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Abstract 
Although the pathogenesis of non-alcoholic fatty liver disease (NAFLD) is not completely understood, the increased influx of free fatty 
acids (FFAs) into the liver and the FFA-induced hepatic endoplasmic reticulum (ER) stress are two crucial pathogenic processes in 
the initiation and development of NAFLD.  In this study we investigated the effects of astragaloside IV (AS-IV), a bioactive compound 
purified from Astragali Radix, on FFA-induced lipid accumulation in hepatocytes and elucidated the underlying mechanisms.  Human 
HepG2 cells and primary murine hepatocytes were exposed to FFAs (1 mmol/L, oleate/palmitate, 2:1 ratio) with or without AS-IV 
for 24 h.  Exposure to FFAs induced marked lipid accumulation in hepatocytes, whereas co-treatment with AS-IV (100 μg/mL) 
significantly attenuated this phenomenon.  Notably, AS-IV (50–200 μg/mL) concentration-dependently enhanced the phosphorylation 
of AMPK, acetyl-CoA carboxylase (ACC) and SREBP-1c, inhibited the accumulation and nuclear translocation of mature SREBP-1 
and subsequently decreased the mRNA levels of lipogenic genes including acc1, fas and scd1.  AS-IV treatment also concentration-
dependently attenuated FFA-induced hepatic ER stress evidenced by the reduction of the key markers, GRP78, CHOP and p-PERK.  
Pretreated the cells with the AMPK inhibitor compound C (20 μmol/L) greatly diminished these beneficial effects of AS-IV.  Our results 
demonstrate that AS-IV attenuates FFA-induced ER stress and lipid accumulation in an AMPK-dependent manner in hepatocytes, which 
supports its use as promising therapeutics for hepatic steatosis.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) affects approxi-
mately 15%-30% of the general population[1, 2], and it has 
become the most common chronic liver disease worldwide 
due to the prevalence of obesity[3, 4].  NAFLD is a hepatic mani-
festation of the metabolic syndrome associated with type 2 dia-
betes, obesity, and dyslipidemia.  The pathological spectrum 
of NAFLD ranges from simple steatosis to the more severe 
non-alcoholic steatohepatitis (NASH), which may progress to 
fibrosis, cirrhosis and hepatocellular carcinoma[5].  Although 
the pathogenesis of NAFLD is not completely understood, the 
increased influx of free fatty acids (FFAs) into the liver and the 
FFA-induced hepatic endoplasmic reticulum (ER) stress are 
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two crucial pathogenic processes in the initiation and develop-
ment of NAFLD[6, 7].  No effective and safe therapy is available 
for NAFLD, except lifestyle intervention-mediated weight 
loss.  Therefore, there is an urgent need to identify new effec-
tive therapeutic strategies.  

AMP-activated protein kinase (AMPK) is a key cellular 
energy and nutrient sensor that belongs to the serine/threo-
nine kinase family.  AMPK is expressed almost universally 
in eukaryotes as heterotrimeric complexes composed of a 
catalytic subunit (α) and two regulatory subunits (β and γ).  
AMPK is activated by phosphorylation at Thr172 in the α 
subunit[8].  Numerous studies also demonstrated that AMPK 
is a critical regulator of hepatic lipogenesis, which makes 
this enzyme a potential therapeutic target for the treatment 
of hepatic steatosis[9].  AMPK activation phosphorylates and 
inactivates acetyl-CoA carboxylase (ACC) to switch off fatty 
acid synthesis acutely[10].  AMPK activation also decreases 
fatty acid synthesis chronically via a reduction in the tran-
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scriptional activation of sterol regulatory element binding 
protein-1c (SREBP-1c), which is a pivotal transcription factor 
in the regulation of lipogenic genes including acc1, fatty acid 
synthase (fas) and stearoyl-Coenzyme A desaturase 1 (scd1)[11].  A 
recent study revealed that AMPK phosphorylates SREBP-1c at 
Ser372, which suppresses its cleavage and nuclear transloca-
tion, and represses its target gene expression in hepatocytes 
exposed to high glucose, which leads to reduced lipogenesis 
and lipid accumulation[12].  Other recent studies demonstrated 
a negative regulation of AMPK activation on lipid-induced 
ER stress in hepatocytes[13–15].  ER stress is a disruption of ER 
homeostasis that is characterized by the increased expression 
of key markers such as glucose-regulated protein 78 (GRP78), 
C/EBP homologous protein (CHOP) and phosphorylated pro-
tein kinase-like ER kinase (p-PERK), which promote hepatic 
lipogenesis and lipid accumulation[16, 17].  Taken together, 
AMPK activation may attenuate hepatic lipid accumulation 
via inhibition of lipogenesis and ER stress, which supports 
AMPK as a potential therapeutic target for the treatment of 
hepatic steatosis.

There is a growing interest in the development of AMPK 
activators as promising treatments for hepatic steatosis.  Accu-
mulating evidence indicates that many bioactive compounds 
purified from traditional Chinese herbs attenuate hepatic lipid 
accumulation via AMPK activation[18–20].  Astragali Radix is one 
of the most commonly used traditional Chinese medicines 
prepared from the roots of Astragalus membranaceus (Fisch) 
Bunge or Astragalus mongholicus Bunge, and it has been widely 
used in the treatment of numerous diseases for the past cen-
turies.  Astragali Radix is described as a restorative agent that 
improves immunity and diabetes in Shen Nong’s herbal clas-
sic and the Compendium of Materia Medica.  Astragaloside IV 
(AS-IV) (Figure 1) is the primary bioactive component purified 
from Astragali Radix, and it possesses nearly identical thera-
peutic functions.  However, the clinical use of Astragali Radix 
or AS-IV for fatty liver diseases is not reported.  A previous 
animal study revealed that Astragali Radix ameliorated insulin 
resistance and fatty liver in type 2 diabetic rats[21].  Emerging 
evidence also demonstrates that AS-IV efficiently improves 
hepatic steatosis in obese mice, likely via an enhancement 
of leptin sensitivity and modulation of the thermogenic net-
work[22].  AS-IV also suppresses palmitate-induced ROS gen-
eration and inflammation via AMPK activation in endothelial 

cells[23].  Taken together, these studies suggest that AS-IV is an 
AMPK activator in the liver and may serve as potential thera-
peutics for hepatic steatosis.  However, little is known about 
the direct effect of AS-IV on lipid accumulation in hepatocytes.  
This study investigated the direct effect of AS-IV on lipid 
accumulation in hepatocytes and elucidated the underlying 
mechanisms.  We demonstrated, for the first time, that AS-IV 
attenuated FFA-induced ER stress and lipid accumulation via 
AMPK activation in hepatocytes, which further supports its 
use as promising therapeutics for hepatic steatosis.

Materials and methods
Materials and reagents
HBSS buffer, Williams’ E Medium, RIPA buffer and Prote-
ase & Phosphatase Inhibitors Cocktail were purchased from 
Thermo Scientific (Rockford, IL, USA).  Oleate, palmitate, 
collagenase IV, Oil red O, compound C and AICAR were pur-
chased from Sigma-Aldrich (St Louis, MO, USA).  AS-IV was 
obtained from Aladdin (Shanghai, China).  Primary antibod-
ies, including p-AMPKα (Thr172), p-ACC (Ser79), p-SREBP-1c 
(Ser372), AMPKα, ACC, PERK and β-actin, were purchased 
from Cell Signaling Technology (Danvers, MA, USA).  
SREBP-1, LaminB1, p-PERK and GRP78 were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).  CHOP was 
obtained from Proteintech (Wuhan, China) and Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).  LI-COR IRDye 800CW 
secondary antibodies were obtained from LI-COR Biosciences 
(Lincoln, NE, USA).  FITC-conjugated goat anti-rabbit IgG was 
purchased from Proteintech (Wuhan, China).  Alexa Fluor® 
594-conjugated donkey anti-mouse IgG was obtained from 
Thermo Scientific (Rockford, IL, USA).  SYBR Green I Mas-
ter was purchased from Roche Applied Science (Mannheim, 
Germany).  Cell Counting Kit-8 (CCK-8) was purchased from 
Dojindo Laboratories (Tokyo, Japan).  The NE-PER Nuclear 
and Cytoplasmic Extraction Reagent kit was purchased from 
Thermo Scientific (Rockford, IL, USA).  The SuperPrep Cell 
Lysis & RT Kit for qPCR was purchased from TOYOBO 
(Tokyo, Japan).

Preparation of AS-IV solution
Purified AS-IV powder was purchased and reconstituted in 
dimethyl sulfoxide (DMSO) for a stock solution (200 mg/mL) 
as previously described[24].  The stock solution was stored at 
-20 °C until use.

Cell culture and treatment
Human HepG2 hepatoma cells were cultured in MEM 
medium supplemented with 10% fetal bovine serum, 1 
mmol/L sodium pyruvate, 100 U/mL penicillin, and 100 
μg/mL streptomycin.  Cells at 70% confluence were starved in 
serum-free medium overnight before treatment.

Primary murine hepatocytes were isolated from up to 
12-week-old C57BL/6 mice, using a previously described two-
step collagenase perfusion method[25].  Livers were perfused 
with HBSS buffer, followed by HBSS containing 100 U/mL 
collagenase IV for digestion at a flow rate of 9 mL/min.  Figure 1.  Chemical structure of AS-IV.  AS-IV, Astragaloside IV.
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Primary hepatocytes were plated on collagen-coated (8 μg/
cm2) plates in Williams’ E Medium supplemented with 10% 
fetal bovine serum, 2 mmol/L L-glutamine, 100 nmol/L dexa-
methasone and the antibiotics described above for 4 h.  Hepa-
tocytes were maintained overnight in serum-free Williams’ E 
Medium and used within 30 h after plating.

All cells were maintained at 37 °C in a humidified incu-
bator containing 5% CO2.  Hepatocytes were exposed to 1 
mmol/L FFAs (oleate/palmitate, 2:1 ratio) to induce lipid 
accumulation[26], with or without different concentrations 
(50–200 μg/mL) of AS-IV for 24 h.  Cells were pretreated with 
the AMPK inhibitor compound C (20 μmol/L) for 1 h and 
treated with AS-IV (100 μg/mL) supplemented with FFAs for 
24 h.  Cells were treated with the AMPK activator AICAR (1 
mmol/L) for 2 h as a positive control.  

Cell viability assay
Cell viability was measured using the CCK-8 assay according 
to the manufacturer’s instructions.  Briefly, human HepG2 
cells or primary murine hepatocytes (4×103 cells/well) were 
seeded into 96-well plates and treated with FFAs (0.25–2 
mmol/L), AS-IV (50–400 μg/mL) or the combination after 
attachment.  The same concentration of vehicle was added to 
the control group.  Cells were treated for 24 h and incubated in 
a 1:10 diluted CCK-8 solution for 2 h at 37 °C.  The absorbance 
was measured at 450 nm using a microplate reader.  

Oil red O staining
Cells were rinsed with ice-cold phosphate buffered saline 
(PBS) and fixed with 10% formaldehyde at room temperature 
for 15 min.  Cells were washed with PBS and immersed in 
an Oil red O working solution (60% Oil red O dye and 40% 
water) at room temperature for 30 min.  Cells were washed 
briefly with 75% ethanol to remove any unbound dye and 
observed under a Leica DMI4000B inverted microscope after 
washing with PBS.  The dye was extracted using 100% isopro-
panol immediately via gentle pipetting, and absorbance was 
measured at 510 nm with a spectrophotometer to quantify the 
intracellular lipid content.

Western blot analysis
Cells were washed with ice-cold PBS, lysed on ice in RIPA 
buffer supplemented with a cocktail of protease and phospha-
tase inhibitors for 15 min and centrifuged (14 000×g, 15 min 
and 4 °C) to achieve total cellular protein extraction.  Nuclear 
extracts were prepared using the NE-PER Nuclear and Cyto-
plasmic Extraction Reagents kit according to the manufac-
turer’s instructions.  Protein concentrations were determined 
using a BCA Protein Assay kit.  Equal amounts of protein were 
separated by SDS-PAGE and transferred onto PVDF mem-
branes.  The membranes were blocked with 5% bovine serum 
albumin or non-fat milk for 1 h at room temperature and 
hybridized overnight at 4 °C with the aforementioned primary 
antibodies.  Membranes were incubated with LI-COR IRDye 
800CW secondary antibodies at room temperature for 1 h, and 
the antibody-antigen complexes were visualized using the 

Odyssey Infrared Imaging System (LI-COR Biosciences, Lin-
coln, NE, USA).  The results were analyzed quantitatively via 
densitometry using Image-Pro Plus software.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde in PBS for 15 min 
and permeabilized with 0.5% Triton X-100 in PBS at room 
temperature for 15 min.  Cells were blocked with 2% bovine 
serum albumin in PBS for 1 h and incubated with primary 
anti-GRP78 and anti-CHOP antibodies overnight at 4 °C.  
Cells were rinsed with PBS and incubated with either FITC-
conjugated goat anti-rabbit IgG or Alexa Fluor® 594-conju-
gated donkey anti-mouse IgG for 1 h at room temperature, 
followed by incubation in the fluorescent nucleic acid dye 
Hoechst 33258 for 10 min.  Cells were extensively washed in 
PBS, and images were captured using an Axio Observer Z1 
microscope.  

Quantitative real-time PCR
Total RNA was isolated from hepatocytes, and reverse tran-
scription was performed using a SuperPrep Cell Lysis & RT 
Kit for qPCR.  Expression of mRNA was quantified using the 
LightCycler® 480 detection system (Roche Applied Science, 
Mannheim, Germany) with SYBR Green I Master according to 
the manufacturer’s instructions.  The 2-∆∆CT method was used 
to analyze the expression of target genes, and β-actin was used 
as an internal control.  PCR primer pair sequences are avail-
able upon request.

Statistical analysis
All data are expressed as the mean±SEM of at least three 
separate experiments in each group.  Unpaired two-tailed Stu-
dent’s t test was used for comparisons of differences between 
groups.  A value of P<0.05 was considered statistically signifi-
cant.

Results
Cytotoxicity of FFAs and AS-IV on hepatocytes
Hepatocytes were exposed to a mixture of FFAs for 24 h to 
induce intracellular lipid accumulation and treated with or 
without AS-IV to investigate the effect of AS-IV on hepatic ste-
atosis in vitro.  The cytotoxicity of FFAs and AS-IV on hepato-
cytes was measured using a CCK-8 assay.  We found that cell 
viability was not affected by up to 1 mmol/L FFAs in human 
HepG2 cells or primary murine hepatocytes, but 2 mmol/L 
FFA exposure significantly reduced cell viability (Figure 2A, 
2D).  AS-IV treatment did not exhibit any cytotoxic effects up 
to 200 μg/mL in hepatocytes, but an obvious decrease in cell 
viability was observed at 400 μg/mL (Figure 2B, 2E).  There-
fore, co-treatment of hepatocytes with FFAs (1 mmol/L) and 
AS-IV (50–200 μg/mL) was used in further studies, and no 
cytotoxicity was observed (Figure 2C, 2F).

AS-IV attenuates FFA-induced lipid accumulation in hepatocytes
Oil red O staining revealed that exposure to FFAs markedly 
induced an increase in lipid accumulation compared with the 
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control group in HepG2 cells, which indicated that FFA treat-
ment successfully established a cell model of hepatic steatosis.  
However, AS-IV under co-treatment with FFAs and AS-IV in 
HepG2 cells significantly attenuated this accumulation (Figure 
3A).  The relative quantification of intracellular lipid content 
confirmed these results (Figure 3B).  We also observed that 
AS-IV treatment significantly alleviated FFA-induced lipid 
accumulation in primary murine hepatocytes (Figure 3C, 3D).  
Taken together, these findings suggest that AS-IV attenuates 
FFA-induced lipid accumulation in hepatocytes.

AS-IV activates the AMPK pathway and inhibits lipogenesis in 
FFA-exposed hepatocytes 
The AMPK signaling pathway was analyzed to elucidate the 
underlying mechanisms of the beneficial effect of AS-IV on 
FFA-induced lipid accumulation because AMPK is a critical 
regulator of hepatic lipogenesis.  Figures 4A and 4B show 
that FFA exposure significantly induced a decrease in the 
phosphorylation of AMPK in HepG2 cells and AS-IV treat-
ment dose-dependently enhanced this effect.  AS-IV treat-
ment also resulted in a dose-dependent increase in ACC 
phosphorylation, which is a direct target enzyme of AMPK.  
No obvious changes in the protein levels of AMPK and ACC 
were observed.  AS-IV treatment dose-dependently increased 
SREBP-1c phosphorylation and decreased the accumulation of 
mature SREBP-1 in FFA-exposed HepG2 cells.  We also found 
that AS-IV treatment concentration-dependently inhibited the 
increased nuclear translocation of mature SREBP-1 in the FFA 

group (Figure 4A, 4B).  These results were further confirmed 
in primary murine hepatocytes (Figure 4C, 4D).  The mRNA 
levels of lipogenic genes that are transcriptionally activated 
by SREBP-1, such as acc1, fas and scd1, were significantly 
increased by FFA exposure in HepG2 cells, and AS-IV treat-
ment attenuated this increase in a concentration-dependent 
manner (Figure 4E).  These data demonstrate that AS-IV acti-
vates the AMPK pathway and inhibits lipogenesis in FFA-
exposed hepatocytes.

AS-IV alleviates FFA-induced ER stress in hepatocytes
We investigated whether the beneficial effect of AS-IV on FFA-
induced lipid accumulation was associated with the allevia-
tion of ER stress by detecting the expression of several key ER 
stress markers including GRP78, CHOP and p-PERK.  Immu-
nofluorescence analyses revealed that GRP78 was primarily 
located in the cytoplasm of HepG2 cells, and FFA exposure 
significantly increased its expression (Figure 5A).  In contrast, 
CHOP exhibited very low expression in the cytoplasm and 
nucleus of HepG2 cells in the control group.  FFA exposure 
obviously increased its expression and nuclear translocation 
(Figure 5B).  AS-IV treatment significantly reversed both of 
these effects (Figure 5A, 5B).  Western blotting analysis dem-
onstrated that FFA exposure substantially increased the pro-
tein levels of GRP78, CHOP and p-PERK in HepG2 cells, and 
AS-IV treatment dose-dependently reduced these increases 
(Figure 5C, 5D).  Similar results were observed in primary 
murine hepatocytes (Figure 5E, 5F).  Collectively, these find-

Figure 2.  Cytotoxicity of FFAs and AS-IV on hepatocytes.  HepG2 cells or primary murine hepatocytes were treated with various concentrations of 
FFAs, AS-IV or their combination for 24 h and analyzed using a CCK-8 assay.  (A) Cell viability of HepG2 cells exposed to FFAs (0.25–2 mmol/L).  (B) 
Cell viability of HepG2 cells treated with AS-IV (50–400 μg/mL).  (C) Cell viability of HepG2 cells co-treated with FFAs (1 mmol/L) and AS-IV (50–200 
μg/mL).  (D) Cell viability of primary murine hepatocytes exposed to FFAs (0.25–2 mmol/L).  (E) Cell viability of primary murine hepatocytes treated 
with AS-IV (50–400 μg/mL).  (F) Cell viability of primary murine hepatocytes co-treated with FFAs (1 mmol/L) and AS-IV (50–200 μg/mL).  Data are 
presented as the mean±SEM of three independent experiments (n=3).  *P<0.05, **P<0.01 compared with the control group.  FFAs, free fatty acids; AS-
IV, astragaloside IV.
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ings reveal that AS-IV alleviates FFA-induced ER stress in 
hepatocytes.

AMPK activation mediates AS-IV-inhibited lipogenesis in FFA-
exposed hepatocytes 
HepG2 cells and primary murine hepatocytes were pre-
treated with the AMPK inhibitor compound C for 1 h prior to 
FFA and AS-IV treatment to evaluate whether AMPK activa-
tion mediates the inhibitory effect of AS-IV on lipogenesis in 
FFA-exposed hepatocytes.  Cells were treated with the AMPK 
activator AICAR for 2 h as a positive group.  AS-IV treatment 
significantly enhanced the phosphorylation of AMPK, ACC 
and SREBP-1c in parallel with the decreased accumulation 
and nuclear translocation of mature SREBP-1 in FFA-exposed 
hepatocytes.  A similar effect was observed in cells treated 
with AICAR (Figure 6A–6D).  Compound C totally or partially 
blocked these effects of AS-IV treatment (Figure 6A–6D).  Sim-
ilarly, AS-IV and AICAR treatments significantly reduced the 
mRNA levels of acc1, fas and scd1 in FFA-exposed HepG2 cells, 
and pretreatment with compound C greatly abolished the 
inhibitory effect of AS-IV on these changes in gene expression 
(Figure 6E).  These data indicate that AMPK activation medi-
ates AS-IV-inhibited lipogenesis in FFA-exposed hepatocytes.

AMPK activation is essential for AS-IV alleviation of FFA-induced 
ER stress in hepatocytes
The functional relationship between AMPK activation and 
AS-IV-alleviated ER stress was further investigated in FFA-

exposed hepatocytes in our study.  AS-IV treatment signifi-
cantly decreased the protein levels of ER stress markers includ-
ing GRP78, CHOP and p-PERK in FFA-exposed HepG2 cells, 
and pretreatment with compound C largely diminished these 
effects (Figure 7A, 7B).  These results were further confirmed 
in primary murine hepatocytes (Figure 7C, 7D).  Altogether, 
these findings illustrate that AMPK activation is essential for 
AS-IV alleviation of FFA-induced ER stress in hepatocytes.

Discussion
The current study investigated the direct effect of the pri-
mary bioactive component of Astragali Radix, AS-IV, on lipid 
accumulation in hepatocytes and elucidated the underlying 
mechanisms.  We found that AS-IV attenuated FFA-induced 
lipid accumulation in hepatocytes, possibly through AMPK 
activation and the subsequent inhibition of ER stress and 
SREBP-1-mediated lipogenesis (Figure 8).  These findings pro-
vide molecular evidence to propose AS-IV as promising thera-
peutics for the treatment of hepatic steatosis.

Hepatic steatosis is the earliest and benign stage of NAFLD.  
Hepatic steatosis is characterized by the accumulation of 
triglycerides in the liver.  Approximately 60% of the hepatic 
triglyceride content in NAFLD patients is derived from the 
FFA influx induced by the lipolysis of adipose tissue, 26% is 
derived from a sustained increase in de novo lipogenesis in 
hepatocytes, and 15% is derived from the diet[27].  In contrast, 
only <5% of the hepatic triglyceride content is attributed to 
de novo lipogenesis in healthy persons[28].  The increased FFA 

Figure 3.  AS-IV attenuates FFA-induced lipid accumulation in hepatocytes.  HepG2 cells and primary murine hepatocytes exposed to FFAs (1 mmol/L) 
were treated with or without AS-IV (100 μg/mL) for 24 h.  (A) Representative images of Oil red O staining at 400× magnification in HepG2 cells.  (B) 
Quantification of intracellular lipid content by Oil red O staining in HepG2 cells.  (C) Representative images of Oil red O staining at 400× magnification in 
primary murine hepatocytes.  (D) Quantification of intracellular lipid content by Oil red O staining in primary murine hepatocytes.  Data are presented as 
the mean±SEM of three independent experiments (n=3).  *P<0.05, **P<0.01 compared with the control group; ##P<0.01 compared with the FFA group.  
FFAs, free fatty acids; AS-IV, astragaloside IV.
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Figure 4.  AS-IV activates the AMPK pathway and inhibits lipogenesis in FFA-exposed hepatocytes.  HepG2 cells and primary murine hepatocytes 
exposed to FFAs (1 mmol/L) were treated with or without AS-IV (50–200 μg/mL) for 24 h.  (A) Representative immunoblots for Thr172p-AMPKα, AMPKα, 
Ser79p-ACC, ACC, Ser372p-SREBP-1c and mature SREBP-1 (~68 kDa) in HepG2 cells.  β-Actin and LaminB1 were used as internal controls for total protein 
extracts and nuclear extracts, respectively.  (B) Densitometric analyses of the band intensity ratios for Thr172p-AMPKα/AMPKα, Ser79p-ACC/ACC, Ser372p-
SREBP-1c/β-actin, SREBP-1/β-actin and SREBP-1/LaminB1 in HepG2 cells.  (C) Representative immunoblots for Thr172p-AMPKα, AMPKα, Ser79p-ACC, ACC, 
Ser372p-SREBP-1c and mature SREBP-1 in primary murine hepatocytes.  β-Actin and LaminB1 were used as internal controls for total protein extracts 
and nuclear extracts, respectively.  (D) Densitometric analyses of the band intensity ratios for Thr172p-AMPKα/AMPKα, Ser79p-ACC/ACC, Ser372p-SREBP-1c/
β-actin, SREBP-1/β-actin and SREBP-1/LaminB1 in primary murine hepatocytes.  (E) Relative mRNA expression levels of lipogenic genes including acc1, 
fas and scd1 in HepG2 cells.  Data are presented as the mean±SEM from three independent experiments (n=3).  *P<0.05, **P<0.01 compared with the 
control group. #P<0.05, ##P<0.01 compared with the FFA group.  FFAs, free fatty acids; AS-IV, astragaloside IV.
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influx and de novo lipogenesis in the liver are two crucial 
pathogenic processes that contribute to hepatic steatosis.  The 
increased FFA influx delivery into hepatocytes facilitates de 
novo lipogenesis via an up-regulation of SREBP-1c[2].  SREBP-1c 
is the major transcription factor for de novo lipogenesis in the 
liver, and it translocates into the nucleus to transcriptionally 
upregulate lipogenic genes including acc1, fas and scd1 upon 
maturation[30].  Increased levels of liver SREBP-1c are observed 
in patients and mice with hepatic steatosis[31, 32].  AMPK activa-

tion negatively regulates SREBP-1c expression, cleavage and 
nuclear translocation via phosphorylation[11, 12].  Therefore, the 
AMPK/SREBP-1c pathway may be involved in the alleviation 
of hepatic lipid accumulation.  Our study found that AS-IV 
enhanced the phosphorylation of SREBP-1c, inhibited the 
accumulation and nuclear translocation of mature SREBP-1 
and decreased the mRNA levels of acc1, fas, and scd1 via 
AMPK activation in FFA-exposed hepatocytes.  These results 
suggest that AMPK activation and the subsequent inhibition 

Figure 5.  AS-IV alleviates FFA-induced ER stress in hepatocytes.  HepG2 cells and primary murine hepatocytes exposed to FFAs (1 mmol/L) were 
treated with or without AS-IV (50–200 μg/mL) for 24 h.  (A) Representative images of immunofluorescence staining for the ER stress marker GRP78 at 
200× magnification in HepG2 cells.  (B) Representative images of immunofluorescence staining for the ER stress marker CHOP at 200× magnification 
in HepG2 cells.  (C) Representative immunoblots for GRP78, CHOP, Thr981p-PERK and PERK in HepG2 cells.  β-Actin was used as an internal control.  
(D) Densitometric analyses of the band intensity ratios for GRP78/β-actin, CHOP/β-actin and Thr981p-PERK/PERK in HepG2 cells.  (E) Representative 
immunoblots for GRP78, CHOP, Thr981p-PERK and PERK in primary murine hepatocytes.  β-Actin was used as an internal control.  (F) Densitometric 
analyses of the band intensity ratios for GRP78/β-actin, CHOP/β-actin and Thr981p-PERK/PERK in primary murine hepatocytes.  Data are presented as 
the mean±SEM of three independent experiments (n=3).  *P<0.05, **P<0.01 compared with the control group; #P<0.05, ##P<0.01 compared with the 
FFA group.  FFAs, free fatty acids; AS-IV, astragaloside IV.
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Figure 6.  AMPK activation mediates AS-IV-inhibited lipogenesis in FFA-exposed hepatocytes.  HepG2 cells and primary murine hepatocytes exposed 
to FFAs (1 mmol/L) were treated with or without AS-IV (100 μg/mL) for 24 h.  Compound C (20 µmol/L) was added 1 h prior to the co-treatment with 
AS-IV and FFAs.  Cells were treated with AICAR (1 mmol/L) for 2 h as a positive control.  (A) Representative immunoblots for Thr172p-AMPKα, AMPKα, 
Ser79p-ACC, ACC, Ser372p-SREBP-1c and mature SREBP-1 (~68 kDa) in HepG2 cells.  β-Actin and LaminB1 were used as internal controls for total protein 
extracts and nuclear extracts, respectively.  (B) Densitometric analyses of the band intensity ratios for Thr172p-AMPKα/AMPKα, Ser79p-ACC/ACC, Ser372p-
SREBP-1c/β-actin, SREBP-1/β-actin and SREBP-1/LaminB1 in HepG2 cells.  (C) Representative immunoblots for Thr172p-AMPKα, AMPKα, Ser79p-ACC, ACC, 
Ser372p-SREBP-1c and mature SREBP-1 in primary murine hepatocytes.  β-Actin and LaminB1 were used as internal controls for total protein extracts 
and nuclear extracts, respectively.  (D) Densitometric analyses of the band intensity ratios for Thr172p-AMPKα/AMPKα, Ser79p-ACC/ACC, Ser372p-SREBP-
1c/β-actin, SREBP-1/β-actin and SREBP-1/LaminB1 in primary murine hepatocytes.  (E) Relative mRNA expression levels of lipogenic genes including 
acc1, fas and scd1 in HepG2 cells.  Data are presented as the mean±SEM from three independent experiments (n=3).  *P<0.05, **P<0.01 compared 
with the control group. #P<0.05, ##P<0.01 compared with the FFA group. &P<0.05, &&P<0.01 compared with the AS-IV group.  FFAs, free fatty acids; AS-
IV, astragaloside IV.
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of SREBP-1-mediated lipogenesis are a potential mechanism 
for the beneficial effect of AS-IV on hepatic lipid accumulation.  
This study is the first report to provide in vitro evidence for the 
direct lipid-lowing effect of AS-IV on hepatocytes via a mecha-
nism that includes AMPK activation.  In contrast, a recent 
study demonstrated that AS-IV improved hepatic steatosis in 
obese mice primarily via enhanced fat oxidation rather than 
decreased lipogenesis[22].  This discrepancy may be due to the 
different experimental system used.  Nevertheless, these stud-
ies indicated that AS-IV ameliorated hepatic steatosis in vivo 
and in vitro.  Many other bioactive compounds purified from 
Chinese medical herbs also attenuate lipid accumulation via 
the AMPK/SREBP-1c pathway in hepatocytes[20, 33, 34].  Two 
anti-diabetic drugs, rosiglitazone and metformin, also amelio-
rate hepatic lipid accumulation via AMPK activation and the 
subsequent decrease in SREBP-1c activity and expression[35, 36].  

The increased FFA influx delivery into liver, especially 
saturated FFAs, induces an ER stress response in hepatocytes 
in the context of NAFLD[37, 38].  Hepatic ER stress may induce 
SREBP-1c activation and contribute to lipogenesis and hepatic 
steatosis[39].  Our results demonstrated that FFA exposure 
in hepatocytes obviously induced ER stress, which was evi-
denced by the increased expression of key markers includ-

ing GRP78, CHOP and p-PERK, in parallel with SREBP-1 
activation and hepatic lipid accumulation.  AS-IV inhibited 
SREBP-1 activation in FFA-exposed hepatocytes in our study, 
and we wondered whether AS-IV treatment also attenuated 
FFA-induced hepatic ER stress.  We observed that AS-IV sig-
nificantly attenuated ER stress in FFA-exposed hepatocytes, 
which was indicated by the decreased expression of GRP78, 
CHOP and p-PERK.  Previous studies also demonstrated that 
AS-IV alleviated ER stress in diabetic nephropathy in vivo and 
in vitro[40, 41].  Our study revealed that the AS-IV treatment alle-
viation of FFA-induced ER stress in hepatocytes occurred via 
an AMPK-dependent manner, which is consistent with pre-
vious findings indicating a negative regulation of AMPK on 
lipid-induced ER stress in hepatocytes[13–15].  Taken together, 
our results demonstrated that AS-IV-alleviated ER stress via 
AMPK activation may also contribute to the inhibition of 
SREBP-1-mediated lipogenesis in FFA-induced hepatocytes.  
This pathway may be another possible mechanism for the ben-
eficial effect of AS-IV on hepatic lipid accumulation.  

However, this study did not clearly define the detailed 
mechanisms of how AS-IV promoted AMPK activation.  
AMPK is activated by an increased cellular AMP:ATP ratio 
and upstream signaling pathways, including LKB1 and 

Figure 7.  AMPK activation is essential for AS-IV alleviation of FFA-induced ER stress in hepatocytes.  HepG2 cells and primary murine hepatocytes 
exposed to FFAs (1 mmol/L) were treated with or without AS-IV (100 μg/mL) for 24 h.  Compound C (20 µmol/L) was added 1 h prior to the co-treatment 
with AS-IV and FFAs.  Cells were treated with AICAR (1 mmol/L) for 2 h as a positive control.  (A) Representative immunoblots for GRP78, CHOP, Thr981p-
PERK and PERK in HepG2 cells.  β-Actin was used as an internal control.  (B) Densitometric analyses of the band intensity ratios for GRP78/β-actin, 
CHOP/β-actin and Thr981p-PERK/PERK in HepG2 cells.  (C) Representative immunoblots for GRP78, CHOP, Thr981p-PERK and PERK in primary murine 
hepatocytes.  β-Actin was used as an internal control.  (D) Densitometric analyses of the band intensity ratios for GRP78/β-actin, CHOP/β-actin and 
Thr981p-PERK/PERK in primary murine hepatocytes.  Data are presented as the mean±SEM from three independent experiments (n=3).  *P<0.05, 
**P<0.01 compared with the control group. #P<0.05, ##P<0.01 compared with the FFA group. &P<0.05, &&P<0.01 compared with the AS-IV group.  FFAs, 
free fatty acids; AS-IV, astragaloside IV.
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CaMKK, via phosphorylation[42, 43].  Our findings are also 
restricted to in vitro situations and should be confirmed in an 
animal study.  Therefore, further studies should be performed 
in vivo and in vitro to elucidate the beneficial effect of AS-IV on 
hepatic steatosis.

In summary, our study demonstrated for the first time that 
AS-IV attenuated FFA-induced ER stress and lipid accumula-
tion via AMPK activation in hepatocytes, which further sup-
ports its use as promising therapeutics for the treatment of 
hepatic steatosis.
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