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Abstract. 5‑Fluorouracil (5‑FU) has been used as a chemo-
therapeutic drug for various types of cancer, although 
the development of resistance remains a major limita-
tion for its use in clinical settings. In the present study, the 
anti‑angiogenic effects of resveratrol and 5‑FU either alone 
or in combination were examined in a B16 murine melanoma 
model. Co‑treatment using resveratrol and 5‑FU inhibited cell 
proliferation more efficiently compared with use of either drug 
alone and the antiproliferative effect coincided with changes 
in the expression levels of AMP‑activated protein kinase 
(AMPK), cyclooxygenase‑2, vasodilator‑stimulated phos-
phoprotein (VASP) and vascular endothelial growth factor 
(VEGF). Furthermore, co‑treatment with resveratrol and 
5‑FU reduced tumor growth compared with that in the control 
group and this growth‑inhibitory effect was associated with 
changes in the expression levels of AMPK, VASP and VEGF. 
Immunohistochemical staining for angiogenesis demonstrated 
that co‑treatment with resveratrol and 5‑FU reduced the 
number of microvascular vessels compared with that in the 
control group. These results suggested that co‑treatment with 
resveratrol and 5‑FU suppressed cell growth and angiogenesis 
in B16 murine melanoma tumors.

Introduction

Resveratrol, a natural polyphenol found in grapes and red wine, 
is known to have various effects on antioxidant activity (1) 
and can induce apoptosis and inhibit angiogenesis in various 
types of cancer (2,3). In previous studies, resveratrol has been 
observed to induce apoptosis in glioma cells (4) and to inhibit 
the expression of hypoxia‑inducible factor 1α and vascular 

endothelial growth factor (VEGF) via multiple mechanisms, 
including inhibition of protein kinase B and mitogen‑activated 
protein kinase (MAPK) in human ovarian cancer cell lines (5). 
In addition, resveratrol inhibits tumor growth and decreases 
angiogenesis by suppressing capillary‑like tube formation by 
human umbilical vein endothelial cells in mouse models of lung 
cancer (6). Its potential as an antiangiogenic agent is further 
supported by its dose‑dependent inhibition of tumor‑induced 
neovascularization (7).

5‑Fluorouracil (5‑FU), a drug that induces apoptosis by 
inhibiting thymidylate synthase, has been used therapeutically 
in various types of cancer (8). However, its long‑term use leads 
to resistance, limiting its clinical use (9). To overcome drug 
resistance in tumor cells, several studies have examined novel 
treatments or combination therapies with 5‑FU. Previous studies 
have demonstrated that co‑treatment with genistein and 5‑FU 
induces apoptosis more efficiently compared with either drug 
alone in colon cancer and co‑treatment with 5‑FU and resve-
ratrol is more efficient compared with controls in suppressing 
tumor cell growth in a murine model of liver cancer (4,10).

Cyclooxygenase‑2 (COX‑2) is an inducible enzyme, which 
catalyzes the synthesis of prostaglandin E2 (PGE2) (11). The 
COX‑2/PGE2 pathway is important in inflammation, angio-
genesis and tumorigenesis and its overexpression is found 
in various cancer cell lines  (12,13). It has been observed 
that downregulation of COX‑2 suppresses angiogenesis and 
tumor growth via regulation of VEGF, angiopoietin‑1, tie‑2 
and matrix metalloproteinase‑2 (MMP2) in an in vivo model 
of gastric cancer (14). Furthermore, COX‑2 binds directly to 
resveratrol and controls PGE2 and this complex inhibits the 
proliferation of colon cancer cells (15).

VEGF is overexpressed in a variety of cancer cells and is 
considered an important angiogenic factor, which is upregu-
lated by hypoxia inducible factor‑1 (16). Hypoxia‑simulated 
VEGF regulates proliferation, migration and vascular perme-
ability via various signaling pathways, including MAPK, 
phosphoinositide 3‑kinase and protein kinase C, in endo-
thelial cells  (17). Previous studies have demonstrated that 
VEGF‑C‑knockdown decreases proliferation and actin‑medi-
ated stress fiber formation in endothelial cells through the 
RhoA pathway (18) and that inhibition of the expression of 
VEGF suppresses tumor growth and vessel density in vivo (19).

Vasodilator‑stimulated phosphoprotein (VASP) is 
expressed in vascular endothelial cells and smooth muscle 
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cells and is important in the formation of endothelial cell 
substrates and contacts between cells by binding to actin, 
profilin, zyxin and vinculin (20). VASP regulates carcinoma 
cell invasion and metastasis in vivo and in vitro via epidermal 
growth factor (EGF) signaling (21).

The present study investigated the effect of resveratrol on 
the proliferation and metastatic potential of cancer cells via 
multiple pathways. In addition, the effect of combined treat-
ment of resveratrol and 5‑FU on the expression of VEGF, 
COX‑2 and VASP as well as cell growth and migration was 
assessed on B16 melanoma cells. The present study indicated 
that co‑treatment of melanoma cells with resveratrol and 5‑FU 
was more efficient compared with either drug alone.

Materials and methods

Cells and reagents. B16 murine melanoma cells were 
purchased from the American Type Culture Collection 
(Manassas, VA, USA) and cultured in RPMI‑1640 with 10% 
fetal bovine serum (Gibco‑BRL, Grand Island, NY, USA) at 
37˚C in a 5% CO2 atmosphere. Resveratrol and 5‑FU were 
purchased from Sigma (St. Louis, MO, USA). MTT and 
celecoxib were also obtained from Sigma. Monoclonal anti-
bodies specific for phosphorylated (p)‑AMP‑activated protein 
kinase [AMPK; monoclonal rabbit immunoglobulin G (IgG)], 
COX‑2 (polyclonal rabbit IgG), VASP (polyclonal rabbit IgG) 
and β‑actin (polyclonal rabbit IgG) were purchased from Cell 
Signaling Technology, Inc. (Beverly, MA, USA) and the VEGF 
(monoclonal mouse IgG) antibody was obtained from Santa 
Cruz Biotechnology, Inc. (San Diego, CA, USA).

Cell proliferation measurements. Cell proliferation was 
assessed using an MTT assay. The cells were seeded into 
a 12‑well plate (1x106 cells/well) for 24 h and were incu-
bated with resveratrol (10‑50 µM) and 5‑FU (5‑20 µM) for 
24  h. Following incubation with the test compounds, the 
cells were incubated with 30 µl MTT solution (5 mg/ml) in 
phosphate‑buffered saline (PBS) for 1 h. The sample was then 
solubilized in dimethyl sulfoxide and the absorbance of purple 
formazan dye, the product of MTT converted by the viable 
cells, was quantified at 565 nm (Microplate Reader; Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA).

Detection of apoptosis. Following stimulation of the B16 
murine melanoma cells with resveratrol and 5‑FU, apop-
tosis was measured using a f luorescein isothiocyanate 
(FITC)‑Annexin V apoptosis detection kit (BD Pharmingen, San 
Diego, CA, USA). The B16 cells, including floating cells, were 
collected following trypsinization (Trypsin‑EDTA; Welegene, 
Inc., Deagu, Korea). The trypsinized cells were washed with 
PBS and resuspended in a mixture containing 100 µl Annexin 
binding buffer mixed and 5 µl FITC‑conjugated Annexin V 
and phycoerythrin‑conjugated propidium iodide (PI). The 
resuspended cells were then incubated in the dark at room 
temperature for 15 min, followed by analysis of the labeled 
cells by flow cytometry (FACS Calibur; Becton‑Dickinson, 
Franklin Lakes, NJ, USA).

Wound healing migration assay. The B16 murine melanoma 
cells (1x105 cells/ml) were seeded into a six‑well plate for 24 h. 

The confluent monolayer was starved using serum‑free medium 
for 12 h and wounded by scratching with a 200 µl pipette tip 
(Axygen, Union City, CA, USA). The cells were incubated in 
serum‑free medium containing the test compound at 37˚C and 
images of the movement of cells into the wound area were 
captured at 0, 24 and 48 h using a microscope (magnification, 
x100; CK40‑F200, Olympus Corp., Tokyo, Japan).

Western blot analysis. The cells (1x106 cells/ml) were incu-
bated with resveratrol (10‑50 µM) and 5‑FU (5‑20 µM) for 
6 h on a six‑well plate. The total proteins were extracted 
using radioimmunoprecipitation assay lysis buffer containing 
50 mM Tris‑HCl (pH 8.0), 1% NP 40, 0.5% sodium deoxycho-
late, 150 mM NaCl and 1 mM phenylmethylsulfonyl fluoride. 
The mixture was centrifuged at 19,326xg for 20 min at 4˚C 
and the protein concentration was measured using a Bradford 
protein assay kit (Bio‑Rad Laboratories, Inc.). Equal quantities 
of the protein were separated by SDS‑PAGE and were then 
electrophoretically transferred onto nitrocellulose transfer 
membranes (Whatman, Pittsburgh, PA, USA). Following inhi-
bition (BSA; Bovogen Biologicals Pty, Ltd, VIC, Australia), the 
membranes were incubated with phospho‑AMPK (1:1,000), 
COX‑2 (1:1,000), VASP (1:1,000), β‑actin (1:1,000) (Cell 
Signaling Technology, Inc.) and VEGF (1:1,000; Santa Cruz 
Biotechnology, Inc.) antibodies overnight at 4˚C with gentle 
agitation. Following incubation with the primary antibodies, 
the membrane was incubated with anti‑mouse or anti‑rabbit 
IgG secondary antibodies (Enzo Life Sciences, Farmingdale, 
NY, USA) for 1.5 h at room temperature with gentle agitation. 
Following washing with TBST containing 20 mM Tris, 500 mM 
NaCL, pH 7.4 and 1 ml Tween20 (Bio‑Rad Laboratories, 
Inc.), the bands were visualized (Autoradiography cassette; 
Fisher Scientific, Inc., Pittsburgh, PA, USA) using enhanced 
chemiluminescence detection reagents (WEST‑ZOL; iNtRON 
Biotechnology, Inc., Seoul, Korea).

Tumor formation. Male five‑week‑old Balb/c nu/nu mice 
were obtained from SLC, Inc. (Tokyo, Japan) and housed in 
sterile filer‑topped cages. Mice were kept in an air‑conditioned 
barrier facility at an ambient temperature of 25±2˚C, a relative 
humidity of 50±5% and a 12‑h on/off light cycle. Diets were 
purchased from Dyets Inc. (Bethlehem, PA, USA; AIN-76A 
Rodent Purified diet). Health was monitored daily by gross 
observation. For tumor induction, the B16 murine melanoma 
cells (2.5x105 cells/0.1 ml) were subcutaneously injected into 
the left flank of the mice (n=5/group). Subsequently, one week 
after injection of the B16 murine melanoma cells, co‑treatment 
with resveratrol and 5‑FU was performed via injection into 
the left flank of Balb/c nu/nu mice for 10 days. The control 
animals were injected with a vehicle of PBS alone. The tumor 
size was measured using calipers at two‑day intervals and 
the tumor volume was calculated using the modified formula 
V = 1/2  (length x width2). After 10 days of treatment, the 
tumors were excised and either frozen in liquid nitrogen for 
western blot analysis or fixed with formalin for immunohis-
tochemical analysis. All surgery was performed under ether 
anesthesia, and efforts were made to minimize suffering. All 
animal experiments were approved by the Ethics Committee 
for Animal Experimentation, Hannam National University 
(Hannam, Korea).
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Immunohistochemistry. The tumor specimens from the mice 
were fixed in 10% formaldehyde, embedded in paraffin and 
sectioned into 5‑µm slices. Consecutive 5‑µm cryosections of 
optimum cutting temperature compound‑embedded (Sakura 
Finetek, Torrance, CA, USA) tumor tissues were fixed in 
acetone at 4˚C for 10 min. Following washing in PBS, the 
sections were treated with 3% H2O2 for 10 min to inhibit endog-
enous peroxidase activity and the sections were inhibited with 
normal rabbit serum. The sections were then washed in PBS 
and incubated with anti‑CD31 antibody (rat‑anti‑mouse; Santa 
Cruz Biotechnology, Inc.) overnight at 4˚C. Negative controls 
were incubated with the primary normal serum immuno-
globulin G for the species from which the primary antibody 
was obtained. The number of CD31‑stained sites in the B16 
murine melanoma tissues were counted, which corresponded 
to the microvessel density.

Statistical analysis. The microvessel density data were statisti-
cally analyzed using Student's t‑test using SPSS 20 software 
(IBM SPSS, Armonk, NY, USA). Data are presented as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Resveratrol and 5‑FU inhibit cell proliferation via the 
regulation of levels of AMPK, COX‑2, VASP and VEGF in 
B16 murine melanoma cells. To examine whether resvera-
trol and 5‑FU exerted antiproliferative activity, the present 
study examined the effects of resveratrol and 5‑FU on the 
growth of the B16 cells. The cells were treated with different 

concentrations (10, 25 and 50 µM) of resveratrol for 24 h and 
the cell viability was evaluated using an MTT assay. As shown 
in Fig. 1A, the cell viability at concentrations of 10, 25 and 
50 µM were 85, 60 and 50%, respectively. The cells were also 
treated with 5, 10 and 20 µM 5‑FU for 24 h, resulting in a 
cell viability of 79, 70 and 60%, respectively (Fig. 1B). To 
investigate changes in the expression levels of AMPK, COX‑2, 
VASP and VEGF, the B16 cells were treated with resvera-
trol and 5‑FU for 6 h and the proteins were analyzed using 
western blot analysis. Resveratrol (Fig. 1C) and 5‑FU (Fig. 1D) 
activated AMPK in a dose‑dependent manner and decreased 
the expression levels of COX‑2, VASP and VEGF, also in a 
dose‑dependent manner.

Growth‑inhibitory effects of combined resveratrol and 
5‑FU treatment on B16 cells are based on regulation of 
AMPK, COX‑2 VASP and VEGF. To investigate the effects of 
co‑treatment with resveratrol and 5‑FU on cell growth, B16 
cells were treated with resveratrol and 5‑FU either alone or 
in combination and the cell viability was measured using an 
MTT assay. When the cells were treated with 25 µM resve-
ratrol, 20 µM 5‑FU or 25 µM resveratrol in combination with 
20 µM 5‑FU, the viability of the cells was 51, 45 and 37%, 
respectively (Fig. 2A). Thus, co‑treatment with resveratrol and 
5‑FU inhibited cell growth more efficiently compared with 
either resveratrol or 5‑FU alone. To understand whether resve-
ratrol‑ and 5‑FU‑induced cell death are mediated by apoptosis 
or necrosis, the apoptotic cell death was measured using 
Annexin V/PI staining. As Fig. 1B shows, 25 µM resveratrol 
and 20 µM 5‑FU alone induced apoptosis; however, in combi-
nation, apoptosis was induced more efficiently. To determine 

Figure 1. Resveratrol and 5‑FU inhibit cell proliferation and regulate the expression levels of COX‑2, VEGF and VASP in B16 cells. (A) Cells were treated with 
resveratrol (10‑50 µM) for 24 h and the cell viability was measured using an MTT assay. (B) Cells were treated with 5‑FU (5‑20 µM) for 24 h and cell viability 
was measured using an MTT assay. (C) Cells were treated with resveratrol (10‑50 µM) for 6 h and total protein was subjected to western blot analysis using 
p‑AMPK, COX‑2, VEGF, VASP and β‑actin (loading control) antibodies. (D) Cells were treated with 5‑FU (5‑20 µM) for 6 h and total protein was subjected to 
western blot analysis using p‑AMPK, COX‑2, VEGF, VASP and β‑actin (loading control) antibodies. p‑AMPK, phosphorylated AMP‑activated protein kinase; 
COX‑2, cyclooxygenase‑2; VASP, vasodilator‑stimulated phosphoprotein; VEGF, vascular endothelial growth factor; FU, fluorouracil; N, none.
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the effects of co‑treatment with resveratrol and 5‑FU on the 
expression levels of AMPK, COX‑2, VASP and VEGF, protein 
was extracted from the B16 cells treated with resveratrol, 5‑FU 
or a combination of the two. The results demonstrated that 
phosphorylation of AMPK was increased to a greater extent 
following co‑treatment of resveratrol and 5‑FU and that the 
expression levels of COX‑2, VASP and VEGF were decreased 
more effectively by the co‑treatment (Fig. 2C).

Resveratrol and 5‑FU inhibit the migration of B16 murine 
melanoma cells. The present study examined the effects 
of resveratrol and 5‑FU on the migration of B16 cells. The 
cells were treated with 25 µM resveratrol, 20 µM 5‑FU and 
25 µM resveratrol in combination with 20 µM 5‑FU and the 
cell migration was measured using a wound healing assay. 
The untreated B16 cells readily migrated to the wound, 
whereas cells treated with resveratrol and 5‑FU exhibited cell 

Figure 2. Combination treatment with Res and 5‑FU suppresses cell proliferation and induces apoptosis. (A) Cells were treated with 5‑FU (20 µM), Res 
(25 µM) or co‑treated with Res and 5‑FU for 24 h and cell viability was measured using an MTT assay. (B) Cells were treated with 5‑FU (20 µM), Res 
(25 µM) or co‑treated with Res and 5‑FU for 24 h. Apoptosis was measured by Annexin V‑fluorescein isothiocyanate + PI staining. (C) Cells were treated 
with Res (25 µM) and 5‑FU (20 µM) or Res in combination with 5‑FU for 6 h. The expression levels of p‑AMPK, COX‑2, VEGF, VASP and β‑actin were 
examined by western blot analysis. Res, resveratrol; FU, fluorouracil; p‑AMPK, phosphorylated AMP‑activated protein kinase; COX‑2, cyclooxygenase‑2; 
VASP, vasodilator‑stimulated phosphoprotein; VEGF, vascular endothelial growth factor; N, none; PI, propidium iodide.

Figure 3. Effect of combined treatment with Res and 5‑FU on cell migration. The cells were treated with Res (25 µM), 5‑FU (20 µM) or co‑treated with Res 
(25 µM) and 5‑FU (20 µM) for 24‑48 h. Cell motility was measured using a wound healing assay. Representative images of the cell migration were captured 
(original magnification, x10). Res, resveratrol; Fu, fluorouracil.
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flattening and the cell migration was inhibited in a dose‑ and 
time‑dependent manner. The migration of cells treated with a 
combination of resveratrol and 5‑FU was inhibited to a greater 
extent compared with either drug alone (Fig. 3).

Growth inhibitory effects of combined resveratrol and 5‑FU 
treatment in vivo via regulation of AMPK, VASP and VEGF. To 
investigate the effect of combined resveratrol and 5‑FU treat-
ment in vivo, a B16 xenograft animal model was established. 
A combination of resveratrol and 5‑FU (10 mg/kg resvera-
trol  +  10  mg/kg 5‑FU/day) was injected intraperitoneally 
once a day for 10 days, starting one week after the initial 
injection of B16 cells. Following treatment of the mice with 
a combination of resveratrol and 5‑FU for 10 days, tumor 
growth decreased compared with the control group, although 
body weights were unchanged (Fig. 4A). Protein was extracted 
from the tumors and, as shown in Fig. 4B, the phosphorylation 
of AMPK was increased by combined resveratrol and 5‑FU 
treatment, while the expression levels of VASP and VEGF 
were reduced.

Decreased microvessel density in B16 tumors treated with a 
combination of resveratrol and 5‑FU. To examine the effect 
of combined resveratrol and 5‑FU treatment on angiogenesis 
in the present study, morphometric analysis of immunohisto-
chemical staining for CD31, a marker for microvessel density, 
was performed. Images of the CD31 staining of microves-
sels revealed that tumors treated with resveratrol and 5‑FU 
combined had fewer microvessels compared with those in the 
control group (Fig. 5). These results suggested that combined 
treatment with resveratrol and 5‑FU effectively suppressed 
angiogenesis.

Discussion

Angiogenesis, the growth of new vessels from the pre‑existing 
vascular network, is essential for solid tumor growth and 
metastasis (10) and depends on specific growth factors (2). 
Therefore, the inhibition of growth factors is widely considered 

as one of the most effective strategies for the efficient suppres-
sion of tumor growth. A key gene involved in tumor growth is 
COX‑2, which is required for angiogenesis, cell migration and 
invasion and is overexpressed in various cancer cells (12). A 
previous study demonstrated that the COX‑2‑selective inhibi-
tors, JTE‑522 and NS‑398, significantly reduced tumor mass 
and vascular density (22). VEGF is another pro‑angiogenic 
factor, which can promote tumor progression, metastasis and 
cancer cell dissemination (18). In B16F10 melanoma, VEGF 
inhibition by anti‑VEGF agents decreases tumor growth and 
microvessel density (23). Another protein involved in angio-
genesis is VASP, which regulates cell‑cell and cell‑matrix 
interactions by regulating actin filament networks and is phos-
phorylated by AMPK (24).

Figure 4. Effect of co‑treatment with Res and 5‑FU on B16 murine melanoma tumors. B16 murine melanoma cells (2.5x105 cells/0.1 ml) were injected 
subcutaneously into the left flank of Balb/c nu/nu mice (n=5/group). (A) Tumors were measured each day and tumor volume was calculated. (B) Homogenates 
of the B16 melanoma tissue from the control and Res + 5‑FU (10 mg/kg/day of each) mice were used to quantify the levels of p‑AMPK, VASP and VEGF by 
western blot analysis. p‑AMPK, phosphorylated AMP‑activated protein kinase; VASP, vasodilator‑stimulated phosphoprotein; VEGF, vascular endothelial 
growth factor; Res, resveratrol; FU, fluorouracil.

Figure 5. Immunohistochemical staining for microvessels in the melanoma 
tissues. (A) Microvessel density was observed, as determined by CD31 
staining. The brown staining indicates microvascular vessels. The slides 
were observed under a microscope (magnification, x10) and images were 
captured. (B) Morphometric analysis indicated the average microvessel den-
sity (number of microvessels/mm2 area). *P<0.05, compared with the control 
group (n=3 in each group). Res, resveratrol; FU, fluorouracil.
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5‑FU is used to treat various cancer cells; however, several 
types of tumor have developed resistance to it (8). Therefore, 
several studies have evaluated novel treatments or 5‑FU combi-
nation treatments to overcome this drug resistance. Previous 
studies have demonstrated that co‑treatment of cells with genis-
tein and 5‑FU reduces the proliferation of colon cancer cells 
more effectively compared with genistein or 5‑FU alone (4), and 
the co‑treatment of colon cancer cells with resveratrol and 5‑FU 
inhibited cell growth more effectively compared with resvera-
trol or 5‑FU alone (25). In the present study, the combination 
treatment of 5‑FU and resveratrol was investigated in order to 
develop modalities to overcome drug resistance. Resveratrol, 
a natural polyphenol present in grapes and red wine, has been 
observed to suppress the proliferation and survival of cancer 
cells via several mechanisms, including the inhibition of angio-
genesis, induction of apoptosis and cell cycle arrest (1,3,26).

The present study demonstrated the synergistic effects of 
combined resveratrol and 5‑FU treatment on B16 cell prolif-
eration and angiogenesis by regulating the expression levels 
of COX‑2, VASP and VEGF in the B16 cells. The combined 
resveratrol and 5‑FU treatment reduced B16 cell proliferation 
in a dose‑dependent manner. Therefore, resveratrol and 5‑FU 
were identified as compounds effectively inhibiting the growth 
of B16 cells.

The present study also determined whether the resveratrol 
and 5‑FU‑induced inhibition of cell proliferation involved 
changes in COX‑2, VEGF, VASP and p‑AMPK. Treatment with 
resveratrol and 5‑FU alone significantly reduced the levels of 
COX‑2, VEGF and VASP and increased AMPK. These results 
indicated that downregulation of COX‑2, VEGF and VASP and 
upregulation of AMPK may have a significant role in the resve-
ratrol‑ and 5‑FU‑induced inhibition of B16 cell proliferation.

To examine the effect of combined resveratrol and 5‑FU 
treatment, B16 cells were treated with the two drugs either 
alone or in combination. The combination of the two drugs 
inhibited cell proliferation more effectively compared with 
either drug alone. To further understand whether this inhibi-
tion of cell proliferation was due to apoptosis, Annexin V/PI 
staining was performed. Treatment with resveratrol or 5‑FU 
alone induced apoptosis in the B16 cells; however, the combi-
nation of the two was more effective. These results indicated 
that the inhibition of cell proliferation and the induction of 
apoptosis was greater when resveratrol and 5‑FU were used in 
combination rather than alone. The present study also investi-
gated whether a combination of resveratrol and 5‑FU regulated 
the expression levels of COX‑2, VEGF, VASP and p‑AMPK. 
Resveratrol and 5‑FU increased p‑AMPK activation and 
decreased the expression levels of COX‑2, VEGF and VASP 
and, again, this effect was increased when the drugs were used 
in combination. These results indicated that treatment with a 
combination of resveratrol and 5‑FU had synergistic effects on 
the induction of apoptosis and on regulation of the expression 
of COX‑2, VEGF, VASP and p‑AMPK in the B16 cells.

To evaluate the effect of the combination of resveratrol and 
5‑FU on cell migration in the present study, a wound healing 
assay was used. Resveratrol and 5‑FU in combination effectively 
inhibited the migration of B16 cells, which was more marked 
compared with the effect of either drug alone. In a previous 
study, resveratrol was found to repress the migration and inva-
sion of LoVo cells by inhibiting the expression levels of VEGF 

and MMP‑9 (27). Furthermore, glioma tissues treated with 
resveratrol exhibited a reduction in angiogenesis (28). These 
results indicated that combination treatment with resveratrol 
and 5‑FU suppressed metastasis by inhibiting cell migration.

The present study investigated the synergistic effect of 
resveratrol and 5‑FU on angiogenesis in vitro and demonstrated 
that the combination of resveratrol and 5‑FU was more effective 
than either drug alone in preventing cell proliferation, migration 
and apoptosis. In a previous study, the use of resveratrol and 
5‑FU in combination to treat liver tumors led to more marked 
inhibition of tumor growth compared with that of either drug 
alone (10). Furthermore, in an in vivo model of cholangiocarci-
noma, co‑treatment with resveratrol and 5‑FU decreased tumor 
growth significantly more compared with treatment with either 
drug alone and a terminal deoxynucleotidyl transferase dUTP 
nick end labeling assay demonstrated that this combination was 
also more effective in inducing apoptosis (29). The results of 
the present study demonstrated that resveratrol or 5‑FU alone 
decreased tumor growth; however, co‑treatment with resveratrol 
and 5‑FU was even more effective. However, the mechanisms 
underlying the enhanced antitumor activity of combined 
resveratrol and 5‑FU treatment remain to be fully elucidated. 
Therefore, the present study also examined the synergistic effect 
of combined resveratrol and 5‑FU on the regulation of angio-
genic factors and B16 tumor growth in vivo.

To assess the effects of co‑treatment with resveratrol and 
5‑FU on B16 tumor growth, mice were treated with resveratrol 
and 5‑FU. Co‑treatment with resveratrol and 5‑FU reduced 
tumor growth significantly compared with that in the control 
group. Changes in the protein expression levels of p‑AMPK, 
VASP and VEGF were also examined and the expression 
levels of p‑AMPK increased, while the expression levels of 
VASP and VEGF decreased in the mice treated with a combi-
nation of resveratrol and 5‑FU compared with levels in the 
control group. In order to evaluate the association between the 
resveratrol‑ and 5‑FU‑mediated inhibition of tumor growth 
and angiogenesis, immunohistochemical staining for CD31 
was used, which specifically stains microvessels. The staining 
revealed that co‑treatment with resveratrol and 5‑FU reduced 
microvessel density compared with that in the control group. 
These results suggested that the decrease in microvascular 
vessels in tumor angiogenesis coincided with the decrease in 
tumor size when using a combination of resveratrol and 5‑FU.

In conclusion, the present study indicated that resveratrol 
and 5‑FU have antiproliferative and proapoptotic effects 
in B16 cells, which are greater when the drugs are used in 
combination. These effects were mediated, at least in part, by 
downregulation of the expression levels of COX‑2, VEGF and 
VASP and the resultant inhibition of angiogenesis.
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