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ARTICLE INFO ABSTRACT
Keywords: Aims: To evaluate whether melatonin (MT) supplementation during in vitro maturation (IVM) of
Melatonin human oocytes can reverse the age-related decline in oocyte quality.
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Main methods: We enrolled 172 patients aged >35 years (older reproductive-aged women) and 83
patients aged <35 years (young women) who underwent in vitro fertilization between 2019 and
2022. We conducted IVM with and without 10 pM MT in immature oocytes of different ages.
Oocyte fertilization and embryo development were observed using a stereomicroscope. We
assessed the immunofluorescence intensity of mitochondrial function, measured the copy number
of mitochondrial DNA (mtDNA), and examined the spindle and chromosome composition in in
vitro mature stage II (IVM-MII) oocytes using immunofluorescence and second-generation
sequencing.

Key findings: MT supplementation significantly improved the redox level in the IVM medium and
IVM-MII oocytes in older reproductive-aged women. It also significantly increased the proportion
of circular mtDNA and the adenosine triphosphate content in IVM-MII oocytes. In addition, the
IVM-MII oocytes obtained with MT supplementation showed a significant improvement in the
normal composition of the spindle and chromosomes. Thus, the aged immature oocytes also
showed significantly improved maturation and blastocyst formation rates owing to the role of MT.
Significance: Supplementation with 10 pM MT in the IVM medium reverses the age-related decline
in oocyte quality. Our findings provide a viable solution for enhancing fertility in older
reproductive-aged women.
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1. Introduction

Assisted reproductive technology (ART) has made significant progress in the treatment of infertility. However, dealing with the
decline in the number and quality of oocytes caused by ovarian aging in older women remains a challenge for ART. Female fertility
begins to decline at the age of 35 and further declines after reaching 40 years old [1,2]. The live birth rate per oocyte is 26% for women
younger than 35 years, 24% for women aged 35 years, and 1% for those older than 42 years [3]. In addition, the incidence of abortion,
congenital birth defects, and fetal aneuploidy is higher in women older than 35 years [4]. Embryonic aneuploidy is mainly related to
impaired microtubule assembly during spindle formation, which is one of the most energy-consuming processes in meiosis [5].
Therefore, insufficient adenosine triphosphate (ATP) synthesis in mitochondria is considered a potential cause of abnormal karyotypes
[6]. Reactive oxygen species (ROS) are generated during the oxidative phosphorylation process in mitochondria [7]. While ROS are
essential for intracellular signal transmission, they are also highly reactive, causing damage to vital components of cells, such as DNA
and proteins. The molecular damage caused by increased ROS production is known as oxidative stress [8]. The cumulative impact of
oxidative stress, caused by both congenital and environmental factors, is considered the primary cause of aging [9]. Consequently,
mitochondrial dysfunction and increased oxidative stress are the key factors contributing to the decline in oocyte developmental
potential associated with aging [10].

Melatonin (MT) is a tryptophan derivative primarily secreted by the pineal gland at night [11,12]. In addition to regulating
circadian rhythms and circulatory cycles, MT possesses potent antioxidant functions, such as directly scavenging free radicals and
regulating antioxidant enzymes via receptors [13,14]. Notably, MT is present in the follicular fluid produced by ovaries and granulosa
cells [15]. Across various mammalian species, MT plays crucial roles in follicular development and the regulation of ovarian function
[16,17]. Extensive research has investigated the beneficial effects of MT on female fertility [18]. A recent report showed that MT
concentration in follicular fluid can serve as an indicator for predicting ovarian reserve and in vitro fertilization (IVF) results [19].
Another study reported low MT concentrations in the follicular fluid of older women of reproductive age [20]. Therefore, exogenous
MT supplementation in vivo or in vitro may represent an effective therapeutic approach for improving fertility. In a prospective,
longitudinal cohort study involving 46 older reproductive-aged women (38-42 years), a statistically higher number of mature oocytes,
fertilization rate, and both total and high-quality embryos transferred were observed compared to their previous IVF cycle. However,
no difference was observed in the number of retrieved oocytes [20]. The effectiveness of oral MT for improving oocyte quality has been
reported. Nevertheless, the direct impact of MT on advanced oocytes through in vitro maturation (IVM) culture requires further
investigation. Recently, it has been suggested that including MT during IVM can enhance the maturation of immature human oocytes
and contribute to the development of healthy offspring [21]. Based on these findings, it is worth investigating whether IVM cultures
supplemented with MT can effectively counteract the decline in gamete quality observed in older women of reproductive age.

Therefore, we designed an IVM study using immature oocytes from older reproductive-aged women to examine the redox levels,
mitochondrial function, euploid status, and developmental potential of in vitro-matured metaphase II (IVM-MII) oocytes. This study
aimed to explore the potential benefits of MT supplementation in improving oocyte quality and subsequent developmental outcomes,
specifically within this age group.

2. Materials and methods
2.1. Ethical approval and patients

This study was approved by the Ethics Committee of Anhui Medical University (No. 2015013). All participating patients signed a
written informed consent for the use of normally discarded immature oocytes in this research.

This study population consisted of women who underwent intracytoplasmic single sperm injection (ICSI) at our center between
2019 and 2022. However, certain patient groups, such as those with chromosomal abnormalities, immune disorders, and pelvic tu-
mors, were excluded from the study.

2.2. Ovarian stimulation

All patients underwent ovarian stimulation, either long-term or short-term, involving the administration of a combination of GnRH
analogs and r-hFSH for superovulation. When at least 2-3 oocytes reached a diameter of 18 mm or greater, patients received an
intramuscular injection of 10,000 IU hCG (Lizhu Pharmaceutical Trading Co., Ltd., Zhuhai, China). Following hCG injection, trans-
vaginal ultrasound-guided cumulus-oocyte complexes retrieval was performed at 36 h [22].

2.3. Oocyte collection and IVM

We collected 129 immature oocytes at the germinal vesicle (GV) stage from 83 young patients (age <35 years) and 265 immature
oocytes from 172 older reproductive-aged patients (age >35 years). After ultrasound-guided follicle extraction, the corona cumulus
complexes of the oocytes were collected. Subsequently, these cumulus complexes were partially denuded using hyaluronidase
(VitroLife, Gotebor, Sweden) to assess the developmental stage (MII, MI, or GV stage). All GV oocytes with sparse cumulus cells were
collected and placed into IVM medium, with or without MT, for 24 h of in vitro culture at 37 °C and 6% CO3 [22]. Only the oocytes that
developed to the MII stage were used for subsequent experiments.
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2.4. Study design

Based on our previous study, 10 pM MT was found to be an optimal and safe concentration for the IVM culture of human oocytes
[21]. In the present study, the collected GV oocytes were divided into three groups based on the patient’s age and the addition of MT in
the IVM medium: the Young group (age <35 years without MT), Aged group (age >35 years without MT), and Aged + MT group (age
>35 years with MT supplementation). In the latter two groups, oocytes from patients of the same age were randomly and equally
assigned.

2.5. Determination of ROS and reduced glutathione levels in oocytes

The amount of ROS generated in the oocytes was evaluated using a dichlorofluorescin diacetate (DCFH-DA) assay kit (S0033S;
Beyotime Biotechnology Inc., China). Briefly, oocytes were incubated in a medium containing an oxidation-sensitive fluorescent probe
(DCFH-DA) at 37 °C for 30 min in the dark and then washed three times with phosphate-buffered saline (PBS). Upon transfer to a glass
medium, the oocytes were observed under a laser scanning microscope (LSM 800; Zeiss, Germany). Fluorescent photographs of the
oocytes were obtained using single-layer scanning, and the image acquisition parameters were consistent for all examined oocytes. The
fluorescence intensity of each oocyte was measured using the ZEN software (Carl Zeiss IMT Co., Ltd., Germany).

Glutathione (GSH) levels in oocytes were assessed using CellTracker™ Fluorescent Probes (C12881; Thermo Fisher Scientific,
USA). Each group of tested oocytes was stained with 10 pM CellTracker for 30 min at 37 °C in the dark and subsequently washed with
PBS to remove surface fluorescence. The fluorescence intensity was measured using a laser scanning confocal microscope. The ac-
quired photographs were analyzed using the ZEN software to measure the staining brightness of each oocyte.

2.6. Determination of ROS and GSH levels in IVM medium

The IVM culture medium was divided into two groups: a control group that did not receive MT intervention and an MT group
supplemented with melatonin. The oocytes obtained on designated days were evenly distributed between the two culture groups. For
instance, if Patient A had four GV oocytes, two were placed in the IVM culture medium of the MT group, while the remaining two were
assigned to the control group. After a 24-h culture period for the collected GV oocytes in IVM medium, ensuring a minimum of 5
oocytes in 500 pl of culture medium, the IVM culture medium from both the control and MT groups was collected. Subsequently, ROS
and GSH levels in the collected IVM culture medium were promptly measured.

The ROS levels were measured using a serum reactive oxygen species assay kit (BB-475016; BestBio, China). For each sample, 10 pl
was added to a 96-well plate, followed by 10-20 pl of the O'® probe. The wells were mixed by pipetting, and the plates were incubated
at 37 °C for 30 min at room temperature in the dark. Fluorescence intensity was measured using a fluorescence photometer at an
excitation wavelength of 535 nm and emission wavelength of 610 nm.

GSH levels were measured using a reduced-glutathione content kit (LCSSH-0206F; Lun Chang Shuo Biotech, China). The spec-
trophotometer was then preheated for 30 min. The wavelength was adjusted to 412 nm, and distilled water was used for zeroing. The
samples were then added to the detection reagents and analyzed directly using a spectrophotometer.

2.7. DNA extraction and real-time quantitative PCR

Total DNA was extracted from single isolated IVM-MII oocytes using the REPLI-g Single Cell Kit (HY16119; Qiagen, Germany).
Three oocytes were extracted from the Young, Aged, and Aged + MT groups. The extracted DNA was equally divided into two samples,
and one DNA sample was subjected to digestion using a nuclease (Exonuclease V; New England Biolabs Inc.) to remove all linear DNA
from the mitochondria [23]. The specific digestion systems are presented in Supplemental Table 1.

DNA samples before and after nuclease treatment were used as templates to determine the copy number of mitochondrial DNA
(mtDNA) by real-time quantitative polymerase chain reaction (qQPCR), using SYBR green DNA intercalator on the Roche Light-
Cycler®480 II (Roche, USA), in a 20-pl reaction volume. The reactions were performed as follows: initial denaturing at 95 °C for 5 min,
followed by 40 cycles at 95 °C for 30 s and 60 °C for 30 s [24]. The reference primer used was GAPDH, and 3243 primers were used for
mtDNA quantification (Supplemental Table 2).

2.8. Detection of ATP content in oocytes

The ATP content was determined using an enhanced ATP assay kit (S0026; Beyotime Biotechnology Inc.) according to the man-
ufacturer’s instructions. After washing three times with PBS, 10 oocytes were placed into polymerase chain reaction (PCR) tubes
containing 20 pl of ATP lysate and then stored at —80 °C for future examination. Briefly, the ATP test working solution was added to a
dark 96-well plate with 100 pl per well and incubated at room temperature for 5 min. The samples were then transferred to each well,
mixed, and. Examined using a luminometer. The ATP content was calculated using linear regression of the generated ATP standard
curve. The experiment was independently repeated three times during this period.

2.9. Observation of spindle morphology

The spindles of IVM-MII oocytes were stained using immunofluorescence. The collected oocytes were fixed with 4%



D. Yang et al. Heliyon 9 (2023) 19366

paraformaldehyde for 30 min, permeabilized with 0.2% Triton-X-100 for 25 min, blocked with 1% bovine serum albumin in PBS for 1
h, and incubated overnight at 4 °C with anti-a-tubulin-FITC (1:300) primary antibody. Subsequently, the oocytes were washed three
times in PBS with 0.01% Triton-X 100 and 1% Tween 20 and counterstained with DAPI for 10 min. After staining, the oocytes were
immediately observed under a laser scanning microscope.

2.10. Examination of aneuploidy

To examine aneuploidy, 18 IVM-MII oocytes were collected from the three groups (Young group [n = 6], Aged group [n = 6], and
Aged + MT group [n = 6]). Subsequently, we removed the first polar body through micromanipulation. Finally, the zona pellucida was
digested to examine aneuploidy using next-generation sequencing (NGS) technology.

2.11. Oocyte development

IVM-MII oocytes were collected and subjected to ICSI using donated sperms, followed by early embryonic culture. The same
embryologist evaluated the developmental status of fertilized oocytes throughout the experiment.

Embryo development during the cleavage stage was examined on day 3 of in vitro culture. The number of blastomeres and the
degree of fragmentation were carefully assessed. Embryos with 7-9 blastomere and less than 20% fragmentation were classified as
high quality. Subsequently, the embryos were transferred to a blastocyst culture medium for further incubation lasting 2-3 days. On
days 5 and 6, the resulting blastocysts were evaluated using the Gardner blastocyst grading method. High-quality blastocysts were
defined as those with a score of 3BB or higher on day 5 and 4BB or higher on day 6 [25].
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Fig. 1. Effects of MT intervention on ROS and GSH levels in IVM-MII oocytes and IVM culture medium. (A) Representative images of ROS levels in
oocytes in the Young, Aged, and Aged + MT groups. (B) Differences in ROS levels among the three groups. Nine oocytes in each group from more
than three independent experiments were tested. (C) Representative images of GSH levels in oocytes in the Young, Aged, and Aged + MT groups. (D)
Differences in GSH levels among the three groups. Ten oocytes in each group from more than three independent experiments were tested. (E)
Difference in ROS levels in IVM medium between the control and MT groups. Ten parts culture medium in each group from more than three in-
dependent experiments were tested. (F) Difference in GSH levels in IVM medium between the control and MT groups. Ten parts culture mediums in
each group from more than three independent experiments were tested. Scale bar = 50 pm *:P < 0.05, **:P < 0.01, ***:P < 0.001, * ***:P < 0.0001.
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2.12. Statistical analysis

Categorical data regarding developmental potential are presented as counts and percentages and analyzed using the chi-square test.
The remaining data are expressed as mean + standard deviation and analyzed using a one-way analysis of variance, followed by
Bonferroni tests. All data analyses were performed using GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, USA), with
a significance level set at P < 0.05.

3. Results
3.1. MT intervention prevents age-related oxidative stress damage in oocytes

We aimed to investigate whether human oocytes are subjected to increased oxidative stress with age and whether this can be
reversed by MT supplementation.

As expected, ROS levels in oocytes were significantly higher in the Aged group than in the Young group (P < 0.05), indicating that
oocytes from aged women were vulnerable to oxidative stress. However, in the Aged + MT group, ROS levels were significantly lower
compared to the Aged group (P < 0.05). Notably, there were no significant difference in ROS levels between the Young and Aged + MT
groups (P > 0.05; Fig. 1A and B). Similarly, GSH levels in oocytes were significantly lower in the Aged group compared to the Young
group (P < 0.05). However, in the Aged + MT group, GSH levels were significantly higher compared to the Aged group (P < 0.05;
Fig. 1C and D).

In addition to the oocyte itself, the environment of the IVM culture medium affects intracellular oxidative stress. Therefore, we
measured the ROS and GSH levels in the culture media of the control and MT groups. ROS levels in the MT group were significantly
lower compared to the control group, while GSH levels were higher than those in the control group (both P < 0.05, Fig. 1E and F).
These results suggest that MT supplementation improves oocyte quality in older women of reproductive age by reducing oxidative
stress.

3.2. MT intervention increases ATP production by increasing the proportion of circular mtDNA in aged oocytes

Mitochondrial function is closely related to mtDNA copy number. mtDNA exists in circular and linear forms, with linear mtDNA
being an intermediate product of damaged double-stranded mtDNA degradation. The percentage of circular mtDNA reflects the
mitochondrial function of cells to some extent [23,24]. Oxidative damage can impair mitochondrial function [26], and MT inter-
vention can reduce oxidative stress in oocytes. Therefore, our objective was to determine whether MT intervention could increase the
percentage of circular mtDNA in older women of reproductive age, thereby improving mitochondrial function. Analysis of a single
IVM-MII oocyte using qPCR revealed no significant differences in the copy number of all mtDNA among the three groups (P > 0.05,
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Fig. 2. MT intervention increases the proportion of circular mtDNA and ATP levels in IVM-MII oocytes of older reproductive-aged women. (A)
Relative expression of mtDNA in oocytes in the Young, Aged, and Aged + MT groups. (D) Relative expression of circular mtDNA in oocytes in the
Young, Aged, and Aged + MT groups. (C) Rate of circular mtDNA in oocytes in the Young, Aged, and Aged + MT groups. Six oocytes in each group
from more than three independent experiments were tested. (D) ATP levels were measured in oocytes in the Young, Aged, and Aged + MT groups.
Six oocytes in each group from three independent experiments were tested.
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Fig. 2A). We observed a significant decrease in the proportion of circular mtDNA in oocytes from the Aged group compared to the
Young group (P < 0.05; Fig. 2B). However, following MT intervention, there was an increase in the amount of circular mtDNA (P >
0.05, Fig. 2B) and the percentage of circular mtDNA in aged oocytes (P < 0.05, Fig. 2C).

In eukaryotic cells, ATP production primarily depends on the mitochondria [27]. To assess whether oocyte ATP production declines
with age and can be restored by MT intervention, we investigated the level of ATP in the three groups. Our findings revealed that
oocytes in the Aged group exhibited a lower ATP content than those in the Young group (P < 0.05, Fig. 2D). Additionally, the ATP
content was significantly higher in the Aged + MT group than in the Aged group (P < 0.05). There was no significant difference in ATP
content between the Young and Aged + MT groups (P > 0.05). These results suggest that MT intervention improves ATP production by
increasing circular mtDNA.

3.3. MT intervention ameliorates age-related meiotic defects in oocytes by increasing ATP production

Chromosomal abnormalities are primarily associated with spindle assembly, which is one of the most energy-intensive steps in
meiosis. Consequently, insufficient ATP synthesis may lead to chromosomal abnormalities [28]. The amount of ATP in oocytes
gradually decreases with age, and MT intervention can rescue this trend. Therefore, we investigated whether human oocytes’ spindle
structure and chromosomal alignment were damaged with advancing age, leading to aneuploidy and whether MT intervention could
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Fig. 3. MT ameliorates the meiotic defects of IVM-MII oocytes from older reproductive-aged women. (A) Representative images of spindle
morphology and chromosomal alignment in oocytes in the Young, Aged, and Aged + MT groups. Spindles were stained with an antibody against
a-tubulin (green), and chromosomes were counter-stained with Hoechst (blue). Scale bar = 10 pm. (B) Rate of aberrant spindles with misaligned
chromosomes in oocytes in the Young, Aged, and Aged + MT groups. Fifteen oocytes in each group from more than three independent experiments
were tested. (C) Next-generation sequencing (NGS) graph shows the results of aneuploidy detection for oocytes in the Young group (01-06). 01-04,
and 06: normal karyotype; 05: —2. (D) NGS graph shows the results of aneuploidy detection for oocytes in the Aged group (C1-C6). C2: normal
karyotype; C1: —9; C3: +4; C4 and C6: +22; C5: +2. (E) NGS graph shows the results of aneuploidy detection for oocytes in the Aged + MT group
(M1-M6). M1-M2 and M5-M6: normal karyotype; M3: —18; M4: +9. There were six IVM-MII oocytes in each group, and the oocytes corresponding
to the serial numbers of the Aged and Aged + MT groups originated from the same woman. Each NGS graph indicates the copy number assignments
on the y-axis and chromosome number on the x-axis. Trisomy and monosomy were denoted as +and —, respectively.
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rescue this damage. The proportion of oocytes with spindle disorders was significantly higher in the Aged group than in the Young
group (P < 0.05; Fig. 3B). However, the proportion of oocytes with spindle disorders was lower in the Aged + MT group than in the
Aged group (P < 0.05; Fig. 3A and B). The NGS results supported this finding (Fig. 3C-E). These results suggest that MT intervention
reduces the incidence of chromosomal abnormalities in oocytes from older reproductive-aged women by increasing ATP production.

3.4. MT intervention improves the developmental potential of oocytes in older reproductive-aged women

Finally, to investigate whether MT intervention improves the developmental potential of oocytes from older reproductive-aged
women, we collected 160 IVM-MII oocytes (Young group [n = 51], Aged group [n = 55], and Aged + MT group [n = 54]). The
basic clinical information of each group is shown in Table 1. Developmental parameters (rates of maturation, fertilization, cleavage,
high-quality embryos, blastocyst formation, and high-quality blastocysts) are shown in Table 2. We observed that the developmental
potential of the Aged group was significantly lower than that of the Young group, especially regarding the rates of maturation,
blastocyst formation, and high-quality blastocysts (all P < 0.05). Developmental parameters in the Aged + MT group were higher than
those in the Aged group, with significant differences observed in the rates of maturation and blastocyst formation (both P < 0.05).
However, there were no significant differences in any developmental parameters between the Young and Aged + MT groups (all P >
0.05). These results suggest that the developmental potential of oocytes decreases with age and that MT intervention rescues this age-
related degradation of developmental potential.

4. Discussion

The global changes in social, economic, and technological circumstances have resulted in a trend of delayed childbearing. One
consequence of this delay is that older women of reproductive age are at an increased risk of infertility, miscarriage, fetal aneuploidy,
stillbirth, and congenital disabilities [4]. With the continuous development of ART, an increasing number of families have successfully
achieved healthy offspring. Older reproductive-aged women rely more on this technology than their young counterparts. However, the
quality of their embryos is often lower compared to younger women, which is mainly attributed to the fact that older women have
fewer oocytes and a higher incidence of aneuploidy. Therefore, optimizing the current culture system and improving the use of oocytes
to enhance the cycle outcomes of older reproductive-aged women is an urgent problem that needs to be solved using ART.

In our previous studies, we found that the developmental potential of oocytes could be improved by supplementing the IVM
medium with 10 pM MT [21]. Due to the scarcity of oocyte retrieval in older reproductive-aged women and the low maturation rate of
immature oocytes in IVM, the number of aged oocytes in our previous experimental samples was small. Therefore, we investigated

Table 1

Basic clinical information of patients.
Index Young group Aged group Aged + MT group Adjusted P1-value Adjusted P2-value Adjusted P3-value
Retrieved oocytes (n) 51 55 54 - - -
Age(years) 27.23 £ 2.74 37.68 + 2.56 36.60 + 3.50 <0.0001 <0.0001 0.8406
Infertility duration(years) 2.23+1.01 5.24 + 3.78 3.50 £ 2.12 0.0134 >0.9999 0.3801
BMI (kg/m2) 22.42 + 3.24 22.07 £2.15 23.33 £ 2.86 >0.9999 >0.9999 0.5078
FSH (IU/L) 7.48 +1.87 7.77 £ 2.40 7.97 + 2.09 >0.9999 >0.9999 >0.9999
LH (IU/L) 11.62 + 6.85 4.87 + 2.59 4.67 + 3.63 <0.0001 0.0004 >0.9999
E2 (pmol/L) 59.84 + 93.28 372.7 £ 1262 233.3 £+ 300.4 >0.9999 >0.9999 >0.9999
P (nmol/L) 84.98 + 84.83 4.17 + 8.74 2.07 +£0.82 <0.0001 <0.0001 >0.9999
PRL (ng/ml) 8.46 + 9.34 12.52 + 5.65 23.35 + 46.35 >0.9999 0.2214 0.3709
T (nmol/L) 1.42+£1.19 3.46 & 10.40 1.16 + 0.45 >0.9999 >0.9999 >0.9999

P1: Young group & Aged group P2: Young group & Aged + MT group P3: Aged group & Aged + MT group. BMI: Body mass index; FSH: Follicle-
stimulating hormone; LH: Luteinizing hormone; E2: Estradiol; P: Progesterone; PRL: Prolactin; T: Testosterone; HCG: Human chorionic gonado-
tropin. Measurement data are presented as means + standard deviations (SD); comparisons between two groups were performed using the t-test.

Table 2

Results of early embryo development in different groups.
Index Young group Aged group Aged + MT group Pl-value P2-value P3-value
Retrieved oocytes (n) 51 55 54 - - -
Maturation rate 76.47(39/51) 43.64(24/55) 75.93(41/54) 0.0006* 0.9478 0.0006*
Fertility rate (%) 74.36(29/39) 75(18/24) 75.61(31/41) 0.9547 0.8972 0.9561
Cleavage rate (%) 93.1(27/29) 83.33(15/18) 96.77(30/31) 0.5691 0.9527 0.2647
High-quality embryo rate (%) 37.04(10/27) 33.33(5/15) 50(15/30) 0.8103 0.3247 0.2888
Blastocyst formation rate (%) 51.85(14/27) 13.33(2/15) 53.33(16/30) 0.033* 0.9109 0.0098*
High-quality blastocyst rate (%) 25.93(7/27) 0(0/15) 20(6/30) 0.0382* 0.5944 0.1629

P1: Young group & Aged group P2: Young group & Aged + MT group P3: Aged group & Aged + MT group. High-quality embryo: 7-9 blastomeres at
equal size on day 3, with no fragmentation or less than 15%. High-quality blastocyst: embryos that were >3BB on day 5 or >4BB on day 6 by the
blastocyst grading system according to Gardner’s criteria. Enumeration data were reported as percentages and compared by the y? test; *:P < 0.05,
difference was statistically significant.
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whether the addition of MT had the same effect on aged oocytes. For this purpose, we utilized 265 oocytes from older
reproductive-aged women, of which 109 were analyzed to assess their developmental potential. Consistent with the results of our
previous studies, the addition of MT significantly improved the rates of maturation, fertilization, cleavage, high-quality embryo
formation, blastocyst formation, and high-quality blastocyst formation in aged oocytes. Therefore, MT plays a role in improving the
developmental potential of oocytes in older women of reproductive age.

Furthermore, we found that MT significantly reduced the occurrence of aneuploidy in IVM cultures of aged oocytes, primarily due
to the increased production of ATP and the balance of antioxidative stress. Oocytes experience oxidative stress with age, as shown by
the age-dependent decrease in MT levels in the follicular fluid, where follicles grow and mature [19]. Elevated ROS levels are
important indicators of oxidative stress, which is one of the mechanisms underlying aging. In our study, the elevated intracellular ROS
levels in the Aged group indicated that oocytes from older reproductive-aged women were subjected to oxidative damage. MT is an
antioxidant that inhibits ROS generation, thereby preventing damage to aged oocytes. An animal model of oocyte exposure to
exogenous MT in aged mice in vivo and in vitro showed the scavenging of accumulated ROS [29]. During in vitro culture of aged oocytes,
the oocytes produce more ROS and less GSH, and this excess ROS flows into the culture fluid, which can disrupt the redox homeostasis
of the culture environment and be detrimental to oocyte development. The addition of MT neutralizes excess ROS in the culture
medium, thereby maintaining the culture medium’s redox homeostasis and optimizing the oocytes’ survival environment. In addition,
MT can directly enter the cells and neutralize excess ROS. Oxidative damage is closely associated with mitochondrial dysfunction [30].
One of the main functions of the mitochondria is to generate energy for many cellular processes. In this study, at an older age, the
proportion of circular mtDNA in oocytes decreased, and ATP production was reduced. Excessive ROS may damage part of the mtDNA
and adversely affect ATP by damaging the electron transport chain and tricarboxylic acid cycle [31]. MT increased the expression of
SIRT1 and LC3, which are associated with cellular homeostasis and autophagy, during in vitro culture of aging mouse oocytes. In
addition, MT supplementation increased ATP content, improved mitochondrial function, and enhanced autophagy process [32].

In the present study, we observed that the addition of MT positively affected oocyte health. Specifically, MT supplementation
reduced intracellular ROS levels, thereby minimizing mitochondrial damage. This reduction in ROS levels contributes to an increased
proportion of circular mitochondrial DNA in the oocytes, indicating improved mitochondrial function. Ultimately, this improvement in
mitochondrial function increases ATP production in the oocytes. Increased ATP supply during the first meiotic division of oocytes
reduces the probability of chromosomal segregation errors. This process reduces the incidence of chromosomal abnormalities in the
oocytes of older reproductive-aged women, thereby laying the foundation for better embryo development and cycle outcomes. In
addition, mitochondria are maternally inherited, while sperm mitochondrial proteins degrade through autophagy following their entry
into the oocyte [33-35]. As a result, mitochondria derived from oocytes become the primary source of ATP during preimplantation
embryonic development [36]. This finding helps explain why MT supplementation protects the mitochondrial function of oocytes from
older reproductive-aged women and their subsequent developmental potential.

Due to the limited sample size, we could not investigate the detailed mechanisms underlying MT supplementation. Therefore,
further exploration of this mechanism is necessary for future studies.

5. Conclusions

Overall, this study suggests that supplementation with 10 pM MT in an IVM medium reverses the age-related decline in oocyte
quality. Our findings provide a viable solution for enhancing fertility in women of reproductive age.
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