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In this study, the antioxidative effect of melatonin was investigated in aging retinal pigment epithelial cells
in vitro. The objective of this study is to explore the administration of melatonin pharmacological doses
for the prevention of aging symptoms. Specific concentrations of melatonin (20 pM, 40 pM and 80 pM)
were used to treat hydrogen peroxide-induced aging retinal pigment epithelial cells and flow cytometry
was employed to examine retinal pigment epithelial cell apoptosis. A specific probe was utilized to detect
the intracellular reactive oxygen species concentration and apoptosis-associated proteins were detected in
real-time polymerase chain reaction. Commercially available assay kits detected the expression of oxidative
biomarkers, superoxide dismutase, malondialdehyde and glutathione. In comparison to normal cells, the
aging retinal pigment epithelial cell model had lower cell viability, higher apoptosis rates and a more
severe oxidation status. Melatonin increased cell viability while lowering apoptosis and oxidative stress.
It influenced the expression of apoptosis-related proteins as well as oxidative stress indicators. Finally,
treatment with melatonin was able to regulate proliferation, oxidative stress and apoptosis in aging retinal
pigment epithelial cells. The application of melatonin may be a novel strategy to protect against age-
related changes in age-related macular degeneration. Melatonin has protective effects against hydrogen
peroxide-induced retinal cell death. It inhibits hydrogen peroxide-induced retinal pigment epithelial cell

damage and decreases the apoptosis rate.
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Aging is a normal multi-factorial phenomenon
characterized by the accumulation of degenerative
processes underpinned by molecular pathways,
resulting in multiple alterations and damage; as a
result, the functions of cells, tissues and organs are
endangered"). Deoxyribonucleic Acid (DNA) injury,
changes in gene and non-coding Ribonucleic Acid
(RNA) expression, genotoxicity, oxidative stress and
the incidence of shorter telomeres are some of the
suggested mechanisms that lead to the aging process
and the development of chronic age-related disorders!?.

Age-related Macular Degeneration (AMD) is one
of the most prevalent and significant vision issues
among the elderly and oxidative stress complicates its
etiology. A prominent risk factor for AMD is oxidative
stress in Retinal Pigment Epithelial (RPE) cells® and
the disease’s treatments are still limited. Patients with
neovascular AMD can benefit from photodynamic
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therapy and anti-vascular endothelial growth factor
agents, but there are currently no cures available™.
As a result, the only option is to monitor and prevent
progression from early to late AMD. Clinical trials
focusing on the treatment of early AMD have yielded
no conclusive results based on previous research. As a
result, elucidating the pathogenesis of AMD is critical.
AMD is thought to be linked to both advancing age and
tobacco smokingl®!. Naturally, it is possible that age-
related structural changes in the retina play a role in
AMD pathogenesis. RPE cells are found in the outer
layer of the retinal® and are involved in photoreceptor
cell regeneration and repair. In the normal state, these
cells have unique characteristics and their loss may
result in retinal degeneration and possibly blindness!”.
Degenerative and progressive conditions of the RPE
cells are also recognized as important pathogenetic
mechanisms in AMD. Aside from RPE modification,
clinically, one of the most important markers for AMD
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diagnosis was RPE modification®. Protection of the
RPE cells from age-related changes could be crucial in
preventing progression from early AMD to neovascular
AMD. The aging of retinal tissues has been associated
with oxidative stress, which has been demonstrated
to have a substantial impact on a number of ocular
illnesses. A reactive or pathogenic process marked by
the formation of Reactive Oxygen Species (ROS) or a
decline in antioxidant capacity is referred to as oxidative
stress. Superoxide anions (O,), hydroxyl radicals (-
OH-) and Hydrogen Peroxide (H,0,) are examples of
ROS. The uncontrolled production of ROS can result in
serious cellular damage. Since abnormal proteins and
lipids accumulate with age, oxidative stress results in
less cell repair and regeneration. Furthermore, given its
high metabolic activity, the retinal pigment epithelium
has a large number of mitochondria to generate a
sufficient amount of Adenosine Triphosphate (ATP)
to carry out all of its physiological functions™. Age-
related mitochondrial dysfunction can thus lead to
an increase in oxidative stress in the RPE, resulting
in AMDUI'Y, RPE cells are extremely important to
photoreceptor function, as they are not only responsible
for the recycling of the visual pigments but also key in
the phagocytosis of photoreceptor outer segments. The
retinal pigment epithelium is vulnerable to oxidative
harm because of its placement in a highly oxygenated
and illuminated environment, which can lead to cellular
malfunction, inflammation and finally cell death!'!l.
Melatonin (N-acetyl-5-methoxy tryptamine) is a free
radical scavenger and the primary antioxidant defender
againstreactive hydroxyl radicals. Melatonin has several
beneficial effects on physiological functions associated
with age, including metabolic sensing, mitochondrial
modulation and proliferation, anti-oxidative protection
of biomolecules and anti-inflammatory actions!'?.
Nocturnal production of melatonin decreases as age
progresses in animals of different species, including
humans!®. The grafting of the pineal gland by young
donors either into the thymus of old syngeneous mice
or in situ into pinealectomized old mice prolongs the
life of the recipients!'. Melatonin’s possibilities to
produce life-span extensions are a popular subject
for discussion; numerous studies show melatonin’s
anticarcinogenic and anticancer capabilities!!4l.

MATERIALS AND METHODS

Materials:

Melatonin was purchased from Glenham Life Sciences
Ltd. (Corsham, United Kingdom). Dulbecco’s
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Modified Eagle’s Medium (DMEM)/Ham’s F-12 (1:1),
supplemented with 5 mM glucose, 10 % fetal bovine
serum and 1 % penicillin/streptomycin, was obtained
from Gibco (Carlsbad, California, United States of
America (USA)) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) dye was
sourced from Sigma Aldrich. Total RNA was extracted
from the different groups using a Pars Tous Kit (Pars
Tous Co., Iran) according to the manufacturer’s
recommendations. Moreover, Superoxide Dismutase
(SOD), Malondialdehyde (MDA) and Glutathione
(GSH) test kits were obtained from ZellBio GmbH
(Germany). Finally, the Annexin V-fluorescein
isothiocyanate apoptosis detection kit was purchased
from eBioscience (USA) and the ROS detection kit was
procured from Bioquochem (Spain).

Cell culture:

The Aging Retinal Pigment Epithelial (ARPE-19) cells
were sourced from the cells obtained from the National
Cell Bank of Iran (Pasteur Institute, Iran). DMEM/
Ham’s F-12 (1:1), supplemented with 5 mM glucose, 10
% fetal bovine serum and 1 % penicillin/streptomycin,
was used to grow and passage the cells. For each
experiment, ARPE-19 cells were employed at 80 %
confluence and passaged every 3 d after being placed
into culture medium. The ARPE-19 cells employed
were in the 3™ to 6" passages. The cells were cultured
at 37° in a humidified incubator containing 5 % Carbon
Dioxide (CO,).

Aging cell model:

The method described by Zhuge et al. was used to
create a pulsed H O, exposure aging cell model". In
general, passaged ARPE-19 cells were transplanted to
a 10 cm culture dish with a 50 % cell density control.
On the 1% d, the cultivated cells were incubated for 2 h
at 37° in full medium containing 800 M H,O,. The cells
were then rinsed three times with phosphate buffered
saline buffer after the growth medium was removed.
For cell culture, fresher medium was introduced. The
first H O, exposures were done on d 2-5 and the cell
culture medium was changed to complete medium
on d 6. On d 8§, the treated RPE cells were passaged
and replated on 10 cm cell culture dishes after being
digested with trypsin-ethylenediaminetetraacetic acid.

Treatment of cells:

Normal and aging ARPE-19 cells were given different
treatment concentrations of melatonin (10, 20, 40, 60,

80 and 100 uM) for 24 h.
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MTT assay:

The MTT assay was performed to test the vitality of
the cells. The 96-well plate was filled with MTT dye
(Sigma Aldrich) and incubated overnight at 37°. The
96-cell plates were extensively shocked for 10 min
after adding 150 1 of dimethyl sulfoxide to each well,
until the crystals disintegrated completely. The BioTek
ELx808 microplate reader was used to measure the
absorbance of the wells at 540 nm.

Flow cytometry:

Apoptosis  was measured using the Annexin
V-fluorescein isothiocyanate apoptosis detection kit
(eBioscience). All of the cultivated ARPE-19 cells
in each group were trypsinized and centrifuged. The
cells were treated with ice-cold 70 % ethanol after
two washings with phosphate buffered saline. The
cells were then transferred to a new Eppendorf tube
after being resuspended in 1 ml of phosphate buffered
saline. The Propidium Iodide (PI) solution and Annexin
V-fluorescein isothiocyanate were added and the cells
were grown in the dark for 20 min. Flow cytometry was
used to examine the cells. All of the detections were
carried out in duplicate.

Measurement of ROS:

The 2’,7’-Dichlorofluorescin Diacetate (DCFH-DA)
used in the ROS assay kit (Bioquochem- Spain) can be
produced by stress circumstances such as exposure to
oxidants or medicines. At a density of 1106 cells/ml,
the cultivated ARPE-19 cells were transferred to a 12-
well plate. DCFH-DA, at a working concentration of
50 uM, was added to each well. The cells were then
cultured in the dark at 37° for 15-30 min before being
washed twice in phosphate buffered saline and used for
advanced flow cytometry analysis.

Detection of oxidative biomarkers:

The levels of oxidative stress in different groups were

measured using three typical oxidative biomarkers:
SOD, MDA and GSH. We obtained aging RPE cells that
had been treated with low (20 puM), medium (40 pM)
or high (80 uM) doses of curcumin for 24 h. Thereafter,
oxidative biomarkers in these three therapy groups were
assessed. In general, commercially available assay kits
were used to determine SOD, MDA and GSH activity
levels. All procedures were carried out according to the
manufacturer’s instructions and each sample was tested
three times.

Quantitative analysis of gene expression:

Total RNA was extracted from the different
groups using a Pars Tous Kit (Pars Tous Co., Iran)
according to the manufacturer’s recommendations.
Concentrations of RNA were determined by Ultraviolet
(UV) spectrophotometry (Eppendorff, Germany).
Complementary DNAs (cDNAs) were synthesized
from 500 ng Deoxyribonuclease (DNase)-treated
RNA samples with a QuantiTect reverse transcription
kit using oligo (deoxythymine (dT)) primers. The
specific primers used for Polymerase Chain Reaction
(PCR) reactions are listed in Table 1. These primers
were synthesized by Pishgam Company (Tehran, Iran).
PCRs were performed using Master Mix and EvaGreen
in an Applied Biosystems StepOne™ thermal cycler
(Applied Biosystems, USA). The PCR program
commenced with an initial melting cycle for 5 min at
95° to activate the polymerase, followed by 40 cycles
of melting (30 s at 95°), annealing (30 s at 58°) and
extension (30 s at 72°). Melting curve analyses were
used to verify the PCR reactions quality. A standard
curve was used to determine how efficient each gene was
(logarithmic dilution series of cDNA from the testes).
For each sample, the reference gene ((Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH)) and target
gene were amplified in the same run. Reference genes
were approximately equal. The target genes were
normalized to a reference gene and expressed relative
to a calibrator.

TABLE 1: SEQUENCES OF THE PARS TOUS PRIMERS AND PROBES

Primer Sequence Probes
Caspase 3 F AAGCGAATCAATGGACTCTGG 62
Caspase 3 R CAAGTTTCTGAATGTTTCCCTGAG

GAPDH F ACCCAGAAGACTGTGGATGG 60
GAPDH R TCTAGACGGCAGGTCAGGTC

Bax F CGAGAGGTCTTTTTCCGAGTG 60
Bax R GTGGGCGTCCCAAAGTAGG

Bcl2 F AGCATCACGGAGGAGGTAGAC 62
Bcl2 R CTGGATGAGGGGGTGTCTTC

Note: F represents Forward primer and R represents Reverse primer
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Statistical analysis:

All the data are presented as the meantstandard
deviation of three independent experiments. GraphPad
Prism was used to conduct all statistical analyses.
The one-way Analysis of Variance (ANOVA) test
was employed to observe differences and p<0.01 was
considered to be statistically significant.

RESULTS AND DISCUSSION

Melatonin’s effect on cell viability is described below.
In vitro, the effect of different doses of melatonin on
ARPE-19 cell viability in both normal and senescent
cells was assessed using the MTT assay. Melatonin
exhibited a significant difference; a substantial decrease
in cell viability under normal conditions only at 100 uM
(fig. 1). In senescent cells, melatonin at 10 uM and 20
UM concentrations showed a non-significant difference
in cell viability when compared to the control group
(there was a protective effect), whereas melatonin
at 40 uM, 60 uM and 80 uM concentrations showed
significantly increased cell viability (fig. 2). However,
in the aging cells, when compared to the control group,
melatonin dramatically improved cell viability (fig. 3).
Melatonin’s protective effect on aging RPE cells was
thus dose-dependent.
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Fig. 1: Effect of melatonin on viability of cultured ARPE-19
cells in normal group, **p<0.01
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Fig. 2: Effect of melatonin on viability of cultured ARPE-19
cells in senescent group, *p<0.05 and ****p<0.0001
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Fig. 3: Effect of melatonin on viability of cultured ARPE-19 cells
in normal and senescent groups, ***p<0.001 and ****p<0.0001,
(==) Melatonin-normal cell and (==) Melatonin-aging cell

Antioxidant effect of melatonin in aging RPE cells is
shown below. In cultivated ARPE-19 cells treated with
different concentrations of melatonin, the levels of
oxidative stress indicators MDA, SOD and GSH were
assessed. The results revealed that the non-treated aging
ARPE-19 cells had greater MDA levels and reduced
SOD and GSH levels (p<0.001). In the aged ARPE-19
cells, treatment with melatonin resulted in significantly
higher levels of anti-apoptotic proteins SOD and GSH
and much lower levels of MDA when compared to the
non-treated group. In this study, the MDA level was
downregulated as melatonin concentrations increased,
while SOD and GSH levels were elevated (fig. 4-fig. 6).
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Fig. 4: Effect of melatonin on oxidative biomarkers MDA in cul-
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Fig. 5: Effect of melatonin on oxidative biomarkers GSH in cul-
tured ARPE-19 cells
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Fig. 6: Effect of melatonin on oxidative biomarkers SOD in cul-
tured ARPE-19 cells

The effects of melatonin on the expression of apoptosis
associated genes, B-cell lymphoma 2 (Bcl-2), Bcl-
2-associated X protein (Bax) and caspase-3 in aging-
induced apoptosis in cultured ARPE-19 cells were
measured using quantitative gene expression analysis.
The aged cells had decreased levels of anti-apoptotic
Bcl-2 and higher amounts of apoptotic Bax and
caspase-3, according to the flow cytometry results (fig.
7). When cells were treated with melatonin at different
concentrations (20 uM, 40 uM and 60 uM), the
expression of Bax and caspase-3 was reduced compared
to non-treated cells. The level of Bel-2, an anti-apoptotic
protein, was also elevated as the quantity of melatonin
was increased; Bcl-2 was enhanced by different
amounts of melatonin, while Bax and caspase-3 were
lowered. The same tendency was seen when oxidative-
associated proteins were treated with varying melatonin
doses. The levels of Bcl-2 and caspase-3 in the 20 uM
and 40 uM melatonin-treated groups were similar in
general. However, as compared to the 20 uM and 40
uM groups, the increase in Bcl-2 in the melatonin 80
UM groups was not significant. Each protein’s tendency
to increase in melatonin-treated groups was substantial,
as illustrated in fig. 8.
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Fig. 7: Effects of melatonin on anti-apoptotic and apoptotic
gene expression, (E2 ) Control and (23 ) Aging
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Fig. 8: Effect of melatonin treatment in expression of apopto-
sis-associated genes-Bax, Bcl-2 and caspase-3, (ezz) Aging; (e=)
20 uM; (=) 40 pM and () 80 pM

In the current study, the intracellular ROS
concentrations were significantly increased (p<0.001,
80.07+1.05) in aging ARPE-19 cells as detected by the
specific fluorescent probe, compared with normally
cultured RPE cells (46.27+0.86). The intracellular ROS
concentrations of aging ARPE-19 cells treated with 20
uM, 40 uM and 80 uM of melatonin were increased
(51.93+0.66, 68.27+0.66 and 72.37+1.05, respectively),
as illustrated in fig. 9. The content of ROS decreased
as melatonin concentrations increased. These findings
suggest that the administration of 20 uM, 40 uM and 80
UM concentrations of melatonin can effectively inhibit
age-related ROS generation.
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Fig. 9: Effect of Melatonin on ROS content in cultured ARPE-
19 cells, (A) Normal cultured cells used as the control; (B) Ag-
ing ARPE cell model used as the positive control; (C) Effect of
20 uM melatonin on ROS content in cultured ARPE cells; (D)
Effect of 40 pM melatonin on ROS content in cultured ARPE
cells; (E) Effect of 80 nM melatonin on ROS content in cultured
ARPE cells and (F) Summary of ROS content in each group. All
studies were conducted in triplicate, ***p<0.001, ARPE: Aging
retinal pigment epithelial cells; ROS: Reactive Oxygen Species

Melatonin has an inhibitory effect on aging-induced
apoptosis in ARPE-19 cells. When ARPE-19 cells were

exposed to 800 uM H,O, in pulsed-wave mode, the
percentage of aging live cells decreased significantly
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(21.5141.58). Low-dose treatments of 20 pM and 40 uM
of melatonin increased the percentage of aging live cells
(62.66+3.08 and 70.82+2.163, respectively), whereas
the high dose of 80 uM cause increase by 30.32+1.01,
in comparison to a control group (78.48+2.74).

In the apoptosis groups, the results revealed a non-
significant difference in apoptotic cell percentages. In
the necrosis group, there was a significant increase in
aging cells (33.63£1.76), with the highest increase in
the 80 uM group (33.99+2.14), when compared with
the control group (11.8842.21), while there was no
significant change in the 40 uM group (14.59+1.867).
In late apoptosis and at 20 uM and 80 pM doses of
melatonin, there was a significant increase in aging
(40.424+0.93,15.9944.32 and 31.11+2.24, respectively),
when compared with the control group (7.39+£1.792,
p<0.001). Fig. 10 depicts representative flow cytometry
data and detailed results.
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Fig. 10: Effect of melatonin on apoptosis in cultivated ARPE-19
cells, (A) Normal cultured cells; (B) Aging ARPE cell model; (C)
Effect of 20 pM melatonin on apoptosis in cultured ARPE cells;
(D) Effect of 40 pM melatonin on apoptosis in cultured ARPE-
19 cells; (E) Effect of 80 pM melatonin on apoptosis in cultured
ARPE cells; (F) Summary of live, apoptosis, necrosis and late
apoptosis rates in each group, (m) Control; (=) Aging; (=) 20
uM; (=) 40 pM and (=) 80 pM. Differences in comparisons of
each dosage of melatonin group and aging group were present-
ed, **p<0.01; ***p<0.001

According to growing evidence, the oxidative stress of
RPE cells is a critical aspect of the pathophysiology of
AMDLUSL. As a therapy option for AMD, research has
concentrated on finding techniques to protect RPE cells
from oxidative stress. In this regard, H,O, exposure is a
common model for conveying RPE cell oxidative stress
susceptibility and antioxidant activity!”-1],

As previously mentioned the circulatory melatonin
level has been lowered with aging, in patients with
AMDE. Melatonin has been shown to protect RPE
cells against blue light and H,O, damage in vitro as well
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as against oxidative stress!!!32!] Tt is an antioxidant and
endogenous ROS scavenger with a higher antioxidant
capacity than other antioxidants such as vitamin E?*%1,
Different types of retinal cells, such as RPE cells and
photoreceptors, may be protected by melatonin/®l.
According to a diabetes mellitus study, endogenous
and exogenous melatonin may influence metabolic
abnormalities not only by modulating insulin secretion
but also by providing protection against ROS.
According to the findings of the present study, melatonin
has numerous anti-oxidative properties in RPE cells. Its
administration resulted in lower cell viability, higher
apoptosis rates and a more severe oxidative state in
aging RPE cell cultures.

Melatonin has strong antioxidative properties, making
it a promising candidate for the prevention of oxidative
stress-related diseases such as premature aging and
degenerative disease in humans. It could thus play a
role in the pathogenesis of AMD, a disease that affects
photoreceptors and the retinal pigment epithelium
and has been linked to oxidative stress. A study has
shown that melatonin can protect RPE cells from
damage caused by ROS. Melatonin behaves similarly
to synthetic mitochondria-targeted antioxidants, which
concentrate at relatively high levels in mitochondria;
thus, it may prevent mitochondrial damage in AMD*,
A number of blinding retinal diseases, such as diabetic
retinopathy, retinitis pigmentosa and AMD, are linked
to increased oxidative stress. Antioxidant vitamins and
minerals have been demonstrated to lower the risk of
AMD. The apoptotic death of RPE cells, followed by
photoreceptor cell death, is a major factor contributing
to the pathogenesis of the dry form of AMD?2,
However, MDA reflects oxidative damage in RPE
cells. Therefore, to slow the progress and development
of early AMD resulting from oxidative damage, it
is critical to protect RPE cells by reducing ROS and
MDA formation!?”), The current study indicated that the
exposure of ARPE-19 cells to H,O, resulted in increase
in ROS and MDA generation, but these effects were
significantly ameliorated by treatment with melatonin.

In this study, we used a pulsed H,O, exposure paradigm
as an in vitro aging model. The feasibility of this cellular
model was higher. Furthermore, the results from this in
vitro model would be more accurate than a single H,0,
exposure.

According to this study, melatonin has antioxidant
and anti-apoptotic properties in aged RPE cells that
have been exposed to oxidative stress and apoptosis.
The findings also provide evidence for melatonin’s
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use in the treatment of AMD. These results suggest
that melatonin may play a role in protecting RPE
cells from oxidative stress. In conclusion, melatonin
has protective effects against H, O -induced retinal
cell death; it inhibits H,O,-induced RPE cell damage,
decreases the apoptosis rate, increase mitochondrial
membrane potential and decreases caspase activation.
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