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Effective drug combinations have the potential to strengthen therapeutic

efficacy and combat drug resistance. Both melatonin and valproic acid

(VPA) exhibit antitumor activities in various cancer cells. The aim of this

study was to evaluate the cell death pathways initiated by anticancer com-

binatorial effects of melatonin and VPA in bladder cancer cells. The results

demonstrated that the combination of melatonin and VPA leads to signifi-

cant synergistic growth inhibition of UC3 bladder cancer cells. Gene

expression studies revealed that cotreatment with melatonin and VPA trig-

gered the up-regulation of certain genes related to apoptosis (TNFRSF10A

and TNFRSF10B), autophagy (BECN, ATG3 and ATG5) and necrosis

(MLKL, PARP-1 and RIPK1). The combinatorial treatment increased the

expression of endoplasmic reticulum (ER)-stress-related genes ATF6,

IRE1, EDEM1 and ERdj4. Cotreatment with melatonin and VPA

enhanced the expression of E-cadherin, and decreased the expression of N-

cadherin, Fibronectin, Snail and Slug. Furthermore, the Wnt pathway and

Raf/MEK/ERK pathway were activated by combinatorial treatment. How-

ever, the effects on the expression of certain genes were not further

enhanced in cells following combinatorial treatment in comparison to indi-

vidual treatment of melatonin or VPA. In summary, these findings pro-

vided evidence that cotreatment with melatonin and VPA exerted increased

cytotoxicity by regulating cell death pathways in UC3 bladder cancer cells,

but the clinical significance of combinatorial treatment still needs to be fur-

ther exploited.

Bladder cancer is one of the most common malignan-

cies worldwide, with 74 000 new cases diagnosed and

16 000 deaths in 2015 [1]. The occurrence of bladder

cancer is strongly associated with exposure to environ-

mental factors, and cigarette smoking is considered the

single most crucial environmental factor for determin-

ing risk [2]. Surgical resection, intravesical therapy,

chemotherapy and radiotherapy are the main thera-

peutic methods. Despite many therapeutic advances

over the last decade, the mortality of bladder cancer

has not substantially improved. Therefore, the devel-

opment of novel treatment is still needed.

Melatonin (N-acetyl 5-methoxytryptamine), the

main hormone secreted from the pineal gland, is a
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well-known antioxidant and free radical scavenger with

protective effects against oxidative damage in several

tissues [3]. Besides being a potent antioxidant, mela-

tonin has attracted more and more attention as a

potential natural oncostatic agent. Studies have shown

that melatonin has the potential of being used as a

therapeutic agent for treating various types of human

cancer, such as breast cancer [4], colon cancer [5],

ovarian cancer [6], prostate cancer [7] and lung cancer

[8]. Melatonin exhibits various pharmacological effects

against cancer, including suppression of the expression

of matrix metalloproteinases [9,10] and inhibition of

invasion and metastasis of cancer cells [11,12]. Mela-

tonin suppresses MMP-9 transcription via modulating

the expression of CREB-binding protein (CREBBP)

and E1A-binding protein p300 (EP300), and decreas-

ing histone acetylation [13], suggesting that histone

acetylation plays important roles in melatonin-related

cancer treatment. In fact, many recent studies show

that histone acetylation was induced during melatonin

treatment [14–18]. In addition, inhibition of histone

deacetylase (HDAC) signaling sensitized cancer cells to

melatonin treatment [19], indicating that melatonin in

combination with HDAC inhibitors may be a potential

therapeutic intervention for human cancer.

Histone deacetylase inhibitors show anticancer

effects via cell-cycle arrest, differentiation induce and

increased apoptosis in various cancer cell types, includ-

ing bladder cancer cells [20–22]. Valproic acid (VPA,

2-propylpentanoic acid), an HDAC inhibitor, has been

used extensively as an anticonvulsant for more than

40 years [23]. Much evidence confirms that VPA can

induce the differentiation of many kinds of cancer cells

in vitro and inhibit tumor invasion and metastasis

in vivo [24,25]. VPA administration has been shown to

delay the incidence of urinary bladder tumors in a

mouse model [26]. Because, epigenetic alternations are

closely related to the development and progression of

bladder cancer, VPA treatment could be a promising

method to fight bladder cancer.

Since both melatonin and VPA exhibit promise as a

single agent for numerous cancer cells, the combination

of melatonin with VPA is expected to have a synergistic

effect. Thus, the present study aimed to investigate the

synergistic effects of melatonin in combination with

VPA on the inhibition of cell growth and the induction

of cell death in bladder cancer cells. Understanding the

underlying mechanisms by which the agents induce cell

death important to the translation of knowledge into

application in the clinics. There are several mechanism

associated with cellular death, including apoptosis,

autophagy and necrosis. Apoptosis is considered a pro-

grammed form of cell death. Apoptotic triggers induce

the synthesis or activation of proapoptotic Bcl-2 homol-

ogy region 3 (BH3)-only proteins, including HRK (also

known as DP5) [27]. Apoptosis is divided into intrinsic

and extrinsic pathways, and the extrinsic signaling path-

ways involve transmembrane receptor-mediated interac-

tions [28]. Apoptotic or survival signals are the

consequence of the death receptor family, members of

which include Fas cell surface death receptor (FAS),

TNF-receptor superfamily member 10A (TNFRSF10A,

also known as DR4) and TNF-receptor superfamily

member 10B (TNFRSF10B, also known as DR5) being

activated by death ligands [29]. Cells receive external

apoptotic signals through FAS, a member of the TNF-

receptor superfamily [30]. An alternative death pathway,

autophagy is a catabolic process which is important for

cellular homeostasis by controlling the turnover of cyto-

plasmic constituents [31]. Autophagy-related genes

(ATGs) are critical to the process of autophagy. Among

these ATG proteins, the soluble cytosolic form of

microtubule-associated protein 1 light chain 3 (LC3-I) is

conjugated to phosphatidylethanol-amine to generate

LC3-II during the formation of autophagosomes [32].

Thus, the LC3-II/LC3-I ratio is regarded as a common

measure of autophagic activity [33]. In contrast to apop-

tosis and autophagy, necrosis was regarded as random

and passive cell death without definable mediators in

earlier work. In recent years, many programmed models

of necrosis have been identified. Necroptosis, triggered

by death receptors, requires the receptor-activated pro-

tein kinase (RIPK)3-dependent phosphorylation of

mixed lineage kinase domain-like (MLKL) to induce

plasma membrane pore formation [34]. RIPK1 pos-

sesses kinase-dependent and scaffolding functions which

could either inhibit or trigger necroptosis and apoptosis

[35]. Parthanatos, another model of regulated necrosis,

reflects cell death related to poly (ADP-ribose) poly-

merase 1 (PARP-1) overactivation [36]. Furthermore,

endoplasmic reticulum (ER)-stress leads to the induc-

tion of autophagy, which in turn, trigger cell survival or

death depending on the situation [37]. Many researches

have indicated that ER-stress induction is closely related

to the process of epithelial–mesenchymal transition

(EMT) [38,39]. Therefore, the present study also com-

pared the effects of melatonin and VPA on ER-stress

induction and EMT process in bladder cancer cells.

Materials and methods

Cell lines and chemicals

Human bladder cancer cells UC3 was maintained in high-

glucose DMEM containing 10% fetal bovine serum and

1% penicillin-streptomycin, and incubated at 37 °C in a
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humidified incubator with 5% CO2. Melatonin and VPA

were purchased from Sigma Chemical Co. (St. Louis, MO,

USA).

Drug treatment

Melatonin was dissolved in dimethyl sulfoxide and pre-

pared as a stock solution at 10�1
M. The stock solution

was stored at �20 °C. The stock solution was added to cul-

ture medium at different concentrations according to differ-

ent experimental procedures.

The concentrated stock solution of VPA was made at

1 M in sterile water and stored at �20 °C. The VPA stock

solution was dissolved into the cell culture medium at dif-

ferent concentrations according to different experimental

procedures.

Before treatment, the UC3 cells were seeded onto 100 mm

cell culture dishes at a density of 1 9 106 cells/dish and

incubated at 37 °C in a humidified incubator with 5% CO2.

Cell viability assays

Cell viability was determined via quantitative colorimetric

crystal violet staining, MTT and LDH assays following

treatment with melatonin, VPA and combination therapy

with both. In these assays, cells were seeded

(15 9 104 cells�mL�1) in 100 lL medium/well in 96-well

plates, incubated overnight, and treated with various con-

centrations of the indicated compounds. All the analyses

were performed three times.

Cytotoxicity of a drug was measured via the absorbance

of the crystal violet stained cells. After a 24 h-exposure to

melatonin, VPA or combination of the two, 10% methanol

(100 lL) was added and incubated for 30 s at room tem-

perature. After discarding the methanol, 0.1% crystal violet

(100 lL) was added and the cells were incubated for

20 min at room temperature. Crystal violet was discarded

and the plate was rinsed under running tap water, then left

to dry. Next, 33% acetic acid (100 lL) was added to the

wells and samples were incubated for 30 min at room tem-

perature. After incubation, absorbance was read using an

ELISA plate reader at 570 nm.

The MTT assay was also applied to examine the viability

of UC3 cells following treatment at different time points.

Briefly, the media were replaced by 100 lL MTT and incu-

bation was continued for 4 h. Then, dimethyl sulfoxide

(DMSO) was used to dissolve the formazan crystals formed

by MTT. Optical absorbance was determined at 490 nm

using an ELISA plate reader.

For the LDH assay, the LDH Cytotoxicity Assay Kit

(Beyotime, Hangzhou, China) was used. At the end of drug

treatment, the culture medium was discarded. LDH release

solution (150 lL) was added into each well and incubated

at 37 °C in a humidified incubator with 5% CO2 for 1 h.

LDH incubation medium (120 lL) was collected from each

well and added to a new 96-well plate. LDH assay solution

(60 lL) was added in to each well and samples were incu-

bated for 30 min in the dark. The LDH activity was mea-

sured using a microplate reader at 490 nm following the

manufacturer’s instructions.

Quantification of apoptosis by flow cytometry

Apoptosis was analyzed using Annexin V-FITC/PI kit (BD

Biosciences, San Jose, CA, USA). Cells were treated with

melatonin, VPA or the combination of the two for 24 h

and harvested using trypsin-EDTA. Cells were washed with

rinse solution. Staining with Annexin V-FITC and PI were

performed following the manufacturer’s instruction. Data

were analyzed using flow cytometry (Fortessa, BD Bio-

sciences).

Cell-cycle distribution analysis by flow cytometry

The cell-cycle distribution analysis was determined via pro-

pidium iodide (PI) staining. After treatment with mela-

tonin, VPA and combine therapy with both for 24 h, cells

were harvested with trypsin-EDTA. After being washed

with PBS, cells were fixed with 80% ethanol. Before stain-

ing, the cells were then washed twice with cold PBS and

centrifuged at 800 g for 5 min. The pellet was stained with

PI/RNase Staining Buffer Solution (FACScan, BD Bio-

sciences) for 15 min in the dark. DNA content was exam-

ined by flow cytometry (Fortessa, BD Biosciences) and

analyzed by MODFIT software (Verity Software House,

Topsham, ME, USA).

Real-time quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitro-

gen, Carlsbad, CA, USA), after which cDNA was synthe-

sized with the All-in-One cDNA Synthesis SuperMix

(Bimake, Houston, TX, USA) according to the manufac-

ture’s protocol. The PCR was performed according to the

instructions of 2 9 SYBR Green qPCR Master Mix

(Bimake). Following initial denaturation at 95 °C for

15 min, the amplification conditions were as follows: 45

cycles of denaturation at 95 °C for 10 s, annealing at 60 °C
for 30 s, and elongation at 72 °C for 20 s.

Western blotting and protein quantification

Total protein was extracted from the cells with RIPA buffer.

Protein concentrations were estimated using a BCA Protein

Assay kit (Beyotime, Shanghai, China). Lysates were sepa-

rated by 10% SDS/PAGE and transferred onto polyvinyl

difluoride membranes (Millipore Inc., Billerica, MA, USA).

Membranes were blocked in 5% skim milk solution and
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incubated overnight at 4 °C with primary antibodies. After

being washed with Tris-buffered saline containing 0.05%

Tween-20 (TBST) the next day, each membrane was incu-

bated for 2 h with horseradish peroxidase (HRP)-conjugated

secondary antibodies at room temperature. The blots were

visualized with an ECL system.

Statistical analysis

Data were obtained from at least three independent experi-

ments. The statistical significance of the differences between

control and experimental data was analyzed using the

ANOVA test. Differences were considered statistically sig-

nificant when P values were less than 0.05.

Results

Effect of melatonin and VPA on bladder cancer

cell survival

To evaluate the combined effects of melatonin and

VPA on bladder cancer cells, we performed cell viabil-

ity assays on the bladder cancer cell line UC3. Cells

were treated with 10�6
M melatonin and/or 5 mM VPA

and then evaluated by MTT at 0, 24, 48, 72 and 96 h.

The results indicated that the cell proliferation was sig-

nificantly diminished in the presence of melatonin or

VPA when compared with control cells from 24 to

96 h (Fig. 1A). Furthermore, the cell proliferation was

further down-regulated compared to individual treat-

ment, when treated with a combination of melatonin

and VPA.

Crystal violet assay was performed to confirm the

influence of melatonin and/or VPA on the prolifera-

tion of bladder cancer cells. Treatment of UC3 cells

with VPA for 24 h significantly reduced the viable cell

number as compared to the control (P = 0.032;

Fig. 1B). However, the viability of UC3 cells treated

with melatonin for 24 h was not significantly reduced,

as compared to the control cells (P = 0.276). Combi-

nation of both melatonin and VPA further reduced

the viability of UC3 cells.

Analysis of the levels of lactate dehydrogenase

(LDH) released into the culture media from dead/dy-

ing cells was performed to confirm the cytotoxicity

with drug treatment. Compared with the control

group, combination treatment with melatonin and

VPA significantly reduced LDH leakage (P = 0.001;

Fig. 1C). The results indicated that the cytotoxicity

was enhanced with combination treatment.

Apoptosis was then determined by Annexin V-

FITC/PI method, which can distinguish healthy cells

(Annexin V-negative; PI-negative) from early apoptotic

(Annexin V-positive; PI-negative), late apoptotic

(Annexin V-positive; PI-positive) and necrotic

(Annexin V-negative; PI-positive) cells. The results

showed that the apoptotic rate of UC3 cells with mela-

tonin (18.0%), VPA (11.5%) and combinatorial treat-

ment (11.3%) were higher than the control group

(6.2%; Fig. 2A). However, there were no significant

differences of the apoptotic rate between VPA and the

combinatorial treatment.

To determine whether the combinatorial treatment

would further alter cell-cycle distribution, cell-cycle

analysis was also assessed by flow cytometry after PI

staining. Results revealed that melatonin and VPA

alone, and in combination, increased the fraction of

cells in G0/G1 phase of the cell cycle (58.16%, 87.73%

and 87.74% vs. 56.10%, respectively; Fig. 2B). Simul-

taneously, melatonin treatment reduced the proportion

Fig. 1. Cell viability of UC3 bladder cancer

cells. (A) Cell proliferation and viability with

melatonin (10�6 M) and/or VPA treatment

(5 mM) were determined by an MTT

assay at 0, 24, 48, 72 and 96 h. (B)

Cytotoxicity among control (ctrl), melatonin

(mel), VPA and combinatorial (comb)

treated UC3 cells by crystal violet staining

at 24 h. (C) LDH release assay among

control (ctrl), melatonin (mel), VPA and

combinatorial (comb) treated UC3 cells at

24 h. Error bars represent standard

deviation. a,b,cValues with different

superscripts are significantly different.
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in the G2/M phase rather than the S phase when com-

pared to the control. VPA treatment and combinato-

rial treatment reduced the proportion in both G2/M

and S phase.

Exploration of cell death by quantitative real-

time PCR

To determine the changes in some cell death-related

genes, gene expressions were evaluated in UC3 cells

after treatment with 10�6
M melatonin and/or 5 mM

VPA. In the present study, the gene analysis was per-

formed to assess canonical cell death modes (apopto-

sis, necrosis and autophagy).

The expression of apoptosis-related genes FAS,

HRK, TNFRSF10A and TNFRSF10B was examined

(Fig. 3). The expression of TNFRSF10A and

TNFRSF10B was up-regulated when UC3 cells were

treated with melatonin or VPA (Fig. 3C,D). Further-

more, the combinatorial treatment with both mela-

tonin and VPA further elevated the expression of

TNFRSF10A and TNFRSF10B.

The expression of autophagy-associated gene BECN,

ATG3 and ATG5 was also investigated (Fig. 3).

Treatment with melatonin did not significantly induce

the BECN expression, but VPA stimulated the

up-regulation of BECN expression (Fig. 3E). In addi-

tion, the expression of BECN was also promoted by

combinatorial treatment with melatonin and VPA.

Similar to BECN expression, the expression of ATG3

was enhanced by VPA but not melatonin (Fig. 3F).

Combinatorial treatment with melatonin and VPA also

induced the up-regulation of ATG3 expression. As for

the expression of ATG5, both melatonin and VPA

could significantly stimulate its expression (Fig. 3G).

Surprisingly, the expression of ATG5 in response to

the combinatorial treatment was higher than individual

treatment with melatonin but lower than individual

treatment with VPA. In addition, results of western

blotting indicated that the expression of ATG5 protein

was increased after drug treatment (Fig. 3K). How-

ever, the expression of ATG5 protein in cells with

combinatorial treatment was lower than that of VPA

treatment. The formation of LC3-II/LC3-I is a better

reflection of autophagy induction than gene expres-

sion; therefore, the expression of LC3 was determined

by western blotting. As shown in Fig. 3K, the ratio of

LC3-II/LC3-I in the combinatorial treatment group

was highest among these four groups.

Autophagy can modulate the outcome of necropto-

sis. In the present study, the expression of MLKL,

PARP1 and RIPK1 was investigated (Fig. 3). The

expression of all these genes was increased when com-

pared to the control group (Fig. 3H–J). It is notewor-

thy that the expression of MLKL was obviously more

increased in the VPA-treated cells than in the

Fig. 2. Apoptosis and cell-cycle analysis of UC3 bladder cancer cells treated with melatonin and/or VPA for 24 h. (A) Cells were double-

stained with annexin V and propidium iodide (PI) and analyzed by flow cytometry. The gate settings distinguished living (bottom left),

necrotic (top left), early apoptotic (bottom right) and late apoptotic (top right) cells. (B) Cells were stained with PI and the DNA content was

analyzed by flow cytometry. G1, S and G2 indicate cell-cycle phases.
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melatonin-treated cells (Fig. 3H). Furthermore, the

expression of MLKL in UC3 cells with combinatorial

treatment was significantly higher than cells with VPA

treatment.

Effects of melatonin and VPA on the expression

of genes related to endoplasmic reticulum stress

To exploit the effects of 10�6
M melatonin and 5 mM

VPA on ER-stress, the expression of some ER-stressor

genes was determined (Fig. 4). The expression of

ATF6 was promoted in UC3 with melatonin or VPA

treatment, but was lower in VPA-treated cells than in

melatonin-treated cells (Fig. 4A). In addition, the

expression of ATF6 in UC3 cells with combinatorial

treatment was lower than both melatonin and VPA

treatment. Similar with the expression of ATF6, IRE1

was overexpressed in UC3 cells following melatonin,

VPA or combinatorial treatment (Fig. 4B). The

expression of IRE1 in combinatorial treatment cells

was lowest among these three treatment groups. Acti-

vated IRE1 can direct the splicing of a 26-nucleotide

Fig. 3. (A–J) Comparison of cell death-related gene expression among UC3 cells with control (ctrl), melatonin (mel), VPA and combinatorial

(comb) treatment by qPCR. (K) Gene expression was determined by western blotting. The data are presented as mean � SD, n = 3.

*P < 0.05 vs. control, **P ≤ 0.01 vs. control, and ***P ≤ 0.001 vs. control.
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intron from XBP1u into a translational frameshift of

XBP1 mRNA (spliced XBP1). Surprisingly, the expres-

sion of XBP1u in VPA-treated cells was significantly

lower than the control cells (Fig. 4C). There were simi-

lar expression level of XBP1u among the control,

melatonin and combinatorial treatment groups. Spliced

XBP1 was overexpressed just in the melatonin-treated

cells (Fig. 4D). It is well known that the spliced XBP1

would further enhance the expression of its target

genes EDEM1 and ERdj4. Both EDEM1 and ERdj4

were overexpressed following melatonin, VPA or com-

binatorial treatment. Comparing individual treatment

with melatonin or VPA, the expression of EDEM1

and ERdj4 in UC3 cells with combinatorial treatment

was much lower than control (Fig. 4E,F). In conclu-

sion, treatment with melatonin or VPA would result in

the induction of gene expression related to ER-stress

in UC3 cells. However, combinatorial treatment could

possibly reduce the extent of in the induction of gene

expression related to ER-stress.

Combinatorial treatment further thwarts

epithelial–mesenchymal transition

The expression of some candidate transcription factors

which promotes EMT was examined (Fig. 5). Compar-

ing to the control cells, the expression of E-cadherin in

UC3 cells with 10�6
M melatonin, 5 mM VPA mela-

tonin and combinatorial treatment of both was all

enhanced (Fig. 5A). In contrast, the expression of N-

cadherin (Fig. 5B), Slug (Fig. 5C), Snail (Fig. 5D) and

Fibronectin (Fig. 5E) was down-regulated in UC3 cells

following melatonin, VPA and combinatorial treat-

ment. Furthermore, the expression of N-cadherin,

Slug, Snail and Fibronectin was lower in UC3 cells

with combinatorial treatment than those cells with

melatonin and VPA treatment. Surprisingly, the

expression of Vimentin in UC3 cells with VPA and

combinatorial treatment was higher than the control

cells (Fig. 5F). Results of western blotting also con-

firmed that the expression of Vimentin protein was

increased following melatonin, VPA and combinatorial

treatment (Fig. 7F).

Dissecting the signaling pathway following

treatment

Several signaling pathways are involved in cancer

occurrence and progression. In this study, the expres-

sion of Wnt and Raf/MEK/ERK signaling pathway

molecules was investigated. As shown in Fig. 6A, the

expression of Wnt3a was up-regulated following VPA

treatment. Though there were no significant differences

on the expression of Wnt3a between control and mela-

tonin treatment, the expression in UC3 cells with com-

binatorial treatment was highest among the four

groups. Wnt5a was down-regulated following mela-

tonin treatment but up-regulated following VPA

Fig. 4. Expression of endoplasmic reticulum stress-associated genes induced by melatonin and/or VPA treatment in UC3 bladder cancer

cells. The data are presented as mean � SD, n = 3. *P < 0.05 vs. control, **P ≤ 0.01 vs. control, and ***P ≤ 0.001 vs. control. Control

(ctrl), melatonin (mel), and combinatorial treatment with both melatonin and VPA (comb).
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treatment when compared with the combinatorial

treatment (Fig. 6B). There were no significant differ-

ences in the expression of Wnt5a between control and

combinatorial treatment cells. There were similar

expression levels of adenomatous polyposis coli (APC)

among control, melatonin and combinatorial treatment

cells, but the expression of APC was significantly

enhanced in VPA-treated cells (Fig. 6C). The expres-

sion of b-catenin (Fig. 6D) and Lef1 (Fig. 6D) was

significantly promoted in UC3 cells following both

Fig. 5. Exploration of epithelial–mesenchymal transition (EMT) at the gene level by quantitative real-time PCR. The data are presented as

mean � SD, n = 3. *P < 0.05, as compared with the control group; **P ≤ 0.01, as compared with the control group. Control (ctrl),

melatonin (mel), combinatorial treatment with both melatonin and VPA (comb).

Fig. 6. Expression of genes involved in Wnt signaling pathway. The data are presented as mean � SD, n = 3. *P < 0.05 vs. control,

**P ≤ 0.01 vs. control, and ***P ≤ 0.001 vs. control. Control (ctrl), melatonin (mel), combinatorial treatment with both melatonin and VPA

(comb).
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VPA and combinatorial treatment. Generally speaking,

the canonical Wnt signaling pathway was activated by

VPA and combinatorial treatment.

The potential involvement of the Raf/MEK/ERK

signaling pathway in melatonin and/or VPA treatment

was also determined. The expression of H-ras, N-ras,

Raf1, MEK2 and Erk1 was examined by quantitative

PCR. The results indicated the expression of all of

these genes was increased following melatonin, VPA

or combinatorial treatment (Fig. 7). Except for H-ras,

the expression of N-ras, Raf1, MEK2 and Erk1 in

UC3 cells with combinatorial treatment was even

higher than the expression in the cells with VPA or

melatonin treatment alone. These results were further

confirmed by western blots for Erk1 protein, which

revealed stronger bands in UC3 cells with VPA and

combinatorial treatment than that in the control group

(Fig. 7F). Furthermore, the phospho-Erk1/2 (pErk1/2)

protein levels were increased in UC3 cells following

melatonin, VPA and combinatorial treatment

(Fig. 7F). The observed changes in these genes exam-

ined may implicate the participation of Raf/MEK/

ERK signaling pathway.

Discussion

In the present study, the response of human bladder

cancer cells UC3 to combinatorial melatonin and VPA

treatment was determined. As expected, combinatorial

treatment with melatonin and VPA effectively sup-

pressed cell proliferation. To exploit the underlying

mechanism, the expression of a panel of cell death-

related genes was evaluated. The expression of

TNFRSF10A and TNFRSF10B was further enhanced

by combinatorial treatment, suggesting that apoptosis-

related genes were involved in the regulation of prolif-

eration of bladder cancer cells with melatonin and/or

VPA.

Autophagy is widely accepted as a cytoprotective

mechanism against neurodegenerative diseases, and

various clinical interventions are moving forward to

enhance autophagy as a therapeutic intervention [40].

However, the role of autophagy in cancer is controver-

sial due to both negative and positive effects in cancer

treatment. Results of this study indicated that the gene

expression patterns associated with autophagy induced

by melatonin and VPA are different. For example, the

expression of ATG3 and BECN was significantly

increased by VPA treatment but not melatonin treat-

ment. According to reports in the literature, autophagy

can be enhanced [41,42] or reduced [43,44] by mela-

tonin treatment, depending on the cell line. However,

as far as we know, majority of the literature indicates

that VPA induces autophagy [45,46].

To further exploit the role of melatonin and/or VPA

in inducing autophagy, necroptosis and ER-stress were

Fig. 7. Expression of genes involved in Raf/MEK/ERK signaling pathway. (A–E) Gene expression was determined by quantitative real-time

PCR. (F) Gene expression was determined by western blotting. The data are presented as mean � SD, n = 3. **P ≤ 0.01 vs. control, and

***P ≤ 0.001 vs. control. Control (ctrl), melatonin (mel) and combinatorial treatment with both melatonin and VPA (comb).
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also analyzed in this study. Though the causal associa-

tion between autophagy and various forms of regu-

lated or nonregulated cell death remain elusive,

increasing numbers of reports have shown that autop-

hagy can modulate the outcome of necroptosis [47].

The up-regulated expression of MLKL, PARP1 and

RIPK1 in the present study suggested that melatonin

and VPA treatment would trigger the induction of

necroptosis. Necroptosis is a form of programmed

necrosis, which has recently emerged as a potential tar-

get for anticancer therapy [48]. The expression of

MLKL in UC3 cells with combinatorial treatment was

significantly higher than cells with individual treatment

of melatonin or VPA, indicating that combinatorial

treatment with melatonin and VPA could be a poten-

tial cancer therapeutic. Besides necroptosis, autophagy

is also associated with ER-stress. ER-stress has been

posited as a potential anticancer target [49], and

increasing evidence indicates that ER-stress can trigger

autophagy [50]. The expression of IRE1, ATF6,

EDEM1 and ERdj4 was shown to enhance by mela-

tonin, VPA and combinatorial treatment, suggesting

that ER-stress was induced. However, the expression

of spliced XBP1 was not promoted by VPA and com-

binatorial treatment (P > 0.05), possibly attributed to

the decreasing expression of XBP1u.

Melatonin has been shown to effectively inhibit the

EMT process [51]. In addition, the attenuation of EMT

signaling with melatonin treatment has been shown to

associate with ER-stress, considered a major molecular

mechanism of melatonin anticancer activity [39]. How-

ever, the role of VPA in the regulation of the EMT can

be both positive and negative. For example, EMT is

reversed by VPA by inhibiting the enhancement of inva-

sion and metastasis in esophageal squamous cell carci-

noma [52]. VPA was also shown to enhance the EMT

process via transcriptional and post-transcriptional up-

regulation of Snail in hepatocarcinoma cells [53]. In the

present study, combinatorial treatment further

decreased the expression of N-cadherin, Slug, Snail and

Fibronectin over individual melatonin or VPA treat-

ment, suggesting that the EMT was possibly further

inhibited by combinatorial treatment.

The Wnt and Raf/MEK/ERK signaling pathways

are important for the development and progression of

cancer. Previous study has revealed that b-catenin can

be activated by melatonin to protect neuronal cells

through regulating antiapoptotic proteins [54]. Many

studies also document that the Wnt pathway can be

activated by VPA exposure [55,56]. In the present

study, expression of some Wnt signaling genes was

increased following treatment, indicating that the Wnt

signaling was possibly activated. In addition, the gene

expression involved in Raf/MEK/ERK pathway was

also enhanced by melatonin, VPA and combinatorial

treatment. In fact, a handful of reports have shown

the effects of melatonin and VPA on the activation of

Raf/MEK/ERK pathway. Melatonin is effective in

preventing the ischemic brain injury-induced down-reg-

ulation of Raf-1, MEK1/2 and ERK1/2 phosphoryla-

tion [57], suggesting that the activation of Raf/MEK/

ERK cascade can be mediated by Melatonin. In

human hepatocytes, the ERK pathway can be acti-

vated by VPA exposure [58]. Given that both mela-

tonin and VPA have been reported to prevent tumor

growth and progression in animal models of cancer

[59,60], it would be interesting to determine the combi-

natorial effects in vivo in our future studies.

Results of the present study reveal that combinatorial

treatment was not superior to melatonin or VPA treat-

ment alone in some cases. Combinatorial treatment did

not exhibit synergy in inducing apoptosis in comparison

to melatonin or VPA treatment alone. For one thing,

combination of 10�6
M melatonin and 5 mM VPA may

be a high dose, which may cause nonspecific cell death

or lead to apoptotic cells more fragile to centrifuging

during Annexin V/PI staining. For another thing, the

status of gene expression, in turn, may explain why there

was a lower apoptotic rate with combinatorial treatment

than with melatonin treatment alone. For example,

there were no significant differences in the expression of

PARP-1 and RIPK1 among melatonin, VPA and com-

binatory treatment groups. The expression of some ER-

stressors was not further modulated with combinatorial

treatment over melatonin or VPA treatment alone. Fur-

ther studies should focus on optimizing the concentra-

tion and duration of combinatorial treatment and

determining the impacts on gene expression.
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