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Abstract. Liver cancer remains one of the leading causes of 
cancer deaths worldwide. The therapeutic effect of oxaliplatin 
on liver cancer is often limited by acquired resistance of the 
cancer cells. Abnormal activation of the PI3K/AKT pathway 
plays an important role in the acquired resistance of oxaliplatin. 
The present study investigated the effects of the PI3K inhibitor 
LY‑294002 and AKT inhibitor MK2206 on the chemosensitivity 
of oxaliplatin‑resistant liver cancer cells and the molecular 
mechanism involved. An oxaliplatin‑resistant liver cancer 
cell line HepG2R was developed. MTT assay, clone formation 
experiments, flow cytometry and Annexin V‑FITC/PI staining 
were used to determine the proliferation, cycle and apoptosis 
of HepG2R cells when oxaliplatin was combined with 
LY‑294002 or MK2206 treatment. The effects of LY‑294002 
and MK‑2206 on the abnormal activation of PI3K/AKT 
pathway and hypoxia inducible factor (HIF)‑1α protein level in 
HepG2R cells were detected using western blotting. The results 
indicated that the PI3K/AKT pathway is stably activated in 
HepG2R cells. Compared with the AKT inhibitor MK2206, the 
PI3K inhibitor LY‑294002 more effectively downregulated the 
phosphorylation levels of p85, p110α, p110β, p110γ and AKT in 
the PI3K/AKT pathway in HepG2R cells, and more effectively 
inhibited the proliferation of the cells. LY‑294002 enhanced 
the chemotherapy sensitivity of HepG2R cells to oxaliplatin 
by inducing G0/G1 phase arrest and increasing the proportion 
of apoptotic cells. In addition, LY‑294002 reduced the level 
of HIF‑1α, which is highly expressed in HepG2R cells. It was 
concluded that LY‑294002 enhanced the chemosensitivity of 
liver cancer cells to oxaliplatin by inhibiting the PI3K/AKT 

signaling pathway, which may be related to the inhibition 
of HIF‑1α expression. These findings may have clinical 
significance for the treatment of oxaliplatin‑resistant liver 
cancer.

Introduction

Liver cancer is a malignant tumor with high morbidity and 
mortality rate. Liver cancer is the sixth commonest cancer; 
its 2018 global mortality rate was ~8.2%, ranking fourth 
among all types of cancer mortality (1‑3). Most liver cancer 
cases reach middle or late stages before they are diagnosed, 
and the best time for surgical treatment is lost (4,5). Therefore, 
chemotherapy is the main treatment for liver cancer. However, 
chemotherapy is prone to drug resistance, which has become 
a major problem faced by chemotherapy for liver cancer. 
Oxaliplatin has been approved for systemic chemotherapy 
in patients with liver cancer, but its efficacy is often reduced 
because of drug resistance (6,7). Therefore, it is necessary to 
explore the resistance mechanisms and find a more effective 
treatment strategy. 

Resistance of liver cancer to chemotherapy is related to 
abnormal activation of the PI3K/AKT/hypoxia inducible factor 
(HIF)‑1α signaling pathway (8‑10). PI3K catalyzes the production 
of phosphatidylinositol‑​3,4,5‑triphosphate through phosphorylation 
of phosphatidy‑linositol, phosphatidylinositol‑4‑phosphate and  
phosphatidylinositol‑​4,5‑bisphosphate (11,12). Chemotherapy 
drugs trigger this phosphorylation event, which in turn regulates 
cell proliferation, cell‑cycle progression, cell migration and 
cell survival (13). In addition, several chemotherapy drugs 
can activate the serine/threonine kinase AKT (also known 
as protein kinase B). As a proto‑oncogene, AKT plays an 
important role in regulating various cell functions, including 
metabolism, proliferation, survival, transcription and protein 
synthesis (14‑17). HIF‑1α, a functional subunit of HIF‑1, can 
regulate angiogenesis, red blood cell production, cell cycle, 
metabolism and apoptosis. More importantly, HIF‑1α can be 
induced by a variety of cytokines (including PTEN, SRC and 
P53) in an oxygen‑independent manner through the PI3K/AKT 
pathway (18,19). However, whether the combined inhibition of 
the PI3K/AKT pathway and HIF‑1α expression can increase 
the sensitivity of liver cancer cells to chemotherapy is not 
known. 
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LY294002 is a protein kinase inhibitor that can block the 
cell signaling pathway of phosphotidylinsitol‑3‑kinase and 
inhibit the expression of PI3Kα, PI3Kδ and PI3Kβ. LY294002 
can enter cells and inhibit the PI3K and PI3K/Akt signaling 
pathways, including inhibition of Akt phosphorylation, 
thereby inhibiting cell division and induce G1 arrest of 
pancreatic cancer and other cells (20). MK‑2206 is a highly 
selective AKT1/2/3 inhibitor, activated by the pleckstrin 
homology domain. MK‑2206 inhibits the autophosphorylation 
of AKT at threonine 308 and serine 473 (21). Preclinical 
studies have shown that MK‑2206 has an inhibitory effect 
on human cancer cell lines, such as breast, lung, colon and 
liver cancer (22‑25). PI3K/AKT/HIF‑1α reportedly induces 
chemoresistance in liver cancer cells (26,27), and LY‑294002 
can enhance the chemosensitivity of liver cancer  (28). 
Therefore, the present study used LY‑294002 in combination 
with oxaliplatin. 

The present study explored the effect of LY‑294002 or 
MK‑2206 in combination with oxaliplatin on the abnormal 
activation of the PI3K/AKT pathway in oxaliplatin‑resistant 
liver cancer. The focus of the study was the more significant 
inhibitory effect of LY‑294002 and whether its effect is 
due to the inhibition of HIF‑1α expression. It was proposed 
that HIF‑1α may be a target to improve the sensitivity of 
chemotherapeutics, and that the combination of LY‑294002 
and oxaliplatin will be beneficial in the treatment of liver 
cancer and provide a basis for the development of targeted 
therapeutic strategies against liver cancer.

Materials and methods

Cell source and culture. The human liver cancer cell line 
HepG2 (control HepG2 cells) was purchased from Shanghai 
Mingjin Biological Technology Co, Ltd. The oxaliplatin‑resis‑
tant HepG2 cell line, HepG2R, was induced in medium 
containing increasing concentration of oxaliplatin (0‑40 µM) 
for a total of seven months. The two cell lines were cultured in 
RPMI‑1640 medium (Hyclone; Cyvita) containing 10% fetal 
bovine serum (Hangzhou Sijiqing Biological Engineering 
Materials Co., Ltd.) and maintained in a 5% CO2 incubator 
at 37˚C. 

Chemicals, antibodies and reagents. LY‑294002 (0.2 µM) and 
MK‑2206 (50 nmol/l; MedChem Express) were dissolved in 
dimethyl sulfoxide (DMSO) to prepare a 2 mM stock solution. 
Oxaliplatin (Sigma‑Aldrich; Merck KGaA) was dissolved in 
water to produce a 2 mM stock solution and stored at ‑20˚C. 
Phosphorylated (p‑) retinoblastoma [Rb; anti‑Rb (phospho 
S807) antibody [EPR17732] (cat. no. ab184796)] and cyclin D1 
[anti‑Cyclin D1 antibody (SP4) cat. no. ab16663] antibodies 
were purchased from Abcam. Antibodies against caspase‑3 
(cat. no. 9662), cleaved caspase‑3 (cat. no. 9661), caspase‑9 
(cat.  no. 9502), cleaved caspase‑9 (cat.  no. 20750), PARP 
(cat. no. 9532), cleaved RARP (cat. no. 5625), PI3Kp110α 
(cat.  no.  4249), PI3Kp110β (cat.  no.  3011), PI3Kp110γ 
(cat. no. 5405), PI3Kp85 (cat. no. 4292), Akt (cat. no. 4691), 
p‑Akt (Ser473; cat.  no. 4060), Bad (cat.  no. 9268), p‑Bad 
(cat. no. 5284), Bax (cat. no. 14796) and Puma (cat. no. 24633) 
were purchased from Cell Signaling Technology, Inc. 
The p70S6K (cat.  no.  BM4240), p‑S6K1 (T421+S424) 

(cat. no. BM4141) and eukaryotic translation initiation factor 
4E‑binding protein 1 (eIF4EBP1) antibodies (cat. no. BM4851) 
were from Wuhan Boster Biological Technology, Ltd. 
The p‑eIF4EBP1 antibody (cat.  no.  bs‑14550R) was from 
BIOSS. β‑actin antibody (cat. no. AF5003) and BCA‑200 
protein detection kits were from Biosharp Life Sciences. 
All antibodies were diluted 1:1,000 before use. Phosphatase 
inhibitor mixture were provided by Beyotime Institute of 
Biotechnology.

Western blot analysis. HepG2 and HepG2R [Oxaliplatin 
(2 µM) treated 0, 6, 12, 24, 48, 72 and 96 h] cells (5.0x106) 
were added with lysis buffer (phosphatase inhibitor mixture) 
to extract protein. SDS‑PAGE gels (10%) were placed at 
room temperature for 30 min, and 20 µl of protein samples 
were added to each well. The protein samples, separated 
by SDS‑PAGE, were sequentially transferred on PVDF 
membrane (EMD Millipore) according to molecular weight. 
After being blocked with 5% skimmed milk at 37˚C for 1 h, 
the corresponding primary antibodies were incubated at 4˚C 
overnight After blocking with 5% skimmed milk at 37˚C for 1 h, 
the corresponding primary antibody was incubated overnight 
at 4˚C, and β‑actin was used as a load control. The membrane 
was washed three times with TBST [10  M Tris, 150 mM 
NaCl, 0.05% Tween 20 (pH 8.3)], and secondary antibody 
was added and incubated at 37˚C for 1 h. The membrane was 
washed again three times with TBST, luminescent solution 
(ECL Luminescence kit; EMD Millipore) was added for color 
development. ImageJ 1.44p software (National Institutes of 
Health) was used for immunoblotting quantitative analysis. 
The gray value of each imprinted signal was compared with 
the control group to analyze the expression of the target gene 
protein.

MTT assay. Cells were seeded in 96‑well plates at a density 
of 5x103 cells/well and placed in an incubator for 24 h, and 
drugs were added. After 24 h, the medium was discarded, 
10 µl of MTT medium was added to each well, and the plates 
were placed in an incubator. After culturing for 4 h, the culture 
solution was discarded, 100 µl of DMSO was added to each 
well and shaken for 10  min on a shaker. The absorbance 
at 490 nm was detected with an enzyme‑linked immunoassay 
detector (ELx800; Omega Bio‑Tek, Inc.). 

Colony formation assay. The cells [HepG2R, plus oxaliplatin 
(2 µM) and/or LY‑294002(0.2 µM)] were seeded in a six‑well 
plate at a density of 1x103  cells/well. After the cells had 
adhered to the wall, drug was added. After 24 h, the drug‑free 
medium was replaced, and the culture was continued for 
~3 weeks. When the cell clones were clearly visible, the cell 
colonies were washed twice with pre‑cooled physiological 
saline and fixed with 4% paraformaldehyde for 15 min at room 
temperature. After the fixing solution was removed, the cells 
were stained with crystal violet staining solution for 15 min at 
room temperature. The number of clones formed was counted 
to reflect the proliferation ability of cells under the action of 
each drug.

Cell cycle analysis. The cells were seeded in a six‑well plate at 
a density of 1x105 cells/well and placed in an incubator for 24 h. 
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Drugs were added for 24 h, and the cells were digested with 
trypsin for collection of the cells, which were fixed with 70% 
ethanol at room temperature for 1 h. Pre‑cooled physiological 
saline (1 ml) was added to the cells, the cells were centrifuged 
(562.5 x g; room temperature; 5 min) and 100 µl of staining 
solution from the AnnexinV‑FITC/PI staining kit (Jiangsu KGI 
Biotechnology Co., Ltd.) was added and incubated at 4˚C in 
the dark for 30 min (staining solution is a mixture of 50 µg/ml 
PI, 100 µg/ml RNaseA and 0.2% Triton X‑100 solution). In 
total, 1 ml of pre‑cooled physiological saline was added to the 
staining solution, and the cells were centrifuged (562.5 x g; 
room temperature; 5 min) to obtain a cell pellet. Finally, the 
cells were resuspended in 300 µl of physiological saline, resus‑
pended and analyzed with a flow cytometer (BD FACSCalibur; 
BD Biosciences). The results were analyzed with ModiFit 
LT 3.0 (Verity Software House, Inc.).

Annexin V FITC/PI and DAPI staining. The cells were 
seeded in a 24‑well plate containing slides at a density of 
1x104 cells/well, placed in an incubator for 24 h, and treated 
with drug. After 24 h, the slides were taken out, washed twice 
with normal saline, and stained with Annexin V FITC/PI 
(Jiangsu KGI Biotechnology Co., Ltd.) and DAPI (Shanghai 
Biyuntian Biotechnology Co., Ltd.) for 15  min at room 
temperature in the dark. Apoptotic rate was determined with 
a fluorescence microscope; 10 fields of view were evaluated 
at x200 magnification. Apoptosis rate=(early apoptotic 
cells + late apoptotic cells)/total number of cells.

Measurement of mitochondrial membrane potential (JC‑1). 
The cells were inoculated into the well plates at a density of 
1x104 cells/well, placed in an incubator for 24 h, and treated 
with drug for another 24 h. The cells were rinsed twice with 
saline, 500 µl JC‑1 working solution was added to each well, 
and the plates were placed in an incubator (5% CO2, 37˚C) 
and incubated for an additional 20 min. The staining solu‑
tion was discarded, and the cells were rinsed with saline 
twice, then stained with DAPI solution at room temperature 
in dark for 15 min. As JC‑1 aggregates in the mitochondria 
when the mitochondrial membrane potential is high, red 
fluorescence is emitted; conversely, when mitochondria 
are depolarized, JC‑1 is in a monomer state and green 
fluorescence is emitted. Thus, the mitochondrial membrane 
potential of the cell can be judged according to the ratio of 
red and green fluorescence, and change of JC‑1 fluorescence 
color can indicate change of the mitochondrial membrane 
potential. A decrease in mitochondrial membrane poten‑
tial is considered a sign of early apoptosis (29). Red and 
green fluorescence were analyzed with a flow cytometer 
(BD FACSCalibur; BD Biosciences). The results were 
analyzed with CellQuest Pro 5.1.1 (Becton, Dickinson and 
Company).

Statistical analysis. The experimental data were obtained 
through at least three independent experiments. The data 
are expressed as mean ± SD, one‑way ANOVA to measure 
significant differences between the means followed by Tukey's 
post hoc tests. P<0.05 was considered to indicate a statistically 
significant difference. SPSS 17.0 statistical software (SPSS 
Inc.) was used for all analyses.

Results

Stable activation of PI3K/AKT pathway in HepG2R cells 
induced by oxaliplatin. HepG2 and HepG2R cells were 
treated with 2 µM oxaliplatin. Protein was extracted after 
0, 6, 12, 24, 48, 72 and 96 h and measured using western 
blotting. p‑AKT (Ser473), PI3Kp85, PI3Kp110α, PI3Kp110β 
were found all strongly expressed in HepG2R but weakly 
expressed in HepG2 (Fig. 1A‑F). However, the expression 
level of PI3Kp110γ was not different between the HepG2 and 
HepG2R cells; it is possible that PI3Kp110γ is not as effective 
as PI3Kp110α and PI3Kp110β in the PI3K/AKT signaling 
pathway. These results indicated that the PI3K/AKT signaling 
pathway activation level was higher in HepG2R compared with 
in HepG2 cells. The HepG2 and HepG2R cells were treated 
with various concentrations of oxaliplatin for 24 or 48 h, 
and cell viability of was analyzed using an MTT assay. As 
shown in Fig. 1G‑H, oxaliplatin inhibited the cell viability of 
HepG2 in a time‑ and concentration‑dependent manner, but 
the proliferation of HepG2R was almost unaffected. HepG2 
and HepG2R cells were treated with 2 µmol/l oxaliplatin for 
the same time periods, and cell viability was determined. The 
viability of HepG2 cells was found gradually decreased over 
time, but the viability of HepG2R did not change significantly 
(Fig. 1I). Since the abnormal activation of the PI3K/AKT 
signaling pathway promoted the proliferation of HepG2R, 
it was hypothesized that the PI3K/AKT pathway inhibitors 
(LY‑294002 and MK‑2206) enhanced the sensitivity of liver 
cancer to oxaliplatin by targeting the PI3K/AKT pathway.

LY‑294002 can more effectively inhibit the PI3K/AKT pathway 
in the HepG2R compared with HepG2 cell line. To determine 
the effect of the PI3K site‑specific inhibitor (LY‑294002) or the 
AKT site‑specific inhibitor (MK‑2206) in combination with 
2 µmol/l oxaliplatin on the PI3K/AKT pathway in HepG2R, the 
expression levels of PI3Kp110α, PI3Kp110β, PI3Kp110γ, AKT, 
p‑AKT (Ser473) and PI3Kp85 were measured. It was found 
that LY‑294002 (0.2 µM) and MK‑2206 (50 nmol/l) down‑
regulated the activation of the PI3K/AKT signaling pathway. 
The inhibitory effect for p‑AKT(Ser473) was similar, but for 
PI3Kp110α, PI3Kp110β and PI3Kp110γ, the inhibitory effect 
of LY‑294002 was greater (Fig. 2A‑D). MTT assays were also 
conducted. As shown in Fig. 2E‑H, the combination treatment 
more effectively inhibited HepG2R cell viability compared 
with single‑drug treatment, and LY‑294002 combined with 
oxaliplatin had a stronger inhibitory effect compared with 
MK‑2206 with oxaliplatin. These results demonstrated that 
LY‑294002 targeting the PI3K/AKT pathway can enhance the 
chemosensitivity of oxaliplatin.

LY‑294002 combined with oxaliplatin effectively inhibits the 
proliferation of HepG2R cells. To improve our understanding 
of the molecular mechanism by which LY‑294002 inhibits 
cell proliferation, HepG2R cells were treated with 2 µmol/l 
oxaliplatin and/or 0.2 µmol/l LY‑294002. As illustrated in 
Fig. 3A and B, the combination of LY‑294002 and oxaliplatin 
significantly downregulated the phosphorylation levels of 
the downstream proliferation signaling molecules S6K1 and 
eIF4EBP1 in the PI3K/AKT signaling pathway. The effect 
of LY‑294002 and oxaliplatin on tumorigenesis was also 
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evaluated in the HepG2R cell line with a colony formation 
assay. Compared with LY‑294002 or oxaliplatin alone, the 
combination of LY‑294002 and oxaliplatin induced the least 
number of clone formation of HepG2R cells and exerted 
a stronger inhibitory effect (Fig. 3C and D). These results 
indicated that LY‑294002 inhibited the proliferation of 
HepG2R by blocking the PI3K/AKT/S6K1/eIF4EBP1 signaling 
pathway.

LY‑294002 combined with oxaliplatin blocks the cell cycle of 
HepG2R. The HepG2R cell line was treated with oxaliplatin 
and/or LY‑294002 (0.2 µM) for 24 h, and cell‑cycle assays were 
performed. As shown in Fig. 4A and B, compared with the 
control group, the number of G0/G1 phase cells was increased 
in the LY‑294002 group, while the number of G2/M phase and 
S phase cells was decreased. However, there was almost no 
change in the oxaliplatin‑only treated group. Compared with 
treatment with oxaliplatin alone, treatment of the HepG2R cell 
line with LY‑294002 and oxaliplatin for 24 h further increased 
the number of cells in G0/G1 phase, while the number of 

cells in G2/M phase and S phase was decreased. Thus, the 
combination of LY‑294002 and oxaliplatin induced cell‑cycle 
arrest in the G0/G1 phase. The expression levels of the down‑
stream cycle molecules cyclin D1 and p‑Rb in the PI3K/AKT 
signaling pathway were also measured in the HepG2R cell line. 
As seen in Fig. 4C and D, compared with oxaliplatin treatment 
alone, the treatment with the combination of LY‑294002 and 
oxaliplatin downregulated the expression of cyclin D1 and the 
p‑Rb/Rb ratio. 

Combination of LY‑294002 and oxaliplatin promotes the 
apoptosis of HepG2R cells. The effect of apoptosis on HepG2R 
cells was determined with Annexin V FITC/PI staining and 
DAPI kit after oxaliplatin and/or LY‑294002 (0.2 µM) treat‑
ment for 24 h. As shown in Fig. 5A and D, compared with 
the oxaliplatin single‑agent group, the LY‑294002 and oxali‑
platin combination group had a higher apoptosis rate. After 
treatment of the HepG2R cell line with oxaliplatin and/or 
LY‑294002 for 24 h, the mitochondrial membrane potential 
was measured using JC‑1 staining and flow cytometry. The 

Figure 1. In liver cancer cells, the PI3K/AKT signaling pathway in HepG2R cell line is abnormally activated compared with that in HepG2 cell line. (A) Cell lysates 
were collected and the designated protein detected using western blotting. Expression of (B) P13Kp85, (C) p‑AKT(Ser473)/AKT, (D) PI3Kp110α, (E) PI3Kp110β 
and (F) PI3Kp110γ in HepG2 and HepG2R cells incubated with oxaliplatin (2 µmol/l) at various time points. (G) MTT analysis was used to determine the cell 
viability of HepG2 and HepG2R cells at different concentrations of oxaliplatin at 24 h. (H). MTT analysis was used to determine the cell viability of HepG2 and 
HepG2R cells at different concentrations of oxaliplatin at 48 h. (I) MTT analysis was used to determine the cell viability of HepG2 and HepG2R cells at 2 µM 
oxaliplatin at different time points. *P<0.05, **P<0.01 and ***P<0.001 vs. 0 h group. n.s, not significant; OXA, oxaliplatin; p‑, phosphorylated; R, resistant. 
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results presented in Fig. 5B and E illustrate that, compared 
with the oxaliplatin single‑agent group, the red fluorescence 
ratio of the combination‑drug group was lower, indicating that 
the apoptosis rate of HepG2R cells was higher. At the same 
time, the results presented in Fig. 5C and F‑G illustrate that, 
compared with the oxaliplatin single‑agent group, LY‑294002 
combined with oxaliplatin inhibited the expression of down‑
stream anti‑apoptotic signaling molecules of the PI3K/AKT 
signaling pathway, such as p‑Bad, and increased the expression 
of pro‑apoptotic signaling molecules, such as Bad, Bax, Puma, 
PARP, cleaved caspase‑3 and ‑9 and promoted apoptosis of the 
HepG2R cells.

LY‑294002 inhibits HIF‑1α expression through the PI3K/AKT 
signaling pathway. After HepG2 and HepG2R cells were 
treated with oxaliplatin for 24 h, the expression level of HIF‑1α 
was increased in the HepG2 cell line, corresponding with the 
oxaliplatin concentration, as illustrated in Fig. 6A and D‑E. In 
contrast, the expression level of HIF‑1α in the HepG2R cell line 

was not significantly changed with increasing concentrations 
of oxaliplatin. The results of Fig.  6B  and  F show that, 
compared with the single oxaliplatin group, the combination 
of LY‑294002 (0.2 µM) and oxaliplatin downregulated the 
expression of HIF‑1α. The results of Fig. 6C and G show 
that, compared with the single oxaliplatin group, MK‑2206 
(50 nmol/l) combined with oxaliplatin also downregulated the 
expression of HIF‑1α.

Discussion

Systemic chemotherapy is the main treatment of liver cancer 
in its middle and late stages (30). For the treatment of liver 
cancer, oxaliplatin has been approved as an effective systemic 
chemotherapeutic agent  (31,32). Emerging resistance of 
oxaliplatin during chemotherapy; however, has become a 
problem in the treatment of liver cancer (33,34). The PI3K/AKT 
pathway is essential in a series of signal transduction cascades 
that regulate cell survival and apoptosis. Abnormal 

Figure 2. In the HepG2R cell line, PI3K/AKT pathway inhibitors downregulate the activation level of PI3K/AKT. (A‑D) HepG2R cells were incubated with 
oxaliplatin (2 µmol/l) and/or LY‑294002 (0.2 µmol/l) and MK‑2206 (50 nmol/l) for 24 h. Cell lysates were collected, and the designated proteins were detected 
using western blotting. (E‑H) Cytotoxicity of oxaliplatin and/or LY‑294002 and MK‑2206 to HepG2R by MTT analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. 
single agent group. n.s, not significant; OXA, oxaliplatin; R, resistant; p‑, phosphorylated.
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upregulation of the PI3K/AKT signaling pathway are observed 
in autoimmune and infectious diseases such as human 
immunodeficiency virus (HIV) and Covid‑19. The PI3K/AKT 
signaling pathway plays an important role in regulating the 
progression of HIV and Covid‑19 (35‑38). In addition, abnormal 
upregulation of PI3K/AKT signaling pathway usually occurs 
in cancer, including liver cancer (39). For these reasons, the 
present study investigated the PI3K/AKT signaling pathway 
as a potential target for cancer treatment. PI3K/AKT/HIF‑1α 
can reportedly induce chemoresistance of liver cancer 
cells  (26,27). The current experimental results in HepG2R 
cells indicated abnormal activation of the PI3K/AKT/HIF‑1α 
signaling pathway, which is consistent with previous research 
results (40). In the present study, the PI3K specific inhibitor 
LY‑294002 was used, which can downregulate the level of 
PI3K/AKT/HIF1α alienation. LY‑294002 can enhance the 
chemosensitivity of liver cancer (28). Therefore, the present 

use of LY‑294002 in combination with oxaliplatin was 
well‑founded. In the current study, the PI3K/AKT signaling 
pathway in HepG2R cells was in an abnormally activated state. 
LY‑294002 and MK‑2206 downregulated the activation of the 
pathway, with LY‑294002 having a stronger effect compared 
with that of MK‑2206. In addition, compared with MK‑2206, 
LY‑294002 more significantly inhibited the expression level of 
HIF‑1α, which is highly expressed in HepG2R cells, reduced 
cell viability, promoted apoptosis, blocked the cell cycle and 
increased the sensitivity of the cells to oxaliplatin.

In various liver cancer cell lines, oxaliplatin activates the 
PI3K/AKT signaling pathway, which participates in the most 
important chemotherapy resistance mechanism by inhibiting 
apoptosis and promoting cell survival (41‑43). We previously 
reported that oxaliplatin induces abnormal activation of the 
PI3K/AKT pathway to reduce the sensitivity of liver cancer 
cells to oxaliplatin, which is evidence of the importance 

Figure 3. LY‑294002 enhances oxaliplatin induced cytotoxicity by blocking the PI3K/mTOR/S6K1/4EBP1 signaling pathway in HepG2R cells. 
(A and B) Treatment of HepG2R cells with oxaliplatin, LY‑294002, or LY‑294002 combined with oxaliplatin for 24 h. Direct effector response (S6K1 and 
eIF4EBP1) downstream of the PI3K/AKT pathway was illustrated. Cell lysates were collected, and the designated proteins were detected using western 
blotting. (C and D) Representative images of the colony formation assay in HepG2R cells. **P<0.01 and ***P<0.001. OXA, oxaliplatin; p‑, phosphorylated; 
R, resistant; eIF4EBP1, eukaryotic translation initiation factor 4E‑binding protein 1.
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of the PI3K/AKT pathway in anti‑chemotherapy (44). The 
current study reported that the PI3K/AKT signaling pathway 
was stably activated in HepG2R cells, which may be the main 
reason for the resistance of liver cancer cells to oxaliplatin. 
MK‑2206 or LY‑294002 reduced the expression levels of 
p‑AKT (Ser473) and PI3Kp85 and inhibited the proliferation 
of HepG2R; LY‑294002 was more effective compared with 
MK‑2206 in this activity. It was also demonstrated that 
inhibiting the abnormal activation of the PI3K/AKT signaling 
pathway increased the sensitivity of HepG2R to oxaliplatin.

Activation of the PI3K/AKT signaling pathway can 
promote the proliferation of liver cancer cells by promoting 
the progression of the cell cycle (45). Activation of the pathway 
also can activate the phosphorylation of the downstream 
effector molecules S6K1 and elF4EBP1, which is conducive to 
protein synthesis and proliferation of liver cancer cells (46). On 
the other hand, activation of the PI3K/AKT signaling pathway 
inhibits apoptosis by phosphorylation and inactivation of 
several targets (including Bad, c‑Raf and caspase‑9), leading 
to prolonged cell survival (47). Compared with LY‑294002 or 
oxaliplatin alone, LY‑294002 combined with oxaliplatin more 
effectively inhibited the proliferation and survival of HepG2R. 
In addition, the abnormal activation of the PI3K/AKT signaling 
pathway participates in cell cycle regulation by preventing 
GSK‑3β‑mediated phosphorylation and cyclin D1 and p‑Rb 
degradation, and negatively regulates the expression levels 
of cyclin‑dependent kinase inhibitors p27 and p21 (48). The 
present data revealed that the combination of LY‑294002 and 
oxaliplatin can downregulate cyclin D1 and p‑Rb and arrest 
liver cancer cells in the G0/G1 phase. This finding supports 

the view that LY‑294002 enhances the ability of oxaliplatin to 
inhibit liver cancer proliferation.

Caspases are a family of cysteine proteases that are the 
central regulator of apoptosis. Promoter caspases (including 
caspase‑2, ‑8, ‑9, ‑10, ‑11 and ‑12) are tightly integrated with 
pro‑apoptotic signals. Once activated, these caspases cleave and 
activate downstream effector caspases (including caspase‑3, 
‑6, and ‑7), which in turn cleave cell proteins at specific Asp 
residues, thereby performing apoptosis. Members of the Bcl‑2 
family of proteins can protect the integrity of mitochondria 
by preventing damaged mitochondria from releasing cyto‑
chrome‑c and the subsequent combination with caspase‑9 to 
form a complex, resulting in the activation of caspase‑9 (49,50). 
Abnormal activation of the PI3K/AKT signaling pathway can 
inhibit the activation of caspase‑9 and activate pro‑apoptotic 
Bcl‑2 family members (including Bad, Bax, GSK‑3 and FoxO1), 
resulting in anti‑apoptosis (51,52). The current data showed 
that LY‑294002 downregulated the activation of PI3K/AKT 
signaling pathway, upregulated the expression levels of Bad, 
Puma, Bax, cleaved caspase‑9 and ‑3 and c‑PARP, promoted 
apoptosis and increased the chemical sensitivity of liver cancer 
to oxaliplatin. Therefore, oxaliplatin will activate the PI3K/AKT 
signaling pathway when treating live cancer. HepG2R cells 
resistance to oxaliplatin will cause abnormal activation of the 
PI3K/AKT signaling pathway. LY‑294002 downregulated the 
abnormal activation level of PI3K/AKT signaling pathway, and 
improved the chemical sensitivity of HepG2R to oxaliplatin. It 
was suspected that the combination with oxaliplatin is more 
effective compared with single drug treatment. The effects 
at the cell level have also confirmed the reliability of the 

Figure 4. LY‑294002 inhibits oxaliplatin‑induced S phase arrest and enhances G0/G1 phase cell arrest in HepG2R cells. (A and B) After 24 h of treatment 
with LY‑294002, oxaliplatin, or LY‑294002 combined with oxaliplatin, the cell cycle distribution of HepG2R cells was determined using flow cytometry. 
(C and D) Expression of cyclin D1 and p‑Rb in HePG2R cells was determined using western blotting analysis. **P<0.01. OXA, oxaliplatin; p‑, phosphorylated; 
R, resistant; Rb, retinoblastoma.
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conjecture, such as reducing cell viability, promoting apoptosis 
and blocking cell cycle progression. LY‑294002 enhances the 
toxicity of oxaliplatin to HepG2R and plays a synergistic effect 
when combined with oxaliplatin.

HIF‑1α expression is upregulated in liver tumors. HIF‑1α 
can activate the downstream target gene VEGF, induce tumor 
cells to generate blood vessels, bring oxygen and nutrients to 
tumor cell and promote tumor cell proliferation (53). HIF‑1α 

Figure 5. LY‑294002 promotes HepG2R apoptosis induced by oxaliplatin. (A and D) LY‑294002, oxaliplatin or LY‑294002 combined with oxaliplatin for 
24 h. Effect of LY‑294002 on the apoptosis of liver cancer cells induced by oxaliplatin was determined with Annexin V FITC/PI staining. Magnification, 
x400. (B and E) After 24 h treatment with LY‑294002, oxaliplatin, or LY‑294002 combined with oxaliplatin, the mitochondrial membrane potential was 
measured using JC‑1 staining and flow cytometry. (C and F, G) After 24 h of treatment with LY‑294002, oxaliplatin or LY‑294002 combined with oxaliplatin, 
western blot analysis was used to determine the effect of LY‑294002 on oxaliplatin‑induced apoptosis. *P<0.05, **P<0.01 and ***P<0.001. OXA, oxaliplatin; 
p‑, phosphorylated; R, resistant; c, cleaved.
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is highly expressed in colorectal cancer tissues in the early 
stage of colorectal cancer and is positively correlated with 
the progression of the disease (54). In liver cancer, HIF‑1α 
can upregulate the expression of VEGF, cyclin D1, TGF‑β, 
insulin‑like growth factor 2 and other growth factors, 
promote the proliferation and differentiation of liver cancer 
cells and promote hyperproliferation  (55). HIF‑1α also 
initiates transcription of downstream target genes, which 
increases cell proliferation and decreases apoptosis  (56). 
Since PI3K/AKT can regulate the expression of HIF‑1α (11), 
the present study used PI3K/AKT signaling pathway 
inhibitors to evaluate the effect on the expression level of 
HIF‑1α. HIF‑1α was highly expressed in HepG2R cells, 
while MK‑2206 and LY‑294002 reduced the expression 
level of HIF‑1α protein, with LY‑294002 having the stronger 
effect. However, the current study did not explore the mutual 
regulation between PI3K/AKT and HIF‑1α, which will be 
studied in the future. The downstream mTOR molecule 
of PI3K/AKT is upregulated in a variety of cancer types, 
including liver cancer. mTOR molecule is phosphorylated 
at Ser2448 and auto‑phosphorylated at Ser2481 through the 
PI3K/AKT signaling pathway. The mTOR molecule plays 
an important role in cell proliferation and homeostasis 
and may be abnormally regulated in tumors (57). Besides, 
mTOR inhibitors have been approved for the treatment of 
certain types of cancer including gastrointestinal stromal 
tumors and breast cancer (58,59). However, because of time 
constraints, this was not investigated in the present study; it 
will be discussed in depth in our future work. In addition, 
lack of in vivo experimental data due to time restrictions and 
other factors mean that the reliability of the results have not 
been verified at the animal level. This is the limitation of 
this article and will be supplemented in the future.

In summary, the PI3K/AKT signaling pathway inhibitor 
LY‑294002 increased the chemical sensitivity of liver cancer 
to oxaliplatin by blocking cell cycle progression, reducing 
cell viability and promoting apoptosis. These effects likely 
were achieved by inhibiting the abnormal activation of 
the PI3K/AKT signaling pathway in the cancer cells, thus 
reducing the expression of HIF‑1α. These findings suggested 
that the combination of LY‑294002 and oxaliplatin can be an 
effective treatment strategy for liver cancer.
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