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Abstract: Objective: To study the antioxidant protective effect and mechanism of melatonin on cyclophosphamide-
induced premature ovarian failure model mice. Methods: Six-month sexually mature female Kunming mice were taken 
for one week of acclimatization and then randomly divided into a normal group, blank control group, drug control group, 
ovarian premature aging model group, and melatonin intervention low, medium, and high dose group, with 20 mice in 
each group. We observed the status and body mass of the mice in each group; observed and monitored the estrous cycle 
by HE staining; measured the diameter and size of the ovaries and weighed the wet weight of the ovaries; observed the 
morphological changes of the ovaries by HE staining and counted the developing follicles at all levels; detected the levels 
of serum estradiol (E2), follicle-stimulating hormone (FSH), and luteinizing hormone (LH) by ELISA; measured the 
levels of serum MDA, SOD, and GSH-PX by antioxidant kit; detected the levels of protein immunoblotting by ELISA; 
protein immunoblotting (Western blot) to examine the expression of DNA damage-related proteins γH2AX, p53, and 
p21 in ovarian tissues. Results: Compared with the control group, mice in the premature ovarian failure model group 
showed reduced mobility, rough hair, decreased body weight, disorganized estrous cycle, decreased ovarian weight (P 
< 0.05), decreased number of follicles at all levels of development (P < 0.05), increased number of atretic follicles (P < 
0.05), significantly elevated levels of serum FSH and LH, significantly decreased levels of E2 (P < 0.05), significantly 
increased levels of serum MDA, significantly lower SOD and GSH-PX levels (P < 0.05), and the expression of p53, p21, 
and γH2AX in ovarian tissues was increased (P < 0.05). Compared with the model group of premature ovarian failure, 
melatonin improved the changes of the above indexes induced by cyclophosphamide-induced premature ovarian failure in 
mice. Conclusion: Melatonin can improve the changes of motility cycle disorders, abnormal follicular development, and 
abnormal serum hormone levels induced by cyclophosphamide-induced oxidative stress in mice with premature ovarian 
failure. At the same time, melatonin can improve the oxidative stress induced by cyclophosphamide and alleviate the role 
of oxidative stress-induced DNA damage in mouse ovaries by exerting its antioxidant effect.
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1. Introduction
The global incidence of premature ovarian failure (POF) is approximately 1–7%. In China, the incidence of 
this disease accounts for about 2.8%, and there is an increasing trend year by year and younger patients being 
affected [1,2]. POF refers to the amenorrhea phenomenon before the age of 40 caused by the exhaustion of female 
ovarian function. Clinical manifestations include high follicle-stimulating hormone levels (FSH > 40 U/L with 
testing periods of over one month), declined estrogen levels (LH < 73.2 pmol/L), perimenopausal symptoms such 
as strange menstruation (scanty or amenorrhea), hot flashes and anguish, sorrowful mood, concern dozing, doubled 
incidence of heart disease, and dropped bone mineral density, which are the causes of abnormal reproductive health 
in women [3]. The occurrence of POF is related to genetics, radiotherapy and chemotherapy treatment, ovarian 
surgery history, autoimmune dysfunction, and metabolic disorders [4-6]. Among them, chemotherapy-induced POF 
has become a clinical concern [7]. Cyclophosphamide (CTX), a commonly used chemotherapeutic drug for anti-
tumor treatment in clinical practice, belongs to the alkylating agent category. It has the greatest toxic effect on 
the female reproductive system, especially the ovaries, and exhibits a dose-dependent effect. CTX can promote 
ovarian granulosa cell death, resulting in an aberrant reduction in the number of ovarian follicles, depletion of 
ovarian follicular reserves, ovarian dysfunction, and eventually premature ovarian failure [8-10]. Melatonin (MT), 
an indoleamine hormone secreted by the mammalian hypothalamic pineal gland, is an often utilized free-radical 
scavenger in clinical practice. It is secreted in a circadian rhythm, reaching a peak at night. According to research, 
it has been suggested that the concentration of MT in human follicular fluid is higher than that in the blood [11]. 
Numerous previous studies have confirmed that MT can improve ovarian oxidative stress through its antioxidant 
capacity, thereby inhibiting ovarian granulosa cell apoptosis, preserving ovarian reserve function, improving 
fertility, and enhancing pregnancy outcomes [12-14]. This study intends to explore the antioxidant protective effect 
and molecular mechanism of MT on CTX-induced premature ovarian failure by using MT on a CTX-induced 
premature ovarian failure mouse model. It is hoped that this will provide a basic theoretical foundation and new 
ideas for clinical preventive treatment of chemotherapy-induced premature ovarian failure.

2. Materials and methods
2.1. Materials
2.1.1. Experimental animals and environment 
A total of 140 sexually mature female Kunming mice at 6 weeks of age, weighing 28–30 g, with normal estrus 
cycles, were purchased from the Lanzhou Veterinary Research Institute (License: Lanzhou Veterinary Research 
Institute SCXk2020-0002). Housing conditions: room temperature 20–26℃, indoor humidity 55–70%.

2.1.2. Drugs and reagents 
Melatonin powder and cyclophosphamide powder were purchased from Shanghai Macklin Biochemical 
Technology Co., Ltd., with catalog numbers M813985-25g and C849559-500mg, respectively; 4% 
paraformaldehyde; hematoxylin and eosin (H&E) staining solution from Feijing Biotechnology Co., Ltd.; 
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) detection kits from 
Nanjing Jiancheng Bioengineering Institute; estradiol (E2), FSH, LH ELISA kits from Shanghai Enzyme-linked 
Biotechnology Co., Ltd.; protein extraction reagent and BCA protein concentration determination kit from Xin Sai 
Mei Biotechnology Co., Ltd.; p21 rabbit monoclonal antibody from Abcam; γH2AX mouse monoclonal antibody 
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(catalog number: JBW301) from Shanghai Baili Biotechnology Co., Ltd.; p53 rabbit polyclonal antibody and 
GAPDH rabbit antibody from Jiangsu Qinke Biotechnology Research Center Co., Ltd.; horseradish peroxidase-
labeled goat anti-rabbit and goat anti-mouse secondary antibodies from Hangzhou Hua’an Biotechnology Co., 
Ltd.; 5× protein loading buffer (containing DTT) from Solaibo Company; universal antibody diluent from Suzhou 
Xin Sai Mei Biotechnology Co., Ltd.

2.1.3. Main instruments 
The instruments included multi-functional full-wavelength microplate reader from Meigu Molecular Instruments 
(Shanghai) Co., Ltd.; Amersham Imager 600 electrophoresis imaging analysis system from GE Healthcare 
Bio-Sciences AB; incubator from Jintan Tianjing Experimental Instrument Factory; HWS-12 electric constant 
temperature water bath from Zhejiang Nade Scientific Instrument Co., Ltd.; German sigma high-speed frozen 
centrifuge 3k15 from Shanghai Lingyi Biotechnology Co., Ltd.; AX224ZH electronic balance from Ohaus 
Instrument Co., Ltd.; small electrophoresis instrument from Xi’an Tengling Biotechnology Co., Ltd.

2.2. Experimental methods
2.2.1. Animal grouping, modeling, and drug administration
Adaptive feeding for 5-week-old female Kunming mice for one week was followed by selecting mice with stable 
estrus cycles for subsequent experiments. The mice were randomly assigned to seven groups, with 20 mice per 
group: Normal group (Group A): No intervention; Blank control group (Group B): Intraperitoneal injection 
and gavage of normal saline; MT administration group (Group C): MT (15 mg/kg) gavage; CTX-induced POF 
model group (Group D): First-day intraperitoneal injection of 50 mg/kg CTX + continuous 14-day intraperitoneal 
injection of 8 mg/kg CTX [15]; Synchronous combined protection group: Low-dose Group E: Group D CTX dose + 
MT (7.5 mg/kg) gavage, Medium-dose Group F: Group D CTX dose + MT (15 mg/kg) gavage, High-dose Group 
G: Group D CTX dose + MT (30 mg/kg) gavage; MT was administered by gavage every day at 20:00 for 14 
consecutive days [16].

2.2.2. Growth status and body mass changes
Following the modeling, mice in each group were observed and recorded during drug administration and feeding 
in order to observe their feeding, fur, and activity. At the same time, the body mass changes of the mice were 
monitored every other day and recorded, and the drug dosage was adjusted according to the body mass.

2.2.3. Changes in the estrus cycle
Every morning at 8 am, vaginal exfoliated cell detection was performed on mice in each group. The specific 
operation method is as follows: The mouse was held steady with one hand, while a pipette was held with the 
other to draw 200 µL of normal saline solution. The pipette was gently inserted into the mouse’s vagina, and the 
saline solution was injected, followed by repeated rinsing 2 to 3 times. The rinsed solution was then aspirated 
and spread onto a pre-numbered slide. After settling and fixation, H&E staining was performed. The estrous 
cycle was determined using an optical microscope, recorded, and represented in a line chart. The normal estrus 
cycle of mice is stable for 4 to 5 days. When there is a prolongation of diestrus, continuous diestrus, or the estrus 
cycle of the mice becomes chaotic and lasts for more than 6 days, or there is a long-term stagnation in a certain 
period, it is considered that the mice have estrus cycle disorders and ovarian damage [17]. Microscopic observation 
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showing dominant flaky anuclear keratinized epithelial cells indicates estrus; when nuclear oval epithelial cells 
are dominant, it is proestrus; when a large number of white blood cells are dominant, it is diestrus; when all three 
types of cells exist, it is metestrus [18].

2.2.4. Changes in ovarian size and wet weight
After the modeling was completed, the mouse’s whiskers were cut off, blood was taken from the eyeballs, and 
then the mouse was euthanized. The ovarian tissue was taken out, fat tissue was removed, and the ovarian length 
and wet weight were measured and recorded.

2.2.5. Changes in the pathological morphology of ovarian tissue
After soaking the ovarian tissue in 4% paraformaldehyde solution, it was inserted into paraffin, sectioned, and 
stained with H&E. The ovarian tissue morphology was observed under a light microscope, and the number of 
follicles at each stage was counted. The ratio of atretic follicles to total follicles (proportion of atretic follicles) was 
calculated. Microscopic follicle evaluation: Primordial follicles are defined as oocytes surrounded by a layer of 
squamous granulosa cells; primary follicles have oocytes surrounded by a layer of cubic granulosa cells; secondary 
follicles are surrounded by more than one layer of cubic granulosa cells, and follicular cavity has not yet formed; 
early antral follicles begin to develop a follicular cavity, and preovulatory antral follicles show distinct layered 
granulosa cell layers; atretic follicles have oocytes that are shrinking and irregularly shaped, with deeply stained 
zona pellucida [19].

2.2.6. Detection of serum hormones
Blood was collected from the eyeball and placed in a 1.5 ml EP tube, permitted to stratify at 4℃ in a refrigerator, 
and then centrifuged at 3500r/min for 10 minutes at 4℃ in a low-temperature centrifuge. The ELISA method was 
utilized to detect serum levels of FSH, E2, and LH, strictly adhering to the guidelines provided by the ELISA kit. 
The remaining serum was stored in a -80℃ freezer for future use.

2.2.7. Measurement of serum MDA, SOD, and GSH-PX
Frozen serum samples were thawed and used according to the antioxidant kit’s instructions to measure the levels 
of MDA, SOD, and GSH-PX in mouse serum.

2.2.8. Western blot detection of related pathway protein expression
Ovaries stored at -80℃ were removed and crushed, and proteins were extracted. After detecting protein 
concentration using a BCA kit, 5× loading buffer was added according to the volume, boiled in water for 10 
minutes, and then stored at -20℃ for future use. Equal amounts of protein were electrophoresed on a 6% or 10% 
SDS polyacrylamide gel. The gel was run at 80V until it exited the stacking gel (approximately 30 minutes), then 
at 100V until the end of the resolving gel (approximately 2 hours). A 5.5 cm × 8 cm PVDF membrane was cut, 
and a sandwich layer was made in the order of the black board, sponge pad, filter paper, gel, PVDF membrane, 
filter paper, sponge pad, and white board. The membrane was transferred at 120 mA for 2.5 hours. After transfer, 
the membrane was washed three times with 1× TBST for 10 minutes each, and then blocked with 5% BSA for one 
hour. The membrane was cut and incubated with primary antibodies p53 (1:1000), p21 (1:800), γH2AX (1:1000), 
and GAPDH (1:4000) at 4℃ overnight. Following the conclusion of the incubation phase, the membrane was 
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subjected to three washes with 1× TBST, each wash lasting for a period of 10 minutes. Subsequent to the removal 
of the primary antibody, the membrane was placed into a chamber containing HRP-conjugated goat anti-rabbit 
and goat anti-mouse secondary antibodies, where it remained for a duration of one hour at ambient temperature. 
Protein blots were visualized with enhanced luminescent reagent, and protein gray values were analyzed using 
ImageJ software. The expression levels of other proteins were calculated using GAPDH as an internal reference.

2.2.9. Statistical methods
The measured data obtained was statistically analyzed using Graph Pad Prism 10.1 software. Each experiment was 
repeated three times. Multiple groups were compared using one-way ANOVA, and further comparisons between 
two groups were performed using a t-test. A P-value < 0.05 was considered statistically significant.

3. Results
3.1. Effects of MT on the general condition of CTX-induced POF mice
Mice in the normal group and the blank control group had smooth hair, a good mental state, normal activity, and 
normal weight gain. Compared with the control group, the model group had sparse hair, rough and dull skin, 
significantly reduced activity, and lower body weight. Mice in the MT-only administration group and the low, 
medium, and high MT dose groups exhibited shiny hair and varying degrees of weight gain compared to the model 
group; however, these differences were not statistically significant (see Figure 1).

Figure 1. Line graph of changes in body weight of mice in each group. Note: Group A: Normal group, Group B: Control 
group, Group C: MT only group, Group D: Premature ovarian failure model group, Group E: Low-dose MT group, Group F: 
Medium-dose MT group, Group G: High-dose MT group.

3.2. The effect of MT on the estrus cycle of CTX-induced POF mice
The H&E staining results of vaginal exfoliated cells from mice are illustrated in Figure 2. After modeling, the 
estrus cycles of mice in the normal group, blank control group, and MT-only administration group were normal, 
averaging 4–5 days per cycle. However, in comparison to the blank control group, the premature ovarian failure 
model group exhibited disordered estrus cycles and varying degrees of estrus cycle prolongation, averaging 7–9 
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days per cycle, and some mice did not show a complete estrus cycle. After MT protection was administered, the 
estrus cycles of mice in each group showed varying degrees of recovery, with estrus cycles ranging from 5–7 days 
per cycle, which was shorter and more stable compared to the premature ovarian failure model group.

Figure 2. Line graph of the motility cycle during treatment in mice. Note: 1: Proestrus, 2: Estrus, 3: Metestrus, 4: Diestrus. 

3.3. The effect of MT on ovary size and wet weight in CTX-induced POF mice
In the absence of statistical differences between the normal group and the blank control group, compared to the 
blank group, the ovarian diameter of mice in the model group was slightly reduced, but the difference was not 
statistically significant (P > 0.05). However, the ovarian wet weight of mice in the model group and the MT 
low, medium, and high dose groups were significantly reduced (P < 0.01, P < 0.05). There were no statistically 
significant changes in ovarian diameter and wet weight in the MT-only administration group (P > 0.05). Compared 
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to the model group, the ovary size and wet weight of mice in the MT low, medium, and high dose groups showed 
varying degrees of increase, but the difference was not statistically significant (P > 0.05), as shown in Figure 3.

Figure 3. Comparison of ovary diameter and wet weight in each group of mice. Note: Compared with the control group: P 
< 0.05, *P < 0.01; compared with the premature ovarian failure model group: #P < 0.05, ##P < 0.01. Group A: Normal 
group, Group B: Control group, Group C: MT-only group, Group D: Premature ovarian failure model group, Group E: 
Low-dose MT group, Group F: Medium-dose MT group, Group G: High-dose MT group.

3.4. The effect of MT on the pathological morphology of ovarian tissue in CTX-induced 
POF mice
Statistical analysis of ovarian histopathological sections and follicle counts at various stages is shown in the 
figures. A large number of follicles and corpora lutea at various stages can be seen in the ovaries of mice in 
the normal group, control group, and MT-only administration group, with rare atretic follicles (see Figure 4). 
Compared to the control group, the number of primordial follicles, preantral follicles, and mature follicles in 
the model group mice was significantly reduced (P < 0.05, P < 0.01), while the number of atretic follicles was 
significantly increased compared to the control group (P < 0.005), with statistically significant differences. 
Compared to the model group, the number of primordial follicles, preantral follicles, and mature follicles in the 
ovaries of mice in the medium and high-dose MT treatment groups was significantly increased (P < 0.05, P < 
0.01), and the number of atretic follicles was significantly reduced (P < 0.005, P < 0.01). However, compared to 
the control group, the changes in primordial follicles, preantral follicles, and mature follicles in the low-dose group 
were not significant, with only a noticeable reduction in the number of atretic follicles (P < 0.05).
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Figure 4. Morphological changes in ovarian tissue (H&E ×100) and follicle counts at all levels in all groups of mice. 
Note: Compared with the control group: P < 0.05, P < 0.01, **P < 0.005; compared with the premature ovarian failure 
model group: #P < 0.05, ##P < 0.01, ###P < 0.005. Group A: Normal group, Group B: Control group, Group C: MT-only 
group, Group D: Premature ovarian failure model group, Group E: Low-dose MT group, Group F: Medium-dose MT 
group, Group G: High-dose MT group.

3.5. The effect of MT on serum hormones in CTX-induced POF mice
The levels of E2, FSH, and LH in the serum of mice in each group are shown in Figure 5. There were no 
statistically significant differences in the three hormone levels between the normal group and the blank control 
group (P > 0.05). Compared to the control group, the levels of LH and FSH in the serum of the model group 
were significantly increased (P < 0.05), while the level of E2 was significantly reduced (P < 0.01). Compared to 
the model group, the levels of LH and FSH in the serum of mice in the medium and high-dose MT groups were 
significantly reduced (P < 0.05), and the level of E2 was significantly increased (P < 0.05, P < 0.01). However, 
no statistically significant differences in hormone levels were observed between the low-dose MT group and the 
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model group (P > 0.05), suggesting that the observed effects may be related to the administered dose of MT.

Figure 5. Comparison of serum E2, FSH, and LH in each group of mice. Note: Compared with the control group: P 
< 0.05, *P < 0.01; compared with the premature ovarian failure model group: #P < 0.05, ##P < 0.01. Group A: Normal 
group, Group B: Control group, Group C: MT-only group, Group D: Premature ovarian failure model group, Group E: 
Low-dose MT group, Group F: Medium-dose MT group, Group G: High-dose MT group.

3.6. The effect of MT on serum MDA, SOD, and GSH-PX levels in CTX-induced POF 
mice
As demonstrated in Figure 6, there were no statistically significant differences observed between the normal group 
and the blank control group, compared to the control group, the serum levels of SOD and GSH-PX in the model 
group were significantly reduced (P < 0.05, P < 0.01), while the MDA level was significantly increased (P < 0.05). 
Compared to the model group, the serum MDA level in the high-dose MT group was significantly reduced (P < 
0.005), and the levels of SOD and GSH-PX were significantly increased (P < 0.005, P < 0.01). However, in the 
low-dose MT group, only the change in SOD level was significantly different from the model group (P < 0.005), 
and in the medium-dose MT group, only the change in MDA level was statistically significant compared to the 
model group (P < 0.01).

Figure 6. Comparison of MDA levels, SOD, and GSH-PX activities of mice in each group. Note: Compared with the 
control group: P < 0.05, *P < 0.01; compared with the premature ovarian failure model group: #P < 0.05, ##P < 0.01, ###P 
< 0.005. Group A: Normal group, Group B: Control group, Group C: MT-only group, Group D: Premature ovarian failure 
model group, Group E: Low-dose MT group, Group F: Medium-dose MT group, Group G: High-dose MT group.
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3.7. The effect of MT on the expression of DNA damage proteins in ovarian tissue of 
CTX-induced POF mice
Figure 7 illustrates the results of the Western blotting assay for the expression of DNA damage proteins in the 
ovaries of mice in each group. The bars indicate the comparison of grey values of the four protein bands under 
the premise that GAPDH was used as the internal reference. In comparison with the control group, the expression 
of DNA damage protein γH2AX was increased in the ovarian tissues of mice in the model group (P < 0.05), and 
the expression of p53 and p21 proteins was also significantly increased (P < 0.01). Conversely, the expression of 
γH2AX, p53, and p21 was found to be significantly downregulated in the ovaries of mice in the low-, medium-, 
and high-dose MT groups (P < 0.05, P < 0.01, P < 0.005, respectively). Among them, the changes in the 
expression of various proteins were most obvious in the high-dose group, and the differences were statistically 
significant.

Figure 7. Comparison of the expression levels of DNA damage proteins in the ovarian tissues of mice in each 
group. Note: Compared with the control group: P < 0.05, *P < 0.01; compared with the premature ovarian failure 
model group: #P < 0.05, ##P < 0.01, ###P < 0.005. Group A: Normal group, Group B: Control group, Group C: MT-only 
group, Group D: Premature ovarian failure model group, Group E: Low-dose MT group, Group F: Medium-dose MT 
group, Group G: High-dose MT group. 

4. Discussion and conclusion
The global occurrence of POF is trending younger, and it poses varying degrees of harm to women’s 
cardiovascular system, reproductive system, nervous system, and quality of life [20]. Due to the apparent trend of 
younger onset of tumors, POF caused by chemotherapy drugs has gradually received widespread attention. CTX, 
a commonly used antineoplastic drug in clinical practice, can produce two stable toxic compounds under the 
action of cytochrome P450: acrolein and phosphoramide nitrogen mustard. Acrolein has been demonstrated 
to induce the generation of reactive oxygen species (ROS) in a variety of cell lines within the body. An 
excessive accumulation of ROS within the organism has been shown to inhibit the activity of various 
enzymes within cells, instigate lipid peroxidation reactions, and result in DNA damage. In the female 
ovary, such an accumulation can precipitate accelerated follicular atresia and lead to premature depletion of 
the follicular pool, thus inducing ovarian failure [21-24]. Therefore, the use of antioxidants is of great significance 
to the female reproductive system, as it can effectively reduce the level of free radicals in the ovaries, thereby 
maintaining ovarian health and delaying female ovarian aging [25].

MT, as an antioxidant hormone that can be secreted by the human body itself, has been widely studied by 
scholars in recent years [26], and the positive effects of MT on the reproductive system have been documented. 
For example, Jones and Pepling found that MT promotes the quality of cumulus-oocyte complexes, facilitating 



66 Volume 9; Issue 2

the development of primordial follicles to the next morphological stage [27]. Cruz et al. demonstrated that MT 
decreases the damage to proteins and DNA caused by oxidative stress by directly scavenging oxygen radicals 
and promoting glutathione synthesis [28]. According to Matikainen et al. [29], MT’s ability to inhibit mitochondrial-
mediated follicular apoptosis is attributed to its induction of Bcl2 in follicular granulosa cells and inhibition of 
caspase3 activity. Feng’s [30] research shows that melatonin can affect macrophage polarization, regulate oxidative 
stress and chronic inflammation, and activate ovarian germline stem cells to delay chemotherapy-induced aging in 
mice. Additionally, MT can indirectly activate and stimulate antioxidant enzymes and inhibit pro-oxidant enzymes. 
It can also reduce oxidative damage to ovarian granulosa cells by inhibiting the JNK-BCL-2-BECN1 signaling 
pathway to inhibit autophagy [31].

In this study, we used CTX to construct a mouse model of POF and found that compared to the control 
group, the serum FSH and LH levels were elevated, while E2 levels were significantly reduced in the model 
group. Clinically, both LH and FSH are secreted by the pituitary gland and play a role in regulating sex hormone 
synthesis, promoting folliculogenesis, and corpus luteum formation [32]. E2 is a commonly used indicator for 
monitoring follicular growth and development in clinical practice. It can be used to evaluate ovarian reserve 
function. Most patients with ovarian failure clinically have estrogen deficiency, so a decrease in E2 levels may 
indicate insufficient ovarian reserve function [33]. The research conclusions of Melekoglu et al. [34] and Wei et al. [35] 

pointed out that compared with the control group, the mice in the model group had disordered estrus cycles and 
abnormal follicular development. The quantity of follicles at various developmental stages decreased, while the 
number of atretic follicles increased significantly. The disappearance of mature follicles suggests the successful 
establishment of a CTX-induced mouse model of POF, which is consistent with our research results [34,35]. In this 
study, serum FSH and LH levels were significantly lower and E2 levels were significantly higher in all groups of 
mice after co-protection with MT compared to the drug control group. These findings suggest that MT improves 
POF in mice. Changes in the estrus cycle and ovarian morphology of mice can reflect ovarian function and ovarian 
reserve [36,37]. After administering different doses of MT protection, the above conditions in mice were significantly 
improved, with the high-dose MT protection group showing the most significant improvement. This demonstrates 
that CTX is capable of inducing ovarian dysfunction and depletion of ovarian reserves in mice. Conversely, MT 
has been shown to restore ovarian function and preserve ovarian reserves to a certain extent, a finding that is in 
accordance with the research results reported by Jang et al. [38].

Clinically, MDA levels serve as a means of indicating the level of lipid peroxidation in the body and, 
indirectly, the level of cellular damage [39]. SOD and GSH-PX are key antioxidant molecules in the body. It has 
been proven that the ovaries can be shielded from oxidative stress harm by removing ROS and lipid peroxides [40]. 
The experimental study revealed that, in comparison with the control group, the serum level of the oxidative index 
MDA was elevated, while the levels of the antioxidant indexes SOD and GSH-PX were considerably reduced in 
the model group mice. However, these conditions were improved in the MT-protected mice, with the high-dose 
group showing the most significant effect. This suggests that CTX induces oxidative stress in mice, which MT 
can alleviate and improve. As a structurally stable non-enzymatic antioxidant, MT has a powerful antioxidant 
effect that scavenges hydroxyl radicals (·OH) and different ROS. In the body, the metabolites produced by 
the interaction between MT and free radicals are still powerful antioxidants. They can capture ROS through 
the 5-methoxy group on the indole ring, providing electrons to convert it into non-oxidizing substances, while 
converting itself into a low-toxicity intermediate N1-acetyl-N2-formyl-5-methoxykynurenamide. The latter has 
stronger antioxidant properties than MT and can scavenge a variety of ROS [41]. 6-hydroxy MT, formed after MT 
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metabolism in the liver, has an antioxidant capacity 30 times that of MT. It can protect the kidneys from oxidative 
stress damage induced by cisplatin drugs, counteract oxidative stress caused by cyanide, and inhibit Fe2+-induced 
lipid peroxidation reactions. Through such antioxidant cascade reactions, it becomes a highly effective antioxidant 
[42]. Additionally, MT also has an indirect antioxidant effect. According to research by Pandi-Perumal et al., MT 
can enhance GSH-PX activity in the liver, lungs, and brain of rats and increase the mRNA level of SOD in tissues [43].

Furthermore, this research aimed to explore the possible mechanism of MT’s antioxidant protection against 
premature ovarian failure caused by CTX in mice. γH2AX is a clinically commonly used marker protein for 
DNA damage and is one of the earliest proteins to undergo changes at DSB sites. As a signaling molecule, 
γH2AX recruits other DNA repair proteins to the break site to initiate the repair mechanism [44,45]. Research has 
demonstrated that an excessive accumulation of ROS within the body can serve as a catalyst for the onset of 
oxidative stress, which, in turn, can precipitate DNA damage within human tissues [46]. The results of this study 
showed that the expression of γH2AX protein was significantly increased in the ovarian tissues of mice in the 
model group compared to the control group, suggesting that CTX induced DNA damage in mouse ovaries 
through oxidative stress. However, the expression of γH2AX protein in the ovarian tissues of mice in the MT-
protected group was significantly reduced, thereby suggesting that MT alleviated DNA damage in mouse ovaries 
to a certain extent. The tumor suppressor p53 is the center of the DNA damage response and a key molecule 
that regulates apoptosis [47]. Liu et al. carried out a study that demonstrated a noteworthy increase in the mRNA 
and protein expression levels of p53 in the ovarian tissue of rats that were suffering from POF [48]. At the same 
time, as a transcription factor, there is a p53-centered signal transduction network in cells. The p53 protein has 
been demonstrated to regulate the expression of hundreds of downstream genes, thereby triggering a variety of 
biological processes, including the promotion of DNA repair, the induction of cell cycle arrest, and the promotion 
of cell senescence and apoptosis [49]. P21 is a transcriptional target gene of p53 [50] and an inhibitor of the cyclin 
E-CDK2 complex. It can arrest the cell cycle in the G1 phase during the DNA damage response, preventing it
from entering the S phase and blocking the cell cycle, thus allowing more time for damaged cells to repair [51].
Zhang’s research showed that MT can slow down the phosphorylation level of p53 in busulfan-induced mouse
spermatogonia through the ATM-p53 signaling pathway, thus avoiding the apoptosis of spermatogonial stem
cells [52]. Studies have shown that melatonin can inhibit apoptosis by down-regulating pro-apoptotic genes such
as p53, thereby improving the quality of mouse blastocysts [53]. Zhang showed that MT can down-regulate the
expression of p53 and inhibit the transcription of its downstream genes by inhibiting oxidative stress, thereby
rescuing bisphenol A-induced apoptosis and autophagy of mouse Leydig cells, and ultimately alleviating
bisphenol A-induced damage to the male reproductive system in mice [54]. The results of Western Blot in this study
suggested that compared with the control group. The expression levels of p53 and p21 proteins were found to be
significantly higher in the ovarian tissues of the model group, whereas the expression levels of these two proteins
were significantly lower in the ovarian tissues of the MT-protected groups. The changes in protein expression
were most significant in the high-dose group. This indicates that the protective mechanism of MT against CTX-
induced DNA damage in mouse ovaries may be related to γH2AX, p53, and p21. In summary, MT can improve
estrous cycle disorders, abnormal follicular development, and changes in serum hormone levels caused by CTX-
induced premature ovarian failure in mice, alleviate the occurrence of oxidative stress, and protect ovarian DNA
from damage. It may exert antioxidant protection by affecting the expression of proteins such as γH2AX, p53, and
p21. Although this study verified this hypothesis through animal experiments, further cell experiments are needed
to explore the molecular mechanism and role of MT, which will be the focus of our next research.
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