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Abstract
Purpose To investigate the synergistic effect of resveratrol on the bystander effect of TK/GCV suicide gene system in 
melanoma cells.
Methods The effect of resveratrol on the growth of B16 cells and the synergistic effect of resveratrol with or without GCV 
were detected by MTT assay and high content screening assay. The effect of resveratrol on GJIC function was detected by 
flow cytometry combined with fluorescence tracer and fluorescence microscope, and the expression of gap junction protein 
was detected by western blotting. Synergistic killing effect of resveratrol plus TK/GCV was tested in vivo using transplanted 
melanoma model.
Results In vitro, resveratrol can enhanced GJ function and upregulated Cx32 and Cx43 protein expression in B16 cells. 
Resveratrol synergized with GCV to kill mixed B16 melanoma cells (20%  TK+ cells and 80%  TK− cells) and to improve 
apoptosis rate of  TK− cells (the bystander effect of TK system), and the synergistic action was reversed by the GJ inhibitor 
AGA. In vivo, when B16 cells were mixed with 30%  TK+ B16 cells, significantly reduced tumor weight and volume were 
observed after combinational treatment with resveratrol plus GCV as compared with GCV or resveratrol treatment alone.
Conclusions Resveratrol could synergistically enhance the killing effect of TK/GCV suicide gene system in melanoma B16 
cells and transplanted melanoma. It might be a promising adjuvant of TK/GCV therapy.

Keywords Suicide gene · Resveratrol · Bystander effect · Melanoma · Gap junction

Yuan Chen and Hong Li contributed equally to this work.

 * Biaoyan Du 
 dubiaoyan@gzucm.edu.cn

 * Yuhui Tan 
 tyuhui@aliyun.com

 Yuan Chen 
 1015046708@qq.com

 Hong Li 
 624165606@qq.com

 Guangxian Zhang 
 zhangguangxian@gzucm.edu.cn

 Yingya Wu 
 785448837@qq.com

 Jianyong Xiao 
 jianyongxiao@gzucm.edu.cn

 Jingjing Liu 
 1603845559@qq.com

 Pengxiang Qiu 
 1135684000@qq.com

 Xijuan Liu 
 659547611@qq.com

 Lingling Sun 
 1257173024@qq.com

1 Department of Medical Biotechnology, School of Basic 
Medical Sciences, Guangzhou University of Chinese 
Medicine, Guangzhou 510006, China

2 Department of Pathology and Pathophysiology, School 
of Basic Medical Sciences, Guangzhou University of Chinese 
Medicine, Guangzhou 510006, China

3 Research Center for Integrative Medicine of Guangzhou 
University of Chinese Medicine, Key Laboratory of Chinese 
MedicinePathogenesis and Therapy Research), School 
of Basic Medical Sciences, Guangzhou University of Chinese 
Medicine, Guangzhou 510006, China

4 First Clinical Medical College, Guangzhou University 
of Chinese Medicine, Guangzhou 510006, China

http://orcid.org/0000-0003-2130-3302
http://crossmark.crossref.org/dialog/?doi=10.1007/s00432-020-03203-z&domain=pdf


1490 Journal of Cancer Research and Clinical Oncology (2020) 146:1489–1499

1 3

Introduction

Melanoma originates from cells that can produce melanin, 
and it is a relatively common malignant tumor that is a 
threat to human health (Luebker and Koepsell 2019). In 
addition to the conventional surgery, such as radiotherapy 
and chemotherapy, suicide gene therapy is a promising 
new approach for treating melanoma (Karjoo et al. 2016; 
Navarro et al. 2016). The earliest and most mature suicide 
gene system is herpes simplex virus 1 thymidine kinase/
ganciclovir (HSV1-TK/GCV)-mediated cancer therapy, 
which has entered phase III clinical trials. The mechanism 
of thymidine kinase (TK) gene function is that TK gene 
production can catalyze the production of toxic metabo-
lites with the substrate ganciclovir (GCV), leading to cell 
death. Nonetheless, the low efficiency of TK gene transfec-
tion limits the suicide gene therapy strategy, resulting in 
poor clinical outcome and prognosis (Faneca et al. 2019). 
Interestingly, the adjacent TK-negative  (TK−) cells read-
ily die because the toxic metabolites from  TK+ cells can 
enter the adjacent cells through intercellular gap junctions. 
This phenomenon is termed the bystander effect (Mesnil 
and Yamasaki 2000). Unfortunately, tumor cells, includ-
ing melanoma cells, are usually poorly organized, with 
less cell–cell communication because of the downregu-
lation of gap junction proteins, especially the connexin 
protein family. Hence, improving gap junction intercellu-
lar communication (GJIC) by promoting connexin protein 
expression may enhance the bystander effect, leading to 
improved therapeutic effect of suicide gene therapy (Aasen 
et al. 2016; Tanaka et al. 2001).

Resveratrol is a major component of Polygonum cuspi-
datum (Wu et al. 2018), which possesses multiple activi-
ties, such as antioxidant activity. Recently, we identified 
it as an inducer of connexin 43 (Cx43) and connexin 

32 (Cx32), the predominantly expressed connexins in 
melanoma. Hypothetically, resveratrol may enhance 
the bystander effect of TK/GCV-mediated suicide gene 
therapy. Here, we conducted a series of experiments to 
demonstrate that resveratrol can promote GJIC, and that 
combined with TK/GCV therapy, it has a synergistic kill-
ing effect on B16 melanoma cells.

Results

Inhibitory effect of resveratrol on B16 cell growth

We assessed the cytotoxicity of resveratrol to B16 cells via 
the MTT (3-[4,5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazo-
lium bromide) assay. As shown in Fig. 1 a, resveratrol dose 
dependently inhibited the growth of the B16 cells. The half 
maximal inhibitory concentration (IC50) of resveratrol at 
48 h was 40 μM. Low-concentration resveratrol (not exceed-
ing 20 μM) was used in the subsequent studies focusing on 
the bystander effect promoting function.

Effect of resveratrol on GJIC function in B16 cells

To measure GJIC function, we stained B16 cells with chlo-
romethyl tetramethylrhodamine (CMTMR) and calcein 
as donor cells and mixed them with the non-stained B16 
recipient cells at a 5:95 ratio. CMTMR (red fluorescein) 
cannot enter the recipient cells because the large molecule 
cannot cross the GJ channel, while calcein (green fluo-
rescein) can cross from the pre-stained donor cells to the 
recipient cells through the GJ channel. Thus, the ratio of 
cells in the G4 quadrant (with green fluorescence only) to 
those in G3 (without fluorescence) indicated the GJ func-
tion. Figure 2a shows that the G4/G3 ratio was increased in 
a dose-dependent manner following resveratrol treatment, 

Fig. 1  The inhibitory effect of resveratrol and TK/GCV system on B16 cells. a Resveratrol inhibited the growth of B16 cells. b Cytotoxic effects 
of GCV on different proportions of TK system. The cell viability was determined by MTT assay. *p < 0.05, **p < 0.01 vs. control
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suggesting enhanced GJIC function in the B16 cells. The 
effect was further confirmed by the results that resvera-
trol dose dependently upregulated Cx32 and Cx43 protein 
expression in B16 cells (Fig. 2b).

Synergistic effect of resveratrol plus TK/GCV 
in inhibiting B16 cell growth

To study the effect of HSV-TK/GCV in B16 cells, we con-
structed  B16TK cells that stably expressed TK gene, and 
co-cultured these cells with B16 cells. As shown in Fig. 1 

Fig. 2  Resveratrol promoted the GJIC of B16 cells. a Resveratrol-
treated B16 cells were stained with CMTMR and calcein as donor 
cells and mixed with the intact B16 recipient cells by 5:95. Then the 
cells were detected by flow cytometry analysis and the ratio of cells 
in G4 to G3 was calculated. G4 (calcein-positive) represents recipient 

cells containing calcein via the GJ; G3 denotes the double-negative 
cells; the G4/G3 ratio reflects the GJ-mediated calcein transfer effi-
ciency. b Resveratrol induced upregulation of Cx32 and Cx43 protein 
in B16 cells in a dose-dependent manner. *p < 0.05, **p < 0.01 vs. 
control
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b, the inhibitory effect of TK/GCV was significant in the 
group with 10% of  B16TK cells and higher proportions. To 
mimic low transfection efficiency of suicide gene in clinic, 
 B16TK cells were mixed with B16 cells at the ratio of 1:4 for 
the subsequent in vitro studies. The MTT results (Fig. 3a) 
showed that the inhibition rate in cells treated with GCV 
(15.7 μM) plus resveratrol (5 μM, 10 μM, 20 μM resveratrol) 

was 30.11 ± 2.75%, 45.89 ± 2.72%, and 55.72 ± 1.99%, 
respectively, which was significantly increased compared 
with GCV-alone treatment (10.63 ± 4.18%). The Q value for 
the GCV plus resveratrol (5 μM, 10 μM, 20 μM) treatment 
was 2.31, 1.29, and 1.40, respectively, all indicating a syn-
ergistic effect. To further confirm the results, the technique 
of high content screening assay was employed. As shown in 

Fig. 3  Inhibitory effect of resveratrol plus TK/GCV on mixed B16 
cells.  B16TK cells and B16 cells were co-cultured in a ratio of 1:4 in 
96- or 6-well plates for 24 h. Then the cells were treated with indi-
cated concentrations of resveratrol with or without 15.7 μM GCV for 
48 h. The cell viability was detected using MTT assay (a) and high 

content screening assay (b). Cells in 6-well plates were fixed with 
70% ethanol, followed by the standard protocol of propidium iodide 
(PI) staining for analyzing the cell death rate with flow cytometry (c 
and d). #p < 0.05, ##p < 0.01 vs. control; **p < 0.01 vs. the indicated 
groups
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Fig. 3b, resveratrol at the indicated doses all significantly 
improved the inhibitory effect of TK/GCV, and the effect 
was identified as a synergistic effect as indicated by the Q 
values of 2.08, 2.05, 1.19, respectively.

We also determined the synergistic effect of resveratrol 
and GCV on the TK suicide system via flow cytometry anal-
ysis. Cells with the same treatment were fixed by ethanol and 
stained with propidium iodide (PI), followed by the standard 
protocol of flow cytometry analysis. Consistently, the cells 
treated with GCV plus 5, 10, or 20 μM resveratrol showed 
a synergistically increased death rate compared with GCV- 
or resveratrol-alone treatment (Fig. 3c, d) with the Q value 
of 1.44, 1.45 and 1.52, respectively. The results of the three 
methods consistently demonstrated that resveratrol played 
a synergistic role in increasing the inhibitory effect of TK/
GCV in B16 cells.

Resveratrol promoted the bystander effect 
of the TK/GCV system

To clarify if resveratrol promoted the bystander effect of 
the TK suicide gene, B16 cells stably expressing red fluo-
rescent protein  (B16RFP) were mixed with B16 cells stably 
expressing green fluorescent protein and TK  (B16TK−GFP) at 
a 4:1 ratio. The fused TK-GFP is mainly distributed in the 
nucleus due to the primary location of TK, whereas RFP is 
typically expressed in the cytoplasm when the cells were in 
good condition. By contrast, since the apoptotic or necrotic 
cells were characterized with less or no pseudopods, and 
the apoptotic cells are also featured by pyknosis and cell 
shrinking, RFP in these cells was condensed or aggregated 
in the apoptotic bodies, and might indicate the apoptotic or 
necrotic cells. The fluorescence images (Fig. 4a) showed 

Fig. 4  Resveratrol improved the bystander effect of TK/GCV on B16 
cells.  B16RFP cells were cultured with  B16TK−GFP cells at a 4:1 ratio. 
Cells were subjected to the indicated treatment for 48 h. a GFP fused 
with TK in  B16TK−GFP cells and RFP in  B16RFP cells were tracked 
and images were taken by fluorescence microscopy. White arrows 

indicate necrotic cells, apoptotic cells or apoptotic bodies. The same 
samples were harvested and stained with Annexin V for detecting by 
the flow cytometry (b) and the apoptosis rate of  B16RFP cells was cal-
culated (c). #p < 0.05, ##p < 0.01 vs. control; *p < 0.05, **p < 0.01 vs. 
the indicated groups
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significantly increased apoptotic or necrotic cells in the 
resveratrol plus TK/GCV group compared with the TK/
GCV or corresponding resveratrol group, as indicated by 
the condensed or shattered red fluorescence. To quantify 
the effect, the same samples were stained with annexin V, 
followed by flow cytometry analysis. Since PI and RFP 
share similar excitation and emission wavelength. PI stain-
ing was not applied with annexin V for apoptosis detection 
in this experiment. The RFP and annexin V double-positive 
staining indicated the apoptosis of the  B16RFP cells, and the 
increased apoptosis of  TK− cells were considered as the 
result of the bystander effect. Flow cytometry data (Fig. 4b, 
c) showed that the apoptosis rate of red fluorescent  TK− cells 
treated with TK/GCV plus resveratrol (10 μM and 20 μM) 
was 35.91 ± 12.97% and 58.01 ± 15.29%, respectively, much 
higher than that of resveratrol-alone treatment (10 μM: 
14.52 ± 6.55%; 20 μM: 28.47 ± 15.18%). Since TK/GCV 
could not kill  TK− cells, the apoptosis of GCV-alone group 
was caused by its own bystander effect, which was much less 
obvious due to low proportion of  TK+ cells. The synergis-
tic effect of resveratrol (10 μM and 20 μM) plus GCV was 
confirmed with the Q value, which was 2.414 and 1.552, 
respectively. The results here indicated that resveratrol could 
enhance the bystander effect of TK/GCV.

GJIC inhibitor antagonized the synergistic inhibitory 
effect of resveratrol and TK/GCV on B16 cells

Since the function of gap junction intercellular commu-
nication (GJIC) was critically involved in the bystander 
effect of TK/GCV (Matono et al. 2003; Mesnil and Yama-
saki 2000), and that resveratrol significantly upregulated 
Cx32 and Cx43 expression in B16 cells, we hypothesized 
the synergistic effect of resveratrol might be mediated by 
improved GJIC. Due to the compensatory effect of connexin 
isoforms and the fact that knockdown of single connexin 
does not predominantly block GJIC, AGA, the long-term 
GJ inhibitor (Ammerpohl et al. 2004; Yan et al. 2017), was 
employed in this study. Mixed B16 cells containing 20% 
 TK+ B16 cells were treated as described in Methods. MTT 
result (Fig. 5a) showed that AGA alone had no significant 
inhibitory effect. Also, resveratrol plus GCV co-treatment 
synergistically decreased the cell viability with the Q value 
of 1.363. However, the synergistic effect was significantly 
reversed by AGA. The Q value was reduced to 0.737, which 
indicated an antagonistic effect. The inhibitory function 
of AGA was further confirmed with the technique of high 
content screening (Fig. 5b, c), and the result was consistent 
(Q value of 5 μM resveratrol plus GCV was reduced from 
1.392 to 0.713, and that of 10 μM resveratrol plus GCV was 
reduced from 1.487 to 0.839). The data together suggested 
that resveratrol might promote the killing effect of TK/GCV 
through GJIC.

Synergistic killing effect of resveratrol plus TK/GCV 
on B16 cells in vivo

To confirm the synergistic effect of resveratrol and TK/GCV, 
we performed in vivo study with the transplanted melanoma 
model. To determine the optimal ratio of mixed cells, we did 
preliminary experiment, in which the cells injected into mice 
were mixed by B16 cells with 20%, 40%, and 80%  B16TK 
cells, respectively. 7 days later, GCV was administrated for 
another 7-day period. Then the tumors were isolated. The 
result showed that, while 20% of  B16TK cells did not have 
obvious inhibitory effect, the tumor mass was significantly 
reduced by 53.53%, and 80.32% in the group with 40% and 
80% of  B16TK cells, respectively (data not shown). Since 
the transduction efficiency of recombinant virus in human 
is relative low (Rincon et al. 2015), and to better evaluate 
the combinational effect of resveratrol, the ratio of 3:7 was 
determined in the subsequent in vivo study. The data in 
Fig. 6b show that 200 mg/kg/day of resveratrol was able to 
inhibit the tumor size since the day 13, whereas TK/GCV 
showed no significant inhibition. However, co-administra-
tion of either 100 or 200 mg/kg/day resveratrol with GCV 
markedly inhibited the tumor size. On the 16th day, the mice 
were sacrificed, and the tumor was isolated for measuring 
volume and mass. As shown in Fig. 6c, combination of 
200 mg/kg/day resveratrol and GCV significantly inhibited 
the tumor growth, resulting in smaller size (Fig. 6b) and less 
weight (Fig. 6c).

Discussion

Resveratrol exists in a variety of plant sources (Rauf et al. 
2017) and has multiple functions such as anti-inflammation, 
cardiovascular protection, and neuroprotection (Dyck et al. 
2019; Hou et al. 2019; Oliveira et al. 2017). The accumulat-
ing literature has suggested that resveratrol has an inhibi-
tory effect on a series of cancer cells (Sinha et al. 2016; 
Yousef et al. 2017; Zulueta et al. 2015). In the present study, 
the preliminary data showed that resveratrol upregulated 
the expression of connexins, leading to enhanced GJIC. 
In vitro assay demonstrated that resveratrol plus GCV had 
a synergistic killing effect on mixed B16 cells composed of 
20%  TK+ and 80%  TK− B16 cells. AGA blocking of GJIC 
reversed the synergistic action. The data confirmed our 
hypothesis that resveratrol would promote the killing effect 
of TK/GCV, which might be mediated by improved GJIC 
function. Consistently, the in vivo experiments indicated 
the enhanced inhibitory effect of GCV plus resveratrol as 
compared with GCV alone. This finding provides a theo-
retical basis for the combined application of TK/GCV and 
resveratrol in clinical practice.
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The MTT assay showed that resveratrol inhibited B16 
cell growth in a concentration-dependent manner. The IC50 
was about 40 μM. Since resveratrol could inhibit B16 cell 
growth at the indicated doses, it is possible that the combi-
national killing effect of GCV and resveratrol might partly 
result from the cytotoxicity of resveratrol. Interestingly, 
based on the Q values, the effect was determined as a syn-
ergistic effect, rather than an additive effect. As a critical 
mechanism medicating the killing effect of TK/GCV suicide 
gene system (Mesnil and Yamasaki 2000; Robe et al. 2005), 
the bystander effect was also synergistically improved by 
the combinational treatment. In addition, connexins play a 
tumor-suppressive role (Aasen et al. 2017; Pelin et al. 1994), 
and also contribute to the bystander effect of the TK/GCV 
system (Cottin et al. 2008; Zhao et al. 2014). Accordingly, 
the synergistic effect was reversed by AGA, suggesting 

that resveratrol might enhance the bystander killing effect 
of GCV by promoting GJ. However, AGA is actually an 
inhibitor of many different GJs without being Cx subtype 
specific (Bodendiek and Raman 2010), and the mechanism 
of AGA in inhibiting GJ is still not completely understood. 
It was proposed that they may affect the phosphorylation 
state of Cx43, or modify the ability of connexin subunits 
to aggregate within the cellular environment (Guan et al. 
1996). Unfortunately, we did not detect the phosphoryla-
tion state of Cx43 and Cx32 due to unavailability of anti-
bodies. Nevertheless, further study is still required to figure 
out the specific mechanism by which the bystander effect is 
synergized.

For the in vivo experiments, we first optimized the 
ratio between  TK+ and  TK− B16 cells. As expected, the 
killing effect of GCV was enhanced with the percentage 

Fig. 5  The effect of AGA on the killing action of resveratrol plus 
TK/GCV.  B16TK and B16 cells were co-cultured in a ratio of 1:4 in 
96-well plates and subjected to the indicated treatments. The cell via-
bility was detected using MTT assay (a) and high content screening 
(HCS) assay (b and c). For HCS assay, alive cell numbers were deter-

mined by nuclei counts (c) with the minimum area of 65 μm2. Nine 
image fields per well were acquired using the 20× objective. Result-
ing values were normalized to the fold change in cell numbers com-
pared to the ctrl group. #p < 0.05, ##p < 0.01 vs. control; **p < 0.01 vs. 
the indicated groups
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of  TK+ cells in the mixed population increased. In the 
mice injected with 80%  TK+ cells, solid tumor failed to 
grow in 75% of mice (data not shown). Since the transfec-
tion efficiency of recombinant virus is quite limited in 
clinical trials (Rincon et al. 2015), we simulated the clini-
cal transfection rate by inoculating mixed cells containing 
30%  TK+ and 70%  TK− B16 cells into mice. The data 
showed that single drug treatment (GCV or resveratrol) 
had certain inhibitory effects. In comparison, the combi-
nation of GCV and resveratrol had an enhanced killing 
effect. The significant difference between the GCV-alone 
group and resveratrol plus GCV group (p < 0.01) indi-
cated that resveratrol synergistically promotes the anti-
cancer effect of TK/GCV in vivo.

In summary, our findings suggest that resveratrol 
might be a promising adjuvant of TK suicide gene ther-
apy. It would be perspective to use the natural product 
to enhance the effect of suicide gene therapy and play a 
synergistic role in tumor suppression.

Materials and methods

Cell culture and reagents

The B16 melanoma cell line was purchased from the experi-
mental animal center of Sun Yat-Sen University. All cells were 
cultured in RPMI 1640 medium with 10% fetal bovine serum, 
penicillin and streptomycin (100 U/mL each). For the in vitro 
experiments, resveratrol (> 98% pure, high-performance liq-
uid chromatography [HPLC]-grade, R5010) and GCV (≥ 99% 
pure, SML2346) were purchased from Sigma. For the in vivo 
experiments, GCV (≥ 99% pure, #1303212) was purchased 
from Hubei Huatong Qianlong Pharmaceutical Co., Ltd.; res-
veratrol (≥ 99% pure, #031M5204V) was purchased from the 
Nanjing Institute of Traditional Chinese Medicine.

Plasmid construction and generation of stable cell 
lines

To generate the construct with thymidine kinase gene, 
pLXSN-GFP was firstly constructed by subcloning the 

Fig. 6  Inhibitory effect of resveratrol plus TK/GCV therapy on transplanted tumor. a Progress bar indicates the time points of treatment and 
measurement. b Tumor volume. c Tumor weight. #p < 0.05, ##p < 0.01 vs. control; *p < 0.05, **p < 0.01 vs. the indicated groups
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GFP gene from pEGFP-N1 into the XhoI–BamHI site 
of the retroviral vector pLXSN, whereas pLXSN-RFP 
was established by subcloning RFP gene from pRFP-N1 
into the EcoRI–BamHI site of the same vector. Then, the 
thymidine kinase gene without termination codon from 
pIC19R/MC1-tk (Mansour et  al. 1988) was subcloned 
into the EcoRI–XhoI site of to establish the construct 
pLXSN-TK-GFP, which expresses TK protein fused with 
GFP. The constructs pLXSN-TK, pLXSN -RFP, and 
pLXSN-TK-GFP, were respectively transfected into the 
packaging cell line PT67 cells in DMEM for 2 days, fol-
lowed by G418 screening for 2 weeks. The G418-resistant 
clones were trypsinized for expanded culture to obtain the 
PT67 cells with the recombinant constructs, which were 
named PT67/TK, PT67/RFP, PT67/TK-GFP, respectively. 
B16 cells were infected by the active retrovirus particle 
excreted by the packaging cell lines, respectively, followed 
by G418 screening for 2–4 weeks. The clones with highest 
resistance to G418 were obtained and identified as  B16TK, 
 B16RFP,  B16TK−GFP cells, respectively. All recombinant 
constructs were verified by sequencing. The stable cell 
lines were verified by PCR with primers of the inserted 
genes, and the genomic DNA as the template. Location of 
GFP and RFP, as well as the enzyme activity of TK, were 
also detected to confirm the result (Du et al. 2004; Zeng 
et al. 2014).

MTT assay

B16 cells were seeded into 96-well plates at 4 × 103 cells/
well and cultured overnight. Adherent cells were treated in 
sextuplicate with resveratrol (0 μM, 2.5 μM, 5 μM, 10 μM, 
20 μM, 40 μM, 80 μM) for 48 h, followed by the MTT assay. 
Absorbance values were measured at 490 nm with a micro-
plate reader (Bio-Tek Instruments, Winooski, VT, USA).

High content screening (HCS) assay

Cells with the indicated treatments were stained with Hoe-
chst 33342 solution (final concentration: 5 µg/ml; Meilun, 
Dalian, China, MA0126) for 10 min, followed by rinsed with 
PBS twice. The images were taken by the IN Cell Analyzer 
2000 HCS system (GE Healthcare, USA) and analyzed with 
the IN Cell Analyzer Workstation. The excitation and emis-
sion filters for Hoechst was 350 nm and 461 nm, respec-
tively. The cell numbers were counted by the nuclei counts, 
parameter of which were set with the sensitivity of 60 and 
the minimum area of 65 μm2 to exclude the dead and apop-
totic cells. Nine image fields per well were acquired using 
the 20 × objective. Resulting values were normalized to the 
fold change in cell numbers compared to the ctrl group.

Analysis of GJIC

B16 cells were seeded into 6-well plates and treated with 
resveratrol (2.5 μM, 5 μM, 10 μM, 20 μM) in duplicate for 
48 h. Then the cells of one replicate were staineded with 
CMTMR (final concentration: 2.5 μM) plus calcein (final 
concentration: 0.1 µg/ml) in serum-free medium for 1 h, 
which were deemed as the donor cells. By contrast, cells in 
another replicate were not subjected to staining, and were 
referred as recipient cells. The donor cells and recipient 
cells were trypsinized respectively and mixed at a ratio of 
5:95. The mixed cells were seeded into dishes for 4 h, and 
then trypsinized for assessment by flow cytometry.

Western blotting

B16 cells (2 × 105 cells) were seeded into six-well plates 
overnight and treated with resveratrol (5 μM, 10 μM, 
20 μM) for 48 h. The protein samples of each group were 
collected in 1 × sodium dodecyl sulfate (SDS) loading 
buffer, separated with 12% SDS–polyacrylamide gel elec-
trophoresis (PAGE), and transferred to polyvinylidene flu-
oride (PVDF) membranes. The membranes were incubated 
with primary antibody against Cx32 (ABclonal, Wuhan, 
China, A10112) and Cx43 (Cell Signaling Technology, 
Danvers, MA, USA, 3512S) at 4 °C overnight, and with the 
secondary antibody (Cell Signaling Technology, Danvers, 
MA, USA, #7074, #7076) at room temperature for 1 h. The 
bands were visualized with enhanced chemiluminescence.

Combinational effect of resveratrol and TK/GCV

B16TK cells and B16 cells were mixed at a 1:4 ratio and 
seeded into 96- or 6-well plates overnight. Then, the cells 
were treated with resveratrol (0 μM, 5 μM, 10 μM, 20 μM) 
or/and GCV (final concentration: 15.7 μM) for 48 h. Cells 
in 96-well plates were proceeded with MTT assay for 
measuring cell viability. Cells in 6-well plates were fixed 
with 70% ethanol at 4 °C, followed by the standard proto-
col of propidium iodide (PI) staining for analyzing the cell 
death rate with flow cytometry (Gong et al. 1994; Krishan 
and Cabana 2004).

Bystander effect analysis

Mixed cells (20%  B16TK−GFP cells and 80%  B16RFP cells) 
cultured in 6-well plates were treated with resveratrol 
(0 μM, 5 μM, 10 μM, 20 μM) and/or GCV (final con-
centration: 15.7 μM) for 48 h. Fluorescence signals were 
captured using a fluorescence microscope. Then the cells 
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were trypsinized and stained with Annexin V for flow 
cytometry analysis.

AGA treatment

B16TK cells and wild-type B16 cells were mixed in a 1:4 
ratio and seeded into 96-well plates. After overnight culture, 
the cells were treated with resveratrol (MTT final concen-
tration: 10 μM; HCS final concentration: 5 μM, 10 μM), 
GCV (final concentration: 15.7 μM), AGA (final concentra-
tion: 15 μM), or combinational treatment as indicated for 
48 h, followed by MTT and HCS assay measurement of cell 
viability.

Animals

Pathogen-free C57BL/6 J mice (18–22 g) were purchased 
from the laboratory animal center of Sun Yat-Sen Univer-
sity. The following studies were performed at the Guang-
zhou University of Chinese Medicine animal center, and 
all studies were approved by the Institute Research Medical 
Ethics Committee of the Guangzhou University of Chinese 
Medicine.

B16TK cells and B16 cells were mixed at a 3:7 ratio 
and subcutaneously inoculated the right flank of the mice 
(2 × 105 cells). The mice were randomly divided into six 
groups (n = 15 per group): control (saline only), GCV 
only, resveratrol only (100 mg/kg), resveratrol (100 mg/
kg) + GCV, resveratrol only (200 mg/kg), and resveratrol 
(200 mg/kg) + GCV. Resveratrol treatment was initiated on 
day 2 of cell injection and administered once daily consecu-
tively for 14 days; GCV (50 mg/kg/day) treatment started on 
day 9 after inoculation and was administered once daily for 
7 days. The tumor volume was measured from day 13 to day 
16 with Vernier calipers. The tumor volume was calculated 
as follows: A × B2 (A, long diameter; B, short diameter). On 
day 16, the tumors were dissected from the sacrificed mice 
and weighed.

Statistical analysis

SPSS 13.0 (SPSS Inc., Chicago, IL, USA) was used for sta-
tistical analysis, and the quantitative data were expressed as 
mean ± standard deviation (SD). Quantitative data between 
groups were compared using one-way analysis of variance 
(ANOVA); p < 0.05 was considered statistically significant.

The synergistic effect of resveratrol plus TK/GCV was 
evaluated using the Q value (Jin 2004), where Q = EAB/
[EA + EB (1 − EA)]. In the equation, EA, EB and EAB rep-
resent the effect of drug A, drug B and the combination 
of two drugs, respectively. Q < 0.85 indicates antagonism, 
0.85 < Q < 1.15 indicates an additive effect, and Q > 1.15 
indicates a synergistic effect.
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