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Abstract. Non‑alcoholic fatty liver disease (NAFLD) is 
a manifestation of metabolic syndrome in the liver and is 
closely associated with diabetes; however, its pathogenesis 
remains to be elucidated. Carbohydrate responsive element 
binding protein (ChREBP), the hub of glucolipid metabo-
lism, regulates the induction of fatty acid synthase (FASN), 
the key enzyme of de novo lipogenesis, by directly binding 
to carbohydrate response element (ChoRE) in its promoter. 
Investigations of histone modifications on NAFLD remain 
in their infancy. In the present study, by using ChIP, the 
association between histone modifications and FASN tran-
scription was investigated and histone modifications in FASN 
modulated by ChREBP were measured. It was demonstrated 
that ChREBP induced FASN ChREBP‑ChoRE binding to 
accelerate the expression of FASN, leading to hepatocel-
lular steatosis by facilitating H3 and H4 acetylation, H3K4 
trimethylation and the phosphorylation of H3S10, but 
inhibiting the trimethylation of H3K9 and H4K20 in FASN 
promoter regions of HepG2 and L02 cells. It was also found 
that ChREBP‑ChoRE binding of FASN relied on histone 
acetylation and that the transcriptional activity of ChREBP 
on FASN is required, based on the premise that histone acety-
lation causes conformational changes in FASN chromatin. 
This indicated histone acetylation as a crucial mechanism 
involved in the transcription of FASN modulated by ChREBP. 

Consequently, the present study provides further insight into 
the pathophysiology and a novel therapeutic potential of 
NAFLD based on epigenetic mechanisms.

Introduction

Non‑alcoholic fatty liver disease (NAFLD) is a manifesta-
tion of metabolic syndrome in the liver and is characterized 
by ectopic lipid accumulation in hepatocytes without excess 
alcohol intake, which encompasses a spectrum from simple 
steatosis to steatohepatitis, cirrhosis and hepatic carcinoma (1). 
Over the last decade, NAFLD has emerged as one of the most 
common chronic liver diseases, with a prevalence of 20‑30% in 
the general population in China (2), however, its pathogenesis 
remains to be elucidated. NAFLD is closely associated with 
diabetes. Abnormal glucolipid metabolism can result in fatty 
degeneration in hepatocytes (3,4). Consequently, examination 
of the mechanism underlying abnormal glucolipid metabolism 
is particularly important for elucidating the pathogenesis of 
NAFLD and identifying novel therapeutic approaches for its 
treatment.

Carbohydrate responsive element binding protein 
(ChREBP) has been recognized as a key transcription factor 
of lipid synthesis, which is activated by high glucose, and 
its target genes involve glycolytic enzymes, gluconeogenic 
enzymes and lipid synthases (5‑9). In response to an excessive 
glucose influx in hepatocytes, the expression and transcrip-
tional activity of ChREBP are increased via liver X receptor 
(LXR) and phosphopentose pathways, respectively, which 
induce the transcription and expression of the downstream 
target gene fatty acid synthase (FASN), the key enzyme of 
lipid de novo synthesis, promoting the conversion of glucose 
to lipid (10‑12). Therefore, ChREBP is considered a hub for 
glucolipid metabolism and a crucial regulator of de novo 
lipogenesis (11,13‑15). In hepatocytes, the overexpression of 
FASN caused by excessive activation of ChREBP can result in 
hepatic steatosis and further progression of NAFLD (16‑18).

Eukaryotic gene transcription is a highly regulated process, 
wherein the transformation of the chromatin structure is 
essential. All types of biological molecular signals ultimately 
exert their effect on the chromatin structure through various 
signaling pathways. However, chromatin is intrinsically posi-
tioned in a condensed and closed state, which limits various 
biological processes that require DNA as a template; therefore, 
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the binding of any signaling molecules, including transcrip-
tion factors, to the transcriptional regulatory elements of a 
target gene require accompanied changes in the local chro-
matin structure to activate or inhibit gene transcription. Due 
to the high stability of genes, signaling molecules generally 
affect gene alternative expression by altering the structure of 
chromatin without altering the DNA sequence. Epigenetics 
describes the reversible changes in gene activity, which can be 
inherited through generations and cell divisions, and eventu-
ally affects the phenotype through alterations to the chromatin 
structure and DNA methylation to enable the fine tuning of 
gene transcription without variation in the DNA sequence; 
this is vital in the differentiation of cells and the development 
of specific diseases (19,20). Previous advances in the under-
standing of epigenetics and its prevalence as a contributor to 
the development of metabolic syndrome, including obesity and 
diabetes, have resulted in a marked increase in interest (21‑24). 
As an important component of epigenetics, histone modi-
fication requires the cooperation of various enzymes, 
co‑activators and transcriptional factors, including histone 
acetyltransferase (HAT), histone deacetylase (HDAC) and 
p300 (25,26). Through histone modification, the interaction 
between histones and DNA, and between the promoter region 
of target genes and transcription factors, can be affected such 
that the condensation status of the chromatin can be altered 
to facilitate or inhibit gene transcription. ChREBP regulates 
the selective transcription of FASN by directly binding to 
the carbohydrate response element (ChoRE) found in the 
FASN promoter. However, no histone modifications of FASN 
modulated by ChREBP have been reported; therefore, their 
investigation is important in understanding glucolipid metabo-
lism disorders and abnormal lipid deposition in the liver.

In the present study, HepG2 and L02 cell lines were selected 
as model cell lines. First, the association between histone 
modifications and transcription of FASN upon stimulation 
with high glucose, or following its withdrawal, was examined. 
Second, the effect of ChREBP on histone modifications in 
FASN promoter regions was determined using RNA interfer-
ence and overexpression approaches. Finally, the effect of the 
histone acetylation pattern of FASN on hepatocellular lipogen-
esis was examined using the HAT inhibitor. The present study 
aimed to provide further insight into the pathophysiology of 
hepatic steatosis induced by high glucose and to identify the 
patterns of FASN histone modifications as a novel strategy for 
NAFLD therapy based on epigenetic mechanisms.

Materials and methods

Cell culture and reagents. The human normal liver cell line 
(L02 cells) and the hepatocellular carcinoma cell line (HepG2 
cells) were obtained from the Cell Bank of the Institute 
of Biochemistry and Cell Biology (Shanghai, China). The 
HepG2 cells were cultured in Dulbecco's modified Eagle's 
medium (Hyclone; GE Healthcare, Life Sciences, Logan, UT, 
USA) containing 10% fetal bovine serum (FBS; Hyclone; GE 
Healthcare Life Sciences). The L02 cells were cultured in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) containing 10% FBS (Hyclone; GE 
Healthcare Life Sciences). Both of the cell lines were cultured 
at 37˚C with 5% CO2 in a humidified incubator. The optimal 

glucose concentrations for HepG2 or L02 were analyzed using 
CCK8 assay kit (Applygen Technologies, Inc., Beijing, China), 
which revealed that 50 and 30 mM were the optimal glucose 
concentrations for the HepG2 and L02 cells, respectively. 
Garcinol, an HAT inhibitor, was obtained from Cayman 
Chemical Company (Ann Arbor, MI, USA) and the treatment 
was 5 µM in 5 ml cell culture medium for 24 h as previously 
described (27).

Hepatic triglyceride (TG) assay. To determine the content of 
TG in the hepatocytes, the level of TG was assayed using a 
TG assay kit (Applygen Technologies, Inc.) according to the 
manufacturer's recommended protocol.

Oil Red O staining. The cultured cells were rinsed with PBS 
three times for 5 min each and fixed with 4% paraformalde-
hyde for 30 min at 37˚C. The fixed cells were washed with 
PBS and stained with Oil Red O (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) for 10‑15 min at room tempera-
ture. Subsequently, the stained cells were washed with PBS, 
counterstained with hematoxylin for 6‑10 sec, and then rinsed 
with distilled water. Representative photomicrographs were 
captured at higher magnifications using a system incorporated 
into an optical microscope.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR) analysis. Total RNA 
from the hepatocytes was extracted using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and was reverse 
transcribed using the RevertAid First Strand cDNA Synthesis 
kit (Fermentas; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. The qPCR analysis was 
performed using the KAPA SYBR® FAST qPCR kit Mater 
Mix ABI Prism™ (Kapa Biosystems, Boston, MA, USA) with 
the amplifying primer pairs: FASN, forward 5'‑TTC​TAC​GGC​
TCC​ACG​CTC​TTC​C‑3' and reverse 5'‑GAA​GAG​TCT​TCG​
TCA​GCC​AGG​A‑3'; and ChREBP, forward 5'‑GTC​GGA​GAA​
CTT​GCA​GGA​GT‑3' and reverse 5'‑CCT​TCC​AGC​GAC​GGT​
CAT​C‑3'. β‑actin, forward 5'‑TGA​CGG​TCA​GGT​CAT​CAC​
TAT​CGG‑3' and reverse 5'‑TTG​ATC​TTC​ATG​GTG​ATA​GGA​
GCG​A‑3' served as an internal control. qPCR master mix 
was as follows: 10 µl 2X Master Mix, 0.4 µl 10 µm forward 
primer, 0.4 µl 10 µm reverse primer, 20 ng template cDNA, 
and moderate PCR‑grade buffer, the total volume was 20 µl. 
The thermocycling steps were as follows: i) Enzyme activa-
tion: 95˚C for 3 min, followed by 40 cycles of ii) Denaturation: 
95˚C for 3 sec and iii) Annealing: 60˚C for 20 sec. All samples 
were run in triplicate. Gene expression was normalized against 
β‑actin, and the relative mRNA expression was calculated 
using the 2‑ΔΔCq method (28).

Western blot analysis. Total protein of hepatocytes was 
extracted using Protein Extraction kit (Sigma‑Aldrich; Merck 
KGaA) according to the manufacturer's protocol. Briefly, 
80 µg protein lysates were separated by 5‑15% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and subsequently 
transferred onto polyvinylidene difluoride membranes. 
Following blocking with PBST containing 5% fatty acid‑free 
milk, the membranes were incubated overnight at 4˚C with 
specific primary antibodies against ChREBP (1:1,000; cat. 
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no. ab157153; Abcam, Cambridge, MA, USA), FASN (1:200; 
cat. no. sc‑20140; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) or β‑actin (1:1,000; cat. no. SP124; EMD Millipore; 
Billerica, MA, USA) and the corresponding HRP‑conjugated 
secondary antibodies (1:2,000; cat. no. ab6721; Abcam) at 
room temperature (25˚C) for 2 h. The protein bands were 
visualized using ECL western blotting reagents. The band 
intensities were quantified using Quantity One‑4.6.2 software 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA).

Plasmids, small interfering RNA (siRNA) and transient 
transfection. ChREBP‑specific siRNA (siRNA‑ChREBP) and 
GV102‑scramble (negative control) plasmids were purchased 
from Shanghai GenePharma Biotechnology (Shanghai, 
China). The target sequences of the siRNA‑ChREBP and 
GV102‑scramble were 5'‑GCA​GAA​GAC​AGC​TGA​GTA​
CAT‑3' and 5'‑GTT​CTC​CGA​ACG​TGT​CAC​GT‑3', respec-
tively. Cells at 85‑90% confluence were transfected with either 
siRNA‑ChREBP or siRNA‑scramble using PolyJet in vitro 
DNA transfection reagent (SignaGen Laboratories, Rockville, 
MD, USA). The transfection efficiency, which was measured 
by quantifying the number of EGFP‑positive cells using a fluo-
rescence microscope, was ~70‑80%. For the overexpression 
experiments, a plasmid expressing human wild‑type ChREBP 
(GenBank accession no. NG_009307) was also purchased 
from GenePharma Biotechnology. The cells were transfected 
with the ChREBP plasmid or pEX3‑scramble (negative 
control) using PolyJet, as described above.

Chromatin immunoprecipitation (ChIP) assay. The cells were 
cross‑linked with 1% formaldehyde for 10 min at 37˚C, and crude 
nuclei were purified using a previously described protocol (27). 
The crude nuclei were sonicated to produce chromatin frag-
ments of ~500 bp, as determined by agarose gel electrophoresis. 
For immunoprecipitation, the antibodies used in the ChIP 
assay were as follows: Anti‑acetyl‑histone H3 (cat. no. 06‑599; 
EMD Millipore), anti‑acetyl‑histone H4 (cat. no.  06‑866; 
EMD Millipore), anti‑phospho‑histone H3 serine 10 (H3S10, 
cat. no. 04‑817; EMD Millipore), and anti‑trimethyl‑histone 
H4 lysine 20 (cat. no. 07‑463; EMD Millipore), in addition to 
anti‑trimethyl‑histone H3 lysine 4 (H3K4, cat. no. ab12209; 
Abcam), anti‑trimethyl‑histone H3 lysine  9 (H3K9, cat. 
no. ab8898; Abcam) and anti‑ChREBP (cat. no. ab157153; 
Abcam). For each ChIP assay, 2.5 µg of antibody was added 
and the samples were incubated overnight at 4˚C. The 
antibody‑chromatin complexes were precipitated by overnight 
incubation with Protein A Agarose/Salmon Sperm DNA at 
4˚C. The DNA‑protein crosslinks were reversed by incubation 
at 65˚C for 4 h, followed by proteinase K treatment. DNA was 
recovered using a purification column (Qiagen GmbH, Hilden, 
Germany). The ChIP and input DNA samples were quantified 
by RT‑qPCR analysis, and each assay was performed in trip-
licate. For the FASN regulatory regions, the following were 
selected: ChoRE (forward 5'‑CTT​TGT​CCG​CAC​CAC​ACC​
AGG‑3' and reverse 5'‑AGA​CCC​GAG​ACG​GAC​GTC​CAC‑3'), 
‑2 kb (forward 5'‑TGG​GAA​CAC​GAT​GGG​AGA​AC‑3' and 
reverse 5'‑ ATC​GTG​GGA​CCT​TTG​CAG​C‑3') upstream from 
the transcription start site (TSS), promoter (forward 5'‑GAT​
GGC​CGC​GGT​TTA​AAT​AGC‑3' and reverse 5'‑AGA​GAC​
GGC​AGC​GGC‑3'), and exon2 (forward 5'‑CGG​GAA​GCT​

GCC​AGA​GT‑3' and reverse 5'‑TTC​TGG​GAC​AAC​CTC​AT 
CGG‑3').

Statistical analysis. SPSS software (version 17.0; SPSS, Inc., 
Chicago, IL, USA) was used to analyze the data which are 
expressed as the mean ± standard deviation. All experiments 
were performed in triplicate. Differences among groups were 
determined using the Student Newman Keuls test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Enhancement of lipogenesis in hepatocytes induced by high 
glucose. The HepG2 and L02 cells were incubated with high 
glucose for 0, 24 and 48 h. Western blot analysis revealed that 
high glucose significantly increased the protein expression 
of FASN in the HepG2 and L02 cells in a time‑dependent 
manner (Fig. 1A). Following stimulation of the HepG2 and 
L02 cells with high glucose for 48 h in, the culture medium 
containing high glucose was replaced with normal medium, 
termed ‘glucose removal’, which was followed by the measure-
ment of FASN protein levels using western blot analyses at 0, 
24 and 48 h later. As shown in Fig. 1B, when high glucose 
was removed for 48 h in the HepG2 and L02 cells, the protein 
level of FASN was markedly decreased, compared with the 
level at 0 h glucose removal, although no significant differ-
ence was found between 24 and 0 h glucose removal. As 
shown in Fig. 1C, the TG contents of the HepG2 and L02 
cells were increased over time. To further substantiate this 
data, the levels of fat droplets were examined in HepG2 and 
L02 cells using Oil Red O staining analysis. The high glucose 
treatment induced fat droplets in the HepG2 and L02 cells, 
with the same pattern observed using western blot analyses 
and the TG content assay (Fig. 1D). However, in the two cell 
lines at 48 h glucose removal, the fat droplets were decreased 
compared with those at 0 h glucose removal, although no 
significant difference was found between 24 and 0 h glucose 
removal (Fig. 1E). Taken together, these results suggested 
that high glucose induced the enhancement of lipogenesis in 
hepatocytes.

Association between histone modifications and transcription 
of FASN in the presence of high glucose and following its 
removal. Following the observation of the increased lipogen-
esis potential of hepatocyte lines treated with high glucose, 
the time spectrum of the mRNA expression of FASN was 
investigated in the presence of high glucose or following its 
removal using RT‑qPCR analysis. The mRNA expression 
levels of FASN in the two hepatocyte lines in the presence of 
high glucose are shown in Fig. 2A. The mRNA expression of 
FASN was temporally increased at 1 h, compared with that 
at 0 h, however, it returned to baseline over the subsequent 
hours. When the HepG2 and L02 cells were incubated in 
high glucose for 12 and 8 h, respectively, the mRNA expres-
sion of FASN was gradually and stably increased with time. 
Following high glucose removal, the increasing mRNA level 
of FASN was significantly decreased with time in the HepG2 
and L02 cells (Fig. 2A). All differences were of statistical 
significance. These experiments were used to determine suit-
able time‑points for the following ChIP experiments.
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To elucidate the underlying epigenetic modifications 
of FASN promoter regions under the stimulation of high 
glucose and following its withdrawal, ChIP experiments were 
performed in the hepatocyte lines. The promoter exhibits an 
extensive domain, which consists of a core promoter region 
and regulatory regions. The former is responsible for the 
transcription of genetic foundation levels, whereas regulatory 
regions are able to respond to different environmental factors 
or intracellular signals and then make the corresponding 
adjustments for the selective transcription of genes. Between 
the two domains, the core promoter is usually located within 
‑2,000 bp from the TSS, and the promoter sequence of the 
human FASN gene exhibits high similarity with that of the 
rat (29) (Fig. 2B). With the ChoRE and core promoter locus as 
experimental groups, exon2 and the ‑2 kb locus were selected 
as controls.

Compared with 0 h exposure to high glucose, signifi-
cant increases in H3 and H4 acetylation within the ChoRE, 
promoter and exon2 regions were observed in the HepG2 cells 
following exposure to high glucose for 12 h, and in the L02 
cells following exposure to high glucose for 8 h (Fig. 2C and D). 
Higher degrees of phosphorylated H3S10 within the ChoRE, 
promoter and exon2 regions were also observed in the HepG2 
and L02 cells, compared with that at 0 h (Fig. 2C and D). 
Depending on the site and the degree of histone methylation, 
modifications result in either gene activation or repression; 

increased H3K4 trimethylation was observed in the ChoRE, 
promoter and exon2 regions of the HepG2 and L02 cells 
following exposure to high glucose, compared with that at 0 h 
(Fig. 2C and D). By contrast, trimethylated H3K9 and H4K20 
are repressive marks, and they function through different 
mechanisms (30). Significant decreases in H3K9 and H4K20 
trimethylation were observed in the ChoRE, promoter and 
exon2 regions of the HepG2 and L02 cells following exposure 
to high glucose, compared with that at 0 h (Fig. 2C and D).

When high glucose was removed, as previously mentioned, 
for 1 h, it was observed that the increasing ranges of H3 and H4 
acetylation, H3S10 phosphorylation, and H3K4 trimethylation 
were decreased, whereas H3K9 trimethylation and H4K20 
trimethylation were increased in the FASN promoter regions of 
the HepG2 and L02 cells, compared with the ranges at 0 h high 
glucose removal (Fig. 2E and F). Under high glucose treatment 
and following its removal, no changes in epigenetic marks 
were detected within ‑2 kb in either hepatocytes, compared 
with the 0 h controls. According to these results, the levels 
of H3 and H4 acetylation, H3S10 phosphorylation and H3K4 
trimethylation were increased, but the trimethylation levels of 
H3K9 and H4K20 were reduced in FASN under a high glucose 
stimulus, which resulted in activation of the transcription of 
FASN. Following the removal of glucose, the increasing levels 
of H3 and H4 acetylation, H3S10 phosphorylation and H3K4 
trimethylation levels all declined, whereas the levels of H3K9 

Figure 1. Enhancement of lipogenesis in hepatocytes induced by high glucose. Protein levels of FASN in HepG2 and L02 cells under (A) glucose treatment 
or (B) following glucose removal were determined using western blot analyses; β‑actin was used as a loading control. (C) TG contents were measured using 
a TG assay kit, and fat droplets were evaluated by Oil Red O staining in HepG2 and L02 cells under (D) glucose treatment or (E) following glucose removal. 
Magnification, x200. *P<0.05, vs. 0 h in HepG2; #P<0.05, vs. 0 h in L02. Data are expressed as the mean ± standard deviation from at least three independent 
experiments. FASN; fatty acid synthase; TG, triglyceride; TSS, transcription start site.
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Figure 2. Association between histone modifications and transcription of FASN in the presence of a high glucose concentration and following its removal. Total RNA 
was extracted and used for reverse transcription‑quantitative polymerase chain reaction analysis to examine the time mRNA expression of FASN in HepG2 and L02 
cells (A) under glucose treatment or following removal; β‑actin was used as an internal control; *P<0.05, vs. 0 h in HepG2; #P<0.05, vs. 0 h in L02. (B) Analysis of 
FASN promoter regions around the TSS. Chromatin immunoprecipitation assays were used to examine acetylated H3 and H4, and trimethylated H3K4, H3K9 and 
H4K20, and phosphorylated H3S10 occupancy in the FASN ChoRE, promoter, exon2, and ‑2 kb regions of (C) HepG2 and (D) L02 cells treated with glucose, and 
(E) HepG2 and (F) L02 cells following gluocse removal. Values at time 0 h were set as 1; *P<0.05, vs. 0 h in HepG2 or L02. Data are expressed as the mean ± standard 
deviation from at least three independent experiments. FASN; fatty acid synthase; ChoRE, carbohydrate response element; ChIP, chromatin immunoprecipitation. 
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and H4K20 trimethylation increased in FASN, which induced 
a decrease in the increased transcription of FASN.

Involvement of ChREBP in histone modifications at the FASN 
promoter regions. Subsequently, the present study attempted 
to elucidate the mechanisms underlying histone modifica-
tions at the FASN promoter regions in the hepatocyte lines. 
ChREBP is the main molecule activated by the glucose 
signaling pathway and modulates the induction of FASN by 
directly binding to ChoRE found in the gene promoter. To 
determine the effect of ChREBP on the epigenetic modifica-
tions at the FASN promoter regions of the hepatocyte lines, 
the protein expression of ChREBP with high glucose incuba-
tion or its removal was evaluated using western blot analysis. 
As shown in Fig.  3A, the protein expression of ChREBP 
was distinctly enhanced with the increase in high glucose 
incubation time, which was accompanied by elevated intracel-
lular lipogenesis, as mentioned above. However, when high 
glucose was removed for 48 h in the HepG2 and L02 cells, the 
protein level of ChREBP was markedly decreased compared 
with that at 0  h glucose removal, although no significant 
difference was found between 24 and 0 h glucose removal 
(Fig. 3B).

ChIP assays were also performed to examine the time 
spectrum of the ChREBP‑ChoRE binding. When stimulated 
with high glucose, the ChREBP‑ChoRE binding in the HepG2 
and L02 cell lines increased almost linearly (Fig. 3C), as 
did the mRNA expression of FASN. Following high glucose 
removal, it was found that the increasing ChREBP‑ChoRE 
binding decreased linearly (Fig. 3C), and this finding was 
consistent with a change in the mRNA expression levels of 
FASN. These findings demonstrated that glucose affected 
the transcription of FASN by regulating the expression and 
transcriptional activity of ChREBP. ChREBP‑ChoRE binding 
and the expression of FASN also had a positive association.

The present study also investigated the functional role 
of ChREBP in the establishment of histone modifications at 
the FASN promoter regions by specifically knocking down 
or overexpressing endogenous ChREBP in the HepG2 and 
L02 cells. Following 48 h transfection with siRNA‑ChREBP, 
the protein expression levels of ChREBP and FASN were 
reduced in the HepG2 and L02 cells, compared with levels 
in the normal group (Fig.  3D). Furthermore, Oil Red  O 
staining was used to examine the fat droplet levels in the three 
groups, with no difference found between them (Fig. 3E). By 
contrast, the protein levels of ChREBP and FASN were mark-
edly increased in the HepG2 and L02 cells compared with 
those in the normal group following 48‑h transfection in the 
ChREBP‑overexpression group (Fig. 3F). Using Oil Red O 
staining, it appeared that the degree of lipid accumulation was 
enhanced in the ChREBP‑overexpression group, compared 
with that in the normal group, which was consistent with the 
protein expression of ChREBP and FASN between the two 
groups (Fig. 3G). The effect of the downregulation of ChREBP 
on histone modifications of FASN was then determined, 
and the HepG2 or L02 cells were divided into four groups, 
including the normal control (cultured in medium), positive 
control (exposed to high glucose for 12 or 8 h), transfection 
group (exposed to high glucose for 12 or 8 h following 48‑h 
transfection with the siRNA‑ChREBP plasmid) and negative 

control (exposed to high glucose for 12  or 8  h following 
48‑h transfection with the GV102‑scramble plasmid). The 
ChREBP‑ChoRE binding of FASN was weaker in the trans-
fection group, compared with that in the positive and negative 
controls in the two cell lines (Fig. 3H). As shown in Fig. 3I 
and J, FASN histone hypo‑acetylation, H3S10 hypo‑phosphor-
ylation, H3K4 hypo‑trimethylation, and H3K9 and H4K20 
hyper‑trimethylation at the ChoRE, promoter and exon2 
regions were observed in the transfection group, compared 
with the positive and negative controls.

The present study also examined the effect of the 
upregulation of ChREBP on histone modifications of FASN, 
with hepatocytes also divided into four groups: Normal 
control (cultured in medium); positive control (exposed to 
high glucose for 48 h); transfection group (transfected with 
the ChREBP‑overexpression plasmid for 48  h); and the 
negative control (transfected with the scramble plasmid for 
48 h). Concomitantly, the ChREBP‑ChoRE binding, histone 
acetylation, phosphorylation of H3S10 and trimethylation of 
H3K4 in the FASN promoter regions were increased in the 
transfection group, compared with the three control groups 
(Fig. 3H, K and L). By contrast, H3K9 and H4K20 trimeth-
ylation were decreased in the transfection group, compared 
with the three control groups (Fig. 3I and J). Regardless of 
whether transfection occurred with the siRNA‑ChREBP or 
ChREBP‑overexpression plasmid, there was no change in 
the epigenetic marks at ‑2 kb among the four groups. It was 
concluded from the above results that ChREBP facilitated 
the acetylation of H3 and H4, trimethylation of H3K4 and 
phosphorylation of H3S10, and inhibited the trimethylation 
of H3K9 and H4K20 in the FASN promoter regions. This 
facilitated FASN ChREBP‑ChoRE binding and regulated the 
transcription of FASN.

Hepatocellular steatosis is rescued by inhibiting histone acet‑
ylation. On observing the increase in histone acetylation of the 
FASN promoter regions in HepG2 and L02 cells under high 
glucose stimulation, the present study investigated whether 
this change affected the expression of FASN and hepatic lipid 
accumulation. The hepatocytes were divided into three groups: 
Normal control group (cultured in medium); glucose+garcinol 
group (treated with a high glucose/garcinol cocktail for 24 h); 
and glucose group (treated with high glucose for 24 h). The 
optimal garcinol concentration for HepG2 and L02 cells was 
5 µM as previously described (27). The high glucose/garcinol 
cocktail caused histone hypo‑acetylation and decreased the 
ChREBP‑ChoRE binding of FASN compared with the glucose 
group; however, this was increased compared with the normal 
group (Fig. 4A and B). Total RNA and protein were recovered 
for RT‑qPCR and western blot analyses, respectively. As shown 
in Fig. 4C and D, the high glucose/garcinol cocktail failed to 
promote the protein and mRNA expression of FASN relative 
to the glucose group; however, it did increase the expression 
compared with the normal group in the two hepatocyte lines. 
The results of the TG content assay and Oil Red O staining 
were consistent with the expression of FASN (Fig. 4E and F). 
Finally, the protein expression of ChREBP in each group was 
examined. Western blot analysis revealed that the expression 
levels of ChREBP in the glucose+garcinol and glucose groups 
were almost the same but were higher compared with that in 
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Figure 3. Involvement of ChREBP in histone modifications at the FASN promoter regions. Protein levels of ChREBP in HepG2 and L02 cells (A) with glucose 
treatment or (B) following glucose removal were determined using western blot analysis; β‑actin was used as a loading control; *P<0.05, vs. 0 h in HepG2; 
#P<0.05, vs. 0 h in L02. (C) ChIP‑qPCR assays were used to examine the time spectrum of ChREBP‑ChoRE binding in HepG2 and L02 cells with glucose 
treatment or removal; values at time 0 h were set as 1; *P<0.05, vs. 0 h in HepG2; #P<0.05, vs. 0 h in L02. (D) Western blot analysis of protein levels of ChREBP 
and FASN, and (E) Oil Red O staining of fat droplets in HepG2 and L02 cells with siRNA‑ChREBP plasmid transfection. 
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Figure 3. Continued. (F) Western blot analysis of protein levels of ChREBP and FASN, and (G) Oil Red O staining of fat droplets in HepG2 and L02 
cells with ChREBP‑overexpression plasmid transfection; β‑actin was used as a loading control; *P<0.05, vs. siRNA‑ChREBP or ChREBP‑overexpression 
group in HepG2; #P<0.05, vs. siRNA‑ChREBP or ChREBP‑overexpression group in L02. Magnification, x200. (H) ChIP assays were used to investigate 
ChREBP‑ChoRE binding; values of normal controls were set as 1, *P<0.05, vs. transfection group in HepG2; #P<0.05, vs. transfection group in L02.
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Figure 3. Continued. Acetylated H3 and H4, trimethylated H3K4, H3K9 and H4K20, and phosphorylated H3S10 occupancy in the FASN ChoRE, promoter, 
exon2, and ‑2 kb regions of (I) HepG2 and (J) L02 cells with transfection of siRNA‑ChREBP and exposure to high glucose or (K) HepG2 and (L) L02 
cells with transfection of ChREBP‑overexpression, values of normal controls were set as 1, *P<0.05, vs. transfection group in HEepG2 or L02. Data are 
expressed as the mean ± standard deviation from at least three independent experiments. FASN histone hypo‑acetylation, H3S10 hypo‑phosphorylation, H3K4 
hypo‑trimethylation, and H3K9 and H4K20 hyper‑trimethylation at the ChoRE, promoter and exon2 regions were observed, ChREBP‑ChoRE binding, histone 
acetylation, phosphorylation of H3S10, and trimethylation of H3K4 of the FASN promoter regions were increased, and trimethylation of H3K9 and H4K20 
were decreased in the transfection group, compared with the three control groups. FASN; fatty acid synthase; ChoRE, ChoRE, carbohydrate response element; 
ChREBP, ChoRE binding protein; TSS, transcription start site; ChIP, chromatin immunoprecipitation; siRNA, small interfering RNA.
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Figure 4. Hepatocellular steatosis is rescued by inhibiting histone acetylation. Chromatin immunoprecipitation assays were performed to measure 
(A) acetylated H3 and H4 occupancy in the FASN ChoRE, promoter, exon2, and ‑2 kb regions, and (B) ChREBP‑ChoRE binding; values of the normal 
groups were set as 1. Total protein and RNA were recovered for (C) western blot analysis and (D) reverse transcription‑quantitative polymerase chain 
reaction analysis of FASN, respectively; β‑actin was used as a loading control. (E) TG contents were measured using a TG assay kit and (F) fat droplets 
were evaluated using Oil Red O staining. Magnification, x200. (G) Protein levels of ChREBP were determined using western blot analysis; β‑actin 
was used as a loading control. *P<0.05, vs. glucose+garcinol group in HepG2; #P<0.05, vs. glucose+garcinol group in L02. Data are expressed as the 
mean ± standard deviation from at least three independent experiments. FASN; fatty acid synthase; TG, triglyceride; ChoRE, carbohydrate response 
element; ChREBP, ChoRE binding protein.
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the normal group (Fig. 4G). Taken together, these findings 
that the inhibition of FASN histone acetylation led to no 
change in the induction of ChREBP but led to a decrease in 
ChREBP‑ChoRE binding, and the subsequent alleviation of 
TG biosynthesis and lipid accumulation in the HepG2 and 
L02 cells in response to high glucose stimulation.

Discussion

In the last decade, as the diets and lifestyles of the Asian 
population have become rapidly westernized, NAFLD has 
become one of the most common chronic liver diseases 
in Asia (31). According to previous studies, diabetes is a 
high‑risk factor for NAFLD (3,4,32). Therefore, the inves-
tigation of glucolipid metabolic disorder is particularly 
important. In the well‑recognized ‘double‑hit’ theory, aber-
rant lipid deposition in hepatocytes, which is also known 
as hepatic steatosis, is considered to be the pathological 
basis of NAFLD (15,16,33). FASN, as the key enzyme of 
de novo lipogenesis, is an important downstream target 
gene for the conversion of glucose to lipid. In addition, its 
transcription is closely associated with the development of 
NAFLD (34‑36). In the present study, a significant enhance-
ment of lipogenesis induced by high glucose was observed 
in HepG2 and L02 cells, as measured by the expression 
of FASN and lipid content. These pathological changes 
promote hepatic steatosis and are consistent with a number 
of previous reports (9,11,18).

Gene expression can be regulated by any of the following 
control steps: i) chromatin structure; ii)  initiation of tran-
scription; iii) processing of the transcript; iv)  transport to 
the cytoplasm; v) translation of mRNA; and vi) stability of 
protein activity. Among these steps, the chromatin structure is 
decisive in selective gene expression. Epigenetic phenomena 
regulate chromatin structure modifications and the initiation 
of transcription in a manner that alters the availability of 
genes to the transcription factors required for their expres-
sion  (37). As structural proteins of eukaryotic chromatin, 
histones combine with DNA to form the nucleosome, which 
serves as the basic structural unit of chromatin. Covalent 
modifications, including acetylation, methylation and phos-
phorylation, can occur on the amino acid residues in the 
N‑terminal of histones, which are catalyzed by enzymes to 
alter the chromatin structure, which result in the activation 
or suppression of gene transcription. Dysregulation of the 
histone modification of a critical gene has been known to 
initiate cancer development and contribute to cancer progres-
sion (38‑41). However, investigations of histone modifications 
on NAFLD and associated metabolic syndromes remain in 
their infancy. The present study revealed for the first time, to 
the best of our knowledge, the association between histone 
modifications and the expression of FASN in the presence 
of high glucose and following its withdrawal. It was found 
that H3 and H4 hyper‑acetylation, H3K4 hyper‑trimethylation 
and H3S10 hyper‑phosphorylation within the FASN promoter 
regions were linked to the activation of FASN and lipogen-
esis in HepG2 and L02 cells. By contrast, H3K9 and H4K20 
hyper‑trimethylation were negatively associated with the 
transcription of FASN in the HepG2 and L02 cells. These 
findings are consistent with previous studies on histone 

modifications: Histone acetylation, including H2A, H2B, H3 
and H4, is mainly involved in the activation of gene transcrip-
tion. By contrast, histone methylation and phosphorylation 
are involved in the activation and suppression of gene tran-
scription according to modification on different residue sites 
of amino acids. For example, the methylation of H3K4 and 
phosphorylation of H3S10 are involved in gene activation, 
whereas the methylation of H3K9 and H4K20 leads to the 
suppression of gene transcription (25,42‑44). The phosphory-
lation of different histones and amino sites is crucial in gene 
transcription, the condensation status of the chromatin and 
DNA repair; it is also involved in the regulation of vital 
activities, including cell growth and division, together with 
histone acetylation and methylation. At present, reports on 
histone phosphorylation have mainly focused on serine 10 
of H3. In 1991, Hazzalin and Mahadevan (45) found, for the 
first time, that the phosphorylation of H3 was correlated with 
the activity of gene transcription. The phosphorylation of H3 
generated under external stimuli is rapid and transient and 
can affect phosphorylated H3 in a different manner from 
that detected in normal cell division. In addition, the level 
of this H3 phosphorylation is positively correlated with the 
level of acetylation. Numerous studies have confirmed that 
the phosphorylation of H3Sl0 induced by various external 
stimuli involves multiple protein kinase signaling pathways, 
including mitogen and stress‑activated kinase 1, ribosomal 
protein S6 kinase 2, inhibitor of nuclear factor‑κB kinase‑α, 
cAMP‑dependent protein kinase C, Fyn and PIM1 (46‑48). 
These kinases are involved in regulating the phosphoryla-
tion of H3S10 under different stimuli to induce specific gene 
transcription.

ChREBP is expressed at high levels in metabolically 
active organs, including the liver, fat, kidney, small intestine 
and muscles. Xylulose‑5‑phosphate, a metabolic product 
derived from the pentose phosphate signaling pathway, 
causes the dephosphorylation of ChREBP to promote its 
nuclear translocation, so that it can be combined with Mlx 
to form a heterodimer, which finally binds to ChoRE in the 
promoter region of a target gene to exert the transcriptional 
activity of ChREBP (5). Global or liver‑specific deletion of 
ChREBP has been found to markedly ameliorate fatty liver 
disease and improve overall glucose tolerance and insulin 
sensitivity in ob/ob mice, potentially via a decrease in de 
novo lipogenesis  (13). The overexpression of ChREBP in 
the liver was reported to increase hepatic steatosis associ-
ated with an increased expression of genes regulating fatty 
acid and TG synthesis in the liver (5). Therefore, ChREBP 
is a key transcription factor in glucolipid metabolism (7,10). 
Prior to/when ChREBP initiates the transcription of a target 
gene, it requires accompanied changes in the local chromatin 
structure of the gene. ChREBP has been shown to bind in a 
glucose‑ and cAMP‑dependent manner to ChoREs located 
in the promoter/enhancer regions of hepatic lipogenic genes, 
including FASN (49). To further determine the epigenetic 
mechanisms underlying histone modifications at hepatic 
FASN promoter regions under high glucose, the present 
study examined the involvement of ChREBP in FASN 
histone modifications. The corresponding results indicated 
that the expression level of ChREBP and the occupancy 
of ChREBP‑ChoRE binding at the FASN promoter were 
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positively associated with the expression of FASN during 
the stimulation of high glucose and following its removal. 
In addition, the inhibition of ChREBP caused a decline in 
the levels of ChREBP‑ChoRE binding, acetylation of H3 and 
H4, trimethylation of H3K4 and phosphorylation of H3S10, 
whereas an increase in the trimethylation levels of H3K9 
and H4K20 in the FASN promoter regions occurred, leading 
to the suppression of FASN. In addition, when ChREBP 
was overexpressed, the levels of ChREBP‑ChoRE binding, 
histone acetylation, trimethylation of H3K4 and phosphory-
lation of H3S10 increased, whereas the modification in the 
trimethylation levels of H3K9 and H4K20 decreased within 
the FASN promoter regions, resulting in high expression 
levels of FASN, and contributing to increased hepatocellular 
lipogenesis and hepatic steatosis. Therefore, the present 
study found that histone modifications in FASN promoter 
regions were closely associated with ChREBP. Studies have 
shown that ChREBP accurately regulates the expression of 
glucose‑sensitive genes by forming a complex with tran-
scription factor p300, coactivator CREBP binding protein 
(CBP), and RNA polymerase II, and being heterodimerized 
with Mlx (50,51). However, the components of this complex 
remain to be fully elucidated. p300 and CBP are proteins 
functioning as histone‑modifying enzymes (52) and are key 
to open the structure of chromatin. They affect the affinity 
between histones and DNA by modifying the histone resi-
dues, which exposes ChoRE in the promoter of target genes. 
The heterodimer ChREBP/Mlx of the transcription complex 
identifies and specifically binds to exposed ChoRE to promote 
the modification of histone residues by histone‑modifying 
enzymes, and to disassemble the chromatin structure of 
target genes, eventually leading to the activation of gene 
transcription. The present study confirmed that glucose 
affected the transcription of FASN by regulating the expres-
sion and transcriptional activity of ChREBP. Furthermore, 
ChREBP induced FASN ChREBP‑ChoRE binding to accel-
erate the transcription of FASN by facilitating the acetylation 
of H3 and H4, trimethylation of H3K4 and phosphorylation 
of H3S10, and inhibiting the trimethylation of H3K9 and 
H4K20 in the FASN promoter regions.

As histone modifications are reversible, novel therapeutic 
strategies to modulate epigenetic aberrancies are being 
investigated extensively (38,53). Histone acetylation is cata-
lyzed by HAT directly at lysine residues of the N‑terminal 
of histone, enabling local chromatin to be dissected from 
the histone octamer to facilitate the binding between various 
transcription factors and DNA regulatory factors, resulting 
in gene transcription. HDAC decreases the acetylation 
level of histone to make the association between DNA and 
the histone octamer closer to further intensify local chro-
matin contraction and to also inhibit the binding between 
transcription factors and DNA regulatory factors, which 
suppress gene transcription. The altered expression and 
activity of specific histone acetylation‑modifying enzymes 
have been reported to affect phenotypic gene expression in 
metabolic disease (53). It is known that p300 and CBP are 
important components of the HAT family members, and 
garcinol, an organic matter extracted from Indian Garcinia, 
has the capability to penetrate through cytomembranes to 
prevent the activity of p300/CBP‑ and p300/CBP‑associated 

factors (52,54,55). Therefore, the present study used garcinol, 
as an HAT inhibitor, to further observe the latent impact 
of histone  acetylation on FASN transcription regulated 
by ChREBP. A previous study showed that glucose, as an 
endogenous ligand of LXR, upregulated the expression of 
ChREBP by activating LXR. Glucose was metabolized to 
xylulose‑5‑phosphate, which led the dephosphorylation of 
ChREBP to increase the transcriptional activity of ChREBP, 
by promoting its translocation from the cytoplasm to the 
nucleus and its binding to ChoRE in promoters (56). In addi-
tion, it has been shown that glucose‑activated p300 acetylated 
ChREBP on Lys672 and increased its transcriptional activity 
by enhancing its nuclear translocation and recruitment to its 
target gene promoters, which resulted in increased hepatic 
lipid synthesis (55). Therefore, the transcriptional activity of 
ChREBP requires the nuclear translocation and the specific 
binding of ChREBP‑ChoRE in the promoter region of a 
target gene. The present study found that, when L02 and 
HepG2 cells were stimulated by a high glucose/garcinol 
cocktail, garcinol partially antagonized the positive regula-
tion of glucose on the transcriptional activity of ChREBP by 
inhibiting the effects of p300 and CBP. Therefore, the high 
glucose/garcinol cocktail reduced ChREBP‑ChoRE binding 
and the acetylation of H3 and H4, and caused the downregu-
lated expression of FASN, compared with that following high 
glucose treatment alone, although the values from the cock-
tail group were higher than those from the normal group. As 
garcinol was unable to interfere with the regulation of glucose 
on the expression of ChREBP, no significant difference was 
found in the protein level of ChREBP between the cocktail 
and the high glucose groups, although both were increased 
compared with that in the normal group. It was concluded 
that the biological function of ChREBP protein was depen-
dent on its expression level and its transcriptional activity. 
In conclusion, these findings indicated that the inhibition of 
histone acetylation under high glucose treatment failed to 
suppress the expression of ChREBP, however, it inhibited the 
transcriptional activation of ChREBP by reducing the specific 
binding of ChREBP‑ChoRE in the FASN promoter region, 
which resulted in the transcriptional repression of FASN and 
alleviation of hepatocyte fatty degeneration. This process 
demonstrated that the transcriptional activity of ChREBP is 
required for the regulation of FASN transcription as histone 
acetylation leads to conformational transformation in FASN 
chromatin, indicating that histone acetylation is a crucial 
mechanism involved in the transcription of FASN modulated 
by ChREBP.

In conclusion, the results of the present study suggested 
that ChREBP‑mediated histone modifications at the FASN 
promoter regions in HepG2 and L02 cells were manifested by H3 
and H4 hyper‑acetylation, H3K4 hyper‑trimethylation, H3S10 
hyper‑phosphorylation and H3K9 and H4K20 hypo‑trimethyl-
ation, which resulted in an active chromatin structure increasing 
the transcription of FASN in response to high glucose. 
Consistent with this finding, the hepatocytes showed enhanced 
potential for lipogenesis in response to the FASN histone modi-
fications described. Consequently, histone acetylation was 
provided as a novel theoretical basis for glucolipid metabolism 
disorder, and for the pathogenesis and therapeutic targets of 
NAFLD.
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