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Introduction 

Pancreatic cancer is now the fifth leading cause of cancer in 
the United States, Japan, and Europe, with an overall five-
year survival rate of <5% (1). One of the major reasons for 
this serious situation is the peritoneal dissemination and 
early metastasis of pancreatic cancer, such that most patients 
present with an already unresectable malignant tumor 
upon diagnosis (2). Akin to other solid tumors, an adequate 
blood supply is the key factor in the tumor development of 
pancreatic cancer, through angiogenesis at both the primary 
and secondary cancer sites. Thus, anti-angiogenesis therapy 
has been a challenging target for tumor therapeutics because it 
theoretically offers long-term control of tumor progression (3).

Vascular endothelial growth factor (VEGF), the most 
active endogenous pro-angiogenic factor and an endothelial 
cell-specific mitogen, is involved in angiogenesis in various 

types of tumors, including pancreatic cancer (4). Several 
studies have discovered a very close correlation between 
VEGF and pancreatic cancer development (5-8). In 
pancreatic cancer cells, both VEGF and VEGF receptors 
(VEGFR) are overexpressed. VEGF promotes cancer 
growth, dissemination, and metastasis, and its expression 
level is positively correlated with the prognosis of pancreatic 
cancer in diagnosed patients or animal models. In pre-clinical 
and clinical studies, anti-VEGF therapy has a direct role 
against VEGF in tumor development; it also potently inhibits 
tumor cell growth, which results in significant improvement 
of treatment response, patient survival, and progression-free 
survival. Therefore, VEGF-targeted therapeutic agents are 
a pivotal research focus, and are a prospective strategy in the 
treatment of diseases, especially cancer.

Melatonin, the major secretory product of the pineal 
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gland, is considered the most important natural oncostatic 
hormone in the human body, which reduces the incidence 
and growth of tumors based on compelling evidence 
(9-11). Nevertheless, the oncostatic mechanism of 
melatonin is still obscure. The immunomodulatory, anti-
proliferative, and anti-oxidant effects of melatonin explain 
its oncostatic activity. Even the possible anti-angiogenic 
effect of melatonin may also be involved in this activity. 
Some significant basic clinical studies (12,13) have shown 
that melatonin-induced control of neoplastic growth is 
associated with a decline in VEGF secretion, which suggests 
that melatonin could exert its anti-angiogenic activity 
indirectly through its inhibition of VEGF expression. 
However, the abovementioned studies are very preliminary. 
The aim of the present study is to determine the melatonin 
effects on pancreatic cancer cells and to explore in detail the 
oncostatic mechanism of melatonin.

Materials and methods

Cell culture

Pancreatic carcinoma cells (PANC-1), a human pancreatic 
cancer cell line, were obtained from the Cell Biology Center 
of the Chinese Academy of Medical Sciences and the 
Peking Union Medical College. The cells were cultured in 
Dulbecco’s modified eagle medium (DMEM) supplemented 
with 10% heat-inactivated fetal bovine serum, 4 mmol/L 
glutamine, 100 nmol/L sodium pyruvate, 25 mmol/L HEPES, 
100 U/mL penicillin, and 100 U/mL streptomycin, and 
incubated at 37 ℃ in a humidified atmosphere containing 
5% CO2. Cells in good condition were selected for the 
succeeding study.

Cell proliferation and cell viability assay

Cell proliferation was determined by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
method. The cells were seeded at a density of 5,000-
10,000 cells/well on a 96-well culture plate. According to 
the experimental design, after 24 h, the culture medium 
respectively containing 1, 10, 100, 1,000, 10,000, 100,000 
and 1,000,000 nmol/L melatonin (Sigma, St. Louis, USA) 
was added to the different pancreatic cell groups for a 
time range from 0 h to 24 h. Thereafter, the incubation 
environment was kept away from light. Approximately 24 h 
later, 20 μL of 5 mg/mL MTT was added to each well of 
the 96-well plate. The cells were continuously incubated 
for 4 h, and then the medium was removed and replaced 

with 150 μL dimethyl sulfoxide (DMSO) per well. The 
absorbance was measured at 490 nm wavelength using an 
enzyme-linked immunosorbent assay (ELISA) plate reader 
(BioRad, Benchmark, Japan). The samples were assayed 
with eight replicates, and the mean optical density (OD) 
values were analyzed. Cell viability was determined by 
trypan blue exclusion test. The same experiments were 
performed at least three times.

Determination of VEGF concentration in cultured 
supernatants by ELISA

PANC-1 cells were seeded on 60 mm diameter dishes and 
continually incubated for 24 h. Then, 1 mmol/L melatonin 
was added to the experiment group. After 48 h of incubation 
away from light, the VEGF concentrations secreted by 
PANC-1 cells in the supernatants of the experimental 
group and the untreated control were quantified by ELISA. 
The cultured supernatant was collected and centrifuged 
at 12,000 r/min at 4 ℃ for 15 min, and then ELISA was 
performed according to the manufacturer’s instructions 
(VEGF ELISA kit, Promega, Madison, USA). The OD 
values (A450) were measured at a wavelength of 450 nm. The 
total cell number was counted using the cell-counting plate 
for at least three times. The standard curve was determined 
by SPSS statistical software (SPSS Inc., Chicago, IL, USA). 
The supernatants were harvested with six replicates, and the 
experiment was performed three times.

Detection of VEGF expression in cultured PANC-1 cells 
in vitro by immunocytochemistry

Cells at 105 cells/well were seeded on a 24-well culture 
plate to detect VEGF expression in the PANC-1 cells. 
Approximately 24 h later, the culture medium was replaced 
with conditioned medium with or without 1 mmol/L 
melatonin. The cells were incubated further at 37 ℃ in a 
CO2 incubator under a light-free environment for 24 h. 
After fixation with buffered paraformaldehyde, the cells 
were treated with pronase for 30 min, incubated with 0.3% 
H2O2 in methanol for 30 min to eliminate the endogenous 
peroxide activity, rinsed with phosphate buffered saline 
(PBS), and then incubated with normal blocking serum for 
20 min. Afterward, the cells were incubated overnight with 
VEGF-A mouse-anti-human polyclonal antibody (Santa 
Cruz Biotechnology, Santa Cruz, USA) at 4 ℃. Thereafter, 
the bridging antibody [poly-horse radish peroxide (HRP) 
anti-mouse IgG; Santa Cruz Biotechnology, Santa Cruz, 
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USA] was incubated with the cells for 20 min at 30 ℃. 
Finally, 3,3'-diaminobenzidine (DAB) was applied according 
to the manufacturer’s protocol (DAB Kit, Promega, 
Madison, USA). For the image analysis, 150 cells, each 
with a clear outline, from 10 microscopic fields (15 cells in 
each field) were selected randomly from each group under 
200× magnification. The average gray value and integral 
OD of each group were automatically measured using 
HPIAS-1000, a high resolution pathological image analysis 
system.

Detection of VEGF mRNA expression by reverse 
transcription polymerase chain reaction (RT-PCR)

PANC-1 cells were seeded on 60 mm diameter dishes, 
incubated for 24 h, and starved for another 24 h. Then, 
the medium with 1 mmol/L melatonin was added. After 
24 h incubation, total RNA was extracted separately from 
the cells of each group with TRIzol® reagent following 
the manufacturer’s instructions. Approximately 2 μg 
total RNA sample [treated in 8 mL diethylpyrocarbonate 
(DEPC) water in an Eppendorf centrifuge (Ep) tube and to 
which 1 μL of 10 mmol/L dNTPmix and 1 μL of 0.5 μg/μL 
Oligo(dt)12-18 were added] was denaturalized by incubating 
at 65 ℃ for 5 min. The Ep tube was placed in an ice bath 
for 2 min. The RNA sample was then reverse-transcribed 
to complementary DNA (cDNA) as follows: the denatured 
RNA was incubated at 42 ℃ for 2 min with 2 μL of 10× 
RT buffer, 4 μL of 25 mmol/L MgCl2, 2 μL of 0.1 mol/L 
dithiothreitol (DTT), and 1 μL of 50 U/μL recombinant 
RNase inhibitor (RNaseOUTTM). Then, 1 μL (50 units) 
SuperScriptTM II reverse transcriptase was added, followed 
by incubation at 42 ℃ for 50 min and termination at 
70 ℃ for 15 min in a total volume of 20 μL. Finally, after 
chilled on ice, 1 μL RNase H was added, and then the 
solution was incubated for 20 min at 37 ℃ before PCR 
was performed. For the PCR, 2 μL of the resulting cDNA, 
36.75 μL of tripled-distilled water, 5 μL of 10× PCR 
buffer, 3 μL of 25 mmol/L MgCl2, 1 μL of 10 mmol/L 
dNTPs, 1 μL each of the 10 μmol/L sense and antisense 
primers, and 0.25 μL of 5 U/μL Taq DNA polymerase 
in a total volume of 50 μL were added. The samples 
were amplified through incubation at 94 ℃ for 5 min, 
30 cycles of denaturation at 94 ℃ for 45 s, annealing 
at 54 ℃ for 45 s and extension at 72 ℃ for 1 min, and 
final incubation at 72 ℃ for 7 min. The PCR products 
were analyzed on 1% agarose gel containing ethidium 
bromide. The primer sequences for VEGF165 were sense: 

5'-GGGCAGAATCATCACGAAGT-3' and antisense: 
5'-AAATGCTTTCTCCGCTCTGA-3' (359 bp); and for 
b-actin, sense: 5'-GTGCGTGACATTAAGGAG-3' and 
antisense: 5'-CTAAGTCATAGTCCGCCT-3' (520 bp).

Statistical analysis 

Statistical analysis was performed using the SPSS version 
10.0 statistical package for Windows (SPSS Inc. Chicago, 
IL, USA). All data were presented as x±s. The t-test 
was used for the comparison between the groups of cell 
proliferation, mRNA, and VEGF expression. Correlation 
regression was used for the correlation between the OD 
values and VEGF concentrations in the cultured medium. 
P<0.05 was considered statistically significant.

Results

MTT and cell viability test

After 24 h of incubation, lower melatonin concentrations 
(1 nmol/L-1,000 nmol/L) had no obvious effect on 
cel lular  prol i ferat ion (P>0.05) .  However,  higher 
m e l a t o n i n  c o n c e n t r a t i o n s  (≥1 0 0 , 0 0 0  n m o l / L ) 
significantly inhibited cell proliferation, especially when 
the melatonin concentration reached 1 mmol/L (P<0.01) 
(Figure 1A). At different time points, 1 mmol/L melatonin 
treatment on PANC-1 cells induced cell growth down-
regulation, which was detectable after 3 h of incubation 
(P<0.05) and increased with treatment time (at 24 h, 
P<0.01) (Figure 1B). Using the trypan blue exclusion 
test, the cell viability assay demonstrated that after 
melatonin treatment, the PANC-1 cells in each group 
had >98% viability, indicating that 1 mmol/L melatonin 
had no evident toxic effects, in agreement with our 
previous study. Moreover, no quantitative evidence of 
acute cytotoxicity was detected, as determined by the 
cell viability assay. Therefore, in this experiment, 1 mmol/L 
melatonin showed the greatest anti-proliferative effect 
on PANC-1 cells, exhibiting enhanced performance with 
increased treatment time.

Effect of melatonin on VEGF production in cultured 
supernatants

After 24 h incubation, the VEGF concentration in the 
cultured supernatant was significantly decreased in the 
experimental group (0.006,91±0.001,31 pg/cell, P<0.05) 
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compared with the control group (0.004,61±0.000,926 pg/
cell, P<0.05), which indicated that melatonin could inhibit 
VEGF production in PANC-1 cells (Figure 2A,B). 

Immunocytochemical staining of VEGF protein 
expression in PANC-1 cells

From the  immunocytochemica l  s ta in ing ,  VEGF 
positive staining is clearly seen in the cell cytoplasm 

and membrane, and shows a markedly deceased VEGF 
expression compared with the control group (the 
average gray value: 45.72±7.85 vs. 91.28±14.56, P<0.05) 
(Figure 3A,B). 

Effect of melatonin on VEGF mRNA expression in 
PANC-1 cells

According to the human VEGF165 cDNA record in 

Figure 1 Cell growth evaluated by the MTT method under different conditions. A. Groups with melatonin concentrations greater than 
10,000 nmol/L showed an anti-proliferative effect, especially when the concentration reached 1 mmol/L (P<0.01); B. In the 1 mmol/L 
melatonin group, cell growth down-regulation was detectable after 3 h (P<0.05) of incubation, and increased with the treatment time (at 24 h, 
P<0.01)

Figure 2 VEGF concentrations. A. The standard curve determined by ELISA using the standard recombined human VEGF provided in the 
manufacturer’s ELISA kit. The equation is y=-0.9202+0.2644lnx (y. OD values; x. VEGF concentrations); B. The VEGF concentration (per 
cell) is significantly decreased (P<0.05) compared with the control group after 24 h incubation with melatonin

A

A

B

B
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GenBank and the trait of the designed specific primers, the 
whole length of the RT-PCR products identified by agarose 
gel electrophoresis was accorded with the background 
reference of the human VEGF165 cDNA (Figure 4A,B). 

Furthermore, the PCR products were determined by DNA 
sequence analysis and contained the full length of VEGF165 
mRNA similar to that described in GenBank with accession 
number AF-486837. Based on the RT-PCR analysis results, 
VEGF mRNA expression was significantly decreased in the 
melatonin group after 6 h and 24 h treatment (P<0.05), 
suggesting that melatonin could suppress VEGF mRNA 
transcription.

Discussion

Angiogenesis, which is the sprouting of new blood vessels 
from the existing endothelium, is essential for wound 
repair, organ regeneration, embryonic vascular system 
development, and a variety of pathological conditions, 
especially tumor angiogenesis. Tumor growth, development, 
and behavior are dependent on angiogenesis, especially 
solid tumors (14,15). Increased angiogenesis is associated 
with tumor metastases, poor prognosis, and reduced patient 
survival (15-17). The tumor cell properties of releasing 
and inducing several angiogenic and antiangiogenic factors 
play a crucial role in regulating endothelial cell (EC) 
proliferation, migration, apoptosis or survival, and cell-
cell and cell-matrix adhesion through different intracellular 
signals, and are the essential mechanisms of tumor induced-
angiogenesis (17,18). Theoretically, if antiangiogenic 
agents are administered before a tumor develops or 
becomes dependent on a vascular supply, they would act 
similar to a vaccine in preventing tumor development and 
tumor growth (15,17,19). Therefore, understanding the 
angiogenesis-regulating mechanism could provide new 
therapeutic options for cancer treatment.

Figure 3 The location of VEGF immunocytochemical staining in the cytoplasm and cell membrane of PANC-1 cells. A. Control group; B. 
melatonin treatment group

Figure 4 VEGF mRNA expression in PANC-1 cells demonstrated 
by RT-PCR. A is the representative image and B is the statistical 
bar graph of VEGF/β-actin ratios (compared with control group). 
VEGF is significantly decreased in the melatonin group after 6 and 
24 h treatments (P<0.05)

A

A

B

B
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Considering that VEGF, the most important mediator 
of tumor angiogenesis, is crucial to pancreatic cancer 
development and extensive vascularization (17), in our 
experiment, VEGF was selected as a reliable parameter to 
ascertain whether melatonin has an anti-angiogenic effect 
on pancreatic cancer cells in vitro. In our experiment, 
high levels of VEGF protein and mRNA expression were 
detected in the control group. This finding agreed with 
previous studies and supported the view that pancreatic 
carcinoma has extensive tumor neoangiogenesis and 
extensive vascularization, which is correlated with the 
overexpression of several angiogenic factors, such as VEGF, 
platelet-derived endothelial cell growth factor, and matrix 
metalloproteinases (18-20). In immunochemistry detection, 
the VEGF was also markedly detected in the tumor cell 
cytoplasm, suggesting that VEGF is not just a secreted 
mediator active in the extracellular environment through 
the VEGF-VEGFR system.

Being the most important naturally oncostatic hormone, 
melatonin possibly exerts its anti-tumor effect through 
the immunomodulatory, anti-proliferative or anti-oxidant 
pathway (9,21-24). However, in this experiment, melatonin 
exhibited a possible anti-angiogenetic mechanism. Previous 
studies have demonstrated the anti-angiogenic action of 
melatonin on tumor angiogenesis, either directly or indirectly 
(13,25,26). In the present study, after 1 mmol/L melatonin 
administration, a significant decrease of VEGF concentration 
in the culture supernatants was observed compared with the 
control group, demonstrating an evident inhibitory effect of 
melatonin on VEGF mRNA expression. In addition, from 
the immunocytochemistry study, the VEGF intracellular 
localization also decreased in the melatonin group. Based on 
these results, 1 mmol/L melatonin could significantly inhibit 
VEGF production in PANC-1 cells, thus suggesting its 
possible anti-angiogenic effect.

How do melatonin and VEGF interact? This issue was 
not tackled in detail in this experiment. The immuno-
enhancing activity of melatonin could possibly explain 
the mechanism for melatonin and VEGF interaction, 
considering that VEGF suppresses the immune response 
by blocking dendritic cell maturation (27). From a 
physiopathological point of view, melatonin may be 
involved in the regulation of neoangiogenesis due to its 
modulatory role in immunity and hematopoiesis (28,29). 
Moreover, melatonin receptors, retinoid Z receptor/retinoid 
orphan receptor, and other mechanisms are involved in the 
neoangiogenesis process (30,31), which will be an important 
focus of our future research. In our previous study, we found 

that high concentrations of melatonin inhibited elevated cell 
proliferation and cell migration of the human umbilical vein 
endothelial cells stimulated by co-culturing with PANC-
1 cells through the suppression of VEGF expression in 
PANC-1 cells (32). Through the anti-proliferative effect (as 
confirmed by many studies and by this present experiment), 
but not the possible anti-angiogenic effect (which was not 
proven in detail elsewhere except in this study) of melatonin, 
the melatonin action is dependent on the cell type, functional 
cellular state or several other factors, such as the drug 
concentration in this experiment (10,33). Melatonin has 
a marked antitumor effect in the concentration range 
from nmol/L to several hundreds mmol/L (34,35). In our 
study, melatonin exhibited a great inhibitory effect on VEGF 
production when in high concentrations (1 mmol/L). Medical 
therapeutics using low melatonin concentrations may become 
realistic goals in the future. 

In summary, our study showed that high concentrations 
of melatonin inhibited the cellular proliferation of pancreatic 
carcinoma cells and suppressed endogenous VEGF expression, 
therefore melatonin may be used in very innovative and 
challenging antiangiogenesis therapeutics of cancers.
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