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Melatonin protects against chronic stress-induced oxidative meiotic defects in
mice MIl oocytes by regulating SIRT1
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ABSTRACT

Chronic stress which is common in the current society can be harmful to female reproduction and
is associated with oocyte defects. However, the underlying mechanisms remain largely unknown.
Herein, by using a mouse model of chronic restraint stress, we demonstrated that chronic stress
could induce meiotic spindle abnormalities, chromatin misalignment, mitochondrial dysfunction
and elevated ROS levels in oocytes in vivo, all of which were normalized by the administration of
melatonin. Consistently, melatonin treatment during in vitro maturation also attenuated the
meiotic defects induced by H,O, by regulating autophagy and SIRT1, which could be abolished
by SIRT1 inhibitor, Ex527 and autophagy inhibitor Bafilomycin A1 (Baf A1). These data indicate
that melatonin can mitigate chronic stress-induced oxidative meiotic defects in mice MIl oocytes
by regulating SIRT1 and autophagy, providing new understanding for stress-related meiotic errors
in MIl oocytes and suggesting melatonin and SIRT1 could be new targets for optimizing culture
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system of oocytes as well as fertility management.

Introduction

Today, 10-15% of couples are suffering from infertility
problems[1], possibly due to a variety of causes such as
social and behavioral factors as well as environmental
exposures [2]. As one of the social factors, stress is
present at every level of society in the form of physical,
social and psychological [3], posing threats to repro-
duction in women [4]. For instance, stressful life
events are associated with poor outcomes of in vitro
fertilization (IVF) [1,5], which can reduce the number
of oocytes retrieved and fertilization and pregnancy
rate [6]. Evidence indicates that the detrimental effects
of stress on fertility could be attributed to the com-
promised oocytes quality, meiotic spindle abnormal-
ities and defective chromosomal segregation [7-11].
Despite intensive investigation, the underlying mole-
cular basis by which stress induces spindle abnormal-
ities and chromatin misalignment remains elusive.
Reactive oxygen species (ROS) levels were drama-
tically elevated in oocytes from stressed mice [8].
Mitochondria where ROS are generated are the
powerhouse of the cell, providing most of the

adenosine triphosphate (ATP) for cellular reactions.
Also, the function of mitochondria is vulnerable to
ROS. In addition, impaired mitochondria in oocytes
is a primary contributor to declining egg and embryo
quality, which ties to aneuploidy oocytes [12]. Sirtuin
1 (SIRT1) is involved in regulating ROS homeostasis
and exhibits an important player during oocyte
development [13].

Melatonin (N-acetyl-5-methoxytrypt amine),
a well-known antioxidant, shows a protective role
against oocytes impairment. For instance, melato-
nin could reduce the obesity-induced ROS level in
oocytes [14], delay ovarian aging [15], improve the
quality and fertilization rate of oocytes [16,17],
and restore the benzo(a)pyrene-induced meiotic
failure in porcine oocytes [18]. In addition, mela-
tonin could be generated by oocytes and detected
in follicular fluid [19-22]. Meanwhile, there is
evidence that melatonin is related with mitochon-
dria function [23,24]. Autophagy has been proved
to be beneficial to the maturation of oocytes
[25,26]. Thus, all these evidences indicate
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a crosstalk among melatonin, ROS and autophagy
in oocyte development.

In this study, we used a mouse model of chronic
restraint stress to investigate the effects of melatonin
on stress-induced meiotic defects of metaphase II
(MII) oocytes. Here, we revealed that melatonin sup-
plement could ameliorate chronic stress-induced ele-
vated ROS level, spindle abnormalities, chromatin
misalignment and mitochondria malfunction by reg-
ulating SIRT1 and autophagy in vivo. Furthermore,
we document that the protective role of melatonin
against ROS in oocyte was dependent on SIRT1 and
autophagy regulation in vitro.

Methods and materials
Animal experiments

Female BALB/c 6-week-old mice were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd.,
and were housed at 25°C under controlled condi-
tions (lights on from 0800 h to 1800 h) at the
Department of Animal Experiments, Medical
School of Shanghai Jiao Tong University. After
a week of adaptation, 100 mice were randomly
assigned to the following groups: control (treated
with vehicle), control+M (treated with melatonin),
stress (treated with vehicle and stress), and stress
+M (treated with melatonin and stress). Restraint
stress was induced as described previously [27],
but a new 3D-printed microcage was applied to
replace the 50 mL conical centrifuge tubes in the
study. Briefly, the control mice were categorized
into groups and allowed contact with each other.
Conversely, the stress mice were individually sub-
jected to 6 h/day of immobilization stress in the
cage for 28 days between 0900 h and 1500 h.
Growth of follicles is a protracted process requir-
ing about 3 weeks in mice [28]. Hence, the mice
were treated for 28 days in the current study. Our
3D-printed cage was typical of multiple holes that
allowed for a close fit to the mice and maintained
enough ventilation. During this period, all mice
were provided with water and food. Melatonin
was dissolved in 1% ethanol (in normal saline).
For melatonin (M) treatment, control+M, and
stress+M group mice were administered intraper-
itoneal injections of M (20 mg/kg/day, Sigma-
Aldrich, St. Louis, MO, USA) before exposure to

restraint stress every day (0900 h) for 28 days
while the control and stress group mice were
injected with an equal volume of vehicle. The
dosage of melatonin is selected according to the
previous studies [29,30]. The body weight and
food and water intake of the animals in each
group were recorded. All mice were euthanized
after anesthesia by inhaling isoflurane (RWD Life
Science Co., Ltd, Shenzhen, China). Serum and
oocytes were harvested for further analysis.

All animal procedures were approved by the
Institutional Animal Care and Use Committee of
Shanghai and performed in accordance with the
National Research Council Guide for Care and
Use of Laboratory Animals. Efforts were made to
minimize the suffering of the animals and limit the
number of animals used in the study.

Collection of oocytes and maturation

Mature oocytes at MII were collected from the ovi-
ducts of females super-ovulated with Pregnant Mare
Serum Gonadotropin (PMSG, Ningbo Sansheng
Pharmaceutical co. LTD, Ningbo, China) and
human Chorionic Gonadotropin (hCG, Ningbo
Sansheng Pharmaceutical co. LTD, Ningbo, China)
(10 TU of each given 48 hr apart). The expanded
cumulus cells surrounding the MII oocytes were
treated with hyaluronidase (300 U/ml, Sigma-
Aldrich, St. Louis, MO, USA) in M2 medium
(Sigma-Aldrich, St. Louis, MO, USA). Clean MII
oocytes were collected in M2 medium drop after
thorough washings. To collect fully grown germinal
vesicle (GV) oocytes, cumulus-oocyte complexes
were collected by manually rupturing of antral folli-
cles from BALB/c 6-week-old mice 48 hr after 10 IU
PMSG injection. Cumulus cells were removed by
mouth-pipetting.

For in vitro maturation, GV oocytes were cultured
in M16 medium supplemented by melatonin and
Ex527 (MedChemExpress, Monmouth Junction, NJ,
USA) at different concentrations under mineral oil at
37°C in a 5% CO, incubator.

Oxidative stress, melatonin, Ex527 and
Bafilomycin A1 (Baf A1) treatments in vitro

To induce oxidative stress, GV oocytes were incu-
bated with 100 pM H,O, (Beyotime Institute of



Biotechnology, Hangzhou, China) for 10 min [31] or
25 uM H,0, for 30 min [32] in previous studies. In
the current study, 100 uM H,O, for 10 min was
chosen to induce oxidative stress in GV oocytes.
Then, GV oocytes were cultured in M16 medium
for 16 h. For in vitro melatonin supplement, GV
oocytes were cultured in maturation medium con-
taining 1 uM of melatonin, a concentration based on
the previous studies [14,16]. Also, our preliminary
experiments confirmed that melatonin at 1 pM can
best rescue the meiotic defects of oocytes, which
showed dose-dependency. To obtain inhibition of
SIRT1 activity, GV oocytes were treated within M16
medium contained 20 uM Ex527. The concentration
was selected according to reported literature [13] and
our preliminary test. 100 nM Baf A1 (Sangon Biotech
Co., Shanghai, China) dissolved in dimethyl sulfoxide
(DMSO) was added to the culture medium according
to previous reports [33]. For other parallel groups,
oocytes were matured in the presence of 0.001%
DMSO to evaluate a possible toxic effect of DMSO
in which Baf A1 and Ex527 were dissolved.

Measurement of cytoplasmic ATP contents

ATP contents in the cytoplasm were measured by an
ATP assay kit (Beyotime Institute of Biotechnology,
Hangzhou, China) according to the manufacturer’s
protocol. Briefly, fresh oocytes (50 oocytes from five
mice per group) were added to 50 pl ATP-releasing
reagent for 5 min on ice and centrifuged for 10 min
at 12,000 g under 4°C to obtain the supernatant.
Then, 100 pl reaction mixture was added in wells of
96-well plates and incubated for 5 min at room
temperature to allow an initial chemiluminescence
flash period. Finally, 20 pl supernatant of oocytes was
added in the well and bioluminescence of each sam-
ple was measured using high-sensitivity lumin-
ometer. Sample ATP contents were calculated
using a standard curve generated from 8 ATP gra-
dient concentrations ranging from 0 pM to 10 pM.

Mitochondrial DNA copy number quantitation by
quantitative polymerase chain reaction (qPCR)

Individual oocytes were washed three times in Ca2+-
and Mg2+-free PBS and finally transferred into a PCR
tube containing 10 pl of ddH,O. We lysed the cells by
three rounds of freeze-thawing (heating at 99°C with
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immediate freezing in liquid nitrogen) as previously
described [34]. Then, the obtained template was used
to assess the number of mtDNA copies using Q-PCR
kit (Qiagen, Hilden, Germany) using primers of
mtDNA and 18 S. 18 S was chosen as the internal
control, correcting for genomic DNA. The primer
sequence of mtDNA: a 205 base pair fragment pri-
mers of NADH dehydrogenase subunit I, Forward,
CCCATTCGCGTTATTCTT; Reverse: AAGTTGAT
CGTAACGGAAGC.18 S, Forward, 5'- GTATGCTG
GGAGCCGTGGC-3; Reverse, 5'- CAGCGCCCAC
ATAGGATGAC-3".

Measurement of mitochondrial membrane
potential (AWYm) by JC-1 staining

JC-1 is a potential-sensitive indicator that accumu-
lates preferentially within mitochondria in the
oocyte cytoplasm. Oocytes (50 oocytes from five
mice per group) were incubated in M2 containing
JC-1 (10 pg/ml, Yeasen Biotech Co., Ltd., Shanghai,
China) at 37°C for 10 min. The distribution of JC-1
monomers (green fluorescence) and J-aggregate
fluorescence (red fluorescence) was determined by
Leica microscope (Leica TCS SP8) with fixed micro-
scopic parameters. The captured images were pro-
cessed using Image ] software (version 1.50i, NIH,
Bethesda, MD, USA). Mitochondrial membrane
potentials were assessed by measuring the ratios of
red to green fluorescence.

Immunofluorescence

Oocytes collected were washed two times in M2. The
zona pellucida was removed by being incubated in
Tyrode’s Solution, Acidic (Sigma-Aldrich, St. Louis,
MO, USA) and then washed with 0.1% bovine serum
albumin (BSA) in PBS. Oocytes were fixed in 4%
paraformaldehyde for 5 min at room temperature
followed by being washed in PBS containing 0.05%
Tween-20 and 0.1% BSA for 5 min. Oocytes were
permeabilized in PBS containing 0.2% Triton X-100
and 0.1% BSA for 15 min at room temperature and
then blocked in blocking buffer containing 1% goat
serum, 1% BSA and 0.05% Tween-20 in PBS over-
night at 4°C. Blocked oocytes (50 oocytes from five
mice per group) were incubated 90 min at room
temperature with mouse anti-a-tubulin antibody at
1:200 (Sigma-Aldrich, St. Louis, MO, USA), and
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mouse anti-ATPase inhibitory factor 1 (ATPIF1)
antibody at 1:200 (Life Technologies, Gaithersburg,
MD, USA) in blocking buffer for 2 h. After being
washed 3 times for 10 min each with PBS containing
0.05% Tween-20 and 0.1% BSA, oocytes were labeled
with secondary antibody immunoglobulin (IgG)
(Life Technologies, Gaithersburg, MD, USA) for
1 h at room temperature followed by 3 washes with
PBS containing 0.05% Tween-20 and 0.1% BSA.
Finally, oocytes were transferred into mounting
medium with DAPI (Vector Laboratories,
Burlingame, CA) and covered by glass slides.
Isotype IgGs for the first antibody were used as the
negative controls. All the stained oocytes were
observed with a Leica laser scanning confocal micro-
scope using identical magnification and gain settings
throughout experiments. The fluorescence intensity
from each oocyte was analyzed using Image
] software (version 1.50i, NIH, Bethesda, MD, USA).

Analysis of oocyte autophagy vacuoles

Autophagic vacuoles in live denuded oocytes were
visualized using the Cyto-ID Autophagy Detection
Kit (Enzo Life Sciences, Farmingdale, USA) accord-
ing to the manufacturer’s instructions. Briefly, after
washing once with 1x assay buffer, oocytes (50
oocytes from five mice per group) were incubated
with a detection solution at 37°C in the dark. Then,
oocytes were washed once with 1x assay buffer and
imaged immediately using a Leica SP8 spectral scan-
ning confocal microscope at identical magnification
and gain settings throughout experiments. Green
fluorescence intensity was determined as the sum
total of fluorescence using Image J software (version
1.50i, NIH, Bethesda, MD, USA).

Western blotting

Oocytes were washed in PBS and lysed in cold
loading  buffer  (Beyotime  Institute  of
Biotechnology, Hangzhou, China) supplemented
with protease inhibitor cocktail (TransGen
Biotech, Beijing, China) at 1:100 for 30 min on
ice. Proteins (50 oocytes per lane) were loaded and
separated on 10% SDS-polyacrylamide gel and
transferred to polyvinylidene fluoride membranes
(PVDF) membranes (Millipore, Billerica, MA,
USA). As for the experiment for LC3, 15% SDS-

polyacrylamide gel was selected. The membranes
were blocked with 5% nonfat milk and probed
with specific primary antibodies including anti-
ACTB at 1:5000 (Proteintech Group, Inc,
Chicago, USA), anti-Atg5 at 1:1000 (Novus
Biologicals, Inc.; Littleton, CO, USA), anti-LC3 at
1:1000 (Novus Biologicals, Inc.; Littleton, CO,
USA), anti-p62/Sequestosome 1(SQSTM1) at
1:1000 (Cell Signaling Technology, Danvers, MA,
USA) and anti-SIRT1 at 1:1000 (Millipore,
Billerica, MA, USA) at 4°C overnight. After three
washes in TBS containing 0.1% Tween-20 (TBST).
For primary antibody detection, we used HRP-
conjugated anti-rabbit secondary antibodies
(Sigma-Aldrich, St. Louis, MO, USA). The signals
were measured using an enhanced chemilumines-
cence (ECL) detection kit (NCM Biotech, Suzhou,
China). The integrated density values were calcu-
lated by comparing the signals of target proteins to
that of the housekeeping ACTB. The immunoreac-
tive band intensities in Western blotting were
quantified by Image] software (version 1.50i,
NIH, Bethesda, MD, USA).

Assay for intra-oocyte ROS

In order to assess the ROS in individual oocytes,
oocytes (50 oocytes from five mice per group) were
incubated in 2',7'-dichlorodihydrofluorescein diace-
tate (DCHFDA) (Sigma-Aldrich, St. Louis, MO,
USA) for 10 min at 37°C. After being washed three
times in M2, oocytes were observed under a Leica
microscope. The fluorescence was obtained by exci-
tation at 488 nm. All images were taken using fixed
microscopic parameters, and the fluorescence inten-
sity from each oocyte was analyzed using Image
] software (version 1.50i, NIH, Bethesda, MD, USA).

Statistical analysis

All the values were presented as mean + standard
error of the mean (SEM). Ordinary one-way ana-
lysis of variance (ANOVA) with Tukey’s multiple
comparisons test was used to evaluate statistical
differences via GraphPad Prism version 6.
Differences were considered statistically significant
when p-value was <0.05.



Results

Melatonin ameliorates spindle abnormality and
chromosome misalignment in MIl oocytes from
stressed mice in vivo

In the present study, restraint stress in female mice
was utilized to mimic stress. In brief, mice were mobi-
lized for 6 h/day in 3D-printed cage for 4 weeks which
covers the whole period of follicle growth process in
mice (Figure S1). The spindle morphology and chro-
mosome alignment of oocytes were analyzed under
a confocal microscope after fluorescent staining. Most
of the spindles were barrel-shaped with chromosomes
well congressed on the metaphase plate in MII oocytes
of control and melatonin-treated control mice (Figure
1(a)). In contrast, the morphological shape of spindles
was totally disrupted and abnormally dispersed
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chromosomes were observed in MII oocytes from
stressed mice (Figure 1(a)), showing multipolar, asym-
metric spindles or no spindles at all (Figure 1(a)) and
the corresponding chromosomes were displaced in
the oocytes from stressed mice (Figure 1(a)). The
images revealed that about 75% of MII oocytes from
stressed mice had spindle abnormalities and disrup-
tion of chromosome alignment compared to only 15%
of controls (Figure 1(b,c)). However, melatonin
almost rescued stress-induced spindle abnormality
and chromosome misalignment in oocytes (with
only 18% abnormal oocytes) (Figure 1(a-c)). Isotype
IgGs for the first antibody were used as the negative
controls (Figure S2). Altogether, our results demon-
strate that melatonin ameliorates stress-induced meio-
tic defects including spindle abnormality and
chromosome misalignment in MII oocytes.
Tubulin DAPI

Merie
._'
P
&
)
’ . !
P

Con.+M

St

n &

oocytes ratio (%)

Abnormal tubulin
oocytes ratio (%)
Mis-aligned chromatin

AAAA
b . |
.
- - ?
> > > = -3 > > >
J 3
R 2 o 3 ¢ 3 s 2
& g & 4 & & & &

Figure 1. Effects of melatonin (m) on restraint stress-induced spindle abnormality and chromatin misalignment in MIl oocytes. (a)
Representative examples of meiotic spindles and chromosomal misalignment in MIl oocytes after labeling with a-tubulin antibody
(red) and counterstaining of DNA with DAPI (blue) from control mice (Con.), control+M mice (Con.+M), stress mice model (Str.) and
stress+M mice (Str.+M). The arrow shows the abnormal spindles (Bar = 10 um). (b) Incidence of spindle abnormalities and (c) ratio of
chromatin misalignment in MIl oocytes (n = 50 oocytes from five mice per group). All data are presented as mean + SEM. AAAAP <
0.0001 ANOVA; ***P < 0.001 vs. control group; ##4P < 0.001 vs. stress group. Control, non-stress treated with vehicle; Control+M,
non-stress treated with melatonin; Stress, stress treated with vehicle; Stress+M, stress treated with melatonin.
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Melatonin improves ATP production, mtDNA
copy number, mitochondria aggregation and
heterogeneous distribution and mitochondrial
membrane potential in Mil oocytes from stressed
mice in vivo

Many studies have proposed a link between insuffi-
cient ATP availability in eggs and defective chromo-
somal segregation — an outcome that probably ties to
meiotic spindle abnormalities [12,35]. As the results
showed, ATP content was significantly lower in
oocytes from stressed mice (Figure 2(a)).
Considering that mitochondria as the powerhouse
of cells to produce ATP, we further investigated the
mitochondria function of oocytes. Firstly, mtDNA
content remains to be a more reliable indicator of the
mitochondrial capacity of a given oocyte, with each
mitochondria containing one to ten copies of
mtDNA [35]. The number of mtDNA was quantita-
tively assessed in individual oocyte. Stress resulted in
a dramatic decrease in oocyte mtDNA (Figure 2(b)).
In mammalian cells, ATPIF1 is located in the inner
mitochondrial membrane and primarily regulates
the function of the F1FO-ATP synthase [36]. Then,
to further investigate the number and distribution of
mitochondria in oocytes, ATPIF1, an antibody
raised against complex V Ox-Phos present in phos-
phorylated mitochondria [37], was stained and ana-
lyzed in MII oocytes. Most of the control oocytes
displayed a homogeneous mitochondrial distribu-
tion pattern (Figure 2(c)), while clustered mitochon-
dria, perinuclear and heterogeneous mitochondrial
distribution pattern were found in about 80%
oocytes from stressed mice (Figure 2(e)). In addition,
all the distributed mitochondria pattern was accom-
panied by misaligned chromatins in oocytes as
pointed out by the white arrows (Figure 2(c)).
Meanwhile, the intensity of ATPIF1 protein in
stressed oocytes was significantly lower than that of
control oocytes (Figure 2(d)). As the mitochondrial
membrane potential is closely related to ATP gen-
eration [38,39], we then tested whether chronic
stress affects the mitochondrial membrane potential
of oocytes. As shown in the results, the average
mitochondrial membrane potential in control
oocytes was significantly higher than that in stressed
oocytes (Figure 3(a,b)). Intriguingly, the ATP pro-
duction decline, mtDNA copy number decrease,
mitochondria aggregation and heterogeneous

distribution pattern and mitochondrial membrane
potential decrease were rescued by melatonin sup-
plementation in stressed oocytes (Figure 2(a-e) and
Figure 3(a,b)), but there was no significant change in
oocytes between melatonin-treated control and con-
trol mice (Figure 2(a-e) and Figure 3(a,b)). Taken
together, it is suggested that melatonin relieves mito-
chondria dysfunction in MII oocytes from stressed
mice.

Melatonin up-regulates autophagy and the
expression of autophagy-related 5 (Atg5) and
microtubule-associated protein 1 light chain 3
(LC3)-1l/LC3-I ratio in MIl oocytes from stressed mice
in vivo

Autophagy is the main mechanism of mitochondrial
turnover during development and under pathological
conditions [40], which controls the quality of mito-
chondria. As mtDNA number and mitochondria
membrane potential were reduced in stressed oocytes,
which suggested mitochondria may be damaged in
stressed mice oocytes, we assessed the autophagy level
of oocytes. By using an activity assay, we found that
oocytes from stressed mice exhibited less autophagic
vacuoles throughout the oocyte cytoplasm compared
with the oocytes from control mice (Figure 4(a)).
Quantification assay confirmed that autophagy levels
were 1.5-fold higher in oocytes from control mice
compared with those of stressed mice (Figure 4(b)).
Furthermore, the melatonin treatment significantly
upregulated autophagic activity in oocytes of stressed
mice (Figure 4(a,b)), whereas melatonin treatment
had little impact on the autophagy levels in control
oocytes (Figure 4(a,b)). Atg5 and LC3 are markers of
autophagy. SQSTM1/p62 plays an important role in
the interaction between LC3 and ubiquitinated sub-
strates and the amount of SQSTM1/p62 is inversely
related to autophagic degradation [41]. Western blot-
ting showed that oocytes from stressed mice exhibited
areduction in Atg5 and LC3-II/LC3-I ratio and eleva-
tion in SQSTM1/p62 (Figure 5(a-d)). Markedly, mel-
atonin elevated both the expression level of Atg5 and
LC3-II/LC3-I ratio and reduced the level of SQSTM1/
p62 in stressed oocytes, whereas there was little
change in melatonin-treated control group (Figure 5
(a-d)). Collectively, melatonin up-regulates the autop-
hagy level in MII oocytes from stressed mice.
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Figure 2. Effects of melatonin (m) and restraint stress on ATP content and mtDNA copy number, expression of ATPIF1 and mitochondria
distribution in MIl oocytes. (a) ATP content in MIl oocytes (n = 50 oocytes from five mice per group). (b) Relative mtDNA copy number in Ml|
oocytes (n = 50 oocytes from five mice per group). (c) ATPIF1 expression, distribution pattern and chromatin alignment in Mil oocytes in Ml|
oocytes from control (Con.), control+M (Con.+M), stress (Str.) and stress+M (Str.+M) mice. The arrow shows the chromatin misalignment
(Bar = 20 pm). (d) ATPIF1 relative expression (n = 50 oocytes from five mice per group). (e) Abnormal distributed mitochondria oocytes ratio
(n =50 oocytes from five mice per group). All data are presented as mean + SEM. AAAAP < 0.0001 ANOVA; ****P < 0.0001 vs. control group;
####P < 0.0001 vs. stress group. Control, non-stress treated with vehicle; Control+M, non-stress treated with melatonin; Stress, stress treated
with vehicle; Stress+M, stress treated with melatonin.
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Figure 3. Effects of melatonin (m) and restraint stress on mitochondria membrane potential (AWm). (a) Live oocytes stained with JC-
1, where red fluorescence indicates high AYm, and green indicates low A¥Ym from control (Con.), control+M (Con.+M), stress (Str.)
and stress+M (Str.+M) mice (Bar = 20 pm). (b) Red to green fluorescence ratio, an indicator of mitochondrial activity (n = 50 oocytes
from five mice per group). All data are presented as mean + SEM. AAP < 0.01 ANOVA; **P < 0.01 vs. control group; ##P < 0.01 vs.
stress group. Control, non-stress treated with vehicle; Control+M, non-stress treated with melatonin; Stress, stress treated with
vehicle; Stress+M, stress treated with melatonin.
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Figure 4. Effects of melatonin (m) and restraint stress on autophagy in MIl oocytes. (a) Live oocytes were assessed for autophagic
vacuoles, visualized as green fluorescence from control (Con.), control+M (Con.+M), stress (Str.) and stress+M (Str.+M) mice.
(Bar = 20 pum). (b) Autophagy levels were quantified as the sum total of green fluorescence within each oocyte (n = 50 oocytes
from five mice per group). All data are presented as mean + SEM. AAAAP < 0.0001 ANOVA; ****P < 0.0001 vs. control group;
####P < 0.0001 vs. stress group. Control, non-stress treated with vehicle; Control+M, non-stress treated with melatonin; Stress, stress
treated with vehicle; Stress+M, stress treated with melatonin.
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Melatonin promotes the expression of SIRT1 in
MIl oocytes from stressed mice in vivo

SIRT1 is a potent inducer of autophagy [42,43]. To
investigate whether SIRT1 could be the contribu-
tor which mediates the effects of stress on oocytes,
SIRT1 was detected in oocytes. In quantity, the
protein level of SIRT1 was significantly lower
than that in control oocytes (Figure 5(a.e)).
Amazingly, the expression of SIRT1 was rescued
by melatonin supplementation in stressed oocytes
(Figure 5(a,e)). However, melatonin posed no
effects on the SIRT1 protein level in control
oocytes (Figure 5(a,e)). Thus, melatonin promotes
the expression of SIRT1 in MII oocytes from
stressed mice.

Melatonin attenuates restraint stress-induced
ROS in MIl oocytes in vivo

As a source of ROS, mitochondria are meanwhile
a vulnerable target of ROS [35], and mtDNA is
a major target for oxidative attack, because of its

(3]

Atg5 protein
relative level

P62 protein
relative level

location near the inner mitochondrial membrane
sites where oxidants are formed, as well as its lack
of both protective histones and DNA repair activ-
ity [44]. In addition, the deficit of mitochondria-
derived ATP during oxidative stress impairs
mouse oocyte spindles [35]. SIRT1 is also
a regulator of ROS homeostasis [13] and the posi-
tive role of melatonin has been reported to be
dependent on scavenging ROS [45], indicating
ROS may mediate the aforementioned effects of
chronic stress on oocytes. Therefore, we measured
the intra-oocyte levels of ROS to test the effects of
stress on the oxidative stress of oocytes. The
results showed that ROS levels were significantly
higher in stressed oocytes than that in control
mice (Figure 6(a,b)). Expectedly, melatonin, as
one of the antioxidants, alleviated the ROS pro-
duction in stressed oocytes (Figure 6(a,b)).
However, the ROS level in oocytes of melatonin-
treated control mice was comparable with that of
control mice (Figure 6(a,b)). Taken together, the
chronic stress-induced excessive ROS production
in oocytes could be attenuated by melatonin.
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Figure 5. Effects of melatonin (m) and restraint stress on protein level of LC3-1I/LC3-I ratio, Atg5, SQSTM1/p62 and SIRT1 in MII
oocytes. (a) Western blots and (b-e) the relative expression level of LC3-1I/LC3-I ratio, Atg5, SQSTM1/p62 and SIRT1 against ACTB of
MIl oocytes from per group (50 oocytes per lane, n = 3). ACTB was used as a loading control. All data are presented as mean + SEM.
AP < 0.05 ANOVA; AAP < 0.01 ANOVA; AAAP < 0.001 ANOVA; AAAAP < 0.0001 ANOVA; *P < 0.05 vs. control group; **P < 0.01 vs.
control group; ***P < 0.001 vs. control group; ##P < 0.01; vs. stress group; ###P < 0.001 vs. stress group. Control, non-stress treated
with vehicle; Control+M, non-stress treated with melatonin; Stress, stress treated with vehicle; Stress+M, stress treated with

melatonin.
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are presented as mean + SEM. AAAAP < 0.0001 ANOVA; ****P < 0.0001 vs. control group; ###P < 0.001 vs. stress group. Control,
non-stress treated with vehicle; Control+M, non-stress treated with melatonin; Stress, stress treated with vehicle; Stress+M, stress
treated with melatonin.
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SIRT1 inhibition abolishes the protective role of
melatonin in restoring the H,05-induced spindle
defects in oocytes in vitro

In order to investigate whether SIRT1 plays a role in
mediating the protective effects of melatonin on
oxidative spindle defects, GV oocytes were exposed
to H,O,, melatonin and Ex527 in M16 medium and
checked for the spindle formation 16 h later.
Further analysis revealed that the spindle morphol-
ogy was disrupted in 75% oocytes by 100 uM H,O,
for 10 min (Figure 7(a,b)), a similar proportion with
that in our restraint stress mouse model. Thus,
100 pM H,0O, was chosen for the oxidative stress
treatment in vitro. Melatonin significantly reduced
the occurrence of H,0,-induced abnormal spindle
formation in oocytes (Figure 7(a,b)). Furthermore,
oxidative stress treatment indeed reduced the pro-
tein level of SIRTI1 in vitro (Figure 7(c-d)).
Consistently, the presence of Ex527, inhibitor of
SIRT1, during in vitro maturation completely abol-
ished the ability of melatonin to improve the oxida-
tive meiotic defects of oocytes (Figure 7(a,b)).

SIRT1 inhibition blocks the ability of melatonin
to improve autophagy level in oocytes in vitro

Following treatment with H,O, in vitro, ATP content,
mitochondrial membrane potential (Figure 8(a-c))
and LC3-II/LC3-I ratio were downregulated in
oocytes with the upregulation of SQSTM1/p62
(Figure 9(c-e)), which was reversed by melatonin
administration (Figure 8(a-c) and Figure 9(c-¢)). To
investigate whether melatonin is modulating autop-
hagy flux, Baf Al was added to inhibit autophagy.
Treatment of Baf Al during in vitro maturation of
GV oocytes completely blocked the ability of melato-
nin to improve H,0,-induced meiotic defects of
oocytes (Figure 9(a-b)). In H,O, + M+ BafAl
group, significant accumulation of both LC3 II/LC3-
Iand SQSTM was induced (Figure 9(c-e)). According
to previous studies, SIRT1 can stimulate autophagy to
be cytoprotective [15,46]. Consistently, treatment
with SIRT1 inhibitor Ex527 blocked the ability of
melatonin to improve autophagy level by reducing
the level of LC3-II/LC3-I ratio and elevating the
level of SQSTM1/p62 in oocytes (Figure 9(c-e)), sug-
gesting the ability of melatonin to improve meiosis of

oocytes and upregulate autophagy level is dependent
on SIRTI.

Discussion

Stress has been known as a risk to limit reproductive
outcome [1,4,7-11]. Maternal restraint stress could
increase oocyte aneuploidy by impairing spindle
assembly [8]. Consistently, our data demonstrate
that chronic stress resulted in meiotic failure in
mice MII oocytes including abnormal meiotic spin-
dle assembly and chromatin misalignment, provid-
ing further evidence for that chronic stress could be
a risk to impair oocyte meiotic process.

What’s more, excessive oxidative stress has dele-
terious effects on oocyte meiosis process [35,47].
Similarly, maternal restraint stress might also
impair spindle assembly by inducing intra-oocyte
oxidative stress [8]. Likewise, meiotic defects were
detected in stressed oocytes with elevated ROS
levels in the current study. ROS are produced
continuously in mitochondria along the electron
transport chain, and mitochondria are also the
main target of ROS. For example, mtDNA is vul-
nerable to oxidative attack due to its location as
well as its lack of both protective histones and
DNA repair activity [44]. Oxidative stress report-
edly led to a dissipation of mitochondrial mem-
brane potential, and a decrease in cytoplasmic
ATP levels [35]. The oxidative phosphorylation
within mitochondria provides a major source of
ATP for oocytes [35,48]. Many studies have pro-
posed a link between insufficient ATP availability
in oocytes and meiotic failure [12,35]. However, it
is not clear what effects chronic stress could pose
on mitochondria in oocytes so far. Our findings
revealed that mitochondrial defects such as less
ATP production, lower mtDNA numbers, abnor-
mal mitochondria distribution and aggregation
and lower mitochondria membrane potential
were considerably induced in MII oocytes from
stressed mice, suggesting that chronic stress does
impair the function of mitochondria in oocytes.
Thus, these data suggest that meiotic failure in
stressed oocytes might be attributed to the exces-
sive ROS-induced mitochondria defects.

Melatonin is a well-characterized antioxidant
and is protective against maternal obesity-,
Bisphenol A-, BaP- and aging-associated quality
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Figure 7. Effects of melatonin and Ex527 treatment on H,0,-induced spindle abnormality and chromatin misalignment as well the
protein level of SIRT1 in oocytes in vitro. (a) Micrographs of meiotic spindles and chromosomal misalignment in MIl oocytes in
control oocytes (Con.), in oocytes treated with melatonin (Con.+M), in oocytes exposed to H,0, (H,0,), in oocytes treated with H,0,
and melatonin (H,0, + M) and in oocytes treated with H,0,, melatonin and Ex527 (H,0, + M+ Ex527) (Bar = 10 pm). (b) Incidence
of spindle abnormalities in oocytes of each group (n = 50 oocytes per group). (c-d) Western blots and the relative expression level of
SIRT1 against ACTB of oocytes in each group (50 oocytes per lane, n = 3). All data are presented as mean £ SEM. AAAAP < 0.0001
ANOVA; ***P < 0.001 vs. control group; ****P < 0.0001 vs. control group; ###P < 0.001 vs. H,0, group; ####P < 0.0001 vs. H,0,
group. Con., treated with vehicle; Con.+M, treated with melatonin; H,0,, treated with H,0,; H,0, + M, treated with H,0, and
melatonin; H,0, + M+ Ex527, treated with H,0,, melatonin and Ex527.

defects in oocytes [14,15,18,49]. Accordingly, mel-
atonin levels in follicular fluid serve as markers
for IVF outcomes and predict ovarian reserve
[50]. Mitochondria could synthesize melatonin
to ameliorate its function, improve mice oocyte’s
quality [22], significantly decrease the ROS level
and inhibit apoptotic events of vitrified bovine
oocytes to increase their developmental potential
[51]. Consistently, melatonin limits paclitaxel-
induced mitochondrial dysfunction [52]. Here,
we also observed that the increased intra-oocyte
ROS level and the defects of MII oocytes includ-
ing meiotic abnormalities and the aforementioned
mitochondrial defects could be relieved by mela-
tonin in vivo. Also, our in vitro evidence demon-
strated that melatonin efficiently relieved the

oxidative stress-induced meiotic failure and mito-
chondrial malfunction. Cumulatively, the present
study documents the beneficial effects of melato-
nin on oocyte quality from stressed mice and
provides new insight for the understanding of
oocyte maturation process. However, more stu-
dies are warranted to investigate whether melato-
nin could be utilized to promote maturation for
stressed oocytes in vitro.

Autophagy is a predominantly cytoprotective
process [53,54] as well as a cell survival program
for female germ cells in the murine ovary [26]. For
example, the induction of autophagy during
in vitro maturation improves the nuclear and cyto-
plasmic maturation of porcine oocytes [25].
Autophagy is also a critical regulator of organellar
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Figure 8. Effects of melatonin and Ex527 treatment on H,0,-induced mitochondrial dysfunction in oocytes in vitro. (a) Live oocytes
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oocytes treated with H,0,, melatonin and Ex527 (H,0, + M+ Ex527) (Bar = 20 um). (b) Red to green fluorescence ratio of JC-1, an
indicator of mitochondrial activity (n = 50 oocytes per group). (c) ATP content in oocytes from each group (n = 50 oocytes per
group). All data are presented as mean + SEM. AAAAP < 0.0001 ANOVA; ****P < 0.0001 vs. control group; ####P < 0.0001 vs. H,0,
group. Con., treated with vehicle; Con.+M, treated with melatonin; H,0,, treated with H,0,; H,0, + M, treated with H,0, and
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Q

Tubulin DAPI

H,0,+M+Baf A1

Merge

CELL CYCLE (&) 1691

AAAA

*kkk kkk

a
S

Abnormal tubulin
oocytes ratio (%)

n
=3

ACTR " - amw e e

d AAAA
4 1
#
< T
2
-
= O
3y
™ o .t
=50 i
] *kk *kk
@ 2
o
= o
PN R N
() [ 5V
oo” T o @f’ év
S RV ¢ 2
x x
oY o
R/

e

6=

S
1

*

*

P62 protein
re'Lahve level

Figure 9. Effects of Baf A1 treatment on H,0,-induced spindle abnormality treated by melatonin and effects of melatonin, Ex527
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melatonin and Baf A1.

homeostasis, particularly of mitochondria [42].
Mitochondria that have been damaged could
induce mitophagy to remove damaged mitochon-
dria [55] and initiate mitochondrial biogenesis and
replace damaged mitochondria [56,57], contribut-
ing to autophagy-dependent mitochondrial quality
control [42,58]. According to a previous study,
autophagy has been demonstrated to be reduced
by restraint in mice [59]. Consistently, we
observed that the autophagy-related proteins
Atg5 and LC3-II/LC3-I ratio were downregulated
by restraint here. Atg5 and LC3-II/LC3-I ratio are

proteins that aid in the clearance of damaged
organelles through autophagy [60], so their down-
regulation confirmed the reduction of autophagy
in stressed oocytes. SQSTM1/p62 1is inversely
related to autophagic degradation. Therefore, the
upregulation of p62 induced by restraint and ROS
also indicates the reduction of autophagy in
stressed oocytes. It is generally accepted that
a certain level of ROS may facilitate the autophagy
process [61,62]. However, inhibition of autophagy
is mediated by ROS as well, because free radicals
can induce activation of mammalian target of
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rapamycin (mTOR) and inactivation of BECN1
(or Beclinl) by protein kinase B (PKB, or AKT)
kinase signaling cascade to inhibit autophagy [63].
For example, ROS-mediated autophagy inhibition
in cystic fibrosis, inducing aggresome formation
and lung inflammation [64]. The inhibition of
autophagy attenuated the protective role of mela-
tonin in rescuing the spindle abnormality, suggest-
ing that the role melatonin is sort of autophagy-
dependent. Collectively, we speculate that ROS-
mediated autophagy inhibition might contribute
to the impairment in stressed oocytes.

SIRT1 has been proved to be a sensor of redox
state and a protector against oxidative stress [13]
as well as a potent regulator of autophagy [42,43].
SIRT1 can stimulate autophagy by regulating Atg5
and LC3 [65]. In addition, SIRT1 can induce
autophagy to promote longevity [66,67]. Chronic
stress has once been reported to decrease the
expression levels of SIRT1 in the rat hippocampus
[68]. Consistently, our results showed that SIRT1
was downregulated in oocytes by chronic stress.
Intriguingly, our data revealed that melatonin
administration induced the expression of SIRT1
and autophagy proteins in stressed mouse oocytes
both in vivo and in vitro, which was reversed by
SIRT1 inhibitor Ex527 treatment, suggesting
SIRT1 plays an important role in the beneficial
effects of melatonin on oxidative stress-induced
meiotic defects and mitochondrial dysfunction.
The protective role of melatonin has been proved
to be associated with the regulation of SIRT1 and
autophagy in many tissues. For instance, melato-
nin improves mitochondrial function by regulating
SIRT1 in cadmium-induced hepatotoxicity in vitro
[69]. Melatonin prevents cell death and mitochon-
drial dysfunction via a SIRT1-dependent mechan-
ism during ischemic-stroke in mice [70].
Melatonin treatment delays ovarian aging with
the mRNA expression of SIRT1 and LC3 being
enhanced [15]. Melatonin prevents mitochondrial
dysfunction and promotes neuroprotection by
inducing autophagy during oxaliplatin-evoked
peripheral neuropathy [71]. Melatonin could
impede cognitive decline in tau-related Alzheimer
models by restoring the autophagic flux [72].
Consistently, we also confirm that melatonin
could promote the autophagic flux. Taken
together, melatonin probably prevented the

chronic stress-induced reduction of ATP produc-
tion and meiotic defects in MII oocytes via regula-
tion of SIRT1 and autophagy. However, there are
several limitations in our study. First, the mechan-
ism of how SIRT1 interacts with autophagy in
stressed oocytes remains unclear. Whether the
autophagy inhibition can block the role of melato-
nin was tested in vitro, whereas it is not verified
in vivo. This would be the target of our future
study. Although melatonin has been verified to
enhance the autophagic flux, the direct mechanism
of action of melatonin on autophagy restoration
remains to be investigated. Second, the mechanism
such as how stress and melatonin induce the reg-
ulation of SIRT1 in oocytes remains to be eluci-
dated. AMP-activated protein kinase (AMPK)-
dependent regulation of SIRT1 has been proved
to be involved in ROS-induced molecular events
[73]. Hence, whether AMPK/SIRT1 signaling plays
an important role in stress-induced effects in
oocyte remains to be elucidated. Finally, whether
by overexpressing SIRT1 in vivo could improve
the oocyte quality from stressed mouse should be
the target of future studies, which would provide
new hope for SIRT1 as the therapeutic target of
promoting oocytes maturation.

Altogether, the present study provides evidence
demonstrating that melatonin could exert protec-
tive effects on oxidative meiotic defects in mice
oocytes by regulating SIRT1 and autophagy. Our
study has shed new light on the roles of chronic
stress and melatonin in reproductive health as well
as the potential mechanisms, providing new
understanding for SIRT1 and melatonin as thera-
peutic targets to improve oocyte meiotic process in
oxidative stress-induced female fertility decline.
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