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Puerarin ameliorates hepatic steatosis by activating the
PPARo and AMPK signaling pathways in hepatocytes
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Abstract. Non-alcoholic fatty liver disease (NAFLD) is char-
acterized by the hepatic manifestation of metabolic syndrome
and is the leading cause of chronic liver disease. Steatohepatitis
plays a critical role in the process resulting in liver fibrosis and
cirrhosis. Puerarin is a herbal product widely used in Asia,
and is believed to have therapeutic benefits for alleviating the
symptoms of steatohepatitis. The present study was designed to
investigate the effects and mechanisms of action of puerarin in
reducing lipid accumulation in oleic acid (OA)-treated HepG2
cells. Hepatocytes were treated with OA with or without
puerarin to observe lipid accumulation by Oil Red O staining.
We also examined hepatic lipid contents (e.g., triacylglycerol
and cholesterol) following treatment with puerarin. Western
blot analysis and reverse transcription-polymerase chain
reaction (RT-PCR) were used to measure sterol regulatory
element binding protein (SREBP)-1, fatty acid synthase (FAS),
peroxisome proliferator-activated receptor a (PPARa) and
adenosine 5'-monophosphate (AMP)-activated protein kinase
(AMPK) protein and mRNA expression, respectively. Our
results revealed that puerarin suppressed OA-induced lipid
accumulation, and reduced the triacylglycerol and cholesterol
levels. Furthermore, puerarin decreased the expression levels
of lipogenic enzymes, such as FAS and SREBPs, and increased
the expression levels of PPARa, which are critical regulators of
hepatic lipid metabolism through the AMPK signaling pathway.
These results indicate that puerarin has the same ability to acti-
vate AMPK, and reduce SREBP-1 and FAS expression, thus
inhibiting hepatic lipogenesis and increasing hepatic antioxi-
dant activity. We found that puerarin exerted a regulatory effect
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on lipid accumulation by decreasing lipogenesis in hepatocytes.
Therefore, puerarin extract may have therapeutic benefits in the
treatment of fatty liver and lipid-related metabolic disorders.

Introduction

Puerarin [7-hydroxy-3-(4-hydroxyphenyl)-1-benzopyran-4-one
8-(B-D-glucopyranoside)] is a major isoflavone compound
isolated from Pueraria lobata (Willd.), and has a variety of
biological functions in cardiovascular diseases, gynecological
diseases, osteoporosis, cognitive capabilities and diabetic
nephropathy (1-3). A number of studies have demonstrated that
puerarin possesses numerous activities, including antioxidant
activity (4-7), anti-inflammatory (8-11) and anti-apoptotic
activities (12-16). Therefore, studies have demonstrated that
puerarin markedly reduces the levels of total cholesterol (TC)
in serum and liver (5,17). Puerarin has also been shown to exert
protective effects against liver injury (1,7). However, the effects
of puerarin on liver injury induced by non-alcoholic fatty liver
disease (NAFLD) using oleic acid (OA)-treated hepatoma cells,
namely its regulatory effects on the levels of intracellular lipids
and the potential mechanisms involved have yet to be examined.

NAFLD is characterized by the hepatic manifestation of
metabolic syndrome and is the leading cause of chronic liver
disease in the absence of significant ethanol consumption.
It is a complex metabolic condition in which both lifestyle
and genetic factors play a pathogenic role and has been
increasingly recognized as a major cause of liver-related
morbidity and mortality (18,19). Although the pathogenesis
of non-alcoholic steatohepatitis is not yet well understood, a
‘two-hit’ theory has been proposed. According to this theory,
hepatic steatosis is mainly caused by metabolic syndrome,
the first hit (20). Subsequently, hepatic steatosis develops into
non-alcoholic steatohepatitis due to the effects of oxidative
stress, reactive oxygen species, lipid peroxidation and/or any
cytokine, the second hit (20). In particular, NAFLD is char-
acterized by the accumulation of hepatic triglycerides (TG),
which result from an imbalance between the uptake, export,
synthesis and oxidation of fatty acids (1). It is considered that
increased free fatty acids (FFA) supplied to the liver play a
major role in the early stages of NAFLD (21). Sterol regulatory
element binding protein-1 (SREBP)-1c plays an essential role
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in the regulation of lipogenesis involved in fatty acid and TG
synthesis, which result from the regulation of lipid metabolism
by SREBPs (22-24). In addition, peroxisome proliferator-acti-
vated receptors (PPARs), ligand-activated nuclear receptors,
have been shown to mediate the critical transcriptional regu-
lation of genes associated with lipid homeostasis and are
abundantly expressed in the liver, diminishing circulating TG
and increasing high-density lipoprotein levels (25).

The adenosine 5'-monophosphate (AMP)-activated protein
kinase (AMPK) plays a key role in energy homeostasis and
acts to simultaneously shut down ATP-consuming biosynthetic
processes and to facilitate ATP-producing catabolic processes
during periods of metabolic stress, leading to rapid changes in
the control of fatty acid metabolism (26). The AMPK stimu-
lation of fatty acid metabolism occurs as a result of AMPK
phosphorylation (26). AMPK may play a key role in regulating
the activation of SREBP-1 and lipogenesis (27). The process of
hepatic stellate cell activation is accompanied by the depletion
of intracellular lipid droplets, the loss of lipid storage capacity
and the suppression of the expression of transcription factors,
including SREBP-1 and fatty acid synthase (FAS) (28,29).

In this study, we investigated the lipid-lowering effects of
puerarin using a human cellular model of steatosis induced
by OA. We determined the effects of puerarin on OA-treated
HepG2 cells and found that the activation of the AMPK
pathway was one of the underlying mechanisms responsible
for its effects. These effects also involved the regulation of
the expression of genes associated with lipid accumulation,
the inhibition of hepatic lipogenesis and the enhancement of
hepatic antioxidant activity.

Materials and methods

Materials. The puerarin used in this study was purchased from
Sigma-Aldrich (St. Louis, MO, USA) (Fig. 1). The Oil Red O
stain and OA were also purchased from Sigma-Aldrich.
3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased from
Promega (Madison, WI, USA). Anti-f-actin (sc-47778),
PPARa (sc-130640), SREBP (sc-366) and FAS (sc-55580)
antibodies were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Anti-pThr172-AMPK (#5759) and
anti-AMPK (#2795) antibodies were purchased from Cell
Signaling Technology (Beverly, MA, USA).

Cell culture. HepG2 human hepatoma cells were obtained
from the American Type Culture Collection (ATCC;
Manassas, VA, USA). Cell culture was carried out as previ-
ously described (30). Namely, cells were grown in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 pg/ml penicillin, 100 pug/
ml streptomycin and 2 mM L-glutamine (Thermo Scientific
HyClone, Logan, UT, USA). The cells were cultured at 37°C in
a humidified atmosphere of 95% air and 5% CO,.

Chytotoxicity assay. Cell viability was examined by MTS assay.
Briefly, HepG2 cells were seeded at a density of 1x10* cells/
ml in 96-well plates (Nunc A/S, Roskilde, Denmark). To deter-
mine the non-toxic concentration for the cells, puerarin (10, 25,
50, 100 and 200 M) was then added to each well. The plates
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were then incubated for 24 h at 37°C under 5% CO,. MTS
solution (5 mg/ml) was added to each well and the cells were
cultured for a further 2 h, after which the optical density was
read at 490 nm using a plate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). Cytotoxicity was then calculated using
the following formula: 1 - (mean absorbance value of treated
cells/mean absorbance value of untreated cells).

Oil Red O staining. Oil Red O staining was carried out as
previously described (30). Briefly, for the examination of fat
accumulation in the HepG2 cells, the cells were treated for
24 h with puerarin. The cells were rinsed with cold phosphate-
buffered saline (PBS) and fixed in 10% paraformaldehyde for
30 min. After the cells were washed with 60% isopropanol,
they were stained for at least 1 h in a freshly diluted Oil Red O
solution (6 parts Oil Red O stock solution and 4 parts H,O;
Oil Red O stock solution is 0.5% Oil Red O in isopropanol).
After the stain was removed and the cells were washed with
60% isopropanol, images of each group of cells were acquired
(Nikon Imaging Korea, Seoul, Korea). The stained lipid drop-
lets were then extracted with isopropanol for quantification by
measuring the absorbance at 490 nm (BioTek Instruments, Inc.).

Measurement of lipid levels. The levels of TG and TC in the
HepG?2 cells were quantified using a relevant kit (BioVision,
Mountain View, CA, USA) as per the manufacturer's instruc-
tions.

Western blot analysis. Protein expression was assessed by
western blot analysis according to standard procedures. The
HepG2 cells were cultured in a 6-well plate (5x10° cells/ml) and
pre-treated with various concentrations of puerarin (25, 50 and
100 uM). After 1 h, the cells were treated with OA (0.5 mM) and
then incubated at 37°C. After 24 h of incubation, the cells were
washed twice in PBS. The cell pellets were resuspended in lysis
buffer on ice for 20 min, and the cell debris was removed by
centrifugation (13,000 rpm, 10 min, 4°C). The protein concentra-
tions were determined using the Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer's instructions. Equal amounts of protein (20 pg)
were subjected to sodium dodecyl sulfate polyacrylamide gel
(SDS-PAGE) electrophoresis and then transferred onto a poly-
vinylidene membrane (Millipore, Bedford, MA, USA). The
membrane was blocked with 5% non-fat milk in Tris-buffered
saline with Tween-20 buffer (150 mM NaCl, 20 mM Tris-HCI
and 0.05% Tween-20, pH 7.4). After blocking, the membrane
was incubated with primary antibodies for 18 h. Antibodies
against AMPK and phospho-AMPK were purchased from Cell
Signaling Technology, and FAS, SREBP-1c, PPARa and (3-actin
antibodies were obtained from Santa Cruz Biotechnology, Inc.
The membrane was then washed with Tris-buffered saline with
Tween-20 and incubated with anti-mouse or anti-rabbit immu-
noglobulin G horseradish peroxidase-conjugated secondary
antibodies. The proteins were then supplemented with ECL
prime Western blotting detection reagents and the ImageQuant
LAS 4000 Mini Biomolecular Imager (both from GE Healthcare,
Cleveland, OH, USA) was used for evaluating the bands.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated using an easy-BLUE total RNA
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Table I. Sequences of oligonucleotide primers designed for PCR.

cDNA Primer sequences
hSREBP-1 F: 5'-GTGGCGGCTGCATTGAGAGTGAG-3'

R: 5'-~AGGTACCCGAGGGCATCCGAGAAT-3'
hFAS F: 5-CAAGAACTGCACGGAGGTGT-3'

R: 5-AGCTGCCAGAGTCGGAGAAC-3'
hPPARa  F: 5-CCTCTCAGGAAAGGCCAGTA-3'

R: 5-TCCACAGCAAATGATAGCAG-3'
hGAPDH F: 5-TCCACCACCCTGTTGCTGTAAG-3'

R: 5'-GTACCCGAGGGCATCCGAGAAT-3'

PCR, polymerase chain reaction; F, forward; R, reverse; SREBP-1,
sterol regulatory element binding protein-1; PPARa, peroxisome pro-
liferator-activated receptor a; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

extraction kit according to the manufacturer's instructions
(iNtRON Biotech, Seoul, Korea). Single-strand cDNA synthesis
was performed as previously described using 5 ug of RNA (30),
oligo(dT)15 primers and reverse transcriptase in a total volume
of 50 ul. PCR reactions were performed in a total volume of
20 pl comprising 2 ul of cDNA product, 0.2 mM of each dNTP,
20 pmol of each primer and 0.8 units of Taq polymerase. The
primer sequences for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), SREBP-1, FAS and PPARa are presented in
Table 1. The PCR products increased as the concentration of
the RNA increased. Finally, the products were electrophoresed
on a 2.0% agarose gel and visualized by staining with ethidium
bromide.

Statistical analysis. Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by
Dunnett's t-test for multiple comparisons. The data from the
experiments are presented as the means + standard error of the
mean (SEM). A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Cytotoxicity of OA and puerarin in HepG2 cells. To evaluate
the effects of OA and puerarin on the viability of human
HepG2 cells, an MTS assay was conducted. Due to the fact that
OA can induce cell apoptosis and reduce cell viability when
the concentrations of OA are over 1 mM, the effects of OA
on the intracellular lipid accumulation of HepG2 cells were
measured at a concentration range below 500 M (data not
shown). Our data indicated that concentrations of 10, 25, 50
and 100 M puerarin were not cytotoxic to the HepG2 cells.
However, the cytotoxicity of puerarin was evaluated to be at a
high concentration of 200 #M. Thus, we used OA (500 M) and
pre-treatment with puerarin (25, 50 and 100 xM) to investigate
the effects on the viability of the HepG2 cells (Fig. 2).

Effects of puerarin on intracellular lipid accumulation in
HepG2 cells. To verify the inhibition of OA-induced lipid
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Figure 1. Chemical structure of puerarin.

accumulation by puerarin, the HepG2 cells were treated with
the indicated concentrations of puerarin in the presence of OA
for 24 h. The cells were then stained with Oil Red O and quan-
tified by measuring the absorbance at 490 nm. Pre-treatment
with puerarin weakened the intensity of Oil Red O staining
induced by OA in a dose-dependent manner (Fig. 3). Thus,
puerarin inhibits OA-induced lipid accumulation.

Effects of puerarin on TG and TC levels in HepG?2 cells. To
further analyze the effects of puerarin on OA-induced lipid
accumulation, we measured the TG and TC levels in the HepG2
cells. Pre-treatment with 25, 50 and 100 M of puerarin resulted
in a 38,40 and 82% decrease in TG levels, respectively (Fig. 4).
The TC levels showed a 16, 19 and 34% decrease following
pre-treatment with 25, 50 and 100 ¥M puerarin, respectively in
a dose-dependent manner.

Effects of puerarin on the expression of factors assiocated with
hepatic lipid accumulation. To determine the mechanisms
through which puerarin reduces hepatic lipid accumulation,
RT-PCR and western blot analysis were performed to evaluate
the expression of genes associated with lipid metabolism. The
expression levels of genes involved in lipogenesis (SREBP-1
and FAS) significantly increased in the OA-treated HepG2
cells both at the mRNA and protein level (Fig. 5). Pre-treatment
with puerarin decreased the expression levels of SREBP-1
and FAS (Fig. 5). These results suggest that puerarin reduces
hepatic lipid accumulation.

Effects of puerarin on the mRNA and protein expression of
PPARa. To evaluate the mechanisms through which puerarin
increases fatty acid 3-oxidation, RT-PCR and western blot anal-
ysis were performed. The expression levels of genes involved
in fatty acid (3-oxidation (PPARw) significantly decreased in
the OA-treated HepG2 cells both at the mRNA and protein
level. Pre-treatment with puerarin increased the expression
level of PPARa at the mRNA and protein level (Fig. 6).

Effects of puerarin on AMPK activity in HepG2 cells. AMPK
is a key regulator of fatty acid oxidation and lipogenesis in
metabolic tissues. An alteration in AMPK activity in HepG2
cells is strongly associated with intracellular lipid metabo-
lism (30). Thus, to investigate the effects of puerarin on the
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Figure 2. Cytotoxicity of oleic acid (OA) and puerarin in HepG2 cells. HepG2 cells were treated with the indicated concentrations of OA and puerarin for 24 h.
The viability of the HepG2 cells was determined by MTS assay. The results are presented as the means + standard deviation (SD) of 3 independent experiments.
PUR, puerarin; "P<0.05.
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Figure 3. Effects of puerarin on intracellular lipid accumulation in HepG2 cells. HepG2 cells were treated with the indicated concentrations of puerarin in the pres-
ence of oleic acid (OA) for 24 h. Cells were stained with (A) Oil Red O and (B) analyzed using a (B) spectrophotometer. Quantitative assessment of the percentage
of lipid accumulation. The average of 3 independent experiments. The results are expressed as the means + standard deviation (SD). "P<0.05. PUR, puerarin.
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Figure 4. Effects of puerarin on triglycerides (TG) and total cholesterol (TC) levels in HepG2 cells. Cellular (A) TG and (B) TC was induced by 500 uM oleic
acid (OA) and the cells were treated with the indicated concentrations of puerarin in the presence of OA for 24 h. Total intracellular TG levels were analyzed
using the enzymatic colorimetric method. The results are expressed as the means + standard deviation (SD); n=3, "P<0.05. OA as control (cells treated with OA
only). PUR, puerarin.
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Figure 5. Effects of puerarin on sterol regulatory element binding protein-1 (SREBP-1) and fatty acid synthase (FAS) expression. HepG2 cells were pre-treated
500 uM oleic acid (OA) and then incubated with the indicated concentrations of puerarin for 24 h. (A) SREBP-1 and FAS mRNA expression levels were detected by
RT-PCR. (B) Protein expression was determined by western blot analysis. Expression levels were normalized to 3-actin mRNA and protein expression level. Data
are representative of 3 independent experiments and quantified by densitometric analysis. Expression levels were normalized to the -actin protein level. The results
from 3 repeated and separated experiments were similar and are expressed as the means + standard deviation (SD). "P<0.05. PUR, puerarin.
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500 uM oleic acid (OA) and then incubated with the indicated concentrations of puerarin for 24 h. (A) PPARa mRNA expression was detected by RT-PCR.
(B) Protein expression was determined by western blot analysis. (C) Expression levels were normalized to 3-actin mRNA and protein expression level. Data are
representative of 3 independent experiments and quantified by densitometric analysis. Expression levels were normalized to the -actin protein level. The results
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Figure 7. Effects of puerarin on adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) phosphorylation in HepG2 cells. HepG2 cells were pre-
treated with 500 uM oleic acid (OA) and then incubated with the indicated concentrations of puerarin for 24 h. AMPK phosphorylation (pThr-172-AMPK) was
detected by western blot analysis. The numbers below the panels represent quantification of the immunoblots by densitometry. The results from 3 independent

experiments are expressed as the means + standard deviation (SD). "P<0.05. PUR, puerarin.
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phosphorylation of AMPK, the HepG2 cells were treated
with OA (500 #M), and incubated with puerarin (25, 50 and
100 uM) for 24 h. Puerarin (50 and 100 gM) induced AMPK
threonine 172 phosphorylation (Fig. 7).

Discussion

In the present study, we investigated the effects of puerarin
on hepatic lipid accumulation and metabolism, as well as its
possible mechanisms of action using HepG2 cells. Previous
studies have demonstrated that puerarin inhibits the oxidative
stress induced by acute alcoholism and regulates the signal
transduction of Janus kinase 2 (JAK2)/signal transducer and
activator of transcription 3 (STAT3) in rats fed a high-fat
diet (7,10). However, the mechanisms of action of puerarin and
its effects on OA-treated human hepatoma cells are not yet
fully understood, although treatment with puerarin has been
shown to decrease nuclear factor (NF)-«xB levels and prevent
fatty acid accumulation in the liver (23,31). In this study, we
aimed to investigate the effects of puerarin on lipid accumula-
tion and metabolism, and to elucidate the possible mechanisms
involved. Hepatic steatosis and hyperlipidemia are associated
with the expression of lipogenic enzymes, cholesterol biosyn-
thesis, TG biosynthesis and fatty acid 3-oxidation in HepG2
cells. HepG2 cells are derived from a human hepatoblastoma
that is free of any known hepatotropic virus and is thus very
useful for the rapid screening and assessment of the lipid
metabolism potential of various agents. OA, the richest source
of fatty acid in olive oil, is a monounsaturated fatty acid
(MUFA, OA; 18:1n-9) (32). It has been demonstrated that diets
rich in monounsaturated fatty acids have anti-inflammatory
effects (33). Evidence indicates that monounsaturated fatty
acids, such as oleate may enhance the recovery of antioxidant
enzymes in the liver (34).

In this study, HepG2 cells were used to detect lipid accumu-
lation following exposure to OA. We investigated the effects of
puerarin on lipid homeostasis. We also examined cytotoxicity
and the viability of cells treated with various concentrations of
puerarin by MTS assay (Fig. 2). We first analyzed the devel-
opment of lipid accumulation in an in vitro model of hepatic
steatosis. Treatment with OA alone induced a significant
increase in lipid accumulation and treatment with puerarin
decreased the lipid accumulation (Fig. 3). In addition, the TG
and TC levels were reduced following treatment with 25, 50
and 100 #M of puerarin in a dose-dependent manner (Fig. 4).
Lipid accumulation may be caused by enhanced de novo
lipogenesis, the lowering of lipid catabolism and the activation
of lipid uptake in the liver. FAS is a key enzyme involved in
de novo fatty acid and TG synthesis in mammals. SREBP-1
is well known as a transcription factor regulating the expres-
sion of these lipogenic enzymes in the liver (23). Our results
revealed that the expression of levels of genes involved in
lipogenesis (SREBP-1 and FAS) increased and those of genes
involved in fatty acid p-oxidation (PPARa) decreased in
the OA-treated HepG2 cells at the mRNA and protein level
(Figs. 5 and 6). Puerarin decreased the expression of genes and
proteins involved in lipogenesis (SREBP-1 and FAS) (Fig. 5).
As shown in Fig. 6, puerarin increased the mRNA and protein
expression of PPARa. These results suggest that puerarin
reduces hepatic lipid accumulation in through 2 mechanisms:
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the downregulation of lipogenic proteins and the upregulation
of proteins involved in fatty acid f-oxidation.

AMPXK is a central metabolic sensor and plays an important
role in regulating glucose, lipid and cholesterol metabolism.
Since AMPK is an important enzyme in maintaining cellular
energy homeostasis, a dysfunction in the AMPK signaling
pathway may result in metabolic disorders. It has been demon-
strated that the activation of AMPK effectively suppresses the
expression of SREBP-1 in the liver (27). However, the asso-
ciation between AMPK and the proliferation of hepatocellular
carcinoma (HCC) cells is unknown. In this study, treatment
with puerarin increased AMPK phosphorylation (Fig. 7). It has
bee demonstrated that AMPK plays a key role in regulating
carbohydrate and fat metabolism, serving as a metabolic master
switch response to alterations in cellular energy charge (35).
AMPK activation has been validated as a therapeutic strategy
for liver steatosis (36). In previous studies, it has been shown
that polyphenols derived from plants can suppress FAS and
activate AMPK expression, thus preventing the translocation of
SREBP-1 to the nucleus (37-39). In this study, we found puerarin
has the same ability to activate AMPK and then reduce SREBP-1
expression, finally leading to the inhibition of hepatic lipogen-
esis. In accordance with these results, we confirmed that puerarin
decreased lipid synthesis and increased fatty-acid oxidation by
increasing p-AMPK and PPARa expression, further inhibiting
the protein expression of SREBP-1 and leading to the reduction
in the transcriptional activity of FAS. Thus, it can be concluded
that puerarin suppresses lipid accumulation in the liver and may
be used in the development of novel therapeutic strategies to
reduce the formation of a fatty liver.
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