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Abstract. Inflammation and endoplasmic reticulum (ER) stress 
are key contributors to insulin resistance and metabolic disease, 
and interleukin (IL)‑1β is involved in insulin resistance. The 
present study aimed to investigated the role of autophagy in 
LPS‑induced ER stress and inflammation, which may provide 
evidence for controlling metabolic disease associated with 
inflammation. Lipopolysaccharide (LPS) induced the activation 
of ER stress and the nod‑like receptor 3‑dependent expres-
sion of IL‑1β and caspase‑1, as shown by western blotting, 
which contributed to HepG2 cell death. This also involved the 
generation of mitochondrial reactive oxygen species and the 
autophagy signaling response, which are derived from the ER 
stress pathway. The percentage of apoptotic cells was measured 
by flow cytometry with fluorescein isothiocyanate/propidium 
iodide staining. Reactive oxygen species formation was detected 
by flow cytometry using the peroxide sensitive fluorescent probe 
2',7'‑dichlorofluorescin diacetate. Autophagy activation was 
measured by western blotting and confirmed using transmis-
sion electron microscopy. Furthermore, inhibiting autophagy 
promoted ER stress and the proinflammatory response in 

addition to cell death. These findings provide insights into the 
protective role of autophagy in LPS‑induced cell death and ER 
stress, and further identified the association of autophagy, ER 
stress and inflammation in HepG2 cells.

Introduction

The hallmark of type 2 diabetes (T2D) is associated with 
low‑grade systemic inflammation, characterized by upregu-
lated cytokine production and the activation of inflammatory 
signaling pathways (1). Interleukin (IL)‑1β is one of the major 
inflammatory cytokines involved in T2D. IL‑1β is a risk factor 
for T2D by inducing insulin resistance in insulin‑sensitive 
cells (2,3). Hepatic inflammation is a complex process and origi-
nates in response to a variety of stresses (4), which are associated 
with systemic metabolic conditions, including non‑alcoholic 
streatohepatitis, obesity, diabetes and metabolic syndrome (5).

Lipopolysaccharide (LPS) is known to be an endogenous 
danger mediator of the host inflammatory response to infec-
tion. It has been reported that LPS promotes the inflammatory 
responses by directly engaging Toll‑like receptor‑4 (TLR‑4) and 
inducing the nuclear translocation of nuclear factor (NF)‑κB (6). 
In addition to TLRs, members of the nucleotide‑binding oligo-
merization domain (NOD)‑like receptor (NLR) family are 
important in inflammation and metabolism (7). NLR pyrin 
domain‑containing 3 (NLRP3) inflammasome is one molecule 
of the NLR family, along with apoptotic speck protein containing 
a caspase recruitment domain and pro‑caspase‑1; these form 
molecular platforms termed inflammasomes, which mediate 
caspase‑1 activation, followed by the cleavage and release of the 
proinflammatory cytokines, interleukin (IL)‑1β and IL‑18 (8,9). 
It has been demonstrated that a reduction in the adipose tissue 
expression of NLRP3 is coupled with decreased inflamma-
tion and improved insulin‑sensitivity in obese patients with 
T2D (10). The ablation of NLRP3 prevents the obesity‑induced 
inflammsome activation in fat depots and the liver, and enhances 
insulin‑signaling (10). However, the mechanism underlying how 
the NLRP3‑dependent inflammatory effects are generated and 
their role in LPS‑induced HepG2 apoptosis remain to be fully 
elucidated.

To avoid biological and chemical inflammatory stimuli, 
cells rely on robust adaptive responses for the maintenance 
of cellular and histological homeostasis. Key processes are 
the endoplasmic reticulum (ER) stress response, autophagy 
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and redox stress (11). ER stress signaling, referred to as the 
unfolded response (UPR), is triggered by three downstream 
proteins: PKR‑like eukaryotic initiation factor 2 kinase, acti-
vating transcription factor 6 and inositol requiring 1α. Mild 
ER stress activates the UPR responsible for the recovery 
of homeostasis (12). By contrast, protracted and excessive 
signaling via ER stress sensors is associated with the initiation 
of a mitochondrial pathway of apoptosis, which involves the 
transcription factor, C/EPB homologous protein (CHOP) (13). 
A causal link between the ER stress response and the apoptosis 
of hepatocytes has been established in a wide range of hepatic 
disorders. For example, ER stress‑induced hepatocyte apop-
tosis in acute liver failure (14), increased ER stress during the 
development of non‑alcoholic fatty liver disease and reduced 
ER stress decreased hepatic cell death, together with recovery 
of autophagic flux (15).

Autophagy is an evolutionarily conserved, lysosome‑depen-
dent system in eukaryotes, which regulates the turnover of 
cellular proteins and organelles. In hepatocytes, autophagy 
contributes to the removal of damaged mitochondria (16) and 
controls intracellular lipid metabolism (17). The selective autoph-
agic degradation of mitochondria is known as mitophagy (18). 
Autophagy has been shown to control a variety of functions, 
including the control of innate and adaptive immune responses 
by regulating cytokine production (19,20) and combatting 
persistent ER stress (21). It has been demonstrated that the 
downregulation of hepatic autophagy in obesity results in 
increased ER stress and insulin resistance (22). Macrophages 
derived from autophagy‑related gene (ATG)16L1‑deficient 
mice have been shown to produce higher levels of IL‑1β (23), 
whereas mice with a conditional deletion of ATG7 in the intes-
tinal epithelium show enhanced expression of IL‑1β (24). The 
role of autophagy in hepatocyte inflammation remains to be 
fully elucidated, however, the NLRP3 inflammasome contrib-
utes to hepatocyte injury and inflammation (25). In the present 
study, the activation of ER stress and NLRP3‑dependent 
inflammation were examined in LPS‑induced HepG2 cells, 
and the role of autophagy in response to this stress was inves-
tigated in order to interpret the association between autophagy, 
ER stress and inflammation in hepatocytes.

Materials and methods

Reagents and antibodies. Fetal bovine serum (FBS) was 
purchased from (GE Healthcare Life Sciences, Coelbe, 
Germany). Dulbecco's modified Eagle's medium (DMEM) 
and 1% (v/v) streptomycin/penicillin were purchased from 
Gibco; Thermo Fisher Scientific, Inc, (Waltham, MA, USA). 
LPS, 4‑phenyl butyrate (4‑PBA), 3‑methyladenine (3‑MA) 
and N‑acetyl‑L‑cysteine (NAC) were purchased from 
Sigma‑Aldrich; Thermo Fisher Scientific, Inc. Complete 
protease inhibitor mixture and immunoblot polyvinylidene 
difluorid (PVDF) membranes were purchased from Roche 
Diagnostics (Barcelona, Spain). RIPA lysis buffer and 
the BCA protein assay kit were purchased from Beijing 
ComWin Biotech Co., Ltd. (Beijing, China). Western 
Chemiluminescent Horseradish Peroxidase (HRP) substrate 
was purchased from EMD Millipore (Billerica, MA, USA). 
Rabbit anti‑microtubule‑associated protein 1 light chain 3 
(LC3; 1:1,000; cat. no. 2775), mouse anti‑C/EBP homologous 

protein (CHOP; 1:1,000; cat. no. 2895), rabbit anti‑caspase‑1 
(1:1,000; cat. no. 2225), rabbit anti‑IL‑1β (cat. no. 2022) and 
rabbit β‑actin (1:1,000; cat. no. 8475) were purchased from 
Cell Signaling Technology, Inc. (Beverly, MA, USA).

Cell culture and stimulation. HepG2 cells (ATCC, Manassas, 
VA, USA) were cultured in DMEM, supplemented with 
10% FBS. The cells were maintained at 37˚C in an atmo-
sphere of 5% CO2 and 100% humidity. The cells (1x104) were 
pretreated with 3‑MA (2.5 mM), 4‑PBA (0.1 mg/ml) or NAC 
(5 mM), respectively, for 1 h, followed by treatment with 
0.1 mg/ml LPS for 24 h at 37˚C.

Transmission electron microscopy (TEM). The HepG2 cells 
were fixed in phosphate buffer (pH 7.4) containing 2.5% glutar-
aldehyde and 2% paraformaldehyde at room temperature for 
60 min. The cells were post‑fixed in 1% OsO4 at room temper-
ature for 60 min, dehydrated through graded ethanol solutions 
and embedded in Quetol 812 (Nisshin EM Co., Ltd., Tokyo, 
Japan). The regions containing the cells were block‑mounted 
and cut into 70 nm sections, which were stained with uranyl 
acetate (saturated aqueous solution) and lead citrate, and 
examined using TEM (H‑7100; Hitachi, Ibaraki, Japan).

Western blot analysis. The cells were washed with 
phosphate‑buffered saline (PBS) and lysed in lysis buffer 
comprising 0.5% Triton X‑100, 10 mM HEPES (pH 7.9), 
50 mM NaCl, 100 mM EDTA and 0.5 M sucrose, with 
0.1% protease inhibitor cocktail (Roche Diagnostics). The 
lysates were then incubated on ice for 30 min and centri-
fuged at 8,000 x g for 10 min at 4˚C. The total protien was 
quantified using a Bio‑Rad Protein Assay kit (Bio‑Rad 
Laboratories, Inc., Hertfordshire, UK). Equal quantities of 
protein were subjected to sodium dodecyl sulfate‑polyacryl-
amide gel electrophoresis (10‑15%) and then transferred onto 
PVDF membranes. The molecular weights were estimated by 
comparison with a pre‑stained protein ladder. Non‑specific 
binding was blocked using 5% skim milk. The membranes 
were then incubated with specific primary antibodies, as noted 
above, overnight at 4˚C. The membranes were then washed 
with PBS‑Tween‑20 and incubated with HRP‑conjugated 
secondary antibodies: Anti‑rabbit IgG (1:5,000; cat. no. 7074; 
Cell Signaling Technology, Inc.). The protein bands were 
detected using Western Chemiluminescent HRP substrate 
(EMD Millipore). The immunoblots were quantified by 
densitometric analysis using ImageTool 3.0 software (Adobe 
Photoshop). The quantification of protein phosphorylation 
was normalized to the corresponding total protein expres-
sion, and the relative expression level of a specific protein 
was normalized to β‑actin.

Flow cytometry for the analysis of apoptosis. The rates of 
apoptosis of the HepG2 cells were examined by flow cytometry 
using annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) staining. Briefly, the cells were treated, as described 
above, in each group for 24 h. The cells were then harvested, 
washed and resuspended in PBS at a density of 1x106   cells. 
Apoptotic cell death was measured by double staining with 
annexin V‑FITC and PI using an annexin V‑FITC apoptosis 
detection kit (Beyotime Institute of Biotechnology, Shanghai, 
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China) according to the manufacturer's protocol. Flow cyto-
metric analysis was performed immediately following staining. 
Data acquisition and analysis were performed by flow cytometry 
using Cell Quest software.

ROS detection. The formation of intracellular ROS in the 
HepG2 cells was measured by flow cytometry using the 
peroxide‑sensitive fluorescent probe: 2', 7'‑dichlorofluorescin 
diacetate (DCFH‑DA). The cells (~1x106 cells/ml) were 
cultured in 6‑well plates and incubated for 24 h in eight groups. 
Subsequently, the cells were incubated with medium containing 
10 µM DCFH‑DA for 20 min at 37˚C. Following incubation 
with the dye, the cells were harvested and washed three times 
with serum‑free medium to remove the extracellular dye. The 
cells were then resuspended in ice‑cold serum‑free medium and 
placed on ice in the dark. The levels of intracellular peroxide 
were measured using a flow cytometer (BD FACSAria; BD 
Biosciences, Franklin Lakes, NJ, USA). The peak excitation 
wavelength for oxidized DCF‑DA was 488 nm and the emission 
was 525 nm.

Statistical analysis. The results are expressed as the 
mean ± standard error of the mean. Comparisons of a single 
variable in more than two groups were analyzed using one‑way 
analysis of variance followed by Tukey's multiple comparison 
test (GraphPad Prism; GraphPad Software Inc., La Jolla, CA, 
USA). Statistical analysis was performed using a paired and 
unpaired t‑test between two groups, using SPSS 12.0 software 
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indi-
cate a statistically significant difference.

Results

LPS activates the ROS‑dependent NLRP3 inflammasome. 
The production of mature caspase‑1, which is required for 
the processing and production of IL‑1β and IL‑18, requires 
two signals. The first, for the transcription and translation 
of pro‑IL‑1β and pro‑IL‑18, can be achieved by a number of 
stimuli, including LPS (26). The second signal is required to 
activate the inflammasome to cause the autocatalytic cleavage 
of pro‑caspase‑1 to caspase‑1. The present study examined 
whether LPS induced the production of IL‑1β in HepG2 cells 
with 24 h treatment (Fig. 1A). To biochemically assess inflam-
masome activation, the cleavage maturation of pro‑IL‑1β and 
pro‑caspase‑1 were determined using immunoblot analysis. The 
cleavage of pro‑IL‑1β to IL‑1β and pro‑caspase‑1 to caspase‑1 
were increased by exposure to LPS for 24 h (Fig. 1A).

ROS has an essential role in inflammasome activation (9). 
The present study examined ROS formation using DCF‑DA as 
the detection reagent (27). Treatment of the HepG2 cells with 
LPS induced ROS activation (Fig. 1B). The generation of ROS 
in HepG2 cells was significantly enhanced by ~2‑fold following 
treatment with LPS for 24 h, which was inhibited by NAC, a 
ROS inhibitor (Fig. 1B). NAC also inhibited the LPS‑induced 
IL-1β and caspase‑1 cleavage (Fig. 1A), indicating that the 
LPS‑induced inflammasome activation was ROS‑dependent.

LPS induces autophagy in HepG2 cells. Autophagosomes are 
recognized at the ultrastructural level as double‑membrane 
vacuolar structures containing visible cytoplasmic contents, 

including glycogen, mitochondria and endoplasmic retic-
ulum (28). TEM of the HepG2 cells treated with LPS showed 
several autophagsomes and autolysosomes (Fig. 2A). The cells 
were also pre‑treated with the autophagy inhibitor, 3‑MA, for 
1 h prior to LPS treatment for 24 h. 3‑MA effectively inhibited 
the formation of autophagosomes by LPS (Fig. 2A).

A reliable marker of autophagy is the conversion of the 
ATG protein, LC3, from a soluble form (LC3‑I) to a lipidized 
form (LC3‑II), which stably associates with the membranes of 
autophagosomes (29). This conversion can be detected by either 
observing the formation of punctuate structures or by measuring 
the accumulation of LC3‑II. In the present study, the expres-
sion of LC3‑II increased in the LPS‑stimulated hepatocytes 
with 24 h treatment (Fig. 2B). 3‑MA significantly inhibited the 
conversion of LC3‑I to LC3‑II, which was consistent with the 
results of the TEM (Fig. 2B).

ER stress mediates LPS‑induced apoptosis and autophagy in 
HepG2 cells. Accumulating evidence suggests that ROS directly 
or indirectly affects ER homeostasis and protein folding (30). 
Therefore, the present study further analyzed CHOP, which is 
an ER stress marker and contributes to ER stress‑induced apop-
tosis (31). An increase in the expression of CHOP was found 
following LPS treatment for 24 h (Fig. 3A), which was signifi-
cantly inhibited by the ER stress inhibitor, 4‑PBA (Fig. 3A). 
Furthermore, LPS‑induced apoptosis was reversed partially 
by 4‑PBA (Fig. 3B), suggesting that LPS‑induced ER stress 
contributed to HepG2 cell apoptosis.

In mammalian cells, ER stress has been shown to facili-
tate the formation of autophagosomes, and the induction of 
autophagy enables the removal of toxic misfolded proteins (32). 
Therefore, the present study aimed to investigate whether ER 
stress is involved in LPS‑induced autophagy. The levels of 
microtubule‑associated protein LC3 were analyzed. As shown 
in Fig. 3A, LPS significantly induced the levels of LC3B‑II, 
and this effect was abrogated by pretreatment of the cells with 
4‑PBA (Fig. 3A).

Inhibiting autophagy increases ER stress and inflammatory 
cytokines. Autophagy is a physiological process for the clear-
ance of undesired injurious material, which protects the cells. 
However, persistent and excessive autophagy leads to cell death. 
To confirm the contribution of LPS in the induction of autophagy, 
the HepG2 cells were pretreated with 3‑MA for 1 h, followed 
by treatment with LPS for 24 h. The results showed that 3‑MA 
caused a marked increase in apoptosis of the LPS‑treated HepG2 
cells (Fig. 4A), which indicated that the induction of autophagy 
by LPS was primarily protective. Furthermore, 3‑MA increased 
LPS‑induced ROS generation and the ROS‑dependent expres-
sion of IL‑1β (Fig. 1A), and increased the expression of the 
ER stress marker, CHOP (Fig. 3A). These results suggested 
that the protective role of autophagy in LPS‑induced HepG2 
cells may have contributed to ameliorating ER stress and the 
ROS‑dependent expression of inflammatory cytokines.

Discussion

In the model of hepatic insulin resistance, its primary 
pathological consequence, involving the substantial loss of 
hepatocytes, originates from a complex crosstalk between 



YIN et al:  INHIBITING AUTOPHAGY PROMOTES LPS‑INDUCED ER STRESS AND INFLAMMATION4002

Figure 1. LPS activates ROS‑dependent NLRP3 inflammasome. HepG2 cells were pretreated with or without 3‑MA (2.5 mM) and/or NAC (5 mM) for 1 h, 
followed with LPS (0.1 mg/ml) for 24 h. (A) Western blot analysis was performed with the indicated antibodies. Proteins were quantified and normalized to 
β‑actin. Representative blots and quantifications are shown. (B) ROS generation following treatment was evaluated using 2', 7'‑dichlorofluorescin diacetate 
fluorescence (excitation, 488 nm; emission, 525 nm). Results are presented as the mean ± standard error of the mean of 3‑5 separate experiments. *P<0.05, 
vs. control group; #P<0.05, vs. LPS‑treated group. LPS, lipopolysaccharide; ROS, reactive oxygen species; NLRP3, NLR pyrin domain‑containing protein 3; 
3‑MA, 3‑methyladenine; NAC, N‑acetyl‑L‑cysteine; IL, interleukin; CON, control (Dulbecco's modified Eagle's medium).

  A

  B
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ER stress, oxidative stress and inflammation during isch-
emia (11). Prominent signals leading to the substantial decline 
of hepatocytes, including tumor necrosis factor‑α (TNF‑α), 
the overgeneration of ROS and the accumulation of misfolded 
proteins in the ER. These stimuli also mediate potent 
pro‑inflammatory effects by promoting the activation of 
NF-κB or the NLRP3 inflammasome (11). Although several 
inflammatory cytokines have been indicated as pro‑diabetic 

mediators, anti‑inflammation‑based therepeutic strategies 
targeting these cytokines in insulin resistance and T2D have 
been suboptimal (33,34). The findings of the present study 
provided evidence for the activation of NLRP3‑dependent 
inflammatory cytokines via ROS, induced by LPS in HepG2 
cells, and that autophagy inhibition was responsible for the 
elevated levels of inflammation and ER stress induced by 
LPS, which contributed to HepG2 cell death.

Figure 2. LPS induces autophagy in HepG2 cells. HepG2 cells were pretreated with or withour 3‑MA (2.5 mM) for 1 h, followed by treatment with 
LPS (0.1 mg/ml) for 24 h. (A) Electron microscopy of treated HepG2 cells. Arrows represent autophagosomes and autolysosomes of double‑membrane, 
single‑membrane and multivesicular body‑like vesicles. (B) Western blot analysis with the indicated antibodies. Proteins were quantified and normalized 
to β‑actin. Representative blots and quantifications are shown. Results are presented as the mean ± standard error of the mean of 3‑5 separate experiments. 
*P<0.05. vs. control group; #P<0.05, vs. LPS‑treated group. LPS, lipopolysaccharide; ROS, reactive oxygen species; 3‑MA, 3‑methyladenine; CON, control 
(Dulbecco’s modified Eagle's medium).

  A

  B
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A wide var iety of signals activate the NLRP3 
inf lammsome, and these include pathogen‑associated 
molecular patterns (35) and host‑derived molecules (9). The 
mechanisms by which these structurally distinct molecules 
trigger NLRP3 inflammasome activation remain to be fully 
elucidated. One of the suggested models states that NLRP3 
is activated by a common pathway of ROS (36). The source 
of ROS remains to be fully elucidated, however, a previous 
study suggested the involvement of one or several of the 

seven known NADPH oxidases (36). In the present study, 
it was demonstrated that ROS was required for inflamma-
some activation in the HepG2 cells. During the progress of 
vascular inflammation, oxidized‑LDL induces the produc-
tion of ROS (37) and causes lysosomal damage (38), which 
are implicated in the mechanisms of NLRP3 inflammasome 
activation.

Products of the inflammasome are essential in the impair-
ment of insulin signaling. Hepatocytes treated with IL‑1β 

Figure 3. Endoplasmic retuculum stress mediates LPS‑induced apoptosis and autophagy in HepG2 cells. HepG2 cells were pretreated with or without 3‑MA 
(2.5 mM) and/or 4‑PBA (0.1 mg/ml) for 1 h, followed with LPS (0.1 mg/ml) for 24 h. (A) Western blot analysis was performed with the indicated anti-
bodies. Proteins were quantified and normalized to β‑actin. Representative blots and quantifications are shown. (B) Apoptotic cells were measured using 
Annexin‑V/propidium iodide. Results are presented as the mean ± standard error of the mean of 3‑5 separate experiments. *P<0.05, vs. control group; 
#P<0.05, vs. LPS‑treated group. LPS, lipopolysaccharide; 3‑MA, 3‑methyladenine; 4‑PBA, 4‑phenyl butyrate; CHOP, C/EPB homologous protein; LC3. 
microtubule‑associated protein light chain 3; CON, control (Dulbecco's modified Eagle’s medium).

  A

  B
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or TNF‑α show impaired Akt activation in response to 
insulin (26), consistent with clinical findings indicating that 
the IL‑1β antagonist is promising for insulin resistance and 
T2D (39). In the present study, IL‑1β was significantly increased 
following LPS treatment. The liver has a marked capacity to 
degrade LPS to which it is exposed almost continuously. The 
levels of LPS increase during hepatic injury and inflammation. 
Gandhi et al (40) demonstrated that LPS administration to rats 
caused mild liver injury and weight loss, however, all animals 
survived the endotoxin challenge. These observations suggested 
that the cell death‑inducing and survival signals are stimulated 
by LPS in hepatocytes, with a predominance of the latter (28). 
The present study examined two responses, autophagy and ER 
stress, to LPS stimulation in HepG2 cells.

Persistent ER stress results in cell death and contributes to 
insulin resistance. The ER stress inhibitor, TUDCA, inhibits 
apoptosis by ameliorating ER stress through the modulation of 
intracellular calcium and thus attenuating liver cell death (41). 
By contrast, a previous study suggested that ER stress may be 
a source of the membranes during the formation of autophagic 
vesicles. In the present study, 4‑PBA significant inhibited 

LPS‑induced LC3‑II conversion, suggesting that the induced 
autophagy is, at least partly, dependent on ER stress. ER stress 
mediates polyglumaine‑induced LC3 conversion, as essential 
step in formation of autophagy (42). ER stress negatively 
regulates the AKT/tuberous sclerosis complex/mammalian 
target of rapamycin pathway to enhance autophagy (43). In 
addition, ER stress leads to the release of calcium and subse-
quent activation of AMPK, which inhibits mROS, thereby 
promoting autophagy (44). In addition, ER stress‑induced 
autophagy may have evolved as a mechanism used by cells 
to dispose of misfolded proteins, which cannot be degraded 
by ER‑associated degradation, consequently assisting ER 
homeostasis (15). In the present study, the inhibition of 
autophagy by 3‑MA significantly increased the expression 
of CHOP. Autophagy, as a cell survival mechanism, allows 
cells to remove damaged cytoplasmic proteins and organelles 
through lysosomal degradation and thus improving survival 
under metabolic stress (45). In the present study, the role of 
autophagy as a protective mechanism of cell survival was 
further confirmed by the autophagy inhibitor, 3‑MA. The 
results demonstrated that 3‑MA contributed to LPS‑induced 
cell death, suggesting that autophagy had a protective role in 
this system

Substantial evidence indicates that autophagy is a potent 
suppressor of inf lammation. Previously, Atg16L1 was 
demonstrated to control the production of inflammatory 
cytokines, including, TNF‑α, IL‑6 and IL‑1β, in response 
to LPS in macrophages (23). In the present study, inhbiting 
autophagy in HepG2 cells caused aberrant LPS‑induced 
production of IL‑1β and ROS. ROS may be accumulated in 
autophagy‑deficient cells undergoing apoptosis and trigger 
the activation of caspase‑1 following LPS stimulation. In 
myeloid cells and fatty acid metabolism in non‑immune 
cells, inhibition of autophagy by pharmacological inhibitors 
or ATG deletion results in mitochondrial ROS generation, 
which activates NLRP3 (46,47). Inhibiting autophagy with 
3‑MA in THP1 macrophages results in the accumulation 
of damaged mitochondria and increased concentrations of 
mitochondrial ROS (46). By preserving the functional pool 
of mitochondria, autophagy minimizes ROS generation, 
which inhibits the activation of intracellular pro‑inflam-
matory factors, including the NFRP3 inflammasome and 
NF-κB (46). Autophagy acts as a tumor suppressor, likely 
by selectively removing damaged proteins and organelles, 
particularly damaged and senescent mitochondria, which 
are major cellular sources of ROS (48). However, reports 
have suggested that autophagy may promote the expression 
of pro‑inflammatory cytokines and inflammation in certain 
biological contexts. For example, Hepatitis B virus‑induced 
activation of NF‑κB and release of inflammatory cytokines 
in hepatocytes is autophagy‑mediated (49,50). Further 
investigations on the mechanisms of autophagy during 
inflammation are required.

In conclusion, the data obtained in the present study showed 
that LPS induced the NLRP3‑dependent proinflammatory 
response via ROS accumulation, as well as the activation of ER 
stress. Inhibiting autophagy increases ER stress and inflam-
matory cytokines. These findings provide evidence for the 
association of inflammation and ER stress with autophagy, and 
the protective role of autophagy in LPS‑induced cell death and 

Figure 4. Inhibiting autophagy increases endoplasmic reticulum stress and 
the expression of inflammatory cytokines. The HepG2 cells were pretreated 
with or withour 3‑MA (2.5 mM) for 1 h, followed by treatment with LPS 
(0.1 mg/ml) for 24 h. (A) Percentages of apoptotic cells in the groups were 
measured using Annexin‑V/propodium iodide. (B) ROS generation fol-
lowing treatment was evaluated using 2', 7'‑dichlorofluorescin diacetate 
fluorescence (excitation, 488 nm; emission, 525 nm). The results are 
presented as the mean ± standard error of the mean of 3‑5 separate experi-
ments. *P<0.05, vs. control group (Dulbecco’s modified Eagle's medium). 
#P<0.05, vs. LPS‑treated group. LPS, lipopolysaccharide; ROS, reactive 
oxygen species; 3‑MA, 3‑methyladenine.
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  B
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ER stress in HepG2 cells. However, it is possible that HepG2 
cells vulnerable to death‑inducing stimuli may be promoted by 
autophagy. Autophagy was shown to have a protective effect 
by ameliorating ER stress and NLRP3‑dependent secretion of 
inflammatory cytokines, and further decreased cell death.
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