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Abstract. Sterol regulatory element binding protein‑2 
(SREBP‑2) is an important transcription factor in lipid homeo-
stasis. A previous study showed that SREBP‑2 also activated 
autophagic genes during cell‑sterol depletion. Alterations in 
autophagy are reported to be involved in the pathogenesis of 
nonalcoholic fatty liver disease (NAFLD). However, whether 
the regulation of SREBP‑2 restores dysfunctional autophagy 
in hepatocytes during NAFLD remains to be elucidated. 
In the present study, a steatosis model was established 
with palmitic acid (PA) treatment at the indicated times 
and concentrations. Autophagosomes in hepatocytes were 
visualized by confocal microscopy after transfection with a 
tandem GFP‑mCherry‑LC3 construct. Autophagy‑associated 
protein levels were analyzed by western blot analysis. Loss‑ 
and gain‑of‑function studies were performed to examine the 
role of SREBP‑2 in the regulation of hepatocyte autophagy. It 
was demonstrated that PA induced autophagy and enhanced 
autophagic flux at the early stage, whereas prolonged treat-
ment with PA resulted in dysfunction of autophagy in the 
PA‑induced steatotic hepatocytes. In addition, different cellular 
models presented with differing dysfunctional autophagy 
in response to fatty acid overload. It was also confirmed 
that SREBP‑2 regulated autophagy‑related gene expression 
in hepatocytes, and it was shown that the overexpression of 
SREBP‑2 increased the expression of autophagy‑related 
genes, but did not affect the inhibition of the autophagic flux 
in lipid‑overloaded HL‑7702 cells. By contrast, increased 

SREBP‑2 partly restored the inhibited autophagic activity 
in lipid‑overloaded hepatoma HepG2 cells. Taken together, 
the present study demonstrated that autophagic function was 
impaired in lipid‑overloaded human hepatocytes, and the 
differential effect of PA on autophagy was associated with 
the duration of PA and the cell type. Under these conditions, 
the overexpression of SREBP‑2 alleviated the inhibited 
autophagic activity rather than the inhibition of autophagic 
flux. Consequently, the results indicated that restoration of 
autophagy dysfunction via the regulation of SREBP‑2 may be 
a potential therapeutic target for the treatment of NAFLD.

Introduction

Nonalcoholic fatty liver disease (NAFLD) has gradually 
emerged as the most common chronic liver disease in the 
majority of the developed world, which is characterized by 
excess accumulation of fat in hepatocytes (1). The increasing 
global prevalence of NAFLD may be the result of changes in 
dietary habits and an increase in sedentary lifestyles (2). It is 
reported that the prevalence of NAFLD among adults in China 
is ~15%  (2). Although saturated fatty acid (SFA)‑induced 
lipotoxicity and endoplasmic reticulum (ER) stress have 
relevant roles in the pathogenesis of NAFLD, the exact molec-
ular mechanisms involved in liver cell injury contributing to 
progression from NAS to NASH remains to be elucidated (3,4).

Palmitic acid (PA) is the most abundant SFA in the 
circulation and a major lipotoxic inducer. Accumulating 
evidence supports that autophagy confers protection against 
the lipotoxicity induced by PA (5,6). Autophagy is a catabolic 
process, which is crucial in maintaining cellular homeostasis 
through a lysosomal degradative pathway, which is involved 
in various physiological and pathological processes  (7). 
Established functions for autophagy in hepatic lipid 
metabolism, insulin sensitivity and cellular injury suggest 
multiple possible mechanisms by which autophagy may 
affect the lipid accumulation and hepatocellular injury which 
underlie NAFLD (8‑10).

In NAFLD, an abnormal increase in intracellular lipid 
impairs autophagic degradation  (8), in turn, autophagic 
dysfunction exacerbates NAFLD by causing ER stress and 
increasing insulin resistance (11). Hyperinsulinemia contrib-
utes further to the hepatic defect in autophagy (12). Although 
the exact mechanism remains to be fully elucidated, several 
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mechanisms underlying NAFLD‑associated autophagy 
dysfunction have been suggested, including decreased 
expression of autophagic genes and reduced levels of degra-
dative lysosomal enzymes (13). However, the most important 
contributor is impaired autophagosome maturation, including 
vesicular fusion and acidification (14‑16). The mechanism is 
likely to be multifactorial, however, the important implica-
tion is that a harmful cycle may exist in which hepatic lipid 
accumulation promotes insulin resistance, and these events 
impair autophagy which worsens steatosis and insulin insen-
sitivity (13). This cycle leads to self‑perpetuating worsening 
of cellular autophagic function and steatosis. The numerous 
potential mechanisms involved in autophagy in NAFLD 
suggest that autophagy offers novel approaches for the 
treatment of NAFLD.

Previous studies have shown that SREBP‑2, a tran-
scription factor that regulates cholesterol metabolism, 
can regulate autophagy under certain circumstances  (17). 
However, whether the regulation of SREBP‑2 enhances 
autophagic function in hepatocytes remains to be elucidated, 
particularly in lipid‑overloaded hepatic cells. In the present 
study, it was identified that autophagic activity was impaired 
in lipid‑overloaded human hepatocytes. It was confirmed that 
SREBP‑2 activated autophagy‑associated genes in different 
hepatocytes. It was also shown that the overexpression of 
SREBP‑2 partially alleviated the inhibited autophagic activity 
in lipid‑overloaded hepatocytes. Based on these results, the 
present study provided novel insights for potential NAFLD 
therapies.

Materials and methods

Cell culture and treatment. The HepG2 human cell line was 
obtained from the Department of Infectious Diseases of 
the Union Hospital of Wuhan (Wuhan, China). The HepG2 
cells were cultured in DMEM supplemented with 10% fetal 
bovine serum (both from Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) at 37˚C in a humidified atmosphere 
containing 5% CO2. HL‑7702 cells (Cell Bank of the Chinese 
Academy of Sciences, Shanghai, China) were cultured in 
RPMI-1640 medium supplemented as above. In vitro models 
of hepatic steatosis were induced by treating the cells with PA 
at the indicated times (0, 6, 12 and 24 h) and concentrations 
(0, 100, 200 and 400 µM). Briefly, a 100‑mM stock solution 
of PA (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
was prepared in 0.1 N NaOH, and adjusted to 10 mM PA with 
fatty acid‑free BSA solution (Sigma‑Aldrich; Merck KGaA). 
The PA‑BSA complex was then filtered and added to complete 
culture medium to achieve a final concentration of 400 µM. 
Cells treated with autolysosome inhibitor CQ (50 µM) were 
used as a positive control of autophagosome accumulation. 
All experimental procedures were approved by the Ethics 
Committee of Tongji Medical College, Huazhong University 
of Science and Technology (Wuhan, China).

Overexpression and silencing of SREBP‑2. Firstly, a pcDNA3.1+ 
expression vector containing the human cDNA of SREBP‑2 
(pcDNA3‑1‑14GS0029MU‑8) was designed and synthesized 
by Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). For RNA silencing, the recombinant plasmid 

pcDNA6.2‑GW/EmGFP‑miR, expressing a cytomegalovirus 
promoter‑driven micro155 short hairpin RNA (shRNA) 
targeting SREBP‑2 (SREBP‑2 shRNA), was constructed by 
Invitrogen (Thermo Fisher Scientific, Inc.). The sequences are 
shown in Table I.

Cell transfection. The plasmids were transfected into HepG2 
and HL‑7702 cells according with Lipofectamine®  2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. Briefly, prior to transfection, the cells 
were seeded at 1x106 per well in a 6‑well plate of complete 
medium with serum and antibiotics (100 U/ml penicillin G and 
100 µg/mg streptocycin; Gibco; Thermo Fisher Scientific, Inc.). 
After 24 h, the cells were transfected with 4 µg of plasmids 
and 10 µl of Lipofectamine. Following incubation for 4‑6 h, 
the 6‑well plates were placed in 2 ml medium containing 10% 
FBS in a 5% CO2 incubator overnight. GFP fusion proteins 
were observed under a laser scanning microscope system 
(Olympus Corporation, Tokyo, Japan).

Western blot analysis. Cells were harvested and lysed in 
ice‑cold RIPA lysis buffer (Applygen  Technologies, Inc., 
Beijing, China) for 30 min before centrifugation at 12,000 x g 
for 15 min at 4˚C. The protein concentration of the super-
natants was quantified using the BCA Protein Assay Kit 
(Applygen Technologies, Inc., Beijing, China). Whole‑cell 
lysates (30‑50 µg) were subjected to SDS‑PAGE (10 or 12%), 
followed by transfer onto polyvinylidene difluoride membranes. 
The membranes were incubated with anti‑microtubule‑associ-
ated protein 1 light chain 3β (LC3B) antiserum for human (cat. 
no. 2775; 1:1,000; Cell Signaling Technology, Inc., Danvers, 
MA, USA), anti‑SREBP‑2 (cat. no. sc‑5603; 1:100; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), anti‑P62 (cat. no. 7758; 
1:1,000; ABclonal Biotech Co., Ltd., Cambridge, MA, USA) 
and anti‑GAPDH (cat. no. 012; 1:1,000; AntGene Biotech Co., 
Ltd., Hubei, China) as primary antibodies at 4˚C overnight. 
Following incubation with horseradish peroxidase‑conjugated 
secondary antibodies (cat. no. 020; 1:5,000; AntGene Biotech 
Co., Ltd.) for 1 h at room temperature. The immunoreactive 
bands were visualized by enhanced chemiluminescence 
using an ECL western blotting starter kit (Thermo Fisher 
Scientific) and imaged on a chemiluminescence gel imaging 
system (FluorChem FC3; ProteinSimple, San Jose, CA, USA). 
Gray‑scale values of various bands were analyzed using the 
AlphaView SA software version 3.4.0 (ProteinSimple).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was isolated from human 
hepatic cells with TRIzol (Invitrogen; Thermo Fisher Scientific, 
Inc.) and was reverse transcribed using PrimeScript™ RT 
Master mix (Takara Bio, Inc., Otsu, Japan). The mRNA for 
autophagic genes was estimated via RT‑qPCR analysis using a 
Quantifast SYBR-Green PCR kit (Qiagen, Inc., Valencia, CA, 
USA). Briefly, RT‑PCR was performed using SYBR‑Green 
PCR Master mix in a 10 µl volume containing 5 µl SYBR 
Green, 1 µl cDNA, 0.5 µl forward primer, 0.5 µl reverse primer 
and 3 µl ddH2O. The RT‑PCR cycling parameters were 95˚C 
for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C 
for 1 min. The RT‑qPCR analysis was performed on an ABI 
StepOne™ system. Gene expression was analyzed in triplicate 
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and normalized to GAPDH. The relative expression levels were 
analyzed by the 2‑ΔΔCq method as previously described (18). 
The primer sequences used for RT‑qPCR analysis are listed 
in Table II.

Oil Red O staining and triglyceride assay. Oil Red O staining 
was performed according to a previously described proce-
dure (19). Representative photomicrographs were captured 
at 400x magnification using a system incorporated into the 
microscope. Intracellular triglycerides were assayed using a 
triglyceride assay kit (GPO‑POD; Applygen Technologies, 
Inc., Beijing, China), according to the manufacturer's recom-
mended protocol.

Autophagic flux assay using tandem fluorescent‑tagged LC3. 
Human hepatic cells were transfected with GFP-mCherry‑LC3 
plasmid DNA (Changsha Yingrun Biotechnology Co., Ltd., 
Changsha, China) according to the manufacturer's protocol. 
After 24 h, the cells were then treated with the different treat-
ments. The cells were then washed three times with PBS and 
fixed with 4% paraformaldehyde for 30 min. Images of the 
cells were captured and observed under a confocal laser scan-
ning microscope (Nikon Corporation, Tokyo, Japan).

Statistical analysis. The results were analyzed using one‑way 
analysis of variance with the SPSS 19.0 statistical software 
package (IBM  SPSS, Armonk, NY, USA). All values are 

expressed as the mean  ±  standard deviation. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Establishment of a cellular steatosis by treatment with PA. In 
order to determine the dysfunction of autophagy in the patho-
logic process of NAFLD, a steatosis model was established 
with PA treatment at the indicated times and concentrations. 
Following PA treatment for 24 h, an increased number of intra-
cellular lipid droplets were observed in hepacytes, compared 
with the control (Fig. 1A). The quantitative analysis of hepatic 
triglycerides showed a marked increase in cellular triglyceride 
levels with PA (400 µM), compared with the control (Fig. 1B). 
With the increase of PA concentrations, cell viability gradually 
decreased. PA (400 µM) led to significant lipid accumulation 
in hepatocytes with no marked cell death under the micro-
scope. Therefore, this concentration PA (400 µM) was used for 
further experiments.

Effects of PA on autophagy in hepatocytes. To investigate the 
association between autophagy and NAFLD at the cellular 
level, NAFLD cell models were first established by incubating 
HL‑7702 and human HepG2 hepatoma cells with PA. In a 
previous study, PA was shown to induce autophagy in pancre-
atic β‑cells (20). By contrast, it is suggested that only oleic 
acid, not PA, triggers autophagic responses in hepatocytes (21). 

Table II. Primers used for autophagic genes.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

SREBP‑2	CCC TTCAGTGCAACGGTCATTCAC	 TGCCATTGGCCGTTTGTGTC
LC3B	 AAGGCGCTTACAGCTCAATG	C TGGGAGGCATAGACCATGT
ATG5	 AAAGATGTGCTTCGAGATGTGT	C ACTTTGTCAGTTACCAACGTCA
ATG7	C AGTTTGCCCCTTTTAGTAGTGC	CC AGCCGATACTCGTTCAGC
Beclin1	 GGTGTCTCTCGCAGATTCATC	 TCAGTCTTCGGCTGAGGTTCT
GAPDH	C TGGGCTACACTGAGCACC	 AAGTGGTCGTTGAGGGCAATG

SREBP‑2, sterol regulatory element binding protein‑2; LC3B, microtubule‑associated protein 1 light chain 3β; ATG, autophagy‑related.

Table I. Recombinant plasmid pcDNA6.2‑GW/EmGFP‑microRNA sequences.

Gene	 Sequence (5'‑3')

MR0003‑1F	 TGCTGAGGACATTCTGATTAAAGTCCGTTTTGGCCACTGACTGACGGACTTTACAGAATGTCCT
MR0003‑1R	CC TGAGGACATTCTGTAAAGTCCGTCAGTCAGTGGCCAAAACGGACTTTAATCAGAATGTCCTC
MR0003‑2F	 TGCTGTTCCGGTGCCTCCAGAAGGTGGTTTTGGCCACTGACTGACCACCTTCTAGGCACCGGAA
MR0003‑2R	CC TGTTCCGGTGCCTAGAAGGTGGTCAGTCAGTGGCCAAAACCACCTTCTGGAGGCACCGGAAC
MR0003‑3F	 TGCTGTTCAAAGCCTGCCTCAGTGGCGTTTTGGCCACTGACTGACGCCACTGACAGGCTTTGAA
MR0003‑3R	CC TGTTCAAAGCCTGTCAGTGGCGTCAGTCAGTGGCCAAAACGCCACTGAGGCAGGCTTTGAAC
MR0003‑4F	 TGCTGTCACCAAGGACTCTATAGCTCGTTTTGGCCACTGACTGACGAGCTATAGTCCTTGGTGA
MR0003‑4R	CC TGTCACCAAGGACTATAGCTCGTCAGTCAGTGGCCAAAACGAGCTATAGAGTCCTTGGTGAC

F, forward; R, reverse.
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However, the effects of PA on autophagy remain controversial 
and autophagic dysfunction in different models of cellular 
steatosis remains to be elucidated. In the present study, to 
elucidate the effects of PA on autophagic function in different 
cells (HL‑7702 and HepG2), hepatocytes were treated with 
PA at different concentrations and different times. As shown 
in Fig. 2A, the induction of PA caused a significant increase 
in the levels of LC3‑II in a dose‑dependent manner. Similar 
results were observed in HepG2 cells; however, the expression 
levels of LC3‑II were decreased at a fixed 24 h time point with 
400 µM dose (Fig. 2B). The data showed that PA treatment 
caused a marked increase in the levels of LC3‑II for up to 24 h 
in the HL‑7702 cells (Fig. 2C). The protein levels of p62, an 
autophagy substrate known to be degraded as autophagic flux 
progresses, were also detected. As shown in Fig. 2C, a marked 
decrease in p62 was detected at 6 h, however, an increase in 
p62 was detected at 24 h. The expression of LC3‑II and P62 
were also examined in HepG2 cells at different time points. 
These results showed that PA treatment increased the levels 
of LC3‑II at 6‑12 h, but decreased levels of LC3‑II at 24 h. 
In addition, a marked decrease in p62 was detected at 6 h, 
whereas the levels of P62 were increased at 12‑24 h in HepG2 
cells (Fig. 2D). These results indicated that PA may enhance 
autophagic function at the early stage in HL‑7702 and HepG2, 
whereas long‑term treatment with PA may suppress autophagic 
function in the above hepatocytes.

To further monitor autophagic flux induced by PA in 
HepG2 and HL‑7702 cells, a tandem fluorescent‑tagged LC3 
(GFP‑mCherry‑LC3) expression plasmid was used. A low 
level of basal autophagy was observed in the hepatocytes 
(HL‑7702 and HepG2 cells) without PA, as indicated by 
the low number of yellow and red puncta (Fig. 3A and B). 
However, when the hepatocytes were exposed to PA at an early 
time‑point (6‑12 h), yellow and red punctae were increased, 
suggesting that autophagic flux was increased and the accumu-
lation of LC3‑II induced by PA resulted from the induction of 
autophagosome formation (Fig. 3A and B). However, following 

treatment with PA for 24 h, the HL‑7702 cells exhibited only 
autophagosomal LC3‑II (yellow punctae without a concomi-
tant increase in red punctae), whereas HepG2 cells showed 
decreased autophagosomes (yellow punctae) and autolyso-
somes (red puncta; Fig. 3A and B), indicating that the decrease 
in the numbers of autophagosomes may be due to decreased 
autophagosome formation, but not accelerated turnover.

Autophagosome accumulation may also be due to 
lysosomal dysfunction  (22). To determine whether PA 
impaired autophagosome turnover, the present study measured 
autophagic flux via analyzing LC3 turnover using CQ, which 
inhibits autophagosome flux at lysosomal degradation, thereby 
triggering the accumulation of LC3‑II and P62  (23). The 
combination of PA and CQ induced an increase in the levels 
of LC3‑II relative to the control, but no increased expression 
of p62 or LC3‑II, compared with the PA‑treated HL‑7702 
cells (Fig. 3C), indicating that PA impaired autophagosome 
turnover, but did not induce autophagic flux. Consistent with 
previous studies, PA inhibited autophagic flux by impairing 
lysosomal enzyme activity and reducing autophagosome 
clearance (14,24). However, co‑treatment with PA and CQ 
increased the expression of p62 and induced a higher accu-
mulation of LC3‑II, compared with the PA‑treated HepG2 
cells  (Fig.  3D), suggesting that PA‑induced autophagic 
dysfunction was attributed to decreased autophagosome 
formation, but not the inhibition of autophagolysosomal 
maturation. These effects were coincident with decreased 
autophagy in hepatocytes, as shown in fluorescent microscopy 
images (Fig. 3A and B).

Taken together, the above in vitro experiments suggested 
that PA induced autophagy in the early stage of saturated fatty 
acid loading, whereas the long‑term stimulus of PA impaired 
autophagic flux or inhibited autophagic activity. The differ-
ential effects of PA on autophagy may be associated with the 
duration of PA treatment and the cell type. Of note, it was 
shown that different cellular models of NAFLD exhibited 
different autophagic dysfunction.

Figure 1. PA induces intracellular lipid accumulation in HepG2 cells. (A) HepG2 cells were treated with various concentrations of PA for 24 h. Cells were 
stained with Oil Red O and viewed under a microscope at 400x magnification. (B) Detection of triglyceride levels. HepG2 cells were treated with various 
concentrations of PA for 24 h for measurement of triglyceride levels with an enzymatic assay kit. Representative results from three independent experiments 
are shown. Data are presented as the mean standard deviation. **P<0.01, vs. control. PA, palmitic acid.
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SREBP‑2 regulates autophagy‑related gene expression in 
human liver cells. A previous study demonstrated that SREBP‑2 
activates the expression of key autophagic genes during cellular 
lipid depletion in 293 cells and HeLa cells  (17). However, 
whether SREBP‑2 also regulates autophagy in hepatocytes 
remains to be elucidated. To investigate the role of SREBP‑2 
in autophagy pcDNA6.2‑GW/EmGFP‑miR‑SREBP‑2 and 
pcDNA3.1‑SREBP‑2 expression vectors were constructed, 
with four miRNAs targeting the SREBP‑2 gene. Immunoblot 
analysis showed that the inhibitory efficiency of the fourth pair 
of miRNAs was more marked, compared with that of the other 

three pairs of miRNAs, therefore SREBP‑2‑4miRNA was 
used in the subsequent experiments (Fig. 4A and B).

Loss‑ and gain‑of‑function experiments were performed 
to ascertain whether SREBP‑2 regulated autophagy in hepa-
tocytes under normal conditions. As shown in Fig. 5A, the 
knockdown of SREBP‑2 efficiently reduced the gene expres-
sion of SREBP‑2. SREBP‑2‑miR reduced the expression of 
autophagic genes. By contrast, the overexpression of SREBP‑2 
increased the expression of these genes (Fig. 5B). These results 
indicated that SREBP‑2 activated the expression of autophagic 
genes in HL‑7702 cells. Similar results were obtained via the 

Figure 3. PA activates autophagy but impairs the autophagic pathway. Representative confocal images of (A) HL‑7702 and (B) HepG2 cells stably expressing 
GFP‑mCherry‑LC3 following treatment with PA at various time points, scale bar=2 µm. LC3 turnover assay in (C) HL‑7702 and (D) HepG2 cells. Protein 
levels of LC3B II and p62 were determined using western blot analysis following pretreatment with autophagic inhibitor CQ (50 µM) for 6 h followed by PA 
(400 µm) for 24 h. PA, palmitic acid; LC3, microtubule‑associated protein 1 light chain 3; CQ, chlorinated quinine.

Figure 2. Effect of PA on autophagy in different hepatocytes. (A) HL‑7702 and (B) HepG2 cells were treated with PA, either for 24 h with various concentra-
tions. (C) HL‑7702 and (D) HepG2 cells were treated with a fixed PA concentration of 400 µM over a time‑course. Western blot analysis was used to determine 
the proteins levels of p62 and LC3 following treatment with 400 µM PA. PA, palmitic acid; LC3, microtubule‑associated protein 1 light chain 3; CTR, control.
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transient overexpression or silencing of SREBP‑2 in HepG2 
human hepatic cells (Fig. 5C and D). These gain‑ and loss‑of 
function data suggested that the biogenesis of autophagosomes 
may be regulated by SREBP‑2.

To further investigate the effect of the overexpression of 
SREBP‑2 on autophagic influx in hepatocytes, the cells were 
co‑transfected by GFP‑mCherry‑LC3 and SREBP‑2 expression 
plasmids or mock plasmids, separately. Confocal fluorescent 
microscopy showed that the number of autophagosomal 
LC3B‑II (yellow puncta on co‑localization) and autolysosomal 
LC3B‑II (red) were increased in hepatocytes transfected 
with the expressed vector of SREBP‑2, compared with the 

control (Fig. 6A and B). Collectively, these results demonstrated 
that SREBP‑2 regulated autophagy in hepatocytes.

Overexpression of SREBP‑2 partly restores autophagic func‑
tion in PA‑induced steatotic HepG2 cells, but not in HL‑7702 
cells. As dysfunctional autophagy in hepatocytes was observed, 
the present study the intracellular expression of SREBP‑2 was 
increased via transfection with an SREBP‑2‑bearing plasmid 
to ascertain whether the overexpression of SREBP‑2 restored 
or alleviated impaired autophagic function in fat‑overloaded 
hepatocytes. The results showed that the expression of SREBP‑2 
in cells transfected with the SREBP‑2‑bearing vector was 

Figure 5. SREBP‑2 regulates autophagy‑related gene expression in hepatocytes. HL‑7702 cells were transfected with the (A) modified SREBP‑2‑miR vector 
or negative control vector and (B) SREBP‑2‑overexpression plasmid vector or empty vector. After 24 h, the cells were harvested for RNA. The mRNA 
levels of LC3B, ATG5, ATG7 and Beclin1 were analyzed using RT‑qPCR analysis. GAPDH mRNA was used as an internal control. Relative expression 
is plotted. HepG2 cells were harvested for RNA following transfection for 24 h with (C) modified SREBP‑2‑miR vector or negative control vector and 
(D) SREBP‑2‑overexpression plasmid vector or empty vector. mRNA levels of LC3B, ATG5, ATG7 and Beclin1 were analyzed using RT‑qPCR analysis. 
GAPDH mRNA was used as an internal control. *P<0.05 and **P<0.01, vs.control. SREBP‑2, sterol regulatory element binding protein‑2; miR, microRNA; 
ATG, autophagy‑related; LC3B, microtubule‑associated protein 1 light chain 3β; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 4. SREBP‑2 miRNA markedly reduces the protein level of SREBP‑2 in HL‑7702 cells. (A) SREBP‑2‑miRNA4 had the most marked inhibitory 
efficiency. (B) Whole‑cell lysates were analyzed for protein levels of SREBP‑2 by immunoblotting. *P<0.05 vs. control. SREBP‑2, sterol regulatory element 
binding protein‑2; miR, microRNA.
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higher, compared with the cells transfected with the control 
vector (Fig. 7A). The overexpression of SREBP‑2 marginally 
increased the levels of LC3‑II in HL‑7702 cells treated with 
PA, compared with the control, whereas no significant change 
in the protein expression levels of P62 were observed (Fig. 7A). 
Furthermore, using confocal fluorescence microscopy, it was 
observed that the HL‑7702 cells exhibited only autophago-
somal LC3B‑II, but no autolysosomal LC3B‑II  (Fig.  7C). 
These data indicated that the overexpression of SREBP‑2 did 

not restore the inhibition of autophagic flux, but increased the 
number of autophagosomes detected by immunoblotting of the 
LC3‑II protein. By contrast, the overexpression of SREBP‑2 
marginally increased the levels of LC3‑II in HepG2 cells with 
a concomitant decline in P62 (Fig. 7B). Confocal imaging was 
also performed to determine the total number of autopha-
gosomes and autolysosomes. The results revealed that the 
overexpression of SREBP‑2 induced an increase in the number 
of autophagosomes and autolysosomes (Fig. 7D). Therefore, 

Figure 6. Overexpression of SREBP‑2 increases the number of autophagosomes and autophagolysosomes. (A) HL‑7702 cells were co‑transfected with 
GFP‑mCherry‑LC3 and SREBP‑2 expression plasmids or mock plasmids, separately. After 48 h, the cells were then fixed and subjected to confocal microscopy. 
Scale bar=2 µm. (B) HepG2 cells were co‑transfected with GFP‑mCherry‑LC3 and SREBP‑2 expression plasmids or mock plasmids, separately. After 48 h, the 
cells were fixed and subjected to confocal microscopy. Scale bar=2 µm. SREBP‑2, sterol regulatory element binding protein‑2; LC3, microtubule‑associated 
protein 1 light chain 3.

Figure 7. Overexpression of SREBP‑2 partly alleviates PA‑induced autophagic dysfunction in HepG2 cells but not HL‑7702 cells. Hepatocytes were transfected 
with SREBP‑2‑bearing plasmid and control vector plasmid and then treated with 400 µM PA for 24 h. The protein expression levels of LC3‑II and p62 in 
(A) HepG2 and (B) HL‑7702 cells were detected using western blot analysis. (C) HL‑7702 and (D) HepG2 cells were co‑transfected with GFP‑mCherry‑LC3 
and SREBP‑2 expression plasmids or mock plasmids, separately. After 24 h, the cells were treated with PA for 24 h. Confocal images show GFP (green) and 
mCherry (red) fluorescence of GFP‑mCherry‑LC3. Scale bar=2 µm. SREBP‑2, sterol regulatory element binding protein‑2; PA, palmitic acid; CTR, control.
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the overexpression of SREBP‑2 partly alleviated the inhibited 
autophagic function of HepG2 cells rather than the inhibition 
of autophagic flux in HL‑7702 cells.

Discussion

SREBPs are basic helix‑loop‑helix‑leucine zipper transcription 
factors, which are key in maintaining lipid homeostasis or lipid 
metabolism (25). There are three mammalian SREBP isoforms: 
SREBP‑1a, SREBP‑1c and SREBP‑2  (25,26). SREBP‑1a 
and SREBP‑1c are involved in fatty acid metabolism, whereas 
SREBP‑2 primarily regulates cholesterol biosynthesis (27). 
A previous study showed that SREBP‑2 regulates autophagy 
in HeLa cells  (17). However, whether SREBP‑2 regulates 
autophagic function in hepatocytes remains to be elucidated.

Autophagy, a self‑catabolic process, is a conserved 
lysosomal degradative pathway, which degrades intracel-
lular organelles to maintain cellular homeostasis under 
stress conditions (28,29). Autophagy is involved in develop-
ment, differentiation, survival and homeostasis  (30,31). 
Increasing evidence has indicated that autophagy regulates 
lipid metabolism (8). Studies have further demonstrated that 
autophagic dysfunction may lead to insulin resistance and 
ER stress (11,12,30). In addition, mice with chronic obesity 
or insulin resistance, which are prone to NAFLD, have 
notably decreased hepatic autophagic activity (12,32). These 
findings suggest that alterations in autophagy may have a 
relevant pathogenic role in NAFLD. Consequently, therapeutic 
strategies aimed at the restoration of autophagic function may 
provide a novel approach to preventing NAFLD.

To confirm the derangement of autophagy in the pathology of 
NAFLD, the present study used PA to establish an in vitro model 
of steatosis. Reports on the effect of PA on autophagy in different 
cell models of NAFLD have been controversial. In a previous 
study, Mei et al reported that PA does not induce autophagy in 
hepatocytes, whereas PA significantly induced apoptosis (21). 
By contrast, another study showed that the levels of autophagy 
were elevated in hepatoma cells upon exposure to PA, and 
PA‑induced autophagy was identified to be independent of the 
regulation of mammalian target of rapamycin (mTOR) (33). In 
the present study, it was identified that PA induced the activation 
of autophagy, but also impaired autophagic function. The data 
showed that PA induced autophagy in the early stage of SFA 
loading, whereas long-term PA exposure impaired autophagic 
flux or inhibited autophagic activity. In the HL‑7702 cellular 
steatosis model, a longer period of PA treatment inhibited 
autophagic flux and autophagosome degradation. By contrast, 
in the HepG2 cellular model, a short period of PA treatment 
activated autophagy, whereas a prolonged duration of PA inhib-
ited autophagic activity. These results showed that two cellular 
steatosis models exhibited different autophagic dysfunctions: 
Inhibition of autophagic flux or subdued autophagic activity.

Although the exact mechanisms affecting this different 
outcome remain to be elucidated, several potential explana-
tions may account for such conflicting results. One potential 
mechanistic explanation for the difference is that elevated ER 
stress triggers the disruption of autophagic flux. Accumulating 
data indicates that ER stress is a potent trigger of 
autophagy (10,34,35). A study by González‑Rodríguez et al (10) 
identified that short‑term treatment with PA triggered the 

activation of the unfolding protein response and autophagic 
flux. By contrast, prolonged treatment with PA induced ER 
stress and cell death, in addition to the inhibition of autoph-
agic flux (10). These results indicated that the induction of 
autophagy by PA is dependent on ER stress and the mTOR 
signaling pathway, however, sustained or marked ER stress due 
to lipid overload may increase the accumulation of unfolded 
proteins, triggering liver injury through the disruption of 
the autophagic flux and leading to apoptotic cell death (10). 
Similar results were observed in another study. Park et al (36) 
identified that PA promoted mTOR complex 1‑dependent 
autophagy at an early stage, but prolonged treatment with 
PA led to damage of autophagic flux and an aggravation of 
apoptosis in H9c2 cells. However, certain studies have shown 
that PA induces the activation of autophagy via the protein 
kinase C‑mediated signaling pathway independent of the ER 
stress and mTOR signaling pathways (33,37). The effects of 
PA on autophagy remains controversial and may be cell‑type 
dependent  (21,33,36); however, accumulating evidence 
supports that the activation of autophagy at an early stage 
confers a pro‑survival effect against lipotoxicity‑induced cell 
death (38), whereas a longer period of exposure to PA leads to 
impaired autophagic function and apoptotic cell death. It has 
been reported that the autophagic process is a cell pro‑survival 
mechanism (29) and that the evolution of NAFLD may be 
associated with the dynamic regulation of autophagy (30). 
Understanding the mechanisms of the impairment of hepatic 
autophagy has provided key insights into the pathogenesis of 
NAFLD. The modulation of autophagy may offer therapeutic 
potential to prevent the progression of NAFLD. Previous 
findings have demonstrated that SREBP‑2 binds to and acti-
vates the expression of several autophagic genes, whereas the 
knockdown of SREBP‑2 suppresses autophagosome formation 
and triglyceride mobilization in 293 and HeLa cells (17). In the 
present study, gain‑ and loss‑of‑function data demonstrated 
that SREBP‑2 regulated autophagy‑related gene expression in 
HepG2 cells and HL‑7702 cells. In addition, the overexpres-
sion of SREBP‑2 increased the number of autophagosomes. 
These results indicated that the initiation of autophagy may be 
regulated by SREBP‑2. However, the mechanism of SREBP‑2 
in the regulation of autophagy remains to be elucidated. In a 
previous study, a genome‑wide binding/ChIP‑Seq analysis of 
SREBP‑2 revealed that SREBP‑2 occupied the promoters of 
several genes involved in autophagy (17). The effect of SREBP‑2 
on autophagy has received less attention, and its underlying 
mechanisms remain to be fully elucidated. There has been 
previous novel insight into the mechanisms; Seo et al  (39) 
identified that SREBP‑2 directly activated the gene expression 
of patatin‑like phospholipase domain‑containing enzyme 8 
(PNPLA8), and PNPLA8 increased autophagy through 
inhibiting the phosphorylation of unc‑51‑like kinase 1 down-
stream of target of rapamycin complex 1 (TORC1). Therefore, 
the SREBP‑2/PNPLA8 axis may regulate the initiation of 
autophagy through the inhibition of TORC1. These findings 
suggested that SREBP‑2 may regulate autophagy by involving 
multiple signaling pathways. However, whether the modulation 
of SREBP‑2 restored impaired autophagic activity in the stea-
totic hepatocytes remains to be fully elucidated. Subsequently, 
the present study examined the effect of the overexpression 
of SREBP‑2 on autophagic function in fat‑overloaded hepatic 
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cells. In the HL‑7702 cellular steatosis model, it was identi-
fied that the overexpression of SREBP‑2 increased the levels 
of LC3 II, but not the expression of P62, suggesting that the 
modulation of SREBP‑2 did not restore the inhibited autoph-
agic flux. However, the overexpression of SREBP‑2 resulted 
in an increase in the levels of LC3‑II and a decrease in the 
levels of P62 in PA‑treated HepG2 cells, indicating that the 
overexpression of SREBP‑2 restored the inhibited autophagic 
activity. Of note, a previous study reported SREBP‑2 did not 
affect global autophagic flux (17). Therefore, it was hypoth-
esized that the overexpression of SREBP‑2 may only be 
involved in the initial stage of autophagy, with no effect on the 
late stage of autophagy, including autophagosomes for fusion 
with endosomes/lysosomes and metabolite degradation.

The present study provided evidence that, in the PA‑induced 
cellular steatosis model, PA induced autophagy and enhanced 
autophagic flux at the early stage, however, a longer period of 
exposure to PA led to impaired autophagic flux. Under the experi-
mental conditions, two hepatic cell lines presented with different 
autophagic dysfunction in response to lipid overload. The results 
confirmed that SREBP‑2 regulated the expression of hepatic 
autophagic genes in normal conditions. Additionally, it was iden-
tified that the overexpression of SREBP‑2 partially restored the 
inhibited autophagic activity in lipid‑overloaded hepatocytes. 
Although the role of SREBP‑2 in the regulation of hepatocyte lipo-
genesis and autophagy requires further investigation, the present 
study demonstrated the importance of the role of SREBP‑2 in 
autophagy in hepatocytes.

In conclusion, the present study demonstrated that SREBP‑2 
regulated the expression of autophagy‑related genes in hepa-
tocytes. In addition, the overexpression of SREBP‑2 partly 
enhanced the inhibited autophagic activity in lipid‑overloaded 
hepatocytes. Overall, the restoration of aberrant autophagic 
function by the modulation of SREBP‑2 may be a potential 
therapeutic target for the prevention and treatment of NAFLD.
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