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Abstract 

The high mortality of hepatocellular carcinoma (HCC) patients is associated with several 
independent risk factors including type 2 diabetes mellitus (T2DM) and insulin resistance (IR), which 
could be caused by various pathological processes such as tumorigenesis and inflammation in the 
liver. In previous report, we declared that IR contributes to multidrug resistance in HCC by 
activation of endoplasmic reticulum (ER) stress. Here, our study revealed that the enhanced 
autophagy induced by IR significantly prompts the chemotherapeutic drug resistance in hepatoma 
cells, which was validated by stimulation and inhibition of the autophagy respectively. A potential 
reason is that autophagy acts as a regulator of ER stress in the IR-mediated chemoresistance in 
HCC. In conclusion, autophagy facilitates the HCC survival in chemotherapeutic drug treatment by 
maintaining the homeostasis in the ER indicating the regulatory role of autophagy in ER stress 
contributes to IR-mediated chemoresistance in hepatocellular carcinoma cells. Collectively, these 
data implied inhibition of autophagy is a potential treatment of inherent IR-mediated 
chemoresistance in HCC. 
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Introduction 
Hepatocellular carcinoma (HCC) ranks as the 

fifth most common cancer type and the third leading 
cause of cancer death worldwide[1]. Most of HCC 
patients are diagnosed at the terminal stage and are 
not amenable to potentially curative therapies 
including surgeries and radiofrequency ablation, thus 
chemotherapy becomes the main approach of HCC 
treatment. However, conventional chemotherapeutics 
cannot produce satisfactory clinical outcomes mainly 
due to the inherent multiple drug resistance 
(MDR)[2]. Emerging evidences demonstrated that the 
poor outcome of HCC patients is associated with 

T2DM and IR caused by tumorigenesis and 
inflammation in the liver [3-5]. Our previous studies 
also showed that IR enhances the tolerance of 
hepatoma cells to multiple chemotherapeutics[6,7] 
indicating that IR is involved in the inherent MDR of 
HCC.  

It has been reported that IR can trigger unfolded 
protein response (UPR) of ER stress in liver cells to 
restore ER homeostasis by upregulation the 
expression of specific proteins such as Glucose 
regulated protein 78 (GRP78/Bip), autophosphoryla-
tion of protein kinase-R-like ER kinase (p-PERK) and 
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X-box binding protein 1 (XBP-1) to halt protein 
synthesis, enhance protein degradation, control 
damage, restore normal ER functions, and promote 
cell survival[8-10]. In turn, severe and chronic ER 
stress could also tip the balance in favor of 
pro-apoptotic UPR response resulting in cell 
death[11]. In previous report, we demonstrated that 
IR contributes to multidrug resistance in HCC via 
PERK signaling pathway, which is involved in 
activation of UPR[7]. However, it is still poorly 
understood how UPR activation maintains the 
homeostasis of ER to enhance the IR-mediated 
chemotherapy resistance in hepatoma cells. 

Increasing number of researchers declared that 
UPR acts as the driver to promote the intracellular 
autophagy which could in turn supplement the 
protein degradation during ER stress to decrease the 
accumulation of misfolded protein[12-14]. Macro- 
autophagy (conventional autophagy) is an intracell-
ular lysosomal degradation process mediated by the 
formation of autophagosomes. The process is used by 
normal and cancer cells as mechanisms of recycling 
building blocks and conserving energy, as well as 
eliminating toxic materials for homeostasis and 
survival[15]. Autophagy can function as a tumor 
suppressor in normal cells. Dysregulation of auto-
phagy may lead to malignant transformation and 
carcinogenesis. In tumor, autophagy promotes tumor 
growth and progression by helping tumor cells to 
survive in metabolically-challenged harsh tumor 
microenvironments[16]. Recent study suggested that 
the impairment of autophagic degradation promotes 
apoptotic cell death in multidrug-resistant liver 
cancer cells[17]. However, the role of autophagy in 
IR-mediated chemotherapy resistance in hepato-
cellular carcinoma cells is still unclear. 

In current report, we investigated the role of 
autophagy in IR-mediated chemo-resistance in HCC 
using a stable insulin resistant hepatoma cell model 
(HepG2/IR) [7]. We observed a remarkable 
enhancement of autophagic flux in HepG2/IR cells 
compared to that in parental HepG2 cells. The 
enhanced autophagy significantly contributed to the 
chemotherapeutic drug resistance in HepG2/IR cells. 
In addition, we also found that the ER stress response 
can be enhanced by inhibiting autophagy or be 
impaired by reinforcing autophagy in HCC. In 
conclusion, autophagy not only facilitates the HCC 
survive in severe environment such as 
chemotherapeutic drug treatment, but also helps to 
maintain the homeostasis of ER. Overall, our present 
study indicates that the regulatory role of autophagy 
in ER stress in contributing to IR- mediated 
chemoresistance in hepatocellular carcinoma cells, 
which could be a potential mechanism of inherent 

chemoresistance in HCC. 

Materials and Methods 
Reagents and antibodies 

Insulin, 3-(4,5)-Dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT), Monodansylcadave-
rine (MDC), Triton X-100, Tween-20, Cisplatin (DDP) 
,3-Methyladenine (3-MA), Rapamycin(RAPA) and 
Dimethyl sulfoxide (DMSO) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Pioglitazone 
hydrochloride (PH) was purchased from Santa Cruz 
Biotechnology (CA, USA). Annexin V/PI assay kit 
was purchased from Invitrogen/ Thermo Fisher 
Scientific (MA, USA). BCA protein assay kit, RIPA 
lysis buffer and pre-stained color protein marker were 
purchased from Beyotime (Beijing, China). Antibodies 
against cleaved Caspase-3, Bcl-2, PERK, GRP78, 
Beclin-1, LC3B, P62 and β-actin were obtained from 
Cell signaling Technology (Boston, MA, USA). 
Antibodies against p-PERK and CHOP were from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
DMEM medium, fetal bovine serum (FBS) and 
penicillin-streptomycin were purchased from Gibco 
(Grand Island, NY, USA). 

Cell culture and induction for insulin resistance  
Human hepatocellular carcinoma HepG2 cells 

were purchased from American Type Culture 
Collection (ATCC HB-8065, Rockville, MD, USA) and 
maintained in DMEM supplemented with 10% FBS at 
37°C with 5% CO2. insulin resistance (IR) was induced 
in HepG2 cells according to the previously described 
method[7]. Briefly, cells were incubated in serum-free 
DMEM for 6 hr then treated with insulin at a final 
concentration of 0.5 μM for 72 hr. The resultant cells 
were named as HepG2/IR cells. HepG2/IR/PH cells 
were obtained by treating HepG2/IR cells with 
pioglitazone hydrochloride (PH) (10 mM) for 24 hr to 
reverse IR. Authentication of the cells was performed 
by short tandem repeat (STR) analysis. Cells were 
monitored for mycoplasma contamination by 
MycoAlert® Mycoplasma Detection Kit (Lonza, 
Rockland, MA, USA). 

Cell viability assay  
Briefly, the cells were harvested and plated into 

96-well plates for 12 hr. at the density of 1×105 
cells/mL in 200μl complete medium, then exposed to 
1.00-256.00 mg/L Cisplatin (DDP; Sigma-Aldrich) for 
various durations with or without pre-treatment by 
RAPA (2μmol/L) or 3-MA(2mmol/L) for 4 hr. Each 
treatment was repeated in six separate wells. 20μl of 
MTT reagent (5mg/ml) in phosphate-buffered saline 
(PBS) was added to each well and incubated the plates 
at 37°C with 5% CO2 for 4 hr. The formazan crystals 
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were dissolved in 150μl of dimethyl sulfoxide and 
added into each well. The optical density (OD) was 
recorded at a wavelength of 490 nm using a 
Powerwave X plate reader (Bio-Tek, USA). Cell 
proliferation inhibition rates were calculated using 
the following formula: cell proliferation inhibition 
rate = [(OD control – OD experiment)/OD 
experiment] × 100%. The half-maximal inhibitory 
concentration (IC50) was also calculated as reported 
previously [7].  

Flow cytometric analysis (FCM) 
An annexin V/propidium iodide (PI) double 

staining assay (Invitrogen, USA) was used to 
determine cell apoptosis. 1×106 cells were collected 
and suspended in 400μl binding buffer (400μl) and 
incubated with Annexin V-FITC and propidium 
iodide (PI) for 0.5 hr. and then suspended in binding 
buffer. The samples were analyzed by a Coulter Epics 
XL flow cytometer (Beckman Coulter, USA). The early 
apoptotic index was determined by the percentage of 
Annexin V-positive and PI-negative cells. The later 
period index was determined by the percentage of 
Annexin V- positive and PI-positive cells[7]. 

Ultrastructure  
The morphological features were assessed using 

an electron microscopy[7]. Briefly, Cells were 
immobilized in 3% glutaraldehyde, and further 
processed for dehydration, infiltration and embeding 
into LX-112 resin with serial changes into Ethanol and 
LX112 solutions. Finally, the samples were transferred 
in pyramid-tip-mold and polymerized at 60°C for 72 
h. Semi-thin sections were cut using an 
ultra-microtome (Leica EM UC7) after attaching 
pyramid on mounting cylinders and stained with 
toluidine blue to identify the position of cells. 
Ultra-thin-sections (70-100nm) were cut and collected 
on 200 mesh grids. The grids were stained with 1% 
uranyl acetate at RT for 10 min and followed by 
Reynolds lead citrate at RT for 5 min. The 
ultrastructure was visualized using a JEM 1230 
transmission electron microscopy (JEOL, Japan).  

Detection of autophagic vacuoles by 
Monodansylcadaverine (MDC) staining  

MDC has been proposed as a special tracer for 
autophagic vacuoles[18] The autophagic vacuoles 
were incubated with 0.05 mmol/L MDC in PBS in the 
dark for 30 min at 37°C after treated by drugs. After 
the incubation, cells were washed with PBS and 
immediately observed using a AX80 fluorescence 
microscope (Olympus, Japan). 

Western blotting 
Briefly, cells under different treatments were 

lysed and the protein concentrations were assessed 
using the Bradford assay (Roche). The proteins were 
separated by SDS-PAGE electrophoresis and then 
transferred to PVDF membranes. The membranes 
were blocked with non-fat milk and probed overnight 
with primary antibodies (anti-Beclin-1, anti-LC3-II, 
anti-P62, anti-bcl-2, anti-GRP78, anti-PERK, 
anti-p-PERK, anti-cleaved Caspases-3, or anti-β-actin) 
followed by incubating with IRDye800CW or 
IRDye700DX-conjugated secondary antibodies 
(LI-COR, USA) for 50 mins. Protein bands were 
visualized using an Odyssey double-color 
infrared-laser imaging system (LI-COR). Relative 
expression was then plotted to reflect true protein 
expression (average infrared fluorescence intensity of 
the target protein / β-actin). 

Statistical analysis 
Data are expressed as means ± SD. Statistical 

analysis was performed using Student’s t-test with 
SPSS 15.0 (SPSS Inc. Chicago, IL). P values less than 
0.05 were considered as statistically significant 
difference. The data were representative of three 
independent experiments performed in triplicate. 

Results 
Autophagy is activated in insulin resistant 
hepatoma cells 

Our previous studies demonstrated that UPR in 
ER stress was involved in chemotherapy resistance in 
IR hepatoma cells[6,7]. ER stress has also been 
reported to be able to promote the intracellular 
autophagy[12-14]. Therefore, we first asked whether 
autophagy is activated by IR in hepatoma cells by the 
use of a stable insulin resistant hepatoma cells model 
(HepG2/IR) established previously [7]. Protein 
expression levels of autophagic flux markers 
including Beclin-1, LC3-II, and autophagic substrate 
P62 were determined using immunoblotting[19]. The 
results displayed that expression levels of Beclin-1 
and LC3-II were elevated; while P62 was impaired in 
HepG2/IR cells comparing to control HepG2 cells 
(Figure 1B). In contrast, reversion of IR by insulin 
sensitizer Pioglitazone Hydrochloride (PH)[6] 
significantly suppressed the upregulation of Beclin-1 
and LC3-II and promoted the accumulation of P62 in 
HepG2/IR cells (Figure 1B). 

Furthermore, transmission electron microscopy 
(TEM) were used to visualize ultrastructure changes 
in cells. Compared with the parental HepG2 cells, 
HepG2/IR cells showed an increasing number of 
double-membrane vesicles fusing with lysosomes 
accompanied with evident ER expansion. These 
morphological changes were reversed by the 
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treatment of PH (Figure 1A, upper plane). In concert 
with ultrastructure, we observed increased accumu-
lation of autophagic vacuoles in HepG2/IR cells by 
MDC staining, which can also be reversed by PH 
treatment (Figure 1A, lower plane). These data 
indicate that autophagy is enhanced in insulin 
resistant hepatoma cells. 

Enhanced autophagy promotes IR-associated 
chemotherapeutic drug resistance in 
hepatoma cells  

Autophagy activated by ER stress is an 
important regulatory mechanism in maintaining the 
cellular homeostasis[20,21]. We hypothesized that the 
activation of autophagic flux is a key factor of 
IR-mediated chemotherapy drug resistance in HCC. 
To test this, we pretreated HepG2 and HepG2/IR cells 
with autophagy inducer rapamycin (RAPA) and then 
treated them with cisplatin (DDP), a widely used 
chemotherapy drug for solid tumors. Firstly, the 
protein expression levels of autophagic flux markers 
and the cell survival in DDP treated HepG2/IR and 
HepG2 cells were evaluated. The autophagic flux in 

HepG2 and HepG2/IR cells were modestly activated 
by DDP treatment alone. Notably, with treatment of 
DDP, HepG2/IR cells showed dramatically higher 
levels of LC3-II and Beclin-1, and a significantly lower 
level of autophagic substrate P62 than that in HepG2 
cells (Figure 2A-D). In comparison with HepG2 cells, 
a significant lower apoptosis rate was induced by 
DDP treatment in HepG2/IR cells (Figure 2E, F), 
which was further confirmed by the higher expression 
level of anti-apoptotic Bcl-2 and lower expression 
level of pro-apoptotic cleaved-caspase-3 in HepG2/IR 
cells (Figure 2G-I). Consistent with these results, more 
intracellular autophagic vacuoles formation were 
observed by TEM and FLM in HepG2/IR cells upon 
treatment with DDP. In addition, less apoptotic 
morphological changes were detected by TEM in 
HepG2/IR cells, indicated by vacuolization of 
cytoplasm, condensed and fragmented nucleus and 
formation of apoptotic bodies (Figure 2J, K). These 
data demonstrated that higher autophagic flux 
activated in HepG2/IR cells is involved in 
IR-mediated chemotherapy drug resistance. 

 

 
Figure 1. Analysis of autophagy activation in HepG2/IR cells. (A) Ultrastructure detected by transmission electron microscopy (TEM) (original 
magnification, ×20,000). The fluorescence intensity of MDC was observed by fluorescence light microscopy (FLM) (original magnification, ×1,000). (B) HepG2 cells 
were treated with 0.5 μmol/L insulin for 72 hr to induce HepG2/IR cells, and then treated with 10mmol/L PH for 24 hours to reverse IR. Cell lysates were used for 
autophagy markers detection by immunoblotting. The quantitative data are the Beclin-1/β-actin, LC3-II/LC3-I, P62/β-actin. All experiments were repeated three 
times, and data were presented as mean ± SD of triplicate experiments. ** P<0.01 vs HepG2 cells. 
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Figure 2. Autophagic enhancement promotes IR-mediated chemotherapeutic drug resistance in hepatoma cells. (A-D) Autophagy markers were 
detected by immunoblotting at 48 hr following treatment with 16mg/L DDP with or without pretreated by 2 μmol/L RAPA for 4 hr in both HepG2 and HepG2/IR 
cells. The quantitative data are the Beclin-1/β-actin (B), LC3-II/LC3-I (C) and P62/β-actin (D). (E-F). HepG2 and HepG2/IR cells were exposed to 16mg/L DDP for 
48 hr with or without pretreated by 2μmol/L RAPA for 4 hr and then harvested. Apoptotic cell rates were detected with Annexin V-FITC/PI double staining assay and 
then acquired by flow cytometry. The apoptotic cell rate is shown (F). (G-I) The analysis of cleaved Caspase-3 and Bcl-2 at 48 hr following treatment with 16mg/L 
DDP with or without pretreated by 2μmol/L RAPA for 4 hr by Western blot. The quantitative data are the Bcl-2/β-actin (H) and Cleaved Caspase-3/β-actin (I). (J) 
FLM, original magnification×1,000. (K) TEM, original magnification×2,000. All experiments were repeated three times, and data were presented as mean ± SD of 
triplicate experiments. * P<0.1, ** P<0.01, vs control group of HepG2 cells; △ P<0.1, △△ P<0.01, vs control group of HepG2/IR cells; # P<0.1, ## P<0.01. vs HepG2 
cells in the same treatment group. 

 
To further determine whether autophagy can 

enhance the IR-mediated chemotherapy drug 
resistance in hepatoma cells, we treated the 
HepG2/IR and HepG2 cells with DDP following 
treatment by autophagy inducer RAPA. A significant 
stronger autophagic flux was induced by 

combinational treatment of RAPA and DDP in 
HepG2/IR than in HepG2 cells, displayed with higher 
levels of LC3-II and Beclin-1 and a lower expression of 
P62 in HepG2/IR cells. Compared with the DDP 
treated group, the extent of autophagy enhancement 
was shown as Beclin-1 increased by 44.60% and 
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33.90%, LC3-II increased by 39.31% and 21.62% while 
P62 decreased by 34.12% and 37.05% respectively in 
HepG2 and HepG2/IR cells. As expected, both 
HepG2 and HepG2/IR cells exhibited slightly higher 
autophagic flux by RAPA treatment alone comparing 
to their corresponding control group (Figure 2A-D). 
Although DDP treatment could induce apoptosis in 
both cell lines, RAPA pre-treatment markedly 
induced a stronger resistance to DDP in HepG2/IR 
cells than in HepG2 cells as determined by the MTT 
(Table 1) and Annexin V and PI double staining assay. 
The apoptosis rate decreased by 35.36% (HepG2) and 
32.65% (HepG2/IR), respectively (Figure 2E, F). These 
results were further confirmed by the observation that 
RAPA up-regulated the expression of anti-apoptotic 
Bcl-2 and down-regulated pro-apoptotic cleaved- 
caspase-3 protein levels in both HepG2/IR and 
HepG2 cells (Figure 2G-I). Moreover, morphological 
alterations in HepG2/IR and HepG2 cells induced by 
DDP following the RAPA pretreatment showed 
elevated autophagic vacuoles and less apoptotic 
bodies in HepG2/IR cells than that in HepG2 cells 
(Figure 2J, K). These results further suggest that 
enhancement of autophagy is involved in 
IR-mediated chemotherapeutic resistance in 
hepatoma cells. 

 

Table 1. Enhancement of autophagic flux promoted the DDP 
resistance 

Treated 
time  

50% inhibitory conc of DDP (mg/L) 
HepG2 RAPA+ HepG2 HepG2/IR RAPA+ HepG2/IR 

24 h 150.4±0.31 359.72±0.25** 274.4±0.22 513.23±0.21△△ 
48 h 10.27±0.24 22.01±0.17** 17.04±0.17 26.11±0.15△△ 
72 h 7.36±0.14 14.57±0.22** 11.69±0.19 18.93±0.21△△ 
** P<0.01 vs HepG2 cells, △△ vs HepG2/IR cells 

 

Depressed autophagy impaired IR-mediated 
chemotherapeutic drug resistance in 
hepatoma cells 

We further explored the effect of autophagy 
inhibition on DDP induced cytotoxicity in hepatoma 
cells. HepG2 and HepG2/IR cells were treated by 
DDP with or without 3-MA, an autophagy inhibitor. 
Compared to the control group, the activity of 
autophagy in HepG2 and HepG2/IR cells was 
significantly suppressed by 3-MA, which was shown 
by decreased LC3-II and Beclin-1 accompanied with 
increased autophagic substrate P62. 3-MA pre- 
treatment also impaired the activation of autophagy 
induced by DDP, which was shown as Beclin-1 
decreased by 54.90% and 32.90%, LC3-II decreased by 
51.60% and 31.5%, while P62 increased by 69.54% and 
148.41% respectively in HepG2 and HepG2/IR cells. 
Overall, a lower activity of autophagy was observed 
in HepG2 cells upon combinational treatment of 

3-MA and DDP compared with that in HepG2/IR 
cells (Figure 3A-D). 

Compared to the DDP treatment alone, 3-MA 
pretreatment dramatically enhanced drug sensitivity 
of HepG2 and HepG2/IR cells as determined by the 
MTT (Table 2), and Annexin V/PI double staining 
assay which was revealed by obviously increased 
DDP-induced apoptosis in HepG2 (59.51%) and 
HepG2/IR cells (71.73%). The enhanced drug 
sensitivity also led to massive cell death upon DDP 
treatment for 72 hr. In addition, a significantly higher 
apoptosis rate was observed in 3-MA and DDP 
treated HepG2 cells than in HepG2/IR cells (Figure 
3E, F). The autophagy inhibition induced drug 
sensitivity was further confirmed by evidently 
decreased Bcl-2 and increased cleaved caspase 3 
expression levels in HepG2 than that in HepG2/IR 
cells following 3-MA and DDP treatment (Figure 
3G-I). 

 

Table 2. Inhibition of autophagic flux promoted the DDP 
sensitivity 

Treated 
time  

50% inhibitory conc of DDP (mg/L) 
HepG2 3-MA+ HepG2 HepG2/IR 3-MA+ HepG2/IR 

24 h 150.4±0.31 55.89±0.25** 274.4±0.22 90.14±0.19△△ 
48 h 10.27±0.24 4.34±0.09** 17.04±0.17 5.45±0.13△△ 
** P<0.01 vs HepG2 cells, △△ vs HepG2/IR cells 

 
Furthermore, we observed that 3-MA pretreat-

ment significantly attenuated DDP activated auto-
phagic vacuoles accumulation within the cytoplasm 
in HepG2 and HepG2/IR cells (Figure 3J). Consistent 
with the MDC staining results, 3-MA and DDP 
combinational treatment induced a significant 
depletion of autophagic vacuoles with notable apopt-
otic changes including cell shrinkage, condensation 
and margination of nuclear chromatin, and nuclear 
fragmentation in both HepG2 and HepG2/IR cells, 
which was detected by TEM. Interestingly, less 
autophagic vacuoles and more apoptotic changes 
appeared in HepG2 cells than that in HepG2/IR cells 
(Figure 3K). Collectively, these data demonstrated 
that inhibition of autophagic flux by 3-MA promotes 
chemotherapeutic drug-induced apoptotic cell death, 
suggesting that enhanced autophagy contributes to 
the chemotherapeutic drug resistance in hepato-
cellular carcinoma.  

Autophagy maintains the homeostasis in ER to 
promote survival of insulin resistant hepatoma 
cells  

Autophagy is an essential survival pathway for 
many types of cancer. The inhibition of autophagy 
may severely impair the cellular stress response and 
result in cell death [20]. To investigate the influence of 
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autophagy on ER stress in hepatoma cells, we 
detected morphological changes of HepG2 and 
HepG2/IR cells treated with RAPA and 3-MA, 
respectively. Our results showed that RAPA 
treatment resulted in less ER expansion, degranul-
ation, and mitochondrial swelling accompanied with 
more autophagic vacuoles accumulation; while 3-MA 

induced severe ER expansion, degranulation, and 
mitochondrial swelling coupled with less autophago-
somes (Figure 4A). These morphological changes 
appeared in both HepG2 and in HepG2/IR cells, 
suggesting that enhancement of autophagy may 
attenuate ER stress; while inhibition of autophagy 
may aggravate ER stress.  

 

 
Figure 3. Autophagy inhibition impaired IR-mediated chemotherapeutic drug resistance in hepatoma cells. (A-D) Autophagy markers were 
detected by immunoblotting at 48 hr following treatment with 16mg/L DDP with or without pretreated by 2 mmol/L 3-MA for 4 hr in both HepG2 and HepG2/IR 
cells. The quantitative data are the Beclin-1/β-actin (B), LC3-II/LC3-I (C) and P62/β-actin (D). (E-F) HepG2 and HepG2/IR cells were exposed to 16mg/L DDP for 
48 h with or without pretreated by 2mmol/L 3-MA for 4 hr and then harvested. Apoptotic cell rates were detected with Annexin V-FITC/PI double staining assay 
followed by flow cytometry. The apoptotic cell rate is shown (F). (G-I) The analysis of cleaved Caspase-3 and Bcl-2 at 48 hr following treatment with 16mg/L DDP 
with or without pretreated by 2mmol/L 3-MA for 4 hr by Western blot. The quantitative data are the Bcl-2/β-actin (H) and Cleaved Caspase-3/β-actin (I). (J) FLM, 
original magnification×1,000. (K) TEM, original magnification×2,000. All experiments were repeated three times, and data were presented as mean ± SD of triplicate 
experiments. * P<0.1, ** P<0.01, vs control group of HepG2 cells. △ P<0.1, △△ P<0.01, vs control group of HepG2/IR cells. # P<0.1, ## P<0.01 vs HepG2 cells in 
the same treatment group. 
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Figure 4. Autophagy regulates the ER stress response in HepG2/IR cells. (A) FLM, original magnification×1,000 and TEM, original magnification×2,000. (B) 
Western blot analysis of GRP78, XBP-1, PERK and p-PERK following 4 hr treatment by 2μmol/L RAPA or 2mmol/L 3-MA. The quantitative data are the 
GRP78/β-actin, XBP-1/β-actin and p-PERK/PERK. All experiments were repeated three times, and data were presented as mean ± SD of triplicate experiments. * 
P<0.1, ** P<0.01, vs control group of HepG2 cells. △ P<0.1, △△ P<0.01, vs control group of HepG2/IR cells. # P<0.1, ## P<0.01 vs HepG2 cells in the same 
treatment group. 

 
Moreover, we evaluated the markers of ER stress 

including Glucose regulated protein 78 (GRP78), 
phosphorylation-protein kinase-like endoplasmic 
reticulum kinase (p-PERK)/ protein kinase-like 
endoplasmic reticulum kinase (PERK) and X-box 
binding protein 1 (XBP-1)[22] following treatment 
with RAPA and 3-MA respectively. The extent of 
down-regulation of GRP78 (35.6%), p-PERK/PERK 

(33.0%) and XBP-1(46.0%) in HepG2/IR cells were 
significantly greater than that in HepG2 cells under 
RAPA treatment (Figure 4B). In contrast, inhibition of 
autophagy notably upregulated the expression of 
GRP78, p-PERK/PERK and XBP-1 by 48.1%, 134.4%, 
and 42.9% in HepG2 cells than that in HepG2/IR cells 
(Figure 4B). Collectively, these results indicate that 
autophagy plays a protective role by modulating the 
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ER stress to maintain the ER homeostasis and protect 
hepatocellular carcinoma cells from apoptotic death, 
especially in insulin resistant hepatoma cells with 
enhanced autophagy. 

Discussion 
HCC is a highly malignant cancer with a 

significant recurrence rate and a poor prognosis [23]. 
As most of pharmacological strategies used in HCC 
treatment are poorly effective[24], it is critical to 
elucidate the refractory mechanism of chemotherapy 
for developing novel strategies to overcome drug 
resistance. Insulin resistance (IR) in hepatocytes is a 
common consequence of inflammation and tumori-
genesis in the liver, when insulin signaling pathways 
are blocked [3,25]. Our previous studies suggested 
that IR is involved in the development of multiple 
chemotherapeutic drugs tolerance in HCC [6,7]. In 
this study, we further revealed the role of autophagy 
in protecting the HCC from apoptotic cell death under 
the chemotherapy treatment by maintaining the ER 
homeostasis in insulin resistant HCC.  

Firstly, a higher basal level of autophagy was 
observed in stable insulin resistant HCC (Fig 1), 
which supports the notion that IR can elevate the 
autophagic flux and autophagosome completion in 
hepatoma cells. However, our observation is different 
from some reports which demonstrated that hepatic 
autophagy is suppressed by IR in obese type II 
diabetes mice model[26,27]. A possible reason could 
be that the role of autophagy in hepatoma cells is 
dissimilar from that in normal liver cells. A basal level 
of autophagy is maintained in normal liver cells to 
eliminate or repair damaged organelles[15], while 
more importantly hepatic autophagy is highly 
activated to respond to the starvation when the level 
of nutrients and insulin in plasma is low[28]. Thus, it 
is reasonable to speculate that a severe autophagy 
deficiency in normal liver cells could be induced in 
the presence of IR or hyperinsulinemia caused by 
chronic exposure to high energy and nutrient. In fact, 
hepatoma cells are usually under the condition of 
nutrient deficiency due to sustaining proliferation[29]. 
Autophagy plays a key role in survival-promoting 
capability of tumor cells by providing energy and 
building blocks required for supporting the 
proliferative and metabolic demands in nutrient 
deficiency conditions[16]. However, excessive 
autophagy could also lead to tumor cell death[30,31]. 
Although IR can suppress the autophagic 
flux[26,27,32], the ER stress triggered by IR can also 
boost autophagy in tumor cells[12-14]. Thus, the 
overall cellular autophagy level in IR hepatoma cells 
would be determined by both IR and ER stress and 
maintained at a slightly higher level. It would be 

plausible that tumorigenesis-induced IR, which is 
different from obesity-induced IR in hepatocytes, 
maintains a mildly enhancement of autophagy to 
protect hepatoma cells from autophagic death.  

We declared here the higher level of autophagy 
is a contributor to the IR-mediated chemoresistance in 
hepatoma cells. It is supported by the observation that 
the enhanced autophagy (Fig 2 A-D) is accompanied 
with a stronger drug resistance (Fig 2 E-I) in HCC 
with stable insulin resistance (HepG2/IR). The 
protective role of autophagy in IR-mediated survival 
of HCC was further confirmed by the observation that 
an increased apoptosis rate of HCC was induced by 
the autophagic inhibitor (Fig 3). It was reported that a 
modest, but not excessive, level of autophagy plays a 
critical role in tumor cell survival[33]. A mild increase 
of autophagic flux was also promoted by IR in HCC as 
demonstrated by a moderate alteration of Beclin-1 (an 
autophagic regulator) and LC3-II (a contributor to 
form a stable membrane of autophagosomes) in 
HepG2/IR cells following the treatment with 
chemotherapeutics. The autophagy still maintained a 
moderate enhancement in HepG2/IR cells treated 
with autophagic inducer (Fig 2 A-D), suggesting a 
stability of autophagy in IR hepatoma cells. Hence, it 
would be possible that IR enabled hepatoma cells to 
maintain the autophagic homeostasis at a mildly 
elevated level, which contributes to IR-mediated 
chemoresistance. However, the autophagic substrate 
P62 changed dramatically in HepG2/IR cells 
following the combinational treatment of chemo-
therapy drug and autophagic inducer. A possible 
reason could be that P62 plays central functions in 
processes such as autophagy, apoptosis, 
inflammation, cell survival, cells death, and signal 
transduction via its multiple binding domains[34]. 
Future studies are necessary to address the exact role 
of P62 in chemoresistance of insulin resistant 
hepatoma cells. 

Moreover, we demonstrate the potential role of 
autophagy in maintaining ER homeostasis in insulin 
resistant hepatoma cells. Similar to autophagy, ER 
stress plays a dual role in cell fate determination 
depending on the intensity of ER stress[11,35]. Our 
previous study showed that the PERK signaling 
pathway in ER stress is activated by IR and plays a 
protective role in the IR-mediated multidrug 
resistance in hepatoma cells[7]. Several recent studies 
have demonstrated that PERK pathway can induce 
protective autophagy activation and eventually lead 
to tumor cell survival[36-38]. However, highly 
activated PERK also switches autophagy to C/-EBP 
homologous protein (CHOP)-mediated cell 
apoptosis[39]. Little difference between expression 
levels of CHOP in HepG2/IR and HepG2 cells 
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suggests that ER stress in insulin resistant hepatoma 
cells are maintained at a steady state[7]. In fact, 
autophagy is an essential survival mechanism for 
tumor cells to transport misfolded proteins for 
degradation, lower cellular stress[20,35], and decrease 
the accumulation of misfolded protein during ER 
stress[12-14]. In the present study, we discovered that 
the autophagy serves as an adaptive response to 
regulate the ER stress, maintain the ER homeostasis, 
and promote survival in IR hepatoma cells. 
Collectively, we infer that IR could regulate the 
autophagy triggered by ER stress, which is activated 
in IR hepatoma cells under chemotherapy. In turn, the 
moderately activated autophagy can also regulate the 
ER stress in hepatoma cells with IR. Hence, autophagy 
plays a critical role in IR-mediated chemoresistance in 
hepatocellular carcinoma cells by regulating the ER 
stress. 

In summary, our findings provide a new insight 
regarding the role of autophagy in IR-mediated 
chemoresistance in hepatoma cells and suggest an 
innovative strategy to overcome inherent drug 
resistance in liver cancer by inhibiting autophagic 
flux. In vivo studies are needed to further investigate 
the possible reasons of chemoresistance in insulin 
resistant liver cancer cells.  
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