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Abstract. In recent years, increasing attention has been paid 
to diseases caused by excessive accumulation of lipids in the 
liver with therapeutic agents derived from natural products 
offering an alternative treatment to conventional therapies. 
Among these therapeutic agents, apigenin, a natural flavonoid, 
has been proven to exert various beneficial biological effects. 
In the present study, the antiadipogenic effects of apigenin in 
HepG2 cells was investigated. It was demonstrated that the 
treatment of cells with different concentrations of apigenin 
for 24 h significantly decreased the palmitic acid-induced 
increases in total cholesterol (TC) and triglyceride (TG) 
levels as well as intracellular lipid accumulation. In addition, 
apigenin increased the phosphorylated-AMP-activated protein 
kinase (AMPK) levels but decreased the expression levels of 
3-hydroxy-3-methylglutaryl CoA reductase, sterol regulatory 
element-binding protein (SREBP)-1, fatty acid synthase, and 
SREBP-2 in a concentration-dependent manner. The present 
findings suggested that apigenin might improve lipid metabo-
lism by activating the AMPK/SREBP pathway to reduce lipid 
accumulation in the liver.

Introduction

In recent years, obesity has received increasing attention 
because it leads to various metabolic diseases, such as 
hyperlipidemia, hypertension, atherosclerosis and type II 
diabetes mellitus (1). The liver is an important organ asso-
ciated with lipid metabolism. Notably, increases in lipid 
metabolism is mainly observed in the liver, which can lead to 
chronic diseases related to hepatocytes (2). If left untreated, 
this increase in metabolism can lead to hepatocellular carci-
noma therefore, it is necessary to investigate the underlying 

molecular mechanism (3). Adipogenesis is regulated via a 
complex process involving coordinated changes in hormone 
sensitivity and gene expression regulated by various tran-
scription factors (4). The sterol regulatory element-binding 
protein (SREBP) family of transcription factors have pivotal 
roles in the regulation of cellular lipid metabolism (5). 
SREBP-1 mainly regulates the metabolism of fatty acids and 
triglycerides, whilst SREBP-2 regulates the biosynthesis of 
cholesterol (6). Fatty acid synthase (FAS), a protein related 
to fat synthesis, is regulated by SREBP-l (7). SREBP-2 regu-
lates 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR) 
expression and thereby catalyzes the rate-limiting step of 
cholesterol biosynthesis (8). Furthermore, AMP-activated 
protein kinase (AMPK) is an important protein involved in 
energy metabolism and has a significant role in the regula-
tion of fatty acid metabolism. An in vitro study determined 
that alliin attenuates adipogenesis induced by 1,3-dichloro-
propan-2ol in HepG2 cells by activating the AMPK/SREBP 
signaling pathway (9). Therefore, it is reasonable to specu-
late that the AMPK/SREBP pathway might be important 
for the amelioration of lipogenesis during palmitic acid 
treatment.

For the development of novel antilipidemic drugs with 
high efficacy and few adverse effects, attention has gradu-
ally shifted to the natural plant flavonoids in recent years. 
Apigenin, a type of plant flavonoid with the chemical name 
4',5,7‑dihydroxyflavone, is recognized as a bioactive flavonoid 
that has antioxidant, anticancer and anti‑inflammatory proper-
ties that can also lower blood pressure (10-12). In particular, 
a previous study has demonstrated that apigenin can alleviate 
myocardial hypertrophy and the hypertrophy-induced glucose 
and lipid metabolism abnormalities in rats (13). In addition, 
apigenin alleviates glucose metabolic disorder induced by a 
high-fat diet in 20-week-old mice (14). It still remains unclear 
whether apigenin has a hypolipidemic effect, or whether the 
AMPK/SREBP pathway is the major determinant of anti-adip-
ogenic activity. Palmitic acid is a saturated high-grade fatty 
acid that is widely distributed in animal and vegetable oils 
in the form of glycerides, and is commonly used to establish 
lipotoxic in vitro and in vivo models (15).

The present study established a common hyperlipidemia 
model by using appropriate doses of palmitic acid to deter-
mine whether apigenin lowered lipid levels and, to explore the 
underlying mechanism in depth.
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Materials and methods

Reagents. Palmitic acid and dimethyl sulfoxide (DMSO) were 
purchased from Sigma-Aldrich; Merck KGaA. The apigenin 
standard was purchased from Beijing Solarbio Technology 
Co. The AMPK inhibitor compound C was purchased from 
Selleck Chemicals LLC. Anti-phospho-AMPK (P-AMPK; 
Thr172; cat. no. 2535) was purchased from Cell Signaling 
Technology, Inc., anti-AMPKα1 (cat. no. 10929-2-AP), 
SREBP-2 (cat. no. 14508-1-AP), FAS (cat. no. 13098-1-AP), 
HMGCR (cat. no. 13533-1-AP) and β-actin (cat. no. 66009-1-lg) 
were purchased from Proteintech Group Inc., SREBP-1 
(cat. no. ab3259) was purchased from Abcam. Horseradish 
peroxidase (HRP)-conjugated goat anti-mouse IgG (H + L; 
cat. no. SA00001-1) and HRP-conjugated goat anti-rabbit 
IgG (H + L; cat. no. SA00001-2) secondary antibodies were 
obtained from Proteintech Group Inc.

Cell culture and treatment. Liver cancer HepG2 cells, 
purchased from the American Type Culture Collection, 
were cultured in high-glucose DMEM (GE Healthcare Life 
Sciences) with 10% fetal bovine serum (Clark Bioscience) 
and 1% penicillin/streptomycin at 37˚C in an atmosphere 
containing 5% CO2. The cells were dissociated with 0.25% 
trypsin (w/v) and 0.52 mM EDTA [M&C Gene Technology 
(Bejing) Ltd.] and routinely sub‑cultured at 80% confluency. 

Cell cultures were treated with various concentrations of 
apigenin in DMSO as the carrier solvent. Palmitic acid binds to 
fatty-acid-free BSA (Beijing Solarbio Science & Technology 
Co., Ltd.). In brief, palmitic acid was dissolved in 1X PBS and 
a 250 mM stock solution was obtained following various cycles 
of incubation in a water bath at 70˚C and vortexing. The stock 
solution was then added to serum-free DMEM containing 5% 
fatty-acid-free BSA to obtain a 250 µM palmitic acid solu-
tion, and the resulting diluted solution was used for the cell 
treatments (16,17). AMPK inhibitor compound C was diluted 
with DMSO to a final concentration of 10 µM and was used to 
verify the signaling pathway.

Cell viability assays. Cells were seeded in 96-well plates at a 
concentration of 1x104 cells/well (Corning Inc.) and allowed 
to adhere overnight at 37˚C. Cells were then treated with 
different concentrations of apigenin (0, 20, 40, 80, 160, 320, 
640 and 1,280 µM) or palmitic acid (0, 62.5, 125, 250, 500 and 
1,000 µM) for 24 h, and 20 µl of MTT (Sigma-Aldrich; Merck 
KGaA) solution (5 mg/ml in 1% PBS) was added to each well 
and incubated for 4 h at 37˚C prior to the end of the culture. The 
culture medium was subsequently removed and the formazan 
crystals were dissolved using 150 µl DMSO/well. Absorbance 
values at 570 nm were determined using a microplate reader 
(BioTek Instruments, Inc.).

Oil Red O Staining. HepG2 cells were inoculated at a density 
of 4x105 cells per well in 6-well plates and cultured with 
different concentrations of apigenin (10, 20 and 40 µM) and 
250 µM palmitic acid for 24 h. Cells were then washed twice 
with cold 1X PBS and fixed with 4% paraformaldehyde for 
40 min at 37˚C. Subsequently, the residual paraformalde-
hyde was washed with double-distilled water, and cells were 
incubated with 60% isopropanol for 3-5 sec. Cells were then 

stained with freshly prepared 0.5% Oil Red O solution in 60% 
isopropanol for 1 h at 37˚C in the dark. Lipid droplets in the 
cells were observed and imaged using a bright‑field micro-
scope (Olympus Corporation) at a magnification of x400. In 
addition, the accumulated lipids were extracted with 100% 
isopropanol for 3-5 min at room temperature, and the absor-
bance at 570 nm was determined using a microplate reader.

Triglyceride (TG) and total cholesterol (TC) assays. HepG2 
cells were inoculated at a density of 4x105 cells/well in 6-well 
plates and pretreated with 10 µM AMPK inhibitor compound 
C for 1 h at 37˚C then cultured with different concentrations 
of apigenin (10, 20 and 40 µM) and 250 µM palmitic acid for 
24 h at 37˚C in a culture chamber with 5% CO2. The intracel-
lular TC and TG contents were measured using a TC assay kit 
(cat. no. E1015; Applygen Technologies Inc.) and a TG assay 
kit (cat. no. E1013; Applygen Technologies Inc.) according to 
the manufacturer's instructions. The absorbance values were 
measured at 570 nm. Bicinchoninic acid (BCA) protein quan-
titative kit (Beyotime Institute of Biotechnology) was used to 
determine the protein concentration of the samples, and the 
absorbance value of the proteins was measured at 562 nm. 
The intracellular TC and TG contents are presented as µM/mg 
cellular protein.

Western blot analysis. HepG2 cells were seeded in 6-well 
plates at a concentration of 6x105 cells per well and pretreated 
with 10 µM AMPK inhibitor compound C for 1 h and then 
cultured with different concentrations of apigenin (10, 20 and 
40 µM) and 250 µM palmitic acid (16,17). The cell pellets were 
lysed on ice for 30 min in RIPA buffer (Beyotime Institute of 
Biotechnology) supplemented with 1:100 PMSF (Beijing Solarbio 
Science & Technology Co., Ltd.) according to the manufacturer's 
specifications and centrifuged at 14,000 x g at 4˚C for 8 min. 
The supernatant was then collected and the protein concentra-
tion was determined using a BCA protein concentration assay 
kit (Beyotime Institute of Biotechnology). An equal amount 
of protein extract (80 µg) was denatured in the sample buffer 
(Bio‑Rad Laboratories, Inc.) at 98˚C for 10 min and subsequently 
separated via 8% SDS-PAGE and then transferred to polyvinyli-
dene fluoride membranes. The membranes were blocked with 3% 
BSA in Tris-buffered saline containing 0.1% Tween 20 (TBST) 
buffer for 4 h at room temperature. Subsequently, the membranes 
were incubated overnight at 4˚C with primary antibodies 
anti-phosphorylated (P)-AMPK (1:500), anti-AMPK (1:500) 
anti-SREBP-1 (1:300), anti-FAS (1:800), anti-SREBP-2 (1:500), 
anti-HMGCR (1:800) and anti-β-actin (1:800 dilution). Following 
incubation with the primary antibodies, the membranes were 
subjected to three 15-min washes with TBST and then incubated 
with horseradish peroxidase-conjugated secondary anti-mouse 
antibody and anti-rabbit antibody (1:3,000 dilution) at room 
temperature for 2 h. Protein bands were visualized using the 
Enhanced Chemiluminescence Plus substrate (Azure Biosystems, 
Inc.). All Western blot assays were performed at least three times. 
The resulting images were analyzed using the ImageJ software 
(version 1.51; National Institutes of Health) with β-actin as the 
loading control.

Statistical analysis. Data were processed using SPSS v18.0 
statistical software (SPSS Inc.), and the measurement data 
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were expressed as the mean ± standard deviation. Statistical 
analysis was performed by one-way analysis of variance with 
Tukey's test and Dunnett's test used for post hoc analysis. 
Histograms were plotted by Prism software v5.0 (GraphPad 
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effects of apigenin and palmitic acid on cell viability. To 
analyze the effect of apigenin and palmitic acid on the 
viability of HepG2 cells, the cells were exposed to different 
concentrations of apigenin or palmitic acid for 24 h. Results 
demonstrated that apigenin significantly decreased the 
viability of HepG2 cells at concentrations from 320 to 
1,280 µM (P<0.01; Fig. 1A), and palmitic acid significantly 
decreased the viability of HepG2 cells at concentrations from 
500 to 1,000 µM (P<0.01; Fig. 1B).

Effects of apigenin on lipid accumulation in palmitic 
acid‑treated HepG2 cells. The cells were exposed to different 
concentrations of palmitic acid (150, 250 and 350 µM) for 24 h 
and cellular TC and TG contents were subsequently measured. 
The results demonstrated that the intracellular TC and TG 
levels were significantly elevated when cells were treated with 
250 and 350 µM palmitic acid compared with control cells 
(P<0.05; Fig. 1C and D). The accumulation of lipid droplets 

in cells was measured by Oil red O staining. The results 
indicated that the lipid content in HepG2 cells treated with 
250 µM palmitic acid was increased significantly compared 
with the control cells. In addition, 20 and 40 µM apigenin 
treatment significantly decreased the level of the lipid content 
compared with treatment with palmitic acid alone (P<0.05; 
Fig. 1E and F).

To verify the Oil red O staining results, the cellular TC 
and TG contents were measured. Results demonstrated that 
the intracellular TC and TG levels were significantly elevated 
when cells were treated with 250 µM palmitic acid compared 
with the control cells (P<0.01; Fig. 1G and H). However, 
treatment with 250 µM palmitic acid and different concentra-
tions of apigenin (10, 20 and 40 µM) significantly suppressed 
intracellular TC and TG levels in a concentration-dependent 
manner (P<0.01; Fig. 1G and H).

Effects of apigenin on the AMPK and P‑AMPK proteins in 
palmitic acid‑induced HepG2 cells. The activity of AMPK 
is closely associated with phosphorylation of the Thr172 
site in the α subunit (P-AMPKα1). Therefore, the activity of 
AMPK can be evaluated by measuring the levels of P-AMPKα 
protein. Results demonstrated that the P-AMPK/AMPK ratio 
in the cells treated with 250 µM palmitic acid was significantly 
lower than in the normal group (P<0.01; Fig. 2A). However, 
the treatment of HepG2 cells with 250 µM palmitic acid 
and different concentrations of apigenin (10, 20 and 40 µM) 

Figure 1. Effects of apigenin and palmitic acid on the viability of HepG2 cells, and analysis of apigenin-mediated inhibition of lipid accumulation in HepG2 
cells. (A) Cell viability following treatment with various concentrations of apigenin (0, 20, 40, 80, 160, 320, 640 and 1,280 µM) and (B) palmitic acid (0, 62.5, 
125, 250, 500 and 1,000 µM) (n=6). (C) TG and (D) TC contents following treatment with various concentrations of palmitic acid (150, 250 and 350 µm). 
(E) Photomicrographs of Oil Red O‑stained, intracellular lipids (red staining) were obtained by light microscopy (magnification, x400) and (F) quantification 
of Oil Red O absorbance. (G) TG and (H) TC contents following treatment with palmitic acid (0 or 250 mm) various concentrations of apigenin (0, 10, 20 and 
40 mm; n=3). *P<0.05 and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. treatment with palmitic acid alone. TG, triglyceride; TC, total cholesterol.
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significantly increased AMPK phosphorylation (P<0.01; 
Fig. 2A). The P-AMPK/β-actin ratio in the cells treated with 
250 µM palmitic acid and different concentrations of apigenin 
(10, 20 and 40 µM) produced the same results as aforemen-
tioned (P<0.01; Fig. 2B).

Effects of apigenin on the AMPK/SREBP signaling pathway 
in palmitic acid‑treated HepG2 cells. To investigate the 
mechanism underlying the apigenin-mediated inhibition 
of lipid production and regulation of the AMPK signaling 
pathway in HepG2 cells, the expression levels of proteins 
associated with fatty acid synthesis and cholesterol synthesis 
were determined.

Results demonstrated that compared with the control cells, 
the levels of SREBP-1 (P<0.01; Fig. 2B) and FAS (P<0.05; 
Fig. 2C) increased significantly following treatment with 
250 µM palmitic acid, whereas the levels of SREBP-1 and 
FAS were decreased by apigenin in a concentration-dependent 
manner (P<0.01; Fig. 2B and C). SREBP-2 and HMGCR 
protein expression increased significantly upon treatment with 
250 µM palmitic acid compared with the control (P<0.01; 
Fig. 2D and E). However, HepG2 cells treated with 250 µM 
palmitic acid and different concentrations of apigenin (10, 
20 and 40 µM) inhibited the upregulation of SREBP-2 and 
HMGCR protein expression (P<0.01; Fig. 2D and E).

Effects of compound C on lipid accumulation and AMPK 
expression in palmitic acid‑treated HepG2 cells. To further 
validate the previous findings, the intracellular TC and TG 
contents were measured following pretreatment with 10 µM 

compound C for 1 h. The compound C treatment significantly 
reversed the apigenin-induced reductions in lipid accumula-
tion and led to increases in TC and TG contents (P<0.01; 
Fig. 3A and B).

In addition, the protein expression of AMPK and 
P-AMPK were examined. The increase in P-AMPK/AMPK 
ratio induced by apigenin was reversed by pretreatment with 
compound C in HepG2 cells (P<0.01; Fig. 3C and D). These 
results indicated that apigenin activated the AMPK signaling 
pathway in HepG2 cells.

The present findings indicated that apigenin effectively 
inhibited the effects of palmitic acid-induced lipid accumula-
tion via the AMPK/SREBP signaling pathway in HepG2 cells 
(Fig. 4).

Discussion

Numerous flavonoids display anti‑obesity and hypolipidemic 
effects in animals and humans. It has been demonstrated that 
apigenin exerts anticancer, anti‑inflammatory and hypotensive 
effects (10-12). Previous studies have determined that apigenin 
reduces the accumulation of intracellular lipids in 3T3-L1 
cells (18), and also attenuates atherogenesis via upregulating 
ATP binding cassette subfamily A member 1-mediated choles-
terol efflux and by inhibiting inflammation (19). Apigenin 
suppresses adipogenesis through the downregulation of 
peroxisome proliferator activated receptor-γ function by acti-
vating AMPK in 3T3-L1 cells (4). Nonetheless, the regulatory 
mechanism underlying the apigenin-mediated suppression of 
lipid accumulation has yet to be fully identified.

Figure 2. Effect of apigenin on the expression of AMPK, P-AMPK, SREBP-1, FAS, SREBP-2 and HMGCR proteins in HepG2 cells. (A) Representative 
western blots and (B) quantification of P‑AMPK/AMPK, (C) P‑AMPK/β-actin, (D) SREBP-1, (E) FAS, (F) SREBP-2 and (G) HMGCR protein expression 
measured by western blot analysis (n=3). *P<0.05 and **P<0.01 vs. control; ##P<0.01 vs. treatment with palmitic acid alone. AMPK, AMP-activated protein 
kinase; P-AMPK, phosphorylated AMPK; SREBP, sterol regulatory element-binding protein; FAS, fatty acid synthase; HMGCR, 3-hydroxy-3-methylglutaryl 
CoA reductase.
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The present study identified that apigenin served an essential 
role in the reduction of excessive lipid accumulation induced 
by palmitic acid in HepG2 cells. Results demonstrated that 
apigenin was not toxic to HepG2 cells at concentrations of 
<320 µM, whilst palmitic acid exhibited no apparent toxicity 
to HepG2 cells at concentrations <250 µM. Of note, apigenin 

has been determined to be cytotoxic to 3T3-L1 cells at concen-
trations as low as 10 µM (4), whilst palmitic acid is cytotoxic 
to HepG2 cells at concentrations as low as 200 µM, which is 
in line with the present study (20). The discrepancies might 
be due to differences between cell lines or assay systems with 
further investigation required to elucidate a clear explanation. 

Figure 3. Effect of an AMPK inhibitor compound C on AMPK and P-AMPK protein levels, and the apigenin-mediated inhibition of lipid accumulation 
in HepG2 cells. (A) TC and (B) TG contents following treatment with palmitic acid (0 or 250 mm), apigenin (0 or 40 mm) and compound C (0 or 10 mm). 
(C) Representative western blots and (D) quantification of P‑AMPK protein levels determined by western blot analysis (n=3). **P<0.01 vs. control; ##P<0.01 vs. 
treatment with palmitic acid alone; ^P<0.05 and ^^P<0.01 vs. treatment with apigenin and palmitic acid. AMPK, AMP-activated protein kinase; p, phosphory-
lated; TG, triglyceride; TC, total cholesterol.

Figure 4. Hypothetical mechanism underlying the inhibition of palmitic acid-induced lipid accumulation by apigenin in HepG2 cells. AMPK, AMP-activated 
protein kinase; SREBP, sterol regulatory element-binding protein; FAS, fatty acid synthase; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase.
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A previous study demonstrated that apigenin is a poorly soluble 
bioactive compound/nutraceutical with a poor bioavailability 
upon oral administration (21). The oral bioavailability of 
apigenin is relatively poor due to its low lipid (0.001-1.63 mg/ml 
in nonpolar solvents) and water (2.16 µg/ml in water) solubility, 
which has severely limited its development for clinical applica-
tions (22,23). However, there are a number of methods in which 
the bioavailability of apigenin can be improved, including 
utilizing spray-drying techniques and apigenin-loaded poly-
meric micelles (24,25). Therefore, future research into apigenin 
should not only take into consideration the lower reported toxic 
dose but also try to improve the oral bioavailability of apigenin.

To further elucidate the molecular mechanism underlying 
the apigenin-mediated suppression of adipogenesis, the present 
study investigated the activation of AMPK, which is an impor-
tant kinase that regulates energy homeostasis. This key protein 
is involved in various cell signal transduction pathways, senses 
the intracellular energy state and has an important role in the 
regulation of glucose and lipid metabolism (26,27). AMPK 
activation reportedly leads to changes in obesity and has been 
linked to obesity prevention (28,29). Therefore, the pharmaco-
logical activity of AMPK is expected to have an important role 
in the study of apigenin-induced liver lipid accumulation reduc-
tion. This study identified that cotreatment of apigenin (10, 20 
and 40 µM) and 250 µM palmitic acid led to a dose-dependent 
upregulation of the P-AMPK/AMPK ratio compared with the 
group treated with 250 µM palmitic acid alone. This indi-
cated that apigenin activated AMPK phosphorylation in the 
palmitic acid-induced HepG2 cells. Thus, to further validate 
the experimental results, cells were treated with the AMPK 
inhibitor compound C. The increase in the P-AMPK/AMPK 
ratio induced by apigenin in HepG2 cells was inhibited by 
pretreatment with compound C in HepG2 cells. Therefore, 
apigenin inhibited excessive lipid accumulation induced by 
palmitic acid by activating AMPK phosphorylation.

Changes in proteins associated with the AMPK/SREBP 
pathway were investigated to fully elucidate the hypolipidemic 
mechanism of apigenin. Apigenin treatment activates AMPK 
thereby further inhibiting the synthesis of fatty acids and 
cholesterol (8). It has been demonstrated that AMPK inhibits 
SREBP-1 and SREBP-2 and thereby reduces the synthesis of 
cholesterol, fatty acids, and triglycerides in the liver (30). Lipid 
production in the liver is mainly regulated by SREBP-1, which 
is a crucial regulatory factor in fatty acid synthesis. SREBP-1 
regulates the expression of other genes involved in TG 
synthesis, such as FAS (31). SREBP-1c inhibition reduces the 
expression of FAS and alleviates fat-containing liver lesions in 
mice (32). Similarly, SREBP-2 is mainly involved in the regu-
lation of cholesterol synthesis, and HMGCR is a target gene 
of SREBP-2 (33). Decreased SREBP-2 activity can lead to 
reduced HMGCR expression. In addition, studies have identi-
fied that the presence of free cholesterol significantly increases 
the levels of SREBP-2 and its target gene HMGCR in the livers 
of hyperlipidemic mice (34,35). These studies indicate that the 
changes in the levels of proteins in the AMPK/SREBP pathway 
are correlated with the TC and TG levels. In the present study, 
compared with palmitic acid treatment alone, cotreatment 
with different concentrations of apigenin (10, 20 and 40 µM) 
and palmitic acid significantly suppressed TC and TG levels, 
as well as SREBP-1, FAS, SREBP-2, and HMGCR protein 

expression. Taken together, these results demonstrated that 
apigenin decreased lipid levels and alleviated the palmitic 
acid-induced accumulation of lipids in HepG2 cells by acti-
vating the AMPK/SREBP signaling pathway.

In summary, apigenin alleviated the palmitic acid-induced 
increases in lipid accumulation in HepG2 cells thereby 
reducing the lipid content. The underlying mechanism 
might be associated with the activation of the intracellular 
AMPK/SREBP signaling pathway. These findings provide a 
novel approach for the development of natural hypolipidemic 
drugs to prevent lipid accumulation.
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