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Abstract. Curcumin, a natural polyphenolic compound, has 
commonly been used as a food additive or in many traditional 
medicine remedies for over 2,000 years in many Asian coun-
tries. Melatonin is a hormone secreted from pineal glands 
of mammals and possesses diverse physiological functions. 
Both curcumin and melatonin have the effective potential to 
inhibit proliferation of various types of cancers, but there is 
no report on their combination for bladder cancer treatment, 
and the underlying mechanism remains poorly understood. In 
the present study, we investigated whether the combination of 
curcumin and melatonin leads to an enhanced inhibition of 
cell proliferation in bladder cancer cells. Our results showed 
that the combinational treatment enhanced the repression of 
nuclear translocation of NF-κB and their binding on COX-2 
promoter via inhibiting IKKβ activity, resulting in inhibition 
of COX-2 expression. In addition, combined treatment with 
curcumin and melatonin induced cell apoptosis in bladder 
cancer through enhancing the release of cytochrome c from 
the mitochondrial intermembrane space into the cytosol. 
These results, therefore, indicated that melatonin synergized 
the inhibitory effect of curcumin against the growth of bladder 

cancer by enhancing the anti-proliferation, anti-migration, 
and pro-apoptotic activities, and provide strong evidence 
that combined treatment with curcumin and melatonin might 
exhibit an effective therapeutic option in bladder cancer 
therapy.

Introduction

Bladder cancer is one of the most malignant types of cancer, 
which ranks ninth among the overall cancers worldwide with 
an estimated 430,000 new cases diagnosed per year and caused 
165,000 deaths in 2012 (1). Although radical cystectomy is 
introduced as the standard treatment for bladder cancer with 
neoadjuvant chemotherapy (2), the 5-year survival rate is still 
very low in patients, who suffer from invasive and metastatic 
bladder cancer (3,4). Thus, it is urgent to find novel therapeutic 
strategies and more effective agents to prolong and improve 
patients' survival and life quality, with no damage on normal 
cells.

Curcumin is a natural polyphenolic compound isolated 
from the rhizome of Curcuma longa (turmeric) (5), and has 
commonly been used as a food additive or in many traditional 
medicine remedies for over 2,000 years in many Asian coun-
tries (6). Previous studies have demonstrated that curcumin 
possesses various physiological and pharmacological prop-
erties as shown by in  vitro and in  vivo studies, including 
anti-oxidant, anti-bacterial, anti-inflammatory, immunomodu-
latory, free radical scavenging and antidiabetic activities (7-10). 
In particular, curcumin could potentially inhibit cell prolifera-
tion, induce cell apoptosis and cell cycle arrest and suppress 
angiogenesis in a huge amount of cancers through modulating 
all kinds of molecular targets and signaling pathways (11-15). 
Furthermore, curcumin has been shown to induce apoptosis 
and cell cycle arrest and proliferation inhibition in bladder 
cancer cells (16,17). Although curcumin presents itself as a 
pharmacologically safe and effective potential candidate for 
anticancer therapy, its effectiveness is not powerful enough 
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due to its side effects in high doses and other properties, such 
as poor absorption, rapid metabolism, and rapid systemic 
elimination (18). Therefore, increasing attention should be 
paid on combinational treatment of curcumin with other anti-
tumor agents, especially natural antitumor compound, and the 
detailed molecular mechanisms of such combination deserve 
better investigation.

Melatonin is a major secretory product of pineal gland in 
vertebrates (19,20), modulating circadian rhythms, sleep, mood, 
reproduction and other biological processes (21,22). In the last 
few decades, many studies in vitro and in vivo have illustrated 
that melatonin had various physiological and pharmacological 
activities including anti-proliferation, anti-angiogenesis, anti-
inflammatory, suppressing tumor metastasis and inducing cell 
apoptosis activities (23-26), by affecting multiple signaling 
pathways, including NF-κB (27). Based on its multiple physi-
ological actions and low side-effects, more attempts deserve to 
be made to develop melatonin as an alternative chemopreven-
tive or chemotherapeutic agent partner to form a better and 
novel strategy for cancer treatment, moreover, reducing their 
side effects.

Many reports have demonstrated cyclooxygenase-2 
(COX‑2), involved in inflammatory progression, and that it is 
can be inducible in response to certain stimuli such as growth 
factors and cytokines, thus, is causally associated with progres-
sion of many human tumors (28-30). Previous studies have 
indicated that COX-2 protein is highly expressed in a broad 
range of human tumors, including bladder cancer (31,32), and 
has been associated with high tumor aggressiveness and poor 
prognosis of patients (33,34). COX-2 expression is strictly and 
transcriptionally regulated by the recruitment of transactivators 
such as nuclear factor κB (NF-κB) to the corresponding sites of 
its promoters (35,36). Therefore, inhibition of COX-2 expres-
sion might be an effective way to inhibit the development of 
human tumors. However, whether curcumin could downregu-
late COX-2 expression and whether curcumin and melatonin 
combination could enhance this inhibition to further suppress 
bladder cancer cell growth remains poorly understood.

In the present study, we hypothesized that melatonin might 
play a role in potentiating or enhancing curcumin's antitumor 
effect in human bladder cancer cells. To test this hypothesis, 
we analyzed the effects of this combinational mode on cell 
proliferation, migration, and apoptosis in bladder cancer cells, 
and detected some key changes in proteins to uncover the 
underlying molecular mechanisms. Our study showed that 
melatonin could be used as a potential combinational agent 
to sensitize the antitumor effect of curcumin. Such sensitiza-
tion was mediated through IKKβ/NF-κB/COX-2 signaling 
pathways, implying that this combinational treatment might 
become an effective alternative approach in bladder cancer 
therapy.

Materials and methods

Chemicals and reagents. Curcumin and melatonin were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). All 
reagents were dissolved in dimethyl sulphoxide (DMSO) as 
the initial concentrate and diluted with medium before use, 
and the final concentration of DMSO was <0.1%. Control 
cultures received the carrier solvent (0.1% DMSO).

Antibodies and other materials. Antibodies specific to cleaved 
caspase‑3, COX-2, p-IKKβ, IKKβ, p-IκBα, IκBα, p65, β-actin 
and all the secondary antibodies were purchased from Cell 
Signaling Technology (Cell Signaling Technology, Inc., 
USA). Antibodies specific to cytochrome c, and p50 were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Antibodies specific to Bcl-2, BAX, and Lamin B1 were 
purchased from Proteintech Group (Proteintech, Inc., USA). 
Antibodies specific to MMP-2/9 and TIMP‑2 were purchased 
from Abcam. RPMI-1640 media, fetal bovine serum (FBS), 
and trypsin were purchased from Gibco. All other chemicals 
were purchased from Sigma Chemical Co. (St. Louis, MO, 
USA) unless otherwise specified.

Cell culture. Human bladder cancer cell lines T24, UMUC3 
and 5637 were obtained from the American Type Culture 
Collection (Manassas, VA, USA). The cells were cultured 
in RPMI-1640 media, supplemented with 10% fetal bovine 
serum (FBS), and grown at 37˚C in a humidified atmosphere 
with 5% CO2. The authenticity of all these cell lines was veri-
fied through the genomic short tandem repeat (STR) profile by 
Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., and 
the cell lines have been confirmed to be free of mycoplasma by 
Mycoplasma Detection Kit-Quick Test (Biotool).

Cell viability assay. Cell viability was measured using MTT 
assay. Briefly, 6x103 cells were counted and seeded into 
96-well culture plates followed by adhesion overnight, and 
then treated with appropriate concentrations of curcumin 
along with and without melatonin. The quintuplicate was set 
for each concentration group. Followed by incubation for 48 h, 
10 µl of MTT (5 mg/ml) was added to each well. For 4-h incu-
bation at 37˚C, the medium containing MTT was replaced by 
0.15 ml DMSO. The absorbance was measured at 490 nm by 
EnSpire® Multimode Plate Reader (Perkin-Elmer, USA). Each 
experiment was repeated at least three times.

Colony formation assay. Bladder cancer cells were treated 
with curcumin or melatonin for 24 h, and then trypsinized into 
single cells and seeded into a 6-well plate at 1,500 cells/well. 
After being incubated at 37˚C with 5% CO2 for 10 days until 
colonies were large enough to be visualized, the cells were 
washed with PBS and fixed with the mixture (methanol: glacial 
acetic: ddH2O =1:1:8) for 10 min, and stained with 0.1% crystal 
violet for 30 min.

Wound healing assay. Wound healing assay (scratch assay) 
was performed to detect cell migration. Briefly, UMUC3 and 
T24 cells were grown to full confluence in 6-well culture 
plates. After 6 h of serum starvation, the confluent cell mono-
layer was scraped with a sterile 100-µl pipette tip and treated 
with appropriate dose of curcumin or melatonin.

Confocal immunofluorescence analysis. For immuno-
fluorescence analysis, T24 cells were seeded on coverslips, 
and treated with different concentrations of curcumin or 
melatonin for 48 h. After that, the cells were fixed with 4% 
paraformaldehyde at room temperature, and permeabilized 
with 0.2% Triton X-100, and then blocked in PBS containing 
5% BSA. Subsequently, the cells were incubated with diluted 
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primary antibodies against cytochrome c and p65 overnight 
at 4˚C. Following this, the cells were incubated with fluores-
cein isothiocyanate or rhodamineisothiocyanate-conjugated 
secondary antibodies for 60 min at room temperature in the 
dark. Finally, DAPI was added to each sample for nuclear 
counterstaining and fluorescent images were examined using 
a Leica DM 14000B confocal microscope.

Western blot analysis. Proteins from cell lysates or strepta-
vidin-agarose pulldown assay were subjected to SDS-PAGE 
and then transferred to a PVDF membrane. Protein bands 
were visualized by enhanced chemiluminescence (ECL) and 
integrated optical density of bands was quantitated by the 
ImageQuant software (GE Healthcare). The concentration of 
proteins was determined in the cell lysates using BCA method. 
Similar experiments were performed at least three times.

Reverse transcription-polymerase chain reaction (RT-PCR). 
Total RNA was extracted using TRIzol reagent according to 
the kit protocol (Takara Bio, Dalian, China). cDNA was 
reverse-transcribed using the PrimeScript RT reagent kit 
(Takara Bio) according to the manufacturer's instructions. 
PCR analysis was performed on aliquots of the cDNA prepa-
rations to detect gene expression. Primer pairs were: COX-2, 
5'-TCACAGGCTTCCATTGACCAG-3 and 5'-CCGAGGCTT 
TTCTACCAGA-3'; β-actin, 5'-GGCACCCAGCACAAT 
GAA-3' and 5'-TAGAAGCATTTGCGGTGG -3'. Amplification 
products were analyzed on 1.5% agarose gel electrophoresis, 
stained with ethidium bromide, and photographed under ultra-
violet light.

Streptavidin-agarose pulldown assay. Nuclear extract proteins 
(400 µg) were incubated in a 400-µl mixture containing bioti-
nylated DNA probe (4 µg), streptavidin-conjugated agarose 
beads (40 µl), and supplemented with PBSi (PBS buffer with 
1 mM EDTA, 1 mM DTT, and protease inhibitor cocktail 
Complete) buffer at RT for 5 h in a rotating shaker. Thereafter, 
the beads were pelleted by centrifugation, and dissociated in 
50 µl of 2X Laemmli sample buffer by boiling at 100˚C for 
10 min. The supernatant samples were analyzed by western 
blotting.

Flow cytometry analysis. To determine the distribution of 
the cells in the cell cycle and the proportion of apoptotic 
cells, flow cytometry analysis was performed using a flow 
cytometer (BD FACS Accuri C6; BD Biosciences, CA, USA). 
Briefly, the treated cells were collected and fixed with ice-cold 
70% ethanol at 4˚C for 4 h, and then stained with propidium 
iodide (PI) staining buffer (0.2% Triton X-100, 100 µg/ml 
DNase-free RNase A, and 50 µg/ml propidium iodide in PBS) 
in the dark for 30 min. For apoptosis examination, the treated 
cells were stained with Annexin V-FITC Apoptosis Detection 
kit in the dark at RT for 15 min. The cell cycle distribution and 
the fraction of apoptotic cells were determined using a FACS 
analysis system.

DNA ladder. T24 cells were cultured as described above 
using the different treatments. After the treatments, DNA 
was extracted and purifed with an Apoptotic DNA Ladder kit 
(Beyotime, Shanghai, China) according to the manufacturer's 

instructions. An equal amount of purified apoptotic DNA was 
applied to electrophoresis on a 1.5% agarose gel, and the DNA 
bands were visualized by UV light and photographed.

Animal studies. Male nude mice (BALB/c nu/nu, 4 weeks old, 
18-19 g) were purchased from SPF Laboratory Animal Center 
of Dalian Medical University (Dalian, China). Briefly, human 
T24 cells (5x106 in 100 µl PBS) were injected subcutaneously 
near the axillary fossa of the nude mice. The tumor-bearing 
mice were randomly divided into four treatment groups 
with five mice in each group. Up to three weeks, when the 
tumor diameters reached 4x5 mm, group A was treated with 
propylene glycol; group B with 10 mg/kg melatonin; group C 
with 30 mg/kg curcumin; group D with 10 mg/kg melatonin 
and 30 mg/kg curcumin by intraperitoneal injection each 
day. Tumors were measured with a caliper every 2 days, and 
the tumor volume was calculated using the formula: V = 1/2 
(width2 x  length). Body weights were also recorded. After 
treatment for 11 days, all experimental mice were terminated 
with general anesthetic, ether and the total weight of the 
tumors in each mouse was measured.

To determine COX-2 expression, the tumor tissues were 
harvested and freshly fixed with 10% neutral formalin and 
desiccated and embedded in paraffin. Sections (4 µm) were 
stained with hematoxylin and eosin, COX-2 antibody (1:150). 
The images were captured under a Leica DM 4000B fluores-
cence microscope equipped with a digital camera.

All the animals were given free access to sterilized food 
and water and were under habituation for 7 days before 
experiments. All procedures were in accordance with the 
recommendations established by Animal Care and Ethics 
Committee of Dalian Medical University as well as the 
guidelines by the US National Institutes of Health Guide for 
the Care and Use of Laboratory Animals. The protocol was 
approved by the Animal Care and Ethics Committee of Dalian 
Medical University.

Statistical analysis. The data are presented as the mean ± SD 
for at least three independent experiments. Statistical analysis 
was performed with SPSS 17.0 software. One-way analysis of 
variance (ANOVA) or Student's t-tests was used to evaluate the 
statistical significance between controls with treated groups. 
Results were considered statistically significant at the level of 
P<0.05.

Results

Melatonin and curcumin combination enhances the inhibi-
tion of cell proliferation. To determine whether melatonin 
could potentiate the inhibition of curcumin on bladder cancer 
cell proliferation, we first quantitatively analyzed the effect 
of melatonin or curcumin alone or their combination on cell 
proliferation and cell morphological change in human bladder 
cancer T24, UMUC3 and 5637 cells. As shown in Fig. 1A, 
treatment with melatonin or curcumin alone dose-dependently 
suppressed bladder cancer cell viability from 0.25 to 2 mM 
or 5 to 25 µM. However, combined with melatonin (1.0 mM) 
it could significantly enhance curcumin-mediated inhibition 
on cell viability as compared with curcumin alone in T24, 
UMUC3 and 5637 cells. The IC50 values of curcumin alone 
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or their combination for cell proliferation inhibition in the 
three cell lines were next calculated. As shown in Fig. 1B, 
the combined treatment with melatonin (1.0 mM) resulted 
in a marked reduction of the IC50 values when compared to 
the cells treated with curcumin alone. The T24 cells were 
more sensitive to combinational treatment than the other two 
cells (Fig. 1B).

Next, we detected the changes in cell morphology and 
spreading of T24 and UMUC3 cells with the combined treat-
ment of melatonin and curcumin. As shown in Fig. 1C, the 
combined treatment exhibited highly reduced cell-to-cell 
contact and had lower spreading with fewer filopodia as 
compared with treatment with curcumin or melatonin alone. 
These results demonstrate that combination with melatonin 
enhanced the antitumor activity of curcumin in bladder 
cancer.

Melatonin and curcumin combination enhanced colony 
formation inhibition and cell cycle arrest. We next investi-
gated the effect of curcumin in combination with melatonin 
on colony formation in bladder cancer cells by clonogenic cell 
survival assay. As shown in Fig. 2A, combinational treatment 

with melatonin and curcumin also significantly potentiated 
the inhibition of colony formation when compared with the 
single agent treatments in both T24 and UMUC3 cell lines. 
We next evaluated the degree of melatonin or curcumin alone 
or their combination on cell cycle arrest. As shown in Fig. 2B, 
treatment with curcumin alone induced cell cycle arrest at 
G2/M phase, whereas the combined treatment with melatonin 
exhibited a high percentage of G2/M phase.

Furthermore, to ascertain detailed mechanisms, the 
expression of key proteins involved in cell cycle (CDK1, 
cyclin A2, cyclin B1 and cyclin D1) were evaluated by western 
blotting in T24 cells at 48 h after treatment. We found that 
co-treatment with melatonin (1 mM) and curcumin (10 µM) 
resulted in dramatic reduction of the CDK1, cyclin A, cyclin B 
and cyclin D1 proteins (Fig. 2C). These data provide evidence 
that melatonin could sensitize curcumin-mediated cell prolif-
eration inhibition, at least in part, by inducing cell cycle arrest 
at G2/M phase.

Melatonin and curcumin combination enhances the inhibi-
tion of cell migration and invasion. Wound healing assays and 
Transwell assays were employed to detect the combinational 

Figure 1. Effect of melatonin and curcumin combination on cell proliferation and cell morphology changes in bladder cancer cells. (A) Human T24, UMUC3 
and 5637 cells were treated with melatonin or curcumin alone or their combination at the indicated doses. At 48 h after treatment, the cell viability was 
determined by an MTT assay. The cells treated with vehicle control DMSO were used as the referent group with cell viability set at 100%. (B) The IC50 values 
of curcumin for cell viability inhibition in cells treated with or without melatonin (Mel) were determined. (C) The changes in cell morphology and spreading 
of T24 and UMUC3 cells treated with curcumin (10 µM) or melatonin (Mel) (1 mM) or their combination for 48 h were observed, and the cells were photo-
graphed using a microscope fitted with digital camera. Data are represented as the mean ± SD of three independent experiments. The level of significance is 
indicated by *P<0.05, **P<0.01.
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effect of curcumin with melatonin on cell migration and inva-
sion in human bladder cancer cells. Treatment with curcumin 
or melatonin (1 mM) alone suppressed cell migration and inva-
sion; however, the combined treatment significantly enhanced 
this inhibition (Fig. 3A and C). Quantitative analysis for cell 
migration and invasion were calculated (Fig. 3B and D). Further, 
to ascertain detailed underlying mechanisms the combina-
tional mode on cell migration and invasion, the key protein 
markers including matrix metalloproteinases (MMP‑2/9) and 
TIMP‑2 were evaluated (Fig. 3E). These results confirmed that 
melatonin enhanced the curcumin-mediated inhibitions of cell 
migration and invasion in bladder cancer cells.

Melatonin and curcumin combination promotes cell apop-
tosis induction. We next determined whether the synergistic 
inhibition of cell proliferation induced by curcumin and mela-
tonin combination is associated with the enhanced activation 
of the apoptotic pathway in bladder cancer cells. As shown 

in Fig. 4A, treatment with curcumin (10 µM) and melatonin 
(1 mM) alone for 48 h induced 33.8 and 29.4% of the cells 
to become apoptotic in T24 cells, respectively. However, the 
combination markedly enhanced cell apoptosis, resulting in 
45.7% apoptotic cells  (Fig. 4A). The apoptosis levels from 
DNA ladder results were consistent with those from flow 
cytometry analysis (Fig. 4C). We also detected the levels of 
apoptosis-relative proteins (cleaved caspase‑3, BAX and Bcl-2) 
in 48 h-treated cells by western blotting. As shown in Fig. 4C, 
the co-treatment with melatonin (1  mM) and curcumin 
(10 µM) resulted in an increased level of the protein, the 
cleaved caspase‑3 and the ratio of Bax/Bcl-2.

Moreover, studies have shown that the release of cyto-
chrome  c  (cyt  c) from mitochondria into cytosol could 
induce apoptosis. We next performed immunofluorescence 
imaging (IFI) analysis to confirm the co-localization of cyt c 
and mitochondria to determine whether melatonin could 
sensitize curcumin-mediated cyt c release. The results showed 

Figure 2. Effect of melatonin and curcumin combination on cell colony formation and cell cycle. (A) Human T24 and UMUC3 cells were treated with curcumin 
(10 µM) or melatonin (Mel) (1 mM) alone or their combination. The colony formation of colon cancer cells was photographed. (B) The T24 cell cycle analysis 
was performed after 48 h of treatment with curcumin (10 µM) or melatonin (Mel) (1 mM) alone or their combination by BD Accuri C6 Flow Cytometer. 
(C) The expression of the CDK1, cyclin A2, cyclin B1, and cyclin D1 proteins were analyzed by western blotting. Data are represented as the mean ± SD of 
three independent experiments. The level of significance was indicated by *P<0.05.
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that treatment with curcumin alone could effectively induce 
the release of cyt c from the intermitochondrial space into the 
cytosol in T24 cells, whereas co-treatment with melatonin 
greatly triggered the release of cyt c (Fig. 4D). Moreover, the 
protein level of cyt c was also detected in cytoplasm, where 
the mitochondrial fraction was isolated (Fig. 4E). These results 
indicate melatonin and curcumin combination promoted cell 
apoptosis induction by triggering cyt c release facilitating the 
caspase activation in the cytosol.

Melatonin and curcumin combination enhances COX-2 
signaling inhibition. High expression of COX-2 is associ-
ated with cell proliferation, migration and invasion in 
cancer cells (31,32,37,38). We next evaluated the activities of 
crucumin and melatonin combination on COX-2 expression in 

bladder cancer cells at protein and mRNA levels by western 
blotting and RT-PCR. As shown in Fig.  5A  and  B, treat-
ment with curcumin alone at the dose of 5 or 10 µM slightly 
inhibited COX-2 protein expression, while the combinational 
treatment with melatonin (1.0 mM) significantly decreased the 
expression of COX-2 in T24, UMUC3 and 5637 cells. Next, 
we pretreated T24 cells with a COX-2-selective inhibitor CB 
(50 µM) for 8 h, and followed with curcumin (10 µM) and 
melatonin (1.0 mM) co-treatment. After continuous incuba-
tion of 48 h, the cell viability was analyzed by MTT assay. As 
shown in Fig. 5C, treatment with CB or curcumin and mela-
tonin alone significantly inhibited cell proliferation compared 
with control group, whereas CB pretreatment followed by 
curcumin and melatonin co-treatment did not significantly 
alter cell viability inhibition compared with treatment alone. 

Figure 3. Effect of melatonin and curcumin combination on cell migration and invasion and the related signaling pathways in bladder cancer cells. (A) Cell 
migration was analyzed by a scratch assay in T24 and UMUC3 cells. After 48 h of treatment with curcumin or melatonin (Mel) alone or their combination, the 
wound gap was observed and photographed. (B) The percentage of migration cells were calculated relative to the original gap. (C) Cell invasion was analyzed 
in T24 cells treated with indicated doses of curcumin or melatonin (Mel) alone or their combination for 24 h. Cell invasion was observed and photographed (C), 
and the percentage of invasion cells (D) were calculated. (E) The expression of TIMP‑2 and MMP‑2/9 proteins were analyzed by western blotting in different 
treatment group. Data are represented as the mean ± SD of three independent experiments. The level of significance is indicated by *P<0.05, **P<0.01.
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Furthermore, T24 cells were also incubated with melatonin 
(1.0 mM) and curcumin (10 µM) co-treatment after COX-2 
inducer PMA (phorbol 12-myristate 13-acetate) pretreatment 
for 8 h, then cell mortality was evaluated. Our results showed 
that inducing exogenous COX-2 overexpression by PMA could 
restore the cell viability of melatonin and curcumin co-treat-
ment (Fig. 5D). The above results implied that the enhanced 
proliferation inhibition of this combined mode might partially 
be mediated through suppressing COX-2 signaling.

Melatonin and curcumin combination enhanced the inhibition 
of NF-κB translocation and binding to COX-2 promoter. 
The above-mentioned results showed melatonin synergized 
the effect of curcumin to inhibit COX-2 expression, however 
COX-2 expression was regulated by several transcription 
factors and transcriptional coactivator on its promoter region, 

such as NF-κB (39). Then we carried out streptavdin-agarose 
pulldown assay to evaluate the enhancement of curcumin and 
melatonin co-treatment on NF-κB binding activities to COX-2 
promoter by a DNA probe, which is a 478-bp biotin-labeled 
double-stranded oligonucleotide probe corresponding to the 
5'-flanking sequence of the COX-2 gene from -30 to -508 (40). 
The results showed that combinational treatment with 
melatonin significantly suppressed NF-κB p65/p50 binding 
to COX-2 promoter DNA probe (Fig. 6A) as compared with 
curcumin treatment alone. We also detected the protein levels 
of NF-κB p50/p65 subunits in whole-cell lysates and nuclear 
lysates. As shown in Fig. 6B, p65/p50 protein levels in nuclear 
lysates decreased significantly in combinational treatment 
cells than in those treated with melatonin and curcumin alone, 
and different treatment has no obvious effects on the protein 
expression (Fig. 6C). To exclude the possibility of contamination 

Figure 4. Effect of melatonin and curcumin combination on caspase‑dependent apoptosis in bladder cancer cells. T24 and UMUC3 cells were treated with 
melatonin (Mel, 1 mM) or curcumin (10 µM) alone or their combination. (A) At 48 h, apoptosis was determined by a FACS analysis, and the percentage of 
apoptotic cells was calculated relative to that in DMSO-treated cells. (B) T24 cell apoptosis in different groups was analyzed by DNA ladder respectively. 
(C) The expression of the cleaved caspase‑3 and Bcl-2/Bax proteins in bladder cancer cells were analyzed by western blotting. (D) The releasing process 
of cytochrome c from mitochondria to cytoplasm was observed by immunofluorescence imaging analysis in U87 cells. (E) The protein expression of cyto-
chrome c in the cytoplasm of these cells was detected by western blot assay.
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between cytoplasmic and nuclear fractions, we also checked 
the expression of β-actin in the nuclear fraction. No obvious 
contamination was found (Fig. 6C). From these results, we 
hypothesized that the combinational treatment markedly 
enhanced the inhibition of the translocation of NF-κB p65/p50 
dimer proteins from cell cytoplasm to nucleus. To verify this 
hypothesis, immunofluorescence assays were carried out. As 
expected, treatment with curcumin alone suppressed NF-κB 
p65 translocation from cell cytoplasm to nucleus, while the 
co-treatment enhanced the suppression (Fig. 6D).

Previous studies have shown that only activated NF-κB 
p50/p65 dimers were able to translocate to the nucleus that 
then promoted gene transcription (41). Furthermore, NF-κB 
activation depends on IκB kinase (IKK) complex which is a 
major upstream kinase of IκBα in canonical NF-κB signaling 
pathway. Next, we investigated whether the combinational 
treatment exerted inhibition on IKK activity with an aim to 
explore the potential molecular mechanisms. As shown in 
Fig. 6E, combinational treatment with melatonin significantly 
decreased the protein levels of p-IκBα and p-IKKβ when 
compared to treatment with curcumin alone, while had little 
influence on overall IκBα and IKKβ expression. Moreover, 

we also detected the inhibition of curcumin and melatonin on 
IKKβ kinase activity in vitro using a cell IKKβ kinase activity 
spectrophotometry quantitative detection kit. As shown in 
Fig. 6F, the IKKβ kinase activity inhibition was similar to the 
above results. All of these results supported that melatonin 
and curcumin combination potentiated the suppression of 
NF-κB/COX-2 signaling through inhibition of IKKβ kinase 
activity.

Melatonin and curcumin combination inhibits tumor xeno-
grafts growth in nude mouse model. Based on the above results, 
we further investigated the potential of melatonin and curcumin 
co-treatment for tumor growth inhibition in a human bladder 
cancer xenograft mouse model. As shown in Fig. 7, both the 
tumor volume (Fig. 7A and C) and tumor weight (Fig. 7B) were 
inhibited by melatonin or curcumin alone. However, co-treat-
ment with melatonin and curcumin together dramatically 
enhanced the growth inhibition of xenografts as compared 
with treatment with curcumin alone. In addition, the combined 
treatment did not affect significantly the body weight of the 
mice (Fig. 7D), and no other signs of acute or delayed toxicity 
were observed in the mice during treatment.

Figure 5. Effect of melatonin and curcumin combination on COX-2 expression inhibition in bladder cancer cells. The expression level of COX-2 protein 
was analyzed by western blotting in human bladder cancer T24 (A), UMUC3 (B), and 5637 cells (C) treated with the indicated doses of curcumin and 
melatonin (MT) (1 mM or 1 mM) for 48 h, and its mRNA level was also analyzed in T24 cells (A). (C) T24 cells were treated with curcumin (10 µM) in 
combination with MT (1.0 mM) for 48 h after pretreatment with the COX-2 selective inhibitor celecoxib (CB) (25 µM) for 8 h, and the cell viability was 
determined by MTT analysis. (D) T24 cells were treated with curcumin (10 µM) in combination with MT (1.0 mM) for 48 h after pretreatment with COX-2 
inducer PMA (200 nM) for 8 h, and the cell viability was determined by MTT analysis. Data are represented as the mean ± SD of three independent experi-
ments. The level of significance is indicated by **P<0.01.
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In addition, HE staining also showed that the tumor cells 
in PBS-treated control mice were of irregular shape, and had 
abundant cytoplasm and large and deformed nuclei (Fig. 7E). 
However, in the tumor cells co-treated with melatonin and 
curcumin group, the nuclei were smaller and more regular in 
shape than those in curcumin-treated group alone (Fig. 7E). 
Moreover, immunohistochemical staining was also performed 
to examine COX-2 expression in vivo. As shown in Fig. 7F, 
COX-2 expression was markedly suppressed by the combined 
treatment with melatonin and curcumin as compared with the 
control group. From the above results, it was confirmed that 
melatonin could synergize the effect of curucmin to suppress 
the growth of xenografted T24 cells by downregulating the 
expression of COX-2.

Discussion

Curcumin, as a therapeutic or preventive agent, is involved 
in a variety of antitumor cellular processes, especially used 
for human cancers treatment (16,17,42,43). A recent phase I 
clinical trial showed that curcumin could produce significant 
biological improvements and clinical response in patients 
when combining with other standard chemotherapy, such as 
docetaxel (44). Melatonin is also known to have antitumor 
properties in various types of cancer with low toxicity. 
However, curcumin or melatonin alone is not powerful enough 
to damage cancer, and adjunct therapy might be meaningful 
way to improve their efficacy in cancer therapy. In this study, 
we investigated the response of human bladder cancer cells 

Figure 6. Effect of melatonin and curcumin combination on IKKβ/NF-κB signaling. T24 cells were treated with melatonin (Mel, 1 mM) or curcumin (10 µM) 
alone or their combination. (A) After 48-h treatment, the binding of p65 and p50 to COX-2 promoter probe was detected via streptavidin-agarose pulldown 
assays in T24 cells. The protein levels of p65 and p50 in cytoplasm (B) and nucleus (C) were detected by western blot analysis. (D) At 48 h after treatment, 
we also observed the subcellular localization of p65 by confocal microscopy analysis. The percentage of NF-κB (p65) in cell nucleus was also quantified by 
counting the cell number of random five fields (control group was set as 100%). (E) At 48 h after treatment, the IKKβ, p-IKKβ, IκBα and p-IκBα proteins 
were analyzed by western blotting. (F) At 48 h after treatment, the IKKβ kinase activity was also detected in vitro using a cell IKKβ kinase activity spectro-
photometry quantitative detection kit. The activity value and percentage was calculated by bringing into the formula. Results represent the mean ± SD of three 
experiments. *P<0.05, **P<0.01.
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to the combined treatment of melatonin and curcumin. Our 
results illustrated that melatonin could enhance curcumin 
mediated antitumor activity through triggering cytochrome c/
caspase‑dependent-apoptotic pathway, and inhibiting NF-κB/
COX-2 signaling pathway via suppressing IKKβ activity. Here, 
to best of our knowledge, this is the first report that melatonin 
synergized the antitumor effect of curcumin in human bladder 
cancer cells and to demonstrate the underlying mechanisms 
of action.

COX-2 signaling is implicated in regulating physiological 
responses in many kinds of cancer cells. It is well-known that 
activation of nuclear factor-κB (NF-κB) p65/p50 contributes 
to COX-2 overexpression through binding to sites of its 
promoter (45,46). Our study demonstrated that the increased 
COX-2 expression inhibition by curcumin and melatonin 
co-treatment was very possibly mediated by repressing NF-κB 
dimer translocation from cytosol to nucleus and further 
resulting in COX-2 promoter binding inhibition, thereby 

abrogating COX-2 transcriptional activation in bladder cancer 
cells.

In canonical NF-κB signaling, IκB kinase (IKK) complex 
is required for its activation, which could rapidly lead to the 
inducible phosphorylation and degradation of IκB proteins. 
This complex is composed of two catalytic subunits (IKKα 
and IKKβ) and one regulatory subunit [IKKγ/NEMO (NF-κB 
essential modulator)] (47). However, IKKβ kinase plays key 
roles for phosphorylation of IκB proteins. Phosphorylated 
IκB proteins subsequently undergo proteasome-mediated 
degradation, thereby liberating free NF-κB p65/p50 dimers to 
translocate to the nucleus that can then modulate gene tran-
scription (41). Therefore, it is essential to evaluate a therapy 
strategy selectively targeting IKKβ, and explore its under-
lying molecular mechanisms regulating NF-κB activation. 
The present study detected the enhanced inhibition of IKKβ 
activity after co-treatment with curcumin and melatonin in 
comparison with single agent treatment, suggesting that 

Figure 7. Effect of melatonin and curcumin combination on tumor growth in a xenograft mouse model of human bladder cancer. An orthotopic mouse model 
of human T24 cells was used to evaluate the effect of melatonin and curcumin combination. The tumor images (A), tumor volume (B), tumor weight (C) 
and mouse body weights (D) were calculated. (E) H&E staining. (F) Immunohistochemical analysis of COX-2 protein expression in tumor samples. Neutral 
formalin-fixed tumor samples were prepared from animals and analyzed by immunohistochemical staining with rabbit anti-rabbit second antibody using 
the Vectastain Elite ABC kit, and examined under a microscope. Data were represented as the mean ± SD of three independent experiments. The level of 
significance is indicated by *P<0.05, **P<0.01.
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inhibition of COX-2/NF-κB/IKKβ signaling at least partially 
contributed to melatonin enhanced curcumin mediated cell 
proliferation inhibition in bladder cancer cells.

The infiltrative growth is another major reason for tumor 
refractory tumor. Migration and invasion are two important 
prerequisites for infiltrative growth, and degradation of 
extracellular matrix is a key step. MMP‑2 and MMP‑9 as the 
gelatinases, are important members of MMPs family, which 
play a significant role in breaking through the extracellular 
matrix of cells (48). Our results in this study demonstrated 
that the combined treatment significantly inhibited MMP‑2/9 
expression but promoted TIMP‑2 expression as compared to 
the treatment with curcumin or melatonin alone, implying 
that enhancement of cell proliferation inhibition induced 
by curcumin and melatonin combination is associated with 
increased inhibition of cell migration and invasion in bladder 
cancer cells.

In our study, considering that T24 cells overexpress COX-2, 
and have a higher ability to form xenografts in nude mice and 
are more sensitive to combinational treatment than the other 
two cells  (Fig. 1B), we performed in vitro experiments in 
T24 cells to study the molecular mechanism. However, from 
the nude mouse study, we found that the folds of increasing 
sensitivity on tumor growth inhibition in vivo study were not 
greater than that in vitro study by the two chemicals. It is prob-
ably because there are other factors in vivo that could affect 
the combined effects of the chemicals, such as metabolism by 
liver or excretion by kidney.

In conclusion, the present study demonstrated that mela-
tonin synergized the ability of curcumin to inhibit bladder 
cancer growth, both in vivo and in vitro. Furthermore, we 
identified the underlying mechanisms, that is, the combi-
national treatment of curcumin and melatonin on bladder 
cancer cells is achieved through simultaneously targeting 
cyto c/caspase and IKKβ/NF-κB/COX-2 signaling. These 
findings provide new insights into the molecular mechanisms 
of the combinational treatment with curcumin and melatonin 
on bladder cancer cell growth inhibition and provide strong 
evidence that combined treatment with curcumin and mela-
tonin might exhibit an effective therapeutic option in bladder 
cancer therapy.
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