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A B S T R A C T

Visceral obesity is the excess deposition of visceral fat within the abdominal cavity that surrounds vital organs.
Visceral obesity is directly associated with metabolic syndrome, breast cancer and endometrial cancer. In
visceral obese subjects, signal transducer and activator of the transcription 3 (STAT3) in adipocytes is con-
stitutively active. In this study, we aimed to screen for dietary herbal compounds that possess anti-visceral
obesity effect. Apigenin is abundant in fruits and vegetables. Our data show that apigenin significantly reduces
body weight and visceral adipose tissue (VAT), but not subcutaneous (SAT) and epididymal adipose tissues
(EAT), of the high fat diet (HFD)-induced obese mice. Mechanistic studies show that HFD increases STAT3
phosphorylation in VAT, but not in SAT and EAT. Further studies suggest that apigenin binds to non-phos-
phorylated STAT3, reduces STAT3 phosphorylation and transcriptional activity in VAT, and consequently re-
duces the expression of STAT3 target gene cluster of differentiation 36 (CD36). The reduced CD36 expression in
adipocytes reduces the expression of peroxisome proliferator-activated receptor gamma (PPAR-γ) which is the
critical nuclear factor in adipogenesis. Our data show that apigenin reduces CD36 and PPAR-γ expressions and
inhibits adipocyte differentiation; overexpression of constitutive active STAT3 reverses the apigenin-inhibited
adipogenesis. Taken together, our data suggest that apigenin inhibits adipogenesis via the STAT3/CD36 axis. Our
study has delineated the mechanism of action underlying the anti-visceral obesity effect of apigenin, and provide
scientific evidence to support the development of apigenin as anti-visceral obesity therapeutic agent.

1. Introduction

Obesity is defined as excess accumulation of adipose tissue in the
body. The worldwide prevalence of obesity keeps increasing, more than
1.9 billion adults were overweight, in which 650 million were obese.
Different fat depots have different impacts on human physiology or
disease pathogenesis because they have unique gene signatures [1].
Regional distribution and accumulation of the adipose tissues are the
important indicator for many diseases. Visceral fat (organ fat or intra-
abdominal fat) refers to the fat stored within the abdominal cavity that
surrounds vital organs, such as the mesenteric, epididymal white

adipose tissue and perirenal fat. Abnormally high deposition of visceral
adipose tissue (VAT) is known as visceral obesity [2]. Excess visceral fat
accumulation is correlated with increased mortality and higher risk of
developing metabolic syndrome, including glucose intolerance, hy-
pertension, dyslipidemia and insulin resistance [2–5]. The physiological
characteristics of visceral fat such as adipocyte size and number, re-
sponsiveness to lipolytic stimulation, lipid storage capacity and in-
flammatory cytokine production may contribute to the development of
metabolic syndromes and cardiovascular diseases [6]. Recently, the
term “visceral adiposity syndrome” emerges [7], which refers to these
cardiometabolic complications associated with excess accumulation of
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visceral fat. Besides, epidemiological studies also show that visceral
obesity is a significant risk factor for breast cancer [8]; and is associated
with poor outcome in endometrial cancer [9].

Visceral obesity is not only the result of adopting western life style
but is also the consequences of aging-associated muscle loss and hor-
monal changes [6,10]. Consumption of daily food that can help to re-
duce visceral fat may be a pragmatic strategy to combat visceral obe-
sity. Apigenin is a common nature compound. It is a flavonoid belongs
to the flavone structure class. In natural sources, apigenin is present as
apigenin-7-O-glucoside and various acylated derivatives [11]. Apigenin
is abundant in our daily fruits and vegetables such as parsley, onions,
oranges, chamomile and wheat. Based on the United States Department
of Agriculture (USDA) data, the contents of apigenin in parsley, pep-
permint, thyme, annual saw thistle leaves reach 10−50 mg/100 g.
Apigenin is also a constituent in red wine [12]. Another common source
of apigenin is herbal tea chamomile prepared from the dried flowers
fromMatricaria chamomilla. Apigenin is not only a phytochemical in our
daily food; it is also used in alternative medicine for the treatment of
asthma, intransigent insomnia, Parkinson’s disease, neuralgia and
shingles [13]. Recent experimental studies suggest that apigenin pos-
sesses anti-cancer effects [14]; and may be developed as chemo-pre-
ventive or chemotherapeutic agent. Apigenin also has free-radical
scavenging activity [15], anti-hyperglycemic effect [16], and it reduces
adipogenic and lipolytic gene expressions in adipocytes [17]. However,
the underlying mechanism of action has not been delineated.

Signal transducer and activator of transcription 3 (STAT3) signaling
is constantly activated in the VAT of obese subjects [18], it is con-
sidered as a pathogenic factor of visceral obesity. Besides, increasing
evidences suggest that elevated expression of cluster determinant 36
(CD36) protein is closely associated with obesity. Interestingly, CD36
deficiency attenuates the accumulation of visceral fat and the devel-
opment of obesity in obese mice [19,20]. However, the functional role
of STAT3/CD36 axis in obesity is not known.

Given the pathological roles of STAT3 and CD36 in visceral obesity,
we aimed to screen for dietary compounds that possessed potent anti-
visceral obesity effect by regulating STAT3 or the STAT3/CD36 axis in
adipocytes. Our data will provide scientific evidence for the develop-
ment of the herbal dietary compound into an anti-visceral obesity
therapeutic agent.

2. Materials and methods

2.1. Animal handling

C57BL/6 (C57) mice (16–18 g)were purchased from Laboratory
Animal Center of Sun Yat-sen University (License number: SCXK
(Guangdong) 2016-0029; Guangzhou, China), and were kept in the
animal facility in the SPF animal laboratory (License number: SYXK
(GZ) 2019-0144) at International Institute for Translational Chinese
Medicine, Guangzhou University of Chinese Medicine (Guangzhou,
China). Animal experiments were approved by the Guangzhou
University of Chinese Medicine Animal Care and Use Committee
(Guangzhou, China), and conducted according to the ethical standards
and national guidelines. All mice were randomly selected to have either
control diet (D12450 J Research Diets), or high fat diet (D12762
Research Diets) which was used to induce obesity. Both diet and water
were supplied ad libitum. After 10-week of dietary intervention, the
established diet-induced obesity (DIO) mouse models were used for the
experiments. These DIO mice were given either apigenin by sub-
cutaneous injection of 15 mg/kg/day, 30 mg/kg/day or vehicle alone as
control for 13 days. Behavioural changes, body weight and food intake
of these mice were recorded every day.

2.2. Measure the concentration of apigenin in mouse serum

The concentration of apigenin in the serum of the mice was

analyzed by LC-MS/MS which is equipped with a 5500 QTRAP system
(Applied Biosystems/MDS Sciex, Foster City, CA, USA) and a Shimadzu
LC-30A liquid chromatography system. Chromatographic separation
was performed on ACQUITY UPLC HSS T3 1.8 μm (2.1 × 150 mm)
column. The temperature was maintained at 40℃ and the sample in-
jection volume was 5 μL. The mobile phase consisted of methanol (a)
and 0.1% formic acid aqueous solution (b) with a gradient elution of
35–65% A at 0–1.5 min, 65% A at 1.5−6 min, 65–95% A at 6−8 min,
35% A at 8.1–9.0 min. The flow rate was set at 0.35 mL/min. The
optimized mass transition ion-pair (m/z) for apigenin quantization was
269.0/117.0.

2.3. Dissecting adipose tissues and isolating pre-adipocytes from mice

Adipose tissues were dissected from the mice as described [21]. VAT
was dissected from the fat pad surrounding the kidneys. Epididymal
adipose tissue (EAT) was dissected from the fat pad over the epidi-
dymis. Subcutaneous adipose tissue (SAT) was dissected from the fat
pad under the skin. Brown adipose tissue (BAT) was dissected in the
interscapular area with any superficial white adipose removed. Pre-
adipocytes were isolated with collagenase protocol [22]. Briefly, white
adipose tissues were minced into small pieces and were digested in
0.1% Type II collagenase (Sigma) in PBS at 37 °C for 20 min under
shaking. The resulting cell pellets were washed with PBS and re-sus-
pended in DMEM culture medium, there were kept at 37 °C humidified
incubator with 5% CO2.

2.4. 3T3-L1 preadipocyte differentiation

3T3-L1 preadipocytes were induced to differentiate to mature white
adipocytes with differentiation inducing medium containing 1 mM
dexamethasone, 0.5 mM isobutylmethylxanthine and 1.67 mM insulin
in DMEM (Dulbecco's Modified Eagle's medium) supplemented with
10% FBS for 4 days before switching to DMEM with only 10% FBS and
10 μg/ml insulin for an additional 3 days [21].

2.5. Oil Red-O staining

Lipids are stained by Oil Red O staining. To quantify the staining,
Oil Red-O was extracted from the cells with isopropanol containing 4%
Nonidet P-40. The optical density was then measured at a wavelength
of 520 nm.

2.6. Western blot

Protein samples were separated onto SDS-PAGE before transferring
onto nitrocellulose membranes (Bio-Rad). Then, the membranes were
blocked with milk and incubated with corresponding antibodies (Santa
Cruz or Cell Signalling) overnight at 4 °C. Antibody against STAT3, p-
STAT3 (Y705), p-STAT3 (Y727), CD36, p-IGF-1R (Y1161) and GAPDH
were purchased from Abcam or Cell Signalling Technology, USA.
Corresponding secondary antibodies were added and signals were de-
tected by ECL detection system (Amersham Biosciences).

2.7. Real time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen). Reverse
transcription was performed with oligo-dT using MMLV reverse tran-
scriptase (Promega, USA). Quantitative real time PCR was carried out
by monitoring the increase in fluorescence of SYBR green with the ViiA
7 Real Time PCR System (Applied Biosystems, USA). The primer se-
quences [23–25] for peroxisome proliferator-activated receptor gamma
(PPARγ) forward: GCCCTTTGGTGACTTTATGGA, PPARγ reverse: GCA
GCAGGTTGTCTTGGATG; CCAAT/enhancer binding proteins (CEBP-β)
forward: AGCCCCTACCTGGAGCCGCTCGCG, CEBP-β reverse: GCGCA
GGGCGAACGGGAAACCG; glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) forward: GTTGTCTCCTGCGACTTCA, GAPDH reverse: GGTG
GTCCAGGGTTTCTT. Each sample was amplified in triplicate. Data
were analysed by relative quantitation using ΔΔCt method and nor-
malized to GAPDH.

2.8. Transient reporter assay

Mouse CD36 promoter (-1963/+120) reporter was kindly provided
by Prof Jianhua Shao from the University of California [26]. HEK293
cells grown in 24-well plates were co-transfected with 0.5 μg of CD36
promoter reporter and 0.02 μg of pRLSV40 encoding Renilla luciferase
(rLuc) (Promega). Control cells were co-transfected with 0.5ug empty
pGL3-basic luciferase reporter vector and 0.02 μg pRL-SV40 encoding
rLuc. At 48 h-post-transfection, cells were treated with apigenin for 24 h
before dual-luciferase assay (Promega) was performed. The luciferase
readings for each sample were normalized against the rLuc levels.

2.9. Transfection

The siRNA transfection was performed with Lipofectamine
RNAiMAX transfection reagent (ThermoFisher Scientific). Negative
control (NC) with non-sense sequence was used as control. We followed
the company’s protocol to do the transfection. Briefly, the RNA-
RNAiMAX complexes were prepared with the recommended ratio in the
Opti-MEM reduced serum medium and were added to the cells. Cells
were then incubated for 2 days at 37 °C. STAT3C or CD36 transfection
was performed with Lipofectamine 3000 transfection reagent
(ThermoFisher Scientific). Empty vector (EV) was used as control. DNA-
lipofectamine-3000 complexes were prepared with the recommended
ratio and were added to the cells. Cells were then incubated in 37 °C
humidified incubator with 5% CO2 for 3 days.

2.10. Lipidomics analysis and data processing

Lipidomics study was done as described [27]. Briefly, we analysed
the lipids with Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS mass
spectrometer (Agilent Technologies, USA) connected to an Agilent 1290
Infinity UHPLC. Agilent 6450 Triple Quadrupole LC/MS system con-
nected to an Agilent 1290 Infinity UHPLC is used for specific quanti-
fication of targeted bioactive lipids and lipid metabolites [20]. Raw
data were first processed by MassHunter Workstation software (Version
B.04.00 Qualitative Analysis) and then analysed by Mass Profiler Pro-
fessional (MPP) software (Version 2.2). Only entities with abundances
above 3000cps were selected. These entities were then passed a toler-
ance window of 0.15 min and 2 m Da chosen for alignment of RT and
m/z values, respectively. We employed one-way ANOVA to do the
statistical analysis. The p-value of ANOVA was set at 0.05 that corre-
sponds to the significance level of 95%.

2.11. Molecular docking

The binding mode between apigenin and STAT3 was investigated
using Autodock vina 1.1.2. Three-dimensional (3D) structure of STAT3
was downloaded from RCSB Protein Data Bank (http://www.rcsb.org/
pdb), and the 3D structure of apigenin was drawn by ChemBioDraw
Ultra 14.0 and ChemBio3D Ultra 14.0 software. AutoDockTools 1.5.6
package was used to generate the docking input files.

2.12. Molecular dynamics

Molecular dynamics simulation was performed using AmberTools
14 software. General AMBER force field (GAFF) parameters were as-
signed to the ligands, and the partial charges were calculated using the
AM1-BCC method. The ff14SB force field was used for the protein. The
STAT3-apigenin complex was charge-neutralized by adding sodium
counterions and was then surrounded by a periodic box of TIP3P water

molecules extending up to 10 Å from the solute. First, energy mini-
mizations using the steepest descent method, followed by the conjugate
gradient method, were performed for each system. Each system was
gradually heated from 0 to 300 K within 50 ps, followed by a further 50
ps of equilibration at 300 K to obtain a stable density. An unconstrained
production phase was initiated and continued for 100 ns in a NPT en-
semble at 1 atm and 300 K. During the simulations, the long-range
electrostatic interactions were evaluated by the particle mesh Ewald
(PME) algorithm. The cut off distance for the long-range van der Waals
interaction was set to 10 Å. The SHAKE method was applied to con-
strain the bond lengths of hydrogen atoms attached to heteroatoms. The
time step used for the molecular dynamics simulations was set to 2.0 fs,
and the trajectory files were collected every 20 ps for the subsequent
analysis. Interaction between apigenin and each residue was computed
using the MM/GBSA decomposition process by the mm_pbsa program
in AmberTools 14. The binding interaction of apigenin-residue pair
includes three energy terms: van der Waals contribution (vdw), elec-
trostatic contribution (ele), the polar solvation contribution (polar E)
and nonpolar solvation contribution (nonpolar E). All energy compo-
nents were calculated using the 50 snapshots extracted from the mo-
lecular dynamics trajectory from 50 to 100 ns.

2.13. Thermal shift assay

The temperature-dependent thermal shift assay was performed as
described [28]. Briefly, 3T3-L1 cell lysate was incubated with 100 μM
of apigenin at each temperature set point for 4 min. The samples were
centrifuged at 4 °C. The supernatant was mixed with loading buffer and
separated on SDS-PAGE for immunoblotting analysis of STAT3.

2.14. Hematoxylin and eosin staining for VAT

VAT were fixed in 4% paraformaldehyde, embedded in paraffin, and
then sliced at 4 μm thickness. The slices were stained with hematoxylin
and eosin, and examined by light microscopy.

2.15. Statistical analysis

Results were shown as mean± SEM. Data were analyzed by one-
way ANOVA followed by the Dunnett's multiple comparisons. Statistical
analyses were carried out using GraphPad Prism (GraphPad Software,
San Diego, CA, USA) version 7.0. p<0.05 was considered statistically
significant.

3. Results

3.1. Apigenin treatment significantly reduces body weight and VAT of the
DIO mice

We first established DIO mouse model by feeding male C57 mice
with high fat diet (#D12492 Research Diets) for 10 weeks. Mice in
control group had a comparable control diet (CD) (#D12450 J Research
Diets). As shown in Fig. 1A, body weights of the mice in HFD group
were significantly higher than those in CD group. The increase in body
weight may due to the significant increase in the white adipose tissues
such as VAT (Fig. 1B) and EAT (Fig. 1D), and to a less extend in SAT
(Fig. 1C). However, the mass of BAT was not affected by the dietary
intervention (Fig. 1E).

To investigate the anti-obesity effects of apigenin (Fig. 1F), we
treated the DIO mice with two different dosages of apigenin, respec-
tively. Fig. 1G showed the detailed treatment timeline. We found that
both dosages significantly reduced the body weight of DIO mice after
13 days of treatment (Fig. 1H). The decrease in body weight is not due
to the reduction in the major organ weight (supplementary Fig S1). The
treatment significantly reduced the mass of VAT (Fig. 1I) and the
visceral adipocyte sizes of the DIO mice (Fig. 1J). Interestingly,
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Fig. 1. High fat diet (HFD) significantly increased (A) body weight, the mass of (B) VAT and (D) EAT, and to a lesser extend the mass of (C) SAT. The dietary
intervention did not affect the mass of (E) BAT. (F) Apigenin was used for the treatment, and (G) the treatment schedule. Apigenin significantly reduced (H) body
weight of the diet-induced obesity (DIO) mice, and also (I–J) VAT, but not (K) SAT, (L) EAT and (M) BAT of the mice. Shown are the mean± SEM, 6 mice in each
group. *p<0.05, **p<0.01, vs. CD; #p<0.05, ##p<0.01, vs. HFD-vehicle, as indicated. VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; EAT,
epididymal adipose tissue; BAT, brown adipose tissue.
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Fig. 2. Apigenin significantly reduced STAT3 phosphorylation (Tyr705) in (A) VAT, and to a lesser extend in (B) SAT, but not in (C) EAT of the DIO mice. Apigenin
also significantly reduced STAT3 protein expressions in (A) VAT, but not in (B) SAT and (C) EAT of the DIO mice. Shown are the mean±SEM, 6 mice in each group.
*p<0.05, **p<0.01 vs. CD, ##p<0.01, vs. HFD-vehicle, as indicated. (D) Apigenin reduced STAT3 protein expression and STAT3 phosphorylation (Tyr705) in
3T3-L1 adipocytes. Shown are the mean±SEM, n = 3 individual experiments. *p<0.05, **p<0.01, vs. control. VAT, visceral adipose tissue; SAT, subcutaneous
adipose tissue; EAT, epididymal adipose tissue.
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apigenin treatment did not significantly affect the mass of SAT
(Fig. 1K), EAT (Fig. 1L) and BAT (Fig. 1M).

We also examined the serum levels of apigenin in these mice. We
found that the concentration of apigenin was 40.6±6.8 ng/mL in low-
dosage group, and 95.2±12.5 ng/mL in high-dosage group. The re-
presentative chromatograms were shown in the supplementary Fig S2.

3.2. Apigenin treatment reverses the HFD-increased STAT3 phosphorylation
in VAT in DIO mice

To investigate how apigenin reduced VAT in DIO mice, we per-
formed a high-throughput screening of the lipogenic signalling path-
ways that were affected by the apigenin treatment. STAT3 has been
reported to promote adipogenesis [29]. Interestingly, we found that
HFD feeding increased STAT3 phosphorylation in VAT (Fig. 2A), but
not in SAT (Fig. 2B) and EAT (Fig. 2C). Apigenin treatment significantly
reduced the HFD-increased STAT3 phosphorylation (Tyr705) in VAT
(Fig. 2A), and to a less extend in SAT (Fig. 2B) and EAT (Fig. 2C). The
inhibitory effect of apigenin on STAT3 phosphorylation was further
suggested in cell model, in which apigenin reduced STAT3 phosphor-
ylation (Tyr705) in 3T3-L1 adipocytes in a dose-dependent manner
(Fig. 2D). Apigenin also reduced STAT3 protein levels in 3T3-L1 cells
(Fig. 2D) and VAT (Fig. 2A) of the DIO mice, but not in SAT (Fig. 2B)
and EAT (Fig. 2C).

3.3. Apigenin binds to non-phosphorylated STAT3 and inhibits its activity

Next, we examined how apigenin affected STAT3 phosphorylation.
We first examined whether apigenin affected the upstream signalling
molecules in the STAT3 signalling pathway. Study suggests that STAT3
is activated upon insulin-like growth factor 1 receptor (IGF-1R) acti-
vation in the adipose tissue in obese subjects [30]. However, we found
that apigenin did not affect IGF-1R phosphorylation in VAT (Fig. 3A),
SAT (Fig. 3B) and EAT (Fig. 3C), suggesting that IGF-1R may not be
involved in the inhibitory effect.

To explore whether apigenin binds to the non-phosphorylated
STAT3, we performed molecular docking experiments with Auodock
vina 1.1.2. STAT3 inhibitor WP1066 served as positive control. The
binding energy of apigenin and WP1099 to STAT3 were -8.9 and -7.4
kcal/mol, respectively. The three-dimensional ribbon model of the
apigenin-STAT3 and WP1066-STAT3 complex were showed in Fig. 3D
and 3E, respectively. We found that hydrogen bond was formed be-
tween the backbone of Arg247 in STAT3 subunit A and apigenin, and
the donor-acceptor distance was 3.0 Å. To explore the dynamic stability
of the model and to ensure the rationality of the sampling strategy, we
performed molecular dynamic with AmberTools 14 software, and cal-
culated the root-mean-square deviation (RMSD) values of the protein
backbone based on the starting structure along the simulation time. As
shown in Fig. 3F, the system was stable during the simulation. The
RMSD of apigenin bound to STAT3 proteins was around 5 Å during the
100 ns MD simulation. The surface presentation of the apigenin-STAT3
complexes at 0 ns and 100 ns were shown in Fig. 3G and H, respec-
tively. These molecular simulation results suggest that apigenin directly
binds to non-phosphorylated STAT3 protein and changes its con-
formation and activity.

The binding between apigenin and STAT3 protein is further sug-
gested by cellular thermal shift assay which is a reliable ligand-binding
assay to show whether the small molecule acts on the protein of interest
[31]. Data showed that apigenin increases the thermal stability of
STAT3 in 3T3-L1 cell lysates as measured by the temperature-depen-
dent cellular thermal shift assay (Fig. 3I). These data suggest that api-
genin binds to STAT3, and hence increases the thermal stability of
STAT3.

3.4. Apigenin reduces expression of STAT3 downstream target CD36 in
adipocytes

Since STAT3 is a transcription factor, we next investigated the
downstream target gene of STAT3 that mediated the anti-obesity effect
of apigenin. When we overexpressed constitutive active STAT3 in
HEK293 cell model (Fig. 4A), we found that CD36 expression was sig-
nificantly elevated (Fig. 4B). Our data agree with a recent study sug-
gesting that CD36 is a downstream target of STAT3 [32]. We next ex-
amined whether apigenin affected CD36 promoter activity in
adipocytes. We overexpressed a mouse CD36 promoter -1963/+120
[26] in the 3T3-L1 pre-adipocytes, and we treated these cells with
apigenin. We found that apigenin significantly reduced the activity of
the mouse CD36 promoter (Fig. 4C), and expressions of CD36 mRNA
(Fig. 4D) and protein (Fig. 4E) in the 3T3-L1 cells. In the DIO mouse
model, apigenin also significantly reduced CD36 expressions in the
white adipose tissues (Fig. 4F–H).

CD36 is a fatty acid translocase protein that facilitates fatty acid
uptake in various cell types [33]. The reduced expression of CD36 in
adipocytes should affect the lipid profiles in the adipocytes. Therefore,
we performed lipidomics to examine whether the lipid profiles in the
adipocytes were changed after the treatment. We found that the lipid
samples of the control and apigenin-treated 3T3-L1 cells showed dis-
tinct clustering (Fig. 4I), suggesting the apigenin-treated cells have a
lipidomics profiles different from that of the control cells. Furthermore,
the free fatty acid levels in the apigenin-treated 3T3-L1 cells were less
than that of the control cells (Fig. 4J). In DIO mouse model, the lipid
samples of the VAT dissected from control mice and apigenin-treated
mice also showed distinct clustering (Fig. 4K). Fig. 4L shows the reg-
ulatory networks of the highlighted fatty acids that had significantly
difference between the VAT of the control DIO mice and apigenin-
treated DIO mice.

3.5. Reduction of CD36 expression by apigenin inhibits adipocyte
differentiation

Next, we investigated whether CD36 plays a role in adipogenesis.
We found that after CD36 was knockout in 3T3-L1 pre-adipocytes
(Fig. 5A), the expression of PPARγ was significantly reduced (Fig. 5B),
suggesting CD36 regulates PPARγ expression in the adipocytes. Inter-
estingly, apigenin treatment also significantly reduced PPARγ expres-
sion in 3T3-L1 adipocytes in vitro (Fig. 5C) and in ex vivo model with
pre-adipocytes isolated from mouse (Fig. 5D).

Next, we examined whether STAT3/CD36 axis was involved in the
inhibitory effect of apigenin. As shown in Fig. 5E and F, apigenin in-
hibited adipocyte differentiation. Knockout of STAT3 significantly re-
duced adipogenesis (Fig. 5G and H). Overexpression of constitutive
active STAT3 (Stat3C) reversed the apigenin-reduced adipogenesis
(Fig. 5I and J), suggesting STAT3 activity is involved in the apigenin-
reduced adipogenesis.

4. Discussion

Our study suggests that apigenin possesses anti-visceral obesity ef-
fect because it significantly reduces body weight and VAT of the DIO
mice. Interestingly, HFD increases STAT3 phosphorylation in VAT,
which is reversed by apigenin. The subsequent reduction of STAT3
target gene CD36 inhibited pre-adipocyte differentiation.

Signal transducer and activator of transcription 3 (STAT3) is a
transcription factor and its expression is upregulated during adipocyte
differentiation [34]. Activation of the Janus kinase (JAK)/STAT3 axis
promotes pre-adipocyte differentiation by modulating mitotic clonal
expansion [29] which is a proliferative phase that occurs after induc-
tion of adipogenesis in 3T3-L1 cell model. However, adipocyte differ-
entiation is a complex process that involves many transcription factors
and nuclear receptors. PPARγ is the most critical nuclear receptor that
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promotes adipocyte differentiation. Wang et al. suggests that STAT3
regulates adipocyte differentiation via PPARγ because PPARγ agonist
abolished the STAT3-inhibitor- and RNAi (RNA interference)-mediated
suppression of adipogenesis [35]. However, this experimental design
cannot clearly elucidate PPARγ is a direct downstream target of STAT3

because PPARγ is a master regulator of adipogenesis in the late stage of
adipocyte differentiation. Overexpression of PPARγ or activation of
PPARγ with agonist per se, will regulate expressions of many target
genes that are responsible for the establishment of the mature adipocyte
phenotypes such as increasing lipid accumulation and insulin

Fig. 3. Apigenin did not affect the phosphorylation of insulin growth factor receptor 1 (IGF-1R) (Y1161) in (A) VAT, (B) SAT and (C) EAT of the DIO mice. Shown are
the mean±SEM, 6 mice in each group. VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; EAT, epididymal adipose tissue. The binding of apigenin with
STAT3 is suggested by (D–E) three-dimensional ribbon model of apigenin in complex with STAT3; (F) the plots of root mean square deviation (RMSD) of heavy atoms
of unphosphorylated STAT3; (G–H) formation of the apigenin-unphosphorylated STAT3 complexes at 0 ns and 100 ns, respectively. (I) Temperature-dependent
cellular thermal shift assay with 3T3-L1 cell lysate and apigenin at 100 μM. Shown are the mean±SEM, n = 3 individual experiments. *p<0.05, vs. control.
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Fig. 4. (A) Overexpression of constitutive active STAT3C in HEK293 cell model, and (B) the expression level of CD36 mRNA in the STAT3C-overexpressed cells.
Apigenin reduced (C) mouse CD36 promoter (−1963/+120) activity, (D) CD36 mRNA and (E) CD36 protein levels in 3T3-L1 adipocytes. Apigenin reduces CD36
protein expressions in (F) VAT, (G) SAT and (H) EAT of the DIO mice. (I) Principle component analysis of the lipid samples of control and apigenin-treated 3T3-L1
cells and (J) apigenin reduced free fatty acid levels of the 3T3-L1 cells. (K) Principle component analysis of the VAT of the DIO mouse model after apigenin treatment
and (L) the regulatory networks of the highlighted fatty acids that showed significantly difference between the VAT of the control DIO mice and the apigenin-treated
DIO mice. For A–E and J, shown are the mean±SEM, n = 3 individual experiments. *p<0.05, **p<0.01 vs. NC or control, as indicated. For F–H, shown are the
mean± SEM. 6 mice in each group. **p<0.01, vs. CD; #p<0.05, ##p<0.01, vs. HFD-vehicle, as indicated. VAT, visceral adipose tissue; SAT, subcutaneous
adipose tissue; EAT, epididymal adipose tissue.
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Fig. 5. (A) Expression of CD36 mRNA after siRNA-mediated knockout of CD36 in 3T3-L1 adipocytes; and (B) the expression of PPARγ in these CD36-knockout 3T3-L1
cells. Apigenin reduced PPARγ mRNA expressions in (C) 3T3-L1 adipocytes and (D) isolated mouse pre-adipocytes. (E) Differentiation of 3T3-L1 adipocytes in the
presence or absence of apigenin at the indicated concentrations, and (F) quantification of Oil Red O staining on Day 10 of the differentiation. (G) Differentiation of
3T3-L1 pre-adipocytes transfected with siRNA-STAT3 or negative control (NC) in the presence or absence of apigenin (100 μM), and (H) quantification of corre-
sponding Oil Red O staining. (I) Differentiation of 3T3-L1 pre-adipocytes overexpressed with constitutive active STAT3 (Stat3C) or empty vector (EV) in the presence
or absence of apigenin (100 μM), and (J) quantification of the corresponding Oil Red O staining. Shown are the mean± SEM, n = 3 individual experiments.
**p<0.01 vs. siRNA-NC, NC or control, as indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).
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sensitivity. Therefore, further study is needed to find out whether
PPARγ is a direct downstream target gene of STAT3 that mediates the
STAT3-enhanced adipocyte differentiation.

Our study shows that overexpression of constitutively active STAT3
significantly increases CD36 expression in HEK293 cell model, sug-
gesting CD36 is a direct downstream target of STAT3. Our study also
shows that HFD increases STAT3 phosphorylation in VAT. Inhibition of
STAT3 activity and the subsequent reduction of CD36 expression in the
adipocytes underlies the anti-visceral obesity of apigenin. Indeed, a
recent study suggests that inhibition of CD36 reduces visceral fat ac-
cumulation in obese mice [36], and CD36 promotes adipogenesis [37].
CD36 also plays a role in metabolic disorders [38]. Studies show that
plasma homocysteine and folate are related to the arterial blood pres-
sure in type 2 diabetes mellitus [39]. Elevated level of homocysteine
has also been reported in type 1 diabetes mellitus patients who have
developed complications such as diabetic retinopathy and diabetic ne-
phropathy [40]. It would be interesting to investigate whether CD36
regulates plasma homocysteine and folate levels in diabetic models and
whether apigenin can be the therapeutics for diabetes via its regulation
on CD36. Using apigenin as therapeutics for treatment will be beneficial
to the patients especially those with type 1 diabetes because they do not
need to perform pancreas transplantation [41,42].

Previous study shows that apigenin modulates PPARγ and regulates
lipid metabolism in liver in Nrf2-dependent manner, in which apigenin
activates PPARγ and the activation is inhibited by Nrf2 [43]. Another
study shows that apigenin activates PPARγ and promotes the polar-
ization of macrophages from M1 to M2 both in vivo and in vitro [44].
Here, our data show that apigenin reduces PPARγ expressions in adi-
pocytes. The effect of apigenin on PPARγ seems to be cell specific.
Furthermore, the interplay between PPARγ and CD36 is controversial.
Previous study has suggested CD36 regulates PPARγ and modulate lipid
metabolism in response to growth hormone releasing peptides [45].
However, another study has suggested that PPARγ expression induces
CD36 expression in the vascular smooth muscle cells during the de-
velopment of atherosclerosis [46]. Our data suggest that apigenin in-
hibits PPARγ activity in adipocyte, which is dependent upon CD36.
Nevertheless, we cannot rule out the possibility that apigenin also has a
direct effect on PPARγ expression independent of CD36 in our model.

Apigenin is a flavonoid with low oral bioactivity. Studies have re-
ported that the oral bioavailability of flavonoid is less than 3% in rats
[47]. Actually, not only apigenin, many flavonoid compounds, such as
quercetin [48], baicalein [49] and luteolin [50] have the similar pro-
blem. There are two possible reasons for explaining the low bioavail-
ability of the tested drugs, incomplete absorption and first-pass meta-
bolism. Studies have demonstrated that the major reason of apigenin's
low bioavailability is owing to its poor permeation across gastro-
intestinal epithelia [51]; others speculate that the ingested apigenin
was rapidly metabolized after absorption, hence, it shows poor oral
bioactivity [52]. For these reasons, in this study, we treated mice with
subcutaneous injection but not oral administration. Actually, medica-
tion via subcutaneous injection has been reported in many studies
[53,54].

5. Conclusion

The direct linkage or the causal relationship between visceral fat
and metabolic syndrome is difficult to be elucidated due to considerable
metabolic heterogeneity of the individuals. Nevertheless, the visceral
fat is considered as a factor that exacerbates the individual genetic
susceptibility to the metabolic syndrome and also exacerbates the
complication of the metabolic syndrome. Our study has clearly de-
monstrated the anti-visceral obesity effect of apigenin; further clinical
study is desperately needed to validate the effect. Apigenin is a natural
compound and is commonly found in vegetables and fruits, develop-
ment of apigenin as therapeutics or health product to control body
weight will definitely benefit the mankind.
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