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Resveratrol enhances cisplatin-induced apoptosis in human
hepatoma cells via glutamine metabolism inhibition
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Cisplatin is one of the most effective chemotherapeutic drugs
used in the treatment of HCC, but many patients will
ultimately relapse with cisplatin-resistant disease. Used in
combination with cisplatin, resveratrol has synergistic effect of
increasing chemosensitivity of cisplatin in various cancer cells.
However, the mechanisms of resveratrol enhancing cisplatin-
induced toxicity have not been well characterized. Our study
showed that resveratrol enhances cisplatin toxicity in human
hepatoma cells via an apoptosis-dependent mechanism.
Further studies reveal that resveratrol decreases the absorption
of glutamine and glutathione content by reducing the
expression of glutamine transporter ASCT2. Flow cytometric
analyses demonstrate that resveratrol and cisplatin combined
treatment leads to a significant increase in ROS production
compared to resveratrol or cisplatin treated hepatoma cells
alone. Phosphorylated H2AX (yH2AX) foci assay demonstrate
that both resveratrol and cisplatin treatment result in a
significant increase of YH2AX foci in hepatoma cells, and the
resveratrol and cisplatin combined treatment results in much
more YH2AX foci formation than either resveratrol or cisplatin
treatment alone. Furthermore, our studies show that
over-expression of ASCT2 can attenuate cisplatin-induced ROS
production, YH2AX foci formation and apoptosis in human
hepatoma cells. Collectively, our studies suggest resveratrol
may sensitize human hepatoma cells to cisplatin chemo-
therapy via glutamine metabolism inhibition. [BMB Reports
2018; 51(9): 474-479]
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors in the world. The main treatment for HCC is
surgical resection, but only 10% to 15% of patients with HCC are
candidates for surgical resection (1). Randomized controlled trials
have gradually supported and established TACE based
comprehensive interventional therapy as the preferred method for
non-surgical treatment of HCC (2-4). Cisplatin (CDDP) is one of the
most effective chemotherapeutic drugs used in the treatment of
HCC, but development of resistance limits the successful use of
cisplatin in chemotherapy (5). Therefore, there is a critical need for
finding other drugs that can enhance the antitumor activity of CDDP.
Resveratrol (RV) is a non-flavonoid polyphenol belonging to the
stibenes. RV has been shown to be a potential chemopreventive
agent (6, 7). Combining with cisplatin, resveratrol had additive
and/or synergistic effects increasing the chemosensitisation of
cancer cells. However, the mechanisms by which RV increases the
chemosensitivity of CDDP remain to be determined.

From the perspective of altered metabolism in cancer cells, apart
from glucose, glutamine is another major source of energy
production for cancer cells (8) and their metabolism is required in
cancer cell growth and survival (9), and resveratrol has been shown
to inhibit glucose uptake (10, 11). Loss of glutamine influx may inhibit
glutathione synthesis resulting in the induction of apoptosis (12).
CDDRP can induce apoptosis and inhibit cancer cell proliferation
through various signaling pathways (13). Therefore, the goal of this
study was to determine if resveratrol could sensitize hepatoma cell
lines to cisplatin-induced cytotoxicity by inhibiting glutamine
metabolism.

RESULTS

Resveratrol enhances cisplatin toxicity in human hepatoma
cell lines via an apoptosis-dependent mechanism

First of all, we evaluated the impact of different doses of RV or
CDDP on two hepatoma cells. The results show that cell growth
of C3A and SMCC7721 were inhibited in a dose-dependent
manner by RV and CDDP (Fig. 1A, B). Previous study showed that
RV treatment increased the sensitivity of epithelial ovarian cancer
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cells to CDDP induced cell death (15). Here, we sought to
investigate whether RV treatment could sensitize human
hepatoma cells to CDDP-induced cell toxicity. We chose the
lowest two doses of RV and CDDP to treat C3A and SMCC7721
cells for 24 h. The MTS results show that RV enhances CDDP
induced cell death in C3A and SMCC7721 cells, and the
comparison of cytotoxic effect of 12.5 ug/ml RV and 0.625 ug/ml
CDDP vs 0.625 ug/ml CDDP were more substantial than the other
groups, although CDI < 1 was measured in all groups (Fig. 1C,
D). Moreover, resveratrol did not enhance the inhibitory effect of
cisplatin on the growth of normal hepatic cell LO2.

Furthermore, we investigated whether RV could promote CDDP
induced apoptosis because CDDP primarily induces cell death by
apoptosis, and resveratrol was also identified as a powerful
proapoptotic agent. The results showed that 12.5 ug/ml RV
enhances 0.625 ug/ml CDDP induced apoptosis in C3A and
SMCC7721 cells (Fig. 1F, G).

Resveratrol inhibits glutamine metabolism in human
hepatoma cell lines

RV has been shown to inhibit glucose upake (10). In this study, we
examined whether resveratrol reduced glutamine absorption by
inhibiting glutamine membrane transporter ASCT2. We tested the
effect of resveratrol on the ASCT2 expression of C3A and
SMCC7721 cells by western blot. The results showed that
resveratrol significantly reduced the ASCT2 expression of C3A and
SMCC7721 cells (Fig. 2A). Then we tested glutamine uptake and
glutathione content of C3A and SMCC7721 cells treated CDDP
with or without RV treatment. The results showed that resveratrol
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Fig. 1. Resveratrol promotes cisplatin-induced cell death in C3A and
SMCC7721 cells. (A) MTS assays show that cell growth of C3A and
SMCC7721 were inhibited in a dose-dependent manner after treated
with resveratrol for 24 h. (B) MTS assays show that cell growth of
C3A and SMCC7721 were inhibited in a dose-dependent manner
after treated with cisplatin for 24 h. (O Resveratrol enhances cisplatin
induced cell death in C3A cells. (D) Resveratrol enhances cisplatin
induced cell death in SMCC7721 cells. (E) Resveratrol does not
enhance cisplatin induced cell death in normal hepatic cell LO2. (F)
Resveratrol ~ enhances cisplatin  induced apoptosis in C3A and
SMCC7721 cells. CDI < 1 of All groups. *P < 0.05, **P < 0.01,
***P < 0.0001. (g Resveratrol enhances cisplatin induced cell death
was quantified by staining with propidium iodide (Pl) and Annexin V.
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significantly reduced glutamine uptake and decreases glutathione
content in C3A and SMCC7721 cells (Fig. 2B, C). These results
suggest that the mechanism of resveratrol improving the
anti-tumor activity of cisplatin may be related to its ability of
significantly inhibiting glutamine metabolism of tumor cells.

Resveratrol increases ROS production in human hepatoma
cell lines

We performed flow cytometric analysis to measure ROS
production in cisplatin treated C3A and SMCC7721 cells with or
without reveratrol treatment for 24 hours. The results showed that
resveratrol and cisplatin combined treatment markedly increases
ROS production in C3A and SMCC7721 cells compared with those
cells treated with resveratrol or cisplatin alone (Fig. 2D, E). These
results suggest that increasing of ROS production may be a key role
played by resveratrol to enhance cisplatin toxicity.

Resveratrol increases DNA damage in human hepatoma cell
lines

Given that DNA damage is the major cause of cisplatin- induced
toxicity, we hypothesized that resveratrol may enhance
yH2AX-induced DNA damage To test this hypothesis, we
performed YH2AX foci assay to examine whether RV treatment
enhances DNA damage in CDDP treated human hepatoma cells.
The results showed that resveratrol and cisplatin combined
treatment results in more YH2AX foci formation than resveratrol
and cisplatin treatment alone (Fig. 2F, G).

Fig. 2. Resveratrol enhances cisplatin-induced toxicity via a DNA
damage causing apoptosis-independent mechanism. (A) Western blot
was performed to determine the expression levels of glutamine
transporter ASCT2 in C3A and SMCC7721 cells after treated with
indicated drugs. B-Actin was used as a loading control. (B)
Resveratrol inhibits the uptake of glutamine in C3A and SMCC7721
cells. (C) Resveratrol decreases glutathione content in C3A and
SMCC7721 cells. (D) Levels of ROS were measured by flow
cytometric analyses in C3A and SMCC7721 cells. (E) Relative ROS
levels in C3A and SMCC7721 cells are shown compared to control
cells. (F) Quantification of ¥ H2AX immunofluorescent staining by
IOD/Area of C3A and SMCC7721 cells. (G) Picture of 7y H2AX
immunofluorescent  staining of C3A and SMCC7721 cells. (H)
Western blott assays were performed to determine the expression
levels of mitochondria and kytoplasm cytochrome ¢, caspase-9 and
cleaved caspase-3 in C3A and SMCC7721 cells. B-Actin was used
as a loading control. *P < 0.05, **P < 0.01, ***P < 0.0001.

BMB Reports

475



Resveratrol enhances cisplatin-induced apoptosis
Zhaoyuan Liu, et al.

CDDP-induced DNA damage will ultimately trigger apoptotic
pathways (16). In mitochondrial apoptotic pathways, ROS and
DNA activate bcl-2 to promote cytochrome c release. To address
this issue, western blot analyses were performed to determine the
expression level of mitochondria and kytoplasm cytochrome c,
caspase-9 and activated caspase-3. The results show that RV
treatment has significant effect on the expression of mitochondria
and kytoplasm cytochrome c, caspase-9 and activated caspase-3
(Fig. 2H). These results support the hypothesis that the effect of
resveratrol enhancing cisplatin toxicity may be related to
increasing ROS-induced DNA damage.

Resveratrol decreases the absomption of glutamine by
reducing the expression of ASCT2 and improved the
anti-tumor activity of cisplatin

To determine the role of glutamine metabolism in RV-mediated
CDDP chemosensitization, we transfect pcDNA3.1-ASCT2 into
C3A and SMCC7721 cells. Western blot results indicate that the
transfected ASCT2 eukaryotic expression vector increases ASCT2
expression in C3A and SMCC7721 cells compared to normal cell
and empty vector (Fig. 3A, B). After transfection of ASCT2
expression vectors in C3A and SMCC7721 cells, glutamine
metabolism, ROS production, DNA damage and expression of
apoptosis-regulating proteins were significantly attenuated (Fig.
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Fig. 3. Enhanced expression of ASCT2 inhibited the synergistic effect
of resveratrol on the toxicity of cisplatin on C3A and SMCC7721
cells. (A) C3A cells were transfected with empty vector pcDNA3.1 or
pcDNA3.1 + ASCT2. Transfection efficiency is confirmed by Western
blot assay. (B) SMCC7721 cells were transfected with empty vector
pcDNA3.1 or pcDNA3.1+ASCT2. Transfection efficiency is confirmed
by Western blot assay. (C) Transfection of ASCT2 vector inhibited the
synergistic effect of resveratrol on cisplatin-induced cell death in C3A
cells. (D) Transfection of ASCT2 vector inhibited the synergistic effect
of resveratrol on cisplatin-induced cell death in SMCC7721 cells. (E)
Transfection of ASCT2 vector inhibited the synergistic effect of
resveratrol on cisplatin-induced apoptosis in C3A cells. (E) Transfection
of ASCT2 vector inhibited the synergistic effect of resveratrol on
cisplatin-induced apoptosis in SMCC7721 cells. (F) Transfection of
ASCT2 vector inhibited the synergistic effect of resveratrol on
cisplatininduced cell death, which was quantified by staining with
propidium iodide (Pl) and Annexin V. **P < 0.01, ***P < 0.0001.
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4A-G). Moreover, after the recovery expression of ASCT2, the
synergistic effect and apoptosis induced effects of resveratrol were
lost to cisplatin (Fig. 3C-F). These results prove that ASCT2 is the
molecular target of resveratrol. By down-regulating the expression
of ASCT2 resulting in inhibiting glutamine metabolism of human
hepatoma cell lines, resveratrol improves the sensitivity of tumor
cells to cisplatin.

DISCUSSION

Cisplatin is a neutral, square-planar, coordination complex of
divalent Pt (17). Cisplatin is widely used in the treatment of solid
tumors. The use of cisplatin is limited by its severe side effects due
to dose-limiting toxicity especially nephrotoxicity, which involves
mechanisms include cell cycle arrest, generation of reactive
oxygen species (ROS) and apoptosis (18). Another limitation for
the use of cisplatin is the development of resistance during the
course of the treatment (5). Combination therapies of cisplatin with
other drugs have been highly considered to reduce toxicity.
Resveratrol, a phytoalexin found in many plants including grapes,
berries and peanuts, is a nutraceutical that has many exciting
pharmacological potential. Largeamount of studieshave shown
the chemopreventive effects of resveratrol on cancers in vitro and
in vivo. Currently, resveratrol has been reported to show
synergistic effects with cisplatin as a result of increased apoptosis
associated with the release of cytochrome ¢ from mitochondria to
cytosol, and the abnormal expression of Bcl-2 and Bax proteins
(19). However, the chemopreventive mechanisms of resveratrol
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Fig. 4. Enhanced expression of ASCT2 lowered the inhibition of
glutaminemetabolism induced by resveratrol. (A) Transfection of
ASCT2 vector lowered the inhibition of glutamine uptake induced
by resveratrol. (B) Transfection of ASCT2 vector increased glutathione
content in C3A and SMCC7721 cells treated with resveratrol. (C)
ROS levels were measured by flow cytometry (D) Transfection of
ASCT2 vector lowered the induction of ROS production induced by
resveratrol. (E) Picture of ¥ H2AX immunofluorescent staining of
transfected C3A and SMCC7721 cells. (F) Quantification of 7 H2AX
immunofluorescent staining by 1OD/Area of transfected C3A and
SMCC7721 cells. (G) Western blot assays were performed to
determine the expression levels of mitochondria and kytoplasm
cytochrome ¢, caspase-9 and cleaved caspase-3 in transfected C3A

and SMCC7721 cells. B-Actin was used as a loading control. *P <
0.05, **P < 0.01, ***P < 0.0001.
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still need to be elucidated. In this report, we provide evidence
demonstrating that resveratrol decreases the absorption of
glutamine by reducing the expression of glutamine transporter
ASCT2. Glutamine can be directly converted to glutathione, which
is the primary reactive oxygen species (ROS) scavenging system
in cells. Our subsequent studies demonstrate that
resveratrol-induced chemosensitivity of cisplatin is associated
with increase of ROS production, DNA damage and apoptosis
induction in human hepatoma cells, suggesting resveratrol may
sensitize human hepatoma cells to cisplatin chemotherapy via
glutamine metabolism inhibition.

Extensive studies have shown that resveratrol has protective
effects on nephrotoxicity, ototoxicity and heart damage induced by
cisplatin  (20-22). Resveratrol promotes cisplatin-induced
apoptosis of lung cancer cells by regulating apoptosis signaling
pathway in lung cancer cells, thereby inhibiting the proliferation
of lung cancer cells (23). Our study shows that resveratrol enhances
cisplatin = toxicity in human hepatoma cells via an
apoptosis-dependent mechanism. Resveratrol did not increase the
killing effect of cisplatin on normal hepatic cells.

Glutaminolysis is presumably 10-fold higher than that of any
other amino acid in cancer cells. Many nutrient transporters have
recently been found to play a new role in cancer chemosensitivity
(24). Glutamine is transported into cancer cell mainly by solute
carrier family 1 neutral amino acid transporter member 5 (SLCTA5,
also known as ASCT2) (25). Membrane-anchored amino acid
transporter SLC1A5 (ASCT2) mediates glutamine uptake in cancer
cells. ASCT2 is expressed in liver cancer biopsies but is not
detectable in normal hepatocytes. Six hepatoma cell lines
(SK-Hep, HepG2, PLC/PRF/5, Hep3B, Focus and SMCC7721)
were proven to be ASCT2-dependent in taking up glutamine
several folds faster than normal hepatocytes (26). Previous studies
have shown that ASCT2 is important for cell growth in several kinds
of cancer cells (27-31). We found that the process where resveratrol
enhancing cisplatin toxicity on human hepatoma cell lines
involved the inhibition of glutamine metabolism in human
hepatoma cell lines. In glutamine metabolic pathways, it was
found that resveratrol can inhibit the uptake of glutamine via
downregulating glutamine transporter ASCT2, which results in the
inhibition of glutathione production. This indicated that
resveratrol has the ability of inhibiting the glutamine metabolism
of human hepatoma cell lines.

Cisplatin induces the production of ROS, which could lead to
DNA damage. Cisplatin’s anti-tumoral properties are mainly on the
induction of DNA cross-links with the purine bases on the DNA
(32), forming cisplatin-DNA adducts by damaging DNA and
inhibiting DNA synthesis as well as it triggers the tumor suppressor
protein p53 activation that leads to apoptosis. DNA damage results
in phosphorylation and stabilization of p53 (33) that can
transactivate genes involved in cell progression and apoptosis (34)
and promote cisplatin- induced apoptosis by directly binding and
counteracting the antiapoptotic function of Bcl-xL (35). DNA
damage can initiate the intrinsic pathway, resulting in release of
cytochrome-c from the mitochondria regulated by Bcl-2 family
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activating procaspase-9 through the interaction with apoptosis
promoting activating factor-1 (APAF-1) and formation of an active
apoptosome complex. It has been found that resveratrol could
enhance 5-fu anti-tumor activity by improving ROS production in
colon cancer cells (36). Flow cytometric analyses demonstrate that
resveratrol and cisplatin combined treatment leads to a significant
increase in ROS production compared to resveratrol or cisplatin
treated hepatoma cells. To quantify YH2AX- associated DNA
damage, our YH2AX foci assay demonstrate that both resveratrol
and cisplatin treatment result in a significant increase in the
formation of YH2AX foci in hepatoma cells, and the resveratrol and
cisplatin combined treatment results in much more substantial
yH2AX foci formation than either resveratrol or cisplatin treatment
alone. Western blot analyses showed that RV treatment has
significant effect on the expression of mitochondria and kytoplasm
cytochrome ¢, caspase-9 and activated caspase-3. These results
support that the effect of resveratrol enhancing cisplatin toxicity
may be related with increasing ROS-induced DNA damage.

In order to confirm that the synergistic effect of resveratrol with
ciaplatin depends on the downregulation of ASCT2, we
constructed ASCT2 recombinant expression plasmid, so that
ASCT2 was highly expressed in C3A and SMCC7721 cells. Then
we found that in both ASCT2 highly expressed cells, the effect of
resveratrol enhancing cisplatin anti-tumor was significantly
inhibited. All of these results demonstrated that the mechanism of
resveratrol enhancing the antitumor effect of cisplatin was
targeting at ASCT2. However, lack of in vivo data is the limit of
this study. Further animal studies are required to examine whether
combination therapy of CDDP and RV is beneficial for the
treatment of HCC.

In conclusion, this study proves that the synergistic effect of
resveratrol and cisplatin was first initiating the downregulation of
ASCT2 by resveratrol, then inhibiting glutamine metabolism of
human hepatoma cell lines to enhance cisplatin toxicity. In vivo
studies are warranted to examine whether combination therapy
of CDDP and RV could be applied in the clinics.

MATERIALS AND METHODS

Cell culture

Human hepatoma cell line C3A and SMCC7721 were purchased
from American Type Culture Collection (ATCC). Human liver cell
line LO2 was purchased from Shanghai Cell Library, CAS. All cells
were cultured in DMEM with 10% FBS and 100 u/ml of
penicillin-streptomycin (Hyclone), at 37°C in an atmosphere of 5%
COs.

Chemicals

Resveratrol and cisplatin were purchased from Sigma-Aldrich
Chemical Co. (St. Llouis, MO). Both drugs were dissolved in
DMSO at a final concentration lower than 0.1%.

Drug treatment and drug interaction effect test
C3A, SMCC7721 and LO2 cells were exposed to a range of drug
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concentrations for 24 h: resveratrol (12.5 ug/ml, 25 ug/ml, 50 ug/ml,
100 ug/ml, 200 ug/ml), cisplatin (0.625 ug/ml, 1.25 ug/ml, 2.5
ug/ml, 5 ug/ml, 10 ug/ml), 12.5 ug/ml resveratrol + 0.625 ug/ml
cisplatin, and 25 ug/ml resveratrol + 1.25 ug/ml cisplatin.
Interaction of two drugs was evaluated by CDI (coefficient of drug
interaction). CDI was calculated by the formula: CDI = AB/ (A
x B), where AB represents the cell viability after cells incubated
with drug A and B, while A or B represent cell viability after cells
incubated with a single compound alone. CDI < 1 represents
synergy of Aand B, CDI = 1 represents additivity of A and B, and
CDI > 1 represents antagonism of A and B (14).

Cell viability assay

Cell viability was measured by MTS assay. The cells were
incubated with 10 ul of MTS agents (Promega; USA) in 100 ul of
medium for 4 h. After incubation, the absorbance of each sample
was measured at 490 nm with a multiscan MK3 spectrophotometer
(Thermo Fisher Scientific; USA). The percentage of cell viability
was calculated as the ratio of OD value of treated cells to that of
control cells.

Apoptosis assay

Percentages of apoptotic cells were evaluated by Annexin V-FITC
apoptosis Kit (Keygen, China) according to manufacturer’s protocol.
Flow cytometry was performed on a BD Calibur cytometer. Data
were then obtained by FlowJo software.

Western blot analysis

Protein were extracted using cell lysis buffers and proteinase
inhibitor. Protein concentrations were quantified using BCA
method. Fifty ng of protein samples were diluted with 5 x SDS
and denature in boiling water for 5 min. After electrophoresis,
protein samples were transferred onto nitrocellulose filter
membrane (NC membrane). The membrane was incubated in
TBST solution that contains primary antibodies for 10 min at room
temperature. Incubation with secondary antibody was prepared
in the same way. Protein bands were detected using gel image
processing system.

Glutamine uptake assay

Cells were washed twice with PBS. After adding phenol red-free
DMEM to the plates to culture for 24 h, the cells were collected
for testing. Following the principle of glutamine conversion into
glutamic acid and ammonia, the amount of glutamine can be
calculated by measuring the amount of ammonia. According to
the instructions of the glutamine measurement kit (Nanjing
Jiancheng, China), the glutamine uptake by cells equals to the
primary concentration of glutamine in phenol red free DMEM
minus the concentration of glutamine of every group.

Total glutathione assay

According to the instructions of the glutathione measurement kit
(Nanjing Jiancheng, China), total glutathione of cells treated with
drugs at the concentrations indicated were assayed.
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Flow cytometric analysis of ROS

ROS were measured by flow cytometric analysis. Cells were
loaded with 50 uM of dihydropyridine and incubated at 37°C for
30 min. The excitation wavelength was 485 nm and the emission
wavelength was 565 nm.

Immunofluorescent microscopy of YH2AX foci

Cells were fixed with paraformaldehyde for 30min and washed
3 times with PBS. Then the cells were permeabilized with 0.2%
Triton X-100/PBS for 5 min. Slides were blocked with 10% normal
goat serum for 30 min before incubation with mouse anti-phospho
H2AX monoclonal antibody for 2 h at room temperature or
overnight at 4°C and thenincubated with Alexa Fluor
555-conjugated anti-mouse 1gG secondary antibody (Invitrogen,
USA,) for 1 h at room temperature. Nuclei were counterstained with
DAPI. Slides were then washed with PBS. Slides were briefly rinsed
in water and air-dried prior to mounting.

Over-expression of ASCT2

Cells were transfected with empty pcDNA3.1 with Lipofectamine
2000 according to the manufacturer’s instructions. Cells were
incubated for 24 h to ensure adequate expression of ASCT2. The
pcDNA3.1-ASCT2 was transfected into C3A and SMCC7721 cells.

Statistical analysis
Quantitative data were presented as mean + SD. Differences

between groups were determined by Student’s t-test. P < 0.05 was
considered statistically significant.
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