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Abstract

Melatonin, a pineal hormone with antioxidant and regulatory functions,
has emerged as a key modulator of ovarian physiology. Its presence in fol-
licular fluid suggests important roles in granulosa cell function, follicle devel-
opment, and reproductive outcomes. However, its effects on granulosa cell
tumour (GCT) biology and epigenetic regulation remain insufficiently defined.
This study aimed to investigate the effects of melatonin on proliferation and
global DNA methylation in human granulosa tumour cells (COV434) com-
pared with healthy endothelial controls (HUVECs). COV434 and HUVEC
cells were treated with melatonin at 1, 10, 100, and 1000 uM. Cell viabil-
ity and proliferation were assessed using the MTT [3-(4.5-dimethylthiazol-2-
yl)-diphenyl tetrazolium bromide| (Cambridge, UK) assay and xCELLigence
RTCA system (Roche), while DNA methylation was quantified with a 5-mC
ELISA kit (Epigentek Group Inc, USA). Experimental groups included nega-
tive, sham, melatonin-treated, and positive controls. Melatonin showed a cell
type-dependent effect. In COV434 cells, proliferation was significantly inhib-
ited, with an IC5¢ of 10.55 nM, whereas HUVECs displayed increased prolifer-
ation at higher doses. DNA methylation levels decreased in both cell types in
a dose-dependent manner, reaching the highest significance in COV434 cells at
1000 pM (p < 0.001). In conclusion, melatonin demonstrated a dose-dependent
inhibitory effect on COV434 cell proliferation while simultaneously reducing
global DNA methylation levels.
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Introduction. Folliculogenesis is a tightly regulated process that depends on
granulosa cell proliferation and differentiation [1]. These cells provide paracrine
and structural support to the oocyte, synthesize estrogens via aromatase, and
secrete Anti-Miillerian Hormone (AMH), thereby coordinating follicle dynam-
ics. Beyond these essential functions, granulosa cells are increasingly recognized
as critical targets for paracrine and endocrine modulators, including melatonin,
which influence ovarian physiology and pathology (2, 3].

Melatonin (N-acetyl-5-methoxytryptamine), classically known for circadian
regulation, is present at high concentrations in follicular fluid and plays multi-
faceted roles in reproduction. It reduces oxidative stress, improves oocyte com-
petence, and supports follicular development. In clinical and experimental stud-
ies, melatonin supplementation enhanced oocyte quality and ART outcomes in
women with diminished ovarian reserve, largely by protecting granulosa and cu-
mulus cells against ferroptosis and oxidative injury [3]. Mechanistically, melatonin
acts through MT1 and MT2 G-protein-coupled receptors in granulosa and luteal
cells, while at higher concentrations, nuclear orphan receptors of the RZR/ROR
family may mediate additional effects [4,5]. Emerging evidence also highlights
melatonin as an epigenetic regulator. It can modulate DNA methyltransferase
activity and reshape methylation patterns, thereby influencing gene expression
and cell fate [6,7]. In reproductive models, melatonin was shown to activate the
PI3K/Akt/mTOR pathway and inhibit autophagy, thereby preserving granulosa
cell function and ovarian reserve |[8].

Granulosa cell tumours (GCTs) represent 2-5% of ovarian cancers and are
characterized by late recurrence and limited treatment options beyond surgery [9].
Given melatonin’s dual actions on proliferation and epigenetic regulation, this
study aimed to evaluate its effects on proliferation and global DNA methylation
in human granulosa tumour cells (COV434) compared with healthy endothelial
controls (HUVECS).

Materials and methods. The effects of melatonin on COV434 cell prolif-
eration and DNA methylation levels were investigated.

Cell culture. COV434 (ATCC, VA, USA) and HUVEC (ATCC: CRL-1730,
USA) cells were used; COV434s were grown in DMEM/F12 with 10% FBS at
37°C, 5% CO2. Melatonin (1, 10, 100, and 1000 pM; Solgar) was applied in
DMEM /F12 containing 1% DMSO.

Cell viability and proliferation analysis using the MTT assay. Cell
viability was assessed using the MTT assay (Abcam Kit AB2110911000TEST),
which measures NAD(P)H-dependent reduction of MTT to formazan [11]. Cells
(1 x 10%/well) were seeded in 96-well plates (150 pL/well), allowed to adhere for
24h at 37°C, and then treated with melatonin (1-1000 pM) following the manu-
facturer’s protocol. Experimental groups were:

e Negative control (NC-COV434/HUVEC): Standard culture medium.
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e Sham group (S-COV434/HUVEC): Medium with 1% DMSO.

e Melatonin test group (MT-COV434/HUVEC): 1% DMSO medium
with melatonin (1-1000 pM).

e Positive control (PC-COV434/HUVEC): Medium with 500 pM HOx.

Melatonin’s ICsg and effects on proliferation were determined. Real-time
proliferation of COV434 and HUVEC cells was monitored using the xCELLi-
gence RTCA System (Roche) with impedance-based analysis on gold-coated E-
plates [10].

DNA methylation analysis. After 72h + melatonin, DNA was extracted
with Qiagen DNeasy kits, quantified on a NanoDrop 2000c, and global 5-mC
methylation was measured using the MethylFlash™ ELISA kit (Epigentek) per
the manufacturer’s protocol.

Statistical analysis. Statistics in GraphPad v9.1.1 used t¢-tests or Two-way
ANOVA for normal data and Mann—Whitney U or Kruskal-Wallis for non-normal
data; DNA methylation was analyzed by two-way ANOVA with Tukey’s post hoc.
Results (mean=+SD) from triplicate assays with three independent replicates were
deemed significant at p < 0.05.

Results. Since no statistically significant difference was observed between
the NC-COV434/HUVEC and S-COV434/HUVEC, their mean values were cal-
culated and presented as a single control data. In the PC-COV434/HUVEC
group, no cell viability was observed due to the cytotoxic effect of HoOo (Fig. 1-
3) (p < 0.05). The results obtained indicate statistically significant differences
among the study groups concerning MTT and xCELLigence variables (p < 0.05).
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Fig. 1. Cell index values from real-time xCELLigence analysis for HUVEC and COV434 cells
treated with melatonin
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Fig. 2. Cell viability of HUVEC and COV434 cells treated with melatonin (1-1000 pM). Data
are expressed as mean = SD (n = 3). ***p < 0.001; Two-way ANOVA with Tukey’s post hoc
test. Both xCELLigence and MTT results (Fig. 1, 2) consistently showed cell type-dependent
effects of melatonin. In COV434 cells, increasing doses reduced proliferation, with the strongest
inhibition at 10 pM, while HUVECs displayed a modest, dose-related increase
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Fig. 3. Global DNA methylation levels in HUVEC and COV434 cells following melatonin treat-

ment at different concentrations (1-1000 pM). Methylation percentages were calculated relative

to untreated control samples and expressed as percent change. Data are presented as mean +SD
(n =3). "p < 0.05; Two-way ANOVA followed by Tukey’s post hoc test

xCELLigence analysis data. xCELLigence results for COV434 and HU-
VEC cells treated with melatonin (1-1000 pM) are shown in Table 1. In HU-
VECs (control impedance 1.43), doses > 100 pM significantly increased impedance
(*p < 0.05), indicating enhanced adhesion or growth. In contrast, COV434
cells (control 1.98) showed a sharp decrease at 10 M (0.64) and 100 M (0.69)
(**p < 0.001), reflecting growth inhibition. These findings confirm that mela-
tonin acts in a dose- and cell type-dependent manner, stimulatory in HUVECs
but inhibitory in COV434s.
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Table 1

xCELLigence analysis data

XCELLigence Control 1 pM 10 pM 100 pM 1000 pM p
average (without Melatonin Melatonin Melatonin Melatonin value
impedance melatonin)

values

For HUVEC 143 1.60 1.72 1.66 1.76 1.87  1.95% 2.11* 2.15*% 2.18% *p < 0.05
For COV434 198 210 1.28 1.35 0.64** 0.69** 075 0.84 1.05 1.16 **p < 0.001

Two Way ANOVA

The graph of cell impedance data of HUVEC and COV434 cells in XCEL-
Ligence e-plate wells in melatonin-free medium and in medium containing 10 pM
melatonin is shown in Fig. 1.

MTT analysis data. MTT analysis showed opposite effects of melatonin
on HUVEC and COV434 cells. In HUVECs, melatonin significantly increased
proliferation at higher doses, with the strongest effect at 1000 pM (*p < 0.05).
In contrast, COV434 cells exhibited the lowest viability at 10pM (**p < 0.001),
with an ICs¢ of 10.55 1M, indicating a clear antiproliferative effect. These data
highlight melatonin’s dose- and cell type-specific actions.

DNA methylation analysis data. DNA methylation analysis results of
1-1000 pM melatonin doses applied to HUVEC and COV434 cells are given in
Fig. 3. In HUVEC cells, a significant decrease in DNA methylation level was
observed at 1000 pM melatonin dose (p < 0.05).

In COV434 cells, a decrease in DNA methylation level was detected at 10
and 100 1M melatonin doses at p < 0.05 level and at 1000 pM melatonin dose
at p < 0.001 level with a higher significance. These results show that melatonin
decreases DNA methylation level in both HUVEC and COV434 cells and this
effect is dose responsive.

Discussion. The present study provides novel insights into the dual effects of
melatonin on human granulosa tumour cells, showing a dose-dependent inhibition
of proliferation accompanied by significant reductions in global DNA methylation.
These findings support the notion that melatonin acts not only as an antioxidant
and circadian regulator but also as an epigenetic modulator in ovarian cell biology.

Our proliferation assays demonstrated that melatonin exerted a marked in-
hibitory effect on COV434 cells at micromolar concentrations, with an ICsp of
approximately 10.5 pM. These results are consistent with previous studies report-
ing that melatonin suppresses tumour growth by interfering with proliferative
signalling pathways, modulating ROS homeostasis, and altering cell cycle dynam-
ics [6]. In contrast, melatonin stimulated proliferation in HUVEC control cells,
reinforcing the idea that its biological effects are cell type-specific and context-
dependent.
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The observed decrease in DNA methylation levels following melatonin treat-
ment further underscores its potential role as an epigenetic regulator. Melatonin
has been shown to modulate the activity of DNA methyltransferases (DNMTs),
thereby reshaping methylation landscapes that influence gene expression in repro-
ductive cells [7]. Our data suggest that this epigenetic modulation may be particu-
larly relevant in granulosa tumour biology, where aberrant methylation contributes
to dysregulated proliferation and survival. Importantly, the findings align with
recent work demonstrating melatonin’s capacity to preserve ovarian function by
activating the PI3K/Akt/mTOR pathway and inhibiting autophagy [8].

Another key mechanistic link lies in melatonin’s capacity to modulate oxida-
tive stress. Previous studies have established that melatonin reduces ROS through
both direct scavenging activity and indirect enhancement of antioxidant enzymes
such as SOD and GPx [12]. In the context of COV434 cells, decreased prolifer-
ation in response to melatonin may be partly mediated by its redox-regulatory
functions, which intersect with signalling pathways controlling apoptosis and cell
cycle arrest.

Thus, reduced ROS is due to both melatonin’s direct antioxidant action and
its indirect effects on signalling. Melatonin limits ROS by enhancing SOD and
GPx activities and modulating MAPK/PI3K-Akt signalling [13]. It also sup-
presses ROS at membranes and within mitochondria, preserving mitochondrial
membrane potential [12], reflecting both direct antioxidant and indirect signalling
effects.

Melatonin regulates granulosa cell steroidogenesis through receptor-depen-
dent and -independent mechanisms. At ovulation its follicular fluid levels (~ 3x
serum) modulate cAMP, cGMP, and PKC to stimulate proliferation via MAPK,
but excessive melatonin inhibits MAPK and proliferation, disrupting oocyte mat-
uration and fertilization [14]. FSH-driven aromatase produces estradiol pre-ovula-
tion, while LH induces luteinization and progesterone release. Cadmium lowers
DNMT1/3B, modulates DNMT3A, and elevates miR-92a-2-5p to suppress Bcl2
and trigger apoptosis [15].

While this study provides evidence for melatonin’s antiproliferative and epi-
genetic actions in granulosa tumour cells, some limitations should be acknowl-
edged. The use of HUVECs as a non-tumour control cell line may not fully reflect
ovarian physiology; therefore, future investigations should employ normal granu-
losa or luteal cells to strengthen translational relevance. Furthermore, exploring
cadmium-driven methylation alterations in granulosa cells could shed light on the
interplay between environmental toxicants, epigenetic dysregulation, and mela-
tonin’s protective effects.

Overall, our results suggest that melatonin may act through complementary
mechanisms — including ROS modulation, receptor-mediated signalling, and epige-
netic reprogramming — to inhibit granulosa tumour cell growth. This multifaceted
role highlights melatonin as a promising candidate for adjunctive strategies in re-
productive oncology.
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Conclusion. In conclusion, melatonin demonstrated a dose-dependent in-
hibitory effect on granulosa tumour cell proliferation while simultaneously re-
ducing global DNA methylation levels. These findings indicate that melatonin’s
actions extend beyond its antioxidant properties to include direct modulation of
epigenetic regulation in granulosa cells. The dual impact on proliferation and
methylation underscores melatonin’s potential as a supportive therapeutic agent
in the management of granulosa cell tumours. Future studies should further dis-
sect the molecular mechanisms underlying these effects, particularly the interac-
tion between ROS signalling, DNA methyltransferase regulation, and melatonin
receptor pathways, in order to evaluate its translational potential in reproductive
medicine.
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