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Abstract. Non‑alcoholic fatty liver disease (NAFLD) is a 
rapidly growing health threat that has previously been asso-
ciated with lipogenesis. The direct effect of endoplasmic 
reticulum stress (ERS) inhibition on the induction of lipo-
genesis has not been investigated in hepatocytes in vitro. The 
impact of activating transcription factor‑4 (ATF4) on the 
lipogenic pathway and hepatic insulin transduction in liver 
cells also requires further investigation. In the present study, 
the triglyceride (TG) content of HepG2 cells stimulated with 
fructose was investigated using a commercially available 
enzymatic assay, and the expression levels of lipogenesis‑asso-
ciated factors were determined by western blotting and 
reverse transcription‑quantitative polymerase chain reac-
tion. Notably, the TG content of HepG2 cells was increased 
following incubation with fructose, which was accompanied 
by ERS. 4‑Phenylbutyric acid, an inhibitor of ERS, lowered 
the TG content by reducing the mRNA expression levels of 
sterol regulatory element‑binding protein 1 (SREBP‑1c) and 
carbohydrate‑responsive element‑binding protein (ChREBP), 
and the protein expression levels of fatty acid synthase (FAS), 
acetyl‑CoA carboxylase (ACC) and stearoyl‑CoA desaturase‑1 
(SCD‑1). Conversely, tunicamycin, which is an inducer of 
ERS, increased the TG content and stimulated the expression 
of the above lipogeneic markers. ATF4 deficiency relieved 
TG accumulation and decreased the mRNA expression levels 
of SREBP‑1c and ChREBP, and protein expression levels 
of FAS, ACC and SCD‑1 in fructose‑treated HepG2 cells. 
Conversely, ATF4 overexpression increased the TG content 

by upregulating the mRNA expression levels of SREBP‑1c 
and ChREBP and protein expression levels of FAS, ACC and 
SCD‑1. Inhibition of ERS was shown to protect HepG2 cells 
against fructose‑induced TG accumulation, whereas induction 
of ERS stimulated hepatic lipogenesis. As a downstream tran-
scription factor of the unfolded protein response, a deficiency 
in ATF4 attenuates fructose‑induced lipogenesis; while an 
overexpression of ATF4 can induce TG accumulation through 
stimulating hepatic lipogenesis. The results of the present 
study suggested that ATF4 may exert various physiological 
roles in lipid metabolism depending on the nutrient composi-
tion. In addition, these results suggested that ATF4 has a role 
in regulating lipogenesis and in the development of NAFLD; 
thus ATF4 may be considered a therapeutic target for NAFLD.

Introduction

Non‑alcoholic fatty liver disease (NAFLD) is a rapidly 
growing epidemic, which is closely associated with insulin 
resistance and type 2 diabetes (1‑3). Developing novel thera-
peutic interventions requires a comprehensive understanding 
of the mechanisms by which excess hepatic lipid develops and 
causes hepatic insulin resistance. Hepatic steatosis is the basic 
pathophysiological change existing throughout the develop-
ment of NAFLD and increased de novo lipogenesis has been 
shown to be a mechanism by which fatty liver develops (4,5). 
In addition, it has been increasingly recognized that endo-
plasmic reticulum stress (ERS) is important in the regulation 
of lipid metabolism in hepatocytes (6‑8). Recent studies using 
genetic or dietary models of fatty liver have indicated a key 
association between hepatic steatosis and ER stress, as well as 
the physiological role of the unfolded protein response (UPR) 
sensors in lipid homeostasis (5,6,9,10).

UPR is a response to the accumulation of unfolded proteins 
in the ER, characterized by the activation of three distinct 
signal transduction pathways mediated by inositol‑requiring 
enzyme 1 (IRE1), PKR‑like ER kinase (PERK) and activating 
transcription factor (ATF) 6α. ERS occurs in hepatocytes 
during liver steatosis (6,11). Intervention with ERS inhibitors, 
including 4‑phenylbutyric acid (4‑PBA) and tauroursode-
oxycholic (TUDCA), demonstrated that resolved ERS can 
improve hepatosteatosis in ob/ob mice and 4‑PBA can reduce 
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hepatic lipid accumulation in ob/ob mice by inhibiting 
ERS (6). In addition, in a fatty liver model, the inhibition 
of ERS by 4‑PBA can attenuate the lipogenic pathway in 
high‑fructose‑fed mice (12). However, the direct effect of ERS 
inhibition and induction on lipogenesis has not been investi-
gated in hepatocytes in vitro.

Furthermore, it has been indicated that two UPR path-
ways, PERK‑eukaryotic initiation factor 2α (eIF2α)‑ATF4 
and IRE‑1‑X‑box binding protein 1 (XBP1) pathways, are 
involved in the stimulation of de novo lipogenesis in the 
liver (13). The PERK‑eIF‑2α‑ATF4 pathway, which activates 
transcription factor‑4 (ATF4), is reported to be involved in 
the regulation of lipogenesis (14). ATF4 is the downstream 
transcription factor along this UPR arm. ATF4 is found to be 
involved in a number of different physiological events, such 
as long‑term memory  (15), osteoblast differentiation  (10) 
glucose and glycogen bisosynthesis (16), and redox homoeo-
stasis (17). Recently, ATF4 has been shown to be important 
in the regulation of lipid metabolism. ATF4‑null mice do not 
develop NAFLD when induced by a high‑fat diet (16). ATF4 
deficiency protects mice from high‑carbohydrate diet‑induced 
liver steatosis (18). Furthermore, ATF4 deficiency prevents 
the development of steatosis and hypertriglyceridemia in 
response to high fructose intake in mice (19). Nevertheless, 
the direct effect of ATF4 on the lipogenic pathway and 
hepatic insulin transduction in liver cells requires further 
investigation.

Therefore, for further understanding of the association 
between ATF4 and hepatic lipogeneis, the direct effect of ERS 
on hepatic lipogenesis was investigated in HepG2 cells in the 
present study. Subsequently, the impact of ATF4 deficiency or 
overexpression on the hepatic lipogeneic pathway and insulin 
signaling transduction in HepG2 cells was observed.

Materials and methods

Cell line and groups. Briefly, HepG2 cells were cultured in 
minimal essential medium (HyClone, Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), supplemented with 10% (v/v) fetal 
bovine serum (FBS, Sijiqing Tianhang Biotechnology Co. 
Hangzhou China), 1% (v/v) nonessential amino acids, 100 U/ml 
penicillin and 100 µg/ml streptomycin (Shijiazhuang, China), 
in a 5% CO2‑humidified atmosphere. Subsequently, HepG2 
cells were stimulated with 20 mmol/l fructose, fructose plus 
inhibitor 4‑PBA (10 or 20 mmol/l; Sigma‑Aldrich, St. Louis, 
MO, USA) or inducer tunicamycin (0.1, 0.5, 2 and 5 µg/ml; 
Abcam, Cambridge, MA, USA). 

Transient plasmid transfection. HepG2 cells that had 
reached 80% confluence were transfected with ATF4 vector 
(EX‑F0119‑M13‑5; GeneCopoeia, Inc., Rockville, MD, USA) 
or AFT4 small interfering (si)RNA (Santa Cruz Biotechnology 
Inc., Santa Cruz, CA, USA) for upregulation and downregula-
tion of ATF4, respectively, using Lipofectamine 2000 in 2 ml 
serum‑free Minimum Essential Media (MEM; GE Healthcare 
Life Sciences, Logan, UT, USA). The vacant EX‑EGFP‑M13 
vector (GeneCopoeia, Inc.) and non‑transfected cells were 
used as controls. At 8 h after transfection the medium was 
replaced by normal MEM with 10% FBS for 24 h. Finally, the 
cells were cultured for 48 h prior to analysis.

Quantitative detection of triglyceride (TG) in HepG2 cells. To 
determine the effect of ATF4 on lipid metabolism in HepG2 
cells, the cells were washed twice with phosphate‑buffered 
saline (PBS), and lysed on ice with radioimmunoprecipitation 
buffer (Pulilai Bioengineering Institute, Changchun, China) 
for 30 min. After centrifugation at 447.2 x g for 20 min at 
4˚C, the supernatant was transferred to a new tube. The protein 
concentration was determined by the bicinchoninic acid assay 
method. TG levels were measured based on an enzymatic 
assay from Pulilai Bioengineering Institute, according to the 
manufacturer's instructions.

Oil red O staining. Cultured cells were fixed for 30 min in 4% 
paraformaldehyde (in PBS), and stained for 2 h with 1% Oil 
Red O. The stained sections were imaged with an Olympus 
microscope and examined in a blinded manner by the patholo-
gist.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from HepG2 cells using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. RNA purity was 
confirmed by measuring the ratio of absorbance at 260 and 
280 nm on a spectrophotometer. Reverse transcription of 
RNA (8 µl) was conducted according to the instructions of 
the Easy Script First‑Strand cDNA Synthesis Super Mix kit 
(TransGen Biotech, Co., Ltd., Beijing, China). Specific primers 
(Table I) for the amplification of regulator sterol regulatory 
element‑binding proteins (SREBP‑1c), carbohydrate response 
element‑binding protein (ChREBP) and glyceraldehyde 
3‑phosphate dehydrogenase (GAPDH) were verified by NCBI 
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). qPCR was 
performed on an ABI PRISM 7300 PCR system (Applied 
Biosystems, Thermo Fisher Scientific Inc.) using SYBR 
Green  I GoTaq qPCR Master mix (Promega Corporation, 
Madison, WI, USA). PCR was conducted in a total volume of 
25 µl with the following reaction conditions: 1 cycle at 95˚C 
for 5 min, followed by 40 cycles of 95˚C for 15 sec, 58˚C for 
20 sec and 72˚C for 30 sec. The gene expression from each 
sample was analyzed in duplicate and normalized against 
GAPDH. The results are expressed as relative gene expression 
using the 2‑ΔΔCq method (20).

Evaluation of insulin signal transduction. To observe the 
effect of ATF4 on insulin sensitivity in fructose‑treated 
HepG2 cells, HepG2 cells transfected with specific ATF‑4 
vector or siRNA were incubated in the presence or absence of 
100 nmol/l insulin for 30 min. The protein expression levels 
of phosphorylated (p)‑Akt/total‑Akt and p‑glycogen synthase 
kinase 3β (GSK3β)/t‑GSK3β were then detected by western 
blotting. 

Western blotting. Cytoplasmic and nuclear proteins were 
extracted from HepG2 cells using 1 ml radioimmunoprecipita-
tion assay buffer (Beijing Dingguo Biotechnology, Co., Ltd., 
Beijing, China) containing 10 µl phenylmethylsulfonyl. The 
protein concentration was determined using the bicinchoninic 
acid assay method. The extracted protein samples were mixed 
with sodium dodecyl sulfate (SDS) loading buffer and boiled 
for 10 min prior to loading. Subsequently, protein samples 



MOLECULAR MEDICINE REPORTS  14:  1649-1658,  2016 1651

Table I. Primer sequences for amplification of SREBP‑1c, ChREBP and GAPDH.

Gene	 Forward	 Reverse

GAPDH	 5'GGATGATGTTCTGGAGAGCC3'	 5'CATCACCATCTTCCAGGAGC3'
SREBP‑1c	 5'CTTCCGCCCTTGAGCTG3'	 5'CTGGTGTGTCCGTGTGG3'
ChREBP	 5'TGCGGGATGAGATTGAGGA3'	 5'TCCAGTTGTGCAGCGTAC3'

GAPDH, glyceraldehyde 3‑phosphate dehydrogenase; SREBP‑1c, sterol regulatory element‑binding protein 1; ChREBP, carbohydrate‑re-
sponsive element‑binding protein.
 

Figure 1. Lipogenesis and ERS were stimulated in fructose‑incubated HepG2 cells and were inhibited by 4‑PBA. (A) TG was detected after HepG2 cells were 
incubated in normal medium (N group), high fructose (20 mM) (F group) for 72 h, and high fructose following pretreatment for 8 h with 10 or 20 mM 4‑PBA  
(4PBA10 and 4PBA20 groups, respectively). (B) mRNA levels of SREBP‑1c and ChREBP mRNA were tested by polymerase chain reaction. Fold induction 
represents relative expression compared with that of the control group. (C) Protein expression of key enzymes (SCD‑1, FAS, ACC) in the lipogenic pathway in 
HepG2 cells were tested by western blotting. β‑actin served as the loading control. (D) Protein expression levels of p‑PERK, p‑eIF‑2α/eIF‑2α, ATF4 and CHOP 
in HepG2 cells. (E) Protein expression levels of p‑IRE‑1/IRE‑1 and XBP‑1s in HepG2 cells. Results are presented as the mean ± standard deviation. *P<0.05 
and **P<0.01 vs. the N group, and #P<0.05 and ##P<0.01 vs. the F group. ERS, endoplasmic reticulum stress; 4‑PBA, 4‑phenylbutyric acid; TG, triglyceride; 
SREBP‑1c, sterol regulatory element‑binding protein 1; ChREBP, carbohydrate‑responsive element‑binding protein; SCD‑1, stearoyl‑CoA desaturase 1; FAS, 
fatty acid synthase; ACC, acetyl‑CoA carboxylase; p‑PERK, PKR‑like ER kinase; eIF‑2α, eukaryotic initiation factor 2α; ATF4, activating transcription 
factor‑4; CHOP, C/EBP homologous protein; IRE‑1, inositol‑requiring enzyme 1; XBP‑1s, spliced X‑box binding protein 1; p‑, phosphorylated.
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were separated by 10% SDS‑PAGE and transferred onto poly-
vinylidene difluoride membranes (EMD Millipore, Billerica, 
MA, USA). The membrane was blocked for 2 h at 37˚C with 
non‑fat milk or 5% bovine serum albumin (Ameresco, Inc., 
Framingham, MA, USA) in Tris‑buffered saline containing 
0.05% Tween 20 (TBST). The membrane was then incubated 
with the following primary antibodies overnight at 4˚C: Rabbit 

anti‑stearoyl‑CoA desaturase 1 (SCD‑1; cat. no. 2438; 1:1,000), 
acetyl‑CoA carboxylase (ACC; cat. no. 3662; 1:800), ATF4 
(cat. no. 11815; 1:1,000), C/EBP homologous protein (CHOP; 
cat. no. 5554; 1:1,000), Akt (cat. no. 9272; 1:1,000), p‑Akt 
(Thr308) (cat. no. 9271; 1:1,000), GSK3β (cat. no. 9331; 1:1,000), 
p‑GSK3β (Ser21/9) (cat. no.  5676; 1:1,000), eIF2‑α (cat. 
no. 9722; 1:1,000) and p‑eIF2‑α (Ser51) (cat. no. 5199; 1:1,000) 

Figure 2. Lipogenesis was stimulated and ERS occurred in HepG2 cells cultured in different concentrations of tunicamycin. (A) TG content in the HepG2 
cells exposed to different concentrations (0.1, 0.5, 2 or 5 µg/ml; T0.1, T0.5, T2, T5 groups, respectively) of tunicamycin [mean ± standard deviation (SD), n=3]. 
(B) SREBP‑1c and ChREBP mRNA levels in HepG2 cells were detected by polymerase chain reaction (mean ± SD, n=6). (C) Protein expression of critical 
enzymes (SCD‑1, FAS and ACC) in the lipogenic pathway in HepG2 cells incubated with tunicamycin (mean ± SD, n=3). (D) Protein expression of p‑PERK, 
p‑eIF‑2α and ATF4 were increased significantly in HepG2 cells incubated with tunicamycin (mean ± SD, n=3). (E) Protein expression of p‑IRE‑1/IRE‑1 and 
XBP‑1s were increased significantly in HepG2 cells incubated with tunicamycin (mean ± SD, n=3). *P<0.05 and **P<0.01 vs. the N group. ERS, endoplasmic 
reticulum stress; TG, triglyceride; SREBP‑1c, sterol regulatory element‑binding protein 1; ChREBP, carbohydrate‑responsive element‑binding protein; SCD‑1, 
stearoyl‑CoA desaturase 1; FAS, fatty acid synthase; ACC, acetyl‑CoA carboxylase; p‑PERK, PKR‑like ER kinase; eIF‑2α, eukaryotic initiation factor 2α; 
ATF4, activating transcription factor‑4; CHOP, C/EBP homologous protein; IRE‑1, inositol‑requiring enzyme 1; XBP‑1s, spliced X‑box binding protein 1; p‑, 
phosphorylated; N, normal medium group.
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polyclonal antibodies, and rabbit anti‑XBP‑1 monoclonal anti-
body (cat. no. 12782; 1:1,000), from Cell Signaling Technology 
Inc. (Beverly, MA, USA); rabbit anti‑PERK (cat. no. sc‑13073; 
1:500), p‑PERK (Thr980) (cat. no. sc‑32577; 1:500) and fatty 
acid synthase (FAS; cat. no. C‑20; 1:500) polyclonal antibodies 
from Santa Cruz Biotechnology Inc.; rabbit anti‑IRE‑1 (cat. 
no. ab62570; 1:1,000) and p‑IRE‑1 (Ser724) (cat. no. ab48187; 
1:1,000) polyclonal antibodies from Abcam; and mouse 
anti‑β‑actin monoclonal antibody (cat. no. 66009‑1‑Ig;1:5,000) 
from Cambridge Bioscience (Cambridge, UK). Subsequently, 
the membrane was washed three times with TBST and 
then incubated with horseradish peroxidase‑conjugated 
goat anti‑rabbit (cat. no. L3012‑2; 1:5,000) and anti‑mouse 
(L3032‑2; 1:5,000) secondary antibodies (Signalway Antibody, 
College Park, MD, USA) at room temperature for 2 h. After 
rinsing with TBST three times, the membrane was treated 
with enhanced chemiluminescence (ECL) solution (Pierce 
Biotechnology; Thermo Fisher Scientific Inc.) and bands were 
detected by exposing the blots to X‑ray films (Ruike Medical 
Instrument, Xiamen, China). β‑actin served as an internal 
control protein. Band intensities were quantified using ImageJ 
software, version 1.42q (https://imagej.nih.gov/ij/).

Statistical analysis. Data are presented as the mean ± stan-
dard deviation of three independent experiments. Statistical 

analyses were performed using SPSS 11.5 software (SPSS, Inc., 
Chicago, IL, USA). Differences among groups were compared 
by one‑way analysis of variance. P<0.05 was considered to 
indicate a statistically significant difference.

Results

4‑PBA alleviates high fructose‑induced lipogenesis through 
inhibiting ERS in the HepG2 cells. PBA (20 mM) pretreat-
ment inhibited fructose‑induced PERK (p‑PERK, Thr980) 
and eIF2 α (p‑eIF2 α, Ser51) phosphorylation and suppressed 
ERS‑induced lipogenesis. In order to determine the effect of 
ERS on lipid metabolism, HepG2 cells were pretreated with 
fructose plus 10, 20 mM of 4‑PBA. The TG level was induced 
in high fructose conditions but ameliorated by 4‑PBA inter-
vention (P<0.01). TG was lower in the 20 mM 4‑PBA group 
than in the 10 mM 4‑PBA group, however, the levels were not 
identified to be significantly different (P=0.337; Fig. 1A).

Incubation with 20 mM 4‑PBA attenuates lipogenesis in the 
liver and protects against high fructose‑induced SREBP‑1c and 
ChREBP gene expression (all P<0.01; Fig. 1B). Accordingly, 
the protein contents of SCD‑1, FAS and ACC were decreased 
in cells treated with 4‑PBA (all P<0.01; Fig. 1C). Protein levels 
of p‑PERK, ATF4 and CHOP were increased by fructose incu-
bation but decreased significantly by 4‑PBA intervention (all 

Figure 3. Lipid accumulation was attenuated in fructose‑incubated ATF4‑deficient HepG2 cells. Protein expression level of (A) ATF4 and (B) CHOP in 
HepG2 cells after 8 h of transfection with ATF4 siRNA (mean ± SD, n=3). (C) Lipid droplets were decreased in ATF4‑deficient HepG2 cells cultured with 
20 mM fructose as shown by Oil red O staining. (D) TG content was decreased in ATF4‑deficient HepG2 cells cultured with 20 mM fructose. **P<0.01, vs. the 
N group, #P<0.05 and ##P<0.01 vs. the F group. ATF4, activating transcription factor‑4; CHOP, C/EBP homologous protein; siRNA, small interfering RNA; 
TG, triglyceride; N, normal medium group; F, fructose group; NC, fructose + transfection reagents group; siRNA, small interfering RNA.
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P<0.05). The ratios of p‑eIF‑2α/eIF‑2α and p‑IRE‑1/IRE‑1 were 
significantly increased by fructose incubation (P<0.05)and they 
were markedly decreased after 4‑PBA intervention, although 
without statistical significance (P>0.05; Fig. 1D and E).

Tunicamycin induces lipogenesis via stimulation of ERS. 
Compared with HepG2 cells cultured in normal medium 
(N group), HepG2 cells treated with various concentrations 
of tunicamycin (0.1, 0.5, 2 or 5 µg/ml; T0.1, T0.5, T2, T5 
groups, respectively) showed increased TG levels in a concen-
tration‑dependent manner (Fig. 2A). TG levels in the T2 and 
T5 groups were significantly increased compared with that in 
the N group. As incubation with 5 µg/ml tunicamycin induced 
apoptosis to a greater extent than 2 µg/ml tunicamycin, with 
nearly equal effect of inducing ERS, 2 µg/ml was selected 
as the tunicamycin intervention concentration for further 
studies. RT‑qPCR results demonstrated a significant increase 
in the abundance of SREBP‑1c and ChREBP mRNA levels 
in HepG2 cells cultured in tunicamycin‑enriched medium 
compared with control (P<0.01; Fig.  2B). Key lipogenic 
enzyme protein expression of critical enzymes (SCD‑1, FAS 
and ACC) in the lipogenic pathway in HepG2 cells were 
increased compared with the normal group (all P<0.01; 
Fig.  2C). Tunicamycin inhibits N‑linked glycosylation 
of proteins, leading to high levels of stressors which were 
expected to rapidly activate two arms of the UPR. Consistent 
with this, p‑PERK, ATF4, p‑IRE‑1/IRE‑1, CHOP protein 
levels were all significantly increased (all P<0.01 except 
P=0.05 for p‑PERK) (Fig. 2D and E).

Silencing of ATF4 expression prevents high fructose‑induced 
lipid deposition in HepG2 cells by inhibiting lipogenesis. 
ATF4 protein was downregulated after transfection with an 
siRNA targeting ATF4 (F+ATF4 siRNA group) compared 
with cells treated with fructose (F group) or cells treated with 
transfection reagents and fructose (F+NC group) (P<0.01; 
Fig. 3A). The CHOP protein content was increased in the F 
group and significantly decreased in the F+ATF4 siRNA 
group (P<0.01; Fig. 3B). Lipid droplets (red‑stained granules) 
were decreased in F+ATF4 siRNA group cells as shown by 
Oil red O staining (Fig. 3C). Accordingly, TG accumulation 
was reduced in the F+ATF4 siRNA group compared with the 
F group (P<0.05; Fig. 3D).

Upstream lipogenic transcriptional factors including 
ChREBP (P<0.05) and SREBP‑1c mRNA (P<0.01) were 
significantly downregulated in ATF4‑deficient HepG2 cells 
(Fig. 4A). Downstream protein levels of key lipogenic enzymes 
ACC, FAS and SCD‑1 (P<0.05, P<0.01 and P<0.01, respec-
tively) were significantly downregulated in ATF4‑deficient 
HepG2 cells (Fig. 4B).

Effect of ATF4 overexpression on lipid synthesis in HepG2 
cells. An ATF4 plasmid and empty vector as negative control 
were respectively transfected into HepG2 cells. After 8 h of 
transfection, ATF4 protein levels were significantly increased 
(P<0.01; Fig. 5A). The protein content of CHOP was shown 
to be significantly increased in HepG2 cells after transfection 
with the ATF4 plasmid compared with the untransfected cells 
(Fig. 5B). Lipid droplets (red‑stained granule) were increased 

Figure 4. Expression levels of lipogenic markers were downregulated in fructose‑incubated ATF4‑deficient HepG2 cells. (A) Levels of SREBP‑1c, ChREBP 
mRNA were tested by polymerase chain reaction [mean ± standard deviation (SD), n=6]. (B) Protein expression levels of key enzymes in the lipogenic pathway 
(SCD‑1, FAS and ACC) in ATF4‑deficient HepG2 cells were determined by western blotting and densitometry. β‑actin expression served as a loading control. 
Fold induction represents relative expression level compared with that of the N group, (mean ± SD, n=3). **P<0.01 vs. the N group; #P<0.05 and ##P<0.01 vs. the 
F group. SREBP‑1c, sterol regulatory element‑binding protein 1; ChREBP, carbohydrate‑responsive element‑binding protein; SCD‑1, stearoyl‑CoA desatu-
rase 1; FAS, fatty acid synthase; ACC, acetyl‑CoA carboxylase; ATF4, activating transcription factor‑4; siRNA, small interfering RNA; N, normal medium 
group; F, fructose group; F+NC, fructose + transfection reagents group.
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in HepG2 cells transfected with ATF4 plasmid (Fig. 5C). In 
addition, TG content was higher in HepG2 cells transfected 
with ATF4 plasmid than cells grown in normal medium and 
cells transfected with empty vector (P<0.01; Fig. 5D).

RT‑qPCR results demonstrated a significant increase in 
the abundance of SREBP‑1c mRNA levels in HepG2 cells 
transfected with the ATF4 plasmid (all P<0.05); whereas there 

was no change in ChREBP mRNA levels (Fig. 6A). Protein 
contents of ACC, FAS and SCD‑1 were significantly increased 
compared with that in the untransfected cells (P<0.05, P<0.05 
and P<0.01 respectively; Fig. 6B).

Effects of ATF4 silencing and overexpression on insulin sensi‑
tivity in HepG2 cells. The decreased sensitivity of HepG2 cells 

Figure 5. ATF4 overexpression induced TG accumulation in HepG2 cells. (A) Protein expressions level of ATF4 after 8 h of ATF4 vector transfection. 
(B) Protein expression of CHOP was increased in ATF4 overexpressed HepG2 cells. (C) Lipid droplets were increased in ATF4‑overexpressed HepG2 cells as 
shown by Oil red O staining. (D) TG content was increased in ATF4 overexpressed HepG2 cells. Data are presented as the mean ± standard deviation (n=3). 
**P<0.01 vs. untransfection group. ATF4, activating transcription factor‑4; TG, triglyceride; CHOP, C/EBP homologous protein; NC, fructose + transfection 
reagents group.

Figure 6. Expression levels of lipogenic markers were upregulated in ATF4‑overexpressing HepG2 cells. (A) mRNA levels of SREBP‑1c and ChREBP 
were increased in ATF4‑overexpressing HepG2 cells. (B) Protein expression levels of key enzymes in the lipogenic pathway (SCD‑1, FAS and ACC) were 
increased in ATF4‑overexpressing HepG2 cells. β‑actin served as a loading control. *P<0.05 and **P<0.01 vs. the untransfection group. Data are presented as 
the mean ± standard deviation. SREBP‑1c, sterol regulatory element‑binding protein 1; ChREBP, carbohydrate‑responsive element‑binding protein; SCD‑1, 
stearoyl‑CoA desaturase 1; FAS, fatty acid synthase; ACC, acetyl‑CoA carboxylase; ATF4, activating transcription factor‑4; NC, fructose + transfection 
reagents group.
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to insulin following stimulation with fructose was improved 
by ATF4 silencing, as indicated by increased p‑Akt/t‑AKt 
(P<0.01) and p‑GSK/t‑GSK (P<0.05) ratios following 
insulin stimulation, as compared with the F group (Fig. 7A). 
Conversely, ATF4 overexpression decreased the ratios of 
p‑Akt/t‑AKt (P<0.05) and p‑GSK/t‑GSK (P<0.01) following 
insulin stimulation, as compared with the F group (Fig. 7B).

Discussion

Increased hepatic lipogenesis is one of the mechanisms under-
lying the development of NAFLD. Recent studies indicate 
that ERS is involved in the development of NAFLD and is 
associated with lipogeneis  (21,22). It has been shown that 
ERS occurs in the fatty livers of genetically obese, chronic 
high‑fat‑fed or high‑fructose‑fed rodents (6,11‑12). Resolved 
hepatic ERS by 4‑PBA or tauroursodeoxycholic acid can 
attenuate hepatosteatosis in ob/ob mice or high‑fructose‑fed 
mice (6,12). Nevertheless, the direct impact of ERS inhibition 
and induction on lipogenesis has not been investigated in hepa-
tocytes in vitro. Therefore, the present study investigated the 
impact of 4‑PBA on lipogenesis in HepG2 cells cultured in a 
high concentration of fructose, which stimulates lipogenisis in 
the liver (23,24). The effect of ERS induction by tunicamycin 
on hepatic lipogenesis was then determined.

This study showed that fructose increased the mRNA 
expression of SREBP‑1c and ChREBP, which are upstream 
transcription factors of hepatic lipogenesis  (25,26). 
Downstream enzymes including ACC, FAS and SCD‑1 
were subsequently activated. ERS was observed in 

fructose‑cultured HepG2 cells as reflected by the activation 
of the PERK‑eIF2α‑ATF4 and IRE‑1‑XBP1 pathways. The 
inhibition of ERS by 4‑PBA decreased the gene expression 
of SREBP‑1c and ChREBP, and the protein expression of 
ACC, FAS and SCD‑1. These results are consistent with our 
previous animal study, which showed that 4‑PBA can inhibit 
de novo lipogenesis in high‑fructose‑fed mice (12). To further 
investigate the impact of ERS on hepatic lipogenesis, ERS 
was induced by tunicamycin in HepG2 cells. Accompanied 
by the occurrence of ERS, the lipogenesis pathway was 
shown to be activated. Lipogenesis was stimulated by ERS 
inducers with subsequent TG accumulation. These findings 
demonstrated the regulatory role of ERS in lipogenesis in 
liver cells.

Since it is indicated that ERS is involved in lipogenesis in 
the liver, several previous studies have investigated the associa-
tion between ERS and lipogenesis. Studies demonstrated that 
the UPR exhibits a regulatory effect on lipid synthesis in the 
liver (27,28). UPR is a self‑protective mechanism in the ER to 
cope with ERS and is regarded as a marker of ERS. A previous 
study demonstrated that IRE‑1‑XBP1 and PERK‑eIF2α‑ATF4 
pathways, two UPR pathways, are involved in regulating 
lipogenesis  (5). The IRE1‑XBP1 pathway has been linked 
to adipogenesis in mouse embryonic fibroblasts and 3T3‑L1 
cells (29,30). Based on an XBP1‑deficient mouse model study, 
XBP‑1 has been established as a novel transcription factor 
governing hepatic lipogenesis (31). It has also been demon-
strated that targeted deletion of PERK in mammary epithelium 
reduced free fatty acids in mouse milk and led to growth retar-
dation in suckling pups (32). PERK deletion resulted in reduced 

Figure 7. Effects of ATF4 silencing and overexpression on the insulin sensitivity of HepG2 cells. HepG2 cells transfected with ATF4 vector or ATF4 small 
interfering (si)RNA were incubated in the presence or absence of 100 nmol/l insulin for 30 min and the protein expression levels of p‑Akt, t‑Akt, p‑GSKβ and 
t‑GSKβ were determined by western blotting. (A) Protein content ratios of p‑Akt/t‑Akt and p‑GSKβ/t‑GSKβ were increased following insulin stimulation of 
HepG2 cells transfected with ATF4 siRNA, indicating an increased insulin sensitivity. (B) Protein content ratios of p‑Akt/t‑Akt and p‑GSKβ/t‑GSKβ were 
decreased after insulin stimulation in ATF4‑overexpressing HepG2 cells, indicating a decreased insulin sensitivity. Data are presented as the mean ± standard 
deviation (n=3). *P<0.05, **P<0.01 vs. the control (insulin +) group. #P<0.05, ##P<0.01 vs. the F (insulin +) group. GSKβ, glycogen synthase kinase β; p‑, 
phosphorylated; t‑Akt, total‑Akt; F, fructose group.
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expression of several lipogenic genes, including SREBP1 (33). 
In addition, dephosphorylation of eIF‑2α (translation initiation 
factor 2 α) enhances glucose tolerance and attenuates hepatos-
teatosis in mice (13). The present study focused on the impact 
of ATF4 on lipogenesis in HepG2 cells.

ATF4 is expressed in a wide variety of tissues and is stimu-
lated in response to various cellular stresses, such as amino 
acid deprivation and integrated stress stimulation  (34,35). 
ATF4 is also the downstream transcriptional factor involved 
in the PERK‑eIF2α‑ATF4 pathway in UPR. One study showed 
that ATF4 null mice have increased energy expenditure and 
are resistant to diet‑induced obesity (16). Further studies indi-
cated that mice with ATF4 protein deficiency are resistant to 
liver steatosis induced by a high‑fat‑diet, high carbohydrate 
diet and high‑fructose diet (16,18,19). In the present study, 
ATF4 deficiency attenuated the TG accumulation induced by 
fructose‑incubated liver cells. Conversely, ATF4 overexpres-
sion induced TG accumulation in HepG2 cells, indicating the 
impact of ATF4 on lipid metabolism in the liver.

Previous studies indicated that ATF4 is involved in 
the regulation of numerous aspects of lipid metabolism. 
ATF4‑deficient mice exhibited increased expression of 
genes associated with lipolysis and β‑oxidation in white 
adipose tissue, including hormone sensitive lipase, carnitine 
palmitoyltransferase 1, and medium‑chain acyl‑CoA dehy-
drogenase (14). In addition to lipid oxidation and lipolysis, the 
impact of ATF4 deficiency on de novo lipogenesis in the liver 
was investigated and it was demonstrated that the gene and 
protein expression of SREBP‑1c, ACC and FAS were reduced 
in livers of high‑fructose‑fed ATF4‑/‑ mice (19). In the present 
study, the results were consistent with these findings. In HepG2 
cells with silenced ATF4 expression, when cultured with a 
high concentration of fructose, the upstream lipogenic tran-
scription factor SREBP‑1c was downregulated compared with 
that in control cells. In addition, in the present study, it was 
demonstrated that ChREBP, another upstream lipogenic tran-
scription factor, was also downregulated in fructose‑incubated 
HepG2 cells accompanied by reduced protein expression of 
downstream lipogenic enzymes.

The regulatory effect of ATF4 on lipogenesis in 
HepG2 cells was further demonstrated by the findings in 
ATF4‑overexpressed HepG2 cells. ATF4 overexpression 
stimulated the gene expression of SREBP‑1c and ChREBP. 
ATF4 overexpression increased protein expression of ACC, 
FAS and SCD‑1. Different from these findings, however, 
a previous study showed that in ATF4‑/‑ mice fed on a 
high‑carbohydrate diet, ATF4 deficiency reduced the expres-
sion of SCD‑1 but did not have an effect on the expression of 
SREBP‑1 and ChREBP (18). These contrasting observations 
indicate that ATF4 may exhibit different physiological roles in 
lipid metabolism in the context of different nutrient composi-
tions. Further investigation is required to clarify how ATF4 
regulates the expression of SREBP‑1c and ChREBP.

In addition to the impact of ATF4 on lipogenesis, the 
influence of ATF4 on insulin action in liver cells was demon-
strated. It was shown that ATF4 overexpression induces 
insulin resistance in HepG2 cells, while ATF4 deficiency can 
protect insulin sensitivity in fructose‑incubated HepG2 cells. 
The mechanism by which ATF4 deficiency increases insulin 
sensitivity may be indirect and result from the inhibition of 

lipogenesis and corresponding decreases in TG accumulation. 
Whether ATF4 has a direct regulatory effect on the insulin 
signaling pathway requires further investigation.

In conclusion, the present study demonstrated that inhibi-
tion of ERS protects HepG2 cells against fructose‑induced 
TG accumulation, while induction of ERS stimulates hepatic 
lipogenesis. It was also demonstrated that these effects were 
partly mediated by ATF4. The results of the present study 
improve the understanding of the underlying pathophysiology 
of NAFLD and demonstrate the role of ATF4 in regulating 
lipogenesis and in the development of NAFLD. In addition, 
ATF4 may be considered a therapeutic target of NAFLD. 
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