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Abstract. Cisplatin (cis‑dichlorodiamine platinum, CDDP) 
is a potent antitumor agent. However, its clinical application 
is limited by its side effects and the development of drug 
resistance. Tannic acid (TA) has previously been reported 
to suppress tumor growth in different types of cancer. 
The present study evaluated the anticancer efficacy of TA 
in combination with CDDP on the liver cancer cell line 
HepG2, and investigated the associated underlying molecular 
mechanisms. The results revealed that treatment with TA 
or CDDP alone inhibited HepG2 cell growth, with a half 
maximal inhibitory concentration of 360 µM and 1.8 µg/ml, 
respectively. The combination of TA and CDDP induced 
mitochondria‑mediated apoptosis in HepG2 cells and signifi-
cantly enhanced the growth inhibitory effect compared with 
TA or CDDP treatment alone. The results obtained from the 
present study suggest that the combination of TA and CDDP 
may exert synergistic anticancer effects and may be a novel 
adjuvant treatment for liver cancer.

Introduction

Liver cancer is the sixth most common cancer worldwide, 
accounting for 5.6% of the total cases diagnosed in 2012 (1‑4). 

Liver cancer accounted for 9.1% of cancer‑associated deaths 
in  2012. In developed countries, liver cancer is the sixth 
leading cause of cancer‑associated mortality among men. 
In 2012, an estimated 782,000 new liver cancer cases and 
745,000 deaths occurred globally, with >50% of the total 
cases and deaths reported in China  (2‑5). In China, liver 
cancer is the fourth most common cancer and the third leading 
cause of cancer‑associated mortality (5). Late diagnosis and 
low efficacy of pharmacotherapeutics account for the high 
mortality rate of liver cancer  (1). Cisplatin (cis‑dichloro-
diamine platinum, CDDP) is one of the most effective and 
commonly used chemotherapeutic drugs for the treatment of 
certain advanced carcinomas. CDDP has been used alone or 
in combination with other agents to treat different types of 
cancer (6). Previous studies have reported that CDDP combi-
nation chemotherapy decreased the development of drug 
resistance in laryngeal cancer, and improved the survival rate 
of the patients (6‑9). However, the use of CDDP alone may 
result in the development of tolerance; this would require the 
use of higher doses to achieve the desired efficacy, leading to 
toxic side effects and poor patient outcome (10‑12). In order to 
overcome this limitation, CDDP has been used in combina-
tion with other anticancer drugs for the treatment of laryngeal 
cancer (6,7,9,13,14). Furthermore, CDDP is one of the most 
commonly used chemotherapeutic agents for the treatment of 
HCC, although its efficacy is limited by its toxic side effects. 
Additionally, liver cancer is resistant to chemotherapy, which 
complicates the treatment of the disease  (15,16). There is 
therefore a requirement for adjuvant drugs to limit the side 
effects of CDDP.

Tannic acid (TA), a natural plant polyphenol, has been 
widely used as a dietary supplement in the pharmaceutical 
industry  (17). TA inhibits cell growth in various types of 
cancer, including breast, prostate, skin, ovarian and gingival 
cancer, colorectal carcinoma, cholangiocarcinoma, glioma and 
leukemia (17‑32). TA exhibits low toxicity to healthy cells and 
may be administered orally (17). A previous study revealed 
that a combination of TA and CDDP induced apoptosis in 
ovarian cancer cells (17). The aim of the present study was to 
investigate whether the combination of TA and CDDP therapy 
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successfully inhibits liver cancer cell growth and whether 
the underlying mechanism involves mitochondria‑mediated 
apoptosis.

Materials and methods

Cell culture. The human liver cancer cell line HepG2 was 
purchased from the American Type Culture Collection and 
maintained in RPMI‑1640 (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10%  fetal bovine serum (FBS; 
Zhejiang Tian Hang Biological Science and Technology Co., 
Ltd.), 2.0 g/l sodium hydrogen carbonate, 100 µg/ml strepto-
mycin and 100 U/ml penicillin. The cells were maintained 
in an incubator at 37˚C (5%  CO2), and experiments were 
conducted during the exponential growth phase. However, the 
cell line was not authenticated in our laboratory since it was 
purchased in 2013.

Cell viability assay. HepG2 cells were cultured in RPMI‑1640 
supplemented with 10% FBS for 24 h. The cells were then 
treated with TA (Cell Signaling Technology, Inc.) at 0, 90, 180, 
270, 360, 450 and 540 µM, and CDDP (Qilu Pharmaceutical 
Co., Ltd.) at 0, 0.6, 1.2, 1.8, 2.4, 3.0 and 3.6 µg/ml for 24 h. 
Subsequently, the cells were subjected to MTT analysis 
according to the manufacturer's protocol (Solar Biotechnology 
Co., Ltd.). The cell inhibition rate was calculated as follows: 
1‑(drug A value‑control A value)/inhibition rate (%)=1‑(drug A 
value‑control A value)/(control A value‑blank A value).

Measurement of the combination index (CI) and dose 
reduction index (DRI). The effect of drug synergism on cancer 
cells may be determined using CI and DRI. In the present 
study, the synergistic effect of TA and CDDP was determined 
using the following formula:

CI = (D)1/(Dx)1 + (D)2/(Dx)2
(DRI)1 = (Dx)1/(D)1, (DRI)2 = (Dx)2/(D)2,

where (Dx)1 = dose of drug 1 required to produce 50% cell 
death; (D)1 = dose of drug 1 required to produce 50% cell 
death in combination with (D)2; (Dx)2 = dose of drug 2 
required to produce 50% cell death; (D)2 = dose of drug 2 
required to produce 50% cell death in combination with 
(D)1. CI <1 indicates a synergistic effect of the two drugs, 
CI  =  1 suggests an additive effect and CI  >1 indicates 
antagonism.

The DRI estimates to what extent the dose of one or more 
drugs in a synergistic combination may be reduced to achieve 
effects that are comparable with those achieved with each 
drug alone. The inverted terms in the CI equation are the 
DRIs for the corresponding individual drugs in combina-
tion. The reduced dose of each drug reduces toxicity and the 
increased effect in combination leads to beneficial clinical 
outcomes.

Changes in cell and nuclear morphology. A total of 3x105 
HepG2 cells were plated into each well of a 6‑well plate and 
incubated for 24 h. A total of four treatment groups were 
created: i) cells exposed to 180 µM TA + 0.9 µg/ml CDDP; 
ii) cells exposed to 180 µM TA; iii) cells exposed to 0.9 µg/ml 

CDDP; and iv) cells exposed to a saline control. The cells were 
incubated for a further 24 h prior to morphological analysis. 
For nuclear morphological analysis, the cells were fixed 
with acetone, stained with DAPI for 5 min, and examined 
using a fluorescence microscope (cat.  no.  IX73; Olympus 
Corporation).

Annexin  V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) apoptosis assay. HepG2 cells were collected in an 
Eppendorf tube, washed twice with PBS, centrifuged at 800 x g 
for 5 min at 4˚C, and resuspended in calcium‑enriched HEPES 
buffer. The cells were then subjected to Annexin V‑FITC/PI 
apoptosis analysis according to the manufacturer's instruc-
tions (BBI Co., Ltd.). Briefly, the cells were stained with 
Annexin V‑FITC and PI for 15 min and analyzed using a flow 
cytometer (Gallios; Beckman Coulter) with FlowJo software 
(version 7.6.3; Tree Star, Inc.).

Mitochondrial transmembrane potential (MTP). Cells were 
washed twice with PBS and centrifuged at 800 x g for 5 min. 
The cells were then stained using JC‑1 (cat.  no.  C2006; 
Beyotime Institute of Biotechnology) and the MTP was deter-
mined according to the manufacturer's protocol (Beyotime 
Institute of Biotechnology). Cells were then analyzed using a 
flow cytometer.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from HepG2 
cells and reverse‑transcribed into cDNA. M‑MLV reverse tran-
scriptase and RNase inhibitor were purchased from Promega 
Corporation, and dNTP mix (10 mM) was purchased from 
Shanghai Bio‑Tech Co., Ltd. RNAiso™ Plus was purchased 
from Takara Bio Inc. cDNA was used at a 1:10 dilution for 
qPCR. The primers for qPCR were as follows: β‑actin forward, 
5'‑CGG​GAA​ATC​GTG​CGT​GAC‑3' and reverse, 5'‑CAG​GAA​
GGA​AGG​CTG​GAA​G‑3'; Bcl‑2 forward, 5'‑GGT​GGG​GTC​
ATG​TGT​GTG​G‑3' and reverse, 5'‑CGG​TTC​AGG​TAC​TCA​
GTC​ATC​C‑3'; Bcl‑2‑associated X apoptosis (Bax) forward, 
5'‑CCC​GAG​AGG​TCT​TTT​TCC​GAG‑3' and reverse, 5'‑CCA​
GCC​CAT​GAT​GGT​TCT​GAT‑3'; and cytochrome c (CytC) 
forward, 5'‑CTT​TGG​GCG​GAA​GAC​AGG​TC‑3', and reverse, 
5'‑TTA​TTG​GCG​GCT​GTG​TAA​GAG‑3'. The qPCR reaction 
mixture consisted of 1 µl cDNA, 5 µl SsoFast™ EvaGreen® 
Supermix (Bio‑Rad Laboratories, Inc.), 0.5 µl of each primer 
and 3.5 µl distilled water. The thermocycling conditions were 
as follows: Initial denaturation at 94˚C for 60 sec, followed 
by 40 cycles at 95˚C for 20 sec and at 56˚C (for β‑actin and 
Bax), 60.3˚C (for Bcl‑2), or 57.6˚C (for CytC) for 30 sec. The 
mRNA levels were quantified using the 2‑ΔΔCq method (33) 
and normalized to the internal reference gene β‑actin. qPCR 
experiments were performed in triplicate.

Western blotting. HepG2 cells were collected and lysed using 
RIPA lysis buffer. Total protein was quantified using the 
bicinchoninic acid assay and 20 µg protein/lane was sepa-
rated by SDS‑PAGE on a 10% gel. The separated proteins 
were subsequently transferred to a polyvinylidene fluoride 
membrane (Merck KGaA). The membrane was washed and 
blocked using TBS/0.1% Tween‑20 (TBST) solution with 
5% non‑fat dry milk for 1 h at room temperature. Primary 
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antibodies against Bcl‑2 (1:1,000; cat.  no.  12789‑1‑AP; 
ProteinTech Group, Inc.), Bax (1:2,000; cat. no. 50599‑2‑Ig, 
ProteinTech Group, Inc.), CytC (1:10,000; Abcam) and 
β‑actin (1:10,000; cat. no. 60008‑1‑Ig, ProteinTech Group, 
Inc.) were diluted in TBST/3%  bovine serum albumin 
(cat.  no.  9048‑46‑8, Sigma‑Aldrich; Merck  KGaA) and 
incubated with the membrane at room temperature for 1 h. 
Following primary antibody incubation, the membrane was 
washed and incubated with a goat anti‑mouse secondary 
antibody (dilution: 1:1,000; cat. no.  sc‑2039; Santa Cruz 
Biotechnology, Inc.) for 1 h at room temperature. Protein 
bands were visualized using a Gel Doc XR imaging system 
(Bio‑Rad Laboratories, Inc.) and analyzed using Quantity 
One image analysis software (version  4.62; Bio‑Rad 
Laboratories, Inc.). IPP software was used for protein band 
grey scale measurement.

Statistical analysis. The data were analyzed using SPSS 
software (version 22.0; IBM Corp.). One‑way analysis of vari-
ance followed by the Student‑Newman‑Keuls post hoc test was 
used to evaluate the differences between the treatment groups. 
The synergistic effect of TA and CDDP may be predicted 
using an isobologram, a graph constructed on a coordinate 
system composed of the individual drug doses. The graph 
commonly contains a straight line of additivity, the isobol, that 
is constructed based on the maximum additive efficacy of two 
drugs, and is employed to distinguish additive from synergistic 
and antagonistic interactions (34). When the observed data 
points predominantly fell on the left‑ or right‑hand side of the 
isobol, the combinations were considered to have a synergistic 
and antagonistic effect, respectively. Combinations with 
P>0.05 indicated additive to synergistic (or additive to antago-
nistic) effects. The results are presented as mean ± standard 
deviation, and P<0.05 was considered to indicate statistically 
significant differences.

Results

Combined TA and CDDP treatment suppresses HepG2 cell 
viability and affects cell morphology. The MTT assay was 
performed to investigate the effect of treatment with TA or 
CDDP on the viability of HepG2 cells. The results demon-
strated that both TA and CDDP significantly decreased cell 
viability (P<0.01). The inhibition was dose‑dependent and 

the half maximal inhibitory concentration (IC50) values were 
360 µM and 1.8 µg/ml, respectively (Fig. 1A and B).

The synergistic effect of drugs may be determined using 
CI and DRI. In the present study, the combined inhibition 
rate of TA and CDDP dose‑dependently increased from 9 
to 70%, and the corresponding CIs were 0.44, 0.48, 0.70, 
0.75 and 1.35, respectively. This suggests that the combined 
use of TA and CDDP exerted a synergistic effect on HepG2 
cells. The dose ratios of TA and CDDP fell within a range 
of 1.4‑4.0 and 1.6‑5.3, respectively (Table I). The required 
doses of TA and CDDP were markedly decreased when the 
two drugs were used in combination (Table I).

HepG2 cells were exposed to a combination of TA and 
CDDP at their respective half IC50 values (TA, 180  µM; 
CDDP, 0.9 µg/ml). While the individual inhibition rate was 
19.1±6.0% for TA and 17.5±4.0% for CDDP, the combined 
inhibition rate increased up to 60.3±2.0%. Further statistical 
analysis indicated that the combined inhibition rate was 
significantly increased compared with that of TA or CDDP 
alone (P<0.01; Fig. 1C and D).

In the present study, the majority of the dose ratio points 
for TA and CDDP were on the left side of the isobol (Fig. 1E), 
indicating that TA and CDDP exerted synergistic effects on 
HepG2 cells.

TA and CDDP synergistically increase apoptosis in HepG2 
cells. Control cells appeared morphologically normal. The 
cells were spindle‑ or polygonal‑shaped in nature, had clear 
boundaries and had a homogenous cell refractive index. 
Additionally, all cells were attached to the bottom of the dish. 
By contrast, a large proportion of cells exposed to TA or CDDP 
for 24 h had detached, shrunk, become rounded and had a low 
refractive index. Furthermore, cells exposed to a combination 
of TA and CDDP for 24 h had detached and died, and the cell 
fragments had a very low refractive index (Fig. 2A).

Additionally, DAPI staining revealed that the nuclei of 
the control cells appeared light blue in color, were round or 
oval‑shaped, and had a homogenous distribution of chromatin. 
A proportion of the nuclei of TA‑ or CDDP‑treated cells 
appeared condensed and dark blue. In HepG2 cells treated 
with a combination of TA and CDDP, several nuclei were 
fragmented, and the cells had split into apoptotic bodies of 
various sizes (Fig. 2B, arrows), which represent the typical 
morphological characteristics of apoptosis.

Table I. Combination index (CI) and dose reduction index (DRI) for the drug combination of TA and CDDP.

	 TA (µM)	 CDDP (µg/ml)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Growth inhibition rate (%)	 CI	 Single	 Combined	 DRI	 Single	 Combined	 DRI

  9	 0.44	 90	 22.5	 4.0	 0.6	 0.1125	 5.3
22	 0.48	 180	 45	 4.0	 1.0	 0.225	 4.4
32	 0.70	 240	 90	 2.7	 1.4	 0.45	 3.1
61	 0.75	 450	 180	 2.5	 2.6	 0.9	 2.9
70	 1.35	 510	 360	 1.4	 2.8	 1.8	 1.6

TA, tannic acid; CDDP, cis‑dichlorodiamine platinum.
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To further verify that TA and CDDP synergistically 
increase the apoptosis of HepG2 cells, Annexin V‑FITC/PI 
analysis was performed to detect cells in the early and late 
stages of apoptosis. The results indicated that the cells exposed 
to a combination of TA and CDDP for 24 h exhibited the 

highest percentage of apoptosis (20.9±2%), while the control, 
TA and CDDP groups exhibited apoptotic percentages of 
2.6±0.2, 4.8±0.5 and 4.6±0.8%, respectively. The apoptotic 
rates in the three treatment groups were significantly higher 
compared with the control group (P<0.01). Furthermore, the 

Figure 1. TA and CDDP inhibit HepG2 cell growth in vitro. HepG2 cells were treated with TA, CDDP and TA + CDDP for 24 or 48 h. MTT analysis indicated 
that (A) TA and (B) CDDP alone inhibited HepG2 cell growth in a dose‑dependent manner after 24 h. A combination of TA and CDDP synergistically inhibited 
cell growth at (C) 24 and (D) 48 h. (E) Isobologram analysis of the cytotoxicity of TA and CDDP treatment alone or in combination. The diagonal line repre-
sents the isoeffect line of additivity. Points above this line indicate antagonism between drugs, and points below this line indicate synergy. Experiments were 
performed in triplicate. *P<0.05 and **P<0.01, untreated control group vs. the TA‑ or CDDP‑treated group, respectively; ##P<0.01, the TA- or CDDP-treated 
group vs. the TA + CDDP group. TA, tannic acid; CDDP, cis‑dichlorodiamine platinum. 
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apoptotic rate of the TA + CDDP group was significantly 
higher compared with that of any of the other groups (P<0.01; 
Fig. 2C).

Combination treatment with TA and CDDP activates 
mitochondria‑mediated apoptosis. To determine whether TA 
and CDDP synergistically promoted mitochondrial‑induced 
apoptosis, an MTP assay was performed using a JC‑1 kit. JC‑1 
accumulates in mitochondria in a membrane potential‑depen-
dent manner, which may be detected by a fluorescence emission 
shift from green (~529 nm) to red (~590 nm). Mitochondrial 
depolarization is determined based on the decrease in the 
red/green fluorescence intensity ratio. Therefore, the JC‑1 fluo-
rescent dye may be used as an indicator of MTP in cells. The 
shift of JC‑1 fluorescence from red to green represents early 
apoptosis. In the present study, the MTP declining rate for the 
control group was 1.7±0.3%, and the declining rates for the TA, 
CDDP and TA + CDDP groups following 24 h of treatment 
were 6.2±2.0, 4.3±0.3 and 24.2±0.5%, respectively. The MTP 
declining rate in the three treatment groups was significantly 
higher compared with that in the control group (P<0.01), and 

the MTP declining rate of the TA + CDDP group was signifi-
cantly higher compared with that in the TA or CDDP alone 
groups (P<0.01). These results further demonstrated that a 
combination of TA and CDDP synergistically increased early 
apoptotic events in HepG2 cells (Fig. 3).

To determine whether the mitochondrial‑induced apoptotic 
pathway in HepG2 cells was activated by TA and CDDP, the 
expression of apoptosis‑associated genes was investigated by 
RT‑qPCR analysis and western blotting. The results revealed 
that Bcl‑2 expression was downregulated, while Bcl‑2 expres-
sion was upregulated following exposure to a combination of 
TA + CDDP for 48 h (Figs. 4A, 5A and B). Furthermore, Bax 
(Figs. 4B, 5A and C), CytC (Figs. 4C, 5A and D), caspase‑3 
and cleaved caspase‑3 were upregulated, while procaspase‑3 
was downregulated (Figs. 4D and 5A, E and F).

In addition, the combination of TA and CDDP promoted 
the release of CytC from the mitochondria into the cytoplasm, 
while a proportion of Bax translocated from the cytoplasm 
into the mitochondria (Fig. 6A‑C). These data suggested that 
TA + CDDP treatment induced apoptosis through a mitochon-
dria‑mediated signaling pathway.

Figure 2. Combination treatment with TA and CDDP results in cellular and nuclear morphological changes and induces apoptosis in HepG2 cells. (A) Cell 
morphology observed under an optical microscope following treatment with TA or/and CDDP for 24 and 48 h. (B) Nuclei were stained using DAPI, and 
apoptotic bodies or nuclear fragments (arrows) were observed under a fluorescence microscope (magnification, x400) following treatment with TA and/or 
CDDP for 24 h. (C) Flow cytometric analysis indicating the percentages of necrotic, late apoptotic, living and early apoptotic cells (represented by quadrants 
D1, D2, D3 and D4, respectively) following treatment with TA and/or CDDP for 24 h. TA, tannic acid; CDDP, cis‑dichlorodiamine platinum.
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Figure 3. Flow cytometry revealed that the combination of TA and CDDP increases MTP. Cells were exposed to a combination of TA and CDDP for 24 h and 
the MTP was tested using the JC‑1 assay and flow cytometry. The MTP declining rate in all treatment groups was significantly higher compared with that in 
the control group (P<0.01). The MTP declining rate of the TA + CDDP group was significantly higher compared with that of the TA or CDDP groups (P<0.01). 
Experiments were performed in triplicate. TA, tannic acid; CDDP, cis‑dichlorodiamine platinum; MTP, mitochondrial transmembrane potential.

Figure 4. Combination treatment with TA and CDDP decreased the Bcl‑2 mRNA expression level and increased the transcription of Bax, CytC and caspase‑3.
HepG2 cells were exposed to a combination of TA and CDDP for 24 h and (A) the mRNA level of the anti‑apoptotic member Bcl‑2 was significantly decreased, 
while the expression of (B) Bax, (C) CytC and (D) caspase‑3 was significantly increased. Experiments were performed in triplicate. *P<0.05 and **P<0.01 vs. 
the control group. #P<0.05 and ##P<0.01 vs. the TA + CDDP group. TA, tannic acid; CDDP, cis‑dichlorodiamine platinum; Bax, Bcl‑2‑associated X apoptosis 
regulator; CytC, cytochrome c. 
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Discussion

CDDP is a commonly used anticancer agent and TA has previ-
ously been reported to suppress the growth of different types 

of cancer cells. The present study provided novel and direct 
evidence that the combination of TA and CDDP synergisti-
cally inhibited the growth of the liver cancer cell line HepG2. 
When the drugs were used alone, the IC50 of TA and CDDP 

Figure 5. Combination treatment with TA and CDDP downregulated Bcl‑2 and upregulated Bax, CytC and caspase‑3 in HepG2 cells. HepG2 cells were exposed 
to a combination of TA and CDDP for 24 or 48 h and western blot analysis indicated that (A and B) Bcl‑2 was significantly downregulated and (A and C) Bax, 
(A and D) CytC and (A and F) caspase‑3 were significantly upregulated after 48 h. Changes in the expression of procaspase‑3 were not found to be statistically 
significant. Experiments were performed in triplicate. *P<0.05 and **P<0.01 vs. the control group. #P<0.05 and ##P<0.01 vs. the TA + CDDP group. TA, tannic 
acid; CDDP, cis‑dichlorodiamine platinum; Bax, Bcl‑2‑associated X apoptosis regulator; CytC, cytochrome c. 

Figure 6. Combination treatment with TA and CDDP promoted the release of CytC to the cytoplasm and subsequent mitochondria‑mediated apoptosis. Cells 
were treated with a combination of TA and CDDP for 24 or 48 h and mitochondria were subsequently isolated from the cytoplasm. (A and B) Bax expression 
and mitochondrial translocation were increased, and (A and C) CytC concentration in the cytoplasm was significantly elevated, indicating that CytC was 
released from the mitochondria into the cytoplasm, thereby activating mitochondria‑mediated apoptosis. Experiments were performed in triplicate. *P<0.05 
and **P<0.01 vs. the control group. #P<0.05 and ##P<0.01 vs. the TA + CDDP group. TA, tannic acid; CDDP, cis‑dichlorodiamine platinum; CytC, cytochrome c; 
Bax, Bcl‑2‑associated X apoptosis regulator. 
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was 360 µM and 1.8 µg/ml, respectively. For the combination 
treatment, half the dose of the IC50 of each drug was used, and 
a significantly more prominent inhibitory effect was observed 
in HepG2 cells compared with the use of either drug alone.

Of note, although the HepG2 was originally considered 
to be a hepatocellular carcinoma (HCC) cell line, it has now 
been shown that it was likely derived from a hepatoblastoma 
(http://web.expasy.org/cellosaurus/CVCL_0027). In the present 
study, the growth of HepG2 cells was found to be synergisti-
cally suppressed by the combination of TA and CDDP, whereas 
this does not exclude the possibility that the combination of 
these two drugs may also be able to inhibit other types of liver 
cancer, such as HCC, which merits further investigation.

The results obtained in the present study indicated that 
exposing HepG2 cells to a combination of TA and CDDP for 
24 h decreased the MTP and upregulated Bcl‑2, Bax and CytC. 
Following exposure for 48 h, Bcl‑2 was significantly down-
regulated, while Bax and CytC remained upregulated. These 
results indicate that HepG2 cells attempted to resist treatment 
by upregulating Bcl‑2 at the early stage of apoptosis. However, 
continued exposure to TA and CDDP resulted in irreversible 
apoptosis, demonstrated by the downregulation of Bcl‑2, the 
upregulation of Bax, the release of CytC and the activation of 
caspase‑3. Isolation of mitochondria from the cytoplasm and 
subsequent western blot analysis further demonstrated that the 
combination of TA and CDDP promoted the release of CytC 
into the cytoplasm, and the translocation of Bax from the cyto-
plasm into the mitochondria. CytC plays an important role in 
mitochondria‑mediated apoptosis. Under normal conditions, 
CytC is located in the inner membrane of the mitochondria and 
cannot pass through the outer membrane. The release of CytC is 
a marker of activation of mitochondria‑mediated apoptosis (35). 
Therefore, a combination of TA and CDDP may synergistically 
induce the opening of the transmembrane pores, leading to 
enhanced permeability of the pores and decreasing the MTP. 
These events ultimately result in mitochondria‑mediated apop-
tosis. Since CDDP inhibits tumor cell growth via autophagy, it is 
likely that TA plays a key role in mitochondria‑mediated apop-
tosis in HepG2 liver cancer cells. Indeed, previous reports have 
demonstrated that TA is able to induce mitochondria‑mediated 
apoptosis in certain types of cancer cell lines, such as the 
gingival cancer cell line YD‑38, breast cancer cells, and the 
glioma cell line T98G (23,24,36). Our findings in HepG2 liver 
cancer cells are consistent with those reports.

In addition, previous studies have revealed that CDDP in 
combination with other anticancer agents, such as acetazol-
amide, cetuximab, 5‑fluorouracil and metalloproteinase 3, 
may enhance the chemosensitivity of cancer cells and improve 
survival outcomes (6‑9). However, those anticancer agents 
are usually associated with considerable toxic side effects. 
The findings of the present study demonstrated that TA was 
able to synergistically enhance the anticancer effect of CDDP, 
even at their respective half IC50 values (TA, 180 µM; CDDP, 
0.9 µg/ml). The combined inhibition rate was 3‑fold higher 
compared with that by CDDP alone. Since TA is a natural 
plant polyphenol and has been widely used as a dietary supple-
ment, its favorable toxicity profile makes it superior to other 
anticancer agents.

In conclusion, the present study revealed that a combina-
tion of TA and CDDP significantly increased the anticancer 

effect on HepG2 cells compared with either drug alone, which 
may substantially decrease the toxicity to normal cells. These 
results provide novel insights into targeted chemotherapy for 
liver cancer.
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