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Abstract

Melatonin is a hormone identified in plants and pineal glands of mammals and possesses diverse physiological functions.
Fisetin is a bio-flavonoid widely found in plants and exerts antitumor activity in several types of human cancers. However,
the combinational effect of melatonin and fisetin on antitumor activity, especially in melanoma treatment, remains unclear.
Here, we tested the hypothesis that melatonin could enhance the antitumor activity of fisetin in melanoma cells and
identified the underlying molecular mechanisms. The combinational treatment of melanoma cells with fisetin and
melatonin significantly enhanced the inhibitions of cell viability, cell migration and clone formation, and the induction of
apoptosis when compared with the treatment of fisetin alone. Moreover, such enhancement of antitumor effect by
melatonin was found to be mediated through the modulation of the multiply signaling pathways in melanoma cells. The
combinational treatment of fisetin with melatonin increased the cleavage of PARP proteins, triggered more release of
cytochrome-c from the mitochondrial inter-membrane, enhanced the inhibition of COX-2 and iNOS expression, repressed
the nuclear localization of p300 and NF-kB proteins, and abrogated the binding of NF-kB on COX-2 promoter. Thus, these
results demonstrated that melatonin potentiated the anti-tumor effect of fisetin in melanoma cells by activating
cytochrome-c-dependent apoptotic pathway and inhibiting COX-2/iNOS and NF-kB/p300 signaling pathways, and our study
suggests the potential of such a combinational treatment of natural products in melanoma therapy.
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Introduction

Melanoma is one of the most aggressive forms of skin cancer,

which has been occurring with an increased incidence faster than

that of any other cancer in the world [1–3]. Although melanoma

in early stage is curable, the prognosis and overall survival for

patients with metastasized melanoma is unfavourable. Patients in

metastasis even have a median survival of only 6–10 months [4].

Melanoma is characterized by the forming of resistance to

cytotoxic agents during the progression, and the effective

treatment options for it are very few. Therefore, discovering and

confirming new cytotoxic agents exerting anti-melanoma activities

becomes very important. More and more natural products

extracted from plants and animals have been shown to contribute

to decrease cancer risks, and some of them even have been applied

in cancer chemoprevention and malignancy suppression due to

their high efficiency, low toxicity and wide variety of sources [5–7].

Flavonoids has been suggested to be effective against cancer

[8,9]. Fistin is a major flavonoid extracted from many fruits and

herbal sources, and found to exert anti-aging [10], anti-inflam-

matory [11,12], and anti-viral [13–15] effects. Fisetin displays

antitumor effects in many cancers, including inhibiting tumor cell

growth, inducing tumor cell apoptosis, reducing tumor cell

migration and invasiveness, inducing cell-cycle arrest in cancer

cells, and so on [16–18]. However, its anti-cancer effectiveness is

not powerful enough, and the use of high doses of fisetin is limited

by the emergence of side effects. Therefore, the combinational

treatments with other chemotherapeutic agents, especially natural

antitumor compound, should be improved for fisetin, and the

underlying mechanisms of such combination should also be

identified to achieve higher potency.

Melatonin is a hormone widely found in animals, plants and

microbes. It functions as a powerful antioxidant to protect nuclear

and mitochondrial DNA from damage [19,20]. In addition, as the
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main product of the pineal gland, melatonin has been attracting

more and more attention by exerting anti-proliferative, pro-

apoptotic, and anti-angiogenic properties in multiple types of

cancer cells [21]. Although the underlying molecular mechanism

of antitumor activity for melanoma has not been fully elucidated,

various studies in vivo and in vitro demonstrated that it might be

partially realized through inhibitions of MMP-9 and NF-kB [22],

blocking HIF-1a, STAT3 signaling and VEGF expression [23],

regulating the transcription of cell proliferation-related genes, such

as Nestin, Bmi-1 and Sox2 [24], suppressing the expression of 45S

pre-ribosomal RNA and upstream binding factor [25]. Based on

its ability to affect multiple signaling pathways, its contribution to

diverse physiological functions and its very few side-effects, it

might potentially be a suitable candidate to serve as a partner of

other chemopreventive or chemotherapeutic agents to form a

better and novel treatment strategy for cancer. The underlying

molecular mechanisms of such combination also deserve better

investigation to achieve additional benefits in cancer therapy.

The aberrant or increased activity of COX-2 and the high levels

of its product PGE2 are observed in a variety of cancer types,

especially in colon cancer [26,27]. Many reports have demon-

strated the wide range of effects for COX-2 product PGE2 in

carcinogenesis and tumor development, including inducing

angiogenesis, promoting cellular proliferation, inhibiting cell

apoptosis, stimulating tumor invasion, and so on [28]. In

melanoma, COX-2 is associated with tumor progression [29–

31].Similarly, inducible NO synthases (iNOS) and its product NO

have also shown overexpression in different types of cancer,

including melanoma. iNOS is overexpressed in most cultured

melanoma cells and in human melanoma samples [32,33].

Moreover, its expression has been found to be a strong predictor

of disease-specific and overall survival (OS) for stage III melanoma

patients [34]. Although numerous reports suggested the cytotoxity

of overexpressed NO to cancer cells, the continuous low

expression of intracellular NO like PGE2 has been shown to

promote tumor progression and induce anti-apoptotic effects in

many tumor types. Thus, COX-2 and iNOS represent prime

targets for potential treatment of cancer. Some natural products

extracted from plants have been studied to be able to selectively

inhibit COX-2 and iNOS expression, and have potential to act as

anti-cancer molecules [35–38]. Both COX-2 and iNOS expression

are strictly controlled transcriptionally by the recruitment of

transactivators and coactivators, such as NF-kB and p300, to their

key promoter regions [39–41]. However, whether fisetin could

regulate COX-2 and iNOS expression and whether melatonin

could sensitize or enhance such regulation to further inhibit

melanoma cell growth remains unclear.

In this study, we determined whether melatonin could

potentiate or enhance fisetin’s antitumor effect in human

melanoma cells. We also obtained mechanistic insight into the

action mode of such combination. The combinational effects of

fisetin and melatonin on tumor cell proliferation, migration, and

apoptosis in melanoma cells were analyzed. The expression

changes of some key proteins involved in cell proliferation and

apoptosis signaling pathways and the changes of their upstream

regulatory factors were further analyzed to uncover the underlying

molecular mechanisms of this combinational mode. The findings

from this study showed the potential of such a combinational

treatment in melanoma therapy.

Materials and Methods

Reagents
Fisetin, 1400W, celecoxib (CB) were purchased from Sigma-

Aldrich (St. Louis, USA). Melatonin was purchased from J&K

Chemical Ltd. All reagents were dissolved in DMSO as the initial

concentrate and diluted with medium before adding to the cell.

Cell lines and cell culture
The human melanoma cell lines MeWo and Sk-mel-28 were

cultured as monolayer in RPMI 1640 media supplemented with

10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml

streptomycin and grown under 5% CO2 at 37uC.

MTT assay
Cell viability was measured by a MTT assay. Five replicated

wells were used for each concentration.

Cell migration assay
Cell migration was detected by a scratch assay. Briefly,

melatoma cells were grown to full confluence and treated with

different does of fisetin or melatonin. The confluent cell monolayer

was scraped in a straight line to create ‘scratches’. The images of

the wound gaps were photographed using a phase-contrast

microscope.

Clone formation assay
Melanoma cells were plated in 6-well plates overnight and then

treated with fisetin or melatonin for 24 hrs. The cells were

trypsinized into single cells and were seeded into a 6-well plate at

1000 cells/well. After being incubated at 37uC with 5% CO2 for

14 days, the cells were washed with PBS and fixed with the

mixture (methanol:glacial:acetic 1:1:8) for 10 mins, and stained

with 0.1% crystal violet for 30 mins. The clones with more than 50

cells were counted under an optical microscope.

Apoptosis assay
Apoptosis was measured by Annexin V staining–based FACS

analysis.

Western blot analysis
Total cell lysates were separated in a 10% SDS-PAGE and

electrophoretically transferred to a PVDF membrane. The

proteins were blotted using antibodies and visualized by enhanced

chemiluminescence. The antibodies against b-actin, GAPDH,

PARP, iNOS and COX-2 were obtained from Cell Signaling

Technology and the antibodies against p300, NF-kB p50 and p65

and cytochrome-c were purchased from Santa Cruz Biotechnol-

ogy.

Confocal immunofluorescence
The cells grown on chamber slides and fixed with 4%

paraformaldehyde for 30 mins, permeabilized with 0.2% Tri-

tonX-100 for 5 mins, and blocked with 10% bovine serum

albumin (BSA) in PBS for 30 mins. The antibodies against p300,

p50 or p65 (Santa Cruz) were added to the cells and incubated

overnight at 4uC. Non-immune IgG was included as controls. The

fluorescein isothiocyanate- and rhodamine-conjugated secondary

antibodies diluted in blocking solutions were added and incubated

for 1 hr. The cells were detected with a Leica confocal microscope

and images were processed with Image-Pro Plus 5.1 software.
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Pulldown assay
The nuclear proteins (400 mg) were mixed with double-strand

biotinylated COX-2 promoter probe (4 mg), streptavidin agarose

beads (50 ml) in 500 ml PBSI buffer containing 0.5 mM PMSF,

10 mM NaF, 25 mM b-glycerophosphate and rotated for

overnight at RT. The beads were centrifuged, washed with PBSI

buffer, resuspended with SDS-PAGE loading buffer and boiled at

95uC. The supernatant was analyzed by Western blot.

Immunoprecipitation assay
The nuclear proteins were incubated with the antibodies for

3.5 h at 4uC. The protein-A/G agarose beads were added and the

mixture was incubated at 4uC overnight. After washing with ice-

cold PBSI buffer, the beads were mixed with loading buffer and

boiled. The precipitated proteins were separated by SDS-PAGE

and detected by Western blot analysis using the acetylated-

antibodies.

Statistics analysis
Every experiment was done three times, and the mean values

and standard deviations were calculated using origin 8.0 software.

P,0.05 was considered to be statistical significance.

Results

Melatonin enhanced fisetin-medited cell proliferation
inhibition

MTT assay was used to test the combined effects of fisetin and

melatonin on cell viability in MeWo and Sk-mel-28 cells.

Melatonin alone at the dose from 20 mM to 1000 mM suppressed

melanoma cell viability in a dose-dependent manner (Fig. 1A, 1B).

However, the combinational treatment of the cells with melatonin

(1.0 mM) with fisetin (0 mM–250 mM) significantly enhanced the

inhibition of cell viability as compared with the cells treated with

fisetin alone (Fig. 1C, 1D). The IC50 values of fisetin for cell

proliferation inhibition in MeWo and Sk-mel-28 cells were next

calculated. The combined treatment of fisetin with melatonin

(1.0 mM) resulted in a marked reduction of the IC50 values of

fisetin when compared to the cells treated with fisetin alone

(Fig. 1E).

Melatonin enhanced fisetin-mediated cell morphology
change and clone formation inhibition

We next detected whether melatonin could sensitize fisetin-

mediated changes in cell morphology and inhibition of clone

formation in melanoma cells. The combined treatment led to a

reduced cell-to-cell contact and more shrinkage and even broken

cell morphology compared with the cells treated with melatonin or

fisetin alone (Fig. 2A, 2B). Treated with melatonin or fisetin alone

formed nearly 1000 clones after 7 days’ growth, whereas

combinational treatment of melatonin and fisetin considerably

reduced clone formation, only 600 clones in MeWo cells (Fig. 2C)

and 60 colones in Sk-mel-28 cells (Fig. 2D).

Melatonin enhanced fisetin-mediated cell migration
inhibition

We employed a scratch assay to determine the combined effect

of fisetin with melatonin on cell migration in melanoma cells.

Treatment with melatonin or fisetin (20 mM) alone inhibited cell

migration, but the combined treatment with melatonin markedly

enhanced the fisetin-mediated inhibition of cell migration in

MeWo cells (Fig. 3A). The wounding space between cell layers was

occupied mostly by the migrating cells at 56 h, but the gap of the

cells was not occupied by the migrating cells but a little enlarged in

the MeWo cells cotreated with fisetin and melatonin (Fig. 3A).

Similar enhancement of cell migration inhibition of fisetin by

melatonin was also observed in melanoma Sk-mel-28 cells with

combinational treatment of fisetin and melatonin (Fig. 3B).

Melatonin increased fisetin-induced apoptosis
We analyzed the apoptosis in melanoma cells by FACS

analysis. MeWo cells treated with fisetin alone at the concen-

trations of 20 mM and 50 mM respectively showed 16.5% and

29.6% apoptotic percentage at 48 hours after treatment (Fig. 4A,

4B). By contrast, the combination of fisetin with melatonin

(1 mM) induced nearly 50% apoptotic cells in MeWo cells,

resulting in an obviously increased pro-apoptotic effect (Fig. 4A,

4B). We then analyzed the expression changes of the cleaved

PARP, one of the key proteins associated with apoptosis, in

melanoma cells by Western blot. A marked induction of the

cleaved PARP was deteced in MeWo cells cotreated with fisetin

and melatonin compared with the cells treated with single agent

(Fig. 4C). We also performed immunofluorescence (IF) analysis

to monitor the subcellular localization of cytochrome-c (cyt-c),

an upstream molecule of the caspase cascade-dependent

apoptotic signaling pathway, in melanoma cells. Treatment

with fisetin (20 mM) and melatonin (1 mM) alone for 48 h

triggered the release of cyt-c from the inter-mitochondrial space

into the cytosol in melanoma cells, but the combined treatment

with two agents greatly improved the release of cyt-c

(Fig. 4D,4E).

Melatonin enhanced fisetin-mediated suppression of
COX-2/iNOS signaling

COX-2 and iNOS have been found to be involved in cell

proliferation, migration and invasion in cancer cells. We detected

the expression of COX-2 and iNOS at protein levels by Western

blot. Treatment with fisetin alone at the dose of 20 mM or 50 mM

slightly inhibited COX-2 or iNOS protein expression (Fig. 5A,

5B), while the combinational treatment with melatonin at the dose

of 1.0 mM markedly reduced the expression of COX-2 or iNOS

at protein level in melanoma cells (Fig. 5A, 5B). The MeWo and

Sk-mel-28 cells were pretreated with COX-2-selective inhibitor

celecoxib (CB) at a concentration of 20 mM for 8 h, and followed

by the combined treatment with fisetin (20 mM) and melatonin

(1 mM) for another 48 h. Treatment with CB alone inhibited cell

proliferation, whereas CB pretreatment followed by a combina-

tional treatment with fisetin and melatonin did not significantly

alter cell viability inhibition mediated by the COX-2-selective

inhibitor (Fig. 5C, 5D). Similarly, the co-treatment with fisetin and

melatonin following pretreatment of iNOS-selective inhibitor

1400w in MeWo and Sk-mel-28 cells did not obviously elevate

cell viability inhibition compared with fisetin and melatonin-

induced anti-proliferation ability (Fig. 5E, 5F). These results

indicate that the enhanced antitumor effect of the combinational

treatment might partially be mediated through inactivating COX-

2 and iNOS signalings.

Melatonin enhanced fisetin-mediated inhibition of NF-
kB/p300 signaling

COX-2 and iNOS expression are transcriptionally regulated by

the binding of transactivator NF-kB to their promoter regions and

the further recruitment of co-activator p300 interacting with NF-

kB. We performed immunofluorescence assay to observe the

localization and interaction of p300 and NF-kB in melanoma cells.

The co-localization of p65 with p50 (Fig. 6A) or p300 (Fig. 6B)
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were detected in Sk-mel-28 cells. Treatment with fisetin alone

induced the translocation of NF-kB p50/p65 (Fig.6A) and p300

(Fig. 6B) from the nuclei to cytoplasm, while the combined

treatment with fisetin and melatonin enhanced the translocation of

NF-kB p50/p65 (Fig. 6A) and p300 (Fig. 6B) from nuclei to

cytoplasma. We next determined the binding activity of NF-kB on

COX-2 promoter by a pulldown assay. As shown in Fig. 7A and

7B, the combined treatment with fisetin and melatonin markedly

enhanced the inhibition of NF-kB p50 and p65 binding to COX-2

promoter compared to the treatment with fisetin or melatonin

alone. As p300 has histone acetyltransferase (HAT) activity, we

also determined the effect of the combinational treatment on

p300-mediated acetylation of NF-kB p50/p65. We immunopre-

cipitated the nuclear extracted proteins from melanoma cell lines

MeWo using anti-p50 or anti-p65 antibodies. The acetylated levels

of these transactivators were tested using anti-acetyl-lysine

Figure 1. Melatonin enhanced fisetin-mediated inhibition of cell proliferation. (A–B), Human MeWo (A) and Sk-mel-28 (B) cells were
treated with the indicated doses of melatonin (MT) for 48 hours, and the cell viability was examined by MTT assay. (C–D), MeWo (C) and Sk-mel-28
(D) cells were treated with the indicated doses of fisetin (F) alone or combined with MT (1 mM) for 48 hours, and the cell viability was examined by
MTT assay. (E), The IC50 values of fisetin (F) for cell viability inhibition in cells treated with or without melatonin (MT) were determined. The data is
presented as mean 6 SD of three separate experiments. *, P,0.05, a significant difference compared to the control group.
doi:10.1371/journal.pone.0099943.g001
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Figure 2. Melatonin enhanced fisetin-mediated cell morphology changes and clonal formation inhibitions. (A–B), The cell morphology
changes of MeWo (A) and Sk-mel-28 (B) cells treated with fisetin (F) (20 mM) and melatonin (MT) (1.0 mM) for 48 h were observed. The cells were
photographed using a microscope with a magnification of 40610 fold. (C–D), Clone formation in MeWo (C) and Sk-mel-28 cells(D) treated with fisetin
(F) (20 mM) and melatonin (MT) (1.0 mM) for 48 h were observed.
doi:10.1371/journal.pone.0099943.g002
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antibody. The lower levels of the acetylated p50/p65 proteins

were detected in MeWo cells co-treated with fisetin and melatonin

than that in cell lines treated with single fisetin or melatonin alone

(Fig. 7C, 7D).

Discussion

The role of fisetin in killing cancer cells has been shown by its

augmentative actions on the inhibition of cell proliferation and

induction of cell apoptosis in different cancer cells. However, the

Figure 3. Melatonin enhanced fisetin-mediated cell migration inhibition. (A–B), MeWo (A) or Sk-mel-28 (B) cell monolayer grown to full
confluence was wounded in a line and were left either untreated or treated with indicated doses of fisetin (F) or melatonin (MT) for 56 h. The images
of the wound gap was observed with a magnification of 20610 fold. (C–D), The quantitative analysis of the wound gap in MeWo (C) or Sk-mel-28 (D)
cells treated with fisetin (F) or melatonin (MT) for 56 hours.
doi:10.1371/journal.pone.0099943.g003
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anti-tumor effect of fisetin alone might not be powerful enough

and adjunct therapy might be required to improve its efficacy in

the treatment of cancer. Melatonin is a widely used antioxidant

drug, and its anti-tumor activities have been proved by a number

of studies [42]. Based on its multiple functions and low toxicity in

cancer therapy, melatonin might be used in combination with

Figure 4. Melatonin enhanced fisetin–mediated apoptosis induction. Human MeWo cells were treated with 50 mM fisetin (F) and 1.0 mM
melatonin (MT) for 48 hours. The apoptosis was determined by FACS analysis with annexin-V staining (A, B). The levels of the cleaved PARP protein
(C) was analyzed by Western blot. The immunofluorescence imaging analysis was used to monitor the translocation of cyto-c in MeWo (D) and Sk-
mel-28 (E). The data in (B) is present as the mean 6 SD of three separate experiments. *, P,0.05, significant differences between treatment groups
and DMSO control groups.
doi:10.1371/journal.pone.0099943.g004
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other chemotherapeutic agents to improve therapeutic efficiency.

In the present study, we have demonstrated that melatonin could

potentiate fisetin-mediated antitumor effect in melanoma cells

through activating cytochrome-c/caspase-dependent-apoptotic

pathway, downregulating expression of COX-2 and iNOS

through regulating the nuclear translocation of NF-kB and p300

and abrogating their binding on COX-2 promoter. To our

knowledge, it might be the first time to report the effect of the

combinational treatment of fisetin and melatonin on melanoma

cells and to demonstrate the underlying mechanisms under such a

combinational treatment.

Figure 5. Melatonin enhanced fisetin-mediated suppression of COX-2/iNOS signaling. (A–B), The expression level of COX-2 protein (A)
and iNOS protein (B) were analyzed by Western blot in human MeWo (A) or Sk-mel-28 (B) cells treated with the indicated doses of fisetin (F) (20 mM)
and melatonin (MT) (1 mM or 1 mM) for 48 hours. ‘‘+’’ represents 1 mM MT, and ‘‘++’’ represents 1 mM MT. (C–D), MeWo (C) and Sk-mel-28 (D) cells
were treated with F (20 mM) in combination with MT (1.0 mM) for 48 hours after pretreatment with the COX-2 selective inhibitor celecoxib (CB) (20 or
40 mM) for 24 hours, and the cell viability was determined by MTT analysis. For CB, ‘‘+’’ represents 20 mM, and ‘‘++’’ represents 40 mM. (E–F), MeWo (E)
and Sk-mel-28 cells (F) were treated with the iNOS selective inhibitor 1400w (5 mM) for 24 hours, and then treated with F (20 mM) in combination with
MT (1.0 mM) for 48 hours, and cell viability was determined by MTT analysis. Each data point was calculated from three triplicate groups and the data
is presented as the mean 6 SD. *, P,0.05, significant difference between treatment group and control group.
doi:10.1371/journal.pone.0099943.g005
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The caspase-dependent apoptotic signaling is activated by the

release of cytochrome-c from mitochondria and in turn activates

the downstream execution starting with caspase-3 and the

degradation of several essential cellular proteins such as PARP.

The induction of apoptosis through activation of caspase cascade

by fisetin in cancer cells, including colorectal carcinoma cells,

HeLa cervical cancer cells, and prostate cancer cells, was reported

in several previous studies [43–45]. Our present study also showed

that the activation of caspase signaling cascade contributes to the

enhancement of fisetin-mediated apoptosis by melatonin.

The COX-2 and iNOS signalings are implicated in the

regulation of proliferation, apoptosis, migration and invasion

Figure 6. Melatonin enhanced fisetin-mediated nuclear translocation of p300 and NF-kB. The subcellular localization of p50, p65 and
p300 and the co-localization of p65 with p50 (A) or p65 with p300 (B) in human MeWo cells treated with 20 mM fisetin (F) and 1.0 mM melatonin (MT)
for 48 hours were examined by confocal microscopy. Cells with typical morphology were presented from more than 100 cells at each experiment.
doi:10.1371/journal.pone.0099943.g006
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responses in many kinds of cancer cells, and their inhibitors have

been improved to be able to block survival signaling to accelerate

killing tumor cells. The effective therapeutic strategy targeting

COX-2/iNOS and their related key signaling molecules has been

developed and is expected to provide important therapeutic

implications in cancer treatment. Our present study detected the

enhanced inhibition of COX-2 and iNOS expression in melanoma

cells after co-treatment with fisetin and melatonin in comparison

with single agent treatment, suggesting that inhibition of COX-2

and iNOS signaling at least partially contributed to melatonin

potentiated fisetin-mediated cell proliferation inhibition in mela-

noma cells. Furthermore, we evaluated the possible molecular

mechanisms of such suppression. Although the mechanism by

which COX-2 and iNOS are up-regulated and over-activated in

most cancer cells remains not clear enough, it was reported that

their expressions were transcriptionally controlled by the binding

of multiple transactivators such as c-Jun, C/EBPb and NF-kB and

coactivators such as p300 to the core promoter regions [46]. NF-

kB shows a more extensive role and seems more essential for

COX-2 and iNOS transcriptional activation. Similarly, p300 also

plays a necessary role by exerting a global effect in maintaining

COX-2 and iNOS promoter chromatin structure to increase

recruitment of transactivators, such as NF-kB, and initiate COX-2

and iNOS transcription [47–48]. Our study confirmed the

colocalization of NF-kB and p300 and the enhanced translocation

of these two regulatory elements from nuclei to cytoplasm in

melanoma cells after co-treatment with fisetin and melatonin

through IF analysis. Moreover, we demonstrated that the

increased inhibitory effects on COX-2 expression by the combined

treatment with fisetin and melatonin was very possibly mediated

by promoting p300 and NF-kB translocation from nuclear to

cytosol and further inhibiting their binding to COX-2 promoter,

thereby abrogating COX-2 transcriptional activation in melano-

ma cells. The same mechanism might apply to the elevated

expression inhibition of iNOS signaling in melanoma cells treated

by the combined fisetin and melatonin.

In conclusion, we found that melatonin enhanced the antitumor

activity mediated by fisetin in melanoma cells. Furthermore, we

elucidated the underlying molecular mechanisms of such en-

hanced action. The combined effects of fisetin and melatonin on

melanoma cells might be achieved through activating cytochrome-

c/caspase-dependent apoptotic signaling and inhibiting p300/NF-

kB-mediated COX-2 and iNOS expression. These results not only

indicate the great potential of natural products, such as fisetin and

melatonin, in cancer chemoprevention and therapy, but also

might serve as a basis and direction for the application of the

combinational treatment of natural compounds in improving

therapeutic efficiency for cancers.

Figure 7. Melatonin enhanced fisetin-mediated inhibition of NF-kB binding and acetylation. (A, B), Human MeWo cells were treated with
20 mM fisetin (F) and 1.0 mM melatonin (MT). The binding of p50 and p65 to th biotinylated COX-2 promoter probe (A) was ananlyzed by pulldown
and Western blot, the relative binding activities of p50 and p65 to COX-2 promoter (B) was analyzed by densitometric analysis. (C, D), MeWo cells
were treated with F (20 mM) and MT (1.0 mM). Nuclear lysate from the treated cells was immunoprecipitated with antibodies against p50 and p65.
The acetylated levels of p50 and p65 (C) was analyzed by Western blot, and the acetylated levels of p50 and p65 were quantitatively calculated by
densitometric analysis (D).
doi:10.1371/journal.pone.0099943.g007

Melatonin Enhances the Anti-Tumor Effect of Fisetin

PLOS ONE | www.plosone.org 10 July 2014 | Volume 9 | Issue 7 | e99943



Author Contributions

Conceived and designed the experiments: CY WG WD. Performed the

experiments: CY ZY YX JW HQ WY RT. Analyzed the data: CY YZ HQ

YY WG. Contributed reagents/materials/analysis tools: YZ YY. Contrib-

uted to the writing of the manuscript: CY YZ WG WD.

References

1. Jerant AF, Johnson JT, Sheridan CD, Caffrey TJ (2000) Early detection and

treatment of skin cancer. Am Fam Physician 62: 357–368, 375–356, 381–352.
2. Stratigos A, Nikolaou V, Kedicoglou S, Antoniou C, Stefanaki I, et al. (2007)

Melanoma/skin cancer screening in a Mediterranean country: results of the
Euromelanoma Screening Day Campaign in Greece. J Eur Acad Dermatol

Venereol 21: 56–62.

3. Goldberg MS, Doucette JT, Lim HW, Spencer J, Carucci JA, et al. (2007) Risk
factors for presumptive melanoma in skin cancer screening: American Academy

of Dermatology National Melanoma/Skin Cancer Screening Program experi-
ence 2001–2005. J Am Acad Dermatol 57: 60–66.

4. Tarver T (2012) Cancer Facts & Figures 2012. American Cancer Society (ACS).

J Consum. Health 2012 Internet 16, 366–367.
5. Sarkar FH, Li YW (2007) Targeting multiple signal pathways by chemopre-

ventive agents for cancer prevention and therapy. Acta Pharmacol Sin 28: 1305–
1315.

6. Matsumoto T, Nakamura S, Nakashima S, Yoshikawa M, Fujimoto K, et al.
(2013) Diarylheptanoids with inhibitory effects on melanogenesis from the

rhizomes of Curcuma comosa in B16 melanoma cells. Bioorg Med Chem Lett

23: 5178–5181.
7. Looi CY, Moharram B, Paydar M, Wong YL, Leong KH, et al. (2013)

Induction of apoptosis in melanoma A375 cells by a chloroform fraction of
Centratherum anthelminticum (L.) seeds involves NF-kappaB, p53 and Bcl-2-

controlled mitochondrial signaling pathways. BMC Complement Altern Med

13: 166.
8. Khan N, Afaq F, Mukhtar H (2008) Cancer chemoprevention through dietary

antioxidants: progress and promise. Antioxid Redox Signal 10: 475–510.
9. Kundu JK, Surh YJ (2005) Breaking the relay in deregulated cellular signal

transduction as a rationale for chemoprevention with anti-inflammatory

phytochemicals. Mutat Res 591: 123–146.
10. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, et al. (2003)

Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan.
Nature 425: 191–196.

11. Geraets L, Haegens A, Brauers K, Haydock JA, Vernooy JH, et al. (2009)
Inhibition of LPS-induced pulmonary inflammation by specific flavonoids.

Biochem Biophys Res Commun 382: 598–603.

12. Park HH, Lee S, Son HY, Park SB, Kim MS, et al. (2008) Flavonoids inhibit
histamine release and expression of proinflammatory cytokines in mast cells.

Arch Pharm Res 31: 1303–1311.
13. Zandi K, Teoh BT, Sam SS, Wong PF, Mustafa MR, et al. (2011) Antiviral

activity of four types of bioflavonoid against dengue virus type-2. Virol J 8: 560.

14. Lin YJ, Chang YC, Hsiao NW, Hsieh JL, Wang CY, et al. (2012) Fisetin and
rutin as 3C protease inhibitors of enterovirus A71. J Virol Methods 182: 93–98.

15. Kang SY, Kang JY, Oh MJ (2012) Antiviral activities of flavonoids isolated from
the bark of Rhus verniciflua stokes against fish pathogenic viruses In Vitro.

J Microbiol 50: 293–300.
16. Pal HC, Sharma S, Elmets CA, Athar M, Afaq F (2013) Fisetin inhibits growth,

induces G(2)/M arrest and apoptosis of human epidermoid carcinoma A431

cells: role of mitochondrial membrane potential disruption and consequent
caspases activation. Exp Dermatol 22: 470–475.

17. Chou RH, Hsieh SC, Yu YL, Huang MH, Huang YC, et al. (2013) Fisetin
inhibits migration and invasion of human cervical cancer cells by down-

regulating urokinase plasminogen activator expression through suppressing the

p38 MAPK-dependent NF-kappaB signaling pathway. PLoS One 8: e71983.
18. Park JH, Jang YJ, Choi YJ, Jang JW, Kim JH, et al. (2013) Fisetin inhibits matrix

metalloproteinases and reduces tumor cell invasiveness and endothelial cell tube
formation. Nutr Cancer 65: 1192–1199.

19. Galano A, Tan DX, Reiter RJ(2011)Melatonin as a natural ally against oxidative
stress: a physicochemical examination. J Pineal Res 51:1–16.

20. Galano A, Tan DX, Reiter RJ(2013)On the free radical scavenging activities of

melatonin’s metabolites, AFMK and AMK. J Pineal Res 54:245–257.
21. Rondanelli M, Faliva MA, Perna S, Antoniello N (2013) Update on the role of

melatonin in the prevention of cancer tumorigenesis and in the management of
cancer correlates, such as sleep-wake and mood disturbances: review and

remarks. Aging Clin Exp Res 25: 499–510.

22. Ordonez R, Carbajo-Pescador S, Prieto-Dominguez N, Garcia-Palomo A,
Gonzalez-Gallego J, et al. (2014) Inhibition of matrix metalloproteinase-9 and

nuclear factor kappa B contribute to melatonin prevention of motility and
invasiveness in HepG2 liver cancer cells. J Pineal Res 56: 20–30.

23. Carbajo-Pescador S, Ordonez R, Benet M, Jover R, Garcia-Palomo A, et al.
(2013) Inhibition of VEGF expression through blockade of Hif1alpha and

STAT3 signalling mediates the anti-angiogenic effect of melatonin in HepG2

liver cancer cells. Br J Cancer 109: 83–91.
24. Qu J, Rizak JD, Li X, Li J, Ma Y (2013) Melatonin treatment increases the

transcription of cell proliferation-related genes prior to inducing cell death in C6
glioma cells. Oncol Lett 6: 347–352.

25. Jung JH, Sohn EJ, Shin EA, Lee D, Kim B, et al. (2013) Melatonin Suppresses

the Expression of 45S Preribosomal RNA and Upstream Binding Factor and

Enhances the Anti-tumor Activity of Puromycin in MDA-MB-231 Breast

Cancer Cells. Evid Based Complement Alternat Med 2013: 879746.

26. DuBois RN, Radhika A, Reddy BS, Entingh AJ (1996) Increased cyclooxygen-

ase-2 levels in carcinogen-induced rat colonic tumors. Gastroenterology 110:

1259–1262.

27. Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, et al. (1994)

Up-regulation of cyclooxygenase 2 gene expression in human colorectal

adenomas and adenocarcinomas. Gastroenterology 107: 1183–1188.

28. Wang D, Dubois RN (2006) Prostaglandins and cancer. Gut 55: 115–122.

29. Bianchini F, Massi D, Marconi C, Franchi A, Baroni G, et al. (2007) Expression

of cyclo-oxygenase-2 in macrophages associated with cutaneous melanoma at

different stages of progression. Prostaglandins Other Lipid Mediat 83: 320–328.

30. Chwirot BW, Kuzbicki L (2007) Cyclooxygenase-2 (COX-2): first immunohis-

tochemical marker distinguishing early cutaneous melanomas from benign

melanocytic skin tumours. Melanoma Res 17: 139–145.

31. Johansson CC, Egyhazi S, Masucci G, Harlin H, Mougiakakos D, et al. (2009)

Prognostic significance of tumor iNOS and COX-2 in stage III malignant

cutaneous melanoma. Cancer Immunol Immunother 58: 1085–1094.

32. Ekmekcioglu S, Ellerhorst J, Smid CM, Prieto VG, Munsell M, et al. (2000)

Inducible nitric oxide synthase and nitrotyrosine in human metastatic melanoma

tumors correlate with poor survival. Clin Cancer Res 6: 4768–4775.

33. Massi D, Franchi A, Sardi I, Magnelli L, Paglierani M, et al. (2001) Inducible

nitric oxide synthase expression in benign and malignant cutaneous melanocytic

lesions. J Pathol 194: 194–200.

34. Ekmekcioglu S, Ellerhorst JA, Prieto VG, Johnson MM, Broemeling LD, et al.

(2006) Tumor iNOS predicts poor survival for stage III melanoma patients.

Int J Cancer 119: 861–866.

35. Takeda S, Misawa K, Yamamoto I, Watanabe K (2008) Cannabidiolic acid as a

selective cyclooxygenase-2 inhibitory component in cannabis. Drug Metab

Dispos 36: 1917–1921.

36. Parisotto EB, Michielin EMZ, Biscaro F (2012) The anti-tumor activity of

extracts from Cordia verbenacea D.C. obtained by supercritical fluid extraction.

J Supercrit Fluids; 61: 101–107.

37. Mercader AG, Pomilio AB (2013) Naturally-occurring dimers of flavonoids as

anticarcinogens. Anticancer Agents Med Chem 13: 1217–1235.

38. Murakami A, Furukawa I, Miyamoto S, Tanaka T, Ohigashi H (2013)

Curcumin combined with turmerones, essential oil components of turmeric,

abolishes inflammation-associated mouse colon carcinogenesis. Biofactors 39:

221–232.

39. Deng WG, Zhu Y, Wu KK (2004) Role of p300 and PCAF in regulating

cyclooxygenase-2 promoter activation by inflammatory mediators. Blood 103:

2135–2142.

40. Shi D, Xiao X, Wang J, Liu L, Chen W, et al. (2012) Melatonin suppresses

proinflammatory mediators in lipopolysaccharide-stimulated CRL1999 cells via

targeting MAPK, NF-kappaB, c/EBPbeta, and p300 signaling. J Pineal Res 53:

154–165.

41. Xiao X, Shi D, Liu L, Wang J, Xie X, et al. (2011) Quercetin suppresses

cyclooxygenase-2 expression and angiogenesis through inactivation of P300

signaling. PLoS One 6: e22934.

42. Rondanelli M, Faliva MA, Perna S, Antoniello N (2013) Update on the role of

melatonin in the prevention of cancer tumorigenesis and in the management of

cancer correlates, such as sleep-wake and mood disturbances: review and

remarks. Aging Clin Exp Res 25: 499–510.

43. Khan N, Afaq F, Syed DN, Mukhtar H (2008) Fisetin, a novel dietary flavonoid,

causes apoptosis and cell cycle arrest in human prostate cancer LNCaP cells.

Carcinogenesis 29: 1049–1056.

44. Yu SH, Yang PM, Peng CW, Yu YC, Chiu SJ (2011) Securin depletion

sensitizes human colon cancer cells to fisetin-induced apoptosis. Cancer Lett

300: 96–104.

45. Ying TH, Yang SF, Tsai SJ, Hsieh SC, Huang YC, et al. (2012) Fisetin induces

apoptosis in human cervical cancer HeLa cells through ERK1/2-mediated

activation of caspase-8-/caspase-3-dependent pathway. Arch Toxicol 86: 263–

273.

46. Wu KK (2003) Control of COX-2 and iNOS gene expressions by aspirin and

salicylate. Thromb Res 110: 273–276.

47. Deng WG, Zhu Y, Wu KK (2003) Up-regulation of p300 binding and p50

acetylation in tumor necrosis factor-alpha-induced cyclooxygenase-2 promoter

activation. J Biol Chem 278: 4770–4777.

48. Deng WG, Montero AJ, Wu KK (2007) Interferon-gamma suppresses

cyclooxygenase-2 promoter activity by inhibiting C-Jun and C/EBPbeta

binding. Arterioscler Thromb Vasc Biol 27: 1752–1759.

Melatonin Enhances the Anti-Tumor Effect of Fisetin

PLOS ONE | www.plosone.org 11 July 2014 | Volume 9 | Issue 7 | e99943


