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Curcumin (diferuloylmethane, a yellow pigment in spice
turmeric) is a natural product polyphenol extracted from
the rhizome of Curcuma longa. Curcumin has been
shown to elicit a strong antioxidant activity by directly
scavenging free radicals, even more effectively than vi-
tamin E. It has been widely used in pharmaceutical and
medical applications based on the broad spectrum of
biological actions, including antibacterial, antiviral, an-
tifungal, and anti-inflammatory activities. Direct cur-
cumin targets include cyclooxygenase 2 (COX-2),
lipoxygenase, nuclear factor erythroid 2-related factor 2,
toll-like receptor (TLR) 4, transforming growth factor-
beta (TGF-f)/smad signaling pathway, focal adhesion
kinase, glutathione, glycogen synthase kinase- (GSK-) 3
B, phosphorylase-3 kinase, xanthine oxidase, pp60 src
tyrosine kinase, and ubiquitin isopeptidase, which play
important roles in oxidative stress, inflammation,
autophagy, ferroptosis, and apoptosis. Therefore, cur-
cumin has been proposed to increase the therapeutic
efficiency of some drugs, albeit the potential molecular
mechanisms remain unclear. Importantly, available
preclinical and phase I/II data suggest that curcumin is
well tolerated and has a good safety profile. A classic
example is the combination between curcumin and
polymyxins whereby in addition to its synergistic anti-
microbial activity, curcumin could potentially ameliorate
polymyxin-induced unwanted neurotoxicity. With the

proposal of concept on precision medicine in the clinic,
the underlying molecular mechanism and potential
target for the combination therapy are much emphasized.

In this special issue, investigators contribute original
research articles and review articles that would facilitate the
understanding of the basic mechanisms of curcumin as well
as the development of new and promising complementary
and alternative strategies for curcumin combination.

Wang et al. reported the neuroprotective effect of cur-
cumin against oxygen-glucose deprivation/reoxygenation
(OGD/R) injury in HT22 neuronal cells. They suggested that
curcumin can protect OGD/R-induced neuronal apoptotic
cell death by inhibiting intracellular ROS accumulation and
mitochondria dysfunction. Knockdown of SOD2 by RNA
interference (RNAI) attenuated the protective effect of
curcumin on OGD/R-induced neuronal cell death, sug-
gesting that SOD2 may be a target of curcumin death.

Wang and Chen reviewed the bidirectional action of
curcumin and curcuminoids as well as synthetic curcumin
analog on angiogenesis based on the current research
findings. They review paper summarized the antiangio-
genesis effect of curcumin. Curcumin could regulate mul-
tiple factors, including proangiogenesis factor vascular
endothelia growth factor (VEGF), matrix metalloproteinase
(MMPs), and fibroblast growth factors (FGF), both in vivo
and in vitro, and promote angiogenesis under certain cir-
cumstances via these factors.
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The relationship between gut microbiota and human
diseases has been a major topic of interest for many studies.
Pan and his colleagues reviewed the effects of gut microbiota
in the pharmacological effect of natural products including
ginseng, bebeerine, and curcumin. Natural products may
cause changes in the composition of intestinal microbiota,
microbial metabolites, intestinal tight junction structure,
and mucosal immunology. On the contrary, these changes
will eventually result in the exertion of the pharmacological
effects by treatment with these natural products. This is a
new field for the investigation of curcumin’s pharmaco-
logical effects, and the potential molecular mechanism needs
further investigation.

Curcumin has been widely used as a supplementary
agent against drug, carbon tetrachloride (CCly), and etha-
nol-induced liver injury. Inhibiting the TGF-f8 pathway
usually was considered as a potential target of curcumin.
Zhang et al.’s results implied that a variant of rs17687727 in
TGEF-f3 receptor-associated protein 1 (TGFBRAPI1) (a
member of TGF-f transmembrane receptors) may influence
the susceptibility to antituberculosis drug-induced liver
injury in first-line antituberculosis combination treatment in
the Han Chinese population in a dependent manner. This
result provides the information for potential candidate
treatment drugs including curcumin.

Natural products are an important source of drug re-
search for the future. A novel application of natural sub-
stances is combination therapy, which consists of the
administration of two or more substances, such as conven-
tional chemotherapeutics plus a natural compound or mul-
tiple natural compounds at a time. Investigation of potential
targets is urgent toward the understanding of molecular
mechanisms and the development of key new formulations.

Gong et al. reported an ancient herbal mixture, named
Danggui Buxue Tang (DBT};55), which comprises four herbs
(e.g., Angelicae Sinensis Radix, Astragali Radix, Jujuba
Fructus, and Zingiberis Rhizoma Recens in a weight ratio of
36:30:15:20), on the effects of preventing obesity in an in
vitro model by using mouse 3T3-L1 fibroblast cells. Their
results showed that DBT ;55 could actuate brown fat-specific
gene activations, such as peroxisome proliferator-activated
receptor (PPARy), mitochondrial uncoupling protein 1
(UCP1), and peroxisome proliferator-activated receptor y
coactivator 1 (PCGla). Meanwhile, DBT1155 could decrease
lipid accumulation by triggering AMPK signaling.

Tian et al. reported Cynomorium songaricum extract
exhibited potential therapeutic effect on neuroprotection of
ovariectomized rats, and its effect was possibly exerted by
p-cAMP-response element binding protein (CREB)/brain-
derived neurotrophic factor- (BDNF-) mediated down-
regulation of extracellular regulated protein kinases (ERK)/
P38 mitogen-activated protein kinase (p38MAPK).

We hope that this special issue can be really special for
scientists studying the pharmacological effects of curcumin
and discoveries of curcumin combination therapy.

Conflicts of Interest

The editors declare that they have no conflicts of interest.

Evidence-Based Complementary and Alternative Medicine

Acknowledgments

The editors thank the academic editors Mario Ledda and
Jamal A. Mahajna’s editorial contribution in the process of
peer-review. The editors express their gratitude to all authors
who made this special issue possible. We hope this collection
of articles will be useful to the scientific community.

Chongshan Dai
Xiuying Zhang
Keyu Zhang



Hindawi

Evidence-Based Complementary and Alternative Medicine
Volume 2019, Article ID 2160642, 14 pages
https://doi.org/10.1155/2019/2160642

Research Article

Hindawi

SOD2 Mediates Curcumin-Induced Protection against
Oxygen-Glucose Deprivation/Reoxygenation Injury in HT22 Cells

Yuqing Wang,l Yuanyuan Zhang,2 Liang Yang,3 Jin Yuan,! Ji Jia®,’ and Shuai Yang

6

'Department of Rehabilitation, General Hospital of Southern Theatre Command of PLA, Guangzhou 510010, China
Department of Ist Geriatrics, General Hospital of Southern Theatre Command of PLA, Guangzhou 510010, China
*Department of Cardiology, General Hospital of Southern Theatre Command of PLA, Guangzhou 510010, China
*Department of Pharmacology, General Hospital of Southern Theatre Command of PLA, Guangzhou 510010, China
Department of Anesthesiology, General Hospital of Southern Theatre Command of PLA, Guangzhou 510010, China
®Department of Neurosurgery, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou 510080, China

Correspondence should be addressed to Ji Jia; jiajil981@126.com and Shuai Yang; ysh_gzh@126.com

Received 15 June 2019; Revised 24 August 2019; Accepted 10 September 2019; Published 29 September 2019

Guest Editor: Chongshan Dai

Copyright © 2019 Yuqing Wang 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.

Curcumin (Cur) induces neuroprotection against brain ischemic injury; however, the mechanism is still obscure. The aim of this
study is to explore the potential neuroprotective mechanism of curcumin against oxygen-glucose deprivation/reoxygenation
(OGD/R) injury in HT22 cells and investigate whether type-2 superoxide dismutase (SOD2) is involved in the curcumin-induced
protection. In the present study, HT22 neuronal cells were treated with 3h OGD plus 24 h reoxygenation to mimic ischemia/
reperfusion injury. Compared with the normal cultured control group, OGD/R treatment reduced cell viability and SOD2
expression, decreased mitochondrial membrane potential (MMP) and mitochondrial complex I activity, damaged cell mor-
phology, and increased lactic dehydrogenase (LDH) release, cell apoptosis, intracellular reactive oxygen species (ROS), and
mitochondrial superoxide (P < 0.05). Meanwhile, coadministration of 100 ng/ml curcumin reduced the cell injury and apoptosis,
inhibited intracellular ROS and mitochondrial superoxide accumulation, and ameliorated intracellular SOD2, cell morphology,
MMP, and mitochondrial complex I activity. Downregulating the SOD2 expression by using siRNA, however, significantly
reversed the curcumin-induced cytoprotection (P <0.05). These findings indicated that curcumin induces protection against
OGD/R injury in HT22 cells, and SOD2 protein may mediate the protection.

1. Introduction

Stroke is one of the leading causes of disability and death in
China and worldwide [1]. In 2015, the number of new
patients with stroke was more than 13 million, leading to a
cost of 11.3 billion USD, which brought about great eco-
nomic burden to the patients and the country [2]. However,
at present, the effective neuroprotective drug against brain
ischemic injury is very limited. Recombinant tissue plas-
minogen activator (rTPA) is the only neuroprotectant used
in clinic; the limited therapeutic time window (within 4.5h
after the onset of stroke) reduces its utilization rate, leading
to the result that only 3% to 8.5% of stroke patients can

receive rTPA treatment [3, 4]. Therefore, exploring novel
neuroprotective medicine against brain ischemic injury is
very urgent and important.

Curcumin is derived from seasoning curry and herbal
Carcuma longa Linn (turmeric), and some latest in-
vestigations showed that curcumin protects neuronal cells
against brain ischemic injury both in vivo and in vitro [5, 6].
The curcumin-induced protection against ischemic injury,
however, is still not clear. Type-2 superoxide dismutase
(SOD2) is an antioxidative protein, which is expressed in
mitochondria of cells, and the upregulation of SOD2 in cells
induces neuroprotective effects [7, 8]. And some latest in-
vestigations indicated that neuronal oxidative injury and
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mitochondrial dysfunction are involved in the pathophys-
iological process of brain ischemic injury [9-11]. In addition,
one of our studies showed that SOD2 protein mediates
curcumin-induced protection against S-amyloid (Af) in
neuronal cells [12].

Therefore, in the present study, we used oxygen-glucose
deprivation plus reoxygenation (OGD/R) in HT22 neuronal
cells to mimic neuronal ischemia/reperfusion (I/R) injury
[13] and investigated whether SOD2 mediates curcumin-
induced protection against OGD/R.

2. Materials and Methods

2.1. Materials. HT22 cells were obtained from the Xuzhou
Medical University. Curcumin, Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), dimethyl
sulfoxide (DMSO), and methylthiazolyldiphenyl-tetrazo-
lium bromide (MTT) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Lactic dehydrogenase (LDH) reagent
kit was obtained from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). SOD2 activity assay kit was
obtained from Trevigen (Gaithersburg, USA). The DAPI
staining solution and ROS reagent kit were purchased from
Beyotime Technology (Nantong, China). MitoSOX staining
kits were purchased from Invitrogen Molecular Probes (San
Diego, CA). The primary antibodies of anti-SOD2, anti-
cleaved caspase-3, and anti-f-actin were purchased from
Abcam (Cambridge, UK).

2.2. Cell Culture and OGD Treatment. The HT22 cells were
cultured in the medium, containing 90% DMEM medium,
10% FBS, 100 U/ml penicillin, and 100 yg/ml streptomycin.
The air of the incubator contained 95% O, and 5% CO,, and
the temperature of the incubator was 37°C. The medium was
changed every 2 to 3days, and the cells were passaged 3
times/week with a 1:4 split ratio. We followed the methods of
Du et al. [12].

For the OGD treatment, the medium of the cells was
changed with DMEM medium without glucose and FBS, and
then the cells were cultured in a sealed container; the air of
the container contained 95% N, and 5% CO,, and the
temperature of the container was 37°C. After 3h OGD
treatment, the medium of the cells was changed with normal
medium, and the cells were returned to the normal incubator
to mimic reperfusion.

2.3. Experimental Protocols. To explore a suitable curcumin
concentration, the cells were divided into 5 groups, in-
cluding the normal cultured control group, 3h OGD plus
24h reoxygenation (OGD/R) treatment group, 10ng/ml
curcumin treatment group (10ng/ml Cur+OGD/R),
100ng/ml  curcumin treatment group (100 ng/ml
Cur + OGD/R), and 500 ng/ml curcumin treatment group
(500 ng/ml Cur + OGD/R). After treatments (Figure 1(a)),
cell viability and LDH release were assessed. Then, to observe
curcumin-induced effect on SOD2 expression in normal
cultured cells (Figure 1(b)), the cells were divided into 4
groups, including control and 3 concentrations of curcumin
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treatment groups (10, 100, and 500 ng/ml curcumin); after
3h treatment, SOD2 expression was assessed. Next, to
evaluate the SOD2-siRNA-induced effects on SOD2 ex-
pression and cytotoxicity, the cells were divided into 3
groups, including the normal cultured control group, SOD2-
siRNA treatment group, and scrambled-siRNA (SC-siRNA)
treatment group; after 6 h incubation, western blot and MTT
assay were taken to evaluate SOD2 expression and cell injury
level (Figure 1(c)).

To determine whether SOD2 mediates curcumin-in-
duced protection against OGD/R in HT22 cells, the cells
were divided into 5 groups, including control group, OGD/R
treatment group, 100ng/ml curcumin treatment group
(Cur + OGD/R), SOD2-siRNA treatment group (SOD2-
siRNA + Cur + OGD/R), and SC-siRNA treatment group
(SC-siRNA + Cur + OGD/R).  After the treatments
(Figure 1(d)), cell injury, apoptosis, SOD2 expression, cell
morphology, mitochondrial functions, intracellular ROS,
and mitochondrial superoxide were assessed.

2.4. Cell Viability. The HT22 cells were seeded into a 96-well
cell culture plate at a density of 1x 10° cells per well. After
the treatments, 20 ul MTT solution (5 ug/ml) was added into
each well; after 4 h incubation at 37°C, the medium of the cell
culture plate was removed. Then, 150 ul DMSO was added
into each well. After 15 min shaking, as the formazan was
dissolved completely, the absorbance of each well was
measured by using a spectrophotometer (TECAN, CH).

2.5. LDH Release. The cells were seeded into a 24-well cell
culture plate at a density of 5x10° cells/well. After the
treatments, the supernatants of the plate were collected to
measure the LDH activity of each well, as previously de-
scribed [14].

2.6. Western Blot Analysis. The cells were seeded into a 6-
well cell culture plate at a density of 1 x 10° cells/well. After
the treatments, the medium was removed, and the cells were
collected. Then, the total protein of the treated cells was
evaluated by using the Bradford method as described pre-
viously [14]. The primary anti-SOD2 (1:1000 in dilution),
anticleaved caspase-3 (1: 50 in dilution), and anti-S-actin (1 :
1000 in dilution) antibodies were used. The antigens were
assessed by wusing the chemiluminescence technique
(Amersham Pharmacia Biotech Piscataway, USA). Image
analysis was evaluated with the computerized analysis
software (Bio-Rad, Hercules, CH). We followed the methods
of Du et al. [12].

2.7. siRNA Interfering. SOD2-siRNA and SC-siRNA were
obtained from Qiangen (Germany). The siRNA oligomers,
including SOD2-siRNA and SC-siRNA, were diluted in
serum-free DMEM medium, and then the medium was
incubated in room temperature for 5min. The incubated
oligomers were combined with diluted Lipofectamine 2000
and incubated for another 20 min. The cell culture medium
was then removed from the plate, and the cells were washed
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F1GURE 1: Experimental protocol diagram. (a) Searching a suitable curcumin concentration. The cells were divided into 5 groups, including
the normal cultured control group, oxygen glucose 3h OGD plus 24 reoxygenation treatment group (OGD/R), and 3 concentrations of
curcumin treatment groups. After the treatments, cell viability and LDH release were assessed. (b) Observing curcumin-induced effect on
SOD2 protein expression. The cells were divided into 4 groups, including normal cultured control group and 3 concentrations of curcumin
treatment groups; after 3h treatment, SOD2 expression was assessed by using western blot analysis. (c) Evaluating interfering effect of
SOD2-siRNA. The cells were divided into 3 groups, including control group, SOD2-siRNA treatment group, and scrambled (SC)-siRNA
treatment group. After the treatments, SOD2 protein expression was evaluated by using western blot analysis. (d) Exploring the role of
SOD2 in curcumin-induced protection in HT22 cells. The cells were divided into 5 groups, including control, OGD/R treatment group,
Cur + OGD/R group, SOD2-siRNA + Cur + OGD/R group, and SC-siRNA + Cur + OGD/R group; after the treatments, cell injury, apo-
ptosis, SOD2 expression, cell morphology, intracellular ROS, mitochondrial functions, and superoxide were assessed.



twice with phosphate-buffered saline (PBS) at 37°C. Then,
the complexes of 90 pmol siRNA and Lipofectamine were
added into the cell culture plate, and the cells were incubated
for 6 h in the incubator at 37°C. Then, the cells were washed
with PBS at 37°C. The SOD2 expression was measured using
western blot analysis.

2.8.SOD2 Activity Evaluation. HT22 cells were seeded into a
6-well cell culture plate at a density of 1 x 10° cells/well. After
the treatments, as previously described in detail [15], SOD2
activities in U/mg protein were calculated.

2.9. Cell Apoptosis Evaluation. The cell apoptosis level was
measured by using a flow cytometry (BD, USA). The cells
were planted into a 6-well cell culture plate at a density of
5x10° cells/well. After the treatments, the cells were har-
vested by centrifugation at 1000 rpm for 10 min. Then, the
supernatants of the cells were removed, and the cells were
washed twice by ice-cold PBS. After the washing, the apo-
ptotic rates of the cells were evaluated as previously de-
scribed [12, 14].

2.10. Mitochondrial Function Evaluation. The mitochondria
of the treated cells were isolated by using a mitochondrial
isolation kit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). And the mitochondrial com-
plex I activity was measured at 30°C as previously described
by Han et al. [16]. In brief, the mitochondrial complex I
activity of HT22 cells was measured by following rotenone-
sensitive oxidation of NADH initiated by ubiquinone-1
(Q1). An appropriate amount of cell lysate was added into
0.5ml assay mixture, containing 20 mM potassium phos-
phate buffer, 2mM NaNj3, 0.15 mg/ml phospholipid, 0.1 mM
Q1, and 0.15mM NADH, and the pH value was 8.0. Mi-
tochondrial complex I activity was evaluated by assessing the
decrease in absorbance (340nm) and confirmed by in-
hibition with 40 uM rotenone. And the activity level (nmol
NADH oxidized-min~" mg-protein™") was calculated with a
molar extinction coefficient of 6.22 mM ' cm ™.

Mitochondrial membrane potential (MMP) of the
treated HT22 cells was assessed by using the JC-1 (Sigma-
Aldrich, St. Louis, MO, USA). According to the manufac-
turer’s instruction, mitochondrial samples were exposed to
JC-1 staining buffer. At the end of the experiments, vali-
nomycin was used as the negative control. And the fluo-
rescence intensity of the cells was measured by using a
fluorescence spectrophotometer (TECAN, CH), and the
measurement temperature was 37°C. The ratio of aggregates
to monomer was calculated as the MMP indicator, and the
wavelengths testing the aggregates and monomer were
590 nm (red) and 525 nm (green), respectively. We followed
the methods of Du et al. [12].

2.11. Cell Morphology Observation. The cells were planted
into a 6-well cell culture plate at a density of 5x10” cells/
well. After the treatments, the cells were observed by using a
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phase-contrast microscope, and the photos of the cells were
taken randomly.

2.12. Intracellular Reactive Oxygen Species. HT22 cells were
seeded into a confocal microscopy special dish at a density of
2x10° cells/well. After the treatments, a reactive oxygen
species (ROS) assay kit (Beyotime Technology, Nantong,
China) was taken to evaluate the intracellular ROS level. In
brief, the DMEM medium without FBS was added into each
well, containing 100uM DCF-DA (nonfluorescent and
colorless). After 20 min incubation at 37°C, the DCF-DA was
oxidized into the fluorescent 2',7’-dichlorofluorescein
(DCEF) by intracellular ROS. The dish was washed three times
with PBS, and then the photos were taken by using a
confocal  microscope  (excitation=480nm;  emis-
sion=535nm). Finally, the fluorescence intensities of the
photos were evaluated by using Image-Pro Plus software.

2.13. Mitochondrial Superoxide Assay. MitoSOX reagent was
used to measure mitochondrial superoxide level. In brief, the
cells were seeded into a confocal microscopy special dish at a
density of 1 x 10° cells/well. After the treatments, the HT22
cells were treated with 5 M MitoSOX reagent for 20 min at
37°C; at the end of the treatments, 100yl DAPI staining
solution was added into the dish to mark the cell nuclei.
After being washed three times with PBS, a confocal mi-
croscope was used to observe and take fluorescence photos
of the cells, including mitochondrial superoxide (red,
excitation =510 nm; emission =580 nm) and nuclei (blue,
excitation = 340 nm; emission =488 nm). Then, the fluores-
cence intensity of the mitochondrial superoxide was cal-
culated by using Pro-plus software (IPP 6.0, Media
Cybernetics, Silver Spring, MD, USA).

2.14. Statistical Analysis. The data of this study were ana-
lyzed by using SPSS 13.0 software (SPSS Inc., Chicago, USA).
The values of all the experiments were expressed as
means + standard deviation (SD), and one-way ANOV A was
used to assess the data. Tukey’s multiple comparison was
taken to compare the differences between the groups.
P <0.05 indicated statistical significance.

3. Results

3.1. Curcumin Reduced Cell Injury in OGD/R-Treated HT22
Cells and Upregulated SOD2 Expression. To find a suitable
curcumin (Cur) treatment concentration, the HT22 cells
were divided into 5 groups, including control, OGD/R, and 3
concentrations of curcumin treatment groups (10, 100, and
500 ng/ml curcumin plus OGD/R respectively). After 3h
OGD and 24 h reoxygenation treatment, compared with the
control, OGD/R treatment reduced cell viability
(Figure 2(a)) and increased LDH activity (Figure 2(b)) in the
medium significantly (P <0.05), and 100 and 500 ng/ml
curcumin treatment restored cell viability and decreased
LDH activity obviously (P <0.05). Then, the cells were di-
vided into 4 groups (Figure 2(c)), including control and 3



Evidence-Based Complementary and Alternative Medicine

120 ~ * *

100

x®©
(=]
1

N
(=)
1

MTT (% of control)
5
1

[So]
(=)
1

(=]

Control  OGD/R 10 100 500

Cur (ng/ml) + OGD/R

(@)
SOD2
B-Actin

1.8
1.6

LDH release (U/L)

0 T
Control

OGD/R 10 100 500
Cur (ng/ml) + OGD/R

(®)

R .

1.4

SOD2/B-Actin

S e o o = =
S - =T &
[ R R TR B

e
o

Control 10

100

Cur (ng/ml)

FIGURE 2: Curcumin decreased cell injury in HT22 cells exposed to OGD/R and upregulated SOD2 expression in normal condition. The
HT?22 cells were divided into 5 groups, including control, OGD/R, and 3 concentrations (10 ng/ml, 100 ng/ml, and 500 ng/ml) of curcumin
plus OGD/R groups. After the treatments, cell viability and LDH release were measured by using the MTT method and reagent kit,
respectively. Then, the cells were divided into 4 groups, including control and 3 concentrations (10 ng/ml, 100 ng/ml, and 500 ng/ml) of
curcumin treatment groups; after 3 h exposure, western blot was performed to assess SOD2 expression. (a) Curcumin restored cell viability
(n=38). (b) Curcumin reduced LDH release (n =8). (¢) Curcumin increased SOD2 expression (1 =4). Results are expressed as means + SD.

*P <0.05; NS: no significance.

doses of curcumin treatment groups (10, 100 and 500 ng/ml
curcumin). After 3 h treatment, compared with the control
group, 100 and 500ng/ml curcumin groups showed sig-
nificantly increased SOD2 expression (P <0.05). The cur-
cumin concentration of 100ng/ml was used in the
subsequent experiments.

3.2. Downregulation of SOD2 Expression Reversed Curcumin-
Induced Effects on Cell Injury, SOD2 Expression, and Activity.
To explore the role of SOD2 in curcumin-induced protection
against OGD/R in HT22 cells, SOD2-siRNA was taken to
downregulate SOD2 protein expression (Figure 3(a)). The
SOD2-siRNA used in this study reduced SOD2 expression
significantly (0.31+0.04 vs. 0.82+0.03; P <0.05), but the

scrambled siRNA (SC-siRNA) did not reduce SOD2 ex-
pression (0.81+0.03 vs. 0.82+0.03; P> 0.05). Meanwhile,
compared with the normal cultured control (Figure 3(b)),
either the SOD2-siRNA or the SC-siRNA induced no ob-
vious cytotoxicity (P >0.05).

Then, the cells were divided into 5 groups, including
control, OGD/R, Cur+OGD/R, SOD2-siRNA + Cur +
OGD/R, and SC-siRNA + Cur + OGD/R. Compared with
the control, 3h OGD plus 24h reoxygenation treatment
(OGD/R) decreased SOD2 protein expression, SOD2 ac-
tivity and cell viability, and increased LDH activity in the
medium; concurrently, coadministration with 100 ng/ml
curcumin restored SOD2 expression, SOD2 activity, and cell
viability and reduced LDH release (Figures 3(c)-3(e)).
However, the SOD2-siRNA, but not the SC-siRNA
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FIGURE 3: SOD2-siRNA reversed curcumin-induced cytoprotection and SOD2 upregulation in HT22 cells exposed to OGD/R. The cells
were divided into 3 groups, including control, SOD2-siRNA, and scrambled (SC)-siRNA; after 6 h incubation, western blot and MTT assay
were taken to assess SOD2 expression and cell viability, respectively. Then, the cells were divided into 5 groups, including control, OGD/R,
Cur + OGD/R, SOD2-siRNA + Cur + OGD/R, and SC-siRNA + Cur + OGD/R; after 3 h OGD plus 24 h reoxygenation, SOD2 expression and
activity, cell viability, and lactic dehydrogenase (LDH) were assessed. (a) SOD2-siRNA inhibited SOD2 protein expression (n =4). (b) Either
SOD2-siRNA or SC-siRNA induced no obvious cytotoxicity (n=38). (¢, d) SOD2-siRNA reversed curcumin-induced effects on SOD2
expression (n=4) and activity (n=8). (e) SOD2-siRNA reversed curcumin-induced cell viability restoration (n=38). (f) SOD2-siRNA
reversed curcumin-induced LDH release decrease (n=8). Results are expressed as means + SD. *P <0.05; NS: no significance.
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(P>0.05), abolished the curcumin-induced cytoprotective
effects against OGD/R injury significantly (P <0.05). These
findings showed that SOD2 mediates curcumin-induced
protective effects against OGD/R in HT22 cells.

3.3. Downregulation of SOD2 Expression Reversed Curcumin-
Induced Inhibitions of Cell Apoptosis and Cleaved Caspase-3
Expression. To investigate the curcumin-induced anti-
apoptosis in HT22 cells exposed to OGD/R, flow cytometry
and western blot were used to evaluate cell apoptotic rate
and apoptosis-associated protein cleaved caspase-3 expres-
sion (Figures 4(a)-4(c)). Compared with the control, the
OGD/R treatment increased cell apoptosis and cleaved
caspase-3 expression (P <0.05), and 100 ng/ml curcumin
reduced cell apoptosis and cleaved caspase-3 expression level
(P <0.05); similarly, SOD2-siRNA, but not the SC-siRNA
(P>0.05), markedly abolished the curcumin-induced
antiapoptotic effects above (P < 0.05). These results indicated
that SOD2 protein mediates curcumin-induced anti-
apoptosis in HT22 cells treated with OGD/R.

3.4. Downregulation of SOD2 Expression Abolished Curcu-
min-Induced Ameliorations of Cell Morphology and Mito-
chondrial Functions. To further observe the curcumin-
induced effects on cell morphology and mitochondrial
functions in HT22 cells exposed to OGD/R, phase-contrast
microscope and reagent kits were taken to assess cell
morphology and cellular mitochondrial functions. The cells
were divided into 5 groups as shown in the Figure 5.
Compared with the control, 3h OGD plus 24h reoxyge-
nation (OGD/R) treatment damaged the cellular mor-
phology (Figure 5(a)) and reduced mitochondrial
membrane potential (MMP) and mitochondrial complex I
activity (P <0.05), which are associated with the mito-
chondrial functions (Figures 5(b) and 5(c)); 100ng/ml
curcumin maintained cell integrity and restored MMP and
mitochondrial complex I activity (P <0.05). However, the
SOD2-siRNA, but not the SC-siRNA (P > 0.05), reversed the
curcumin-induced protection in cell morphology and mi-
tochondrial functions (P < 0.05). These findings showed that
SOD2 mediates curcumin-induced protection in cell mor-
phology and mitochondrial functions against OGD/R in
HT22 cells.

3.5. Downregulation of SOD2 Expression Inhibited Curcumin-
Induced Ameliorations on Intracellular ROS and Mitochon-
drial Superoxide. High level of intracellular ROS and mi-
tochondrial superoxide can damage cell and mitochondria.
Compared with the control group, 3h OGD plus
24 reoxygenation (OGD/R) treatment increased ROS
(Figures 6(a) and 6(b)) and mitochondrial superoxide levels
(Figures 6(c) and 6(d)), and coadministration with 100 ng/
ml curcumin reduced the ROS and mitochondrial super-
oxide levels obviously (P <0.05); similarly, SOD2-siRNA,
but not the SC-siRNA (P > 0.05), reversed the curcumin-
induced downregulation on intracellular ROS and mito-
chondrial superoxide (P < 0.05). These observations showed

that SOD2 mediates curcumin-induced antioxidation effects
against OGD/R in HT22 cells.

4. Discussion

In the present study, the HT22 neuronal cells were exposed
to OGD for 3h and then cultured in normal medium for
24h to imitate the neuronal I/R injury, and 100 ng/ml
curcumin was coadministered to reduce the OGD/R-in-
duced cell injury. Compared with the control, OGD/R
increased the cell injury, apoptosis, intracellular ROS, and
mitochondrial superoxide, reduced mitochondrial func-
tions and intracellular SOD2, and damaged cell mor-
phology; meanwhile, the presence of curcumin reduced cell
injury, apoptosis, intracellular ROS, and mitochondrial
superoxide, restored mitochondrial functions and SOD2,
and maintained cell integrity. However, SOD2-siRNA, but
not the SC-siRNA, significantly reversed the curcumin-
induced protections above. These findings indicated that
curcumin alleviates OGD/R-induced injury in HT22 cells,
and SOD2 may mediate the curcumin-induced protection
(Figure 7).

Stroke is one of the leading causes of disability and death
in the worldwide [17]. Unfortunately, however, effective
medicine or therapy in treating the disease is extremely
limited. The limited therapeutic time window of rTPA de-
creases its use greatly. For this reason, exploring medicine or
therapy for stroke is of great importance. According to the
findings of some latest investigations, oxidative injury and
mitochondrial dysfunction participate in the pathophysio-
logical process of stroke [9-11]. Oxidative injury can con-
sume intracellular antioxidants, including glutathione
(GSH), catalase (CAT), and SOD, and also damage the
neuronal membrane [18, 19]. Meanwhile, especially after
reperfusion of stroke, too much ROS could be generated
[20], which may injure mitochondria and consume SOD2
[21]. Therefore, ameliorating mitochondrial functions and
increasing SOD2 level are regarded to be effective in treating
stroke. As stroke causes ischemic injury and reperfusion
injury to brain tissue, and reperfusion injury may be more
serious than ischemic injury [22]. In this study, the HT22
cells were treated with 3 h OGD injury and then cultured in
normal medium for 24 h to mimic the I/R injury of stroke.
Apoptosis is an important cell death pattern after I/R injury,
and to assess the cell apoptosis degree, we took flow
cytometry and western blot to measure cell apoptosis rate
and cleaved caspase-3 expression, which is an apoptosis-
associated protein, and its expression level is closely related
to the apoptosis of cells [23]. In this study, curcumin reduced
cleaved caspase-3 expression in the OGD/R-treated HT22
cells, and SOD2-siRNA reversed the antiapoptosis effects of
curcumin, indicating that the curcumin-induced anti-
apoptosis in neuronal cells exposed to OGD might be via
SOD2 protein.

Curcumin is an extract from seasoning curry and herbal
Carcuma longa Linn. Some recent investigations reported
that curcumin can induce antioxidation, anticerebral in-
farction, anti-inflammation, and neuroprotection [24-26].
In addition, some other studies showed that curcumin can
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F1GURE 4: SOD2-siRNA reversed curcumin-induced antiapoptotic effects in HT22 cells exposed to OGD/R. The cells were divided into 5
groups, including control, OGD/R, Cur + OGD/R, SOD2-siRNA + Cur + OGD/R, and SC-siRNA + Cur + OGD/R; after 3h OGD and 24h
reoxygenation, cell apoptotic rate and cleaved caspase-3 expression were evaluated by using flow cytometry and western blot, respectively.
(a) Flow cytometry results of cells. (b) SOD2-siRNA reversed curcumin-induced antiapoptotic effect (n=6). (c) SOD2-siRNA reversed
curcumin-induced downregulation of cleaved caspase-3 expression (n=4). Results are expressed as means+SD. *P <0.05 NS: no
significance.
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FIGURE 5: SOD2-siRNA reversed curcumin-induced ameliorations of cell morphology and mitochondrial functions in HT22 cells exposed
to OGD/R. The cells were divided into 5 groups, including control, OGD/R, Cur + OGD/R, SOD2-siRNA + Cur + OGD/R, and SC-
siRNA + Cur + OGD/R; after 3h OGD and 24 h reoxygenation, cell morphology and mitochondrial functions were evaluated. (a) SOD2-
siRNA reversed curcumin-induced cell morphology amelioration. (b) SOD2-siRNA reversed curcumin-induced amelioration of mito-
chondrial membrane potential (MMP) (n=38). (c) SOD2-siRNA reversed curcumin-induced amelioration of mitochondrial complex I
activity (n=8). Results are expressed as means + SD. *P <0.05; NS: no significance; Bar = 20 ym.

ameliorate mitochondrial functions in neuronal cells [27].
Xie et al. [28] reported that curcumin can reduce neuronal
injury against I/R and OGD/R in vivo and in vitro, and
restricting Bax activation may be the key neuroprotective
mechanism of curcumin. In another two investigations,
nuclear factor erythroid-2-related factor 2 (Nrf2), a nuclear

transcription factor with neuroprotective effects against
central nervous system disease, was reported to be involved
in curcumin-induced neuroprotection against hypoxic-is-
chemic brain injury in neonatal rats and against OGD/R
injury in primary cultured cortical neurons [29, 30]. In the
present study, we explored the role of curcumin in OGD/R-
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FIGURE 6: SOD2-siRNA reversed curcumin-induced reduction of intracellular ROS and mitochondrial superoxide in HT22 cells exposed to
OGD/R. The cells were divided into 5 groups, including control, OGD/R, Cur+OGD/R, SOD2-siRNA + Cur + OGD/R, and SC-
siRNA + Cur + OGD/R; after 3h OGD and 24h reoxygenation, intracellular ROS and mitochondrial superoxide were evaluated.
(a) Intracellular ROS fluorescence staining results. (b) SOD2-siRNA reversed curcumin-induced intracellular ROS reduction (n=38).
(c) SOD2-siRNA reversed curcumin-induced mitochondrial superoxide reduction (n=38). (d) Mitochondrial superoxide fluorescence
staining results. Results are expressed as means+ SD. *P < 0.05; NS: no significance; Bar = 20 ym.

induced neuronal injury and determined whether SOD2
protein mediates curcumin-induced potential protection
against OGD/R. We found that curcumin alleviated the
OGD/R-induced cell injury and apoptosis, maintained cell
morphology and mitochondrial functions, and increased
SOD2 expression, ROS, and mitochondrial superoxide in the
cells. Downregulating SOD2 expression, however, obviously
abolished the curcumin-induced cytoprotection and mito-
chondrial function improvement and also reversed the
curcumin-induced reductions on intracellular ROS and
mitochondrial superoxide. High-level ROS and mitochon-
drial superoxide accumulation can oxidize and damage cell
membrane and mitochondria. SOD2 is a protein expressed
in mitochondria. Too much consumption of SOD2 can

damage mitochondria and inhibit mitochondrial functions,
leading to a reduction in mitochondrial energy generation
[31]. Then, without enough energy supply, general functions
of neuronal cells, including proliferation, action potential,
excitability, and activation, could be abnormal. For the
neuronal cells, energy supply deficiency can increase glu-
tamate (an excitatory neurotransmitter) release, and the
neuronal excitability may be upregulated, and long-term
exposure to glutamate can activate the N-methyl-D-aspartic
acid (NMDA) receptors expressed in the neuronal mem-
brane, causing neural death and dysfunction ultimately [32].
In this study, we measured the MMP and mitochondrial
complex I levels in the cells. The activation of NMDA re-
ceptors can induce overload of intracellular calcium [32].
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F1GURE 7: Curcumin induces neuroprotection against OGD/R in neuronal cells via upregulating SOD2 protein. Oxygen-glucose deprivation
and reoxygenation (OGD/R) injury can downregulate SOD2 expression, increase intracellular ROS and mitochondrial superoxide ac-
cumulations, then damage neuronal cells, increase cell apoptosis, cause mitochondrial dysfunctions, and undermine cell integrity, leading to
neuronal injury ultimately. Coadministration of curcumin, however, could upregulate SOD2 expression, reduce intracellular ROS and
mitochondrial superoxide accumulations, and ameliorate mitochondrial functions and cell integrity, causing neuroprotection.

Then, high concentration of intracellular calcium may in-
hibit oxidative phosphorylation and MMP, and the ability of
mitochondria to produce energy (ATP) will decrease,
leading to chloride ion infusion and cell death ultimately
[33]. Mitochondrial respiratory chain consists of five
complexes, including mitochondrial complex I-V, which are
also called mitochondrial complex enzymes, and complex I
is the most sensitive respiratory enzyme to ischemia among
the five. Mitochondrial complex I can oxidize tricarboxylic
acid cycle-produced NADH in the inner mitochondrial
membrane, and it participates in producing ATP with
ATPase. And brain ischemia results in greater complex I
injury after brain oxygen deprivation [34]. Therefore, we
evaluated MMP and mitochondrial complex I levels in the
OGD/R-treated cells to determine the protective effects of
curcumin in mitochondrial functions. Except for SOD2,
SODI1 and SOD3 also induce protection against oxidative
injury, and SOD1 is expressed in intercellular space, while
SOD3 is in the cytoplasm [35]. In addition, evaluating the
change of mitochondrial function is another aim of this
study. Therefore, we explored SOD2, but not SOD1 or
SOD3. In one study about osteoblasts in mice, SOD2 pro-
tected mitochondria against oxidative injury and increased
osteoblast differentiation [36]. Another study reported that
curcumin increased intracellular SOD2 level in human
hepatoma cells [37]. In one of our studies, we found that
curcumin can protect HT22 cells against Af-induced injury,
and SOD2 protein mediates the curcumin-induced

protection [12]. The findings of the present study explained,
to some extent, the neuroprotective mechanism of curcumin
against brain I/R. However, there are several limitations in
our investigation. In the first place, the findings of this study
were from in vitro and neuronal cell line, and whether
similar results can be observed in vivo or in primary cultured
neurons is unknown. In addition, except for SOD2, whether
SOD1 or SOD3 mediates curcumin-induced neuro-
protection is also not clear.

Taken together, in the present study, we found that
curcumin can reduce OGD/R-induced cell injury in HT22
cells, and SOD2 protein mediates the curcumin-induced
neuroprotection.
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Background. TGFBRAP1 and TGFBR2 play important roles in the TGF-f/smad signalling pathway and may disturb liver
homeostasis by regulating liver injury and renewal. However, little is known about the association between their genetic
polymorphisms and antituberculosis drug-induced liver injury (ATDILI), so we explored the association between their variants
and the susceptibility to ATDILIL. Materials and Methods. A total of 746 tuberculosis patients were prospectively enrolled, and
fifteen selected SNPs were genotyped. The allele, genotype, and genetic model frequencies of the variants were compared between
patients with or without ATDILI, as well as the joint effect analysis of SNP-SNP interactions. The odds ratio (OR) with the
corresponding 95% confidence interval (CI) was calculated. Results. The A variant at rs17687727 was significantly associated with
an increased risk for ATDILI (OR 1.55; 95% CI: 1.08-2.22; p = 0.016), which is consistent with the results in the additive and
dominant models. Other allele, genotype, and genetic model frequencies were similar in the two groups for the other fourteen
SNPs (all p>0.05). Conclusion. Our study first implied that the A variant of rs17687727 in TGFBRAPI1 influenced the sus-
ceptibility to ATDILI in first-line antituberculosis combination treatment in the Han Chinese population in a dependent manner.

1. Introduction

Tuberculosis (TB) is a leading infectious disease, with ap-
proximately 10 million new cases and 1.6 million deaths in
2017 as reported by the WHO [1]. In addition, China had the
second largest number of new TB cases in the world in 2017
[1]. At present, although significant progress has been made
in the treatment of antituberculosis drugs, the combination
of isoniazid, rifampicin, pyrazinamide, and streptomycin is
still recommended by the WHO as the standard chemo-
therapy to cure tuberculosis effectively and prevent the
production of resistant bacteria [1]. Although effective,
2.0-28.0% of patients receiving the combination therapy
developed antituberculosis drug-induced liver injury
(ATDILI). The incidence fluctuates depending on the
characteristics of the particular cohort, drug regimens in-
volved, threshold used to define hepatotoxicity, and mon-
itoring and reporting practices [2, 3]. Because of atypical
symptoms and nonspecific diagnostic criteria, it is difficult to

make an early and accurate diagnosis of ATDILI, which can
result in delayed treatment. Whereas mild ATDILI can
recover by itself after withdrawing related drugs, severe
ATDILI can cause fulminant hepatic failure, liver trans-
plantation, or even death, resulting in a heavy social burden
[4]. Prediction of hepatotoxicity is critical in the treatment of
TB and can guide the choice of safe medicines.

The pathogenesis of ATDILI mainly involves four
mechanisms: drug metabolism, oxidative stress, mito-
chondrial dysfunction, and immune regulation and in-
flammatory response [3, 5]. Although the exact mechanisms
are not yet fully understood, genetic polymorphisms of
genes related to hypothesis have been extensively studied,
which helped to clarify the pathogenic mechanisms, and
there is growing evidence that genetic vulnerability of related
genes may be involved in the pathogenesis [6]. Single nu-
cleotide polymorphisms (SNPs), which are the most com-
mon genetic variants, have been shown to have ATDILI
clinical guidance value. For example, the associations of
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“slow acetylation” phenotypes of the NAT gene with in-
creased rates of toxic reactions have been incorporated into
the FDA’s drug label for isoniazid treatment [7]. In addition,
in studies of other genes, such as drug metabolizing en-
zymes, accumulation of bile acids, lipids, and haem me-
tabolites, immune adaptation, and oxidant challenge, the
association still needs further verification [7]. However,
these studies also provide novel insight into our better
understanding of ATDILI. It is necessary and urgent to
clarify the pathogenesis of ATDILI and discover key mol-
ecules in the progression as targets for diagnosis and
treatment.

Transforming growth factor-beta (TGF-f) is a key reg-
ulator of liver physiology and pathology, contributing to all
stages of disease progression, from initial liver injury through
inflammation, wound healing, tissue homeostasis, fibrosis,
immune modulation, and hepatocellular carcinoma (HCC)
[8]. The TGEF-p/smad signalling pathway can regulate the
function of lymphocytes and macrophages; as a result, in-
flammatory-related cytokine changes in dose and time-space
effects may be involved in liver homeostasis [9]. Therefore, it
is reasonable to infer the potential involvement of the TGF-
B/smad signalling pathway in ATDILI. There are three types
of TGF-$ transmembrane receptors: TGF-f receptor 1
(TGFBR1), TGF-f receptor 2 (TGFBR2), and TGEF-f3 receptor
3 (TGFBR3). Only TGFBR2 can bind TGF-f1, and then, it
promotes TGFBR1 phosphorylation and recruitment to
trigger the formation of a heterotetrameric complex of
TGFBR1 and TGFBR2. Then, activated receptor complexes
mediate canonical TGF-p signalling through phosphorylation
of the receptor-associated SMADs (smad2/3). After phos-
phorylation, smad2/3 forms a trimeric complex with smad4,
which translocates to the nucleus and associates with other
transcription factors to regulate gene expression. TGF-f3 re-
ceptor-associated protein 1 (TGFBRAP1) was recently shown
to be the molecular chaperone of smad 4. TGFBRAP1 carries
smad 4 to the activated TGFBR2 complex and promotes the
phosphorylation of smad 2/3 [10]. The mutant form of
TGFBRAPI1 may inhibit the signalling pathway through in-
terference complex formation [10]. Therefore, as the im-
portant role of TGFBRAP1 and TGFBR2 in the signalling
pathway, genetic gene polymorphisms of TGFBRAPI and
TGFBR2 have been researched in hepatocellular carcinomas
and hepatitis C infection, which indicated that genetic
polymorphisms of TGFBRAPI and TGFBR2 may disturb the
regulation in liver injury and renewal [11-13]. However, to
the best of our knowledge, no genetic associations between
TGFBRAP1 and TGFBR2 variants and ATDILI have been
reported.

Therefore, considering the heavy load of tuberculosis in
China, the aim of the present study was to explore the possible
association between TGFBRAP1 and TGFBR2 gene poly-
morphisms with the risk of ATDILI in the Han Chinese
population.

2. Subjects and Methods

2.1. Subjects. Ethical approval for this study was obtained
from the Institutional Review Board of the West China
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Hospital of Sichuan University. We recruited 1060 highly
suspicious tuberculosis patients at the West China Hospital
between December 2014 and April 2018 consecutively. In
total, 817 tuberculosis patients were confirmed by experienced
respiratory physicians with a clear tuberculosis diagnosis. All
patients underwent standard short-course chemotherapy
consisting of isoniazid, rifampicin, pyrazinamide, and eth-
ambutol for six months in accordance with the approved
guidelines. Treatments were adjusted accordingly if any pa-
tient developed definite ATDILI. The definition of drug-in-
duced liver injury we used was based on the National
Institutes of Health and Common Toxicity Criteria for Ad-
verse Events v5.0 (CTCAE v5.0), unless stated otherwise [14].
The inclusion criteria for the ATDILI group were as follows:
(a) normal serum alanine aminotransferase (ALT) (0-40 IU/
L) and aspartate aminotransferase (AST) (0-40 IU/L) before
treatment; (b) ALT and/or AST levels >3 x upper limit of
normal (ULN) (120IU/L) with hepatitis symptoms such as
jaundice, nausea, vomiting, and abdominal pain; (c) ALT and/
or AST levels >5x ULN (200 1U/L), with or without symp-
toms; (d) total bilirubin (TBIL) >1.5 x ULN (42 ymol/L); and
(e) no administration of other potentially hepatotoxic drugs
two weeks before the occurrence of ATDI (LIDI/> HIV) (no
history of HIV treatment [14, 15]). The inclusion criteria for
the non-ATDILI group were normal serum ALT, AST, and
TBIL before and after treatment. Ultimately, 746 tuberculosis
patients receiving first-line treatment were enrolled. The
process of study enrolment is shown in S1 Figure. De-
mographic and clinical characteristics of the enrolled patients
were obtained from electronic medical records.

2.2. Sample Genotyping and Data Collection. Genomic DNA
was extracted from three millilitres (ml) of EDTA anti-
coagulated whole blood obtained from all participants for
genotyping by the QIAamp® DNA Blood Mini Kit (Qiagen,
Germany) according to the manufacturer’s instructions. The
DNA samples were stored at —80°C until further analysis. The
SNP genotyping work was conducted by a custom-by-design
2x48-Plex SNP scan TM Kit (Cat#: G0104, Gene sky Bio-
technologies Inc, Shanghai, China), as described previously
[16]. Along with treatment, biochemical and haematological
analyses were performed twice a month during the first two
months and monthly in the subsequent four months. Test
results and clinical symptoms were recorded to assess ATDILI.

2.3. The Clinical Definition of ATDILI Severity. The severity
of hepatotoxicity is classified into three major categories
according to the WHO Toxicity Classification Standards:
grade 1 (mild) ALT <5xULN (200IU/L), grade 2 (mod-
erate) ALT level higher than 5xULN but less than
10x ULN, and grade 3 (severe) ALT levels >10x ULN
(4001IU/L) [17].

2.4. Candidate Single Nucleotide Polymorphism Selection.
Candidate SNPs were selected by the following strategies: (a)
searching the dbSNP database (http://www.ncbi.nlm.nih.gov/
projects/SNP/), 1000 Genomes (http://www.1000genomes.org/)
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and finding SNPs with minor allele frequencies >0.02 among
Han Chinese in Beijing and located within 2000 bp upstream
and 300 bp downstream of the TGFBR2 and TGFBRAPI ge-
nomic regions [18]; (b) under the experimental conditions for
genotyping; and (c) a minor allele frequency (MAF) >0.05 and
linkage disequilibrium (LD) #*>0.8. Four TGFBRAP1 SNPs
(rs17687727, 1s75725426, 1s2241797, and rs12476720) and
eleven TGFBR2 SNPs (rs1835538, rs9881945, rs4522809,
rs11924422, rs12493607, rs1808602, rs114342639, rs3773644,
rs3773652, rs2043136, and rs876688) were examined in the
current study (S1 Table).

2.5. Statistical Analysis. The demographic and clinical data
of the enrolled patients in the ATDILI group and in the non-
ATDILI group were compared using the chi-square test and
t-test by SPSS version 17.0. The Hardy-Weinberg equilib-
rium (HWE) for all SNPs in the controls was assessed by
Plink version 1.07. Associations between SNPs and ATDILI
were evaluated using the unconditional logistic regression
after adjusting for age and gender by Plink version 1.07. The
odds ratio (OR) with 95% confidence interval (CI) was used
as a measure of associations. The linkage disequilibrium
(LD) and haplotype analysis were conducted by Haplotype
version 4.2. Multifactor Dimensionality Reduction Software
(version 3.0.2) was used to analyse the SNP-SNP interactions
associated with ATDILI [19]. Two-sided values of p <0.05
were considered statistically significant.

3. Results

3.1. Demographic and Clinical Characteristics of the Subjects.
In total, 746 TB patients were included in this prospective
study. The overall incidence rate of ATDILI was 15.82%
(118/746) among the patients. There was no difference in age
(p =0.285) or gender (p = 0.801) between the patients with
ATDILI and patients without ATDILI. Compared with
patients without ATDILI, patients with ATDILI showed a
tendency of higher percentage of fever and weight loss
(p=0.016 and p =0.036) and a different proportion of
tuberculosis subtype (p < 0.001). The ATDILI group also had
a higher frequency of elevated serum levels of ALT
(p<0.001), AST (p<0.001), ALP (p<0.001), TBIL
(p = 0.002), IBIL (p = 0.049), uric (p = 0.008), and GGT
(p = 0.021). Among the ATDILI group, 70.34%, 17.80%, and
11.86% patients presented mild, moderate, and severe
hepatotoxicity, respectively, without differences in age or
gender; 39.83%, 16.10%, 17.80%, and 26.27% patients de-
veloped hepatocellular injury, cholestatic injury, mixed in-
jury, and injury, respectively, with unknown classification.
Demographic, clinical characteristics, laboratory indicators,
severity, and clinical phenotype of patients are displayed in
Table 1.

3.2. SNP Allele, Genotype, Genetic Model, and Haplotype
Analysis. Genotyping of selected SNPs was successfully
completed for all 118 patients in the ATDILI group and 628
patients in the non-ATDILI group. To ensure the re-
peatability and stability of genotyping, 30 samples were

randomly selected for double-blind experiments, and all
the genotype calling success rates were greater than 99.0%.
None of the SNP genotype distributions deviated from the
Hardy-Weinberg equilibrium (HWE), except rs2043136
(p=0.033). The distributions of genotype and allele
frequencies of all fifteen SNPs are depicted in Table 2. For
the rs17687727 locus, the proportions of the A allele were
46/234 (19.66%) in the ATDILI group and 171/1253
(13.73%) in the non-ATDILI group compared with the G
allele (OR 1.55; 95% CI: 1.08-2.22, p = 0.016). The oc-
currence of the AA genotype seemed more common in the
ATDILI group (4/117, 3.42%) compared with the non-
ATDILI group (11/627, 1.75%), but there was no signif-
icant difference (p = 0.055). For other SNPs, no allele or
genotype differences were found between the two groups
(all p>0.05).

Three genetic models were constructed to compare the
significance of each SNP: dominant, recessive, and ad-
ditive patterns. In line with the abovementioned findings,
as shown in Table 3, rs17687727 in the dominant model
(OR 1.634; 95% CI: 1.076-1.634; p = 0.021) and additive
model (OR 1.559; 95% CI: 1.083-2.246; p = 0.017) showed
statistical significance between the two groups. No genetic
model was associated with ATDILI in other SNPs, even
marginally.

We next constructed the haplotype to analyse whether
there was additive association among selected SNPs. One
haplotype consisted of rs2241797 and rs12476720 in
TGFBRAPI1, and three haplotypes consisting of
rs11924422 and rs12493607, rs1808602 and rs114342639,
and rs3773652 and rs2043136 in TGFBR2 (D' > 0.80) were
constructed with a frequency >0.05 and in a strong linkage
disequilibrium state by calculating the pairwise r* co-
efficient (r>>0.80). However, none was associated with
ATDILI (p>0.05). Table 4 shows the association of the
haplotypes of TGFBRAP1 and TGFBR2 with the risk of
ATDILI. S2 Figure and S3 Figure depict the loci of
TGFBRAPI and TGFBR2 in the linkage disequilibrium
block risk.

3.3. SNP-SNP Interactions with the Risk of ATDILI. We
carried out a multifactor dimensionality reduction (MDR)
analysis with all fifteen SNPs to investigate potential
genetic interactions associated with ATDILI. We limited
the interaction models from two-way to nine-way and
linear regression for score calculation. However, we did
not identify any multilocus model with receivable cross-
validation consistency (from 3/10 to 6/10). Moreover, all
these models did not reach the threshold value of sta-
tistical significance (all p>0.05 in S2 Table).

3.4. The Relationship between Genetic Polymorphism and
ATDILI Laboratory Test Indicators. Genetic polymorphism
not only affects disease susceptibility but also has a
certain correlation with the clinical features of the dis-
ease, which may affect different clinical characteristics of
individuals. In this study, as shown in Table 5, the
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TaBLE 1: Demographic characteristics, clinical characteristics, and laboratory indicators of enrolled patients.
Group Non-ATDILI (n=628) ATDILI (n=118) p value
General data
Age (years)a 40.92 £ 15.72 42.85+18.44 0.284
Gender (male/female)® 375 (59.71%) 253 (40.28%) 69 (58.47%) 49 (41.52%) 0.801
Smoking (no/yes)C 407 (64.80%) 221 (35.19%) 80 (67.79%) 38 (32.20%) 0.532
Drinking (no/yes) 465 (74.04%) 163 (25.95%) 83 (70.33%) 35 (29.66%) 0.464
Tuberculosis subtype, n (%)
PTB* 520 82.80% 79 66.95% <0.001
EPTB¢ 43 6.85% 15 12.71%
PTB and EPTB® 65 10.35% 24 20.34%
General symptoms (no/yes)® 135 (19.62%) 492 (80.37%) 23 (19.49%) 95 (80.51%) 0.567
Fever (nofyes)® 344 (54.78%) 284 (45.22%) 50 (42.37%) 68 (57.62%) 0.016
Weight loss (no/yes)® 367 (58.43%) 261 (41.56%) 82 (69.49%) 36 (30.50%) 0.036
Night sweat (no/yes)® 433 (68.94%) 195 (31.05%) 86 (72.88%) 32 (21.12%) 0.446
Fatigue (no/yes)© 462 (73.57%) 166 (26.43%) 85 (72.03%) 33 (27.97%) 0.716
Poor appetite (no/yes)® 374 (59.55%) 254 (40.45%) 69 (58.47%) 49 (41.52%) 0.859
Local infection (no/yes)” 134 (21.34%) 494 (78.66%) 24 (20.34) 94 (79.66%) 0.758
Laboratory examinations Mean + SD or p50 (p25-p75)
RBC (x1012/L)* 428 +0.68 4.31+0.74 0.481
HB (g/L)a 122.06 +£20.58 122.87 +£22.11 0.717
HCT (L/L)? 0.36 +0.06 0.38 £0.06 0.069
PLT (><109/L)b 232.50 (172.75-297.25) 236.50 (184.00-321.75) 0.134
WBC (x10%/L)° 6.51 (5.17-8.44) 6.57 (4.99-7.96) 0.761
Neutrophils (><109/L)a 5.10+2.73 5.23+2.89 0.631
Monocytes (x10°/L)* 1.26 +0.62 1.29+0.79 0.625
Lymphocytes (><109/L)a 0.50+0.25 0.55+0.29 0.099
Neutrophils (%)* 70.13+11.54 70.49 +11.50 0.760
Monocytes (%)* 7.30+2.37 7.74+2.62 0.077
Lymphocytes (%)" 17.5 (12.18-25.68) 16.25 (12.58-25.58) 0.527
TBIL (ymol/L)® 8.70 (6.30-12.10) 10.05 (7.50-14.13) 0.002
DBIL (ymol/L)b 3.45 (2.50-5.40) 3.55 (2.38-5.60) 0.126
IBIL (mol/L)° 4.80 (3.40-7.03) 5.70 (3.98-7.95) 0.049
ALT (IU/L)b 15.00 (10.00-21.00) 28.00 (15.75-38.00) <0.001
AST (IU/L) 19.50 (16.00-25.00) 27.00 (20.00-34.00) <0.001
TP (g/L)a 68.82+9.15 69.42 +8.42 0.508
ALB (g/L)a 37.89+6.90 38.64+7.35 0.248
GLB (g/L)a 30.93+7.02 30.78 £ 6.65 0.829
GLU (mmol/L)° 5.14 (4.71-5.89) 5.15 (4.64-5.95) 0.41
UREA (mrnol/L)b 4.05 (3.15-5.30) 3.92 (2.90-5.24) 0.299
CREA (umol/L)" 60.45 (49.00-73.20) 57.50 (47.78-67.00) 0.601
CYS-C (mg/L)b 0.92 (0.79-1.06) 0.91 (0.81-1.04) 0.975
Uric (‘Mmol/L)a 331.51 +155.30 291.29 +125.98 0.008
TG (mmol/L)° 1.06 (0.80-1.43) 0.99 (0.81-1.31) 0.469
CHOL (mmol/L)?* 3.96 +1.058 3.96 +1.206 0.966
HDL-C (mmol/L)* 1.08 (0.82-1.41) 1.12 (0.85-1.48) 0.811
LDL-C (mmol/L)® 221 (1.69-2.77) 2.20 (1.79-2.72) 0.575
ALP (IU/L)® 79.00 (64.00-98.00) 85.50 (68.50-106.00) 0.021
GGT (IU/L)b 29.00 (19.00-48.00) 42.50 (26.00-78.00) <0.001
CRP (mg/L)° 12.25 (2.67-37.43) 9.74 (2.30-39.23) 0.961
ESR (mm/h)b 33.50 (14.75-64.00) 38.50 (20.50-63.00) 0.173
Severity N Age (years) P Gender (N) P
Male Female
Mild 83 40.42 +16.48 0.888 53 30 0.117
Moderate 21 42.19+14.04 11 10
Severe 14 41.57 +£14.78 5 9

TB, tuberculosis; PTB, pulmonary tuberculosis; EPTB, extrapulmonary tuberculosis. “Data are shown as mean + standard deviation; "data are shown as

median (interquartile range); “data are shown as number of cases (frequency).

positive site rs17687727 in TGFBRAP1 and liver func-
tion-related laboratory test indicators indicated that the
patients with the AA genotype had the highest AST

200.50 (100.50-276.50), whereas patients with the GA
and GG genotypes had AST values of 83.00 (38.50-160.25)
and 115.00 (72.50-217.00), respectively.
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TaBLE 2: The distributions of allele and genotype frequencies of all fifteen SNPs.
dbSNP Allele Genotype
Non-
ATDILI Non-
ATDILI Hwe  ATDILI
Gene 9
Alde ™% ey oreswen P F ATDIH P
172 172 WL 41122
22
rs17687727  G>A  46/188 171/1083 1.55 (1.08-2.22) 0.016 0.883  4/38/75 11/149/467  0.055
1s75725426  A>G  27/205 140/1116 1.05 (0.67-1.62)  0.827 0.096  2/23/91 12/116/500  0.936
TGFBRAP1 rs2241797 T>C 64/170 340/912 1.01 (0.73-1.38) 0.951 0.578  8/48/61 50/240/336  0.821
rs12476720 A>G  113/123 622/634 0.93 (0.70-1.23)  0.643  1.000 283{?7/ 153/316/159  0.832
rs1835538 G>A  29/207 188/1068 0.79 (0.52-1.20) 0.283 0.638  2/25/91 12/164/452  0.512
rs9881945 G>T 36/200 180/1074 1.07 (0.72-1.58)  0.718 0.744  3/30/85 14/152/461  0.937
rs4522809 A>G  69/167 382/868 0.93 (0.69-1.27) 0.685 0.924  6/57/55 59/264/302  0.216
rs11924422 C>A 69/167 383/869 0.93 (0.69-1.27) 0.678 0.258  9/51/58 52/279/295  0.912
rs12493607 C>G 78/158 412/838 1.00 (0.74-1.35) 0978 0.651 11/56/51  65/282/278  0.874
rs1808602 A>G 102/134 575/677 0.89 (0.67-1.18) 0.443  0.809 19;24/ 130/315/181  0.497
rs114342639 G>T 46/190 260/994 0.92 (0.65-1.31) 0.664 0.903  4/38/76 26/208/393  0.897
TGFBR2 18/52/
rs3773644 C>T 88/148 500/754 0.89 (0.67-1.19) 0.456 0.454 48 95/310/222  0.508
32/59/
13773652 G>A 123/113 602/648 1.17 (0.88-1.54) 0.264 0.575 27 141/320/164  0.509
rs2043136 A>G 17/101 102/524 0.94 (0.71-1.25)  0.680  0.033 173/;4/ 102/334/190  0.874
rs876688 G>A  66/170 297/959 1.25 (0.91-1.71)  0.155 0.438 11é§4/ 31/235/362  0.156

p: p value was calculated using logistic regression analysis. p™F: p value of Hardy-Weinberg equilibrium. HWE was assessed by the y* goodness-of-fit test
based on the genotype distributions in this study. The significance of bold in the table means p value < 0.05. “1” designates the mutant allele and “2” designates
the wild allele; 11 = mutant homozygote; 12 = heterozygote; 22 =wild homozygote.

4, Discussion

The TGF-f1/smad signalling pathway can regulate liver
homeostasis [9], although the distinct role of TGFBR2 and
TGFBRAP1 in the TGF-f1/smad signalling pathway had
been observed previously, playing a vital role in liver fibrosis
and hepatocarcinogenesis [9]. No genetic association study
was conducted to evaluate the correlation of TGFRB2 and
TGFBRAP1 polymorphisms with ATDILI. In the present
study, we first revealed that the A variants at rs17687727 loci
were significantly associated with an increased risk for
ATDILI in the Han Chinese population.

The TGFBRAPI gene (Gene ID: 9392) maps to chro-
mosome 2 at ql2.1 and spans 80.29kbp. No study on
rs17687727 has been reported yet. A G>A mutation of
1517687727 located at the 3’ UTR of the TGFBRAP1 gene
would influence the combined functions of the miRNAs. We
searched the miRNA target gene prediction website database
(http://www.targetscan.org) and found that TGFBRAP1 and
miR-122 had potential binding sites (S3 Figure). MiR-122,
which accounts for approximately 70% of the total miRNA
in the adult liver, is involved in cell cycle progression, he-
patocellular carcinogenesis, lipid metabolism, and fibrosis
[20], so it was considered to have a high specificity in drug-
induced liver injury with modest positive diagnostic effects
[20, 21]. MiR-122 might inhibit hepatocellular carcinoma
progression by downregulating TGFBRAP1 in the presence
of the hepatitis C virus core, suggesting that the TGF-f8/smad

signalling pathway may be related to the expression level of
miR-122, which plays an important role in drug-induced
liver injury [22-24]. Exposure to TGF-f led to significant
downregulation of miR-122. Furthermore, reintroduction
of miR-122 suppressed TGF-f-induced expression of fi-
brosis-related genes in hepatic fibrogenesis [25]. In-
vestigations have identified the ratio of miR-122/miR-155
as potential biomarkers for the early diagnosis of isoniazid-
induced liver injury in mice [26]. In our study, we also
found that the genetic polymorphism of TGFBRAP1 was
related to the clinical features of liver injury and that
patients with the AA genotype had a higher AST than
patients with the GA and GG genotypes. Whether this
regulation is also modified by miR-122 is worth exploring.
Considering the haplotype is a combination of specific
alleles at neighbouring genes that tend to be inherited
together, multiple SNPs may “tag” an untyped variant more
effectively than a single-typed variant. The subset of SNPs
used in such an approach is called “haplotype tagging”
SNPs [27]. We also generated a regional LD plot (http://www.
internationalgenome.org) for rs17687727 to search for the
“haplotype tagging” SNPs. Two estimated loci (rs34686799 and
rs10176000) with high LD (r*>0.8) were found in the intron
region, but no clear biological significance was found in these
sites. In summary, taking the spatiotemporal orchestration of
TGEF-f signalling at different stages of liver injury, its cross-talk
with several signalling pathways, and even its interplay with
posttranslational modification into consideration [8], the role
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TaBLE 3: Genetic models of related SNPs associated with ATDILI in tuberculosis patients.
Dominant model Recessive model Additive model
Gene dbSNP
OR (95% CI) p OR (95% CI) p OR (95% CI) P
rs17687727 1.634 (1.076-1.634) 0.021 1.982 (0.620-6.335) 0.248 1.559 (1.083-2.246) 0.017
1s75725426 1.073 (0.661-1.073) 0.774 0.900 (0.198-4.078) 0.891 1.047 (0.684-1.601) 0.832
TGFBRAP1 rs2241797 1.064 (0.716-1.064) 0.759 0.845 (0.390-1.833) 0.670 1.010 (0.740-1.377) 0.951
rs2576736 0.793 (0.526-0.793) 0.268 0.908 (0.397-2.076) 0.819 0.847 (0.607-1.182) 0.329
rs12476720 0.873 (0.562-0.873) 0.546 0.965 (0.608-1.532) 0.882 0.936 (0.708-1.237) 0.643
152679876 0.816 (0.537-0.816) 0.342 0.632 (0.219-1.820) 0.395 0.820 (0.576-1.168) 0.272
151835538 0.762 (0.479-1.211) 0.250 0.885 (0.195-4.007) 0.874 0.792 (0.519-1.209) 0.280
rs9881945 1.078 (0.694-1.673) 0.737 1.142 (0.323-4.038) 0.836 1.073 (0.729-1.578) 0.720
rs4522809 1.071 (0.722-1.589) 0733 0.513 (0.216-1.219) 0131  0.937 (0.688-1.276)  0.682
rs11924422 0.922 (0.622-1.367) 0.685 0.911 (0.436-1.904) 0.805 0.934 (0.683-1.278) 0.670
rs12493607 1.052 (0.707-1.565)  0.800  0.885 (0.452-1.734)  0.723  1.004 (0.743-1.356)  0.978
151808602 0.964 (0.626-1.484)  0.869  0.732 (0.432-1.241) 0246  0.893 (0.672-1.188)  0.437
TGFBR2 151078985 0.959 (0.619-1.487)  0.854 1583 (0.572-4.376)  0.376  1.025 (0.706-1.488)  0.896
19847368 0.864 (0.535-1.394)  0.549  1.066 (0.230-4.926)  0.935  0.891 (0.578-1.375)  0.604
rs114342639 0929 (0.615-1.399) 0721  0.811 (0.277-2.368) 0701 0.924 (0.650-1.315)  0.663
rs3773644 0.799 (0.534-1.195)  0.275  1.008 (0.583-1.742) 0977  0.894 (0.669-1.196)  0.452
rs3773652 1.199 (0.753-1.909) 0.444 1.277 (0.816-1.997) 0.283 1.176 (0.887-1.558) 0.260
152043136 0.954 (0.624-1.459)  0.827  0.864 (0.496-1.508)  0.608  0.936 (0.696-1.26) 0.665
rs876688 1.188 (0.800-1.763) 0.392 1.98 (0.965-4.059) 0.062 1.259 (0.917-1.727) 0.153
p: p value was calculated using logistic regression analysis.
TABLE 4: Analysis of haplotypes with the risk of ATDILL
Gene SNP Haplotype* Frequency p
GA 0.497 0.575
TGFBRAP1 1s2241797 : rs12476720 AG 0.261 0.963
GG 0.231 0.457
AG 0.649 0.804
111924422 : rs12493607 CC 0.281 0.922
AC 0.048 0.734
AC 0.536 0.485
TGFBR2 rs1808602 : rs114342639 GC 0.259 0.682
GA 0.196 0.618
AA 0.483 0.332
1$3773652 : 152043136 GG 0.423 0.573
GA 0.089 0.325
*Ratio is shown by CC frequencies.
TaBLE 5: Quantitative indicator comparisons among genotypes of rs17687727 in TGFBRAPI.
Genotype
Laboratory indicators P P
GG GA AA
TBIL (ymol/L)a 12.15 (7.15-18.44) 13.40 (9.70-19.55) 10.35 (6.85-17.67) 0.48
DBIL (ymol/L)* 5.65 (3.25-10.40) 5.60 (3.95-8.79) 3.90 (3.80-4.98) 0.45
IBIL (umol/L)* 4.90 (3.57-8.12) 6.60 (4.74-10.2) 6.45 (3.00-12.75) 0.08
ALT (IU/L)* 108.00 (50.50-191.75) 164.00 (105.00-316.00) 91.00 (38.00-250.50) 0.03
AST (IU/L)* 83.00 (38.50-160.25) 115.00 (72.50-217.00) 200.50 (100.50-276.50) 0.03
ALP (IU/L)* 108.5 (75.25-189.25) 98.00 (71.50-126.50) 97.50 (77.75-129.25) 0.32

“Data are shown as median (interquartile range).

of the TGF-f/smad signalling pathway in ATDILI is obscure.
Our study found that a variant of rs17687727 in the 3’ UTR
region of the TGFBRAPI1 gene was associated with suscepti-
bility to ATDILI and suggested that fine mapping and further
functional studies are necessary to evaluate the genetic effect of
TGFBRAP1 and its potential regulatory mechanism on
ATDILL

The TGFBR2 gene (gene ID: 7048) is located on chro-
mosome 3 at p24.1 and spans 87.65 kbp. Genotyping results
showed that the rs4522809G allele was associated with as-
cending thoracic aorta with significantly higher TGF-f1
concentrations [28]. rs4522809 was found to have a strong
predictive role in the regulation of osteopontin expression
[29]. Associations of rs4522809 were meta-analysed with
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data from the NCI Polish Breast Cancer Study and published
data from the Breast Cancer Association Consortium, which
found a weak association [29]. For rs12493607, studies fo-
cused on the susceptibility to breast cancer with contro-
versial results [30-32]. rs876688 has been researched in oral
facial clefts, and no correlation was found [33]. We did not
find any positive results for the SNPs in the TGFBR2 genetic
region. One possible reason to explain this lack of associ-
ation is that the TGF-f3/smad signalling pathway involves
different mechanisms in acute and chronic liver injuries. In
brief, TGF-p plays a dual role in the control of proliferation
and apoptosis. On the one hand, early on, it induces in-
tracellular signals that mediate cell cycle arrest and apo-
ptosis; on the other hand, at later times, it activates
proliferative and antiapoptotic signals through activation of
the EGFR pathway, especially as a central regulator in
chronic liver disease contributing to fibrogenesis through
inflammation [34]. As most of the ATDILI cases appeared
within sixteen weeks (range: 6 weeks—6 months) after the
start of the combined therapy, it is reasonable to speculate
that it was mainly acute liver injury [3]. Therefore, TGFBR2
or its genetic variation may not play a pivotal role in this
specific pathway. Second, TGF-f alone does not direct
normal liver development. A hepatocyte growth factor
(HGF) mediated smad-independent pathway is able to
rescue the liver phenotype in SMAD2/3 mutants [35].

Given that combined analyses of SNPs may display a
more complete picture of the candidate genes [27], we
turther conducted a haplotype analysis and a SNP-SNP
interaction analysis of the selected tagSNPs. Neither a
haplotype nor a joint effect was found in association with
ATDILI, which explained on another level that the TGF-
p/smad signalling pathway is related to ATDILI but may not
be the main pathway.

There are several strengths of our study. First, our pro-
spective study included patients from the West China Hos-
pital, the largest medical centre in western China, which has
surveillance of ATDILI with strict criteria to avoid mis-
classification and inclusion criteria. We excluded people with
hepatitis B virus (HCV) or hepatitis C virus (HCV), as well as
HIV coinfection, which were shown to be risk factors for
ATDILL Second, the laboratory for testing is one of the
advanced and comprehensive laboratories integrating clinical,
scientific research and teaching in China. The laboratory is
also certified by the American Association of Pathologists
(CAP). All the test data had good quality control and re-
liability. Third, people who were collecting and sorting clinical
data and people who were responsible for laboratory data
worked independently in this study to minimize potential
bias. These differences may make the conclusions of our study
more persuasive and representative to some degree.

There were several limitations in our study. First, we
focused on ATDILI induced by first-line antituberculosis
regimens and the genetic risk factors of TGFBR2 and
TGFBRAP1 only, without assessment of other relevant
genes, environmental risks, and comorbid conditions
(malnutrition, alcoholism, chronic hepatitis C and chronic
hepatitis B infection, HIV infection, and preexisting liver
disease), as well as epigenetic modification. For example,

association of genetic polymorphisms of the NAT2 gene
with “slow acetylation” phenotypes has been clearly
documented to increased risk of ATDILI [7]. It is an ex-
cellent discovery on the drug metabolism pathway.
However, TGFBRAP1 and TGFBR2 may play a role in
ATDILI by the TGF-f/smad signalling pathway through
potential immune regulation. In our study, we did not
analyse the gene polymorphisms of NAT2 gene simulta-
neously, so we did not analyse the relationship between
rs17687727 and slow acetylator status, and the correlation
between the TGF-f3/smad signalling pathway and isoniazid
acetylation is still poorly understood. Concomitant viral
hepatitis infection may be another confounding factor in
ATDILI, and the risk of ATDILI is directly related to the
viral load [3]. It is difficult to perform real-time fluorescent
PCR testing for every patient to detect the precise level of
HBV-DNA/HCV-RNA concentration. Meanwhile, the
ALT, AST, and ALP levels of patients with viral hepatitis
also have an increased likelihood, which makes it more
difficult to do causal judgement of liver damage caused by
antituberculosis drugs or hepatitis. To avoid bias and
confounding variables caused by different viral loads and/
or hepatitis progression itself, we excluded patients with
hepatitis B virus or hepatitis C virus in the study. Second,
all the samples in our study were Han Chinese in western
China and not large enough to detect a rare risk allele in
other ethnicities. No differences in age and gender were
found between the ATDILI group and the control group in
our population. Older age is associated with decreased liver
blood flow and changes in the drug distribution and
metabolism, thus potentially reducing the effective clear-
ance of the drugs [3]. To make this point clear, we further
analysed the age composition according to the severity of
liver injuries, and no significant differences were observed
(Table 1). To explore the correlation between age and
ATDILI in the Chinese population, we looked for genetic
polymorphism studies of ATDILI based on the Chinese
Han population. Although the target genes of the study are
different, these studies did not have a significant difference
in gender or age, neither [36-39]. Taken together, we
hypothesized that due to the genetic backgrounds of dif-
ferent ethnic groups, perhaps the correlation between age
and ATDILI for the Chinese Han population is not as
obvious as other ethnic groups. However, it cannot be ruled
out that the undetected correlation between age and
ATDILI is due to the limited sample size. Furthermore,
extended validation in multicentre and enlarged sample
studies in other cohorts is needed to identify the association
between target and ATDILI, plus functional verification
test in vitro and vivo.

In conclusion, we found that genetic polymorphisms of
rs17687727 in the TGFBRAPI gene influenced the sus-
ceptibility to ATDILI in first-line antituberculosis com-
bination treatment in a Chinese population. We believe
that mapping the TGFBRAPI1 variants in a larger pop-
ulation along with functional verifications will further
explore the important role of the TGF-f1/smad signalling
pathway in the process. These findings provide novel in-
sight into better understanding the molecular mechanisms



of ATDILI and shed light on still unrecognized candidate
targets for developing better personalized therapy and
successful treatment in ATDILIL
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Curcumin is a compound extracted from the Curcuma longa L, which possesses a wide range of pharmacological effects. However,
few studies have collected scientific evidence on its dual effect on angiogenesis. The present review gathered the fragmented
information available in the literature to discuss the dual effect and possible mechanisms of curcumin on angiogenesis. Available
information concerning the effect of curcumin on angiogenesis is compiled from scientific databases, including PubMed and Web of
Science using the key term (curcumin and angiogenesis). The results were reviewed to identify relevant articles. Related literature
demonstrated that curcumin has antiangiogenesis effect via regulating multiple factors, including proangiogenesis factor VEGEF,
MMPs, and FGE, both in vivo and in vitro, and could promote angiogenesis under certain circumstances via these factors. This
paper provided a short review on bidirectional action of curcumin, which should be useful for further study and application of this

compound that require further studies.

1. Introduction

Curcumin, one of the most promising natural compounds,
is the major polyphenol compound found in Curcuma longa
L with the symmetric chemical structure [1, 2]. Since its
first isolation in impure in 1815 by Vogel and Pelletier [3],
Lampe et al. confirmed its chemical structure and synthe-
sis in 1910 and 1913, respectively [4], and identified the
use of curcumin in human diseases in 1937 for the first
time [5]; extensive studies over the last half century have
clearly confirmed the pharmacological and biological effects
of curcumin including antiproliferation, anti-inflammatory,
antioxidant, anti-HIV, antibacterial, antifungal, nematoci-
dal, antispasmodic, antiparasitic, antimutagenic, antidiabetic,
antifibrinolytic, antithrombotic, radioprotective, and anticar-
cinogenic activity as well as wound healing, lipid lowering,
and immunomodulating (Figure 1) [2, 6-11]. Preclinical and
clinical researches demonstrated that curcumin could be uti-
lized in the treatment of cancer, diabetes, and other diseases
[12]. Cancer is one of the research hotspots in recent years; as
a natural compound with no toxicity and promising feature
on tumor therapy, attention have been paid on curcumin.

Angiogenesis is the process of new vessel formation
and hallmark of tumor progression [13], which is crucial
for tumor growth and expansion [14]. It was reported that
solid tumor cannot grow well without inducing blood supply
[15]. As a result of the hotspot of cancer therapy, the
anticarcinogenic effect of curcumin has been investigated
systematically, where angiogenesis plays an important role.
Studies have found that the anticancer effect of curcumin is
achieved by inhibiting angiogenesis partly [16-19]; naturally,
effects of curcumin on angiogenesis draw the attention of
researchers. At the same time, angiogenesis represents a
critical determinant in wound repair where curcumin plays
a role because new blood vessels act as a route for delivering
oxygen and nutrients to cells at the wound points [20];
effects of curcumin on promoting angiogenesis in wound
healing process have been studied. Altogether, curcumin has
bidirectional action on angiogenesis.

This article is aimed at reviewing the bidirectional action
of curcumin and curcuminoids as well as synthetic curcumin
analog on angiogenesis based on current research findings,
focusing on regulation of curcumin on proangiogenesis
factors in antiangiogenesis and proangiogenesis process;
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FIGURE 2: Curcuma rhizome and curcumin powder.

some of the mechanisms were summarized and discussed.
Furthermore, this article provided some information and
insights which could be interesting to researchers in related
areas.

2. Traditional Uses of Curcumin

Curcumin (Figure 2) is a member of the ginger family and
is prescribed abundantly for ailments in both traditional
Chinese and Indian medicine [21]. In China, Curcuma longa
L has been used as a commonly used traditional Chinese
medicine for thousands of years with the effect of activating qi
flowing, removing blood stasis, benefiting menstruation, and
relieving pain. In India, turmeric is commonly used in the
Indian subcontinent as a spice, concurrently used for health
care including various respiratory diseases [22, 23]. Besides,
turmeric preparations could be applied to treat fresh wounds
and anticancer effect of turmeric was also documented in
Indian medical literature [24].

3. Chemistry of Curcumin

Chemically, curcumin is a bis-a,-unsaturated p-diketone
[4] (Figure 3). Based on its f3-diketone moiety, curcumin
exists in keto-enol tautomers, and this tautomerism favors
interaction and binding with a wide range of enzymes
[25]. Some researchers have reported that the potency for
the suppression of nuclear factor-kappaB (NF-xB) differ
between curcuminoids, suggesting that the methoxy groups
on the phenyl rings in curcumin are important to have
health effects [26]. In the same time, the 4,4'-free phenolic
groups is found to be another important groups in curcumin
structure, studies have confirmed 4,4'-free phenolic groups
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to be associated with curcumin activities [27, 28], and these
findings draw attention to the researches on the synthetic
analogs of curcumin.

4. Bioactivity of Curcumin

Studies over the past thirty years have revealed that low
bioavailability of curcumin mainly due to poor absorption
and rapid metabolism [29]; metabolism has been considered
to be the main reasons of poor bioavailability [30]. Because of
the low bioavailability, innovative methods of increasing solu-
tion of curcumin have been used, resulting in the highlight
on curcumin nanoformulations. During the last decades,
various types of nanocarriers of curcumin have been inves-
tigated to improve the bioavailability of curcumin and some
systems have reached clinical evaluations and applications
[31-33]; these achievements can facilitate the better use of
curcumin.

5. Curcumin and Angiogenesis

In adult, angiogenesis is required for wound healing and
female reproductive organs actions [34]. Generally, the
angiogenesis process is activated by growth factors such as
basic fibroblast growth factor (bFGF), vascular endothelia
growth factor (VEGF), or placental growth factor [35]. In
adults, the formation and growth of new blood vessels are
tightly controlled. These processes are triggered only under
strictly defined conditions like wound healing. The function
of strict system regulation and balance is very important
for the body, because both excessive formation of blood
vessels and underdevelopment of blood vessels could lead to
serious diseases [36], such as neurological disease and tumor.
There are three stages of angiogenesis: the first stage: some
endothelial cells, namely, “tip cells” inside the capillary that
react to the angiogenesis factor VEGF-A, are selected as the
starting point to begin angiogenesis expansion. The second
stage: the tip cells only respond to VEGF-A through guided
migration; in the sprout stalks, the proliferative response to
VEGF-A occurs. Both of these two cellular responses are
mediated by the activation of VEGF-A on VEGFR-2 [37].
The third stage: maturation of newly formed vessels consists
of endothelial proliferation inhibition, new capillaries migra-
tion, and new vascular tubes that already existing stabilization
[38,39]. During the process of angiogenesis, various signaling
pathways, related factors, and receptors are involved. VEGF
is part of the most important ligand among them. Others as
epidermal growth factor (EGF), transforming growth factors
(TGF), fibroblast growth factors (FGF), angiopoietin-1 and 2,
and matrix metalloproteinases (MMPs) also play a role in the
process of angiogenesis [34, 40].

5.1. Antiangiogenesis Effects of Curcumin. It was showed that
pathological angiogenesis is a mark of cancer and several
ischaemic and inflammatory disease [41]. During the past
years, great progress has been made in comprehending the
mechanism of angiogenesis in different pathophysiologi-
cal conditions, the antiangiogenesis effect of curcumin is
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among them. Angiogenesis inhibitors can fall into two cat-
egories. The first class, also known as the direct angiogenesis
inhibitors, refers to those inhibitors which are relatively
sensitive for endothelial cells than tumor cells. The additional
class, on the other hand, is the indirect inhibitors, which may
have no direct effects on endothelial cells, but may regulate
angiogenesis via downregulating an angiogenesis stimulator
[42]. Curcumin is a direct inhibitor of angiogenesis; in the
meantime, it can also downregulate several proangiogenesis
factors [43]. Curcumin affects the whole process of angio-
genesis through downregulating transcription factors such
as NF-«B and proangiogenesis factors such as VEGF, bFGE,
and MMPs [43], all of which are closely and directly linked
with tumorigenesis, involving in the complicated regulating
process of curcumin.

5.1.1. Fibroblast Growth Factor. bFGF was isolated from
bovine pituitary known as highly angiogenic and widely
expressed in normal and malignant tissues. bFGF induces
angiogenesis as a result of its effects on smooth muscle cells
and endothelial cells, as well as its role as a chemoattrac-
tant and aid in the proliferation of fibroblasts and epithe-
lial cells. bFGF is expressed in vascular endothelium dur-
ing tumor neovascularization and antiproliferative diseases.
Besides their angiogenic activity, the FGFs are critical for
wound healing [44]. Because bFGF is essential preconditions
for initiation angiogenesis process, researches focusing on
regulation of curcumin on bFGF have been carried out.
Results showed that curcumin could inhibit bFGF and FGF-
induced angiogenesis in vivo [42, 45]. In an investigation,
it was reported that curcumin and its derivatives signifi-
cantly inhibit corneal neovascularization induced by basic
fibroblast growth factor [42]. And a previous study revealed
that curcumin could inhibit FGF-induced neovascularization
[46], indicating FGFs play an important role in inhibiting
angiogenesis by curcumin.

5.1.2. Matrix Metalloproteinases. MMPs have an expanded
role in angiogenesis, as they are essential for the creation
and maintenance of supporting growth and angiogenesis of
tumor [47]. MMPs released by endothelial cells represent a
key process in neovascularization. Within all MMPs, MMP-
9 plays a regulatory role in angiogenesis not only through
proteolytic activity, but also through other downstream
angiogenesis factors; study revealed that MMP-9 participated
in the angiogenesis of tumors by increasing the effectiveness
of VEGE an important angiogenesis inducer in malignant
tumor, indicating that the MMP-9 is a part of the angiogenic
regulation [48].

Curcumin shows antiangiogenesis effect via meditating
MMP level. A significant decrease of MMP-2 and MMP-9
levels has been identified in the prostate and breast cancer
cells treated with curcumin [49]. Experiments concerning
curcumin inhibit angiogenesis in glioblastoma xenografts
have been carried out and the results showed that the antian-
giogenesis activity of curcumin is at least partly via MMP-
9 both in vivo and vitro [50]. These results demonstrated
that the inhibition of MMP-9 is one of the major causes of
angiogenesis inhibition by demethoxycurcumin [51]. It was
observed that curcumin and its synthetic analogs downregu-
late the expression of genes responsible for angiogenesis and
other angiogenesis factors such as VEGF and MMP-9 [52]

5.1.3. Vascular Endothelial Growth Factor. VEGF as the best
known angiogenesis factor present was first discovered in
1986 by Senger and his colleagues [53], has been taken as the
most critical factor in angiogenesis regulation processes, and
is known to be required for normal as well as pathological
angiogenesis in many tissues, having a key role in cancer
biology and being involved in neovascularization [54]. There
are three known VEGF receptors that are VEGFR-1 and
VEGEFR-2, expressed on vascular endothelial cells and as well
as VEGFR-3; VEGF directly initiate an angiogenesis process
via binding to its receptors on vascular endothelial cells [55,
56].

Curcumin shows antiangiogenesis effect primarily in
tumor both in vitro and in vivo. Curcumin could reduce the
suppression of VEGF in an in vitro model of endometriosis
[57] and block angiogenesis induced by hypoxia in vitro
and downregulated VEGF expression [58]. In vivo, study
found that curcumin inhibited angiogenesis through reduc-
ing microvessel density in Ehrlich ascites carcinoma-bearing
mice; possible mechanism was proved to be inhibition of
VEGF and VEGFR2 [59] and is able to inhibit tumor angio-
genesis by the reduction of proangiogenesis factor VEGF in
the Xenograft model of breast cancer [60]. Other than cancer,
curcumin is seen as an angiogenesis inhibitor by downreg-
ulating VEGF in corneal diseases, diabetic retinopathy, dia-
betic nephropathy, and ectopic endometrium [61-65]. Other
than tumor, curcumin effectively prevented the angiogenesis
response in aortic ring models in both the diabetic and
nondiabetic environment where VEGF level decreased [66].
A previous clinical trial demonstrated that curcumin could
reduce VEGF level where VEGF overexpression and subse-
quent vasculogenesis and angiogenesis are implicated in the
development of several pathological processes [67]. Another
phase I trial revealed that curcumin/docetaxel combination
could significantly decrease VEGF levels after three cycles of



treatment [68]. Expect for curcumin, liposome curcumin and
curcumin nanoparticle also showed antiangiogenesis effect
by inhibiting VEGF [69, 70]

5.14. VEGF-Related Mediating Factors. COX-2 is an
inducible enzyme that is upregulated responsing growth
factors stimuli as VEGF [71]. Numerous reports showed
that one of the mechanisms of COX-2 participates in
tumorigenesis is to induce angiogenesis [72]. Finding
brought us the idea that the overexpression of COX-2 may
be functionally significant for the early stage of tumor
angiogenesis. The effects of COX-2 on tumor angiogenesis
might be mediated by the upregulation of angiogenesis
factors like VEGF expression. Other results showed the
significant correlation between VEGF expression, COX-
2 expression, and mast cell density (MCD), indicating
COX-2 and MCD may contribute to tumor angiogenesis by
regulating the production of VEGF [73]. All together showed
that COX-2 induce angiogenesis is closely related to VEGE.
In vitro, curcumin could inhibit hepatocellular carcinoma
cells angiogenesis through reducing the expression of COX-2
and VEGF [74]. Besides, curcumin inhibits angiogenesis
in microvascular endothelial cell via suppressing COX-
2 expression [75]. Curcumin analogs EF31 and UBS109
also induced the downregulation of COX-2 and VEGF in
pancreatic cancer [76]. These findings indicated that COX-2
plays an important in inhibiting angiogenesis by curcumin.

NEF-xB could affect the angiogenesis through regulating
angiogenesis factors including MMPs and VEGE and the
production of these angiogenesis factors is regulated by NF-
«B activation [77]. Activation of NF-«B and its gene products
(e.g., VEGE MMP-2, MMP-9, and COX-2) can be inhibited
by curcumin both in vitro and in vivo, which has a significant
role in angiogenesis [78, 79]; these findings might help in
the curcumin inhibiting angiogenesis in ovarian carcinoma
in vitro and vivo; results showed decreasing of microvessel
density, which is regulated by targeting the nuclear factor-
«B pathway [80]. Curcumin nanoparticle could also prevent
corneal neovascularization by inhibiting NF-xB in corneal
cells induced by lipopolysaccharide [69]. These studies fur-
ther emphasize NF-«B activation in mediating angiogenesis
and curcumin could downregulate NF-«B to inhibit angio-
genesis.

5.2. Proangiogenesis Effects of Curcumin. Despite the antian-
giogenesis of curcumin has been discussed a lot; it is
found that curcumin possess a proangiogenesis effect. Study
found out that curcumin pretreatment augmented adipose
derived stem cells production of VEGE, which contributed
to neovessels formation and improving cells survival [81].
A previous study found that curcumin could increase
MMP-2, transforming growth factor (TGF)-beta, and VEGF
expression, which are proangiogenesis factors and acceler-
ate angiogenesis in an indomethacin-induced model [82].
Curcumin enhanced endothelial progenitor cells (EPCs)
function, namely, angiogenesis, migration, and proliferation
ability, and upregulated the angiogenesis factors including
VEGF-A and Ang-1 [83]. Curcumin may promote both
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neovascularization and small capillary formation in a rat
model of nasal mucosal trauma [84] and improved neovas-
cularization in diabetic model of streptozotocin and gene
induced [85].

Meanwhile, neovascularization represents an important
part in wound healing; angiogenesis could affect the whole
process of wound healing from the very beginning after
skin injury until the end of the wound remodeling [86];
curcumin has been proven as an effective natural product
in wound healing, which is used as a household therapy
in Indian subcontinent for management of skin diseases,
wound, insect bites, and other inflammatory diseases from
ancient time; relevant researches have been done to explore its
proangiogenesis effect in wound healing; anti-inflammatory
activity may be the main mechanism by which curcumin
improves wound healing [87]. Curcumin has been shown
to be a promising proangiogenesis agent in wound healing
by inducing TGF-beta, which could induce both angiogen-
esis and accumulation of extracellular matrix through the
entire remodeling phase of wound repair [88]. Ken V and
his colleagues found that curcumin can enhance the neo
vasculogenesis and accelerate the wound healing in diabetic
rats by increasing the expressions of various factors, for
example, VEGF and TGF-betal, leading to well-formed blood
vessels with increased microvessel density, which indicated
that curcumin could promote angiogenesis [89]. The in vivo
effects of curcumin on wound healing in rats and guinea pigs
has been studied showing that extensive neovascularization
and molecular biology analysis also showed an increase in the
mRNA transcripts of TGF-betal in curcumin-treated wounds
[90]. These results revealed the proangiogenesis effect of
curcumin.

Expect for curcumin itself, ethosomal curcumin also
showed the effect of promoting neovascularization in the sec-
ond degree burns in rat [91] and curcumin cross-linked colla-
gen aerogels also possesses proangiogenesis efficacy [92]. Oil
of Curcuma longa also showed significant proangiogenesis
activity [93]. All together are showing the effect of curcumin
on promoting angiogenesis by regulating proangiogenesis
factors.

5.3. Dual Effects of Curcumin on Angiogenesis. As discussed
before, it is found that curcumin shows a dual effect on
angiogenesis (Figure 4); studies have confirmed this idea that
curcumin shows different effects in different microenviron-
ment. To be specific, when cells are in a microenvironment
that lack of exogenous stimuli and exposed to growth factors
such as FGF, curcumin may present an antiangiogenesis
effect, while proangiogenesis effect of curcumin is mediated
through VEGF and PI3K-Akt pathway in different microen-
vironment [94], which explained the underlying mechanism
of opposite effect of curcumin on angiogenesis. Meanwhile,
in vitro study showed that curcumin reveals opposite angio-
genesis effects on human umbilical vein endothelial cells
and chicken chorioallantoic membrane as a function of dose
[95]. Besides, the dosage of curcumin may be another factor
to explain why curcumin possesses both proangiogenesis
and antiangiogenesis activity; curcumin could be taken to
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FIGURE 4: Possible mechanism on dual effect of curcumin on angiogenesis.

treat different medical conditions based on the dosage used
to show either proangiogenesis or antiangiogenesis effect
[82]. Proangiogenesis effects of curcumin were observed at
a lower dose while antiangiogenesis effects were found at
higher doses [19]. It was discovered that curcumin showed
a proangiogenesis effect at a low dose (20 mg/kg/day) [96],
while inhibited tumor progression at a high dose (100 to 300
mg/kg/day) in C57BL/6 mice [97], indicating that the dual
effect of curcumin is dose-meditated.

The inhibition of angiogenesis differentiation by cur-
cumin depends on the serum concentration present in the
incubation medium. The effective concentration required to
inhibit angiogenesis in the presence of 10% serum is much
higher than that required to do so in the presence of 2% serum
[98].

6. Discussion

As reviewed in this article, it can be seen that curcumin has
dual effects on angiogenesis; curcumin can not only inhibit
angiogenesis in tumor and other pathological conditions, but
also promote angiogenesis in fresh wound and diabetic rats,
which has broadened the clinical use, pharmaceutical signif-
icance, and therapeutic applicability of curcumin, providing
a new research direction on curcumin.

Even though the dual effect of curcumin has been found
during years of hard work, the molecular mechanism of its
dual effects has been studied in some details but the underly-
ing mechanism of this association between angiogenesis and
the dual effect of curcumin is still not crystal clear. Some
researches proposed the idea that the dual effect of curcumin
is dose-based or depending on the microenvironment, there
is other hypothesis that chemistry structure of curcumin may
contribute to it, but no solid conclusion has been drawn;
further researches based on chemical genomics approach and
other methods are still needed.

Such bidirectional actions of curcumin are not uncom-
mon. Curcumin has radioprotective effects on normal tissues
and radiosensitization of tumor cells [99-101], which is
regulated via NF-«B pathway. While curcumin shows a two-
way prooxidant and antioxidant effects regulated by concen-
tration [102-104], these findings indicated that bidirectional
actions of curcumin are not uncommon and mechanisms of
these bidirectional actions are different. In this way, the pro-
and antiangiogenesis effects of curcumin are closely related
to the concentration, and NF-«xB pathway plays an important
role as well, indicating that the underlying mechanisms of
bidirectional actions of curcumin on angiogenesis are more
complicated.

There is study which showed microRNAs as a part
of cellular communication [105]. Research has found that
curcumin alone upregulated expression of miR-122 and
downregulated miR-221 expression; in the same time, cur-
cumin affected microvessel count, expression of angiogenesis,
and microRNAs [106]. In addition, another study showed
that curcumin may exert its antitumor effects via inhibiting
angiogenesis through modulation of VEGF signal regulatory
miRNAs [107]. As for proangiogenesis effects of curcumin,
curcumin had an active role in nondiabetic peripheral arterial
disease by improving angiogenesis, which may be partially
achieved by promoting miR-93 expression [108]. All these
findings indicated that micro-RNAs may be the principal
regulator of curcumin insides the cells.

Recent researches focus mostly on the unilateral role
of curcumin on angiogenesis; studies focused on antiangio-
genesis effect of curcumin showed that curcumin has great
potential in anticancer treatment, as a natural product with
great safety and low toxicity; more preclinical and clinical
studies should be conducted to dig the anticancer effect of
curcumin through inhibiting angiogenesis and promote new
drug research and development. Novel delivery systems of
curcumin have been investigated extensively to improve the
bioavailability in vitro and in vivo, and curcumin has been



used in traditional medicine for many years with accurate
effects and has tremendous potential in treating difficult
disease; it still needs deeper researches, both evidence-
based preclinical and clinical researches for evaluating its
pharmaceutical potentialities and better understanding of its
pharmacological mechanisms, and puts studies of curcumin
translate from lab to clinical. However there are limitations
to this research; there are still many deficiencies in the thesis.
It is our hope that more people see the value in this natural
compound and provide evidence needed to help prove its
mechanisms.
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Background. Abnormal storage of white adipocyte tissue (WAT) is the major factor causing obesity. The promising strategies for
obesity treatment are building up the brown adipocyte tissue (BAT) and/or expedite fatty acid catabolism. Traditional Chinese
Medicine (TCM) sheds light on preventing obesity. Ginger is one of the most effective herbs for antiobesity by accelerating browning
WAT. To fortify the antiobesity effect of ginger, an ancient Chinese herbal decoction composed of four herbs, Angelicae Sinensis
Radix (ASR), Astragali Radix (AR), Jujuba Fructus (JF), and Zingiberis Rhizoma Recens (ZRR; ginger), was tested here: this herbal
formula was written in AD 1155, named as Danggui Buxue Tang (DBT) ;). Therefore, the antiobesity function of this ancient herbal
decoction was revealed in vitro by cultured 3T3-L1 cells. Materials and Method. The lipid accumulation was detected by Oil Red
O staining. Furthermore, the underlying working mechanisms of antiobesity functions of DBT},;; were confirmed in 3T3-LI cells
by confocal microscopy, western blot, and RT-PCR. Results. DBT ;5 was able to actuate brown fat-specific gene activations, which
included (i) expression of PPARy, UCP], and PCGl«x and (ii) fatty acid oxidation genes, i.e., CPT1A and HSL. The increase of
browning WAT, triggered by DBT 55, was possibly mediated by a Ca’*-AMPK signaling pathway, because the application of Ca**
chelator, BAMPTA-AM, reversed the effect. Conclusion. These findings suggested that the herbal mixture DBT 55 could potentiate
the antiobesity functions of ginger, which might have potential therapeutic implications.

1. Introduction

Obesity is characterized as abnormal or excessive accumu-
lated adipose tissues, which is believed to be induced by
multiple factors, including genetically and environmentally.
Obesity incidence is increasing and becomes a normal
phenomenon in both developing and developed countries,
posting a great challenging for health care professionals.

The obese persons could undergo high risks of metabolic
abnormalities, diabetes, and several types of cancers diseases
[1, 2]. Antiobesity therapeutic treatments have been proposed
for decades. The limitation of carbohydrate intake used to
be believed as the most effective strategy for antiobesity;
however, this treatment has been reported to have negative
impact on mental development [3, 4]. On the other hand,
the side effects of popular weight loss synthetic medicines,
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e.g., phentermine-topiramate and lorcaserin, are commonly
ameliorating the risks of hepatorenal syndrome and resulting
in reducing the patient’s life quality [5].

There are two types of adipose tissues found within
human body, i.e., white adipose tissues (WAT) and brown
adipose tissues (BAT). The major functions of WAT are
heating insulation, buffering mechanical cushion, and, finally,
storing of energy. WAT is acting as fuel for energy imbalances
when the intaking energy is smaller than outputting energy;
therefore, WAT is considered as a crucial component in
contributing obesity [6]. BAT, on the other hand, acceler-
ates energy expenditure and finally combats obesity [7, 8].
Physical exercise is one of typical routines to lose weight
and reshape the body by hastening WAT browning and
stimulating fatty acid oxidation [9]. The high expression level
of mitochondrial uncoupling protein 1 (UCP1) is a hallmark
of browning WAT [9]. Furthermore, peroxisome proliferator-
activated receptor (PPARy) and peroxisome proliferator-
activated receptor-gamma coactivator 1 (PGClx) are two
transcriptional factors in modulating adipogenous-related
gene expressions, which are highly expressed in BAT [10]. On
the other hand, carnitine palmitoyl transferase I A (CPT1A)
and hormone-sensitive lipase (HSL) genes can enhance
mitochondrial activities and stimulate fatty acid oxidation,
and therefore they are classified as the signature of fatty acid
oxidation [11].

There is an increasing consumption of functional foods
or food supplements aiming to control weight. Traditional
Chinese Medicine (TCM) has drawn attention in the market;
because it has a peculiar and organized understanding of
obesity according to its specific concept. The major determi-
nant eliciting obesity is the imbalance of “Yin” and “Yang,”
which results in stagnation of “Qi” and “Blood” [12]. Most
of synthetic medicines alter the interaction of neurological
and/or hormonal signals in acting as appetite suppressants
or as inducers of diarrhea, which could be damaging to
psychology and physiology of our bodies [13]. Zingiberis
Rhizoma Recens (ZRR, root of Zingiber officinale Roscoe;
ginger) is one of the most popular spices utilized in the world,
and its antiobesity function has been widely reported [14].
The intake of ginger extract or curcumin, one of bioactive
constituents found within ginger, significantly reduced body
weight, leptin, insulin, amylase, lipase plasma, and tissue
lipids in rats. In parallel, the level of peroxisomal catalase in
serum was enhanced in ginger- and curcumin-treated rats
[15-18]. ZRR was able to activate AMPK pathway, the key
signaling in modulating WAT browning [19]. On the other
way, oral administration of ZRR in human could reduce
hunger sensation [15]. In TCM formulation, ginger is being
included commonly in many herbal formulae, and indeed the
therapeutic functions of these herbal formulae are believed to
enhance thermogenesis, as such to reduce obesity.

An ancient herbal mixture, written by Chen Suan of Song
Dynasty (1155 AD) in “Chensuan Fuke Buji”, is known to
improve “Qi” and “Blood,” named as Danggui Buxue Tang
(DBT,55). DBT 55 composes four herbs: Angelicae Sinensis
Radix (ASR), Astragali Radix (AR), Jujuba Fructus (JF), and
Zingiberis Rhizoma Recens (ZRR) in a weight ratio of 36: 30:
15: 20. The antiobesity functions of curcumin-enriched ZRR
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were widely reported, and this herbal formula was shown
to have antilipid accumulation in our preliminary study.
Thus, the antiobesity functions of DBT ;55 in cultured 3T3-
L1 adipocytes were tested here.

2. Materials and Methods

2.1. Preparation of Herbal Extract. The raw herbs of root
of Astragali membranaceus var. mongholicus (AR), root of
Angelica sinensis (Oliv) Diels. (ASR), fruit of Ziziphus jujuba
cv. Jinsixiaozao (JF), and rhizome of Zingiber officinale
Roscoe (ZRR; ginger) were collected and identified in 2013.
The voucher specimen of AR, ASR, JF, and ZRR was kept in
Centre for Chinese Medicine of HKUST. AR, ASR, JE and
ZRR in a weight ratio of 36: 30: 15: 20 were used to prepare
DBT,;55 decoction. The mixture was boiled in 8 volumes
of water for twice. Fifty grams of ZRR was also boiled in
water twice, each with 8 volumes of water. This preparation
was verified in previous studies [20, 21]. All samples were
dried by lyophilization and resuspended in water at final
concentration of 100 mg/mL, which were kept at —80°C.

2.2. HPLC Analysis and Chemical Quantifications. Chemical
standardization and quantification of herbal mixture are
the first step in performing biological assay [20, 22, 23].
According to China Pharmacopeia, ferulic acid was chosen as
marker chemical in ASR. Calycosin and formononetin were
selected as quantification markers in AR; cyclic AMP (cAMP)
was reported to be the bioactive chemical found within JF;
and 6-gingerol was elite as standard for ZRR (CP, 2015).
The HPLC mobile phases were composed of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B),
respectively. An elution gradient was set up as follows: 0-
2 min isocratic gradient 95% (A); 2-4 min, linear gradient 95-
90% (A); 4-15min, linear gradient 90-80% (A); 15-20 min,
isocratic gradient 80% (A); 20-27 min, linear gradient 80%-
70% (A); and 17-70 min, linear gradient 70-45% (A). The
preequilibration period of 15min was used between each
run. The column temperature was set to 25°C. The injection
volume was 10 uL. A wavelength of 254 nm was employed
for detection. The flow rate was set at 1.0 mL/min. Agilent
RRLC 1200 series system (Waldron, Germany) equipped with
a degasser, a binary pump, an auto-sampler, a diode array
detector (DAD), and a thermo-stated column compartment
was adopted for establishment of fingerprint for herbal
extracts. The HPLC condition was conducted on Agilent
ZORBAX SB-Aq (4.6 x 250 mm, 5 ym) CI18 column.

2.3. Cell Cultures. Mouse 3T3-L1 fibroblast cells (CL-173)
were obtained from ATCC (Manassas, VA) and maintained
at 37°C in a water-saturated incubator containing 5% CO,
and in DMEM supplemented with 4.5 g/L glucose, 10% FBS,
100 U/mL penicillin, and 100 ug/mL streptomycin. Induction
of lipogenic differentiation was detailed in a previous study
[24]. Briefly, cultured cells were treated with dexamethasone
(1uM, Sigma-Aldrich, St Louis, MO), insulin (1.8 #M, Sigma-
Aldrich), and dibutryl-cAMP (300 uM, Sigma-Aldrich) for
72 hours to induce lipogenesis. The cultures were set as day
0 and replaced with the culture medium containing insulin
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(1.8 uM) for every two days. At day 10, about 80% of cultures
were induced to contain triglyceride. Treatments including
negative control (0.02% DMSO only), cocktail (1.8 uM of
rosiglitazone and triiodothyronine), low concentration of
DBT (DBT-L, 0.125 mg/mL), and high concentration of DBT
(DBT-H, 1.0 mg/mL) were given to differentiated cultures (on
day 10) for 72 hours. Unless described otherwise, all the cul-
ture reagents were purchased from Invitrogen Technologies
(Waltham, MA).

2.4. Cell Viability. The cell viability was measured by MTT
assay. In brief, cells were cultured in 96-well plate. After drug
treatments for indicated durations, MTT solution was added
into the cultures in the final concentration of 0.5 mg/mL; after
incubation for 2 hours, the production of purple crystal was
dissolved by DMSO solvent. The absorbance at 570 nm was
measured.

2.5. Oil Red O Staining. Oil Red O at 0.2% in isopropanol
was filtered. Experimental cultured cells were washed with
PBS, fixed by paraformaldehyde (4% in PBS, Sigma-Aldrich)
for 5 min, incubated with Oil Red O staining for 30 min, and
washed twice with PBS. The stained triglyceride (TG) was
resolved in isopropanol and measured at the absorbance of
490 nm [24].

2.6. Laser Confocal Fluorescence Microscopy. Fluorimetric
measurements were performed on cultured 3T3 cells using
an Olympus Fluoview FV1000 laser scanning confocal system
(Olympus America, Manassas, VA) mounted on an inverted
Olympus microscope, equipped with a 10X objective. Intra-
cellular Ca** concentration was detected by fluorescent
calcium indicator Fluo-4 AM (Sigma-Aldrich). Cultured cells
were seeded on the glass coverslips and incubated for 30 min
at 37°C in a normal physiological solution containing Ca**-
free normal physiological solution containing 5yM Fluo-4
AM. A23187 (Sigma-Aldrich), a calcium ionophore, was used
as a positive control. The amount of Ca** was evaluated by
measuring the fluorescence intensity exiting at 488 nm and
emitted at 525 nm.

2.7. Western Blot Assay. The protein expressions of PPARy,
PGCla, UCP], and internal control GAPDH were revealed
by western blot. Cultures were seeded onto 6-well plate. After
drug treatment for 72 hours, including inhibitor application,
the cultures were harvested in high salt lysis buffer (1M
NaCl, 10 mM HEPES, pH 7.5, ImM EDTA, 0.5% Triton X-
100), followed by centrifugation at 16,100 rpm for 10 min at
4°C. Samples with equal amount of total protein were added
with 2X lysis buffer (0.125M HCI, pH 6.8, 4% SDS, 20%
glycerol, 2% 2-mercaptoethanol and 0.02% bromophenol
blue) and heated to 95°C, and the protein was subjected to
SDS-PAGE analysis. After transferring, the membranes were
incubated with antibodies against PPARy, PGCla, UCPI, and
GAPDH (CST, Danvers, MA) at 1: 3,000 dilutions at cold
room overnight.

The phosphorylation of AMPK was also determined
by western blot assay. Differentiated cultures were serum-
starved for 3 hours before the drug application. After treat-
ment with BAMPTA-AM (10 uM) or WZ4003 (100 nM;
Selleck, Munich, Germany), the cultures were collected
immediately in lysis buffer (125 mM Tris-HCI, 2% SDS, 10%
glycerol, 200 mM 2-mercaptoethanol, pH 6.8). The protein
was subjected to SDS-PAGE analysis. After transferring the
proteins to membranes, the membranes were incubated with
anti-phospho-AMPK (Cell Signaling, MA) at1: 5,000 dilution
and anti-total-AMPK (Cell Signaling) at 1: 5,000 dilution
at 4°C for 12 hours. Following incubation in horseradish
peroxidase- (HRP-) conjugated anti-rabbit secondary anti-
bodies in 1: 5,000 dilution for 3 hours at room temperature,
the immune-complexes were visualized by the enhanced
chemiluminescence (ECL) method (Amersham Biosciences,
Piscataway, NJ). The band intensities in the control and
agonist-stimulated samples, run on the same gel and under
strictly standardized ECL conditions, were compared on
an image analyzer, using in each case a calibration plot
constructed from a parallel gel with serial dilutions of one of
the samples.

2.8. RT-PCR Analysis. Total RNA was extracted from 3T3-
L1 adipocyte cells with RNAzol reagent (Invitrogen) accord-
ing to manufacturer’s instructions. RNA samples with
0D260/0D280 ratio higher than 2.0 were employed for PCR.
One ug of total RNA was employed for the production
of cDNA, using a PCR system. The oligonucleotide primer
sequence was as follows: peroxisome proliferator-activated
receptor (PPARy): 5'-CCA GAG TCT GCT GAT CTG CG-3'
and 5'-GCC ACC TCT TTG CTC TGA TC-3'; peroxisome
proliferator-activated receptor y coactivator 1 (PGCla): 5'-
GAC CTG GAA ACT CGT CTC CA-3 and 5'-AAA CTT
GCT AGC GGT CCT CA-3'; carnitine palmitoyl transferase
I A (CPTIA): 5'-GGA CAT TAT CAC CTT GTT TGG C-
3" and 5'-GGA GCA ACA CCT ATT CAT T-3; hormone-
sensitive lipase (HSL): 5'-GCG CTG GAG GAGTGT TTT T-
3'and 5'-CGC TCT CCA GTT GAA CCA AG-3'; mitochon-
drial uncoupling protein 1 (UCP1): 5'-GAT GGT GAA CCC
GAC AAC TT-3' and 5'-CTG AAA CTC CGG CTG AGA
AG- 3';185: 5'-GTA ACC CGT TGA ACC CCA TT-3' and
5'-CCA TCC AAT CGG TAG TAG CG-3'. Transcript levels
were quantified by using , Ct value method, where the values
of target genes were normalized by 18S in the same sample at
first before comparison. PCR products were analyzed by gel
electrophoresis and melting curve analysis, as to confirm the
specific amplification.

2.9. Statistical Analysis and Other Assays. Protein concentra-
tions were measured by Bradford’s method (Herculues, CA).
Statistical tests have been done by using one-way analysis
of variance. Data were analyzed by t-test and expressed as
Mean + SEM. Statistically significant changes were classified
as significant (*) where p < 0.05, more significant (* ) where
p < 0.01, and highly significant (% * %) where p < 0.001 as
compared with control group.
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FIGURE 1: Typical chromatograms of DBT ;5 and ZRR extracts. Ten uL of 100 mg/mL of DBT),;; decoction (a) and 100 mg/mL of ZRR extract
(b) were subjected to HPLC-DAD analysis, and the chemical fingerprints were revealed at the wavelength 254 nm. The identification of ferulic
acid (A), cAMP (B), calycosin (C), formononetin (D), and 6-gingerol (E) were labeled here. Representative chromatograms were shown, n =
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FIGURE 2: DBT ;5 decreases lipid accumulation. 3T3-L1 adipocytes were cultured to 10 days of differentiation and then applied with cocktail
(1.8 uM of rosiglitazone and triiodothyronine), or different concentrations of DBT},5; (1 mg/mL of DBT labeled as DBT-H; 0.125 mg/mL of
DBT labeled as DBT-L) or ZRR (1mg/mL of ZRR labeled as ZRR-H; 0.125 mg/mL of ZRR labeled as ZRR-L) for another 3 days. (a) Oil Red
O staining was to measure lipid accumulation. Bar = 50 ym. (b) The amount of stained lipid was quantified at 490 nm absorbance. Data were
expressed as mean + SEM of the percentage of change as compared with control, where n = 3; p < 0.05 (*); p < 0.01 (#%); p < 0.001 (% * *).

3. Results

3.1. Chemical Standardization of DBT};;5. Chemical stan-
dardization is to ensure the repeatability of herbal extract
in all subsequent biochemical analyses. The amounts of
major components were calibrated by a calibration curve
derived from HPLC, which was obtained from a series of
dilutions of the chemical markers. The calibration curve of
ferulic acid was y=21.134x+19.607; calycosin was y=10.189x-
10.129; formononetin was y=13.602x+12.705; cAMP was
y=11.218x+55.42; and 6-gingerol was y=17.311x+25.1328 (Sup-
plementary Table 1). In quality control of herbal mixture, 1g
of dried DBT) ;55 powder was proposed to contain 572.32 ug
of calycosin, 205.66 pug of formononetin, 150.02 ug of ferulic
acid, 102.35ug of cAMP, and 1296.8 ug of 6-gingerol. One
gram of ZRR dried extract was proposed to contain 34.63 ug
of cAMP and 1203.24 ug of 6-gingerol. These chemical

requirements set the minimal standards. In addition, HPLC
fingerprint was developed for the standardized extracts at
254nm wavelength (Figure 1). These chemical parameters
were employed as quality control to ensure the repeatability
of biochemical assays.

3.2. Browning WAT Functions. The functions of DBT} 55 and
ZRR on lipid accumulation of cultured 3T3-L1 adipocytes
were detected by Oil Red O. The optimized working concen-
tration of DBT was determined by MTT assay; the highest
working concentration of DBT ;55 should be I mg/mL, which
was labeled as DBT-H. The lowest concentration should be
0.125 mg/mL which was named as DBT-L (Supplementary
Figure 1). The lipid accumulation was significantly decreased
under application of DBT 55 extract, which was in a dose-
dependent manner (Figures 2(a) and 2(b)). One mg/mL
of DBT decoction (DBT-H) possessed ~35% decrease by
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FIGURE 3: DBT ) triggers browning mRNA expressions of WAT
markers. 3T3-L1 adipocytes were cultured to 10 days of differen-
tiation. Then, the cultures were applied with cocktail or different
concentrations of DBT,;s; (DBT-H: 1mg/mL of DBT; DBT-L:
0.125 mg/mL) with/without cotreatment of BAMPTA-AM (10 uM)
for another 3 days. Total RNAs were isolated and reverse-transcribed
to cDNA for PCR analysis. The mRNA levels of PPARy, PGCl«, and
UCP1 were determined by the Ct-value method and normalized by
the house keeping gene 18S rRNA. Data were expressed as mean +
SEM as compared with control, setting as 1 here, where n = 3; p <
0.05 (*); p < 0.01 (s); p < 0.001 (x * *).

lipid staining as compared to the negative control (Figures
2(a) and 2(b)). The antilipid accumulation effect, triggered
by DBT,,55, was much stronger than that of ZRR alone
(Figures 2(a) and 2(b)). The lipid staining results implied that
other constituents within DBT ;55 might potentiate antilipid
accumulation activity of ZRR. The IC;, of DBT,,5; was
~0.375mg/mL. In the same assay, the herbal extracts of
AR, ASR, and JF did not show significant antilipid effect
(Supplementary Figure 2). Here, the cocktail served as a
positive control suppressing lipid accumulation dramatically
by ~50% decrease, as compared with a negative control
(Figures 2(a) and 2(b)).

Increase levels of PPARy, UCP], and PCGl« are the hall
markers of WAT browning [25]. Indeed, the activations of
these genes have been reported in obesity and/or its related
diseases [25]. The transcript levels of these BAT-specific genes
were revealed by RT-PCR from total RNA deriving from
DBT),55-treated 3T3-L1 adipocytes. As shown in Figure 3,
DBT), 55 increased the mRNA levels of BAT markers in a
dose-dependent manner. The maximal inductions of PPARy,
PCGla, and UCP1 were revealed at ~5-fold, ~4-fold, and
~3-fold, respectively, under the application of 1mg/mL of
DBT),,55. Furthermore, calcium chelator, BAMPTA-AM, was

employed here to identify the signaling pathway. The pre-
treatment of this chelator in 3T3-L1 adipocytes dramatically
suppressed the BAT-specific gene transcription (Figure 3).
The protein expression levels of these markers were also
taken into consideration. The translational activities of these
BAT-specific genes, e.g., PPARy at ~58kDa, PCGla at ~
100 kDa, and UCP1 at ~30 kDa, were highly expressed, from
5-t0-9-fold under the challenge of 1mg/mL of DBT,s;
(Figure 4). On the other hand, the application of BAMPTA-
AM significantly abolished the increased protein expression,
triggered by this ancient herbal formula (Figure 4). Taken
together, DBT) 55 decoction possessed antiobesity functions
by accelerating WAT browning.

AMPK signaling is a key player in regulating browning
WAT. Application of DBT, ;55 in cultured 3T3-LI adipocytes
was capable of inducing AMPK phosphorylation, and this
activation was in a time-dependent manner (Figure 5(a)
right). The maximal stimulation was shown at 2 hours,
as compared to control (Figure 5(a) right). Cellular Ca*t
level has been reported to be an indispensable factor regu-
lating AMPK activities [26]. Here, the Ca** concentration
in the treated 3T3-L1 adipocytes was detected by confo-
cal microscopy. Fluo-4 AM, a Ca** indicator, was applied
onto the cultures as to monitor the variation of Ca®'-
induced fluorescence signal in differentiated 3T3-L1 cells.
The increased Ca®* level was found after the treatment
in 3T3-L1 adipocytes (Figure 5(a) left). A23187 a calcium
ionophore, served as a positive control (Figure 5(a)). In
line with the above BAT-specific gene expression results,
the pretreatment of BAMPTA-AM markedly suppressed the
Ca?" influx and AMPK activation in cultured 3T3-L1 cells
(Figure 5(b)). Moreover, the pretreatment with WZ4003,
a specific AMPK antagonist, reduced the phosphorylation
of AMPK, as shown in Figure 6. Accordingly, these data
indicated that DBT' 55 triggered WAT browning in adipocyte
via an AMPK signaling.

3.3. Fatty Acid Catabolism Activities. Thekey function of fatty
acid catabolism is to generate ATP, and thus fat oxidation is
a key switch to reveal catabolism progress [11, 27]. CPT1A
is recognized in precipitating mitochondrial activities and
accelerating fatty acid oxidation [26]. The transcriptional
activates of these marker genes were revealed here (Figure 7).
Treatment with high dosage of DBT, 55 (1mg/mL; DBT-H)
led to significant increase of mitochondrial CPT1IA mRNA,
indicating the accelerated fat oxidation under the challenge of
herbal decoction (Figure 7). Synthesis of fatty acid is another
key regulator to modulate catabolism [26]. Overexpression of
HSL was observed in the DBT) | 55-treated 3T3-L1 adipocytes.
The maximal stimulation of HSL was revealed at ~2-fold,
as compared with the control. The upregulation of HSL
indicated that DBT,;5; could have the possibility of sup-
pressing fatty acid synthesis in 3T3-L1 adipocytes (Figure 7).
Again, the mRNA levels of CPT1 and HSL in cultured
3T3-L1 adipocytes were downregulated upon pretreatment
of BAMPTA-AM. Our data shed light on the antiobesity
functions of DBT| 55 via accelerating fatty acid oxidation and
suppressing its synthesis.
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FIGURE 4: DBT,;; triggers protein levels of browning WAT markers.
3T3-L1 adipocytes were treated with cocktail or different concentra-
tions of DBT, 55 (DBT-H: 1mg/mL of DBT; DBT-L: 0.125 mg/mL)
with/without cotreatment of BAMPTA-AM (10 uM) for another 3
days after 10 days of differentiation, as in Figure 2. The translational
levels of PPARy (~58 kDa), PGCla (~100 kDa), and UCP1 (~30kDa)
were detected by immunoblot analysis by specific antibodies.
GAPDH (~38 kDa) served as an internal control. Quantification of
target protein expression was calculated by a densitometer (lower
panel). Data were expressed as mean + SEM as compared with
control, setting as 1 here, where n = 3; p < 0.05 (); p < 0.01 (x*);
P <0.001 (x * ).

4. Discussion

During the past decade, people paid attention to the study
of weight loss therapy relying on herbal medicine. However,
the side-effect of TCM in weight loss is unclear, which
is one of the limitations in acceptance of TCM [21, 28].

Evidence-Based Complementary and Alternative Medicine

This is an urgency to search for the safe TCM that could
be effective for antiobesity. DBT, 55 is a classical herbal
decoction commonly used for treatment of “Blood” and “Qi”
deficiencies. “Blood” in TCM theory is to provide nutrition.
“Q1” is to boost antioxidative functions and finally neutralizes
“Blood.” Indeed, this traditional herbal formula DBT, 55 is
comprised of 4 herbs, and each of them plays their specific
responsibilities. AR is well-known for “Qi”-reinforcing, ASR
is popular for “Blood-" nourishing, JF is famous for tonifying
“Qi” and “Blood,” and ZRR is recognized to enhance vital
energy as well as improving immune system in TCM theory
[28]. DBT), 55 was shown to upregulate erythropoietic genes
in vitro and to reverse anemia-index in rats [21]. On the other
hand, DBT;55 has been utilized for years, and the side effect
has been rarely reported. Therefore, this herbal decoction
should be safe to be consumed. Furthermore, the current
data shed light on inducing brown fat phenotype in cultured
3T3-L1 via elevation of PPARy, UCPL, and PCGl« in both
transcriptional and translational levels.

There are three types of bioactive constituents popular for
obesity treatment. The first cluster is polysaccharide isolated
from plant, acting as vital role in maintaining body health [28,
29]. In obesity animal models, the polysaccharides showed
the possibilities of decreasing TG level via enhancing intesti-
nal peristalsis, upregulating lipid absorption rate, and accel-
erating the transformation of exogenous cholesterol to bile
acids [30]. For example, the total polysaccharide extracted
from ginger had dual antiobesity functions by upregulating
metabolic rate and inhibiting the absorption rate of calorie-
dense dietary fats [31]. The JF-generated polysaccharide was
capable of decreasing glycerol-3-phosphate dehydrogenase
activity in vitro [32]. Flavonoid is the other bioactive group
for obesity medication. Flavonoid increased thermogenesis
via enhancing fatty acid transportation and reduced the
triglyceride content in plasma and finally decreased lipid
deposition [33]. In parallel, the in vivo working mechanism
of flavonoids for losing weight has been well reported [34-
36]. The intake of total flavonoids showed a possibility of
alleviating obesity-triggered metabolic damage via suppress-
ing inflammation [35]. Formononetin, one of isoflavones
extracted from AR, as well as in DBT, was capable of
stimulating AMPK pathway in vitro, and suppressed the
development of obesity by attenuating high fat diet-induced
body weight gain and visceral fat accumulation [36]. The last
group of nature product for obesity treatment is believed to be
polyphenols. Among them, the most famous one is curcumin
[37-40]. Pan et al. demonstrated that treatment of male
C57BL/6 ] obese mice with curcumin significantly decreased
body weight and fat mass after 2 months of observation,
but enhanced insulin sensitivity in mice [37]. Moreover, oral
administration of curcumin-enriched supplementation was
effective in suppressing oxidative stress via modulation of
antioxidation enzymes activities, i.e., superoxide dismutase
(SOD) and glutathione peroxidase (GPx) in obese patients
[39, 40]. The constituents of DBT,;s; decoction, i.e., AR,
ASR, and JE showed synergistic effects to ZRR because the
antilipid functions of AR, ASR, and JF were very limited. The
cAMP-induced AMPK signaling is the major mechanism for
antiobesity [41-44]. The DBT,s5-triggered AMPK signaling
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FIGURE 5: DBT,, stimulates Ca**-AMPK pathway. 3T3-L1 adipocytes were pretreated with medium (a) or BAMPTA-AM (10 uM) (b) for
3hours and then were labeled with fluorescent Ca** indicator Fluo-4 AM for half an hour. Fluorimetric measurement was performed after
the treatment of different concentrations of DBT, s decoctions, as in Figure 2. A23187 (100 nM) served as a control. The amounts of Ca** were
evaluated by measuring the fluorescence intensity (left panel). Micrographs were taken by a confocal microscope; Bar =100 ym. Differentiated
cells were subjected to the phosphorylation assay. Phospho-AMPK (P-AMPK, ~ 60 kDa) and total AMPK (T-AMPK, ~ 60 kDa) were revealed
by using specific antibodies (right panel). Representative photos were shown, n = 4.

could be significantly suppressed by the Ca®" chelator; hence,
the abovementioned data strongly supported that this con-
ventional herbal formula reduced obesity by a Ca**-AMPK
signaling.

Obesity posts a great challenge on body health in a variety
of ways, including high blood pressure and cholesterol,

cardiovascular diseases, type II diabetes, and musculoskeletal
discomfort [44]. The antiobesity functions of DBT,,55 were
never reported and, therefore, we believe this could be a
significant breakthrough for further study. The aim here
is to reveal TCM formulae that could be used for obesity
treatment. Although our in vitro data suggest this herbal



8
>
N N B4 <
%\Q,o 00& QQ’& QQ’&
WZ4003: - + -+ - + - +

T-AMPK> — A — W A ——

o

5
=
m
o)
o
2
B 4
E
B2.0 —
=
<
Q: -
& > Y >
Y XD &' &/
N X
) QOO Q‘b Q%
[] -wz4003
B + WZ4003

FIGURE 6: WZ4003 suppresses AMPK phosphorylation. 3T3-L1
adipocytes were pretreated with medium or WZ4003 (100 nM)
for 3hours and then subjected to the phosphorylation assay. The
treatment of different concentrations of DBT 55 decoctions was as
in Figure 2. Phospho-AMPK (P-AMPK, ~ 60 kDa) and total AMPK
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formula possesses antiobesity functions via accelerating WAT
browning and lipid catabolism, the in vivo experiments are
indispensable as to further confirm the functions.
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Cynomorium songaricum Rupr is a very important traditional Chinese medicine for tonifying the kidney, which has a significant
effect on improving estrogen level on the long term. In many studies, it can improve the learning and memory function of
ovariectomized (OVX) model animals. 10 of the 50 rats received only bilateral back surgery and were harvested with the same
amount of fat as the ovaries without removing the ovaries as sham group; remains underwent bilateral ovariectomy and equally
randomized into five groups: sham group, with OVX as model group, estradiol valerate (EV, 0.2 mg/kg) as positive control, with 3.3
and 33 mg/kg body weight/day of ethyl acetate extract of Cynomorium songaricum extract (CSE) as low and high dosage groups,
respectively. The orally administered CSE to ovariectomized rats exerted an ameliorative effect on learning and memory in the
Morris water maze tests. All rats were sacrificed after 8 weeks of treatment, and tissue was analyzed using histopathology and
electron microscopy. To comprehensively examine the mechanism, brain derived neurotrophic factor (BDNF), p-p38 mitogen-
activated protein kinase (p-p38MAPK), extracellular regulated protein kinases (ERK), p-extracellular regulated protein kinases
(p-ERK), and p-cAMP-response element binding protein (p-CREB) were detected by Western blotting. Using histopathology
and electron microscopy, it was clearly observed that the pyramidal neurons of the hippocampal CAl area were reduced in the
OVX groups, indicating that CSE could attenuate the loss of pyramidal neurons in hippocampal CAl and revert the synaptic
morphological variations produced by ovariectomy. Mechanistically, the expressions of p-p38MAPK and p-ERK levels were
significantly downregulated by CSE intervention, whereas the BDNF and p-CREB were significantly upregulated by CSE as
compared to the control. Concisely, Cynomorium songaricum Rupr exhibited potential therapeutic effect on Neuroprotection of
ovariectomized rats, and its effect was possibly exerted by p-CREB/BDNF mediated down regulation of ERK/p38MAPK.

1. Introduction

Clinical studies have demonstrated that estrogen can protect
neurons [1]. Thus, estrogen treatment could be used to
attenuate the prevalence of Alzheimer’s disease (AD) and
ameliorate learning and memory deficits [2, 3]. The cognitive
dysfunction due to natural or surgical menopause is linked
to the deficiency of the hormone estrogen. In general,
experimental studies assessing the influence of estrogen on
cognition are performed using ovariectomized (OVX) rats
or mice. Menopausal hormone therapy, also called hormone

replacement therapy (HRT), has been found to be effective in
protecting against memory and learning dysfunction due to
estrogen deficiency [4, 5]. However, currently used estrogenic
treatments have several undesired effects, such as breast can-
cer and cardiac disorders [6, 7]. These findings argue for the
need for further studies to explore new estrogenic treatments.
Complementary and alternative medicines are recognized to
have fewer undesired effects as well as promising therapeutic
effectiveness against many chronic diseases, such as cognitive
dysfunction.
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Some laboratory discovered that phosphorylation of the
extracellular signal-regulated kinase (ERK) was necessary
for estradiol (E2) to enhance object recognition memory in
ovariectomized female mice [8, 9]. They have since extended
this finding to object placement (spatial memory) as well
[10-13]. These findings demonstrated that the memory-
enhancing effects of E2 depended on phosphorylation (i.e.,
activation) of a cell-signaling kinase. There is some prece-
dence for sex differences in the mechanisms through which
E2 regulates hippocampal function. In a study of neonatal rat
hippocampal cultures, E2 interacted with mGluRs to increase
ERK-dependent phosphorylation of cAAMP response element
binding (CREB) protein in females, but this phenomenon
did not occur in males [14]. E2 enhances the memory
consolidation of adult women as an important cause of
mGluR activation [9], but E2 does not stimulate ERK-
dependent CREB activation in male neonates, suggesting that
E2-induced ERK activation is a gender difference. Subsequent
studies have shown that E2 can increase the acetylation of the
specific promoter H3 of the BDNF gene within 30 min. [12],
a neurotrophin that is essential for hippocampal memory
formation [15-17].

Cynomorium is an important tonic Chinese medicine.
This herb is extensively distributed in Asian hilly areas, espe-
cially in China and Mongolia. Cynomorium songaricum is
useful against symptoms of aging, ranging from mild forms of
memory impairment to dementia, regulating endocrinopa-
thy, and improving sexual function [11, 18, 19]. Moreover,
pharmacological studies have revealed that various ingredi-
ents obtained from this herb have a number of activities,
such as anti-HCV protease [20], antiapoptosis, anticancer
[21], antiprostatic hyperplasia [22], and fertility-promoting,
actions [23-25]. Cynomorium songaricum contains various
active constituents including flavonoid, organic acids, and
polysaccharides (Figure 1) [26-28], making it an important
antimemory impairment herbal medicine in China.

Cynomorium songaricum extract (CSE) improves learn-
ing and memory in vitro, as studied through the water
maze test method [20]; however, in vivo confirmation of this
activity has not yet been confirmed. Thus, the present study
was carried out to investigate the influence of CSE on spatial
recognition memory in ovariectomized rats.

2. Materials and Methods

2.1. Animals. Fifty female rats were obtained from the Exper-
imental Animal Center, The Academy of Military Medical
Sciences (SD) (Certificate number: SCXK [jun] 2007-004).
Their weight ranged between 180 and 200 g. Rats were
housed in a room at a relative humidity of approximately
55%, 22°C temperature, and 12 h light/dark cycles. This
study was approved by the University Ethical Committee on
Research Practice at Beijing University of Chinese Medicines
and performed in accordance with approved standards of
laboratory animal care and use in experiments.

2.2. Ovariectomy. Fourty rats were ovariectomized under
anesthesia induced by intraperitoneal injection of 7% chloral
hydrate (250 mg/kg). For ovarian excision, approximately
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5 cm incisions were made bilaterally in the dorsal-ventral
region from the most posterior point of the rib cage. After
the ovaries were excised, ovarian blood vessels were ligated
by sterile thread. Sham-operated rats remove equal amounts
of adipose tissue around the ovary. Following surgery, the
rats were allowed to rest for 3 days. Water was given ad
libitum. After ovariectomy, rat vaginal smears were detected
by Wright's staining. If the vaginal cell smear loses its periodic
changes, the white blood cells mainly last for more than 5
days, indicating that the estrogen level of the rat is decreased
and entering the estrus interval.

2.3. Animal Treatment. Fourty rats were ovariectomized; six
rats were assigned to sham-operation and maintained for
8 weeks. Rats were assigned to five experimental groups
randomly with six animals for each group: the sham-operated
(sham), ovariectomized (OVX, model), OVX + estradiol
valerate (EV) treatment group, OVX + 3.3 CSE treatment
group, and 33 CSE treatment group. The CSE and EV groups
were treated intragastrically with CSE (33 mg/kg, 3.3mg/kg)
and EV (0.2 mg/kg, Bayer, Germany) for 8 consecutive weeks
starting on the third day after surgery, while rats in the sham
and model groups were treated with distilled water only.

2.4. Preparation of Cynomorium songaricum Extract. Cyno-
morium songaricum Rupr was procured from the Anguo
Chinese herbs market in Hebei province, People’s Republic
of China, authenticated as the fleshy stems by Professor
Chun-Sheng Liu in Beijing University of Chinese Medicine,
and the specimen was placed in university herbarium with
voucher number CSE 601003042. For the preparation of CSE
extract, the dried stems were crushed into small pieces and
extracted using 20 kg powder with 8 volumes of 70% ethanol
three times (each time for 1.5 h), followed by extraction with
petroleum ether and ethyl acetate. CSE was dried at 60°C and
stored at room temperature.

2.5. Morris Water Maze Test. 'The Morris water maze (MWM)
test was used to assess spatial learning and memory of the
rats. The test was conducted on day 7 after the start of
drug administration. The MWM pool with a diameter of 120
cm was filled with water (22-25°C) and divided into four
quadrants. An unseen platform was placed in the middle of
the marked quadrant 1.5-2.0 cm under the surface of water.
MWM consisted of two phases, the directional navigation
period and the spatial probe test. In the former, all rats were
given training 3 times per day for 4 days. First, rats were
placed in platform-free quadrants. The trial ended when the
rat reached the platform or after a maximum of one minute.
If the rats reached the platform in less than one minute, that
time was considered the escape latency. The escape latency
was considered sixty seconds if the mouse could not find the
platform within one minute. Then, the spatial probe test was
carried out. For this test the platform was removed and the
rat was permitted to swim for sixty seconds. The distance
in the target area was determined. The Top View Animal
Behavior Analyzing System (developed by the Institute of
Materia Medica Chinese Academy of Medical Sciences,
Beijing, China) was utilized to record and analyze data.
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FIGURE 1: Effect of CSE on recognition memory in Morris water maze test. (a) The graph represents the escape latent distance in period of
directional navigation of different groups. (b)-(c) Graph describes the escape latency and the times across platform in space probe test. Data
were expressed as means # SD (n = 10). *P < 0.05 vs. sham group, *P<0.05 vs. OVX group.

2.6. Morphometric Analysis. For morphometric analysis
(Williams and Carter, 2009), 6 randomly selected rats from
each group were anesthetized with 7% chloral hydrate and
perfused with PBS (phosphate buffer saline, 0.1 M, 4°C) and
then with 4% paraformaldehyde through the ascending aorta
until stiffening of the tail and limbs. Subsequently, the brains
were removed and divided into two parts: one part was stored
in 4% paraformaldehyde for 7 days and sliced into coronal
sections of 4 ym thickness for hematoxylin and eosin (HE)
staining, while the other part was used for fixing with 2.5%
glutaraldehyde for electron microscopy.

2.7 Cell Culture. Neuro-2a cells were procured from the Cell
Center, Peking Union Medical College. The culturing of these
cells was carried out in 10 cm cell culture plates. The initial
density was set at 5 x 10* cells/ml. Containing 10% bovine
serum albumin was used to culture the cells. The cells were
used 36 h or 48 h after cell passage.

2.8. Cell Viability Analysis (CCK-8 Assay). The cell viability
(Studler et al., 1982) was assessed using a CCK-8 Cell Count-
ing Kit-8. After treating cells with sequential concentrations
of CSE (100 mg/L) for 22 h, 200 uM H,O, was added



to each well for 2 h. Finally, the absorption at 450 nm
was measured by a microplate reader (Thermo Labsystems,
Helsinki, Finland).

2.9. Western Blot

2.9.1. Animals. After the MWM test, three rats from each
group were sacrificed for Western blot analysis to collect the
hippocampal tissue. The tissue was homogenized in RIPA
lysis buffer (1:5, w/v). Protein quantification was performed
using a BCA protein assay kit. Accurately weighed 27 ug of
protein was used for electrophoresis. The proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes, which
were blocked with 5% fat-free milk powder in TBST buffer
for a duration of one hour at room temperature, followed by
incubation with primary antibody: p-p38 mitogen-activated
protein kinase (1:1000), extracellular signal-regulated kinases
(ERK) (1:1,000), brain-derived neurotrophic factor (BDNF)
(1:2,000), p-cAMP-response element binding protein (p-
CREB) (1:1,000), and p-extracellular regulated protein kinase
(p-ERK) (1:2,000), acquired from Abcam, USA, for 12 h
at 4°C. Subsequently, incubation of HRP-labeled goat anti-
rabbit IgG (Jackson 111-035-003, 1:10,000) with the membrane
was conducted for 60 minutes at room temperature. Finally,
the visualization and scanning of the blots were carried out
utilizing enhanced chemiluminescence (ECL) Western blot
detection (Millipore WBKLS0500).

2.9.2. Cells. Neuro-2a cells were washed with ice-cold PBS
three times and harvested by adding ice-cold cell lysis buffer
supplemented with PMSE The protein was quantified using a
BCA protein assay kit. Then, 40 pg of protein was added to an
8% SDS-PAGE gel and transferred onto PVDF membranes.
The primary antibodies p-p38 (1:1000), PSD95 (1:2000), and
actin (1:2500), acquired from Abcam, USA, were incubated
at 4°C overnight. The secondary antibody was incubated for
90 minutes. The bands were visualized using an ECL system
(C600, Azure, USA).

Neuro-2a cells were treated with 100 mg / L CSE or 100
mg / L SB203580 for 22 hours each; 200 uM H, O, was added
and then incubated for 2 hours. Then, the cells were lysed, and
Western blot analysis was carried out using antibodies PSD95
and p-p38 to detect the effect of CSE.

3. Results

3.1. Effect of CSE on Spatial Recognition Memory. To evaluate
cognitive function, spatial learning, and memory abilities, the
MWM test was performed (Figure 1). The OVX rats did not
differ from the sham group in terms of escape latency to find
the platform on days 1-2 of training (directional navigation
period). However, the latency distance to find the platform
on days 3-5 of training was longer in OVX rats than in sham
groups. Compared with OVX rats, the EV and CSE rats had
a significantly lower escape latency distance (P < 0.05) in the
navigation test.

Additional analyses were conducted to determine the
escape latency and traversing time after the platform was
removed from the maze (Figures 1(b) and 1(c)). After 4 days
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of treatment, compared with OVX rats, the CSE rats had
decreased escape latencies and spent significantly more time
traversing the position of the virtual platform (P < 0.05).
These results suggest that there was obvious impairment of
cognitive function and spatial learning and memory ability
in the ovariectomized rats.

3.2. Morphological Changes of Hippocampus Tissues

3.2.1. HE Staining. Histological changes in the neurons of the
hippocampal CALl region were obtained by HE staining in all
groups (Figure 2). In the sham group, no histopathological
abnormalities were observed (Figure 2(a)). However, most
neurons in the CAl region in the OVX group (Figure 2(b))
appeared to have triangulated pycnotic nuclei. Moreover, the
image showed that the number of neurons was not aftected in
the sham group but decreased in the OVX group, while CSE
treatment (Figures 2(d) and 2(e)) significantly increased the
number of necrotic neurons.

3.2.2. Transmission Electron Microscopy (TEM). Under TEM,
the pyramidal neurons of the hippocampal CAl area in the
sham group exhibited a clear nuclear membrane, evident
nucleolus, rich organelles, and complete synaptic structure
(Figure 3). The rats in the OVX group showed distorted nuclei
with partial disappearance of decreased presynaptic vesicles
and nuclear membrane damage (Figure 3(b)). After 8 weeks
of treatment with CSE, there was a similarity in neural cells
and synaptic structure of the CSE and sham groups (Figures
3(d) and 3(e)).

3.3. Effect of CES on the Protein Expressions of BDNE p-
P38, and p-CREB, ERK, and p-ERK in the Hippocampus. The
results showed that CSE significantly (P < 0.01) increased
the expression of p-CREB and BDNF in the hippocampus
of OVX rats and significantly (**P < 0.01) decreased the
expression of p-p38 and p-ERK (P < 0.01) (Figure 4).

3.4. CSE Attenuated Cell Loss Induced by H,0, in Cultured
Neuro-2a Cells. CSE was found to have protective effect
against H,0,-induced damage of Neuro-2a cells, revealing
the likely role of CSE against cognitive impairment (Figure 5).

3.5. p-p38 Pathway Was Involved in the Protection Effects
of CSE. The results (Figure 6) showed that CSE had a
protective effect against H,O, damaged Neuro-2a cells, an
improved expression of PSD95 compared with H,O, group,
and decreased expression of p-p38, indicating the alleviated
cognition.

4. Discussion

The effects of estrogen on learning and memory are mainly
dependent on the hippocampus and related nervous systems
[29, 30]. Estrogen deficiency can cause a series of brain
pathological changes such as memory, synaptic plasticity and
neuronal morphology [31]. Estrogen replacement therapy can
alleviate cognitive deficits caused by decreased estrogen after
menopause, but this therapy does not produce the expected
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FIGURE 2: HE stains of hippocampal CALl of brain after 8 w of OVX. (a) Sham group; (b) OVX group; (c) 0.2 mg/kg EV; (d) 3.3 mg/kg CSE.
(e) 33 mg/kg CSE 100, 400x magnification. Scale bar: 50 ym.
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FIGURE 3: TEM of hippocampal CALl of brain after 8 w of OVX. (a) Sham group; (b) OVX group; (c) 0.2 mg/kg EV; (d) 3.3 mg/kg CSE. (e) 33

mg/kg CSE, 6000xmagnification. Scale bar: 200 ym.

results in reversing memory loss in older women. For exam-
ple, treatment with conjugated equine estrogens does not
maintain or improve cognitive function in postmenopausal
women over age 65, and in fact it can be detrimental to
cognitive function in this population [32, 33]. In addition,
hormone replacement therapy has a small risk of developing
breast cancer, heart disease, and stroke but is statistically
significant [34, 35]. Traditional Chinese medicines (TCM),
such as CSE, provide a new approach to treat or prevent
cognitive decline and related diseases.

Interestingly, the biochemical mechanisms underlying
the memory-enhancing effects of E2 may differ between the
sexes [36]. The ability of E2 to enhance object recognition and
object placement memory consolidation in women depends
on phosphorylation of ERK in the dorsal hippocampus [8,
10]. For example, in hippocampal cultures from neonatal
rats, E2 interacts with mGluRs to increase ERK-dependent
phosphorylation of cAMP response element binding (CREB)
protein in females, but not in males [14].

Previous studies in our laboratory have shown that CSE
has a good antioxidant effect [36] against SK-N-SH and
PCI2 cell injury triggered by hypoxanthine/xanthine oxidase
(HPX/XO) or Af25-35t [37,38]. More importantly, it
proves that CSE has an estrogen-like effect. CSE plays a
role of estrogen-like compounds and improved learning and
memory through the MAPK pathway by combining with
GPR30 [39]. In the current research, we aimed to investigate
the mechanism of CSE to protect OVX rats.

The MWM test employed in the present study is a
hippocampus-dependent memory task. This test is com-
monly employed in the evaluation of cognitive status [40].
The directional navigation training trials were utilized to
explore spatial or place learning and the probe trials to
examine whether the animal remembers the location of the
platform, which indicates memory [41]. The latency time in
the MWM was significantly shorter in the OVX rats after

oral treatment with CSE. At the same time, we found that the
3.3mg/kg CSE treatment group is more capable of improving
learning and memory in OVX rats.

The majority of studies have shown that hippocampus-
dependent learning and memory are impaired by ovariec-
tomy [42]. This study involved the attenuation of mem-
ory function in the OVX rats in the step-through passive
avoidance test, and it was demonstrated that CSE improved
this memory activity. The present results are consistent with
previous findings showing that CSE plays a crucial role in
the prevention or improvement of the cognitive loss triggered
by OVX or D-galactose [43]. In short, the enhancement of
memory activity by CSE was significant in the OVX rats.

The hippocampus is a crucial structure linked with learn-
ing and memory in humans and rodents [44]. In addition,
the hippocampal CAl region is very prone to degeneration
[45]. Thus, the effects of CSE on cognitive processes in the
hippocampal region were observed. In the present study, the
potential mechanisms by which CSE enhanced learning and
memory abilities were analyzed. The results showed that CSE
significantly enhanced the number of CAl pyramidal neurons
in hippocampal slices obtained from OVX rats. CSE was
found to have an ameliorating effect on neuronal cell viability
and a neuroprotective influence on the hippocampal part
of the OVX rats. The rats treated with CSE also exhibited
an improved cell density compared to that of the OVX
group. These results are in agreement with the findings of the
behavioral analysis in the present study that the EV group
had improved learning and memory function. However, the
exact mode of action by which CSE improves the abilities of
learning and memory in non-OVX rats is unclear.

Published work indicates that E2 enhances memory
consolidation in ovariectomized female mice by rapidly
activating ERK via ERa/B-mGluRla interactions, NMDA
receptors, and activation of PI3K/Akt and PKA [10, 46, 47].
ERK phosphorylation triggers activation of mTOR signaling
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and CAl dendritic spinogenesis [46, 48], as well as histone
H3 acetylation of BDNF and transcription of multiple other
genes. The p38MAPK pathway plays an important role in cell
proliferation and differentiation; that is, the inhibition of the
P38MAPK pathway reduces the production of inflammatory
mediators and inhibits apoptosis, so p38 inhibitors are being

used in the development of antineoplastic drugs [49]. The
present study revealed an increase in p38MAPK protein
expression in OVX rats; thus, the pathological effects of the
hippocampal CAl subfield in the sham and OVX groups
were significantly different. CSE significantly reduced the
phosphorylation level of p38MAPK, leading to the restricted
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apoptotic effect of CSE. This result indicates that CSE inhibits
OVX- induced p38 phosphorylation by GPR30.

Evidence-based studies have shown that estrogen recep-
tors can influence phosphorylated CREB (p-CREB) to reg-
ulate synaptic plasticity in the hippocampal CAl region of
adult rats. Neuronal survival and plasticity were assessed by
measuring expression of p-CREB and the level of its down-
stream factor BDNF [50-52]. In this study, an increase in the
expression of p-CREB and BDNF proteins was observed in
CSE-supplemented OVX rats.

These findings together revealed that the improved

synaptic plasticity and cognition are closely associated with
the ameliorated expression of p-CREB and BDNE Therefore,

BDNF could be involved in CREB-provoked regulation of
synaptic plasticity and cognitive activity with CSE treatment.
These findings are valuable for supporting the assumption
that CSE influences cognition and synaptic plasticity in OVX
rats.

4.1. Statistical Analysis. Graph Pad Prism 5 (GraphPad Soft-
ware Incorporated, La Jolla, CA) was used to construct
graphs. Data analysis was carried out using one-way ANOVA
or Student’s t-test utilizing Statistical Package for Social Sci-
ences (SPSS) 13.0. All data were narrated as mean+standard
error, while the statistical significance of difference was
determined by P < 0.05.
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Increasing evidence has demonstrated that natural products derived from traditional Chinese medicine, such as ginseng, berberine,
and curcumin, possess a wide variety of biological activities on gut microbiota, which may cause changes in the composition
of intestinal microbiota, microbial metabolites, intestinal tight junction structure, and mucosal immunology. These changes will
eventually result in the exertion of the pharmacological effects by treatment with these natural products. In this review, we will
discuss how gut microbiota is influenced by commonly used natural products. Furthermore, our findings are expected to provide

novel insight into how these untargeted natural products function via gut microbiota.

1. Introduction

The relationship between gut microbiota and human diseases
has been a major topic of interest for many studies. Increasing
evidence has suggested that gut microbiota plays an impor-
tant role in diseases, including obesity [1], type 2 diabetes
mellitus (T2DM), cardiovascular diseases [2], and cancer
[3, 4]. In many studies, bacteria-deficient mice have been
reported to consume more calories than normal mice [5],
and it was more difficult for these mice to become obese [6].
Studies in germ-free mice have indicated that gut microbiota
was associated with weight gain, lipid synthesis, and fat
storage. In addition, high-fat diet- (HFD-) induced obesity
is usually accompanied with diabetes [7], cardiovascular
diseases, and liver diseases such as nonalcoholic fatty liver
disease (NAFLD). Besides, gut microbiota, which can be part
of the tumor microenvironment, communicates with tumor
cells, and some immune cells [8], and may be the key factor
in the process of HFD-induced cancer progression [9].

In recent years, interest in the pharmacological activities
of natural products has significantly increased. In vitro
studies and clinical data have demonstrated positive effects
of natural products on many diseases [10, 11]. The aim of this
study was to discuss the effects of natural products on the
composition of gut microbiota, metabolites, intestinal tight

junction proteins, and mucosal immunity and to provide
novel insight into future therapies.

2. Effect of Natural Products on
Composition of Gut Microbiota

The gut microbiota is hypothesized to play a critical role in
metabolic diseases, such as obesity and T2DM. An increasing
number of studies have shown that natural products exert
antiobesity activities by modulating the composition of gut
microbiota. For example, MDG-1, a water-soluble polysac-
charide extracted from the root of Ophiopogon japonicus
Ker Gawl has been reported to regulate body metabolism,
including weight loss, antiobesity, and antidiabetes. Shi et
al. [12] demonstrated that, in HFD-induced obese mice that
were treated with MDG-1 at a high dose of 300 mg/kg for 12
weeks, the ratio of Firmicutes/Bacteroidetes (F/B) decreased
to normal levels. In addition, it was found that, in a HFD-
induced diabetic mouse model, MDG-1 decreased the num-
ber of pathogenic bacteria (Escherichia coli and Streptococcus)
[13]. Green tea, commonly consumed in Asia, has also been
reported to have an antiobesity activity [14], and the alteration
of gut microbiota composition has been presumed as one
of its mechanisms of action. When sundried green tea was
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fermented, it restored the increased Bacteroides/Prevotella
(B/P) ratio [15] and significantly decreased the F/B ratio
in HFD mice after 8 weeks of treatment. Epigallocatechin
gallate (EGCG), the main type of catechin in green tea,
could inhibit the formation of rat abdominal adipose tissue
after a 4-week treatment regimen. In their study, it was
revealed that EGCG-treated rats showed a dramatic decrease
of Clostridium spp. and an increase of Bacteroides in feces
[16]. Moreover, Chang et al. [17] reported that a water extract
of Ganoderma lucidum (Curtis) P. Karst. (WEGL) prevented
weight gain and fat accumulation in HFD-induced obese
mice. Furthermore, endotoxemia and insulin resistance were
found to be improved by WEGL for the modification of
gut dysbiosis. The F/B ratio and levels of endotoxin-bearing
Proteobacteria were also restored to normal levels. However,
several bacteria increased (Parabacteroides goldsteinii, Bac-
teroides spp., Anaerotruncus colihominis, Roseburia hominis,
and Clostridium), which negatively correlated with obesity.
The authors suggested that WEGL or polysaccharides could
be used as prebiotic agents for the treatment of obesity and
modulating obesity-related metabolic disorders [17].

Lonicerae japonicae flos is famous for its anti-
inflammatory activity and has widely been used in Asia
for years. In animal studies using HFD-fed animals,
administration of unfermented Flos Lonicera (UFL) or
fermented Flos Lonicera (FFL) significantly reduced body
weight (BW) and adipose tissue weight and decreased lipid
accumulation in the liver with ameliorated serum total
cholesterol, HDL, and triglyceride levels. As suggested by the
authors, alterations in the relative abundance of Lactobacillus
spp., Bifidobacterium spp., and B/F ratio in the intestinal
tract were supposed to be one of the mechanisms of UFL
or FFL [18]. In addition, the amount of Bifidobacterium
spp. in the cecal pool of HFD-induced mice was increased
by pomegranate peel extract (PPE), which is known for
its beneficial effects, including anti-inflammatory and
antimicrobial activities [19].

Berberine, the main active ingredient of Chinese herb
Coptis chinensis, is known as an antidiabetes drug and can
regulate blood glucose [20, 21]. Berberine has been shown
to be beneficial for HFD-induced insulin resistance, as it
improves insulin sensitivity and reduces the homeostasis
assessment of the insulin resistance (HOMA-IR) value. As
reported by Sun et al., administration of berberine reduced
the ratio of F/B and partly recovered the composition of gut
microbiota changed by HFD feeding. Furthermore, it also
showed that both the diversity and richness of gut microbiota
were significantly decreased after berberine administration
[22]. These findings were supported by Zhang et al., who
showed that the partial least squares (PLS) regression model
predicted the relationship between the changes in composi-
tion of gut microbiota and host phenotype [23].

In addition to animal studies, several studies of natural
products have been performed on human gut microbiota.
Xu et al. reported that Gegen Qinlian Decoction (GQD),
a traditional Chinese herbal formula, reshaped the gut
microbiota in a clinical study in which 187 T2D patients
were enrolled. The data showed that the symptoms of T2D,
such as fasting blood glucose levels and hemoglobin Alc
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(HbAlc) levels, were ameliorated in GQD-treated patients,
with increased amounts of beneficial bacteria, including Fae-
calibacterium, Gemmiger, Bifidobacterium, and Escherichia
[11]. Another clinical study involving ten obese Korean
women was conducted to investigate the antiobesity activity
of the water extract of Ephedra sinica Stapf, which revealed
that, in seven of the ten obese women, BW and body mass
index (BMI) were decreased after administration of this herb.
Interestingly, the antiobesity effect of ginseng varied when the
composition of gut microbiota was altered. The abundance of
Subdoligranulum, Oscillibacter, and Akkermansia in the gut
associated with changes in BW and BMI, whereas Lactobacil-
Ius was linked to body fat percentage [10].

Natural products also play an important role in the
improvement of gastrointestinal tract function. Several Chi-
nese medicine products such as Red Ginseng and Semen
Coicis were found to relieve the symptoms of ulcerative colitis
(UC) [24, 25]. After Red Ginseng and Semen Coicis treatment
in rats, the structure of gut microbiota was altered, which may
be beneficial for promoting the growth of probiotics, such
as Bifidobacterium and Lactobacillus, and for inhibiting the
growth of pathogenic bacteria [25]. In a double-blind, ran-
domized clinical trial containing 54 patients, it was revealed
that the combination of herbal medicine (Gwakhyangjeong-
gisan, GJS) and probiotics (Duolac7S, DUO) alleviated the
symptoms of diarrhea-predominant irritable bowel syn-
drome (D-IBS) by changing the composition of gut micro-
biota. Beneficial intestinal microbe counts, including Bifi-
dobacterium brevis, Bifidobacterium lactis, Streptococcus ther-
mophilus, Lactobacillus rhamnosus, Lactobacillus plantarum,
and Lactobacillus acidophilus, were synergistically enhanced
by GJS combined with DUO, suggesting that a combined
treatment of herbal medicine and probiotics might provide
a promising implication for clinical treatment of D-IBS [26,
27].

3. Effect of Natural Products on Metabolites of
Gut Microbiota

In the human intestine, microbes are vital contributors to
the host metabolism, considering that numerous important
components, such as vitamin K, folate, indoles, gamma amino
butyric acid, and short-chained fatty acids (SCFAs), are pro-
duced by microbiota [28-30]. In general, these metabolites
are involved in many physiological and pathophysiological
processes, which may be related to several diseases, including
cardiovascular diseases [29], allergic reactions [30], T2DM
[31], and various types of cancers [8, 32]. By changing
the bacterial structure, natural products may regulate the
metabolism of the microbiome, Zhao et al. found that the
abundance of genes encoding SCFA production and the fecal
butyric acid concentration were notably increased by a high
fiber diet from traditional Chinese medicinal food plants, and
several T2DM parameters were found to be improved after
treatment, and they identified 15 positive responders of SCFA
which played an important role in maintaining intestinal
homeostasis [31]. When total saponins and polysaccharides
(active constituents of P. kingianum) were administrated to
diabetic rats, the abundance of the content of certain bacterial
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taxa and fecal SCFAs in rats was upregulated, while the
lipopolysaccharide (LPS) concentration was downregulated
[33]. These results suggested that natural products might be
the treat levels of protective metabolites and that detrimental
metabolites can contribute to metabolic diseases. Chen et
al. reported that sulfate-reducing bacteria were significantly
decreased after Gynostemma pentaphyllum (GpS) treatment
in ApcMi" * mice. As a result, the level of harmful molecular
hydrogen sulfide produced by sulfate-reducing bacteria was
also reduced [34].

Gut microbiota can also impact the metabolism of natural
products and therefore influence their treatment effects. It
has been demonstrated that commensal bacteria regulate
countless genes involved in drug metabolism and hepatic
expression of drug-metabolizing enzymes [35-37]. Therefore,
the microbial activity in metabolic phenotype development
is important, especially for pharmacokinetics [35], because
treatment effects of components of traditional Chinese herbs
may be enhanced by biotransformation. For instance, many
glycoside compounds are hydrolyzed by gut flora when
administered orally, and thereby, the solubility is improved
to allow for easy absorption. Ginsensoide Rbl [37] and
aglycone of baicalin [38] are biotransformed to a more
active form, aglycone. After transformation, they harbor a
much better bioavailability. On the contrary, the activity of
several molecules can be transformed to an inactive form and
reduce their bioactivities. Ru et al. found that berberine is
metabolized to dihydroberberine (dhBBR), which is easier
to absorb but has less active properties, although in the
blood it can be oxidized to berberine [39]. Several herbs
are toxic and their harmful metabolites can also be more
or less toxic [40, 41]. Human intestinal microbiota can
metabolize aconitine, an alkaloid that can induce systemic
acute toxicity, to be less harmful to the body through
acetylation and esterification [40]. However, aristolochic acid
in Radix Aristolochiae Fangchi can cause acute renal injury,
and long term administration can increase the risk of cancer.
Its main microbial metabolite aristolochic acid I, the most
toxic component of the Aristolochia herbs, is particularly
cytotoxic in the kidney [42].

From another point of view, gut microbiota has played
an important role on the pharmacokinetics and pharmaco-
dynamics of natural products. The loss of gut microbiota
or dysbiosis may reduce the efficacy of traditional Chi-
nese medicine. Liu et al. reported that rats treated with
broad-spectrum antibiotics show a different pharmacolog-
ical response to Shaoyao-Gancao decoction (SGD) when
compared with control mice. The antibiotics inhibited the
absorption of SGD and reduced biotransformation of SGD
in the colon. Two constituents of SGD have significantly
reduced AUC, ,,;, after antibiotics treatment, but the half-
lives (T;/,) and mean retention times (MRT) did not
remarkably change [43]. It seems that gut microbiota mainly
affects the blood concentration and AUC of herb medicines.
Furthermore, Shen et al. used 5% dextran sulfate sodium
(DSS) to disturb gut microbial homeostasis and observed a
quicker absorption (less T',,,) and a lower max concentration
(Cax) of ginsenoside Rbl in DSS-treated mice. Once given
drugs to restore the balance, these changes recovered, which

indicated the importance of the intestinal flora in drug
metabolism [44]. Thus, it is of importance to consider the
influence of gut microbiota in clinical medicine. Digoxin
is an example of a drug that decreases drug efficacy when
it metabolized by microbiota. It has been reported that
gut microbiota can degrade digoxin to its inactive form,
such as dihydrodigoxin and dihydrodigoxigenin [45], which
hardly bind Na*-K"-ATPase of cardiac cells [46]. Conversely,
some new effects can be functioned during the interaction
between drugs and gut microbiota. In a study by Ru et al.,
the mechanism of antihyperlipidemia function and pharma-
cokinetics in beagle dogs was determined. Different from
effects such as anti-inflammatory and antidiabetes activities,
berberine induced the production of butyrate by upregulating
butyrate-producing microbiota [47]. All studies involving
novel effects or mechanism may have direct applications to
clinical medicines.

In conclusion, natural products can affect the metabolism
of gut microbes, and the microbiome can change the
metabolic process of natural components.

4. Effect of Natural Products on
Improving Gut Tight Junction through
Regulating Intestinal Microbes

In intestinal epithelial cells, tight junctions usually func-
tion as a barrier to defense against bacterial endotoxin.
In addition, LPS-induced disruption of tight junctions can
lead to dysregulation of intestinal epithelial cells, as well
as of the immune system [48]. A HFD could increase LPS
release induced by gut microbiota, thereby impairing the
expression of tight junction proteins leading to the increase of
intestinal permeability [49]. Furthermore, HFD elevated the
LPS concentration in plasma, and subsequently increased the
secretion of adipokines. In a recent study, it was shown that
Lactobacilli positively associated with human BMI and blood
glucose values [50]. In addition, it was reported that Lac-
tobacilli could reduce the LPS level, decrease blood glucose
levels, and inflammation in HFD mice. Besides, Lactobacilli
sakei OK67 could restore the expression of colonic tight
junction protein expression and ameliorate HFD-induced
hyperglycemia [51].

Moreover, in previous studies, it was demonstrated that
nanoparticle loaded with berberine could protect tight junc-
tion against inflammation induced by LPS. And berberine-
loaded nanoparticles turned out to be useful in the restora-
tion of tight junctions in intestinal epithelial cells (IEC)
[52]. Li et al. and Gu et al. reported that berberine could
inhibit intestinal epithelial tight junction damage caused by
proinflammation cytokines [53]. Pretreatment with berber-
ine could reduce the intestinal permeability and improve
LPS-induced redistribution of tight junction-related protein
claudin-1 and claudin-4 [54]. Combined, these results indi-
cated that berberine improved bacterial endotoxin induced
intestinal barrier disruption and play a significant role in the
maintenance of the intestinal epithelial tight junction.

Besides berberine, other natural products also showed
powerful functions to protect the intestine from LPS-induced



gut microbiota. In a previous study the effects of curcumin
were tested on Caco-2 cells and HT-29 cells, and it was found
that curcumin could attenuate the disruption of intestinal
epithelial barrier functions. Curcumin reduced the release
of IL-1b secreted from LPS, induced IEC and macrophages,
and prevented the disintegration of tight junction proteins,
such as ZO-1, claudin-1, claudin-7, and actin filaments [55].
Therefore, curcumin can be a potential compound for treat-
ing intestine barrier injury through increasing the expression
of tight junction proteins.

Similarly, Flos Lonicera, one of the most well-known tra-
ditional Chinese medicines, could modulate tight junctions
at the cell-based level. It not only restored the side effects
induced by LPS but also increased several microbiota, which
had beneficial effects on maintaining the integrity of the
intestinal barrier [18]. For example, Chelakkot et al. demon-
strated that akkermansia-muciniphila could activate tight
junction-related signaling of AMPK, especially in obesity and
T2D patients [56]. In another study, it was suggested that the
polyphenolic compound resveratrol (Res), which is found in
grape seeds, grape skin, and red wine, attenuated intestinal
barrier impairment and bacterial translocation induced by
deoxynivalenol (DON) [57, 58]. Ling et al. reported that
Res mainly facilitated claudin-4 expression to build up the
tight junction complex and to resist DON-induced barrier
dysfunction [59].

Together, these findings demonstrated that natural prod-
ucts can exert positive effects on the intestinal barrier by
upregulating tight junction proteins, reducing inflammation,
and increasing the abundance of probiotics. Gut microbiota
disorders increased the secretion of LPS, thereby leading
to a series of metabolic diseases [60, 61]. However natural
products can directly or indirectly act on microbes to alleviate
the condition.

5. Effect of Natural Products on Intestinal
Mucosal Immunity

The intestinal mucosal immunity system consists of gut-
associated lymphoid tissue (GALT), lymphocytes, and var-
ious immune-related factors. At present, it is believed that
digestive system diseases, autoimmune diseases, pediatric
allergic diseases, and tumors are closely related to intestinal
mucosal immunity [62, 63]. Natural products may provide an
alternative treatment approach for these diseases.

Many metabolic diseases are related to intestinal inflam-
mation and gut microbiota, and it is the intestinal mucosal
immunity that is the connection between them. As previously
reported, the induction of IL-22 in innate lymphoid cells and
CD4T cells is impaired in obese mice, and IL-22 deficiency
in mice has shown that mice are prone to developing meta-
bolic disorders [64]. Intestinal mucosal immunity in obese
mice contributed to obesity-related insulin resistance via pre-
serving the gut barrier and remitting fat inflammation [65].

Gut microbiota regulates host innate and adaptive immu-
nity. Dysbiosis of gut microbiota can cause severe intestinal
diseases [66]. Segmented filamentous bacteria can activate
CD4" T cells and produce IL-17A to promote inflammation
in the intestine [67]. Microbiota such as Clostridium clusters
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promoted the development of intestinal regulatory T cells (T
reg), which are significantly decreased in colonic germ-free
mice [68, 69]. Moreover, in the small intestine, TH17 cells
secrete cytokines, such as IL-17/IL-22 to regulate the inflam-
mation status in colon. However, Clostridium arthromitus
and metabolites from microbiota, such as luminal adenosine
triphosphate and tryptophan, promoted the development
of TH17 cells [70-72]. Commensal bacteria modulated the
abundance and activation of pd T cells, which produced IL-
17 to promote inflammation in the intestine [73]. Gut micro-
biota could also inhibit natural killer T cells (iNKT) [74, 75].

Innate lymphoid cells (ILCs) share functional charac-
teristics with T cells in the lamina propria. Gut microbiota
may regulate the ILC either through direct recognition or by
indirect induction of cytokine secretion by other cells [76].
On the contrary, microbiota can also regulate the activation
of ILCs via inducing the production of IL-25, which confirms
the opinion that microbiota is important for homeostasis
(77, 78].

IgA constitutes approximately 75% of the total anti-
body production in mammals and is the most abundant
immunoglobulin in mucosal secretions [79]. Gut microbiota
is a strong inducer of IgA production. For example, orally
administered flagellin abrogated IgA secretion in the intestine
[80].

Recent studies have shown that berberine had beneficial
effects on intestinal immune cells and immune factors.
Moreover, berberine also inhibited the expression of various
immune factors and reduced the low-grade inflammation
[81]. For example, berberine has been widely used in the
treatment of UC via modulating T reg cells and TH cells in
the colon [82]. Researchers in China revealed that berber-
ine improved lipid metabolism in the liver by changing
microbiota and by regulating bile acid metabolism and the
FXR pathway in the intestine [83]. In addition, M. charantia
improved insulin resistance via decreasing the F/B ratio in
the intestines of diabetic rats [84]. Therefore, it improved
the inflammation status in the intestine and diabetes mellitus
[85]. Curcumin could improve pancreatic 3 cells and decrease
glucose levels, as well as other metabolic profile in T2D or
atherosclerosis through inhibition of iNOS and COX-2 [86,
87]. Furthermore, a curcumin-supplemented diet increased
the richness of lactobacillales and improved the index of colon
tumors [88]. Ginsenoside also protected cardiac function and
decreased blood glucose levels [89].

Natural products modulate the immune status via chang-
ing the level of immune factors, such as IL-22, as well as acti-
vating T reg cells or inhibiting the development of Th17 cells.
Natural products can also decrease systemic inflammation
via improving insulin resistance as well as other metabolic
profiles. Natural products have promising therapeutic effects
on metabolic diseases by improving the immune status in the
body.

6. Conclusion

In the past, numerous studies have demonstrated that natural
products derived from traditional Chinese medicine imple-
ment their pharmacological properties through restoring gut
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homeostasis, including alteration of microbiota composition,
adjustment of microbiota metabolites, enhancement of the
expression of tight junction proteins, and enhancing mucosal
immunity. Therefore, we conclude that gut microbiota and
its subsequent changes of intestinal environment play very
important roles in mediating the pharmacological effects
of natural products. Given the fact that various roles of
gut microbiota were gradually elucidated in human diseases
and health, we hypothesize that the important roles of gut
microbiota will increase and will be more realized and
illuminated. It is to be expected that an increased number
of potential drug targets arising from gut microbiota will be
discovered.
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