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prazosin, the synergistic effect of melatonin with chemo-
therapy on cytotoxicity and apoptosis was reversed.
Conclusion Our findings provided evidence that in vitro 
melatonin strongly enhances chemotherapeutic-induced 
cytotoxicity and apoptosis in two tumor cell lines, namely 
HT-29 and HeLa cells and, this potentiating effect of mela-
tonin is mediated by MT3 receptor stimulation.
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Introduction

Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer worldwide, accounting for almost 10% of 
all cancers. According to the estimates, there were nearly 
1.4 million new cases of CRC worldwide in 2012, and it is 
predicted that the number of cases diagnosed annually will 
rise to 2.4 million by 2035. Surgical excision is the main 
treatment and has proven to be particularly effective in CRC 
patients diagnosed at early stages (stage I and II). Nonethe-
less, recurrence after curative resection is a major issue, with 
recurrence rate being especially high in patients diagnosed 
at later stages of the disease (stage III and IV). Adjuvant 
chemotherapy, which is administered in first- and second-
line treatment for advanced CRC, has demonstrated limited 
efficacy. Therefore, identification of new agents for their 
potential application in combined therapy for CRC treat-
ment is warranted. On the other hand, cervical cancer is the 
second most common cause of female-specific cancer after 
breast cancer accounting for around 8% of both total cancer 
cases and total cancer deaths in women. Currently, surgery, 
radiotherapy, and cisplatin (CIS)-based chemotherapy are 
the primary methods for treating cervical cancer. Actually, 

Abstract 
Background Melatonin has antitumor activity via several 
mechanisms including its antiproliferative and proapoptotic 
effects in addition to its potent antioxidant actions. There-
fore, melatonin may be useful in the treatment of tumors in 
association with chemotherapy drugs.
Purpose and methods This study was performed to study 
the role of melatonin receptors on the cytotoxicity and apop-
tosis induced by the chemotherapeutic agents cisplatin and 
5-fluorouracil in two tumor cell lines, such as human colo-
rectal cancer HT-29 cells and cervical cancer HeLa cells.
Results We found that both melatonin and the two chemo-
therapeutic agents tested induced a decrease in HT-29 and 
HeLa cell viability. Furthermore, melatonin significantly 
increased the cytotoxic effect of chemotherapeutic agents, 
particularly, in 5-fluorouracil-challenged cells. Stimulation 
of cells with either of the two chemotherapeutic agents in the 
presence of melatonin further increased caspase-3 activation. 
Concomitant treatments with melatonin and chemothera-
peutic agents augmented the population of apoptotic cells 
compared to the treatments with chemotherapeutics alone. 
Blockade of MT1 and/or MT2 receptors with luzindole or 
4-P-PDOT was unable to reverse the enhancing effects of 
melatonin on both cytotoxicity, caspase-3 activation and the 
amount of apoptotic cells evoked by the chemotherapeutic 
agents, whereas when MT3 receptors were blocked with 

Roberto Pariente and Ignacio Bejarano contributed equally to 
this study.

 * José A. Pariente 
 pariente@unex.es

1 Department of Physiology (Neuroimmunophysiology 
and Chrononutrition Research Group), Faculty of Science, 
University of Extremadura, 06006 Badajoz, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-017-3441-3&domain=pdf


986 Cancer Chemother Pharmacol (2017) 80:985–998

1 3

neoadjuvant chemotherapy reduces the gross tumor volume, 
extends the 5 years survival rate, decreases the recurrence 
rate, and has thus attracted extensive attention for various 
studies [1].

Melatonin (N-acetyl-5-methoxytryptamine) is a low 
molecular weight indoleamine ubiquitously present in organ-
isms from unicells to vertebrates. In the human, as in other 
vertebrates, melatonin is mainly synthesized in the pineal 
gland, although many other cells have now been shown to 
produce melatonin [2]. In the reproductive system, the ovary 
and the placenta produce melatonin using the same enzy-
matic machinery as that in the pineal gland [3].

Despite its simple chemical structure, melatonin is a 
pleiotropic molecule with remarkable biological functions 
from bacteria to mammals [4, 5]. In fact, this indoleam-
ine governs biological rhythms [6], regulates reproduction 
[7], modulates the immune response [8], and controls the 
life/death balance of both tumor and normal cells [9–12], 
the latter mostly due to its ability to trigger survival- and 
apoptosis-promoting mechanisms, respectively. Moreo-
ver, not only melatonin but also its secondary, tertiary and 
quaternary metabolites have proven to be powerful antioxi-
dants and free radical scavengers, a cascade reaction that is 
referred to as melatonin’s antioxidant cascade [13]. Nev-
ertheless, melatonin may also exert its actions by binding 
specific receptors/interactors, such as the two well-charac-
terized G-protein-coupled plasma membrane receptors MT1/
MT2, or the quinone reductase II cytosolic enzyme, which 
has been previously defined as the MT3 receptor [14]. In 
addition, melatonin also possesses high affinity binding for 
nuclear receptors RORα/RZR, which act as transcriptional 
activators [15].

So far, various studies have reported that melatonin may 
be an excellent candidate as an anticancer agent or for com-
bined therapy owing to its pro-oxidant, oncostatic, and pro-
apoptotic activities in tumor cells [16]. Indeed, it has been 
previously described that treatment with the chemotherapeu-
tic drug etoposide in combination with melatonin resulted 
in an increased elimination of leukemia cells derived from 
a patient with acute myeloid leukemia [15]. Similarly, in 
previous studies, we have verified the synergistic effect of 
melatonin on chemotherapy-induced cytotoxicity and apop-
tosis in rat pancreatic carcinoma AR42J cells [17] and in 
human cervical cancer HeLa cells [18]. Preliminary clinical 
studies in patients with cancer also demonstrate the benefits 
of melatonin in association with cancer chemotherapeutic 
agents [19]. Moreover, a recent study has reported that mela-
tonin acts as both a tumor metabolic inhibitor and circa-
dian-regulated kinase inhibitor to promote the sensitivity 
of breast tumors to doxorubicin and drive tumor regression 
[20]. Therefore, melatonin may enhance the effectiveness 
of chemotherapy in terms of both tumor regression rate and 
survival time.

Few data are available on the effects of the therapeutic 
synergy of chemotherapeutic agents together with melatonin 
on human tumor cells. Hence, the present study investigated 
the in vitro effect of melatonin on chemotherapy-induced 
cytotoxicity and apoptosis in two tumor cell lines, such as 
human CRC HT-29 cells and cervical cancer HeLa cells, 
evaluating if the effects of melatonin are dependent on mel-
atonin receptors. Particularly, we explored the anti-cancer 
effect of combined treatment with cisplatin (CIS) or 5-fluo-
rouracil (5-FU) along with melatonin in HT-29 and HeLa 
cell lines. We found that the chemotherapy agents CIS and 
5-FU succeeded in promoting cytotoxic and apoptosis-like 
actions towards HT-29 and HeLa cells. Interestingly, mela-
tonin proved to be effective in enhancing the sensitivity of 
human tumor cells to chemotherapeutic agents, which is 
mediated by the signal transduction elicited by MT3 recep-
tor stimulation.

Materials and methods

Reagents

HT-29 cell line (ECACC No. 91072201) derived from 
human colon adenocarcinoma and HeLa cell line (ECACC 
No. 93021013) derived from human epithelial cervix car-
cinoma were purchased from The European Collection of 
Cell Cultures (ECACC) (Dorset, UK). Fetal bovine serum 
(FBS) and penicillin/streptomycin were acquired from 
HyClone (Aalst, Belgium). L-Glutamine and Dulbecco’s 
Modified Eagle medium (DMEM) were obtained from 
Lonza (Basel, Switzerland). Cisdiammineplatinum (II) 
dichloride (cisplatin), 5-fluorouracil (5-FU), melatonin, 
HEPES, CHAPS, EDTA, dithiothreitol (DTT), N-acetyl-
Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (AC-DEVD-
AMC), and 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) were bought from Sigma-Aldrich 
(Madrid, Spain). 2-benzyl-N-acetyltryptamine (luzindole), 
1-(4-Amino-6,7-dimethoxy-2-quinazolinyl)-4-(2-furanyl-
carbonyl) piperazine hydrochloride (prazosin), 4-cis-4-phe-
nyl-2-propionamidotetralin (4-P-PDOT), N-(2-(6-chloro-
5-methoxyindol-3-yl)ethyl)acetamide (6-chloromelatonin, 
CLM) and 8-methoxy-2-propionamidotetralin (8-M-PDOT) 
were purchased from Tocris Bioscience (Madrid, Spain). 
Annexin V-FITC apoptosis detection kit was acquired from 
eBioscience (Barcelona, Spain). All other reagents were of 
analytical grade.

Cell culture and treatment protocol

HT-29 and HeLa cells were grown in DMEM supplemented 
with 2 mM L-glutamine, 10% heat-inactivated FBS, 100 
U/mL penicillin, and 10 μg/mL streptomycin. Cells were 
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cultured in a humidified atmosphere containing 95% air and 
5%  CO2 at 37 °C. Cells were routinely plated into 12-well 
plates at a density of 1 × 105 cells/mL, unless otherwise 
indicated, and the viability was > 95% in all experiments 
as assayed by the trypan-blue exclusion method. Alter-
natively, cells were visualized on a Nikon contrast phase 
microscope and photographed using a digital Nikon (DS-
Qi1Mc) camera.

Cells were pre-treated for 30 min with 5 µM luzindole, 
50 µM 4-P-PDOT or 10 nM prazosin, and then incubated 
with 20 μM CIS, 1 mM 5-FU, or the vehicle, in the absence 
or presence of 1 mM melatonin (or 100 nM of its agonists of 
melatonin MT1/MT2 receptors, namely 6-chloromelatonin 
(CLM) and 8-M-PDOT) for 48 h, unless otherwise speci-
fied. These particular concentrations of drugs were selected 
because they were previously reported to be effective in 
inducing cell death [9, 17, 18].

Cell viability assay

Cell viability was evaluated using the MTT [3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, 
which is based on the ability of viable cells to convert a 
water-soluble, yellow tetrazolium salt into a water-insolu-
ble, purple formazan product. The enzymatic reduction of 
the tetrazolium salt happens only in living, metabolically 
active cells, but not in dead cells. Cells were seeded in 
12-well plates at a density of 0.1 × 106 cells per well, and 
subsequently, exposed to the appropriate treatment at 37 °C. 
After the treatments, the medium was removed and MTT 
was added to each well, and then incubated for 60 min at 
37 °C, as previously described [21]. The supernatant was 
discarded and DMSO was added to dissolve the formazan 
crystals. Treatments were carried out in triplicate. Optical 
density was measured in an automatic microplate reader 
(Infinite M200, Tecan Austria GmbH, Groedig, Austria) at 
a test wavelength of 490 nm and a reference wavelength of 
650 nm to nullify the effect of cell debris. Data are presented 
as percentage above control (untreated samples).

Assay for caspase‑3 activity

To determine caspase-3 activity, stimulated or resting 
cells (1.2 × 106 cells/mL) were sonicated and cell lysates 
were incubated with 2 mL of substrate solution (20 mM 
HEPES, pH 7.4, 2 mM EDTA, 0.1% CHAPS, 5 mM DTT 
and 8.25 µM caspase-3 substrate) for 1 h at 37 °C as previ-
ously described [22]. The activity of caspase-3 was calcu-
lated from the cleavage of the specific fluorogenic substrate 
(AC-DEVD-AMC). Substrate cleavage was measured with 
an automatic microplate reader (Infinite M200) with an 
excitation wavelength of 360 nm and emission at 460 nm. 
Preliminary experiments reported that caspase-3 substrate 

cleaving was not detected in the presence of the inhibitor of 
caspase-3, DEVD-CMK. Data were calculated as fluores-
cence units/mg protein and presented as fold increase over 
the pretreatment level (experimental/control).

Determination of apoptosis

Induction of apoptosis was determined using an Annexin 
V-FITC Apoptosis Detection Kit, according to manufac-
turer’s instructions. Briefly, stimulated or resting cells were 
harvested by trypsinization (1.2 × 106 cells/mL), washed 
twice with phosphate buffered saline (PBS), and centrifuged 
at 500 × g for 5 min; then the supernatant was discarded, 
and the pellet was resuspended in 200 µL binding buffer 
containing 5 µL of annexin V-FITC. Cells were incubated 
for 10 min at room temperature, washed twice, and finally 
resuspended in 200 µL binding buffer containing 10 µL of 
propidium iodide (PI). The cells were immediately analyzed 
after incubation with the probes by flow cytometry (Cytom-
ics FC500; Beckman Coulter, Viena, Austria). Ten thou-
sand events were analyzed using the FL-1 (green; annexin 
V-FITC) and FL-3 (red, PI) detectors. Each sample was 
tested from three to five times in independent experiments. 
Under all conditions tested, the percentages of  annexin+/
PI− (early apoptotic) and  annexin+/PI+ (late apoptotic) cells 
were mainly compared [23].

Statistical analysis

Data are presented as mean ± standard error of mean 
(S.E.M) for each group. To compare the different treatments, 
statistical significance was calculated by one-way analysis 
of variance (ANOVA) followed by a post hoc Tukey test. 
P < 0.05 was considered to indicate a statistically significant 
difference.

Results

Effect of melatonin receptor antagonists on cell viability

First, we analyze the effect of antagonists of melatonin 
receptors on cellular viability of tumor cells, i.e., HT-29 
and HeLa cell lines. To do this, MTT assay was performed 
in the presence of different antagonists of melatonin recep-
tors. Figure 1 shows the viability of human CRC HT-29 cells 
and cervical cancer HeLa cells challenged with melatonin in 
the absence and presence of antagonists of melatonin recep-
tors. Stimulation of HT-29 (Fig. 1a, b) or HeLa (Fig. 1c, 
d) cells with 1 mM melatonin for 48 h resulted in a sig-
nificant (P < 0.05) reduction of cell viability (75.8 ± 8.9%, 
Fig. 1a; and 73.8 ± 7.3%, Fig. 1c, respectively), as visualized 
with phase contrast microscopy, where it is observed that 
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melatonin reduces both the number of HT-29 (Fig. 1b) and 
HeLa (Fig. 1d) cells in culture. To examine whether this 
effect of melatonin on cell viability was linked to melatonin 
receptors, we analyzed the effect of antagonists of mela-
tonin receptors. For this purpose, cells were pre-treated with 
luzindole, which specifically antagonizes melatonin binding 
and activation of MT1/MT2 receptors; 4-P-PDOT, which 
selectively antagonizes MT2 receptors; or prazosin, a MT3 
receptor antagonist. Pre-treatments of HT-29 (Fig. 1a, b) 
and HeLa (Fig. 1c, d) cells for 30 min with 5 µM luzindole 
or 50 µM 4-P-PDOT produced a negligible effect on cell 
viability induced by melatonin (78.2 ± 6.1 and 81.0 ± 6.8%, 
respectively, Fig. 1a; 77.0 ± 6.4 and 81.5 ± 5.7%, respec-
tively, Fig. 1c), whereas pre-treatment of cells for 30 min 
with 10 nM prazosin significantly reversed the effect of 
melatonin on cellular viability (100.1 ± 5.8% in HT-29 cells, 

Fig. 1a; 100.7 ± 3.9% in HeLa cells, Fig. 1c, P < 0.05). These 
results were confirmed by morphological observations using 
phase contrast microscopy (Fig. 1b, d). Neither luzindole, 
nor 4-P-PDOT nor prazosin alone had any effect on the via-
bility of HT-29 or HeLa cells (data not shown).

Effect of melatonin on chemotherapy‑induced 
cytotoxicity

We also explored the effects of co-treatment of HT-29 
and HeLa cells with melatonin in the presence of two 
chemotherapeutic agents, such as CIS and 5-FU. Remark-
ably significant (P < 0.05) decreases in cell viability were 
observed upon stimulation of cells for 48 h with 20 μM 
CIS (Fig. 2a, b) or 1 mM 5-FU (Fig. 3a, c) (34.5 ± 9.1 and 
30.7 ± 4.7%, respectively, in HT-29 cells; 37.9 ± 8.4 and 

Fig. 1  Effect of melatonin receptor antagonists on cell viability in 
HT-29 and HeLa cells. Cells were pre-treated for 30 min with 5 µM 
luzindole (LUZ), 50  µM 4-P-PDOT (4DOT) or 10  nM prazosin 
(PRAZ), or the vehicle, in the absence or presence of 1  mM mela-
tonin (MEL) for 48  h. a, c Cell viability was evaluated by means 
of the MTT assay. Values are presented as means ± SEM of 4 inde-

pendent experiments and expressed as percentage of control val-
ues (untreated cells). b, d Cells were visualized with phase contrast 
microscopy, and a representative field of each experimental group is 
shown. *P < 0.05 compared to control values. ●P < 0.05 compared to 
their corresponding value in the presence of MEL alone
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22.7 ± 3.9%, respectively, in HeLa cells). Similar results 
were observed in the photographs obtained with the phase 
contrast microscope, where it is observed that the treat-
ment with CIS (Fig. 2b, d) or 5-FU (Fig. 3b, d) reduces 
the number of cells in culture, and therefore, the cell pro-
liferation. In addition, parallel assays were carried out to 
examine the putative potentiating effect of melatonin on 
chemotherapy-induced cytotoxicity. Thus, when HT-29 
and HeLa cells were incubated with the chemotherapy 
agents for 48 h in the presence of 1 mM melatonin, the 
indoleamine managed to further lower the cell viability of 
chemotherapy-challenged HT-29 cells, this effect being 
statistically significant (P < 0.05) for 5-FU-treated cells 
(11.1 ± 1.3% in HT-29 cells, Fig. 3a; 10.7 ± 1.9% in HeLa 
cells, Fig. 3c), however, no additional differences were 

noticed after 48 h of stimulation of cells with CIS (Fig. 2). 
We also evaluated the effect of antagonizing melatonin 
binding in the synergistic effect of melatonin on chemo-
therapy-induced cytotoxicity. As shown in Figs. 2 and 3, 
the blockade of MT1 and/or MT2 receptors with luzindole 
or 4-P-PDOT was unable to reverse the enhancing effects 
of melatonin on cytotoxicity evoked by CIS and 5-FU; 
whereas when MT3 receptors were blocked with prazo-
sin, the synergistic effect of melatonin with chemotherapy 
was significantly (P < 0.05) reversed, particularly in cells 
treated with 5-FU (Fig. 3). Taken together, these results 
indicate that the potentiating effect of melatonin on the 
cytotoxic activity of the chemotherapeutic agents is medi-
ated by the signal transduction elicited by MT3 receptor 
stimulation.

Fig. 2  Effect of melatonin on cisplatin-induced cytotoxicity in 
HT-29 and HeLa cells. Cells were pre-treated for 30 min with 5 µM 
luzindole (LUZ), 50  µM 4-P-PDOT (4DOT) or 10  nM prazosin 
(PRAZ), or the vehicle, and then incubated with 20  μM cisplatin 
(CIS), or the vehicle (control), in the absence or presence of 1 mM 
melatonin (MEL) for 48 h. a, c Cell viability was evaluated by means 

of the MTT assay. Values are presented as means ± SEM of 5 inde-
pendent experiments and expressed as percentage of control values 
(untreated cells). b, d Cells were visualized using phase contrast 
microscopy, and a representative field of each experimental group is 
shown. *P < 0.05 compared to control values
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Effect of melatonin receptor agonists 
on chemotherapy‑induced cytotoxicity

To verify that the synergistic effects of melatonin with 
the chemotherapeutic agents on cytotoxic activity are 
mediated by the activation only of the MT3 receptors, 
the cells were treated with 6-chloromelatonin (CLM) (a 
potent agonist with high affinity for melatonin MT1 and 
MT2 receptors) or 8-M-PDOT (an agonist selective for 
the melatonin MT2 receptor subtype). As shown in Fig. 4, 
treatment of HT-29 cells for 48 h with 100 nM CLM or 

100 nM 8-M-PDOT in the presence of 20 µM CIS (Fig. 4a) 
or 1 mM 5-FU (Fig. 4b) were unable to modify the cyto-
toxic effect of both chemotherapeutic agents, indicating 
that the stimulation of the MT1 and MT2 receptors do not 
significantly participate in the potentiating effect of mela-
tonin on the cytotoxic action of the two chemotherapeutic 
agents tested by us. Similar results were obtained in HeLa 
cells (Fig. 4c, d). Neither CLM nor 8-M-PDOT alone had 
any effect on the viability of HT-29 or HeLa cells (data 
not shown).

Fig. 3  Effect of melatonin on 5-fluorouracil-induced cytotoxic-
ity in HT-29 and HeLa cells. Cells were pre-treated for 30 min with 
5 µM luzindole (LUZ), 50 µM 4-P-PDOT (4DOT) or 10 nM prazo-
sin (PRAZ), or the vehicle, and then incubated with 1 mM 5-fluoro-
uracil (5-FU), or the vehicle (control), in the absence or presence of 
1  mM melatonin (MEL) for 48  h. a, c Cell viability was evaluated 
by means of the MTT assay. Values are presented as means ± SEM 

of 4–6 independent experiments and expressed as percentage of con-
trol values (untreated cells). b, d Cells were visualized with phase 
contrast microscopy, and a representative field of each experimen-
tal group is shown. *P < 0.05 compared to control values. ●P < 0.05 
compared to their corresponding value in the presence of 5-FU alone. 
■P < 0.05 compared to their corresponding value in the presence of 
5-FU + MEL alone
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Effect of melatonin on chemotherapy‑induced caspase‑3 
activation

To examine whether the potentiating effects of melatonin 
receptors and chemotherapeutic agents on cell viability 
were linked to apoptotic cell death, we analyzed the activa-
tion of caspase-3 (a key downstream effector of apoptosis) 
in both pre-treated with antagonists of melatonin recep-
tors and resting (control) cells. Treatment of HT-29 cells 
with 1 mM melatonin for 48 h gave rise to a clear increase 
in caspase-3 activity (2.8 ± 0.2 fold-increase; P < 0.05; 
Fig. 5a, b). Additionally, treatments with 20 μM CIS or 
1 mM 5-FU for 48 h also noticeably (P < 0.05) enhanced 
caspase-3 activity (2.3 ± 0.4 and 4.9 ± 0.5 fold-increase, 

respectively; Fig. 5a, b). Importantly, melatonin was able 
to enlarge chemotherapy-evoked caspase-3 activation. In 
fact, treatment of HT-29 cells for 48 h with 20 μM CIS 
(Fig. 5a) or 1 mM 5-FU (Fig. 5b) in the presence of 1 mM 
melatonin markedly (P < 0.05) triggered caspase-3 activa-
tion (5.4 ± 1.6 and 28.3 ± 4.8 fold-increase, respectively), 
with regards to the treatments with each chemotherapy 
agent alone. It is worth mentioning that 5-FU plus mela-
tonin was the most effective chemotherapy agent in terms 
of caspase 3 activation, the stimulation being 23-fold 
higher than caspase basal activity (Fig. 5b). In HeLa cells, 
treatment for 48 h with both 1 mM melatonin and 20 μM 
CIS as well as 1 mM 5-FU were also able to increase sig-
nificantly (P < 0.05) the enzymatic activity of caspase-3 

Fig. 4  Effect of agonists of melatonin receptors on chemotherapy-
mediated cytotoxicity in HT-29 and HeLa cells. Cells were treated 
with 20 μM cisplatin (CIS) (a,  c) or 1 mM 5-fluorouracil (5-FU) (b, 
d), or the vehicle (control), in the absence or presence of 100  nM 
6-chloromelatonin (CLM) or 8-M-PDOT (8DOT) for 48 h. Cell via-

bility was evaluated by means of the MTT assay. Values are presented 
as means ± SEM of four independent experiments and expressed as 
percentage of control values (untreated cells). *P < 0.05 compared to 
control values
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(Fig. 5c, d), although HeLa cells showed greater sensi-
tivity to CIS treatment (23.4 ± 4.7 fold-increase, Fig. 5c) 
than to 5-FU (5.8 ± 1.0 fold-increase, Fig. 5d). In a simi-
lar manner, treatment for 48 h of HeLa cells with 1 mM 
melatonin also potentiated significantly (P < 0.05) the 
enzymatic activity of caspase-3 caused by the doses of 
20 μM CIS (Fig. 5c) and 1 mM 5-FU (Fig. 5d). Simi-
larly, we also wanted to analyze the effect of antagonists 
of melatonin receptor on caspase-3 enzymatic activity in 
the presence of melatonin and the two chemotherapeutic 

agents. As shown in Fig. 5, pretreatments of HT-29 cells 
for 30 min with luzindole (a MT1/MT2 receptor antago-
nist) or 4-P-PDOT (which selectively antagonizes MT2 
receptor) were unable to reverse the enhancing effects of 
melatonin on caspase-3 activity evoked by CIS and 5-FU; 
whereas when MT3 receptors were blocked with prazosin, 
the synergistic effect of melatonin with chemotherapy was 
significantly (P < 0.05) reversed, both in HT-29 (Fig. 5a, 
b) and HeLa (Fig. 5c, d) cells.

Fig. 5  Effect of melatonin on chemotherapy-mediated caspase-3 acti-
vation in HT-29 and HeLa cells. Cells were pre-treated for 30  min 
with 5  µM luzindole (LUZ), 50  µM 4-P-PDOT (4DOT) or 10  nM 
prazosin (PRAZ), or the vehicle, and then incubated with 20 μM cis-
platin (CIS) or 1 mM 5-fluorouracil (5-FU), or the vehicle (control), 
in the absence or presence of 1 mM melatonin (MEL) for 48 h. Cas-
pase-3 enzymatic activity was estimated as described under "Mate-

rials and methods". Values are presented as means ± SEM of 6–7 
independent experiments and expressed as fold increase over the pre-
treatment level (experimental/control). *P < 0.05 compared to control 
values. ●P < 0.05 compared to their corresponding value in the pres-
ence of CIS or 5-FU alone. ■P < 0.05 compared to their correspond-
ing value in the presence of CIS + or 5-FU + MEL alone
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Effect of melatonin on chemotherapy‑mediated 
apoptotic cell death

To evaluate cells’ apoptotic stage following stimulation with 
CIS or 5-FU in the presence of melatonin, we analyzed the 
redistribution of phosphatidylserine (PS) in the presence of 
PI. Figures 6 and 7 portray representative cytograms for each 
treatment assayed. Stimulation of HT-29 (Fig. 6) and HeLa 
(Fig. 7) cells with 1 mM melatonin alone for 48 h produced 
a significant (P < 0.05) diminution in the percentage of alive 
cells  (annexin−/PI−; 64.5 ± 2.6%, Fig. 6b; and 63.6 ± 3.6%, 
Fig. 7b) and increased slightly both the proportion of early 
apoptotic cells  (annexin+/PI−; 17.3 ± 2.5%, Fig. 6b; and 
10.9 ± 2.7%, Fig. 7b), and the amount of late apoptotic 
cells  (annexin+/PI+; 11.1 ± 2.1%, Fig. 6b; and 11.2 ± 1.5%, 
Fig. 7b). Treatments of HT-29 cells (Fig. 6b) with 20 μM 
CIS for 48 h caused a slight increase in the percentage of 
early (19.5 ± 3.8%) and late (10.1 ± 2.9%) apoptotic cells at 
the expense of the amount of alive cells, which was sig-
nificantly (P < 0.05) decreased (63.7 ± 3.7%). Similar results 
were obtained when HeLa cells were incubated in the pres-
ence of CIS, although a greater increase was observed in 
the percentage of late apoptotic cells (25.7 ± 2.0%; Fig. 7b). 
Of note, simultaneous administration of 20 μM CIS and 
1 mM melatonin for 48 h in both HT-29 (Fig. 6) and HeLa 
(Fig. 7) cells brought about an augmentation (P < 0.05) in 
the number of early (28.7 ± 2.8%, Fig. 6b; and 22.5 ± 1.5%, 
Fig. 7b) and late (16.5 ± 3.1%, Fig. 6b; and 27.5 ± 1.9%, 
Fig. 7b) apoptotic cells. As far as 5-FU is concerned, stimu-
lation of HT-29 (Fig. 6) and HeLa (Fig. 7) cells with 1 mM 
5-FU for 48 h significantly (P < 0.05) increased the percent-
age of both early (22.6 ± 2.2%, Fig. 6b; and 13.3 ± 3.9%, 
Fig. 7b) and late (23.4 ± 2.1%, Fig. 6b; and 34.2 ± 3.2%, 
Fig. 7b) apoptotic cells, as well as a concomitant decrement 
in the proportion of living cells (52.6 ± 4.4%, Fig. 6b; and 
44.5 ± 4.0%, Fig. 7b). Moreover, concomitant stimulation of 
HT29 (Fig. 6) and HeLa (Fig. 7) cells with 1 mM 5-FU and 
1 mM melatonin for 48 h significantly (P < 0.05) potenti-
ated the killing ability of 5-FU, especially in the amount of 
early apoptotic both HT-29 (33.1 ± 2.9%, Fig. 6b) and HeLa 
cells (30.3 ± 3.9%, Fig. 7b) and late apoptotic in HT-29 cells 
(38.2 ± 4.0%, Fig. 6b). These results are in agreement with 
our previous findings on caspase-3 activation, i.e., melatonin 
somehow accelerated chemotherapy-induced apoptosis.

Finally, to further confirm the participation of melatonin 
MT3 receptors on chemotherapeutics-mediated apoptosis, 
cells were pre-treated again with the MT3 receptor antago-
nist prazosin. As shown in Figs. 6 and 7, prazosin reversed 
the synergistic actions of melatonin with chemotherapeutic 
agents on apoptosis. In fact, pretreatments of HT-29 (Fig. 6) 
and HeLa (Fig. 7) cells for 30 min with 10 nM prazosin 
increased the proportion of living cells, while the amount 
of early and late apoptotic cells was significantly (P < 0.05) 

decreased, when compared with the results obtained in the 
presence of melatonin plus CIS or 5-FU.

Discussion

Apoptosis or programmed cell death is a fundamental physi-
ological process that plays a major role in tissue homeo-
stasis, organ development and elimination of defective or 
potentially dangerous cells [24]. However, any defect in 
the control of apoptosis may lead to pathological condi-
tions such as cancer when proliferation is increased, i.e., 
when the rate of apoptosis is downregulated, while it may 
cause neurodegenerative and autoimmune diseases when 
the rate of cell death is upregulated. As for melatonin, it is 
a multitasking molecule that employs a variety of mecha-
nisms to modulate the physiology and molecular biology of 
cells [25]. Nonetheless, in the last few years, melatonin has 
attracted much attention due to its influence on the apop-
totic process. The precise mechanism whereby melatonin 
regulates apoptosis still remains unknown, although it has 
been described that the indoleamine possesses both pro- and 
anti-apoptotic actions depending on cell type [26]. In the 
last decade a novel effect of melatonin on apoptosis was 
reported, where melatonin has been shown to protect nor-
mal cells from apoptosis [22]; conversely, in various tumor 
cells it was found to induce apoptosis [for review see 26]. 
For example, melatonin reportedly promotes apoptotic cell 
death in several tumor cells including human myeloid HL-60 
cells [9], B-lymphoma cells [27], HT-29 human CRC cells 
[28], and rat pituitary prolactin-secreting tumor cells [29].

Herein, we investigated the putative potentiating effect 
of melatonin on chemotherapy-induced cytotoxicity and 
apoptosis in two tumor cell lines, such as human colorec-
tal adenocarcinoma HT-29 cells and cervical cancer HeLa 
cells. We reported that melatonin per se is able to display 
cytotoxic and pro-apoptotic actions towards HT-29 and 
HeLa cells. Similar results have been previously shown by 
our group [9, 21] and others [30–32]. Most importantly, the 
indoleamine proved to be effective in improving the tumor 
killing abilities of two chemotherapy agents, namely cis-
platin (CIS) and 5-fluorouracil (5-FU). For instance, we 
observed that the indoleamine managed to further enhance 
5-FU-induced caspase-3 activation, the stimulation being 
28-fold higher than caspase basal activity (23-fold higher 
than 5-FU-triggered caspase-3 activity). Apart from this, 
melatonin only displayed mild or moderate chemosensitiz-
ing effects on cytotoxicity activity in CIS-challenged HT-29 
and HeLa cells. This may be due to a stimulation of cas-
pases without the need to lead to cell death by apoptosis. 
This apoptosis independent of caspase stimulation has been 
previously described and has been shown to be required for 
certain cellular functions, including store-operated calcium 
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entry, platelet aggregation or pancreatic secretion [33]. In 
this sense, previous studies have proved that melatonin 
strengthens the effect of other chemotherapeutic agents, such 
as doxorubicin or puromycin, in various tumor cell lines, 
including human Ewing sarcoma cancer cells [34], human 
hepatoma cell lines [35], human leukemia cell line HL-60 
[36], as well as human lung cancer cell line A-549 [37]. 
More recently, it has been shown that the enhanced antican-
cer effect of melatonin and 5-FU in CRC cells is mediated 
through modulation of caspase-dependent apoptosis [38].

The potentiating actions of melatonin on chemotherapy-
stimulated apoptosis in HT-29 and HeLa cells were further 
confirmed after analyzing the populations of apoptotic cells 
via annexin V/PI. In this way, when compared to CIS or 
5-FU alone, simultaneous administration of these chemo-
therapeutic agents together with melatonin brought about a 
substantial improvement in the number of early  (annexin+/
PI−) and late  (annexin+/PI+) apoptotic cells as well as a 
concomitant decrement in the proportion of living cells 
 (annexin−/PI−), particularly in 5-FU-treated cells. In this 
regard, previous studies have verified the synergistic effect 
of melatonin on chemotherapy-induced cytotoxicity and 
apoptosis in rat pancreatic carcinoma AR42J cells [17]. 
Similarly, other authors have recently highlighted the syn-
ergistic effect of melatonin on doxorubicin-evoked apoptosis 
in the human hepatoma cell line HepG2 [26].

To sum up, our findings provided evidence that in vitro 
melatonin strongly enhanced the sensitivity of human colon 
adenocarcinoma and cervical carcinoma cells to CIS and 
5-FU. So far, synergistic antitumor actions of melatonin are 
still controversial and seem to be dependent on the chemo-
therapy agent used and the tissue where cancer cells were 
derived from. In fact, it has been described that melatonin, 
in opposition to what is expected, lessens idarubicin-elicited 
nuclear fragmentation in both healthy lymphocytes and leu-
kemic K562 cells [39]. Likewise, melatonin has been proven 
to attenuate anti-tumor actions of CIS in human liver car-
cinoma HepG2 cells via the modulation of the balance of 
apoptotic proteins [40]. Other studies have also indicated 

that melatonin does not interfere with the cytotoxic effect of 
chemotherapy agents such as cytarabine, daunorubicin and 
etoposide in different leukemia cell lines, including Jurkat, 
MOLT-4, Daudi, HL-60, CMK, and K562 [16]. Despite this, 
it has been recently demonstrated that melatonin enhances 
CIS-induced cytotoxicity in different human ovarian cancer 
cells, namely, SK-OV-3 [41], HTOA and OVCAR-3 [42], 
which consistently agrees with our own results in human 
CRC HT29 cells. Therefore, findings on the in vitro chemo-
sensitizing effect of melatonin in female genital tract malig-
nancies seem to be pretty consistent, thereby suggesting that 
the indoleamine could be potentially applied as a coadjuvant 
agent to improve the curative effect of chemotherapy, par-
ticularly of platinum-based therapy, on tumors affecting the 
female reproductive system.

Finally, melatonin, as a powerful antioxidant [11, 13], 
displays protective actions against chemotherapy which may 
be due, at least in part, to a reduction in the overproduction 
of ROS in healthy cells [13]. Nevertheless, stunning findings 
have recently indicated that melatonin may behave as a pro-
oxidant molecule in tumor cells [13, 19]. Many of the effects 
of melatonin in mammals are mediated through interaction 
with the G-protein coupled membrane bound melatonin 
receptors type 1 and type 2 (MT1 and MT2, respectively) 
or, indirectly with nuclear orphan receptors from the RORα/
RZR family. Melatonin also binds to the quinone reductase 
II cytosolic enzyme, previously defined as the MT3 receptor 
[14, 15]. In fact, solid data by Tan et al. [43] support the idea 
that the MT3 melatonin binding site is the enzyme quinone 
reductase II, rather than a membrane melatonin receptor. 
Our data provide for the first time evidence for the involve-
ment of the MT3 melatonin receptor in the augmentation of 
cytotoxic and pro-apoptotic actions induced by the chemo-
therapy agents CIS and 5-FU. When the MT1 and/or MT2 
receptors are blocked by the administration of luzindol and 
4-P-PDOT, no modifications were observed in the enhancing 
effects of melatonin and the two chemotherapeutic agents 
either on cytotoxic activity, the activity of caspase-3 or 
amount of apoptotic cells; whereas only in the presence of 
prazosin (a melatonin MT3 receptor antagonist) the syner-
gistic actions of melatonin with the chemotherapeutic agents 
were clearly reversed. These results were confirmed since in 
the presence of melatonin MT1 and MT2 receptor agonists, 
where the effects of the chemotherapeutic agents were not 
modified. Additionally, we cannot discard the possibility 
that the antioxidant activity of melatonin may, in fact, relate 
at least in part, to the interaction of melatonin with qui-
none reductase 2 (the putative MT3 melatonin receptor), as 
recently described [44]. Taken together, these results clearly 
indicate that the enhancing effects that melatonin exerts on 
the cytotoxic and pro-apoptotic activity of CIS and 5-FU are 
mediated by the activation of melatonin MT3 receptors, at 
least in HT-29 and HeLa cells.

Fig. 6  Effect of melatonin on chemotherapy-mediated apoptotic cell 
death in HT-29 cells. Cells were pre-treated for 30 min with 10 nM 
prazosin (PRAZ), or the vehicle, and then incubated with 20 μM cis-
platin (CIS) or 1 mM 5-fluorouracil (5-FU), or the vehicle (control), 
in the absence or presence of 1 mM melatonin (MEL) for 48 h. Apop-
totic populations were detected by flow cytometry, as described under 
"Materials and methods". a Representative plots depicting the redis-
tribution of phosphatidylserine (annexin V staining) in the presence 
of propidium iodide (PI) after 48  h of treatment with the indicated 
combination of drugs. b Histograms showing percentages of each cell 
population. Values are presented as means ± SEM of 3–5 independ-
ent experiments. *P < 0.05 compared to respective control values. 
●P < 0.05 compared to their corresponding value in the presence of 
CIS or 5-FU alone. ■P < 0.05 compared to their corresponding value 
in the presence of CIS + MEL or 5-FU + MEL alone

◂
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In conclusion, we provide evidence that in vitro mela-
tonin strengthens chemotherapeutic-stimulated cytotoxicity 
and apoptosis in HT-29 and HeLa cells through the stimula-
tion of MT3 melatonin receptors, therefore, the indoleam-
ine could be potentially applied to cancer treatment as an 
adjuvant agent. Given that melatonin has been reported to 
inhibit tumor growth and progression in animal models of 
cancer [45], it would be thus interesting to perform further in 
vivo studies to corroborate the results obtained in the present 
research.
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