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The endoplasmic reticulum stress response is associated with insulin 
resistance-mediated drug resistance in  HepG2 cells 
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Insulin resistance has a close relationship with tumorigenesis, tumor progression, and cancer prognosis. Importantly, 
the liver is the main target tissue of insulin, and the resistance to chemotherapeutic agents has been reported in hepato-
carcinoma. However, little is known about the relationship between drug resistance and insulin resistance in hepatocar-
cinoma. Therefore, we treated HepG2 cells (a human hepatoma cell line) with high concentrations of insulin to establish 
a cell-based model of insulin resistance (HepG2/IR cells) to define the relationship between insulin resistance and the 
resistance to chemotherapy. We identified that HepG2/IR cells exhibited stable insulin resistance, with decreased glucose 
consumption, reduced glycogen synthesis, and decreased expression of the insulin receptor gene. HepG2/IR cells also 
exhibited endoplasmic reticulum (ER) dilatation and degranulation. Molecular markers of endoplasmic reticulum stress, 
including glucose-regulated protein78 (GRP78) and phosphorylated protein kinase R-like ER kinase (p-PERK), increased 
significantly, which was accompanied by increased reactive oxygen metabolism and decreased mitochondrial membrane 
potential. In addition, HepG2/IR cells were resistant to the chemotherapy agent Adriamycin, which was accompanied 
by the upregulation of multidrug resistance gene 1/ P-glycoprotein (P-gp; an endoplasmic reticulum chaperone that plays 
a role in ER stress), and enhanced drug efflux. These data suggest that the endoplasmic reticulum (ER) stress response was 
active in HepG2/IR cells, and that insulin resistance was related to drug resistance in HepG2 cells. Interestingly, the ER 
stress and chemotherapy resistance observed in HepG2/IR cells could be reversed by treatment with the insulin sensitizer 
pioglitazone. Therefore, our study suggests that there is a close relationship between the resistance to chemotherapy and 
insulin resistance in HepG2 cells, and that the ER stress response play a role in insulin resistance-mediated drug resist-
ance in hepatocarcinoma cells.
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Insulin is a signaling molecule that functions by binding to 
its cognate receptor to induce signal transduction. This leads 
to a variety of physiological effects, such as increased glucose 
utilization and glycogen synthesis, reduced gluconeogen-
esis and fat catabolism, and enhanced protein synthesis [1]. 
Defects in the insulin-signaling pathway, including reduced 
expression of the insulin receptor or affinity for insulin, and 
genetic mutations can cause insulin resistance (IR). IR is as-
sociated with impaired insulin sensitivity and dysglycemia, and 
can lead to type-II diabetes [1-3]. It has also been linked to 
carcinogenesis, cancer progression, and the multidrug resist-
ance (MDR) of tumors, and is a risk factor for the recurrence 

of hepatocarcinoma after hepatectomy [4-13]. However, the 
mechanism of insulin resistance and its relationship with MDR 
in hepatocellular carcinoma remain unclear.

Previous studies suggested that insulin resistance and en-
doplasmic reticulum (ER) stress are related because ER stress 
occurs during conditions of insulin resistance such as hyper-
insulinemia and dysglycemia. ER stress may also facilitate the 
development of insulin resistance by suppressing insulin ac-
tion and decreasing the expression of the glucose transporters 
(GLUTs) [14]. Upon insulin resistance-activated ER stress, the 
binding of glucose-regulated protein-78 (GRP78) to unfolded 
proteins causes its dissociation from complexes with protein 
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kinase R-like ER kinase (PERK), which leads to the activation 
of PERK by autophosphorylation. This induces the expression 
of genes that ameliorate ER stress by reducing the synthesis 
of new proteins that would require folding [15], and upregu-
lates the expression of molecular chaperones involved in the 
unfolded protein response (UPR) such as glucose-regulated 
protein-78 (GRP78). GRP78 is the major molecular marker of 
ER stress, particularly protein folding and trafficking, which 
protects cells from ER dysfunction and maintains cellular 
homeostasis [16]. Similarly, the ER stress response activates 
the expression of grp78 in tumor cells, protecting cells from 
ER stress-induced apoptosis [17]. This reduces the sensitivity 
of cells to chemotherapy drugs, promoting cellular prolifera-
tion and reducing anti-cancer therapy-induced death in tumor 
cells [18].

P-glycoprotein (P-gp) is also known as multidrug resist-
ance protein 1 (MDR1), and is encoded by the ABCB1 (mdr1) 
gene family. It is an adenosine triphosphate-binding cassette 
transporter that functions as an energy-dependent efflux 
transporter to prevent the intracellular accumulation of cyto-
toxic drugs. It is also associated with multi-drug resistance in 
many types of tumor, including hepatocarcinoma [19-21]. The 
expression of mdr1 in cells can be modified by several factors 
including stress signals and the metabolic and nutritional state 
[22-23]. P-gp can also play a role in the UPR, either directly 
by transporting misfolded proteins or indirectly by interact-
ing with chaperones, conferring resistance to UPR-stimulated 
caspase-dependent apoptosis [23-24]. This suggests that MDR 
in tumors maybe related to the glucose abnormalities, ER 
stress, and the upregulation of mdr1.

Until now, little was known about the upregulation of mdr1 
during ER stress and insulin resistance, and how it was related 
to MDR in hepatocarcinoma cells. Our data demonstrate that 
ER stress leads to increased expression of GRP78, p-PERK, and 
P-gp during insulin resistance in HepG2/IR cells. In addition, 
we report that the resistance of HepG2/IR cells to Adriamycin 
is accompanied by the upregulation of GRP78, p-PERK, and 
P-gp, which could be reversed by treatment with the insulin 
sensitizer pioglitazone hydrochloride. These data confirm that 
the resistance of HepG2/IR cells to Adriamycin is regulated 
by ER stress during insulin resistance.

Material and methods

All primers used to measure the InsR, mdr1, and β-actin 
were synthesized by Takara Corporation (Japan). SYBR 
Premix Ex Taq and Prime Script RT reagents were also 
purchased from Takara. The following antibodies were 
used: mouse polyclonal anti-β-actin (Biovision, USA), rab-
bit polyclonal anti-GRP78 (Spring, USA), rabbit polyclonal 
anti-p-PERK (Santa Cruz, USA), rabbit polyclonal anti-PERK 
(Cell Signaling Technology, USA), rabbit polyclonal anti-
P-gp (Biovision), and anti-INSR (Biosource, USA). Insulin 
was purchased from Sigma-Aldrich (USA), and diluted to 
the appropriate concentrations using 2% glacial acetic acid. 

Pioglitazone Hydrochloride (Santa Cruz, USA) and Adri-
amycin (Sigma-Aldrich) were diluted in dimethyl sulfoxide 
(DMSO). The GOD-POD kit was purchased from Randox 
Laboratories (UK).

Establishing and reversing insulin resistance in HepG2 
cells. HepG2 human hepatocarcinoma cells were obtained 
from the American Type Tissue Culture Collection (ATCC), 
and were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
at 37°C with 5% CO2. Insulin resistance (IR) was induced in 
HepG2 cells as described previously, with slight modifica-
tions [52, 53]. To stimulate with insulin, cells were incubated 
in serum-free DMEM for 6 h, and then treated with 0.5, 1, 5, 
and 10 μmol/L insulin for 24−60 h, as indicated. The media 
were then replaced, and cells were cultured in DMEM with-
out phenol red for 24 h. The glucose content in the culture 
supernatant was measured using a GOD-POD assay, and cell 
counts and viability were determined by MTT assay. Cell vi-
ability (ODMTT) was used to normalized glucose consumption 
(glucose consumption/ ODMTT).

To select stable induction conditions, cells were treated with 
insulin for different times, and were then cultured in normal 
media containing no insulin for 48 h. Media were again re-
placed, and the cells were cultured for an additional 24 h in 
DMEM without phenol red. The glucose consumption was 
then measured, as described above. Relative glucose consump-
tion (the ratio of glucose consumption in HepG2/IR cells and 
the corresponding control HepG2 cells) was determined in 
cells that had been induced, and those that had been induced 
and then cultured for 48 h. The stability of the acquired IR 
was then determined by assessing whether the relative glucose 
consumption was stable after 48 h.

The HepG2/IR cells were treated with different concentra-
tion of Pioglitazone Hydrochloride (PH) for 24 h to reverse 
IR, and then cultured in DMEM without phenol red for 24 
h  to measure glucose consumption. Glucose consumption 
was compared before and after reversing IR to optimize the 
concentration of PH.

MTT assay. The viability of HepG2 cells under varying 
conditions was assessed using an MTT assay. For cellular 
cytotoxicity assays, 1 x 105 cells/mL were plated in to 96-well 
plates and treated with 0-40 mmol/L Adriamycin (ADM; 
Sigma-Aldrich) for 24 h; cytotoxicity was then assessed us-
ing MTT assays. MTT was also used in glucose consumption 
assays to calculate cell number so that glucose consumption 
could be normalized to cell number. HepG2 cells were treated 
with insulin, as indicated, to standardize glucose consumption. 
Cells were then cultured in DMEM containing 10% FBS and 
0.5 mg /mL MTT (Sigma-Aldrich) for 4 h, before 10% SDS 
was added and cells were incubated for an additional 12 h. 
The absorbance at 570 nm (ODMTT) was then measured using 
a Powerwave X plate reader (Bio-Tek, USA).

Glucose oxidase-peroxide enzyme (GOD/POD) assay. 
HepG2 cells were stimulated with insulin, as described above. 
Cells were then washed with PBS and incubated with DMEM 
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(pH 6.0) at 37°C for 20 min. They were again washed twice 
with cold PBS, and cultured in DMEM without phenol red 
for 24 h. Media were then removed, and the GOD-POD as-
say was used to measure glucose levels in the media and thus 
calculate glucose consumption. To eliminate the influence of 
cell proliferation, the ODMTT was measured so that glucose 
consumption could be normalized to cell number. Therefore, 
the normalized glucose consumption was defined as glucose 
consumption / ODMTT.

Periodic acid-Schiff reaction (PAS) assay. The PAS assay 
was used to assess glycogen synthesis [54]. Briefly, slides of cells 
were treated with 0, 1, or 5 μmol/L insulin for 36 and 48 h, fixed 
in 10% formaldehyde, incubated with 1% periodate solution, 
washed, and then incubated in the dark with Schiff reagent for 
20 min at 60°C. The reactions were terminated once the color 
of the dye had changed from pink to purple-red. Variations in 
optical density (as a measure of glycogen synthesis) were then 
analyzed using AX80 optical microscopy (Olympus, Japan).

ER and mitochondrial stress. The morphological features 
associated with ER and mitochondrial stress were assessed 
using electron microscopy. Briefly, cells were treated with 0, 
1, or 5 μmol/L insulin for 36 or 48 h, and immobilized in 3% 
glutaraldehyde. The ultrastructure of the ER and mitochondria 
were then observed using JEM 1230 transmission electron 
microscopy (JEOL, Japan).

Flow cytometric analysis (FCM). To assess the expression 
of InsR, HepG2 cells were incubated with InsR-FITC (Invit-
rogen, USA). Cells were treated without (control) or with 1 
or 5 μmol/L insulin for 36 h or 48 h, harvested, and incubated 
with the appropriate antibodies for 30 min. Protein expres-
sion was then detected using an Epics XL-4 flow cytometer 
(Beckman-Coulter, USA). To detect the efflux function of 
P-gp, cells were collected, incubated with 30 mmol/L Adri-
amycin (which is a specific substrate for P-gp; Sigma-Aldrich) 
for 30 min, and then analyzed by flow cytometry. The weaker 
the fluorescence intensity, the stronger the activity of the ef-
flux pump.

Flow cytometry was also used to assess the levels of reactive 
oxygen species (ROS) and mitochondrial membrane potential 
(MMP). For ROS, cells were labeled with 0.1 mmol/l DCFH-
DA (Sigma-Aldrich). In the presence of ROS, DCFH-DA gets 
oxidized into fluorescent DCF; this allows ROS levels to be 
determined indirectly using flow cytometry. To assess MMP, 
cells were cultured with 15 µg/mL Rhodamine 123 (Sigma-
Aldrich) for 30 min. Rhodamine 123 is a fluorescent lipophilic 
cationic compound that is sequestered in the inter-membrane 
space of active mitochondria in inverse proportion to MMP. 
Therefore, a more negative MMP results in the accumulation 
of more rhodamine 123, leading to an increased fluorescence 
signal that can be detected by flow cytometry.

Real-time quantitative RT-PCR. Total RNA was extracted 
from cells using TRIzol reagent (Invitrogen, New Zealand), 
and was used to derive cDNA. All primers used for the PCR 
amplification of β-actin, InsR, and mdr1 genes were designed 
and synthesized by Takara. The expression of the genes was 

then analyzed using a  Rotor-Gene 3000 quantitative PCR 
amplifier (Cobette, Australia).

Western blotting. Briefly, HepG2 cells treated as indicated 
were lysed, and the protein concentrations were assessed 
using the Bradford assay (Roche). Proteins were separated 
using SDS-PAGE electrophoresis, and transferred to PVDF 
membranes. Membranes were blocked with non-fat milk 
and probed with primary antibodies (anti-GRP78, anti-p-
PERK, anti-P-gp, or anti-β-actin) followed by IRDye800CW 
or IRDye700DX-conjugated secondary antibodies (LI-COR, 
USA). Antibody-bound protein bands on the immunoblots 
were then visualized using an Odyssey double-color infrared-
laser imaging system (LI-COR). Relative expression (average 
infrared fluorescence intensity of the target protein / β-actin) 
was then calculated to reflect true protein expression.

Statistical analysis. Data are expressed as means ± SD. Sta-
tistical and graphical analyses were performed using Student’s 
t-tests and SPSS 15.0.

Results

Insulin resistance was induced by insulin in HepG2 cells. 
HepG2 cells were treated with insulin (0.5−10 μmol/L) for 
varying times to induce insulin resistance. Treatment with 
insulin significantly decreased the relative glucose consump-
tion in a dose- and time-dependent manner compared with 
control (P<0.05 and P<0.01, respectively). This was particularly 
evident in cells treated with 10 μmol/L for 60 h, which were 
very unhealthy (Fig. 1A). Based on cell growth and glucose 
consumption, conditions of 1 or 5 μmol/L insulin for 36 h and 
48 h were selected for the HepG2/IR cells.

Defects in glucose metabolism in insulin resistant cells are 
manifested as reduced glycogen synthesis, and so we used 
PAS staining to measure glycogen synthesis. Microscopic 
evaluation of PAS-stained cells revealed that HepG2/IR cells 
were shallow and more sunken than HepG2 cells, particularly 
in those treated with 5 μmol/L insulin for 48 h (Fig. 1B). The 
optical density of intracellular glycogen after treatment with 
1 and 5 μmol/L insulin decreased to 21.15 and 26.92%, re-
spectively, in HepG2/IR cells treated for 36 h compared with 
control, and 35.19 and 50.00% after 48 h (Fig. 1B). These data 
confirm that insulin resistance is associated with decreased 
glycogen synthesis in HepG2/IR cells.

When gene expression was studied using qRT–PCR, InsR 
was highly expressed in HepG2 cells, but downregulated in 
HepG2/IR cells. Specifically, treatment with 1 and 5 μmol/L 
insulin for 36 or 48 h resulted in significantly decreased expres-
sion of InsR at both the mRNA and protein levels. The InsR 
mRNA levels in HepG2/IR cells after treatment with 1 and 
5 μmol/L insulin decreased to 38.36 and 49.71% of the control 
levels at 36 h, and 16.67 and 28.33% at 48 h, respectively (Fig. 
1C). The equivalent decline in INSR protein levels detected us-
ing FCM was consistent with the mRNA changes. Specifically, 
the mean fluorescence intensity (MFI) of INSR declined from 
20.40 (control) to 9.57 (1 μmol/L insulin) and 3.66 (5 μmol/L 
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Figure 1. Resistance induction with insulin resistance in HepG2 cells. (A) Glucose consumption in insulin-induced HepG2 cells. The HepG2 cells 
were induced without or with insulin (0.5-10μmol/L) for 24 to 60 h and the glucose concentrations of the cells were measured by GOD-POD assay. 
(B) Glycogen synthesis was measured using PAS staining in HepG2 cells and HepG2/IR cells (HepG2 cells treated with 1 or 5 μmol/L insulin for 
36 or 48 h) (the upper part), Photodensitometry revealed statistical differences in glycogen synthesis between HepG2/IR cells and control (the 
lower part). (C) Down-regulated expression of InsR mRNA in HepG2/IR cells, established from the HepG2 cells induced by 1 μmol/L and 5 μmol/L 
insulin for 36h and 48h respectively, measured by qRT-PCR(the lower part) and the amplification products were separated on 3% agarose gels(the 
upper part). (D) The decreased expression of InsR protein in HepG2/IR cells, from the HepG2 cells induced by 1 μmol/L and 5 μmol/L insulin 
for 36h and 48h, respectively, measured by Flow cytometry (the upper part), and the mean fluorescence intensity (MFI) of InsR expression was 
used to judge the expressing intension of InsR in HepG2/IR cells (the lower part) (E) The stability of HepG2/IR cells was >48 h. Relative glucose 
consumption was compared between cells that had been induced (a), and those that had been induced and then cultured for 48 (b). Experiments 
were repeated three times with similar results, and the results are presented as mean±SD of triplicate experiments. *P<0.05; **P<0.01, compared 
with control.
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insulin) at 36 h, and from 22.70 (control) to 11.30 (1 μmol/L 
insulin) and 3.89 (5 μmol/L insulin) at 48 h, with a reduction 
in expression ranging from 50.2−82.9% (Fig. 1D). The results 
above showed that the expression of InsR gene in HepG2/IR 
cells slightly appeared a stressful increase along with the ex-
tension of induction by high concentration of insulin, but this 
slight increase does not change the fact that the expression of 
InsR gene in HepG2/IR cells is down-regulated significantly, 
which support that insulin resistance could be induced in 
Hepg2 cells by treatment with insulin.

Next, relative glucose consumption (glucose consump-
tionexperimental/glucose consumptioncontrol) was calculated to 

observe the stability of the induced IR. No obvious change 
was observed between induced cells and those that were 
cultured without insulin for an additional 48 h after induc-
tion (Fig. 1E).

The reduced sensitivity of HepG2/IR cells to Adriamy-
cin. Adriamycin is a  cytotoxic drug widely used in clinical 
chemotherapy as a treatment for hepatocellular carcinoma. It 
functions by entering cells, intercalating in to DNA or RNA, 
and inhibiting nucleic acid synthesis. To determine whether 
HepG2/IR cells were more resistant to chemotherapy drugs, 
MTT assays was used to assess the susceptibility of HepG2/
IR and HepG2 cells to 0.25−40 µmol/L Adriamycin, and ac-
cordingly, the 50% inhibitory concentration (IC50) and the 
drug-resistance value was calculated. Compared with HepG2 
cells, HepG2/IR cells, formed by induction with 1 and 5 μmol/L 
insulin for 48 h, were insensitive to ADM (P<0.05), and the 
IC50 value was increased significantly by 1.27-times and 
1.24-times, respectively (Fig. 2A). This suggests that HepG2/
IR cells were much more resistant to chemotherapeutics than 
their parent cells.

Pioglitazone hydrochloride (PH) is a widely used insulin 
sensitizer that increases glucose utilization in cells, and re-
verses insulin resistance. Therefore, we treated HepG2/IR cells 
(induced with 5 μmol/L insulin for 48 h) with PH to reverse 
intracellular insulin resistance. Glucose consumption was 
positively correlated with PH, and glucose consumption in 
cells treated with concentrations ≥10 mmol /L was comparable 
to HepG2 cells without PH (Fig. 2B).

Next, we determined if the reversing insulin resistance in 
HepG2/IR cells treated with PH modulated the susceptibil-
ity of cells to Adriamycin. HepG2/IR cells were treated with 
10 mmol/L PH for 24 h, and the sensitivity to Adriamycin was 
assessed by MTT assay. The IC50 value decreased by 21.32 
and 18.82% in cells that had been induced by 1 and 5 μmol/L 
insulin for 48 h, respectively, which was comparable to HepG2 
cells that had not been treated with insulin (Fig. 2A). This sug-
gests that insulin resistance in HepG2 cells caused tolerance 
to chemotherapy drugs.

Insulin resistance was accompanied by ER stress in 
HepG2/IR cells. It is well known that insulin resistance leads 
to increased blood sugar, which causes pancreatic beta cells 
to secrete more insulin. This leads to hyperinsulinemia, and 
potentiates insulin resistance. Recent studies suggested that 
the persistent presence of insulin could stimulate mitochon-
dria to produce reactive oxygen species (ROS), which then 
induces ER stress [25, 26]. In this study, the dilatation and 
degranulation of ER was observed in HepG2/IR cells under 
the electron microscope. In addition, mitochondrial cristae 
were disordered and swollen, and convexes on the cell surface 
were increased in number and enlarged. It was interesting 
that these changes of ER mentioned above could be reversed 
and normalized by treatment with 10 mmol/L PH for 24 h, 
and this suggests that ER stress was activated in HepG2/IR 
cells accompanied with the occurrence of insulin resistance. 
(Fig. 3A).

Figure 2. HepG2/IR cells are tolerant to Adriamycin due to insulin resist-
ance. (A) HepG2/IR cells, established from induction with 1μmol/L(1) 
and 5 μmol/L(5) insulin for 48 h  respectively, and HepG2 cells were 
treated with 0.25-40.00 mmol/L Adriamycin for 48h, and an MTT assay 
was used to assess the viability of HepG2/IR and HepG2 cells and the 
IC50 values of Adriamycin were calculated. For the reversion of insulin 
resistance, the HepG2/IR(1) and HepG2/IR(5) cells were pre-treated with 
10 mmol/L pioglitazone for 24 h before adriamycin administration, which 
were indicated as (1) + PH and (5) + PH respectively in the figure. (B) 
HepG2/IR cells, formed via induction of 5 μmol/L insulin for 48h, were 
treated with 0-20 μmol/L pioglitazone for 24 h, and Glucose consumption 
was assessed by GOD-POD assay, and HepG2 cells were employed as the 
control cells. Experiments were repeated three times with similar results 
and the results are presented as mean±SD of triplicate experiments. Sig-
nificance vs. HepG2 cells: *P<0.05; **P<0.01. Significance vs. HepG2/IR 
cells: ΔP<0.05; ΔΔP<0.01.
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Figure 3. Insulin-resistant hepatoma cells exhibit endoplasmic reticulum stress. (A) Morphological changes in the ER and mitochondria of HepG2/IR and 
HepG2/IR/PH cells, as observed by electron microscopy. The ER exhibited obvious expansion and degranulation. Mitochondria were swollen, the inner and 
outer membranes were fused, and cristae formation was reduced, and those changes mentioned above could be reversed by insulin sensitizer Pioglitazone 
hydrochloride (PH). (I) 8000 × magnification; (II) 40,000 × magnification. (B) Expression of p-PERK and PERK in HepG2 cells and HepG2/IR cells. The 
HepG2 cells and the HepG2/IR cells, formed from induction with insulin for 48 h respectively, and the HepG2/IR cells reversed by Pioglitazone (showed 
as HepG2/IR/PH) were extracted with BCA protein assay, and the expression and phosphorylation of PERK were assessed with western blotting. (C) 
Expression of GRP78 in HepG2, HepG2/IR and HepG2/IR/PH cells. Indicated as the same as in (B), the expression of GRP78, an endoplasmic reticulum 
chaperone and hallmark of endoplasmic reticulum stress, was examined with western blotting. The expression of GRP78 increased in HepG2/IR cells 
compared with HepG2 cells and also could be reversed by PH. (D) The production of ROS was increased during the first 12 h of developing insulin resist-
ance as measured by flow cytometry (FCM). (E) MMP was also reduced during the first 12 h of developing insulin resistance, as assessed by FCM. hepg2/
IR(1) and hepg2/IR(5) stands for the HepG2/IR cells established from induction with 1 μmol/L and 5 μmol/L insulin, respectively. HepG2/IR/PH means 
that the corresponding HepG2/IR cells reversed by 10mmol/L PH for 24 h. Experiments were repeated three times with similar results, and the results are 
presented as mean±SD of triplicate experiments.*P<0.05; **P<0.01, compared with control. Significance vs. HepG2/IR cells: ΔP<0.05; ΔΔP<0.01.
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Figure 4. The up-regulated expression and function of mdrl/P-gp in HepG2/
IR cells. (A) The mRNA expression of mdr1 in HepG2 cells , HepG2/IR cells 
and the HepG2/IR/PH cells was assessed by qRT-PCR method, and the relative 
expression of mdr1 gene was showed. (B) The expression of P-gp in HepG2 
cells, HepG2/IR cells including HepG2/IR(1) and HepG2/IR(5) and PH-
reversed HepG2/IR cells (HepG2/IR/PH) was detected by western blotting(the 
upper part), and the average infrared fluorescence intensity of the bands was 
showed (the lower part). (C) The efflux function of the drug transporter P-gp 
in HepG2, HepG2/IR and HepG2/IR/PH cells. The above HepG2 cells, HepG2/
IR cells and HepG2/IR/PH cells were incubated with 30mg/L Adriamycin for 
30min, and then measured with flow cytometry (the upper part ), and the 
mean intracellular fluorescence intensity was showed(the lower part). hepg2/
IR(1) and hepg2/IR(5) stands for the HepG2/IR cells established from induc-
tion with 1 μmol/L and 5 μmol/L insulin, respectively. HepG2/IR/PH means 
that the corresponding HepG2/IR cells reversed by 10mmol/L PH for 24 h. 
Experiments were repeated three times with similar results, and the results are 
presented as mean±SD of triplicate experiments.*P<0.05; **P<0.01, compared 
with control. Significance vs. HepG2/IR cells: ΔP<0.05; ΔΔP<0.01.

Protein kinase R- like ER kinase (PERK) is a type I trans-
membrane protein located in the endoplasmic reticulum, 
and is a major marker of ER stress. The autophosphorylation 
of PERK (p-PERK) leads to its activation during early ER 
stress, which inhibits protein synthesis and promotes cell 
survival [15]. Therefore, we assessed the expression of PERK 
and p-PERK in HepG2/IR cells using a specific antibodies to 
the activated/phosphorylated form of PERK (p-PERK) and 
total PERK. The increasing of p-PERK was accompanied by 
decreasing of total PERK in HepG2/IR cells, and the ratio of 
p-PERK/PERK was increased by 1.59-folds for induction with 
1 μmol/L insulin, and by 1.74-folds for induction with 5 μmol/L 
insulin (Fig. 3B). These results confirmed that early ER stress 
was active in HepG2/IR cells. Whether the insulin resistance 
was closely related with ER stress, the HepG2/IR cells were 
treated with 10 mmol/L PH for 24 h, specified as HepG2/IR/
PH cells, and the expression of total PERK was elevated along 
with the reduction of p-PERK/PERK by 54.19% and 53.44%, 

respectively, compared with the corresponding HepG2/IR cells 
(Fig. 3B). That is, reversing insulin resistance by Pioglitazone 
could inhibit the ER stress via reducing the autophosphoryla-
tion of PERK in HepG2/IR cells. 

Glucose regulated protein 78 (GRP78/Bip), an endoplasmic 
reticulum chaperone, is an additional major marker of ER 
stress. The levels of GRP78 protein in HepG2/IR cells were 
assessed using western blotting, and were increased by 69.74 
and 134.21% in the cells induced with 1 and 5 μmol/L insulin 
for 48 h, respectively. Similarly, PH reduced the expression 
of GRP78 by 36.43% and 48.32% in HepG2/IR/PH cells 
compared with its corresponding IR cells, respectively. These 
results confirm that ER stress in HepG2/IR cells led to the 
up-regulation of GRP78 (Fig. 3C).

Next we used FCM to measure reactive oxygen species 
(ROS) and mitochondrial membrane potential (MMP) during 
early insulin action (12 h) to clarify the relationship between 
ROS, MMP, and ER stress in HepG2/IR cells. The positive 
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rate of DCFH fluorescence, which reflects the levels of ROS, 
was increased by 163.75 and 208.37% in cells treated with 
1 and 5 μmol/L insulin, respectively, compared with HepG2 
cells (Fig. 3D). The Mean fluorescence intensity (MFI) of 
Rhodamine 123, which reflects MMP, were decreased by 
45.39 and 46.17% in cells treated with 1 and 5 μmol/L insulin 
compared with control HepG2 cells (Fig. 3E). These data sup-
port the hypothesis that treatment with insulin results in acute 
increased ROS production and decreased MMP in HepG2/IR 
cells (Fig. 3E).

Our results suggest that the mechanism of ER stress in 
HepG2/IR cells is reduced stability of the mitochondrial 
membrane due to excessive ROS production at the early stage, 
which inhibits the ability of the ER to fold proteins correctly. 
This causes the accumulation of unfolded proteins in the endo-
plasmic reticulum, which activates PERK and upregulates ER 
chaperones such as GRP78. GRP78 can regulate the equilib-
rium of calcium in the ER and mitochondria by stimulating its 
re-absorption, reducing the aggregation of misfolded proteins 
and decreasing ER stress-induced apoptosis. Therefore, tumor 
cells can avoid ER stress-induced apoptosis by increasing the 
expression of GRP78 [14, 27-28].

Enhanced expression of the drug resistance gene mdr1 
in HepG2/IR cells. Adenosine triphosphate-binding cassette 
transporters (ABC transporters) on the cell membrane play 
a key role in the formation of multi-drug resistance in tumor 
cells. The ABC transporter P-glycoprotein (P-gp), encoded by 
the ABCB1 (mdr1) gene, is closely linked with MDR [29]. Its 
expression is influenced by nutrition and the metabolic state. 
It is also an endoplasmic reticulum chaperone that plays a role 
in ER stress by directly transporting misfolded proteins [22-
24]. Our data revealed that ER stress was activated in HepG2/
IR cells, and was accompanied by upregulated expression of 
the drug transporter P-gp. The mRNA expression of mdr1 
was 1.62-and 4.21 fold higher in HepG2/IR cells treated with 
1 and 5 μmol/L, respectively, compared with control HepG2 
cells, as assessed by qRT–PCR (Fig. 4A). Comparable changes 
in the levels of P-gp were also detected, with increases of 
107.14% (induced by 1 μmol/L insulin for 48 h), and 126.79% 
(induced by 5 μmol/L insulin for 48 h) (Fig. 4B). These data 
suggest that the MDR-related gene mdr1 was upregulated in 
HepG2/IR cells.

To verify these observations, the expression of mdr1 was 
assessed in HepG2/IR cells that had been reversed by treat-
ment with 10 mmol/L PH for 24 h. The mRNA expression of 
mdr1 was reduced by 47.33 and 71.79% in cells induced with 
1 and 5μmol/L insulin, respectively, compared with HepG2/IR 
cells (Fig. 4A); similarly, the levels of P-gp were also reduced 
by 44.83% and 41.34%, respectively, compared with HepG2/IR 
cells (Fig. 4B). Therefore, PH reduced the expression of mdr1 
in HepG2/IR cells by reversing insulin resistance, confirming 
that the ER chaperone may play a role in drug resistance in 
HepG2/IR cells.

Finally, we determined whether the overexpression of P-gp 
modulated the efflux capacity of HepG2/IR cells. Therefore, 

used FCM to compare the efflux of Adriamycin in HepG2/IR 
and HepG2 cells. After incubating cells with 30 mmol/L ADM 
for 30 min, the content of Adriamycin was reduced by 22.87 
and 33.81% in HepG2/IR cells treated with 1 and 5 μmol/L 
insulin for 48 h compared with HepG2 cells (Fig. 4C). This 
suggests that the efflux capacity of ADM was increased in 
HepG2/IR cells. Therefore, we speculate that HepG2/IR cells 
exhibited an increased number and function of intracellular 
drug transporters, and that enhanced efflux ability promoted 
tolerance to chemotherapy drugs.

Discussion

This study reports that ER stress occurs in HepG2/IR cells, 
and that the overexpression of the drug transporter P–gp 
mediates resistance to the chemotherapy drug Adriamycin. 
Disorders in glucose metabolism cause a reduced susceptibility 
of patients with malignant tumors to insulin and IR; IR is also 
a risk factor for a variety of malignant tumors. In addition, 
treating IR can lower tumor morbidity, delay tumorigen-
esis, and enhance the sensitivity to chemotherapeutic agents 
[4-13]. In a further study, insulin resistance was accompanied 
by hyperinsulinemia, whereas insulin promoted tumor cell 
proliferation, inhibited apoptosis, and reduced the efficacy of 
antitumor drugs [22]. Diabetes was also associated with the 
upregulated expression of numerous multi-drug resistance 
genes [30], which may promote tumor cell survival. However, 
the mechanism by which IR promotes the occurrence and 
development of malignant tumors, as well as drug resistance, 
is unclear.

The liver is one of the main target organs of insulin action, 
and can also produce glucose. As such, insulin resistance 
occurs when liver cells become insensitive to insulin [1, 2]. 
HepG2 cells are hepatocellular carcinoma cells with the char-
acteristics of normal liver cells, and high levels of expression 
of InsR [2]. As such, treating them with insulin can induce 
a model of insulin resistance. In this study, IR occurred in 
HepG2 cells treated with high concentrations of insulin, 
resulting in lowered glucose uptake and reduced glycogen 
synthesis in HepG2/IR cells. The levels of InsR mRNA and 
protein were also decreased significantly, consistent with IR. In 
addition, the sensitivity of HepG2/IR cells to Adriamycin was 
significantly lower than HepG2 cells. However, the sensitivity 
to Adriamycin was increased after treatment with the insulin 
sensitizer pioglitazone hydrochloride, suggesting that insulin 
resistance was closely related to drug tolerance.

Previous studies suggested that IR requires ER stress. The 
insulin resistant state was accompanied by hyperinsulinemia 
and abnormal glucose metabolism, both of which can induce 
ER stress by stimulating mitochondria to produce ROS. ER 
stress then inhibits insulin and reduces the expression of 
GLUTs, exacerbating IR [1, 28, 31-36]. In this study, early IR 
was accompanied by increased production of intracellular 
ROS and decreased MMP, resulting in oxidative and ER stress. 
Electron microscopy images revealed that HepG2/IR cells 



188 L. LI, G. LI, H. WEI, J. CHEN, J. SUN, Y. CHEN, B. XIE, B. WANG, C. LI, B. TIAN, F. WANG

exhibited dilatation and degranulation of the ER, whereas 
mitochondrial cristae were disordered and swollen, consistent 
with previous reports [14].

The UPR that occurs during ER stress allows cells to re-
store intracellular environmental homeostasis [28, 37]. When 
the ER becomes damaged and cannot restore its normal 
functions, apoptosis is induced to eliminate the injured cell 
[38]. Additional studies in tumor models demonstrated that 
under conditions of ER stress, GRP78 maintains the internal 
environment within the tumor. This enhances the survival 
and invasiveness of the cancer cell, allowing it to escape im-
mune surveillance, and reduces cytotoxic T cells. GRP78 also 
confers resistance to the apoptosis induced by antineoplastic 
drugs, modulating tumor growth and stimulating resistance to 
a broad-spectrum of treatments targeted at inducing caspase-
dependent apoptosis [16, 17, 28, 33-34]. In this study, insulin 
resistance was accompanied by increased activation of PERK 
and the upregulation of GRP78, suggesting that ER stress oc-
curred during insulin resistance. Under normal conditions, 
hepatocellular carcinoma cells are not sensitive to chemo- 
and radiotherapy, characterized by drug resistance and poor 
systemic effects of therapies. This may be due to the state of 
chronic stress caused by the liver tumor microenvironment, 
including underdeveloped vessels, anoxia, low glucose, and 
low pH [28, 32-36, 39-42].

ABC transporters on the cell membrane play a significant 
role in the drug-resistance of pathogens, and multi-drug re-
sistance in tumors. P-gp, which is encoded by the mdr1 gene, 
is an ABC transporter with an important role in drug resist-
ance. It is predominantly localized to the plasma membrane, 
and actively transports substrates or drugs out of cells using 
energy released by the hydrolysis of ATP [43-45]. Additional 
studies revealed that P-gp could directly and indirectly regulate 
molecular metabolism, cell proliferation, and differentiation. 
The distribution and reverse drug transportation function of 
P-gp suggests that it plays a significant role in the absorption, 
distribution, metabolism, clearance, and sensitivity to drugs 
[45-48]. In tumor cells, P-gp can directly transport misfolded 
proteins by excreting antineoplastic drugs, or participate in ER 
stress by interacting with ER chaperones. It could also inhibit 
the UPR and caspase-induced cell death [24,49-50]. Consistent 
with these data, our study revealed that the expression of mdr1 
mRNA and P-gp was increased significantly in HepG2/IR cells 
compared with normal HepG2 cells. In addition, the intracel-
lular levels of Adriamycin in HepG2/IR cells were decreased, 
consistent with enhanced P-gp efflux action.

Pioglitazone hydrochloride (PH) is a widely used insulin 
sensitizer that reduces insulin resistance and increases glucose 
utilization in skeletal muscle and liver tissues [51]. PH signifi-
cantly decreased the expression of GRP78, p-PERK, and P-gp, 
and also increased the sensitivity to ADM, confirming that ER 
stress had a close relationship with insulin resistance.

In conclusion, HepG2/IR cells had significantly improved 
tolerance to ADM via ER stress and the increased expression 
and function of mdr1 and P-gp. Importantly, the tolerance 

of HepG2/IR cells to ADM could be reversed by treatment 
with PH, which resulted in the downregulated expression 
of GRP78, P-gp, and activated PERK. The mechanism by 
which HepG2/IR cells are resistant to ADM may be that 
insulin resistance contributes to ER stress and the upregula-
tion of GRP78, which promotes correct protein folding and 
protein transport, a  stable intracellular environment, and 
resistance to apoptosis. IR could also stimulate the expres-
sion of mdr1 via ER stress, resulting in anti-apoptotic effects 
mediated by the excretion of chemotherapeutic agents. In 
addition, P-gp and the transfer of un- or mis-folded proteins 
further inhibited the development of ER stress, suppressed 
ER stress-induced apoptosis, and promoted the tolerance 
of hepatocarcinoma cells to chemotherapeutic agents. In 
future studies, we will confirm our findings and hypotheses 
in animal models in vivo.
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