central and peripheral nervous
system [47, 56].

Regarding cognitive performance in the Y maze task,
when administered to IBS rats, the extract showed a facilita-
tory effect on short-term memory. A previous report indi-
cates that stress induced by IBS has a negative impact on
working memory [57]. However, IBS patient studies on
potential cognitive deficits bring contradictory results and
do not find convincing associations between IBS and cogniti-

ve/memory impairment per se [58, 59]. Thus, dysfunctional
cognition is reported in clinical studies but as a consequence
of concurrent mood comorbidities or of the whole psycho-
logical burden than as an intrinsic process [60–62].

In our present study, the decreased memory performance
observed in the IBS group was not statistically significant.
Thus, certain cognitive impairments were noticeable in the
current IBS model by indirect assessment, as a significant
difference occurred between stress-exposed rats and solely
extract-treated rats.

Previous studies showed that failure of stress-coping
mechanisms in some IBS subsets patients could lead to
inadequate neuroendocrine autonomic responses along the
HPA, such as altered cortisol levels and increased vagal acti-
vation [8, 63, 64]. In this way, their sensory information
processing is impaired by the overload of the emotional
circuitry, as shown by some sparse studies on functional
magnetic resonance imaging in IBS subjects [65] or immu-
nochemistry in animal models [66]. Even more interesting,
persistent stress in animal models is shown to morphologi-
cally alter hippocampal circuitry and suppress neurogenesis
[8], while two recent studies of Mayer and colleagues dem-
onstrate decreased gray matter density in prefrontal cortex,
posterior parietal cortex, pregenual anterior cingulate cor-
tex, and similar trends in the posterior insula/secondary
somatosensory cortex, (para)hippocampus, regions involved
in cognitive functions among others [67]. Also, several cor-
relations between gut microbiota status and brain structural
alterations in certain gut microbiome-based IBS subgroups
of patients [68] were established. Regarding mood behavior,
results for the IBS rat groups were statistically significantly
associated with depression in the FST test and anxiety in
EPM, in line with the widely literature reported data in both
human patients [58, 69] and animal models [70].

The dysfunctional gut-brain axis pathways encompass-
ing stress-related alterations along the HPA axis (and dys-
biosis) are vastly reported to be linked with dysbiotic
systemic inflammatory phenomena [71–73], which are
speculated to trigger neuroinflammation in brain regions
including the hippocampus and cerebellum [74, 75].
Numerous studies particularly in chronic neurodegenera-
tive diseases highlighted the interrelation between the
neuroinflammatory abnormal cytokine production and
activation of immune cells and increased release of proox-
idants in a reciprocal manner [76–79].

We also reported here dysfunctionalities in the antioxi-
dant enzymatic systems. Inappropriate antioxidant capacity
plays an important role in altering the hippocampal-
dependent memory process [80–82]. In SOD-deficient mice,
Huang et al. [83] observed that diminished hippocampal
neurogenesis and altered dendritic structure accompanying
the compromised oxidative system resulted in reduced mem-
ory capacity. Significantly upregulated antioxidant enzymatic
genic expression of SOD and GPx (to counter the increased
levels of ROS) and increased lipid peroxidation in the hippo-
campus of an epileptic rat model were associated with high
number of memory errors in the radial arm maze [84].
However, there are many reports in clinical and statistical
studies that IBS symptoms and mood disorders, especially
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Figure 9: The effects of C. americanum extract treatment after
stress exposure on MDA concentrations in the temporal lobe.
The values are expressed as means ± S E M (n = 6 for each
group; overall p = 0 001; ∗∗p < 0 01 for the stress-exposed IBS
group vs. the control group; #p < 0 05 for the C. americanum
extract-treated group and the IBS+C. americanum extract-
treated group vs. the IBS group).
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Figure 8: The effects of C. americanum extract treatment after
stress exposure on SOD activity in the temporal lobe. The
values are expressed as means ± S E M (n = 6 for each group;
overall p = 0 001, ∗p < 0 05 for the IBS group and the IBS+C.
americanum extract-treated group vs. the control group;
###p < 0 01 for the C. americanum extract-treated group vs. the
IBS and IBS+C. americanum extract-treated groups).
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depression and anxiety, are correlated reciprocally to per-
petuate a cycle of anticipatory worries and autonomic
gastrointestinal disruptions [85–89].

Again, maladaptative reaction to stressful life episodes
increases vulnerability to psychopathological phenomena
through several mechanisms which include abnormal
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Figure 10: Pearson’s correlations between spontaneous alternations (%) vs. MDA (a), GPx (b), SOD (c), swimming time vs. MDA (d), vs.
SOD (e), vs. GPx (f), immobility (floating) time vs. MDA (g), vs. GPx (h), and open-arm time vs. SOD (i).
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secretion of CRF and immunomodulating glucocorticoids
and also dysbiosis. Gastrointestinal autoimmune and inflam-
matory reactions (gut hyperpermeability and neuroendo-
crine factors translocation) are suggested to modulate
oxidative stress status in certain brain areas, including the
hippocampus and amygdala, involved in the development
of depression and anxiety [90, 91]. In this way, Bouayed
et al. [92] reported significantly high levels of lymphocytic,
granulocytic, and monocytic intracellular ROS in mice with
high anxiety traits. Moreover, it seems that oxidative stress
mechanism components, such as glutathione reductase 1
and glyoxalase 1, are directly involved in anxiety-like behav-
ior modulation, as Hovatta and colab. firstly showed [93].

Clinical studies also report correlations between lowering
of antioxidative status determined by measuring the redox
potential of urine and higher anxiety and depression state
values in normal individuals [94] and also significantly
higher total oxidant status and oxidative stress index values
in IBS patients when compared to control [24].

Several studies bring evidence that mood disorders are
accompanied by oxidative stress reflected by increased xan-
thine oxidase activity in the cortico-limbic-thalamic-striatal
regions in post-mortem brain tissue of patients with recur-
rent depressive episodes [95], by increased levels of plasma
malondialdehyde [96, 97].

Phytochemicals and polyphenols are well known as effi-
cient free radical scavengers, and recent studies suggest their
potential in reversing oxidative stress and improving mood
and cognitive psychopathologies [84, 98, 99].

The flavonoids, saponides, tannins, and various essential
oil terpene-rich C. americanum plant medicinal potential is
recognized due to its long-time use in Western African tradi-
tional medicine [35, 100]. The main saponin-based compo-
nents of C. americanum, chrysanthellin A and B, were
suggested to be useful in the therapy of digestive impairments
[101, 102], but there is no study up to date to investigate any
specific neuroprotective or antioxidant effects.

However, it was clear to suggest that C. americanum
extracts could possess neurocognitive activity while Mévy
and colab. [40] showed that several of their compounds are
capable to cross the blood-brain barrier. Also, tyrosine and
phenylalanine contained by the extract could assist dopa-
mine and adrenaline syntheses [42, 103]. Moreover, flavo-
noid contents could exert antidepressive and anxiolytic
effects [104, 105]. In this study, we are furtherly explaining
the potential of C. americanum extract potential to alleviate
psychocognitive deficiencies in relation to its antioxidant
capacity for the first time in our best knowledge.

Regarding the limitations of our study, we must mention
the used animal model validation sequel, as we based it on
previous protocols [43, 44], which we adapted for stress effect
increase. Thus, the visceral hypersensitivity was not assessed
in this study. Brief intestinal transit and stool change assess-
ment were carried out and highlighted a slight reduction in
the number of faecal boluses in the IBS group. However,
Ghédira and Goetz [100] described a potential laxative side
effect of C. americanum integration.

In our study, we found that the administration of the
polyphenolic extract significantly decreased the oxidative

burden in the temporal lobe, particularly by decreasing
the MDA levels and improving GPx activity. In this way,
this could suggest that the flavonoids which could be found
in the extract are responsible for antioxidant activity, while
they are recognized to scavenge ROS and chelating metal
ions [106]. Thus, luteolin, a polyphenolic flavon compound
present in the extract as luteolin 7-O-glucoside, has been
recently found to protect against sodium nitroprusside-
induced oxidative damage in mouse brain and against
Fe(2+)-induced lipid peroxidation in mouse brain homoge-
nate [107] and also to significantly inhibit superoxide anion
generation and ROS production and diminish neutrophil
inflammatory responses in the mice model of inflammatory
arthritis [108].

Also described as a C. americanum extract compo-
nent, okanin 4′-O-glucoside was noted for its neuropro-
tective effect in diabetic encephalopathy, by attenuating
methylglyoxal-induced damages in the mitochondrial func-
tion and production of ROS, and increasing glyoxalase I
enzymatic activity [109], key enzyme in cellular defense
against glycative and oxidative stress [110]. Eriodictyol, pres-
ent in the extract as eriodictyol 7-O-glucoside, is also known
as a potent flavonoid with a higher antioxidant capacity
than quercetin, luteolin, or taxifolin [111]; while eriodictyol
increased the activity of enzymatic and nonenzymatic anti-
oxidants in the circulatory system, liver, and colon, it is sig-
nificantly decreasing mucosa and faecal bacterial enzyme
activities [112].

6. Conclusion

Chrysanthellum americanum polyphenolic extract use in a
stress-induced animal model of irritable bowel syndrome, a
condition influenced by oxidative stress and which has a neg-
ative impact on the patient psychology, resulted in a slight
memory-enhancement effect and a significant decrease of
anxiety and depressive-like behavior. The assessments of
oxidative stress markers showed a significant decrease of
the superoxide dismutase and glutathione peroxidase-
specific activities in the stress-exposed IBS animal model
temporal lobes. Short-term administration ofChrysanthellum
americanum extract significantly attenuated the increased
malondialdehyde levels and glutathione peroxidase-specific
activity. Significant correlations were identified by Pearson
linear regression analysis between oxidative stress biomarkers
and behavioral indicators. Therefore, our results suggest that
administration of Chrysanthellum americanum polyphenolic
extract can alleviate mood and cognitive impairments related
to stress-induced IBS condition by attenuation of the cerebral
oxidative stress.

Data Availability
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The effect of α-tocopherol supplementation on adaptation to training is still equivocal. The aim of the study was to determine
the effect of training and α-tocopherol supplementation on α-tocopherol and thiobarbituric acid reactive substance (TBARS)
concentration in the rat liver, heart, muscles, and testes. Male Wistar rats (n = 32) were divided into four groups
(nonsupplemented, not trained—C; nonsupplemented, trained—CT; supplemented, not trained—E; supplemented and
trained—ET). During the 14-day experimental period, 2mg/d of vitamin E as α-tocopherol acetate was administered to the
animals (groups E and ET). Rats in the training group (CT and ET) were subjected to 15 minutes of treadmill running each
day. The α-tocopherol levels in rat tissues were assessed using high-performance liquid chromatography (HPLC). Lipid
peroxides were determined by TBARS spectrophotometric method. α-Tocopherol had a significant impact on α-tocopherol
concentration in all tissues. Training increased the α-tocopherol concentration in the heart and muscles but reduced it in
the liver. Training also caused increased lipid peroxidation in the muscles, heart, and testes; but a higher α-tocopherol
content in tissues reduced the TBARS level. The main finding of the study is that impaired α-tocopherol status and its
adequate intake is needed to maintain optimal status to prevent damage to the skeletal and cardiac muscles as well as the
testes in growing individuals.

1. Introduction

Physical activity, as indicated by numerous studies, is benefi-
cial for the body through its preventive and therapeutic
action [1, 2]. Systematic, moderate physical activity helps to
maintain good health, increase quality of life, and reduce
the risk of diseases associated with an unhealthy lifestyle
[3]. However, during intense training, cellular respiration
intensity increases, which leads to the formation of free rad-
icals [4]. Increased oxygen use by cells results in increased
production of reactive oxygen species (ROS). Increased
ROS levels in cellular and extracellular spaces, exceeding
the level of antioxidants, are defined as oxidative stress [5].

It was reported that oxidative stress is involved in many
physiological conditions (e.g., aging and exercise) as well
as diseases (including inflammation, cardiovascular and
neurodegenerative diseases, and cancer) [5, 6]. Free radicals
contribute to the damage of lipids, proteins, and DNA in
cellular structures, thus altering cell functioning, which can
consequently contribute to tissue damage [7–9]. ROS are
involved in chemical reactions which play an important role
in metabolism but are also seen as factors that cause cell aging
of living organisms resulting from oxidative changes [10].

High-intensity physical activity induces many metabolic,
hormonal, and immunological reactions. Nevertheless, all
forms of physical exercise, both aerobic and nonaerobic,
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contribute to the formation of free radicals and thus oxidative
stress. There have been many studies describing the impact of
physical activity on the formation of oxidative stress in the
muscles that are most involved during physical training
[11]. However, effort-induced reactive oxygen forms are also
created in other tissues, such as the liver, testes, heart, and
lungs [12–15]. Due to differences in metabolic processes,
individual organs respond to the emerging ROS in various
ways. As a result of oxidative stress induced by physical activ-
ity, enzymatic and nonenzymatic (e.g., vitamin E) mecha-
nisms are activated to defend cells from the harmful effects
of free radicals and increase antioxidant mobilization from
lipophilic tissues [16, 17]. Endogenous and exogenous anti-
oxidants play a huge role in protecting against oxidative
stress. They remove oxygen free radicals by changing them
into inactive substances, thus minimizing the chain reaction
leading to changes in the cell.

α-Tocopherol belongs to the nonenzymatic antioxidant
defence system, whose main function is to interrupt the lipid
peroxidation reaction and protect against oxidative stress
[18, 19]. By interrupting lipid peroxidation reactions and
removing free oxygen radicals, fat-soluble α-tocopherol plays
an important role in stabilizing cell membranes [13, 20, 21].
It has been shown that α-tocopherol plays an important role
in the course of many processes, including gene transcription
regulation and enzyme and molecule activity involved in
cell signalling pathway regulation [22–24]. Furthermore,
α-tocopherol also participates in the regulation of cell pro-
liferation and differentiation, cell adhesion, and immune
response processes and also has anti-inflammatory and
antioxidant effects. In connection with the above, it plays
an important role in the prevention and treatment of many
diseases, including neurologic abnormalities and myopathy
[25] as well as cancers [26]. Many studies have also shown
that the antioxidant properties of α-tocopherol that protect
DNA from damage are associated with oxidative stress for-
mation. α-Tocopherol can inhibit free radicals that are
responsible for the formation of chemical changes in the
DNA structure [27]. TBARS concentration assay is used as
a marker of oxidative stress or lipid peroxidation [28, 29].
Generally, TBARS is an indirect marker of oxidative stress,
but it is a direct marker of lipid damage caused by increased
oxygen consumption during exercise, and α-tocopherol has a
crucial role, as an antioxidant protecting the lipids from per-
oxidation. Lipid peroxidation generates a complex variety of
products that are commonly used to determine cell damage.
One by-product of this cascade is malondialdehyde, which
is known to attack DNA causing mutative damage [30].
Moreover, findings from both animal and human studies
support the hypothesis that both regular physical activity
and vitamin E supplementation are useful for reducing oxida-
tive stress [31]. On the other hand, the effect of vitamin E sup-
plementation on skeletal muscle adaptation to training due to
hormesis theory (ROS as intracellular signalling molecules
cause beneficial adaptation process) is still equivocal [32].

Thus, the aim of the study was to determine the effect of
training and α-tocopherol supplementation on α-tocopherol
as well as thiobarbituric acid reactive substance (TBARS) con-
centration in selected rat tissues (liver, heart, muscles, and tes-

tes). We hypothesized that the beginning period of training in
growing individuals contributes to a reduction of α-tocoph-
erol concentration and may increase lipid peroxidation.

2. Materials and Methods

2.1. Animal and Diet.Male outbredWistar rats (n = 32) from
certified breeding (Medical University of Białystok, Poland)
with 120 to 140 g initial body weight were involved. After a
7-day adaptation, the animals were divided into 4 groups
(n = 8) (Figure 1) and placed individually in plexiglass cages.
More details about the conditions of keeping the animals
was described in Wawrzyniak et al. [33]. The study obtained
the approval of the III Local Animal Experiment Ethics
Committee at the Warsaw University of Life Sciences
(Resolution no. 33/2008).

During the appropriate experiment, lasting 14 days,
and in the previous 7-day accommodation, the animals
received diets in accordance with the AIN-93M diet [34]
(components from Sigma-Aldrich, USA) (Table 1) deprived
of α-tocopherol and had access to water.

Experimental diets were isocaloric and without vitamin
E. Male Wistar rats (n = 32) were divided into four groups
(nonsupplemented, not trained—C; nonsupplemented,
trained—CT; supplemented, not trained—E; and supple-
mented and trained—ET). During the 14-day experimental
period, 2mg α-tocopherol acetate (in oil solution) was admin-
istered each day to the animals (groups E andET), in drops per
os, between 9:00 and 11:00 a.m., after exercise (groups ET
and CT). Animals in the control groups (C, CT) received
liquid drops deprived of α-tocopherol. Rats in the training
groups (CT, ET) were subjected to 15 minutes of nonexhaus-
tive treadmill running (20m/min and 0° uphill slope) each
day, to induce oxidative stress stimulated by physical effort.

2.2. Determination of Animal Development. To determine
indicators of development of the experimental animals, the
final and initial body weight was used (including the adapta-
tion period), which allowed to calculate an increase in body
weight gain during the experiment. Daily intake was also cal-
culated. Moreover, the feed efficiency ratio (FER) was also
calculated. FER is expressed by the ratio of body weight gain
to 1 gram of the consumed diet [35]. The weights of the liver,
heart, and testes were expressed using the somatic index,
which determines the weight of the organ in relation to 100
grams of body weight [36].

2.3. Tissue Collection. At the end of the experiment, the rats
were euthanized and tissues, such as the heart, liver, muscles,
and testes, were taken. The tissues were rinsed in saline, dried
on filter paper, weighed, frozen in liquid nitrogen, and stored
at -80°C until analysis.

2.4. Analysis of α-Tocopherol in Tissues. The α-tocopherol
content in rat tissues (liver, heart, muscles, and testes) was
assessed using high-performance liquid chromatography
with a UV-VIS detector. A LiChroCART®250-4 RP-18
(4 × 250mm; 5mm) with a precolumn (Merc, col. No.
841071, Darmstadt, Germany) was used. The weighed tis-
sue samples were homogenized with hexane and ethanol.
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A 10% solution of vitamin C was also added to protect the
α-tocopherol from oxidation. The prepared samples were
then centrifuged at 2,500 rpm for 15 minutes at 4°C. After
cooling, 100 μL of the sample was taken and applied to the
chromatography column on which the assay was made.
The eluent was a mixture of acetonitrile, hexane, and isopro-
panol (65 : 14 : 21; v/v/v) and flow rate was 0.8mL/min. The

measurement was performed at a wavelength of UV 292nm
[37]. All the obtained results were applied to standard curves
plotted for α-tocopherol (Sigma Company, St. Louis, MO,
USA). The α-tocopherol concentration was expressed as
nM/g of tissue.

2.5. Analysis of Lipid Peroxides. Lipid peroxide rat tissues
(liver, heart, muscles, and testes) were determined by TBARS
spectrophotometric method. This method is based on the
measurement of the absorbance of the compound formed
in the reaction of lipid oxidation products, mainly malondial-
dehyde (MDA) with thiobarbituric acid (TBA) [38], at a
wavelength of 532nm. The TBARS concentration was deter-
mined using a standard curve for which 1,1,3,3-tetraethoxy-
propane (TEP) was used. TBARS values were expressed as
nM/g of tissue.

2.6. Statistical Analysis. Data were analysed using STATIS-
TICA version 12. The results were presented as mean ± SD.
Data distribution normality and homogeneity were checked
using the Shapiro-Wilk test and were analysed by one-way
ANOVA, two-way ANOVA, and a Tukey HSD post hoc
test. The effects of α-tocopherol content on TBARS con-
centration in tissues were analysed with linear regression.
For all analyses, statistical significance was considered at
α = 0 05.

Table 1: Composition of the experimental diet.

Ingredients Quantity (g/kg)

Casein 140

Sucrose 100

Wheat starch 620

Cellulose 50

Soybean oil 40

Salt mix∗ 35

Vitamin mix without vitamin E∗ 10

L-Methionine 1.8

Choline bitartrate 2.5

t-Butylhydroquinone 0.008
∗The salt mix and the vitamin mix were prepared according to the AIN-93M
diet [34].

Model growing organism
Male outbred Wistar rats

n = 32
Initial body weight: 120–140 g 

Tissue samples (heart, liver, testes, and muscles)
TBARS, 𝛼-tocopherol concentration

ET
n = 8

Vitamin E
supplemented

2 mg 𝛼-tocopherol/d

E
n = 8

CT
n = 8 

Control
non-supplemented 

C
n = 8

7-day accommodation period

14-day appropriate experiment

CT and ET–training 15 min/d
at a speed of 20 m/min

Figure 1: The study design. C: control group nonsupplemented with α-tocopherol, not trained; CT: control group nonsupplemented with
α-tocopherol, trained; E: group supplemented with α-tocopherol, not trained; ET: group supplemented with α-tocopherol, trained.
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3. Results

3.1. The Impact of Training and α-Tocopherol
Supplementation on Animal Development. The initial and
final body weight as well as intake was not significantly differ-
ent in all the experimental groups. However, statistically sig-
nificant differences were observed in body weight gain as well
as in the FER between the not trained control group (C) and
the not trained, supplemented with α-tocopherol group (E)
(Table 2). Body weight gain and FER were higher in group
E compared to group C. This indicates that α-tocopherol
caused faster weight gain in rats. Additionally, statistically
higher FER values were also demonstrated in group E com-
pared with the group supplemented with α-tocopherol and
trained (ET) (Table 2). Significant impact of vitamin E
supplementation on body weight gain and FER was noted
(Table 2). However, no statistically significant effects were
observed for training as well as the interaction between train-
ing and vitamin E supplementation on body weight gain and
FER (Table 2).

There were statistically significant differences in liver and
heart weight between group C and group E. Tissue weight

was significantly higher in group E than in group C. In addi-
tion, there was also a higher heart weight in the ET compared
with the control trained group (CT) (Table 3). However,
there were no statistically significant differences in the
somatic index for liver and testes in all experimental groups.
Statistically significant differences in heart somatic index
values between group C and group E as well as between CT
and ET were found. The heart somatic index in group E
was statistically higher than that in group C, and in the ET
group than that in the CT group (Table 3). Vitamin E supple-
mentation had a statistically significant effect on the liver and
heart weight and also on the heart somatic index. However,
neither training nor interaction of both training and vitamin
E supplementation had a statistically significant effect on the
weight of all examined organs and the somatic indexes
(Table 3).

3.2. The Impact of Training and α-Tocopherol
Supplementation on α-Tocopherol Content in Tissues.
Table 4 shows α-tocopherol concentrations in selected
rat tissues (liver, heart, muscles, and testes). The highest
α-tocopherol concentrations (131.1 nM/g) were found in

Table 2: The effects of training and α-tocopherol supplementation on general indicators of rat development (mean ± standard deviation).

(a)

Development indicators

Groups

p value1 C vs. E p value CT vs. ET
Control Vitamin E

C CT E ET
N = 8 N = 8 N = 8 N = 8

Body weight

Initial (g) 152 2 ± 16 1 158 6 ± 15 4 154 2 ± 12 7 157 4 ± 17 3
NS NS

p value NS NS

Final (g) 251 3 ± 23 1 247 5 ± 21 2 264 1 ± 19 7 259 6 ± 15 5
NS NS

p value NS NS

Gain (g/d) 99 0 ± 12 7 89 0 ± 18 7 109 9 ± 8 81 102 1 ± 15 1
0.04 NS

p value NS NS

Intake (g/d) 317 0 ± 39 5 299 7 ± 21 8 304 0 ± 19 3 317 3 ± 36 5
NS NS

p value NS NS

FER (g/g diet) 0 32 ± 0 05 0 30 ± 0 07 0 36 ± 0 02 0 32 ± 0 04
0.02 NS

p value NS 0.02

(b)

Two-way ANOVA, p value
Training Vitamin E Training× vitamin E

Body weight

Initial (g) NS NS NS

Final (g) NS NS NS

Gain (g/d) NS 0.01 NS

Intake (g/d) NS NS NS

FER (g/g diet) NS 0.04 NS

C: control group nonsupplemented with α-tocopherol, not trained; CT: control group nonsupplemented with α-tocopherol, trained; E: group supplemented
with α-tocopherol, not trained; ET: group supplemented with α-tocopherol, trained; FER: feed efficiency ratio; 1Tukey HSD post hoc test, p value ≤0.05;
NS: not significant.
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the liver, in the not trained supplemented group (group E);
the lowest concentrations (9.39 nM/g) were in the muscles
in the control group (group C).

There were statistically significant differences in
α-tocopherol concentrations in the liver, heart, muscles,
and testes between control groups (C vs. CT) and supple-
mented groups (E vs. ET) and between trained (CT vs. ET)
and untrained groups (C vs. E). A statistically significantly
higher α-tocopherol content was observed in all tissues in
the CT group compared with the C group, as well as in
the heart and muscles in the ET group compared with
the E group. Moreover, a statistically significantly higher
α-tocopherol content was found in all tissues in group E than
in group C, and in group ET than in group CT (Table 4).
Training had a significant effect on α-tocopherol concentra-

tion in the liver, heart, and muscles. α-Tocopherol supple-
mentation had a significant effect on its concentration in all
tissues. The results showed a significant impact both on
training and α-tocopherol supplementation on α-tocopherol
concentration in the testes (Table 4).

3.3. The Impact of Training and α-Tocopherol
Supplementation on TBARS Concentrations in Tissues.
Table 5 shows TBARS concentrations in selected rat tissues
(liver, heart, muscles, and testes). There were statistically sig-
nificant differences in TBARS concentrations in muscles and
in testes between the control groups (C vs. CT). A statistically
significantly higher TBARS concentration was observed in
the heart in group CT compared with group ET (Table 5).
Training had a significant effect on TBARS concentration

Table 3: The effects of training and α-tocopherol supplementation on organ weight and somatic index (mean ± standard deviation).

(a)

Development indicators

Groups

p value1 C vs. E p value CT vs. ET
Control Vitamin E

C CT E ET
N = 8 N = 8 N = 8 N = 8

Liver

Weight (g) 12 1 ± 1 85 12 3 ± 1 83 14 3 ± 2 61 13 2 ± 1 60
0.04 NS

p value NS NS

Somatic index (%) 4 80 ± 0 51 4 96 ± 0 48 5 42 ± 0 87 5 08 ± 0 35
NS NS

p value NS NS

Heart

Weight (g) 0 81 ± 0 05 0 79 ± 0 04 0 96 ± 0 10 0 96 ± 0 04
0.0005 <0.0001

p value NS NS

Somatic index (%) 0 32 ± 0 03 0 32 ± 0 03 0 36 ± 0 04 0 37 ± 0 03
0.02 0.01

p value NS NS

Testes

Weight (g) 2 87 ± 0 27 2 97 ± 0 21 3 10 ± 0 63 3 36 ± 0 56
NS NS

p value NS NS

Somatic index (%) 1 15 ± 0 12 1 20 ± 0 07 1 17 ± 0 23 1 30 ± 0 21
NS NS

p value NS NS

(b)

Two-way ANOVA, p value
Training Vitamin E Training× vitamin E

Liver

Weight (g) NS 0.03 NS

Somatic index (%) NS NS NS

Heart

Weight (g) NS <0.0001 NS

Somatic index (%) NS 0.0007 NS

Testes

Weight (g) NS NS NS

Somatic index (%) NS NS NS

C: control group nonsupplemented with α-tocopherol, not trained; CT: control group nonsupplemented with α-tocopherol, trained; E: group supplemented
with α-tocopherol, not trained; ET: group supplemented with α-tocopherol, trained; 1Tukey HSD post hoc test, p value ≤0.05; NS: not significant.
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in all tissues. α-Tocopherol supplementation had a signifi-
cant effect on the TBARS concentration in the heart and
muscles. The results showed a significant impact on both
training and α-tocopherol supplementation on the TBARS
concentration in the muscles and testes (Table 5).

3.4. Effects of α-Tocopherol Content on the TBARS
Concentration in Tissues in Trained and Untrained Groups.
No statistically significant correlation between α-tocopherol
content and TBARS in the liver was observed (Figure 2).
In the heart, a higher α-tocopherol content reduced the
TBARS concentration in both trained and untrained groups
(Figure 2). In trained groups, the α-tocopherol content in
the muscles and testes was negatively associated with TBARS
concentration (Figure 2).

4. Discussion

The study showed that (1) α-tocopherol supplementation
significantly increases the liver and heart weight and heart
somatic index; (2) α-tocopherol supplementation has a sig-
nificant impact on its concentration in the liver, heart, mus-
cles, and testes; (3) training increased the α-tocopherol
concentration in the heart and muscles, but reduced it in
the liver; and (4) training caused increased lipid peroxidation
in the muscles, heart, and testes, but a higher α-tocopherol
content in tissues reduced the TBARS level.

It is hard to compare our results with others due to the
lack of similar studies.

The results indicate that α-tocopherol supplementation
causes an increase in organ weight except for the liver. In
turn, Kumar et al. [36] found that the heart somatic index
in adult animals decreased significantly when supplemented
with vitamin E. However, researchers speculate that a
decreasing heart somatic index in animals receiving vitamin
E may be due to an increase in body weight rather than a
decrease in heart tissue. Vitamin E supplementation thus
seems to be involved in increasing body weight with
increased incorporation of vitamin E into the serum and
heart tissues [36]. We suppose that α-tocopherol supplemen-
tation may contribute to increased body weight and organ
weight in growing organisms. However, the association
between vitamin E supplementation and body or organ
weight requires further research.

As we noted, the highest mean α-tocopherol concen-
tration was found in the liver, followed by the heart and
the testes and was the lowest in the muscles. We found
that α-tocopherol accumulates in all examined organs,
which proves the effect of α-tocopherol supplementation
on its increased content in the tissues. In the control
groups (C, CT), α-tocopherol concentrations in all tissues
were lower than in groups supplemented. Moreover, in
the control group (C), which had a diet deprived of vita-
min E, after 3 weeks we observed significantly decreased

Table 4: The effects of training and α-tocopherol supplementation on α-tocopherol concentrations in selected rat tissues (mean± standard
deviation).

(a)

α-Tocopherol (nM/g)

Groups

p value1 C vs. E p value CT vs. ET
Control Vitamin E

C CT E ET
N = 8 N = 8 N = 8 N = 8

Liver 112 3 ± 11 4a 86 8 ± 11 6b 131 1 ± 10 7b 118 5 ± 7 40a,b
0.009 <0.0001

p value 0.0003 0.03

Heart 27 2 ± 5 32a 40 4 ± 5 98b 59 6 ± 5 10c 67 1 ± 4 51d <0.0001 <0.0001
p value 0.0002 0.01

Muscles 9 39 ± 1 84a 16 8 ± 1 55b 17 8 ± 1 41b 21 8 ± 1 92c
0.0003 0.006

p value 0.0009 0.01

Testes 11 8 ± 2 89a 17 9 ± 1 53b 31 0 ± 5 41c 26 5 ± 3 09c <0.0001 <0.0001
p value <0.0001 0.04

(b)

α-Tocopherol (nM/g)
Two-way ANOVA, p value

Training Vitamin E Training× vitamin E

Liver <0.0001 <0.0001 NS

Heart <0.0001 <0.0001 NS

Muscles <0.0001 <0.0001 NS

Testes NS <0.0001 0.0001

C: control group nonsupplemented with α-tocopherol, not trained; CT: control group nonsupplemented with α-tocopherol, trained; E: group supplemented
with α-tocopherol, not trained; ET: group supplemented with α-tocopherol, trained; 1Tukey HSD post hoc test; a-dthe same letters indicate homogenous
groups, p value ≤0.05; NS: not significant.
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α-tocopherol concentrations in the liver. Vitamin E is mainly
stored in adipose tissue and the liver, and supplementation
primarily increases the α-tocopherol content in the liver,
heart, spleen, and testes [39, 40]. Uchida et al. [41] observed
a reduction in α-tocopherol concentrations in the liver after
a week of a vitamin E-deficient diet, while its concentration
in adipose tissue was unchanged even after 4weeks, indicating
that the liver is responsible for the rapid release of tocopherol
reserves. The α-tocopherol content in tissues also reflects its
ability to store α-tocopherol and the level of utilization of this
compound. The low content of α-tocopherol in tissues
probably results from the high α-tocopherol turnover or
lower tissue capacity for its storage [42]. The liver partici-
pates in equalizing α-tocopherol concentrations when there
is insufficient intake, which is probably explained by the
highest α-tocopherol concentration in this tissue, deter-
mined on the basis of these results. The amount of
tocopherol stored in the liver is the highest compared with
other tissues [43, 44], which is consistent with our results.
In our study, no significant correlation between α-tocoph-
erol and TBARS concentration in the liver was observed.
In opposite, Rodríguez-Gutiérrez et al. [29] and Ohta
et al. [45] showed the ability of vitamin E to inhibit lipid
peroxidation in the liver.

Our results indicated a significant effect of training on
α-tocopherol concentration in the liver, heart, and mus-
cles. We observed that training significantly reduced the

α-tocopherol concentration in the liver and increased it
in the heart and muscles in both the control and the sup-
plemented groups. The study strengthens the evidence that
during exercise, tocopherol is released from the liver, while
in tissues such as the heart and muscles, in which the flow
of blood and thus oxygen is increased, it is accumulated in
larger quantities. The increase in α-tocopherol concentra-
tions in the heart and muscles (induced by training)
observed in our study can also be explained by the mobiliza-
tion of liver reserves in the body. This may be confirmed by
our early results that supplementation of α-tocopherol and
training increased the plasma α-tocopherol concentration
(results presented inWawrzyniak et al. [46]). Intense exercise
causes the mobilization of tocopherol from tissues into the
bloodstream, which was confirmed by increased concentra-
tions of α-tocopherol and triacylglycerols in plasma [47].
Training releases the α-tocopherol reserve in tissues and
redistributes it between tissues [48] such as the heart and
muscles, which are more involved during exercise. In studies
with athletes supplemented with vitamin E, only the content
in plasma of α-tocopherol was determined. The results
showed that under the influence of physical effort the con-
centration of α-tocopherol did not change or increased due
to vitamin E supplementation [49, 50]. We suppose that the
determination of plasma α-tocopherol in training individuals
may not be a good marker of nutritional status, because of its
concentration increase in plasma, but with a decrease in

Table 5: The effects of training and α-tocopherol supplementation on TBARS concentrations in selected rat tissues
(mean ± standard deviation).

(a)

TBARS (nM/g)

Groups

p value1 C vs. E p value CT vs. ET
Control Vitamin E

C CT E ET
N = 8 N = 8 N = 8 N = 8

Liver 5 08 ± 0 65a 4 41 ± 0 41a 4 98 ± 0 62a 4 70 ± 0 45a
NS NS

p value NS NS

Heart 3 90 ± 0 65a 4 86 ± 1 03a,b 2 94 ± 0 71a 3 52 ± 0 39a
NS 0.0032

p value NS NS

Muscles 2 84 ± 0 56a 5 33 ± 1 26b 2 93 ± 0 74a 2 61 ± 0 32a
NS <0.0001

p value 0.0002 NS

Testes 1 22 ± 0 31a 1 89 ± 0 47b 1 49 ± 0 26a,b 1 51 ± 0 26a,b
NS NS

p value 0.0039 NS

(b)

TBARS (nM/g)
Two-way ANOVA, p values

Training Vitamin E Training× vitamin E

Liver 0.0158 NS NS

Heart 0.0047 <0.0001 NS

Muscles 0.0004 <0.0001 <0.0001
Testes 0.0083 NS 0.0145

C: control group nonsupplemented with α-tocopherol, not trained; CT: control group nonsupplemented with α-tocopherol, trained; E: group supplemented
with α-tocopherol, not trained; ET: group supplemented with α-tocopherol, trained; 1Tukey HSD post hoc test; a,bthe same letters indicate homogenous
groups, p value ≤0.05; NS: not significant.
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other tissues. A possible explanation of these phenomena is
that during intense skeletal muscle and myocardium exer-
tion, α-tocopherol accumulated in other tissues is released
due to the increased turnover of lipoproteins, causing the
α-tocopherol content in the heart and muscles to be higher.
Decreased α-tocopherol content in other organs, such as
the liver and testes, may be caused by oxidative stress induced
by physical effort. As an antioxidant, α-tocopherol is
responsible for the removal of free radicals and increased
lipid peroxidation can contribute to lowering its levels in tis-
sues. The flow of blood in the heart and muscles increases
during exercise and decreases in the liver and kidneys;
hence, there may be different needs for antioxidants in the
tissues [51]. It was indicated that supplementation with vita-
min E was an important factor in the counteracting against
oxidative stress and muscle damage [52, 53]. Our results
clearly document that, compared with the liver or heart,
skeletal muscles are more vulnerable to oxidative stress
and need better antioxidant protection.

As we identified, training caused increased lipid peroxi-
dation measures by the TBARS level in muscles and the
heart. However, α-tocopherol supplementation reduced the
TBARS level in muscle. Many studies have shown that
training increases the TBARS level, which is a marker of lipid
peroxidation in many tissues, such as the liver, skeletal
muscle, kidneys, and heart [54]. A reduced muscle TBARS
concentration and rate of muscle proteolysis as a result of
vitamin E supplementation which prevented muscle atrophy

was noted [55, 56]. In addition, an increased level of TBARS
in muscles after acute exercise was demonstrated, although
this increase was significantly suppressed by α-tocopherol
supplementation in rats [57] and humans [58]. It was
revealed that a deficiency of vitamin E in skeletal muscle is
associated with an increase in contraction-mediated lipid
peroxidation in skeletal muscle and a decrease in muscular
force. Moreover, vitamin E deficiency impairs muscular
endurance and alters muscle contractile properties following
a prolonged series of contractions [59]. As a result of the
imbalance between the production of ROS and the protective
effect of antioxidants, the expression of transcription factors
is modulated, leading to increased protein degradation,
which results in muscle wasting [60]. Following the accumu-
lation of ROS, mitogen-activated protein kinases (MAPKs),
such as nuclear factor-κB (NF-κB) [61] as well as extracel-
lular signal-regulated kinase (ERK) and p38, are activated
[23, 62]. ERK has a direct effect on muscle cells and is
responsible for the phosphorylation of specific transcription
factors, which regulate the gene expression involved in basic
cellular processes, such as proliferation, differentiation, and
migration as well as cellular apoptosis. For muscles, it was
shown that ROS induce the signalling cascade of the MAPK
pathway, which resulted in changes in the mass and function
of skeletal muscles and may contribute to muscular dystro-
phies and atrophies [62, 63]. NF-κB participates in the regu-
lation of multiple cellular processes related to proliferation,
adhesion, migration, and viability. Moreover, it is also
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Figure 2: Effect of α-tocopherol content on TBARS concentration in the (a) liver, (b) heart, (c) muscles, and (d) testes; (blue diamond) trained
groups (CT, ET); (red square) untrained groups (C, E).
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involved in inhibition of the skeletal myogenesis process and
promoting proteolysis in skeletal muscle. Wang et al. [64]
revealed that NF-κB negatively regulates myofibrillar gene
expression in proliferating myoblasts and also suppresses
myogenesis by promoting the cell cycle and inhibiting MyoD
synthesis. On the other hand, Mourkioti et al. [65], using an
NF-κB muscle-specific knockout mice model, revealed that
inhibition of NF-κB accelerated the process of muscle regen-
eration and enhanced muscle physical performance. Acute
exercise activates NF-κB [66] which, with MAPKs, may also
be activated by tumor necrosis factor alpha (TNF-α) [67].
Moreover, Ladner et al. [68] showed that TNF-α inhibits
myocyte differentiation by the activation of NF-κB, in an
in vitro study carried out on mouse c2c12 cells. However, it
was shown that vitamin E supplementation improves muscle
function and repairs skeletal muscle, reduces oxidative stress,
and elevates antioxidant enzymes in vivo in rodents [69]
and in vitro in C2C12 myoblasts [70]. Aoi et al. [57] found
that α-tocopherol supplementation can attenuate inflamma-
tory changes by reducing the activation of cytokines and
adhesion molecules, and it also prevents muscle damage by
attenuating the expression of NF-κB. Huey et al. [71] also
showed that vitamin E administration attenuates NF-κB
and TNF-α responses in skeletal and cardiac muscles which
reduced muscle wasting.

We also found that higher α-tocopherol concentration
was associated with lower lipid peroxidation level in the
heart, regardless of training. Shekh and Mahmud [72]
suggest that the combination of moderate exercise with
α-tocopherol can be exploited to prevent atherosclerosis
in hypercholesterolemic rabbits. However, Patil et al. [73]
showed that antioxidant as α-tocopherol supplementation
did not contribute significantly to improving the cardiopul-

monary fitness of endurance athletes. These results indicate
the participation of α-tocopherol in the protection of cellular
components against the negative effects of increased free rad-
ical production and in counteracting oxidation processes
intensified by intense physical exercise.

Our results provide strong evidence that training
causes increased TBARS concentrations in the testes. Both
α-tocopherol supplementation and training significantly
affect the content of α-tocopherol in the testes, but a given
α-tocopherol dose did not significantly reduce TBARS
concentration. The protective effect of α-tocopherol sup-
plementation on the reduction of morphological testicular
alterations and favouring fertility has been demonstrated
[74–76]. Burczynski et al. [77] described that the TBARS
production rate by the testes, liver, and adrenal gland
increased in α-tocopherol-deficient animals. Brezezińska-
Slebodzińska et al. [78] described the reduced TBARS level
in seminal plasma in boars due to vitamin E supplementa-
tion. Moreover, Surai et al. [40] in a study carried out on
cockerels noted that the increased concentration of vita-
min E in the testes and spermatozoa was associated with
a reduction in their susceptibility to lipid peroxidation.

Adequate α-tocopherol intake is extremely important
due to the decrease in the concentration of TBARS, and it
is necessary to determine the dose which could unambigu-
ously reduce the level of TBARS in all tissues and clearly
contribute to reducing the oxidative stress level.

5. Conclusions

The results obtained in our study indicate that α-tocopherol
supplementation affected an increase in α-tocopherol
content in rat tissues. Training caused an increase in
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Figure 3: Conceptual illustration of the obtained results. NF-κB: nuclear factor-κB; TNF-α: tumor necrosis factor alpha.
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α-tocopherol and TBARS concentration in the heart, mus-
cles, and testes, while it reduced α-tocopherol in the liver.
Comprehensive evaluation of α-tocopherol concentration in
many tissues has clarified the mechanism of redistribution
of α-tocopherol between tissues under the influence of
training in growing males. The main finding of this study
is that impaired α-tocopherol status and adequate intake
of α-tocopherol is needed to maintain optimal status to pre-
vent damage to the skeletal and cardiac muscles as well as the
testes in growing individuals. Moreover, the results obtained
in this study indicate that not higher than a physiological
dose of α-tocopherol improved antioxidant protection in tis-
sues by reducing the TBARS level (Figure 3). This suggests
that adequate α-tocopherol intake is important for previously
untrained young subjects and could provide health benefits
and prevent against lipid peroxidation.

It needs to be highlighted that the determination of
plasma α-tocopherol concentration in training individuals
may be a weak biomarker of nutritional status or antioxida-
tive defence, due to the plasma α-tocopherol increase as a
result of training. This biomarker is often determined in
research involving athletes, and its result may lead to an
incorrect conclusion. In summary, our findings increased
knowledge of the molecular mechanism involved in redistri-
bution of α-tocopherol in training growing male organisms.
Future research is needed to explain the observed effect of
α-tocopherol supplementation on body gain. Our results
may be also used to plan further research in the field of phys-
ical exercise with the simultaneous determination of more
biomarkers associated with oxidative stress.
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Hyperactivation of microglia, the resident innate immune cells of the central nervous system, exacerbates various
neurodegenerative disorders, including Parkinson’s disease (PD). Parkinson’s disease is generally characterized by a severe loss
of dopaminergic neurons in the nigrostriatal pathway, with substantial neuroinflammation and motor deficits. This was
experimentally replicated in animal models, using neurotoxins, i.e., LPS (lipopolysaccharides) and MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine). Salicornia europaea L. (SE) has been used as a dietary supplement in Korea and Europe for several
years, due to its nutritional and therapeutic value. In this study, we intend to investigate the antineuroinflammatory and
anti-PD-like effects of the bioactive fraction/candidate of the SE extract. Initially, we screened various fractions of SE extract
using an in vitro antioxidant assay. The optimal fraction was investigated for its in vitro antineuroinflammatory potential in
LPS-stimulated BV-2 microglial cells and in vivo anti-PD-like potential in MPTP-intoxicated mice. Subsequently, to identify the
potential candidate responsible for the elite therapeutic potential of the optimal fraction, we conducted antioxidant activity-
guided isolation and purification; the bioactive candidate was structurally characterized using nuclear magnetic resonance
spectroscopy and chromatographic techniques and further investigated for its in vitro antioxidative and antineuroinflammatory
potential. The results of our study indicate that SE-EA and its bioactive candidate, Irilin B, effectively alleviate the deleterious
effect of microglia-mediated neuroinflammation and promote antioxidative effects. Thus, they exhibit potential as therapeutic
candidates against neuroinflammatory and oxidative stress-mediated PD-like neurodegenerative complications.

1. Introduction

Parkinson’s disease (PD), the second most commonly
reported neurodegenerative disease (NDD), is clinically char-
acterized by the progressive loss of dopaminergic neurons in
the basal ganglia regions (i.e., precisely at the substantia nigra
pars compacta (SNpc) and striatum (STR)) [1, 2]. Although
the etiological factors of PD are unclear, the progression of

the disease is linked to the impairment of reactive oxygen
species- (ROS-) defensive mechanisms, protein misfolding
and aggregate formation, aberrant hyperactivation of micro-
glial cell-mediated inflammatory cascades, and subsequent
functional motor deficits (i.e., bradykinesia, postural insta-
bility, and resting tremors) [2, 3]. At the molecular level,
ROS-mediated DNA damage, protein dysfunction, and
lipid peroxidation eventually lead to detrimental cell death.
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Accumulating evidence suggests that the redox imbalance
actively facilitates the progression of neurodegenerative PD
[3–5]. The heme oxygenase (HO) enzyme complex is one
of the most commonly reported physiological defensive
antioxidant systems. In particular, the heme oxygenase-1
(HO-1), a stress-inducible heat shock protein, is triggered
by various oxidative and inflammatory signals and actively
participates in the breakdown of free heme radicals into cyto-
protective byproducts, thereby retaliating to the oxidative
conditions [6, 7]. In fact, the upsurge of HO-1 expression
has been observed to facilitate an adaptive cell survival
response against inflammation and oxidative injury [8].
The immunohistochemical post-mortem reports on the
brains of PD patients show that the brains exhibit substantial
expression of HO-1-positive stains, which indicates the role
of HO-1 in PD pathogenesis [9]. On the other hand,
microglia-mediated neuroinflammation is one of the major
pathological hallmarks of several NDD complications,
including PD [10]. Microglial cells are resident macrophages,
predominantly involved in maintaining cell homeostasis and
the functional integrity of the central nervous system (CNS)
by providing an effective first-line defense mechanism
[10, 11]. Microglial cells are reported to actively participate
in the phagocytic clearance of dead neuronal cells and are
also known to help in reviving neuronal cells by releasing
several neurotropic factors [12]. However, the pivotal role
of glial cells involves encountering and removing exogenous
pathogens, toxins, and other foreign bodies that enter the
CNS, thereby preventing disease-mediated pathological
events. Alternatively, evidence suggests that the glial cell
activation is also aggravated by exogenous factors and the
progression of the disease cascade [13, 14]. For instance, in
the case of PD, the ROS insult, protein aggregate accu-
mulation, and mitochondrial dysfunction-mediated stimu-
lation of glial cells potentially activate the canonical
nuclear factor kappa-light-chain-enhancer (NF-κB) and sub-
sequent mitogen-activated protein kinase (MAPK) pathways.
This event leads to release of several proinflammatory
cytokines, i.e., tumour necrosis factor (TNF-α), interleukins
(IL-1β and IL-6), and proinflammatory mediators, i.e., nitric
oxide (NO), inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2) [15, 16]. These cascades eventu-
ally result in dopaminergic cell death and neuronal loss in
the nigrostriatal regions, as has been observed in post-
mortem brain reports of PD patients [17, 18]. This nigros-
triatal depletion of dopamine and dopaminergic neurons
has been well documented to attribute to the tremors,
bradykinesia, and other motor function defects in PD
patients [18, 19]. Experimentally, the ROS and neuroinflam-
matory cascades of PD can be substantially replicated by
lipopolysaccharide- (LPS-) stimulated BV-2 microglial cells
(in vitro) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) when inflicted on PD-like animal models, to an
extent [20–22]. In particular, MPTP-treated mice exhibit
several significant clinical hallmarks of PD pathogenesis,
such as neuroinflammation and loss of tyrosine hydroxylase-
(TH-) positive neurons, specifically in the striatal and
SNpc regions, and substantial motor impediments (includ-
ing tremors and postural instability) [21]. Thus, several

studies have adapted these models to investigate the anti-
PD-like therapeutic potential of various bioactive candi-
dates [21, 23, 24].

Salicornia europaea L. (SE; synonym is S. herbacea) is
commonly known as glasswort in English and ham-cho in
Korean. It is widely distributed in salt marshes throughout
coastal regions across the Mediterranean and East Asia
[25, 26]. The leaves of this plant are commonly harvested
and consumed by locals as a salt substitute, raw vegetable,
and also as a nutritious fermented food in Korea and various
European countries [26, 27]. Because the plant grows in
extreme saltwater habitats, it produces several defensive
secondary metabolite compounds to sustain “salt stress”;
these include flavonoids, saponins, and alkaloids [27, 28].
Much scientific evidence has reported the antioxidative, anti-
tumour, antiadipogenic, antidiabetic, and neuroprotective
potential of SE, which can potentially be attributed to the
plant’s secondary metabolites [27–31]. However, in this
study, we intend to investigate the antineuroinflammatory
and anti-PD-like effects of the bioactive fraction (SE-EA)
and bioactive candidate, Irilin B, of desalted Salicornia
europaea in LPS-stimulated BV-2 microglial cells and
MPTP-intoxicated PD-like mice. To the best of our
knowledge, this is the first study to report the antineuroin-
flammatory potential of Irilin B.

2. Materials and Methods

2.1. Reagents. Sodium nitrite, N,N-dimethyl-1-naphthylamine,
lipopolysaccharide (LPS) (E. coli 055:B5), 2′,7′-dichloro-
fluorescin diacetate (DCFDA), thiazolyl blue tetrazolium
bromide (MTT), and 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) hydrochloride were purchased from
Sigma-Aldrich (St. Louis, MO, USA). A 10x RIPA buffer
was obtained from Millipore (Milford, MA, USA), and
protease and phosphatase inhibitor cocktail tablets were
purchased from Roche (Indianapolis, IN, USA). Dimethyl
Sulfoxide (DMSO) was provided from Amresco (Solon,
OH, USA), and phosphoric acid was obtained from Duksan
Pure Chemicals (Ansan-si, Gyeonggi-do, Korea).

2.2. SE Extraction and Bioactivity-Guided Fractionation.
Initially, the desalted SE hot water extracts were prepared
and subjected to fractionation using different polarity-based
solvent partitions; the obtained fractions were compared
and screened based on their phytochemical profiles and
in vitro antioxidant potential.

2.2.1. Preparation of Desalted SE Hot Water (SE-HW)
Extracts: Fractionation and Phytochemical Profiling of SE-
Fractions. The stems and leaves of Salicornia europaea L.
(SE) were acquired from the western seashore marshes of
South Korea and were registered as voucher specimens
deposited at the R&D centre of the Phyto Corporation (Seoul
National University, South Korea). The extraction and
fractionation procedure of the SE is depicted in Figure 1(a).
In brief, one kilogram of SE plant material was macerated
in 20L of distilled water at 100 ± 5°C and condensed in
a vacuum. Subsequently, the precipitate was exposed to
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3 volumes of ethanol, and the formed precipitate was elimi-
nated to obtain the hot water extracts of SE (SE-HW). A
180 g of SE-HW was dissolved in 2 L of distilled water and
subsequently partitioned using a variety of polarity-based
organic solvents, including n-hexane, chloroform, ethyl
acetate, and n-butanol. Each partitioning was performed
twice to ensure that the potential yield of fractions and the
obtained solvent partitions were condensed under pressure
to obtain the respective hexane (SE-H, 5.9 g), chloroform
(SE-C, 11.8 g), ethyl acetate (SE-EA, 22.4 g), and butanol

(SE-B, 39.8 g) fractions. The remaining precipitate was also
further condensed and processed as described above to
obtain SE-Q (85.2 g) fractions.

The nutritional information about total polyphenol,
flavonoids, sugars, uronic acids, and proteins of Salicornia
europaea L. subfractions is presented in Figure 1(b). The total
carbohydrate (sugar) and uronic acid contents in the SE
extract and fractions were assessed using the phenol-
sulphuric and p-hydroxy diphenyl methods, respectively
[32, 33]. The protein content was measured using the method

Desalted Salicornia europaea L. (SE, 1 kg)

SE-HW (180 g)

SE-Q (85.2 g)

Aqueous layerSE-H (5.9 g)

SE-C (11.8 g)

SE-EA (22.4g)

SE-B (39.8g)

Aqueous layer

Aqueous layer

Aqueous layer

- Extraction with 20 L of DW at 100°C ± 5°C and
filtration under reduced vacuum

- Evaporation of water
- Precipitation with 3 vols of ethanol
- Elimination of precipitate

Dissolve into 2 L DW
- n-Hexane partitioning fractionation (2 times)
- Evaporation of hexane under reduced pressure

- Chloroform partitioning fractionation (2 times)
- Evaporation of CHCl3 under reduced pressure

- Ethyl acetate partitioning fractionation (2 times)
- Evaporation of EtOAc under reduced pressure

- Butanol partitioning fractionation (2 times)
- Evaporation of BuOH under reduced pressure
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Figure 1: Phytochemical profiling and antioxidant screening of varied SE subfractions. Fractionation of Salicornia europaea L. hot water
(SE-HW) extract using organic solvent partitioning. Chemical compositions and antioxidative activities of the SE subfractions obtained
from organic solvent partitioning of SE-HW. We yield SE-HW’s fraction of n-hexane (SE-H), chloroform (SE-C), ethyl acetate (SE-EA),
butanol (SE-B), and remained (SE-Q). (a) Organic solvent partitioning of SE-HW, (b) chemical composition of 6 subfractions, and
(c) antioxidant activities of SE subfractions obtained from organic solvent partitioning of Salicornia europaea hot water (SE-HW) extract.
Antioxidative activity was measured using DPPH radical scavenging potential (c). ∗∗∗p < 0 001 vs. lowest concentration.
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proposed by Lowry et al. (see [34]). The total phenolic
content was determined using Folin-Ciocalteu reagents, as
previously described, with slight modifications [35]. Briefly,
the SE extract and fractions or gallic acid standard (20μL)
were mixed with 250μL of 2% sodium bicarbonate and
incubated at room temperature for 5min. Then, 16μL of
50% Folin-Ciocalteu reagent (prediluted 2-fold with distilled
water) was added to the mixture. After 30min incubation at
room temperature, their respective absorbance was measured
at 725nm. Aqueous solutions of known gallic acid concen-
trations in the range of 10-500μg/mL were used for calibra-
tion. The results are expressed as mg gallic acid [36]
equivalent (GAE mg)/g samples. Total flavonoid content
was measured using the Abdel-Hameed method, with slight
modifications. Briefly, samples or rutin standard dissolved
in methanol (20μL) was mixed with 200μL of 2% diethylene
glycol and allowed to incubate at 30°C for 60min. Afterward,
6μL of 1N NaOH solution was added to the mixture. After a
10min incubation at room temperature, absorbance was
measured at 420 nm. Methanolic solutions of known rutin
concentrations in the range of 10-1000μg/mL were used
for calibration, and the results were expressed as mg rutin
equivalent (REQ mg)/g samples.

2.2.2. Antioxidant Activity-Based Screening of Bioactive
Fractions. Antioxidant activities of SE-HW and its sub-
fractions were determined using a 2,2-diphenyl-1-picryl-
hydrazyl- (DPPH-) radical scavenging assay based on its
scavenging potential of stable DPPH-free radicals, as
described earlier, but with slight modifications [37]. The SE
extracts and solvent fractions were dissolved in methanol
(20μL) and then incubated with 200μM DPPH (Sigma)
ethanolic solution (180μL) at 37°C for 30min in a 96-well
microtiter plate. After the incubation period, the respective
absorbance of the reaction mixtures was subsequently mea-
sured at 517nm, and the percentage of inhibition and IC50
values were calculated.

2.3. Antineuroinflammatory and Anti-ROS Potential of
SE-EA. The chosen optimal bioactive fraction was further
investigated for its in vitro antineuroinflammatory and
anti-ROS potential in LPS-induced BV-2 microglial cells.

2.3.1. Cell Culture and Treatment. The BV-2 microglial cells
were cultured and maintained at 37°C, with 5% of CO2, in a
humidified incubator (Panasonic, Osaka, Japan). As previ-
ously noted (38), the cells were provided with Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Carlsbad, CA,
USA) and supplemented with 5% of fetal bovine serum
(FBS), 50 units/mL of penicillin, and 50μg/mL of streptomy-
cin (purchased from Gibco). They were maintained in a
100mm tissue culture dish (Falcon, Oneonta, NY, USA).
For the experiments, the cells were seeded at respective
densities on 6-, 24-, or 96-well culture plates (SPL,
Pocheon-si, Gyeonggi-do, Korea). When the microglial cells
reached 70~80% confluence, the cells were pretreated for
1 h with various concentrations of SE-EA (20, 100, and
200μg/mL) or Irilin B (2, 10, and 20μM), followed by an
LPS (200 ng/mL) treatment for 20h.

2.3.2. Cell Viability, NO Release, and DCFDA Intracellular
ROS Assay. The cell viability of BV-2 cells after administra-
tion of the SE-EA and Irilin B was determined by the MTT
reagent assay, as reported earlier. In brief, the BV-2 cells,
which were seeded in 96-well plates (5 × 104 cells/well), were
treated with LPS (200 ng/mL) in the presence or absence of
SE-EA (20, 100, and 200μg/mL) or Irilin B (2, 10, and
20μM) for 20h and subsequently treated with an MTT
reagent solution and incubated for 1 h at 37°C. Furthermore,
the supernatant was discarded and the insoluble MTT
formazan crystals were dissolved with DMSO; their corre-
sponding absorbance was measured at 540 nm using a
sunrise spectrophotometer (Tecan, Grödig, Austria).

The inhibition effects of SE-EA and Irilin B on biosynthe-
sized NO in BV-2 cells stimulated by LPS was determined by
the Griess reagent assay, as previously reported. In brief, the
BV-2 cells were seeded in 24-well culture plates, and after
reaching a confluence of 70%, the cells were incubated with
LPS (200 ng/mL) in the presence or absence of SE-EA (20,
100, and 200μg/mL) or Irilin B (2, 10, and 20μM) for 20 h
at 37°C in a supplied humidified incubator with 5% CO2.
Subsequently, the supernatants were transferred to 96-well
plates and exposed to an equal volume of the Griess
reagent. Their corresponding absorbance was measured
at 552nm using the sunrise spectrophotometer (Tecan,
Grödig, Austria). The NO production was calculated using
a predetermined sodium nitrite standard solution.

The anti-ROS potential of SE-EA and Irilin B in the LPS-
induced BV-2 cells was determined by quantifying the
relative internal ROS generation using DCF fluorescence,
according to the manufacturer’s protocol. In brief, the BV-2
microglial cells were seeded onto 96-well culture plates. The
cells were incubated in the presence or absence of SE-EA
(20, 100, and 200μg/mL) or Irilin B (2, 10, and 20μM) for
20 h at 37°C in a supplied humidified incubator with 5%
CO2. Furthermore, a DCFDA solution was added to each
well, which were then incubated for 30mins. After the
incubation period, the cells were washed twice with PBS;
the relative DCF fluorescence intensity was measured using
the SpectraMax M2 (Molecular Devices, San Jose, CA,
USA; excitation (Ex)/emission (Em), 485/538 nm).

2.4. Quantification of Proinflammatory Cytokines/Mediators
and Antioxidant Biomarker. The antineuroinflammatory
and anti-ROS potential of the optimal SE-EA fraction and
the bioactive Irilin B was further quantified at the molecular
level by investigating the modulation of the protein- and
RNA-level expression of the proinflammatory cytokines/
mediators, as well as the protein levels of the stress-
inducible heat shock protein, HO-1, using western blot and
quantitative real-time polymerase chain reaction (qRT-
PCR) techniques.

2.4.1. Western Blot Analysis. BV-2 cells, pretreated with
SE-EA (20, 100, and 200μg/mL) or Irilin B (2, 10, and
20μM), were inflicted with LPS (200 ng/mL) and incubated
for 20 h. The treated cells were washed twice with PBS and
lysed using a 1x RIPA buffer (Millipore, CA, USA) and a
phosphatase and protease inhibitor cocktail (Roche,
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Mannheim, Germany) for 10min at 4°C. Subsequently, the
obtained cell lysates were centrifuged at 14,000 rpm, at 4°C,
and the corresponding supernatants were collected and
stored in separate vials for further analysis. Prior to electro-
phoresis, the protein content of the supernatant was quanti-
fied using a DC Protein Assay kit (Bio-Rad) and an equal
amount of protein concentration (20-40μg) was separated
according to the molecular weights in a 10% sodium dodecyl
sulfate-polyacrylamide electrophoresis gel for each sample.
This was then carefully transferred to the polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA). The
membranes were preincubated in 3% BSA (TBS buffer) for
1 h and incubated with the respective primary antibodies:
anti-iNOS (1 : 2,000; BD Bioscience, CA. USA), anti-
COX-2 (1 : 2,000), and anti-β-actin (1 : 2,000; Santa Cruz
Biotechnology, TX, USA), rocking overnight at 4°C. On
the following day, the membranes—bounded with the
primary antibodies—were washed with TBS and incubated
with species-specific horseradish peroxidase-conjugated-
specific secondary antibodies (1 : 2000; Cell Signaling Tech-
nology, MA). The specific bands were detected using the
PowerOpti-ECL kit, and the immunoblots bands were visual-
ized by the Animal Genetics Inc. (Gyeonggi-do, Korea)
detection system, according to the manufacturer’s instruc-
tions. The bands were quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

2.4.2. Total RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR) Analysis. The RNA
was isolated from the BV-2 cells treated with LPS
(200 ng/mL) in the presence or absence of SE-EA (20, 100,
and 200μg/mL) or Irilin B (2, 10, and 20μM) for 6 h, using
the TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA), as per the manufacturer’s instructions. Total
RNA isolation was quantified using the SpectraMax Quick-
Drop (Molecular Devices, San Jose, CA, USA). Initially,
2500 ng of total RNA and the GoScript™ Reverse Transcrip-
tion System (Promega, USA) were utilized to obtain the
cDNA; subsequently, a qRT-PCR was performed (denatur-
ation: 30 sec at 95°C, annealing: 30 sec at 55°C, and extension:

72°C for 30 sec (50 cycles)). The sequences used for the
primers targeting proinflammatory genes are listed in
Table 1. The amplified product for each gene was run on
electrophoresis on a 1% agarose gel, followed by ethidium
bromide staining. The bands of the gels were photographed,
and the respective band intensities were quantified using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA) and normalized to the mRNA band intensity of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
results are representative of three independent experiments.

2.5. Investigation on Functional Motor Deficits and the Levels
of TH Staining in the Mouse Model. To further investigate the
anti-PD-like potential of the SE-EA fraction, we investigated
the effects of SE-EA on MPTP-inflicted PD-like mice. The
functional motor coordination deficit was determined
through pole tests, and the tyrosine hydroxylase-expressing
neurons were immunohistochemically stained and quanti-
fied to determine its therapeutic effects.

2.5.1. Animal Housing and Experimental Groups. Male
C57BL/6 mice (n = 9/group, age: 6-7 weeks, and weight:
26 ± 3 g) were obtained from DBL (Chungcheongbuk-do,
Korea). The animals were housed in a controlled environ-
ment (23 ± 1°C and 50 ± 5% humidity) with 12 h dark-light
cycles and permitted food and water ad libitum. Prior to
the start of the experiment, all of the animals were allowed
an acclimation period of 1~2 weeks. The experiment was
conducted over the course of 7 days, and the animals were
divided into four groups (sham, negative control (MPTP),
MPTP+SE-EA 50, and MPTP+SE-EA 100). The SE-EA
powder was dissolved in a 0.9% isotonic saline and adminis-
tered orally for 7 days using a feeding catheter and sterilized
syringe. The neurotoxin MPTP (20mg/kg/2-hour intervals)
was administered only on Day 2, four times at 2 h intervals.
The sham group was treated with only a 0.9% isotonic saline
during the treatment period. All of the animal experiments
were performed in accordance with the Principles of Labora-
tory Animal Care (NIH publication no.85-23, revised 1985)

Table 1: The mRNA primers used are the following. Accession numbers of the gene bank are specified, and expected product sizes are listed.

Target gene Sequence (5′->3′) Accession no. Product size (bp)

iNOS
Forward TGAAGAAAACCCCTTGTGCT

NM_010927 100
Reverse TTCTGTGCTGTCCCAGTGAG

COX2
Forward CAAGACAGATCATAAGCGAGGA

NM_011198 107
Reverse GGCGCAGTTTATGTTGTCTGT

TNF-α
Forward CCACCACGCTCTTCTGTCTAC

NM_013693 103
Reverse AGGGTCTGGGCCATAGAACT

IL-1β
Forward TGTGAAATGCCACCTTTTGA

NM_008361 94
Reverse GGTCAAAGGTTTGGAAGCAG

IL-6
Forward TGATGCACTTGCAGAAAACA

NM_031168 109
Reverse ACCAGAGGAAATTTTCAATAGGC

GAPDH
Forward AAGGGCTCATGACCACAGTC

NM_001289726 160
Reverse TTCAGCTCTGGGATGACCTT
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and approved by Konkuk University Institutional Animal
Care and Use Committee (KU17023).

2.5.2. Behavioural-Pole Test. A pole test is a behavioural
study intended to determine the PD-like bradykinesia symp-
toms in mice. The test was conducted on Day 7, as previously
noted. For this test, each animal was placed at the top of a
rough-surfaced pole (8mm diameter and 55 cm height),
with a heads-up posture. The time taken by the animal
to turn at the top of the pole (time of turn) and the time
taken by the animal to reach the bottom of the pole (time
of descent) were noted. The period of time taken by the
animal to both turn and descend relatively reflects the
bradykinesia parameter. The test was conducted three
consecutive times for each animal.

2.5.3. Immunohistochemistry (IHC) and Image Analysis.
After the pole test, the animals were anesthetized with a
23% urethane solution (Sigma-Aldrich, CA, USA), for
the purpose of immunohistochemical investigations. As
described earlier, followed by a saline flush, individual
mouse’s brains were perfused with a 4% paraformaldehyde
(PFD) solution (Biosesang, Gyeonggi-do, Korea) via a
cardiac puncture. The excised brains were further fixed at
4°C in the same PFD fixative and subsequently dehydrated
in a 30% sucrose solution. The brains were then embedded
in a tissue-freezing medium (Leica GmbH, Heidelberger,
Germany) and sectioned coronally to obtain the striatal and
SNpc regions. The free-floating sections were subsequently
incubated with specific anti-TH (Calbiochem, Darmstadt,
Germany). Antigen-positive areas were visualized using a
VECTASTAIN ABC kit and a DAB Peroxidase (HRP) Sub-
strate Kit (Vector Laboratories, CA, USA). The IHC stained
slides were digitized using a Nikon Eclipse Ts2 microscope
(Nikon, Tokyo, Japan). The digitized slide images were
processed and analysed using the “analyse particle” function
of ImageJ (NIH, MD, USA).

2.6. Bioactivity-Guided Isolation and Characterization of
Irilin-B from SE-EA Fraction. Furthermore, we extended
our study to identify the possible candidate responsible for
the enhanced bioactivity of the SE-EA fraction. In accor-
dance, the compounds of the SE-EA fraction were separated
and isolated using chromatographic techniques and simulta-
neously screened for their bioactivity based on in vitroDPPH
radical scavenging potential.

2.6.1. Antioxidant Activity-Guided Isolation, Purification,
and Characterization. The schematic outline of the com-
pound isolation from SE-EA is depicted in Figure 2(a). In
brief, 20 g of the SE-EA fraction was separated through
HP-20 column chromatography to obtain several subfrac-
tions, which were screened based on the DPPH antioxidant
assay, as reported in Section 3.2.2. Then, the obtained elite
fraction was separated by Silica gel 60 G column and
Sephadex LH-20 column, by screening the obtained subfrac-
tions using an antioxidant assay as reported above. The
HPLC (1260 Infinity, Agilent Technologies, Santa Clara,
CA, USA) equipped with a ZORBAX Eclipse XDB C18 prep
column (9 4 × 250mm, 5μm, Agilent Technologies) was

conducted with a gradient eluent of methanol and 0.04%
trifluoroacetic acid as the mobile phase (Figure 2(b)). The
final candidate exhibiting enhanced antioxidant potential
was identified using nuclear magnetic resonance (NMR)
studies to interpret its spectra and confirm its chemical
structure (Figure 2(d)).

2.7. Effects of Irilin B in Molecular Level Alterations of
Proinflammatory Cytokines/Mediators and Antioxidant
Biomarker. The compound, Irilin B, exhibited enhanced
in vitro antioxidant potential, which was further confirmed
for its therapeutic potential using in vitro antineuroinflam-
matory and anti-ROS potential in LPS-induced BV-2 micro-
glial cells, as described in Supplementary Figure 1(a).

2.8. Statistical Analysis. The data were analysed using a
one-way ANOVA, followed by Tukey’s Honest Significant
Difference test (GraphPad Prism 5, GraphPad Software).
The accepted difference values for statistically significant
p values are reported in the legends of the corresponding
figures. All of the results are presented as the mean ± SD.

3. Results and Discussion

Neuroinflammation-mediating neuronal cell death is one of
the major clinical hallmarks of several neurodegenerative
disorders (NDD), such as AD and PD. Under the diseased
pathological conditions of NDDs, infection and alteration
in the microenvironmental factors have been reported to
dynamically participate in the hyperactivation of microglial
cells, and it results in neuronal cell-death cascades which
mediate disease progression [38, 39]. Although the activation
of glial cells has also been conversely reported to protect and
enhance the neuronal repair process, the pathogenic deterio-
ration of the disease conditions creates an imbalance in this
double-edged sword, like the functions of glial cells [16, 40].
The detrimental effect of hyperactivated microglia and astro-
cytes inflicts chronic inflammation on the neuronal milieu by
elevating the proinflammatory cytokines—TNF-α, IL-1β,
and IL-6—and mediators—iNOS and COX-2. This insult
further provokes the excessive production of cytotoxic NO,
superoxide, and ROS conditions [39, 41, 42]. As the brain is
highly sensitive to oxidative conditions, the excessive ROS
and imbalance in mitochondrial redox levels disrupt the
integrity and function of neuronal cells [41, 43]. Precisely
in the case of PD, the post-mortem brain reports of PD
patients show that the brains exhibit elevated oxidative stress,
evidenced by the means of extensive protein oxidation at the
SNpc regions compared to the brains of healthy subjects. The
level of glutathione (GSH, an antioxidant enzyme) was
observed to be exhausted in the surviving neurons in the
SNpc regions of PD patients [44]. Thus, curbing the neuroin-
flammation and retaliating oxidative stress in the brain
milieu are considered effective strategies to alleviate symp-
tomatic PD-like NDDs [45]. Accumulating evidence has
reported that LPS (a direct microglial-mediated inflamma-
tory stimuli) and MPTP (a neurotoxin-mediated micro-
gliosis) substantially develop PD-like neuroinflammation
and progressive neurodegeneration in experimental animal
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models [46, 47]. Recently, various extracts of SE-EA have
been reported to exhibit therapeutic effects against a wide
range of clinical complications, such as antidiabetic, anti-
hypertension, antihyperlipidemia, and hepatoprotective
complications [27, 48]. Thus, in this study, the antineur-
oinflammatory, antioxidative, and anti-PD-like potential
of SE-EA/bioactive candidate was investigated in the afore-
mentioned experimental models.

3.1. Phytochemical Profiling and Antioxidant Screening of
Varied SE Subfractions. One-kilogram dry weight of desalted
SE extract yields 180 g of hot water extracts (SE-HW); the
solvent-solvent partitioning of SE-HW yielded 5.9 g of
SE-H, 11.8 g of SE-C, 22.4 g of SE-EA, 39.8 g of SE-B,
and 85.2 g of SE-Q, as depicted in Figure 1. According
to the phytochemical profiling data, the SE-ethyl acetate
(SE-EA) fraction indicates maximum total phenolic and
total flavonoid content, with 63.28 and 39.74mg/g, respec-
tively, followed by SE-chloroform fraction (SE-C) with
32.21 and 14.87mg/g, respectively; the SE-hexane (SE-H)
fraction scored the least with 8.39 and 1.34mg/g, respec-
tively. However, among the SE-fractions—excluding the
SE-Q fraction—the SE-butanol fraction exhibited the
highest total carbohydrates, total uronic acid, and total
protein contents, with 42.36%, 18.44%, and 8.25%, respec-
tively, followed by SE-ethyl acetate fraction with 16.23%,
3.61%, and 4.84%, respectively. The DPPH antioxidant
activity-based screening of the SE-HW and its fractions
exhibited SE-EA as the elite bioactive fraction with the
lowest IC50 value of 0 06 ± 0 01mg/mL, followed by SE-C
with 0 27 ± 0 01mg/mL, and SE-B with 0 56 ± 0 01mg/mL
(Figure 1(c)). The least activity was exhibited by SE-H with

2 79 ± 0 01mg/mL. The order of antioxidant activities and
phenolic/flavonoid content is presented as follows:

Order of antioxidant activities: SE − EA > SE − C > SE −
HW> SE − B > SE −Q > SE −H

Order of total phenolic/flavonoid content: SE − EA >
SE − C > SE − B > SE −HW> SE −Q > SE −H

3.2. Antineuroinflammatory and Anti-Parkinsonism-Like
Potential of SE-EA

3.2.1. The Cytotoxicity Effects and NO Inhibitory Potential of
SE-EA in LPS-Stimulated BV-2 Microglial Cells. To deter-
mine the cytotoxic traits of SE-EA in the BV-2 microglial
cells, the cells were inflicted with LPS (200 ng/mL) in the
presence or absence of SE-EA at various concentrations (20,
100, and 200μg/mL), and an MTT assay was performed.
The results indicate that cell viability was not affected, either
at the evaluated concentrations of LPS alone or with SE-EA
fractions for 20 h, nor was it found to be more than 80%
(Figure 3(b)). Subsequently, to determine the intracellular
ROS inhibitory effects of SE-EA, the intracellular NO
released in BV-2 cells inflicted with LPS (200 ng/mL) in the
presence or absence of each concentration of SE-EA was
evaluated by a NO Griess reagent assay. As anticipated, LPS
infliction significantly elevated the intracellular NO levels
eight times higher than the untreated control cells. The
SE-EA fractions exhibited a dose-dependent inhibition of
NO activity by reducing the intracellular NO levels in
LPS-inflicted BV-2 cells. More precisely, at the evaluated
higher concentration of 200μg/mL, SE-EA markedly
reduced the NO level nearly threefold more than the only
LPS-treated cells.
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Figure 2: Bioactivity-guided isolation and characterization of Irilin-B from SE-EA fraction. Antioxidant activity-guided isolation and
characterization of compound L13-1 from SE-EA. (a) Purification scheme of compound L13-1 from SE-EA; (b) representative HPLC
profiles of SE-EA, SE-EA-L13, and finally purified compound L13-1, Irilin B. HPLC (1260 Infinity, Agilent Technologies, Santa Clara, CA,
USA) equipped with a ZORBAX Eclipse XDB C18 prep column (9 4 × 250mm, 5 μm, Agilent Technologies) was conducted with a
gradient eluent of methanol and 0.04% trifluoroacetic acid as the mobile phase. The UV spectrum and chemical structure of the finally
purified compound L13-1 are also depicted. (c) NMR spectra of the purified compound L13-1. c1: 1H-NMR spectrum; c2: 13C-NMR
spectrum. (d) Determination of stereographic structure by analysis of two-dimensional 1H-1H COSY and HMBC-NMR spectra and
assignments of carbon and hydrogen in NMR spectra.
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Figure 3: The cytotoxicity effects and NO inhibitory potential of SE-EA in LPS-stimulated BV-2 microglial cells. SE-EA (20,100, and
200 μg/mL) were treated onto BV-2 cells with or without LPS and incubated in a CO2-supplied incubator for 20 hours. A ROS defense
protein and HO-1 expression levels were analysed by a western blot and qRT-PCR (a). SE-EA treatment onto BV-2 microglial cells
reduced ROS levels and induced HO-1 expressions. Anti-inflammatory effects of SE-EA in LPS-stimulated BV-2 microglial cells. SE-EA
(20, 100, and 200μg/mL) and LPS (200 ng/mL) were cotreated onto BV-2 cells, which were incubated for 20 hours in a CO2-supplied
incubator. Each group’s nitric oxide release was measured using a Griess reagent, and cell viability was assayed by an MTT reagent (b). Of
the western blot analysis, inflammatory mediators iNOS and COX-2 expression levels were presented. The intensity of each protein band
was measured using ImageJ (c). The expressions of iNOS, COX-2, and proinflammatory cytokines TNF-α, IL-1β, and IL-6 were measured
by qRT-PCR analysis (d). SE-EA treatments suppressed the expression of inflammatory genes. Values are mean ± standard deviation. #
marks vs. the control group, ∗ marks vs. the LPS-stimulated group. ∗p < 0 01, ∗∗p < 0 05, and ∗∗∗p < 0 001. ns: statistically not significant.
p values were achieved using a one-way ANOVA analysis (Tukey method).
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3.2.2. SE-EA Suppressed ROS Generation and Inflammatory
Protein/mRNA Markers in LPS-Stimulated BV-2 Microglia
Cells. Furthermore, to investigate the anti-ROS effects of
SE-EA in BV-2 cells, the intracellular ROS generated during
the physiological cellular process was detected using DCFDA
dye and is quantified by measuring its fluorescence intensity
to depict the ROS generation. The results of our study
indicate that the SE-EA dose dependently suppresses DCF
fluorescence intensity, wherein at the higher concentration
of 200μg/mL, SE-EA reduces fluorescence intensity by
52 5 ± 7 2% compared to the control group (Spl.fig. 1A).
Subsequently, the effects of SE-EA on mRNA and the pro-
tein expressions of heme oxygenase-1 (HO-1), a renowned
ROS-defensive enzyme, whose downstream mediators were
reported to promote the curbing of ROS generation, were
investigated in LPS-inflicted BV-2 cells. The results of our
study indicate that LPS-inflicted BV-2 microglial cells exhibit
a mild rise in the levels of mRNA and protein expressions of
HO-1, which is significantly elevated by SE-EA-treated
cells in a dose-dependent manner. At the evaluated higher
concentration of 200μg/mL, SE-EA exhibits threefold
higher levels of mRNA and protein expressions of HO-1, com-
pared to the LPS-treated group. Interestingly, the SE-EA-
(200μg/mL) alone-treated cells express twofold higher levels
of HO-1 expression than the LPS-treated group (Figure 3(a)).

To examine the anti-inflammatory potential of SE-EA, its
modulatory effects on the proinflammatory mediators and
cytokine level in LPS-stimulated BV-2 microglial cells were
investigated (Figure 3(d)). The variations in the mRNA levels
of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) and
proinflammatory mediators (iNOS and COX-2) were
observed after 6 h, followed by LPS induction. The densi-
tometric study of the bands reveals that the LPS-inflicted
BV-2 cells significantly elevate the level of TNF-α, IL-1β,
and IL-6 mRNA expressions sixfold, twofold, and twentyfold
higher, respectively, than the control groups. Consequently,
the iNOS and COX-2 mRNA expressions of LPS-inflicted
cells were also found to increase by twofold and onefold,
respectively, compared to those of the control group. Alter-
natively, SE-EA treatment dose-dependently suppressed the
elevation of mRNA proinflammatory markers’ expression.
Precisely at the concentration of 200μg/mL, SE-EA sup-
pressed the mRNA expressions of TNF-α, IL-1β, IL-6, iNOS,
and COX-2 and nearly restored their levels proximal to
the untreated control cells. This was further confirmed
by the western analysis of the protein expression levels of
iNOS and COX-2 (Figure 3(c)). As anticipated, the LPS-
stimulated BV-2 cells exhibited 2 5 ± 0 3‐ and 7 5 ± 3 3‐fold
increase compared to the control cells, which was effectively
retaliated by SE-EA in a dose-dependent manner. At concen-
trations of 200μg/mL, SE-EA suppressed the protein expres-
sions of iNOS and COX-2 with a fold change of 7 5 ± 3 3%
and 2 5 ± 0 9%, respectively.

3.2.3. SE-EA Attenuated the Functional Motor Deficits and
Tyrosine Hydroxylase (TH) Depletion in a MPTP-Intoxicated
PD-Like Mouse Model. To evaluate the anti-PD-like
protective effects of SE-EA, we employed an MPTP-
induced PD-like mouse model. The mice were intoxicated

using a four-time intraperitoneal administration of MPTP
(20mg/kg of bw) for a single day, with or without an
SE-EA regimen (50 and 100mg/kg/day) for a week
(Figure 4(a)). The untreated (control) groups were evalu-
ated regarding their functional motor deficits using a pole
test. The results of our study indicate that the MPTP-
induced mice required more time for the turn and descent
test compared to the control group. This deleterious motor
deficit was effectually ameliorated by SE-EA in a dose-
dependent manner (Figure 4(b)). Furthermore, to evaluate
the neuroprotective effects of SE-EA, the immunoreactivity
of the TH-positive neurons in SNpc and STR was obtained
through immunohistochemistry (IHC) (Figure 4(c)). The
positive-stained TH neurons at SNpc were quantified, and
their relative expressions are depicted in a representative
graph (Figure 4(d)). According to SNpc and STR images
of the brain section, MPTP-administered mice exhibit less
TH-positive staining compared to the control groups, with
a 40% reduction in the relative TH+ ratio at SNpc. The
expression of the relative TH+ ratio was substantially ele-
vated in SE-EA-treated mice, with a value of 20% more than
the MPTP-inflicted mice, thereby exhibiting substantial
protective effects of SE-EA on TH-immunopositive fibres
in the striatum and the SNpc regions of mouse brains,
proximal to the mice of the control group.

Overall, SE-EA substantially curbed by the neuroinflam-
matory cascades in microglial cells and thereby effectively
attenuated the behavioural deficits in MPTP-induced
PD-like animal models. Precisely as anticipated, the LPS
infliction in the BV-2 microglial cells exhibited substantial
elevation in the levels of NO production, proinflammatory
cytokine (TNF-α, IL-1β, and IL-6), and mediator (iNOS
and COX-2) expressions, which has been markedly reduced
by SE-EA and thereby exhibits significant antineuroinflam-
matory potential. This is in accordance with the results of
previous studies, in which the antineuroinflammatory poten-
tial of the evaluated extracts/candidates was validated by
effectual suppression of the NO and proinflammatory
mediator/cytokine levels in stimulated glial cells [45, 49, 50].
Subsequently, SE-EA was also found to elevate the HO-1
expressions in the stimulated glial cells, which may poten-
tially contribute to its antineuroinflammatory and antioxi-
dant potential. A recent study discussed the potential of
HO-1 expressions as modulatory targets of neuroinflamma-
tion in neurodegenerative diseases [51]. Subsequently,
several dietary antioxidants were also reported to upregulate
HO-1 expression and exert substantial neuroprotective
effects [52, 53]. In addition, it is also evident that the down-
stream effects by products of HO-1 were reported to exhibit
antioxidant responses against ROS conditions [52, 54]. In
accordance, the DCF-DA results of our study indicate that
the physiological ROS generated in the glial cells are substan-
tially reduced by the SE-EA. By confirming the antineuroin-
flammatory and anti-ROS potential of SE-EA, we further
extended our study to investigate the anti-PD-like potential
of SE-EA in the MPTP-intoxicated mouse model. Previous
studies strongly suggest that MPTP intoxication significantly
inflicts bradykinesia-like motor deficits in animals, which
are determined by behavioural assays, such as the pole test
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[50, 55, 56]. Zhang et al. have reported that salidroside, a
natural glucoside from Rhodiola rosea L., effectively
improved the behavioural deficits in MPTP-induced PD
mice, as observed by time of turn and time to reach floor in
pole tests [57]. In accordance, the results of our study reveal
severe behavioural deficits in MPTP-intoxicated mice with
prolonged time latencies for the animals to turn and to reach
the base. This was substantially attenuated by the SE-EA pre-
treatment and evidently improved the behavioural motor
impediments. Subsequently, at the molecular level, the
reduction of dopamine levels was substantially determined
through the depletion of tyrosine hydroxylase- (TH-) posi-
tive fibres in the striatal SNpc regions of PD brains [58–60].
Accordingly, in our study, the MPTP-intoxicated mice
exhibited significant DA neuronal loss in the striatal and
SNpc regions with decreased TH+-stained neurons. Alterna-
tively, SE-EA pretreatment effectually restored the levels of
TH+-stained neurons in the striatal and SNpc regions,
thereby exhibiting substantial neuroprotective potential

by preventing a loss of dopaminergic neurons in PD
progression.

3.3. Isolation and Investigations of the In Vitro Antioxidative
and Anti-Inflammatory Potential of Irilin B

3.3.1. Isolation and Characterization of the Bioactive
Candidate Irilin B from SE-EA Fraction. To identify the
potential bioactive candidate responsible for the above
described protective effects of SE-EA, we performed an anti-
oxidant activity- (i.e., DPPH assay-) guided partitioning and
subsequently narrowed down and isolated Irilin B (L13-1) as
a potential candidate. The schematic flow of the bioactivity
guide isolation of Irilin B is depicted in Figure 2(a).
Characterization of the purified compound, L13-1 (see
Figure 2(a)), a pale-yellow amorphous powder (8mg), was
conducted by ESI-MS, 1H-NMR, and 13C-NMR analysis.
ESI-MS were obtained using an LC-ESI mass spectrometer
(Agilent 1100, Agilent Technologies, USA) in both negative
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Figure 4: SE-EA-attenuated motor deficits and tyrosine hydroxylase depletion in MPTP-intoxicated PD-like mouse model. Animal
experiment schedule is presented (a). Mouse coordination function was measured using a pole test. Each result is marked by dots and a
thick bar is mean ± standard deviation (b). In IHC/DAB, the staining results indicate TH-positive neurons (substantia nigra pars compacta
or SNpc) and its axon terminals (striatum or Str.). In the SNpc region, dopaminergic neurons stained by the IHC/DAB staining method
and the TH-positive area were measured using ImageJ (c). In the graph, the relative TH-positive area’s mean ± standard deviation is
presented (d). ###p < 0 001 vs. the control group and ∗p < 0 01, ∗∗p < 0 05, and ∗∗∗p < 0 001 vs. LPS-stimulated group. p values were
achieved using a one-way ANOVA analysis (Tukey method).
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and positive modes. 1H-NMR and 13C-NMR spectra were
measured on a Jeol instrument (1H-NMR at 600MHz,
13C-NMR at 150MHz; JNM-ECA 600, Jeol, Japan) in
DMSO-d6. The UV spectrum of the purified compound,
L13-1 (Agilent, 1200 DAD, 190-400 nm, 20 nm step), dis-
played λ-maxima at 214nm, 263 sh, 289 sh, and 338 sh
(MeOH); 271nm and 340nm (+NaOAc); and 215nm,

271 nm, 317nm, and 368nm (+AlCl3), which are charac-
teristics of flavonoid-isoflavones. To identify the com-
pound L13-1, further analyses were performed using an
electrospray ionization- (ESI-) mass spectrometry (MS)
and a NMR spectroscopy. The ESI-MS results, m/z 301.1
[M+H]+ and m/z 299.1 [M-H]+, indicate that the molecular
weight of compound L13-1 is 300Da (C16H12O6)
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Figure 5: Effects of Irilin B in molecular level alterations of proinflammatory cytokines/mediators and antioxidant biomarker. A major
flavonoid of SE-EA, Irilin B (20, 10, and 20μM) was treated on LPS-stimulated BV-2 microglial cells. Cells were incubated for 20 hours in
a CO2-supplied incubator, and the HO-1 expression levels were measured using a western blot and qRT-PCR (a). Nitric oxide (NO)
releases were measured by Griess reagent assay, and cell viabilities were assayed by using MTT reagent (b). Including iNOS and COX-2,
proinflammatory cytokines, TNF-α, IL-1, and IL-6 expression levels were analysed using the qRT-PCR method (c). # marks vs. the control
group, ∗ marks vs. the LPS-stimulated group. ∗p < 0 01, ∗∗p < 0 05, and ∗∗∗p < 0 001. ns: statistically not significant. p values were
achieved using a one-way ANOVA analysis (Tukey method).
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(Figure 2(c)). Compound L13-1 was finally identified as an
isoflavone, Irilin B (5,7,2-trihydroxy-6-methoxy-isoflavone),
based on the assignment of the proton and carbonyl
resonances observed in the spectra of 1H-NMR, 13C-NMR
(Figure 2(c)), HMBC, and 1H-1H COSY (Figure 2(c)). 1H-
NMR (600MHz, DMSO-d6) δ ppm: 3.87 (1H, d, 3-H), 6.47
(1H, d, 8-H), 8.07 (1H, d, 2-H), 6.90 (1H, d, 3′-H), 7.23
(1H, m, 4′-H), 6.89 (1H, d, 5′-H), and 7.23 (1H, s, 4′-H)
(Figure 2(c)); 13C-NMR (150MHz, DMSO-d6) δ ppm:
157.0 (2-C), 122.0 (3-C), 182.6 (4-C), 156.8 (5-C), 133.0
(6-C), 159.0 (7-C), 95.2 (8-C), 155.0 (9-C), 106.4 (10-C),
119.3 (1′-C), 155.9 (2′-C), 117.1 (3′-C), 130.9 (4′-C),
120.7 (5′-C), 132.7 (6′-C), and 60.7 (OCH3) (Figure 2(c)).

3.3.2. In Vitro Antioxidative and Anti-Inflammatory Effects of
Irilin B in LPS-Stimulated BV-2 Microglial Cells. To further
confirm the bioactive potential of the isolated Irilin B, we
evaluated its in vitro antioxidative and anti-inflammatory
potential in LPS-stimulated BV-2 microglial cells, as previ-
ously described. Initially, the cell viability of the BV-2 cells
was evaluated to confirm the potential toxicity of Irilin B,
which may have possibly been incurred during the isolation
process. At the evaluated concentrations (2, 10, and 20μM)
of Irilin B and LPS (200 ng/mL), the stimulation did not
exhibit substantial toxicity and indeed exhibited more than
80% of cell viability. However, LPS infliction for 20 h elevated
the NO release in BV-2 microglial cells nearly five times more
than the untreated control cells and is effectually curbed by
the Irilin B in a dose-dependent fashion (Figure 5(b)).
Indeed, at a concentration of 20μM, Irilin B exhibited
nearly a fourfold decrease in NO levels compared to the
LPS-stimulated cells. This was in accordance with the
anti-inflammatory effects of Irilin B, whereby the elevated
expressions in the levels of proinflammatory mRNA
markers (i.e., TNF-α, IL-1β, IL-6, iNOS, and COX-2) in
LPS-stimulated cells were substantially suppressed by Irilin
B (Figure 5(c)). More precisely, at the evaluated higher
concentrations of 20μM, Irilin B suppressed the levels of
proinflammatory mRNA expressions twice as much as the
LPS-treated group. On the other hand, Irilin B was also found
to exhibit potential antioxidative potential, similar to SE-EA.
The elevated ROS levels relatively quantified by an increase
in DCF fluorescence intensity in the physiological condition
of BV-2 cells were substantially curbed by the Irilin B dose,
and a twentyfold decrease in DCF intensity was observed
for the 20μM concentration, compared to the LPS-inflicted
cells (supplementary file-2). This was subsequently con-
firmed by a dose-dependent elevation of the mRNA and
protein expressions of heme oxygenase-1 (HO-1), the
ROS-defensive enzyme, thereby potentially retaliating
against the ROS generated in the LPS-stimulated BV-2
cells (Figure 5(a)).

Thus, based on the in vitro antioxidant activity-guided
isolation of the bioactive candidate, among various candi-
dates/fractions of SE-EA, the compound L13-1, Irilin B,
exhibited enhanced antioxidative activity and is thereby
identified as a potential bioactive candidate of SE-EA. This
is in accordance with the results of previous studies, in

which the Irilin B, isolated from Iris songarica Schrenk,
exhibited substantial antioxidant activity by inhibiting ROS
generation in phorbol myristate acetate- (PMA-) induced
HL-60 leukemia cell lines. Subsequently, the purity and
characterization of the isolated Irilin B were further con-
firmed using chromatographic and NMR techniques. Irilin
B, isolated as a pale-yellow amorphous powder, exhibited
the traits of flavonoid-isoflavones and is confirmed as the
5,7,2-trihydroxy-6-methoxy-isoflavone, with a molecular
weight of 300Da (C16H12O6). Nevertheless, we have identi-
fied and reported the existence of Irilin B in SE-EA, which
could potentially contribute to the antioxidant and anti-
inflammatory potential of SE-EA in scopolamine-induced
amnesic mice [29]. In accordance, in this study, the antineur-
oinflammatory and antioxidant potential of the isolated Irilin
B was demonstrated by anti-ROS and anti-inflammatory
activities in LPS-stimulated BV-2 cells. This indicates that
Irilin B can potentially contribute to the anti-PD-like activity
of SE-EA in MPTP-intoxicated mice.

4. Conclusions

This study demonstrates that Salicornia europaea L. extract
and its bioactive compound, Irilin B, exert antineuroinflam-
matory and anti-ROS effects through the inhibition of several
proinflammatory mediators and oxidative stress markers in
the stimulated microglial cells. Moreover, the anti-PD-like
potential of SE-EA was also evidently demonstrated in the
MPTP-intoxicated mouse model. This study, for the first
time, demonstrated the antineuroinflammatory potential of
Irilin B. However, further mechanistic studies are required
to develop SE-EA and Irilin B as effectual therapeutics to
target inflammation and oxidative stress-mediated neurode-
generative complications.
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Supplementary Materials

Supplementary Figure 1: SE-EA (20,100, and 200μg/mL) and
Irilin B (2, 10, and 20μM) were treated onto BV-2 microglial
cells, and the cells were incubated 20 hours. Later, cellular
reactive oxygen species (or ROS) productions were measured
by DCF-DA assay (A). Cells were incubated 20 hours post-
Irilin B/LPS cotreatment in a CO2-supplied incubator. In
western blot, iNOS and COX-2 protein expression levels
were shown. Each of the bands was analysed by ImageJ,
and the relative intensity of the bands was presented in
graphs (B). Values are mean ± standard deviation. # marks
vs. control group, ∗ marks vs. LPS-stimulated group.
∗p < 0 01, ∗∗p < 0 05, and ∗∗∗p < 0 001. ns: statistically not
significant. p values were achieved by using one-way
ANOVA analysis (Tukey method). Supplementary Figure 2:
SE-EA (20, 100, and 200μg/mL) and LPS (200 ng/mL) were
treated onto BV-2 microglial cells, and the cells were
incubated 30 minutes. Cells were lysed by RIPA buffer
immediately. As presented in the western blot image,
LPS treatment increased phosphorylation of MAPK sig-
naling molecules (A). Supplementary Figure 3: SE-EA
(20, 100, and 200μg/mL) and LPS (200 ng/mL) were treated
onto BV-2 microglial cells, and the cells were incubated for 2
hours. Cytosolic and nucleic protein samples were collected;
we confirmed Nrf2 protein translocation by western blot
(A). Long-term exposures (20 hours) of SE-EA and LPS were
observed too (B). LPS treatment was induced by phosphory-
lation of IRF3 proteins (C). (Supplementary Materials)
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Purpose. Oxidative stress induced by reduced blood circulation is a critical pathological damage to retinal ganglion cells (RGCs) in
glaucoma. We previously showed that green tea extract (GTE) and its catechin constituents alleviate sodium iodate-induced
retinal degeneration in rats. Here, we investigated the therapeutic effect of GTE on ischemia-induced RGC degeneration in
rats. Methods. RGC degeneration was induced by ischemic reperfusion in adult Fischer F344 rats. Green tea extract
(Theaphenon E) was intragastrically administered 4 times within 48 hours after ischemia. RGC survival, pupillary light reflex,
expressions of cell apoptosis, oxidative stress, and inflammation-related proteins were studied. Results. Ischemic reperfusion
significantly induced apoptotic RGCs, RGC loss, and larger constricted pupil area compared to the untreated normal rats.
Expressions of activated caspase-3 and caspase-8, Sod2, and inflammation-related proteins as well as p38 phosphorylation were
significantly upregulated in the ischemia-injured rats. Compared to the saline-fed ischemic rats, significantly higher number
of surviving RGCs, less apoptotic RGCs, and smaller constricted pupil area were observed in the GTE-fed ischemic rats.
GTE also reduced the increased protein expressions caused by ischemic injury but enhanced the Jak phosphorylation in
the retina. Notably, green tea extract did not affect the survival of RGCs in the uninjured normal rats. Conclusions. In
summary, GTE offers neuroprotection to RGCs under ischemic challenge, suggesting a potential therapeutic strategy for
glaucoma and optic neuropathies.

1. Introduction

Glaucoma is a leading cause of irreversible blindness and
visual impairment in most populations, affecting 80 million
people worldwide [1]. It is characterized by progressive
retinal ganglion cell (RGC) and axonal degeneration. While
intraocular pressure (IOP) elevation has been proven to be
associated with RGC degeneration, retinal ischemic insults,
commonly occurred in acute angle closure and retinal
vascular occlusion, can also contribute to the loss of RGCs.

Optical coherence tomography (OCT) angiography revealed
lower vessel density in primary angle closure glaucoma
patients [2]. The reduced blood circulation is predisposition
to oxidative stress, which is a critical initiation for RGC
degeneration [3]. Oxidative stress induced by reactive oxygen
species (ROS) can initiate the caspase-mediated apoptotic
pathway through lipid peroxidation, disruption of mitochon-
drial functions, and DNA damage [4]. Moreover, ROS and
the oxidative processes can stimulate the generation of
advanced glycation end products, which induce the release
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of proinflammatory cytokines, such as tumor necrosis
factor- (TNF-) α and interleukin- (IL-) 6 [5]. In the ischemic
reperfusion model, we have identified that the involvement
of inflammatory response and the JAK/STAT pathway are
important for RGC survival regulation [6, 7].

Green tea extract (GTE) possesses antioxidative, anti-
inflammatory, and antiangiogenic properties [8, 9]. Its cate-
chin constituent, (-)-epigallocatechin gallate (EGCG), could
reduce retinal damages induced by ischemia/reperfusion
[10]. EGCG can also protect photoreceptor cells from light-
and sodium nitroprusside-induced degeneration in the
rodent models [11, 12]. We reported that sodium iodate
induces RPE damage and photoreceptor disruption by oxida-
tive stress [13] and green tea extract and EGCG can attenuate
sodium iodate-induced retinal degeneration in rats [14]. We
had found that GTE shows better neuroprotective effect than
EGCG [14]. The effect of GTE on RGC degeneration is
unknown. Herein, we hypothesized that green tea extract
could ameliorate ischemia-induced RGC degeneration
in vivo. In this study, RGC degeneration in rats was induced
by ischemic reperfusion, and the ischemia-injured rats were
intragastrically fed with GTE. The RGC survival and the
pupillary light reflex were determined. The expressions of
cell apoptosis, oxidative stress, and inflammation-related
proteins were evaluated.

2. Material and Methods

2.1. Animals. Female Fischer F344 rats (6–8 weeks old,
weighing 200–250 g), which can be better anesthetized under
the 2-hour ischemia injury period than the male rats, were
purchased from Beijing Vital River Laboratory Animal Tech-
nology Co. Ltd., China. The rats were maintained at 22 ± 1°C,
40 ± 10% humidity, and with 12 : 12 hour dark-light cycle.
Standard rodent chow and water were provided ad libitum.
All rats were treated according to the Guidelines of the
Association for Research in Vision and Ophthalmology
(ARVO) Statement on the Use of Animals in Ophthalmic
and Vision Research. The experimental protocols in this
study have been approved by the Animal Experimentation
Ethics Committees of Fudan University, the Joint Shantou
International Eye Center of Shantou University, and the
Chinese University of Hong Kong. For each experimental

group, 5 rats were used. There is no gender difference in
the ischemia-induced RGC degeneration model.

2.2. Ischemic Reperfusion. Ischemic reperfusion was per-
formed in rats according to our previous studies [6, 7].
Briefly, the rats were anesthetized by intraperitoneal injection
of 1 : 1 mixture (1.5ml/kg) of ketamine (100mg/ml) and
xylazine (20mg/ml). A 27-gauge needle was inserted into
the anterior chamber of the left eye, and the needle was
connected to a container carrying 500ml sterile saline. The
container was raised to a height of 1.5m above the eye to
elevate the IOP to 110mmHg. Ischemic reperfusion was
maintained for 2 hours. The IOP was monitored by Tonolab
(Icare®, Finland) to ensure sustained induction of ischemic
reperfusion. The control group was the rats without ischemic
reperfusion surgery.

2.3. Green Tea Extract Treatment. Green tea extract
(Theaphenon E) was generously provided by Dr. Yukihiko
Hara (Department of Environmental Physiology, Shimane
University Faculty of Medicine, Japan). We have previously
characterized the proportion of each catechin constituent in
Theaphenon E (EGCG: 70.53%, EGC: 4.61%, EC: 3.88%,
and GC: 0.64%) [15]. Green tea extract was suspended in
distilled water freshly before application. The rats were
intragastrically fed 4 times with 275mg/kg green tea extract
at 2, 6, 30, and 46 hours after ischemic reperfusion
(Figure 1). The dosage of GTE was selected according to
our previous studies [8, 14]. Rats in the control group were
fed with the same volume of normal saline. The rats were
maintained for 2 weeks before further analyses.

2.4. Retinal Ganglion Cell Survival Analysis. The survival of
RGC was evaluated by immunofluorescence according to
our established protocol [16]. On postsurgery day 14, which
the number of surviving RGC is stable, the rats were termi-
nated with overdose of sodium pentobarbital (20%, w/v)
and perfused with phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde (Sigma-Aldrich) in PBS at pH7.4.
The eyes were removed and further fixed in 4% parafor-
maldehyde overnight. After postfixation, the retinas were
dissected out from the eyeballs, followed by three times of
5-minute PBS washing. After being blocked and perme-
abilized with 10% normal goat serum (Biodesign, Saco,
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Figure 1: Schematic diagram of ischemic reperfusion, green tea extract treatments, and experimental assessments in rats. The rats were
anesthetized, and ischemic reperfusion injury was induced by the infusion of sterile saline for 2 hours with IOP elevation to 75mmHg.
The rats were intragastrically fed 4 times with 275mg/kg green tea extract (GTE) at 2, 6, 30, and 46 hours after ischemic reperfusion
injury. Protein expression was evaluated on day 2. Retinal ganglion cell (RGC) survival and function were determined on day 14 after
ischemic reperfusion injury.
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ME) and 0.2% Triton X-100 for 1 hour, the retinas were
incubated overnight at 4°C with adult RGC-specific anti-
neuron-specific βIII-tubulin antibody (1 : 500; COVANCE,
Emeryville, CA), which can label and quantitatively represent
the surviving RGC [16]. The retinas were then washed with
PBS (5 minutes for 3 times) and incubated with Cy3-
conjugated secondary antibody (1 : 400; Jackson Laboratory,
Bar Harbor, ME) overnight at 4°C. After 3 times of 5-
minute PBS wash, the retinas were mounted with antifading
mounting medium (Dako Corporation, Carpinteria, CA) and
imaged under a confocal microscope (Leica TCS SP5 II, Leica
Microsystems, Wetzlar, Germany). To determine the num-
ber of positive cells in each retina, the number of positively
stained cells was counted in 30 fields (0 25 × 0 25mm2 each)
per retina at a fixed distance in a pattern of grid intersections.
The average density of positive cells was determined.

2.5. Retinal Ganglion Cell Function Analysis. The RGC func-
tion of the rats could be evaluated by their pupillary light
reflex measured by pupil constriction [17]. Briefly, the rats
were dark-adapted for 30min and maintained under anes-
thesia during examination. The stimulus was provided by a
halogen light source (100W, 12V) from a surgical micro-
scope (Topcon, Japan). The light source was maintained to
focus with 8x objective and aligned perpendicular to the
center of the pupil. The stimulus time was 10 sec, followed
by 60 sec of darkness to restore the pupil diameter to baseline
level. The pupil status was recorded with the WinFast PVR
photography system. The constricted pupil diameter and
area were measured by ImageJ (version 1.47; NIH, Bethesda,
MD). The pupil diameter of rat under bright light is
around 0.2mm.

2.6. Apoptosis Analysis. RGC apoptosis was evaluated by the
TUNEL assay using the DeadEnd™ colorimetric TUNEL
system (Promega, Madison, MI). On postsurgery day 7,
which the RGC death starts, the rats were terminated with
overdose of sodium pentobarbital and perfused with PBS
followed by 4% paraformaldehyde in PBS at pH7.4. The eyes
were removed and further fixed in 4% paraformaldehyde
overnight. After postfixation, the eyeballs were cryoprotected
with 10-30% sucrose gradient in PBS. The eyeball slices
(10μm) were sectioned using the vibratome (Leica), perme-
abilized with 0.2% Triton® X-100 solution (Sigma-Aldrich)
in PBS for 5 minutes at room temperature, and incubated
in a TUNEL reaction mixture at 37°C for 1 hour. The
TUNEL-labeled cells were imaged on a confocal microscope
(Leica TCS SP5 II) and analyzed by the ImageJ software. For
each sample, 5 retinal sections were used for the TUNEL
analysis and 10 fields were imaged.

2.7. Immunoblotting Analysis. On posttreatment day 2,
which the molecular signals are critical for RGC survival,
the retina was lysed with the RIPA buffer (Sigma-Aldrich)
supplemented with protease and phosphatase inhibitors
(Roche). Total protein concentrations of the cell lysates were
measured by protein assay (Bio-Rad). After denaturation,
equal amount of total proteins (20μg) was resolved in
12.5% SDS-polyacrylamide gel and electrotransferred to

nitrocellulose membranes for sequential probing with the
primary antibodies for cell apoptosis (cleaved caspase-3
(Casp3) and caspase-8 (Casp8)), survival signal (total and
phospho-Jak), oxidative stress (total and phospho-p38 and
superoxide dismutase 2 (Sod2), total), and inflammation
(toll-like receptor 4 (TLR4), Il-1β and TNF-α) and respective
secondary antibodies conjugated with horseradish peroxi-
dase (Santa Cruz Biotechnology). Signals were detected
by enhanced chemiluminescence (Amersham Pharmacia,
Cleveland, OH) with the ChemiDoc™ XRS+ system (Bio-
Rad). β-Actin was the housekeeping protein.

2.8. Statistical Analysis. The data was presented as the mean
of the results from 5 rats ± standard deviation (SD). One-
way analysis of variance (ANOVA) with post hoc Tukey test
(for multiple testing correction) was used to compare the
means among different treatment groups. All statistical anal-
yses were performed by the commercially available software
(IBM SPSS Statistics 21; SPSS Inc., Chicago, IL). Significance
was defined as p < 0 05.

3. Results

3.1. Green Tea Extract Ameliorated Ischemia-Induced Retinal
Ganglion Cell Degeneration. Four-time intragastric adminis-
trations of GTE in a 2-day treatment period (Figure 1) did
not influence RGC survival in normal rats (Figures 2(a) and
2(b)). The number of surviving RGCs in the GTE-fed normal
rats at 2 weeks after GTE ingestion (1224 6 ± 63 6 cells/mm2)
was not statistically different from that of the saline-fed nor-
mal rats (1141 7 ± 262 0 cells/mm2, p = 0 771; Figure 2(e)).
Systemic influence or severe adverse event was not observed
from the GTE-fed normal rats along the 2-week observation
period. Our results indicated that oral administration of
275mg/kg GTE is not toxic to the retina, indicating that this
dosage of GTE could be used for further study.

Ischemic reperfusion, with an acute IOP elevation of
110mmHg for 2 hours, dramatically reduced the survival
of RGCs (Figure 2(c)). Compared to the uninjured nor-
mal rats, the number of surviving RGCs in the retina
of the ischemia-injured rats was significantly decreased
(339 1 ± 128 7 cells/mm2, p < 0 001; Figure 2(e)). Intragastric
ingestion of GTE effectively ameliorated the ischemia-
induced RGC degeneration (Figure 2(d)). Significantly
higher number of surviving RGCs was found in the ret-
ina of the ischemia-injured rats fed with GTE (746 0 ±
100 2 cells/mm2, p = 0 001) when compared to that fed with
saline (Figure 2(e)). Therefore, our results indicated that GTE
could promote survival of RGCs after ischemia injury.

3.2. Green Tea Extract Suppressed the Pupillary Light Reflex
Impairment after Ischemia Injury. To confirm the rescue
effect of GTE on ischemia-induced RGC degeneration, we
evaluated the pupillary light reflex by measuring the pupil
constriction in rats after ischemia injury. GTE treatment in
normal rats did not affect the reflex action in response
to light (Figures 3(a) and 3(b)). The constricted pupil
diameter (0 69 ± 0 08mm) and the constricted pupil area
(0 34 ± 0 08mm2) of the GTE-fed normal rats at 2 weeks
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after GTE treatment did not show a statistically significant
difference from that of the saline-fed normal rats (diameter:
0 59 ± 0 09mm, p = 0 703; area: 0 28 ± 0 09mm2, p = 0 751;
Figures 3(e) and 3(f)). The reduced RGC survival after ische-
mic reperfusion could be correlated with the weakened reflex
action in response to light (Figure 3(c)). Compared to the

uninjured normal rats, significantly longer constricted pupil
diameter (1 10 ± 0 24mm, p = 0 001) and larger constricted
pupil area (0 48 ± 0 13mm2, p = 0 033) were observed
from the ischemia-injured rats. On the contrary, GTE
treatment after ischemia injury effectively suppressed the
reflex action impairment in response to light (Figure 3(d)).
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Figure 2: Retinal ganglion cell survival analysis for the green tea extract treatment effect on normal and ischemia-injured rats. Retinal
ganglion cell (RGC) survival was evaluated by the immunofluorescence analysis of retinal wholemount for βIII-tubulin on day 14 after
ischemic reperfusion (IR) injury. (a) Surviving RGCs in the saline-fed normal rats. (b) Surviving RGCs in the green tea extract- (GTE-)
fed normal rats. (c) Surviving RGCs in the saline-fed rats with ischemic injury. (d) Surviving RGCs in the GTE-fed rats with ischemic
injury. (e) Quantitative analysis of surviving RGCs in the retina. Data was presented as mean ± standard deviation. Scale bar: 100 μm.
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The constricted pupil diameter (0 64 ± 0 02mm, p = 0 002)
and the constricted pupil area (0 27 ± 0 02mm2, p = 0 026)
were significantly reduced in the ischemia-injured rats fed
with GTE when compared to the saline-fed ischemia-injured
rats. Collectively, our results indicated that ischemia-induced
RGC degeneration abolished the RGC function and GTE
suppressed the RGC function impairment after ischemia
injury.

3.3. Green Tea Extract Repressed Ischemia-Induced Apoptosis,
Oxidative Stress, and Inflammation in Retinal Ganglion Cells.
To determine the mechanism of the GTE treatment
effect on ischemia-induced RGC degeneration, we examined
the protein expression of apoptosis, oxidative stress, and
inflammation-related markers by the immunoblotting analy-
sis (Figure 4(a)). The increased expression of apoptosis-
related proteins cleaved Casp3 and Casp8 was found in the
retina of the ischemia-injured rats (1.81 and 1.63 folds,
respectively, p < 0 05) when compared to that of the
uninjured normal rats (Figures 4(b) and 4(c)). In contrast,
compared to the saline-fed rats with ischemic reperfusion,
the expressions of cleaved Casp3 and Casp8 were reduced
in the GTE-fed rats after ischemic injury by 1.37 and 1.89
folds (p < 0 05), respectively. Similarly, the expressions of

inflammation-related proteins (TLR4, Il-1β, and TNF-α)
were significantly upregulated in the retina of the ischemia-
injured rats by 5.61, 7.46, and 9.62 folds (p < 0 001),
respectively, compared to the uninjured normal rats
(Figures 4(g)–4(i)). GTE treatment significantly downregu-
lated the expressions of TLR4, Il-1β, and TNF-α proteins in
the retina by 1.44, 1.25, and 1.11 folds (p < 0 01), respectively,
compared to the saline-fed rats after ischemic injury. Besides,
the expression of oxidative stress-related signaling protein
Sod2 and the phospho-p38/total p38 ratio was also signifi-
cantly upregulated in the retina of the ischemia-injured rats
by 1.17 and 1.88 folds (p < 0 01), respectively, compared to
the uninjured normal rats (Figures 4(d) and 4(e)). GTE treat-
ment significantly downregulated the expressions of Sod2
and the phospho-p38/total p38 ratio in the retina by 1.19
and 1.93 folds (p < 0 05), respectively. In contrast, the sur-
vival signal phospho-Jak/total Jak ratio was significantly
upregulated in the retina of the GTE-fed rats by 2.12 folds
(p < 0 05), compared to the saline-fed rats. Expressions of
cleaved Casp3, Casp8, Il-1β, and TNF-α as well as the ratios
of phospho-p38/total p38 and phospho-Jak/total Jak in the
retina of the GTE-fed normal rats were not significantly
changed, compared to that of the saline-fed normal rats
(p > 0 05; Figures 4(a)–4(i)).
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Figure 3: Pupillary light reflex analysis for the green tea extract treatment effect on normal and ischemia-injured rats. Retinal ganglion cell
(RGC) function was evaluated by the pupillary light reflex on day 14 after ischemic reperfusion (IR) injury. Pupillary light reflex was measured
by the pupil constriction. (a) Surviving RGCs in the saline-fed normal rats. (b) Surviving RGCs in the green tea extract- (GTE-) fed normal
rats. (c) Surviving RGCs in the saline-fed rats with ischemic injury. (d) Surviving RGCs in the GTE-fed rats with ischemic injury.
(e) Quantitative analysis of the constricted pupil diameter. (f) Quantitative analysis of the constricted pupil area. Data was presented as
mean ± standard deviation. Scale bar: 2mm.
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Figure 4: Continued.
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To confirm the antiapoptotic effect of GTE, we evaluated
the apoptosis rate in the retina after ischemia injury and GTE
treatment. The TUNEL assay showed that the number of
TUNEL-positive cells in the ganglion cell layer (GCL) of
the ischemia-injured rats (49 88 ± 13 61%; Figure 5(c)) was
significantly higher than that in the uninjured normal rats
(4 15 ± 2 90%, p < 0 001; Figures 5(a) and 5(e)). On the con-
trary, GTE treatment significantly reduced the number of
TUNEL-positive cells in the GCL after ischemia injury
(15 40 ± 9 12%, p < 0 001; Figures 5(d) and 5(e)), compared
to that fed with saline. Collectively, our results indicated that
ischemic reperfusion induced RGC degeneration through
induction of cell apoptosis, oxidative stress, and inflamma-
tion, and the promotion of RGC survival by GTE after
ischemia injury could be mediated by reducing cell apoptosis,
oxidative stress, and inflammation as well as enhancing the
survival signal.

4. Discussion

In this current study, our results demonstrated that (1) oral
administration of 275mg/kg GTE (Theaphenon E) is safe
and would not induce toxic effect to the retina in rats;

(2) ischemic reperfusion induces RGC degeneration in
rats; (3) ischemia injury induces cell apoptosis, oxidative
stress, and inflammation in the retina; (4) GTE treatment
effectively alleviates ischemia-induced RGC degeneration;
(5) GTE treatment suppresses the pupillary light reflex
and RGC function impairment in rats after ischemic
injury; and (6) green tea extract treatment reduces cell
apoptosis, oxidative stress, and inflammation and increases
survival signal in the retina. Collectively, these findings
reveal a potent protective effect of GTE on RGC degeneration
caused by ischemia and suggest a potential therapeutic
application of GTE for glaucoma.

Ischemic injury is known to induce oxidative stress in the
retina and consequently RGC degeneration [18]. In this
study, we showed that Sod2 expression and p38 phosphor-
ylation were upregulated in the retina after ischemic reper-
fusion, whereas GTE could reduce the increased Sod2
expression and p38 phosphorylation after ischemic reperfu-
sion (Figures 4(d) and 4(e)). Since Sod is an oxidative stress
marker [14] and oxidative stress alleviation is associated with
p38 phosphorylation suppression [19], ischemic reperfusion
induces oxidative stress in the retina, and GTE could relieve
the oxidative stress induced by ischemic reperfusion.
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Figure 4: The expression analysis of cell apoptosis, oxidative stress, and inflammation-related proteins in the retina of ischemia-injured rats
with green tea extract treatment. (a) Protein expression was evaluated by the immunoblotting analysis on day 2 after ischemic reperfusion
injury. Relative fold change analyses on (b) caspase-8 (Casp8), (c) toll-like receptor 4 (TLR4), (d) interleukin-1β (Il-1β), (e) tumor
necrosis factor-α (TNF-α), (f) phospho-p38 (p-p38), and (g) phospho-Jak (p-Jak). β-Actin was used as housekeeping protein for
normalization. Data was presented as mean ± standard deviation. Compared to the saline-fed normal rats: ∗∗p < 0 01, ∗∗∗p < 0 001.
Compared to the saline-fed ischemia-injured rats: #p < 0 05, ##p < 0 01, ###p < 0 001.
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Similarly, our previous study also demonstrated that GTE
can ameliorate sodium iodate-induced retinal degeneration
by reducing the oxidative stress [14]. Because of the oxidative
stress induction, multiple antioxidation strategies have been
tested in the ischemic reperfusion model. Coenzyme Q10,
carotenoid derivative, and flavonoid have been shown to
prevent RGC loss in rodents by reducing the oxidative stress
[20–22]. Moreover, green tea catechin EGCG has also been
reported to revert the RGC layer thinning, reduced the
Thy1 gene expression, and increased the Casp8 gene expres-
sion in rats with ischemic reperfusion [10]. In this study,
we, for the first time, demonstrated that postsurgical intra-
gastric administration of GTE promoted the survival of
RGCs against degeneration induced by ischemic reperfusion
(Figure 2). Besides, GTE suppressed the pupillary light reflex

impairment (Figure 3), which confirms the neuroprotective
effect of GTE. Furthermore, we observed that GTE reduced
the ischemia-induced increase in apoptosis, including the
cleaved Casp3 and Casp8 protein expression (Figures 4(b)
and 4(c)) as well as the TUNEL-positive cells in the GCL
(Figure 5). Coherently, inhibition of casepase-8 activation
has also been reported in ischemia-injured mice treated with
kaempferol [23]. In addition, we observed the increased Jak
activation in the retina of the GTE-fed rats (Figure 4(f)). As
Jak mediates the protective effect of RGCs [24], our findings
suggest that GTE can enhance the survival signal in the retina
to promote RGC survival. These indicate that ischemic
reperfusion induces RGC degeneration through cell apopto-
sis and green tea extract could reduce cell apoptosis and
enhance the survival signal in ischemic retina. Collectively,
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Figure 5: Apoptosis analysis of retinal ganglion cells after the green tea extract treatment effect on normal and ischemia-injured rats. Retinal
ganglion cell (RGC) apoptosis was evaluated by the TUNEL analysis on retinal sections on day 7 after ischemic reperfusion (IR) injury
in (a) the saline-fed normal rats, (b) green tea extract- (GTE-) fed normal rats, (c) saline-fed rats with ischemic injury, and (d) GTE-fed
rats with ischemic injury. ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer (on the white-dotted line); green:
TUNEL (apoptotic cells); blue: DAPI (nucleus). (e) Quantitative analysis of TUNEL-positive cells in the GCL. Data was presented as
mean ± standard deviation. Scale bar: 50μm.
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the enhanced RGC survival by GTE should be attributed to
reductions in cell apoptosis and oxidative stress and the
increase in survival signal.

Apart from oxidative stress and cell apoptosis, inflamma-
tion is also involved in ischemic reperfusion. Pretreatment
of dexmedetomidine reduced retinal ischemic reperfusion
injury by inhibiting inflammatory response through the
TLR4 pathway [25], whereas phosphodiesterase III inhibitor
prevented retinal ischemic damage through the inhibition of
TNF-α [26]. In this study, we confirmed the induction of
inflammatory response after ischemic reperfusion. The
expressions of TLR4, Il-1β, and TNF-α proteins were upreg-
ulated in the retina after ischemic reperfusion injury
(Figures 4(g)–4(i)). GTE treatment reduced the ischemia-
induced inflammatory response in that the increased expres-
sions of TLR4, Il-1β, and TNF-α proteins after ischemic
reperfusion which were reduced in the GTE-fed rats. This is
consistent to the results of our previous study which showed
that GTE attenuated the inflammatory response induced by
lipopolysacchride in the rat retina [27]. Therefore, the
reduced inflammatory response by GTE could contribute
to the enhanced RGC survival after ischemic reperfusion
injury. Notably, in the GTE-fed uninjured rats, we observed
an upregulation of the TLR4 expression in the retina
(Figure 4(g)). Although EGCG has been shown to suppress
the TLR4 expression through the 67 kDa laminin receptor
[28], other components in GTE might have the potential to
upregulate the TLR4 expression in the retina. Further
investigations should delineate how different components
in GTE interact with TLR4 in the retina and the target cells
in the inflammatory response regulation by GTE.

In summary, the results from our in vivo investigations
revealed that oral intake of GTE is safe and can ameliorate
ischemia-induced RGC degeneration and suppress RGC
function impairment in rats through the alleviation of cell
apoptosis, oxidative stress, and inflammation. Since GTE
shows a better protective effect than EGCG in our previous
retinal degeneration model [14] and green tea catechins can
be found within hours after GTE oral administration [15],
this study further supports that GTE can serve as a potent
therapeutic agent to RGC degeneration and support the
report that tea consumption could possibly be protective
against glaucoma development [29].
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Generally, inflammatory bowel disease (IBD) can be caused by psychology, genes, environment, and gut microbiota. Therefore,
IBD therapy should be improved to utilize multiple strategies. Shen Ling Bai Zhu San (SLBZS) adheres to the aim of combating
complex diseases from an integrative and holistic perspective, which is effective for IBD therapy. Herein, a systems
pharmacology and microbiota approach was developed for these molecular mechanisms exemplified by SLBZS. First, by
systematic absorption-distribution-metabolism-excretion (ADME) analysis, potential active compounds and their corresponding
direct targets were retrieved. Then, the network relationships among the active compounds, targets, and disease were built to
deduce the pharmacological actions of the drug. Finally, an “IBD pathway” consisting of several regulatory modules was
proposed to dissect the therapeutic effects of SLBZS. In addition, the effects of SLBZS on gut microbiota were evaluated through
analysis of the V3-V4 region and multivariate statistical methods. SLBZS significantly shifted the gut microbiota structure in a
rat model. Taken together, we found that SLBZS has multidimensionality in the regulation of IBD-related physiological
processes, which provides new sights into herbal medicine for the treatment of IBD.

1. Introduction

Recent studies have revealed several factors responsible for
the digestive diseases such as irritable bowel syndrome/in-
flammatory bowel disease (IBS and IBD) [1–5]. However,
the cellular mechanisms behind these diseases are complex
and unclear. In recent years, much attention has been
focused on the development of herbal medicine for the treat-
ment of digestive diseases. Shen Ling Bai Zhu San (SLBZS),
which is composed of 10 herbs, has been proven to have wide
pharmacological effects on digestive diseases, including anti-
inflammatory and gut microbiota modulation effect [6, 7].

A majority of herbal medicines exert pharmacological
effects by targeting multiple host molecules. However, it is
difficult to identify these herbal medicine targets. Therefore,

a new method that can identify the active compounds and
pharmacological targets of herbal medicine is in urgent need
of development [8].

Systems pharmacology, which combines oral bioavailabil-
ity prediction, multitarget prediction, and network analyses, is
used to identify the active compounds and pharmacological
targets of herbal medicine [9–11]. Herein, we applied the sys-
tems pharmacology method to explore the pharmacological
mechanisms of SLBZS.

Additionally, high-throughput sequencing has been used
to promote our understanding of the role of gut microbiota
in health and disease [12]. For example, small intestinal bac-
terial overgrowth [13] and altered intestinal microbiota [14]
are implicated in subgroups of patients with functional bowel
disorders. However, due to the inherent limitations of the
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diagnostic methods, the exact evidence of the causal role of
microbiota composition on the pathogenesis of the disease
remains elusive.

In this study, a combination of systems pharmacology
and 16S rRNA boosts our exploration of the potential rela-
tionship among drug-microbiota-target.

2. Results

In this study, a combination of oral bioavailability (OB)
(≥30%) screening, Caco-2 permeability (Caco-2) (>-0.4),
prediction of permeability, half-life (HL) (long), and drug-
likeness (DL) (≥0.18) properties was applied to explore
the active compounds of SLBZS. We also added DL < 0 18,
OB < 30%, Caco − 2≤−0 4, and HL= short with bioactivity
as candidate compounds. Finally, we screened 97 SLBZS
as candidate compounds (Table 1). The number of active
compounds in Dolicho LablabL, Atractylodes macrocephala,
Wolfiporia cocos, Glycyrrhiza uralensis Fisch, Platycodon
grandiflorus, Semen Nelumbinis, Panax Ginseng, Fructus
Amomi, Dioscorea opposita, and Semen Coicis was 4, 7, 15,
20, 3, 8, 23, 9, 10, and 8, respectively.

2.1. Target Identification and Network Analysis. SLBZS exerts
a pharmacological effect by targeting several host molecules
[15, 16]. To identify the drug-target direct interactions on a
large scale, we hypothesized that the ensemble features of
the ligand group can accurately reflect the direct binding
information of a specific target based on ligand-target inter-
action data to establish the WES model. In the present study,
74 potential targets were predicted for the 97 candidate com-
pounds (Supp Table S1 and S2).

2.2. Network Construction

2.2.1. Compound-Target Network. The compounds from
SLBZS acted on multiple targets, and each target was
involved with a variety of compounds. Figure 1(a) shows that
the compound-target network contains 171 nodes and 330
compound-target interactions. We screened 74 target proteins
from the potential target list related to intestinal disease pro-
cesses, including inflammatory bowel disease, duodenal ulcer,
and colitis. Additionally, multiple relationships between the
compounds and targets were illustrated in this network. For
instance, quercetin exhibited the highest number of target
candidate-target interactions (degree = 28), followed by luteo-
lin (degree = 7) and kaempferol (degree = 15), thereby indicat-
ing the multitarget properties of SLBZS ingredients.

2.2.2. Target-Disease Network. To identify the relationship
between SLBZS and disease, the DrugBank, TTD, and
PharmGKB databases were searched. As shown in
Figure 1(b) and Supp Table S3, 73 SLBZS compounds were
related to 4 types of diseases, including digestive system
disease (degree = 44), pathology processes (degree = 28),
signs and symptoms (degree = 10), and cancer (degree = 19).

2.2.3. Target-Pathway Network. A total of 59 candidate tar-
gets and 47 KEGG pathways constituted the target-pathway
network (Figure 1(c)). Apparently, most targets were related

to different pathways, indicating that SLBZS may exert syn-
ergistic effects through these different pathways. Addition-
ally, one active compound may target different molecular
targets, illustrating the multitarget mechanism of SLBZS.
Moreover, to investigate the synergic effects of these 10
herbal medicines on IBD, an integrated “digestive-related
pathway” approach was applied based on the current
research of digestive disease pathology including the MAPK
signaling pathway, NF-kappa B signaling pathway, calcium
signaling pathway, and chemokine signaling pathway
(Figure 2 and Supp Table S4 and S5).

2.2.4. Target Tissue Location. Supp Figure S1 shows the
tissue location network based on these 70 targets, which
can be divided into six tissue modules, including the liver,
heart, spleen, lung, kidney, and gut. Thus, the candidate
compounds reflect multiple targets that can be localized to
more than one tissue (Supp Table S6).

2.3. Structural Changes of Intestinal Microbiota by SLBZS.
To analyze the alteration in the intestinal microbiota struc-
ture in rats treated with herbal medicine for IBD, the Illu-
mina sequencing system was used to generate high-quality
sequences from stool samples. The α diversity of the intes-
tinal microflora indicates that DSS can significantly decrease
the Chao1 and Shannon diversity indices in both experimental
groups (MOD and SLBZS), whereas the SLBZS group showed
a higher Shannon index when compared to the Chao1 index
after treatment with SLBZS (Figures 3(a)–3(d)). Principal
component analysis (PCA) and principal coordinate analysis
(PCoA) showed that SLBZS significantly altered the intestinal
microbiota structure of rats (Figures 3(e) and 3(f)). Similarly,
the unweighted UniFrac distance and unweighted pair-group
method with arithmetic means (UPGMA) showed that DSS
and SLBZS treatment can clearly separate rats (Figures 3(g)
and 3(h)).

To find key system types related to the efficacy of SLBZS,
MetaStat analysis was used in this study. Using mothur
software, the statistical algorithm of MetaStat [17] was used
to perform a pairwise comparison test on the differences
between the samples (groups) of each taxon at the gate and
genus levels. A detailed phylogenetic analysis of the taxo-
nomic composition of the microbiome of mice treated with
DSS showed that the increased inflammatory conditions
observed upon DSS administration were associated with
variations in the abundance of specific taxa, including Fir-
micutes, Bacteroidetes, Proteobacteria, and Actinobacteria
[18, 19] (Figure 4(a)).

Significant changes towards restoration of normobiosis
were detected among the less abundant genera belonging
to the Firmicutes phylum in the DSS+SLBZS-derived
microbiota. For instance, Corynebacteriaceae, Lactobacilla-
ceae, Paraprevotellaceae, Veillonellaceae, Prevotellaceae, and
Clostridiaceae which were expanded in colitic rats were
reduced upon SLBZS treatment and returned to levels com-
parable to those observed in control group rats (Figure 4(b)).

SLBZS-derived samples showed significant increases
in known commensals, including Adlercreutzia and Dorea,
and in the SCFA-producing taxa Ruminococcus spp., Blautia
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Table 1: Candidate information.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL1 Luteolin

Platycodon
grandiflorus

Semen
Nelumbinis

36.16 0.19 Long 0.25 17

HO

HO

OH

OH

O

O

MOL2
12-Senecioyl-2E,8E,
10E-atractylentriol

Atractylodes
macrocephala

62.40 0.01 Short 0.22 2

OO

O−

−O

MOL3
14-Acetyl-12-senecioyl-
2E,8E,10E-atractylentriol

Atractylodes
macrocephala

60.31 0.33 Short 0.31 1

O−

O O

O

O

MOL4
14-Acetyl-12-senecioyl-
2E,8Z,10E-atractylentriol

Atractylodes
macrocephala

63.37 0.42 Short 0.30 1

OH

O

OO

O

MOL5 Alpha-humulene
Atractylodes
macrocephala

22.98 1.88 Short 0.06 1
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL6

(3S,8S,9S,10R,13R,14S,17R)-
10,13-Dimethyl-17-[(2R,5S)-
5-propan-2-yloctan-2-yl]-
2,3,4,7,8,9,11,12,14,15,16,17-

dodecahydro-1H-
cyclopenta[a]phenanthren-3-ol

Atractylodes
macrocephala

36.23 1.45 Long 0.78 3

HO

MOL7 Atractylenolide I
Atractylodes
macrocephala

37.37 1.30 Long 0.15 2

O

O

MOL8 3β-Acetoxyatractylone
Atractylodes
macrocephala

54.07 1.13 Long 0.22 2

O

O

O

MOL9 Palmitic acid
Dolicho
LablabL

19.30 1.09 Short 0.10 4
O

OH

MOL10 Quercetin

Glycyrrhiza
uralensis
Fisch
Semen

Nelumbinis

46.43 0.05 Short 0.28 28

OH
OH

O

OHO

OH
OH

MOL11 Linoleic acid
Dolicho
LablabL

41.90 1.16 Short 0.14 3

OH

O

MOL12

(2R)-2-[(3S,5R,10S,13R,14R,16R,17R)-
3,16-Dihydroxy-4,4,10,13,14-

pentamethyl-2,3,5,6,12,15,16,17-
octahydro-1H-

cyclopenta[a]phenanthren-17-yl]-6-
methylhept-5-enoic acid

Wolfiporia
cocos

30.93 0.01 Short 0.81 4

OH

OH

HO

O

MOL13 Trametenolic acid
Wolfiporia

cocos
38.71 0.52 Short 0.80 2

OH

HO

O

MOL14
7,9(11)-Dehydropachymic

acid
Wolfiporia

cocos
35.11 0.03 Short 0.81 7

O O

O

OH

OH
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL15 Cerevisterol
Wolfiporia

cocos
37.96 0.28 Long 0.77 2

OH
OHHO

MOL16

(2R)-2-[(3S,5R,10S,13R,14R,16R,17R)-
3,16-Dihydroxy-4,4,10,13,14-
pentamethyl-2,3,5,6,12,15,

16,17-octahydro-1H-
cyclopenta[a]phenanthren-17-yl]-

5-isopropyl-hex-5-enoic acid

Wolfiporia
cocos

31.07 0.05 Short 0.82 5

O

OH

HO

OH

MOL17 Ergosta-7,22E-dien-3beta-ol
Wolfiporia

cocos
43.51 1.32 Short 0.72 1

HO

MOL18

(2R)-2-[(5R,10S,13R,14R,16R,17R)-
16-Hydroxy-3-keto-4,4,10,13,14-
pentamethyl-1,2,5,6,12,15,16,17-

octahydrocyclopenta[a]phenanthren-
17-yl]-5-isopropyl-hex-5-enoic acid

Wolfiporia
cocos

38.26 0.12 Short 0.82 5

OH

O

OH

O

MOL19
3beta-hydroxy-24-methylene-

8-lanostene-21-oic acid
Wolfiporia

cocos
38.70 0.61 Short 0.81 2

O

HO

HO

MOL20 Pachymic acid
Wolfiporia

cocos
33.63 0.10 Short 0.81 4

OH

OH

OO

O

MOL21 Poricoic acid A
Wolfiporia

cocos
30.61 -0.14 Short 0.76 5

O OH

O
OH

OH

MOL22 Poricoic acid B
Wolfiporia

cocos
30.52 -0.08 Short 0.75 4 HO

O

OH OH

O
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL23 Poricoic acid C
Wolfiporia

cocos
38.15 0.32 Short 0.75 4 OH

O OH

O

MOL24 Hederagenin
Wolfiporia

cocos
36.91 1.32 Short 0.75 3

HO

MOL25 Tumulosic acid
Wolfiporia

cocos
29.88 0.13 Short 0.81 2

O

HO

OH

HO

MOL26 Dehydroeburicoic acid
Wolfiporia

cocos
44.17 0.38 Short 0.83 3

HO
O

−O

MOL27 Denudatin B
Dioscorea
opposita

61.47 0.90 Long 0.38 2
OO

O
O O

MOL28 Beta-sitosterol

Panax
Ginseng
Fructus
Amomi

36.91 1.32 Short 0.75 3

HO

MOL29 Sitosterol

Glycyrrhiza
uralensis
Fisch

Semen Coicis

36.91 1.32 Short 0.75 2

HO

MOL30 Docosanoic acid
Dolicho
LablabL

15.69 1.21 Short 0.26 1
O

OH

MOL31 Rutin

Glycyrrhiza
uralensis
Fisch
Semen

Nelumbinis

3.20 -1.93 Long 0.68 8

HO

HO

HO

OH

OH

OH

OH

OH

OH

OH

O

O

O

O

O

O
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL32 Kaempferol

Glycyrrhiza

uralensis
Fisch
Panax
Ginseng

41.88 0.26 Long 0.24 15

OH

OH

HO O

OH O

MOL33 Stigmasterol

Panax
Ginseng
Fructus
Amomi
Dioscorea
opposita

Semen Coicis

43.83 1.44 Short 0.76 1

HO

MOL34 Licochalcone A
Glycyrrhiza
uralensis
Fisch

40.79 0.82 Short 0.29 2

OH

O

O

HO

MOL35 Cholesterol
Dioscorea
opposita

Semen Coicis
37.87 1.43 Short 0.68 3

HO

MOL36 Sitosterol alpha1 Semen Coicis 43.28 1.41 Short 0.78 3

HO

MOL37 Mandenol Semen Coicis 42.00 1.46 Short 0.19 4 O

O

MOL38
24-Ethylcholest-4-

en-3-one
Fructus
Amomi

36.08 1.46 Short 0.76 1

O

MOL39
Poriferast-5-en-

3beta-ol
Fructus
Amomi

36.91 1.45 Short 0.75 3

HO
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL40 Isoliquiritigenin
Glycyrrhiza
uralensis
Fisch

85.32 0.44 Short 0.15 7

HO

O

OH

HO

MOL41 Sitosteryl acetate
Fructus
Amomi

40.39 1.39 Short 0.85 3

O

O

MOL42
[(2R)-2,3-Dihydroxypropyl]

(Z)-octadec-9-enoate
Semen Coicis 34.13 0.34 Short 0.30 5 O O

OH

OH

MOL43 Gynesine
Dolicho
LablabL

60.07 0.58 Short 0.03 6

O−

N+O

MOL44
Icosa-11,14,17-trienoic

acid methyl ester
Fructus
Amomi

44.81 1.52 Short 0.23 4
O O

MOL45 Spinasterol
Platycodon
grandiflorus

42.98 1.44 Short 0.76 3

HO

MOL46 Hyperin
Semen

Nelumbinis
6.94 -1.42 Short 0.77 4

OH

HO

HO

HO

OH

OH

OH
OH

O

O
O O

MOL47 18beta-glycyrrhetinic acid
Glycyrrhiza
uralensis
Fisch

22.05 0.10 Long 0.74 6
HO

OH

O

O

MOL48 Isotrifoliol
Glycyrrhiza
uralensis
Fisch

31.94 0.53 Long 0.42 3
HO

OH

O

O

O

O

MOL49

(2S)-6-(2,4-Dihydroxyphenyl)-
2-(2-hydroxypropan-2-yl)-
4-methoxy-2,3-dihydrofuro

[3,2-g]chromen-7-one

Glycyrrhiza
uralensis
Fisch

60.25 0.00 Long 0.63 4
HO

HO OH

O O O

O
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL50 Licochalcone B
Glycyrrhiza
uralensis
Fisch

76.76 0.47 Short 0.19 5

HO

HO

HO

O

O

MOL51 Licochalcone C
Glycyrrhiza
uralensis
Fisch

4.44 0.63 Long 0.29 2

HO

O

O
OH

MOL52 Glycyrrhizic acid
Glycyrrhiza
uralensis
Fisch

19.62 -2.66 Long 0.11 2

O

O

O

O
O

O

O

O
HO

OH

OH
HO

HO

HO OH

OH

MOL53 Shinpterocarpin
Glycyrrhiza
uralensis
Fisch

80.30 1.10 Long 0.73 5

O
O

O

OH

MOL54 Glabridin
Glycyrrhiza
uralensis
Fisch

53.25 0.97 Long 0.47 5

OHHO

O

O

MOL55 Isoglycyrol
Glycyrrhiza
uralensis
Fisch

44.70 0.91 Long 0.84 1

O O O

OO

OH

MOL56 Icos-5-enoic acid
Glycyrrhiza
uralensis
Fisch

30.70 1.22 Short 0.20 3

O OH
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL57 Gadelaidic acid
Glycyrrhiza
uralensis
Fisch

30.70 1.20 Short 0.20 2

O OH

MOL58 Gancaonin H
Glycyrrhiza
uralensis
Fisch

50.10 0.60 Long 0.78 8

HO O

OOH O

OH

MOL59
18α-Hydroxyglycyrrhetic

acid

Glycyrrhiza
uralensis
Fisch

41.16 -0.29 Short 0.71 2

OH

HO

HO

O

O

MOL60 Xambioona
Glycyrrhiza
uralensis
Fisch

54.85 1.09 Long 0.87 3

O

O O

O

MOL61 Deoxyharringtonine
Panax
Ginseng

39.27 0.19 Short 0.81 5

O

O
O

O
O

O

O
N

OH

MOL62 Dianthramine
Panax
Ginseng

40.45 -0.23 Short 0.20 3

OH

OH

HN
OH

OH

O

O

MOL63 Arachidonate
Panax
Ginseng

45.57 1.27 Short 0.20 3

OH

O
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL64 Ginsenoside Ro
Panax
Ginseng

1.98 -2.86 Long 0.05 3

OH
OH

OH

OH
OH

OH

OH

OH
OH

HO
O

O

O
O

O

O

HO

O

MOL65 Ginsenoside Rb1
Panax
Ginseng

6.24 -3.99 Long 0.04 2

OH

HO
OH

OH OH
OH

OH

OH OH

OH

OH

OH

OHHO
HO

O

O

O

O

O

O

O
O

MOL66 Ginsenoside-Rb2
Panax
Ginseng

6.02 -3.92 Long 0.04 2

OH OH

OH

OH

OH

OH
OH

OHOH

HOHO

HO

HO

O

O

O

O
O

OH

O

O
O

MOL67 Ginsenoside-Rc
Panax
Ginseng

8.16 -3.97 Long 0.04 2

OH

OH

OH

OH

OH

OH

OH
HO

OH
HO

HO

OH O

O

O
O

O

HO

HO

O

O

O

MOL68 Ginsenoside-Rg3
Panax
Ginseng

17.75 -2.02 Long 0.22 2

HO

HO

HO

HO

HO

HO OH
OH

OH

O

O

OO

MOL69 Ginsenoside rh2
Panax
Ginseng

36.32 -0.51 Long 0.56 2

HOOH

OH

OH

HO
OH

OO
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL70 Ginsenoside-Rh3_qt
Panax
Ginseng

13.09 0.97 Long 0.76 2

OH

HO

MOL71 Ginsenoside-Rh4
Panax
Ginseng

5.22 -0.73 Short 0.60 2

OH

OHHO

OH

OH

OH

O

O

MOL72 Ginsenoside-Rh4_qt
Panax
Ginseng

31.11 0.50 Short 0.78 2

OH

OH

HO

MOL73 Ginsenoside-Rs1
Panax
Ginseng

6.27 -3.69 Long 0.04 3

OHHO
OH

OH

OH

OH
O

OO

O
O

O

OOOHOH
HO

OH
HO

HO O

OOH

MOL74 Ginsenoside-Rs2
Panax
Ginseng

8.14 -4.03 Short 0.04 3

OH OH

OH

OH

HO

HO
HOHO

HO
OH

HOOHOH

O

O

O

O O

O

O

O O

O

MOL75 Gomisin B
Panax
Ginseng

31.99 0.60 Long 0.83 5

HO

O

O
OO

O
O

O

O

MOL76 Panaxadiol
Panax
Ginseng

33.09 0.82 Long 0.79 2

OH

HO

O
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL77 Panaxytriol
Panax
Ginseng

33.76 0.06 Short 0.13 3

HO

OH

OH

MOL78 Alexandrin_qt
Panax
Ginseng

36.91 1.30 Long 0.75 1

HO

MOL79 Ginsenoside Rg5
Panax
Ginseng

6.15 -1.92 Long 0.23 1

HO

HO

HO

OH

HO

HO

OH
OH

O
O

O

O

MOL80 Ginsenoside Rg5_qt
Panax
Ginseng

39.56 0.88 Long 0.79 2

OH

HO

MOL81 Hancinol
Dioscorea
opposita

64.01 0.53 Long 0.37 2
O

O

O O

HO

MOL82 Hancinone C
Dioscorea
opposita

59.05 0.74 Long 0.39 1
O

O

O O

O

O

MOL83
24-Methylcholest-
5-enyl-3belta-O-

glucopyranoside_qt

Dioscorea
opposita

37.58 1.33 Short 0.72 1

OH

MOL84 Campesterol
Dioscorea
opposita

37.58 1.34 Short 0.71 1

HO
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Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL85 Isofucosterol
Dioscorea
opposita

43.78 1.36 Short 0.76 1
OH

MOL86 Dioscoreside C_qt
Dioscorea
opposita

36.38 0.39 Long 0.87 2

O

O

OH

HO

MOL87 Doradexanthin
Dioscorea
opposita

38.16 0.52 Short 0.54 4 HO
O

OH

MOL88 Platycodin D
Platycodon
grandiflorus

7.60 -4.99 Long 0.01 2

OH

HO

HO

HO
OH

OH

OH

HOHO
OH

OH

OH
OH

O

O

O
OH O

O
O

O

O
HO

HO
HO

O
O O

MOL89 Methyl icosa-11,14-dienoate
Fructus
Amomi

39.67 1.47 Short 0.23 3
O

O

MOL90

(5S,8S,9S,10R,13R,14S,17R)-
17-[(1R,4R)-4-Ethyl-1,
5-dimethylhexyl]-10,13-
dimethyl-2,4,5,7,8,9,11,

12,14,15,16,17-dodecahydro-
1H-cyclopenta[a]phenanthrene-

3,6-dione

Fructus
Amomi

33.12 0.90 Short 0.79 1

O

O

MOL91
Stigmasta-5,22-dien-3-beta-

yl acetate
Fructus
Amomi

46.44 1.41 Short 0.86 3
O

O

MOL92 Coixenolide Semen Coicis 32.40 1.09 Short 0.43 1

O O

O

O

MOL93 2-Monoolein Semen Coicis 34.23 0.32 Short 0.29 2

OH

O

OHO
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sp., Clostridium spp., Veillonella spp., Coprococcus spp.,
and Roseburia spp. (Figure 4(c) and Supp Figure S2),
which are reported to be reduced in IBD patients [20–22].
Additionally, PICRUSt was applied to predict microbiota
metabolism [23]. 328 pathways were involved in the
microbiota metabolism and 176 pathways were significantly
changed by SLBZS (Figure 5 and Supp Figure S3). After
treatment with SLBZS, the relative abundance of functional
genes in the following categories significantly (P < 0 01)
increased: cell motility, signal transduction, membrane
transport, and amino acid metabolism, all of which were
reduced in the DSS-treated group. Meanwhile, cell growth
and death, replication and repair, infectious diseases, immune
system diseases, glycan biosynthesis and metabolism, and
digestive system genes were significantly (P < 0 01) decreased
but were increased in the DSS group.

2.4. Alleviation of IL-1β, IL-10, and TNF-α and Pathological
Changes by SLBZS. We analyzed the data from the experi-

ment, and after one week of treatment, IL-1β and TNF-α
were significantly decreased by SLBZS, whereas IL-10 was
increased. As shown in Figures 6(a)–6(c), IL-1β and TNF-α
were significantly decreased, while IL-10 increased after
treatment with SLBZS. The histological changes in the colons
of each group are shown in Figures 6(d)–6(f). The colon of
the control group exhibited normal histological features. In
the model group, there was infiltration of colon mucosal
inflammatory cells, and the intestinal villus epithelial cells
were degenerated, necrotic, and shed. Pathological changes
were significantly reduced in the SLBZS group.

3. Discussion

To our knowledge, this is the first study to evaluate the
efficacy of TCM on IBD with a systems pharmacology and
microbiota approach. Chinese herbs are a complex system
of multicomponent, multitarget, and synergistic effects
among its components. This systematic pharmacological

Table 1: Continued.

No. Compound Herb OB Caco-2 HL DL Degree Structure

MOL94 Galuteolin
Semen

Nelumbinis
2.70 -1.50 Short 0.79 3

OH

HO

O OH

OH

OH

OH

HO

O O

O

MOL95
14-Methyl-24-methylene-
dihydromangiferodiol

Semen
Nelumbinis

36.87 0.79 Short 0.80 2

OH

OH

MOL96 4′-Methyl-N-methylcoclaurine
Semen

Nelumbinis
55.35 1.44 Long 0.26 2

O

N

O

MOL97 Gamabufotalin
Semen

Nelumbinis
36.32 -0.29 Short 0.80 1

O

O

OH

OH

OH
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Ccne1

MOL1

Cyp1a2

Abcc1

Cyp1b1

Ptgs1

MOL11

MOL30

Flt1

Rela

MOL49

MOL58

F7

MOL4

Kdm2a

MOL53
Htr2a

MOL34

MOL50

Igfbp3

MOL94

Gstp1MOL54

DpydMOL51

Alox5

Parp1

Nos2

MOL62MOL32

MpoTnfrsf1a

MOL46Plaa

Cxcr1
Prep

Abcg2

Sts

MOL81

MOL55

MOL96
Odc1

MOL60

Asic3

MOL82
MOL27

Ccr6

Src

MOL48

Tlr4

Mmp2
Mmp9

Mmp12

MOL10

Cbr1

Esr2
Nox4 Sord

Ptgs2
Xdh

Ahr
MOL40

Maob
Esr1Aldh2

MOL44

Klf5

MOL24

MOL56
MOL3

MOL37

MOL63

Pla2g4a Sphk1

Oprk1
MOL8

F2r
MOL52

Prkcd

MOL79

Ntsr1

MOL7Smad3

Nos1

MOL89

MOL43
MOL65

Cacna2d1

MOL73

MOL67

MOL66

MOL42

Rrm2

Tlr2MOL92

MOL57

MOL93

MOL77

MOL9

MOL2

Adam17

Apex1
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technique is used to study TCM active compounds and target
identification and identify targets and the relationship
between drugs and diseases.

In this study, some herbal medicines may contain the
same compound, such as Glycyrrhiza uralensis Fisch and
Panax Ginseng, Panax Ginseng and Fructus Amomi, and
Panax Ginseng andGlycyrrhiza uralensis Fisch. Among these,
Atractylodes macrocephala, Glycyrrhiza uralensis Fisch, and
Panax Ginseng have been found to have extensive pharmaco-
logical effects, such as antioxidant, immunomodulation, and
anti-inflammatory [24–29]. In particular, the low molecular
weight Glycyrrhiza uralensis Fisch can inhibit tumor cell pro-
liferation to exert anticancer and immunomodulatory effects.
They also increase the thymus/spleen index and T lympho-
cyte population. In addition, Glycyrrhiza uralensis Fisch can
increase the expression of antitumor factors such as IL2,
IL6, and IL7 and reduce the protumor cytokine TNFα [24].
Shimato et al. have demonstrated that Atractylodes macroce-

phala can promote the production of G-CSF, clinically used
to treat neutropenia and prevent chemotherapy-induced
immunodeficiency [27]. Also, Panax Ginseng has been dem-
onstrated to regulate multiple types of immune cells includ-
ing macrophages, NK cells, DCs, T cells, and B cells [30].
Moreover, luteolin and quercetin, which existed widely in
Glycyrrhiza uralensis Fisch, Platycodon grandiflorus, and
Semen Nelumbinis, have been proven to have broad biologi-
cal and pharmacological effects [31, 32].

Despite the different numbers of each herbal-related tar-
gets, significant target overlap occurred between these
herbals. The results indicate that these targets can be regu-
lated by different herbs in SLBZS to play a synergistic role
[15, 16]. For example, several compounds including alexan-
drin_qt, campesterol, isofucosterol, and panaxadiol were
involved in modulating the activation of peroxisome
proliferator-activated receptor gamma (Pparg), which might
be ascribed to lipid and glucose metabolism [33, 34].
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Figure 1: Compound-target-disease-pathway network. (a) Compound-target network of SLBZS consisting of 171 nodes (97 compounds and
74 potential targets) and 330 edges. (b) Target-disease network including 73 candidate targets and 4 diseases. (c) Target-pathway network
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Based on network construction, the results indicate that
most compounds modulate multiple targets to exert their
pharmacological effects. For example, quercetin exhibits not
only antitumor [35] and anticancer [31] activity but also
antiproliferative effects [36]. Antiproliferative effects of con-
jugated metabolites of quercetin have been evaluated against
three different cancer cell lines [36]. In addition, luteolin pre-
sents anti-inflammatory effects, serves as a neuroprotective
agent [37], and also exhibits antitumor effect [32, 38]. The
antitumor effect of luteolin may be transmitted by cMet/
Akt/ERK signaling [38]. Furthermore, the results indicated
that several targets are hit by multiple ingredients in the
compound-target network. Pparg showed the highest
degree (degree = 39), along with Sphk1 (Sphingosine kinase
1, degree = 31), Klf5 (Kruppel-like factor 5, degree = 19),

and Akr1b10 (Aldo-keto reductase family 1 member B10,
degree = 19), demonstrating the potential therapeutic effect
of each drug contained in SLBZS for combating intestinal
disease via modulation of these relevant proteins. These
targets play crucial pathological rules in disease related to
cancer [39–42]. AKR1B10 has been shown to be closely
related to tumor size and cell metastasis of gastric cancer,
and AKR1B10 can be used as a good prognostic indicator
for gastric cancer [39]. Deletion of KLF5 can result in a
decrease in PI3K/AKT signaling and accumulate HIF1α in
prostate tumors to promote tumor angiogenesis [40]. Previ-
ous research has illustrated that the PPARγ allele may be
involved in the development, differentiation, and metastasis
of gastric cancer in Turkey [43]. Sphk1 has been shown to
be involved in the pathogenesis of human hepatocellular
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carcinoma (HCC), and DMS can inhibit the effects of Sphk1.
Therefore, Sphk1 can be used as a potential target for the
treatment of HCC [42].

Reportedly, the proteins Mmp12, Pparg, and Ptgs2 are
related to digestive system disease and cancer. Biancheri
et al. demonstrated that Mmp12 contributes to the respon-
siveness of patients with IBD to anti-TNF agents [44] and
might be involved in the remodeling of injured gut tissue
with respect to the migration, proliferation, and differentia-
tion of endothelial cells [45]. Pparg is involved in the inhibi-
tion of tissue damage associated with immune activation
through the inhibition of the NF-κB pathway [46]. Ptgs2
can repair the injured intestinal mucosa and exert a critical
role in the pathophysiology of Salmonella typhimurium-
induced ulcerative colitis [47].

Some pathways, such as the NF-κB pathway [46], MAPK
pathway [48, 49], calcium signaling pathway [50], and
chemokine signaling pathway [51], have been improved
in relation to digestive disease. In addition, these pathways
are reflected in several modules such as inflammation,
proliferation apoptosis, survival, and proliferation.

The MAPK cascade is a highly conserved module that
is involved in various cellular functions, including cell pro-
liferation, differentiation, and migration. A study on the
pharmacological approach showed that stevioside exerts
antiapoptotic and anti-inflammatory effects through the

inhibition of the release of cytokines and the activation of
the MAPK signaling pathway [52]. Another pharmacological
study showed that berberine might execute an antiapoptotic
function by inhibiting the MAPK pathway [53]. In macro-
phages, carbon monoxide (CO) reduces lipopolysaccharide-
induced proinflammatory cytokines effectuated by the
MAPK pathway [48]. Recent studies have highlighted that
oxidative stress activates MAPKs and MT2A (a mediator of
MAPKs) that play a crucial role in antiapoptosis and anti-
inflammation [54]. Studies have shown that black raspberries
(BRB) have a preventive effect on rat esophageal cancer, and
the mechanism may be that BRB reverse oxidative stress and
inhibit NF-κB/MAPK pathway [55]. Rutin exerts neuro-
protective effects by increasing superoxide dismutase and
glutathione peroxidase levels in the peripheral blood and
inhibiting the p38 MAPK pathway [56]. This finding reveals
the importance of MAPKs in the normal digestive function.

NF-κB is found in almost all animal cell types and is
involved in cellular responses to stimuli such as stress,
cytokines, free radicals, heavy metals, ultraviolet irradiation,
oxidized LDL, and bacterial or viral antigens. NF-κB also reg-
ulates the expression of antiapoptotic genes which play an
important role in cell survival and play various roles in cell
development, proliferation, differentiation, and metabolism
[57]. Furthermore, the degree of NF-κB activation induced
by LPS is significantly increased in Atg7-deficient intestinal

Control−1

Control−2

Control−4

Control−5

Control−3

Control−6

Model−1

Model−4

Model−3

Model−2

Model−5

Model−6

SLBZS−1

SLBZS−3

SLBZS−2

SLBZS−5

SLBZS−6

SLBZS−4

0.03
0.2933

0.1899

0.1899

0.2043

0.2273

0.2273

0.1989

0.1989

0.2042

0.1833

0.178

0.178

0.1985

0.1985

0.192

0.192

0.2004

0.2088

0

0.0746

0.0325

0.0565

0.0144

0.0335

0.0192

0.043

0.1014

0.0053

0.1223

0.0053

0.0259

0.1242

0.1139

0.0084

0.0084

(h)

Figure 3: The effect on the gut microbiota structure of SLBZS. (a–d) Rarefaction curves showing microbial richness based on the Chao1 index
and microbial richness and evenness on the Shannon index. (e, f) Microbiome clustering based on unweighted principal component analysis
(PCA) and principal coordinate analysis (PCoA) UniFrac metrics of fecal gut microbiota. (g, h) Unweighted UniFrac distance and
unweighted pair-group method with arithmetic means (UPGMA) showed that DSS and SLBZS treatment can separate rats clearly.
Statistical significant difference was assessed through one-way ANOVA with LSD post hoc test ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001;
n = 6.
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epithelium. This also shows that autophagy can relieve
endotoxin-induced inflammatory responses in intestinal
endothelial cells, thereby maintaining intestinal homeostasis
[58]. Both innate and adaptive immune responses are associ-
ated with NF-κB, and the development and maintenance of
cells and tissues associated with the immune system are
under the control of the NF-κB transcription factor family
in multiple pathways. Initially, the role of NF-κB in the thy-
mus was limited to the important role of RelB [59], but it
became clearer in the development of medullary thymic epi-
thelial cells [60–62].

Calcium (Ca2+) ions are important for cell signaling,
and they exert an allosteric regulation of many enzymes
and proteins once they enter the cytosol of the cytoplasm.
Studies have shown that intracellular Ca2+ release is accom-
plished by Zn+ triggering inositol 1,4,5-triphosphate (IP3)
[63, 64]. Activation of mitogen-activated protein (MAP)
and phosphoinositide 3 (PI3) kinase pathways protects
colonic epithelial cells. In experimental colitis, metabolic cal-
cium signaling in colonocytes is induced by zinc-induced
receptors [65]. In Caco-2 cell monolayers, DSS increases
the intracellular Ca2+ concentration and depletes intracellu-
lar Ca2+ by BAPTA/AM, disrupts tight junctions, and causes
barrier dysfunction [66]. These findings reveal the impor-
tance of the calcium signaling pathway, which might be
instrumental to the success of future human trials of a new
strategy to treat digestive disease.

Chemokine receptors are cytokine receptors found on the
surface of certain cells that interact with a type of cytokine
called a chemokine. Chemokines can activate a range of sig-
naling pathways to mediate their biological effects by binding

to G-protein-coupled receptors (GPCRs). Duffy and D6 bind
to CXC and CC inflammatory chemokines, respectively [67].
Chemokines can be divided into “inflammatory” chemokines
and “steady state” chemokines [68]. Inflammatory chemo-
kines can play important roles in recruiting leukocytes to
the site of inflammation, such as neutrophils, monocyte
macrophages, dendritic cells (DC), and natural killer (NK),
which play key roles in the innate immune response. The
results demonstrated that the chemokine signaling pathway
can be further divided into modules such as survival,
migration, apoptosis, cellular growth, and cytokine produc-
tion. In the immune system, chemokines are mainly pro-
duced and transported by leukocytes and play an important
role in the immune system [69]. Chemokines act by binding
to chemokine receptors. Activation of chemokine receptors
induces proliferation and differentiation of immune cells,
and both are essential processes in innate and adaptive
immune responses [70].

In summary, these pathways are regulated by different
compounds, suggesting that digestive diseases may affect dif-
ferent pathways. In addition, multiple protein targets belong
to a variety of signaling pathways, suggesting that certain pro-
teins can simultaneously affect multiple signaling pathways.

In this experiment, IL-1β, IL-10, and TNF-α were ana-
lyzed. IL-1β and TNF-α participate in the MAPK and NF-
κB pathways, and the two pathways share crosstalk. Recent
studies have shown that IL-1β and TNF-α can be proinflam-
matory cytokines in IBD [71–74], whereas IL-10 has been
demonstrated to play a vital role in the control of inflamma-
tion and prevention of enteritis [75]. In patients with colitis
and inflammatory bowel disease, damaged mitochondria
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Figure 4: Gut microbiota analysis upon SLBZS treatment in colitic rats. (a, b) Bar plots of the taxonomic composition showing relative
abundances > 1% of bacterial phyla (a) and families (b). (c) Comparison of the relative abundances of different taxa among control,
model, and SLBZS-treated rats.
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accumulate in macrophages when IL-10 signal is deficient.
This leads to abnormal activation of NLRP3 inflammasome
and IL-1β production [76, 77].

In our research, changes to the intestinal microbial struc-
ture by SLBZS were observed. SLBZS treatment inhibits two
genera that contain potential pathogens, Corynebacterium
and Helicobacter, which are strongly associated with peptic
ulcers, chronic gastritis, duodenitis, and stomach cancer
[78]. Blautia is a group of bacteria containing various acetate

and butyrate producers [79, 80]. This research observed that
an increase in the SCFA producer Blautia in the SLBZS treat-
ment group was consistent with previous animal studies
[81]. Roseburia and Lachnospira, as SCFA producers, were
reported to recover a balanced community after diet treat-
ment in type 2 diabetic patients [82]. Ruminococcus is present
in the digestive tract of ≥90% of people and is involved in dis-
eases associated with the intestines, such as IBD. A recent
study demonstrated the ability of Ruminococcus to produce
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propanol and propionate as the end products of metabolism
[83]. These new findings provide us with insights into the
specificity of the genera’s adaptability to the gut environment
and promote our understanding of the role of gut commen-
sals in health and disease.

Based on the 16S rRNA results, we found that SLBZS
treatment can alter the microbial structure of the intestine,
which has an enhanced effect on the intestinal microbiota
richness and diversity in DSS model rats. Therefore, SLBZS
seems to offset the structural changes caused by DSS. As a
result, the identified bacterial phylotypes in response to
SLBZS treatment in DSS rats may be related to the develop-
ment and improvement of DSS-induced metabolic abnor-
malities. The overrepresentation of the KEGG gene in the
patient’s microbiome can reflect the deleterious metabolism
of the neurotransmitter pathway and the host gut protec-
tion glycosaminoglycan mucin, in contrast to the beneficial
counterpart in the control [84]. Our PICRUSt analyses
revealed that SLBZS can significantly increase amino acid
metabolism, which may indicate SCFA. This is consistent
with the increased SCFA-producing genera. Infectious dis-
ease, immune system disease, and digestive system disease
were all reduced after treatment with SLBZS, which had a
positive effect on IBD.

However, a large number of validation tests are required.
The systems pharmacology results can directly prove the
effect of the active compounds of SLBZS on the target, while
a change in the microbiota structure can supplement the
interaction between the Chinese herbal compounds and gut
commensals, then revealing the underlying mechanism.
Taken together, the combination of the two methods can sys-

tematically illustrate the relationship among active com-
pounds, targets, and the microbiota and contribute to the
study of the mechanism of IBD.

4. Materials and Methods

4.1. Dataset Construction. The current data were obtained
from the TCM pharmacology analysis platform (TCMSP,
http://lsp.nwu.edu.cn/tcmsp.php) and a large amount of
literature mining. We collected 980 compounds and their
physicochemical properties from SLBZS: 14 compounds of
Dolicho LablabL, 55 compounds of Atractylodes macroce-
phala, 34 compounds of Wolfiporia cocos, 280 compounds
of Glycyrrhiza uralensis Fisch, 102 compounds of Platycodon
grandiflorus, 31 compounds of Semen Nelumbinis, 190 com-
pounds of Panax Ginseng, 165 compounds of Fructus
Amomi, 71 compounds of Dioscorea opposita, and 38 com-
pounds of Semen Coicis. Detailed information is freely avail-
able from the TCMSP analysis platform.

4.2. Active Compound Screening Model

4.2.1. Oral Bioavailability (OB). In the present study, oral
bioavailability (OB) was estimated based on OBioavail 1.1
[85] and the IntegOB. OB is one of the major pharmacoki-
netic parameters in the ADME (absorption, distribution,
metabolism, excretion) profile of a drug. The molecule with
suitableOB ≥ 30% served as the candidate compound for fur-
ther research.

4.2.2. Caco-2 Permeability. The oral absorption of drugs
was primarily completed via intestinal epithelial cells (IEC).
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in the control group (d), the model group (e), and the SLBZS group (f). The colon in the control group (d) presented the normal histological
feature. In the model group (e), there was intestinal inflammatory cell infiltration, intestinal villus epithelial cell degeneration, necrosis, and
shedding. In the SLBZS group (f), the pathological change was significantly reduced. HE staining (×100).

25Oxidative Medicine and Cellular Longevity

http://lsp.nwu.edu.cn/tcmsp.php


In this study, a computer Caco-2 permeability prediction
model was applied to predict intestinal permeability of all
TCM components in TCMSP. The number of Caco − 2
molecules>−0 4 is considered to exhibit adequate intestinal
epithelial permeability.

4.2.3. DL (Drug-Likeness). Drug-likeness is a qualitative con-
cept used in drug design for how “druglike” a substance is
with respect to factors like bioavailability. It is estimated from
the molecular structure before the substance is even synthe-
sized and tested.

4.2.4. HL (Half-Life). The half-life of a substance is the dura-
tion required for a drug to lose half of its pharmacological
activity. HL= long is defined as a suitable half-life range.

4.3. Drug Targeting. Drug targeting was implemented by a
novel computational model designed to detect the direct drug
targets based on an in-house weighted ensemble similarity
(WES) method [86] with satisfactory validation of both inter-
nal and external data.

4.4. Network Construction. TCM is a complex material sys-
tem comprised of the effective active compound, the target
of the action, and the related diseases; it does not correspond
to the theory of “single gene, single target, and single disease.”
In order to resolve these issues, we constructed a compound-
target network to reveal the association between the drug
and the target protein. The construction of the network
aided in identifying the protein targets of each compound
in Chinese medicine, understanding the mechanism underly-
ing the activity of the drug in the treatment of the disease,
and studying the target in the disease network. Thus, in
the generated network, nodes represent compounds, tar-
gets, signaling pathways, or diseases, while edges represent
compound-target, target-disease, and target-pathway inter-
actions. The bipartite graphs were generated using Cytoscape
2.8.1 [87].

4.5. Compound Organ Location. In order to elucidate the gut
disorder at the organ level, firstly, the GO targets were ana-
lyzed for most of the selected targets, followed by the analysis
of distribution in tissues and organs. Determination of target
tissue distribution was based on microarray analysis data of
different tissue types in BioGPS database (http://biogps.org).

Ω = t1, t2,⋯, tn ,
Hi = hit1 , hit2 ,⋯, hitn ,

hi =
∑n

i=1hi
n

,

Ai = t ∈Ω ∣ t > hi ,

1

wherein t represents human tissue, Ω represents tissue loca-
tion, h represents a tissue-specific pattern of mRNA expres-
sion of one target, Hi represents the expression position of
mRNA of one target in Ω, hi represents one target in the tis-
sue of the average expression, n is the number of organiza-
tions, and Ai indicates a target tissue location.

4.6. Animal Management. A rat model test was performed to
test the effect of SLBZS on the IBD model. After a week of
acclimation period, 30 rats (male and 10 weeks) were ran-
domly divided into 3 groups—control group (CON), model
group (MOD), and SLBZS group (SLBZS). The MOD and
SLBZS group rats were administered 3% DSS (40 kDa; MP
Biomedicals) for 7 days, while the CON was administered
with equal volume of saline. After 7 days, the SLBZS group
was intragastrically administered with SLBZS 2mL (1.2 g)
for 7 days, and the other two groups were orally given an
equal volume of saline. The condition of the rats was moni-
tored twice per day. After 24 hours of the last administration,
feces, serum, and colon were collected and stored at -80°C.
The animal experiments were approved by the Institutional
Animal Care and Use Committee of South China Agricul-
tural University (Approval No. CNAS BL0011).

4.7. Preparation of SLBZS. SLBZS was prepared using the
published method [7]. SLBZS is a traditional Chinese patent
medicine, composed of Panax Ginseng (10 g), Wolfiporia
cocos (10 g), Atractylodes macrocephala (10 g), Dioscorea
opposita (10 g), Dolichos Lablab (7.5 g), Semen Nelumbinis
(5 g), Semen Coicis (5 g), Fructus Amomi (5 g), Platycodon
grandiflorus (5 g), and Glycyrrhiza uralensis Fisch (5 g). The
ten Chinese herbs were purchased from qualified suppliers
based on standards specified in the Chinese Pharmacopoeia
(Guangzhou, China). The herb materials were mixed and
extracted twice at 80°C by stirring it for 1 h using 10 vols of
distilled water (v/m). Then, we centrifuged the extract at
1500 ×g at room temperature. The SLBZS decoction was fil-
tered and then concentrated to 1 gmL−1 (net content) with
deionized water.

4.8. 16S rRNA Gene Sequence Analysis of Intestinal Flora in
Fecal Samples. Total genomic DNA of fecal samples was
extracted by the InviMag Stool DNA Kit (Invitek, Germany)
as previously described [7]. Fecal microbial DNA was
extracted using Fast DNA SPIN extraction kits (MP Biomed-
icals, Santa Ana, CA, USA) and applied to amplification of
the V3-V4 region of 16S rDNA. Fecal microbiota compo-
sition was assessed using Illumina HiSeq sequencing of
16S rDNA Amplicon and QIIME-based microbial analysis.
The procedures for fecal microbial DNA extraction, sequenc-
ing and library construction, and microbial analysis are
described in the supplementary methods.

4.9. Histologic Observation of the Colon. Histologic colon
samples were prepared as previously described [7]. The
colon samples were collected and fixed in 10% formalin,
dehydrated with a sequence of ethanol solutions, embed-
ded in paraffin, sliced (4-5 μm), and stained with hematoxy-
lin and eosin (HE), then observed with Olympus BH22
Microscope (Japan).

4.10. Measurement of Serum Cytokines. Interleukin- (IL-)
1β, IL-10, and tumor necrosis factor-alpha (TNF-α) were
tested using an ELISA kit (Cusabio, Houston, TX, USA;
https://www.cusabio.com/). Indices were tested according
to the manufacturer’s instructions.
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4.11. Quantification and Statistical Analysis. Statistical
analysis was performed with GraphPad Prism 5 (Graph-
Pad Software). Statistical significance was calculated using
Kruskal-Wallis test with Dunn’s multiple comparison correc-
tion. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 were regarded
as statistically significant.
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Neutrophil-to-lymphocyte ratio (NLR) has been proposed as a bone loss index in postmenopausal women and as a marker of
inflammation in coeliac patients. The aims of this work were to evaluate the effect of gluten-free diet (GFD) on NLR
retrospectively and study the relationship between NLR and Mediterranean diet adherence and selected food groups (fruits,
vegetables, red meat, potatoes, and unrefined and refined cereals). Adult individuals (n = 50), who had been on a strict GFD by
at least 6 months, were recruited. The degree of adherence to the Mediterranean diet was calculated with two different scores:
the Mediterranean Diet Score (MDS-14), assessed through the validated 14-item questionnaire of the PREDIMED study, and
the MEDScore (Score-55) proposed by Panagiotakos. The latter includes the consumption of unrefined cereals (UC). High
percentages of osteopenia and osteoporosis were found within the recruited subjects, who furnished the reports of bone mineral
density (BMD), in particular in postmenopausal (Post-M) women. Recent NLR was higher in subjects with osteoporosis
compared to osteopenia and normal BMD. However, retrospective analysis showed both increase and decrease in NLR after
GFD, with no significant differences between Marsh grade, anemia, and BMD status. Moreover, premenopausal previous
pregnancy (Pre-MPP) and Post-M had higher NLR at diagnosis compared to Men and premenopausal (Pre-M), but higher
differences were observed in recent NLR between Pre-MPP and Men only. Chocolate consumption was associated with lower
recent NLR, whereas the latter was correlated with Score-55, but not with MDS-14. Moreover, refined cereal consumption was
correlated with recent NLR. Although large prospective studies are needed in order to clarify the relationship between UC and
NLR in coeliac patients, in this pilot study, we have investigated for the first time the relationship between NLR, dietary habit,
and osteoporosis in coeliac disease.

1. Introduction

Neutrophil-to-lymphocyte ratio (NLR), calculated from
complete white blood cell (WBC) count with differential,
is an emerging, inexpensive, easy to obtain, widely avail-
able marker of inflammation particularly in cancer patients
[1–3] and also in subjects with other diseases, including
chronic obstructive pulmonary disease [4], acute pulmo-
nary embolism [5], and acute coronary syndrome [6].

Furthermore, NLR has been proposed as a bone loss index
in postmenopausal women [7] and as a marker of inflam-
mation in coeliac patients [8, 9].

Despite gluten-free diet (GFD) resulted deficient in vita-
min D (vit. D) and calcium [10], it improved bone mineral
density (BMD) [11–14] and normalized vit. D and parathy-
roid hormone (PTH) values [15]. However, GFD does not
normalize BMD in all patients, even after the recovery of
intestinal mucosa, and other bone injury mechanisms in
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addition to calcium and vitamin D malabsorption, includ-
ing proinflammatory cytokines, have been suggested to be
involved [16].

Longitudinal studies reported improvement of BMD in
children [17, 18] with coeliac disease after the initiation of
GFD, making the latter particularly relevant in children and
adolescents [17–19]. However, it may not be sufficient in
elderly patients with late onset of coeliac disease [20].

In diagnosed adult coeliac disease patients, despite GFD
significant increased BMD, values still remain markedly low
after 1 year in several patients [21]. In this context, there is
a less consistent relationship between disease and clinical
manifestations in the elderly, due to multiple coexisting
conditions [22]. In particular, menopause is among the risk
factors to be taken into consideration in the diagnostic and
therapeutic approach of coeliac disease in women [23].

On the other hand, the inflammatory status may be
involved in the onset of osteoporosis in coeliac disease and
could justify the reduction of BMD in patients with histology
and serology returned to normal after the GFD [13, 16, 20,
24]. In this context, in the large Moli-sani study, adherence
to the Mediterranean (Med) diet has been associated with a
lower NLR [25]. Wholegrain cereals, rich in fibre, vitamins,
minerals, and other antioxidant bioactive components, are
within the Med diet components associated with the lower
risk of noncommunicable chronic diseases [26].

On the other hand, although CD can induce liver steato-
sis [27], the role of GFD on cardiometabolic risk factors, such
as obesity, serum lipid levels, and insulin resistance, is con-
troversial, due to the high levels of lipids, sugar, and salt in
gluten-free products [28, 29]. GFD was found to be poor in

dietary fibre [10, 30], but the effect of fibre on calcium
absorption and/or BMD is still debated [31–34]. On the other
hand, it has been suggested that a low fibre intake may pre-
dispose coeliac disease patients to persistent symptoms
despite negative antibodies and normal intestinal histology
[35]. In this context, a recent randomized clinical trial
(RCT) reported increases in vit. D levels in children and ado-
lescents after a prebiotic treatment [36]. Both fibre and poly-
phenols, contained in plant foods typical of the Med diet,
have prebiotic effects [37, 38] and in a recent large retrospec-
tive study association between NLR and gut microbiota have
been found [39]. Previous studies in Italy reported lower fibre
(g/d: 7 3 ± 4 9 vs. 12 8 ± 4 4) [30] and fruit (g/d: 223 5 ± 13 9
vs. 275 0 ± 15 4) [40] intake and higher red meat (g/d:
85 4 ± 3 8 vs. 68 9 ± 4 1) [40] and potatoes (g/d: 40 2 ± 2 9
vs. 26 8 ± 3 2) [40] intake in coeliac subjects. Fibre is con-
tained in both unrefined cereals and other plant foods (fruits
and vegetables). On the other hand, bread and pizza are typ-
ical Mediterranean foods, regardless of fibre content (refined
or unrefined), and previous studies did not find any signifi-
cant difference in the consumption of carbohydrates [30]
and pasta [40]. In the European HELENA study, conducted
in adolescents, within Mediterranean food groups, the intake
of vegetables was associated with lymphocytes (0.106, p <
0 05) but not with WBC count [41], suggesting a potential
reduction of NLR.

The aims of this work were to evaluate the effect of GFD
on NLR retrospectively and study the relationship between
NLR and Med diet adherence and selected Mediterranean
food groups (fruits, vegetables, red meat, potatoes, and unre-
fined and refined cereals).

Recruited n = 50 
(9 men/41 women) 

Excluded anti-Tgneg (n = 4)
n = 46

Excluded: data for NLR at
diagnosis not available (n = 8)

Excluded: recent data for NLR
not available (n = 7)

ΔNLR Men
(n = 8)

GFD effect ΔNLR Post-M
(n = 11) 

ΔNLR Pre-MPP
(n = 6)

NLR-I (n = 14: 2 Men, 6
Pre-M, 3 Pre-MPP, 3 Post-M)

ΔNLR Pre-M
(n = 13)

NLR-D (n = 24: 6 Men, 7
Pre-M, 3 Pre-MPP, 8 Post-M)

Recent NLR Men
(n = 6)

Recent NLR Pre-M
(n = 13)

NLR < (n = 28: 6 Men, 10
Pre-M, 3 Pre-MPP, 9 Post-M)

Recent NLR Pre-MPP
(n = 8)

Recent NLR Post-M
(n=12) 

Med diet effect

NLR > (n = 11: 0 Men, 3
Pre-M, 5 Pre-MPP, 3 Post-M)

Figure 1: Flow chart of subject’s selection for GFD and Med diet effects. AntiTgneg: negative for antitransglutaminase antibody at diagnosis;
NLR: neutrophil-to-lymphocyte ratio; GFD: gluten-free diet; Med: Mediterranean; Pre-M: premenopausal; Pre-MPP: premenopausal
previous pregnancy; Post-M: postmenopausal; ΔNLR: delta NLR after GFD versus NLR before GFD; D: decrease; I: increase. < below cut
off and > over cut off 2.32.
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2. Materials and Methods

2.1. Recruitment, Data Collection, and Selection of the Subjects.
Adult individuals (n = 50, 9 men and 41 women), who had
been on a strict GFD by at least 6 months, were recruited
(May-October 2018) by pharmacies and verbal disclosures.

The subjects enrolled in the study were asked to provide
diagnostic reports, bone densitometry, and blood analysis,
in particular, WBC count. Furthermore, additional data use-
ful to characterize the subjects were gathered through ques-
tionnaires and included age, sex, body weight (kg), height
(m), heart rate (HR, beats/min.), systolic (SBP) and diastolic
(DBP) blood pressure (mmHg), medical history, postmeno-
pausal state and previous pregnancy and/or spontaneous
abortion (for women), use of drugs, supplements and special
foods in addition to gluten free (i.e., lactose-free), physical
activity level (PAL), hours/day of exposure to sunlight, smok-
ing habits, and consumption of alcoholic beverages, cocoa,

coffee, tea, and herbal infusions. Participants were also asked
to indicate their usual frequency of eating out of home
(EOH) at fast food (EOH-F) or other EOH (EOH-R: restau-
rant, EOH-P: pizzeria, and EOH-B: bar).

The body mass index (BMI) was calculated dividing body
weight (in kg) by squared height (in meter). The physical
activity level (PAL) was classified as low, moderate, and high
using the International Physical Activity Questionnaire
(IPAQ) [42].

In order to evaluate the relationship between diet and
NLR, the following criteria were applied. Exclusion criteria
included negative antitransglutaminase (Anti-Tg) at diagno-
sis. Inclusion criteria included availability of data for NLR
calculation (i.e., neutrophil and lymphocyte counts within
normal ranges). In order to evaluate the effect of GFD, delta
NLR after GFD versus NLR before GFD (ΔNLR) was calcu-
lated only when WBC count at diagnosis was available and
subjects were also classified for increase (NLR-I) or decrease

Table 1: MDS-14, Score-55, and Score 60 subgroups and self-scores.

Score range High score for high consumption High score for low consumption

MDS-7CO (MDS-14 subgroup) 0-7
Olive oil, fruits, vegetables, legumes,

and fish
Red meat

Score-30CO (Score-55 subgroup) 0-30
Olive oil, fruits, vegetables, legumes,

and fish
Red meat

MDS-2IC (MDS-14 subgroup) 0-2 Wine and white meat

Score-10IC (Score-55 subgroup) 0-10 Wine and white meat

MDS-5D (MDS-14 subgroup) 0-5 Nuts and Med-sauce
Butter, carbonated beverages,

and sweets

Score-15D (Score-55 subgroup) 0-15 UC and potatoes Full dairy products

Score-5UC 0-5

0 = never
1 = 1-4/month

2 = 5-8/month

3 = 9-12/month

4 = 13-18/month

5 > 18/month

Score-5RC (Score-60 = Score-55 + Score 5RC) 0-5 As for 5UC

MDS-1F 0-1 1 ≥ 3 units/d
Score-5F 0-5 As for 5UC

MDS-1V 0-1 1 ≥ 2 servings/d (1 serving: 200 g)

Score-5V 0-5 As for 5UC

MDS-1RM 0-1 1 < 1 serving/d (1 serving: 100-150 g)

Score-5RM 0-5

0 > 18/month

1 = 13-18/month

2 = 9-12/month

3 = 5-8/month

4 = 1-4/month

5 = never
Score-5P 0-5 As for 5UC

% self 14 0-100 Subgroup score/total self MDS − 14 ∗ 100
% self 55 0-100 Subgroup score/total self − Score − 55 ∗ 100
% self 60 0-100 Subgroup score/total self − Score − 60 ∗ 100
CO: coherent; IC: incoherent; DF: different; Med-sauce: Mediterranean sauce made with tomato, olive oil, garlic, or onion; UC: unrefined cereals; RC: refined
cereals; F: fruits; V: vegetables; RM: red meat; P: potatoes.
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(NLR-D) of NLR after GFD (Figure 1). On the other hand,
only subjects who furnished recent (i.e., within a year)
complete WBC counts were included in the evaluation of
the effect of adherence to Med diet on NLR (Figure 1), and
these patients were also grouped on the basis of the cut off
value (< below cut off and > over cut off: 2.32) suggested by
Sarikaya et al. [8].

2.2. Adherence to Mediterranean Diet Analysis. The degree of
adherence to the Med diet was calculated with two different
scores: the Mediterranean Diet Score (MDS-14), assessed
through the validated 14-item questionnaire of the PRE-
DIMED study [43], and the MEDScore (Score-55) proposed
by Panagiotakos [44]. The latter, unlike the first, includes the
consumption of unrefined cereals (UC). Moreover, MDS-14
and Score-55 differ also for other components. Therefore,
we classified the separate subgroups that make up the
MDS-14 and Score-55: coherent (CO), incoherent (IC), and

different (D) as described in Table 1. In order to evaluate
the contribution of each subgroup, percentages of self
MDS-14 and self Score-55 were also calculated (MDS-7CO
% self 14, MDS-2IC % self 14, MDS-5D % self 14, Score-
30CO % self 55, Score-10IC % self 55, and Score-15D % self
55). In the light of previous evidence [30, 40], subscores
and % self for fruits, vegetables, red meat, potatoes, and UC
were evaluated separately (MDS-1F, MDS-1V, MDS-1RM,
Score-5F, Score-5V, Score-5RM, Score-P, Score-5UC, and
their % self scores) (Table 1).

Gluten-free whole unrefined cereals/pseudocereals include
buckwheat, quinoa, sorghum, millet, and amaranth flours
[45]; however, consumers still show a preference to refined,
low fibre cereals.

Therefore, a Score-60 was reached by also adding gluten-
free refined cereals (RC, score range 0-5 as for UC), being
typical of Med diet [30, 40]. The percentages of Score-60 sub-
groups were calculated based on self Score-60 (% self 60).

Table 2: Characteristics of subjects at GFD.

Men Pre-M Pre-MPP Post-M#

Age (years) 37 6 ± 5 5 29 6 ± 2 9∗ 43 2 ± 2 0 54 5 ± 2 0∗

Years to diagnosis 6 6 ± 1 9 6 0 ± 1 6 6 2 ± 1 9 6 8 ± 1 6
Age years at diagnosis 31 0 ± 6 6 23 6 ± 3 2∗ 37 0 ± 2 2 47 7 ± 2 5∗

Anti-Tg U/ml at diagnosis 722 ± 606 70 ± 18 239 ± 98 93 ± 18

Marsh at diagnosis

I 7.7%

II 11.1% II 7.7%

III 77.8% III 80.0% III 77.8% III 53.8%

nc 11.1% nc 20.0% nc 22.2% nc 30.8%

BMI (kg/m2) 23 0 ± 0 8 21 8 ± 0 5 22 2 ± 0 6 23 4 ± 0 7
Overweight 22.2% — 11.1% 15.4%

Underweight — 13.3% — —

SBP (mmHg) 113 9 ± 3 2 106 8 ± 2 9 115 6 ± 1 8 118 2 ± 3 3
DBP (mmHg) 75 0 ± 3 1 63 7 ± 2 8∗ 80 0 ± 0 9∗ 74 8 ± 2 4
HR (beat/min.) 65 8 ± 2 0 64 2 ± 2 3 69 8 ± 3 4 64 9 ± 2 4
Hypertension 22.2% — 11.1% 30.8%

Use of drugs for hypertension 11.1% 7.7%

Hypotension — 33.3% — 7.7%

Hyperglycemia — — — 23%

Use of drugs for hyperglycemia 23.1%

Dyslipidemia 22.2% 22.2%

Use of drugs for dyslipidemia 7.7%

Other diseases

11.1% atopic
dermatitis

5% autoimmune
diseases^

11.1% autoimmune

diseases†
30.8% autoimmune

diseases‡

7.7% atopic dermatitis

7.7 % COPD

Spontaneous abortions 6.6% 22.2% 30.8%

Allergy (nickel, pollen, etc.) 11.1% 26.6% 11.1% 53.8%

Lactose intolerance 22.2% 13.3% 11.1% 15.4%

GFD: gluten-free diet; Pre-M.NPP: premenopausal no previous pregnancy; Pre-MPP: premenopausal previous pregnancy; Post-M: postmenopausal. #years of
menopausal state 8 1 ± 1 3. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate; ^Hashimoto thyroiditis (3),
psoriatic arthritis (1), vitiligo (1). †Antiphospholipid syndrome (1). ‡Hashimoto thyroiditis (3), type 1 diabetes (2), lupus (1); COPD: chronic obstructive
pulmonary disease. Data are expressed as mean ± SEM or percentages. ∗p < 0 05.
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2.3. Statistical Analysis. The sample size of this pilot study
was chosen on the basis of other studies [30, 46–50].

Categorical variables were expressed as percentages [51]
and continuous variables were expressed as means with stan-
dard error mean (SEM). Results showing a normal pattern
were analyzed by analysis of variance (ANOVA), others by
Kruskal-Wallis one-way analysis of variance on ranks. The
significance of the differences between treatments within
the same time and those between the different times within
the same treatment group was evaluated using Student-
Newman-Keuls (normality test Shapiro-Wilk passed) and
Dunn’s (normality test Shapiro-Wilk failed) methods. The
correlations (Spearman correlation) were analyzed among
the parameters of interest.

3. Results

3.1. Subject Characteristics and Retrospective Analysis.
Groups had similar disease durations, despite the differences
in age between premenopausal (Pre-M) and postmenopausal
(Post-M) (Table 2). Age was related to BMI (0.308, p < 0 05),
SBP (0.586, p < 0 001), and DBP (0.402, p < 0 01). Percent-
ages of overweight, underweight, hypertension (SBP > 129
/DBP > 84), hypotension (SBP < 90/DBP < 60), dyslipidemia
(high cholesterol/LDL or low HDL), and hyperglycemia
(fasting blood glucose > 110) were different between groups
(Table 2). Percentages of patients with other diseases have
been also presented in Table 2, and all subjects were under
drug treatment according to the disease. Higher percentages
of other diseases, spontaneous abortions, and allergy were

reported by Post-M (Table 2). On the other hand, some sub-
jects declared lactose intolerance and/or lactose-free milk
consumption (Table 2) and one subject legumes’ intolerance.

All subjects, according to selection criteria, had positive
anti-Tg (Table 2) at diagnosis, and decreases in anti-Tg
were always observed after GFD, as well as negativization
of antiendomysial and antigliadin antibodies, when data
were available (71% antiendomysial evaluated and 91%
antigliadin evaluated).

Concerning the histological evaluation of the duodenal
mucosa, the distribution of subjects in Marsh (I, II, and III)
classification at diagnosis is reported in Table 2, but in some
cases, the Marsh classification was not used.

High percentages of osteopenia and osteoporosis
(Table 3) were found within the recruited subjects, who furn-
ished reports of BMD (n = 36 of 46), according to a previous
study conducted in Italy [52], and a higher percentage of
osteoporosis was found in post-M (Table 3). The majority
of the subjects had a high or moderate PAL, whereas
the percentage of smokers was higher in men (Table 3).
On the other hand, a common feature was anemia at diagno-
sis, not always completely reversible following the GFD
(Table 3). However, no differences were found in T-score
for smoking habit (smokers -1 1 ± 0 5, nonsmokers -1 8 ±
0 2) or anemia (anemia at diagnosis -1 4 ± 0 3, no anemia
at diagnosis -2 0 ± 0 3; anemia at GFD -1 7 ± 0 2, no anemia
at GFD -1 7 ± 0 5). On the other hand, age was inversely cor-
related with T-score (-0.400, p < 0 05) and related to hours
spent outdoors (autumn/winter, 0.290, p = 0 05; spring/sum-
mer 0.409, p < 0 01).

Table 3: GFD, anemia, osteoporosis, and lifestyle.

Men Pre-M Pre-MPP Post-M

Anemia at GFD 22.2% 21.4% 11.1% 7.7%

Anemia at diagnosis 33.3% 50.0% 62.5% 33.3%

Supplements for anemia

Iron 11.1% 13.3% 33.3%

Folic acid 13.3% 7.7%

BMD n = 6 n = 9 n = 8 n = 13
Normal — 33.3% 12.5% 15.4%

Osteopenia 66.7% 66.7% 87.5% 30.8%

Osteoporosis 33.3% — — 53.8%

T-Score −2 0 ± 0 3 −1 0 ± 0 1∗ −1 9 ± 0 3 −2 1 ± 0 4∗

BMD years from diagnosis 5 3 ± 2 3 2 9 ± 1 2 5 8 ± 1 8 5 4 ± 1 9
Use of drugs for osteoporosis 23.1%

Vit. D supplement 22.2% 33.3% 53.8%

Hours spent outdoors

(Autumn/winter) 3 7 ± 1 1 2 2 ± 0 3 1 4 ± 0 7 2 3 ± 0 4
(Spring/summer) 5 9 ± 1 1 4 7 ± 0 5 4 4 ± 0 4 6 4 ± 0 7
High PAL 77.8% 80.0% 77.8% 69.2%

Moderate PAL 22.2% 13.3% 22.2% 30.8%

Smokers 55.5% 6.7% 11.1% 23.1%

GFD: gluten-free diet; Pre-M.NPP: premenopausal no previous pregnancy; Pre-MPP: premenopausal previous pregnancy; Post-M: postmenopausal. BMD:
bone mineral density; PAL: physical activity level. Data are expressed as mean ± SEM or percentages. ∗p < 0 05.
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Overall, only half of the subjects furnished reports of vit.
D analysis and the majority after GFD (Figure 2(a)).
Figure 2(b) reports the distribution of these values with the
cut off levels, recently discussed, that progressively increased
from 12 to 20 ng/ml and, finally, to 30 ng/ml [53]. Percent-
ages of subjects under osteoporosis treatment and under
supplementation with vit. D are shown in Table 3. Only 3
patients (1 man and 2 women, of whom only one supple-
mented with vit. D) furnished data of vit. D before and after
GFD, and decreases after GFD were observed in these cases
(-2.2, -6.1, and -25.0 ng/ml).

On the other hand, recent NLR was higher in subjects
with osteoporosis compared to osteopenia and normal
BMD, whereas no differences were found in relation to
Marsh grade and anemia (Table 4).

Recent NLR was highly correlated with NLR at diagnosis
(0.593∗∗∗) and less with ΔNLR (0.384∗), whereas the latter
was inversely related to NLR at diagnosis (-0.443∗∗).

Retrospective analysis showed both positive and negative
values for ΔNLR, with no significant differences between
Marsh grade, anemia, BMD status (Table 4), and groups
(Table 5). On the contrary, differences between groups were
observed both in recent and at diagnosis NLR (Table 5). Pre-
menopausal previous pregnancy (Pre-MPP) and Post-M had
higher NLR at diagnosis compared to Men and Pre-M, but
higher differences were observed in recent NLR between
Pre-MPP and Men only (Table 5). These data are in line with
percentages below and over the cut off suggested by Sarikaya
et al. [8], as well as with percentages of increase and decrease
NLR (Table 5).

3.2. NLR, Dietary Habits, and Adherence to Med Diet.
Percentages of subjects with EOH habits and percentages of
consumers of chocolate, black tea, green tea, herbal infusion,
coffee, and alcoholic beverages (excluding wine, included in
scores of adherence to Med diet) were different between
Men, Pre-M, Pre-MPP, and Post-M (Table 6). Two-way

ANOVA was performed by using dietary habit and NLR
cut off value as factors. Among subjects’ analysis with NLR
over the cut off value, recent NLR was higher in subjects
who did not have the habit of eating at the bar and lower in
chocolate consumers (Table 6). Chocolate consumption was
associated with lower recent NLR even among those with
NLR under the cut off value (Table 6).

On the other hand, recent NLR was correlated with
Score-55 and Score-60 but not with MDS-14 (Table 7). Con-
cerning the score subgroups and their contribution to the
adherence to Med diet, only Score-30CO and Score-5UC
(and its % self 55 and self 60) were correlated with recent
NLR (Table 7). Score-5UC, Score-30CO, Score-60, MDS-
14, MDS-7CO, MDS-2IC, and Score-5RM were all inversely
related to years at GFD (Table 7). The latter was correlated
withMDS-5D% self 14 and self Score-5F and Score-5V (both
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Figure 2: Vitamin D. (a) Percentages of measures before/after gluten-free diet. (b) Percentages within different cut off.

Table 4: NLR, coeliac disease, anemia, and BMD.

Recent NLR NLR at diagnosis ΔNLR
Marsh I 2 6 ± 0 7 2 3 ± 0 5 −0 7 ± 0 6
Marsh II 2 2 ± 0 5 1 8 ± 0 4 −0 7 ± 0 4
Marsh III 2 5 ± 0 1 2 4 ± 0 1 0 0 ± 0 1
n.c. Marsh 2 6 ± 0 3 2 1 ± 0 2 0 1 ± 0 2

Anemia at
diagnosis

Yes: 2 6 ± 0 2 Yes: 2 3 ± 0 1 Yes: 0 2 ± 0 1
No: 2 3 ± 0 2 No: 2 2 ± 0 1 No: −0 2 ± 0 1

Anemia
after GFD

Yes: 2 1 ± 0 3 Yes: 2 4 ± 0 2 Yes: 0 1 ± 0 2
No: 2 6 ± 0 1 No: 2 3 ± 0 1 No: −0 1 ± 0 2

BMD normal 2 1±0 2∗∗ 2 7 ± 0 2 −0 3 ± 0 3
Osteopenia 2 5 ± 0 1§ 2 1 ± 0 1 0 0 ± 0 1
Osteoporosis 3 5±0 3∗∗§ 2 5 ± 0 2 −0 2 ± 0 2
NLR: neutrophil-to-lymphocyte ratio; BMD: bone mineral density; GFD:
gluten-free diet; ΔNLR: delta NLR after GFD versus NLR before GFD.
Data are expressed as mean ± SEM. §p < 0 05; ∗∗p < 0 01.
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% self 55 and % self 60) (Table 7). On the other hand, MDS-
14, MDS2IC (and its self 14), and Score-5RM and its % self
55 and self 60 were correlated with age at diagnosis, whereas
for MDS-5D % self 14 the correlation is inverse (Table 7).
Score-5RM and its % self 60 were correlated with age. Despite
MDS-14 and Score-55 were correlated (0.576, p < 0 001),
only the former was correlated with age and in particular
the MDS-2IC (and its % self 14) component (Table 7).
MDS-2IC self 14 was significantly lower in Pre-M (Table 8),
and this group had also lower consumption of RC compared
to Pre-MPP (Table 8) and higher MDS-7CO % self 14 and
MDS-1F self 14 compared to Men and Post-M (Table 8).

4. Discussion

From 50 subjects, after the selection for anti-Tg at diagnosis,
we retrospectively evaluated 46 adult-diagnosed (Table 2)
coeliac disease patients at GFD. In this study, we evaluated
NLR, being a marker of inflammation in coeliac disease
[8, 9] related to postmenopausal osteoporosis [8, 54].

Neither Marsh classification nor anemia was related to
recent NLR (Table 5) or T-Score, and the latter also has no
significant affected by smoking habit, whereas was correlated
with age.

A recent interest is born on the role of some genetic
polymorphisms in iron-deficiency anemia- (IDA-) persistent
CD at GFD [55]. On the other hand, there is evidence that
BMD does not return to normal in coeliacs diagnosed in
adulthood and that this finding could be due to menopausal
status in women [23] or inflammatory status [24]. In a case
report of a 65-year-old postmenopausal woman, hormone
replacement therapy, in addition to GFD and supplementa-
tion, was unable to inhibit the reduction of BMD and was
therefore prescribed oral ibandronate [56]. In the present
study, the use of drugs for osteoporosis has been reported
only by some Post-M (Table 3). The use of other drugs
was in line with comorbidities (Table 2). In particular, as
previously reported [52, 57], autoimmune thyroiditis and
type 1 diabetes mellitus are common among coeliac patients.
In this context, it has been suggested a synergistic effect of
hyperglycemia and coeliac autoimmunity on low BMD [58].
Although Post-M presented more comorbidities (Table 2)

and osteoporosis (Table 3) and, overall, subjects with osteopo-
rosis had higher recent NLR compared to patients with osteo-
penia or normal BMD (Table 4), as previously reported [54],
Pre-MPP had higher recent NLR (Table 5).

Retrospective analysis revealed that both Pre-MPP and
Post-M had higher NLR at diagnosis compared to Men and
Pre-M (Table 5). However, percentages of subjects with
decrease in NLR after GFD were lower in Pre-MPP com-
pared to Men, Pre-M, and Post-M (Table 5).

Moreover, a high percentage of patients with recent
NLR over the cut off value, suggested by Sarikaya et al.
[8], have been observed in Pre-MPP compared to other
groups. In a study conducted on premenopausal women,
low BMD values were associated with elevated serum levels
of receptor activator of nuclear factor- (NF-) kappaB
(RANK), in the group of coeliac patients compared to con-
trols, despite the normal values of calcium and PTH [24].
Furthermore, in a case report, autoantibodies against osteo-
protegerin (OPG), a member of the tumor necrosis factor
receptor family that inhibits RANK, were found in a man
with coeliac disease and severe osteoporosis not reversible
with GFD [59]. However, Larussa and coworkers [60] did
not find circulating antibodies against OPG in the serum of
30 celiac patients, regardless of BMD, duodenal histology,
and HLA status.

Despite a recent guideline suggested that vit. D levels
should be measured at diagnosis and that supplementation
with calcium and vit. D should be provided according to its
level [58], only half of the subjects furnished reports of vit.
D analysis and the majority after GFD (Figure 2(a)).
Although only 13% of cases had severe D-hypovitaminosis
(Table 3), there is a consensus that levels lower than 20 ng/ml
are associated with osteoporosis and the Italian Association
of Clinical Endocrinologists recommend to maintain vit. D
levels above 30 ng/ml in subjects with malabsorption syn-
drome, osteopenia, osteoporosis, and under osteoporosis
treatment [53].

In the NU-AGE study, conducted in elderly people, a
Med diet with a vit. D supplement (1 year) reduced the rate
of bone loss in individuals with osteoporosis [61] but
increased the TLR-stimulated ex vivo expression of the
costimulatory molecules CD40 and CD86 in women with a

Table 5: NLR.

Men Pre-M Pre-MPP Post-M

Recent NLR 1 3 ± 0 2∗ 1 8 ± 0 2 3 2 ± 0 5 (8)∗ 1 9 ± 0 3
> (3 4 ± 0 2) — 23.1% 62.5% 18.2%

< (1 5 ± 0 1) 100.0% 76.9% 37.5% 81.8%

NLR at diagnosis 1 7 ± 0 3∗ 1 7 ± 0 2∗ 2 7 ± 0 3∗ 2 7 ± 0 3∗

> at diagnosis (3 0 ± 0 1) 25.0% 23.1% 66.6% 63.6%

< at diagnosis (1 6 ± 0 1) 75.0% 76.9% 33.3% 36.4%

ΔNLR −0 4 ± 0 2 −0 2 ± 0 2 0 3 ± 0 5 −0 7 ± 0 4
NLR-I (0 7 ± 0 2) 25.0% 38.5% 50.0% 27.3%

NLR-D (−0 8 ± 0 1) 75.0% 61.5% 50.0% 72.7%

NLR: neutrophil-to-lymphocyte ratio; ΔNLR: delta NLR after GFD versus NLR before GFD; D: decrease; I: increase. < below cut off and > over cut off 2.32; Pre-
M: premenopausal; Pre-MPP: premenopausal previous pregnancy; Post-M: postmenopausal. Data are expressed as mean ± SEM or percentages. ∗p < 0 05.
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BMI < 31. The authors suggested that this gender-effect may
be related to the fact that women exhibit stronger cellular-
and humoral-mediated immune responses compared to
men, with a higher risk of autoimmune disease [62].

Overlap exists between coeliac disease and other gut
disorders, such as fermentable oligosaccharides, disaccha-
rides, monosaccharides, and polyols (FODMAPs), and lac-
tose intolerance [63]. However, in our study, subjects who

Table 6: Dietary habits.

% NLR recent Within cut off NLR

Men 66.7 EOH-B Yes: 2 2 ± 0 2 Yes and NLR>: 2 9 ± 0 3∗

Pre-M 60.0 No: 2 6 ± 0 1 No and NLR>: 3 9 ± 0 2∗

Pre-MPP 33.3

Post-M 76.9

Men 55.5 EOH-R Yes: 2 5 ± 0 1
Pre-M 66.7 No: 2 7 ± 0 2
Pre-MPP 55.5

Post-M 46.1

Men 77.8 EOH-P Yes: 2 4 ± 0 2
Pre-M 60.0 No: 2 5 ± 0 2
Pre-MPP 66.7

Post-M 53.8

Men 11.1 EOH-F Yes: 2 2 ± 0 4
Pre-M 40.0 No: 2 6 ± 0 1
Pre-MPP —

Post-M —

Men 55.5 Chocolate Yes: 2 1 ± 0 1∗ Yes and NLR > 2 9±0 3∗∗

Pre-M 53.3 No: 2 8 ± 0 1∗ No and NLR>: 4 1±0 2∗∗

Pre-MPP 22.2 Yes and NLR < 1 2±0 2∗∗∗

Post-M 30.7 No and NLR<: 1 6±0 1∗∗∗

Men — Black tea Yes: 2 7 ± 0 3
Pre-M 13.3 No: 2 5 ± 0 1
Pre-MPP —

Post-M 15.4

Men — Green tea Yes: 2 4 ± 0 3
Pre-M 13.3 No: 2 6 ± 0 1
Pre-MPP 11.1

Post-M 7.7

Men — Herbal infusion Yes: 2 5 ± 0 2
Pre-M 20.0 No: 2 6 ± 0 1
Pre-MPP 44.4

Post-M 15.4

Men 55.5 Coffee ≥3: 2 4 ± 0 2
Pre-M 13.3 ≤2: 2 6 ± 0 1
Pre-MPP 33.3

Post-M 23.0

Men 77.8 Alcoholic beverages Yes: 2 8 ± 0 2
Pre-M 53.3 (excluding wine) No: 2 5 ± 0 1
Pre-MPP 22.2

Post-M 23.1

Pre-M: premenopausal; Pre-MPP: premenopausal previous pregnancy; Post-M: postmenopausal; EOH: eating out of home; EOH-B: EOH at bar; EOH-R: EOH
at restaurant; EOH-P: EOH at pizzeria; EOH-F: EOH at fast food. Data are expressed as mean ± SEM or percentages. ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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declared lactose intolerance also declared to consume
lactose-free milk. Moreover, all subjects, according to the
selection criteria, had anti-Tg (Table 2) at diagnosis, and
decreases in anti-Tg were always observed after GFD, as well
as negativization of antiendomysial and antigliadin antibod-
ies. Concerning FODMAP, a recent retrospective study [64]
reported that coeliac disease patients, despite the low intake
of gluten-free cereals high in FODMAP, consumed a signifi-
cant amount of fruits and vegetables high in FODMAP.
Therefore, the authors suggested that a low-FODMAP diet
should be a supportive therapy in subjects at GFD. In agree-
ment, a recent RCT [65] reported that in subjects on GFD
with persistence of functional gastrointestinal disorders, a
diet low in FODMAP reduced abdominal pain and improved
the fecal consistency.

In our study, only Pre-M had higher MDS-7CO % self 14
andMDS-1F self 14, compared toMen and Post-M (Table 8),
despite only in Pre-PP recent NLR mean was over the cut off
levels (Table 5).

However, overall recent NLR was correlated with Score-
55, Score-60 (including Score-5RC), Score-30CO (high con-
sumption of olive oil, fruits, vegetables, legumes, and fish
and low consumption of red meat), and Score-5UC (and its
% self 55 and self 60) (Table 7). Looking to the differences
in other dietary habits, the Pre-MPP group presented lower

percentages of subjects with EHO-B and of chocolate con-
sumers; the two factors for which an interaction with the
relationship was found (Table 6). On the one hand, these dif-
ferences can affect the dissimilarities in recent NLR (Table 5)
but, on the other hand, they must be taken into account when
evaluating the two-way ANOVA with dietary habits and cut
off as factors (Table 6). Keeping in mind these consider-
ations, interesting chocolate consumption was associated
with lower recent NLR regardless the cut off level (Table 6).

In this context, in a randomized double-blind crossover
study [66] in overweight men (age 45-70 yr), after 4 weeks
of consumption, delta lymphocytes’ count versus baseline
levels were −0 05 ± 0 19 and −0 03 ± 0 2 n/nl for high flava-
nol chocolate (HFC: 70 g contained 1078 mg flavanols, of
which 349 mg epicatechins) and normal flavanol chocolate
(NFC: 70 g contained 259 mg flavanols, of which 97 mg epi-
catechins), respectively. Delta neutrophils’ count versus base-
line levels were −0 30 ± 0 70 and −0 0 ± 0 8 n/nl for NFC and
HFC, with no differences between treatments.

Our study presents some limitations such as the small
number of subjects enrolled and the absence of complete
data in some cases (in particular for vit. D levels), due to
the retrospective nature of the study. Moreover, due to the
high percentage of nonclassified histological evaluations
(n.c., Table 2), we cannot observe the previously reported
correlation between BMD and Marsh stage at diagnosis
[48]. However, the major limitation of our study is that no
data were available concerning anti-Saccharomyces cerevi-
siae antibodies (ASCA). It has been suggested that the high
prevalence of ASCA in coeliac disease may be the effect of a
nonspecific immune response in the course of chronic small
bowel disease [67], and it has been reported that serum levels
of ASCA correlated with the grade of mucosal morphology,
as the ASCA serum levels declined in accordance with muco-
sal healing [68]. ASCA (immunoglobulin G and/or immuno-
globulin A) were frequently observed during active coeliac
disease and decreased after GFD [68–71], but more in chil-
dren than in adults [70–72], who resulted more frequently
ASCA positive at diagnosis [71, 72]. After successful adher-
ence to a GFD and normalization of anti-Tg 29% of adults
remained ASCA positive, 7% of whom remained positive
for both IgA and IgG ASCA [71]. It has been suggested that
this finding can be explained by the well-known fact that
gut permeability normalizes much better in children than
in adults [71]. Significantly higher faecal counts of Saccharo-
myces were found in patients reporting persistent symptoms,
despite the GFD, compared to noncoeliac controls [73].
Although further studies are needed in order to investigate
the relationship between NLR levels over the cut off and
ASCA, in the present study, no interactions were found
between EOH-P and NLR cut off by two-way ANOVA
(Table 6). Moreover, recent NLR was correlated with UC
(Table 7), but not RC, consumption.

5. Conclusion

In this pilot study, we have investigated for the first time the
relationship between NLR, dietary habit, and osteoporosis in
coeliac disease. Although recent NLR was higher in subjects

Table 7: Med diet adherence correlations.

Recent
NLR

Age
Years at
GFD

Age at
diagnosis

MDS-14 0.323∗ -0.331∗ 0.398∗

Score-55 0.419∗∗

Score-60 0.469∗∗ -0.322∗

MDS-7CO -0.308∗

MDS-2IC 0.446∗∗ -0.335∗ 0.542∗∗∗

MDS-2IC % self 14 0.351∗ 0.380∗∗

MDS-5D

MDS-5D % self 14 0.346∗ -0.322∗

Score-30CO 0.334∗ -0.322∗

Score-5UC 0.373∗ -0.308∗

Score-5UC % self 55 0.340∗

Score-5UC % self 60 0.330∗

Score-5F % self 55 0.475∗∗∗

Score-5F % self 60 0.452∗∗

Score-5V % self 55 0.397∗∗

Score-5V % self 60 0.380∗∗

Score-5P -0.376∗

Score-5P % self 55

Score-5P % self 60

Score-5RM 0.306∗ -0.314∗ 0.365∗

Score-5RM self 55 0.335∗

Score-5RM self 60 0.302∗ 0.347∗

CO: coherent; IC: incoherent; DF: different; UC: unrefined cereals; F: fruits;
V: vegetables; RM: red meat; ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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Table 8: Adherence to Med diet.

Men Pre-M Pre-MPP Post-M

MDS-14 5 8 ± 0 5 6 3 ± 0 6 5 8 ± 0 4 6 5 ± 0 6
Score-55 28 3 ± 1 1 32 4 ± 1 2 32 2 ± 1 1 31 8 ± 1 1
Score-60 32 7 ± 1 2 35 3 ± 1 0 37 0 ± 1 0 35 8 ± 0 9
MDS-7CO 1 8 ± 0 3 3 0 ± 0 3 2 3 ± 0 3 2 4 ± 0 4
MDS-7CO % self 14 29 6 ± 2 8∗ 46 8±2 8∗∗§ 39 9 ± 3 7 34 7 ± 3 1§

Score-30CO 19 8 ± 0 6 21 0 ± 0 8 21 4 ± 0 7 21 5 ± 0 5
Score-30CO % self 55 70 0 ± 0 7 65 0 ± 1 1 67 0 ± 2 6 68 0 ± 1 8
Score-30CO % self 60 60 7 ± 1 0 59 5 ± 1 3 58 1 ± 2 0 60 1 ± 1 3
MDS-2IC 1 1 ± 0 3 0 6 ± 0 1 0 9 ± 0 1 1 1 ± 0 1
MDS-2IC % self 14 18 9 ± 4 7∗ 8 3 ± 1 9∗§ 15 6 ± 2 1 17 5 ± 2 6§

Score-10IC 6 3 ± 0 4 6 8 ± 0 3 6 4 ± 0 4 6 3 ± 0 4
Score-10IC % self 55 22 2 ± 1 0 21 2 ± 1 0 20 3 ± 1 5 19 8 ± 1 0
Score-10IC % self 60 19 3 ± 1 0 19 3 ± 3 1 17 6 ± 1 4 17 6 ± 0 9
MDS-5D 2 9 ± 0 3 2 7 ± 0 3 2 6 ± 0 2 3 1 ± 0 3
MDS-5D % self 14 51 3 ± 4 0 44 9 ± 3 6 44 5 ± 2 4 47 8 ± 3 5
Score-15D 2 2 ± 0 2 4 6 ± 0 7 4 3 ± 1 2 4 1 ± 0 8
Score-15D % self 55 7 8 ± 0 7 13 8 ± 1 7 12 8 ± 3 0 12 2 ± 2 0
Score-15D % self 60 6 7 ± 0 6 12 8 ± 1 6 11 2 ± 2 7 11 0 ± 1 9
Score-5UC 0 7 ± 0 2 2 1 ± 0 5 1 6 ± 0 5 1 5 ± 0 4
Score-5UC % self 55 2 2 ± 0 7 6 0 ± 1 3 4 6 ± 1 2 4 6 ± 1 0
Score-5UC % self 60 1 9 ± 0 7 5 7 ± 1 3 4 0 ± 1 0 4 1 ± 0 9
Score-5RC 4 3 ± 0 4 2 9 ± 0 5∗ 4 8 ± 0 2∗ 4 0 ± 0 3
Score-5RC % self 60 13 2 ± 1 2∗ 8 5 ± 1 4∗§ 13 0 ± 0 7§ 11 4 ± 1 1
MDS-1F 0 0 ± 0 1 0 4 ± 0 1 0 2 ± 0 1 0 1 ± 0 1
MDS-1F % self 14 0 0 ± 0 1∗ 6 4 ± 2 3∗§ 3 6 ± 2 3 0 7 ± 0 7§

Score-5F 4 3 ± 0 2 4 5 ± 0 2 4 6 ± 0 4 4 7 ± 0 2
Score-5F % self 55 16 1 ± 0 6 15 0 ± 0 5 15 0 ± 0 9 15 7 ± 0 6
Score-5F % self 60 13 2 ± 0 4 12 7 ± 0 6 12 4 ± 1 2 13 2 ± 0 6
MDS-1V 0 3 ± 0 2 0 7 ± 0 1 0 4 ± 0 2 0 7 ± 0 1
MDS-1V % self 14 4 7 ± 2 4 9 6 ± 2 0 7 1 ± 2 9 10 0 ± 2 1
Score-5V 4 6 ± 0 2 4 8 ± 0 1 4 8 ± 0 2 4 9 ± 0 1
Score-5F % self 55 15 3 ± 0 5 13 9 ± 0 7 14 3 ± 1 5 15 0 ± 0 8
Score-5F % self 60 13 9 ± 0 4 13 7 ± 0 4 13 0 ± 0 7 13 8 ± 0 4
MDS-1RM 0 1 ± 0 1 0 4 ± 0 1 0 3 ± 0 2 0 2 ± 0 1
MDS-1RM % self 14 1 2 ± 1 2 5 5 ± 1 8 4 8 ± 2 4 2 1 ± 1 5
Score-5RM 2 2 ± 0 4 2 5 ± 0 3 2 8 ± 0 2 2 5 ± 0 3
Score-5F % self 55 8 0 ± 1 4 7 4 ± 0 8 8 7 ± 0 8 7 9 ± 0 8
Score-5F % self 60 7 0 ± 1 2 6 8 ± 0 8 7 6 ± 0 7 7 1 ± 0 8
Score-5P 1 6 ± 0 2 1 5 ± 0 2 1 7 ± 0 3 1 6 ± 0 3
Score-5F % self 55 5 5 ± 0 6 4 8 ± 0 8 5 0 ± 0 8 5 1 ± 0 9
Score-5F % self 60 4 8 ± 0 5 4 3 ± 0 7 4 4 ± 0 7 4 5 ± 0 8
Data are expressed as mean ± SEM. Pre-M: premenopausal; Pre-MPP: premenopausal previous pregnancy; Post-M: postmenopausal; CO: coherent; IC:
incoherent; D: different; UC: unrefined cereals; RC: refined cereals; F: fruits; V: vegetables; RM: red meat; P: potatoes. §p < 0 05; ∗p < 0 05; ∗∗p < 0 01.
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with osteoporosis compared to osteopenia and normal BMD,
retrospective analysis showed both increase and decrease in
NLR after GFD, with no significant differences betweenMarsh
grade, anemia, and BMD status. Refined cereal consumption
was correlated with recent NLR. However, despite no data
were available concerning ASCA, due to the retrospective
nature of our study, in the present study, no relationships were
found between eating out of home at pizzeria or gluten-free
refined cereal consumption and NLR. On the other hand,
recent NLR was correlated with Score-55, including the con-
sumption of UC, but not with MDS-14.

In conclusion, more prospective studies are needed in
order to clarify the relationship between UC and NLR in coe-
liac patients since coeliac patients are generally encouraged
to rise intakes of dietary fibre through the increase in the con-
sumption of whole-grain and enriched/fortified gluten-free
flours, breads, pasta, and cereals whenever possible.
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Mastitis has severely affected the cattle industry worldwide and has resulted in decreased dairy production and cattle reproduction.
Although prevention and treatment methods have been implemented for decades, cattle mastitis is still an intractable disease.
Sirtuin 7 (SIRT7) is an NAD+-dependent deacetylase that is involved in various biological processes, including ribosomal RNA
synthesis and protein synthesis, DNA damage response, metabolism, and tumorigenesis. However, whether SIRT7 participates
in inflammation remains unknown. Our results revealed that SIRT7 is downregulated in tissue samples from mastitic cattle.
Therefore, we isolated dairy cow mammary epithelial cells (DCMECs) from breast tissues and developed an in vitro model of
lipopolysaccharide- (LPS-) induced inflammation to examine SIRT7 function and its potential role in inflammation. We showed
that SIRT7 was significantly downregulated in LPS-treated DCMECs. SIRT7 knockdown significantly increased the LPS-
stimulated production of inflammatory mediators, like reactive oxygen and nitric oxide, and upregulated TAB1 and TLR4. In
addition, SIRT7 knockdown significantly increased the phosphorylation of TAK1 and NF-κBp65 in LPS-treated DCMECs.
Moreover, SIRT7 knockdown promoted the translocation of NF-κBp-p65 to the cell nucleus and then increased the secretion of
inflammatory cytokines (IL-1β and IL-6). In contrast, SIRT7 overexpression had the opposite effects when compared to SIRT7
knockdown in LPS-treated DCMECs. In addition, SIRT7 overexpression attenuated LPS-induced DCMEC apoptosis. Taken
together, our results indicate that SIRT7 can suppress LPS-induced inflammation and apoptosis via the NF-κB signaling
pathway. Therefore, SIRT7 may be considered as a potential pharmacological target for clinical mastitis therapy.

1. Introduction

Clinical mastitis (CM) is a widespread and economically
important disease that affects dairy cattle by reducing milk
quality and production. In addition, CM increases the risk
of culling and death, and treatment is costly [1, 2]. Approxi-
mately 80% of all intramammary Escherichia coli (E. coli)
infections result in CM [3–5]. The major outer membrane
component of E. coli is lipopolysaccharide (LPS), which acti-
vates the TLR4-NF-κB signaling pathway, stimulating the
release of inflammatory cytokines [6]. In turn, these cyto-
kines and mediators further aggravate the pathology and
inflammatory responses involved in mastitis.

Mastitis is characterized by increased secretion of proin-
flammatory cytokines, such as TNF-α, IL-1β, and IL-6,

which have been demonstrated to direct the migration of
neutrophils to the site of infection [7]. Furthermore, exposing
neutrophils and macrophages to LPS rapidly induces the
secretion of many mediators, such as nitric oxide (NO), pros-
taglandin E2 (PGE2), and reactive oxygen species (ROS) [8].
NO is a major inflammatory mediator that is involved in var-
ious physiological processes including vasodilatation and the
increase in vascular permeability [9]. One study showed that
proinflammatory cytokines or LPS can induce the expression
of NO synthase (iNOS), which further promotes NO synthe-
sis [10]. ROS act as secondary messengers and participate in
cell growth, adhesion, differentiation, senescence, and apo-
ptosis, as well as the modification of various signaling mole-
cules [11, 12]. Excessive production and accumulation of
ROS are detrimental to cells and tissues. An unbalanced
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redox state is a key step in the development of various inflam-
matory diseases. Thus, inhibition of NO and ROS production
is a promising approach in the treatment of inflammatory
diseases. The transcription factor NF-κB is a pleiotropic reg-
ulator of many genes and is involved in physiological and
pathological processes, including immunity, inflammation,
and metabolism [13]. NF-κB normally binds to inhibitor of
κBα (IκBα) and assumes an inactive state in the cytosol. By
contrast, phosphorylation and degradation of IκBα cause
the release and subsequent translocation of NF-κB to the
nucleus, thereby activating the expression of downstream
target genes [14]. TAB1 is a TAK1-interacting protein that
promotes TAK1 kinase activity via the autophosphorylation
of key serine/threonine sites in the kinase activation loop
[15]. TAB1 forms a complex with TAK1, which acts as a
key component of LPS-mediated IKK-NF-κB upstream sig-
naling, and is involved in regulating the immune response.

Sirtuin7 (SIRT7) is a nicotinamide adenine dinucleotide
oxidized form- (NAD+-) dependent deacetylase. SIRT7 is
implicated in various processes, such as aging, DNA damage
repair, and cell signaling transduction [16, 17]. In addition,
SIRT7 has been shown to function in aging-related processes.
SIRT7-/- mice had shorter lifespans, showed decreased stress
resistance, and developed age-dependent inflammatory car-
diomyopathy, which implies that SIRT7 is involved in
inflammatory processes [18]. Currently, treatment and con-
trol of CM and mastitis are primarily based on the use of
antimicrobial drugs [19]. Although antibiotic treatments
have achieved remarkable efficiency against mastitis, antibi-
otic residues found in milk and meat are harmful to human
health [12]. In recent years, numerous nonantimicrobial
drugs and treatment strategies against CM have been
reported. Despite decades of intensive research and imple-
mentation of preventive measures, mastitis remains an
intractable disease. Considering the potent effects of SIRT7
and its function in inflammation, we hypothesized that
SIRT7 might be involved in mastitis. Therefore, in the pres-
ent study, we utilized a dairy cow mammary epithelial cell
(DCMEC) model of LPS-induced mastitis to investigate the
function of SIRT7 in the induction and progression of the
inflammatory response.

2. Materials and Methods

2.1. Collection of Mammary Tissues. The protocol of the pres-
ent study was approved by the Institutional Animal Care and
Use Committee of Nanjing Agricultural University. We col-
lected five normal and five inflammatory mammary tissue
samples from five Chinese Holstein cows in a local slaughter-

house. The samples were immediately frozen in liquid nitro-
gen and stored until analysis.

2.2. Cell Culture and LPS Treatment. In vitro culture of
DCMECs was conducted as follows: Breast tissues were cut
into 1 0mm × 1 0mm × 1 0mm pieces and washed five
times in PBS. Next, to the samples, we added an enzyme mix-
ture (1.5 g/L type I collagenase, 1.5 g/L type II collagenase,
and 1.5 g/L trypsin) (Sigma-Aldrich, Cat: C0130 and
C6885) and incubated samples at 37°C at 100 r/min in an
oscillation incubator for 3 h. Samples were then filtered
through a 100-mesh sieve and centrifuged at 130 × g for 5
min. The supernatants were discarded, and then cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Gibco, Cat:
10438026) and 1% antibiotic-antimycotic solution in a
humidified incubator with 5% CO2 at 37°C. After 1 h, the
supernatants were collected and subcultured in new flask
bottles in order to discard unwanted cells. DCMECs were
identified by anti-Cytokeratin 18 antibody (Abcam, Cat:
ab52459, 1 : 100). Confirmed DCMECs were treated with
LPS.

2.3. Transfection. DCMECs were seeded in a six-well plate
and cultured for 24 h until they reached 50%-60% conflu-
ence. DCMECs were transfected with small interfering
RNA (siRNA) or plasmids using Lipofectamine 2000 (Invi-
trogen, Carlsbad, Cat: 11668027). Experimental siRNA oligos
or nontargeting control siRNAs were transfected in 100 pmol
amounts. Cells were transfected with 3 μg of pcDNA3.0-
SIRT7 for SIRT7 overexpression or an empty vector (control
plasmid pcDNA3.0). Transfection efficiency was determined
via quantitative reverse-transcription PCR (qRT-PCR) and
western blotting. The sequences of the SIRT7 and negative
control siRNAs, which were synthesized by Shanghai Gene-
Pharma Co. Ltd., are listed in Table 1.

2.4. Total RNA Extraction and qRT-PCR. Total RNA was
extracted with the Trizol Reagent (Invitrogen, Cat:
15596026) at 48 h after siRNA transfection. Reverse tran-
scription was performed using PrimeScript™ RT Master
Mix (TaKaRa, Cat: RR036A). Expression levels of mRNA
were quantified via real-time PCR. Expression levels of all
target genes were normalized to those of endogenous refer-
ence gene β-actin, according to an optimized comparative
Ct (2−ΔΔCt) value method, where ΔΔ = ΔCttarget − ΔCtβ−actin.
Primer sequences are listed in Table 2.

Table 1: Primer sequences of siSIRT7.

Genes Forward Reverse

siSIRT7-1 5′-GCAGCCUCUAUCCCAGAUUTT-3′ 5′-AAUCUGGGAUAGAGGCUGCTT-3′
siSIRT7-2 5′-GCACUCCCAAUAGGGAAUATT-3′ 5′-UAUUCCCUAUUGGGAGUGCTT-3′
siSIRT7-3 5′-GCAAGUGUGAUGACGUCAUTT-3′ 5′-AUGACGUCAUCACACUUGCTT-3′
Negative control 5′-UUCUCCGAACGUGUCACGUTT-3′ 5′-ACGUGACACGUUCGGAGAATT-3′
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2.5. Western Blot Analysis. To extract total proteins, cells
were incubated with lysis buffer and centrifuged at 15000 ×
g for 20 min at 4°C, and the supernatant was collected.
Nuclear and cytoplasmic proteins were isolated using an
extraction kit (Beyotime, Cat: P0027) following the manufac-
turer’s instructions. Proteins were separated via SDS-PAGE
and transferred onto polyvinylidene difluoride (PVDF, Life
Technologies, Cat: LC2002) membranes. Next, membranes
were blocked in TBST (TBS containing 0.1% Tween 20) con-
taining 5% nonfat milk for 1 h, followed by incubation at 4°C
overnight with primary antibodies. Protein bands were incu-
bated with the secondary antibodies for 1 h at room temper-
ature. Finally, the membranes were visualized with an
enhanced chemiluminescence detection system (Amersham
Biosciences Corp., Piscataway, NJ). Densitometry analysis
was performed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). The signal intensity for each
protein band was normalized against the α-tubulin loading
control. The following commercially available antibodies
were used: anti-SIRT7 (Proteintech, Cat: 12994-1-AP,
1 : 2000), anti-TAB1 (Proteintech, Cat: 14819-1-AP,
1 : 1000), anti-p-TAK1 (Bioss, Cat: bs-5435R, 1 : 1000), anti-
IL-1β (ABclonal Technology, Cat: A1112, 1 : 2000), anti-IL-
6 (Abbexa, Cat: abx015895, 1 : 2000), anti-TLR4 (Abcam,
Cat: ab22048, 1 : 1000), anti-GAPDH (Proteintech, Cat:
10494-1-AP, 1 : 4000), anti-Histone-H3.1 (Beyotime, Cat:
AF0009, 1 : 500), anti-NF-κBp65 (CST, Cat: 6956, 1 : 2000),
and anti-phospho-NF-κBp65 (CST, Cat: 3033, 1 : 2000).

2.6. ROS and NO Staining Assay. Reactive oxygen species
(ROS) and nitric oxide (NO) levels were assessed using
assay kits based on DCFH-DA (Beyotime, Cat: S0033) and
DAF-FM DA (Beyotime, Cat: S0019), respectively. Briefly,
DCMECs were seeded in 24-well plates and incubated with
10 μM DCFH-DA and 2 μM DAF-FM DA reaction mix-
tures for 30 min at 37°C. Then, the cells were quickly
washed twice (quickly) with PBS and visualized under a
confocal laser-scanning microscope (Zeiss LSM 700
META). The percentages of ROS- or NO-positive cells were
determined based on counts from five randomly selected
visual fields.

2.7. Immunofluorescence Staining. The cells were washed
three times with PBS (37°C), and fixed with 4% paraformal-
dehyde (in PBS) at room temperature for 30 min. Then, cells
were permeabilized with 0.5% Triton X-100 in PBS for 20
min. After 1 h in blocking buffer (1% BSA-supplemented
PBS), the cells were incubated at 4°C overnight with mouse
anti-cytokeratin-18 (Abcam, Cat: ab52459, 1 : 100) or rabbit
anti-NF-κBp-p65 (1 : 100). After three 5 min washes in PBS,
the cells were labeled with a fluorescein isothiocyanate-
(FITC-) conjugated goat anti-mouse IgG (H+L) antibody or
a tetramethylrhodamine- (TRITC-) conjugated goat anti-
rabbit IgG (H+L) antibody at room temperature for 1 h.
The cells were stained with Hoechst 33342 for 10 min and
then mounted on glass slides. After three washes with PBS,
cells were imaged under a confocal microscope (Zeiss LSM
700 META).

2.8. Enzyme-Linked Immunosorbent Assay (ELISA) IL-6 and
IL-1β Levels. The levels of IL-6 and IL-1β in the treated cell
medium were determined according to the instructions for
the IL-6 (Shanghai Lengton Bioscience Co. Ltd., Cat:
BPE92153) and IL-1β (Shanghai Lengton Bioscience Co.
Ltd., Cat: BPE92157) ELISA kits. Finally, the absorbance of
each well was measured at 450 nm.

2.9. Flow-Cytometer Detection of Apoptosis. Cell apoptosis
was detected with an Annexin-V/PI kit (BD Biosciences,
Cat: 556547). After transfection, the cells were incubated
with Annexin-V/PI at room temperature for 25 min. Then,
the apoptotic cells were quantified with a FACSCalibur flow
cytometer (FCM) (BD Biosciences, Bedford, MA, USA).
The data were analyzed by FlowJo software.

2.10. Statistical Analysis. All data are expressed as mean ±
SEM. Differences between groups were subjected to analysis
of variance (ANOVA) or the t-test. Data with a P value less
than 0.05 were considered statistically significant. All the sta-
tistical analyses were performed in GraphPad Prism 6.01
software (GraphPad Software Inc., San Diego, CA).

Table 2: Primer sequences of mRNA.

Genes Forward Reverse

SIRT7 5′-GAGAGCGAGGACCTGGTGAC-3′ 5′-GATAGAGGCTGCCGTGCTGA-3′
TLR4 5′-GGGTTGCTGTTCTCACACTG-3′ 5′-AGGTAGCGGAGGTTTCTGAG-3′
IL-1β 5′-AGGTGGTGTCGGTCATCGT-3′ 5′-GCTCTCTGTCCTGGAGTTTGC-3′
TAB1 5′-GCGATCTCGGCTCCTAGCAA-3′ 5′-GCTACTCGGGAGGGCTTAGG-3′
TNF-α 5′-ACGGGCTTTACCTCATCTACTC-3′ 5′-GCTCTTGATGGCAGACAGG-3′
IL-6 5′-ATGCTTCCAATCTGGGTTC-3′ 5′-TGAGGATAATCTGGGTTC-3′
Bax 5′-ATGCGTCCACCAAGAAGC-3′ 5′-CCAGTTGAAGTTGCCATCAG-3′
Bcl-2 5′-ATGTGTGTGGAGAGCGTCAA-3′ 5′-TCGAAGGAAGTCCAATGTCC-3′
β-Actin 5′-TCACCAACTGGGACGACA-3′ 5′-GCATACAGGGACAGCACA-3′
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3. Results

3.1. SIRT7 Expression in Tissue Samples from Mastitis Cattle
and DCMEC Isolation. SIRT7 was significantly downregu-
lated in the five tissue samples from mastitis cattle as
compared to that in normal samples (Figure 1(a)). This
finding indicated that SIRT7 is potentially involved in the
pathogenesis of CM. Based on immunofluorescent staining
(Figure 1(b)), we concluded that the cells were epithelial cells
and were thus used for the subsequent experiments.

3.2. SIRT7 is Downregulated in LPS-Treated DCMECs, Which
Showed Inflammatory Characteristics. SIRT7 mRNA and
protein expression were significantly downregulated in
LPS-treated DCMECs relative to that in control cells after 6
h treatment (Figures 1(c)–1(f)). The in vitro LPS-treated cell
culture model showed a decrease in SIRT7, similar to that in
cattle mastitis.

3.3. SIRT7 Inhibits LPS-Induced ROS and NO Production. To
evaluate the biological role of SIRT7 in the induction and
progression of the inflammatory response, three different
small interfering RNAs (siRNAs) targeting SIRT7 were
designed and transfected into DCMECs. The levels of SIRT7
mRNA and protein were found to be significantly downreg-
ulated after siRNA transfection (Figures 2(a) and 2(b)). Of
the evaluated siRNAs, transfection with siSIRT7-2 resulted
in the most efficient knockdown of SIRT7. Therefore,
siSIRT7-2 was selected for the subsequent experiments.
Meanwhile, in overexpression experiments, SIRT7 was sig-
nificantly upregulated in cells transfected with pcDNA3.0-
SIRT7 compared to that in cells in the control group
(Figure 2(c)).

After LPS treatment, NO levels significantly increased
compared to that in the control group (Figure 2(d)). SIRT7
knockdown promoted LPS-induced NO production, whereas
SIRT7 overexpression significantly attenuated LPS-induced
NO generation.

In addition, SIRT7 is also involved in LPS-induced ROS
production (Figure 2(e)). The results revealed that LPS treat-
ment induced ROS production in DCMECs. SIRT7 knock-
down significantly increased ROS production, while SIRT7
overexpression significantly decreased ROS production
(Figure 2(e)). We randomly selected five fields of view to
quantify the number of NO- and ROS-positive cells after
the SIRT7 knockdown or overexpression in DCMECs, and
the results were consistent with our initial observations
(Figures 2(f) and 2(g)). Therefore, our data indicated that
SIRT7 inhibited LPS-induced NO and ROS production in
DCMECs.

3.4. SIRT7 is Involved in NF-κB Signaling.Our results showed
that LPS treatment increases mRNA and protein expression
of TLR4 and TAB1. SIRT7 knockdown with LPS treatment
further increased mRNA and protein levels of TLR4 and
TAB1. Consistently, SIRT7 overexpression significantly
attenuated the LPS-induced increase in TLR4 and TAB1
mRNA and protein levels (Figures 3(a) and 3(b)). Addition-
ally, TAK1 phosphorylation was increased in LPS-treated
DCMECs. NF-κBp65 is a subunit of NF-κB and is essential

for the regulation of immune responses. Our data suggested
that SIRT7 knockdown significantly increased LPS-induced
NF-κBp65 phosphorylation, whereas SIRT7 overexpres-
sion blocked NF-κBp65 phosphorylation in LPS-treated
DCMECs (Figure 3(c)).

3.5. SIRT7 Regulates Nucleocytoplasmic Translocation of
NF-κBp65. After LPS stimulation in DCMECs, NF-κBp65
was phosphorylated and underwent nuclear translocation
(Figures 4(a) and 4(b)). SIRT7 knockdown promoted
nuclear translocation of NF-κBp-p65, whereas SIRT7 overex-
pression inhibited this process in LPS-treated DCMECs.
Western blotting data confirmed that NF-κBp-p65 levels in
the nuclei of LPS-treated DCMECs increased after SIRT7
depletion, but decreased after SIRT7 overexpression. In con-
trast, NF-κBp65 levels were reduced in the cytoplasm after
SIRT7 depletion, but increased following SIRT7 overexpres-
sion (Figures 4(c) and 4(d)).

3.6. Effects of SIRT7 on the Secretion of Proinflammatory
Cytokines. Our data showed that SIRT7 depletion signifi-
cantly increased the mRNA expression of IL-1β and IL-6
(Figure 5(a)), whereas SIRT7 overexpression significantly
inhibited the expression of IL-1β, IL-6, and TNF-α
(Figure 5(b)). Changes in IL-1β protein levels were also con-
sistent with the observed changes in mRNA levels after
SIRT7 depletion or overexpression in LPS-treated DCMECs
(Figure 5(c)). And ELISA results also showed the same
changes on the secretion of proinflammatory cytokines IL-
1β and IL-6 in the cell medium (Figure 5(d)).

3.7. SIRT7 Depletion Increases LPS-Induced DCMEC
Apoptosis. After LPS treatment, the percentage of apoptotic
cells was significantly increased and depletion of SIRT7
increased LPS-induced DCMEC apoptosis (Figures 6(a)
and 6(b)). In contrast, when we overexpressed SIRT7, LPS-
induced apoptosis of DCMECs was significantly attenuated.
To further explore the effects of SIRT7 on LPS-induced
DCMEC apoptosis, qRT-PCR and western blotting were
used to measure the protein and mRNA expression levels of
apoptosis-related genes. SIRT7 knockdown significantly
increased the Bax/Bcl-2 ratio in LPS-treated DCMECs at
both mRNA and protein levels (Figures 6(c) and 6(d)). As
expected, overexpression of SIRT7 significantly decreased
the Bax/Bcl-2 mRNA ratio and the protein levels of Bax. Fur-
thermore, we found that overexpression of SIRT7 decreased
the expression of cleaved-caspase-3. Taken together, these
findings indicated that SIRT7 is also involved in LPS-
induced DCMEC apoptosis.

4. Discussion

SIRT7 is a NAD+-dependent deacetylase and is the only
member of the sirtuin family that localizes to the nucleolus
[20]. We have previously shown that SIRT7 participates in
breast cancer cell proliferation, migration, and tumor pro-
gression by activating p38MAPK [21]. However, whether
SIRT7 is involved in the induction and progression of the
inflammatory response, especially in cattle mastitis, remains
unknown. In the present study, SIRT7 was downregulated
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Figure 1: SIRT7 expression in tissues from mastitic cattle and LPS-treated DCMECs. (a) SIRT7 expression was reduced in five different
samples from mastitic cattle. (b) DCMECs were cultured in vitro and identified using antibodies specific to cytokeratin-18 via
immunofluorescence staining. The white arrows indicate the specific localization of cytokeratin-18. Blue: DNA; green: cytokeratin. (c, d)
qRT-PCR was carried out to evaluate SIRT7 expression in DCMECs treated with varying concentrations of LPS (1 μg/mL LPS in (c);
10 μg/mL LPS in (d)) at different time points. (e) SIRT7 expression in DCMECs at different time points was evaluated via western
blotting after LPS (1 μg/mL LPS) treatment of DCMECs. (f) Quantification of SIRT7 protein levels in DCMECs using ImageJ after LPS
(1 μg/mL LPS) treatment of DCMECs. Data are expressed as mean ± S E M ∗p < 0 05 and ∗∗p < 0 01.
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Figure 2: Continued.
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in tissues from cattle with CM and in LPS-treated DCMECs,
in agreement with another study that reported downregu-
lated SIRT7 in LPS-treated THP-1 cells [22]. It has also been
shown that SIRT7 expression is reduced in response to
H2O2-induced oxidative stress in H9C2 cells [23]. However,
the mechanism of SIRT7 downregulation under stress condi-
tions needs further investigation, which could be related to
other SIRT family members.

Various studies have shown that LPS stimulation induces
the secretion of various proinflammatory mediators, such as
NO and ROS [24, 25]. The production and secretion of NO
can induce local tissue damage and further trigger inflamma-
tion [26]. Therefore, the inhibition of NO production is an
important therapeutic strategy for the treatment of inflam-

matory diseases [27]. ROS, another proinflammatory media-
tor, also plays crucial roles in the pathogenesis of various
inflammatory disorders [28]. In some inflammatory-related
lung diseases, activated inflammatory cells like neutrophils
and macrophages are thought to release considerable
amounts of ROS, which in turn promote inflammation and
trigger the development of other related diseases [29]. SIRT7
overexpression suppressed NO and ROS secretion in LPS-
treated DCMECs, indicating that SIRT7 can suppress the ini-
tiation of inflammation by inhibiting NO and ROS produc-
tion under normal conditions, which is consistent with a
previous work [30]. A recent study demonstrated that SIRT7
is also involved in the regulation of mitochondrial homeosta-
sis by deacetylating GABP β1, which is important in
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Figure 2: SIRT7 regulated NO and ROS production in LPS-treated DCMECs. (a, b) DCMECs were transfected with three different SIRT7-
targeted siRNAs. Knockdown efficiency was assessed by qRT-PCR and western blotting. (c) pcDNA3.0-SIRT7 was used for SIRT7
overexpression. Overexpression efficiency was assessed via western blotting. (d) NO was detected with DAF-FM DA. Scale bar: 100 μm;
green: DAF-FM DA; blue: DNA. (e) ROS was labeled with DCFH-DA. Scale bar: 100 μm; green: DCFH-DA; blue: DNA. (f, g)
Percentages of NO- and ROS-positive cells were calculated from the counts in five randomly selected visual fields. CTR cells are not
transfected; NC (negative control) means the cells were transfected with nontargeting control siRNA; Ctrl (Control) means the cells
were transfected with empty vector pcDNA3.0; SIRT7 cells were transfected with pcDNA 3.0-SIRT7. Data are expressed as mean ± S E M
∗p < 0 05 and ∗∗∗p < 0 001.
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regulating mitochondrial genes [31]. Various studies have
shown that other SIRT family members (SIRT2, SIRT5, and
SIRT6) are associated with NF-κB, which plays a critical role
in regulating ROS by targeting enzymes which induce ROS,
such as NADPH oxidase, inducible NO synthase, cyclooxy-

genase-2, xanthine oxidoreductase, and cytochrome p450
enzymes [32, 33].

TLR4 is a transmembrane protein that is involved in the
innate immune response, which can be activated by LPS.
Upon activation, TLR4 stimulates the downstream NF-κB
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Figure 3: SIRT7 is involved in NF-κB signaling. (a) Relative mRNA expression levels of TLR4 and TAB1 after SIRT7 knockdown or
overexpression in LPS-treated DCMECs were measured via qRT-PCR. (b, c) TLR4 and TAB1 levels and the phosphorylation levels of
TAK1 and NF-κBp65 after the SIRT7 knockdown or overexpression in LPS-treated DCMECs were measured via western blotting. Data
are expressed as mean ± S E M ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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signaling pathways and triggers the production of large
amounts of inflammatory cytokines [34, 35]. From previous
work, it has been established that transforming growth factor
β-activated kinase 1 (TAK1) is important for transmitting
upstream signals from the receptor complex to the down-
stream NF-κB signaling pathways. Furthermore, it can be
activated by inflammatory mediators, such as IL-1, TNF,
and Toll-like receptor ligands [36–38]. As an adaptor of
TAK1, TAB1 is constitutively bound to TAK1 and promotes
TAK1 autophosphorylation during the inflammatory
response [39, 40]. In addition, the TAK1-ECSIT-TRAF6
complex is crucial for the activation of TLR4-mediated NF-
κB signaling [41]. Therefore, the TLR4-TAK1-TAB1-medi-

ated NF-κB signaling pathway is essential for inflammation.
We found that SIRT7 can attenuate LPS-induced upregula-
tion of TLR4 and TAB1 and can also inhibit TAK1 phos-
phorylation, indicating that SIRT7 is involved in the TLR4-
TAK1-TAB1-mediated NF-κB signaling pathway during cat-
tle mastitis occurrence. Nevertheless, determining how
SIRT7 participates in this pathway still requires further
exploration.

NF-κB is a key nuclear transcription factor that com-
prises the p50 and p65 subunits, which associate with inhib-
itory factor IκB in the cytoplasm of unstimulated cells. In
response to various stimuli, NF-κB is activated and induces
the degradation and release of IκBα from the dimeric

N
F-
�휅

Bp
-p

65
D

N
A

M
er

ge

NC NC+LPS siSIRT7+LPS

(a)

Ctrl Ctrl+LPS SIRT7+LPS

(b)

GAPDH

Histone H3.1

NF-�휅Bp-p65

NF-�휅Bp65

0.650.43 0.2 

0.6

N
C

N
C+

LP
S

siS
IR

T7
+L

PS

0.26 0.13

N
uc

le
ar

Cy
to

pl
as

m
ic

(c)

NF-�휅Bp-p65

Histone H3.1

NF-�휅Bp65

GAPDH

0.832.41 0.85 

0.87 

Ct
rl

Ct
rl+

LP
S

SI
RT

7+
LP

S
0.58 0.82

N
uc

le
ar

Cy
to

pl
as

m
ic

(d)

Figure 4: SIRT7 regulates nucleocytoplasmic translocation of NF-κBp-p65. (a, b) DCMECs were transfected with siSIRT7 or SIRT7 plasmid
for 24 h and treated with LPS for 6 h. Immunofluorescence staining was conducted with an anti-NF-κBp-p65 antibody. Red: NF-κBp-p65;
blue: DNA; scale bar: 50 μm. (c) The protein levels of NF-κBp-p65 in the nucleus and NF-κBp65 in the cytoplasm were analyzed via
western blotting after the cells were transfected with siSIRT7 or SIRT7 plasmid.
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Figure 5: SIRT7 regulates proinflammatory cytokines in LPS-treated DCMECs. (a, b) After transfection for 48 h, DCMECs were treated with
LPS for 6 h. The levels of TNF-α, IL-1β, and IL-6 mRNA were determined by qRT-PCR. (c) The protein levels of IL-1β and IL-6 were
determined via western blotting. (d) The levels of IL-1β and IL-6 in the cell medium were detected by ELISA. Data are expressed as mean
± S E M ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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complex, followed by the phosphorylation of NF-κBp65 and
its subsequent translocation to the nucleus [42]. Phosphory-
lation of the NF-κB subunits can either increase or decrease
the transcription of the target genes [43] and thus exert a pro-
found effect on NF-κB function. Once NF-κBp-p65 enters
the nucleus, NF-κB initiates the transcription of genes encod-
ing proinflammatory cytokines, including IL-1β, IL-6, and
TNF-α [44]. Our results revealed that SIRT7 also participates
in NF-κB phosphorylation and nucleocytoplasmic transloca-
tion of NF-κBp-p65. SIRT7 was concentrated in the nucleus,
while p65 is mainly distributed in the cytosol of unstimulated
cells. Therefore, SIRT7 could bind to p65 in the nucleus and
regulate the translocation of p65 between the nucleus and
cytoplasm [45]. However, how SIRT7 regulates p65 translo-

cation needs further investigation. The function of SIRT7 in
inflammation is similar to that of the other members of the
sirtuin family. For example, SIRT1 can suppress inflamma-
tion in multiple tissues and macrophages, and SIRT1
interacts with NF-κBp65 to inhibit NF-κB-associated tran-
scription [46]. In addition, SIRT2 is a deacetylase of NF-κB,
which is important for regulating TNF-α-induced NF-κB-
dependent gene expression. In unstimulated cells, SIRT2
exits in a complex with p65, but under TNF-α stimulation,
p65 translocates to the nucleus and is acetylated at K310,
K314, and K315 through binding to p300. After stimulation,
p65 returned to the cytoplasm and SIRT2 deacetylated p65
[47]. Recent work showed that SIRT7 interacts with SIRT1.
Therefore, the function of SIRT7 in NF-κB acetylation could

LPS

TAK1 P

NF-�휅Bp65 P

NF-�휅Bp65 P

Nucleus translocation

IL-1�훽 IL-6,
TNF-�훼 

Inflammatory cytokine transcription

ROS NO

Bax, Bcl-2,
caspase-3

Apoptosis

SIRT7

SIRT7

TLR4

TAB1
Cytoplasm

Nucleus

Figure 7: Possible signaling transduction pathways induced by SIRT7 in LPS-treated DCMECs. SIRT7 may attenuate LPS-induced
upregulation of TLR4, TAB1, and p-TAK1, deactivate the NF-κB pathway, and downregulate inflammatory cytokines (IL-1β, IL-6, and
TNF-α), ROS, and NO. Subsequently, SIRT7 suppresses apoptosis-related gene expression. As a result, SIRT7 may inhibit the
proinflammatory response and initiation of apoptosis in LPS-treated DCMECs.
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occur through SIRT1 [48]. Depletion of SIRT7 induced a
rapid increase in the production of proinflammatory cyto-
kines, including TNF-α, IL-1β, and IL-6, which supported
our hypothesis that SIRT7 is involved in NF-κB-mediated
inflammation.

Various studies have shown that increased ROS produc-
tion and a release of inflammatory cytokines, such as TNF-
α, IL-6, and IL-1β, ultimately lead to apoptotic cell death
[49, 50]. The apoptosis-related genes, caspase-3, caspase-8,
and Bax, were found to be significantly upregulated in LPS-
treated mice [51]. In addition to the function of TLR4 in
the LPS-induced inflammatory response, ROS production
can trigger the downstream apoptotic pathways, thereby
increasing the amounts of Bax, Bcl-2, and cleaved-caspase-3
[52]. Alterations in the expression of both Bcl-2 and Bax
are known to trigger the mitochondrial intrinsic apoptosis
program and then promote cell apoptosis. One study
revealed that SIRT7 promotes gastric cancer growth and
inhibits apoptosis of gastric cancer cells by inhibiting miR-
34a activity [53]. Our data indicated that SIRT7 could protect
cells from the LPS-induced apoptosis by downregulating Bax
and cleaved-caspase-3, which is consistent with one study
which showed that silencing of SIRT7 decreased antiapopto-
tic factor Bcl-2 and NF-κB levels [54]. Because the NF-κB sig-
naling pathway is critical in cellular proliferation, apoptosis,
and malignant diseases [55], it will be interesting to investi-
gate the regulatory mechanism between SIRT7 and NF-κB.

In conclusion, our results suggest that SIRT7 can sup-
press LPS-induced inflammation and apoptosis via the NF-
κB signaling pathway (Figure 7). Given its anti-
inflammatory and antiapoptotic effects, SIRT7 may serve as
a potential pharmacological target for CM therapy.
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Oviductus ranae is an animal-based traditional Chinese material widely used as tonics in China for hundreds of years. Various
bioactive components are present in OR including proteins, amino acids, steroids, fatty acids, phospholipids, nucleosides,
vitamins, hydantoins, and mineral elements. These constituents exert a myriad of biological functions such as
immunomodulatory, antioxidant, antifatigue, antiaging, estrogen-like, hepatoprotective, hypolipidemic, antiosteoporotic,
antidepressant, antitumor, antitussive, expectorant, anti-inflammatory, and antiasthmatic activities. Unlike other traditional
Chinese crude drugs recorded in Chinese Pharmacopoeia, OR is seldom prescribed as medicine but often consumed as
nutraceuticals to optimize health. In this review, the traditional uses, bioactive constituents, biological functions, and safety
properties of OR as functional foods in China were summarized and discussed. It is expected that this review will provide useful
information for anyone who is interested in OR.

1. Introduction

Natural products (NPs) are substances derived from plants,
animals, and microorganisms [1]. NPs play an important role
in human disease prevention and treatment, which provide
the sources of lead compound discovery for most of the mod-
ern medicines and functional foods [2, 3]. Approximately
25% of the drugs approved by the Food and Drug Adminis-
tration (FDA) and/or European Medicines Agency (EMA)
were of plant origin, such as the well-known morphine and
paclitaxel [4]. Meanwhile, plant-based nutraceuticals and
functional foods have gained an increasing attention due to
their better safety profiles and therapeutic potentials, such
as polyphenols and terpenoids [3, 5]. Actually, in addition
to plant, animals and/or products derived from their organs
are essential constituents in the preparation of many tradi-
tional medicines and tonics, especially for the prevention

and healing of chronic diseases [6, 7], for example, the dried
Agkistrodon Japonicae has been traditionally consumed in
Japan as a tonic for relieving physical fatigue. Phocae Testis
et Penis is the dried penis and testis of Phoca vitulina or Cal-
lorhinus ursinus and has been traditionally used as a tonic
and as an invalid food for a long time [8]. Thus, animal-
derived NPs equally deserve more attention, particularly
evidence-based traditional ones.

Animal-based crude drugs constitute a significant part of
complementary and alternative medicine in China. To date,
about 1850 animals were recorded with therapeutic values
in China, 93 animal species, and 369 formulae containing
animal-based drugs were listed in Chinese Pharmacopoeia
2010 edition [9]. Among them, Oviductus ranae (OR), the
dried oviduct of mature female Rana dybowskii, also known
as Hamayou and Hashimayou, is a famous traditional
animal-based medicine, which has been used in China for
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over hundreds of years to treat or prevent various ailments
including debilitation, night sweat, neurasthenia, insomnia,
and climacteric syndrome [10, 11].

China is home to an enormous diversity of amphibian
species with 321 species of frogs and toads [12]. There are
about 20 subspecies of Chinese brown frogs distributed
in south, northeast, and northwest China, such as R. chen-
sinensis, R. kukunoris, R. dybowskii, R. zhenhaiensis, R.
chaochiaoensis, R. huanrenensis, R. amurensis, and R.
omeimontis [13–16]; of which R. dybowskii, the Chinese
brown frog that lives in northeastern China, enjoys a high
reputation due to the fact that its dried oviduct is defined
as OR in Chinese Pharmacopoeia [10]. In the past, R.
chensinensis was confused as the origin of OR. In 1999,
Xie et al. restored the species name R. dybowskii, which
is also called “Hama” and “Hashima,” one kind of small
amphibious frogs with the body length of mature male
ranging from 52 mm to 64 mm and female ranging from
58 mm to 64 mm (Figure 1) [17, 18]. Natural populations
of R. dybowskii are special amphibian in northeastern
China, mainly distributed in mountain and wet woodlands
at low altitudes of 600 m~1300 m. With the aim of pro-
tecting natural resources of OR, the wild R. dybowskii
was listed as one of the national key-protected wild medic-
inal materials by the Chinese government in 1987. The
artificial breeding of wild R. dybowskii succeeded and
achieved large-scale reproduction in the 1990s. Nowadays,
the largest R. dybowskii farming area worldwide is in
Changbai and Xiao Hinggan mountains in northeastern
China [15, 19].

The economic value of farmed R. dybowskii chiefly
depends on the quality of its oviduct (Oviductus ranae,
OR). R. dybowskii is a migrator between mountain and wet-
land; its hibernation usually starts from October to February,
followed by a breeding period spanning from February to
June resting with the altitude and latitude. Unexpectedly,
the oviduct of R. dybowskii usually expands during the
period of prehibernation, instead of the breeding period
(Figure 2). Meanwhile, levels of some immunomodulatory
cytokines and receptor proteins, including interleukin- (IL-)
1β, interleukin-1 receptor type 1 (IL1R1), peroxisome
proliferator-activated receptor- (PPAR-) γ2, leptin, and lep-
tin receptor, are also higher in the oviduct during prehiberna-
tion compared with the breeding period [20, 21]. Thus, it is
the optimum moment to harvest OR from R. dybowskii in
autumn. After being washed, fresh OR is dried in shade or
using freeze-drying process. The dried OR can be grinded
into powder to prepare medicinal prescriptions or can be
soaked in warm water and mixed with flavors for oral con-
sumption (Figure 3) [22].

In China, OR has been recorded in Chinese Pharmaco-
poeia as a traditional Chinese medicinal material since the
year 1985; however, it is not usually used as a medicine to
treat diseases but often consumed as a tonic to optimize
health. Enormous studies have been carried out to investigate
the chemical compositions and biological functions of OR,
coupled with the research and development of new nutraceu-
tical products based on OR. In this article, we made an over-
view on the traditional uses, bioactive constituents, biological

functions, and safety properties of OR as functional foods in
China. It is hoped that this review will provide some basic
knowledge and useful information for anyone who is inter-
ested in the further investigation and commercial exploita-
tions of OR.

2. Traditional Uses of Oviductus ranae

R. dybowskii was first descripted as “Shanha” in Bencao Tuj-
ing in 1061 A.D. and mentioned as “Hashima” in Complete
Library in the Four Branches of Literature in 1782 A.D.
[23]. In the Qing dynasty, OR was used as a precious tonic
and a tribute paid to the royals [19]. In traditional Chinese
medicine (TCM), OR is known to possess a sweet, salty,
and neutral taste and passes through the kidney and lung
channels. TCM holds the opinion that OR can nourish the
kidney and strengthen the essence, moisten the lung to nour-
ish Yin. Based on its channel tropism, traditionally, OR is
mainly consumed to relieve the symptoms associated with
debilitation, phthisis, cough, hematemesis, and night sweat.
It is also combined with other Chinese medicinal materials
to facilitate and improve the synergistic actions of each crude
drug, e.g., with Tremella fuciformis to treat phthisis, with
Indian swiftlet saliva to cure neurasthenia, and with Codo-
nopsis pilosula, donkey-hide gelatin, Atractylodes macroce-
phala, and Astragalus mongholicus to relieve severe night
sweat [24]. OR has been listed in Chinese Pharmacopoeia
since 1985, and it is still recorded as a traditional Chinese
medicinal material in the current edition of Chinese Pharma-
copoeia [10, 25].

3. Bioactive Constituents in Oviductus ranae

So far, the bioactive compounds in OR have not been fully
elucidated. With the advances of modern analytical tech-
niques, various classes of bioactive constituents including
mineral elements, amino acids, proteins, steroids, fatty acids,
phospholipids, nucleosides, vitamins, and hydantoins have
been isolated and identified in previous studies. All the chem-
ical ingredients present in OR are shown in Table 1.

Figure 1: R. dybowskii. The figure was obtained from https://image
.baidu.com/, the search keyword was “R. dybowskii”.
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3.1. Mineral Elements. Approximately 21 mineral elements
were found in OR by atomic absorption spectrometry, induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES), and ICP mass spectrometry (ICP-MS) (Table 1). Con-
tents of Ca, K, Na, Mg, and Fe were higher than other
elements [53].

Shen et al. determined the content of Ca, Mg, Mn, Fe, Cu,
Zn, Cr, and Pb in OR, respectively, and found that the con-
tent of Ca is 4201.37 μg/g with the highest level and Pb is
0.53 μg/g [29], which is within the scope of the maximal res-
idue limit of Pb in food (0.02~2.0 μg/g) [60]. Fan et al.
observed that the Zn/Cu ratio in OR is 0.57, which is lower
than that in terrestrial angiosperm (11.4), and the Zn/Cd
ratio is 25.03, suggesting that long-term intake of OR might
exert beneficial effects on cardiovascular health [61–63].

3.2. Amino Acids and Proteins. In OR, amino acids and pro-
teins are the main components associated with tonic effects;
in most cases, the contents of proteins are higher than 50%
[19, 31, 64]. There are totally 18 amino acids in OR, eight
of them are essential amino acids, which account for 45.5%
(Table 1). Among them, the total contents of hydrophobic
amino acids Gly, Ala, Val, Leu, Ile, Pro, and Phe are 157.1

mg/g with Pro in the highest level of 32.3 mg/g. The basic
amino acids Lys, Arg, and His have a total content of 43.5
mg/g with Lys in the highest content of 21.1 mg/g, and the
acidic amino acids Glu and Asp have a total content of 81.1
mg/g with Asp in the highest level of 41.8 mg/g. The total
contents of other amino acids including Trp, Met, Thr, Ser,
Cys, and Tyr are 143.1 mg/g with Thr the highest content
of 57.0 mg/g [54]. It has also been found that the water-
soluble proteins in OR (WSPOR) take up 13.3%, which con-
sist of 15 kinds of amino acids [61].

A number of studies have been conducted to research
WSPOR and noted that most of them belonged to glycopro-
teins [65]. Wang et al. prepared WSPOR by water extraction
and ultracentrifugation. Four bands were detected by using
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the molecular weights were found to be
170, 157, 128, and 49 kDa, respectively [33]. Zheng et al. pre-
cipitated the crude glycoproteins from oviductal flushing
fluid by saturated ammonium sulfate. After being fraction-
ated by column chromatographies on diethylaminoethyl cel-
lulose (DEAE-C) and Sephadex G-100, a single peak (OGP-I)
with a molecular weight of 116 kDa was obtained. OGP-I can
immunize New Zealand albino rabbit to generate polyclonal

Breeding period

Ovary

Oviduct

1 cm

(a)

Pre-hibernation

Ovary

Oviduct

1 cm

(b)

1 cm

(c)

1 cm

(d)

Figure 2: Morphological changes of the oviduct (Oviductus ranae) from R. dybowskii [20].

Dried OR Soaked OR

Water, 40 ~ 50 °C 

8 ~ 12 h

Water, 40 ~ 50 °C 

8 ~ 12 h

Figure 3: Diagram of the preparation process of edible Oviductus ranae from dried product.
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antibodies with an enzyme-linked immunosorbent assay
(ELISA) titer of 1 : 64000 [34, 35]. Li et al. extracted WSPOR
by repeated thawing and freezing. After purification, a single
protein (ROGP-III) with a molecular weight of 66 kDa was
obtained. The purity of ROGP-III was 97.2%, and the content
of polysaccharides was 17% [36]. Moreover, a specific protein
with a molecular weight of 20.2 kDa (signal peptidase I) was
isolated and identified fromOR by Lin et al. using gel electro-
phoresis coupled with nanoliquid chromatography/mass
spectrometry, which has the potential to be developed as a
marker of distinguishing OR from its counterfeits [38].

3.3. Steroids. Steroids are a kind of natural products widely
distributed in animals and plants. They are characterized by
a special cyclopentano-perhydrophenanthrene skeleton and
comprise a variety of chemical structures and include some
vital compounds necessary for human life, such as glucocor-
ticoids, sex hormones, bile acids, cholesterol, and vitamin D.
Steroids possess important biological functions including
various hormonal activities, lipid digestion and absorption,
and heart failure treatment, as well as cell membrane stabil-
ity, growth, and proliferation [66].

Several steroidal compounds including cholesterol, cho-
lesteryl palmitate, estradiol, and progesterone have been iso-
lated or detected in OR (Table 1), which give OR the
properties of nourishing Yin and strengthening Yang [45,
67]. Zhao et al. isolated three steroidal compounds, namely,
cholesterol, cholest-4-ene-3-one, and cholestan-3,6-dione,
from the petroleum ether extract of OR, and the latter two
compounds were firstly isolated from OR [42]. Wang et al.
isolated two new steroids from OR using column chromatog-
raphy on Sephadex LH-20 and octadecylsilyl, coupled with
pre-high-performance liquid, and elucidated their chemical
structures to be cholest-5-ene-3β, 7β-diol, and 3β-
hydroxyl-cholest-5-ene-7-one [11]. Other steroids identified
from OR include 7-dehydrocholesterol, cholesteryl palmi-
tate, and stigmasterol [44]. In addition, sex hormones, such
as estradiol, progesterone, testosterone, androsterone acetate,
and medrogestone, were also found in OR with estradiol hav-
ing the highest level of 0.87% [46].

3.4. Fatty Acids and Phospholipids. Some studies have
focused on the fatty acids in OR, especially for unsaturated
ones. 24 kinds of fatty acids with a wide range of carbon
chain lengths (C7~C22) have been detected in OR using
gas chromatography (GC) or GC mass spectrometer
(GC-MS) (Table 1). Liang et al. compared the fatty acid
composition in the oviduct of R. dybowskii (OR), R. nigro-
maculata, and Bufo gargarizans and found that the unsat-
urated fatty acid content in OR is 64.28%, more than that
in the oviduct of Bufo gargarizans (43.01%), little less than
that in the oviduct of R. nigromaculata (65.74 %), and OR
contains the highest content of essential fatty acids com-
pared with the oviducts of R. nigromaculata and Bufo gar-
garizans. Hou et al. observed that the contents of
monounsaturated fatty acids in OR are 38.18% with oleic
acid in the highest level of 32.08%, and the polyunsatu-
rated fatty acids are 27.95% with linoleic acid in the high-

est level of 22.1%, suggesting that consumption of OR
might exert cardioprotective effects [68–70].

Three kinds of phospholipids including sphingomyelin,
cephalin, and phosphatidylcholine were found in OR, but
their total content is much lower than that in egg oil of R.
dybowskii [52].

3.5. Vitamins. Several vitamins, such as vitamin A, D, E, K,
B1, B2, and β-carotene, were detected in OR with vitamin E
in the highest level of 100.5 mg/g, which may be one of the
important functional compositions relating to insomnia
and climacteric syndrome treatment in OR [54, 71].

3.6. Hydantoins. In traditional Chinese medicinal materials,
many constituents naturally coexist with each other; in order
to facilitate quality evaluation, some constituents with high
content or exclusive properties are usually selected as indica-
tive constituents, and 1-methylhydantoin (1-MID) is chosen
as the indicative constituent in OR [25]. Gao et al. compared
the contents of 1-MID in different parts of R. dybowskii and
found that the content of 1-MID in OR is 4.7 μg/g, less than
those in other parts including the head, egg oil, body, and
limbs [72].

3.7. Others. In addition to the above-mentioned steroid hor-
mones, some other hormones including human chorionic
gonadotropin, thyroxin, triiodothyronine, and parathyroid
hormone were also found in OR [53, 54]. Moreover, crude
polysaccharides from OR were prepared by enzyme-assisted
extraction, and it was noted that the polysaccharide yield of
neutral proteinase-assisted extraction (10.4%) is higher than
that of trypsin-assisted extraction (7.2%) [58, 59]. The nucle-
osides, such as inosine, were also observed to be present in
the methanolic extract of OR with content of 23.31 μg/g [55].

4. Biological Functions of Oviductus ranae

Recently, an increasing number of articles have been
reported on the biological functions of OR and its active
principles on immunomodulatory, antioxidant, antifatigue,
antiaging, estrogen-like, hepatoprotective, hypolipidemic,
antiosteoporotic, antidepressant, antitumor, antitussive,
expectorant, anti-inflammatory, and antiasthmatic activities.
These findings indicated that OR has immense potential for
further research and development. A summary on the mod-
ern bioactive studies of OR is listed in Table 2.

4.1. Immunomodulatory Activities. The immune system is
extremely important for the defense of pathogens that
threaten lives, and it is thought that about 98% of animal spe-
cies have acquired innate immunity [128]. Oral administra-
tion of OR and its active principles including peptides,
proteins, and protein hydrolysates can regulate the immune
functions and phagocytic capacities of macrophages. Wang
et al. reported that OR in doses of 0.67 and 1.33 g/kg BW
can enhance the hemolytic activity, antibody-producing cells,
lymphocyte proliferation, delayed-type hypersensitivity
response, NK cell activity, and macrophage phagocytosis
but shows no effect on immune organ indexes in normal
mice over a period of 30 days [73]. However, in mice of
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Table 1: Bioactive constituents present in Oviductus ranae.

Class Chemical ingredients References

Mineral elements K, Na, Ca, Mg, Fe, Mn, Zn, Cu, Sr, Cr, Mo, Se, P, Al, Ba, Ni, Co, V, Ag, Pb, and Cd [26–29]

Amino acids Asp, Thr, Ser, Glu, Pro, Gly, Ala, Cys, Val, Met, Ile, Leu, Tyr, Phe, His, Lys, Arg, and Trp [30–32]

Proteins

170, 157, 128, and 49 kDa proteins [33]

116 kDa protein [34, 35]

66 kDa protein [36]

53~66 kDa polypeptides or proteins [37]

20.2 kDa protein [38]

Steroids

Cholesterol [39–42]

7-Dehydrocholesterol [41]

Cholest-4-ene-3-one [40, 42]

Cholest-5-ene-3β, 7β-diol [11, 43]

3β-Hydroxyl-cholest-5-ene-7-one [11, 40, 43]

Cholesteryl palmitate [44, 45]

Cholestan-3,6-dione [42]

Stigmasterol [41]

Estradiol [46]

Progesterone [46]

Testosterone [46, 47]

Androsterone acetate [46]

Medrogestone [46]

Fatty acids

Heptanoic acid [48]

7-Nonenoic acid [48]

10-Undecenoic acid [48]

Lauric acid [48]

Ficocerylic acid [49]

Myristic acid [50]

Pentadecanoic acid [50]

Palmitic acid [50]

Palmitoleic acid [50]

Hexadecadienoic acid [49]

14-Methyl-pentadecanoic acid [48]

Heptadecanoic acid [50]

Stearic acid [50]

Oleic acid [50, 51]

Linoleic acid [50, 51]

α-Linolenic acid [51]

11-Octadecenoic acid [48]

16-Methyl-heptadecanoic acid [48]

Arachidic acid [50]

Eicosadienoic acid [49]

Eicosatrienoic acid [49]

Arachidonic acid [50]

cis-5, 8, 11, 14, 17-Eicosapentaenoic acid [50]

Behenic acid [50]

Phospholipids

Sphingomyelin [52]

Cephalin [52]

Phosphatidylcholine [52]

Vitamins Vitamin E [53, 54]
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cyclophosphamide-induced immunosuppression, oral
administration of OR in dose of 0.1 g/k BW for 8 days signif-
icantly increased the immune organ indexes and macrophage
phagocytosis [129]. These results indicated that OR exerts
immunomodulatory effects both in normal and immunosup-
pressional model mice, repairs the atrophied immune organs
caused by immunodeficiency, and has no effect on normal
immune organs. In addition, protein from OR and its hydro-
lysates prepared by different hydrolases can increase spleen
lymphocyte proliferation, macrophage phagocytosis, and
productions of IL-1β, IL-6, TNF-α, NF-κB, and NO. The
underlying mechanism may be involved in upregulating the
mRNA and protein expression of iNOS and stimulating mac-
rophage activities via activating the NF-κB pathway [77].

Immune-enhancement effect is one of the most comment
functions applied in OR-related functional foods in China.
For example, oral administration of Hamayou soft capsule
in a dose of 4 g/day increases CD3

+ and CD4
+ and the ratio

of CD4
+/CD8

+ in young male athletes for 28 days [80]. Com-
pound Renshen-Hamayou capsule enhances delayed-type
hypersensitivity response and spleen lymphocyte prolifera-
tion in mice in a dose of 1.5 g/kg BW [79].

In summary, besides OR, its active principles, especially
protein hydrolysates, equally exert considerable effect on
the immune system. Further studies regarding the research
and development of novel immunomodulators derived from
OR are necessary.

4.2. Antioxidant Activities. Many reports suggested that OR
and its principles have antioxidant activities both in vitro
and in vivo. Oral administration of OR in doses of 0.5 and
2.5 g/kg BW for 28 days significantly increased SOD activity
and decreased MDA content in mice exposed to repeated
cold stress [81]. In aging rats, compound Renshen-
Hamayou capsule exhibited antioxidant effects through

increasing GSH-Px activity and decreasing MDA level [88],
while in mice of X-ray-induced oxidative stress, intragastric
administration of compound Linwayou granule in doses of
100 and 200 mg/kg BW for 7 days can also remarkably ele-
vate SOD and GSH-Px activities [89]. Ling et al. explored the
molecular mechanisms of the antioxidant activities of OR
and observed that OR-containing serum elicits protective
effects on oxidative stress-induced apoptosis in rat ovarian
granulosa cells through decreasing apoptosis via reducing
ROS production and improving mitochondrial membrane
potential via downregulating p53, Bax, caspase-3, and
caspase-9 and upregulating Bcl-2, as well as weakening the
phosphorylation of JNK and p38 MAPK, and enhancing
the phosphorylation of ERK1/2 [83]. At the gene level, oral
administration of OR can upregulate the expression of
antioxidant-related gene Cu/Zn-SOD both in young and in
aging mice in different stages. The expression of Cu/Zn-
SOD gene reached the highest level of 2 589 ± 0 182 in a
dose of 0.45 g/kg BW in young mice on day 15, and in aging
mice, the highest level of gene expression (2 923 ± 0 41) was
presented in a dose of 1.35 g/kg BW on day 30 [82], imply-
ing that the upregulation of Cu/Zn-SOD gene needs higher
dose of OR and more time in aging mice than those in young
mice due to the fact that the declined SOD activities in aging
mice could induce the reduction of SOD-related gene
expression [130].

In 2014, Zhang et al. screened the antioxidant compo-
nents of OR and found that water-soluble proteins from
OR (WPOR) exert stronger antioxidant capacities compared
with OR and water-insoluble constituents, the free radical-
scavenging rates towards hydroxyl, DPPH, and superoxide
anion in a concentration of 10 mg/mL were 45%, 37%, and
71%, respectively; they also noted that the WPOR hydroly-
sates prepared by neutral protease possess higher activities
than those prepared by papain and by alkali protease, the free

Table 1: Continued.

Class Chemical ingredients References

Vitamin A [53]

Vitamin D [53]

Vitamin B1 [53]

Vitamin B2 [53]

Vitamin C [53]

Vitamin K [52]

β-Carotene [52]

Nucleosides Inosine [55]

Hydantoins 1-Methylhydantoin [24, 56, 57]

Others

Polysaccharides [58, 59]

Human chorionic gonadotropin [53, 54]

Thyroxin [53, 54]

Triiodothyronine [53]

Parathyroid hormone [54]

Abbreviations: K: potassium; Na: sodium; Ca: calcium; Mg: magnesium; Fe: ferrum; Mn: manganese; Zn: zinc; Cu: copper; Sr: strontium; Cr: chromium; Mo:
molybdenum; Se: selenium; P: phosphorus; Al: aluminum; Ba: barium; Ni: nickel; Co: cobalt; V: vanadium; Ag: silver; Pb: lead; Cd: cadmium; Asp: aspartic acid;
Thr: threonine; Ser: serine; Glu: glutamic acid; Pro: proline; Gly: glycine; Ala: alanine; Cys: cysteine; Val: valine; Met: methionine; Ile: isoleucine; Leu: leucine;
Tyr: tyrosine; Phe: phenylalanine; His: histidine; Lys: lysine; Arg: arginine; Trp: tryptophan.
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Table 2: Biological functions of Oviductus ranae and its active principles.

Healthy functions
Active

principle/preparation
Model Dosage Results Reference

Immunomodulatory
activities

Oviductus ranae Mice (in vivo)
0.67 and 1.33 g/kg BW,

i.g., for 30 days

Enhance lymphocyte
proliferation, antibody-
producing cells, delayed-
type hypersensitivity

response, NK cell activity,
and phagocytosis of

mononuclear macrophages

[73]

Oviductus ranae protein
hydrolysate prepared by

neutral protease

Splenic lymphocyte
and RAW 264.7 cells

(in vitro)
500 μg/mL

Increase spleen lymphocyte
proliferation, IL-2

production, macrophage
phagocytosis, and NO

production

[74]

Oviductus ranae protein
hydrolysates prepared by

different proteases

RAW 264.7 cells
(in vitro)

500 μg/mL
Improve macrophage
phagocytosis and NO

production
[75]

Oviductus ranae protein
hydrolysate prepared by

trypsin

Splenic lymphocyte
and RAW 264.7 cells

(in vitro)
50-800 μg/mL

Increase spleen lymphocyte
proliferation, macrophage
phagocytosis, and NO

production

[76]

Oviductus ranae protein
hydrolysates prepared by

different proteases

RAW 264.7 cells
(in vitro)

10-2000 μg/mL

Enhance macrophage
phagocytosis and

productions of IL-1β, IL-6,
TNF-α, NF-κB, and NO;
upregulate the mRNA and
protein expression of iNOS

[77]

Peptide from Oviductus
ranae

Splenic lymphocyte
(in vitro)

Mice (in vivo)

20-100 mg/mL
(in vitro); 600 mg/kg
BW, i.g., for 30 days

(in vivo)

Increase spleen lymphocyte
proliferation and immune

organ index
[78]

Compound Renshen-
Hamayou capsule

Mice (in vivo)
1.5 g/kg BW, i.g., for 45

days

Enhance delayed-type
hypersensitivity response
and spleen lymphocyte

proliferation

[79]

Hamayou soft capsule
Healthy male

athletes aged from 18
to 24 years (in vivo)

Three times a day, 4 g
each time, P.O., for 28

days

Increase CD3
+, CD4

+, and
CD4

+/CD8
+ ratio

[80]

Antioxidant
activities

Oviductus ranae
Mice exposed to cold

stress (in vivo)
0.5 and 2.5 g/kg BW,

i.g., for 28 days
Increase SOD; decrease

MDA
[81]

Oviductus ranae
Young and aging
mice (in vivo)

0.45, 1.35, and 2.25
g/kg BW, i.g., for 15, 30,

and 45 days,
respectively

Upregulate the expression
of Cu/Zn-SOD and GPx4

genes
[82]

Serum from Oviductus
ranae-treated rats

H2O2-induced
oxidative stress in rat
ovarian granulosa
cells (in vitro)

0.09, 0.27, and 0.81
g/kg BW, i.g., for 7 days

Decrease apoptosis by
reducing ROS production

and improving
mitochondrial membrane

potential through
downregulating p53, Bax,
caspase-3, and caspase-9
and upregulating Bcl-2;

weaken phosphorylation of
JNK and p38 MAPK;
enhance ERK1/2
phosphorylation

[83]

Water-soluble proteins
from Oviductus ranae

Hydroxyl, DPPH,
and superoxide

1-5 mg/mL; 2-10
mg/mL; 8-16 mg/mL

Weak radical-scavenging
capacities towards

[84]
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Table 2: Continued.

Healthy functions
Active

principle/preparation
Model Dosage Results Reference

anion radicals and
reducing power

(in vitro)

hydroxyl, DPPH, and
superoxide anion as well as
reducing power to ferric

iron

Ethanol-induced
oxidative stress in
mice (in vivo)

0.1, 0.2, and 0.4 g/kg
BW, i.g., for 30 days

Increase T-SOD and GSH;
decrease MDA and PCO

Four proteins from
Oviductus ranae

DPPH and hydroxyl
radicals and

phosphatidylcholine
liposome (in vitro)

0.01-10 mg/mL

Water-
soluble
and salt-
soluble
proteins
possess
stronger
in vitro

antioxidant capacities than
gliadin and alkali-soluble

protein.
[85]

Two polypeptides from
Oviductus ranae protein

DPPH, hydroxyl,
and superoxide
anion radicals
(in vitro)

2-12 mg/mL

Polypeptide with molecular
weight of 1~5 kDa exerts

stronger in vitro
antioxidant activity than
the polypeptide with

molecular weight of 5~8
kDa.

[86]

Oviductus ranae/water-
soluble proteins and water-

insoluble constituents
from Oviductus

ranae/three hydrolysates
from Oviductus ranae
water-soluble protein

DPPH, hydroxyl,
and superoxide
anion radicals
(in vitro)

2-10 mg/mL

Water-soluble proteins
display stronger in vitro
antioxidant capacity than
Oviductus ranae and water-

insoluble constituents.
After hydrolysis, the

activity was increased and
protein hydrolysates
prepared by neutral

protease show the highest
activity.

[87]

Compound Renshen-
Hamayou capsule

Aging rats (in vivo)
1.25 g/kg BW, i.g., for

60 days
Decrease MDA; increase

GSH-Px activity
[88]

Compound
Linwayou granule

X-ray-induced oxidative
stress in mice (in vivo)

100 and 200 mg/kg
BW, i.g., for 7 days

Increase SOD and
GSH-Px activities

[89]

Antifatigue activities

Oviductus ranae Mice (in vivo)
0.25, 0.5, and 1.0 g/kg
BW, i.g., for 30 days

Prolong the endurance
time of FST, increase liver
glycogen, and decrease BLA

[90]

Oviductus ranae and its
extracts

Hydrocortisone-
induced kidney Yang
deficiency syndrome
in mice (in vivo)

OR: 680 mg/kg BW;
PEEOR: 136mg/kg BW

for 7 days

OR and PEEOR can
increase body temperature

and body weight and
prolong the endurance time
of rotarod test, hypoxia
tolerance test, and FST.

[91]

Oviductus ranae
High-intensity

exercise training rats
(in vivo)

0.5, 1.0, and 3.0 g/kg
BW, i.g., for 6 weeks

Increase body weight,
endurance time of FST,
testosterone, hemoglobin,
and hepatic and muscle
glycogen; decrease BUN

[92]

Water-soluble proteins
from Oviductus ranae

Mice (in vivo)
0.075, 0.15, and 0.3
g/kg BW, i.g., for 30

days

Increase hepatic glycogen;
decrease BLA

[93]
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Table 2: Continued.

Healthy functions
Active

principle/preparation
Model Dosage Results Reference

Protein hydrolysates from
Oviductus ranae

Mice (in vivo)
0.052, 0.52, and 1.56
g/kg BW, i.g., for 30

days

Increase the endurance
time of FST; decrease BUN

and BLA
[94]

Peptides from Oviductus
ranae

Mice (in vivo)
100, 200, and 400

mg/kg BW, i.g., for 30
days

Prolong the endurance
time of FST, rotarod test,
and pole-jumping test;
reduce BUN and BLA

[95]

Water-insoluble
components from
Oviductus ranae

Mice (in vivo)
0.25, 0.5, and 1.0 g/kg
BW, i.g., for 30 days

Increase the endurance
time of FST and hepatic
glycogen; decrease BLA

[96]

Linwayou soft capsule Mice (in vivo)
1.0, 2.0, and 3.0 g/kg
BW, i.g., for 30 days

Increase the endurance
time of FST and hepatic

glycogen; decrease BLA and
BUN

[97, 98]

Compound Linwayou-
Yuhuangmo capsule

Mice (in vivo)
0.7, 1.4, and 2.1 g/kg
BW, i.g., for 30 days

Increase the endurance
time of FST and hepatic

glycogen; decrease BLA and
BUN

[99]

Antiaging activities

Oviductus ranae
Drosophila
melanogaster
(in vivo)

0.34 and 0.68 mg/g
culture medium

Increase life-span,
resistance to cold, and

lipofuscin
[100]

Oviductus ranae
D-Galactose-

induced aging mice
(in vivo)

0.1, 0.2, and 0.4 g/kg
BW, i.g., for 43 days

Decrease MDA and XOD;
increase MPO and NO

[101]

Oviductus ranae
D-Galactose-

induced aging rats
(in vivo)

0.45, 0.9, and 1.8 g/kg
BW, i.g., for 28 days

Upregulate the expressions
of cyclin D1, CDK6, and

p15; downregulate p16 and
p21

[102–
105]

Water-soluble proteins
from Oviductus ranae

D-Galactose-
induced aging mice

(in vivo)

0.075, 0.15, and 0.30
g/kg BW, i.g., for 30

days

Decrease MDA; increase
SOD

[106]

Water-insoluble
constituents from

Oviductus ranae and their
hydrolysates

D-Galactose-
induced aging mice

(in vivo)

0.15 and 0.3 g/kg BW,
i.g., for 30 days

Water-insoluble
constituents from

Oviductus ranae can reduce
MDA. Hydrolysates can

decreaseMDA and increase
SOD and GSH-Px.

[107]

Hamayou capsule
D-Galactose-

induced aging mice
(in vivo)

1.4 and 2.8 g/kg BW,
i.g., for 28 days

Alleviate pathological
changes of ovary and
uterus; increase SOD,

organ indexes of ovarian
and uterine, estradiol and
estrous cycle; decrease

MDA

[108]

Estrogen-like
activities

Serum from Oviductus
ranae-treated rats

Rat ovarian
granulosa cells

(in vitro)

4.5 g/kg BW, i.g., for 5
days

Increase proliferation and
E2 secretion, inhibit
apoptosis, and protect
ovarian granulosa cells

[109]

Oviductus ranae Mice (in vivo)
0.05 and 0.2 g/kg BW,

i.g., for 37 days

Increase E2, FSH, T, and P;
increase the thickness of
uterine wall and the

number of corpora atretica;
enhance the expression of

FSHR gene

[110]

[111]
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Table 2: Continued.

Healthy functions
Active

principle/preparation
Model Dosage Results Reference

Compound Rhizoma
curcumae-Oviductus ranae

Ovariectomized rats
(in vivo)

0.5, 1.0, and 2.0 g/kg
BW, i.g., for 12 weeks

Increase E2, T, P, and IL-2;
decrease FSH and LH;

enhance the expression of
ER

Hepatoprotective
activities

Oviductus ranae
CCl4-induced liver
fibrotic rats (in vivo)

1.5 and 3.0 g/kg BW,
i.g., for 8 weeks

Decrease ALT, AST, ALP,
GGT, Hyp, and MDA;

increase SOD and GSH-Px
[112]

Oviductus ranae
Ethanol-induced
liver fibrotic rats

(in vivo)

3 g/kg BW, i.g., for 8
weeks

Increase glycogen granule;
hepatocyte nuclear

appeared to be large and
round.

[113]

Oviductus ranae
High-intensity
exercise training
mice (in vivo)

0.9, 4.5, and 9.0 g/kg
BW, i.g., for 28 days

Decrease MDA in the liver,
increase SOD in the liver,

and improve the
ultrastructure of impaired

hepatic cells

[114]

Hypolipidemic
activities

Oviductus ranae

High-fat-diet-
induced

hyperlipidemic rats
(in vivo)

0.05, 0.1, and 0.2 g/kg
BW, i.g., for 30 days

Decrease TC and TG [115]

Water-insoluble
constituents and their
hydrolysates from
Oviductus ranae

High-fat-diet-
induced

hyperlipidemic rats
(in vivo)

0.05, 0.1, and 0.2 g/kg
BW, i.g., for 30 days

Decrease TC and TG; the
effects of hydrolysates were
superior to water-insoluble

constituents.

[116,
117]

Water-soluble proteins
from Oviductus ranae

High-fat-diet-
induced fatty rats

(in vivo)

0.05, 0.1, and 0.2 g/kg
BW, i.g., for 30 days

Decrease TC and TG [118]

Antiosteoporotic
activities

Oviductus ranae
Ovariectomized rats

(in vivo)
0.05 g/kg BW, i.g., for

12 weeks

Increase calcium, estrogen,
BMD, bone scan index,

femoral weight, W.th, and
osteocalcin; decrease ALP,
phosphorus, and BGP;

enhance the proliferation of
osteoblastic cells and the
formation of mineralized
nodes; reduce the number
of TRAP-positive cells

[119]

Oviductus ranae

Women with
postmenopausal
osteoporosis
(in vivo)

1 g per day, P.O., for 6
months

Improve clinical signs and
symptoms; increase E2;
decrease BALP, IL-6, and

BGP

[120]

Antidepressant
activities

Petroleum ether extract of
Oviductus ranae

Behavioral despair
model of depression
in mice (in vivo)
Antagonism of

reserpine-induced
hypothermia in mice

(in vivo)

100, 300, and 900
mg/kg BW, i.g., for 8

days

Decrease the dead time of
FST and TST, CORT, and
akinesia; increase body

temperature

[121]

Petroleum ether extract of
Oviductus ranae

Chronic mild stress
model of depression
in rats (in vivo)

30, 100, and 300 mg/kg
BW, i.g., for 21 days

Increase body weight,
motion distance of OFT,
and sucrose preference;

decrease CORT; upregulate
the expression of BDNF

protein

[122]

1-Methylhydantoin
Chronic forced swim

stress-induced
20, 40, and 80 mg/kg
BW, i.g., for 14 days

Increase body weight and
sucrose preference;

[123]
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Table 2: Continued.

Healthy functions
Active

principle/preparation
Model Dosage Results Reference

depression in rats
(in vivo)

decrease CORT; upregulate
the expression of BDNF

protein

Antitussive,
expectorant,
antiasthmatic, and
anti-inflammatory
activities

Oviductus ranae and its
different extracts

Sulfur dioxide and
ammonia-induced
cough in mice

(in vivo)

OR: 680 mg/kg BW;
PEEOR: 68 and 136

mg/kg BW; MEOR: 85
and 170 mg/kg BW,
i.g., for 3 and 7 days,

respectively

Prolong the incubation
period of cough and reduce

cough frequency
(efficiency: OR >MEOR >
PEEOR); increase phenol

red expectoration
(efficiency: OR > PEEOR
>MEOR) and sputum
ejection (efficiency:

PEEOR >OR >MEOR)

[124]

Oviductus ranae
Ovalbumin-induced
allergic asthma in
mice (in vivo)

0.05 and 0.5 g/kg BW,
i.g., for 8 weeks

Decrease inflammatory cell
count, IL-4, IL-5, and IFN-

γ in BALF
[125]

1-Methylhydantoin

Ovalbumin-induced
allergic asthma in
rats (in vivo)

40 and 80 mg/kg BW,
i.g., for 7 days

Decrease IL-5, eotaxin, and
eosinophil count in BALF

[126]

Acetylcholine-
induced bronchial
asthma in guinea
pigs (in vivo)

30 and 60 mg/kg BW,
i.g., for 3 days

Prolong the incubation
period of asthma

Histamine-induced
contraction of

guinea pig tracheal
smooth muscle

(in vitro)

0.5 and 1.0 g/L
Increase antispasmodic

percentage

Ammonia-induced
cough in mice

(in vivo)

50 and 100 mg/kg BW,
i.g., for 3 days

Prolong the incubation
period of cough and reduce

cough frequency

Citric acid-induced
cough in guinea pigs

(in vivo)

30 and 60 mg/g BW,
i.g., for 3 days

Prolong the incubation
period of cough and reduce

cough frequency

Anticancer activities
Protein hydrolysates from

Oviductus ranae

Human glioma C6
cell (in vitro)

500 μg/mL

Inhibit glioma cell
proliferation and colony
formation; promote

apoptosis in glioma cell;
downregulate Bcl-2;

upregulate Bax and cleaved
caspase-3

[127]

Glioma model in
nude mice (in vivo)

1.5 g/kg BW, i.g.

Inhibit glioma growth;
increase IL-1β, IL-6, and
TNF-α; upregulate p-PI3K,

AKT, and p-AKT

Abbreviations: BW: body weight; i.g.: intragastric administration; CD: cluster of differentiation; IL-2: interleukin-2; NK: natural killer; NO: nitric oxide; IL-1β:
interleukin-1β; IL-6: interleukin-6; TNF-α: tumor necrosis factor-α; NF-κB: nuclear factor-κB; mRNA: messenger ribonucleic acid; iNOS: inducible nitric oxide
synthase; P.O.: oral administration; T-SOD: total superoxide dismutase; SOD: superoxide dismutase; MDA: malondialdehyde; PCO; GPx4: glutathione
peroxidase 4; ROS: reactive oxygen species; MAPK: mitogen-activated protein kinases; DPPH: 1,1-diphenyl-2-picrylhydrazyl; GSH: glutathione; GSH-Px:
glutathione peroxidase; FST: forced swimming test; BUN: blood urea nitrogen; BLA: blood lactic acid; H2O2: hydrogen peroxide; XOD: xanthine oxidase;
MPO: myeloperoxidase; CDK-6: cyclin-dependent kinases-6; E2: estradiol; FSH: follicle-stimulating hormone; T: testosterone; P: progesterone; FSHR:
follicle-stimulating hormone receptor; TβRI: type I transform growth factor β receptor; TβRII: type II transform growth factor β receptor; LH: luteinizing
hormone; ER: estrogen receptor; ALT: alanine aminotransferase; AST: glutamic-oxalacetic transaminase; ALP: alkaline phosphatase; GGT, γ-
glutamyltransferase; Hyp: hydroxyproline; CCl4: carbon tetrachloride; TC: total cholesterol; TG: triglyceride; BGP: bone gla protein; BMD: bone mineral
densities; W.th: wall thickness; TRAP: tartrate-resistant acid phosphatase; BALP: bone alkaline phosphatase; IL-6: interleukin-6; Runx2: runt-related
transcription factor 2; BMP2: bone morphogenetic protein 2; TST: tail suspension test; CORT: corticosterone; OFT: open field test; BDNF: brain-derived
neurotrophic factor; PEEOR: petroleum ether extract from Oviductus ranae; MEOR: methanol extract from Oviductus ranae; IL-4: interleukin-4; IL-5:
interleukin-5; IFN-γ: interferon-γ; BALF: bronchial alveolus lavage fluid; IL-1β: interleukin-1β.
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radical-scavenging rates towards hydroxyl, DPPH, and
superoxide anion in a concentration of 10 mg/mL were ele-
vated to 60%, 45%, and 82%, respectively [87]. In 2016, Liu
et al. further strengthened the evidence that WPOR and
salt-soluble proteins from OR elicit higher free radical-
scavenging capacities than those of gliadin and alkali-
soluble proteins from OR [85]. In addition, Liu et al. used
papain and neutral protease to hydrolyze WPOR; after cen-
trifugation, dialysis, and fractionation, two peptides with
molecular weights of 1~5 kDa (BPOR1) and 5~8 kDa
(BPOR2) were obtained, respectively. Further evaluation of
antioxidant capacity verified that BPOR1 with a smaller
molecular weight possesses higher activity than BPOR2
[86]. These results indicated that proteins are the main anti-
oxidant constituents present in OR; preparation method,
water solubility, and molecular weight distribution may sig-
nificantly affect the antioxidant activities of WPOR.

In a previous work [84], we investigated the preparation,
amino acid composition, and in vitro and in vivo antioxidant
activities of WPOR and found that WPOR exert weaker
in vitro radical-scavenging capacities to hydroxyl, superoxide
anion, and DPPH as well as ferric-reducing power compared
with vitamin C (VC) but show stronger antioxidant effects in
an ethanol-induced oxidative stress mouse model. These
results were in accordance with the general findings that pro-
teins and polypeptides usually exhibit lower in vitro free
radical-scavenging capacities than their smaller peptides
and amino acids, due to the fact that substances with smaller
molecular weight may be prone to interact with free radicals
more effectively [131]. We then linked the amino acid com-
position of WPOR to their antioxidant activities and noted
that six amino acids with hydrogen-donor side chains are
present in WPOR (Figure 4), which may provide active
hydrogens to destroy the in vitro free radicals; eight antioxi-
dant amino acids including glutamic acid, aspartic acid, thre-
onine, tyrosine, methionine, histidine, phenylalanine, and
lysine that accounted for 52% are present in WPOR, which
may play great significance in the in vivo antioxidant effects
of WPOR. In addition to amino acids, small peptides are also
the digestive products of proteins in the body; in the near
future, contributions of small peptides absorbed in the intes-
tinal tract to the antioxidant effects of WPOR will need fur-
ther study to be explored.

4.3. Antifatigue Activities. Liu et al. treated kidney Yang defi-
ciency mice induced by hydrocortisone with OR in a dose of
680 mg/kg BW, petroleum ether extract from OR (PEEOR)
in doses of 68 and 136 mg/kg BW, and methanol extract from
OR (MEOR) in doses of 85 and 170 mg/kg BW for 7 days,
respectively. Results showed that OR and PEEOR in a dose
of 135 mg/kg BW obviously increased body weight and tem-
perature and the endurance time of rotarod test and FST
compared with the model group, but the effects of MEOR
were not significant [91], suggesting that the hydrophobic
components in OR, especially sex steroids, may be the main
constituents that can relieve the symptom of kidney Yang
deficiency owing to the fact that sex steroids enhance immu-
noglobulin synthesis, leading to the improvement of endur-
ance and immune system [132, 133]. In high-intensity
exercise training rats, oral administration of OR in doses of
0.5, 1.0, and 3.0 g/kg BW for 6 weeks markedly increased
the endurance time of FST and body weight, testosterone,
hemoglobin, and hepatic and muscle glycogen and decreased
BUN [92]. In normal mice, intragastric administration of OR
in doses of 0.25, 0.5, and 1.0 g/kg BW for 30 days can prolong
the endurance time of FST, increase liver glycogen, and
decrease BLA but have no effects on body weight and BUN.
These results implied that OR exerts antifatigue effects both
in normal mice and in high-intensity exercise training rats;
it can raise the weight loss induced by exercise training and
reduce the elevated BUN but has no effects on normal mice.
Furthermore, an increasing number of papers have reported
that water-soluble proteins, protein hydrolysates, peptides,
and water-insoluble components from OR as well as some
functional products containing OR equally possess antifa-
tigue effects in vivo (Table 3).

Based on the above results, it can be seen that the hydro-
phobic components and protein-based principles in OR may
be the major antifatigue ingredients, but further studies are
needed to confirm the assumption and fully elucidate the
exact mechanisms.

4.4. Antiaging Activities. In 1998, Liu et al. first proved the
antiaging effects of OR in Drosophila melanogaster in doses
of 0.34 and 0.68 mg/g culture medium for an observation
period of 40 days. Results showed that OR significantly
extends the life-span, enhances the resistance to cold, and
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Figure 4: Hydrogen-donor side chains of amino acids present in WPOR [84].
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increases lipofuscin in Drosophila melanogaster [100]. In D-
galactose-induced aging mice, oral administration of OR in
doses of 0.1, 0.2, and 0.4 g/kg BW for 43 days elicited antiag-
ing effects through decreasing MDA and XOD as well as
increasing MPO and NO [101]. Its mechanisms in the molec-
ular level may be involved in upregulating the expressions of
cyclin D1, CDK6, and p15 proteins as well as downregulating
the expressions of p16 and p21 proteins (Table 3).

Qu et al. compared the antioxidant activities of water-
insoluble constituents from OR (WICOR) and their hydroly-
sates in D-galactose-induced aging mice in oral doses of 0.15
and 0.3 g/kg BW for 30 days. Results exhibited that hydroly-
sates obviously decrease MDA and increase SOD and GSH-
Px, but WICOR only reduce MDA and have no effects on
SOD and GSH-Px. These results indicated that hydrolysates
may be inclined to be absorbed in the gastrointestinal tract
due to their better fluidity and smaller active components
compared with WICOR [107], which deserve to be further

investigated. Moreover, water-soluble proteins from OR also
decreased MDA and increased SOD in D-galactose-induced
aging mice in doses of 0.075, 0.15, and 0.3 g/kg BW for 30
days [106].

In summary, taking together the above-mentioned bio-
logical functions, the antiaging activities of OR may relate
to its immunomodulatory function, antioxidant capacity,
regulations of cyclical regulatory proteins and senescence
gene expression, and so on.

4.5. Estrogen-Like Activities. Kang et al. [110] studied the
estrogen-like effects of OR in female Kunming mice in doses
of 0.05 and 0.2 g/kg BW for 37 days. It was found that OR can
increase the contents of E2, FSH, T, and P and the thickness
of the uterine wall and the number of corpora atretica, indi-
cating that OR exerts estrogen-like activities through elevat-
ing the hormone levels of hypothalamic-pituitary-gonadal
axis thereby improving the reproductive capacity. However,

Table 3: Safety properties of Oviductus ranae and its active principle as well as preparations.

Active
principle/preparation

Main constituents Tests Model Dosage Results Reference

Raw material Oviductus ranae

Acute toxicity Mice (in vivo)
2.5-20 g/kg BW, i.g., single-
dose administration, followed
by an observation of 14 days

MTD > 20 g/kg
BW

[19]

Subacute
toxicity

Rats (in vivo)
1.75, 3.5, and 7 g/kg BW, i.g.,

for 28 days
NOAEL > 7 g/kg

BW

Ames test

Salmonella
typhimurium

strains
(in vitro)

8-5000 μg/plate None

Micronucleus
test

Mice (in vivo)
2.5, 5, and 10 g/kg BW, i.g.,

for 2 days
None

Sperm
malformation

assay
Mice (in vivo)

2.5, 5, and 10 g/kg BW, i.g.,
for 5 days, followed by an
observation of 30 days

None

Active principle
Protein-rich extract
from Oviductus ranae

Acute toxicity Mice (in vivo)

5, 10, and 20 g/kg BW, i.g.,
single-dose administration,

followed by an observation of
14 days

MTD > 20 g/kg
BW

[84]

Compound Danggui-
Shuangshen-
Hamayou tablet

Ginseng, Angelica
sinensis, Salviae
miltiorrhizae, and
Oviductus ranae

Acute toxicity Mice (in vivo)
20 g/kg BW, i.g., single-dose
administration, followed by
an observation of 7 days

MTD > 20 g/kg
BW

[148]
Micronucleus

test
Mice (in vivo)

2.5, 5, and 10 g/kg BW, i.g.,
for 2 days

None

Sperm
malformation

assay
Mice (in vivo)

2.5, 5, and 10 g/kg BW, i.g.,
for 5 days, followed by an
observation of 30 days

None

Hamayou soft
capsule

Oviductus ranae

Ames test

Salmonella
typhimurium

strains
(in vitro)

0.313-5 g/plate None

[149]Micronucleus
test

Mice (in vivo)
0.94-7.5 g/kg BW, i.g., for 4

days
None

Sperm
malformation

assay
Mice (in vivo)

1.88, 3.75, and 7.5 g/kg BW,
i.g., for 5 days, followed by an

observation of 30 days
None

Abbreviations: BW: body weight; i.g.: intragastric administration; MTD: maximal tolerated dose; NOAEL: no-observed-adverse-effect levels.
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OR in a dose of 0.2 g/kg BW upregulated the expressions of
FSHR gene in the adrenal gland and ovary, implying that
consumption of high-dose OR may accelerate the develop-
ment of premature ovarian failure in normal mice [134]. In
a different experiment, serum from OR-treated rats (4.5
g/kg BW, i.g., for 5 days) in concentrations ranging from
15% to 30% significantly promoted proliferation, increased
E2, and inhibited the apoptosis of ovarian granulosa cells
[109]. As summarized above, OR shows estrogen-like activi-
ties both in vitro and in vivo. Some compound preparations,
such as Rhizoma curcumae-Oviductus ranae [111], also
exhibited effects in ovariectomized rats, indicating a thera-
peutic potential in the relief of climacteric syndrome. In
terms of premature ovarian failure induced by high-dose
consumption of OR in normal mice, additional studies will
be needed to verify whether it could increase the incidence
of ovarian cancer in normal individuals for long-term and
high-dose consumption of OR [135].

4.6. Hepatoprotective Activities. In rats with CCl4-induced
liver fibrosis, intragastric administration of OR in doses
of 1.5 and 3.0 g/kg BW for 8 weeks remarkably reduced
ALT, AST, ALP, GGT, Hyp, and MDA and elevated
SOD and GSH-Px [112]. These results suggested that the
hepatoprotective activities of OR may be related to its
antioxidant activity, which was further confirmed by
another investigation, where Zhang et al. [114] observed
that oral administration of OR in doses of 0.9, 4.5, and
9.0 g/kg BW for 28 days can significantly increase SOD
and decrease MDA in the liver in high-intensity exercise
training mice. Besides, OR in an oral dose of 3 g/kg BW
for 8 weeks relieved ethanol-induced liver fibrosis in rats
via inhibiting the activation of hepatic stellate cells [113].
Reported researches on the hepatoprotective effects of
OR are still limited, but they may give an evidence to
expand the existing functional potential of OR.

4.7. Hypolipidemic Activities. OR, water-soluble proteins
from OR, and water-insoluble constituents and their hydro-
lysates produced by alkali protease from OR in doses of
0.05, 0.1, and 0.2 g/kg BW for 30 days were all found to sig-
nificantly decrease the contents of TG and TC in high-fat-
diet-induced hyperlipidemic rats. Meanwhile, hydrolysates
of water-insoluble constituents produced by alkali protease
showed more hypolipidemic effects than water-insoluble
constituents, but both OR and its principles had no effects
on high-density lipoprotein cholesterol (HDL-C) [115–
118]. These results indicated that different parts of OR exert
certain hypolipidemic effects, but the mechanism of action
should be further investigated.

4.8. Antiosteoporotic Activities. Osteoporosis, a metabolic
bone disease, is characterized by skeletal fragility and suscep-
tibility to fracture. It has become a major health problem
worldwide due to the high morbidity and health care cost
involved [136, 137]. The incidence of osteoporosis is in pro-
portion to age and occurs in both men and women, affecting
over 12% of men and 40% of women at some point in their
lives [138]. Wang et al. [119] treated ovariectomized rats with

0.05 g/kg BW of OR for 12 weeks. The analysis showed that
OR obviously increased calcium, estrogen, osteocalcin,
BMD, and bone scan index while decreasing ALP, phospho-
rus, and BGP compared with the ovariectomized group. On
the other hand, OR significantly enhanced the proliferation
of osteoblastic cells and the formation of mineralized nodes
and reduced the number of TRAP-positive cells as well as
led to significant differences in bone histomorphometry
including femoral weight and W.th. These results indicated
that OR plays an important role in the prevention and/or
treatment of osteoporosis induced by ovariectomy in rats.
The antiosteoporotic activity of OR is similar to that of con-
jugated estrogens but without affecting uterus weight in
ovariectomized rats. This is of great importance since a high
level of estrogens can induce endometrial hyperplasia and
increase the risk of breast, ovarian, and endometrial cancers
[149]. Combining the above-mentioned results in Section
4.5, consumption of OR may possess more safety properties
in menopausal women than in normal individuals, which will
require further investigations to be explored. In addition, a
clinical trial with 30 cases of postmenopausal osteoporosis
reported by Lim and Luderer [130] further confirmed the
antiosteoporotic effects of OR, whereby the clinical signs
and symptoms of patients were significantly improved com-
pared with pretherapy and the group of Xianling Gubao cap-
sule (a well-known antiosteoporotic traditional Chinese
drug, 3.0 g per day, for 6 months) after being given 1.0 g of
OR per day over a period of 6 months. OR also obviously
ameliorated the bone metabolic markers, such as E2, BALP,
IL-6, and BGP, but both OR and Xianling Gubao capsule
showed no effect on BMD, which may be caused by the short
administration time.

4.9. Antidepressant Activities. Depression is a common men-
tal disease estimated to rank first in disability-adjusted life
years by the year 2020 [139]. Although there are many
options of medication, the response to antidepressants is
subject to high variables and delayed onset as well as signif-
icant adverse effects [140]. Thus, the search for better antide-
pressants remains an ongoing concern. Recently, natural
products have exhibited unique and promising profiles in
the treatment of depression, for example, St. John’s wort
extract has become one of the most commonly used natural
product-based antidepressants worldwide [141]. Several
reports suggested that OR extracts have antidepressant
effects. Intragastric administration of petroleum ether
extract from OR to mice in doses of 100, 300, and 900 mg/kg
BW for 8 days significantly decreased the dead time of FST
and TST as well as antagonized the akinesia and body tem-
perature fall induced by reserpine. These results may be
related to the decrease of serum CORT [121]. In a similar
study, You et al. treated depression model rats induced by
chronic mild stress with 30, 100, and 300 mg/kg BW of
petroleum ether extract from OR for 21 days. Results exhib-
ited that petroleum ether extract from OR remarkably
increased body weight, motion distance of OFT, and sucrose
preference. Its mechanisms may be involved in the decrease
of serum CORT and the upregulation of BDNF protein
expression [122].
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1-Methylhydantoin (1-MID, Figure 4) is the indicative
component of OR recorded in Chinese Pharmacopoeia
[25]. It was separated from 95% ethanol extract of OR by
Wang et al. [56]. Intragastric administration of 1-MID in
doses of 20, 40, and 80 mg/kg BW to chronic forced swim
stress-induced depression model rats for 14 days obviously
increased the body weight and sucrose preference via
decreasing serum CORT and upregulating the expression of
BDNF protein [123], suggesting that 1-MID is a promising
lead compound of novel antidepressant that originated from
OR, and further researches associated with lead optimization
as well as structure-activity relationship will be needed to
investigate. In terms of petroleum ether extract from OR,
previous studies have reported that three compounds includ-
ing cholesterol, cholestan-3,6-dione, and cholest-4-ene-3-
one were separated from it [42], which belong to the steroids
that elicit antidepressant-like activities [142–144]; however,
additional experiments will still be wanted to verify whether
these compounds mainly contribute to the antidepressant
effect of petroleum ether extract from OR.

4.10. Antitussive, Expectorant, Antiasthmatic, and Anti-
Inflammatory Activities. Liu et al. compared the antitussive
and expectorant effects of OR with its petroleum ether and
methanol extracts. The analysis showed that OR significantly
prolongs the incubation period of cough, reduces cough fre-
quency, and increases phenol red expectoration and sputum
ejection; its extracts also exert certain antitussive (methanol
extract > petroleum ether extract) and expectorant effects
(petroleum ether extract > methanol extract) [124]. In a
mouse model of ovalbumin-induced allergic asthma, oral
administration of OR in doses of 0.05 and 0.5 g/kg BW for
8 weeks remarkably decreased inflammatory cell count as
well as contents of IL-4, IL-5, and IFN-γ in BALF [125].
These results indicated that OR possesses significant antitus-
sive, expectorant, and antiasthmatic effects, which are consis-
tent with the traditional opinion of moistening the lung to
nourish Yin, and its mechanisms may be partially related to
the anti-inflammatory activity of OR. Meanwhile, methanol
extracts from OR may largely contribute to its antitussive
effect and petroleum ether extract to expectorant effect, but
the exact contributed bioactive constituents are still unclear.

In addition to antidepressant-like activity, 1-MID also
exhibited favorable antiasthmatic and antitussive effects.
Intragastric administration of 1-MID in doses of 40 and 80
mg/kg BW to a rat model of ovalbumin-induced allergic
asthma for 7 days significantly decreased contents of IL-5
and eotaxin as well as eosinophil count in BALF. In a guinea
pig model of acetylcholine-induced bronchial asthma, 1-
MID in oral doses of 30 and 60 mg/kg BW for 3 days obvi-
ously prolonged the incubation period of asthma. In a mouse
model of ammonia-induced cough, oral administration of 1-
MID in doses of 50 and 100 mg/kg BW for 3 days signifi-
cantly extended the incubation period of cough and reduced
the frequency of cough, while in a guinea pig model of citric
acid-induced cough, intragastric administration of 1-MID in
doses of 30 and 60 mg/kg BW also elicited antitussive effect.
In vitro, 0.5 and 1.0 g/L of 1-MID can relax the contraction of
guinea pig tracheal smooth muscle induced by histamine

[126]. These results implied that the antiasthmatic effect of
1-MID may be associated with the inhibition of inflamma-
tion in the trachea and the direct relaxation of bronchial
smooth muscle, but mechanisms regarding the antitussive
effect of 1-MID are needed to fully elucidate.

4.11. Anticancer Activities. Plenty of reports have suggested
that plant-derived agents have anticancer activity, such as
Catharanthus roseus, Taxus brevifolia, Podophyllum pelta-
tum, and Robinia pseudoacacia [145, 146]. To this end, as
an animal-based traditional medicine, protein hydrolysate
from OR (PHOR) showed favorable antiglioma activity. In
human glioma C6 cell, 500 μg/mL of PHOR significantly
inhibited cell proliferation and colony formation as well as
promoted apoptosis via downregulating Bcl-2 coupled with
upregulating Bax and cleaved caspase-3. Moreover, intragas-
tric administration of PHOR in a dose of 1.5 g/kg BW to a
nude mouse model of glioma remarkably slowed glioma
growth and increased the levels of TNF-α, IL-1β, and IL-6
through the activation of PI3K/AKT signaling [127].

In summary, globally, cancer is the second leading cause
of morbidity and mortality, next to cardiovascular disease
[147]. It is therefore important to grope for novel anticancer
drugs. To the best of our knowledge, only one paper reported
the antiglioma activity of PHOR, but it can provide a new
clue for further studies and also inspire us that animal-
based traditional medicine is an equally important source
of anticancer drug discovery.

5. Safety Properties of Oviductus ranae

OR, a traditional Chinese medicine, has been consumed for
hundreds of years in China. Although it has been listed as a
drug in Chinese Pharmacopoeia since 1985, investigation of
its safety evaluations is still lacking, and only few reports were
published, which are listed in Table 3.

In our previous work, the safety properties of OR were
evaluated both in mice and in rats by a series of tests includ-
ing acute toxicity, subacute toxicity, Ames test, micronucleus
test, and sperm malformation assay. The acute toxicity was
investigated using intragastric administration of OR to mice
in doses of 2.5, 5, 10, and 20 g/kg BW. The upper dose was
200 times higher than the human dose in clinical use and
no abnormality and mortality were found within an observa-
tion period of 14 days. The subacute toxicity was conducted
using intragastric administration of OR to rats in doses of
1.75, 3.5, and 7 g/kg BW for 28 days. It was noted that oral
administration of OR had no effect on food intake, hemato-
logical parameters, biochemical markers, relative organ
weights, and the microphotographs of organs and tissues.
The Ames test was detected using four Salmonella typhimur-
ium strains TA97, TA98, TA100, and TA102 at concentra-
tions of 8, 40, 200, 1000, and 5000 μg/plate. Results showed
that no increase in number of revertants was found even at
a concentration of 5000 μg/plate in any tested bacterial
strains with or without S-9 mix. The micronucleus test was
evaluated using intragastric administration of OR to mice
in doses of 2.5, 5, and 10 g/kg BW for 2 days. It was noted that
no significant differences in MR (micronucleus rate) and
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PCE (polychromatic erythrocytes)/RBC (red blood cells)
ratio between the control and OR-treated groups were
observed. The sperm malformation assay was conducted
using intragastric administration of OR to male mice in doses
of 2.5, 5, and 10 g/kg BW for 5 days. Results showed that no
statistical differences in sperm malformation rate were found
in the OR-treated groups compared with control [19]. Then,
the protein-rich extract from OR (PEOR) was prepared and
analyzed; before bioactive evaluations, the acute toxicity of
PEOR was conducted in doses of 5, 10, and 20 g/kg BW to
preliminarily assess its edible safety. Results demonstrated
that the maximal tolerated dose (MTD) of PEOR in mice
was higher than 20 g/kg BW and oral administration of
PEOR in a single dose of 20 g/kg BW had no effects on body
weight, relative organ weight, biochemical parameters, and
histopathological changes [84]. In the near future, the toxic-
ity evaluations regarding multiple doses of PEOR will be per-
formed to further verify its safety profiles.

Furthermore, Liu et al. assessed the acute toxicity and
genotoxicity of compound Danggui-Shuangshen-Hamayou
tablet (DSHT). It was observed that the MTD of DSHT in
mice was higher than 20 g/kg BW and no genotoxicity was
found during the period of experiment [148]. Cui et al. eval-
uated the genotoxicity of Hamayou soft capsule and found
that this kind of functional food exhibited acceptable safety
properties [149].

In a different experiment, Wang et al. investigated the
heavy metals in the oviducts derived from R. dybowskii
(OR), R. chensinensis, and R. amurensis, respectively. The
analysis showed that there were significant differences in
residual quantities of five heavy metals including stannum
(Sn), cadmium (Cd), chromium (Cr), cuprum (Cu), and
plumbum (Pb) in different frogs and the residual quantities
of Cr and Cd were much higher than those of the three other
heavy metals [150], indicating that it is also important to
monitor the growing environment of R. dybowskii, thereby
controlling the residual quantities of heavy metals under
the maximal residue limit and guaranteeing the edible safety
of OR.

In short, clinical applications and known investigations
have confirmed the edible safety of OR, which provided a
basic precondition of OR to be a source of nutraceuticals
and functional foods.

6. Oviductus ranae-Based Nutraceutical
Products in China

In China, OR enjoys a high reputation and is commonly sold
in the form of dried raw materials, which can be eaten as
foods directly after being macerated or stewed in water
[25]. Unlike other traditional Chinese medicinal materials
listed in Chinese Pharmacopoeia, OR is seldom consumed
as a therapeutic drug but is usually served as a raw material
for functional foods. Table 4 exemplifies the current func-
tional foods based on OR on the market approved by the
China Food and Drug Administration (CFDA). It shows that
approximately 90% of the market-available functional foods
based on OR are used for immune enhancement and/or anti-
fatigue, which are consistent with its ethnopharmacology and

traditional uses which signify that OR can nourish the kid-
ney, strengthen the essence, and moisten the lung to nourish
Yin [24], due to the fact that tonic agents are customarily pre-
scribed for the applications of immune enhancement and
antifatigue [151, 152].

Some investigational nutraceutical products based on OR
have concentrated on other functions including antioxida-
tion, radiation protection, antiosteoporosis, alleviation of cli-
macteric syndrome, and improvement of sleep. To enhance
functions, OR was used together with other traditional Chi-
nese medicines and/or nutraceuticals, such as ginseng, Cur-
cuma zedoaria, Rhizoma Dioscoreae, Lycium chinense,
Angelica sinensis, turtleback, Astragalus mongholicus, Rho-
diola rosea, Epimedii Folium, Radix Puerariae, Pleurotus
citrinopileatus, polysaccharides from Acanthopanax sentico-
sus, ginsenoside, bilberry anthocyanins, chlorogenic acid,
vitamin C, vitamin E, Fritillaria ussuriensis, Semen Ziziphi
spinosae, Polygala tenuifolia, glycerine, florence oil, shea but-
ter, andOphiopogon japonicus. In addition, even lotion based
on OR has also been prepared and evaluated for moisturizing
and sunscreening (Table 5).

All in all, OR has been well recognized for its beneficial
biological functions, especially immune enhancement and
antifatigue, and OR-based functional foods have been fully
developed compared with other tonic traditional Chinese
medicines in China. In further development and expansion
of OR-based nutraceuticals, some personally designed prod-
ucts should be considered. Personalized nutrition focuses on
the relationship between genetic variants and diet to amelio-
rate physical status and/or prevent/cure diseases [164]. OR
and its active principle-derived nutraceutical products
should be diversified in their functions to cater to different
needs. For example, liposoluble constituents from OR are
rich in vitamin E and estrogens, which can be developed to
antagonize aging or antagonize osteoporosis in female indi-
viduals with climacteric syndrome. However, water-soluble
constituents from OR are mainly composed of proteins,
which can be developed to antagonize oxidative stress or
enhance immunity or antagonize fatigue in male and female
individuals.

7. Conclusion

Oviductus ranae (OR) has been wildly used as a tonic in tra-
ditional Chinese medicine (TCM) for hundreds of years. Tra-
ditional uses of OR mainly include relieving some ailments
such as debilitation, phthisis, cough, hematemesis, and night
sweat. Although OR has been recorded in Chinese Pharma-
copoeia as a traditional Chinese medicinal material since
the year 1985, it is seldom prescribed as a medicine to cure
diseases but usually consumed as nutraceuticals to optimize
health.

The results of recent bioactive studies of OR have vali-
dated its traditional uses. Both in vitro and in vivo bioactive
studies have indicated that OR exerts immunomodulatory,
antioxidant, antifatigue, antiaging, estrogen-like, hepatopro-
tective, hypolipidemic, antiosteoporotic, antidepressant,
antitumor, antitussive, expectorant, anti-inflammatory, and
antiasthmatic activities. It is worthwhile to note that
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bioactive studies and clinical practices provide strong evi-
dence for the functions of OR on immunomodulation, anti-
oxidation, and antifatigue. In previous work, we also
observed that protein-rich extracts from OR elicit significant
antioxidant and antifatigue activities [84].

OR contains a large number of bioactive constituents
including proteins, amino acids, polypeptides, steroids, fatty
acids, phospholipids, nucleosides, vitamins, hydantoins, and
mineral elements. Among these bioactive ingredients identi-
fied in OR, proteins, amino acids, polypeptides, and steroids
are assumed to be the main bioactive components that attrib-
uted to the majority of biological functions of OR. However,

most of the bioactive studies were carried out using OR or
uncharacterized crude extracts from it. Therefore, the
bioactivity-guided identification is still needed to fully char-
acterize the bioactive compounds.

Based on clinical applications as well as our previous
work [19], it is concluded that there is no noticeable tox-
icities of OR consumption. But as for the premature ovar-
ian failure caused by high-dose consumption of OR in
normal female mice [110], other studies are needed to
affirm whether long-term and high-dose consumption of
OR increases the incidence of ovarian cancer in normal
individuals.

Table 4: Current functional foods based on Oviductus ranae on the market approved by the China Food and Drug Administration.

Brand ®
Dosage
form

Main constituents Health functions
Approval
number

Tongrentang Granule Oviductus ranae
Antifatigue and immune

enhancement
SHIJIANZI
2002-0060

Shiyuan Granule Oviductus ranae and ginseng extract
Antifatigue and immune

enhancement
SHIJIANZI
G20130137

Yishoutang
Soft

capsule
Oviductus ranae, evening primrose oil, vitamin E, and tea

polyphenols
Blood lipid regulation

and antiaging
SHIJIANZI
2002-0193

Yicaotang Liquid Oviductus ranae
Antifatigue and immune

enhancement
SHIJIANZI
G20150785

Biyuantang
Soft

capsule
Oviductus ranae Antifatigue

SHIJIANZI
G20100381

Xuejian
Soft

capsule
Oviductus ranae Antifatigue

SHIJIANZI
2002-0620

Jizhensanbao
Soft

capsule
Oviductus ranae and vitamin E Immune enhancement

SHIJIANZI
G20130091

Wantong Liquid Oviductus ranae Immune enhancement
SHIJIANZI
2003-0219

Xingjing Capsule Oviductus ranae Immune enhancement
SHIJIANZI
2002-0024

Chunyuanwabao Granule Oviductus ranae
Immune enhancement

and antifatigue
SHIJIANZI
G20150654

Yisheng Powder Oviductus ranae Immune enhancement
SHIJIANZI
G20120426

Shengjixin Granule Oviductus ranae
Immune enhancement

and antifatigue
SHIJIANZI
G20150940

Yuanbo
Soft

capsule
Oviductus ranae and vitamin E Antifatigue

SHIJIANZI
G20120244

Yuanbo
Soft

capsule
Oviductus ranae and vitamin E Immune enhancement

SHIJIANZI
G20110405

Dongfangyaolin Tablet
Oviductus ranae, ginseng, Angelica sinensis, the root of red-rooted

salvia, and grape seed extract
Antichloasma

SHIJIANZI
G20100592

Tangsong
Soft

capsule
Oviductus ranae and collagen protein Immune enhancement

SHIJIANZI
G20140677

Hongming
Soft

capsule
Oviductus ranae Antifatigue

SHIJIANZI
G20040428

Beijiang Capsule Oviductus ranae Immune enhancement
SHIJIANZI
2003-0258

Yongli
Soft

capsule
Oviductus ranae Antifatigue

SHIJIANZI
2000-0219

Jizhu
Soft

capsule
Oviductus ranae and American ginseng Immune enhancement

SHIJIANZI
G20041071

The information was obtained from http://samr.cfda.gov.cn/WS01/CL0001/; the search keywords were “Oviductus ranae”, “Hamayou”, and “Hashimayou”.
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Due to beneficial functions and favorable safety proper-
ties, OR-based nutraceuticals and functional foods have been
well developed in China, and approximately twenty OR-
based functional foods have been approved on the market
by the CFDA. Several OR-based nutraceutical products with
multiple functions and purposes are being investigated, and
personalized nutrition is the trend for further development
of OR-based products.

In summary, the information reviewed here may provide
evidence for the further uses of OR and its active principles as
nutraceuticals and functional foods.
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Known for centuries throughout the world, Plantago species have long been used as traditional herbal remedies for many diseases
related to inflammatory conditions of the skin, respiratory and digestive tract, or even malignancy. This study is aimed first at
investigating the in vitro antioxidant and regenerative effects of Plantago sempervirens Crantz hydroalcoholic extract followed by
an in vivo experiment using a turpentine oil-induced inflammation model. The in vitro evaluation for antioxidant activity was
performed using classical assays such as DPPH and TEAC scavenging assays but also EPR, and the total phenolic content was
determined using the Folin-Ciocalteu reagent. The wound healing assay was performed on human cells (Human EA.hy926).
Besides, the prooxidant activity was determined using a method which involves in situ free radical generation by laccase and the
oxidation of haemoglobin. On turpentine oil-induced inflammation in rats, the in vivo effects of three doses of P. sempervirens
extracts (100%, 50%, and 25%) were assessed by measuring oxidative stress (MDA, TOS, OSI, NO, CAT, and SOD) and
inflammatory (CRP, WBC, and NEU) parameters. Having a rich polyphenolic content, the xerophyte P. sempervirens exhibited
a strong in vitro antioxidant activity by scavenging radicals, enhancing cell regeneration, and reducing oxidative stress markers.
Diluted P. sempervirens extract (25%) exhibited the best antioxidant, wound healing, and anti-inflammatory activity.
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1. Introduction

Plantago herbs are known throughout the world as old
medicinal plants, but their medical potential is still underes-
timated. In the first century AD, Greek physicians depicted
the wound healing potential of well-known P. major. In Asia
and Europe, the pharmacological studies have shown that the
aerial parts of these plants are still used as natural remedies
for several skin, respiratory, digestive, and reproduction
organ diseases, involving an inflammatory response or can-
cer [1–4]. Nowadays, there is an upsurge of interest in the
therapeutic potential of medicinal plants, mostly because of
their prophylactic or therapeutic efficiency, low toxicity,
and side effects as compared with the synthetic conventional
drugs. Due to their high fiber content, in many countries,
Plantago herbs are commonly added in food products, such
as salads, teas, yoghurts, and soups. In cattle, grazing on P.
lanceolata-rich pastures enhances the general health status
and reduces the need for antibiotic therapy [5]. The most
renowned Plantago species that have crossed the traditional
medicine boundaries are still used in modern medicine: P.
major, P. lanceolata, P. media, P. indica, P. ovata, and P. asia-
tica [6]. P. sempervirens is a less common Plantago species, a
typical xerophyte found in barren hills and low mountain
pastures, in West Europe, and there are few studies concern-
ing its chemical composition [7], but there is still an intrigu-
ing lack of information about its properties and medical
potential. In Romania, P. sempervirens is also found in spon-
taneous flora, near Targu-Mures, a city in Transylvania [8].

Plantago is a genus comprising more than 200 plant
species used extensively all over the world as functional
foods and remedies for a wide range of diseases [4, 9].
The Plantago genus is a promising source of novel bioac-
tive molecules and multifunctional polysaccharides because
only a few species have been investigated comprehensively
thus far [9]. In Romania, numerous studies regarding Plan-
tago species are focused on herbaceous perennial plants as
Plantago major L., Plantago lanceolata, and Plantago media
L., from which the leaves are mostly used. Plantago major
L. (common plantain) is an herbaceous plant with a basal
rosette of leaves. Each leaf has an elliptical to ovate shape,
an acute apex, and five to nine prominent veins. Petiole
length is equalling with or slightly longer/rarely shorter than
the lamina [10]. The flowers are small, are greenish-brown,
and form a dense spike in the top of a stem. Plantago lanceo-
lata L. (English plantain, narrow-leaved plantain) has lance-
olate basal leaves with 5-7 parallel veins. Petiole length is 1/3
or equalling with the length of the lamina [10]. The
flowers are small, are green-brownish, and form an ovoid
inflorescence in the top of a stem. Plantago media L.
(hoary plantain) is a perennial plant with a basal rosette of
leaves which are ovate to elliptical and have 7-9 veins. Lam-
ina trichomes are on both epidermis and are curly, abundant,
or sparsely scattered [10]. Petiole length is shorter than the
leaf lamina [10]. The greenish-white flowers have long
pink-purple stamens and form a spike on the top of the stem.

One of the modern medicine perspectives is the use of
antioxidants in order to maintain cellular normal redox
balance. The antioxidants are chemical compounds known

for the ability to scavenge reactive radicals, such as reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS) [11]. Thereby, there is particular interest in the
study of new sources of natural antioxidants, which have
less toxicity and may be useful adjuvants in health and
diseases. Some Plantago species have been already investi-
gated for their antioxidant capacity [1, 2, 5, 12]. For a bet-
ter understanding of the antioxidant potential, the plant
extracts have to be tested both in vitro and in vivo.

Moreover, because oxidative stress is associated with an
inflammatory response [13, 14], the anti-inflammatory
effects have to be tested as well. The endogenous antioxidant
defence comprises enzymatic and nonenzymatic mechanisms
[15]. Plant-based compounds may be potential sources of
exogenous adjuvant antioxidants [16]. Therefore, our paper
is aimed at making an ethnopharmacological investigation
P. sempervirens, regarding its phytochemical analysis, antiox-
idant and prooxidant activity, and in vitro wound healing
properties. Antioxidant and anti-inflammatory effects were
further tested in vivo on an experimental acute inflammation.

2. Materials and Methods

2.1. Plant Material and Extract Preparation. The aerial
parts of P. sempervirens were collected from the Botanical
Garden “Alexandru Borza” in Cluj-Napoca, Romania, and
were identified at the Herbarium of the Botanical Garden,
where a voucher specimen was deposited (P. sempervirens—
CL663373). The Plantago extract was prepared by the perco-
lation method at room temperature for three days by using
small fragments (0.5-1 cm) of fresh leaves and 70% ethanol
[17]. The fluid extract (w v/g :mL) obtained was P. semper-
virens 1 : 1.8 (55.5%).

2.2. Chemicals. The reagents included in standard assay
packets with colorimetric and kinetic methods were
obtained from BioMaxima S.A., Lublin, Poland. Thiobarbi-
turic acid, Folin-Ciocalteu reagent, 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS), sulphanilamide, NEDD, VCl3,
methanol, diethyl ether, xylenol orange, [o-cresosulfonphta-
lein-3,3-bis(sodium methyliminodiacetate)], o-dianisidine
dihydrochloride (3,3′-dimethoxybenzidine), ferrous ammo-
nium sulphate, hydrogen peroxide, sulphuric acid, hydro-
chloride acid, glycerol, trichloroacetic acid (TCA), and
trolox were obtained from several companies (Sigma, Fluka,
Merck). Standards rutin, kaempferol, and chlorogenic acid
were purchased from Sigma, Germany. Ferulic acid, gallic
acid, luteolin, and quercetin were obtained from Roth,
Germany. All other chemicals and solvents used in the study
were of analytical grade.

2.3. HP-MS Analysis. The phytochemical analysis was carried
out using an Agilent Technologies 1100 HPLC Series system
(Agilent, Santa Clara, CA, USA) assisted by mass spec-
trometry and using an Agilent 1100 Ion Trap SL (LC/MSD
Ion Trap SL) equipped with an electrospray ion source. For
the separation, a reversed-phase analytical column was
employed (Zorbax SB-C18 100 × 3.0 mm i.d., 3.5 μM
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particle). All chromatographic operations were carried out
48°C. The compounds were detected both with a UV (330
nm, 370 nm) source and inMSmode (electrospray ion source
in negative mode). The chromatographic data was processed
using Agilent software, ChemStation, and data analysis. The
mobile phase was made up of methanol and acetic acid 0,1%
(v/v). The flow rate was 1 mL/min, and the injection volume
was 5 μL. Based on the chromatographic conditions described
above and preliminary experiments, the compounds eluted in
less than 40 minutes. There were a few compounds that were
not quantified due to overlapping (gentisic acid and caffeic
acid), but they were identified using MS detection. The limit
of quantificationwas 0.5 μg/mL, and the limit of identification
was 0.1 μg/mL using the external standard method. The cali-
bration curves (0.5-50 μg/mL) range with R2 > 0 999 linearity
and detection limits between 17 and 90 ng/mL [18]. All
reagents were of analytical grade [19].

2.4. Antioxidant Activity Assays and Total Phenolic Content

2.4.1. DPPH Free Radical Scavenging Assay. Despite all the
drawbacks which limit its application, scientists are still using
with high interest the DPPH method, because of its easiness
and rapid way in evaluating the antioxidant potential [20].
The DPPH ethanolic solution (900 μM) was prepared, and
111 μL was added alongside with 50 μL of Plantago extract.
The final volume (1 mL) was adjusted with a solution made
of ethanol and water (1 : 1). The bleaching of DPPH was exam-
ined during 40 minutes at 517 nm, using a UV-vis spectropho-
tometer (Varian, Cary 50). Furthermore, percentage of
unreacted DPPH was expressed in equivalents of quercetin
which was used to build a calibration curve (0-30 μM, n = 11,
R2 = 0 9905). Themeasurements were carried out in triplicates.

2.4.2. Trolox Equivalent Antioxidant Capacity (TEAC)
Assay. This method is based on the ability of natural antioxi-
dants to scavenge theABTS radical. In a quartz cuvette, 100μL
of ABTS radical was added along with sodium acetate buffer
and 10 times diluted Plantago sample. The final volume was
1 mL. The decreasing ABTS absorbance was monitored for
15 minutes at 420 nm, using a UV-vis spectrophotometer
(Varian, Cary 50). Themeasurements were done in triplicates.
The results were expressed as trolox equivalent (TE) via a cal-
ibration curve (R = 0 999) using trolox standard solutions.

2.4.3. Determination of Total Polyphenol Content (GAE) of
the Extract. The total polyphenol content of the Plantago
extract was determined using the Folin-Ciocalteu method
[21]. The extract was diluted 10 times, and 10 μL was mixed
with 790 μL of ultrapure water, 50 μL of Folin-Ciocalteu
reagent, and 150 μL of 20% sodium carbonate. After 30
minutes in the dark, absorbance was recorded at 750 nm,
using a UV-vis spectrophotometer (Varian, Cary 50). Gallic
acid (21 mg/mL) was used as standard stock solution for
the calibration curve. For each replicate, the total polyphe-
nols were determined in terms of gallic acid equivalents
(GAE). The measurements were done in triplicates.

2.4.4. EPR Measurements. The antioxidant reactivity was
also evaluated by the kinetic profiles of the semiquinone

radicals generated by alkaline treatment of the extract and
monitored using electron paramagnetic resonance (EPR).
The protocol for the EPR-based investigation is fully
described elsewhere [22].

2.5. Prooxidant Activity Assays. The prooxidant reactivity of
the extractwas evaluatedusing apreviouslydevelopedmethod
that is described in detail elsewhere [23]. Briefly, the extract is
treated with a catalytic amount of laccase that generates radi-
cals from the components of the extract which are responsible
for the oxidation of the ferrous oxy haemoglobin (oxyHb) into
the oxidized form (metHb) which is unable to transport oxy-
gen. The kinetic profile and the rate of the oxyHb oxidation
is a marker for the reactivity of the generated radicals.

2.6. In Vitro Wound Healing Assay

2.6.1. Cell Culture. Human EA.hy926 (ATCC® CRL-2922™)
cells were cultivated in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Sigma Chemical Co., St. Louis,
MO, USA) supplemented with 10% fetal bovine serum
(FBS), South American origin (Gibco-Invitrogen Corp., NY,
USA), and 1% antibiotic antimycotic solution (Sigma Chem-
ical Co., St. Louis,MO,USA) at 37°C in a 5%CO2 atmosphere.
For the experiments, cells were washed twice with a calcium-
and magnesium-free buffered saline solution (CMF-BSS).

2.6.2. Wound Healing Assay. A suspension containing 4 ×
103 cells per well were seeded in a 24-well plate and cultured
for 48 h in a culture medium until confluence was reached.
EA.hy926 monolayers were scratched with a 200 μL pipette
tip (Eppendorf, Hamburg, Germany), washed to remove
debris, and cultured with a medium containing 10% FBS to
facilitate cell migration. Thereafter, the cells were incubated
for 6 hours with P. sempervirens extract. The optimal concen-
tration employed in our experiments was 0.1 mg/mL. After 6
hours, microscope image processing was achieved using a
Nikon microscope (Nikon, Tokyo, Japan). The cell migration
process during the wound repair was analyzed using the
image analysis software, ImageJ software (National Institutes
of Health, MD). The acquired images were converted from
pixels to micrometers with the use of a calibration image.
For each experiment, 10 cells were randomly chosen along
each edge of the wound. The data were expressed as a per-
centage of scratch width covered by proliferating and/or
migrating cells, where the healing capacity of the untreated
control cells after 10 h was set at 100% computed by Dn =
Ln – L0, where Dn and Ln are the net cell migration distance
and the cell position at the metering point n (h), respectively,
and L0 is the original position [24].

2.7. Animals. The procedures described in the present study
were conducted on female Wistar rats approximately seven
weeks old (150 ± 20 g). The animals were bred in the Ani-
mal Facility of Iuliu Hatieganu University of Medicine and
Pharmacy, Romania, in standard conditions (12/12 light-
dark cycle and humidity 30-70%, temperature 20-26°C),
and with free access to standard food and water. All the
experimental procedures described in the present study
were in agreement with Directive 2010/63/EU and national
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legislation (low no. 43/2014) and were approved by the
Institutional Animal Ethical Committee of the Iuliu Hatie-
ganu University of Medicine and Pharmacy, Cluj-Napoca
(22/13.12.2016). At completion of the study, rats were
euthanized by cervical dislocation.

2.8. Study Design. The experiment was performed on Wistar
adult female rats. Animals were randomly divided into 9
groups (n = 6): negative control group (C), inflammation
group (I), groups with 7 days’ pretreatment with P. sempervi-
rens extract concentrations (P25, P50, and P100), and groups
with 7 days’ pretreatment with P. sempervirens extract dilu-
tions followed by inflammation on the 7th day (IP25, IP50,
and IP100). The three dilutions of the extract represent, in
terms of total polyphenol content, the following values: IP
25 = 40mg GAE/kg b.w. (body weight), IP50 = 80mg
GAE/kg b.w., and IP100 = 160mg GAE/kg b.w. The extract
was administrated orally by gavage (1 mL/day), and inflam-
mation was induced by intramuscular (i.m.) injection with
turpentine oil (0.6 mL/kg b.w.). The animals were euthanized
by cervical dislocation on the 8th day.

2.9. Measurement of Oxidative Stress Parameters. The oxida-
tive stress status was investigated using markers such as TOS,
TAR,OSI,MDA,NO, CAT, and SH groups. First, serum sam-
ples were passed through 10 kDa filters and contaminant pro-
teins were removed by extraction with 3:1 (v v) solution of
methanol : diethyl ether (1 : 9; v v)[25]. The total oxidative
status (TOS) was measured using the method proposed by
[26]. The serum NO concentration was measured indirectly
using the Griess reaction and expressed as nitrite μmol/L
[27]. The total antioxidant capacity (TAC) was determined
using a colorimetric assay proposed by Erel [26]. Oxidative
stress level was appreciated using the TOS/TAC ratio, known
as oxidative stress index (OSI) [27]. Lipid peroxidesweremea-
sured using theMDAmethod [28]. Themain thiols in plasma
were evaluated bymeasuring reduced glutathione (GSH). The
method employed for total thiol determination was described
by [28]. Catalase (CAT) activity was determined by a kinetic
method, using hydrogen peroxide as substrate according to
[29]. Total protein (TP), albumin (ALB), and C-reactive pro-
tein (CRP) were measured using colorimetric methods with
reagents from commercial standard assay packages obtained
from BioMaxima S.A. (Lublin, Poland).

2.10. Hematologic Analysis. Complete blood count was
performed by a Coulter veterinary automatic analyzer Aba-
cus Junior Vet (Diatron Messtechnik, Budapest, Hungary).
The assay included white blood cell count (WBC), the
number of neutrophils (NEU), monocytes (MON), lympho-
cytes (LYM), red blood cell count (RBC), haemoglobin
concentration (HGB), haematocrit (HCT), mean corpuscular
haemoglobin (MCH), mean corpuscular volume (MCV),
mean corpuscular haemoglobin concentration (MCHC),
red blood cell distribution width (RDW), platelet count
(PLT), thrombocytocrit (PCT), medium platelet volume
(MPV), and platelet distribution width (PDW), was per-
formed in the Haematology Laboratory of Faculty of

Veterinary Medicine from the University of Agricultural Sci-
ences and Veterinary Medicine Cluj-Napoca.

2.11. Statistical Analysis. All data are reported as mean ±
SEM. The Gaussian distribution was checked by the D’Agos-
tino and Pearson omnibus normality test. One-way analysis
of variance (ANOVA), followed by Bonferroni’s multiple
comparison test procedure, was performed. Statistical signif-
icance was set at p < 0 05. Statistical values and graphs were
obtained using GraphPad Prism version 5.0 for Windows,
GraphPad Software, San Diego, California, USA.

To examine the strengths of associations between the
results, specifically Pearson correlations, we have used Statis-
tica 12.0 for Windows (StatSoft Inc., USA). Multivariate data
analysis was performed on the entire antioxidant and hemato-
logical parameters determined in this study using PCA (prin-
cipal component analysis) incorporated in Statistica software.

3. Results

3.1. Phytochemical Analysis by HPLC and Phytoconstituent
Profiling Using EPR Spectroscopy. As shown in Table 1 and
Figure 1, the chemical profile of P. sempervirens reveals the
main compounds identified in each extract. By far, rutin,
luteolin, and apigenin were the main compounds in Plantago
samples. Therefore, we found 1,021 μg/mL of luteolin, 6.48
μg/mL of apigenin, and 2.34 μg/mL of rutin. P. sempervirens
by far was a rich extract because from the nine polyphenols
quantified five were above the LOQ [apigenin (2.34 μg/mL),
rutin (2.78 μg/mL), luteolin (1.02 μg/mL), ferulic acid
(0.45 μg/mL), and p-coumaric acid (0.68 μg/mL)].

In order to further analyze the major components from
the chromatogram that were not identified in MS or based
on retention time of the standards, UV-vis molecular spectra
of these major chromatographic peaks (ca. 90% of total chro-
matographic area AU×min, for a 280 nm chromatogram)
were exported and analyzed together with the spectra of
twenty known standards using a chemometric approach.
PCA analysis of the exported spectra reveals three distinct
groups based on the three classes of polyphenols, i.e., benzoic
acids, cinnamic acids, and flavonoids, which are in general
the main phytoconstituents responsible for the antioxidant

Table 1: The HPLC polyphenolic compound content
determination in the studied species (μg/mL extract).

Polyphenolic compounds P. sempervirens (μg/mL)

Gentisic acid <0.2
Caffeic acid <0.2
Chlorogenic acid <0.2
p-Coumaric acid (1) 0.682

Ferulic acid (2) 0.456

Rutin (3) 2.787

Luteolin (4) 1.021

Apigenin (5) 2.344

Quercetin <0.2
Note: values are in mean ± SD (n = 3).
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activity in plant extracts (Figure S1A—Supplementary
Information). Most of the tested compounds (ca. 80% of
the chromatographic area, the four most intense peaks)
belong to the cinnamic acid group which present a distinct
UV-vis spectrum profile. The assignment of each peak
spectrum was also checked using the built-in software
(Agilent ChemStation) of the HPLC chromatograph using a
house-built-in data base of tens of polyphenolic standards
[30]. For this purpose, a score of spectral similarity higher
than 90% for any compound (with a given standard) from
those three classes was an indication that the tested
compound does belong to a certain class. Spectral profiles
of some representatives of these classes are shown in
Figure S1B—Supplementary Information.

A semiquinone anion radical generated fingerprint was
detected using EPR measurements. As seen in Figure 2, there

have been four different sample dilutions (S10, S50, S100, and
S250), in order to have a clear picture about the spectra of
some classes of compounds and their reactivity and chemical
cross-talk of the semiquinone radicals which is
concentration-dependent. Luteolin, rutin, and chlorogenic
acid were some of the main compounds of interest. Apigenin,
an important component in all samples, does not generate
radicals, most probably due to the lack of the catechol group
in the B flavonoid ring. The spectrum profile was strongly
influenced by the dilution, thus 250x revealed similar shapes
for both luteolin and chlorogenic acid in all samples. In the
case of P. sempervirens, at higher concentration luteolin-
based radicals dominated, whereas for lower concentrations,
rutin and phenolic acids dominated. Moreover, this extract is
the only one that still presents a well-defined spectrum even
at 250x dilution of the original extract.
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Figure 1: The HPLC chromatogram of the P. sempervirens extract ((1) p coumaric acid, (2) ferulic acid, (3) rutin, (4) luteolin, and
(5) apigenin).
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Figure 2: (a) P. sempervirens, using different dilutions of the original extract [10x (S10), 50x (S50), 100x (S100), and 250x (S250)]. (b) The
spectral footprint of some constituents (luteolin, kaempferol, chlorogenic acid, rutin, quercetin, and apigenin).
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3.2. Antioxidant and Prooxidant Reactivity Evaluation. One
of the first assessments regarding the protective potential of
the extract was made in terms of in vitro antioxidant activity.
The effectiveness of the extracts has been established in reac-
tion with free radicals, such as DPPH and ABTS+•. Neutralis-
ing such radicals is directly associated with antioxidant
capacity. The DPPH bleaching method indicated a 6 03 ±
0 48mgQE/g plant of radical scavenging activity. The TEAC
results measured around 459 50 ± 35 78 μg TE/g. Regarding
the total phenolic content using the Folin-Ciocâlteu (FC)
assay, 59 14 ± 4 34mg GAE/g plant was determined. The
total phenolic content is usually strongly associated with
antioxidant activity. Therefore, three different assays desig-
nate P. sempervirens with strong antioxidant potential. The
prooxidant activity, as seen in laccase activity, was quiet low
(3 15 ± 0 15 pQF).

3.3. In Vitro Wound Healing Assay. Our results showed
that the P. sempervirens extract presented a better wound
healing response in comparison with control cells. Hence,
exposure of EA.hy926 cells to P. sempervirens induced con-
stant cell migration even after 6 hours (Figure 3). At this time
point, the statistical analysis of cell migration revealed that
the wound healing process was increased with approx. 20%
for the P. sempervirens extract as compared to the control
group (Figure 3).

3.3.1. Wound Healing Assay. EA.Hy926 cells were grown
to 80-90% confluence in a 6-well plate and incubated in
a medium containing 1% FBS overnight. The cultured cell
monolayers were scratched and cultured in DMEM sup-
plemented with 10% FBS (control) mixed with 0.1 mg/mL
plant extract. The wound closure was checked after 6 h by
phase-contrast microscopy. Note the representative images
of control and cells exposed to P. sempervirens extract after
the wound scratch (time 0 h) and after the wound healing
process (6 h).

3.4. P. sempervirens In Vivo Antioxidant Effect Evaluation.
Experimental inflammation (as seen in group I) induced
significant oxidative stress by increasing TOS (p < 0 001),
OSI (p < 0 001), and MDA (p < 0 01) (Figure 4). The pre-
treatment with P. sempervirens afforded a significant protec-
tion (p< 0.05) against turpentine oil-induced inflammation,
as seen in the decreased TOS concentrations in the IP25
group and the reduced MDA levels (p < 0 05) in the IP50
and IP100 groups. Moreover, P100 exhibited strong inhibi-
tory effects of MDA levels, as compared with the C group
(p < 0 05). TAR concentrations were significantly decreased
during inflammation (p < 0 001) unlike the animals treated
with the extract, which showed significant increases, as seen
in the IP100 group (p < 0 05). OSI turned near normal after
pretreatment with P. sempervirens (Figure 4).

Turpentine oil-induced inflammatory processes increased
the level of NOx (p < 0 001) in correlation with TOS and OSI
increased levels. As showed in Figure 4 all three P. sempervi-
rens dilutions of the extract revealed significant inhibitory
effects (p < 0 001) concerning the NO level as compared with
the I group.

Twenty-four hours after turpentine oil administration
(I group), SOD and CAT activities were significantly com-
promised (p < 0 01) as did the concentration of SH
(p < 0 01) as compared with the control group, as shown in
Figure 5. Nevertheless, after treatment with P. sempervirens
extract, CAT activity was markedly increased (p < 0 01) in
IP25, and p < 0 05 in IP50 and IP100, as compared with the
I group. SOD activity was strongly increased in IP100
(p < 0 001) and in IP25 (p < 0 05) as compared with the I
group. Almost the same increase was noticed in SH concen-
trations (p < 0 01) in IP25/50 groups and in IP100 (p < 0 001)
as shown in Figure 5. However, the P100 group increased the
SH concentration, even above the C group values (p < 0 001).
CAT activity was strongly enhanced by the extract, in both
P50 and P100, whereas SOD activity was not found to be
influenced by the extracts alone. EtOH, the extraction solvent,
had no important effects on the investigated parameters.

Wound healing assay
Time 0 h

5x 5x
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Figure 3: Exposure of EA.hy926 cells to P. sempervirens induced constant cell migration even after 6 hours.
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3.5. P. sempervirens In Vivo Anti-inflammatory Effects. Bio-
markers of inflammation such as TP, Alb, Glob, Alb/Glob,
and CRP are shown in Table 2. The inflammatory effect of
turpentine oil is associated with the increase in oxidative/ni-
trooxidative stress, as shown in previous sections, but also
with the elevation of early protein metabolism biomarkers
of inflammation, as seen in Table 2. The pretreatment with
P. sempervirens had lowered the concentrations even more
than control values, as shown in Table 2.

Our study relies on a large set of biochemical parameters,
which outline a clearer picture about the biochemical status of
the organism after inflammation and treatment. The obtained
loading plots display the relationships between the parame-
ters. Hence, Figure 6(a) reveals the associations of param-
eters according to the correlation coefficients given in
Table 3. The correlation circle shows three main clusters:
(1) the antioxidant parameters concentrated in the left side
of the circle, (2) the oxidative stress representatives alongside
with total proteins and globulins, and (3) acute-phase pro-
teins. Table 3 confirms positive correlations between param-
eters, mostly between TOS-NO and NO-MDA, and very

strong correlations between TOS-OSI and TP-GLOB. Taken
altogether, there is a common pattern of oxidative stress
strongly associated with inflammation, via NO and GLOB.

3.6. Hematologic Analysis. Complete blood count (Table S1—
Supplementary Information) revealed not much variation
among experimental groups, except WBC and NEU, which
were found significantly increased in group I (p < 0 05)
as compared with control. P. sempervirens in IP50 could
significantly prevent the increases in WBC and NEU
(p < 0 001). Also, IP100 significantly reduced the neutrophilia
in the blood flow during inflammation (p < 0 01). In addition,
the prevention potential of P. sempervirens could be proven by
the P25 group, which showed a significant decrease in the
WBC (p < 0 05). From the other haematological parameters,
only for the platelets (PLT) was a small increase in group I
noticed, as commonly found in systemic inflammatory
responses [31].

A correlation circle of thehaematological parameters indi-
cates good relationshipsbetweenparameters such asmoderate
correlation between MCV and MPV, very good correlation
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Figure 4: Effects of P. sempervirens on total antioxidant response (TAR) content (a), total oxidative stress (TOS) (b), oxidative stress index
(OSI) (c), and malondialdehyde (MDA) (d) in serum of the turpentine-induced model and P. sempervirens extract. Data represent
mean ± SEM. One-way ANOVA followed by Bonferroni’s multiple-comparison test. ∗Significant at p < 0 05; ∗∗significant at p < 0 01;
∗∗∗significant at p < 0 00.
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between PCT and PLT, and good correlation between HGB
and HCT as well as between WBC and LYM. RDW and
PDW are also well correlated, which could mean that the
changes might occur simultaneously, as shown in Figure 6(b).

4. Discussion

Since oxidative stress is a result from an imbalance between
endogenous antioxidant and oxidant production, a preven-
tive solution against oxidative damages would be new sources

of natural exogenous antioxidants with a wide range of appli-
cations [32]. Many herbs have been found to possess antiox-
idant properties, which should therefore minimise redox
imbalances or counteract the effects of free radicals. It is well
known that antioxidants could scavenge reactive species
(ROS and NOS) by working as substrates for oxidative reac-
tions, thereby blocking the chain reactions that could other-
wise cause cells injuries [9].

Known for centuries, Plantago species are widely used in
both traditional and modern medicine [4, 9]. These species
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Figure 5: Effects of P. sempervirens on nitric oxide (NO) content (a), thiols (SH) (b), catalase (CAT) (c), and superoxide dismutase (SOD) (d)
activity in serum of the turpentine-induced model and P. sempervirens extract. Data represent mean ± SEM. One-way ANOVA followed by
Bonferroni’s multiple comparison test; ∗Significant at p < 0 05; ∗∗significant at p < 0 01; ∗∗∗significant at p < 0 00.

Table 2: C-reactive protein, albumin, and total proteins of control and experimental animals.

Parameter Control EtOH I P25 P50 P100 IP25 IP50 IP100

CRP (mg/dL) 47 6 ± 6 3 50 3 ± 5 3 184 3 ± 28 4∗ 110 ± 25 2 79 6 ± 251 162 7 ± 29 3 72 3 ± 27 5 64 3 ± 11 5 40 ± 4 3#

ALB (g/dL) 1 59 ± 0 3 1 79 ± 0 1 2 50±0 6∗∗ 1 31 ± 0 9 1 70 ± 0 5 2 01 ± 0 8 1 67 ± 0 3 1 46 ± 0 4 1 16 ± 0 0#

TP (g/dL) 6 5 ± 0 6 9 6 ± 0 6 11 3±1 0∗∗ 3 0 ± 0 5 4 3 ± 1 0 5 6 ± 1 1 8 5 ± 0 4 7 0 ± 0 9# 6 8 ± 0 6#

Glob (g/dL) 4 75 ± 0 6 7 58 ± 0 7 8 86 ± 0 9∗ 1 69 ± 0 52 2 6 ± 0 9 3 67 ± 0 9 6 82 ± 0 4 5 55 ± 0 9 5 22 ± 0 4
ALB/Glob 0 36 ± 0 05 0 31 ± 0 08 0 29 ± 0 02 0 44 ± 1 08 −0 10 ± 1 03 −0 07 ± 0 50 0 25 ± 0 04 0 34 ± 0 10 0 22 ± 0 06
Values are expressed as mean ± SEM. ∗Significant at p < 0 05; ∗∗significant at p < 0 01; ∗∗∗significant at p < 0 001 (compared with control). #Significant at
p < 0 05; ##significant at p < 0 01; ###significant at p < 0 001 (compared with I).
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have inspired many scientists for extract pharmacological
evaluations such as antioxidant, anti-inflammatory, and
wound healing properties [9]. This study firstly focused on
a comparative phytochemical analysis and in vitro antioxi-
dant and would healing effects of P. sempervirens. Secondly,
the investigation went further for a deep exploration of
the in vivo antioxidant and anti-inflammatory potential
of the extract.

There have been many papers regarding Plantago species,
starting with phytochemical analysis and other biological
activities [9, 12, 33–39]. As stated above, the polyphenolic

profile of P. sempervirens shared a common profile of com-
pounds (Figure 1). The basic content of the extract is pre-
dominantly established by rutin, luteolin, and apigenin.

As shown in Results, a strong in vitro antioxidant activity
was found for P. sempervirens against DPPH and ABTS rad-
icals but also in reducing the Folin-Ciocâlteu reagent. Those
results were correlated with rutin and apigenin concentra-
tions. P. sempervirens was never fully described elsewhere,
except for a short communication regarding the phytochem-
ical analysis [7, 38]. Previous studies reported antioxidant
activity and high contents of phenolic compounds for P.
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Figure 6: Correlation circle (loading plot) using the first two principal components of the PCA model obtained after applying PCA on (a)
antioxidant parameters and (b) haematological parameters.

Table 3: Correlation matrix (containing the correlation coefficients) between the antioxidant parameters describing the oxidative stress and
the biochemical status of the system exposed to inflammation and Plantago treatment.

TAR TOS OSI NO SH CAT SOD MDA TP ALB CRP GLOB ALB/GLOB WBC NEU

TAR 1.000 -0.215 -0.140 -0.168 0.318 0.200 0.376 -0.309 -0.076 -0.087 -0.285 -0.078 0.090 -0.099 0.176

TOS 1.000 0.930 0.538 -0.166 -0.337 -0.023 0.476 0.278 0.210 0.002 0.242 0.117 0.217 -0.122

OSI 1.000 0.529 -0.192 -0.239 -0.052 0.461 0.285 0.233 -0.033 0.250 0.120 0.264 -0.153

NO 1.000 -0.467 -0.463 -0.216 0.505 0.497 0.383 0.234 0.441 0.113 0.495 0.079

SH 1.000 0.482 0.380 -0.625 -0.584 -0.403 -0.388 -0.544 -0.075 -0.424 -0.146

CAT 1.000 0.176 -0.472 -0.379 -0.322 -0.086 -0.330 -0.044 -0.323 -0.250

SOD 1.000 -0.246 -0.164 -0.450 -0.352 -0.100 0.252 -0.334 0.101

MDA 1.000 0.476 0.245 0.106 0.467 0.073 0.390 0.187

TP 1.000 0.382 0.230 0.978 0.253 0.377 0.051

ALB 1.000 0.174 0.208 -0.129 0.359 0.077

CRP 1.000 0.228 -0.170 0.184 -0.118

GLOB 1.000 0.303 0.339 0.044

ALB/GLOB 1.000 0.025 0.019

WBC 1.000 0.169

NEU 1.000

[0.25-0.5]—moderate correlation; [0.5-0.75]—good correlation; [0.75-1]—very good correlation; the same for negative correlations.
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lanceolata, P. cornuti, and P. major [2, 3, 5, 11, 40, 41], but
none of them included P. sempervirens.

In addition, we have been focused on the prooxidant
potential of the extracts, but nonsignificant results have been
found even if there are studies that suggested the possibility
of luteolin, rutin, and quercetin to generate free radicals
which possess prooxidant properties [23].

The cell migration process is usually initiated as a
response to extracellular cues, including diffusible factors,
signals on neighbouring cells, and/or signals from the extra-
cellular matrix. The healing potential of phytomedicines is
often associated with angiogenesis, which is a critical step
in wound healing. Despite their traditional use in wound
healing, the therapeutic value of P. sempervirens species has
not been scientifically tested and the mechanisms are not well
known. Thus, our aim was to investigate the in vitro potential
of the P. sempervirens extract on the cell migration process.
The influence of the tested extract on endothelial cell
(EA.hy926) migration was evaluated by scratch assay/wound
healing assay. According to our results obtained in this study,
P. sempervirens extract had an increased wound repair poten-
tial for EA.hy926 cells [24]. There are several studies [42, 43]
that have demonstrated the proliferative potential of P. major
and P. asiatica, but as far as we know, no report was found on
other species of Plantago. According to our results, the P.
sempervirens extract may modulate wound healing through
cell migration modulation but also via indirect effects such
as antimicrobial, astringent, and anti-inflammatory activity.
A high content of phenolic compounds such as flavonoids
and phenylpropanoids, which are responsible for radical scav-
enging activity, may contribute to the healing process [39].
Therefore, the possible antimicrobial and anti-inflammatory
activity of the P. sempervirens extract may have a role in the
wound healing activity of these species. However, the exact
mechanisms underlying these therapeutic effects of Plantago
extracts should be elucidated in future investigations. The
antioxidant function derived from in vitro assays confirmed
the high antioxidant potential of P. sempervirens and sup-
ported its further use in the in vivo test.

Inflammation is associated with many chronic diseases
such as cancer, cardiovascular disease, Alzheimer’s, athero-
sclerosis, and other neurodegenerative diseases but also age-
ing [14]. The inflammatory response is closely related to
oxidative and nitrooxidative stress [44]. In order to reduce/s-
cavenge oxidants, the endogenic enzymatic and nonenzy-
matic antioxidants are activated. Furthermore, polyphenolic
compounds were found to be efficient in the treatment of
chronic inflammatory diseases associated with oxidative
stress [45]. Therewith, the interest for finding exogenous
sources of antioxidants, such as natural products, has signif-
icantly increased lately [46].

To further evaluate the antioxidant potential of the
P. sempervirens extract, we have adopted an in vivo model
of turpentine oil-induced inflammation in rats, where a non-
antigenic stimulus stimulated phagocytosis as part of the cel-
lular acute phase response [47] [14]. Such a model operated
as a nonantigenic stimulus which affects the phagocytosis
as part of the acute-phase cellular response associated with
inflammation. Such processes activate the production of

inflammatory mediators, like ROS and RNS. By reducing
the concentration of inflammatory mediators, there is hope
in finding the key intermediate steps in the pathway of heal-
ing a variety of disorders associated with inflammation.

Our in vitro data pointed P. sempervirens as a potential
antioxidant. According to [48], flavonoids such as luteolin
and apigenin had potent anti-inflammatory properties, both
in vitro and in vivo. In addition, previous reports suggest that
rutin acts as a preventive agent as concerns the induction and
development of the innate inflammatory response, through
inhibition of various proinflammatory mediators, such as
NO, TNF-α, NF-κB, and other cytokines (IL-6, IL-8) [49].

P. sempervirens proved to have in vivo antioxidant effects
too by reducing the oxidants and enhancing the antioxidants.
Due to high amounts of polyphenols, oxidant and antioxi-
dant balance was clearly influenced in the antioxidant’s
favour, which is reflected by the investigated parameters
(Figure 4). TOS depicts the level of oxidant molecules in
serum which are produced endogenously and are also taken
from the environment [50]. As shown in Figure 4, the lowest
dose (IP25) of P. sempervirens had the best inhibitory effect
on TOS concentrations. A consequence of the increased
oxidative stress is higher lypoperoxyde formation, a process
that strongly affects the cell membranes [51]. As shown in
Figure 4, the MDA level was highly increased as a result of
the inflammatory processes, and both P. sempervirens dilu-
tions, 25 and 50, reduced MDA production. In previous
experiments, MDA lowering during inflammation has been
found beneficial [48, 51, 52]. All three P. sempervirens dilu-
tions significantly reduced in vivo NO production, which
could further reduce inflammation. Our findings related
to NO levels were consistent with the TOS, OSI, and
MDA concentrations, as seen in Table 3 and a correlation
circle (Figure 6(a)).

Meanwhile, TAR levels were strongly enhanced by the
extract, as seen in previous studies [53]. Our results further
revealed that turpentine oil-induced inflammation could
decrease the levels of nonenzymatic antioxidants, such as
glutathione [14]. All three doses of P. sempervirens extract
significantly enhanced the SH concentrations in a dose-
dependent manner. Moreover, the oxidative-inflammatory
reactions are strongly correlated with the activity of anti-
oxidant enzymes [54]. There are reports that revealed cor-
relations between the level of ROS and the decreased
concentrations of antioxidants that lead to the inactivation
of endogenous antioxidant enzymes, such as SOD and CAT
[15, 30, 55]. In maintaining the proper physiological con-
ditions, those endogenous enzymes play a key role by
defending the cells against reactive species. SOD and CAT
presented a decreased activity upon inflammation, but the
P. sempervirens extract has proven one more time its ben-
eficial potential by endorsing its usefulness in increasing
the activity of these two enzymes with a noticeable dose-
dependent influence.

In the inflammation microenvironment, some of the
major players are represented by acute-phase proteins
alongside the WBC. Thus, as seen in Table 2, TP and CRP
concentrations were strongly influenced by the inflamma-
tion stimuli. As shown in our investigation, P. sempervirens
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demonstrated a modulator effect. An interesting finding was
that the P. sempervirens treatment reduced acute-phase pro-
teins not just in the inflammation groups but also even with-
out inflammation.

The inflammation acute-phase cellular response consists
of increased WBC mainly due to a higher NEU release. The
P. sempervirens treatment revealed an immunomodulatory
activity by reducing the number of WBC and NEU as well,
cells known as key elements for the production of proinflam-
matory mediators.

In summary, our set of experiments suggests P. sempervi-
rens as a valuable source of antioxidants, which acts as a pre-
ventive agent against nitro-oxidative stress.

5. Conclusions

The antioxidant and adjuvant potential of P. sempervirens
was investigated using a multiple-tool palette starting with
chromatography, spectroscopy, and in vitro and in vivomea-
surements. The antioxidant effect of the extract may be
attributed to high contents of polyphenolic compounds.
The in vivo antioxidant and anti-inflammatory effects may
be related with the reduction of oxidative stress markers
and early biomarkers of inflammation (WBC, NEU, CRP,
and ALB) alongside the increase in activities of antioxidant
enzymes, TAC, and SH concentrations. Therefore, our exper-
iments confirmed that P. sempervirens would be a suitable
natural remedy in inflammatory-associated pathologies.
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In order to evaluate and identify the antioxidant properties and the phytochemical characteristics, as well as the role of the
genetic background and the different fruit parts in the definition of fruit quality, we characterized the existing germplasm
through nuclear simple sequence repeats (SSRs) and evaluated the genetic divergence between ancient S. Giovanni varieties
(Pyrus communis L.) and different types of grafting in relation to some variables of fruit quality. On the peel and pulp of
pear varieties, the contents of flavanols, flavonols, and hydroxycinnamic acids as well as total antioxidant capacity were
assessed. Their role in plant defences was confirmed by a significantly higher amount in the peel (206 66 ± 44 27, 48 45 ±
13 65, and 31 11 ± 11 94mg/100 g, respectively) of S. Giovanni pears than in the pulp (71 45 ± 34 94, 1 62 ± 0 83, and 17 05
± 5 04mg/100 g, respectively). Data obtained using capillary analysis of SSR indicate unequivocally that the four samples of
San Giovanni varieties can be divided into 3 different genetic groups. Cultivar and the different parts of the fruit can exert
an action in the definition of the quality product. The use of local varieties and ecotypes can be considered a valid tool to
improve food quality and at the same time to support local agrobiodiversity.

1. Introduction

The WHO [1] and guidelines for healthy Italian food habits
recommend a daily intake of more than five portions (400 g)
of fruits and vegetables. By the Passi National Report [2], in
Italy, about 50% of adults consume no more than two serv-
ings of fruits and vegetables per day and less than 40% con-
sume three to four servings, while only 1% consume the
amount recommended by the guidelines for appropriate
nutrition (five portions per day). Many researchers have
shown that fruit and vegetable phytochemicals play a crucial
role in the prevention of chronic diseases, also known as non-
communicable diseases (NCDs), including obesity, diabetes,
cardiovascular diseases, and cancer [3–5], which represent
an emerging global health issue. Hu D. et al. [6] have found

an inverse association with pear consumption in a meta-
analysis that includes evidences from prospective cohort
studies about the association of fruits and vegetable con-
sumption with the risk of stroke. The compounds of the great-
est interest for their antioxidant and functional properties
include phenolic compounds, unsaturated fatty acids, carot-
enoids, phytosterols, and tocopherols as well as flavonoids
[7]. The pear, one of the oldest crops by humans [8], repre-
sents an important source of biologically active substances
and is largely consumed worldwide. The aim of this research
is to define antioxidant properties and phytochemical char-
acteristics of S. Giovanni pear varieties. This is an autochtho-
nous traditional variety of the Italian Abruzzo region with
early ripening, not suitable for intensive cultivation, limited
to local consumption, whose fruit trees are becoming rare.
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2. Material and Methods

2.1. Pears. Four accessions including “Guastameroli,”
“Casoli,” “Palmoli,” and “Civitella” of S. Giovanni varieties
(Pyrus communis L.), from different locations, were propa-
gated by grafting on the field of the native biodiversity of pear
trees located at the Abruzzo region in the municipality of
Scerni (Chieti). Pear accessions are grafted onto rootstock of
the same species grown from seed (franco rootstock) or onto
quince (quince rootstock), also obtained from seed. The field
is located at the hilly company of the consortium for the devel-
opment of techniques irrigated (Co.T.Ir.) owned by the
Abruzzo region and covers an area of 1.3 ha, and the planting
pattern adopted is 4 × 5m (planted in rectangle with distances
between the plants of 4 meters along the row and 5 meters
between the rows). The place is on a gentle slope oriented to
the south, the camp enjoys a good exposure, and there is a hill
near a lake wherein the precipitation accumulates to be used
for irrigation for the field itself by a drip system. The grafting
assessed on a considerable amount (forty-six) of pear variety
accessions showed a wide range of responses that can be sum-
marized as follows: quince rootstock possessed poor affinity
with pear cultivars, induced excessive reduction of tree size,
and demonstrated signs of premature ageing trees in the
presence of successful engraftment. All pears were collected
at the optimum ripening stage recommended for consump-
tion and delivered to the laboratory [9]. The pulp and peel
were frozen in liquid nitrogen and crushed by a laboratory
mill to a homogeneous powder in liquid nitrogen. Powders
were kept in a refrigerator (-80°C) until extract preparation.

2.2. Materials. All solvents were purchased from Carlo Erba
(Milan, Italy), BDH (Poole, England), and Merck (Darm-
stadt, Germany). 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) was
from Fluka (Switzerland). Phosphate-buffered saline (PBS),
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), and ascorbic acid were provided by Sigma-
Aldrich Srl. Commercial standards were also from Sigma-
Aldrich Srl (Milan, Italy). Double distilled water (Millipore,
Milan, Italy) was used throughout the study.

2.3. Analytical Methods. Total ascorbic acid was extracted
using Margolis and Shapira [10] by DTT (dithiothreitol)
addition to reduce the dehydroascorbic acid. The quantita-
tive analyses were performed by an HPLC system equipped
with a coulometric detector (ESA model 580, Chelmsford,
MA, USA). The setting potential was 0, 100, 200, 300, and
400 mV (v. Palladium reference electrode), and the chro-
matographic separation was obtained applying an isocratic
elution at a flow rate of 0.8 ml/min [11].

Extractable polyphenols (EPP) were isolated according to
Rufino et al. [12] with some modifications. Extractable poly-
phenols, which are readily solubilized by aqueous-organic
solvents, comprise low molecular weight compounds from
several classes and subclasses of polyphenols [13]. Further
studies are needed and addressed for isolation of specific
fractions of nonextractable compounds (NEPP), i.e., hydro-
lysable polyphenols (HPP), and nonextractable proantho-
cyanidins (NEPA) [14, 15]. Briefly, after weighing the

sample, 20 ml of methanol/water (50 : 50 v/v, pH 2) solution
was added to the samples. Samples were vortexed for 3-5
minutes and left under stirring for 1 h at room temperature
in a water bath. After centrifuging the specimens at 2500
rpm for 10 minutes, the supernatant was recovered. 20 ml
of acetone/water (70 : 30, v/v) solution was added to the res-
idue for repeating the extraction, centrifugation, and recov-
ery of the supernatant under the same conditions. Both
methanol and acetone extracts were combined and centri-
fuged at 3500 g for 15 min. With respect to Rufino method-
ology, we have used an acid methanol/water (50 : 50 v/v, pH
2) as organic-aqueous solvent to improve the extraction
efficiency. In addition, to better purify the extracts, a final
step was added by centrifuging methanolic and acetonic
extracts at 2800 g for 15 min. The resulting supernatant
was transferred to falcon and directly used for the determi-
nation by colorimetric reaction with the Folin-Ciocalteau
reagent [16].

The single compounds of the polyphenol fraction were
extracted as described by Hertog et al. [17]. They consist
of an extraction with methanol in the presence of the anti-
oxidant BHT (butylated hydroxytoluene), followed by
acidic hydrolysis with hydrochloric acid (HCl) 6 M at
90°C. The quantitative analysis through a system—ESA
HPLC—with an electrochemical detector was reported by
Azzini et al. [11].

Antioxidant properties were evaluated by FRAP (Ferric
Reducing-Antioxidant Power) according to Benzie and
Strain [18] and Pulido et al. [19]. This method represents a
direct measure of the total reduction power of solution. The
technique is based on the reduction of the complex between
iron (III) and the tripyridyltriazine compound (TPTZ) by
reducing compounds present in the food extracts which
cause the formation of the iron (II)-TPTZ complex with the
development of a blue color that can be monitored spectro-
photometrically at a wavelength of 594 nm.

According to Re et al. [20], TEAC (Trolox Equivalent
Antioxidant Capacity) measures the ability of antioxidants
to scavenge the stable radical cation ABTS+ (2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid). In the presence
of antioxidants, a blue-green chromophore decreases in its
intensity (maximum absorption at 734 nm).

2.3.1. Genetic Authentication. A molecular approach to
address food authentication and traceability using microsa-
tellites or SSRs (simple sequence repeats) was performed.
Based on a literature analysis [21], we have selected a sta-
tistically significant number of SSRs (ten) for the genetic
characterization of pear samples, in order to investigate
relationships between them. Genomic DNAs from pear
samples (n = 4 for each sample) were extracted using the
Sigma GenElute Plant Genomic DNAMiniprep kit following
thoroughly the manufacturer’s instructions. Samples were
homogenized and pulverized under liquid nitrogen with a
mini mill (IKA). All procedures included treatment with
0.3 μg/μl of RNase A and with 0.05 μg/μl of proteinase K.
Primers amplifying pear SSR chosen for fingerprint analysis
are reported in Table 1. DNA concentration and purity were
determined using a NanoDrop 1000 spectrophotometer

2 Oxidative Medicine and Cellular Longevity



(Thermo Scientific). PCRs were performed in a total vol-
ume of 25 μl containing 1x PCR buffer, 0.3 μM of each
primer, 2.5 mM MgCl2, 100 ng of DNA, 0.8 mM dNTPs,
and 0.5 U Taq polymerase Gold (Applied Biosystems).
The thermal protocol was as follows: an initial denatur-
ation step at 95°C for 10 min followed by 28 cycles of
95°C for 30 s, 45 s at the appropriate annealing tempera-
ture, an elongation step at 72°C for 90 s, and finally, a step
at 72°C for 45 min. Fragment size was extrapolated
through capillary electrophoresis (Applied Biosystems
3730), including in the PCR reaction a specific labeled
primer with 6-FAM (6-carboxyfluorescein).

2.4. Statistical Analysis. The results are presented as means
with their standard deviation. Data analysis was performed
using two-way analysis of variance (ANOVA) followed
by the Bonferroni post hoc test (significance at P < 0 05).
Pearson’s linear correlation coefficient was used to evaluate
the interactions between parameters. In addition, principal
component analysis (PCA) was performed to determine
the relationships between the pear cultivars to obtain an
overview of correlation between pear quality trait as well
as type of grafting.

3. Results

Plant phytochemicals play several and varied functions;
their main activity is to protect plants from oxidative risk
posed by various environmental stressors (sunlight and
other environmental agents) and also to defend plants
from fungal, bacterial, or viral infections. Plant phenolic
content is composed of a heterogeneous mixture of mole-
cules belonging to different families with varying chemical
structures, and their content represents a peculiar charac-
teristic of plant tissues [22].

As reported in Tables 2 and 3, three different classes of
polyphenols were identified, namely, flavanols, flavonols,
and hydroxycinnamic acids. Their role in plant defences
was confirmed by a significantly higher amount in the peel
(206 66 ± 4 27, 48 45 ± 13 65, and 31 11 ± 11 94mg/100 g,
respectively) of S. Giovanni pears than in the pulp
(71 45 ± 24 94, 6 75 ± 3 04, and 17 05 ± 5 04mg/100 g,

respectively). In general, the flavanol content of the peel var-
ied from 208.51 to 251.17 mg/100 g and 131.48 to 235.57
mg/100 g, respectively, for quince- and franco-type pears.
In the pulp, flavanols ranged from 54.31 to 129.67 mg/100 g
in quince fruits and from 33.91 to 82.83 mg/100 g in franco-
type ones. The most representative flavanol in S. Giovanni
pear varieties was proanthocyanidin B2, a dimeric form of
epicatechin (epicatechin-(4β-8)-epicatechin).

Quince fruits “Civitella” possessed the highest proantho-
cyanidin B2 content in the peel (232 98 ± 3 72mg/100 g). Also,
the franco-type peel from Palmoli contained a relatively high
amount of proanthocyanidin B2 (217 71 ± 11 86mg/100 g),
while its quince type showed the highest content in the
pulp (120 12 ± 6 54mg/100 g). Pears from “Casoli” showed
a significant lower flavanol total content (P < 0 05)
(131 48 ± 8 50 and 33 91 ± 4 43, respectively, for the peel
and pulp) by comparison with other localities. The quince
type showed a slightly higher amount of the total flavanol
content (160 92 ± 78 89mg/100 g) with respect to the
franco type (124 48 ± 78 08mg/100 g).

Total flavonoid content measured in the quince type
(35 50 ± 28 8mg/100 g f.w.) was higher too (P < 0 05) com-
pared with the franco type (22 34 ± 17 84mg/100 g).
Quercetin-3-galactoside levels (20 93 ± 7 71 and 4 00 ± 0 13
mg/100 g in the peel and pulp, respectively) characterized
the class of the flavonol content, also including quercetin-3-
glucoside, quercetin-3-rhamnoside, and free quercetin. The
flavonol total amount ranged from 61.31-64.33 mg/100 g to
3.93-7.68 mg/100 g of peel quince fruits and franco-type
pulp, respectively.

As reported in Table 4, hydroxycinnamic acid content
was represented mainly by chlorogenic acid, and its mean
total average varied from 15 78 ± 5 02 and 29 11 ± 11 91mg
/100 g, respectively, for the pulp and peel. We found lower
levels of p-coumaric acid in the pulp (1 26 ± 0 20mg/100 g)
and peel (1 41 ± 0 09mg/100 g).

The content of EPP ranged from an average of 46.64
to 351.45 mg/100 g in the pulp and peel, respectively.
The highest values were observed in the “Palmoli” pear
(224 79 ± 131 81 and 195 96 ± 130 52mg/100 g for quince-
and franco-type pears, respectively), while the lowest
values were observed in “Casoli” fruits (98 23 ± 53 71).

Table 1: Primers amplifying pear SSR chosen for fingerprint analysis.

Primer Repeated motif Forward (5′-3′) Reverse (5′-3′) bp

EMPc108 (CA)26 TGAGTGGGCTTTTGGTTTTC TCCATTTAAACACATTTTCTGGA 122

NH002b (GA)12 GGAGTCAGCGGCAAAAAAAG CCCACTCCCTCCTCTTATTGT 180

NH029a (AG)8 GAAGAAAACCAGAGCAGGGCA CCTCCCGTCTCCCACCATATTAG 91-196

TXY11 (TC)8 CAGAATTCAACATTCACTCTCTCTC GAGTAGGGATGTGTCGGCTC 120-166

TXY86 (AG)8 TTGGGTCTTTAAATGCCAGC CCAGACGTGAGTTGTTGCC 114–156

EMPc01 (GT)17 AGTTTGGTATTGTGGAGGGTCTT AGTCTTTTGGGTGGCTGAACA 135–197

EMPc11 (AC)13 GCGATTAAAGATCAATAAACCCATA AAGCAGCTGGTTGGTGAAAT 121–161

EMPc110 (CT)18 ACTAACATTAAAAAATCTTTAC ATCTTAAAACTTAAACTAAATAA 157–199

EMPc114 (AG)20 GTACCCACAATTCCCCATAT GCCTTATGCGCCTTCTACC 152–169

NB131a (GAA)4 GAGACCAAACAAAGCTGCCG AACCCAACCCATCGAATCCC 261
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The above standard deviations express and confirm the
high variability in the distribution of these molecules in
the several plant tissues.

Ascorbic acid content of S. Giovanni pears ranged from
8.19 to 23.29 mg/100 g in the pulp and from 17.74 to 46.84
mg/100 g in the peel. The lowest vitamin C content was mea-
sured in “Guastameroli” pears (12 96 ± 5 23mg/100 g).

As shown in Table 4, there was a direct relationship
between the total phenolic content and total antioxidant
activity in phytochemical extracts of the peel and pulp.
The peel of quince pears exhibited the highest FRAP
that ranged from 12.56 to 14.07 mmol Fe++/100 g,
respectively, for “Palmoli” and “Civitella” quince fruits
(P < 0 05) comparing with the peel of Casoli and Pal-
moli franco fruits 6.46 to 11.34 mmol Fe2+/100 g,
respectively. While no statistical differences were present
between production areas, our results are well supported
by the findings that extracts from peels showed signifi-
cantly higher reducing power than the pulp ones. Similar
trends were observed by scavenging of the ABTS·+ radi-
cal activities (TAC). Our findings showed significant
differences (P < 0 05) comparing the peel and pulp on
mean average of 5 30 ± 0 73 and 1 04 ± 0 73mmol TE/
100 g, respectively.

Table 5 displays the Pearson product moment correla-
tion analysis between antioxidant activity and other phy-
tochemicals, including different polyphenol fractions and
vitamin C to investigate their relationship. From this
analysis, a strong FRAP was positively correlated with

Table 3: Sum and individual hydroxycinnamic acid contents (mg/100 g f.w.), extractable polyphenols (EPP) (mg/100 g f.w.), and vitamin C
(mg/100 g f.w.) in the peel and pulp of S. Giovanni pears from Abruzzo by varieties and type.

Type
Hydroxycinnamic acids

EPP
(mg/100 g f.w.)

Vitamin C
(mg/100 g f.w.)

Chlorogenic
(mg/100 g f.w.)

Coumaric
(mg/100 g f.w.)

∑ phenolic acids
(mg/100 g f.w.)

Peel

Guastameroli (CH) F 25 83 ± 0 75bc 1 29 ± 0 01 27 12 ± 0 74c 194 42 ± 6 07b 17 74 ± 0 20bc

Casoli (CH) F 11 61 ± 1 27bc 1 37 ± 0 04 12 98 ± 1 25b 147 24 ± 0 49b 37 03 ± 0 54bd

Palmoli (CH) F 37 65 ± 5 64ac 1 43 ± 0 06 39 07 ± 5 70a 351 45 ± 42 55a 46 84 ± 4 21a

Civitella (TE) Q 43 95 ± 6 02a 1 42 ± 0 07 45 37 ± 6 00a 245 74 ± 4 33ab 40 22 ± 0 72bd

Palmoli (CH) Q 29 48 ± 3 06a 1 52 ± 0 06 31 00 ± 1 74c 314 56 ± 19 26ab 22 75 ± 0 47bc

ANOVA P < 0 05 ns P < 0 05 P < 0 05 P < 0 05

Total 29 11 ± 11 91 1 41 ± 0 09 31 11 ± 11 94 250 68 ± 79 66 32 91 ± 0 99
Pulp

Guastameroli (CH) F 12 46 ± 0 541bd 1 24 ± 0 01ab 13 70 ± 0 54bc 46 64 ± 3 89a 8 19 ± 0 07bd

Casoli (CH) F 8 66 ± 0 38bc 1 22 ± 0 00ab 9 88 ± 0 38b 49 22 ± 2 18a 19 60 ± 3 94ac

Palmoli (CH) F 16 23 ± 1 91a 1 46 ± 0 11a 17 69 ± 2 01ac 98 13 ± 18 33b 23 29 ± 0 66ac

Civitella (TE) Q 21 04 ± 2 07a 1 06 ± 0 35b 22 09 ± 2 38a 72 55 ± 6 24ab 16 58 ± 0 05bc

Palmoli (CH) Q 20 54 ± 0 20bd 1 33 ± 0 05ab 21 88 ± 0 15a 77 37 ± 4 87ab 17 53 ± 4 92ac

ANOVA P < 0 05 P < 0 05 P < 0 05 P < 0 05 P < 0 05

Total 15 78 ± 5 02 1 26 ± 0 20 17 05 ± 5 04 68 78 ± 21 22 17 04 ± 5 69

Fruit part♦ P < 0 001 P = 0 001 P < 0 001 P < 0 001 P < 0 001

Data are shown as mean ± standard deviation of triplicate analysis. nd: not detectable. ANOVA by column: different letters indicate significant difference
(P < 0 05); not significant (ns). ♦ANOVA: peel vs. pulp. F: pears from “franco” rootstock; Q: pears from quince rootstock.

Table 4: FRAP and TEAC in the peel and pulp of S. Giovanni pears
from Abruzzo by varieties and rootstock type.

Type
FRAP

mmol Fe2+/kg
TEAC

mmol Trolox/kg

Peel

Guastameroli (CH) F 9 42 ± 0 34 4 23 ± 1 63

Casoli (CH) F 6 46 ± 0 3 3 38 ± 1 63

Palmoli (CH) F 11 34 ± 0 81 4 02 ± 1 63

Civitella (TE) Q 14 07 ± 0 82 4 65 ± 1 63

Palmoli (CH) Q 12 56 ± 1 64 10 21 ± 1 63
ANOVA ns ns

Total 10 10 ± 1 16 5 30 ± 1 16
Pulp

Guastameroli (CH) F 1 04 ± 0 42 0 80 ± 0 41

Casoli (CH) F 1 31 ± 0 16 0 57 ± 0 09

Palmoli (CH) F 2 91 ± 0 07 1 35 ± 0 10

Civitella (TE) Q 1 63 ± 0 14 0 63 ± 0 04

Palmoli (CH) Q 2 34 ± 0 98 1 83 ± 0 95
ANOVA ns ns

Total 1 85 ± 0 82 1 04 ± 0 64

Data are shown asmean ± standard deviation of triplicate analysis. ANOVA
by column not significant (ns). F: pears from “franco” rootstock; Q: pears
from quince rootstock.
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the sum of flavonol phenolic fraction (r = 0 919). A lower
relationship was assessed between FRAP and hydroxycin-
namic acids (r = 0 728) and vitamin C (r = 0 628). The
higher correlation was found between the EPP content
and sum of flavonols (r = 0 981), too. The samples with
a higher total phenolic content showed the highest antiox-
idant capacity (Table 5). We found that the highest anti-
oxidant capacities were present in the “Civitella” quince
type and the “Palmoli” franco type, respectively.

To assess the relationship between varieties, variables as
measure of quality as well as type of grafting, the PCA was
carried out and displayed for the peel and pulp separately.
In our study, the PC1 and PC2 represented 81.21% and
78.36% of the system variance, respectively, for the peel
(Figure 1(a)) and pulp (Figure 1(b)). In particular, for the
peel, the first principal component explains 64.17% of the
variance and the second 17.04%. In the pulp, the first and sec-
ond components explain, respectively, the 47.12% and
31.24% of the total variance.

4. Discussion

The most representative flavanol in S. Giovanni pear varieties
was proanthocyanidin B2, in agreement with the work of
Ferreira D et al. [23], reporting that procyanidins were the
main phenolics (96%) in a Portuguese pear variety. Also,
Galvis-Sanchez et al. (2003) found that the flavonols are
located largely in the peel respecting to the flesh, and the con-
tent of these compounds varied from 9.5 to 55.9 mg/100 g in
the peel. Ozturk et al. [24] reported the chlorogenic acid as
one major phenolic compound in the flesh and peel ranged
from 1.58 to 89.12 mg/100 g and 2.10 to 134.84 mg/100 g,
respectively. The chlorogenic acid level observed by Hudina
et al. [25] ranged from 10.48 to 21.35 mg/100 g in the skin
and 0.086 to 0.21 mg/100 g in flesh of the “Concorde” variety.
Li X. et al. [26] reported that among the phenolic acids iden-
tified, the chlorogenic acid is the predominant (ranging from
3.25 to 44.33 mg/100 g) in the peels of ten pear cultivars,
followed by p-coumaric acid (ranging from 1.41 to 16.48

Table 5: Pearson correlation coefficients and P value between studied variables.

Variable ∑ flavanols ∑ flavonols ∑ hydroxycinnamic acids Vitamin C EPP FRAP TEAC

∑ flavanols
0.886
<0.001

0.836
<0.001

0.578
0.002

0.879
<0.001

0.864
<0.001

0.567
0.001

∑ flavonols
0.886
<0.001

0.785
<0.001

0.596
<0.001

0.918
<0.001

0.919
<0.001

0.661
<0.001

∑ hydroxycinnamic acids
0.836
<0.001

0.785
<0.001

0.552
0.001

0.801
<0.001

0.781
<0.001

0.411
0.03
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0.578
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<0.001
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0.694
<0.001

0.628
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0.175

EPP
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<0.001

0.874
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0.625
<0.001

FRAP
0.864
<0.001
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<0.001

0.781
<0.001

0.628
<0.001

0.874
<0.001

0.436
0.02

TEAC
0.567
0.001

0.661
<0.001

0.411
0.03
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<0.001

0.436
0.02
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Figure 1: (a) Principal component analysis of the peel of the studied pear varieties. ☐: franco rootstock; •: quince rootstock. (b) Principal
component analysis of the pulp of the studied pear varieties. ☐: franco rootstock; •: quince rootstock.
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mg/100 g). The authors reported a similar trend in the pulp,
the chlorogenic acid ranging from 1.2 to 71.88 mg/100 g and
coumaric acid ranging from 1.05 to 2.99 mg/100 g.

For the Spanish pear (Pyrus communis L. var Blanquilla),
Gorinstein S. et al. [27] found a p-coumaric average of 5 17
± 4 5 and 3 87 ± 0 31mg/100 g f.w., respectively, for the peel
and pulp. In addition, Ozturk et al. [28] detected p-coumaric
acid as the minor hydroxycinnamic derivative. Its content
varied from 0.020 to 0.164 mg/100 g in the flesh and from
0.030 to 0.169 mg/100 g in the peel of four European pear
cultivars. These results were in line with previous findings
that indicated a vitamin C content in the ranges from 9.1
to 29.7 mg/100 g in the flesh and 9.5 to 35.9 mg/100 g in
the peel [29]. Moreover, vitamin C contents ranging from
11.6 to 22.8 mg/100 g in the peel and from 2.8 to 5.3
mg/100 g kg in the flesh were reported [29]. Ozturk et al.
[30] reported a TP amount in the cultivars “Santa Maria”
(43.8 mg/100 g) and “Deveci” (39.3 mg/100 g). Emerging
evidence [31] suggests that phytochemical pear extracts
are able to exhibit different levels of antimicrobial, antioxi-
dant, and antimutagenic activities. In a systematic review
on pear consumption and health outcomes, Reiland H
and Slavin J [8] highlighted its healing properties. Overall,
the peel of S. Giovanni varieties indicated a higher content
of phenolic compounds than flesh, confirming the potential
health benefit of the pear consumption as whole. Obviously,
chemical fertilizer use should be taken into account, as it is
known that they are able to cause a large number of nega-
tive health and environmental effects [32]. Moreover, the
skin accounts for only 20% of the fruit, and while its intake
does not affect the nutritional status, it could improve other
human physiological functions through the presence of
nonsoluble dietary fiber and vegetable waxes.

Several studies showed a negative association between
dietary TAC and the incidence of degenerative diseases
[33]; the TAC represents a suitable tool to evaluate the syner-
gistic antioxidant properties of plant foods.

Our results were consistent with previous studies con-
firming the presence of a strong relationship between EPP
and antioxidant activity [34]. Total hydroxycinnaminc acid
content in the samples was also positively highly correlated
with antioxidant activity measured as TEAC assay by radical
cation (ABTS·+) (r = 0 661), which is in line with an earlier
study that reported that antioxidant activity is closely related
to the phenolic and flavonoid content.

Data obtained using capillary analysis of SSR PCRs indi-
cate unequivocally that the four samples of San Giovanni
varieties can be divided into three different genetic groups,
as long as the “Palmoli” and “Civitella” showed identical
genotypes. Data also indicate that the NB131a polymor-
phisms had lower discriminating power, as long as it was
only able to identify the “Guastameroli” pears from all others
(data not shown). DNA analysis of the accessions highlighted
that there are three different species with a coincident rip-
ening state. The relationship between pear varieties, some
variables as measure of quality as well as the type of graft-
ing, confirmed that (Figures 1(a) and 1(b)) the genetic
background plays an important role in the definition of
fruit quality as well as the type of grafting. These results

represent a useful guide in selecting and breeding beneficial
rootstocks for future genetic improvement programmes.

In summary, the consumption of these typical pear vari-
eties due to its phytochemical composition could exert bene-
ficial effects on human health, if its intake or processing
occurs immediately after the harvest to minimize their losses.
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Impaired wound healing is a debilitating complication of diabetes that leads to significant morbidity, particularly foot ulcers.
Natural products have shown to be effective in treating skin wounds. Lupeol is known to stimulate angiogenesis, fibroblast
proliferation, and expressions of cytokines and growth factors involved in wound healing. The study is performed to
evaluate the wound healing activity of lupeol in streptozotocin-induced hyperglycemic rats by macroscopical, histological,
immunohistochemical, immunoenzymatic, and molecular methods. Percentage of wound closure and contraction was
increased in the lupeol-treated group when compared to the Lanette group. Histopathological observation revealed decreased
inflammatory cell infiltration and increased proliferation of fibroblasts, vascularization, and deposition of collagen fibers after
lupeol treatment. Immunohistochemical analyses showed decreased intensity of NF-κB and increased intensity of FGF-2,
TGF-β1, and collagen III. ELISA results revealed downregulated IL-6 levels and upregulated IL-10 levels in response to lupeol.
The mRNA expression levels of Hif-1α, Sod-2, and Ho-1 were significantly increased in response to lupeol as compared to
Lanette whereas Nf-κb and Vegf-A levels were decreased in relation to insulin and lupeol treatment. These findings indicate
that lupeol possesses wound healing potential in hyperglycemic conditions and may be useful as a treatment for chronic
wounds in diabetic patients.

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease, which
is characterized by elevated levels of blood glucose leading,
over time, to heart, blood vessel, eye, kidney, and nerve
damage and failure to repair damage in skin wounds [1].

According to the World Health Organization (WHO), this
disease affects 171 million people worldwide, and this num-
ber may be projected to reach approximately 366 million by
2030 [2]. The most common complication in patients with
diabetes is an altered skin wound healing process, leading
to complications such as Diabetic Foot Ulcers (DFUs), which
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has caused major worldwide morbidity due to various clinical
and socioeconomic issues [3]. Several research studies have
demonstrated that wound healing is delayed by hyperglyce-
mia during DM [4–6].

In patients with diabetes, the mechanism of delayed
wound healing has multifactorial causes, including a pro-
longed inflammatory stage and postponed proliferation and
remodelling stages [7]. It has been reported that nuclear
factor kappa B (NF-κB) regulates the gene expression of
several cytokines such as interleukin-1beta (IL-1β),
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α),
and interleukin-10 (IL-10); inducible nitric oxide synthase
(iNOS); chemotactic and matrix proteins; immunological
responses; and cell proliferation [8, 9]. The persistence of
the inflammatory reaction is associated with oxidative stress,
which is one of the most common complications for the
delayed wound healing in diabetics [10]. The increased pro-
duction of free radicals and decreased antioxidant activities
of enzymes, such as superoxide dismutase (SOD), glutathi-
one peroxidase (GPx), heme oxygenase-1, (HO-1) and heme
oxygenase-2 (HO-2), may aggravate the situation leading to a
delay in diabetic wound healing. Growth factors such as epi-
dermal growth factor (EGF), fibroblast growth factor (FGF),
transforming growth factor-beta1 (TGF-β1), and vascular
endothelial growth factor (VEGF) and several molecules
including hypoxia-inducible factor-1alpha (HIF-1α) are
involved in the healing process by stimulating and activating
cell proliferation via activation of various reactions, such as
angiogenesis, reepithelialization, and differentiation and pro-
duction of the extracellular matrix [11, 12]. In the present
study, we investigated the role of the mediators involved in
the healing process in hyperglycemic rat wounds.

There have been several attempts to accelerate the wound
healing in diabetics, but so far, the therapeutic options avail-
able in the market are still limited due to the high cost, pro-
longed duration of treatment, and side effects. Therapeutics
involving new molecules isolated from natural, safer prod-
ucts is an attractive alternative [3].

Several studies have suggested that plant-derived second-
ary metabolites are capable of promoting beneficial effects on
wound healing in different models [13–15]. A group of sec-
ondary metabolites that have attracted much attention in
recent years is triterpenes [16]. The pentacyclic triterpenoids
belong to a class of C30 isoprenoids present in all parts of the
plant, such as leaves, stems, pollen, seeds, and fruits [17].
They assist in wound healing mainly due to their inhibitory
effects on the production and activity of inflammatory medi-
ators and growth factors, resulting in the contraction of the
wound and increased rate of epithelization [18].

Lupeol is a triterpene found in many medicinal plants,
such as Bowdichia virgilioides (Fabaceae). Previous studies
have reported that lupeol has several bioactivities, including
antidiabetic, anti-inflammatory, and antioxidant effects [19,
20]. In particular, lupeol demonstrated an effect on cell pro-
liferation in vitro through various mechanisms of action,
including induction of differentiation [21] and activation of
mitogen-activated protein kinase p38 (MAPK) [22] and
phosphoinositide-3-kinase-protein kinase (Pi3k/Akt) [23].
These findings appear to be involved in the healing effects

of lupeol. Harish et al. [24] showed that topical treatment
with lupeol gel promoted cutaneous wound closure in
normoglycemic rats by inducing the formation of granula-
tion tissue, inhibiting the infiltration of macrophages, and
increasing the reepithelialization. However, the efficacy of
lupeol on hyperglycemia-induced impaired wound healing
has not been investigated, and the mechanisms underlying
these effects remain unknown. In the present study, we
investigated whether lupeol enhances wound healing in
streptozotocin-induced hyperglycemic rats via reduction of
the inflammatory process and an increase in markers
involved in oxidative stress, angiogenesis, formation of gran-
ulation tissue, and extracellular matrix remodelling.

2. Materials and Methods

2.1. Chemicals and Reagents. Streptozotocin (STZ) was
obtained from Sigma-Aldrich Chemicals (St. Louis, MO,
USA). Diagnostic kits for ELISA, such as TNF-α, IL-1β, IL-
6, and IL-10, were bought from R&D Systems, Minneapolis,
MN, USA. Primary antibodies specific to NF-κB, TGF-β1,
FGF-2, collagen III, and β-actin and anti-rabbit and/or
anti-mouse secondary antibodies conjugated to horseradish
peroxidase were attained from Santa Cruz Biotechnology
(Santa Cruz, CA). All the chemicals used in the experiments
were of analytical grade [3].

2.2. Plant Material, Extraction, and Isolation of Lupeol. Bow-
dichia virgilioides Kunth (stem bark) was collected in Decem-
ber 2014 in the surroundings of Santa Rita, State of Paraíba,
Brazil, a coastal area around the Atlantic Forest. A voucher
specimen (Agra et Góis 6243) was deposited at the Herbar-
ium Prof. Lauro Pires Xavier (JPB) and in the reference col-
lection of the Laboratory of Pharmaceutical Technology
from Federal University of Paraíba, João Pessoa, Brazil.
Three kilograms of air-dried ground stem bark of Bowdichia
virgilioides was exhaustively extracted with 95% alcohol solu-
tion. The extracted solution was filtered, and the solvents
were subjected to the evaporation method under reduced
pressure with rotary evaporation at 40°C to obtain the final
ethanolic extract (EtOHE, 250 g). The EtOHE was parti-
tioned using solvents in increasing polarity (hexane, chloro-
form, and methanol). The hexane residue (49 g) was
subjected to repeated washings with acetone under stirring
followed by filtration. The solid obtained was recrystallized
from chloroform and hexane, resulting in white crystals
which were analyzed using 1H and 13C NMR spectral data
and identified as lupeol substance (3 g) [23].

2.3. Animals. Healthy male Wistar rats (Rattus norvegicus)
with body weight around 250 g ± 2 g were procured from
Central Animal House, UNESP, Botucatu, and used for the
study. The rats were housed individually in polyethylene
cages in an experimental animal room with a 12h light/dark
cycle and maintained in standard conditions in the animal
house at a room temperature of 23 ± 2°C and a humidity
of 55%±15%. They were fed with a commercial standard
rat diet and water ad libitum. 7 days prior to the start of
the experiment, the rats were acclimatized to the animal
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house environment. All the experimental procedures were
approved by the Ethics Committee on Animal Use
(CEUA/IBB/UNESP), and the guidelines are followed
strictly throughout the experimental period in accordance
with the experimental protocols (Protocol 610/2014) previ-
ously approved.

2.4. Acute Dermal Irritation Test. Lupeol-based cream was
used to evaluate skin irritation at concentration of 0.2% w
/w lupeol as per OECD 402 directive. Healthy male Wistar
rats weighing between 200 and 250 g were divided into two
groups: 1 group treated with lupeol cream at 0.2% w/w and
another group treated with Lanette cream (vehicle). After
total removal of hairs in the dorsal region of the rats, treat-
ments were performed over 14 days. The animals were
observed twice daily for 14 days for any skin changes indica-
tive of adverse reactions, such as irritation, edema, pruritus,
and erythema, and some signs of toxicity, such as tremors,
convulsions, salivation, diarrhea, sleep, and general pattern
of behavior.

2.5. Induction of Experimental Hyperglycemia. Single intra-
peritoneal injection of streptozotocin (STZ) freshly prepared
in citrate buffer (0.1M, pH4.5), at a concentration of
55mg/kg body weight, was used to induce experimental
hyperglycemia in overnight-fasted rats. After two days of
induction, animals with blood glucose level ≥ 250mg dL−1
were defined as hyperglycemic and kept under observation
for another 7 days. Then, the hyperglycemic rats that main-
tained high glycemic levels were considered for the in vivo
experiments. Furthermore, a weekly blood glucose test, body
weight detection, and water and feed intake assessment were
performed to ensure stable hyperglycemia status. This proce-
dure followed the methodology described by Romana-Souza
et al. [25].

2.6. Excision Wound Model and Experimental Design. The
hyperglycemic rats that maintained high glycemic levels were
considered for the wounding induction. All rats were anes-
thetized with ketamine hydrochloride (0.08mg/100 g) and
xylazine (0.04mg/100 g) by intraperitoneal (IP) injection.
Then, all the animals received a single dose of ketoprofen
by subcutaneous (SC) injection (100mg/kg) as an ethical
conduct to minimize postoperative discomforts. Next, after
shaving the hair on the back of each rat, the skin was steril-
ized with 70% alcohol to remove any type of contamination
and a full-thickness excisional wound was created in the pos-
terior dorsal region that extended through the panniculus
carnosus of each animal using a 2 cm diameter punch. To
assess the cutaneous wound healing of lupeol-based cream,
the rats were randomly divided into four groups (n = 8), as
shown below:

Group I Topically treated with Lanette cream (vehicle)

Group II Topically treated with insulin-based cream
0.5U/g (positive control)

Group III Topically treated with 0.2% w/w lupeol cream
(substance test)

Group IV Sham group (without diabetes, wounds, or
treatment)

Formulations were applied topically every day, once a day
during 14 days of treatment. A schematic drawing of the
experimental protocol is shown in Figure 1. The rats were
placed in their respective cages with one rat per cage.

2.7. Collection of Blood Samples. After 14 days of experi-
mentation, all the animals were anesthetized, and 5mL of
blood samples was collected into ethylenediaminetetraacetic
acid- (EDTA-) embedded tubes and centrifuged and the
serum was aspirated carefully for various biochemical
assays, such as AST, ALT, γ-GT, alkaline phosphatase, cre-
atinine, and urea.

2.8. Determination of Macroscopic Parameters. The wound
area was measured daily through photographs with a profes-
sional camera and marked on a transparent sheet, and the
surface area of the wound was measured. After scanning,
the wound area was measured using specific software Adobe
Photoshop C5 version 5 (Adobe Systems Inc., San Jose, Cal-
ifornia). The percentage of the wound area was calculated
using the following formula: %retraction = initial lesion
area−areaof lesion on the day /initial lesion area ∗100. The
clinical signs of the lesions, such as exudation, presence
of crust, and granulation tissue, were monitored by macro-
scopic examination and graded on a four-point scale:
0—absent (0%), 1—light (30%), 2—moderate (30-70%),
and 3—intense (>70%) [26].

2.9. Histopathological Examination. The tissue samples from
the skin were fixed with alcohol, formalin, and acetic acid and
processed in paraffin. Skin tissues were sectioned (5μm). The
inflammatory cell infiltration, proliferation of fibroblasts, and
number of blood vessels were assessed by hematoxylin and
eosin (HE) staining, and the deposition of collagen fibers
was assessed byMasson’s trichrome staining. For all analyses,
two distinct regions were photographed: the border and the
center of the wound. Ten photomicrographs of each sample
were analyzed under a 40x magnification according to
the method as previously described [27], being 5 for the
border and 5 of the central lesion regions. All these
parameters were quantified by the marked area count,
totaling an area of 100.000μm2/slice. The photomicro-
graphs were obtained with the software cellSens Standard
(Olympus, USA), and the measurements were made using
the AVSoft BioView software.

2.10. Immunohistochemistry Analysis. The immunohisto-
chemical studies were performed with deparaffinized,
rehydrated sections fixed on silanized slides and submitted
to antigen recovery by pressure (20 psi/125°C). After
washing, the sections were blocked with bovine serum albu-
min (BSA) and then incubated with primary antibodies
against NF-κB (1 : 100μL, Abcam, Cambridge, UK), FGF-2
(1 : 500μL, Abcam, Cambridge, UK), TGF-β1 (1 : 300μL,
Abcam, Cambridge, UK), and collagen III (1 : 100μL, Abcam,
Cambridge, UK) overnight at 4°C. The slices were incubated
with appropriate biotinylated secondary antibodies. Then,
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the sections were stained with 3′-diaminobenzidine (DAB)
and counterstained with hematoxylin. Finally, ten photo-
micrographs at 40x magnifications of each slice were
analyzed with the software cellSens Standard (Olympus,
USA), being 5 for the border and 5 for the central lesion
regions [27]. The immunolabeled area was quantified total-
izing 100.000μm2/slice. The quantification was made with
the software AVSoft BioView.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA). The
skin samples were homogenized in cold PBS supplemented
with protease inhibitor cocktail (Sigma-Aldrich) and cen-
trifuged at 10000 rpm for 20min at 4°C, and then the
supernatants were used to measure the cytokine levels of
TNF-α, IL-1β, IL-6, and IL-10, as per the manufacturer’s
instructions from commercial enzyme-linked immunosor-
bent assay (ELISA) kits (R&D Systems, Minneapolis, MN,
USA) [3]. Total proteins were assessed by the biuret assay so
that the data of the parameters analyzed are expressed relative
to the amount of protein in the sample in milligrams [28].

2.12. RNA Extraction and RT-qPCR. The total RNA of the
skin samples (R. norvegicus) was extracted using the TRIzol
method (Invitrogen, Carlsbad, CA, USA), following the
manufacturer’s recommendations and with adaptations,
according to Nóbrega et al. [29]. To avoid genomic DNA
contamination, the RNA samples were treated with a DNase
I- and RNase-free kit (Invitrogen, Carlsbad, CA, USA) prior
to cDNA synthesis. The cDNA synthesis was performed with
random hexamers using SuperScript® II (Invitrogen, Carls-
bad, CA, USA) with random hexamers according to standard
protocols. The quantitative PCR reaction was carried out
using designed and specific forward and reverse primers for
R. norvegicus (Table 1) to evaluate the expression of the genes
for Nf-κb, Ki-67, Egf, Vegf-A, Ho-1, Ho-2, Gpx-1, Sod-2, Hif-
1α, Nos-2, Angpt-4, and Col3α1 among the different treat-
ments used. For qPCR, Ct values were determined using
the SYBR Green kit (Invitrogen, Carlsbad, CA, USA). All
qPCR reactions (10μL) used 900 nM for each primer and
700ng of total RNA. Each reaction was performed in dupli-
cate in the StepOne System (Life Technologies, Carlsbad,
CA, USA) following the manufacturer’s instructions, and rel-
ative gene expression profiles were calculated, according to
the ΔΔCt method as previously described [30]. And for each
gene of interest, the mRNA levels (Cts) were normalized by
the reference gene, β-actin (Table 1), and expressed with
values relative to the Ct mean (a point from which the system

starts the quantification of the genetic material from the
exponential phase threshold) of each group (ddCt—Ct nor-
malized by means of the respective β-actin groups).

2.13. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism (version 5.1, GraphPad Software
Inc., San Diego, CA, USA). All the parametric data were
expressed as mean ± standard error of the mean, and the
comparison between groups was performed by ANOVA
followed by the Newman-Keuls test. The nonparametric data
were expressed as median (maximum and minimum), and
the comparison was performed by the Kruskal-Wallis test,
followed by the Dunn test. The values of p < 0 05 were con-
sidered statistically significant.

3. Results

3.1. Acute Dermal Irritation. Topical application of lupeol
treatment at 0.2% w/w did not show any adverse reactions
on rat skin, i.e., irritation, edema, pruritus, and erythema,
as compared to the control group. There were also no
observed signs of toxicity or behavioral changes.

3.2. Hyperglycemia Status. All rats used in the present study
showed the characteristic signs of hyperglycemia from the
second day after the administration of STZ. Blood glucose
levels increased significantly in all groups after 48 hours
of streptozotocin administration and remained elevated
throughout the experiment (Table 2). All other signs are
described in supplementary materials. These include weight
loss (Table S1), polydipsia (Table S3), and polyphagia
(Table S4). Serum levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), γ-glutamyl
transferase (GGT), alkaline phosphatase, and urea were
measured after 14 days of experimentation and showed
significant changes in relation to the sham group (Table S2).

3.3. Wound Closure. The evaluation of the lesion area
revealed that the topical application of lupeol-based cream
notably decreased wound size (Figure 2(a)), with a significant
increase in the percentage of lesion retraction in relation to
Lanette (Figure 2(b)). The mean percentage of lesion retrac-
tion was markedly higher in the lupeol-treated group from
day 11, and this difference remained until day 15 at termina-
tion. The insulin-treated group showed a significant increase
in the percentage of wound contraction on days 13 and 15
compared to the control group. Clinical parameters, such as
coagulation, presence of crust, and granulation tissue, were

Induction of 
hyperglycemia

Glycemic 
monitoring

Confirmation of 
hyperglycemia 
(≥250 mg/dL)

Induction of 
skin wounds

Euthanasia and blood 
and tissue collection

Day -9 Day -7 Day 0 Day 1 Day 15

Glycemic monitoring 14 days of treatment

Figure 1: Overview of the experimental protocol for wound healing in streptozotocin-induced hyperglycemic rats.
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analyzed in all rats. The macroscopic observations after 14
days of treatment showed that some lesions still presented lit-
tle clot and granulation tissue. Lanette treatment still had a
significant amount of crust adhered to the lesion, compared
to the lupeol-treated group, which did not present this crust,
showing only the scar of the injured region (Table 3).

3.4. HE Staining. Representative images of HE-stained
wound sections are presented in Figure 3(a), and the number
of blood vessels, inflammatory cell infiltration, and prolifera-
tion of fibroblasts in the border and the lesion center are pre-
sented in Figure 3(b). We observed a significant reduction in
inflammatory cell infiltration in the lupeol- and insulin-

treated groups but not in the Lanette group (Figure 3(b)).
Lupeol treatment also significantly increased fibroblast pro-
liferation compared to Lanette-and insulin-treated groups
(Figure 3(b)). Both lupeol and insulin treatments signifi-
cantly increased the number of blood vessels in the center
of the lesions in relation to Lanette (Figure 3(b)).

3.5. Masson’s Trichrome Staining. Analysis of total collagen
fibers using Masson’s trichrome method showed the
labeled area (μm2) in the border and center regions of
the lesion as shown in Figure 4(a). The deposition, orien-
tation, and organization of collagen fibers were consider-
ably clearer in lupeol-treated wounds than in the other

Table 1: Sequence of primers used in RT-qPCR.

Gene Primer sequence 5′-3′ Product size Melting temperature Access number∗

β-actin
FW: CCCTGGCTCCTAGCACCAT

80 bp 60°C NM_031144.3
RV: GATAGAGCCACCAATCCACACA

Nf-κb
FW: CCTCATCTTTCCCTCAGAGCC

98 bp 60°C NM_199267.2
RV: CGCACTTGTAACGGAAACGC

Ki-67
FW: GGGTTTCCAGACACCAGACC

100 bp 60°C NM_001271366.1
RV: CCAGGAAGACCAGTTAGAACC

Egf
FW: CTCAGGCCTCTGACTCCGAA

93 bp 60°C NM_012842.1
RV: ATGCCGACGAGTCTGAGTTG

Vegf-A
FW: TGCGGATCAAACCTCACCAA

115 bp 60°C NM_001110333.2
RV: GGCTCACAGTGATTTTCTGGC

Ho-1
FW: GTCCCAGGATTTGTCCGAGG

133 bp 60°C NM_012580.2
RV: GGAGGCCATCACCAGCTTAAA

Ho-2
FW: CCGGGCAGAAAATACCCAGT

192 bp 60°C NM_J05405.1
RV: ATCAGTGCTTCCTTCCGGTG

Gpx-1
FW: CATTGAGAATGTCGCGTCCC

141 bp 60°C NM_030826.4
RV: TTGCCATTCTCCTGATGTCCG

Sod-2
FW: GTGGAGAACCCAAAGGAGAGT

177 bp 60°C NM_017051.2
RV: GGTCCTGATTAGAGCAGGCG

Hif1-α
FW: ATCCATTTTCAGCTCAGGACAC

182 bp 60°C NM_AF057308.1
RV: GGTAGGTTTCTGTAACTGGGTCTG

Nos-2
FW: GCCTAGTCAACTACAAGCCCC

87 bp 60°C NM_012611.3
RV: AGAAACTTCCAGGGGCAAGC

Angpt-4
FW: AACTGTTCCAGAAGGTAGCCC

90 bp 60°C NM_199115.2
RV: TCAAGAGGTCAATCTGGCTCTG

Col3α1
FW: GGGATCCAATGAGGGAGAAT

128 bp 60°C NM_032085.1
RV: CCTTGCGTGTTTGATATT

FW: forward; RV: reverse; bp: base pairs. ∗National Center for Biotechnology Information (NCBI) (Nucleotide, https://www.ncbi.nlm.nih.gov).

Table 2: Blood glucose levels in different groups before and after administration (i.p.) of streptozotocin (STZ). ∗∗∗p < 0 001 vs. sham group,
using ANOVA followed by the Newman-Keuls test.

Groups Day -9 (STZ injection) Day -7 (post-STZ) Day 0 (before wounding) Day 8 (postwounding) Day 15 (euthanasia)

Lanette 104 04 ± 3 93 498 12±14 02∗∗∗ 482 53±11 37∗∗∗ 543 09±8 85∗∗∗ 530 61±21 37∗∗∗

Insulin 0.5U/g 108 12 ± 4 21 501 09±23 87∗∗∗ 524 84±19 99∗∗∗ 501 67±15 4∗∗∗ 511 36±11 87∗∗∗

Lupeol 0.2% 101 43 ± 5 80 476 89±16 29∗∗∗ 498 89±14 82∗∗∗ 554 03±25 8∗∗∗ 543 08±27 32∗∗∗

Sham 104 45 ± 4 73 112 04 ± 6 91 109 26 ± 7 02 99 85 ± 8 853 113 93 ± 9 24
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groups (Figure 4(b)). Lupeol treatment caused a signifi-
cant increase in the area labeled by collagen fibers in the
border and the center of the lesion compared to Lanette
(Figure 4(b)).

3.6. Effect of Lupeol on Immunolabeling of NF-κB, TGF-β1,
FGF-2, and Collagen III. Representative images of the immu-
nohistochemistry of NF-κB, TGF-β1, FGF-2, and collagen III
in experimental wounds are shown in Figures 5(a), 5(c), 5(e)

and 5(g). Lupeol treatment significantly reduced the NF-κB
immunolabeling in the lesion border and center in relation
to Lanette treatment (Figure 5(b)). With immunolabeling
to localize TGF-β1, lupeol treatment showed a significant
increase in the antibody in the wound center in relation
to Lanette- and insulin-treated groups, as shown in
Figure 5(d). Regarding FGF-2, there was a significant
increase in immunolabeling of both the border and the lesion
center treated with lupeol and insulin cream compared to
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Figure 2: Effect of lupeol on skin wound healing in streptozotocin-induced hyperglycemic rats. Representative images of the lesion area
(initial and from the last day of experimentation) of animals treated with Lanette, insulin 0.5U/g, and lupeol 0.2% (a) and wound closure
(%) on days 3, 5, 7, 9, 11, 13, and 15 postwounding (b). ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 represent lupeol vs. Lanette group. ++p <
0 01 and +++p < 0 001 represent insulin vs. Lanette group, using ANOVA followed by the Newman-Keuls test. Lu 0.2% = lupeol 0.2%.
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Lanette treatment (Figure 5(f)). Lupeol also significantly
increased the collagen III-immunolabeled area in the central
region of the lesion as compared to the Lanette group
(Figure 5(h)).

3.7. Effect of Lupeol on Pro- and Anti-Inflammatory Markers.
The results obtained through ELISA showed that lupeol
treatment caused a significant increase in TNF-α levels when
compared to the sham group (Figure 6(a)). In contrast, there
was a significant reduction of IL-6 levels in the insulin- and
lupeol-treated groups in relation to the Lanette-treated group
(Figure 6(c)). IL-1β levels were significantly increased only in
the Lanette-treated group as compared to the sham group
(Figure 6(b)). However, IL-10 levels remained significantly
elevated in the insulin-treated and lupeol groups relative to
the Lanette group (Figure 6(d)). mRNA expression of proin-
flammatory mediators demonstrated a significant increase in
the Nf-κb expression in the insulin-treated group as com-
pared to lupeol treatment and no significant change in the
mRNA expression of Nos-2, as shown in Figures 7(a) and
7(g), respectively. These results provide evidence for lupeol
having anti-inflammatory potential by reducing Nf-κb and
IL-6 and increasing IL-10 levels.

3.8. Effect of Lupeol on Molecular Markers of Angiogenesis
and Cell Proliferation. The mRNA expression of Vegf-A,
Hif-1α, and Angiopoietin-4 as markers of the angiogenic pro-
cess in wound healing was evaluated. Lupeol treatment
caused a reduction in Vegf-A expression compared to insulin
treatment (Figure 7(d)). On the other hand, lupeol effectively
stimulated a significant increase in Hif-1α expression com-
pared to the Lanette- and insulin-treated groups, as shown
in Figure 7(e). No significant change in Angiopoietin-4
expression could be observed (Figure 7(f)). There were also
no significant changes in the expression of Ki-67, Egf, or
Col3α1, markers involved in the proliferative wound healing
phase (Figures 7(b), 7(c), and 7(l)).

3.9. Effect of Lupeol on Molecular Markers of Oxidative Stress.
Analyses of markers such as Ho-1, Ho-2, Gpx-1, and Sod-2
related to oxidative stress through real-time gene expression
were performed. The results showed that the lupeol and
insulin treatment significantly increased the expression of
Sod-2 and Ho-1 compared to vehicle (Figures 7(h) and
7(j)). There was no significant change in the expression of
Gpx-1 and Ho-2 among the treated groups, as shown in
Figures 7(i) and 7(k).

4. Discussion

We have demonstrated a role for lupeol, a pentacyclic tri-
terpene, in wound healing in streptozotocin-induced hyper-
glycemic rats. The results showed markedly decreased
expression of NF-κB and IL-6 and increased IL-10 levels
in the lupeol-treated group compared to the control group.
Lupeol also increased the expression of FGF-2, TGF-β1,
Hif-1α, Ho-1, and Sod-2. In addition, we have histologically
observed a better formation of granulation tissue with
marked proliferation of fibroblasts, increased vasculariza-
tion, and deposition of collagen fibers after lupeol treat-
ment. The results suggest a better and accelerated wound
healing in hyperglycemic rats treated with lupeol.

Impaired wound healing represents one of the major dia-
betic complications in clinical practice. In general, hypergly-
cemia causes changes in the functioning of endothelial cells
and, consequently, vascular dysfunction in the wounds,
which become infected and, in many cases, lead to amputa-
tions [31]. It is well known that changes in several endoge-
nous factors contribute to the delayed wound healing,
including low growth factor production [32], mediators
involved in the angiogenic response [33, 34], macrophage
function [33], collagen synthesis, epidermal barrier function,
keratinocyte migration, and fibroblast proliferation [32]. The
healing process has been documented animal models, and
excisional wound models have become effective methods of
preclinical testing in diabetic rat studies [35]. Rodents are
commonly used as a wound healing model. However, the
mechanics of wound healing differ between rodents and
humans. In humans, wound healing primarily depends on
keratinocyte growth and migration in the epidermis and
granulation tissue formation in the dermis, whereas wound
contraction is more important during rodent wound closure.
This is because rodents possess a subcutaneous panniculus
carnosus muscle that facilitates skin healing by both wound
contraction and collagen formation [36]. Nonetheless,
human wounds depend on the contractile properties of
dermal (myo)fibroblasts, especially during the remodelling
phase of healing [37].

Measurement of blood glucose levels is one of the most
effective diagnostic methods in monitoring diabetes. Thus,
glycemic evaluation was chosen as the main parameter for
disease progression in this study. A single injection of STZ
was able to significantly increase the glycemia of fasted rats.
This is because STZ is a diabetogenic agent, inducing necrosis
by damaging pancreatic β-cell DNA [38] with an effective
decrease in insulin production, which eventually generates a
diabetic phenotype. In the present study, all animals after

Table 3: Clinical parameters of hyperglycemic cutaneous wound
after topical treatment with Lanette, insulin 0.5U/g, and lupeol 0.2
% (n = 8) in rats. Data are expressed as median (minimum,
maximum) and analyzed by the Kruskal-Wallis test, followed by
the Dunn test. ∗p < 0 05.

Parameters Groups
Days after wound
induction (14 days)

Coagulation

Lanette 0 (0, 2)

Insulin 0.5 U/g 0 (0, 1)

Lupeol 0.2% 0 (0, 1)

Presence of crust

Lanette 1 (0, 2)

Insulin 0.5 U/g 0 (0, 1)

Lupeol 0.2% 0 (0, 1)∗

Granulation tissue

Lanette 1 (0, 2)

Insulin 0.5 U/g 0 (0, 1)

Lupeol 0.2% 0 (0, 2)
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Figure 3: HE-stained skin tissue sections on day 14 postwound induction in streptozotocin-induced hyperglycemic rats (a). Inflammatory cell
infiltration, proliferation of fibroblasts, and number of blood vessels (b) in HE staining of the border and central region of rats’ hyperglycemic
wounds treated with Lanette, insulin 0.5U/g, or lupeol 0.2% for 14 days. ∗p < 0 05 and ∗∗∗p < 0 001 vs. Lanette group. #p < 0 05 vs. insulin
group, using ANOVA followed by the Newman-Keuls test. Bar represents 20μm. Black arrows indicate the presence of inflammatory
cells, # indicates collagen fibers, ∗ indicates blood vessels, + indicates fibroblasts, and ▲ indicates sebaceous glands. Lu 0.2% = lupeol 0.2%.
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Figure 4: Masson’s trichrome-stained skin tissue sections on day 14 postwound induction in streptozotocin-induced hyperglycemic rats (a).
Labeled area of total collagen fibers (b) (μm2) in the border and central region of rats’ hyperglycemic wounds treated with Lanette, insulin
0.5U/g, or lupeol 0.2% for 14 days. ∗p < 0 05 and ∗∗p < 0 01 vs. Lanette group, using ANOVA followed by the Newman-Keuls test. Bar
represents 20μm. Black arrows indicate the presence of total collagen fibers. Lu 0.2% = lupeol 0.2%.
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Figure 5: Continued.
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Figure 5: Continued.
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Figure 5: Continued.

12 Oxidative Medicine and Cellular Longevity



20 𝜇M

Border Center

20 𝜇M

20 𝜇M 20 𝜇M

20 𝜇M 20 𝜇M

Lanette

Insulin 0.5 U/g

Lu 0.2%

(g)

Bo
rd

er
Ce

nt
er

Co
lla

ge
n 

II
I

0

10000

20000

30000

40000

50000

La
ne

tte

In
su

lin
 0

.5
 U

/g

Lu
pe

ol
 0

.2
%

La
ne

tte

In
su

lin
 0

.5
 U

/g

Lu
pe

ol
 0

.2
%

La
be

le
d 

ar
ea

 (𝜇
m

2 )

0

10000

20000

30000

40000

50000

⁎⁎

La
be

le
d 

ar
ea

 (𝜇
m

2 )

⁎⁎

(h)

Figure 5: Photomicrography of the immunostaining and immunolabeled area (μm2) for NF-κB (a, b), TGF-β1 (c, d), FGF-2 (e, f), and
collagen III (g, h) in the border and central region of rats’ hyperglycemic wounds treated with Lanette, insulin 0.5U/g, or lupeol 0.2%
for 14 days. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 vs. Lanette group. #p < 0 05 vs. insulin group, using ANOVA followed by the
Newman-Keuls test. Bar represents 20μm. Black arrows indicate antibody staining against NF-κB, TGF-β1, FGF-2, and collagen III.
Lu 0.2% = lupeol 0.2%.
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STZ injection maintained blood glucose levels above
250mg/dL, even after any of the topical treatments, suggest-
ing that they did not interfere with the blood glucose levels
of the animals throughout the experimental period. Previous
studies have also reported similar observations, with effec-
tive wound healing activity in rats without decreasing glyce-
mia of these animals [39, 40]. In our study, characteristic
signs were noted from the third day of STZ administration.
We observed a decrease in body weight gain, polyphagia,
polydipsia, and polyuria in all animals, which according
to the literature are the main clinical manifestations of
diabetes [41, 42].

Studies conducted through clinical trials indicated that
the cutaneous wound healing process occurs in three phases:
the inflammatory phase due to high release of proinflamma-
tory mediators and impairment of the immune system, the
proliferative phrase through the proliferation of fibroblasts,
collagen fiber deposition, and formation of new blood vessels,
and the remodelling phase involving restoration and repair of
injured tissue [43, 44]. For a successful therapy, it would
require a drug that accelerates the wound healing with poten-
tial involvement in all phases of the process, with low cost
and less side effects. The findings of the present study showed
that lupeol was effective in promoting skin wound healing in
hyperglycemic rats, by reducing the lesion size from day 11,
accompanied by wound contraction. Our results are in accor-
dance with Harish et al. [24] who showed that lupeol-based
gel enhanced skin wound healing in normoglycemic rats
through excision, incision, and dead space wound models.

It is known that diabetic wounds show exacerbated pro-
duction of inflammatory cells at wound sites, which may
limit wound closure efficacy [45]. Our data showed a reduc-
tion of inflammatory cells in the wound site of diabetic rats
treated with lupeol-based cream, specifically in the central
region of the lesion. Chronic inflammation is also one of
the main factors contributing to the delayed wound healing.
Previous studies have shown that hyperglycemic wounds
are capable of causing a decrease in the expression of anti-
inflammatory cytokines, such as IL-10 and TGF-β, and an
increase in the expression of proinflammatory cytokines,
such as TNF-α, IL-1β, and IL-6, as well as inflammatory cells
[46, 47]. However, despite the fact that they are involved in
the inflammatory process, proinflammatory cytokines are
also considered mediators of cell proliferation and differenti-
ation during the wound healing process [48]. For instance,
IL-6 stimulates the formation of granulation tissue, reepithe-
lialization mechanisms, and angiogenesis when activated by
keratinocytes [49]. TNF-α shows a dual role in decreasing
granulation tissue formation and collagen fiber arrangement
[50, 51]. In the present study, lupeol treatment favorably
regulated these mediators by reducing proinflammatory
cytokines such as IL-6 and by upregulating the levels of
IL-10, an anti-inflammatory cytokine.

In addition to cytokines, studies report the involvement
of NF-κB with chronic inflammation in diabetic wounds.
Once activated, NF-κB translocates from the cytoplasm to
the nucleus of the cell, where it binds to DNA and promotes
a transcription of several proinflammatory mediators,
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Figure 6: Quantification of TNF-α (a), IL-1β (b), IL-6 (c), and IL-10 (d) levels (pg/mg protein) in rats’ hyperglycemic wounds treated with
Lanette, insulin 0.5U/g, or lupeol 0.2% for 14 days. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 vs. Lanette group. +p < 0 05 and ++p < 0 01 vs.
sham group, using ANOVA followed by the Newman-Keuls test. Lu 0.2% = lupeol 0.2%.
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Figure 7: Continued.
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including NOS-2 or iNOS gene expression [52]. It is known
that overproduction of iNOS during hyperglycemia is corre-
lated with prolonged inflammation within the dermis and
delays wound healing [53]. The results of the present study
showed that topical application of lupeol reduced the expres-
sion of NF-κB, but not iNOS expression, and enhanced
wound healing by preventing prolonged inflammation. Our
data are similar to the data of a recent study [23], which
showed that lupeol promoted wound healing in human
epidermal keratinocytes via anti-inflammatory mechanisms
through inhibition of proinflammatory mediators such as
NF-κB. Taken together, these results indicate an anti-
inflammatory effect of lupeol in hyperglycemic wounds.

A persistent inflammatory state through high infiltration
of inflammatory cells into the wound site also produces oxi-
dative stress by generating several reactive oxygen species
(ROS) and reactive nitrogen species, capable of producing
various cytotoxic effects on cells [54, 55]. SOD and CAT
are the natural cellular antioxidants that can play a crucial
role in oxygen defense metabolism by converting superoxide
ions to water and molecular oxygen [56]. Another essen-
tial enzyme expressed under conditions of elevated oxida-
tive stress is HO-1 [57]. Studies report that, in addition to
its potent antioxidant effect, HO-1 also presents proangio-
genic and anti-inflammatory properties [58, 59]. Our
results obtained evidenced a significant increase in the
gene expression of both enzymes, Sod-2 and Ho-1, in

lupeol- and insulin-treated groups, suggesting an antioxi-
dant effect by neutralizing the action of the free radicals
generated in the wound.

Wound healing quality depends on the granulation tissue
formation that is directly affected in diabetics. An increase in
granulation tissue formation requires an increase in cell pro-
liferation of fibroblasts and endothelial cells and increased
collagen synthesis [60, 61]. It is well documented that colla-
gen is one of the major and most important components of
granulation tissue, and its synthesis occurs in fibroblasts,
which is dependent on TGF-β1, a crucial factor for proper
wound healing [62]. The role of lupeol in the proliferative
phase was validated through histopathological studies, where
it was possible to observe an increase in the proliferation of
fibroblasts in the central region of the wounds, an increase
in the formation of collagen fibers in both the borders and
the center of the lesion, and elevated immunolabeling of col-
lagen type III in the wound center.

Fibroblasts play a predominant role during the wound
contraction process [63]. Wound contraction is a fundamen-
tal phenomenon in the complete wound closure and is asso-
ciated with differentiated myofibroblasts, specialized cells
present in granulation tissue [64]. FGFs (fibroblast growth
factors) stimulate the proliferation and migration of various
cells involved in wound healing. They also stimulate collagen
synthesis, epithelialization, and neovascularization [65].
FGF-2 is one of the most important growth factors of the
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Figure 7: Gene expression (RT-qPCR) of Nf-κb (a), Ki-67 (b), Egf (c), Vegf-A (d), Hif-1α (e), Angiopoietin-4 (f), Nos-2 (g), Sod-2 (h), Gpx-1
(i),Ho-1 (j),Ho-2 (k), and Col3α1 (l) in rats’ hyperglycemic wounds treated with Lanette, insulin 0.5 U/g, or lupeol 0.2% for 14 days. ∗p < 0 05
and ∗∗p < 0 01 vs. Lanette group. #p < 0 05 vs. insulin group, using ANOVA followed by the Newman-Keuls test. Lu 0.2% = lupeol 0.2%.
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proliferative phase, produced mainly by keratinocytes, and
stimulates proliferation and migration of fibroblasts, new
blood vessel formation, and ECM production [66]. Our
results showed a strong expression of FGF-2 in the border
and center of hyperglycemic lesions treated with lupeol.

Angiogenesis is important for the maintenance of tissue
health and quicker wound healing. Impairment in new blood
vessel formation delays the healing process and induces
severe ulcerations. Moreover, cutaneous blood flow and neo-
vasculogenesis are impaired in diabetes, which in turn affects
the healing process of wounds. Improved angiogenesis was
demonstrated in our findings through histopathological
analyses in the central region of the lesions after treatment
with lupeol cream. Numerous molecules, growth factors,
and cytokines are involved in regulating the angiogenesis,
such as VEGF, FGF-2, and HIF-1α [67]. HIF-1α has a crucial
role in, since it is necessary for the expression of multiple
angiogenic growth factors, cell motility and recruitment of
endothelial progenitor cells [68]. In our study, increased
expression of TGF-β1and Hif-1α in the lupeol-treated group
possibly explains the formation of new vessels observed in
histopathological analyses.

In the present study, as expected, the application of
the insulin-based cream produced some beneficial effects
compared to the control. Our data are consistent with
the literature [69] that showed an improvement in dia-
betic wound healing by insulin-based cream. Insulin
treatment caused an increase in the percentage of wound
contraction from the 13th day, while the lupeol had an
effect from the 11th day. Although most effects on mole-
cule expression showed similarities to the lupeol-treated
group, insulin treatment differed by not increasing the
levels of TGF-β1 and Hif-1α, crucial mediators in the
angiogenic process.

Overall, the study demonstrated through an excisional
wound model in streptozotocin-induced hyperglycemic rats
that topical application of lupeol accelerates cutaneous wound
healing by promoting anti-inflammatory and antioxidant
effects, neovascularization, and granulation tissue formation
(Figure 8). Thus, lupeol, a pentacyclic triterpene, isolated
from the bark of stem of B. virgilioides might be considered
a therapeutic agent for wounds in patients with diabetes.

5. Conclusion

Wound treatment using lupeol-based cream effectively
enhanced the healing process in hyperglycemic rats through
the anti-inflammatory effect of NF-κB signaling pathways,
as suggested by a reduction of inflammation-associated
mediators, such as IL-6 (proinflammatory cytokine), and ele-
vated IL-10 levels (anti-inflammatory cytokine). Histopatho-
logical findings also revealed a decrease in the inflammatory
process and faster neovasculogenesis and proliferation of
fibroblasts in the lupeol-treated group. The involvement of
Hif-1α, FGF-2, and TGF-β1, crucial to the angiogenesis
process as well as fibroblast infiltration, proliferation, and
migration in wound sites, efficiently mediated the injury
and returned the wound to its original state. In addition to
this, lupeol also minimized the oxidative stress and improved
the antioxidant status through increased mRNA expression
of Ho-1 and Sod-2. This study provided us with good scien-
tific evidence that the application of lupeol cream is promis-
ing for treating wounds in hyperglycemic rats.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Terminalia bellirica (Gaertn.) Roxb. fruit (TBF) is a widely planted traditional medicinal herb in Tibet. We aimed to determine the
most active substance-enriched extract by comparing the in vitro antioxidant activities of different extract fractions of TBF that
were subsequently extracted by petroleum ether, chloroform, ethyl acetate, and n-butanol after initial extraction by 95% ethanol.
The main compounds of the ethyl acetate extract fraction (EF) were analyzed via HPLC-MS. Gallic acid (GA) was obtained
from EF to determine in vitro antifibrotic activity based on the traditional usage of TBF. After HSC-T6 cells were incubated with
GA, extracellular secreted levels of fibrosis-associated cytokines, such as collagen I, collagen III, TGF-β1, and hydroxyproline,
were estimated by ELISA. Gene and protein expressions of PDGFR, CTGF, NF-κB, MMP-2, TIMP-1, TIMP-2, α-SMA, and the
Bcl-2/Bax family were determined by quantitative PCR and western blot. The proapoptotic effect of GA was further investigated
by annexin V-PI and TUNEL staining. These results indicate that EF has prominent in vitro antioxidant activity among four
extract fractions, and its main component, GA, manifests antifibrosis activity and its potential mechanism of action includes
inhibition of cytokine secretion and collagen synthesis, as well as proapoptosis of HSCs.

1. Introduction

People living in the Qinghai-Tibet Plateau have heavy diets
consisting mostly of meat and rarely eat vegetables due to
the limitations brought forth by high altitude and the special
geographical environment that supports the agriculture of
green buckwheat and animal husbandry. These environmen-
tal features and diet as well as genetic variation are reasons
why Tibetans have high risk of cardiovascular disease,
hepatobiliary diseases, and oxidative stress [1]. Tibetans have
used plants for generations to supplement their diet and as
alternative medicine to combat oxidative stress which is an
underlying cause of most diseases [2]. Literature has shown
that chemicals derived from plants have capabilities to
regulate the redox state in the body. The earliest application
of TBF can be traced back to the 8th century (Yue Wang
Yao Zhen, an ancient traditional Chinese medicine book),
named at that time as “Pilile.” TBF is widely planted and used

in Burma, Sri Lanka, Nepal, India, and Southwest China as an
important conventional medicinal plant following their own
traditional Chinese medicine theory. TBF is an important
medicinal herb most frequently used in the Tibetan medicine
system and also used as a folk medicine by Uighurs and
Mongolians. Modern pharmacological research on Pilile
mainly focuses on antioxidant, antidiabetic, antihyperlipi-
demic, anti-HIV-1, antimalarial, antifungal, antispasmodic,
and bronchodilatory properties [3–7]. However, these
studies only focus on the pharmacological activities rather
than the substance basis of various extracts. With technolog-
ical and scientific advancements, highly sensitive analytical
tools have been developed to identify and determine specific
compounds in complex extracts. These tools and techniques
include nuclear magnetic resonance (NMR), gas chroma-
tography (GC), high-performance liquid chromatography
(HPLC), mass spectrometry (MS), and other approaches
[8]. To quickly identify the active compound, chemicals
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with different polarities were employed to extract TBF and
the fraction with the highest antioxidant activity was
selected to perform additional chemical composition analy-
sis. Gallic acid (GA), reported as a main ingredient in TBF
[9], is a natural phenolic compound which exists in various
vegeles and fruits. Previous studies have shown that GA
possesses a variety of pertinent biological and pharmacolog-
ical activities, including antioxidant [10], anti-inflammatory
[11], antifibrotic [12], and antimicrobial activities [13] and
induction of cell apoptosis [14]. Nevertheless, there is no
report on the antifibrotic effect of GA on HSC-T6, a rat
immortal line of hepatic stellate cells (HSCs).

Liver fibrosis results from an imbalance regulation
between synthesis and degradation of extracellular matrix
(ECM) proteins during a scarring process [15]. HSC activa-
tion plays a key role in the development of liver fibrosis since
HSCs transdifferentiate from quiescent cells present in the
space of Disse to myofibroblast-like activated cells, called
“activated” HSCs (aHSCs) which highly express α-smooth
muscle actin (α-SMA) and ECM proteins such as collagen I
and platelet-derived growth factor (PDGF) [16]. Thus,
inhibiting HSC activation is a considerable way to alleviate
liver fibrosis. Associated with fibrosis resolution, induction
of aHSC apoptosis is another considerable strategy against
liver fibrosis [17]. Therefore, suppression of HSC activation
and induction of HSC apoptosis are considered two appro-
priate approaches for antifibrotic treatment. Our research
has carried out a layer-by-layer analysis of this important
traditional Tibetan medicine, from the extraction of mono-
meric compounds to systematically explaining the pharma-
cological activity of TBF and comprehensively interpreting
the effects of GA on inhibiting ECM secretion and inducing
cell apoptosis in HSC-T6.

In this study, we aim to compare the in vitro antioxidant
activities of different extract fractions of TBF by a series of
chemical reactions: to identify the main components of the
ethyl acetate extract fraction of TBF by the HPLC-MS
approach, to investigate the antifibrotic effect of GA in vitro
by determining the expressions of ECM-associated proteins,
and to study the role of GA played in inducing HSC-T6
apoptosis by fluorescent labeling.

2. Materials and Methods

2.1. Chemicals. The Folin-Ciocalteu reagent and α,α-
diphenyl-β-picrylhydrazyl (DPPH) were purchased from
Sigma (MO, USA). 2,2′-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) (ABTS) was purchased from Fluka (CA,
USA). Linoleic acid was purchased from Alfa Aesar (MA,
USA). Butylated hydroxytoluene (BHT) and vitamin C (Vc)
were obtained from China Medicine (Group) Shanghai
Chemical Reagent Corp. (China). HPLC-grade acetonitrile
was purchased from Fisher Scientific (China). Gallic acid
(GA), rutin, corilagin, and ellagic acid were purchased from
the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China). Chebulinic acid
was purchased from International Laboratory (CA, USA).
All chemicals used for analysis were of analytical reagent
grade. The source of cell culture reagents, ELISA kits,

and PCR reagents was previously described in Chen
et al. [16]. Primers used for real-time PCR were synthe-
sized by Sangon Biotech (Shanghai, China) (Supplemental
Table 1). A β-actin primary antibody (60008-1-Ig) was
purchased from Proteintech Group Inc. (IL, USA).
Primary antibodies specific to connective tissue growth
factor (CTGF) (sc-14939), nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) (sc-8008),
matrix metallopeptidase 2 (MMP-2) (sc-10736), tissue
inhibitor of metalloproteinase 1 (TIMP-1) (sc-365905),
tissue inhibitor of metalloproteinase 2 (TIMP-2) (sc-
365671), B cell lymphoma 2 (Bcl-2) (sc-7382), and Bcl-2-
associated X protein (Bax) (sc-7480) were obtained from
Santa Cruz Biotechnology Inc. (CA, USA). Horseradish
peroxidase (HRP) secondary antibodies (goat anti-mouse
and goat anti-rabbit) were purchased from Abcam Inc.
(MA, USA). Annexin V/PI staining was performed using
an apoptosis kit from MultiSciences Biotech Co. Ltd.
(Hangzhou, China). TUNEL staining was performed
using in situ cell death detection Kit-POD from Roche
Diagnostics Corp. (Shanghai, China).

2.2. Plant Materials. TBF was commercially provided by the
Tibetan Traditional Medicine Pharmaceutical Factory (Lhasa
City, Tibet, China). Dr. Youwei Wang (corresponding
author) authenticated the voucher specimen (no. 14649),
which was stored in the Traditional Chinese Medicine Spec-
imens Museum founded by the School of Pharmaceutical
Sciences, Wuhan University.

2.3. Preparation of Plant Extracts. 200 g TBF was crushed by
a grinder (powder size ≤ 0 25mm) and subjected to heat
reflux extraction using 95% ethanol. After extracting and
filtering three times, the combined extract solvents were
rotary evaporated at 55°C for 1 h to become concentrated.
Subsequently, the residues were lyophilized by a freeze dryer
(FD-1A-50, Beijing BioCool Corporation, China). The yield
rate of ethanol extraction was 23.42%. Further successive
extraction of the ethanol extract was performed using
different solvents with increasing polarity (petroleum ether,
chloroform, ethyl acetate, and n-butanol). The petroleum
ether fraction (PF), chloroform fraction (CF), ethyl acetate
fraction (EF), and n-butanol fraction (BF) were obtained,
and the yield rates were 0.69%, 0.12%, 10.91%, and 3.00%,
respectively.

2.4. DPPH Radical and ABTS Radical Scavenging Assay.
Methods and calculation formulas were done without modi-
fication as previously published [18]. Briefly, in the DPPH
assay, PF, CF, EF, and BF solutions were prepared at various
concentrations (50, 100, 200, 400, and 800 μg/mL), and
BHT and Vc were used as references at the same concen-
tration. In the ABTS assay, PF, CF, EF, and BF solutions
were prepared at various concentrations (5, 10, 20, 40,
and 100 μg/mL), and BHT and Vc were used as references
at the same concentration.

2.5. Superoxide Radical Scavenging Assay. The capacity of PF,
CF, EF, and BF to scavenge superoxide radicals was
examined by a pyrogallol autooxidation system with slight
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modifications [19]. Briefly, reaction mixtures dissolved in
Tris-HCl buffer (4.5 mL, 50 mM, pH 8.2) containing test
extracts (200 μg/mL) were incubated in a water bath for
10 min at 25°C, and then 150 μL of 3 mM pyrogallic acid
was added. The absorbance was measured at 30 s interval
at 325 nm. The autooxidation rate constant (Kb) of pyro-
gallic acid was calculated by A325nm vs. time. A control
group equal to a blank group refers to no test extracts being
added; BHT and Vc were used as positive controls. The Kb
value was used to evaluate test extracts’ ability to scavenge
superoxide radicals.

2.6. Reducing Power Assay. Various concentrations (10, 40,
100, 200, and 400 μg/mL) of PF, CF, EF, and BF solutions
were prepared following the method described in [18]. BHT
and Vc were selected as positive controls. A higher absor-
bance value from a plate reader at 700 nm indicates higher
reducing power.

2.7. Antioxidant Activity in a Lipid Peroxidation (LPO)
System Using β-Carotene Bleaching Assay. 6 mg of β-caro-
tene was dissolved in chloroform (20 mL). The β-carotene
solution (4 mL) was transferred to a 500 mL round-
bottomed flask and then added with 80 mg of linoleic acid
and 800 mg of Tween 80. 200 mL of ddH2O was added and
mixed well after chloroform was evaporated. 3.0 mL of the
resulting linoleic acid-β-carotene solution was transferred
to a reaction tube containing 0.2 mL of PF, CF, EF, or BF
solution (400 μg/mL) and incubated in a water bath at
50°C. The control was not added to PF, CF, EF, and BF sam-
ple solutions. Absorbance readings at 470 nm were recorded
at 30 min intervals for 120 min. Higher absorbance equates to
a higher inhibitory effect of LPO. BHT and Vc were selected
as positive controls.

2.8. Antioxidant Activity in a LPO System Using
Ferrothiocyanate (FTC) and Thiobarbituric Acid (TBA).
Antioxidative activity of each fraction was measured in a
linoleic acid model system. Briefly, 0.1 mg of PF, CF, EF,
and BF powder dissolved in 1 mL ethanol, respectively, was
mixed with 1 mL of 2.5% linolenic acid in ethanol, 2 mL of
50 mM phosphate buffer (PBS), and 1 mL ddH2O. The
mixtures were incubated at 40 ± 1°C in Eppendorf tubes to
avoid light. Afterwards, an aliquot (0.1 mL) from the reaction
mixture was mixed with 75% ethanol (9.7 mL), 30% ammo-
nium thiocyanate (0.1 mL), and 20 mM ammonium ferrous
sulfate solution (0.1 mL, formulated with 3.5% HCl). After
3 min, the absorbance was measured at 500 nm. The degree
of linoleic acid oxidation was measured by the ferric thiocya-
nate method at 24 h intervals for 12 days.

At the last day of the FTC method, the TBA assay was
employed to determine the antioxidant activity of PF, CF,
EF, and BF. Briefly, 1 mL of fraction solution that was
prepared the same as the FTC method above was mixed with
20% (w/v) trichloroacetic acid (TCA, 2 mL) and 0.67% (w/v)
2-thiobarbituric acid (TBA, 2 mL) and heated at 100°C for
10 min. After it was cooled to room temperature, the mix-
ture was centrifuged at 1000 g for 10 min. The absorbance
of the resulting supernatant was measured at 532 nm with

a spectrophotometer. BHT was selected as references in
both FTC and TBA assays.

2.9. High-Performance Liquid Chromatography- (HPLC-)
Electrospray Ionization/Mass Spectrometry (ESI/MS) Analysis
of the Main Compounds of EF. We employed HPLC to
define the optimal chromatographic separation condition
before performing HPLC-MS analysis, which was per-
formed on a Shimadzu LC-20AT HPLC instrument with a
UV detector using a WAT054275-Waters Symmetry C18
column (4 6mm × 250mm, 5 μm). The flow rate was
1.0 mL/min. The column temperature was set at 25°C
and the detection wavelength at 275 nm. The binary
mobile phase comprised both solvents A (0.1% formic
acid-water) and B (acetonitrile). The gradient elution
started with 5% solvent B for 6min, from 5% to 15% solvent
B (6min), constant at 15% solvent B (6min), from 15% to
20% solvent B (7min), constant at 20% solvent B (15min),
and finally from 20% to 5% solvent B in 5min. The aliquots
(20 μL) of the standards and sample solutions were injected
for HPLC analysis after the chromatographic system was
equilibrated with 5% B for 15 min.

The main compounds of EF were analyzed via a HPLC
system (Surveyor Plus, Thermo Fisher, USA) equipped with
the same column above and an ion trap mass spectrometer
(LCQ Deca XP Plus, Thermo Fisher, USA) tandem system.
The binary mobile phase comprised both solvents A (0.1%
formic acid-water) and B (acetonitrile). The gradient elution
started with 5% solvent B for 6min, from 5% to 15% solvent
B (6min), constant at 15% solvent B (6min), from 15% to
20% solvent B (7min), constant at 20% solvent B (15min),
and finally from 20% to 5% solvent B in 10min. The flow rate
was 1.0 mL/min. The injection volume was 10 μL. By solvent
splitting, 20% eluent was allowed to flow into the MS instru-
ment with an ESI interface in the negative ion mode. The
optimized instrumental parameters were set as follows: deso-
lvation temperature, 230°C; source temperature, 120°C;
cone voltage, 20 V; capillary voltage, 1.2 kV; desolvation
gas (N2) flow rate, 900 L/h; auxiliary gas (He) flow rate,
40 L/h; and scan range, m/z 100–1000 amu.

2.10. Cell Culture. Rat HSC-T6 cells were purchased and
transferred from Shuguang Hospital, Shanghai University
of Traditional Chinese Medicine. Cells were thawed quickly
and cultured appropriately by following the previously
described method [16].

2.11. Antiproliferative Activity by MTT Assay.Different doses
of GA (7.8, 15.6, 31.25, 62.5, 125, 250, and 500 μg/mL) were
prepared with DMSO in DMEM by a serial dilution method.
The procedure of the MTT assay is referenced in Chen et al.
[16]. 100 μL/well of suspended cells was seeded in a 96-well
plate and added with 100 μL/well of different doses GA
to meet the final concentrations (3.9, 7.8, 15.6, 31.25, 62.5,
125, and 250 μg/mL). Absorbance in each well was mea-
sured at 570 nm with a microplate reader. Cell viability
was calculated as follows: cell viability % = ODsample −
ODblank / ODcontrol −ODblank × 100, where ODsample is the
absorbance of the wells containing cells and GA or 0.1%
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dimethyl sulfoxide (DMSO), ODcontrol is the absorbance of
the wells containing cells without GA or 0.1% DMSO, and
ODblank is the absorbance of the wells containing DMEM.

2.12. ELISA. 5 × 105 suspended cells/mL were seeded in 24-
well plates (1 mL/well) and grown to ~80% confluence. GA
was solubilized in DMSO and diluted with DMEM to achieve
concentrations of 25, 50, and 100 μg/mL and to make the
concentration of DMSO 0.1% (v/v). In order to exclude
cytotoxicity of DMSO, DMEM containing 0.1% DMSO was
used as a negative control. Then, 1 mL of GA at different
concentrations was added to each well to meet the final
concentrations of 12.5, 25, and 50 μg/mL, respectively (three
technical replicates for each concentration). After a day of
GA treatment, cell culture supernatants were collected in
new Eppendorf tubes for subsequent ELISA experiments.
Extracellular secreted levels of collagen I, collagen III, TGF-
β1, and hydroxyproline were determined by following the
manufacturer’s instructions. Absorbance was read using a
plate reader at 450 nm. Adherent cells were kept for further
PCR and western blot analysis.

2.13. RNA Extraction and Real-Time PCR. Total RNA was
extracted using TRIzol reagent following the instructions
from the manufacturer. The real-time PCR procedure
was conducted according to the method described by our
previous study [16].

2.14. Western Blot Analysis. After the cell culture medium
was aspirated, the adherent HSC-T6 cells were rinsed
gently with PBS three times. Protein extraction and western
blot analysis were conducted according to our previous
study [16].

2.15. Annexin V-PI Staining for Determining HSC Apoptosis.
5 × 105 suspended cells/mL were seeded in six-well plates
(2 mL/well) and grown to ~80% confluence. Each well
contained a piece of a coverslip to let cells grow on it.
Afterwards, 2 mL of GA at different concentrations was
added to each well to meet the final concentrations of
12.5, 25, and 50 μg/mL, respectively (three technical repli-
cates for each concentration). After a day of GA treatment,
culture medium was sucked by a vacuum, and the coverslips
were then taken out and rinsed gently in PBS. The annexin
V-PI staining procedure was conducted according to our
previous study [16].

2.16. TUNEL Assay for Determining HSC Apoptosis. As
described above, cells on coverslips were untreated or treated
with three doses of GA for 24 h. Culture medium was sucked
by a vacuum, and the coverslips were then taken out and
rinsed gently in PBS and fixed in 4% paraformaldehyde for
1 h at the room temperature. After rinsing twice with PBS,
the coverslips were soaked in 0.2% Triton X-100 for 5 min.
Then, the coverslips were rinsed with PBS twice and the area
around the samples was dried. Then, 50 μL TUNEL reaction
mixture was added to each sample on the coverslip
and incubated in a dark humidified chamber at 37°C
for 60 min. After rinsing with PBS three times and drying
the area around the samples, 50 μL of converter-POD was

added to each coverslip and the coverslips were incubated
in a dark humidified chamber at 37°C for 60 min. Then, the
coverslips were rinsed with PBS three times and mounted
on glass slices with glycerol. The coverslips were examined
using a fluorescence microscope (Nikon Ti-E, Japan) with
an excitation wavelength in the range of 450-500 nm and a
detection wavelength in the range of 515-565 nm.

2.17. Statistical Analysis. All data are mean ± SD represented
by the error bars. Means were considered significantly
different when p < 0 05. Statistical differences were ana-
lyzed by one-way ANOVA and the LSD test (IBM SPSS
Statistics 20.0).

3. Results and Discussion

3.1. Antioxidant Activities of Four Extract Fractions of TBF in
the Free Radical Scavenging and Lipid Peroxidation System.
The DPPH radical was used to evaluate the scavenging
activity of antioxidants by accepting hydrogen atom or
electron donation resulting in a bleaching of a purple-
colored methanol solution. As shown in Figure 1(a), the
different concentrations of PF, CF, EF, and BF showed
concentration-dependent radical scavenging activities with
IC50 values of 13 88 ± 0 27 μg/mL, 11 04 ± 0 85 μg/mL,
1 10 ± 0 08 μg/mL, and 6 78 ± 0 23 μg/mL, while the IC50
value of Vc and BHT was 6 68 ± 1 14μg/mL and 19 36 ±
0 24μg/mL, respectively. This showed that the ability of
EF to scavenge DPPH free radical was superior to that
of Vc and BHT. BF has a comparable DPPH free radical
scavenging ability with Vc while PF and CF are valued
between the Vc and BHT. Naik et al. reported that the IC50
value of the aqueous extract of TBF for DPPH free radical
scavenging was 10.00 μg/mL [20]. Hazra et al. reported that
the IC50 value of the 70% methanol extract of TBF for DPPH
free radical scavenging was 1 45 ± 0 02μg/mL [21]. The IC50
value of the ethyl acetate extract for DPPH free radical scav-
enging was 1.40 μg/mL. All the IC50 values they reported for
DPPH free radical scavenging were higher than what we
reported (1 10 ± 0 08μg/mL). This can be explained by the
fact that different solvent extractions have different effects
on concentrating active compounds; the extraction with ethyl
acetate after ethanol extraction is considered a better way
to concentrate active compounds in TBF. In short, the
TBF purchased from Tibet has excellent antioxidation
effects after undergoing extraction by our method. Such
exceptional antioxidation effect has never been reported
by other researchers.

ABTS is also a widely accepted free radical compound
to estimate the scavenging capacity of antioxidants. In
Figure 1(b), EF (IC50 = 0 82 ± 0 09 μg/mL) and BF (IC50 =
1 89 ± 0 04 μg/mL) were found to be very effective free
radical scavengers, while PF (IC50 = 5 30 ± 0 53 μg/mL) and
CF (IC50 = 2 03 ± 0 10 μg/mL) showed weaker scavenging
abilities relative to Vc (IC50 = 1 38 ± 0 15 μg/mL) and BHT
(IC50 = 1 63 ± 0 03 μg/mL). EF was valued as having the best
ABTS free radical scavenging ability among the four extract
fractions, even stronger than Vc and BHT. ABTS radical
cation instantaneously formed once potassium persulfate
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was added to an ABTS solution. Phani Kumar et al. reported
that the ethyl acetate fraction of the ethanolic extract of Ter-
minalia arjuna skin had an IC50 value of 25 ± 1 2 μg/mL for
ABTS free radical scavenging [22], while our EF had IC50 =
0 82 ± 0 09μg/mL, proving that EF is significantly better at
scavenging ABTS free radicals.

The superoxide anion radical (·O2
-) is a ubiquitously

generated free radical in vivo, which can be produced from
pyrogallic acid spontaneous oxidation under alkaline condi-
tions, and also disappears rapidly by reacting with the hydro-
dioxyl radical under acidic conditions. The fractions can
hinder the autooxidation reaction of pyrogallic acid in this
in vitro system due to their abilities to scavenge ·O2

- radicals

(Table 1). The lower Kb value (×10−4 A/s) indicates better
scavenging of ·O2

- radicals. As indicated in Table 1, the
degree of ·O2

- radical scavenging of CF, EF, and BF was
higher than that of BHT, while PF has an equivalent scaveng-
ing ability with BHT. However, Vc has the strongest ability to
scavenge ·O2

- compared to all other fractions. EF showed the
best scavenging ability among all the four fractions, and we
compared its Kb value with that of other extracts investigated
in our lab. Huang et al. reported that the Kb value of the
superoxide anion radical scavenging by the 70% methanol
extract of Halenia elliptica was 10 87 ± 0 02 (×10−4 A/s)
[19]. Zhou et al. reported that the Kb value of the superoxide
anion radical scavenging by the 70% ethanol extract of
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Figure 1: Antioxidant activity of fractions of TBF was determined by (a) DPPH radical scavenging assay, (b) ABTS radical scavenging assay,
(c) reducing power assay, and (d) β-carotene bleaching assay. PF: petroleum ether fraction; CF: chloroform fraction; EF: ethyl acetate fraction;
BF: n-butanol fraction; BHT: butylated hydroxytoluene; Vc: vitamin C.
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Meconopsis integrifolia was 3 93 ± 0 30 (×10−4 A/s) [23].
These studies indicate that under the same experimental
method, the efficiency of EF scavenging superoxide anion
radicals is higher than that of the 70% methanol extract of
Halenia elliptica but slightly less than that of the 70% ethanol
extract of Meconopsis integrifolia.

The reducing power of a substance is associated with its
potential antioxidant activity. The Fe3+/ferricyanide complex
reduces to the ferrous form (Fe2+) when antioxidants are
present, and Fe2+ concentration can be monitored by mea-
suring the formation of Perl’s Prussian blue at 700 nm [24].
A higher absorbance value indicated stronger reducing
power by the samples, as shown in Figure 1(c); the order of
reducing power by the extracts is EF > Vc > BF > BHT >
CF > PF. EF showed significantly greater reducing power
than Vc. Hazra et al. reported that the 70% methanol
extract of TBF has almost no change in reducing power
over the entire concentration range (0.0-1.0 mg/mL) [21],
a conclusion different from our results. Our fractions
showed rapidly rising reducing power in this concentra-
tion range.

Because of the coupled oxidation of β-carotene and
linoleic acid, β-carotene discolors rapidly in the absence of
an antioxidant to scavenge free radicals. The linoleic acid free
radical, formed by drawing a hydrogen atom from its diallylic
ethylene groups, attacks the highly unsaturated β-carotene
molecules [25]. Consequently, β-carotene becomes oxidized
and loses its chromophore and characteristic orange color.
The antioxidants present in the system can impede the extent
of β-carotene bleaching by neutralizing the linoleic acid free
radical. As a result, the absorbance decreases rapidly in
samples lacking sufficient antioxidants, while samples with
antioxidants have their orange color retained. Figure 1(d)
shows that the absorbance of the control and Vc group fell
significantly as time increased. The BHT presented excellent
antioxidant ability, of which the LPO inhibition value was
51.2%. The LPO inhibition value of EF, CF, PF, and BF
was 37.5%, 25.1%, 24.2%, and 22.4%, respectively, which
indicated that EF has the best ability to fade β-carotene
among the four fractions. From the results of the β-carotene
bleaching assay, we concluded that the positive control Vc
was not suitable for the lipid peroxidation system, so only
BHT was used as a positive control in the subsequent anti-
LPO experiments.

The FTC method was used to measure the amount of
peroxide produced during the linoleic acid oxidation. Perox-
ides react with Fe2+ to form Fe3+, which has a maximum
absorbance at 500 nm with SCN−. In our assay, the formation
of peroxides and oxidation of Fe2+ were quenched on day 8
due to shortage of linoleic acid. Therefore, the absorbance

at 500 nm begins reducing after day 8. Accordingly, the
oxidation of linoleic acid would be slow in the presence of
antioxidants. The effect of fractions on preventing the perox-
idation of linoleic acid is shown in Figure 2(a). We can see
that PF, CF, and BHT showed lower absorbance values indi-
cating better resistance abilities to linoleic acid oxidation.
Interestingly, PF and CF exhibited better resistance abilities
to linoleic acid oxidation than EF and BF, whereas in the pre-
vious free radical scavenging experiments, both PF and CF
activities were less than the activities of EF and BF. This sug-
gests that the compounds contained in these fractions exhibit
different patterns of antioxidant activity. The compounds
contained in PF and CF are more suitable for combating oxi-
dation in the LPO system while the compounds contained in
EF and BF are more suitable for scavenging free radicals.

The TBAmethod is a measure of the final products of the
lipid peroxidation assay, including small molecules such as
aldehydes, ketones, acids, and hydrocarbons, which have
maximum absorption peaks between 532 and 535 nm. The
lower the absorbance value, the less the end products of
LPO. Figure 2(b) shows that BHT, PF, CF, EF, and BF all
inhibited lipid peroxide production significantly compared
with the control group, which indicated that PF, CF, EF,
and BF can effectively remove the TBA substrate (MDA,
etc.) in the postoxidation system. CF, EF, BF, and BHT were
equally effective, and there was no significant difference
between them. Unexpectedly, PF showed the best activity
against lipid peroxide production compared to other extracts
and was significantly better than BHT (p < 0 05). This may be
due to the fact that PF performed best in the process of inhi-
biting lipid peroxidation in the early stage (FTC assay), so
that no excessive MDA and other substances were produced
in this system. Sarin et al. reported that oleic acid glyceride
(61.5%) dominates in Terminalia bellirica Roxb. seed oil
[26]. Low-density lipoproteins rich in oleic acid have been
shown to combat changes in oxidative stress [27]. The pres-
ence of unsaturated fatty acids enriched in PF and CF during
the extraction process may contribute to the performance of
PF in FTC and TBA experiments.

In summary, EF has relatively prominent in vitro antiox-
idant activity in both free radical scavenging and antilipid
peroxidation systems among the four fractions. It is worth
exploring the molecular basis of this important extract
regarding whether EF can achieve extremely excellent antiox-
idant effects.

3.2. HPLC-ESI/MS Analysis for EF. The liquid chromatogram
of the EF was obtained by Shimadzu HPLC at 275 nm
(Figure 3). The total ion current chromatogram obtained
by the Thermo Fisher HPLC-ESI/MS system is shown in

Table 1: Inhibition of pyrogallic acid autooxidation by fractions of TBF.

Sample Control PF CF EF BF BHT Vc

Kb value (×10
−4) 7 44 ± 0 20a 6 79 ± 0 08b 6 10 ± 0 23c 5 21 ± 0 21d 5 84 ± 0 09c 6 55 ± 0 22b 0 11 ± 0 07e

TBF: Terminalia bellirica (Gaertn.) Roxb. fruit; PF: petroleum ether fraction; CF: chloroform fraction; EF: ethyl acetate fraction; BF: n-butanol fraction;
BHT: butylated hydroxytoluene; Vc: vitamin C. Different letters differed significantly (p < 0 05).
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Supplemental Figure 1, and the results of tentative
identification are shown in Table 2; also, the chemical
structures of these compounds are shown in Supplemental
Figure 3. Gallic acid (1), methyl neochebulanin (2), 3′-O-
methyl-4-O-(3″,4″-di-O-galloyl-α-L-rhamnopyranosyl) ellagic
acid (3), chebulanin (4), corilagin (5), 3,4,6-tri-O-galloyl-
β-D-Glc (6), chebulagic acid (7), methyl neochebulagate
(8), 1,3,4,6-tetra-O-galloyl-β-D-Glc (9), ellagic acid (11),
chebulinic acid (12), methyl neochebulinate (13), 1,2,3,4,6-
penta-O-galloyl-β-D-Glc (14), and 3′-O-methyl-4-O-(β-
D-xylopyranosyl) ellagic acid (16) were identified based on
the molecular weight given by MS and the previous report
[9]. MS spectra for each of 16 compounds can be found in
Supplemental Figure 2.

The 14 compounds identified by HPLC-MS can be
classified into five categories: (1) gallic acid and simple
gallate esters (1, 6, 9, and 14), (2) chebulic acid and che-
bulic ellagitannins (2, 4, 7, 8, 12, and 13), (3) nonchebulic
ellagitannins (5), (4) ellagic acid and derivatives (11), and
(5) ellagic glycosides (3 and 16). This shows that EF is
enriched in a large amount of phenolic compounds. Many
studies have reported that phenolic compounds play an
indispensable role in antioxidant activity [28, 29]. There
are two compounds still unknown (10 and 15), but their
MS spectra show categorical molecular ion peaks and high
relative abundance (Supplemental Figure 2). Based on
our preliminary report, it requires further phytochemical
research to identify them.
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The enrichment effect of ethyl acetate on gallic acid and
simple gallic acid ester compounds is well known. Gallic acid
(GA) and ellagic acid in mango kernel and longan seed have
been shown to have good activity in scavenging ABTS free
radicals [30]. EF may have strong antioxidant capacities
due to its high content of GA. The traditional use of TBF is
to treat hepatobiliary diseases, so we decided to study the
ability of GA to fight against liver fibrosis.

3.3. The Effect of GA on Inhibiting HSC-T6 Cell Proliferation
and Synthesis of Fibrotic Cytokines. The antiproliferative
activity of GA in HSC-T6 cells was indicated by the MTT
assay. The IC50 value was determined as 41.39 μg/mL after
coincubating with GA for 24 h (Supplemental Figure 4).
Thus, 12.5, 25, and 50 μg/mL were selected as low,
medium, and high doses, respectively, of GA for further
analysis.

After medium-dose (50 μg/mL) GA treatment, the type I
collagen content in the ECM was significantly reduced
compared to the control group (Figure 4(a)). The content
of type III collagen was significantly decreased in low,
medium, and high concentrations of GA (Figure 4(b)). These
two experimental results indicate that GA can effectively
reduce collagen deposition in the ECM. After the cells were
treated with 50 μg/mL of GA, the content of type I collagen
and type III collagen in the ECM was reduced by 23.15%
and 22.37%, respectively. The TGF-β1 content was signifi-
cantly reduced (p < 0 001) by GA in a dose-dependent
manner (Figure 4(c)). Further analysis showed that the low,
medium, and high concentrations of GA decreased TGF-β1
protein secreted to the ECM by 43.55%, 64.02%, and
72.83%, respectively. After treatment with 25 μg/mL and
50 μg/mL of GA, the content of hydroxyproline in the
ECM was reduced by 25.97% and 39.99%, respectively

(Figure 4(d)), and was significantly different from that of
the control group (p < 0 05, p < 0 01). In Figures 4(a)–4(d),
there was no significant difference between the control group
and the negative control group, indicating that the effect of
0.1% DMSO on cell growth can be omitted. Patel and Goyal
observed that GA could effectively decrease collagen and
protein content in diabetic rats [31]. There is no standard
treatment for liver fibrosis. Among those inflammatory cyto-
kines involved in liver fibrosis, TGF-β1 appears to be the
most important one. In our previous study, we proved that
GA in medium and high doses could significantly reduce
TGF-β1 and hydroxyproline in rats with liver fibrosis [32],
which is consistent with the results found in this study.
Cheng et al. provided a prospect that silencing of TGF-β1
by siRNA and shRNA might be an efficient approach against
liver fibrosis [33].

3.4. Effects of GA on Gene and Protein Expressions of Fibrotic
Cytokines and Proapoptotic Proteins. After the cells were
treated with various doses of GA for 24 h, we evaluated the
expression of platelet-derived growth factor receptor
(PDGFR) mRNA to analyze the response of cells to GA.
The decrease in PDGFR gene expression caused the decrease
in the cell response to PDGF, and GA at each concentration
played a significant role (p < 0 01) in decreasing PDGFR gene
expression (Figure 5(a)). There was some increase in the
expression of CTGF after treatment with 12.5 μg/mL of GA
(Figure 5(b)), but alteration in the expression level was not
statistically significant. Significant decreases were observed
after treatment with medium and high doses of GA. In
particular, high dose of GA significantly decreased the
expression level of CTGF by 5-fold. Each concentration of
GA was effective in inhibiting the expression of NF-κB
mRNA (Figure 5(c)). We also observed a gradual increase

Table 2: Retention times and MS parameters for the 16 putative compounds in EF.

Peak TR (min)
TR (min) on total ion
current chromatogram

[M-H]- (m/z) Tentative identification

1 6.702 12.52 169.47 Gallic acid

2 17.906 21.76 683.06 Methyl neochebulanin

3 19.482 23.75 764.70 3′-O-Methyl-4-O-(3″,4″-di-O-galloyl-α-L-rhamnopyranosyl) ellagic acid

4 20.153 23.77 651.09 Chebulanin

5 21.06 25.21 633.31 Corilagin

6 23.528 28.01 635.39 3,4,6-Tri-O-galloyl-β-D-Glc

7 28.366 31.47 953.45 Chebulagic acid

8 28.824 32.31 985.12 Methyl neochebulagate

9 29.402 33.74 787.21 1,3,4,6-Tetra-O-galloyl-β-D-Glc

10 30.138 34.65 610.48 Unknown

11 30.669 35.63 301.47 Ellagic acid

12 33.135 37.82 955.12 Chebulinic acid

13 33.621 37.92 987.10 Methyl neochebulinate

14 34.610 40.16 939.15 1,2,3,4,6-Penta-O-galloyl-β-D-Glc

15 36.914 41.23 723.67 Unknown

16 41.528 45.14 447.34 3′-O-Methyl-4-O-(β-D-xylopyranosyl) ellagic acid
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in MMP-2 gene expression after GA treatment at three
doses, and the highest concentration of GA increased the
gene expression of MMP-2 by 2.4-fold (Figure 5(d)).
Compared to the control group, the mRNA expression of
TIMP-1 or TIMP-2 was significantly lower in each GA-
treated group (12.5, 25, and 50 μg/mL), and the effect of
GA on the mRNA level of TIMP-2 was more pronounced
(Figures 5(e) and 5(f)). The mRNA expressions of α-SMA
after treatment with various concentrations of GA were
significantly downregulated (p < 0 05), showing a signifi-
cant dose-dependent effect (Figure 5(g)) with the effect
of 50 μg/mL GA being the strongest. Figure 5(h) shows
that the three GA treatment groups can significantly reduce
(p < 0 01) the mRNA expression of Bcl-2 while Figure 5(i)
shows that they can significantly increase (p < 0 01) the
mRNA expression of Bax. Interestingly, in Figure 5(i),
12.5 μg/mL GA treatment resulted in the highest mRNA
expression of Bax while 50 μg/mL GA showed the second
highest effect. However, there were no significant differ-
ences between the three treatment groups. All of the above

experiments showed that 0.1% DMSO treatment has no
effect on expressions of the target genes. In summary, we
evaluated the effect of GA on reducing the accumulated
ECM in HSC-T6 cells by monitoring the gene expressions
of fibrotic cytokines and proapoptotic proteins. The protein
expression of CTGF, NF-κB, MMP-2, TIMP-1, TIMP-2,
Bcl-2, and Bax has similar alteration trends to those of their
mRNA expressions as shown in Figure 6. In the present
study, we examined liver fibrosis by using a model cell,
HSC-T6. Numerous attempts over many years were made
to develop therapy to cure or mitigate liver fibrosis. It is
recognized that HSC activation plays a pivotal role in the
development of liver fibrosis and that the PDGF-PDGFR
interaction plays a central role in HSC activation [34]. Ding
et al. have reported that propranolol inhibited PDGF-BB–
induced hepatic stellate cell activation through PDGFR/Akt
phosphorylation [35]. In normal adult fibroblasts, TGF-β
induces the expression of CTGF that independently pro-
motes fibroblast proliferation and matrix deposition [36].
CTGF has been reported to stimulate a two- to three-fold
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Figure 4: Effect of GA on (a) collagen I synthesis, (b) collagen III synthesis, (c) TGF-β1 level, and (d) hydroxyproline content in HSC-T6 cells.
Cells were treated with GA at various concentrations (12.5, 25, and 50 μg/mL) for 24 h and then measured using assay kits. Cells were treated
with 0.1% DMSO as a vehicle control. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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Figure 5: Continued.
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increase in proα1(I) collagen and fibronectin synthesis by
both dermal and lung fibroblasts in culture and promote
significant matrix remodeling of fibroblast-populated three-
dimensional collagen lattices [37]. NF-κB was detected as a
protein that could complex to a 10 bp site in the κ light chain
enhancer, called κB [38]. When unstimulated, NF-κB is
present in the cell in its inactive form, bound to an inhibitory
protein called IκB [39]. Many factors in cells can activate
NF-κB, such as growth factors, bacteria, viruses, UV radia-
tion, and oxidative stress [40]. The literature reports that
NF-κB is present in activated fibrotic cells and is closely
related to the progression of fibrosis [41, 42]. TGF-β1 was
proven to regulate the expressions of matrix metalloprotein-
ases (MMPs) and tissue inhibitors of metalloproteinase
(TIMPs), which promote ECM degradation and ECM
synthesis, respectively [43]. Shikonin, a natural product
extracted from dried roots of Lithospermum erythrorhizon,
has been proven to significantly reduce TIMP-1 expression
and improve MMP-2 expression of either mRNA expression

or protein level in a CCl4-induced or bile duct ligation-
induced liver fibrosis model [44]. α-SMA is an actin isoform
and a specific marker for smooth muscle cell differentiation,
which has been used to identify aHSCs to show a myofibro-
blastic phenotype [45]. Lu et al. have reported that the water
extract of Phyllanthus emblica L. fruits and its major com-
pound ellagic acid were able to markedly reduce protein
levels of α-SMA in HSC-T6 cells [46]. Driving activated
HSCs into apoptosis may be another way to resolve fibrosis
as many studies have reported the link between apoptosis
and fibrosis [47]. BCL-B, a member of the BCL-2 family,
has been proven to inhibit both apoptosis and mitophagy
in human HSCs [48]. Similarly, our result shows that GA
promotes HSC apoptosis by suppressing Bcl-2 expression.
Hsieh et al. demonstrated that 100-150 μM of GA treatment
caused an imbalance between Bcl-2 and Bax, which induced
the apoptosis of hypertrophic scar fibroblasts [49]. Their
results and the results in this paper together confirm that
GA plays a role in proapoptosis in fibroblasts. In summary,
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Figure 5: Effect of GA on (a) PDGFR, (b) CTGF, (c) NF-κB, (d) MMP-2, (e) TIMP-1, (f) TIMP-2, (g) α-SMA, (h) Bcl-2, and (i) Bax gene
expression in HSC-T6 cells. Cells were treated with GA at various concentrations (12.5, 25, and 50 μg/mL) for 24 h. Cells were treated
with 0.1% DMSO as a vehicle control. Real-time PCR was performed to detect mRNA levels of target genes. Results are presented as
relative changes normalized to GAPDH. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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we observe that the expressions of cytokines or apoptotic
proteins that determine fibrogenesis were suppressed/
elevated by various concentrations of GA treatment on
HSC-T6, suggesting that GA has a potential ability to reverse
liver fibrosis.

3.5. Detection of GA-Induced HSC-T6 Apoptosis by
Fluorescent Staining. Since GA simultaneously upregulated
proapoptosis genes and downregulated antiapoptosis genes,
we next evaluated the ability of GA to promote apoptosis
of hepatocytes using annexin V-PI and TUNEL assay
staining on HSC-T6 cells. After treatment with 12.5, 25,
and 50 μg/mL of GA for 24 h, cells were stained with
annexin-V/FITC and PI. The results indicate that the
amount of apoptotic HSC-T6 cells that were cocultured
with GA significantly increased in a dose-dependent manner
compared to the untreated cells (Figures 7(a2)–7(d2)). The
fluorescence microscope was switched to normal light mode
to visualize cell morphology (Figures 7(a1)-7(d1)). Annexin
V is a phospholipid binding protein with high affinity of
phosphatidylserine. A green fluorescence signal which is
emitted by FITC can be detected when cells are in an initial
stage of apoptosis (blue arrow in the figure), suggesting that
phosphatidylserine (PS) externalization is occurring; propi-
dium iodide (PI) stains the nucleus and its fluorescence
signal is red, which can be detected when the cell membrane
loses its integrity (yellow arrow in the picture). Cells with
both green and red fluorescence signals detected simulta-
neously may be undergoing advanced stages of apoptosis or
cell necrosis (white arrows in the figure). We can see that
the number of cells under light microscopy is drastically
reduced when they were treated with 50 μg/mL of GA. This
is because the highest concentration of GA used is greater
than the IC50 value we obtained from the MTT assay. Cell
viability was only 30% when the cells were undergoing
50 μg/mL GA treatment. Wang et al. observed similar
fluorescent images when they tested whether curcumin

had the ability to protect against thioacetamide-induced
hepatic fibrosis by inducing apoptosis of damaged hepato-
cytes [50]. The TUNEL method confirmed that HSC-T6 cells
cocultured with each concentration of GA for 24 hours were
able to generate genomic DNA fragments (Figures 8(b2)–
8(d2)). The green fluorescence signal indicated apoptotic
cells; as the concentration of GA increased, the number of
total cells decreased and the number of apoptotic cells
increased. Almost no apoptotic cells were observed in the
control group (Figure 8(a2)). Cell morphology is visible
under light microscopy with phase contrast (Figures 8(a1)-
8(d1)). Hsieh et al. observed similar fluorescent images and
dose effects of GA to induce apoptosis in a similar manner
as our results instead in hypertrophic scar fibroblasts [49].
Taken together, our data strongly suggest that GA can inhibit
the proliferation of HSC-T6 cells by initialing apoptosis.
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Figure 7: Effect of GA on HSC-T6 apoptosis was measured via
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incubated with 12.5 μg/mL GA. (c1, c2) Cells were incubated with
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In summary, our study first provides evidences that EF of
TBF possesses excellent antioxidant capacity, especially in its
outstanding free radical scavenging ability; one out of sixteen
active constituents of EF, GA, effectively reduced the accu-
mulated ECM in cultured HSC-T6 cells. GA mediates gene
expression and protein levels of the Bcl-2/Bax family to
induce HSC-T6 cell apoptosis. All of these can be considered
potential antifibrotic mechanisms of GA.

Data Availability

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

Conflicts of Interest

The authors declare no competing financial interest.

Authors’ Contributions

Y.C., G.Z., and Y.W. conceived and designed the experi-
ments. Y.C. and G.Z. performed all the experiments while
B.M. and J.T. participated in part of the cytology experi-
ments. Y.C., G.Z., B.M., and J.T. analyzed the data. Y.W.
contributed reagents/materials/analysis tools. Y.C., G.Z.,
and Y.W. wrote the paper. Yuxin Chen and Gao Zhou con-
tributed equally to this work.

Acknowledgments

We thank Zongquan Liao from Dr. Haibing Zhou’s lab,
School of Pharmaceutical Sciences, Wuhan University,
China, for drawing all the chemical structures in Supplemen-
tal Figure 3. We thank Jane H. Kim from Dr. Manuela
Martins-Green’s lab, Department of Molecular, Cell and
Systems Biology, University of California, Riverside, USA,
for the language editing of this article. This work was
supported by the Project of the National Twelve-Five Year
Research Program of China (2012BAI29B03), the Com-
monweal Specialized Research Fund of China Agriculture
(201103016), and the Nanjing 321 plan for bringing in
technological leading talents (2013A12011).

Supplementary Materials

Table S1: primer sequences used for real time-PCR analysis.
Supplemental Figure 1: the total ion current (TIC) output
from the ESI-MS in negative mode. Supplemental Figure 2:
MS spectra of the 16 putative compounds in EF. The number
of each spectrum corresponds to the peak number in Table 2,
Figure 1, Supplemental Figure 1, and Supplemental Figure 3.
Supplemental Figure 3: structures of the 14 phenolic com-
pounds identified from EF based on the HPLC-MS data
and the known structures of reference compounds. Com-
pound numbers, chemical formula, and the exact mass are
presented. Supplemental Figure 4: effect of GA on HSC-T6
cell viability. The viability rate (%) of HSC-T6 cells decreased
with increased GA concentration. (Supplementary Materials)

References

[1] Y.-Y. Zhang, Z.-Y. Fu, J. Wei et al., “A LIMA1 variant pro-
motes low plasma LDL cholesterol and decreases intestinal
cholesterol absorption,” Science, vol. 360, no. 6393, pp. 1087–
1092, 2018.

[2] Q. Chen, Q. Wang, J. Zhu, Q. Xiao, and L. Zhang, “Reactive
oxygen species: key regulators in vascular health and diseases,”
British Journal of Pharmacology, vol. 175, no. 8, pp. 1279–
1292, 2018.

[3] M. C. Sabu and R. Kuttan, “Anti-diabetic activity of medicinal
plants and its relationship with their antioxidant property,”
Journal of Ethnopharmacology, vol. 81, no. 2, pp. 155–
160, 2002.

[4] S. V. Nampoothiri, A. Prathapan, O. L. Cherian, K. G. Raghu,
V. V. Venugopalan, and A. Sundaresan, “In vitro antioxidant
and inhibitory potential of Terminalia bellerica and Emblica
officinalis fruits against LDL oxidation and key enzymes linked

(a1) (a2)

Phase contrast TUNEL

(b1) (b2)

(c1) (c2)

(d1) (d2)

Figure 8: Effect of GA on HSC-T6 apoptosis was evaluated
through the TUNEL assay (400x). The morphology of HSCs was
investigated under a fluorescence microscope. TUNEL-positive
cells (green light) were considered apoptotic cells. (a1, a2) Control.
(b1, b2) Cells were incubated with 12.5 μg/mL GA. (c1, c2) Cells
were incubated with 25 μg/mL GA. (d1, d2) Cells were incubated
with 50 μg/mL GA.

13Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2019/5176090.f1.pdf


to type 2 diabetes,” Food and Chemical Toxicology, vol. 49,
no. 1, pp. 125–131, 2011.

[5] R. C. R. Latha and P. Daisy, “Insulin-secretagogue, antihyper-
lipidemic and other protective effects of gallic acid isolated
from Terminalia bellerica Roxb. in streptozotocin-induced
diabetic rats,” Chemico-biological interactions, vol. 189,
no. 1-2, pp. 112–118, 2011.

[6] R. Valsaraj, P. Pushpangadan, U. W. Smitt et al., “New
anti-HIV-1, antimalarial, and antifungal compounds from
Terminalia bellerica,” Journal of Natural Products, vol. 60,
no. 7, pp. 739–742, 1997.

[7] A. H. Gilani, A. U. Khan, T. Ali, and S. Ajmal, “Mechanisms
underlying the antispasmodic and bronchodilatory properties
of Terminalia bellerica fruit,” Journal of Ethnopharmacology,
vol. 116, no. 3, pp. 528–538, 2008.

[8] M. A. Farag, A. Porzel, and L. A. Wessjohann, “Comparative
metabolite profiling and fingerprinting of medicinal licorice
roots using a multiplex approach of GC-MS, LC-MS and 1D
NMR techniques,” Phytochemistry, vol. 76, pp. 60–72, 2012.

[9] B. Pfundstein, S. K. El Desouky, W. E. Hull, R. Haubner,
G. Erben, and R. W. Owen, “Polyphenolic compounds in the
fruits of Egyptian medicinal plants (Terminalia bellerica,
Terminalia chebula and Terminalia horrida): characterization,
quantitation and determination of antioxidant capacities,”
Phytochemistry, vol. 71, no. 10, pp. 1132–1148, 2010.

[10] G. Yigitturk, A. C. Acara, O. Erbas et al., “The antioxidant role
of agomelatine and gallic acid on oxidative stress in STZ
induced type I diabetic rat testes,” Biomedicine & Pharmaco-
therapy, vol. 87, pp. 240–246, 2017.

[11] M. Tanaka, Y. Kishimoto, M. Sasaki et al., “Terminalia bellirica
(Gaertn.) Roxb. Extract and Gallic Acid Attenuate LPS-
Induced Inflammation and Oxidative Stress via MAPK/
NF-κB and Akt/AMPK/Nrf2 Pathways,” Oxidative Medicine
and Cellular Longevity, vol. 2018, Article ID 9364364, 15 pages,
2018.

[12] C. Y. Chen, K. C. Chen, T. Y. Yang, H. C. Liu, and S. L. Hsu,
“Gallic Acid Induces a Reactive Oxygen Species-Provoked
c-Jun NH2-Terminal Kinase-Dependent Apoptosis in Lung
Fibroblasts,” Evidence-based Complementary and Alternative
Medicine, vol. 2013, Article ID 613950, 12 pages, 2013.

[13] R. Y. Kosuru, M. Aashique, A. Fathima, A. Roy, and S. Bera,
“Revealing the dual role of gallic acid in modulating ampicillin
sensitivity ofPseudomonas aeruginosabiofilms,” Future Micro-
biology, vol. 13, no. 3, pp. 297–312, 2018.

[14] M. Inoue, N. Sakaguchi, K. Isuzugawa, H. Tani, and
Y. Ogihara, “Role of reactive oxygen species in gallic acid-
induced apoptosis,” Biological & Pharmaceutical Bulletin,
vol. 23, no. 10, pp. 1153–1157, 2000.

[15] S. C. Hsieh, C. H. Wu, C. C. Wu et al., “Gallic acid selectively
induces the necrosis of activated hepatic stellate cells via
a calcium-dependent calpain I activation pathway,” Life
Sciences, vol. 102, no. 1, pp. 55–64, 2014.

[16] Y. X. Chen, J. Tong, L. L. Ge, B. X. Ma, J. S. He, and Y. W.
Wang, “Ethyl acetate fraction of Terminalia bellirica fruit
inhibits rat hepatic stellate cell proliferation and induces
apoptosis,” Industrial Crops and Products, vol. 76, pp. 364–
373, 2015.

[17] S. Y. Chor, A. Y. Hui, K. F. To et al., “Anti-proliferative
and pro-apoptotic effects of herbal medicine on hepatic
stellate cell,” Journal of Ethnopharmacology, vol. 100,
no. 1-2, pp. 180–186, 2005.

[18] Y. Chen, B. Huang, J. He, L. Han, Y. Zhan, and Y. Wang, “In
vitro and in vivo antioxidant effects of the ethanolic extract
of Swertia chirayita,” Journal of Ethnopharmacology, vol. 136,
no. 2, pp. 309–315, 2011.

[19] B. Huang, X. Ban, J. He, H. Zeng, P. Zhang, and Y. Wang,
“Hepatoprotective and antioxidant effects of the methanolic
extract from Halenia elliptica,” Journal of Ethnopharmacology,
vol. 131, no. 2, pp. 276–281, 2010.

[20] G. H. Naik, K. I. Priyadarsini, R. G. Bhagirathi et al., “In vitro
antioxidant studies and free radical reactions of triphala, an
ayurvedic formulation and its constituents,” Phytotherapy
Research, vol. 19, no. 7, pp. 582–586, 2005.

[21] B. Hazra, R. Sarkar, S. Biswas, and N. Mandal, “Comparative
study of the antioxidant and reactive oxygen species scaveng-
ing properties in the extracts of the fruits of Terminalia
chebula, Terminalia belerica and Emblica officinalis,” BMC
Complementary and Alternative Medicine, vol. 10, p. 20, 2010.

[22] G. Phani Kumar, K. Navya, E. M. Ramya, M. Venkataramana,
T. Anand, and K. R. Anilakumar, “DNA damage protecting
and free radical scavenging properties of Terminalia arjuna
bark in PC-12 cells and plasmid DNA,” Free Radicals and
Antioxidants, vol. 3, no. 1, pp. 35–39, 2013.

[23] G. Zhou, Y. Chen, S. Liu, X. Yao, and Y. Wang, “In vitro and
in vivo hepatoprotective and antioxidant activity of ethanolic
extract from Meconopsis integrifolia (Maxim.) Franch,” Jour-
nal of Ethnopharmacology, vol. 148, no. 2, pp. 664–670, 2013.

[24] K. I. Berker, K. Guclu, I. Tor, and R. Apak, “Comparative eval-
uation of Fe(III) reducing power-based antioxidant capacity
assays in the presence of phenanthroline, batho-phenanthro-
line, tripyridyltriazine (FRAP), and ferricyanide reagents,”
Talanta, vol. 72, no. 3, pp. 1157–1165, 2007.

[25] I. V. S. N. Christhudas, P. P. Kumar, C. Sunil et al., “In vitro
studies on α-glucosidase inhibition, antioxidant and free
radical scavenging activities of Hedyotis biflora L,” Food
Chemistry, vol. 138, no. 2-3, pp. 1689–1695, 2013.

[26] R. Sarin, M. Sharma, and A. A. Khan, “Terminalia belerica
Roxb. seed oil: a potential biodiesel resource,” Bioresource
Technology, vol. 101, no. 4, pp. 1380–1384, 2010.

[27] S. Parthasarathy, J. C. Khoo, E. Miller, J. Barnett, J. L. Witztum,
and D. Steinberg, “Low density lipoprotein rich in oleic acid is
protected against oxidative modification: implications for die-
tary prevention of atherosclerosis,” Proceedings of the National
Academy of Sciences, vol. 87, no. 10, pp. 3894–3898, 1990.

[28] M. Yangthong, N.Hutadilok-Towatana, andW. Phromkunthong,
“Antioxidant activities of four edible seaweeds from the
southern coast of Thailand,” Plant Foods for Human Nutri-
tion, vol. 64, no. 3, pp. 218–223, 2009.

[29] A. Djeridane, M. Yousfi, B. Nadjemi, D. Boutassouna,
P. Stocker, and N. Vidal, “Antioxidant activity of some
algerian medicinal plants extracts containing phenolic com-
pounds,” Food Chemistry, vol. 97, no. 4, pp. 654–660, 2006.

[30] Y. SOONG and P. BARLOW, “Quantification of gallic acid
and ellagic acid from longan (Dimocarpus longan Lour.) seed
and mango (Mangifera indica L.) kernel and their effects on
antioxidant activity,” Food Chemistry, vol. 97, no. 3, pp. 524–
530, 2006.

[31] S. S. Patel and R. K. Goyal, “Cardioprotective effects of gallic
acid in diabetes-induced myocardial dysfunction in rats,”
Pharmacognosy Research, vol. 3, no. 4, pp. 239–245, 2011.

[32] Y. Chen, Z. Zhou, Q. Mo, G. Zhou, and Y. Wang, “Gallic
acid attenuates dimethylnitrosamine-induced liver fibrosis

14 Oxidative Medicine and Cellular Longevity



by alteration of Smad phosphoisoform signaling in rats,”
Biomed Research International, vol. 2018, Article ID 1682743,
14 pages, 2018.

[33] K. Cheng, N. Yang, and R. I. Mahato, “TGF-beta1 gene silenc-
ing for treating liver fibrosis,”Molecular Pharmaceutics, vol. 6,
no. 3, pp. 772–779, 2009.

[34] H. Yoshiji, R. Noguchi, S. Kuriyama et al., “Imatinib mesylate
(STI-571) attenuates liver fibrosis development in rats,”
American Journal of Physiology-Gastrointestinal and Liver
Physiology, vol. 288, no. 5, pp. G907–G913, 2005.

[35] Q. Ding, Z. Li, B. Liu, L. Ling, X. Tian, and C. Zhang,
“Propranolol prevents liver cirrhosis by inhibiting hepatic
stellate cell activation mediated by the PDGFR/Akt pathway,”
Human Pathology, vol. 76, pp. 37–46, 2018.

[36] A. Holmes, D. J. Abraham, S. Sa, X. Shiwen, C. M. Black, and
A. Leask, “CTGF and SMADs, maintenance of scleroderma
phenotype is independent of SMAD signaling,” Journal of
Biological Chemistry, vol. 276, no. 14, pp. 10594–10601, 2001.

[37] X. Shi-wen, D. Pennington, A. Holmes et al., “Autocrine
overexpression of CTGF maintains fibrosis: RDA analysis
of fibrosis genes in systemic sclerosis,” Experimental Cell
Research, vol. 259, no. 1, pp. 213–224, 2000.

[38] M. J. Lenardo and D. Baltimore, “NF-κB: A pleiotropic
mediator of inducible and tissue-specific gene control,” Cell,
vol. 58, no. 2, pp. 227–229, 1989.

[39] A. A. Beg and A. S. Baldwin, “The I kappa B proteins: multi-
functional regulators of Rel/NF-kappa B transcription factors,”
Genes & Development, vol. 7, no. 11, pp. 2064–2070, 1993.

[40] L. A. J. O'Neill and C. Kaltschmidt, “NF-kB: a crucial tran-
scription factor for glial and neuronal cell function,” Trends
in Neurosciences, vol. 20, no. 6, pp. 252–258, 1997.

[41] H. N. Chen, D. J. Wang, M. Y. Ren, Q. L. Wang, and S. J. Sui,
“TWEAK/Fn14 promotes the proliferation and collagen syn-
thesis of rat cardiac fibroblasts via the NF-кB pathway,”Molec-
ular Biology Reports, vol. 39, no. 8, pp. 8231–8241, 2012.

[42] W. J. Yang, Q. Y. Zhang, Z. P. Yu et al., “Effects of nuclear
factor-kappaB on rat hepatocyte regeneration and apoptosis
after 70% portal branch ligation,” World Journal of Gastroen-
terology, vol. 11, no. 43, pp. 6775–6779, 2005.

[43] E. Roeb, “Matrix metalloproteinases and liver fibrosis (trans-
lational aspects),” Matrix Biology, vol. 68-69, pp. 463–473,
2018.

[44] T. Liu, L. Xu, C. Wang et al., “Alleviation of hepatic fibrosis
and autophagy via inhibition of transforming growth factor-
β 1/Smads pathway through shikonin,” Journal of Gastroenter-
ology and Hepatology, vol. 34, no. 1, pp. 263–276, 2019.

[45] G. Carpino, S. Morini, S. Ginanni Corradini et al., “Alpha-
SMA expression in hepatic stellate cells and quantitative
analysis of hepatic fibrosis in cirrhosis and in recurrent
chronic hepatitis after liver transplantation,” Digestive and
Liver Disease, vol. 37, no. 5, pp. 349–356, 2005.

[46] C. C. Lu, S. H. Yang, S. M. Hsia, C. H. Wu, and G. C. Yen,
“Inhibitory effects of Phyllanthus emblica L. on hepatic steato-
sis and liver fibrosis in vitro,” Journal of Functional Foods,
vol. 20, pp. 20–30, 2016.

[47] A. Canbay, S. Friedman, and G. J. Gores, “Apoptosis: the nexus
of liver injury and fibrosis,”Hepatology, vol. 39, no. 2, pp. 273–
278, 2004.

[48] Q. Ding, X. L. Xie, M. M. Wang et al., “The role of the
apoptosis-related protein BCL-B in the regulation of mito-
phagy in hepatic stellate cells during the regression of liver

fibrosis,” Experimental & Molecular Medicine, vol. 51, no. 1,
p. 6, 2019.

[49] S. C. Hsieh, C. C. Wu, S. L. Hsu, and J. H. Yen, “Molecular
mechanisms of gallic acid-induced growth inhibition, apopto-
sis, and necrosis in hypertrophic scar fibroblasts,” Life Sciences,
vol. 179, pp. 130–138, 2017.

[50] M. E. Wang, Y. C. Chen, I. S. Chen, S. C. Hsieh, S. S. Chen, and
C. H. Chiu, “Curcumin protects against thioacetamide-
induced hepatic fibrosis by attenuating the inflammatory
response and inducing apoptosis of damaged hepatocytes,”
Journal of Nutritional Biochemistry, vol. 23, no. 10, pp. 1352–
1366, 2012.

15Oxidative Medicine and Cellular Longevity



Research Article
Piperine Enhances the Antioxidant and Anti-Inflammatory
Activities of Thymoquinone against Microcystin-LR-Induced
Hepatotoxicity and Neurotoxicity in Mice

Mohamed M. Abdel-Daim ,1 Amany A. Sayed,2 Ahmed Abdeen ,3 Lotfi Aleya,4

Daoud Ali ,5 Abdullah A. Alkahtane,5 Saud Alarifi,5 and Saad Alkahtani5

1Pharmacology Department, Faculty of Veterinary Medicine, Suez Canal University, Ismailia 41522, Egypt
2Zoology Department, Faculty of Science, Cairo University, Giza 12613, Egypt
3Department of Forensic Medicine and Toxicology, Faculty of Veterinary Medicine, Benha University, Toukh 13736, Egypt
4Bourgogne Franche-Comté University, Chrono-Environment Laboratory, UMR CNRS 6249, 25030 Besançon Cedex, France
5Department of Zoology, Science College, King Saud University, Riyadh, Saudi Arabia

Correspondence should be addressed to Mohamed M. Abdel-Daim; abdeldaim.m@vet.suez.edu.eg

Received 6 November 2018; Accepted 18 February 2019; Published 16 April 2019

Guest Editor: Débora V. Valencia

Copyright © 2019 Mohamed M. Abdel-Daim 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.

Microcystin- (MC-) LR is the most frequent cyanotoxin produced by Microcystis aeruginosa cyanobacteria in the contaminated
freshwater environment. MC represents a health hazard to humans and animals. Therefore, the present study was designed to
evaluate the potential ameliorative effect of thymoquinone (TQ) and/or piperine (PP) against MC toxicity in mice. Fifty-six
mice were randomly divided into seven experimental groups. Group I is the normal control that received distilled water for 21
days; Group II (TQ) was treated with TQ (10mg/kg, i.p) for 21 days; Group III (PP) was treated with PP (25mg/kg, i.p) for 21
days; Group IV (MC) was treated with MC (10 μg/kg, i.p) for 14 days and served as the toxic control; and Groups V, VI, and
VII received TQ and/or PP 7 days prior to MC and continued for 14 days with MC. The results revealed that MC elicited
hepatotoxicity and neurotoxicity which was evident due to the significant elevation of serum AST, ALT, γGT, ALP, LDH, IL-1β,
IL-6, and TNF-α levels. Furthermore, MC markedly increased MDA and NO contents along with reduction of GSH, SOD, CAT,
and GSH-Px in liver and brain tissues. The electron transport chain may be a possible target for MC. TQ and/or PP ameliorated
the MC-mediated oxidative damage in the liver and brain which might be attributed to their antioxidant properties. However,
the concurrent treatment of TQ and PP showed the best regimen as a result of the PP-enhanced bioavailability of TQ.

1. Introduction

Microcystin- (MC-) LR is the most abundant cyanotoxin
released by Microcystis aeruginosa cyanobacteria (blue-
green algae) into freshwater bodies as a result of extensive
anthropogenic eutrophication [1]. MC, which is known to
withstand higher temperatures (up to 300°C) increasing its
persistence in the aquatic ecosystem, together with exces-
sive production lead to the build-up of high concentrations
in the environment offering potential sources of exposure
for humans, animals, fish, and birds, mainly through
consumption of contaminated seafood, vegetables, and

drinking water [2, 3]. MC is described to be a potent
hepato- and neurotoxin [2, 4–6]. MC poisoning has been
recently reported in many countries including China [7],
Egypt [8], Japan [9], Poland [10], and Brazil [11, 12]. Addi-
tionally, the MC-prolonged exposure promotes oncogenesis
in humans [13], together with the abovementioned; MC has
become a great global health concern.

MC is known to exert its hepatotoxicity and neurotoxicity
via the inhibition of phosphatase enzymes [4]. Through the
biliary system, MC reaches the hepatocytes, wherein it has
high affinity with the serine/threonine-containing enzyme
phosphatases causing hyperphosphorylation and enzyme
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dysfunction. These events disrupt the signaling pathways
and cytoskeleton integrity; thus, MC-induced hepatotoxicity
occurs [4, 14, 15]. Independent to these mechanisms, several
lines of recent evidence reported the involvement of oxida-
tive stress in MC-induced toxicities through the overproduc-
tion of reactive oxygen species (ROS) and suppression of the
cellular antioxidant system [6, 16]. However, the exact mech-
anisms underlying the MC-induced toxicity remain unclear.
Therefore, exploring new mechanistic insights, as well as
new antioxidative agents, which protects against MC-
inflicted toxicities would be of great impact on animal and
human health.

Recently, attention has been paid to the role of medicinal
plants as a source of natural antioxidants. Thymoquinone
(TQ) is the main constituent ofNigella sativa (black seed) with
antioxidant, anti-inflammatory, and anticarcinogenic activi-
ties. Several reports have documented the protective effect of
TQ against the oxidative damage inflicted by paracetamol
[17] and lead [18] in the liver; TQ could also alleviate the
inflammation associated with Alzheimer’s disease [19].

Piperine (PP) is the bioactive alkaloid ingredient of black
pepper (Piper nigrum). PP has various pharmacological poten-
cies including antioxidant and anti-inflammatory actions [20,
21]. Recently, coadministration of plant extracts has gained
great attention, whereas using two or more components may
enhance their clinical efficacy [22]. Lambert et al. [23] have
demonstrated that the bioavailability of (-)-epigallocatechin-
3-gallate was increased by 1.7-fold when it was coadmini-
strated with PP in a mouse model. Despite the proven antiox-
idant activity of TQ, it has poor bioavailability due to its lower
water solubility, poor absorption when given orally, and rapid
elimination from plasma [24]. Accordingly, we hypothesize
that PP may potentially enhance the antioxidant and anti-
inflammatory efficacy of TQ by increasing its bioavailability.
The present study was designed to comparatively evaluate
the therapeutic potential of TQ, PP, and their combination
against the MC-induced oxidative damage in hepatic and
brain tissue. Liver function tests, proinflammatory cytokines,
and oxidative status markers were determined.

2. Materials and Methods

2.1. Chemicals.Microcystin- (MC-) LR, thymoquinone (TQ),
and piperine (PP) were procured from Sigma-Aldrich (Saint
Louis, MO, USA). All kits used for biochemical and oxidan-
t/antioxidant markers analyses were purchased from the Lab-
oratory Biodiagnostics Company (Cairo, Egypt) except the
lactate dehydrogenase (LDH) enzyme kit (Randox Laborato-
ries Ltd., UK). Interleukin-1β (IL-1β) and Interleukin-6 (IL-
6) were obtained from Glory Science Co. Ltd. (Del Rio, TX,
USA) and tumor necrosis factor-α (TNF-α) was purchased
from BioSource International Inc. (Camarillo, CA, USA) to
assess the inflammatory responses.

2.2. Animals.Adultmale albinomice (Musmusculus) weighing
25-30g were used in the present study. They were housed and
maintained in controlled conditions at 25 ± 2°C with a 12 : 12
light-dark cycle. Food and water were given ad libitum. Before

commencement of the experiment, all animals were acclima-
tized to the laboratory conditions for 7 days.

The experimental protocols and procedures used in this
study were approved by the Cairo University, Faculty of
Science, Institutional Animal Care and Use Committee,
Egypt (CU/I/F/39/18). All the experimental procedures were
carried out in accordance with international guidelines for
the care and use of laboratory animals.

2.3. Experimental Protocol. Fifty-six mice were equally
divided into seven experimental groups. Group I (control):
mice received distilled water as a vehicle control only for 21
days. Group II (TQ): mice received thymoquinone (10mg/kg
daily, i.p; Talib (2017)) for 21 days. Group III (PP): mice
received piperine (25mg/kg daily, i.p; Talib (2017)) for 21
days. Group IV (MC): mice received microcystin-LR
(10μg/kg daily, i.p) for 14 days and then were administered
distilled water daily for the subsequent 7 days and served as
the MC-intoxicated group [25]. Group V (MC-TQ): mice
received thymoquinone only for 7 days and then were treated
with TQ and MC concurrently for the subsequent 14 days.
Group VI (MC-PP): mice received piperine only for 7 days
and then were treated with PP and MC concurrently for the
subsequent14 days. Group VII (MC-TQ-PP): mice were coad-
ministered with TQ and PP for 7 days and then treated with
TQ, PP, and MC concurrently for the subsequent 14 days.

2.4. Blood and Tissue Sampling. After 24h from the last treat-
ment, all groups were euthanized under sodium pentobarbital
overdose and blood samples were collected via heart puncture.
The blood sample was centrifuged and the serum collected
and stored at −20°C for further determination of liver function
tests and proinflammatory cytokines (IL-1β, IL-6, and TNF-
α). The liver and brain were rapidly excised, perfused in
physiological saline, and homogenized in ice-cold 0.2M
Tris-HCl buffer (pH7.4) followed by cooled centrifugation
(4°C) at 10000 xg. Then, the resultant supernatant was
collected and stored at -80°C for determination of tissue oxida-
tive cascade markers.

2.5. Determination of Hepatic-Specific Markers. Serum levels
of aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) were assessed according to Reitman and Frankel
[26], while that of alkaline phosphatase (ALP) was determined
according to Tietz et al. [27]. Furthermore, gamma-glutamyl
transferase (γGT) and lactate dehydrogenase (LDH) activities
were evaluated according to Szasz [28] and Babson and
Babson [29], respectively.

2.6. Determination of Proinflammatory Cytokines. IL-1β, IL-
6, and TNF-α proinflammatory markers were assayed using
commercial ELISA kits according to the manufacturer’s
instructions, and the absorbance values were measured using
an automated ELISA reader at 450nm.

2.7. Evaluation of Liver and Brain Oxidative/Antioxidative
Markers. The oxidant/antioxidant status was evaluated in
the previously prepared liver and brain tissue homogenates
through determination of malondialdehyde (MDA) [30]
and nitric oxide (NO) [31] concentrations. In addition, the
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content of antioxidant molecules including reduced glutathi-
one (GSH), superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GSH-Px) was also determined
in the liver and brain according to Beutler et al. [32],
Nishikimi et al. [33], Aebi [34], and Paglia and Valentine
[35], respectively.

2.8. Statistical Analysis. All results were presented as the
mean ± SE from eight mice per group. The results were ana-
lyzed statistically by using a statistical program (version 21.0;
SPSS Inc., Chicago, IL, USA). First, all data were tested for
normality (Shapiro-Wilk’s test) and homogeneity (Levene’s
test) as well. Then, one-way analysis of variance (ANOVA)
was used to analyze the relationship between multiple
groups, followed by Tukey’s test under a probability of 0.05.

3. Results

3.1. Effect of TQ and/or PP Treatment on Hepatic Markers.As
depicted in Figure 1, MC caused hepatotoxicity indicated by
significant (P < 0 05) elevations of serum AST, ALT, ALP,
γGT, and LDH levels of 234.34%, 229.74%, 214.33%,
214.15%, and 162.17%, respectively, when compared to the
normal controls. On the other hand, the treatment of MC-
intoxicated mice with TQ or PP exerted significant improve-
ments in these hepatic markers denoted by marked (P < 0 05)
decreases in AST, ALT, ALP, γGT, and LDH levels (MC-TQ:
73.11%, 76.42%, 65.37%, 63.03%, and 71.72% and MC-PP:
82.40%, 94.85%, 78.54%, 68.49%, and 82.33%, respectively)
in comparison to MC-treated animals (Figure 1). Obviously,
when TQ and PP were given in combination, they could
significantly (P < 0 05) restore all previous parameters close
to the normal values than their individual treatments to reach
48.01%, 52.56%, 48.56%, 48.31%, and 65.74%, respectively,
when compared to the MC values.

3.2. Effect of the TQ and/or PP Treatment on Inflammatory
Reaction. Serum concentrations of inflammatory markers
(IL-1β, IL-6, and TNF-α) were dramatically (P < 0 05) higher
in the MC-treated mice than in the saline-treated ones
(323.99%, 289.12%, and 323.00%, respectively) as shown in
Figure 2. However, treatment of MC-intoxicated mice with
TQ or PP significantly (P < 0 05) lowered serum IL-1β, IL-
6, and TNF-α concentrations (MC-TQ: 40.52%, 43.85%,
and 38.68% and MC-PP: 48.85%, 53.95%, and 50.97%,
respectively) in comparison to the MC group. Interestingly,
the MC-TQ-PP group showed marked decreases in the
measured inflammatory cytokines to 33.29%, 37.26%, and
34.37%, respectively, relative to MC alone suggesting that
the anti-inflammatory effects of the TQ-and-PP-combined
therapy were more effective than those of each individual
treatment (Figure 2).

3.3. Effect of the TQ and/or PP Treatment on Hepatic
Oxidant/Antioxidant Status. As shown in Figure 3, MC
evoked oxidative damage in the liver that was evident by dra-
matic (P < 0 05) increases in MDA and NO concentrations
(252.83% and 236.52%, respectively) and decreases in GSH,
SOD, CAT, and GSH-Px contents (39.42%, 28.17%, 28.42%,
and 28.85%, respectively) in comparison to the corresponding

control group. Alternatively, treatment with TQ, PP, or both
attenuated the MC-induced hepatooxidative damage indi-
cated by marked (P < 0 05) reductions in MDA (63.90%,
70.48%, and 41.37%, respectively) and NO (67.26%, 74.10%,
45.12%, respectively) when compared with MC-intoxicated
animals. Further, it was observed that each of the TQ and
PP was able to significantly (P < 0 05) elevate the MC-
reduced GSH levels and SOD, CAT, and GSH-Px activities
(MC-TQ: 211.18%, 243.57%, 271.96%, and 266.34% and
MC-PP: 189.57%, 207.60%, 230.14%, and 226.48%, respec-
tively) as compared with the MC values. In addition, the
cotreatment of TQ and PP boosted the antioxidant molecules
more profoundly than each single regimen seen by marked
(P < 0 05) increases in the hepatic GSH, SOD, CAT, and
GSH-Px contents by 242.09%, 316.91%, 324.46%, and
321.52%, respectively, relative to that of the MC group.

3.4. Effect of the TQ and/or PP Treatment on Brain
Oxidant/Antioxidant Status. Figure 4 displays that MC pro-
voked drastic (P < 0 05) increases in brain MDA and NO con-
centrations (245.15% and 190.04%, respectively) as compared
with the control group. Our results also revealed a reduced
antioxidant capacity depicted by marked (P < 0 05) decreases
in the GSH level and SOD, CAT, and GSH-Px activities
(43.85%, 51.33%, 52.76%, and 41.97%, respectively) in the
brain tissue of MC-intoxicated mice. Nevertheless, treatment
with TQ or PP was effective in diminishing oxidative damage
induced by MC, wherein TQ could obviously (P < 0 05) lower
the MDA and NO levels (62.77% and 75.11%, respectively)
accompanied by significant (P < 0 05) increases in brain
GSH, SOD, CAT, and GSH-Px contents (169.90%, 159.73%,
157.73%, 165.70%, respectively) in comparison to toxic con-
trols. In the same line, PP could markedly (P < 0 05) decrease
the levels of the MC-increased MDA and NO to 67.72% and
82.44%, respectively, and elevate the contents of GSH, SOD,
CAT, and GSH-Px in brain tissue (152.02%, 145.80%,
148.02%, and 138.69%, respectively) relative to MC controls.
Notably, combined therapy showed better improvement in
the antioxidant status of brain tissue of MC-treated mice
proven by significant (P < 0 05) reductions in MDA and NO
levels (43.81% and 57.15%, respectively) and upregulated
GSH level and SOD, CAT and GSH-Px activities (223.82%,
183.77%, 177.62%, and 231.15%, respectively) in comparison
with the initial MC values (Figure 4).

4. Discussion

Extensive anthropogenic eutrophication of water bodies
leads to growth of cyanobacteria and consequently the pro-
duction of high amounts of microcystin- (MC-) LR which
is a potent environmental hazard to human, animal, fish,
and bird health. Consumption of contaminated food and
drinking water is the main source of exposure [1]. It is well
known that the liver is the primary target of MC intoxica-
tion [4, 15]. In the same line, our study revealed severe hep-
atotoxicity after MC treatment indicated by marked
elevations of serum AST, ALT, and ALP levels. These find-
ings support the data obtained by previous reports [1, 36,
37] which studied the change in liver function during MC
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insult. Previous studies have attributed the MC-induced
hepatotoxicity to the high affinity of MC to form strong cova-
lent bonds with hepatic serine/threonine-specific protein
phosphatases which potently inhibit their activities [14]. These
events initiate a cascade of cellular dysfunction including
disturbing cellular signaling and loss of cytoskeletal integrity
due to protein hyperphosphorylation, ending in the leakage
of liver marker enzymes into the bloodstream [4, 5, 15, 38].

Moreover, a growing body of evidence suggests the
involvement of oxidative stress inMC-induced hepatotoxicity

[1, 6, 14, 37, 39]. Besides the hepatotoxicity,MChas the ability
to cross the blood-brain barrier [40] and cause neurotoxicity
via possiblemechanisms of phosphatase inhibition and oxida-
tive damage [2, 5, 41]. In the biological system, oxidative stress
comprises a sequence of events which involves the excessive
production of ROS (O2

•− (superoxide anions), OH• (hydroxyl
radicals), H2O2 (hydrogen peroxide), and NO (nitric oxide))
that overwhelms the cellular antioxidant defense mecha-
nisms. These events cause several deleterious effects on cellu-
lar macromolecules such as lipid peroxidation, mitochondrial
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Figure 1: Ameliorative effect of thymoquinone (TQ) and/or piperine (PP) against microcystin- (MC-) LR-induced hepatotoxicity in mice. (a)
AST; (b) ALT; (c) ALP; (d) γGT; (e) LDH. Values are expressed asmean ± SE. Columns carrying different letters are considered significantly
different (P < 0 05).
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dysfunction, ATP reduction, protein oxidation, and DNA
damage [38, 42, 43]. OH• is the most harmful ROS that
directly attacks the lipid content of the cellular membranes
causing lipid peroxidation manifested by increased produc-
tion ofMDA that also has the affinity to bind to other cellmol-
ecules which worsens the situation. Among cellular
antioxidants, GSH, CAT, andGSH-Px are required for hydro-
lysis of H2O2 into H2O. However, depletion of such antioxi-
dants makes the hydrolysis reaction shift to Fenton’s
reaction, where large amounts of OH• are formed from
H2O2 [43]. Consistently, this study suggests the implication
of oxidative stress during MC intoxication which was
observed by significant increases inMDAandNO levels along
with the depletion of cellular antioxidants in liver and brain
tissues. In addition, in the current study, loss of hepatocyte
membrane integrity due to MC-evoked lipid peroxidation
may be another cause of the efflux of transaminases into the
bloodstream [38, 42].

Furthermore, MC has been reported to accumulate in the
liver as a part of its detoxification process, wherein it forms a
conjugate with hepatic GSH, namely, the MC-GSH complex
[14]. That leads to exhaustion of the available GSH which is
required for the recycling of GSH-Px during the hydrolysis
reaction of H2O2 into H2O [44]. Our data also showed

decreases in SOD activities which are themainO2
•− scavenger.

Therefore, the accumulated O2
•− spontaneously reacts with

the excess NO and forms the peroxynitrite radical (ONOO−)
which causes protein nitration and dysfunction and depletion
of GSH [25, 44], recently called nitrosative stress.

γGT is described as a sensitive marker for oxidative stress
[45]. γGT is a membranous protein expressed in many cell
types, particularly in the liver. It is expressed mainly in the
apical plasma membrane facing the extracellular space [46],
where it functions as a GSH recycler [47]. Therefore, we sup-
pose that the increased serum level of γGT and decreased tis-
sue concentrations of GSH may be attributed to the loss of
membrane integrity and release of γGT into the bloodstream
as a result of MC-induced lipid peroxidation along with
reduced GSH recycling. Our data confirm the studies which
reported an inverse correlation between γGT and antioxi-
dants [45]. The current study also reported a significant
increase in the serum LDH level. Since the cell integrity is lost
due to lipid peroxidation, LDH is released extracellularly and
increases its serum level [48]. It is well known that when
there is a reduction in ATP production along the electron
transport chain during the aerobic glycolysis, the reaction
shifts to anaerobic glycolysis where lactates and LDH are
increased [25, 48]. Our group has previously demonstrated
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Figure 2: Ameliorative effect of thymoquinone (TQ) and/or piperine (PP) against microcystin- (MC-) LR-induced inflammation in mice. (a)
IL-1β; (b) IL-6; (c) TNF-α. Values are expressed as mean ± SE. Columns carrying different letters are considered significantly different
(P < 0 05).
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an increased serum LDH in a fipronil-targeted electron
transport chain [38]. Therefore, we suppose that the electron
transport chain might be a possible target for MC.

The present study reported marked increases in serum
γGT and tissue NO, besides the intracellular accumula-
tion of MC. All of these events played a central role in
GSH exhaustion and subsequent reduction in GSH-Px,
SOD, and CAT activities. Taken altogether, our data con-
firm the involvement of oxidative damage in MC-induced
toxicity [1, 2, 6, 14, 37, 39, 41].

It was well known that excessive ROS production and
oxidative stress initiate an intracellular cascade signaling that
enhances the expression of the proinflammatory gene as well
as the production of inflammatory cytokines [49]. Along
with these, the present investigation revealed increases in
serum IL-1β, IL-6, and TNF-α which might happen in
response to MC-induced oxidative stress in the liver and
brain tissue. The ongoing findings are in agreement with
Ahmad et al. [1], Abd AL Majeed et al. [50], and Lone
et al. [25]. The current data also emphasize our previous
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Figure 3: Ameliorative effect of thymoquinone (TQ) and/or piperine (PP) against microcystin- (MC-) LR-induced oxidative damage in the
mouse liver. (a) MDA; (b) NO; (c) GSH; (d) SOD; (e) CAT; (f) GSH-Px. Values are expressed asmean ± SE. Columns carrying different letters
are considered significantly different (P < 0 05).
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reports which demonstrated a triggered inflammatory reac-
tion in response to oxidative damage induced by piroxicam
[51], acetaminophen [52], fipronil insecticide [38], and cad-
mium [42] insults. Basically, the oxidative insult besides the
proinflammatory cytokine, recorded in the present result,
increases the vulnerability of the brain to various neurode-
generative diseases.

TQ is described to have anti-inflammatory and antioxi-
dant properties exerted by its ROS scavenging and antioxi-
dant upregulation activities [17, 18]. PP is also reported to
have the same pharmacological actions [20, 21]. In the pres-
ent investigation, treatment with TQ or PP attenuated the
MC-induced hepatotoxicity and neurotoxicity indicated by
significant reduction of the serum biochemical parameters
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Figure 4: Ameliorative effect of thymoquinone (TQ) and/or piperine (PP) against microcystin- (MC-) LR-induced oxidative damage in the
mouse brain. (a) MDA; (b) NO; (c) GSH; (d) SOD; (e) CAT; (f) GSH-Px. Values are expressed as mean ± SE. Columns carrying different
letters are considered significantly different (P < 0 05).
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and proinflammatory cytokines along with improvement in
the oxidative/antioxidative state. In fact, the chemical struc-
ture of TQ and PP is the key of their antioxidant activity.
Their chemical structures contain a phenol ring, double
bonds, and hydrogen atom (H+) allowing free delocalization
of electrons and H+ donation by which scavenging and neu-
tralization of ROS, NO, and accumulated MC take place and
eventually attenuate the oxidative damage [52]. Supplemen-
tation with external ROS scavenging agents increases the
availability of the cellular unconjugated GSH promoting
the cellular antioxidant capacity. In another cohort study,
dietary supplementation of antioxidants has shown a nega-
tive correlation with serum γGT suggesting the improve-
ment of cellular oxidative status [45].

Interestingly, cotherapy of TQ and PP offers plenty of
phenol rings and H+ donors by which they could obviously
improve all parameters much better than their individual
treatments. PP is described as a dietary enhancer used to
increase the bioavailability of other antioxidants either by
promoting their absorption or by slowing their biodegrada-
tion in the liver via inhibition of several cytochrome P450-
mediated metabolic pathways [53]. PP has been reported to
enhance the bioavailability of ginsenoside Rh2 [54], puerarin
[22], and (-)-epigallocatechin-3-gallate [23]. Talib (2017) has
documented a synergistic action between TQ and PP against
breast cancer in a mouse model. Therefore, we assume that
the enhanced protective effects of the combined treatment
were likely due to the synergistic antioxidant capacity of both
agents and the increased bioavailability of TQ. Figure 5

shows the possible antioxidant and anti-inflammatory effects
of TQ, PP, and their combination against MC-induced
hepatotoxicity and neurotoxicity.

5. Conclusion

In the current study, MC provokes hepatotoxic and neuro-
toxic effects indicated by elevated serum hepatic markers
and proinflammatory cytokines along with disruption of
the oxidative state. An electron transport chain may be a
possible target for MC. Treatment with TQ or PP alone alle-
viates such injuries in MC-intoxicated animals which may
be attributed to their antioxidant and anti-inflammatory
properties. Notably, a combination of TQ and PP exerts
more improvement than their individual treatments. Such
efficacy might be due to providing more than one antioxi-
dant and due to the PP-enhanced bioavailability of TQ.

Abbreviations

ALT: Alanine aminotransferase
ALP: Alkaline phosphatase
AST: Aspartate aminotransferase
CAT: Catalase
γGT: Gamma-glutamyl transferase
GSH: Reduced glutathione
GSH-Px: Glutathione peroxidase
IL-1β: Interleukin-1β
IL-6: Interleukin-6

MC-LR

OH•
Lipid peroxidation 

MDA

Protein damage 

MC-LR

CAT

GSH

SOD

GPx
O2

•−

H2O2

Fe
nt

on
’s

re
ac

tio
n

H2O + O2 

Proinflammatory
cytokines

GSH

�훾GT
dissociation GSH

AST

AST

ALT

ALT

ALP

LDH

ALP

IL-1�훽

IL-6

TNF

NO

ATP 

LDH Aerobic 
glycolysis

Anaerobic 
glycolysis

AST

ALT

ALP

LDH

MC-LRGSH

�훾GT

P

TQ
P

Phosphatases

P
TQ

TQ

TQ
P

TQ
P

TQ

PAlanine aminotransferase

Aspartate aminotransferase

Alkaline phosphatase

�훾-Glutamyl transferase 

Lactate dehydrogenase

Reduced glutathione

Interleukin-1�훽

Interleukin-6

Tumor necrosis factor-�훼

Thymoquinone

Piperine

Microcystin-LR

IL-6

TNF

LDH

�훾GT
�훾GT

�훾GT

�훾GT

IL-1�훽

Figure 5: Schematic diagram of the possible antioxidant and anti-inflammatory effects of thymoquinone (TQ), piperine (PP), and their
combination against microcystin- (MC-) LR-induced hepatotoxicity and neurotoxicity in mice.

8 Oxidative Medicine and Cellular Longevity



LDH: Lactate dehydrogenase
MDA: Malondialdehyde
SOD: Superoxide dismutase
TNF-α: Tumor necrosis factor-α
TQ: Thymoquinone
MC-LR: Microcystin-LR.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

The authors extend their appreciation to the Deanship of
Scientific Research at King Saud University for funding this
work through research group number RGP-018. They also
are grateful to the Department of Veterinary Forensic
Medicine and Toxicology, Benha University, for the technical
support provided.

References

[1] W. Ahmad, E. Haque, F. Jamshed, A. Saad, and S. Al-Jasabi,
“Prevention of formation of toxic carbonyl and aldehyde com-
pounds in BALB/C micehepatocytes caused by the toxicity of
microcystin-LR using hydroxytyrosol extracted from Zizy-
phusspina-christi,” American-Eurasian Journal of Toxicologi-
cal Sciences, vol. 6, pp. 68–73, 2014.

[2] Y. Hu, L. Chen, J. Chen, X. Zhang, and P. Xie, “A review of
reproductive toxicity of microcystins,” Journal of Hazardous
Materials, vol. 301, pp. 381–399, 2016.

[3] WHO, “Cyanobacterial toxins: microcystin-LR in drinking-
water,” Environmental Health, vol. 2, pp. 1–14, 1998.

[4] A. Campos and V. Vasconcelos, “Molecular mechanisms of
microcystin toxicity in animal cells,” International Journal of
Molecular Sciences, vol. 11, no. 1, pp. 268–287, 2010.

[5] O. Myhre, D. M. Eide, S. Kleiven, H. C. Utkilen, and T. Hofer,
“Repeated five-day administration of L-BMAA, microcystin-
LR, or as mixture, in adult C57BL/6 mice - lack of adverse cog-
nitive effects,” Scientific Reports, vol. 8, no. 1, pp. 2308–2314,
2018.

[6] J. Jiang, Z. Shan, W. Xu et al., “Microcystin-LR induced reac-
tive oxygen species mediate cytoskeletal disruption and apo-
ptosis of hepatocytes in Cyprinus carpio L,” PLoS One, vol. 8,
no. 12, article e84768, 2013.

[7] J. Chen and P. Xie, “Seasonal dynamics of the hepatotoxic
microcystins in various organs of four freshwater bivalves
from the large eutrophic Lake Taihu of subtropical China
and the risk to human consumption,” Environmental Toxicol-
ogy, vol. 20, no. 6, pp. 572–584, 2005.

[8] Z. A. Mohamed, W. W. Carmichael, and A. A. Hussein, “Esti-
mation of microcystins in the freshwater fish Oreochromis
niloticus in an Egyptian fish farm containing a microcystis
bloom,” Environmental Toxicology, vol. 18, no. 2, pp. 137–
141, 2003.

[9] A. Yokoyama and H. D. Park, “Mechanism and prediction for
contamination of freshwater bivalves (Unionidae) with the
cyanobacterial toxin microcystin in hypereutrophic Lake
Suwa, Japan,” Environmental Toxicology, vol. 17, no. 5,
pp. 424–433, 2002.

[10] Z. Romanowska-Duda, J. Mankiewicz, M. Tarczynska,
Z. Walter, and M. Zalewski, “The effect of toxic cyanobac-
teria (blue-green algae) on water plants and animal cells,”
Polish Journal of Environmental Studies, vol. 11, pp. 561–
566, 2002.

[11] E. M. Jochimsen, W. W. Carmichael, J. S. An et al., “Liver fail-
ure and death after exposure to microcystins at a hemodialysis
center in Brazil,” The New England Journal of Medicine,
vol. 338, no. 13, pp. 873–878, 1998.

[12] S. M. F. O. Azevedo, W.W. Carmichael, E. M. Jochimsen et al.,
“Human intoxication by microcystins during renal dialysis
treatment in Caruaru—Brazil,” Toxicology, vol. 181-182,
pp. 441–446, 2002.

[13] P. Xu, X. X. Zhang, C. Miao et al., “Promotion of melanoma
cell invasion and tumor metastasis by microcystin-LR via
phosphatidylinositol 3-kinase/AKT pathway,” Environmental
Science & Technology, vol. 47, pp. 8801–8808, 2013.

[14] B. Greer, J. P. Meneely, and C. T. Elliott, “Uptake and accumu-
lation of microcystin-LR based on exposure through drinking
water: an animal model assessing the human health risk,” Sci-
entific Reports, vol. 8, no. 1, article 4913, 2018.

[15] N. A. Robinson, C. F. Matson, and J. G. Pace, “Association of
microcystin-LR and its biotransformation product with a
hepatic-cytosolic protein,” Journal of Biochemical Toxicology,
vol. 6, no. 3, pp. 171–180, 1991.

[16] K. Wang, S. Garg, and T. D. Waite, “Light-mediated reactive
oxygen species generation and iron redox transformations in
the presence of exudate from the cyanobacterium microcystis
aeruginosa,” Environmental Science & Technology, vol. 51,
no. 15, pp. 8384–8395, 2017.

[17] I. Ö. Aycan, A. Tüfek, O. Tokgöz et al., “Thymoquinone treat-
ment against acetaminophen-induced hepatotoxicity in rats,”
International Journal of Surgery, vol. 12, no. 3, pp. 213–218, 2014.

[18] A. Mabrouk, I. Bel Hadj Salah, W. Chaieb, and H. Ben Cheikh,
“Protective effect of thymoquinone against lead-induced
hepatic toxicity in rats,” Environmental Science and Pollution
Research, vol. 23, no. 12, pp. 12206–12215, 2016.

[19] Y. S. Abulfadl, N. N. El-Maraghy, A. A. E. Ahmed, S. Nofal,
Y. Abdel-Mottaleb, and O. A. Badary, “Thymoquinone allevi-
ates the experimentally induced Alzheimer’s disease inflam-
mation by modulation of TLRs signaling,” Human &
Experimental Toxicology, vol. 37, no. 10, pp. 1092–1104, 2018.

[20] K. Srinivasan, “Black pepper and its pungent principle-piperine:
a review of diverse physiological effects,” Critical Reviews in
Food Science and Nutrition, vol. 47, no. 8, pp. 735–748, 2007.

[21] R. S. Vijayakumar and N. Nalini, “Efficacy of piperine, an
alkaloidal constituent from Piper nigrum on erythrocyte
antioxidant status in high fat diet and antithyroid drug
induced hyperlipidemic rats,” Cell Biochemistry and Func-
tion, vol. 24, no. 6, pp. 491–498, 2006.

[22] Y. Z. Liang, H. M. Chen, Z. Q. Su et al., “White pepper and
piperine have different effects on pharmacokinetics of puer-
arin in rats,” Evidence-Based Complementary and Alterna-
tive Medicine, vol. 2014, Article ID 796890, 8 pages, 2014.

[23] J. D. Lambert, J. Hong, D. H. Kim, V. M. Mishin, and C. S.
Yang, “Piperine enhances the bioavailability of the tea

9Oxidative Medicine and Cellular Longevity



polyphenol (−)-epigallocatechin-3-gallate in mice,” The Jour-
nal of Nutrition, vol. 134, no. 8, pp. 1948–1952, 2004.

[24] K. M. Alkharfy, A. Ahmad, R. M. A. Khan, and W. M. Al-
Shagha, “Pharmacokinetic plasma behaviors of intravenous
and oral bioavailability of thymoquinone in a rabbit model,”
European Journal of Drug Metabolism and Pharmacokinet-
ics, vol. 40, no. 3, pp. 319–323, 2015.

[25] Y. Lone, M. Bhide, and R. K. Koiri, “Amelioratory effect of
coenzyme Q10 on potential human carcinogen microcystin-
LR induced toxicity in mice,” Food and Chemical Toxicology,
vol. 102, pp. 176–185, 2017.

[26] S. Reitman and S. Frankel, “A colorimetric method for the
determination of serum glutamic oxalacetic and glutamic
pyruvic transaminases,” American Journal of Clinical Pathol-
ogy, vol. 28, no. 1, pp. 56–63, 1957.

[27] N. W. Tietz, C. A. Burtis, P. Duncan et al., “A reference
method for measurement of alkaline phosphatase activity in
human serum,” Clinical Chemistry, vol. 29, no. 5, pp. 751–
761, 1983.

[28] G. Szasz, “Reaction-rate method for γ-glutamyltransferase
activity in serum,” Clinical chemistry, vol. 22, pp. 2051–2055,
1976.

[29] A. L. Babson and S. R. Babson, “Kinetic colorimetric measure-
ment of serum lactate dehydrogenase activity,” Clinical Chem-
istry, vol. 19, no. 7, pp. 766–769, 1973.

[30] M. Mihara and M. Uchiyama, “Determination of malonalde-
hyde precursor in tissues by thiobarbituric acid test,” Analyti-
cal Biochemistry, vol. 86, no. 1, pp. 271–278, 1978.

[31] L. C. Green, D. A. Wagner, J. Glogowski, P. L. Skipper, J. S.
Wishnok, and S. R. Tannenbaum, “Analysis of nitrate, nitrite,
and [15N]nitrate in biological fluids,” Analytical Biochemistry,
vol. 126, no. 1, pp. 131–138, 1982.

[32] E. Beutler, O. Duron, and B. M. Kelly, “Improved method for
determination of blood glutathione,” The Journal of Labora-
tory and Clinical Medicine, vol. 61, pp. 882–888, 1963.

[33] M. Nishikimi, N. A. Rao, and K. Yagi, “The occurrence of
superoxide anion in the reaction of reduced phenazine
methosulfate and molecular oxygen,” Biochemical and Bio-
physical Research Communications, vol. 46, no. 2, pp. 849–
854, 1972.

[34] H. Aebi, “Catalase in vitro,” Methods in Enzymology, vol. 105,
pp. 121–126, 1984.

[35] D. E. Paglia and W. N. Valentine, “Studies on the quantitative
and qualitative characterization of erythrocyte glutathione
peroxidase,” The Journal of Laboratory and Clinical Medicine,
vol. 70, no. 1, pp. 158–169, 1967.

[36] J. Chen, P. Xie, L. Li, and J. Xu, “First identification of the hep-
atotoxic microcystins in the serum of a chronically exposed
human population together with indication of hepatocellular
damage,” Toxicological Sciences, vol. 108, no. 1, pp. 81–89,
2009.

[37] J. Chen, Z. Liu, G. Zhou, Z. Han, H. Zhang, and Y. Zhang,
“Effect of cyanobacteria extract on some associated enzymes
in mouse liver in vivo,” Chinese Journal of Oceanology and
Limnology, vol. 28, no. 6, pp. 1180–1186, 2010.

[38] M. M. Abdel-Daim and A. Abdeen, “Protective effects of rosu-
vastatin and vitamin E against fipronil-mediated oxidative
damage and apoptosis in rat liver and kidney,” Food and
Chemical Toxicology, vol. 114, pp. 69–77, 2018.

[39] W. X. Ding, H. M. Shen, H. G. Zhu, and C. N. Ong, “Studies on
oxidative damage induced by cyanobacteria extract in primary

cultured rat hepatocytes,” Environmental Research, vol. 78,
no. 1, pp. 12–18, 1998.

[40] W. J. Fischer, S. Altheimer, V. Cattori, P. J. Meier, D. R. Die-
trich, and B. Hagenbuch, “Organic anion transporting poly-
peptides expressed in liver and brain mediate uptake of
microcystin,” Toxicology and Applied Pharmacology, vol. 203,
no. 3, pp. 257–263, 2005.

[41] M. Maidana, V. Carlis, F. G. Galhardi et al., “Effects of micro-
cystins over short- and long-termmemory and oxidative stress
generation in hippocampus of rats,” Chemico-Biological Inter-
actions, vol. 159, no. 3, pp. 223–234, 2006.

[42] A. Abdeen, A. Ghonim, R. El-Shawarby et al., “Protective effect
of cinnamon against cadmium-induced hepatorenal oxidative
damage in rats,” International Journal of Pharmacology and
Toxicology, vol. 5, no. 1, p. 17, 2017.

[43] H. Sies, C. Berndt, and D. P. Jones, “Oxidative stress,” Annual
Review of Biochemistry, vol. 86, no. 1, pp. 715–748, 2017.

[44] J. Nordberg and E. S. J. Arnér, “Reactive oxygen species, anti-
oxidants, and the mammalian thioredoxin system,” Free Rad-
ical Biology and Medicine, vol. 31, no. 11, pp. 1287–1312, 2001.

[45] D. H. Lee, R. Blomhoff, and D. R. Jacobs, “Review: is serum
gamma glutamyltransferase a marker of oxidative stress?,”
Free Radical Research, vol. 38, no. 6, pp. 535–539, 2004.

[46] J. B. Whitfield, “Gamma glutamyl transferase,” Critical
Reviews in Clinical Laboratory Sciences, vol. 38, no. 4,
pp. 263–355, 2001.

[47] J. H. Doroshow, “Glutathione peroxidase and oxidative stress,”
Toxicology Letters, vol. 82-83, pp. 395–398, 1995.

[48] P. Jovanović, L. Žorić, I. Stefanović et al., “Lactate dehydroge-
nase and oxidative stress activity in primary open-angle glau-
coma aqueous humour,” Bosnian Journal of Basic Medical
Sciences, vol. 10, no. 1, pp. 83–88, 2010.

[49] S. Salzano, P. Checconi, E.-M. Hanschmann et al., “Linkage of
inflammation and oxidative stress via release of glutathiony-
lated peroxiredoxin-2, which acts as a danger signal,” Proceed-
ings of the National Academy of Sciences, vol. 111, no. 33,
pp. 12157–12162, 2014.

[50] M. Abd AL Majeed, E. Y. A. AL-Sultan, and A. A. K. Abass,
“Toxic effects of low concentration of cyanotoxin (microcys-
tin-LR) on mice and study of protective efficacy of the antiox-
idants vitamins (C&E) and Capparis spinosa L. root extract,”
Journal of Natural Sciences Research, vol. 6, pp. 34–42, 2016.

[51] A. Abdeen, M. Aboubakr, D. Elgazzar et al., “Rosuvastatin
attenuates piroxicam-mediated gastric ulceration and hepato-
renal toxicity in rats,” Biomedicine & Pharmacotherapy,
vol. 110, pp. 895–905, 2019.

[52] A. Abdeen, A. Abdelkader, M. Abdo, G. Wareth,
M. Aboubakr, and L. Aleya, “Protective effect of cinnamon
against acetaminophen-mediated cellular damage and apopto-
sis in renal tissue,” Environmental Science and Pollution
Research, vol. 26, no. 1, pp. 240–249, 2019.

[53] R. K. Bhardwaj, H. Glaeser, L. Becquemont, U. Klotz, S. K.
Gupta, and M. F. Fromm, “Piperine, a major constituent of
black pepper, inhibits human P-glycoprotein and CYP3A4,”
The Journal of Pharmacology and Experimental Therapeutics,
vol. 302, no. 2, pp. 645–650, 2002.

[54] Z. H. Jin, W. Qiu, H. Liu, X. H. Jiang, and L. Wang, “Enhance-
ment of oral bioavailability and immune response of ginseno-
side Rh2 by co-administration with piperine,” Chinese Journal
of Natural Medicines, vol. 16, no. 2, pp. 143–149, 2018.

10 Oxidative Medicine and Cellular Longevity


