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Nonalcoholic fatty liver disease (NAFLD) has become the leading cause of chronic liver disease, but the
pathogenesis of NAFLD is not fully clear. The aim of this study was to determine whether autophagy plays
a role in the pathogenesis of NAFLD. We found that the levels of autophagy were elevated in hepatoma
cells upon exposure to free fatty acids, as confirmed by the increase in the number of autophagosomes.
However, exposure of hepatoma cells to H,0, and TNF-a, two typical “second hit” factors, increased the
initiation of autophagy but inhibited the autophagic flux. The inhibition of autophagy sensitized cells to
pro-apoptotic stimuli. Taken together, our results suggest that autophagy acts as a protective mechanism
in the pathogenesis of NAFLD and that impairment of autophagy might induce more severe lesions of the

liver. These findings will be a benefit to the understanding of the pathogenesis of NAFLD and might sug-
gest a strategy for the prevention and cure of NAFLD.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Exposure to fat-rich and fiber-poor diets disrupts metabolic
homeostasis and causes elevated levels of circulating free fatty
acids (FFAs) in humans, which will lead to the accumulation of tri-
glycerides (TG) in hepatocytes [1,2]. Hepatic injury may occur
when the capacity of hepatocytes to safely store excess FFA in form
of TGs in lipid droplets is exceeded, causing non-alcoholic fatty li-
ver disease (NAFLD) [3]. NAFLD has emerged as a considerable
public health problem worldwide [4,5]. A significant number of
NAFLD patients progress to non-alcoholic steatohepatitis (NASH),
which leads to liver fibrosis and finally cirrhosis [6]. Once cirrhosis
has developed, the mortality rate increases significantly due to a
high risk of hepatic decompensation and hepatocellular carcinoma
[7,8]. Understanding the molecular mechanisms of NAFLD is not
only of biomedical and public health interest but also key to devel-
oping new avenues for specific treatment interventions.

Recently, it has been reported that autophagy is up-regulated
during the progression of NAFLD. Autophagy occurs at low basal
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levels in all cells and is required for homeostasis of biomacromol-
ecules. Autophagy can also be activated as an adaptive catabolic
process in response to different forms of metabolic stress, includ-
ing nutrient deprivation, growth factor depletion, hypoxia, and
the accumulation of intracellular protein aggregates or lipids. This
bulk form of degradation generates free amino and fatty acids that
can be recycled within the organism. Once the autophagy balance
in cells is disrupted, the adaptive role of autophagy in response to
stress will be lost, which can ultimately result in many diseases [9].
For example, the accumulation of misfolded proteins in neurons
causes neurodegenerative diseases, and defects of autophagy im-
pair the clearance of misfolded proteins and accelerate the pro-
gress of neurodegeneration [10]. Autophagy also plays a role in
tumor pathogenesis [11]. In hepatocytes, the inhibition of autoph-
agy leads to significant accumulation of intracellular lipids [12],
suggesting the possible involvement of autophagy in NAFLD-re-
lated diseases.

During the progression of NAFLD, the overloading of intracellu-
lar lipids by free fatty acid exposure is the “first hit”, which will ini-
tiate the over-production of “second hit” factors, such as reactive
oxygen species and proinflammatory cytokines [13,14]. These
pathological factors may disrupt the initiation and execution of
autophagy in different cell types [15-19]. However, their effects
on autophagy in cell models of NAFLD remain unclear. In this
study, we explored the relationship between autophagy and oxida-
tive stress in NAFLD cell models. We found that oxidative stress
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potentiates the initiation of autophagy via activation of AMPK/
ULK1-related mechanisms, but decreases autophagic flux by inhib-
iting the fusion between autophagosomes and lysosomes. The
down-regulated levels of autophagy may play an important role
in the potentiation of cell death induced by pro-apoptotic stimuli
in hepatoma cells.

2. Materials and methods
2.1. Cells and reagents

RH-35 rat hepatoma cells and HepG2 human hepatoma cells
were obtained from CTCC (Shanghai, China) and maintained in
Dulbecco’s modified Eagle medium (DMEM; Life Technologies,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS; Life Technologies). Palmitic acid (PA) and oleic acid (OA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA); TNF-a was
purchased from Peprotech (Rocky Hill, NJ, USA); 3-methyladenine
(3-MA) and bafilomycin A1 (BAF) were purchased from Merck-Mil-
lipore (Darmstadt, Germany); CCK-8 was purchased from DOJINDO
(Kumamoto, Japan); Anti-LC3 was purchased from MBL (Nagoya,
Japan); anti-actin and anti-ULK1 were purchased from Sigma-Al-
drich; anti-phospho-AMPK, anti-AMPK, anti-phospho-ULK1, anti-
phospho-mTOR, anti-mTOR and anti-Beclin-1 were from Cell Sig-
naling Technology (Danvers, MA, USA); pEGFP-LC3 was kindly pro-
vided by Prof. Li Yu (Tsinghua University, Beijing, China). Other
reagents were manufactured in China and were of analytical grade.

2.2. Nile Red staining and determination of intracellular lipid
accumulation

RH-35 or HepG2 cells were incubated with 300 uM oleic acid
(OA) plus 300 pM palmitic acid (PA) for 24 h. To visualize the intra-
cellular lipid droplets, cells cultured on glass coverslips were
stained with Nile Red (2 pg/ml; Life Technologies) for 20 min at
37 °C. Images were acquired with an Olympus FV500 laser scan-
ning confocal microscope using an excitation wavelength of
488 nm and an emission wavelength of 550 nm. The intracellular
triglyceride (TG) content was quantified with a commercially avail-
able kit (Biosino, Beijing, China) and normalized by protein
content.

2.3. Plasmid transfection and confocal microscopy

RH-35 (1.5 x 10%) or HepG2 (1 x 10°) cells were resuspended in
100 pl of Amaxa nucleofection buffer (solution V; Amaxa Biosys-
tems, Cologne, Germany) and mixed with 2 pg of the pEGFP-LC3
vector. This suspension was transferred to a sterile cuvette and
treated using programs T-030 (RH-35) and T-028 (HepG2) on an
Amaxa Nucleofector II device. After recovery for 30 min in com-
plete DMEM medium, the cells were plated on glass coverslips, cul-
tured for 24 h, and then incubated with 300 uM OA plus 300 M
PA for additional 24 h. The intracellular EGFP-LC3 fusion protein
was visualized with an Olympus FV500 laser scanning confocal
microscope using an excitation wavelength of 488 nm and an
emission wavelength of 518 nm for EGFP.

2.4. Immunofluorescence

RH-35 and HepG2 cells were grown on glass coverslips and
incubated with 300 pM OA plus 300 uM PA for 24 h, treated with
hydrogen peroxide (100 uM) or TNF-o (20 ng/ml) plus AcD
(0.2 uM) for 6 h, and fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) containing 1 mM EGTA and 3 mM MgSO,.
Cells were permeabilized with 0.2% triton X-100 in PBS at 37 °C

for 10 min and blocked for 1 h at room temperature with PBS con-
taining 5% goat serum albumin, 5% glycerol, and 0.04% sodium
azide. After incubation with primary antibodies against LC3 in
blocking buffer at 4 °C overnight, cells were washed three times
with PBS, incubated with FITC-conjugated second antibody and
DAPI (10 pg/ml) in blocking buffer for 1 h at 37 °C, and imaged
with an Olympus FV500 laser scanning confocal microscope using
an excitation wavelength of 488 nm and an emission wavelength
of 518 nm. In some experiments, the lysosomes were labeled with
LysoTracker Red (50 nM; Life Technologies).

2.5. Immunoblot analysis

RH-35 and HepG2 cells were incubated with 300 pM OA plus
300 uM PA for 24 h, treated with hydrogen peroxide (40 puM) or
TNF-o (20 ng/ml) plus Actinomycin D (AcD; 0.2 uM) for indicated
intervals, and lysed in lysis buffer [Tris-HCl 50 mM, Triton X-100
1%, sodium deoxycholate 0.2%, SDS 0.1%, NaCl 150 mM, 1x prote-
ase inhibitor cocktail (Merck-Millipore, Darmstadt, Germany)] at
4 °C. The lysates were centrifuged at 15,000xg for 10 min, and
the concentration of the proteins in each lysate was determined
with a Pierce BCA Kit (Rockford, IL, USA). Samples were resolved
by 10% SDS-PAGE, transferred to polyvinylidene fluoride (PVDF)
membranes, and blotted with proper primary antibodies. They
were then incubated with appropriate peroxidase-conjugated sec-
ondary antibodies, and visualized using a chemiluminescent sub-
strate (ECL; Perkin Elmer, Beijing, China) with Fuji SuperRX film
(Tokyo, Japan).

2.6. Cell viability detection

Cells viability was detected by CCK-8 based on the reduction of
2-(2-Methoxyl-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfon-
icacid benzene)-2H-tetrazolium sodium to a highly water-soluble
formazan dye by mitochondrial dehydrogenase. RH-35 or HepG2
cells were seeded into 96-multiwell plates and then incubated
with or without 300 uM OA plus 300 uM PA for 24 h. Cells were
then treated with different concentrations of H,O, (25, 50, 100,
and 200 puM, respectively) at 37 °C for 24 h. CCK-8 was then added
to each well, and cells were incubated for an additional 2 h. The
absorbance of each well was recorded at 450 nm with a Thermo
Fisher Multiskan MK3 microplate reader (Logan, UT, USA).

2.7. Data analysis

All data are expressed as the mean + SD unless otherwise indi-
cated. Differences between groups were compared by analysis of
variance followed by ANOVA tests. Differences were considered
to be statistically significant at p < 0.05.

3. Results and discussion

3.1. The number of autophagosomes was increased after free fatty
acids exposure

To investigate the relationship between autophagy and NAFLD
at the cellular level, we first established NAFLD cell models by
incubating rat RH-35 and human HepG2 hepatoma cells with free
fatty acids, according to previously described protocols [20]. Incu-
bation of cells with 300 uM oleic acid (OA; a typical unsaturated
fatty acid) plus 300 uM of the saturated fatty acid palmitic acid
(PA; a typical saturated fatty acid) for 24 h induced significant ste-
atosis, as confirmed by the formation of intracellular lipid droplets
after Nile red staining (Fig. 1A). Quantification of intracellular TG
further indicated the marked (>10-fold) accumulation of lipids in
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cells incubated with OA/PA. In RH-35 cells treated with 300 uM OA
plus 300 uM PA for 24 h, the intracellular TG concentration in-
creased from 2.11 to 24.38 ng/mg. In HepG2 cells treated with
300 pM OA plus 300 uM PA for 24 h, the intracellular TG concen-
tration increased from 1.32 to 19.21 pg/mg (Fig. 1B). However,
the accumulation of intracellular lipids showed no effects on cell
viability (Fig. 1C).

It has been reported that autophagy may be responsible for the
elimination of excessive intracellular lipids in hepatocytes. We
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then investigated whether the levels of autophagy in hepatoma
cells were affected after OA/PA exposure by monitoring the num-
ber of autophagosomes. The autophagy protein LC3 is a marker
of autophagosomes in mammalian cells. Soon after its synthesis,
nascent LC3 is processed at its C terminus by Atg4 and becomes
LC3-1I, which has a glycine residue at the C-terminal end. LC3-I is
subsequently conjugated with phosphatidylethanolamine (PE) to
become LC3-II (LC3-PE) by a ubiquitination-like enzymatic reac-
tion. In contrast to the cytoplasmic localization of LC3-I, LC3-II
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Fig. 1. Exposure to free fatty acids increased the number of autophagosomes. (A) Accumulation of intracellular lipid droplets in RH-35 and HepG2 cells treated with free fatty
acids. RH-35 and HepG2 cells were incubated with OA (300 uM) plus PA (300 uM) for 24 h, stained with Nile Red (1 pg/ml) for 10 min and viewed on an Olympus inverted
laser scanning confocal microscope. (B) Quantification of intracellular lipids. RH-35 and HepG2 cells were incubated with OA (300 pM) plus PA (300 uM) for 24 h and the
intracellular triglyceride (TG) content was determined. Values are mean + SD (n = 3; *p < 0.05). (C) Accumulation of intracellular lipids shows no effects on the cell viability.
RH-35 and HepG2 cells were incubated with OA (300 M) plus PA (300 uM) for 24 h and cell viability was detected by CCK-8. Values are mean + SD (n = 8; #, p > 0.05). (D) The
number of autophagosomes was increased after exposure to free fatty acids. RH-35 and HepG2 cells were incubated with OA (300 uM) plus PA (300 uM) for 24 h and
intracellular autophagosomes were observed after immunofluorescent staining with anti-LC3 antibody. Scale bars: 10 pm. (E) The ultrastructure of RH-35 and HepG2 cells
after free fatty acids exposure. RH-35 and HepG2 cells were incubated with OA (300 uM) plus PA (300 uM) for 24 h and the ultrastructure was examined by transmission
electron microscopy. Arrowheads denote autophagosomes. Arrows denote lipid droplets. Scale bar: 1 pm. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 2. H,0, treatment increased the initiation of autophagy. (A) H,0, treatment activates the AMPK/ULK1 signaling pathway in RH-35 cells. RH-35 cells were incubated with
OA (300 uM) plus PA (300 uM) for 24 h and then exposed to hydrogen peroxide (40 uM) or TNF-ot (20 ng/ml) plus AcD (0.2 uM) for 15 min, 30 min, or 1 h. The levels of
phospho-ULK1, total ULK1, phospho-mTOR, total mTOR, phospho-AMPK and total AMPK levels were determined with proper antibodies and the density of each band was
quantified. (B) H,0, treatment activates the AMPK/ULK1 signaling pathway in HepG2 cells. HepG2 cells were incubated with OA (300 1M) plus PA (300 uM) for 24 h and then
exposed to hydrogen peroxide (40 uM) or TNF-o (20 ng/ml) plus AcD (0.2 uM) for 15 min, 30 min, or 1 h. The levels of phospho-ULK1, total ULK1, phospho-mTOR, total mTOR,
phospho-AMPK and total AMPK levels were determined with proper antibodies and the density of each band was quantified.

associates with both the outer and inner membranes of the auto-
phagosome. Thus, endogenous LC3 or GFP-LC3 is visualized by
fluorescence microscopy either as a diffuse cytoplasmic pool or
as punctate structures that primarily represent autophagosomes.
We observed a low level of basal autophagy in control cells, as indi-
cated by the low number of LC3 puncta (Fig. 1D). However, when
the cells were exposed to 300 uM OA plus 300 uM PA for 24 h,
the number of LC3 puncta was increased drastically. Pretreatment
of cells with bafilomycin A1 (BAF; a V-ATPase inhibitor which pre-
vents the degradation of autophagosomes) further increased the
number of intracellular LC3 puncta, suggesting a drastic increase
in autophagic flux after exposure of cells to free fatty acids.

To ascertain the increase in autophagy after free fatty acid expo-
sure, we observed the accumulation of intracellular autophago-
somes directly with transmission electron microscopy. As clearly
indicated in Fig. 1E, treatment of RH-35 and HepG2 cells with
OA/PA enhanced the formation of autophagosomes. After OA/PA
treatment, cells accumulated many lipid droplets (indicated by ar-

rows), and autophagosomes showed massive vacuolization of the
cytoplasm (indicated by arrowheads).

3.2. H,0, treatment increased the initiation of autophagy

According to the classical “two-hit” hypothesis of the progres-
sion of NAFLD, the overloading of intracellular lipids by free fatty
acid exposure is the “first hit”, which will initiate the over-produc-
tion of reactive oxygen species and proinflammatory cytokines.
These factors act as the “second hit” and induce damage to the li-
ver [13]. To mimic the liver damage at the cellular levels, we incu-
bated the OA/PA-treated hepatoma cells with H,O0, or TNF-a (two
typical factors often overproduced in the progression of NAFLD
[20,21]), and then determined the effect on autophagy by analyz-
ing the kinetics of autophagy-related pathways. Because ULK1
plays a central role in the initiation of autophagy [22], we first ana-
lyzed both phospho-ULK1 and total ULK1 levels in hepatoma cells.
As clearly indicated in Fig. 2A, the phospho-ULK1 levels increased
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decreased the number of autophagosomes in HepG2 cells. HepG2 cells were incubated with OA (300 uM) plus PA (300 uM) for 24 h and then exposed to hydrogen peroxide
(40 uM) or TNF-o (20 ng/ml) plus AcD (0.2 uM) for 4 h. Intracellular autophagosomes were observed after immunofluorescent staining with anti-LC3 antibody. Scale bars:
10 um. (C) H,0, treatment impaired the fusion between autophagosomes and lysosomes in RH-35 cells. RH-35 cells were transfected with pEGFP-LC3 plasmid by
Nucleofection™, incubated with OA (300 pM) plus PA (300 uM) for 24 h, and then exposed to hydrogen peroxide (40 ptM) for 2 h. Lysosome-related vesicles were labeled with
LysoTracker Red (50 nm) and cells were visualized using a confocal microscope. Scale bar: 10 pm. (D) H,0, treatment impaired the fusion between autophagosomes and
lysosomes in HepG2 cells. HepG2 cells were transfected with pEGFP-LC3 plasmid by Nucleofection™, incubated with OA (300 pM) plus PA (300 uM) for 24 h, and then
exposed to hydrogen peroxide (40 uM) for 2 h. Lysosome-related vesicles were labeled with LysoTracker Red (50 nm) and cells were visualized using a confocal microscope.

Scale bar: 10 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rapidly after the addition of H,0, or TNF-a, suggesting the activa-
tion of the ULK1 kinase pathway by these factors. Similar results
were also obtained in HepG2 human hepatoma cells, as shown in
Fig. 2B.

Because ULK1 can be directly activated by either AMPK or
mTOR [23], we sought to determine which of these two kinases
was responsible for the H,O, or TNF-a-dependent activation of
ULK1. We determined the phospho-AMPK and phospho-mTOR lev-
els in RH-35 rat hepatoma cells and found that the phospho-AMPK
levels were significantly increased 15 min after H,O, or TNF-a
exposure, suggesting the activation of the AMPK signaling path-
way. In contrast, the cellular levels of phospho-mTOR remained
unchanged. These results suggested that AMPK, rather than mTOR,
was involved in H,0, or TNF-a-induced activation of ULK1, and ini-
tiation of autophagy in hepatoma cells.

3.3. H,0, treatment decreased the number of autophagosomes and
impaired the fusion of autophagosomes and lysosomes

Having demonstrated that H,O, or TNF-a exposure induced the
activation of the AMPK/ULK1 kinase pathway, which may promote
the initiation of autophagy in hepatoma cells, we next evaluated
the effects of H,O, or TNF-a on the formation of autophagosomes.
Immunofluorescence analysis of LC3 localization indicated that the
number of autophagosomes was significantly decreased in both

RH-35 and HepG2 hepatoma cells treated with H,0,, as shown in
Fig. 3A and B. TNF-a treatment also decreased the number of auto-
phagosomes to some extent. To further monitor the intracellular
localization of LC3, cells were transfected with an EGFP-LC3 vector.
Confocal images clearly indicated that in both RH-35 rat hepatoma
cells and HepG2 human hepatoma cells preincubated with OA/PA,
the GFP-LC3-harboring puncta co-localized with LysoTracker, a
marker for lysosome-like vesicles, indicating the formation of auto-
lysosomes as a result of fusion between autophagosomes and lyso-
somes (Fig. 3C and D; upper panel). However, when OA/PA-treated
cells were incubated with H,0,, the GFP-LC3-harboring puncta
showed only partial co-localization with LysoTracker (Fig. 3C and
D; lower panel), suggesting that H,O, treatment impaired the fu-
sion between autophagosomes and lysosomes.

3.4. H,0, treatment inhibited autophagic flux

The above data suggested that H,O, treatment up-regulated the
initiation of autophagy, but decreased the numbers of autophago-
somes in OA/PA-treated hepatoma cells. However, the initiation
and execution of autophagy machinery in mammalian cells is a
highly dynamic process. The observed decrease in the numbers
of autophagosomes might be due to either decreased formation
or accelerated turnover [9]. We therefore analyzed autophagic flux
by incubating cells with bafilomycine A1 (BAF), which blocked the
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Fig. 4. H,0, treatment inhibited autophagic flux. (A) H,0, treatment inhibited autophagic flux in RH-35 cells. RH-35 cells were incubated with OA (300 ptM) plus PA (300 pM)
for 24 h and then exposed to hydrogen peroxide (40 uM) or TNF-a (20 ng/ml) plus AcD (0.2 uM) for 4 h in the presence or absence of 50 nm bafilomycin A1. The levels of LC3-I
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H,0 (0, 25, 50, 100 and 200 uM) for 12 h. Cell viability was determined by CCK-8. Values are mean + SD (n = 8). (D) Inhibition of autophagy sensitized HepG2 cells to Hy0,-
induced cell death. HepG2 cells were incubated with OA (300 uM) plus PA (300 uM) for 24 h and then pretreated with 3-MA (1 mM) to inhibit autophagy. Cells were then
exposed to H,0, (0, 25, 50, 100 and 200 pM) for 12 h. Cell viability was determined by CCK-8. Values are mean + SD (n = 8).
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degradation of LC3, followed by the detection of cellular LC3-II and
LC3-I protein levels by immunoblot. Results shown in Fig. 4A
clearly indicated that, in comparison with control hepatoma cells,
the level of cellular LC3-II was significantly increased in OA/PA pre-
treated cells (*p < 0.05), suggesting that the exposure of hepatoma
cells to free fatty acids markedly increased autophagic flux. How-
ever, when cells were treated with H,0, or TNF-o, cellular LC3-II
levels were significantly decreased (*p <0.05), suggesting a de-
crease in the formation of autophagosomes (LC3-harboring vesi-
cles) and significant inhibition of autophagic flux in free fatty
acids-treated hepatoma cells.

It is generally accepted that autophagy may play a pro-survival
role in stressed cells [24,25]. Because our data suggested that H,0,
impaired autophagic flux in free fatty acid-treated hepatoma cells,
we then asked whether the inhibition of autophagy might sensitize
cells to H,0,-induced cell death. Pretreatment of hepatoma cells
with 3-MA, which inhibited the autophagic machinery, signifi-
cantly sensitized cells to H,0,-induced cell death. As shown in
Fig. 4C, the ECs5o of H,0, in RH-35 cells was 101.7 uM; however,
when cells were pretreated with 3-MA, the ECsy decreased to
30.33 pM. Similar results were also obtained in HepG2 cells. The
ECso of H,0, in HepG2 cells decreased from 48.6 uM to 26.4 uM
after 3-MA pretreatment, suggesting that the inhibition of autoph-
agy sensitized hepatoma cells to cell death in cellular models of
NAFLD.

Taken together, our results, provide direct evidence that expo-
sure of hepatoma cells to free fatty acids (“first hit” factors of
NAFLD) increased autophagy levels, which may play important role
in “self-protection” against stress conditions. In the course of
NAFLD progression, the elevated levels of H,0, or TNF-o (“second
hit” factors of NAFLD) might impair the execution of autophagic
machinery and decrease autophagic flux, which would sensitize
cells to proapoptotic stimuli. These findings will be a benefit to
the understanding of NAFLD pathogenesis, and may lead to new
strategies for the prevention and cure of NAFLD.
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