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Summary

Environmental hypoxia adversely affects reproductive health in humans and animals at high
altitudes. Therefore, how to alleviate the follicle development disorder caused by hypoxia
exposure and to improve the competence of fertility in plateau non-habituated female animals
are important problems to be solved urgently. In this study, a hypobaric hypoxic chamber was
used for 4 weeks to simulate hypoxic conditions in female mice, and the effects of hypoxia on
follicle development, proliferation and apoptosis of granulosa cells, reactive oxygen species
(ROS) levels inMII oocyte and 2-cell rate were evaluated. At the same time, the alleviating effect
of melatonin on hypoxic exposure-induced oogenesis damage was evaluated by feeding
appropriate amounts of melatonin daily under hypoxia for 4 weeks. The results showed that
hypoxia exposure significantly increased the proportion of antral follicles in the ovary, the
number of proliferation and apoptosis granulosa cells in the follicle, and the level of ROS inMII
oocytes, eventually led to the decline of oocyte quality. However, these defects were alleviated
when melatonin was fed under hypoxia conditions. Together, these findings suggest that
hypoxia exposure impaired follicular development and reduced oocyte quality, and that
melatonin supplementation alleviated the fertility reduction induced by hypoxia exposure.

Introduction

Follicle development accompanied by changes in granulosa cell function and oocyte maturation
underlies the physiology of female fertility. Mammalian follicle development exhibits cyclical
changes and consists of three main stages: follicle recruitment and priming, selection and
dominance, and maturation and ovulation (Edson et al., 2009). During follicle development, the
developmental capacity of oocytes is closely related to the function of granulosa cells (Boucret
et al., 2015; Shen et al., 2021). In the initial stage of follicle development, a group of primordial
follicles in the ovary is recruited and starts to grow at the same time as the degeneration of the
corpus luteum. With the help of a series of cytokines and gonadotropins, the granulosa cells
proliferate rapidly; this promotes follicle growth and, eventually, the follicular cavity appears. As
the follicle develops, granulosa cells produce large amounts of oestrogen and transport ATP and
small molecule metabolites to the oocyte for its development andmaturation (Monniaux, 2016).
Therefore, the follicle provides an ideal microenvironment for oocyte development and
maturation, such as the hypoxic environment within the follicular cavity, which is necessary for
egg maturation and ovulation (Redding et al., 2008; Tam et al., 2010; Lim et al., 2021).

About 140million people live in areas higher than 2500m, and about 40million people travel
to areas above 2500 m yearly (Moore et al., 1998). The hypoxic stress caused by high altitude has
been proven harmful to non-adapted humans (Moore et al., 2001). Notably, the effect of hypoxia
on female fertility has been described by various authors who have indicated that females
exposed to hypoxia exposure experienced deficiency of pre-ovulatory follicle development, birth
weight reduction, embryo loss, and intrauterine growth restriction (Parraguez et al., 2005, 2006,
2014; Hartinger et al., 2006). Only a few studies have shown that follicular growth is restricted
when female follicles are exposed to hypoxic conditions in vitro (Connolly et al., 2017; Ma et al.,
2019). Although hypoxic environmental stress has been shown to be detrimental to female
fertility, themechanism and how to release this effect still needs further investigation. A previous
study demonstrated that hypobaric hypoxia would cause oxidative damage, which could be
alleviated by antioxidants (Farias et al., 2010). Numerous studies have shown that the
antioxidant activity of melatonin secreted by the pineal gland plays a positive role in regulating
the reproductive process of female animals.

Melatonin plays a vital role in regulating circadian rhythms, pubertal development, and
seasonal adaptation in animals (Reiter et al., 2014; Han et al., 2017; Jiang et al., 2021b; Cipolla-
Neto et al., 2022). In recent years, its critical role in animal reproductive activity has been widely
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demonstrated. Melatonin regulates gonadal hormone levels
through the hypothalamic–pituitary–gonadal axis or targets the
gonads to regulate germ cell development (Berlinguer et al., 2009;
Cipolla-Neto et al., 2022). In female reproduction, melatonin could
relieve oxidative stress (Zou et al., 2020), delay ovarian ageing
(Tong et al., 2017), reduce granulosa cell apoptosis (Jiang et al.,
2021b), and promote egg maturation and embryonic development
(Liu et al., 2019b). Melatonin can remove or inhibit the production
of ROS, reducing the damage of hypoxic stress to animals
(Poeggeler et al., 1994; Amaral and Cipolla-Neto, 2018; Gonzalez-
Candia et al., 2019). Melatonin can also improve fetal pulmonary
circulation and cardiac function by increasing the activity of
antioxidant enzymes and resisting the fetal pulmonary hyper-
tension syndrome caused by perinatal hypoxia in high-altitude
animals (Reiter et al., 2018; Gonzaléz-Candia et al., 2021). All these
suggest thatmelatonin has a promising application against hypoxic
stress.

In this study, we used hypoxic stress mice as an animal model to
study the mechanism of hypoxic stress affecting female repro-
duction. The melatonin-hypoxia group was used to assess the role
of melatonin in alleviating hypoxic reproductive stress in females.
Alleviating the effect of melanin on the reproductive damage of
hypoxic stress mice provides a theoretical reference for further
research and improvement of the effect of hypoxic stress on the
reproductive activity of female animals.

Materials and methods

Animals

CD-1 mice were purchased from the Charles River Laboratory
Animal Centre (Beijing, China) and housed in a controlled
environment with food and water ad libitum. Female CD-1 mice,
4–6 weeks of age, were divided randomly into the following
treatments:

• Control: The control group were maintained in normal
conditions.

• Hypoxia: The hypoxia group was housed in a hypobaric
hypoxic chamber and treated with vehicles for 4 weeks.

• HypoxiaþMT: Melatonin with hypoxia group housed under
the same hypoxia conditions, and that received melatonin
powder (Sigma, M5250) dissolved in corn oil at a one-time
oral dose of 30 mg/kg body weight daily for 4 weeks.

All animals used in the experiment were conducted under the
Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Welfare and Ethics Committee at West
Anhui University.

Hypoxia treatment evaluation

Mouse heart tissue was removed immediately after 4 weeks of
hypoxic treatment and rinsed with normal saline, and then
moisture was adsorbed onto a filter paper. The weights of the right
ventricle (RV) and left ventricle plus ventricular septum (LVþS)
were recorded to calculate RV/[LVþS] (Chen et al., 2019).

Ovary histological analysis

The histological analysis of ovaries followed a previous study (Xu
et al., 2020). Briefly, mouse ovarian tissues were fixed in 4% PFA

for 2 h and then dehydrated using a series of graded ethanol (30%,
50%, 70%, 95%, and 100%). The tissues were embedded in paraffin
(Leica, German) and cut into 5-μm sections (Leica RM2235,
German) with serial section. After drying at 42°C, the sections were
rehydrated and stained with haematoxylin and eosin (H&E).
Images were acquired using a microscope (Nikon ECLIPSE E200,
Japan) with a charge-coupled device (CCD; MshOt MS60, China).
The classification of follicles was based on the shape of the
granulosa cell and the number of layers surrounding the oocyte as
described byHadek (1965). Finally, each ovary was cut sequentially
into 10 sections, and the proportions of preantral, antral, mature
follicles, and corpus luteum were counted in each section.

Granulosa cell proliferation assay

For immunohistochemistry, ovary sections were rehydrated and
endogenous peroxidase activity was blocked in 3% H2O2 for 10
min at room temperature (RT). Rehydrated tissues were washed
three times with phosphate-buffered saline (PBS: NaH2PO4,
Na2HPO4, NaCl; pH 7.4). Sections were blocked in 10% goat
serum for 1 h and incubated with a primary antibody against
proliferating cell nuclear antigen (PCNA; 1:200, Ruiying
Technology, RLM3031) in antibody dilution buffer overnight at
4°C. Sections were washed three times with PBS and incubated
with horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:200, Proteintech, SA00013–6). Sections were washed three
times with PBS and visualized using 3,3-diaminobenzidine (DAB;
ab64238) for 3 min. Sections were counterstained with haematox-
ylin and observed under amicroscope (Nikon, E200, Japan). Image
Pro Plus software was used to calculate the percentage of PCNA-
positive cells in total granulosa cells in preantral and antral follicles.

TUNEL assay

Mouse ovarian tissue sections were rehydrated in an ethanol
gradient and then stained using a TUNEL apoptosis detection kit
(Beyotime Biotechnology, C1090) to detect apoptosis. Briefly, the
tissue sections were treated with proteinase K (20 μg/ml) without
DNase at 37°C for 15 min. Sections were washed three times with
PBS and incubated with TUNEL detection solution for 1.5 h at RT.
Sections were washed three times with PBS and stained with

Figure 1. Effect of acute hypobaric hypoxia and melatonin on right ventricular
hypertrophy index in female mice. Mice were submitted to acute hypobaric hypoxia
with or without treatment of melatonin. Control: Mice were treated with normal
environment. Experiment: 4 weeks treatment. At least four mice were counted per group.
Significance between different groups is represented by different letters (P< 0.05).
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H33342 (1 μg/ml) for 1min. After washing, samples were mounted
with the anti-fluorescence quencher, and digital images were
captured on a Leica DMR fluorescence microscope (Mannheim,
Germany). The number of apoptotic granulosa cells was counted
in the antral follicle using Image Pro Plus software.

In vitro fertilization and embryo culture

The in vitro fertilization (IVF) procedure was performed as
described previously (Chen et al., 2019). Briefly, matured (MII)
oocytes from the oviduct ampulla were inseminated with
capacitated sperm and incubated with HTF medium at 37°C in
5%CO2 in air. After 4 h post-fertilization, oocytes were washed and
cultured in KSOM medium at 37°C in 5% CO2 in air. Proportions
of 2-cell embryos were assessed at 24 h post-fertilization.

Measurement of intracellular ROS level

To measure intracellular ROS levels, matured (MII) oocytes were
incubated in M2 solution containing 20 μM, 2,7-dichlorodihydro-
fluorescein diacetate (H2DCFDA; Life Technologies, Invitrogen
TM, C6827) for 30 min (37°C, 100% humidity, and 5% CO2

concentration), and then washed three times in M2 solution
containing 3 g/l BSA for 5 min each. Finally, oocytes were placed
under a fluorescence microscope and measured at 460 nm
excitation with a filter, and fluorescence images were recorded as
TIFF files. After deducting the background value, fluorescence
intensities were quantified using ImageJ software (Version 1.48;
National Institutes of Health, Bethesda, MD, USA; Zou
et al., 2020).

Statistical analysis

All quantitative data are presented as the mean ± standard error of
the mean (SEM) for at least three biological replicates. Data were
analyzed using one-way analysis of variance (ANOVA) followed
by a Duncan multiple comparison test using SPSS 21.0 software
(SPSS Inc.). Next, 10 sections were used to count the proportions of
corpora luteum and different types of follicles; at least 10 follicles
were used for cell apoptosis detection. Differences between means
were considered significant at a P-value < 0.05.

Results

Hypoxia exposure impairs the normal follicle development of
mice

To study the effect of hypoxic stress on reproductive fertility,
female mice were exposed to hypoxia for 4 weeks to simulate
hypoxia exposure to explore changes in fertility. The ratio of RV/
[LVþS] was used to assess the success of the mouse model. As
shown in Figure 1, RV/[LVþS] was higher in the hypoxia exposure
group (Hypoxia) compared with the control group (P <0.05). This
result indicated that the hypoxic stress mouse model was
successfully established.

As a basis for female fertility, we first examined the follicle
development of oogenesis. After hypoxia exposure, the normal
oogenesis process was impaired with the increased preantral
(primordial, primary, and secondary follicles) and antral follicle
proportion in the ovary (Figure 2). While there was little change in
corpora luteum and mature follicle proportion, which indicated
that normal folliculogenesis was impaired by hypoxia exposure.

Figure 2. Quantification of preantral, antral, mature follicles
and corpora lutea in mouse ovaries from control, Hypoxia, and
HypoxiaþMT animals. (A) Classification of different developmen-
tal stage follicles in mouse ovaries. (B) The proportion of different
developmental stage follicles per ovarian cross-section from
control, Hypoxia, and HypoxiaþMT female mice. At least 10 ovary
sections were counted per mouse. Significance between different
groups is represented by different letters (P < 0.05). Black scale
bar = 50 μm.
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Melatonin reverses the disorder of follicle development
caused by hypoxia exposure

as melatonin is often used to relieve oxidative stress, we wanted to
examine whether melatonin could relieve the disorder in female
follicle development caused by hypoxic stress. The increased RV/
[LVþS] caused by hypoxia exposure could be reversed by
melatonin feeding (P> 0.05). There was no significant difference
between the control and HypoxiaþMT groups (Figure 2). This
result supported the cardioprotective effects of an oral adminis-
tration of melatonin in female mice that suffer from hypoxia
exposure.

Then, we further explored if melatonin feeding could rescue the
impaired folliculogenesis induced by hypoxia exposure. The follicle
counting results showed that the preantral and antral follicle
proportion in theHypoxiaþMTgroupwas significantly lower than
that in the Hypoxia group but had no difference from the control

group. The results suggested that melatonin can improve follicular
dysplasia caused by hypoxic stress.

Melatonin relieves the hyper-proliferation of granulosa cells
induced by hypoxia exposure

Follicles are composed of oocytes and granulosa cells, and the
development of follicles is mainly mediated by the proliferation
and renewal of granulosa cells (Monniaux, 2016). Next, we
analyzed the proliferation activity of granulosa cells under hypoxic
stress. We chose PCNA as a proliferation cell marker in this assay.
The result showed that PCNA-positive granulosa cells were
significantly higher in the Hypoxia group than the other groups
(P< 0.05; Figure 3B). These results demonstrated that hypoxic
stress induced hyper-proliferation of granulosa cells, which would
trigger the disorder of folliculogenesis.

Figure 3. Proliferation activity of granulosa cells in follicles from
control, Hypoxia, and HypoxiaþMT female mice. (A) Representative
images of immunohistochemical staining of the proliferation cell
marker PCNA. (B) Proliferation activity differences of granulosa cells
in growing follicles (preantral and antral follicles) from the control,
Hypoxia and HypoxiaþMT female mice. At least 10 follicles were
counted per mouse. Significance between different groups is
represented by different letters (P< 0.05). The red arrows indicate
high proliferative granulosa cells. The black arrows indicate low
proliferative granulosa cells. Black scale bars= 10 μm.
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Furthermore, we also analyzed whether the addition of
melatonin affected the hyper-proliferation of granulosa cells
induced by hypoxic exposure. As shown in Figure 3B, compared
with the Hypoxia group, PCNA-positive granulosa cells in the
HypoxiaþMT group were significantly reduced (P < 0.05).
These results indicated that hypoxic exposure induced the
proliferation of granule cells in mouse follicles. At the same
time, melatonin partly overcame the excessive proliferation of
granulosa cells caused by hypoxia exposure during follicle
development.

Melatonin reduces apoptosis of granulosa cells in antral
follicles of hypoxic mice

The above result showed that, although hypoxia induced an
increasing proportion of antral follicles on the ovary, it did not
change the rate of mature follicles. To further analyze the reasons
for this phenomenon, we analyzed the apoptosis of granulosa cells
in antral follicles. We examined the apoptosis of granulosa cells in
follicles from control, Hypoxia, and HypoxiaþMT groups using
TUNEL-staining targeting DNA fragments. The apoptosis rate of
granulosa cells in antral follicles in the Hypoxia group was

significantly increased than that in other groups (P< 0.05;
Figure 4B). However, there was no obvious difference between
the HypoxiaþMT group and the control group in the apoptosis
rate of granulosa cells (P> 0.05; Figure 4B). These results
suggested that hypoxic stress-induced follicular developmental
disorders may be caused by the apoptosis of granulosa cells.
Melatonin could rescue the apoptosis of granulosa cells during
follicle development caused by hypoxia exposure.

Melatonin rescues the hypoxic stress-induced decline in early
embryonic development

To further confirm the effect of hypoxia exposure on early
embryonic development, we carried out superovulation and in
vitro culture experiments. After hCG injection, the number of MII
oocytes obtained from these three groups showed no difference,
which indicated that hypoxic stress did not affect ovulation
(Figure 5A). During the subsequent embryo development, the
cleavage rate in Hypoxia was significantly lower compared with the
control group (P< 0.001), whereas melatonin feeding could rescue
the decreased embryo development ability induced by hypoxia
exposure (Figure 5B). These data indicated that hypoxia exposure
was detrimental to early embryo development. At the same time,
melatonin improved the developmental competence of oocytes
caused by hypoxia exposure.

Melatonin attenuates oxidative stress in oocytes induced by
hypoxic exposure

Because the developmental competence of the MII oocytes was
severely impaired by hypoxia exposure, ROS levels in the oocytes
were measured to evaluate intracellular oxidative stress in the
control, Hypoxia, and HypoxiaþMT groups. The ROS level in
oocytes from the Hypoxia group was significantly higher than that
of the corresponding control group (P< 0.05; Figure 6A,B).
However, when melatonin was fed, intracellular ROS levels (MII
oocytes) were decreased, and showed no difference when
compared with the control group (P> 0.05). Therefore, melatonin
acts against ROS accumulation in MII oocytes from the oxidative
stress caused by hypoxia exposure.

Discussion

Our study describes the effects of melatonin administration on
follicle development and oocyte quality in a mice model of hypoxia
stress. In this study, we provided strong evidence that acute
hypoxic stress caused the accumulation of growing follicles in the
ovaries of mice, increased proliferation and apoptosis of granulosa
cells in the follicle, and induced ROS levels to increase in oocytes,
which ultimately led to the reduction of oocyte developmental
potential. However, feeding antioxidant melatonin effectively
inhibited abnormal follicle development and excessive prolifer-
ation and apoptosis of granulosa cells, and reduced the ROS level in
eggs, therefore alleviating the fertility damage caused by hypoxia
stress.

The abnormal granulosa cell cycle under an hypoxic
environment resulted in the accumulation of growing follicles in
the ovary. Previous studies have shown that a basal hypoxic
microenvironment can limit the growth of antral follicles and
reduce the diameter of the follicle in vitro (Connolly et al., 2017;Ma
et al., 2019). In this work, the proportion of antral follicles
increased significantly in the Hypoxia group, but there was no
significant difference in corpora lutea and mature follicle

Figure 4. Apoptosis rate of granulosa cells in antral follicles from control, Hypoxia,
and HypoxiaþMT female mice. (A) Representative images of fluorescence staining of
DNA fragmentmarker TUNEL. (B) Apoptosis rate differences of granulosa cells in antral
follicles from control, Hypoxia, and HypoxiaþMT female mice. At least 10 follicles were
counted per group. Significance between different groups is represented by different
letters (P< 0.05). The white arrows indicate apoptotic granulosa cells in the follicle.
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proportion. The findings of these analyses uncovered that hypoxia
causes antral follicle atresia. The poor GC number and function led
to decreased production of steroid hormones and may trigger
follicular atresia (Shen et al., 2012; Zhang et al., 2022). Previous
studies have reported that oxidative stress caused by ovarian
hypoxia is the main cause of ovarian ageing and GC dysfunction

(Shen et al., 2018; Jiang et al., 2021a). Oxidative stress also alters
the expression of more than 70 downstream genes, which leads
to the overproduction of ROS and initiation of apoptotic cell
death in ovarian follicles and granulosa cells (Lim and Luderer,
2011). In this study, the proliferation and apoptosis of granulosa
cells were increased in the antral follicles, and there was no
difference in the number of ovulations under hypoxia exposure.
Therefore, oxidative stress injury of granulosa cells induced by
hypoxia is the main cause of antral follicular accumulation in
the ovary.

Hypobaric hypoxia causes ROS, a significant increase in mature
oocytes, and results in the developmental failure of early embryos.
Previously, it has been demonstrated that hypoxia modifies the
activity of the cytochrome chain responsible for mitochondrial
oxidative phosphorylation, resulting in a decrease in ATP synthesis
and increased ROS (Turrens, 2003), at the same time as a decrease
in the activity of the cellular antioxidant system, which may lead to
oxidative injury and apoptosis (Adam-Vizi, 2005; Ramanathan
et al., 2005; Coimbra-Costa et al., 2017). Under normal conditions,
the cell produces a ROS level that acts beneficially for tissue
regeneration, intracellular redox regulation, and embryogenesis.
However, an excess of ROS can oxidize cellular molecules, such as
lipids, carbohydrates, amino acids, and nucleic acids, modifying
their functions and compromising cellular viability by producing
lipid peroxidation, mitochondrial damage, and apoptosis. This
impairs oocyte nuclear and cytoplasmic maturation, and sub-
sequent embryo development and quality (Ambrogi et al., 2017).
In the present study, we showed a high ROS level in MII oocytes
along with the decreasing embryo cleavage rate in the Hypoxia
group. We proposed that hypoxia may induce excessive ROS
accumulation in mature oocytes, resulting in oocyte oxidative
injury and poor developmental ability.

Several studies have demonstrated the beneficial effects of
melatonin against oxidative stress-stimulated granulosa cell
damage. Melatonin treatment can markedly prevent the apoptosis
of porcine granulosa cells during follicular atresia via its membrane
receptors and its free-radical scavenging activity in vitro (He et al.,
2016). It was proposed that melatonin alleviates hypoxia-induced
apoptosis of granulosa cells by reducing ROS production and
activating the MTNR1B–PKA–Caspase8/9 pathway in porcine
(Tao et al., 2021). In addition, several studies have demonstrated
that melatonin is against hypoxia-induced proliferation of cancer
cells for preventing tumour progression (Chuffa et al., 2015;
Bastani et al., 2021; Estaras et al., 2022). In our study, melatonin
relieved hypoxia-induced proliferation and the apoptosis of
granulosa cells, which in turn led to a significant reduction in

Figure 5. Effect of acute hypobaric hypoxia with or without melatonin on ovulation and early embryo development. (A) The three experimental groups had no differences on the
number of ovulation. (B) The difference of 2-cell rates from control, Hypoxia, and HypoxiaþMT groups. At least 60 oocytes were used per group. Bars with different letters indicate
significant difference (P< 0.001).

Figure 6. Effect of acute hypobaric hypoxia with or without melatonin on ROS levels
in MII oocytes. (A) Representative images of fluorescence staining of ROS marker
H2DCFDA in MII oocytes from control, Hypoxia, and HypoxiaþMT female mice. (B) The
three experimental groups had differences in ROS levels (H2DCFDA fluorescence). At
least 20 oocytes were counted per group. Significance between different groups is
represented by different letters (P< 0.05).
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the proportion of antral follicles compared with the Hypoxia
group. Findings from these data suggested that melatonin
effectively modulated granulosa cell cycle and restored follicular
development under hypoxia environment.

Melatonin alleviated the limit of follicle growth and improved
oocyte quality under hypoxia exposure in female animals. Previous
studies have shown that acute hypoxic stress caused follicle
development, arrest, LH secretion deficiency, and luteal area
reduction in sheep, and antioxidants partially alleviated the
reproductive damage caused by hypoxic stress (Parraguez et al.,
2013, 2014). In this study, we showed that the process of follicle
development and ROS level in the oocyte returned to normal while
feeding melatonin in hypoxia-exposure female mice. Melatonin
has a positive regulatory effect on the secretion of oestrogen and
reducing of ROS in the ovary or oocytes. On the one hand,
melatonin combined with melatonin receptors on the membrane
of granulosa cells to activate the activity of aromatase CYP19A1
and to promote oestrogen synthesis and antral follicle maturation
(Liu et al., 2019a; Cheng et al., 2020). On the other hand, melatonin
is known as an antioxidant or free-radical scavenger by reducing
the excessive production of ROS, thereby protecting against
cardiac dysfunction under hypoxia (Poeggeler et al., 1994;
Gonzaléz-Candia et al., 2021). Previous studies have suggested
that adding melatonin (MT) for in vitro maturation improves the
developmental competence of oocytes by scavenging reactive
oxygen species (ROS) through melatonin receptor 2 in the
cumulus–oocyte complex (Kim et al., 2020; Zhu et al., 2021).
Melatonin acts on the Nrf2 signalling pathway through its
receptors to induce the expression of downstream antioxidant
proteins, thereby reducing the accumulation of ROS and
enhancing the in vitro development potential of oocytes under
stress (Guo et al., 2021). A recent study confirmed that the
expression of the melatonin receptor 2 (MT2) gene was identified
in granulosa cells and oocytes (Jin et al., 2022). Based on these
studies, we suggested that melatonin may directly act on the oocyte
itself or indirectly through granulosa cells. Furthermore, melatonin
improved the adaptation of follicular cell response to the hypoxic
environment and against oxidative damage induced by hypoxia
(Tanabe et al., 2015; Liu et al., 2019a).

In summary, the present study showed that melatonin plays
an important role in alleviating female fertility damage caused
by acute hypoxic stress in mice, such as adjusting follicle
development, maintaining the balance of proliferation and
apoptosis in granulosa cells, decreasing ROS accumulation, and
improving egg quality. Therefore, our findings support
melatonin as a plausible treatment for reproductive diseases
that coexist with hypoxia and oxidative stress. Future studies are
required to understand the protection mechanism of melatonin
against reproductive damage caused by hypoxic stress in female
animals.

Acknowledgements. This research was funded by the Natural Science
Foundation of Anhui Province of China (2108085QC136), Ruina Zhang was
supported by the ‘Talent Introduce’ Programme (WGKQ202001009),
Postdoctoral Science Foundation (WXBSH2020002) and Domestic Visiting
Programme (wxxygnfx2023001) of West Anhui University.

Competing interests. The authors declare no conflicts of interest.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.

References

Adam-Vizi, V. (2005). Production of reactive oxygen species in brain
mitochondria: Contribution by electron transport chain and non-electron
transport chain sources. Antioxidants and Redox Signaling, 7(9–10),
1140–1149. doi: 10.1089/ars.2005.7.1140

Amaral, F. G. D. andCipolla-Neto, J. (2018). A brief review aboutmelatonin, a
pineal hormone. Archives of Endocrinology and Metabolism, 62(4), 472–479.
doi: 10.20945/2359-3997000000066

Ambrogi, M., Dall’Acqua, P. C., Rocha-Frigoni, N., Leão, B. and Mingoti,
G. Z. (2017). Transporting bovine oocytes in a medium supplemented
with different macromolecules and antioxidants: Effects on nuclear and
cytoplasmic maturation and embryonic development in vitro. Reproduction
in Domestic Animals, 52(3), 409–421. doi: 10.1111/rda.12923

Bastani, S., Akbarzadeh, M., Rastgar Rezaei, Y., Farzane, A., Nouri, M.,
Mollapour Sisakht, M., Fattahi, A., Akbarzadeh, M. and Reiter, R. J.
(2021). Melatonin as a therapeutic agent for the inhibition of hypoxia-
induced tumor progression: A description of possible mechanisms involved.
International Journal of Molecular Sciences, 22(19), 10874. doi: 10.3390/
ijms221910874

Berlinguer, F., Leoni, G. G., Succu, S., Spezzigu, A., Madeddu, M., Satta, V.,
Bebbere, D., Contreras-Solis, I., Gonzalez-Bulnes, A. and Naitana, S.
(2009). Exogenous melatonin positively influences follicular dynamics,
oocyte developmental competence and blastocyst output in a goat model.
Journal of Pineal Research, 46(4), 383–391. doi: 10.1111/j.1600-079X.2009.
00674.x

Boucret, L., Chao de la Barca, J. M., Morinière, C., Desquiret, V., Ferré-
L’Hôtellier, V., Descamps, P., Marcaillou, C., Reynier, P., Procaccio, V.
and May-Panloup, P. (2015). Relationship between diminished ovarian
reserve and mitochondrial biogenesis in cumulus cells. Human
Reproduction, 30(7), 1653–1664. doi: 10.1093/humrep/dev114

Chen, M., Shen, H., Zhu, L., Yang, H., Ye, P., Liu, P., Gu, Y. and Chen, S.
(2019). Berberine attenuates hypoxia-induced pulmonary arterial hyper-
tension via bone morphogenetic protein and transforming growth factor-β
signaling. Journal of Cellular Physiology, 234(10), 17482–17493. doi: 10.
1002/jcp.28370

Cheng, J. C., Fang, L., Li, Y.,Wang, S., Li, Y., Yan, Y., Jia,Q.,Wu, Z.,Wang, Z.,
Han, X. and Sun, Y. P. (2020). Melatonin stimulates aromatase expression
and estradiol production in human granulosa-lutein cells: Relevance for
high serum estradiol levels in patients with ovarian hyperstimulation
syndrome. Experimental and Molecular Medicine, 52(8), 1341–1350.
doi: 10.1038/s12276-020-00491-w

Chuffa, L. G., Fioruci-Fontanelli, B. A., Mendes, L. O., Ferreira Seiva, F. R.,
Martinez, M., Fávaro, W. J., Domeniconi, R. F., Pinheiro, P. F., Delazari
Dos Santos, L. and Martinez, F. E. (2015). Melatonin attenuates the TLR4-
mediated inflammatory response through MyD88- and TRIF-dependent
signaling pathways in an in vivo model of ovarian cancer. BMC Cancer, 15,
34. doi: 10.1186/s12885-015-1032-4

Cipolla-Neto, J., Amaral, F. G., Soares, J. M., Jr., Gallo, C. C., Furtado, A.,
Cavaco, J. E., Gonçalves, I., Santos, C. R. A. and Quintela, T. (2022). The
crosstalk betweenmelatonin and sex steroid hormones.Neuroendocrinology,
112(2), 115–129. doi: 10.1159/000516148

Coimbra-Costa, D., Alva, N., Duran, M., Carbonell, T. and Rama, R. (2017).
Oxidative stress and apoptosis after acute respiratory hypoxia and
reoxygenation in rat brain. Redox Biology, 12, 216–225. doi: 10.1016/j.re
dox.2017.02.014

Connolly, J. M., Kane, M. T., Quinlan, L. R., Dockery, P. and Hynes, A. C.
(2017). Corrigendum to: Hypoxia limits mouse follicle growth in vitro.
Reproduction, Fertility, and Development, 29(2), 431. doi: 10.1071/
RD14471_CO

Edson, M. A., Nagaraja, A. K. and Matzuk, M. M. (2009). The mammalian
ovary from genesis to revelation. Endocrine Reviews, 30(6), 624–712. doi: 10.
1210/er.2009-0012

Estaras, M., Martinez, R., Garcia, A., Ortiz-Placin, C., Iovanna, J. L.,
Santofimia-Castaño, P. and Gonzalez, A. (2022). Melatonin modulates

Melatonin protects oogenesis in mice 167

https://doi.org/10.1017/S0967199424000017 Published online by Cambridge University Press

https://doi.org/10.1089/ars.2005.7.1140
https://doi.org/10.20945/2359-3997000000066
https://doi.org/10.1111/rda.12923
https://doi.org/10.3390/ijms221910874
https://doi.org/10.3390/ijms221910874
https://doi.org/10.1111/j.1600-079X.2009.00674.x
https://doi.org/10.1111/j.1600-079X.2009.00674.x
https://doi.org/10.1093/humrep/dev114
https://doi.org/10.1002/jcp.28370
https://doi.org/10.1002/jcp.28370
https://doi.org/10.1038/s12276-020-00491-w
https://doi.org/10.1186/s12885-015-1032-4
https://doi.org/10.1159/000516148
https://doi.org/10.1016/j.redox.2017.02.014
https://doi.org/10.1016/j.redox.2017.02.014
https://doi.org/10.1071/RD14471_CO
https://doi.org/10.1071/RD14471_CO
https://doi.org/10.1210/er.2009-0012
https://doi.org/10.1210/er.2009-0012
https://doi.org/10.1017/S0967199424000017


metabolic adaptation of pancreatic stellate cells subjected to hypoxia.
Biochemical Pharmacology, 202, 115118. doi: 10.1016/j.bcp.2022.115118

Farias, J. G., Puebla, M., Acevedo, A., Tapia, P. J., Gutierrez, E., Zepeda, A.,
Calaf, G., Juantok, C. and Reyes, J. G. (2010). Oxidative stress in rat testis
and epididymis under intermittent hypobaric hypoxia: Protective role of
ascorbate supplementation. Journal of Andrology, 31(3), 314–321. doi: 10.
2164/jandrol.108.007054

Gonzalez-Candia, A., Veliz, M., Carrasco-Pozo, C., Castillo, R. L., Cárdenas,
J. C., Ebensperger, G., Reyes, R. V., Llanos, A. J. andHerrera, E. A. (2019).
Antenatal melatonin modulates an enhanced antioxidant/pro–oxidant ratio
in pulmonary hypertensive newborn sheep. Redox Biology, 22, 101128.
doi: 10.1016/j.redox.2019.101128

Gonzaléz-Candia, A., Arias, P. V., Aguilar, S. A., Figueroa, E. G., Reyes,
R. V., Ebensperger, G., Llanos, A. J. and Herrera, E. A. (2021).
Melatonin reduces oxidative stress in the right ventricle of newborn sheep
gestated under chronic hypoxia. Antioxidants, 10(11). doi: 10.3390/antio
x10111658

Guo, S., Yang, J., Qin, J., Qazi, I. H., Pan, B., Zang, S., Lv, T., Deng, S.,
Fang, Y. and Zhou, G. (2021). Melatonin promotes in vitro maturation of
vitrified-warmed mouse germinal vesicle oocytes, potentially by reducing
oxidative stress through the Nrf2 pathway. Animals (Basel), 11(8), 2324. doi:
10.3390/ani11082324

Hadek, R. (1965). The structure of the mammalian egg. International Review
of Cytology, 18, 29–71. doi: 10.1016/s0074-7696(08)60551-3

Han, L., Wang, H., Li, L., Li, X., Ge, J., Reiter, R. J. and Wang, Q. (2017).
Melatonin protects against maternal obesity-associated oxidative stress and
meiotic defects in oocytes via the SIRT3-SOD2-dependent pathway. Journal
of Pineal Research, 63(3). doi: 10.1111/jpi.12431

Hartinger, S., Tapia, V., Carrillo, C., Bejarano, L. and Gonzales, G. F. (2006).
Birth weight at high altitudes in Peru. International Journal of Gynaecology
and Obstetrics, 93(3), 275–281. doi: 10.1016/j.ijgo.2006.02.023

He, Y., Deng, H., Jiang, Z., Li, Q., Shi, M., Chen, H. and Han, Z. (2016).
Effects of melatonin on follicular atresia and granulosa cell apoptosis in the
porcine. Molecular Reproduction and Development, 83(8), 692–700. doi: 10.
1002/mrd.22676

Jiang, Y., Shen, M., Chen, Y., Wei, Y., Tao, J. and Liu, H. (2021a). Melatonin
represses mitophagy to protect mouse granulosa cells from oxidative
damage. Biomolecules, 11(7), 968. doi: 10.3390/biom11070968

Jiang, Y., Shi, H., Liu, Y., Zhao, S. and Zhao, H. (2021b). Applications of
melatonin in female reproduction in the context of oxidative stress.
Oxidative Medicine and Cellular Longevity, 2021, 6668365. doi: 10.1155/
2021/6668365

Jin, J. X., Sun, J. T., Jiang, C. Q., Cui, H. D., Bian, Y., Lee, S., Zhang, L., Lee,
B. C. and Liu, Z. H. (2022). Melatonin regulates lipid metabolism in porcine
cumulus–oocyte complexes via the melatonin receptor 2. Antioxidants,
11(4), 687. doi: 10.3390/antiox11040687

Kim, E. H., Ridlo, M. R., Lee, B. C. and Kim, G. A. (2020). Melatonin-Nrf2
signaling activates peroxisomal activities in porcine cumulus cell-oocyte
complexes. Antioxidants, 9(11), 1080. doi: 10.3390/antiox9111080

Lim, J. and Luderer, U. (2011). Oxidative damage increases and antioxidant
gene expression decreases with aging in the mouse ovary. Biology of
Reproduction, 84(4), 775–782. doi: 10.1095/biolreprod.110.088583

Lim, M., Thompson, J. G. and Dunning, K. R. (2021). HYPOXIA AND
REPRODUCTIVE HEALTH: Hypoxia and ovarian function: Follicle
development, ovulation, oocyte maturation. Reproduction, 161(1),
F33–F40. doi: 10.1530/REP-20-0509

Liu, Y., Yang, Y., Li, W., Ao, H., Zhang, Y., Zhou, R. and Li, K. (2019a).
Effects of melatonin on the synthesis of estradiol and gene expression in pig
granulosa cells. Journal of Pineal Research, 66(2), e12546. doi: 10.1111/jpi.
12546

Liu, Y. J., Ji, D. M., Liu, Z. B., Wang, T. J., Xie, F. F., Zhang, Z. G., Wei, Z. L.,
Zhou, P. and Cao, Y. X. (2019b). Melatonin maintains mitochondrial
membrane potential and decreases excessive intracellular Ca2þ levels in
immature human oocytes. Life Sciences, 235, 116810. doi: 10.1016/j.lfs.2019.
116810

Ma, L., Wang, L., Gao, H., Liu, N., Zheng, Y., Gao, Y., Liu, S. and Jiang, Z.
(2019). Hypoxia limits the growth of bovine follicles in vitro by inhibiting
estrogen receptor α. Animals (Basel), 9(8), 551. doi: 10.3390/ani9080551

Monniaux, D. (2016). Driving folliculogenesis by the oocyte-somatic cell
dialog: Lessons from genetic models. Theriogenology, 86(1), 41–53. doi: 10.
1016/j.theriogenology.2016.04.017

Moore, L. G., Niermeyer, S. and Zamudio, S. (1998). Human adaptation to
high altitude: Regional and life-cycle perspectives. American Journal of
Physical Anthropology, Suppl 27, 25–64. doi: 10.1002/(sici)1096-8644(1998)
107:27þ<25::aid-ajpa3>3.0.co;2-l

Moore, L. G., Zamudio, S., Zhuang, J., Sun, S. and Droma, T. (2001). Oxygen
transport in Tibetan women during pregnancy at 3,658 m. American Journal
of Physical Anthropology, 114(1), 42–53. doi: 10.1002/1096-8644(200101)
114:1<42::AID-AJPA1004>3.0.CO;2-B

Parraguez, V. C., Atlagich, M., Díaz, R., Bruzzone, M. E., Behn, C. and
Raggi, L. A. (2005). Effect of hypobaric hypoxia on lamb intrauterine
growth: Comparison between high- and low-altitude native ewes.
Reproduction, Fertility, and Development, 17(5), 497–505. doi: 10.1071/
rd04060

Parraguez, V. H., Atlagich, M., Díaz, R., Cepeda, R., González, C., De los
Reyes, M., Bruzzone, M. E., Behn, C. and Raggi, L. A. (2006). Ovine
placenta at high altitudes: Comparison of animals with different times of
adaptation to hypoxic environment. Animal Reproduction Science, 95(1–2),
151–157. doi: 10.1016/j.anireprosci.2005.11.003

Parraguez, V. H., Urquieta, B., Pérez, L., Castellaro, G., De los Reyes, M.,
Torres-Rovira, L., Aguado-Martínez, A., Astiz, S. and González-Bulnes,
A. (2013). Fertility in a high-altitude environment is compromised by luteal
dysfunction: The relative roles of hypoxia and oxidative stress. Reproductive
Biology and Endocrinology: RB&E, 11, 24. doi: 10.1186/1477-7827-11-24

Parraguez, V. H., Diaz, F., Cofré, E., Urquieta, B., De Los Reyes, M., Astiz, S.
and Gonzalez-Bulnes, A. (2014). Fertility of a high-altitude sheep model is
compromised by deficiencies in both preovulatory follicle development and
plasma LH availability. Reproduction in Domestic Animals, 49(6), 977–984.
doi: 10.1111/rda.12417

Poeggeler, B., Saarela, S., Reiter, R. J., Tan, D. X., Chen, L. D.,Manchester, L.
C. and Barlow-Walden, L. R. (1994). Melatonin—A highly potent
endogenous radical scavenger and electron donor: New aspects of the
oxidation chemistry of this indole accessed in vitro. Annals of the New York
Academy of Sciences, 738, 419–420. doi: 10.1111/j.1749-6632.1994.tb21831.x

Ramanathan, L., Gozal, D. and Siegel, J. M. (2005). Antioxidant responses to
chronic hypoxia in the rat cerebellum and pons. Journal of Neurochemistry,
93(1), 47–52. doi: 10.1111/j.1471-4159.2004.02988.x

Redding, G. P., Bronlund, J. E. and Hart, A. L. (2008). Theoretical
investigation into the dissolved oxygen levels in follicular fluid of the
developing human follicle using mathematical modelling. Reproduction,
Fertility, and Development, 20(3), 408–417. doi: 10.1071/rd07190

Reiter, R. J., Tamura, H., Tan, D. X. and Xu, X. Y. (2014). Melatonin and the
circadian system: Contributions to successful female reproduction. Fertility
and Sterility, 102(2), 321–328. doi: 10.1016/j.fertnstert.2014.06.014

Reiter, R. J., Tan, D. X., Rosales-Corral, S., Galano, A., Zhou, X. J. and Xu, B.
(2018). Mitochondria: Central organelles for melatonin’s antioxidant and
anti-aging actions. Molecules, 23(2), 509. doi: 10.3390/molecules23020509

Shen, M., Lin, F., Zhang, J., Tang, Y., Chen, W. K. and Liu, H. (2012).
Involvement of the up-regulated FoxO1 expression in follicular granulosa
cell apoptosis induced by oxidative stress. The Journal of Biological
Chemistry, 287(31), 25727–25740. doi: 10.1074/jbc.M112.349902

Shen, M., Cao, Y., Jiang, Y., Wei, Y. and Liu, H. (2018). Melatonin protects
mouse granulosa cells against oxidative damage by inhibiting FOXO1-
mediated autophagy: Implication of an antioxidation-independent mecha-
nism. Redox Biology, 18, 138–157. doi: 10.1016/j.redox.2018.07.004

Shen, Q., Liu, Y., Li, H. and Zhang, L. (2021). Effect of mitophagy in oocytes
and granulosa cells on oocyte quality. Biology of Reproduction, 104(2),
294–304. doi: 10.1093/biolre/ioaa194

Tam, K. K. Y., Russell, D. L., Peet, D. J., Bracken, C. P., Rodgers, R. J.,
Thompson, J. G. and Kind, K. L. (2010). Hormonally regulated follicle
differentiation and luteinization in the mouse is associated with hypoxia
inducible factor activity. Molecular and Cellular Endocrinology, 327(1–2),
47–55. doi: 10.1016/j.mce.2010.06.008

Tanabe, M., Tamura, H., Taketani, T., Okada, M., Lee, L., Tamura, I.,
Maekawa, R., Asada, H., Yamagata, Y. and Sugino, N. (2015). Melatonin
protects the integrity of granulosa cells by reducing oxidative stress in nuclei,

168 Zhang et al.

https://doi.org/10.1017/S0967199424000017 Published online by Cambridge University Press

https://doi.org/10.1016/j.bcp.2022.115118
https://doi.org/10.2164/jandrol.108.007054
https://doi.org/10.2164/jandrol.108.007054
https://doi.org/10.1016/j.redox.2019.101128
https://doi.org/10.3390/antiox10111658
https://doi.org/10.3390/antiox10111658
https://doi.org/10.3390/ani11082324
https://doi.org/10.1016/s0074-7696(08)60551-3
https://doi.org/10.1111/jpi.12431
https://doi.org/10.1016/j.ijgo.2006.02.023
https://doi.org/10.1002/mrd.22676
https://doi.org/10.1002/mrd.22676
https://doi.org/10.3390/biom11070968
https://doi.org/10.1155/2021/6668365
https://doi.org/10.1155/2021/6668365
https://doi.org/10.3390/antiox11040687
https://doi.org/10.3390/antiox9111080
https://doi.org/10.1095/biolreprod.110.088583
https://doi.org/10.1530/REP-20-0509
https://doi.org/10.1111/jpi.12546
https://doi.org/10.1111/jpi.12546
https://doi.org/10.1016/j.lfs.2019.116810
https://doi.org/10.1016/j.lfs.2019.116810
https://doi.org/10.3390/ani9080551
https://doi.org/10.1016/j.theriogenology.2016.04.017
https://doi.org/10.1016/j.theriogenology.2016.04.017
https://doi.org/10.1002/(sici)1096-8644(1998)107
https://doi.org/10.1002/(sici)1096-8644(1998)107
https://doi.org/10.1002/1096-8644(200101)114
https://doi.org/10.1002/1096-8644(200101)114
https://doi.org/10.1071/rd04060
https://doi.org/10.1071/rd04060
https://doi.org/10.1016/j.anireprosci.2005.11.003
https://doi.org/10.1186/1477-7827-11-24
https://doi.org/10.1111/rda.12417
https://doi.org/10.1111/j.1749-6632.1994.tb21831.x
https://doi.org/10.1111/j.1471-4159.2004.02988.x
https://doi.org/10.1071/rd07190
https://doi.org/10.1016/j.fertnstert.2014.06.014
https://doi.org/10.3390/molecules23020509
https://doi.org/10.1074/jbc.M112.349902
https://doi.org/10.1016/j.redox.2018.07.004
https://doi.org/10.1093/biolre/ioaa194
https://doi.org/10.1016/j.mce.2010.06.008
https://doi.org/10.1017/S0967199424000017


mitochondria, and plasma membranes in mice. The Journal of Reproduction
and Development, 61(1), 35–41. doi: 10.1262/jrd.2014-105

Tao, J. L., Zhang, X., Zhou, J. Q., Li, C. Y., Yang, M. H., Liu, Z. J., Zhang, L.
L., Deng, S. L., Zhang, L., Shen, M., Liu, G. S. and Liu, H. L. (2021).
Melatonin alleviates hypoxia-induced apoptosis of granulosa cells by
reducing ROS and activating MTNR1B-PKA-caspase8/9 pathway.
Antioxidants, 10(2), 184. doi: 10.3390/antiox10020184

Tong, J., Sheng, S., Sun, Y., Li, H., Li,W. P., Zhang, C. and Chen, Z. J. (2017).
Melatonin levels in follicular fluid as markers for IVF outcomes and
predicting ovarian reserve. Reproduction, 153(4), 443–451. doi: 10.1530/
REP-16-0641

Turrens, J. F. (2003). Mitochondrial formation of reactive oxygen species.
The Journal of Physiology, 552(2), 335–344. doi: 10.1113/jphysiol.2003.
049478

Xu, S. R., Wei, P., Yang, Q. L., Jia, G. X., Ma, S. K., Yang, Q. E., Jun, Z. and
Zhang, R. N. (2020). Transcriptome analysis revealed key signaling networks

regulating ovarian activities in the domestic yak. Theriogenology, 147, 50–56.
doi: 10.1016/j.theriogenology.2020.02.023

Zhang, X., Chen, Y., Li, H., Chen, B., Liu, Z., Wu, G., Li, C., Li, R., Cao, Y.,
Zhou, J., Shen, M., Liu, H. and Tao, J. (2022). Sulforaphane acts through
NFE2L2 to prevent hypoxia-induced apoptosis in porcine granulosa cells via
activating antioxidant defenses and mitophagy. Journal of Agricultural and
Food Chemistry, 70(26), 8097–8110. doi: 10.1021/acs.jafc.2c01978

Zhu, T., Guan, S., Lv, D., Zhao, M., Yan, L., Shi, L., Ji, P., Zhang, L. and
Liu, G. (2021). Melatonin modulates lipid metabolism in porcine cumulus-–
oocyte complex via its receptors. Frontiers in Cell andDevelopmental Biology,
9, 648209. doi: 10.3389/fcell.2021.648209

Zou, H., Chen, B., Ding, D., Gao, M., Chen, D., Liu, Y., Hao, Y., Zou, W.,
Ji, D., Zhou, P., Wei, Z., Cao, Y. and Zhang, Z. (2020). Melatonin
promotes the development of immature oocytes from the COH cycle into
healthy offspring by protecting mitochondrial function. Journal of Pineal
Research, 68(1), e12621. doi: 10.1111/jpi.12621

Melatonin protects oogenesis in mice 169

https://doi.org/10.1017/S0967199424000017 Published online by Cambridge University Press

https://doi.org/10.1262/jrd.2014-105
https://doi.org/10.3390/antiox10020184
https://doi.org/10.1530/REP-16-0641
https://doi.org/10.1530/REP-16-0641
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1016/j.theriogenology.2020.02.023
https://doi.org/10.1021/acs.jafc.2c01978
https://doi.org/10.3389/fcell.2021.648209
https://doi.org/10.1111/jpi.12621
https://doi.org/10.1017/S0967199424000017

	Melatonin protects oogenesis from hypobaric hypoxia-induced fertility damage in mice
	Introduction
	Materials and methods
	Animals
	Hypoxia treatment evaluation
	Ovary histological analysis
	Granulosa cell proliferation assay
	TUNEL assay
	In vitro fertilization and embryo culture
	Measurement of intracellular ROS level
	Statistical analysis

	Results
	Hypoxia exposure impairs the normal follicle development of mice
	Melatonin reverses the disorder of follicle development caused by hypoxia exposure
	Melatonin relieves the hyper-proliferation of granulosa cells induced by hypoxia exposure
	Melatonin reduces apoptosis of granulosa cells in antral follicles of hypoxic mice
	Melatonin rescues the hypoxic stress-induced decline in early embryonic development
	Melatonin attenuates oxidative stress in oocytes induced by hypoxic exposure

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


