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Abstract. Liver tumorigenesis frequently causes insulin 
resistance which may be used as an independent risk factor 
for evaluation of survival and post-surgery relapse of liver 
cancer patients. In the present study, HepG2/IR, an insulin 
resistant HepG2 cell line, was established by exposing HepG2 
cells to 0.5 µmol/l of insulin for 72 h, and comparison of 
HepG2/IR with the parental HepG2 cells indicated that the 
HepG2/IR cells showed significantly enhanced resistance to 
the most frequently used chemotherapeutics for solid tumors, 
such as cisplatin, 5-fluorouracil, vincristine and mitomycin. 
Flow cytometric analysis of cisplatin-treated HepG2/IR cells 
showed a significantly decreased hypodiploid peak and a 
significantly downregulated expression level of pro-apoptotic 
protein caspase-3 compared with the parental HepG2 cells. 
Our data further showed swollen endoplasmic reticulum (ER) 
in the cisplatin-treated HepG2/IR cells with significantly 
increased levels of glucose-regulated protein 78 (GRP78), 
phosphorylated protein kinase R-like ER kinase (p-PERK) 
and P-glycoprotein (P-gp). There was also an upregulated 
expression of anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) 
whereas no significant change was observed for CCAAT-
enhancer-binding protein homologous protein (CHOP), which 
is known to be induced by ER stress and to mediate apoptosis. 
Our results demonstrated that insulin resistance in HepG2 
cells promoted a protective unfolded protein response and 
upregulated the expression of ER chaperone protein GRP78, 
which resulted in the phosphorylation of PERK kinase to 

activate the PERK-mediated ER stress signal transduction 
pathway and the upregulation of Bcl-2 and P-gp, leading to the 
inhibition of the caspase-3-dependent apoptosis pathway and 
to the survival of liver tumor cells.

Introduction

Liver cancer is the most prevalent cancer in the clinic in 
China with a very high mortality rate of 26.04/100,000 cases. 
Treatment with conventional chemotherapeutics frequently 
produces unsatisfactory results mainly due to the acquisi-
tion of multidrug resistance (MDR) by the tumor cells. It has 
been suggested that MDR is caused by the upregulation of 
permeability P-glycoprotein (P-gp), which leads to enhanced 
capability of cancer cells to pump chemotherapeutics out, 
thus preventing the intracellular accumulation of drugs. In 
addition, other factors, such as upregulation of anti-apoptotic 
proteins and abnormal apoptotic pathway are also involved in 
MDR (1). However, in recent years, a large number of epide-
miological studies have revealed a close correlation between 
insulin resistance (IR) and liver cancer IR (2-4), a pathological 
condition in which insulin function is impaired in peripheral 
target tissues. This has been associated with various diseases 
including NIDDM, obesity, hypertension, dyslipidemia and 
atherosclerotic cardiovascular disease (5). Recent epide-
miological and clinical evidence also links IR with cancer, 
including liver cancer (6,7). As the target organ of insulin, a 
variety of pathological processes, such as tumorigenesis and 
inflammation, could lead to blockade in the insulin signaling 
pathway in liver cells and cause IR (8), which has been shown 
to be an independent risk factor affecting the survival and 
post-surgical relapse of cancer patients (9). However, the exact 
mechanisms of IR-induced tumor cell resistance to chemo-
therapeutics are still poorly understood.

Liver cells contain a large number of endoplasmic reticula 
(ER) for protein synthesis. It has been suggested that IR could 
trigger various cellular responses, such as enhanced oxidative 
stress and unfolded protein responses, and upregulation of 
glucose regulated protein 78 (GRP78), to control damage and 
restore normal ER functions and protein folding (10).
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Our previous study demonstrated that IR may lead to chemo-
therapeutic drug tolerance in liver cancer cells (11,12), which 
could be caused by ER stress response (13). To further elucidate 
the mechanisms of IR-induced resistance to chemotherapeutics 
in liver tumor cells, the present study established an IR HepG2 
cell line and investigated the possible involvement of the PERK 
signaling pathway. Our results demonstrated that IR can lead to 
liver cancer cell resistance to various chemotherapeutic drugs, 
including cisplatin. IR in HepG2 cells promoted the unfolded 
protein response; increased the expression of ER chaperone 
GRP78; phosphorylated PERK kinase to activate the PERK 
ER stress pathway; significantly upregulated the expression 
of B-cell lymphoma 2 (Bcl-2) and P-gp, all of which ulti-
mately inhibited the caspase-3-dependent apoptosis pathway 
and promoted the survival of liver cancer cells. Notably, this 
entire process failed to significantly enhance the expression 
of CCAAT-enhancer-binding protein homologous protein 
(CHOP), indicating that IR only activated the unfolded protein 
response which is an early ER protective stress reaction.

Therefore, we hypothesized that IR promoted liver tumor 
cell tolerance to various chemotherapeutics through activation 
of the ER stress response PERK pathway and the upregulation 
of Bcl-2 and P-gp.

Materials and methods

Chemicals and antibodies. Insulin was purchased from 
Sigma-Aldrich (St. Louis, MO, uSA) and diluted to the 
appropriate concentrations using 2% glacial acetic acid. 
The primers used to measure InsR, Glut-2 and β-actin were 
synthesized by Takara Corporation (japan). SYBR Premix Ex 
Taq and Prime Script RT reagents were also purchased from 
Takara. Cisplatin (DDP), 5-fluorouracil (5-FU), mitomycin C 
(MMC) and vincristine sulfate (VCR) were obtained from 
Sigma-Aldrich. The glucose content in the culture superna-
tant was measured with the GOD-POD method by Randox 
Laboratories (Crumlin, uK) using a Hitachi 7600 automatic 
biochemical analyzer (Hitachi, Tokyo, japan).

Antibodies for insulin receptor, glucose transporter-2 and 
P-gp were purchased from Abcam (Cambridge, uK). Antibodies 
for caspase-3, Bcl-2, PERK and β-actin were purchased from 
Cell Signaling Technology (Boston, MA, uSA). Antibodies for 
phosphorylated PERK and CHOP were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA, uSA).

Cell culture and induction for IR. Human hepatocarcinoma 
HepG2 cells from the American Type Culture Collection 
(ATCC; Manassas, VA, uSA) were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS) from HyClone (Logan, uT, uSA) at 
37˚C with 5% CO2. IR was induced in HepG2 cells according 
to a previously described method (12). Briefly, the cells were 
incubated in serum-free DMEM for 6 h, and then treated with 
0.5 µmol/l insulin for 72 h. The resultant cells were named as 
HepG2/IR cells. HepG2/IR cells were then treated with PH 
(10 mmol/l) for 24 h to reverse IR, and the resultant cells were 
called HepG2/IR/PH cells.

Glucose oxidase-peroxide enzyme (GOD-POD) assay. 
HepG2 cells were stimulated with insulin as described above 

and cultured in DMEM without phenol red for 24 h. Culture 
supernatants were then collected for the GOD-POD assay 
to measure glucose levels and calculate glucose consump-
tion (12).

Periodic acid-Schiff (PAS) reaction assay. The PAS assay was 
used to assess glycogen synthesis (14). HepG2 and HepG2/IR 
cells were cultured on cover slides and fixed in 10% formal-
dehyde. Cells were then 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 when the color 
of the dye had changed from pink to purple-red. Optical density 
(OD) (as a measure of glycogen synthesis) was analyzed using 
an AX80 optical microscope (Olympus, japan).

Ultrastructure. The morphological features were assessed 
using electron microscopy (15). Briefly, HepG2 and HepG2/IR 
cells were immobilized in 3% glutaraldehyde, embedded and 
sectioned. The ultrastructure was observed using a jEM 1230 
transmission electron microscope (jeol, japan).

MTT assays. HepG2, HepG2/IR and HepG2/IR/PH cells 
were harvested and plated into 96-well plates at a density 
of 1x105 cells/ml, and then treated with 1.00-128.00 mg/l 
DDP, 12.50-1,600.0 mg/l 5-Fu, 1.00-128.00 mg/l VCR 
and 0.08-10.00 mg/l mitomycin C (MMC) (all from 
Sigma-Aldrich), respectively, for 44 and 68 h. Drug cytotox-
icity was then assessed using the MTT assay. OD was recorded 
at 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] x 100%. The half-
maximal inhibitory concentration (IC50) was also calculated 
as previously reported (12). MTT was also used in glucose 
consumption assays to calculate cell number thus that glucose 
consumption could be normalized to cell number.

Flow cytometric analysis (FCM). An Annexin V/propidium 
iodide (PI) double staining assay from Invitrogen (Carlsbad, 
CA, uSA) was used to determine cell apoptosis. HepG2 and 
HepG2/IR cells were treated with DDP, 5-Fu, VCR and MMC 
for 48 h, then collected and suspended in binding buffer 
(400 µl) and incubated with Annexin V-FITC and PI for 0.5 h, 
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 calculated as 
the percentage of Annexin V-positive and PI-negative cells. 
The later period index was assessed using the percentage of 
Annexin V-positive and PI-positive cells.

For cell cycle analysis, 1x106 cells were collected and 
fixed overnight in 70% ethanol at 4˚C. Cells were then washed 
with phosphate-buffered saline (PBS) and stained with PI for 
30 min at room temperature in the dark. Cell cycle analysis 
was performed with a Coulter Epics XL flow cytometer (15).

Real-time quantitative RT-PCR. Total RNA was extracted 
from different cells using TRIzol reagent from Invitrogen. 
All primers used for the PCR amplification of β-actin, InsR 
and glut-2 genes were designed and synthesized by Takara as 
shown in Table I. For qRT-PCR, 400 ng of RNA was used 
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for cDNA synthesis with the PrimeScript™ RT Master Mix 
according to the manufacturer's protocol [Perfect Real-Time 
and qPCR was performed with the SYBR Premix Ex Taq (Tli 
RNase H Plus)] (both from Takara) using a Rotor-Gene 3000 
quantitative PCR amplifier (Corbett, Australia). The PCR 
cycling conditions consisted of an initial denaturing phase at 
95˚C for 30 sec followed by 35 cycles of 95˚C for 5 sec and 
60˚C for 30 sec. Data were analyzed with Rotor-Gene 6.0 soft-
ware and relative gene expression was expressed as 2-ΔΔCt = (Ct 
target gene - Ct housekeeping gene)experimental group - (Ct target 
gene - Ct housekeeping gene)control group. β-actin was used as the 
housekeeping gene for all the calculations.

Western blotting. Briefly, HepG2 cells under different treat-
ments were lysed, and the protein concentrations were 
assessed using the Bradford assay from Roche (Basel, 

Switzerland). Proteins were separated using SDS-PAGE 
electrophoresis and transferred to polyvinylidene difluoride 
(PVDF) membranes. The membranes were blocked with 
non-fat milk and probed with primary antibodies (anti-insulin 
receptor, anti-glut-2, anti-caspase3, anti-bcl-2, anti-GRP78, 
anti-PERK, anti-p-PERK, anti-P-gp or anti-β-actin) followed 
by IRDye 800CW or IRDye 700DX-conjugated secondary 
antibodies from LI-COR Biosciences (Lincoln, NE, uSA). 
Protein bands were visualized using an Odyssey double-color 
infrared laser imaging system (LI-COR). Relative expression 
was then calculated 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 the Student's t-test 
with SPSS 15.0 (SPSS, Inc., Chicago, IL, uSA). P-value <0.05 
was considered to indicate a statistically significant result.

Results

IR in HepG2/IR cells. IR was induced in HepG2 cells by incuba-
tion with 0.5 µmol/l insulin for 72 h to establish the HepG2/IR 
cell model. GOD-POD assay and PAS staining were used to 
measure the glucose consumption and glycogen synthesis. 
The relative glucose consumption in the HepG2/IR cells was 
significantly decreased when compared with the parental 
HepG2 cells (P<0.01; Fig. 1A), and PAS staining revealed that 
the OD of intracellular glycogen in the HepG2/IR cells was 
decreased 45.10% compared with the HepG2 cells (Fig. 1B). 

Table I. Primer sequences for qRT-PCR.

Gene Primer sequence

InsR 5' primer 5'-TACCCTTCAAGAGATGATT-3'
 3' primer 5'-CAGAAGAAGTGGTGAAGAC-3'
Glut-2 5' primer 5-TGGGCTGAGGAAGAGACTGT-3'
 3' primer 5'-AGAGACTGAAGGATGGCTCG-3'
β-actin 5' primer 5'-TGCTCCTCCTGAGCGCAAGTA-3'
 3' primer 5'-CCACATCTGCTGGAAGGTGGA-3'

Figure 1. Analysis of insulin resistant HepG2/IR cells established by exposure of HepG2 cells to 0.5 µmol/l of insulin for 72 h. (A) Glucose in the supernatants 
of HepG2/IR and HepG2 cells as measured by GOD-POD assay. (B) The glycogen content in the HepG2/IR and HepG2 cells was examined using PAS assay 
(upper panel) and photodensitometric analysis (lower panel). (C and D) The mRNA and protein levels of InsR and Glut-2 genes as determined by qRT-PCR and 
western blotting. All experiments were repeated three times. Data are presented as mean ± SD of triplicate experiments. *, ∆P<0.05; **, ∆∆P<0.01.
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These results indicated that IR in HepG2/IR cells is associated 
with decreased glucose consumption and glycogen synthesis.

Results from the qRT-PCR analysis showed that the 
InsR mRNA level in HepG2/IR cells decreased to 62.00% 
and Glut-2 mRNA decreased to 58.23% of the levels in the 
parental HepG2 cells, respectively (Fig. 1C). Western blot 
analysis further confirmed the data from qRT-PCR with both 
INSR and GLuT-2 protein levels decreased (Fig. 1D).

MDR in HepG2/IR cells. HepG2/IR, HepG2/IR/PH and 
HepG2 cells were treated with DDP (1-64 mg/l), 5-Fu 
(12.5-1,600 mg/l), VCR (1-128 mg/l) and MMC (0.08-10 mg/l) 
for 48 and 72 h. MTT assay showed that cell proliferation was 
inhibited in all three groups, but HepG2/IR cells exhibited the 
least sensitivity towards the chemotherapeutics followed by 
HepG2/IR/PH and HepG2 cells. The IC50 values of HepG2/IR 
cells for DDP at 48 and 72 h were 1.66 and 1.59 times that 

Figure 2. Analysis of multidrug resistance in the HepG2/IR cells. (A) Inhibition of proliferation in HepG2/IR, HepG2/IR/PH and HepG2 cells by various 
chemotherapeutic drugs at 48 and 72 h using the MTT assay. (B) Cell apoptosis at 48 h following treatment with different chemotherapeutic drugs using 
Annexin/PI double staining. (C) Cell cycle analysis of HepG2/IR and HepG2 cells at 48 h following DDP treatment. a, HepG2 cells; b, HepG2 cells treated 
with DDP for 48 h; c, HepG2/IR cells; and d, HepG2/IR cells treated with DDP for 48 h. As indicated in the image, HepG2 cells treated with DDP showed a 
clear hypodiploid peak, which was absent from the HepG2/IR cells. (D) Western blot analysis of caspase-3 levels in the HepG2/IR and HepG2 cells before and 
after DDP treatment (upper panel). Lower panel shows the densitometric data from the western blotting. (E) Morphological changes associated with apoptosis 
in the HepG2/IR and the HepG2 cells after DDP treatment under electron microscopy (original magnification, x10,000): a, HepG2 cells; b, HepG2 cells treated 
with DDP; c, HepG2/IR cells; and d, HepG2/IR cells treated with DDP. All experiments were repeated three times, and data are presented as mean ± SD of 
triplicate experiments. *, ∆P<0.05; **, ∆∆, ##P<0.01.
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of the parental HepG2 cells. However, after IR reversal with 
10 mmol/l PH, the IC50 values of HepG2/IR/PH cells were 
0.69 and 0.74 times that of the HepG2 cells, respectively. 
Similar trends, as shown in Fig. 2A, were also observed among 
the three different cell lines towards 5-Fu, VCR and MMC. 
When cells were treated with different chemotherapeutics 
at concentrations of IC50 values for 48 h, cell apoptosis was 
analyzed with flow cytometry using Annexin V/PI double 
staining. The results were consistent with data from the 
MTT assay (Fig. 2B). When HepG2 and HepG2/IR cells 
were treated with DDP at 16 mg/l for 48 h, the hypodiploid 
peak was significantly reduced from 8.3% in HepG2 to 0.4% 
in the HepG2/IR cells (Fig. 2C). At the same time, western 
blot analysis showed that the expression of apoptotic protein 
caspase-3 decreased to 33.16% in the HepG2/IR cells compared 
to that parental levels in the HepG2 cells (Fig. 2D). Further 
analysis with TEM revealed cytoplasmic vacuolization and 
other morphological changes in the HepG2 cells associated 
with apoptosis. In the HepG2/IR cells, only a small number of 
vacuoles were observed (Fig. 2E).

Activation of the PERK signaling pathway in the HepG2/IR 
cells. To investigate ultrastructural changes in HepG2 cells after 
DDP treatment, cells were observed under an electron micro-
scope. The results showed that the ultrastructure significantly 
changed in the HepG2/IR cells, such as ER expansion, ER 
degranulation, mitochondrial swelling, increased cell surface 
protrusions, and enlarged cell surface protrusions (Fig. 3A), 
indicating ER stress responses in the HepG2/IR cells.

To further elucidate the relationship between ER stress 
responses and apoptosis resistance in HepG2/IR, we further 
examined the proteins involved in the ER unfolded protein 

response, including chaperone protein GRP78/Bip, PERK 
and phosphorylated-PERK which are important in the ER 
stress-related PERK pathway and CHOP which is important 
in the ER stress-related apoptosis pathway. In addition, we also 
observed a change in the expression of apoptosis resistance of 
the Bcl-2 protein. The results showed that the expression level 
of GRP78 increased 64.75% and the p-PERK/PERK ratio 
increased by 1.59-fold in the HepG2/IR cells compared to the 
parental HepG2 cells. Notably, no significant change in CHOP 
expression was observed in the HepG2/IR cells. Furthermore, 
the expression of Bcl-2 also increased 27.03% (Fig. 3B).

Upregulation of P-gp in the HepG2 cells during the induction 
of IR. P-gp has a drug reverse transport function, which can 
lead to high expression of the MDR gene in tumor cells. It 
is known that IR-induced hyperinsulinemia promotes the 
expression of P-gp, resulting in anticancer drug resistance in 
tumor cells (16). In addition, P-gp also plays protective roles as 
a chaperone for the transport of unfolded proteins during the 
ER stress reaction (17,18). During the process of IR induction 
in the HepG2 cells, the expression of MDR protein P-gp was 
significantly upregulated. In comparison with the HepG2 cells, 
P-gp expression in the HepG2/IR cells increased 33.7% at 48 h 
(P<0.05) and continued to increase until reaching a peak at 
>100% at ~60 h (P<0.01) (Fig. 4).

Discussion

Hepatocellular carcinoma (HCC) is the fifth most common 
malignancy and the third-leading cause of cancer-related death 
worldwide. Since HCC is often diagnosed at an advanced stage 
when it is no longer amenable to curative surgery, chemotherapy 
is the main treatment option in the clinic (19-21). However, the 
efficacy of first-line chemotherapeutics commonly used in the 
clinic for HCC treatment, such as doxorubicin and cisplatin, 
is not ideal (22). Thus, it has become imperative to elucidate 
the mechanisms underlying the resistance of HCC towards 
chemotherapeutics in order to find a more effective treatment 
strategy.

Figure 3. Activation of the ER PERK stress signaling pathway in HepG2/IR 
cells. (A) Morphological changes in the ER and mitochondria of HepG2/IR 
cells observed under electron microscopy. ER expansion and swollen mito-
chondria were obvious (original magnification, x20,000). (B) Western 
blotting (left panel) and densitometric analysis (right panel) of the expres-
sion levels of GRP78, PERK, p-PERK, CHOP and Bcl-2 in the HepG2/IR 
and HepG2 cells. All experiments were repeated three times and data are 
presented as mean ± SD of triplicate experiments. **P<0.01.

Figure 4. The expression of P-gp in the HepG2 cells during IR induction. P-gp 
protein levels at 6, 12, 24, 36, 48, 60 and 72 h after IR induction were ana-
lyzed by western blotting (upper panel), and the protein bands were analyzed 
by densitometry (lower panel). All experiments were repeated three times, 
and data are presented as mean ± SD of triplicate experiments. **P<0.01.
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Liver is an insulin sensitive organ and plays a critical 
role in the regulation of glucose metabolism and whole body 
energy homeostasis. The sensitivity of liver cells towards 
insulin can be reduced to create an IR condition when the 
insulin signaling pathway is blocked under pathological 
conditions (8). Mounting evidence suggests that IR is closely 
correlated with the initiation, progression and prognosis of 
various malignancies (2). It has been suggested that IR is a 
high risk factor for liver tumorigenesis and post-surgery 
relapse (23,24). However, the role of IR in hepatocarcinoma 
has not been fully understood.

Recent studies suggest that the activation of the PI3K/Akt 
signaling pathway, the main pathway involved with IR, could 
cause tumor tolerance to various chemotherapeutic drugs (25). 
Alleviation of IR has been shown to increase patient sensi-
tivity to chemotherapeutic drugs, reducing the progression of 
tumors and improving patient prognosis (26-28), indicating 
a possible correlation between IR and tumor tolerance 
to chemotherapeutics. In the present study, a comparison 
between high-dose insulin-induced IR HepG2/IR cells and 
parental HepG2 cells indicated that IR conferred tumor resis-
tance to various chemotherapeutic drugs, such as cisplatin, 
5-fluorouracil, vincristine and mitomycin. In addition, this 
resistance to chemotherapeutics was reversed by PH, an 
insulin sensitizer. Our results suggested that IR decreased the 
sensitivity of HepG2 tumor cells towards chemotherapeutic 
drugs. Our results also showed that the hypodiploid peak and 
the expression of apoptotic protein caspase-3 in the HepG2/IR 
cells were significantly reduced after treatment with DDP, 
indicating that IR-induced inhibition of caspase-3-mediated 
cell apoptosis could be involved in the occurrence of resis-
tance to chemotherapeutics. Previous studies suggest that IR 
triggers endoplasmic reticulum (ER) stress response (29-31). 
Imbalance in ER homeostasis could promote the accumula-
tion of unfolded proteins to induce ER stress response, which 
is critical for cell survival. In contrast, chronic and severe 
ER stress response could also activate the apoptosis signal 
transduction pathway. Our ultrastructural data also showed 
signs of ER stress response in HepG2 cells after treatment 
with chemotherapeutics.

Emerging evidence suggests that ER stress is important in 
the drug resistance of tumor cells due to its involvement in cell 
survival. GRP78/Bip, an ER stress chaperone, was shown to 
help protein folding and transport during ER stress-induced 
unfolded protein response. External stress could induce a high 
expression of GRP78/Bip to maintain ER homeostasis and cell 
survival (32,33). In the present study, the levels of GRP78/Bip, 
phosphorylated PERK and Bcl-2 in the HepG2/IR cells were 
significantly increased, which was consistent with previous 
observations. PERK, a member of the ER I transmembrane 
protein family, is a major player in the ER stress pathway. 
under normal circumstances, PERK is in an inactive state by 
binding to GRP78. Accumulation of unfolded proteins can 
facilitate the dissociation of PERK from GRP78 which in turn 
causes the auto-phosphorylation of PERK. Phosphorylated 
PERK helps to block protein synthesis and to upregulate the 
expression of Bcl-2, leading to the survival of cells (34-36). 
In contrast, CHOP/GADD153 could be upregulated to start 
the ER apoptosis pathway when the accumulated misfolded 
protein from long-term ER stress exceeds the capacity of the 

unfolded protein response (37). However, our data showed 
that no significant change in CHOP expression was observed 
between HepG2/IR and the parental HepG2 cells, suggesting 
that the development of IR only promoted the protective ER 
stress response and the activation of the PERK pathway was 
one of the mechanisms leading to the tolerance to chemothera-
peutic drugs of the IR liver tumor cells.

P-gp, a drug transporter via ATP hydrolysis, has been 
linked with multidrug resistance (38). P-gp protein also func-
tions as an ER chaperone protein to participate in the ER stress 
response by directly or indirectly transporting unfolded or 
misfolded protein and it could also provide protection for cells 
through inhibition of caspase-dependent cell apoptosis (17,18). 
In the present study, the expression levels of the P-gp protein 
were studied in the HepG2 cells at 6, 12, 24, 48 and 72 h post 
high-dose insulin exposure. Our results showed that the expres-
sion level of P-gp was gradually increased during IR induction 
and peaked at ~72 h, indicating that P-gp could be involved in 
the acquisition of drug tolerance in HepG2/IR cells.

In summary, our data demonstrated that multiple mecha-
nisms are involved with the development of chemotherapeutic 
drug tolerance in HepG2/IR liver cancer cells, such as ER 
unfolded protein stress response, activation of the PERK 
signaling pathway, upregulation of P-gp and anti-apoptotic 
protein Bcl-2, leading to the inhibition of the chemothera-
peutic-induced caspase-3 pathway. However, further studies 
are needed to elucidate the full spectrum of the regulatory 
pathways of IR-mediated multidrug tolerance in cancer cells.
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