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 This study aimed to explore whether melatonin protects TM3 Leydig cells from cobalt (II) chloride 
(CoCl2)-induced hypoxia through the transforming growth factor beta (TGF-β) signaling pathway. 
Cells were divided into four groups: a control group without treatment (Group 1), a melatonin group 
(10.00 ng mL-1; Group 2), a group treated with CoCl2 (100 µM) to induce hypoxia (Group 3), and a 
melatonin + CoCl2 group (Group 4). After 96 hr of incubation, cell viability was assessed using the MTT 
assay, and transforming growth factor beta 1, activin receptor-like kinase-5, and bone morphogenetic 
protein 4 gene and protein expressions were measured through RT‑PCR and western blotting. The 
CoCl2 and melatonin + CoCl2 groups exhibited significantly diminished cell viability compared to the 
control. However, melatonin treatment enhanced survival in the CoCl2-exposed cells. Notably, 
transforming growth factor beta 1 expression was elevated in all groups. Activin receptor-like kinase-5 
(gene and protein expression increased in CoCl2-treated groups but was lower in the melatonin + 
CoCl2 group. Melatonin treatment reduced bone morphogenetic protein 4 expression compared to the 
control, while CoCl2 groups showed increased bone morphogenetic protein 4 levels. These findings 
suggest melatonin's potential as a therapeutic agent against oxidative stress and hypoxia in TM3 cells 
through its antioxidant properties. 
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Introduction 
 

Hypoxia is a major stressor that impacts reproductive 
health.1 The main adverse effects of hypoxia on male 
reproduction include excessive reactive oxygen species 
(ROS)-mediated oxidative stress, suppression of apoptosis 
and proliferation, chronic inflammation, and epigenetic 
alterations.2 Hypoxia has been demonstrated to diminish 
male fertility in both animals and humans, resulting in 
lower sperm count, lower sperm motility, and abnormal 
sperm morphology.3 

Leydig cells are a crucial cell type in the testis 
responsible for androgen synthesis and release. They can 
stimulate the growth of the male reproductive system and 
spermatogenesis. Research has indicated  that testicular 
function is closely linked to oxidative stress and Leydig cell 
death.4 Therefore, anti-oxidant and anti-apoptotic 
supplements may be a potential therapy for addressing 
male infertility.5 

 Melatonin (N-acetyl-5-methoxytryptamine), a hormone 
produced by the pineal gland, regulates sleep and 
circadian rhythm, as well as other important physiological 
functions.6 It plays a significant role in various biological 
activities, including immune regulation, anti-inflammatory 
responses, and oxidative stress responses.7 Some studies 
have shown that melatonin enhances cell survival in 
normal tissues,8 and that its antioxidant properties may 
prevent cell death in both healthy and pathological 
conditions.6 Research has also demonstrated that 
melatonin directly influences the release of testosterone,9 
enhances the response of Sertoli cells to follicle-
stimulating hormone during testicular development,10 and 
modulates testicular cell growth, proliferation, and 
secretory activity, while also preventing local 
inflammatory processes and the production of ROS.11 
Furthermore, melatonin administration has been found to 
reduce the severity of testicular injury in animal models 
with conditions such as hyperlipidemia, induced gonadal 
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torsion, artificial varicocele, or toxicity caused by 
exogenous substances like anti-cancer medications or 
environmental toxins.12 Melatonin also appears to 
protect human spermatozoa from apoptosis.13 
Additionally, studies have demonstrated that melatonin 
has a direct effect on mouse Leydig cells by modulating 
androgen synthesis and regulating the expression of 
steroidogenic genes.12 

The transforming growth factor beta (TGF-β) family is 
responsible for regulating a wide range of biological 
functions, including cell division, migration, differentiation, 
and apoptosis.14 There are five TGF-β isoforms (TGF-β1-5) 
encoded by various genes.15 The TGF-β family members 
control the growth of the gonads and accessory sex glands, 
spermatogenesis, immunoregulation of pregnancy, 
embryo implantation, and placental development in 
reproductive tissues.14 Specifically, testicular TGF-β1 is a 
critical regulator that influences male reproductive 
function. Testicular TGF-β1 regulates Leydig cell 
steroidogenesis, the structure of peritubular myoid cells, 
testis development, and spermatogenesis. Several 
investigations have found that TGF-β1 plays a role in the 
tight balance of proliferative and apoptotic responses in 
Leydig cells.16 The TGF-β1 acts as a signaling molecule by 
binding to the serine/threonine kinase receptors TGF-β1 
type II and TGF-β1 type I, also known as activin receptor-
like kinase-5 (ALK5). The TGF-β1 binding to the type II 
receptor leads to the creation of heteromeric complexes 
with ALK5, within which the type II receptor 
phosphorylates ALK5, activating receptor kinase activity. 
When ALK5 is active, suppressor of mothers against 
decapentaplegic 2 (Smad2) and/or suppressor of mothers 
against decapentaplegic 3 (Smad3) are phosphorylated at 
C-terminal serines, and the activated Smad2 and/or 
Smad3 form a heterotrimeric complex with Smad4, which 
translocate to the nucleus to regulate transcription.17 The 
TGF-βRII and ALK-5 receptors have been identified in 
Leydig cells, Sertoli cells, and germ cells from mice, rats, 
pigs, hamsters, and humans.13,15 Bone morphogenetic 
protein 4 (BMP4) is a member of the TGF-β family. The 
BMP4 is expressed in Leydig cell lineage cells and inhibits 
stem/progenitor Leydig cell entrance into adult Leydig 
cells via SMAD-dependent and SMAD-independent 
signaling pathways.17 

In the present study, the effect of melatonin on the 
expression of TGF-β1, ALK5, and BMP4 genes in TM3 
mouse Leydig cells under hypoxic conditions was 
investigated. 

 
Materials and Methods  
 

Cell culture and treatments. The cell line (TM3) was 
obtained from the National Cell Bank of Iran (Pasteur 
Institute of Iran, Tehran, Iran). The cells were cultured in a 
1:1 mixture of Ham-12 and Dulbecco’s Modified Eagle 
 

 Medium (Hyclone, Logan, USA) supplemented with 5.00% 
horse serum (Gibco, Grand Island, USA), 2.50% fetal 
bovine serum (Hyclone), 100 U mL-1 penicillin (Gibco), and 
100 U mL-1 streptomycin (Gibco). The cells were then 
incubated at 37.00 ˚C, 5.00% CO2 and 95.00% humidity, 
with the culture media being changed every 2 days. A 
stock solution of cobalt (II) chloride (Merck, Darmstadt, 
Germany) at a concentration of 25.00 mM was prepared 
using ultrapure water and added to serum-free medium at 
a final concentration of 100µM. Melatonin (Sigma-Aldrich, 
St. Louis, USA) was dissolved in alcohol at a concentration 
of 1.00 mg mL-1 and stored at – 20.00 ˚C. Before treatment, 
1.00 mg mL-1 of melatonin was diluted in serum-free 
medium to a final concentration of 10.00 ng mL-1. When 
the cells reached 80.00% confluence, they were divided 
into four groups in cell culture plates. The first group 
received no treatment (Group 1), the second group 
(Group 2) was treated with a concentration of 10.00 ng 
mL-1 melatonin, the third group (Group 3) had 100µM 
CoCl2 added to the medium to induce hypoxia,18 and the 
fourth group (Group 4) received 100 µM CoCl2 and 10.00 
ng mL-1 melatonin. After 96hr of incubation at 37.00 ˚C, 
5.00% CO2 and 95.00% humidity, the cells were collected 
for further analysis. 

MTT assay. The MTT assay was used to assess cell 
viability. A total of 1.00 × 104 cells per well were plated in 
96-well plates and exposed to various predetermined 
conditions before being placed in an incubator at 37.00 ˚C. 
After incubation, 20.00 μL of MTT solution (5.00 mg mL-1) 
was added to each well, and the cells were further 
incubated at 37.00 ˚C for 4 hr. The supernatants were then 
collected, and 200 μL of dimethylsulfoxide (Sigma-Aldrich) 
was added to each well to dissolve the formazan crystals. 
The cells were treated with dimethylsulfoxide for an 
additional 10 min. Absorbance was measured at 490 nm 
With each test conducted in triplicate. 

RNA preparation and RT‑PCR. For total RNA 
extraction, the cells were rinsed with ice-cold phosphate-
buffered saline and lysed by adding 1.00 mL TRizol (RNX 
TM reagent; SinaClon, Tehran, Iran) per 10.00 cm2 area in 
a culture dish and scraped with pipette tips. After 
treatment with DNase-I (Cinnagen, Tehran, Iran), cDNA 
template (2.00 µg) was generated using the PrimeScript 
RT Reagent Kit (Takara, Tokyo, Japan). Real-time PCR 
analyses were performed using RunMei (RunMei Gene 
Technology Co. Ltd, Hunan, China) with a final volume of 
12.50 μL, containing 3.00 μL cDNA (100 ng), 0.25 μL of 
each primer (10.00 µM), 6.25 μL SYBR Green I PCR Master 
Mix (Yekta Tajhiz, Tehran, Iran), and 2.75 μL RNase-free 
water. The PCR conditions were as follows: 95.00 ˚C for 
30sec; 40 cycles of 95.00 ˚C for 5 min, different Tm97 
values for 34 sec; 95.00 ˚C for 15 sec, 60.00 ˚C for 60 sec; 
and 95.00 ˚C for 15 sec. The 2-ΔΔCT method was used to 
evaluate the data, with β-actin employed as the reference 
gene. Table 1 shows the primer sequences used. 
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Protein extraction and western blot analysis. 

Cellular proteins were extracted using a lysis buffer and 
quantified using the Bradford method. The cultured cells 
were washed with ice-cold phosphate-buffered saline and 
then lysed with ice-cold lysis buffer (8.00 M urea, 2.00 M 
thiourea, Tris 10.00 mM, pH = 8.00). The cells were 
scraped wiht a pipette tip and agitated in microcentrifuge 
tubes for 30 min at 4.00 ˚C. The Laemmli method was used 
to separate proteins on a 12.00% sodium dodecyl sulfate-
poly-acrylamide gel electrophoresis gel, and a semi-dry 
Trans-Blot system (Bio-Rad, Hercules, USA) was used to 
electroblot the proteins onto nitrocellulose membranes. 
The blots were briefly blocked with 5.00% skimmed milk, 
then incubated overnight at 4.00 ˚C with primary anti-
bodies including anti-TGF-β1 mouse monoclonal, beta-
actin monoclonal antibody, Alk5 monoclonal antibody, and 
Bmp4 monoclonal antibody (Sigma-Aldrich, Taufkirchen, 
Germany). Then, the blots were treated with a horseradish 
peroxidase-conjugated secondary antibody (1: 5,000 v/v) 
for 2hr. Photos were captured using the luminal system on 
a blot scanner from LiCor (Lincoln, USA). The β-actin was 
used as an internal normalizer for quantitation. 

Statistical analysis. Statistical analysis was carried out 
using GraphPad Prism (version 3.0; GraphPad Software 
Inc., San Diego, USA). The normality of the data was 
assayed by the Shapiro Wilk test. The Levene’s test was 
used to evaluate the homogeneity of variances between 
groups. Comparisons were made using one-way analysis 
of variance, followed by the Tukey test. Data are presented 
as mean ± SEM. A p values less than 0.05 was considered 
statistically significant. 

 
Results 
 

Cell viability. The results of the MTT assay are shown 
in Figure 1. The viability of cells treated with 100 µM CoCl2 

(Group 3) was significantly reduced (p < 0.05) compared 
to both the control (Group 1) and the melatonin-treated 
(Group 2) groups. The viability of TM3 cells treated with 
10.00 ng mL-1 melatonin (Group 2) for 96 hr did not 
significantly differ from the control group (Group 1). 
However, cell survival in the group treated with both 
melatonin and CoCl2 (Group 4) for 96 hr was significantly 
lower (p < 0.05) than the control group (Group 1), but 
 

  
 
 
 
 
 
 
 
 
 
 
significantly increased (p < 0.05) compared to the CoCl2 -
treated group (Group 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 1. Effect of melatonin on the cell viability of CoCl2-hypoxia-
induced TM3 mouse Leydig cells after 96 hr incubation (n = 3). 
*** p < 0.001, **  p < 0.01, and ns=non-significant.  

 
Effect of melatonin on Alk5, Bmp4 and TGF-β1 

mRNA expression. The results of RT‑PCR are shown in 
Figure 2. The mRNA expression of Alk5 and Bmp4 was 
significantly increased (p < 0.05) in the groups treated 
with CoCl2 (Group 3), and melatonin + CoCl2 (Group 4) 
compared to the control (Group 1) and melatonin-treated 
(Group 2) groups (Figs 2A and B). The expression of these 
genes was also significantly (p < 0.05) increased in the 
CoCl2 -treated group (Group 3) compared to the melatonin 
+ CoCl2 -treated group (Group 4). There was a significant 
reduction (p < 0.05) in the gene expression of Alk5 and 
Bmp4 in the melatonin-treated group (Group 2) compared 
to all other groups. As shown in Figure 2C, the mRNA 
expression of the TGF-β1 gene was significantly increased 
(p < 0.05) in TM3 cells treated with melatonin (Group 2) 
compared to the control (Group 1). Moreover, the mRNA 
expression of the TGF-β1 gene was significantly increased 
(p < 0.05) in the groups treated with CoCl2 (Group 3), and 
melatonin + CoCl2 (Group 4) compared to the control 
(Group 1) and melatonin-treated (Group 2) groups. The 
expression of the TGF-β1 gene in the melatonin + CoCl2 -
treated group (Group 4) was significantly lower (p < 0.05) 
than in the CoCl2 -treated group (Group 3).  

 

Table 1. Primer sequences of genes transforming growth factor beta (TGF-β1), activin receptor-like kinase-5 (Alk5), bone morphogenetic 
protein 4 (Bmp4), β-actin used in the current study.  

Genes Accession No. Primer sequence (5'→3') Product size (bp) 

TGF-β1 
M57639.1 

F: TGGCTTCCTAGCCAACTTCT 
R: TTGTCGAAGAAGAGCACGGA 

192 

Alk5 
NM_001312868.1 

F: ATCTGCCATAACCGCACTGT 
R: AGCAGTGGTAAACCTGATCCA 

149 

Bmp4 
NM_001310452.1 

F: GGAGTTTCCATCACGAAGAACATC 
R: GAGATCACCTCATTCTCTGGGAT 

109 

β-actin 
NM_007393.5 

F: AAGAGCTATGAGCTGCCTGA 
R: CCACAGGATTCCATACCCAAGA 

105 
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Effect of melatonin on Alk5, Bmp4 and TGF-β1 

protein expression. The results of the Western blot are 
indicated in Figure 3. The protein expression of Alk5, 
Bmp4 and TGF-β1 was significantly increased (p < 0.05) in 
the group treated with CoCl2 (Group 3) compared to all 
other groups (Figures 2A-2C). The protein expression of 
Alk5 and Bmp4 genes, but not TGF-β1 was significantly 
reduced (p < 0.05) in the melatonin-treated group (Group 
2) compared to the control group (Group 1). Interestingly, 
the treatment of TM3 cells with melatonin significantly 
increased (p < 0.05) the protein expression of TGF-β1 in 
comparison to the melatonin + CoCl2 -treated group 
(Group 4) and control groups (Group 1). The protein 
expression of TGF-β1 gene in all groups was significantly 
higher (p < 0.05) than in the control group (Group 1). Also, 
a significant increase (p < 0.05) was observed in the 
protein expression of the TGF-β1 gene in CoCl2 group 
(Group 3) compared to melatonin-treated (Group 2), and 
the melatonin + CoCl2 -treated (Group 4) groups. 
 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The acrylamide gel electrophoresis and blotting produced 
53.00, 25.00, 23.00 and 43.00 kDa proteins for Alk5, Bmp4, 
TGF-β1 and β-actin genes, respectively (Fig. 4). 

 
 
 
 
 
 
 

 
 

Fig. 4. Western blot results of ALK5, TGFβ1, Bmp4 and β-actin. 

 
Discussion 

 
This study examines the potential effects of melatonin 

on the expression of several genes involved in TGF-β 
signaling in chemically induced hypoxia and its protective 
 

Fig. 2. Effect of melatonin on the expression of transforming growth factor beta (TGF-β) signaling pathway-related genes in hypoxic TM3 
cells. A) Activin receptor-like kinase-5; B) Bone morphogenetic protein 4; and C) TGFβ1.  
 
 
 
 
 
 

Fig. 3. Relative expression levels of A) ALK5, B) Bmp4 and C) TGFβ1 where β-actin was used as in internal control in hypoxic TM3 cells 
treated with 10.00 ng mL-1 melatonin. 
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effects on the TM3 cell line. Chemical hypoxia induced by 
CoCl2 is a commonly used hypoxia mimic. To ensure the 
induction of hypoxia in TM3 cells by cobalt chloride, the 
expression of the hypoxia-inducible factor (HIF)1α gene 
was identified. Since this article is part of a broader 
research project, information regarding the expression of 
this gene has been reported in the article published by 
Karimi et al.19 Under normoxic conditions, CoCl2 

significantly stabilizes HIF1 α and HIF2 α, providing a 
sustained stabilization for several hours. This model 
allows for a broader time window to manipulate and 
analyze samples under normoxic conditions.20 

Hypoxia is characterized by an increase in ROS, leading 
to oxidative stress,21 and has been shown to be a potent 
inducer of apoptosis.22 The high altitude-induced hypoxia 
caused various types of degeneration and atrophy in the 
seminiferous tubules and interstitial tissue during 
postnatal development in rats.1 In our study, we observed 
that hypoxia induced by CoCl2 resulted in a reduction in 
the viability of TM3 cells compared to the control group. In 
a similar study, different concentrations of cobalt chloride 
were found to decrease the viability of TM3 cells.19 

In this study, treatment of TM3 cells with a 
concentration of 10.00 ng mL-1 melatonin did not 
significantly alter cell survival rate. Similarly, other 
studies have reported that concentrations ranging from 
1.00 × 10-6 to 1.00 mM of melatonin did not significantly 
affect the survival of TM3 cells.19 Previous studies have 
shown that a concentration of 10.00 ng of melatonin 
exhibits the most effective activity.8 In this regard, 
supplementation of 10.00 ng of melatonin into pig 
granulosa cells culture media stimulates the expression of 
genes related to the regulation of cell cycle proliferation 
and anti-apoptosis,23 which aligns with our findings. 
However, concentrations of 10.00 and 100ng mL-1 of 
melatonin have been shown to increase the survival and 
proliferation of TM3 cells.5 Furthermore, it has been 
shown that a concentration of 10.00 ng of melatonin can 
improve the survival of granulosa cells of mice treated 
with palmitic acid.24 Additionally, melatonin has been 
reported to protect brain endothelial cells from damage 
caused by oxygen-glucose deprivation.25 

Melatonin, a primary secretion of the pineal gland, 
serves as a potent antioxidant and free radical 
neutralizer.26 Due to its small size and high lipophilic 
properties, melatonin easily passes through the cell 
membrane and spreads throughout the cell. Its 
concentration in the nucleus is very high, and it protects 
DNA against destructive factors.27 The present study 
showed that administering 10.00 ng of melatonin for a 
period of 96 hr, reduces the negative effects of CoCl2 on cell 
viability. These changes are likely caused by the strong 
antioxidant properties of melatonin, which can stimulate 
the activity or gene expression of antioxidant enzymes 
such as superoxide dismutase, glutathione reductase, and 
 

 glutathione peroxidase.28 Additionally, the anti-apoptotic 
properties of melatonin prevent the death of TM3 cells by 
inhibiting the process of apoptosis. Previous findings have 
also demonstrated the anti-apoptotic effects of melatonin 
on mouse Leydig cells and various other tissues.5  

In this study, it was shown that hypoxia increases 
the expression of TGF-β1 at mRNA and protein levels in 
TM3 cells treated with CoCl2 compared to the control 
group. Increased TGF-β1 has been linked to Leydig cell 
hyperplasia/hypertrophy, according to the literature.29 
The TGF-β1 has been shown to increase ROS production 
and suppress the antioxidant system, thus causing 
oxidative stress or redox imbalance.30 It also leads 
oxidative modifications and increases apoptosis in 
hamster pancreatic β-cell cells by accumulating reactive 
oxygen species and suppressing catalase and 
glutathione peroxidase.31  

The TGF-β1 has been shown to regulate testicular 
Leydig cell function in vivo and in vitro.32 It is a post-
transcriptional regulatory molecule that is essential for the 
expression of various genes in physiological and 
pathological processes.16 Overexpression of TGF-β1 in the 
testis can interfere with the body's natural spermatogenic 
activity.33 There is increasing evidence that differential 
expression profiles of TGF-β1 are linked to infertility and 
disorders of sexual development and function in men.34 
The TGF-β1 receptor blockers have been shown to 
significantly reduce the density and motility of rat 
spermatozoa.35 Mice mutated for TGF-β1 survive until 
reproductive age, but the level of testosterone in the testis 
and plasma of these mice shows a significant decrease.14 
Hypoxia has been shown to increase TGF-β1 protein 
expression in various cell types, including fibroblasts.36 
hepatic stellate and smooth muscle cells.37 

Antioxidants such as selenium, quercetin, and 
carvacrol have been demonstrated to reduce the 
expression of TGF-β1.38 In the present study, it was 
observed that the expression of TGF-β1 significantly 
decreased when cells were treated with melatonin in 
addition to hypoxia, compared to the group induced with 
CoCl2 and hypoxia. Kim et al. have shown that melatonin 
can prevent the transformation and differentiation of 
renal interstitial fibroblasts into myofibroblasts by 
suppressing the expression of TGF-β1.39 It has also been 
proven that melatonin is able to reduce the adverse 
effects of hypoxia during the differentiation of mouse 
embryonic stem cells into myocardial cells.40 Therefore, it 
is likely that the reduction in TGF-β1 expression in the 
melatonin + cobalt group in this study is due to the 
antioxidant properties of melatonin. 

In the present study, the expression of the ALK5 gene at 
both the mRNA and protein levels in TM3 cells under 
hypoxic conditions was found to be increased. 
Furthermore, treatment with melatonin in hypoxic 
conditions resulted in a reduction of the Alk5 expression 
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gene at both the mRNA and protein levels. Previous 
reports have indicated that hypoxia can induce the 
expression of Alk5.41 It has been identified that increased 
oxidative stress is associated with elevated ALK5 
expression. Hypoxia promotes an increase in ROS, leading 
to oxidative stress, and reducing ROS production can be an 
effective strategy for managing oxidative stress damage. 

One of the key receptors involved in TGF-β1 functions 
is Alk5, also known as the TGF-β1 receptor.14 The presence 
of Alk5 receptors has been widely documented in 
mammalian reproductive cells.29,42 It has been shown that 
the reduction in fertility of men experiencing high altitude 
was probably due to an uncontrolled ROS production.3 
Melatonin has been found to be a potent antioxidant that 
effectively reduces oxidative stress.3,8,27,39 Research has 
indicated that Alk5 could be a potential target for 
antioxidant treatment.2 Considering the role of Alk5 in 
regulating the functions of Leydig cells, reducing the 
expression of this gene in hypoxic conditions may be an 
effective treatment to mitigate the harmful effects of 
oxidative stress on these cells. 

In our study, we observed an increase in Bmp4 
expression at both the mRNA and protein levels in hypoxic 
TM3 cells. Additionally, treatment of TM3 cells with 
melatonin in hypoxic conditions resulted in a significant 
decrease in Bmp4 expression compared to the CoCl2-
treated group. In contrast to our findings, a different study 
has shown that osteoblastic cells affected by oxidative 
stress caused by H2O2 exhibit decreased Bmp4 
expression, and simultaneous treatment with the 
antioxidant Apigenin leads to an increase in Bmp4 
expression.43 Another study has demonstrated that the 
antioxidant Dioscin can mitigate myocardial infarction 
damage caused by oxidative stress in hypoxic conditions 
by modulating Bmp4.44 Similarly, boldin, another 
antioxidant, exerts its effects by inhibiting excessive ROS 
production through Bmp4-dependent mechanisms. 
Endothelial dysfunction in diabetic mice has been 
associated with increased oxidative/nitrosative stress and 
up-regulation of Bmp4, and boldin treatment has been 
shown to restore impaired endothelial function and 
prevent ROS overproduction and Bmp4 upregulation.45 

The BMP4 is a crucial member of the TGF -β family and 
is expressed in the Leydig cell lineage.46 The transcription 
factor HIF-1 plays a pivotal role in controlling the 
expression of numerous genes during the adaptive 
response to hypoxia.47 Gao et al., demonstrated that HIF-
1α binds to the promoter region of Bmp4, leading to 
increased Bmp4 expression in H9C2 rat cardiomyocytes 
under hypoxic conditions.48 Previous research has also 
shown that HIF-1α regulates the transcriptional activation 
of Bmp4 expression in various cell types.49 

In conclusion, melatonin at a concentration of 10.00 
ng had protective effects on TM3 cells under hypoxic 
conditions induced by CoCl2. Additionally, melatonin was 
 

 found to decrease the expression of TGF-β1 and its 
receptor Alk5, and Bmp4 which are associated with 
oxidative stress and cell damage in hypoxic conditions. 
Overall, these findings support the potential beneficial 
effects of melatonin in protecting TM3 cells against 
hypoxia-induced oxidative damage through its 
antioxidant properties, thus suggesting its potential as a 
therapeutic agent in conditions characterized by 
oxidative stress and hypoxia. 
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