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Abstract
AIM: To elucidate the effects of melatonin on cisplatin-
induced hepatocellular carcinoma (HepG2) cell death 
and to identify potential cross-talk pathways.

METHODS: Hepatocellular carcinoma HepG2 cells 
were treated with melatonin and/or cisplatin for 24 to 
48 h. Cell viability and the 50% cytotoxic concentra-
tion (CC50) were calculated by MTT assays. The ef-
fects and intracellular events induced by the selected 
concentrations of melatonin (1 mmol/L) and cisplatin 
(20 µmol/L) were investigated. Cell death and survival 
detection were primarily evaluated using a fluorescence 
microscope to assess 4',6 diamideno-2-phenylindol 
DNA staining and acridine orange lysosome staining 
and then further analyzed with immunocytochemistry 
using an anti-LC3 antibody. The potential molecular 

responses mediated by melatonin against cisplatin after 
the combined treatment were investigated by reverse 
transcription-polymerase chains reaction and Western 
blot analyses of the genes and proteins associated with 
cell survival and death. A cell cycle analysis was per-
formed using a flow cytometry assay.

RESULTS: Melatonin had a concentration-dependent 
effect on HepG2 cell viability. At 1 mmol/L, melatonin 
significantly increased the cell viability percentage 
and decreased reactive oxygen species production 
due to cisplatin. Melatonin reduced cisplatin-induced 
cell death, decreasing phosphorylated p53 apoptotic 
protein, cleaved caspase 3 and Bax levels but increas-
ing anti-apoptotic Bcl-2  gene and protein expression. 
When combined with cisplatin, melatonin induced S 
phase (DNA synthesis) cell cycle arrest and promoted 
autophagic events in HepG2 cells. Melatonin also had 
a concentration-dependent effect on Beclin-1 and its 
autophagic regulator mammalian target of rapamycin 
(mTOR) as well as the DNA excision repair cross com-
plementary 1 (ERCC1) protein. The expression levels of 
these proteins were altered in HepG2 cells during cis-
platin or melatonin treatment alone. In the combination 
treatment, melatonin reversed the effects of cisplatin 
by suppressing the over-expression of mTOR and ERCC 
1 and enhancing the expression levels of Beclin-1 and 
microtubule-associated protein-light chain3-Ⅱ, leading 
to intracellular autophagosome progression.

CONCLUSION: Melatonin attenuated cisplatin-induced 
cell death in HepG2 cells via  a counter-balance between 
the roles of apoptotic- and autophagy-related proteins. 

© 2014 Baishideng Publishing Group Co., Limited. All rights 
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proliferative effects on cisplatin-treated hepatocellular 
carcinoma cells through a counter-balance between the 
roles of apoptosis and autophagy proteins. Melatonin 
also reduced cisplatin-induced DNA damage by de-
creasing the activation of excision repair cross comple-
mentary 1 in the DNA repair system. Thus, co-treat-
ment with melatonin to ameliorate cisplatin adverse 
effects might be beneficial for Hepatocellular carcinoma 
therapy.

Bennukul K, Numkliang S, Leardkamolkarn V. Melatonin 
attenuates cisplatin-induced HepG2 cell death via the 
regulation of mTOR and ERCC1 expressions. World J Hepa-
tol 2014; 6(4): 230-242  Available from: URL: http://www.
wjgnet.com/1948-5182/full/v6/i4/230.htm  DOI: http://dx.doi.
org/10.4254/wjh.v6.i4.230

INTRODUCTION
Hepatocellular carcinoma (HCC) is one of  the leading 
causes of  human death worldwide. Aberrant gene expres-
sion and mutations induced by any genotoxic agents that 
can cause DNA damage contribute to its development. 
Effective treatment for HCC is not yet available because 
all anticancer strategies have limitations associated with 
the tumor grade and stage of  the disease. For example, 
chemotherapy is limited by the side effects of  cytotoxic 
drugs that also kill normal cells and by the long-term 
side effects of  these drugs, which are carcinogenic and 
can cause secondary cancers[1]. Moreover, the mecha-
nisms controlling the responses of  pro-oncogenes and 
tumor suppressor genes in the effected cells are not well 
defined. In cancer research, the human hepatocellular 
carcinoma (HepG2) cell line has been used as a model 
system for studies of  hepatocarcinogenesis because it is 
a permanent cell line derived from a well-differentiated 
hepatocellular carcinoma patient. The HepG2 cell line 
has also been used as an in vitro model for studying liver 
metabolism and in drug targeting assays[2]. 

To date, several anticancer drugs have been used 
clinically. Cisplatin, a platinum-based drug that has a 
known molecular mechanism of  action, is a drug of  
choice that has been widely chosen for the treatment of  
solid cancers[3,4]. Cisplatin platinum can form complexes 
with DNA, inducing DNA adducts and damage[5]. Once 
produced, the complex mediates a series of  intracellular 
responses that lead to apoptosis and also activates the 
DNA repair system, which is capable of  inducing recov-
ery of  the damaged DNA and participates in the restora-
tion of  normal cell systems. However, if  the damage is 
too extensive, the repair mechanism fails, and the cell un-
dergoing apoptosis dies[6]. Through this pathway, cisplatin 
has no selective effects on cancers or normal cells. When 
receiving chemotherapy with cisplatin, some individu-
als respond by showing excessive side effects, and some 
cancers develop resistance to cisplatin by mechanisms 
that are only partially known. To improve chemothera-

peutic efficiency, investigators have emphasized the need 
to search for new drugs. An example would be to study 
the potency of  cisplatin at low concentrations, which 
can protect against hepatotoxicity, and to study drug 
resistance mechanisms to identify a new drug to replace 
cisplatin. 

Melatonin is a hormone that is produced in the pineal 
gland and has several normal physiological functions in 
the human body. Its known properties include circadian 
rhythm regulation[7], sleep induction[8], immunemodula-
tion[9], neuroprotection[10], bone differentiation[11], and 
anti-microbial[12] and anti-oxidative effects[13]. Previous 
investigations have demonstrated that melatonin also 
possesses anti-proliferative effects, especially in cell lines 
derived from various malignancies such as lymphoma[14], 
prostate cancer[15], melanoma[16] and hepatocellular car-
cinoma[17]. Although most of  the biological effects of  
melatonin are produced through the activation of  mela-
tonin receptors, some are due to its status as a powerful 
antioxidant that plays roles in the protection of  nuclear 
and mitochondrial DNA[18]. The anti-proliferative effect 
of  the human osteosarcoma cell line MG-63 was shown 
to be activated by melatonin if  the concentration of  
melatonin reached an optimal value, which was a high 
concentration of  4-10 mol/L[19]. Further data have sug-
gested that melatonin could be used as an adjuvant to 
increase responses to anticancer drugs and to ameliorate 
their side effects[20-22]. However, the effectiveness of  mela-
tonin as an adjuvant of  chemotherapy most likely differs 
among cancer types, and the mechanisms of  the action 
of  melatonin are still unclear. Due to the selective effects 
of  melatonin, the current oncology research aiming to 
enhance the apoptosis effect of  cisplatin combined with 
melatonin has extended to alternative pathways in treated 
cells.

It is well accepted that cells under oxidative stress or 
exposed to DNA damage, hypoxia, nutrient deprivation, 
and intracellular pathogens can survive through an au-
tophagy pathway[23]. This pathway involves the lysosomal 
degradation of  cytoplasmic organelles or cytosolic com-
ponents, allowing cells to eliminate damaged or harm-
ful components and also to recycle the released amino 
acids and energy to maintain cellular homeostasis[24]. 

In mammalian cells, the pathway is regulated through a 
serine/threonine protein kinase called mammalian target 
of  rapamycin (mTOR)[25]. Normally, mTOR is activated 
under nutrient-rich conditions and inhibits autophagy[26]. 
However, under stress conditions, mTOR plays a role in 
autophagy activation via an effector Beclin-1 that initi-
ates core nucleation for autophagy formation[27]. Under 
the normal condition, Beclin-1 is inhibited by an inter-
action with the Bcl-2/Bcl-xL complex, but when p53 
binds to Bcl-2, it frees Beclin-1, leading to autophagy[28]. 
In addition to losing collaborative proto-oncogenes and 
tumor-suppressor genes during DNA damage, the cells 
expressed several efficient DNA repair systems, such as 
the nucleotide excision repair (NER) pathway, to prevent 
cancer formation[29]. NER can eradicate a broad spectrum 
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of  DNA damage lesions through the action of  a spe-
cific endonuclease enzyme named excision repair cross 
complementary 1 (ERCC1), which functions at the inci-
sion step of  the NER pathway. ERCC1 cleaves damaged 
DNA at upstream sites, leading to DNA re-synthesis and 
ligation to return the damaged DNA to its native state 
and configuration[30]. Therefore, increased or decreased 
levels of  ERCC1 expression should indicate efficiency of  
the DNA repair system. 

In this study, we hypothesized that autophagy is an 
important pathway that plays roles in the outcome of  
cell death or survival in HepG2 cell during cisplatin and 
melatonin chemotherapy. We explored the expression of  
genes and proteins that regulate autophagy processes and 
lead to cell death and also identified the possible mecha-
nism or cross-talk pathways mediated by melatonin and 
cisplatin.

MATERIALS AND METHODS
Cell culture
A HepG2 cell line was purchased from the American 
Type Culture Collection (Rockville, MD, United States). 

The cells were cultured at 37 ℃ in a humidified 5% CO2 

incubator and maintained in DMEM supplemented with 
10% (v/v) fetal bovine serum, 1% (v/v) non-essential 
amino acids, 1% (v/v) sodium pyruvate, and 100 Units/
mL penicillin-streptomycin were purchased from Ther-
mo Fisher Scientific (Waltham, MA, United States). 

Cell viability assay
HepG2 cells were seeded onto 96-well plates (2 × 104 
cells/well) for 24 h and then treated with 0.5-5.0 mmol/L 
melatonin (Merck, Frankfurter , Germany), 2.5-80.0 
µmol/L cisplatin (Sigma Aldrich, St. Louis, MO, United 
States), or the combination of  both for 24 and 48 h. In 
the combination treatment, the selected concentration 
was based on the minimal concentration that induced 
the anti-proliferative effect of  melatonin and the most 
tolerable concentration that induced the cytotoxic effect 
of  cisplatin. Cell viability was measured using an MTT 
colorimetric assay; MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was purchased from Sigma 
Aldrich (St. Louis, MO, United States), a working solu-
tion was added to each well and incubated at 37 ℃ for 2 
h. The optical density of  each well was measured using 
a microplate reader at 570 nm and the reference wave-
length of  690 nm. Cell viability was calculated as the per-
centage of  viable cells in the drug-treated group versus 
the untreated control group. The concentration of  the 
compound that decreased cell viability by 50% cytotoxic 
concentrations (CC50) was calculated. Each experiment 
was performed in triplicate, and each result was presented 
as the mean ± SE.

Measurement of intracellular reactive oxygen species 
production
HepG2 cells were seeded onto 96-well black, flat, clear-
bottom plates (2 × 104 cells/well). After treatment, the 

intracellular levels of  ROS were measured by staining 
the treated and untreated cells with 50 µmol/L 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA) that was 
purchased from Sigma Aldrich (St. Louis, MO, United 
States) after incubation in the dark at 37 ℃ for 30 min. 
The fluorescence intensity was quantified by the relative 
percentage of  untreated cells using a fluorescence micro-
plate reader and used 500 µmol/L H2O2-treated cells as 
the positive control. Each experiment was performed in 
triplicate, and each result was presented as the mean ± SE.

4',6 diamideno-2-phenylindol DNA stain and acridine 
orange lysosome stain
HepG2 cells were seeded onto 24-well plates (2 × 104 
cells/well) for 24 h and then treated with 1 mmol/L 
melatonin, 20 µmol/L cisplatin, or both for 24 and 48 h. 

DNA stain: Treated cells were fixed with cold methanol, 
air dried, and stained with 4’-6-diamidino-2-phenylindole, 
(DAPI) (Boehringer, Ingelheim, Germany) at 37 ℃ for 
30 min. The primary signs of  apoptosis induction, name-
ly, chromatin condensation, fragmented DNA, and/or 
apoptotic body formation, were evaluated under an in-
verted fluorescent microscope.

Acridine orange stain: Treated cells were stained with 
5 µg/ml acridine orange (Sigma Aldrich, St. Louis, MO, 
United States) in serum-free medium at 37 ℃ for 15 min. 
The cells were examined under an inverted fluorescence 
microscope. Positive acidic vacuoles or stained lysosomes 
were observed as orange or red foci in the cytoplasm, and 
DNA bound-acridine orange was detected as a green signal.

Immunocytochemistry
To determine an autophagic event, treated cells grown on 
coverslips were fixed in 4% paraformaldehyde for 5 min, 
permeabilized with methanol, and blocked with 3% bo-
vine serum albumin in phosphate buffer saline (PBS) for 
1 h at room temperature. The cells were then incubated 
with an indicator of  autophagy, an anti-LC3 antibody 
was purchased from Cell Signaling Technology (Danvers, 
MA, United States) and was diluted 1:400 in PBS, over-
night at 4 ℃. After incubation, the cells were washed with 
PBS and incubated with an Alexa Fluor 555-conjugated 
secondary antibody (Cell Signaling Technology, Danvers, 
MA, United States) for 2 h at room temperature, washed 
with PBS, and counter-stained with DAPI. The immuno-
fluorescently labeled cells were visualized under a confo-
cal laser-scanning microscope (Olympus, Tokyo, Japan). 

Semi-quantitative analysis (RT-PCR) of genes controlling 
apoptosis and autophagy 
HepG2 cells were seeded onto 6-well plates (4 × 105 
cells/well). After treatment with 1 mM melatonin, 20 
µmol/L cisplatin, or both for 24 h, total RNA was ex-
tracted with TRI Reagent (Molecular Research Center 
Inc; Cincinnati, OH, United States). cDNAs were syn-
thesized by RevertAid™ M-MuLV Reverse Transcriptase 
and amplified by polymerase chain reaction (PCR) with 

232 April 27, 2014|Volume 6|Issue 4|WJH|www.wjgnet.com

Bennukul K et al . Melatonin reduces cisplatin effect in HepG2 cells



Healthcare, Buckinghamshire, United Kingdom). The 
signal intensities were determined by densitometry us-
ing Image-J software (National Institutes of  Health, 
Bethesda, MD, United States). After stripping off  the 
first probe, each membrane was re-probed with a β-actin 
antibody (Santa Cruz, CA, United States) to confirm the 
equal loading of  protein in each experiment. The lev-
els of  protein expression were presented in relation to 
β-actin.

Flow cytometry analysis of DNA synthesis and cell cycle 
activity
HepG2 cells were seeded onto 6-well plates (4 × 105 
cells/well). After treatment with 1 mmol/L melatonin, 
20 µmol/L cisplatin, or a combination of  both for 24 
h, the cells were trypsinized, centrifuged, washed twice 
with cold PBS, and fixed overnight with 70% ethanol 
at -20 ℃. The cells were resuspended in staining buffer 
containing 50 µg/ml propidium iodide (Merck, Frank-
furter, Germany), 3.8 mmol/L sodium citrate, and 50 
µg/ml RNase A (Sigma Aldrich, St. Louis, MO, United 
States) and incubated in the dark at 37 ℃ for 30 min. The 
stained cell suspensions were processed for flow cytom-
etry analysis to determine the amount of  DNA at differ-
ent phases of  the cell cycle using a FACScanto apparatus 
(BD Pharmingen, San Diego, CA, United States) with the 
loaded software. A total of  30000 cells from each sample 
were collected for evaluation of  each data file.

Statistical analysis
All experiments were performed in triplicate (n = 3). 
Data are presented as the mean ± SE for each group, and 
these were compared for significant differences using a 
one-way analysis of  variance test, followed by a post-hoc 
analysis (Tukey’s multiple comparison test) using Prism 5 
(GraphPad Software Inc; San Diego, CA, United States).

RESULTS
Effect of melatonin and cisplatin on HepG2 cell viability 
As shown in Figure 1, melatonin (concentration 0.5-5 
mmol/L) and cisplatin (concentration 2.5-80 µmol/L) 
reduced the viability of  HepG2 cells in a time-concen-
tration dependent manner. The 50% CC50 of  melatonin 
were 6.25 mmol/L and 3.74 mmol/L and of  cisplatin 
were 38.53 µmol/L and 17.53 µmol/L, at 24 h and 48 h, 
respectively. The concentrations of  melatonin and cispla-
tin used in the combination treatment were selected from 
the minimal anti-proliferative effect of  melatonin, which 
significantly decreased percent cell viability, and the most 
tolerable cytotoxic effect of  cisplatin, which induced cell 
death at a rate below 50%. Therefore, 1 mmol/L mela-
tonin was used in combination with 20 and 30 µmol/L 
cisplatin for 48 h. Melatonin increased the viability of  
HepG2 cells compared with cisplatin treatment alone. 
The combined treatment significantly reduced cell viabil-
ity compared with the control and significantly increased 
cell viability compared with the cisplatin treatment alone 

specific primer pairs, as indicated in Table 1, using a High 
Fidelity PCR kit (Thermo Fisher Scientific, Waltham, 
MA, United States). The PCR cycles were adjusted ac-
cordingly to primer annealing. The PCR products were 
analyzed by 1.5% agarose gel electrophoresis and gel 
staining with ethidium bromide for 30 min. The gels 
were photographed using gel documentation (UVP Bio-
imaging System, United States). The experiments were 
performed in triplicate, and the relative band densities of  
cDNA from the treated cells were compared to the un-
treated cells. 

Western blot analysis of proteins associated with 
apoptosis and autophagy
The treated cells were lysed in RIPA buffer (25 mmol/L 
Tris-HCl pH 7.6, 150 mmol/L NaCl, 1% NP-40, 1% so-
dium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 
and protease inhibitor cocktail were purchased from 
Merck (Frankfurter, Germany) on ice for 30 min. The 
samples were then centrifuged at 24000 g at 4 ℃ for 15 
min. The cell lysates were collected, and the total protein 
concentrations were determined by a BCA assay (Merck, 
Frankfurter, Germany). Equal amounts of  protein (30 
µg) from each sample were separated by 8%-15% SDS-
polyacrylamide gel electrophoresis at 100 V and trans-
ferred onto nitrocellulose membranes (GE Healthcare, 
Buckinghamshire, United Kingdom). The membranes 
were blocked with 3% w/v bovine serum albumin (Sigma 
Aldrich, St. Louis, MO, United States) in Tris-buffered 
saline containing 0.1% Tween-20 for 2 h at room tem-
perature. Then, the membranes were incubated with a 
1:1000 dilution of  primary antibodies against Bax (Santa 
Cruz, CA, United States), p53, phospho-p53, Bcl-2, pro-
caspase3, cleaved-caspase3, p-mTOR, ERCC1, Beclin-1 
or LC3 (Cell Signaling Technology, Danvers, MA, United 
States) overnight at 4 ℃, followed by two extensive wash-
ings with TBST. The membranes were incubated with 
a 1:2000 dilution of  horseradish peroxidase-conjugated 
secondary antibody for 2 h. The specific bands cor-
responding to the investigated proteins were visualized 
using enhanced chemiluminescence (ECL reagents, GE 
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  Genes Function Primers sequence (5'-3') Size 
(bp)

  Bax Pro-
apoptosis

F- AAAGCTAGCGAGTGTCTCAAGCGC 366
R-TCCCGCCACAAAGATGGTCACG 

  Bcl-2 Anti-
apoptosis

F-TTGTGGCCTTCTTTGAGTTCG 332
R-TACTGCTTTAGTGAACCTTTT 

  mTOR Autophagic 
inhibition

F-TCTCATGGGCTTCGGAACAA         
R-GTGAAGGCAGAAGGTCGGAA

318

  ERCC1 DNA repair F-CCCTGGGAATTTGGCGACGTAA       
R-CTCCAGGTACCGCCCAGCTTCC

273

  GAPDH House 
keeping 

F-CATCACCATCTTCCAGGAGC 307
R-CATGAGTCCTTCCACGATACC 

Table 1  Genes of interests and the primer pairs for polymerase 
chain reaction

Bennukul K et al . Melatonin reduces cisplatin effect in HepG2 cells

mTOR: Mammalian target of rapamycin; ERCC1: Excision repair cross 
complementary 1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.



(Figure 2). 

potential mechanisms and pathways of the 
melatonin-mediated attenuation of cisplatin-induced cell 
death 
Anti-ROS production: To determine whether melatonin 
reduced the ROS production due to cisplatin, the bio-
chemical basis of  intracellular ROS was explored using a 
fluorescein-labeled dye, DCFH-DA. The results showed 
significantly increased intracellular ROS in cisplatin-
treated cells. However, the combined treatment with mel-
atonin (1 mmol/L) reduced the intracellular ROS level 
(Figure 3).  

Reduction of  cellular damage and apoptosis forma-
tion: The combined effect of  melatonin and cisplatin 

was evaluated in unstained in HepG2 cells under an in-
verted light microscope (Figure 4A) and in HepG2 cells 
stained with DAPI under a fluorescence microscope 
(Figure 4B). Melatonin treatment resulted in no morpho-
logical changes and the absence of  apoptotic nuclei. Cis-
platin treatment induced intense morphological changes, 
with cell shrinkage and typical apoptotic nuclear features, 
such as nuclear condensation and apoptotic bodies. The 
combined melatonin and cisplatin treatment revealed 
unchanged cell morphology and a reduction of  apoptotic 
bodies.

Regulation of  apoptosis vs  anti-apoptosis genes and 
protein expression: To determine apoptotic events in 
cells, the expression of  the genes and proteins involved in 
apoptosis were analyzed. As shown in Figure 5, Western 
blotting results indicated that melatonin (1 mmol/L) had 
no significant effect on proteins associated with apoptosis 
(p53, p-p53, pro-caspase3 and cleaved-caspase3), whereas 
cisplatin significantly increased p53 and p-p53 levels. 
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Gene and protein expression analyses of  pro-apoptosis 
Bax and anti-apoptosis Bcl-2 levels revealed slight de-
creases in the Bax/Bcl-2 ratio with melatonin treatment 
while resulting in a significantly increased Bax/Bcl-2 ratio 
with cisplatin treatment. In the combined treatment, mel-
atonin significantly ameliorated the pro-apoptotic effects 
of  cisplatin. 

Cell cycle regulation: To determine the effects of  the 
treatments on HepG2 cell cycle control, DNA accumula-
tion was measured by flow cytometry at different phases 
of  the cell cycle. The phases of  cell cycle arrest were 
determined at G0/G1 by melatonin and at subG0, G0/G1, 
and S by cisplatin. In the combined treatment, melatonin 
reduced cisplatin cell cycle arrest at the subG0 through 
G0/G1 phases but significantly increased cell cycle arrest 
at the S phase (Figure 6). 

Autophagy regulation: The combined effect of  mela-
tonin and cisplatin in HepG2-treated cells was evalu-
ated for lysosomal staining with acridine orange dye and 
observation under an inverted microscope to measure 
fluorescence. Both melatonin and cisplatin caused slight 
increases in the acidic lysosomal compartments; an in-
crease in acridine orange intensity was highly apparent 
in the combined treatment (Figure 7A). In the immuno-
fluorescence assay with the anti-LC3 antibody, melatonin 
and cisplatin treatment alone induced minor autophagy 
events in HepG2 cells compared with the control. How-
ever, the combination of  melatonin and cisplatin treat-
ment significantly enhanced autophagy, as indicated by 
the fluorescence intensity of  LC3 scattered throughout 
the cytoplasm (Figure 7B). 

Alteration of  autophagy regulators and the DNA re-
pair system: To explore the potential pathways of  mela-

tonin and cisplatin effects on autophagy regulation and 
DNA repair process in HepG2-treated cells, the relation-
ship between the proteins Beclin-1, mTOR and ERCC1 
were analyzed. Melatonin (0.5 and 1 mmol/L) increased 
Beclin-1, p-mTOR, and ERCC1 in a concentration-de-
pendent manner (Figure 8). Conversely, cisplatin (10 and 
20 µmol/L) decreased Beclin-1, p-mTOR, and ERCC1 
in a concentration-dependent manner. At the selected 
concentrations (1 mmol/L melatonin and 20 µmol/L 
cisplatin), melatonin significantly increased p-mTOR and 
ERCC1 from the basal levels, whereas cisplatin decreased 
Beclin-1 and increased p-mTOR and ERCC1 from the 
basal levels.  

Evaluation of  the autophagy process in melatonin- 
and cisplatin-treated HepG2 cells showed changes in Be-
clin-1 (an initiator of  autophagy) and LC3-Ⅱ (a mature 
marker of  autophagy). Melatonin (1 mmol/L) treatment 
alone slightly increased both Beclin-1 and LC3-Ⅱ, but 
cisplatin (20 µmol/L) treatment alone decreased Beclin-1 
and slightly increased LC3-Ⅱ (Figure 9). The combined 
treatment showed that melatonin prevented cisplatin 
from affecting the level of  Beclin-1 but significantly in-
creased the effect of  cisplatin on the LC3-Ⅱ level. 

The analysis of  mTOR and ERCC1 mRNA and pro-
tein expression in the treated HepG2 cells revealed that 
melatonin (1 mmol/L) or cisplatin (20 µmol/L) treat-
ment alone significantly increased p-mTOR and ERCC1 
from the basal levels. However, the combined treat-
ment resulted in the suppression of  both p-mTOR and 
ERCC1 compared with the basal cellular levels (Figure 
10). (see a schematic overview of  the results in Figure 11)

DISCUSSION
Cisplatin chemotherapy has been used to kill several solid 
cancer cells with satisfactory results. However, due to 
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Figure 4  Histological changes. Hepatocellular carcinoma cells were treated with melatonin (1 mmol/L) and/or cisplatin (20 µmol/L) for 48 h. The cells were stained 
with DAPI for fragmented DNA (apoptotic bodies) and observed under an inverted microscope. A: Morphological changes showing vacuoles in the cytoplasm of cis-
platin-treated cells (scale bar = 50 µm); B: DAPI staining showing nuclear condensation and apoptotic bodies (white arrows) in cisplatin-treated cells. The combined 
treatment showed less apoptotic effects (scale bar = 100 µm).

Control Mel 1 mmol/L Cis 20 µmol/L  Mel + Cis50 µm 50 µm 50 µm 50 µm

100 µm 100 µm 100 µm 100 µmControl Mel 1 mmol/L Cis 20 µmol/L  Mel + Cis
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Figure 5  Reverse transcription-polymerase chain reaction and Western blot analyses of apoptosis regulators in treated hepatocellular carcinoma cells. Melato-
nin had minor effects on all apoptosis markers, whereas cisplatin significantly increased apoptosis via the activation of p53 and caspase3 and the Bax/Bcl-2 ratio. Melatonin 
reduced cisplatin effects in the combined treatment. (aP < 0.05, cP < 0.001 compared with the control group, dP < 0.05, eP < 0.01 compared with the cisplatin-treated group).
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its efficient cytotoxic effects, cisplatin produces adverse 
drug effects and chemo-resistance. Therefore, adjuvant 

therapy with melatonin has been proposed, and extensive 
studies were performed, with variable outcomes[22]. In the 
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Figure 7  Autophagic detection by acridine orange staining and immunofluorescence. Hepatocellular carcinoma (HepG2) cells were treated with 1 mmol/L 
melatonin and/or 20 µmol/L cisplatin for 24 h and evaluated for autophagy formation. The experiments were performed in triplicate, and representative micrographs 
are shown. A: Acridine orange staining showed lysosomal (red or orange) staining in the cells of all treatments. The increased acidic lysosomes in the combination 
treatment suggests potential lysosomal activation (scale bar = 20 µm); B: Confocal immunofluorescence micrographs of representative treated-HepG2 cells immuno-
labeled with the anti-LC3 antibody (scale bar = 10 µm). Melatonin and cisplatin treatment alone induced some fluorescent immunoreactivity in the cytoplasm, but the 
combined treatment induced intense immunoreactivity.
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present study, we set out to determine whether melatonin 
could mediate a protective effect against cisplatin-induced 
apoptosis using HepG2 cells and attempted to identify 
the potential molecular pathways of  melatonin action. 

The results demonstrated that the overall effect of  this 
adjuvant in chemotherapy depends on a number of  mela-
tonin effects on cells. When melatonin was combined 
with cisplatin in the HepG2 cell line, the expression of  
the apoptosis mediators phosphorylated p53, cleaved cas-
pase 3, and Bax decreased, whereas anti-apoptotic Bcl-2 
increased. These biochemical results correlated well with 
decreases in the intracellular ROS level and the recov-
ery of  cell morphology. The results indicated the anti-

oxidative stress property of  melatonin, which directly 
scavenges reactive oxygen species induced by cisplatin 
anticancer drugs[31,32], thus reducing adverse cisplatin drug 
effects in hepatocytes.

In addition to the extended results from the alteration 
of  the anti-apoptotic Bcl-2 level, we found that melato-
nin decreased the expression ratio of  Bax/Bcl-2, which 
was affected by cisplatin. Thus, an apoptosis event in the 
combined treatment was switched to cell survival. The ex-
pression of  p53 protein was also subjected to a switch by 
the melatonin and cisplatin combination, suggesting a di-
rect effect of  both on the cell cycle. The pro-death effect 
of  cisplatin, which was mostly mediated by p53, indicated 
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that the cell cycle specificity of  cisplatin in HepG2 cells affected G0/G1 phase. In the combined treatment, the cell 
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cycle arrest was changed to the S and G2/M phases. There-
fore, melatonin must have increased the cisplatin effect on 
cell cycle arrest through inhibition at the S (DNA synthe-
sis) and M (mitosis) phases. These are considered the most 
anti-proliferative (oncostatic) effects of  melatonin. How-
ever, the cell cycle arrest by melatonin in the treated cells 
could also be mediated by other cell cycle control proteins, 
such as the calcium/calmodulin pathway[33] and autophagy 
regulation pathway. Both pathways are related to the anti-
proliferation of  cells and pro-survival. 

In our study, DNA damage may have been induced 
in HepG2 cells by the cisplatin genotoxic chemical and 
ROS by-products of  cell metabolism[34]. The subsequent 
response reactions include the activation of  a DNA 
damage checkpoint, which arrests cell cycle progression 
and leads to apoptosis[35]. We demonstrated that there 
was a survival switch from cisplatin-induced apoptosis 
to autophagy in the combination treatment with mela-
tonin. The indicators included acridine orange staining, 
an immunohistochemistry assay for autophagy, and the 
measurement of  mRNA and proteins associated with 
autophagy [i.e., mTOR, Beclin-1, and chain3-Ⅱ (LC3-
Ⅱ)]. Compared with cisplatin treatment alone, the com-
bination treatment showed a high intensity of  positive 
fluorescence staining in the lysosomal compartment of  
the cell, suggesting increased autophagy activity. Cisplatin 
acted on p53 and Bcl-2 to induce apoptosis, but in the 
combined treatment, Bcl-2 was decreased to an extent 
lower than the basal level. This could occur through re-
duced binding between the Bcl-2/Bcl-xL complex and 
Beclin-1, followed by a release of  Beclin-1 to initiate au-
tophagy formation. Thus, the combined treatment could 
change apoptosis to autophagy.

The basal levels of  Beclin-1 and mTOR, major 
regulators of  autophagy, were evaluated in HepG2 
cells. Cisplatin treatment alone up-regulated mTOR and 
down-regulated Beclin-1 expression compared with the 
basal levels, thus decreasing autophagy and promoting 
the apoptosis pathway. Melatonin treatment alone up-
regulated both mTOR and Beclin-1 expression compared 
with the basal levels, and this up-regulation by melatonin 
played a significant role in the survival of  HepG2 cells. 

In the combined treatment, melatonin caused autophagy 
through the final formation of  the autophagosome and 
was shown by an increased microtubule-associated pro-
tein-light LC3-Ⅱ level via the up-regulation of  p-mTOR 
and Beclin-1. This changed the apoptotic signal caused by 
cisplatin. Overall, melatonin attenuated cisplatin-induced 
HepG2 cell death by inducing an autophagy survival sig-
nal[36]. 

A novel autophagy regulation mediated by mela-
tonin was identified in this study. Both melatonin and 
cisplatin exhibited concentration-dependent effects 
on mTOR, Beclin-1, and DNA ERCC1. ERCC1 is a 
marker of  DNA repair, whereby ERCC1 is the rate-
limiting enzyme in the NER system, a pathway known to 
remove cisplatin lesions from DNA[37]. The analysis of  
protein expression in this study revealed that increases 
in ERCC1 from the basal levels in HepG2 cells by each 

treatment were associated with an increase in mTOR ex-
pression, suggesting a tight relationship between DNA 
repair and autophagy. We also found that both mTOR 
and ERCC1 were significantly decreased by melatonin 
induction in the co-treatment group compared with 
the cisplatin-treated group. However, the only slight 
reduction in ERCC1 in our assay using rapamycin as an 
inhibitor of  mTOR demonstrated that the melatonin 
effect on ERCC1 was not directly to the mTOR activa-
tion pathway (data not included). Therefore, melatonin 
reduced cisplatin-induced DNA damage, resulting in de-
creased activation of  the DNA repair capacity and might 
be involved in transcriptional regulation or an epigenetic 
mechanism. As previously shown, p-p53 is a transcrip-
tion factor for apoptotic gene expression and also plays 
a role in DNA repair via the subsequent up-regulation 
of  genes in the NER pathway[38-40]. AP-1 is a transcrip-
tion factor for autophagy and ERCC1 regulation in 
DNA damage pathways[41]. In the combined treatment, 
melatonin and cisplatin may encounter transcription 
inactivation. That is, after cisplatin treatment, DNA 
damage occurs, and ERCC1 is induced. An increased 
level and activation of  mTOR induced by melatonin 
counter-balances the role of  p-p53 in the DNA damage 
and repair process induced by cisplatin. This finding is 
the first report that melatonin can activate ERCC1 in a 
concentration-dependent manner.

Interestingly, significant decreases in both mTOR and 
ERCC1 compared with the basal levels were identified in 
the combined treatment, suggesting a positive response 
of  the cells. The expression level of  ERCC1 has been 
previously suggested to be a prognostic marker of  can-
cers, and ERCC1 over-expression has been associated 
with to cisplatin resistance[42]. In our research, ERCC1 
decreased compared with the cisplatin-treated group, in-
dicating an improvement in cancer prognosis. 

In conclusion, melatonin exerted an oncostatic effect 
on cisplatin-treated hepatocellular carcinoma cells via a 
counter-balance between the roles of  apoptosis-related 
p53 and Bcl-2 and autophagy proteins. The alteration of  
Beclin-1, mTOR, and ERCC1 levels determined the pro-
death and pro-survival effects of  treatment in this cancer 
cell line. Therefore, during cisplatin treatment of  hepato-
cellular carcinoma, the administration of  a high dose of  
melatonin as an adjuvant in cancer therapy should ame-
liorate the adverse effects of  cisplatin.
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the limitation of drugs for treatment. Frequently, chemotherapy with platinum-
based cisplatin is provided during the late stage of the disease. This drug 
causes excessive side effects and sometimes induces cancer drug resistance. 

Research frontiers
Melatonin is a hormone produced in our body to maintain several normal physi-
ological functions, which may be altered during the course of cancer. To reduce 
cisplatin side effects and still maintain the drug’s efficacy, we treated human he-
patocellular carcinoma (HepG2) cells with cisplatin and a high concentration of 
melatonin. The results showed that melatonin could reduce the oxidative stress 
effects of cisplatin by altering the stages of cell cycle arrest and apoptosis me-
diators such as p53. Melatonin switched cisplatin-induced apoptosis in HepG2 
cell to autophagy-induced survival via Bcl-2, Beclin-1 and mTOR. In addition, 
melatonin reduced cisplatin-induced DNA damage by decreasing the activation 
of excision repair cross complementary-1 (ERCC1) in the DNA repair system. 

Innovations and breakthroughs
Melatonin can activate DNA ERCC1 in a concentration-dependent manner. An 
analysis of protein expression in this study revealed that increases in ERCC1 
from the basal levels in HepG2 cells by each treatment were associated with 
an increase in mTOR expression, suggesting a tight relationship between DNA 
repair and autophagy. In the combined treatment, melatonin and cisplatin may 
result in transcriptional inactivation between mTOR and ERCC1.
Applications
During cisplatin treatment of hepatocellular carcinoma, the administration of 
melatonin as an adjuvant in cancer therapy should ameliorate the adverse cis-
platin effects while maintaining the drug’s efficacy. 

Terminology
ERCC1 is the rate-limiting endonuclease in the nucleotide excision repair 
(NER) pathway, which is the major pathway for removing cisplatin from the DNA 
strand. ERCC1 is a good predictive biomarker for cancer treatment with cisplatin. 
ERCC1-negative tumor patients were associated with a higher survival rate than 
ERCC1-positive tumor patients treated with adjuvant platinum-based regimens. 
Peer review
This study has a good structure and is easy to read despite many abbrevia-
tions, even for inexperienced readers in this field. It is a very important and up-
to-date subject. The work is interesting, technically correct, and well written and 
describes an important role for melatonin as an adjuvant to cisplatin, a therapy 
known to cause severe toxicity in the body. The studies were well-designed, 
clearly presented, highly mechanistic, and demonstrated novel pathways regu-
lated by melatonin to improve health outcomes associated with hepatic cancer 
and cisplatin-induced hepatotoxicity. This study will open up new research ar-
eas in this field. The authors used myriad techniques and approaches to tackle 
this deadly disease.
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