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Abstract. The development of an effective therapeutic 
intervention for liver cancer is a worldwide challenge that 
remains to be adequately addressed. Of note, TP53, which 
encodes the p53 protein, is an important tumor suppressor 
gene, 61% of TP53 is functionally inactivated in liver cancer. 
Recombinant human adenovirus p53 (rAd‑p53) is the first 
commercial product that has been used for gene therapy. 
In the present study, the combined mechanistic effects of 
rAd‑p53 and curcumin, a naturally occurring compound 
with previously reported anti‑inflammatory, antioxidant and 
anti‑cancer properties, were assessed in liver cancer cells, 
using HepG2 cells as the model cell line. The administration 
of either curcumin or rAd‑p53 promoted apoptosis, suppressed 
epithelial‑mesenchymal transition (EMT) and blocked G2/M 
phase progression in HepG2 cells, which were potentiated 
further when both agents were applied together. Combined 
rAd‑p53 and curcumin treatment resulted in higher p53 
(P<0.01) and p21 (P<0.01) expression compared with rAd‑p53 
or curcumin were added alone, suggesting an additive effect 
on TP53 expression. Additionally, curcumin and rAd‑p53 were 
demonstrated to regulate the activation of mitogen‑activated 
protein kinases (MAPKs) ERK1/2, p38 MAPK and JNK. 
These results indicated that the combination of rAd‑p53 with 
curcumin synergistically potentiates apoptosis and inhibit 
EMT compared with either rAd‑p53 or curcumin treatment 
alone via the regulation of TP53 regulation. Mechanistically, 
this effect on TP53 expression may involve the ERK1/2, 
p38 MAPK and JNK signaling pathways. The current study 

provides new insights that can potentially advance the devel‑
opment of therapeutic strategies for liver cancer treatment.

Introduction

Liver cancer currently ranks as the third most common cause 
of mortality associated cancer worldwide, with >600,000 
deaths reported annually (1,2). Liver cancer commonly occurs 
in patients with a history of chronic liver conditions, including 
hepatitis B and C viral infections, alcoholic or non‑alcoholic 
liver disease, fatty liver disease and chronic liver disease that 
is caused by aflatoxin poisoning (3), in a vicious cycle of liver 
injury, regeneration and inflammation (1). Since effective 
clinical diagnosis and treatment of liver cancer is typically 
hindered by high rates of recurrence and metastasis (2,3), it is 
of importance to develop innovative therapeutic strategies for 
the diagnosis and treatment of liver cancer.

TP53 is an important human tumor suppressor gene that is 
present on chromosome 17p13.1 (4), which contains 11 exons 
that encodes 393 amino acid residues and is one of the most 
commonly mutated genes in African‑Asian populations (5). 
The p53 protein is a transcriptional product of TP53 that is 
associated with the inhibition of tumor cell division, induction 
of tumor cell apoptosis and the repair of DNA damage (6). In 
different types of tumors, mutations in the TP53 gene directly 
result the inactivation of p53 protein (4,6,7). TP53 mutations 
have been identified in malignant tumors of the lung, gastric, 
liver, breast and bladder, where p53 was found to be inacti‑
vated or dysfunctional (8,9). Therefore, it would be of great 
significance to utilize the tumor suppressive properties of 
functional p53 for use in cancer treatment.

Recombinant human adenovirus p53 (rAd‑p53; also known 
as Gendicine®) is a replication‑incompetent recombinant human 
serotype 5 adenovirus, where the virulent E1 region has been 
replaced by the human wild‑type p53 expression cassette (10). 
It is the first commercially available product used for gene 
therapy and has been applied in the treatment of a number 
of cancer types, including head and neck cancer, epithelial 
ovarian carcinoma and liver cancer (11,12). rAd‑p53 has been 
previously reported to enhance the sensitivity of gastric cancer 
cells to chemotherapy by regulating the expression of proteins 
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that are associated with apoptosis (13). Clinical research 
has also demonstrated that rAd‑p53‑based transarterial 
chemoembolization is an effective and safe strategy for the 
treatment of unresectable liver cancer (14). However, treatment 
with rAd‑p53 alone has proven to be insufficient for improving 
the survival of patients with cancer (15‑17).

In some cancer malignancies, including in liver cancer, 
the aberrant tumor microenvironment may lead to subse‑
quent mutation of the TP53 gene. In liver cancer cells, DNA 
damage and TP53 mutation have been previously associated 
with certain stimuli, including chronic inflammation and 
intracellular oxygen or nitrogen metabolites (18). Therefore, 
the introduction of exogenous wild‑type TP53 in combina‑
tion with anti‑inflammatory and anti‑oxidant agents that 
interfere with the tumor microenvironment but do not effect 
normal healthy cells, may produce improved therapeutic 
outcomes. Curcumin, a naturally occurring active compound 
extracted from the rhizome and root of the Curcuma longa 
plant, possesses antioxidant and anti‑inflammatory proper‑
ties (19) and has been demonstrated to be safe under clinical 
settings (20). As a result, curcumin has been considered as 
a promising therapeutic and preventative agent against liver 
cancer (21‑23). However, the use of curcumin remains limited 
by its low bioavailability (21). In the present study, the treatment 
strategy of rAd‑p53 combined with curcumin was investigated 
on HepG2 cells. Cell proliferation, apoptosis, expression 
of proteins targeted by the TP53 gene and the activation of 
mitogen‑activated protein kinase (MAPK) signaling pathways 
were evaluated following treatment with rAd‑p53 or curcumin 
individually and in combination. The results from the present 
study may assist in the development of therapeutic strategies 
involving rAd‑p53 for use in the treatment of liver cancer.

Materials and methods

Cell culture and treatment. The human hepatocyte cell line 
HHL‑5 and liver cancer cell lines HepG2, Hep3B and Huh‑7 
were supplied by the Type Culture Collection of the Chinese 
Academy of Sciences. Authentication of the cell lines was 
performed by STR profiling. Cells were maintained in RPMI 
1640 medium (Hyclone; GE Healthcare Life Sciences) supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C under 5% CO2. All cells were subjected to 
treatment once ~90% confluence was achieved. Curcumin 
(Sigma‑Aldrich; Merck KGaA) was dissolved in DMSO and 
administered at 37˚C to the cells at 10 µM. rAd‑p53 (Sibiono 
GeneTech Co. Ltd.) was stored at ‑20˚C at a density of 1x1012 
virus particles/ml. Prior to each experiment, cells were infected 
at 37˚C with rAd‑p53 particles at a multiplicity of infection 
of 100 using a previously reported protocol (10). HHL‑5 cells 
either remained untreated (control/Con) or were treated with 
curcumin (Cur) to evaluate the toxicity of curcumin on normal 
hepatocytes. HepG2, Hep3B and Huh‑7 cells were divided into 
four groups in accordance with the treatments they received: 
Con (control), rAd‑p53 alone, Cur alone and Cur + rAd‑p53.

Cell counting Kit‑8 (CCK‑8) assay. HHL‑5 (untreated or 
treated with curcumin), HepG2, Hep3B and Huh‑7 cells 
(either treated with/without rAD‑p3 and/or curcumin) were 
seeded at the density of 3x103 cells/well into 96‑well plates 

and subsequently cultured for 24, 48 and 72 h. Subsequently, 
a total of 10 µl CCK‑8 solution (Bioswamp; Wuhan Beinglay 
Biotech Co., Ltd.) was added to each well, followed by further 
incubation at 37˚C for 4 h. Subsequently, a SpectraMax® 190 
Microplate Reader (Molecular Devices, LLC) was used to 
measure the absorbance in each well at 450 nm.

Following treatment with or without rAD‑p53 and/or 
curcumin for 72 h, HepG2 cells were incubated in RPMI‑1640 
medium containing 10% FBS without rAD‑p53 and/or 
curcumin at 37˚C for 0, 24 and 48 h. Cell viability was detected 
using a CCK‑8 assay as aforementioned. All experiments were 
performed in triplicate.

Wound healing assay. HepG2 cells were first seeded into 
six‑well plates at 1x106 cells/well and incubated in DMEM 
(Hyclone; GE Healthcare Life Sciences) supplemented with 
10% FBS. When ~90% confluence was reached, the cell 
monolayers were wounded by scratching with a sterile 200 
μl plastic pipette tip, following which the cells were cultured 
in serum‑free medium (DMEM) at 37˚C under 5% CO2 for 
24, 48 or 72 h. The wounds were imaged using an inverted 
fluorescence microscope equipped with a camera (Nikon 
Corporation).

Flow cytometry analysis. Flow cytometry was performed to 
evaluate the apoptosis and cell cycle progression in HepG2 
cells. For apoptosis, the Annexin V/PI staining method 
was performed according to the manufacturer's protocol 
(Bioswamp; Wuhan Beinglay Biotech Co., Ltd.). Following 
treatment, the cells (2x106 cells/ml) were digested using 
ethylenediaminetetraacetic acid‑trypsin (Bioswamp; Wuhan 
Beinglay Biological Technology Co., Ltd.), washed with 
pre‑cooled PBS and resuspended in binding buffer. Annexin 
V‑fluorescein isothiocyanate and PI (10 µl each) were subse‑
quently added to the cells, following which they were incubated 
for 30 min at 4˚C in the dark and subjected to the flow cytom‑
etry (Beckman Corporation) and the data were analyzed using 
CXP Analysis 2.0 software (Beckman Corporation).

For analyzing cell cycle progression, the harvested cells 
(2x107 cells/ml) were washed twice with pre‑cooled PBS and 
incubated with a mixture of 100 µl 1 mg/ml RNase A (Takara 
Biotechnology Co., Ltd.) and 400 µl 50 µg/ml PI in the dark 
at room temperature for 10 min. The treated cells were then 
subjected to flow cytometry (Beckman Coulter, Inc.) and 
analyzed using ModFit LT 2.0 (Verity Software House).

Western blot analysis. The expression of proteins associated 
with cell cycle progression, apoptosis, TP53 targets p53 
and p21, MAPK signaling and epithelial‑mesenchymal 
transition (EMT) was evaluated using western blot analysis. 
Total protein content in HepG2 cells was extracted using 
a radioimmunoprecipitation assay lysis buffer (Bioswamp; 
Wuhan Beinglay Biotech Co., Ltd.) containing protease and 
phosphatase inhibitors. Proteins were quantified using the BCA 
kit (Bioswamp; Wuhan Beinglay Biotech Co., Ltd.). A total 
of 10 µg proteins were separated using SDS‑PAGE (12%) and 
transferred onto PVDF (EMD Millipore). The membranes were 
then blocked with 5% skimmed milk for 2 h at room temperature 
and incubated with primary antibodies overnight at 4˚C. After 
washing, the membranes were incubated with secondary 
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antibody for 1 h at room temperature. Immunoreactivity was 
visualized by colorimetric reaction using ECL substrate buffer 
(EMD Millipore). The membranes were then detected by an 
automatic chemiluminescence analyzer (Tanon‑5200; Tanon 
Science and Technology Co., Ltd.) and the band gray values 
were read using TANON GIS 4.2 software (Tanon Science 
and Technology Co., Ltd.). All experiments were performed 
in triplicate. Detailed information of all antibodies used in the 
present study are presented in Table I.

Reverse transcription‑quantitative PCR (RT‑qPCR). p53 and 
p21 mRNA expression in HepG2 cells was measured using 
RT‑qPCR. Total RNA was extracted using TRIzol® (Ambion; 
Thermo Fisher Scientific, Inc.) according to manufacturer's 
protocol, and reverse‑transcribed into first‑strand cDNA using 
the M‑MLV kit (Takara Biotechnology Co., Ltd.) according to 
manufacturer's protocol. The temperature protocol were as 
follows: 42˚C for 1 h; 70˚C for 15 min and hold at 16˚C. The 
cDNA was subsequently used for qPCR using the SYBR® 
Green PCR kit (KAPA Biosystems; Roche diagnostics) 
according to manufacturer's protocols. The following thermo‑
cycling conditions were used for the PCR: 95˚C for 3 min; 
39 cycles of denaturation at 95˚C for 5 sec, annealing at 56˚C 
for 10 sec and extension at 72˚C for 25 sec and final extension 
at 65˚C for 5 sec and 95˚C for 50 sec. The primer sequences 
used are as follows: p53 forward, 5'‑ATGTTTGTGCCTG  
CCT‑3' and reverse, 5'‑CAGTGGTTTCTTCTTTGG‑3'; p21 
forward, 5'‑CGTGAGCGATGGAACTT‑3' and reverse, 
5'‑GCAGAGCAGGTGAGGTG‑3' and GAPDH forward, 

5'‑CCACTCCTCCACCTTTG‑3' and reverse, 5'‑CACCAC 
CCTGTTGCTGT‑3'. The data were obtained using 
QuantStudio™ 6 Flex Real‑Time PCR System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and analyzed with 
the 2‑ΔΔCq method (24). The expression of all mRNA was 
normalized to that of GAPDH. All experiments were 
performed in triplicate.

Statistical analysis. The data are presented as the mean ± stan‑
dard deviation and analyzed using SPSS 19 (IBM Corp.). 
Differences between ≥2 groups were analyzed using one‑way 
ANOVA followed by a least significant difference whereas 
those between two groups were analyzed using an unpaired 
t‑test. P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results

Cytotoxicity effect of rAd‑p53 and/or curcumin on HepG2, 
Hep3B and Huh‑7 cells. The extent of curcumin cytotoxicity 
was measured in HHL‑5 cells. Following 72 h curcumin treat‑
ment (10 µM), cell viability was ~70% of that in control cells 
(Fig. 1A). rAd‑p53 and curcumin treatments alone reduced the 
cell viability of HepG2, Hep3B and Huh‑7 cells, whilst the 
combined administration of rAd‑p53 and curcumin produced 
additive inhibitory effects compared with Cur, in a time‑depen‑
dent manner (Fig. 1B‑D). Since HepG2 cells appeared to exhibit 
the highest sensitivity to curcumin and/or rAd‑p53 among the 
liver cancer cell lines (Fig. 1D), it was selected for subsequent 

Table I. Antibodies used in this study.

Antibody Species Company Product code Dilution Protein size (kDa)

Primary antibodies
  p53 rabbit Abcam ab131442 1:1,000 53
  p21 rabbit Abcam ab109199 1:1,000 18
  p‑ERK1/2 rabbit Abcam ab223500 1:400 42‑44
  ERK1/2 rabbit Abcam ab17942 1:1,000 42‑44
  p‑p38MAPK rabbit Abcam ab47363 1:1,000 41
  p38MAPK rabbit Abcam ab27986 1:1,000 41
  p‑JNK rabbit Abcam ab124956 1:5,000 46‑54
  JNK rabbit Abcam ab179461 1:1,000 46‑54
  Caspase3 rabbit Abcam ab90437 1:1,000 32
  Caspase8 rabbit Abcam ab227430 1:2,000 55
  Caspase9 rabbit Abcam ab2013 1:2,000 46
  Bax rabbit Abcam ab53154 1:1,000 21
  Bcl‑2 rabbit Abcam ab196495 1:2,000 26
  Cyclin A rabbit Abcam ab137769 1:2,000 49
  Cyclin E rabbit Abcam ab33911 1:2,000 50
  N‑cadherin rabbit Abcam ab18203 1:1,000 100
  Snail rabbit Abcam ab216347 1:1,000 29
  Twist rabbit Abcam ab49254 1:400 21
  GAPDH rabbit Proteintech 10494‑1‑AP 1:5,000 36
Secondary antibody
  Goat anti‑rabbit IgG goat Bioswamp SAB43658 1:20,000 N/A
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experiments. HepG2 cell viability continued to decrease up to 
48 h after rAD‑p53 and/or curcumin was removed (Fig. 1E). 
These results demonstrated that the combined administration 
of curcumin and rAd‑p53 synergistically reduced HepG2, 
Hep3B and Huh‑7 cell viability.

Combined effect of rAd‑p53 and curcumin treatment on 
HepG2 EMT. The wound healing ability of HepG2 cells 
treated with either rAd‑p53 or curcumin appeared to be infe‑
rior compared with that observed for non‑treated cells; with 
the combined treatment of the two agents potentiating this 
inhibition further in a time‑dependent manner (Fig. 2A). The 
expression of proteins associated with EMT were then evalu‑
ated using western blot analysis. Compared with control cells, 
cells treated with either rAd‑p53 or Cur exhibited reduced 
N‑cadherin, snail and twist expression, which was reduced 
further following combined rAd‑p53 and curcumin treatment 
(Fig. 2B). These observations indicated that the combined 
administration of curcumin and rAd‑p53 additively suppressed 
EMT in HepG2 cells in a time dependent manner.

Combined effect of rAd‑p53 and curcumin administration on 
HepG2 apoptosis and intracellular protein expression. The 
apoptosis of HepG2 cells following a number of treatments 
is presented in Fig. 3A. The percentage of apoptotic cells in 
the control group was revealed to be ~2.19%, which were 
increased to 12.76 and 15.47% following the individual treat‑
ment of either rAd‑p53 or Cur alone after 24 h, respectively 
(Fig. 3A). The combined administration of rAd‑p53 and 
curcumin resulted in a further increase in the percentage of 
apoptotic cells to 20.29%. After 72 h, whilst the percentage of 
apoptotic cells in the control group increased slightly (5.85%), 

those in the treatment groups were more prominent. A total of 
45.61% of apoptotic cells were observed in the Cur + rAd‑p53 
group (Fig. 3A).

The expression of proteins associated with apoptosis 
in HepG2 cells was subsequently evaluated using western 
blot analysis. Compared with control cells, cells treated 
with rAd‑p53 alone demonstrated significantly higher 
expression of pro‑apoptotic proteins Bax and caspases 3, 8 
and 9, which were potentiated further in cells treated with 
rAd‑p53 and curcumin together (Fig. 4). Following the same 
rAd‑p53 and/or Cur treatment regimens, the expression of 
the anti‑apoptotic protein Bcl‑2 exhibited the opposite trend 
compared with that of the pro‑apoptotic proteins (Fig. 4). 
These results were supported by those obtained from the 
Annexin V/PI assay. The results collectively indicated that 
the combined administration of curcumin and rAd‑p53 
enhanced HepG2 apoptosis.

Combined effect of rAd‑p53 and curcumin on HepG2 cell 
cycle progression and the expression of associated proteins. 
Treatment with either Cur or rAd‑p53 reduced the proportion 
of cells in the G1/S phase whilst increasing those in the G2/M 
phase compared with the control HepG2 cells. This effect was 
potentiated further in cells treated with rAd‑p53 and curcumin 
combined (Fig. 3B). No notable differences were observed in 
the proportion of cells in S phase between all four treatment 
groups (Fig. 3B). Supporting this observation, the expression of 
Cyclins A and E, which are proteins associated with cell cycle 
progression, were significantly increased by either rAd‑p53 
(Fig. 4). This increase was potentiated further following the 
combined administration of rAd‑p53 and curcumin (Fig. 4). 
These results indicated that the combined administration of 

Figure 1. Effect of rAd‑p53 and/or curcumin treatment on the viability of hepatocytes and liver cancer cells. Cell Counting Kit‑8 analysis of the effect of 
rAd‑p53 and/or curcumin on (A) HHL‑5, (B) Hep3B, (C) Huh‑7 and (D) HepG2 cells. (E) HepG2 cell viability after the discontinuation of rAD‑p53 and/or 
curcumin. Data are represented as mean ± standard deviation (n =3). &&P<0.01 vs. Con, **P<0.01 vs. Con, #P<0.05 vs. Cur and ##P<0.01 vs. Cur. Cur, curcumin; 
rAd‑p53, recombinant human adenovirus‑p53; Con, control.
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curcumin and rAd‑p53 induced a stronger effect compared 
with Cur treatment alone in altering cell cycle progression.

Combined effect of rAd‑p53 and curcumin on the expression 
of p53, p21 and MAPKs. In all time points tested, the admin‑
istration of rAd‑p53 alone significantly upregulated p53 and 
p21 expression in HepG2 cells, which was potentiated further 
by combined rAd‑p53 and curcumin treatment (Fig. 4). 
Similar trends were observed for the phosphorylation levels 
of p38 MAPK (p‑p38 MAPK) and c‑Jun N‑terminal kinase 
(p‑JNK), whereas that of extracellular signal‑regulated 
kinases (p‑ERK1/2) exhibited the opposite trend (Fig. 5). 
These results demonstrated that the combined administration 
of rAd‑p53 and curcumin exerted additive regulatory effects 

on associated signaling pathways compared with Cur treat‑
ment alone.

Discussion

TP53 is an important tumor suppressor gene in the human body, 
the expression of which is reduced in cancer cells (21). TP53 
is found to be functionally inactivated in 50% of all human 
cancer cases and 61% of all liver cancer human cases (25,26), 
and the downregulation of p53 protein expression promotes 
the development of liver cancer (27). Consequently, TP53 is a 
candidate gene for gene‑targeted therapy in human malignan‑
cies (28). rAd‑p53 is the first commercially available product 
for gene therapy that has been applied in the treatment of 

Figure 2. rAd‑p53 and/or curcumin synergistically reduces epithelial‑mesenchymal transition. (A) The effect of rAd‑p53 and/or curcumin on HepG2 cell 
wound closure following 24, 48 and 72 h rAd‑p53 and/or curcumin treatment. Magnification, x100. (B) Expression of N‑cadherin, Snail and Twist in HepG2 
cells following 24, 48 and 72 h rAd‑p53 and/or curcumin treatment. Data are represented as the mean ± standard deviation (n =3). **P<0.01 vs. Con, ##P<0.01 
vs. Cur. Cur, curcumin; rAd‑p53, recombinant human adenovirus‑p53; Con, control.
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head and neck cancer, epithelial ovarian carcinoma and liver 
cancer (11,12). In most cases, liver cancer occurs and develops 
as a result of inflammation and oxidative stress (18,21). In the 
present study, the therapeutic effects of combining rAd‑p53 
with curcumin, which is a compound exhibiting excellent 
anti‑inflammatory and antioxidant properties (20,21), was 
explored in liver cancer, using HepG2 cells as the model cell 
line. This combinatorial administration was demonstrated to 
synergistically promote apoptosis, inhibit G2/M phase progres‑
sion and suppress EMT in HepG2 cells.

rAd‑p53 is a relatively effective and safe means of treatment 
for liver cancer (29,30) and is usually applied in combination with 
other therapies, including transarterial chemoembolization (14) 
and 5‑fluorouracil administration (31). Previous clinical studies 
have revealed that rAd‑p53 injection may improve the survival 
rate of patients with liver cancer (14,32,33). Additionally, the 
combination of rAd‑p53 with N‑Myc downstream‑regulated 
gene 2 increased p53‑mediated apoptosis of HepG2 and Huh7 
cells in a previous study (34). In the present study, rAd‑p53 
was revealed to upregulate the expression of p53 in HepG2 

Figure 3. rAd‑p53 and/or curcumin synergistically potentiates apoptosis and inhibit cell cycle progression. (A) Measurement of HepG2 cell apoptosis following 
rAd‑p53 and/or curcumin treatment by flow cytometry. (B) Measurement of HepG2 cell cycle progression following rAd‑p53 and/or curcumin treatment by 
flow cytometry. Cur, curcumin; rAd‑p53, recombinant human adenovirus‑p53; Con, control.
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cells compared with non‑treated cells. This observation is 
consistent with a previous report, where the intratumoral 
injection of rAd‑p53 resulted in increased p53 expression in 
prostate cancer (35,36). Downstream, the expression of the 
p53‑targeted gene CDKN1 followed a trend parallel to that 
of TP53, suggesting that the p53 protein produced following 
rAd‑p53 treatment is physiologically active. The apoptosis rate 

was indicated to be markedly increased, as demonstrated by the 
upregulation of the pro‑apoptotic proteins caspases 3, 8 and 9 
in addition to Bax and coupled with the downregulation of the 
anti‑apoptotic protein Bcl‑2. EMT was also notably suppressed, 
as demonstrated by the downregulation of N‑cadherin, snail 
and twist expression, which are well documented markers of 
EMT (37,38).

Figure 4. Effects of rAd‑p53 and/or curcumin on the expression of proteins associated with apoptosis and cell cycle progression. (A) The proteins expression of 
Caspases 3, 8 and 9, and Bax, Bcl‑2, cell cycle regulators Cyclins A and E, p53, p21 and (B) mRNA expression of p53 and p21 were measured following 24, 48 
or 72 h rAd‑p53 and/or curcumin treatment. Data are represented as mean ± standard deviation (n =3). **P<0.01 vs. Con, #P<0.05 vs. Cur and ##P<0.01 vs. Cur. 
Cur, curcumin; rAd‑p53, recombinant human adenovirus‑p53; Con, control
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TP53 often serves as a ‘guardian of the genome’, the dele‑
tion of which may result in the uncontrolled proliferation of 
tumor cells (39). The upregulation of TP53 expression that 
is induced by rAd‑p53 treatment promoted human cervical 
cancer cell apoptosis through activation of the Bax gene and 
suppression of the Bcl‑x gene and resulted in cell cycle arrest 
at the G2/M phase (40). The results of the present study are 

consistent with those observed in previous reports, which 
have demonstrated that TP53 activation is associated with 
liver cancer cell apoptosis by regulating the expression of 
Bcl‑2 and caspases (41,42), in addition to inhibiting cancer 
cell migration (43‑45). TP53 activation has also been previ‑
ously reported to serve an inhibitory role in the EMT process, 
in human oral mucosal fibroblasts and oral submucous 

Figure 5. Effects of rAd‑p53 and/or curcumin treatment on the activation of MAPK signaling pathways ERK, JNK and p38 MAPK in HepG2 cells after 
24, 48 or 72 h. Data are represented as mean ± standard deviation (n =3). **P<0.01 vs. Con and ##P<0.01 vs. Cur. Cur, curcumin; rAd‑p53, recombinant human 
adenovirus‑p53; Con, control.
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fibrosis by downregulating N‑cadherin expression (46) and 
in colorectal cancer cells by downregulating Snail expres‑
sion (37), which are findings consistent with the results of the 
present study.

Curcumin possesses anti‑inflammatory and antioxi‑
dant properties and has also been observed to upregulate 
TP53 expression in tumor cells to exert several therapeutic 
effects (47,48). Curcumin induces apoptosis and cell cycle 
arrest of cancer cells by targeting regulatory p53 (49). 
Previous in vivo and in vitro experiments have demonstrated 
that curcumin in combination with metformin induces 
apoptosis and suppresses the proliferation, invasion and 
metastasis of liver cancer cells by upregulating TP53 (50). 
In the present study, the combination of rAd‑p53 and 
curcumin led to a higher expression of p53 compared with 
Cur treatment alone, synergistically promoting apoptosis, 
inhibiting cell proliferation and migration by regulating 
TP53. In addition, curcumin exerted anti‑tumor effects by 
regulating the MAPK pathways. There are three subfamilies 
of MAPKs, including p38MAPK, JNKs and ERKs, all of 
which are related to apoptosis (51). A previous report has 
suggested that curcumin treatment induced retinoblastoma 
cell apoptosis by activating p38 MAPK and JNK (52). 
Similarly, curcumin‑induced p38 MAPK activation resulted 
in FasL‑associated apoptosis in human hepatocellular carci‑
noma Huh7 cells (53). Curcumin also induced apoptosis in 
HepG2 cells by activating the ROS‑ASK1‑JNK pathway (54). 
Consistent with previous studies, the co‑treatment of rAd‑p53 
with curcumin in the present study resulted in the additive 
potentiation of p38MAPK and JNK activation, potentially 
resulting in apoptosis in this manner.

In conclusion, rAd‑p53 and curcumin were applied individ‑
ually or in combination to explore their influence on the liver 
cancer cell line HepG2. Compared with Cur treatment alone, 
the combined treatment synergistically promoted liver cancer 
apoptosis and inhibited cell migration. Mechanistically, these 
observed effects may be associated with TP53 expression 
and subsequent MAPK signaling. Overall, the present study 
provides new insights into possible targets for effective liver 
cancer therapy.
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