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Melatonin protects MG63 osteoblast-like cells from
hydrogen peroxide-induced cytotoxicity by
maintaining mitochondrial function
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Abstract. Osteoporosis is a bone disease that has been
connected with reactive oxygen species (ROS)-induced cyto-
toxicity. Mitochondrial dysfunction may be involved in the
mechanism underlying ROS-induced cytotoxicity. It has been
demonstrated that melatonin may exert cytoprotective effects
by improving mitochondrial energetics and functions in several
models of oxidative damage. In the present study, the MG63
osteoblast-like cell line was exposed to different concentrations
of hydrogen peroxide (H,O,; 0, 100, 200, 400 or 800 M) for
8 h, and 200 or 400 uM H,O, for various periods of time (0.5,
4, 8 or 12 h). Results showed that H,O, significantly reduced
cell viability, increased the release of lactate dehydrogenase,
increased the levels of ROS and malondialdehyde, reduced
the concentration of adenosine-5'-triphosphate, disrupted the
mitochondrial membrane potential (AWm) and decreased the
mitochondrial DNA copy number in MG63 cells. However,
pretreatment with melatonin effectively decreased all of these
H,0,-induced changes in cytotoxicity and mitochondrial
dysfunction in MG63 cells. The protective effects of melatonin
may be attributed to its ability to maintain mitochondrial func-
tion in H,O,-treated cells. This study suggests that melatonin is
a potential pharmacological agent for preventing ROS-induced
bone loss in diseases such as osteoporosis.

Introduction

Osteoporosis is a systemic skeletal disease characterized
by low bone mineral density and micro-architectural
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deterioration of bone, leading to increased bone fragility and
susceptibility to fractures (1). The clinical complications of
osteoporosis include pain, fractures and disability. Recently,
osteoporosis has become a predominant public health
problem in elderly individuals, particularly in postmeno-
pausal females (2). Reactive oxygen species (ROS) such as
superoxide anions, hydroxyl radicals and hydrogen peroxide
(H,0,) lead to severe damage to DNA, protein and lipids.
Therefore, ROS is a predominant cause of cell damage and
death in numerous pathological conditions (3). Furthermore,
it has been demonstrated that ROS-induced bone cell cyto-
toxicity is critical in the development of osteoporosis (4).
Under normal physiological and pathological conditions, the
mitochondria are the predominant producers of ROS, such as
hydrogen peroxide, hydroxyl radicals, superoxide radicals and
singlet oxygen (5). Additionally, the mitochondria are the key
targets of ROS-mediated damage (6). It has been shown that
mitochondrial dysfunction is involved in ROS-induced bone
cell cytotoxicity (2,7). Therefore, it is plausible that therapeutic
strategies which aim to prevent or delay ROS-induced bone
cell cytotoxicity by maintaining mitochondrial function may
be suitable for the prevention or treatment of bone loss-related
disorders.

Melatonin is an indoleamine primarily secreted by the
pineal gland and is also synthesized in other organs, such as
the skin (8), gastrointestinal tract (9), thymus (10), retina (11)
and bone marrow (12). Melatonin is involved in the regula-
tion of several physiological processes such as sleep-wake
rhythms (13,14), regulation of the circadian cycle (15,16),
seasonal control of reproductive processes (17) and immune
processes (18). In addition to these physiological actions,
melatonin is a potent scavenger of ROS, such as the carbonate
radical (19), which is presumed to be involved in mitochon-
drial damage (20). Furthermore, melatonin easily enters the
mitochondria and exerts a direct beneficial effect on the
maintenance of mitochondrial homeostasis (21). It has also
been demonstrated that melatonin stabilizes the mitochon-
drial inner membrane, improves electron transport chain
activity, increases ATP synthesis and protects mitochondrial
DNA from oxidative damage (22-25). Based on the mito-
chondrial dysfunction observed during ROS-induced bone
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cell cytotoxicity and the beneficial effects of melatonin on
the mitochondria, melatonin may be a useful molecule for
preventing or treating diseases related to bone loss.

The aim of the present study was to investigate the
potential efficacy of melatonin in the protection against
ROS-induced bone cell cytotoxicity. To address this issue,
the MG63 osteoblastic cell line was exposed to different
concentrations of H,O,. As expected, melatonin pretreatment
successfully attenuated H,O,-induced cytotoxicity in MG63
cells. The protective effects of melatonin were correlated
with its ability to reduce oxidative damage, increase ATP
production, maintain the mitochondrial membrane potential
and preserve mitochondrial DNA content in H,O,-treated
cells. This study suggests that melatonin effectively protects
against H,0O,-induced cytotoxicity in MG63 osteoblastic cells
by maintaining mitochondrial function.

Materials and methods

Chemicals. H,O, was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Melatonin was obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). The cell lysis buffer and
bicinchoninic acid (BCA) protein assay kit were purchased
from Beyotime (Shanghai, China).

Cell culture and treatments. MG63 osteoblast-like cells
(American Type Culture Collection, Manassas, VA, USA)
were cultured in Dulbecco's modified Eagle's medium
(DMEM; Hyclone, Logan, UT, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS; HyClone)
and 80 ug/ml penicillin/streptomycin (Sigma-Aldrich) in
a 5% CO,-humidified atmosphere at 37°C. To estimate the
toxicity of H,0,, MG63 cells were seeded at a density of
1x10* cells/well in 96-well plates, cultured overnight and
then exposed to various concentrations of H,0O, (0, 200, 400
or 800 uM) for 8 h, or exposed to 200 or 400 M H,0, for
different periods of time (0.5, 4, 8 and 12 h). In other assays
unless otherwise stated, the cells were seeded at a density of
2x10°/well in 6-well plates, cultured overnight, pretreated with
melatonin (1 mM) for 2 h and then exposed to H,0, (200 or
400 M) for 8 h.

Measurement of cell viability and lactate dehydrogenase
(LDH) release. The viability of MG63 cells was assessed
using the Cell Counting kit-8 (CCK-8; Dojindo, Kumamoto,
Japan) according to the manufacturer's instructions. Following
treatment with H,O,, the cells were cultured in 100 ul fresh
growth medium supplemented with 10 ul CCK-8-solution
for 2 h at 37°C and the absorption values were measured at
450 nm using a microplate reader. Cell viability was expressed
as a percentage of untreated control cells (set at 100%). All the
experiments were performed in triplicate and were repeated
three times.

LDH release was measured using the Cytotoxicity Detection
kit (Roche, Mannheim, Germany) according to the manufac-
turer's instructions. The cells were pretreated with melatonin
and exposed to H,0, in a low-serum (1% FBS) medium, in
order to minimize the effects of LDH in the serum. Following
treatment, cell-free culture supernatants were collected and
incubated with LDH assay solution at 25°C for 30 min. The
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optical density values were analyzed at 490 nm by subtracting
the reference value at 620 nm. The experiment was repeated
three times and the results were expressed as a percentage of
the maximum LDH release, obtained by lysing the cells in 1%
Triton X-100.

Measurement of ROS and MDA levels.Intracellular ROS gener-
ation was detected by flow cytometry (BD FACSCanto II; BD
Biosciences, Mississauga, ON, Canada) using 2',7'-dichloro-
fluoresceindiacetate (DCFH-DA; Beyotime, Shanghai, China).
Subsequent to the indicated treatments, the cells were trypsin-
ized, centrifuged and washed with fresh preheated DMEM to
remove any H,O, remaining at the end of the exposure time.
The cells were then resuspended in preheated serum-free
medium supplemented with DCFH-DA and incubated at 37°C
for 20 min. Following three washes with PBS, the fluorescence
intensity of the cells in each group was measured by flow
cytometry. The level of ROS is expressed as the mean of the
DCF fluorescence intensity in each group. The experiment was
performed in triplicate and repeated three times.
Intracellular malondialdehyde (MDA) levels were
measured using a Lipid Peroxidation MDA assay kit
(Beyotime) according to the manufacturer's instructions.
Following H,O, treatment, the cells were collected, lysed with
cell lysis buffer and centrifuged. The supernatants were reacted
with thiobarbituric acid (TBA) and the absorption values of
the reaction products were measured with a microplate reader
(Varioskan™ Flash 3001; Thermo Scientific, Waltham, MA,
USA) at 535 nm. The protein concentration was measured by
the Bradford Protein assay. The experiment was repeated three
times and the MDA levels were expressed as nmol/mg protein.

Measurement of ATP content. The ATP determination kit
(Beyotime, Nanjing, China) was used to determine the ATP
content. Following the termination of the treatment period, the
cells were incubated with cell lysis buffer and centrifuged. The
supernatants (10 ul) were mixed with reaction buffer (100 ul)
and measured using a luminometer (Turner Designs Inc.,
Sunnyvale, CA, USA) and the experiments were repeated four
times. The cellular ATP content was determined from an ATP
standard curve and the results were expressed as a percentage,
assuming that the ATP content of untreated control cells was
100%.

Measurement of mitochondrial membrane potential. The
mitochondrial membrane potential (AWm) of MG63 cells was
determined by the fluorescent, lipophilic and cationic probe,
JC-1, according to the manufacturer's instructions. Briefly, the
cells were seeded at a density of 1x10* cells/well in 96-well
plates. Subsequent to the indicated treatments, the cells
were incubated with 1X JC-1 in growth medium at 37°C for
20 min and then rinsed twice with JC-1 washing buffer. The
green fluorescence intensities from the JC-1 monomer (with a
530-nm excitation) and the red fluorescence intensities from
the aggregated form of JC-1 (with a 590-nm emission) in the
cells were measured by spectrofluorometry (FACSCalibur;
Becton-Dickinson, Franklin Lakes, NJ, USA). The AWYm of
MGH63 cells in each group was calculated as the fluorescence
ratio of red to green. The experiment was repeated at least
three times.
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Figure 1. Protective effect of melatonin against hydrogen peroxide (H,0,)-induced cytotoxicity. (A) Cell viability and (D) lactate dehydrogenase (LDH) release
in MG63 cells cultured in the absence or presence of H,O, (100, 200, 400 or 800 M) for 8 h. Time course analyses of (B) cell viability and (E) LDH release
for MG63 cells cultured with H,0O, (200 or 400 uM) for 0.5, 4, 8 or 12 h. (C) Cell viability and (F) LDH release of MG63 cells pretreated with melatonin
(1 mM) for 2 h and exposed to H,0, (200 or 400 zM) for 8 h. Values are presented as the mean + SD of three independent experiments; “P<0.05 and “P<0.01
vs. sham-exposed control group; “P<0.05 and "P<0.01 vs. groups treated with H,O, at the same concentration.

Measurement of mitochondrial DNA (mtDNA) copy
number. qPCR was used to determine the mtDNA copy
number, and was conducted using the Mx3000p Real-Time
PCR detection system (Stratagen Inc., La Jolla, CA, USA)
with the SYBR-Green I detection method. Total DNA was
extracted from the treated cells using a DNA extract kit
(Omega Bio-Tek, Norcross, GA, USA). The mtDNA copy
number was expressed relative to the nuclear DNA copy
number. Two different segments of mtDNA were ampli-
fied: cytochrome coxidase subunit I (COX I), encoded by
the heavy chain of mtDNA, and NADH dehydrogenase
subunit 6 (ND6), encoded by the light chain of mtDNA.
The nuclear amplicon was generated by amplification of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
which was chosen as an internal standard. The primers for
mtDNA were: Sense: 5'-CATCGGGGTAGTCCGAGTAA-3'
and antisense: 5'-ACGTTGTAGCCCACTTCCAC-3' for
COXI, sense: 5S"TGATTGTTAGCGGTGTGGTC-3" and anti-
sense: 5'-CCACAGCACCAATCCTACCT-3' for ND6; and
sense: 5-"TCAGTGGTGGACCTGACCTG-3' and antisense:
5'"TGCTGTAGCCAAATTCGTTG-3' for GAPDH. Each
measurement was performed in triplicate, repeated at least
three times and normalized against control cells.

Statistical analysis. Experimental data are presented as the
mean = SD. Each experiment was repeated at least three
times. Differences between two groups were analyzed using
the Student's t-test. Multiple comparisons were analyzed by
analysis of variance and Tukey's post hoc tests. P<0.05 was
considered to indicate a statistically significant difference.
Images are representative of three or more experiments.

Results

Melatonin reduces the cytotoxicity of H,O, in MG63 cells. The
cytotoxicity of H,O, in MG63 cells was analyzed by assaying
cell viability and measuring LDH release. The viability of MG63
cells exposed to H,0O, was reduced significantly in a dose- and
time-dependent manner (Fig. 1A and B). Additionally, H,0,
treatment resulted in a dose- and time-dependent increase in
LDH release by MG63 cells (Fig. 1D and E). H,0, (200 and
400 uM) induced significant toxicity in MG63 cells after 8 h
of treatment; therefore, these treatment conditions were used
for subsequent experiments. Melatonin pretreatment (1 mM)
significantly prevented the loss of cell viability and reduced
LDH release in H,0,-treated MG63 cells (Fig. 1C and F),
demonstrating that melatonin protected against the cytotoxic
effects of H,0, in MG63 cells.

Melatonin ameliorates H,0,-mediated oxidative stress
in MG63 cells. The levels of intracellular ROS in MG63
cells following H,0O, treatment were measured by flow
cytometry using the fluorescent probe DCFH-DA. ROS
generation increased significantly in MG63 cells exposed to
H,0, (Fig. 2A and B). Furthermore, to investigate the effects of
H,0, on oxidative damage, the intracellular levels of MDA (a
marker of lipid peroxidation) were measured. The concentra-
tion of MDA increased from 1.49 nmol/mg protein in untreated
control cells to 2.78 and 3.54 nmol/mg protein in 200 and
400 uM H,0,-treated cells, respectively (Fig. 2C). However,
melatonin pretreatment (1 mM) successfully attenuated the
H,0,-induced increases in ROS release and intracellular MDA
levels in MG63 cells (Fig. 2).
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Figure 2. Effects of melatonin on reactive oxygen species (ROS) generation
and lipid oxidation in hydrogen peroxide (H,O,)-treated cells. Following
pretreatment with melatonin (1 mM) for 2 h, the cells were treated with
H,0, (200 or 400 uM) for 8 h. The treated cells were washed with fresh
preheated Dulbecco's modified Eagle's medium to remove any remaining
H,0, at the end of the exposure time. Subsequent to this the levels of intra-
cellular ROS in different groups of cells were measured by flow cytometry
with 2'7'-dichlorofluoresceindiacetate (DCFH-DA). (A) Representative flow
cytometric images of intracellular ROS levels. (B) Quantitative analysis of
ROS, the level of intracellular ROS is expressed as the mean of DCF fluores-
cence intensity. (C) Cellular malondialdehyde (MDA) levels were measured
using the thiobarbituric acid method and the levels of MDA were expressed
as nmol/mg protein. Values are presented as the mean + SD of three inde-
pendent experiments. ‘P<0.05 and "P<0.01 vs. sham-exposed control group;
"P<0.05 and "P<0.01 vs. groups treated with H,O, at the same concentration.

Melatonin maintains the ATP content in MG63 cells exposed
to H,0,. The protective effects of melatonin on respiratory
function were evaluated by measuring the ATP concentra-
tions in MG63 cells exposed to H,O, following pretreatment
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Figure 3. Effects of melatonin on the adenosine-5'-triphosphate (ATP)
content in hydrogen peroxide (H,O,)-treated cells. Following pretreatment
with melatonin (1 mM) for 2 h, cells were treated with H,0, (200 or 400 xM)
for 8 h. ATP concentrations were determined using an ATP determination kit
and expressed as a percentage of the sham-exposed control group. Values are
presented as the mean + SD of three independent experiments; “P<0.01 vs.
sham-exposed control group and “P<0.01 vs. groups treated with the same
concentration of H,0,.
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Figure 4. Effects of melatonin on the mitochondrial membrane potential in
hydrogen peroxide (H,0,)-treated cells. Following pretreatment with mela-
tonin (1 mM) for 2 h, cells were exposed to H,0, (200 and 400 M) for 8 h.
The mitochondrial membrane potential of the cells was detected by using the
fluorescent, lipophilic and cationic probe, JC-1. The mitochondrial membrane
potential of MG63 cells in each group was calculated as the fluorescence ratio
of red to green. The values are expressed as a percentage of the sham-exposed
control group and are presented as the mean + SD for three independent
experiments. "P<0.05 and “P<0.01 vs. sham-exposed control group; “P<0.05
and "P<0.01 vs. groups treated with H,O, at the same concentration.

with melatonin. Compared with the untreated control group,
the ATP concentrations were significantly reduced in the
H,O,-treated groups (all P<0.05). However, pretreatment with
melatonin maintained the ATP content in MG63 cells exposed
to H,0, (Fig. 3).

Melatonin prevents the loss of mitochondrial membrane
potential in MG63 cells exposed to H,O,. To analyze whether
the inhibition of mitochondrial disruption is a mechanism
underlying the protective effects of melatonin, the fluores-
cence probe JC-1 was used to estimate the mitochondrial
membrane potential (A¥Ym), which is a sensitive indicator of
the mitochondrial integrity and bioenergetic function. As a
result, it was demonstrated that exposure to 200 and 400 yuM
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Figure 5. Effects of melatonin on mitochondrial DNA (mtDNA) copy numbers in hydrogen peroxide (H,O,)-treated cells. Following pretreatment with melatonin
(I mM) for 2 h, cells were treated with H,O, (200 or 400 xM) for 8 h. mtDNA copy number was measured by gPCR. Two specific fragments of mtDNA were
amplified: (A) cytochrome coxidase subunit I (COX I) and (B) NADH dehydrogenase subunit 6 (ND6). The levels of mtDNA were normalized to the internal
control nuclear gene, glyceraldehyde 3-phosphate dehydrogenase. The values are expressed as a percentage of the sham-exposed control group and are presented
as the mean = SD for three independent experiments. “P<0.05 and “P<0.01 vs. sham-exposed control group; “P<0.05 and “P<0.01 vs. groups treated with H,0,

at the same concentration.

H,0, for 8 h, respectively, yielded marked decreases of the
red/green fluorescence ratio, to 71 and 59% of the control in
the H,O,-treated MG63 cells, indicating that H,0, induced
depolarization of AWm. By contrast, pretreatment of mela-
tonin largely reversed the depolarization of A¥m induced by
H,0, (Fig. 4).

Melatonin attenuates the reduction in mtDNA copy number in
MGO63 cells exposed to H,0,. To determine whether melatonin
attenuates the reduction in mtDNA copy number observed in
MG63 cells exposed to H,0,, two mitochondrial gene frag-
ments, the COX I gene (representative of the mitochondrial
heavy chain) and ND6 gene (representative of the mitochon-
drial light chain) were analyzed by qPCR. As shown in Fig. 5,
H,0, treatment significantly reduced the mtDNA copy number
in MGG63 cells; however, this reduction in mtDNA copy number
was efficiently attenuated by pretreatment with melatonin.

Discussion

Osteoporosis is a bone disease that leads to an increased risk of
fractures (1) and which has been recognized as a major threat
to public health (2). It has been demonstrated that ROS-induced
bone cell cytotoxicity is critical in the development of osteo-
porosis (4). Identification of an agent that protects bone cells
from ROS-induced cytotoxicity may be a beneficial strategy
in the prevention of osteoporosis. In the present study, it was
demonstrated that H,O, was cytotoxic to MG63 cells, as H,0,
reduced cell viability and increased LDH release in a dose- and
time-dependent manner, within the range of concentrations
used. We investigated whether 1 mM melatonin prevented
H,0O,-induced toxicity, as melatonin exerts a protective effect
against oxidative damage (26-28). As expected, melatonin
pretreatment effectively prevented H,O,-induced cytotoxicity.
Melatonin has been proposed to exert protective benefits by
improving mitochondrial energetics and function (22-25).
Therefore, melatonin may protect against H,0,-induced cyto-
toxicity by maintaining mitochondrial function.

ROS accumulation due to improper electron transport in
the mitochondrial respiratory chain results in oxidative damage

to biomacromolecules, including mitochondrial proteins and
DNA, leading to lipid peroxidation, oxidation of amino acid
residues and formation of protein-protein cross-links (29).
These processes are important in the etiology of pathological
conditions including osteoporosis (3). The ability of melatonin
to protect against H,O,-induced intracellular oxygen species
generation and oxidative damage in MGG63 cells was also
investigated. Following H,O, treatment, the levels of intracel-
lular ROS and lipid peroxidation (malondialdehyde, MDA)
increased in MG63 osteoblastic cells. However, pretreatment
with melatonin reduced H,O,-induced ROS generation and
oxidative damage in MG63 cells. Melatonin directly increases
the activity of complex I and IV of the electron transfer
chain (30), which prevents ROS production and secondary
oxidative damage. Additionally, melatonin induces the
expression of genes encoded by mtDNA, which is essential
for maintaining the activity of the respiratory chain (31).
These results indicate that melatonin may act on respiratory
chain complexes to promote mitochondrial homeostasis in
H,0,-treated MG63 cells.

The beneficial effects of melatonin on mitochondrial
function in H,0,-treated cells were demonstrated by the
following results. Melatonin pretreatment prevented the
reduction in ATP content induced by H,O,. Melatonin also
directly increased the activity of complex I and IV of the
electron transport chain. Therefore, melatonin may efficiently
decrease H,0,-induced oxidative stress by improving the
function of the electron transport chain and increasing ATP
generation (21,30). Melatonin also maintained AWYm during
exposure to H,0, in MG63 cells. Melatonin interacts with the
lipid bilayer and stabilizes the inner mitochondrial membrane,
which is essential for maintaining AWm (21,30). This ability of
melatonin to maintain A¥m may be beneficial for improving
mitochondrial oxidative phosphorylation and ATP genera-
tion under H,0O,-induced oxidative stress (21,32). In addition,
melatonin prevented a reduction in mtDNA copy number in
H,0,-treated MG63 cells. A reduction in mtDNA content
amplifies oxidative stress by reducing the replication and tran-
scription of mtDNA-encoded genes that are required for the
respiratory chain (33). The ability of melatonin to stimulate the
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expression of mtDNA-encoded genes may protect the activity
of the respiratory chain (31) and attenuate H,O,-induced cyto-
toxicity.

Due to its amphiphilic properties, melatonin freely
accesses all compartments of the cell, and is able to become
highly concentrated in the mitochondria (34), where it may
exert direct beneficial effects. Furthermore, melatonin is
administered in pharmacological doses without causing
significant side-effects. Doses of >1,200 mg/kg melatonin
have been administered to humans without signs of toxicity
and a median lethal dose (LDs,) has not been identified for
melatonin (35). Therefore, the results of the present study
and the validity and safety of melatonin in clinical applica-
tions suggests that melatonin is a potential therapeutic agent
for preventing ROS-induced bone loss in diseases, such as
0steoporosis.

In conclusion, mitochondrial dysfunction may underlie the
cytotoxic effects of H,O, in osteoblastic cells and melatonin
may provide protective benefits through maintaining mito-
chondrial function in cells exposed to ROS. The beneficial
effects of melatonin in the mitochondria may provide a novel
strategy for protecting against ROS-induced bone cell cyto-
toxicity by improving mitochondrial function.
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