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Melatonin improves the first cleavage of
parthenogenetic embryos from vitrified–
warmed mouse oocytes potentially by
promoting cell cycle progression
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Abstract

Background: This study investigated the effect of melatonin (MT) on cell cycle (G1/S/G2/M) of parthenogenetic
zygotes developed from vitrified-warmed mouse metaphase II (MII) oocytes and elucidated the potential
mechanism of MT action in the first cleavage of embryos.

Results: After vitrification and warming, oocytes were parthenogenetically activated (PA) and in vitro cultured (IVC).
Then the spindle morphology and chromosome segregation in oocytes, the maternal mRNA levels of genes
including Miss, Doc1r, Setd2 and Ythdf2 in activated oocytes, pronuclear formation, the S phase duration in zygotes,
mitochondrial function at G1 phase, reactive oxygen species (ROS) level at S phase, DNA damage at G2 phase, early
apoptosis in 2-cell embryos, cleavage and blastocyst formation rates were evaluated. The results indicated that the
vitrification/warming procedures led to following perturbations 1) spindle abnormalities and chromosome
misalignment, alteration of maternal mRNAs and delay in pronucleus formation, 2) decreased mitochondrial
membrane potential (MMP) and lower adenosine triphosphate (ATP) levels, increased ROS production and DNA
damage, G1/S and S/G2 phase transition delay, and delayed first cleavage, and 3) increased early apoptosis and
lower levels of cleavage and blastocyst formation. Our results further revealed that such negative impacts of oocyte
cryopreservation could be alleviated by supplementation of warming, recovery, PA and IVC media with 10− 9 mol/L
MT before the embryos moved into the 2-cell stage of development.

Conclusions: MT might promote cell cycle progression via regulation of MMP, ATP, ROS and maternal mRNA levels,
potentially increasing the first cleavage of parthenogenetic zygotes developed from vitrified–warmed mouse
oocytes and their subsequent development.
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Background
Oocyte cryopreservation, an adjunct to artificial assisted
reproductive technologies, can provide medical assist-
ance for women with ovarian cancer [1], premature
ovarian failure [2] and those delaying the childbearing
until later ages [3, 4]. It can also help build superior
breeding pools for livestock [5, 6]. Live offspring can be
obtained from the vitrified oocytes following warming,
fertilization and embryo transfer [7]. However, the cleav-
age rates of embryos derived from the cryopreserved oo-
cytes are significantly decreased after either in vitro
fertilization [8, 9] or parthenogenetic activation [10, 11],
thus potentially affecting their subsequent embryonic
development.
During oocyte vitrification/warming, the meiotic spin-

dle stability and integrity play very crucial role in com-
pletion of meiosis and further development after
fertilization [12]. The proteins of MAPK-interacting and
spindle-stabilizing protein (MISS) [13] and DOC1R [14],
mitogen-activated protein kinase (MAPK) substrates are
required for normal spindle formation and chromosome
congression as well as microtubule stabilization and the
second polar body extrusion [15]. Intriguingly, in events
of abnormal levels of these two proteins following oocyte
cryopreservation, the spindle morphology and chromo-
some alignment are likely to be disturbed. Such abnor-
mal spindle morphology caused by oocyte
cryopreservation [12, 16–18] usually results in abnormal
chromosome segregation [19] and aneuploidy in oocytes
and zygotes [20, 21], substantially affecting cleavage rate
and subsequent embryonic development. After
fertilization, the maternal mRNA degradation and trans-
lation are essentially required for maternal-to-zygotic
transition and are regulated by transformation licensing
factor BTG4 [22] and translation initiation factor EIF4E
protein [23] respectively, before zygotic genome activa-
tion (ZGA) takes place. Both proteins can also co-
regulate the maternal RNA degradation [23]. In addition,
YTHDF2, a crucial reader to mediate the degradation of
m6A-modified mRNAs [24, 25], and SEDT2, which can
regulate the H3K36 trimethylation [26–28] are also re-
quired for ZGA. If YTHDF2 and SEDT2 or their
mRNAs levels are fluctuated abnormally, the ZGA
process can be interfered and thus affecting zygote de-
velopment. It has been reported that oocyte cryopreser-
vation can lead to down-regulation of mRNA levels [29],
alterations of mRNA expression of genes related to
maternal-to-zygote transition in 2-cell embryos [10] and
1575 differentially expressed genes in 2-cell embryos
compared to those in the control group [30]. These al-
terations are believed to inevitably affect the quality of
vitrified-warmed oocytes and their subsequent embry-
onic development. Therefore, it will be of great value to
further elucidate the potential mechanism underlying

the reduced developmental competence of vitrified-
warmed oocytes after fertilization by investigating the
mRNA levels of essential genes including Miss, Doc1r,
Btg4, Eif4e, Ythdf2 and Setd2.
After fertilization or parthenogenetic activation, a zyg-

ote is formed and its subsequent embryonic develop-
ment is closely related to cell cycle progression [31–33].
The cell cycle is a four-stage process consisting of Gap 1
(G1), Synthesis (S), Gap 2 (G2) and mitosis (M) phases.
It should be noted that in case when the duration or on-
set of zygotic cell cycle is initiated in an abnormal state,
the developmental progression of embryos would be
blocked. The longer duration of zygote S phase leads to
a lower implantation rate [31]. The delay of S phase ini-
tiation or a shorter S phase can also reduce the blasto-
cyst development rate [34]. In addition, the length of
zygotic S phase is different between species or different
strains/breeds of the same species. For instance, the
length of the zygotic S phase in mice (AK, B6, CB and
D2 strains), cattle and human was 6–11 h [35], 6.2–10.4
h [32] and 5.7–13.8 h [31], respectively. In our previous
report we have shown that vitrification of mouse oocytes
can led to the zygotic G1/S phase transition delay [36].
However, it is yet unclear whether the S phase delay is
related to the ORC2 (a DNA replication licensing factor)
[37] and if the duration of the S phase can be altered. It
also remains to be elucidated whether there is relation-
ship between the S phase initiation delay and zygotic
cleavage rate.
During in vitro culture, melatonin (MT) has been re-

ported to promote development of both fresh [38–43]
and/or vitrified oocytes/embryos [10, 42, 44–46], mainly
by one or more events such as modulating the oxidative
stress, improving mitochondrial function, regulating
spindle assembly, chromosome arrangement and expres-
sion of key genes, and inhibiting the apoptosis. Previ-
ously we have also reported that MT supplementation
during the whole length of experiment (warming, recov-
ery, parthenogenetic activation, and embryo culture
steps) might promote G1-to-S progression via regulation
of ROS, GSH and expression of cell cycle-related genes,
potentially increasing the parthenogenetic development
ability of vitrified–warmed mouse oocytes [10, 36]. Al-
though the results of our previous reports [10, 36] have
improved our understanding of MT implication in de-
velopmental competence of cryopreserved oocytes/em-
bryos, it remains to be explored whether the cleavage
and blastocyst formation rates can also be improved fol-
lowing MT supplementation before the embryos move
into the 2-cell stage of development.
Therefore, with the foregoing question in mind, in the

present study, we investigated the effect of MT on: 1)
the cleavage rate of parthenogenetic zygotes from
vitrified-warmed mouse oocytes and their subsequent
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development, 2) the mitochondrial function in G1 phase,
ROS level in S phase, DNA damage level in G2 phase,
and the duration and transition of S phase in zygotes,
and 3) the pronuclear formation of vitrified-warmed oo-
cytes after parthenogenetic activation by detecting the
stability of spindle morphology and chromosome segre-
gation in vitrified oocytes and the mRNA level of key
maternal genes i.e., Btg4, Orc2, Eif4e, Doc1r, Miss, Setd2
and Ythdf2 in activated oocytes.

Material and methods
Unless otherwise indicated, all chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All experi-
mental procedures were carried out in strict accordance
to the regulations of the animal ethical and welfare com-
mittee (AEWC) of Sichuan Agricultural University
China (approval code: AEWC2016, 6 January 2016).

Oocyte collection
Outbred female ICR mice (aged 6 weeks) were pur-
chased from Dashuo Company, Chengdu, China, and
kept in sterilized cages under standard housing condi-
tions: light controlled at 14:10 (06:00–20:00 light
source), ambient temperature at 18–25 °C, and humidity
at 50–70%. After a two-week adaptation period, female
mice were induced to superovulate by an initial intraper-
itoneal injection of 10 IU equine chorionic gonadotropin
(PMSG, Ningbo Shusheng Veterinary Drug Co., Ltd.,
Ningbo, China), followed by 10 IU human chorionic go-
nadotropin (hCG, Ningbo Shusheng Veterinary Drug
Co., Ltd., Ningbo, China) 48 h later to induce ovulation.
Female mice were euthanized by cervical dislocation.
The cumulus-oocyte complexes (COCs) were collected
from oviducts at 12–14 h after hCG treatment and re-
covered in M2 medium supplemented with 3 mg/mL bo-
vine serum albumin. Cumulus cells were dispersed with
300 IU/mL hyaluronidase and then washed in M2 three
times for subsequent experiments.

Oocyte vitrification and warming
Oocytes were vitrified using an open-pulled straws
(OPS) method as described in our previous study [10].
Briefly, the straws (0.25 mL; IMV, L’Aigle, France) were
heat-softened and pulled manually to get straws of ap-
proximately 3 cm in length and 0.10 and 0.15 mm in
inner and outer diameter, respectively.
Vitrification-warming procedures were carried out as

per our laboratory practice [10]. Briefly, oocytes were first
equilibrated in 10% ethylene glycol (EG) + 10% dimethyl
sulfoxide (DMSO) for 30 s, then loaded into the narrow
end of OPS with EDFS30 solution which consisted of
DPBS medium containing 300 g/L Ficoll, 0.5 mol/L su-
crose, and 20% FBS, 15% (v/v) EG and 15% (v/v) DMSO,
for 25 s. Finally, the straws containing oocytes were

plunged into liquid nitrogen quickly. During warming, oo-
cytes were rinsed in 0.5mol/L sucrose for 5min, and then
washed three times in M2 medium.

Parthenogenetic activation (PA) and embryo culture
The methods for parthenogenetic activation of oocytes and
the in vitro culture of resultant embryos were adopted as
described previously [10]. Briefly, all oocytes in each group
were recovered in M2 medium (recovery medium) for 1 h
of culture in a CO2 incubator (Thermo Electron Corpor-
ation, Marietta, OH, USA) before activation. The activation
medium was Ca2+-free human tubal fluid (HTF) supple-
mented with 10mmol/L SrCl2. After washing three times
in activation medium, oocytes were incubated first in acti-
vation medium for 2.5 h and then in regular HTF (Milli-
pore, MR-070-D) without SrCl2 for 3.5 h at 37.5 °C in a
humidified atmosphere with 5% CO2 in air. Both activation
medium and HTF for subsequent short culture of oocytes
were supplemented with 2mg/mL cytochalasin D. Finally,
oocytes were removed from above media and cultured in
KSOM-AA medium (Millipore, MR-121-D). The 2-cell em-
bryo and blastocyst rates were calculated at 24 h post acti-
vation (hpa) and 96 hpa. At 24 hpa, all the embryos in
vitrification + MT group were transferred to KSOM-AA
medium without MT. Melatonin (10− 9mol/L) was added
in warming, recovery (M2 medium), parthenogenetic acti-
vation, and embryo culture (KSOM-AA) media, whereas
no MT was added in the Control and Vitrification groups
during all stages of procedure.
The concentration of MT (10− 9 mol/L) used in the

present study was adopted from our previous study
[10] where we have reported that 10− 9 mol/L of MT
concentration can improve the developmental compe-
tence of vitrified-warmed mouse M II oocytes. MT
solution preparation (1 mol/L): 0.0237 g of MT
(M5250–250 mg, Sigma,purity: 98%.) was dissolved in
100 μL of DMSO and then MT solution was fully
mixed. Finally, the solution was evenly divided to
10 μL per tube and stored in a refrigerator at − 20 °C.
Working solution: after multiple (proportional) dilu-
tions, the working solution was obtained and used in
experiments.

Observation of pronuclear formation and zygotic
cleavage
Pronuclear formation was observed every 1 h from 2 to
8 hpa using the stereoscopic microscope (SMZ1500,
Nikon, Japan). To clearly show the pronucleus in bright
field, a high resolution image (10 × 10) was captured
using an advanced microscope (BX53, Olympus, Tokyo,
Japan). Similarly, zygotic cleavage was observed every 1 h
from 11 to 18 hpa under stereoscopic microscope. The
first cleavage occurred shortly after the zygote nucleus is
formed and it was completed when two blastomeres
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were apparent. Time for 10% of activated oocytes with
(without) pronucleus or of 2-cell embryo formation was
defined as the onset (end) of G1 phase or M phase, re-
spectively. Similarly, the time for 50% of activated oo-
cytes with (without) pronucleus or of 2-cell embryo
formation was defined as mean time of onset (end) of
G1 phase or M phase, respectively. The length of G1 or
M phase = the time of end - the time of onset. The mean
length of G1 or M phase = the mean time of end - the
mean time of onset. Pronuclear formation rate = number
of cells with pronucleus/number of parthenogenetic oo-
cytes× 100%. Cleavage rate = number of 2-cell embryo/
number of activated oocytes × 100%.

Detection of zygotic mitochondrial membrane potential
in activated oocytes
Mitochondria in zygotes were stained by the ΔΨm-
specific probe JC-1. According to the manufacturer’s
guidelines (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China), JC-1 probe was diluted to final con-
centration of 10 μg/mL in M2 solution. All zygotes at 5
hpa were stained in a humidified incubator containing
5% CO2 at 37 °C for 15 min. The JC-1 reaction was con-
ducted in darkness. Then the zygotes were washed three
times for 5 min each in M2 solution without JC-1 probe.
Finally, they were placed on a clean glass slide and
photographed under a fluorescence microscope (BX53,
Olympus, Tokyo, Japan). The fluorescence images were
recorded as TIFF files using a built-in camera. Interpret-
ation notes are as follows: High ΔΨm, JC-1 forms com-
plexes known as J-aggregates. Low ΔΨm, JC-1 remains
in the monomeric form. When excited at 510 nm, JC-1
monomers emit a green fluorescence with a maximum
at ~ 527 nm. Aggregates of JC-1 emit an orange-red
fluorescence with a maximum at ~ 590 nm. The ratio of
red fluorescence to green fluorescence was recorded as
mitochondrial membrane potential (Δψm) of oocytes.
The intensity of red and green fluorescence in each oo-
cyte was measured using Image J software (version 1.48;
National Institutes of Health, Bethesda, MD).

Detection of ATP content in zygotes
According to our previous report [42], zygotes at 5 hpa
from each group were collected and processed for detec-
tion of ATP content. For this purpose, oocytes were ini-
tially washed three times with M2 and added to an
Eppendorf tube containing 20 μL of ATP lysate for ATP
detection (groups of 10 zygotes each.) ATP levels were
determined according to the manufacturer’s instructions
(A095–2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Briefly, ten zygotes of each group were
collected and transferred to lysis buffer of 20 μL for use.
Then, the enzyme working solution was configured and
samples were treated according to the instructions. ATP

levels were measured using a multi-plate reader contain-
ing chemiluminescence (Varioskan LUX, Thermo, US).
Sample ATP concentration was calculated using a stand-
ard curve generated from nine ATP gradient concentra-
tions ranging from 0mol/L to 2 μmol/L.

Detection of S-phase cell cycle progression in zygotes
Zygotic S phase progress was checked by using the EdU
assay kit (C10310–3, RiboBio, Guangzhou, China). At 5,
6, 7, 8, 9, 10, 11 and 12 hpa, zygotes were collected for
EdU assay. The detailed operations followed the manu-
facturer’s guidelines of the EdU assay kit. Then, treated
oocytes were transferred to clean slide containing VECT
ASHIELD mounting medium with DAPI and sealed with
glass cover. Finally, slides with zygotes were checked
under epifluorescence microscope (BX53, Olympus,
Tokyo, Japan). The green fluorescence indicated EdU la-
beling. Zygotes with green fluorescence in the pro-
nuclear area were labeled as being in the S phase. Time
for 10% of zygotes with EdU labeling was defined as the
time of onset (or end) of S phase; similarly, time for 50%
of zygotes with EdU labeling was defined as mean time
of onset (or end) of the S phase. The length of S phase =
the time of end - the time of onset. The mean length of
S phase = the mean time of end - the mean time of
onset.

Assessment of spindle morphology and chromosome
segregation
The spindle morphology and chromosome segregation
were assessed by using immunofluorescence assay.
Briefly, oocytes of 0, 1 and 2 hpa were selected for
assessment of spindle morphology and chromosome seg-
regation. Oocytes were fixed in 4% (w/v) paraformalde-
hyde and then permeabilized in permeate (PBS
containing 1% Triton X-100 (v/v) for 1 h at room
temperature. After blocking of oocytes with 1% BSA for
1 h at room temperature, they were stained with FITC-
anti-α-tubulin antibody (Sigma, F2168) at a dilution of 1:
2,000 for 1 h at room temperature and washed three
times for 5 min each in the wash buffer (PBS containing
0.01% Triton X-100 and 0.1% Tween 20). Then, treated
oocytes were transferred to slide containing VECTASHI
ELD mounting medium with DAPI and sealed with glass
cover. Finally, slides with zygotes were examined under
epifluorescence microscope (BX53, Olympus, Tokyo,
Japan). According to the previous study [12], spindle
morphology was classified into grades 0–4. Grade 0 = no
detectable spindle microtubules. Grade 1 = severely di-
minished spindle that is less than 50% of the normal
spindle in size and asymmetry. Grade 2 =mildly dimin-
ished spindle that is slightly asymmetric in size on both
sides. Grade 3 = equivalent to the normal spindle in size
and shape. Grade 4 = spindle with excessive microtubule

Pan et al. Journal of Animal Science and Biotechnology           (2021) 12:84 Page 4 of 17



polymerization, namely, widening of the spindle poles,
presence of astral microtubules emanating from the
spindle poles. The criteria for chromosome segregation
were defined as follows: The presence of two distinct
sets of chromosomes in the cytoplasm was defined as
chromosome segregation. If the spindle in the cytoplasm
was consistent with the MII stage and the chromosomes
were arranged on the equatorial plate, however, only one
set of chromosomes was found in the cytoplasm, then
they were defined as unseparated.

Detection of ROS level, early apoptosis and DNA damage
The levels of ROS in zygotes of 9 hpa of each group were
detected according to our laboratory’s protocol as de-
scribed previously [10]. Briefly, for quantification of intra-
cellular ROS levels, oocytes from each group were
incubated (in dark) in M2 supplemented with 20 μmol/L
2, 7-dichlorodihydrofluorescein diacetate (H2DCFDA,
Invitrogen, Carlsbad, CA, USA) for 30min at 37 °C,
washed three times in M2 medium containing 3mg/mL
bovine serum albumin, and then put into 20 μL droplets
on a clean slide. Fluorescence images were recorded under
epifluorescence microscope (BX53, Olympus, Tokyo,
Japan).
Similarly, according to the manufacturer’s guidelines of

Annexin-V kit (C1062L, Beyotime biotechnology, Shang-
hai, China), 2-cell embryos were collected and transferred
to working solution of Annexin-V. After 30min incuba-
tion at room temperature (~ 25 °C), zygotes were washed
two times (5min each) in PBS containing 3mg/mL bovine
serum albumin. In the end, treated embryo were trans-
ferred to slide containing VECTASHIELD mounting
medium with DAPI and sealed with glass cover and
checked under epifluorescence microscope (BX53, Olym-
pus, Tokyo, Japan). The fluorescence intensities of ROS in
zygotes and Annexin-V in 2-cell embryos were analyzed
using Image J software (version 1.48; National Institutes of
Health, Bethesda, MD).
DNA damage was analyzed by immunofluorescence

assay, which was similar to spindle morphology analysis.
Zygotes of 12 hpa were chosen for this test. Immunofluor-
escence was performed with the following antibodies:
Rabbit anti-p-H2A.X (CST, 2577, p-Ser139, 1:800) and
CoraLite594-conjugated Goat Anti-Rabbit IgG (Protein-
tech, SA00013–4, 1:200). Zygotes were incubated with pri-
mary antibody overnight at 4 °C, and then they were
incubated with secondary antibody for 1 h at 37 °C. After
incubation, zygotes were washed 3 times (5min each). Fi-
nally, zygotes were transferred to slide with 20 μLM2
medium. Fluorescence images were recorded under epi-
fluorescence microscope (BX53, Olympus, Tokyo, Japan).
The fluorescence intensities of zygotes were analyzed
using Image J software (version 1.48; National Institutes of
Health, Bethesda, MD). The level of DNA damage showed

positive correlation with the fluorescence intensity in the
pronuclear area. The fluorescence intensity of gamma-
H2A.X was calculated as following: Fluorescence intensity
of gamma-H2A.X = total gamma-H2A.X fluorescence in-
tensity of pronuclear/total pronuclear area. The total pro-
nuclear area was chosen and calculated by freehand
selection tool of Image J software. The stronger the fluor-
escence intensity was, the more serious the DNA damage.

Quantitative polymerase chain reaction (Q-PCR)
The total cDNA was isolated from 2-hpa oocytes (≥20)
using TransScript-Uni Cell to cDNA Synthesis SuperMix
for Q-PCR kit (TransGen Biotech, Beijing, China). Then,
cDNA was quantified by Q-PCR using a TransStart Tip
Green qPCR SuperMix Kit (TransGen Biotech, Beijing,
China) on a CFX Connect Real-Time Detection System
(Bio-Rad, Hercules, CA, USA) under standard condi-
tions. The cycle threshold (Ct) value used to calculate
the relative expression was the average of three repli-
cates and was normalized against that of the reference
gene (Gapdh). The primer information is summarized in
Table 1. The mRNA expression levels were calculated
using the 2-△△Ct method [47].

Experimental design
The outline for the design of the experiments is pre-
sented in Fig. 1. This study was consisted of experiments
1, 2 and 3. In each of the experiments all the fresh oo-
cytes were randomly divided into three groups: un-
treated (control), or vitrified by open-pulled straw
method without (vitrification group) or with MT supple-
mentation (vitrification + MT group). After vitrification/
warming, the mouse MII oocytes were in vitro cultured
for 1 h, followed by parthenogenetic activation of oocytes
for 6 h and in vitro culture of resultant embryos for up
to 90 h. The 10− 9 mol/L of MT was added in warming,
recovery, PA and in vitro culture media and the treat-
ment time of oocytes or zygotes in warming, recovery,
PA and in vitro culture media was 5 min, 1 h, 6 h, and
18 h, respectively. After 24 hpa, 2-cell embryos in vitrifi-
cation + MT group were transferred into in vitro culture
medium without MT. The total time of MT treatment
was 25 h and 5min.
In experiment 1, impact of MT on cleavage of the par-

thenogenetic zygotes from vitrified-warmed oocytes and
their subsequent development was investigated. Firstly,
we observed the cleavage rate of activated oocytes and
detected the early apoptosis in their resultant zygotes to
investigate the influence of oocytes vitrification on the
development of parthenogenetic zygotes. Then the 2-cell
embryos were in vitro cultured for 72 h in KSOM-AA
without MT supplementation and the blastocyst
formation rate was assessed to explore whether
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supplementation of MT before embryos moved to 2-cell
stage might improve their development to blastocysts.
In experiment 2, effect of MT on cell cycle progression

during zygotic development in mice was investigated. Firstly,
we observed the first cleavage of the parthenogenetic zygotes
every 1 h under microscope during their in vitro develop-
ment from 11 to 19 hpa. Then G1/S and S/G2 phase transi-
tion, and the S phase duration in zygotes at 5–12 hpa were
determined by EdU staining. The mitochondrial membrane
potential, ROS level and DNA damage in zygotes were de-
tected at 5, 9 and 12 hpa, respectively.
In experiment 3, effect of MT on pronuclear formation

after parthenogenetic activation of vitrified-warmed mouse

oocytes was investigated. Firstly, pronuclear formation was
observed under microscope every 1 h in activated oocytes
at 2–8 hpa to investigate the potential role of MT in G1
phase zygotes. Then the spindle morphology in oocytes at
0 hpa and the chromosome segregation in activated oocytes
at 1–2 hpa were analyzed by immunofluorescence assay.
The levels of mRNA of key maternal genes (i.e., Btg4、Or-
c2、Eif4e、Doc1r、Miss、Setd2 and Ythdf2) were de-
tected in activated oocytes at 2 hpa by using RT-qPCR.

Statistical analysis
Statistical analyses were performed by using one-way
analysis of variance (ANOVA) followed by a post-hoc

Table 1 Information of primers used in RT-qPCR

Genes Accession ID Primer Seq (5′→3′) Product Length, bp Tm, °C

Btg4 NM_019493.4 F: TGAACAACCCAAAGAGCGTCTACC 103 55

R: AACCCACGACCATCTGCCAAATG

Orc2 NM_001025378.2 F: TGATTCATGTCTTACGAAGCCT 107 55

R: AGAAAGTCCAATGTAGGAAGGG

Eif4e NM_001313980.1 F: ACTTTTGGGCTCTATACAACCA 82 55

R: ATCCCGTCCTTAAAAAGTGAGT

Miss NM_001045483.1 F: GTCCTTTAGGTACACAGGGATC 207 55

R: GATATGACGCTTCAGGAGTAGG

Doc1r NM_026373.4 F:ACGGACCTGCTGTCTGTCATAGAG 146 55

R: TTGCGTTCTGTCTCTGCCAAGC

Ythdf2 NM_145393.4 F:TTGCCTCCACCTCCACCACAG 111 55

R:CCCATTATGACCGAACCCACTGC

Setd2 NM_001081340.2 F: GGAGGCAGACACGGAGACAGAG 139 55

R: ATCTGGTGGCTCCTGGCTTCTC

Gapdh NM_008084.3 F: CATGGCCTTCCGTGTTCCTA 104 55

R: GCCTGCTTACCACCTTCTT

Fig. 1 Flowchart of experimental design. Melatonin (10− 9 mol/L) was added in warming, PA and in vitro culture media before the embryos
moved into the 2-cell stage of development (24 hpa). hpa: hours post-activation
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Fisher’s least significant difference (LSD) test using SPSS
statistical software (v.20.0, IBM, Chicago, IL, USA).
Mean times of these events corresponded to the mo-
ment at which half of the zygotes had pronucleus, en-
tered/exited the S-phase, and cleaved, and were
calculated from the equation of the regression lines.
Data were analyzed by ANOVA after arcsine transform-
ation for the percentages. The data are expressed as
mean ± standard error. P-value < 0.05 was considered as
statistically significant. All experiments were replicated
at least three times.

Results
Melatonin promoted the first mitotic division of zygotes
from vitrified-warmed mouse oocytes after
parthenogenetic activation
As shown in the Table 2, the majority of the activated
oocytes showed normal cleavage to 2-cell embryos. After
oocyte vitrification, the cleavage rate of oocytes at 24 h
post activation decreased significantly (P < 0.05) com-
pared to the control group. During the in vitro culture
of activated oocytes, 50% of them were calculated for
early cleavage at 15.47 ± 0.14 h in vitrification group and
at 14.76 ± 0.22 h in the control group post activation, re-
spectively (Fig. 2), and it was observed that both groups
differed significantly (P < 0.05), indicating that oocyte
vitrification can induce a delay in the initiation of the
first cleavage. When MT was added in vitrification
group, the time for the first cleavage of half of the acti-
vated oocytes was significantly shortened (14.77 ± 0.18
hpa; P < 0.05) and the cleavage rate of oocytes at 24 hpa
was significantly increased (P < 0.05). Interestingly, these
rates were observed to be similar (P > 0.05) to those of
the control group (Fig. 2 and Table 2), indicating that
MT can promote the first cleavage of the vitrified-
warmed oocytes after parthenogenetic activation. Then
the 2-cell embryos were cultured in vitro for 72 h with-
out MT supplementation, and it was noted that the
blastocyst rate in vitrification group was significantly
lower (P < 0.05) than that of the control group which
was similar (P > 0.05) to that of Vitrification + MT group
(Table 2), indicating that MT might potentially improve
the quality of 2-cell embryos derived from the vitrified

mouse oocytes when it was added before the activated
oocytes moved to the 2-cell embryo stage.

Melatonin decreased early apoptosis of the 2-cell stage
parthenogenetic embryos from vitrified-warmed oocytes
To explore whether the quality of parthenogenetic
embryos might be affected and to elucidate the po-
tential role MT may play in this process, we used the
early apoptosis detection kit to identify early apop-
totic level within the 2-cell embryos. As shown in
Fig. 3, Annexin-V signals were observed on the cell
membrane of the 2-cell embryos. The Annexin-V sig-
nal level in vitrification group (0.0149) was signifi-
cantly higher (P < 0.05) than that of the control group
(0.00758). After MT supplementation in vitrification
group, Annexin-V level (0.00886) decreased signifi-
cantly (P < 0.05) and recovered to the normal level of
the control group (P > 0.05). These results suggested
that MT may improve the quality of 2-cell embryos
by decreasing their early apoptosis, thereby promoting
their subsequent development to blastocysts.

Table 2 Effect of addition (phase-wise) of melatonin on parthenogenetic development of vitrified mouse MII oocytes

Groups NO. of
oocytes
activated

No. of activated oocytes developed to

2-cell embryos, % Blastocysts-1, % Blastocysts-2, %

Control 84 79(94.40 ± 1.06)a 65(77.39 ± 1.68)a 65(81.97 ± 1.34)a

Vitrification 71 59(83.10 ± 0.96)b 37(53.02 ± 3.15)b 37(63.76 ± 3.46)b

Vitrification + MT 77 73(94.91 ± 0.28)a 58(76.47 ± 0.60)a 58(80.57 ± 0.69)a

The numbers of 2-cell embryos and blastocyst were counted at 24 and 96 h post-activation (hpa) respectively. The rates of 2-cell embryo and blastocysts-1 were
calculated from the number of activated oocytes, the rates of blastocysts-2 were calculated from the number of 2-cell embryos. The values indicate the mean ±
standard error (MSE) of three independent experiments. Values with different superscripts (a, b, and c) in the same column are significantly different (P < 0.05)

Fig. 2 The first mitotic division of parthenogenetic zygotes. “*” and
black line represent that the cleavage rate of the control and
vitrification + MT groups are significantly different compared to
vitrification group at 16–19 hpa under the black line (P < 0.05).
Dotted lines represent the time when 10% or 50% of zygotes
cleaved in each group, respectively. The data are expressed as
mean ± standard error of three independent trials. “n” represents the
cell number used in this experiment
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Melatonin ameliorated the oocyte vitrification-inflicted
delay of zygotic S phase
As shown in Fig. 4b, the S phase cells at 6, 7 and 11 hpa
after EdU labeling in parthenogenetic zygotes were
43.71 ± 2.18%, 78.92 ± 7.89% and 10.58 ± 4.19%, respect-
ively in untreated control group. However, the S-phase
fraction in vitrification group decreased to 14.56 ± 3.81%
in zygotes at 6 hpa, and 53.11 ± 3.30% at 7 hpa, and in-
creased to 49.46 ± 5.89% at 11 hpa. When MT was
added in vitrification group, the S-phase fractions at 6, 7
and 11 hpa were 24.31 ± 3.34%, 80.63 ± 8.28% and

20.34 ± 1.61%, respectively. At 6 hpa, the data of vitrifi-
cation group was similar to that of vitrification + MT
group (14.56 ± 3.81% vs. 24.31 ± 3.34%, P > 0.05). In
addition, the data of vitrification + MT group was sig-
nificantly different from the control group (24.31 ±
3.34% vs. 43.71 ± 2.18%, P < 0.05). But at 7 and 11 hpa,
statistical analysis revealed that the values of vitrification
+ MT group significantly differed from those of vitrifica-
tion group (P < 0.05) and were similar to the correspond-
ing control group (P > 0.05). These results indicated that
the oocyte vitrification delayed the zygotic S phase

Fig. 3 Annexin-V staining of 2-cell embryos. The Y-axis represents the average fluorescence intensity per unit area. The fluorescence intensity per
unit area = the total fluorescence density of a single 2-cell embryo/ the total area of a single 2-cell embryo. The experiment was repeated three
times. The data are expressed as mean value ± standard error. Values with different superscripts (a, b) are significantly different (P < 0.05). “n”
represents the cell number used in this experiment

Fig. 4 S phase transition of PA zygotes. a depicts zygotes with green fluorescence in pronuclear in the S phase. DAPI marks DNA. Scale bar =
50 μm. b represents a histogram depicting the proportion of S phase zygotes of each group at each time point. c is a broken line graph
representing the proportion of S phase zygotes at each time point, which is used to reflect the length of S phase and time variation trend of
each group in the S phase. The data are expressed as mean ± standard error of four independent trials. Values with different superscripts (a, b) are
significantly different (P < 0.05)。“n” represents the cell number used in this experiment
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transition (G1/S; S/G2) and that MT can alleviate
vitrification-inflicted delay. However, the length of S
phase, as defined by the time for more than either 10%
or 50% of zygotes entering the S phase, remained stable
for about 4 or 6 h in all three groups, indicating either
oocyte vitrification or vitrification + MT treatment may
not change the duration of S phase in their parthenogen-
etic zygotes.

Melatonin can improve mitochondrial function in zygotes
As shown in Fig. 5, when mouse oocytes were partheno-
genetically activated (PA) for 5 h, the resultant zygotes at
the late G1 PN stage showed significantly lower mito-
chondrial membrane potential (MMP) (Fig. 5b) and ATP
levels (Fig. 5c) in vitrification group (1.67 ± 0.02 and
0.448 ± 0.015) than those of the control (2.26 ± 0.08 and
0.536 ± 0.021), respectively. When MT was added in the
warming, recovery and PA media, the MMP (2.10 ± 0.06)
and ATP levels (0.495 ± 0.007) in zygotes were signifi-
cantly increased (P < 0.05) and were similar to those of the
control group (P > 0.05). These results indicated that MT
may promote zygotic G1/S transition potentially by modu-
lating the zygotic mitochondrial function in G1 phase.

Melatonin can alleviate excessive ROS and DNA damage
induced by oocyte vitrification
As shown in Fig. 4b, at 9 hpa, more than 90% of the re-
sultant parthenogenetic zygotes were observed at the S
phase. At the same time point, ROS level in vitrification
group (0.0343 ± 0.0012) was significantly higher (P < 0.05)

than that of the control group (0.0207 ± 0.00052) which
was similar (0.0227 ± 0.00078, P > 0.05) to vitrification +
MT group (Fig. 6c). As shown in Fig. 6a, the phosphory-
lated H2A.X (γ-H2A.X) in pronuclei of zygotes at 12 hpa
were stained red by immunofluorescence and their inten-
sity served as an efficient marker for scoring of
vitrification-induced DNA double-strand breaks (DSBs).
The γ-H2A.X level in vitrification group (0.0730 ± 0.0021)
was significantly higher (P < 0.05) than that of the control
(0.0394 ± 0.0011) which was similar to vitrification +
MT group (0.0441 ± 0.0012). These results indicated
that the higher level ROS in S phase and DNA dam-
age in G2 phase of zygotes due to oocyte vitrification
can potentially be alleviated by MT supplementation.

Melatonin promoted the formation of pronucleus in
parthenogenetic zygotes from vitrified-warmed mouse
oocytes
No pronuclear formation, as characterized by the appear-
ance of nucleoli (Fig. 7b), was observed under the micro-
scope at 2 hpa of oocytes. The pronucleus began to form
at 3 hpa and reached the peak almost at 6 hpa (Fig. 7c).
The pronuclear formation rate at 3–6 hpa in vitrification
group (4.14 ± 2.14% to 75.74 ± 4.69%) was significantly
lower than those of the control group (13.39 ± 0.85% to
97.54 ± 1.29%), indicating that the oocyte vitrification
might delay the pronuclear formation in resulting zygotes.
When MT was added in vitrification group, the pro-
nuclear formation rate at 3–6 hpa was significantly
(14.60 ± 1.27% to 94.07 ± 1.51%, P < 0.05) increased and

Fig. 5 Mitochondrial membrane potential (MMP) and ATP contents of G1 zygotes. a depicts the state of MMP in each group. FITC channel
represents that JC-1 is in the monomeric form, emitting a green fluorescence. RITC channel represents that JC-1 forms complexes emitting an
orange-red fluorescence. The zygote is being in late G1 phase after 5 hpa. Scale bar = 50 μm. b shows the red/green fluorescence ratio of MMP
between the groups. c shows the ATP content between the groups after 5 hpa. The data are expressed as mean ± standard error of four
independent trials. Values with different superscripts are significantly different (P < 0.05). “n” represents the cell number used in this experiment
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was similar to (P > 0.05) that of the control group, indicat-
ing that MT can mitigate the delay of pronuclear forma-
tion following oocyte vitrification.

Melatonin promoted the mitotic spindle stabilization in
the vitrified-warmed oocytes
As shown in Fig. 8a, the spindle configuration in oocytes
was graded the higher the grade, more normal the oocytes

were. The results of spindle morphology evaluation are
depicted in Fig. 8b. Briefly, the average grade of spindle
morphology in mouse MII oocytes was observed to be
3.24 ± 0.09 in the control group. However, following
vitrification-warming and in vitro culture for 1 h, the aver-
age grade of spindle morphology of oocytes in vitrification
+ MT (10− 9 mol/L) group was significantly higher (3.17 ±
0.11 vs. 2.67 ± 0.11; P < 0.05) compared to the vitrified

Fig. 6 ROS and γ-H2A.X levels in zygotes. ROS (b) and γ-H2A.X levels (a) were assessed at 9 and 12 hpa respectively. The data are expressed as
mean value ± standard error of three independent trails. Values with different superscripts (a, b) are significantly different (P < 0.05). “n” represents
the cell number used in this experiment

Fig. 7 Pronuclear formation in PA zygotes. a was obtained by using stereomicroscope and original magnification of 100× was used for counting
of pronuclear formation. b was obtained by using epifluorescence microscope and depicts the high resolution image of pronucleus. In c, the line
chart depicts the rate of pronuclear formation from 2 to 8 hpa. “*” and black line represent that the control and vitrification +MT groups are
significantly different compared to vitrification group at each time point under the black line (P < 0.05). Dotted line represents the time when
50% of oocytes formed pronuclear. The data are expressed as mean ± standard error of three independent trials. Scale bar = 100 μm. “n”
represents the cell number used in this experiment
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(without MT) group. Meanwhile, no significant difference
was observed in the average score of spindle morphology
between MT-treated and the fresh (control) groups,
highlighting that MT supplementation might improve the
spindle morphology in vitrified-warmed oocytes.

Melatonin promoted chromosome segregation in
vitrified-warmed oocyte after parthenogenetic activation
As shown in Fig. 9a, based on differences in the shape as
observed under immunofluorescence, the chromosome
segregation in oocytes was categorized into two sub-
types/groups: separated and unseparated subtypes. Rates
for all separated chromosome in oocytes were calculated
and are given in Fig. 9b. The chromosome separation
rates in oocytes at 1 and 2 hpa in vitrification group
were 43.64 ± 5.28% and 58.90 ± 3.49%, respectively, and
these rates were significantly lower (P < 0.05) than those
of the corresponding controls (83.33 ± 6.25% and
85.70 ± 4.81%) and vitrification + MT groups (62.63 ±
3.79% and 77.93 ± 4.03%). Meanwhile, there was no sig-
nificant difference (P > 0.05) in the chromosome separ-
ation rates at 2 hpa between the control and vitrification
+ MT groups. These results indicated that MT can pro-
mote chromosome segregation in the activated oocytes
following vitrification.

The protective role of melatonin against the effects of
oocytes vitrification on the maternal mRNA level
As shown in Fig. 10, at 2 hpa of oocytes, the mRNA levels
of maternal genes Btg4, Eif4e, and Orc2 showed no

significant difference (P > 0.05) between vitrification, vitri-
fication + MT and the control groups. However, the
mRNA levels of Miss, Doc1r, Setd2 and Ythdf2 genes in
vitrification group were significantly decreased (P < 0.05)
compared to the control group. Interestingly, when MT
was added in vitrification group, the mRNA levels of these
genes were significantly increased (P < 0.05) and recovered
to the level of the control group (P > 0.05), indicating that
MT can alleviate vitrification-induced adverse effects on
the mRNA level of key maternally-derived genes in
oocytes.

Discussion
In this study, we observed the delayed first zygotic
cleavage and higher early apoptosis level in 2-cell em-
bryos developing from vitrified mouse MII oocytes,
suggesting that vitrification can negatively impact the
cell cycle in parthenogenetic zygotes and can lower
their developmental potential. It is pertinent to men-
tion that DNA replication occurs in the S phase of the
cell cycle, and from zygote to adult, it is regarded as
one of the most important events in reproduction,
largely due to the fact that a single copy of the com-
bined parental genome will be replicated an estimated
five trillion times [48]. Therefore, the timing of DNA
replication initiation and accurate replication is crucial
for cellular propagation and survival. In our study, we
found that the oocyte vitrification delayed the initiation
(G1/S) and termination (S/G2) of DNA replication dur-
ing zygotic S phase and was responsible for the lower

Fig. 8 Morphology of spindle and chromosome after vitrification of MII oocytes. a, FITC represents spindle and DAPI represents DNA; b depicts
the grade of spindle morphology between groups. The scale bar = 50 μm. The data are expressed as mean value ± standard error of four
independent trails. Values with different superscripts (a, b) are significantly different (P < 0.05). “n” represents the cell number used in
this experiment

Pan et al. Journal of Animal Science and Biotechnology           (2021) 12:84 Page 11 of 17



cleavage rate. Intriguingly, this negative consequence
was later alleviated when MT was added in warming,
recovery (M2 medium), parthenogenetic activation, and
embryo culture media before the activated oocytes
moved into the 2-cell stage of their development. How-
ever, the vitrification (onset of oxidative stress condi-
tion) and MT treatment caused no significant impact
on duration of the S phase. Interestingly, a similar

phenomenon was observed in a study where it was
shown that oxidative stress in the G1 phase zygotes
treated with H2O2 (0.03 mmol/L) did not alter the S
phase duration, but caused the delay of zygotic cleavage
[49]. Although our understanding of such phenomenon
is still incomplete, it appears that such finding might be
related to the lack of a G1/S checkpoint in the oxidatively-
damaged mouse zygotes [50].

Fig. 10 Maternal mRNA levels in oocytes at 2-hpa. The data are expressed as mean value ± standard error of three independent trails. Values
with different superscripts (a, b) are significantly different (P < 0.05). Zygote number: control, 74, vitrification, 95, vitrification + MT: 95

Fig. 9 Chromosome segregation after PA of MII oocytes. a, with two apparent chromosome sets in oocyte cytoplasm represents that
chromosomes are separated. If not, like the last two figures and images as shown in a represents that chromosomes remain unseparated. The
scale bar = 50 μm. In b, histogram shows the rate of chromosome segregation at 1 and 2 hpa. The data are expressed as mean value ± standard
error of four independent trails. Values with different superscripts ((a, b) are significantly different (P < 0.05). “n” represents the cell number used in
this experiment
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In the present study, the G1/S phase transition was de-
layed in parthenogenetic zygotes following oocyte vitrifi-
cation, indicating that the checkpoints or other such
mediators may be present in the cell cycle at G1 phase
(or events related to the duration of the G1 phase) and
that might contribute to the disturbances in the cell to
move into its next phase i.e., the S phase. It is well-
established that the G1 phase acts as a preparatory phase
where the cell synthesizes various enzymes and nutrients
that are needed for DNA replication and cell division
later on. In addition, such events also occur in the G1
phase as pronuclear formation, DNA and histone epi-
genetic modifications and synthesis of various proteins
are required for zygote development [51]. ATP, a mol-
ecule mainly produced in the mitochondria, might be re-
leased to fuel the aforementioned cellular processes with
a vital source of energy. Given that the mitochondrial
function is linked to a number of biological events, we
envisage that its dysfunction due to oocyte vitrification
may be implicated in the G1/S phase transition delay in
zygotes. In fact, oocyte cryopreservation has been re-
ported to decrease the mitochondrial activity [42, 52–
55] and MMP in the 2-PN embryos, leading to a lower
ATP production. Interestingly, previously it has been
shown that the up-regulation of glucose metabolism
(with higher ATP production) during the male pro-
nuclear formation can determine the early onset of the S
phase in bovine zygotes [56]. Similarly, in the present
study, the lower levels of ATP and MMP were observed
in the G1 phase zygotes following oocyte vitrification. It
is important to note that when MT was added, ATP and
MMP levels recovered to the normal values and resulted
in the acceleration of the G1 transition by approximately
0.8 h, potentially promoting the cleavage and blastocyst
formation rates. We speculated that oocyte vitrification-
induced mitochondrial dysfunction can potentially dis-
turb biological events in the G1 phase of zygote and lead
to delay of G1/S transition. In addition, it has been re-
ported that MT is a versatile molecule that can mitigate
and protect mitochondrial functions and dynamics by
scavenging ROS, inhibiting the mitochondrial permeabil-
ity transition pore and activating uncoupling proteins
[57]. MT is believed to maintain the optimal mitochon-
drial membrane potential and preserves mitochondrial
functions [57]. Therefore, based on our finding, it can be
envisaged that MT can mitigate the mitochondrial dys-
function and can promote biological events of G1 phase
and the G1/S phase transition. However, the precise
underlying mechanism and implication of MT in pro-
moting the G1/S transition by regulating mitochondrial
functions remains to be further studied.
Simultaneously with a lower ATP production in the zy-

gotes, the mitochondrial dysfunction was also character-
ized by abnormally increased ROS levels [58], leading to

an exaggerated oxidative damage. It has been reported
that oxidative stress-induced DNA damage can trigger the
cell cycle checkpoints, leading to delay in the G2/M phase
transition in zygotes about 2.5–3 h [49, 59]. It seems that
the oxidative stress-induced DNA damage can activate the
ATM/Chk1 and phosphorylate Cdc25 and Cdc2, which
can further trigger G2/M arrest of zygote [49]. Further-
more, the oxidative stress-induced phosphorylation and
activation of AMPK can inhibit CDK1 activity via p53/p21
pathways, thereby delaying the G2/M phase transition and
facilitating the repair of DNA damage in zygotes [60]. Pre-
viously Lei and colleagues have shown that vitrification-
inflicted mitochondrial oxidative damage can lead to the
reduced developmental potential in vitrified mouse oo-
cytes [61]. Interestingly, similar finding was also observed
in the present study. We detected the mitochondria mem-
brane potential at 5 hpa, ROS level at 9 hpa and γ-H2A.X
at 12 hpa in zygotes, respectively and found that oocyte
vitrification decreased the mitochondrial activity and
increased ROS production and DNA damage, how-
ever, these damages were considerably alleviated by
MT treatment, potentially promoting the cleavage
rates. The oocyte vitrification-inflicted oxidative stress
might delay or arrest the G2/M phase transition via
activating ATM/Chk1 [49] or AMPK-p53/p21 [60]
pathway, partially leading to delay or arrest of cleav-
age. It has been reported that MT is a powerful scav-
enger of ROS and can maintain the genome integrity
[62]. Therefore, MT can be implicated in decreasing
the DNA damage induced by ROS and preventing zy-
gotes from arrest of G2/M transition.
In the present study, pronuclei were first formed be-

tween 2 and 3 h post oocyte activation and lasted about
4 h. However, the pronuclear formation rate was
decreased significantly at 3 to 6 hpa when oocytes were
vitrified-warmed followed by PA, indicating that the
oocyte quality was affected considerably following vitrifi-
cation. However, when MT was added in the vitrified-
warmed oocytes, more pronuclei were formed at each
time point. This similar finding was also observed in a
previous study on aged oocytes where it was reported
that the pronuclear formation rate at 5 h post in vitro
fertilization of oocytes was significantly lower in the aged
mouse (12 months, 35.5%) than in young counterparts
(6–8 weeks, 88.1%) [63]. These authors further argued
that this change in the rate of pronuclear formation may
have resulted either due to the incorrect alignment of
chromosome or premature chromosome segregation in
the aged oocytes [63]. In addition, recently it was re-
ported that after in vitro aging for 24 h, most of the
mouse oocytes fragmented and no pronuclei were
formed after intracytoplasmic sperm injection (ICSI),
however, this situation was reversed in the aging +
caffeine-treated group in which it was observed that
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62.2% of oocytes produced pronuclei following ICSI and
only 7.5% of oocytes led to fragmentation [64]. There-
fore, above evidence indicates that the lower oocyte
quality due to either vitrification or (in vitro) aging
might contribute to the blockade of pronuclear forma-
tion to some extent, and the delay in the pronuclear for-
mation can be alleviated either by MT or caffeine.
Although repolymerization of the meiotic spindle oc-

curs in oocytes surviving the rigors of cryopreservation
[12], it has been reported that the addition of certain
agents such as docetaxel and paclitaxel (inhibitors of
microtubule disassembly) [16] or MT [42] can stabilize
the microtubules and reduce the spindle damage during
cryopreservation. MT can stabilize the microtubules po-
tentially by decreasing oxidative stress and regulating
spindle assembly checkpoint [42]. Similarly, in the
present study we observed that MT improved the aver-
age grades of spindle morphology (the higher grade it is,
the lower spindle abnormality) in the vitrified-warmed
oocytes after in vitro culture for 1 h, potentially promot-
ing proper meiotic chromosome segregation. Although
there is reasonable evidence that the protective effect of
MT on spindle damage [42, 65–68] might be exhibited
either by directly reducing the oxidative stress or
through regulating spindle formation via its receptors
[69, 70], however, the exact underlying mechanisms of
MT action still remain to be clarified.
Maternal mRNA translation and degradation is cru-

cial for the oocyte-to-zygote transition. A hallmark of
this progress in mammals is its reliance on translation
and the utilization of stored RNAs and proteins, ra-
ther than de novo transcription of genes, to sustain
meiotic maturation and early embryonic development
[23]. In these biological events, MAPK signal pathway
is believed to play a pivotal role in regulating mater-
nal mRNA translation and degradation [71]. After
fertilization, MAPK activity is declined but does not
completely inactivate until after pronuclear formation
[72]. In this study, pronuclear formation was observed
in oocytes at 3 hpa. Thus, in order to investigate the
possible relationship of the MAPK cascade-related
proteins with resultant pronuclear formation and sub-
sequent embryo development, we analyzed their
mRNA levels in oocytes at 2 hpa and found that the
mRNA levels of Eif4e and Btg4 did not change signifi-
cantly in vitrification and vitrification + MT-treated
groups. It seems that these two proteins might have
been fully accumulated during oocyte maturation [73]
and their further mRNA translation may not have oc-
curred at this time point. Moreover, the mRNA level
of Orc2 (gene of DNA replication licensing factor)
and the S phase duration (DNA replication period)
also showed no significant differences between the
groups, indicating that the oocyte vitrification and

MT treatment might not affect the DNA replication
period. However, we observed that the mRNA level of
Miss and Doc1r were decreased significantly after oo-
cyte vitrification. It can be envisaged that mRNAs
(transcripts) of these genes might be translated to
maintain the spindle and chromosome morphology
and led to delay of the chromosome segregation and
subsequent pronuclear formation, as these two MAPK
substrates are reportedly implicated in either main-
taining the spindle integrity or controlling the micro-
tubule organization of MII mouse oocytes [15].
Similarly, in previous studies it has been reported that
post-ovulatory aging of mouse oocytes leads to de-
creased level of MAD2 (a component of spindle as-
sembly checkpoint) transcripts [74] but increases its
(MAD2) protein level [75]. It is likely that the de-
creased mRNA levels of Sedt2 and Ythdf2 following
oocyte vitrification might affect the early embryonic
zygote-genome activation process, thus resulting in
the lower development of embryos to blastocysts
stage, as these two proteins are implicated in either
regulation of the trimethylation modification of
H3K36 [26–28] or degradation of methylated adenine
maternal mRNA [24, 25]. This caveat is somehow
supported by evidence from two previous studies
where it was shown that when these two proteins
were knocked out, embryo development was blocked
in 1-cell [28] and 2-cell embryos [25]. Similarly, pre-
vious reports have indicated that cryopreservation can
lead to an overall decrease of mRNA extracted from cryo-
preserved MII oocytes compared to the control group [29,
76]. Interestingly, a transcriptome-based analysis indicated
that several downregulated genes were enriched in carbon
metabolism, metabolic pathways, base excision repair,
microtubule-based process, methylation, RNA transport,
and cellular response to heat pathways and processes. In
particular, some of the downregulated genes in vitrified
oocytes were also enriched in the MAPK signaling path-
way [76]. Given that the MAPK signaling pathway plays
an important role in regulating the maternal mRNA trans-
lation and degradation [71], therefore, we believe that the
MAPK signaling pathway might regulate translation or
degradation of those key maternal mRNAs to mitigate the
negative effects induced by vitrification. Interestingly, in
the present study, we observed that after MT supplemen-
tation, the mRNA levels of key maternal genes i.e., Miss,
Doc1r, Sedt2 and Ythdf2 were almost close to the control
group. In previous studies, MT has been implicated in
regulating various cellular and biological events in somatic
cells [77] and oocytes [78] via MAPK signaling pathway.
Hence, we speculate that MT might regulate the maternal
mRNA levels in vitrified oocytes through MAPK signaling
pathway. Since our understanding related to implication
of MT in these biological events is still incomplete,
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therefore further focused studies are desired to provide
concrete evidence in this regard.

Conclusion
In summary, the findings from the present study indicate
that the addition of MT (10− 9 mol/L) during warming,
recovery, parthenogenetic activation of oocytes and
in vitro culture of embryos (total 25 h 5 min of MT
treatment) improved the developmental competence of
vitrified-warmed oocytes. These ameliorative effects
were observed as follows: 1) MT promoted the forma-
tion of pronuclei in PA zygotes via reducing the spindle
damage in vitrified-warmed oocytes, potentially regulat-
ing the mRNA levels of key maternal genes (Miss and
Doc1r) in activated oocytes. 2) MT promoted the first
cleavage of zygotes potentially by regulating the G1/S
and S/G2 phase transition via stabilization of the mito-
chondrial function and mitigation of oxidative DNA-
damage. 3) MT partially improved the development of
zygote to blastocyst via regulating ZGA related maternal
mRNA levels (Sedt2 and Ythdf2) and reduction of early
apoptosis.

Abbreviations
MT: Melatonin; MII: Metaphase II; ROS: Reactive oxygen species;
ATP: Adenosine triphosphate; MISS: MAPK-interacting and spindle-stabilizing
protein; MAPK: Mitogen-activated protein kinase; PA: Parthenogenetically
activated; IVC: In vitro cultured; MMP: Mitochondrial membrane potential;
ZGA: Zygotic genome activation; AEWC: Animal ethical and welfare
committee; PMSG: Equine chorionic gonadotropin; hCG: Human chorionic
gonadotropin; COCs: Cumulus-oocyte complexes; OPS: Open-pulled straws;
EG: Ethylene glycol; DMSO: Dimethyl sulfoxide; EDFS30: DPBS medium
containing 30% (v/v) ethylene glycol, 21% (w/v) Ficoll 70, and 0.35 mol/L
sucrose; V: Volume; W: Weight; HTF: Human tubal fluid; KSOM-AA: Simple
optimization of medium contained K ions and amino acid; hpa: Hours post
activation; H2DCFDA: 2, 7-dichlorodihydrofluorescein diacetate

Acknowledgments
Not applicable.

Authors’ information (this section is optional)
BP1 is Ph.D. candidate in College of Animal Science and Technology, Sichuan
Agricultural University (Chengdu Campus). IHQ2 is a senior faculty member
and Head of Department of Veterinary Anatomy and Histology, Shaheed
Benazir Bhutto University of Veterinary and Animal Sciences, Sakrand 67,210,
Sindh, Pakistan. SCG1, JYY1, JPQ1 and TYL1 are master degree candidates in
College of Animal Science and Technology, Sichuan Agricultural University
(Chengdu Campus). SQZ1 is a Ph.D. candidate in College of Animal Science
and Technology, Sichuan Agricultural University (Chengdu Campus). YZ1 is
Laboratory Technician at College of Animal Science and Technology, Sichuan
Agricultural University. CJZ1 is Professor of Animal Reproduction at College
of Animal Science and Technology, Sichuan Agricultural University (Chengdu
Campus). QYM3 is Professor at State Key Laboratory of AgroBiotechnology,
China Agricultural University. HBH4 is Professor at College of Animal Science
and Technology, China Agricultural University. GBZ1,* is Professor at College
of Animal Science and Technology, Sichuan Agricultural University (Chengdu
Campus).

Authors’ contributions
BP carried out the experiment (design), data interpretation and manuscript
writing. IHQ participated in data interpretation, analysis and manuscript
writing and revision. SCG, JYY, JPQ, TYL and SQZ contributed the preparation
of materials and execution of experiments. YZ, CJZ, QYM and HBH revised
and proofread the manuscript. GBZ participated in data interpretation and

manuscript writing and discussion. All authors read and approved the final
manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (grant no. 32072735, 31572398), the Natural Science Fund of Qinghai
Province (2020-ZJ-902) and by the China Agriculture Research System (grant
no. CARS-36).

Availability of data and materials
All data generated or analysed during this study are included in this
published article.

Declarations

Ethics approval and consent to participate
All procedures for oocyte collection were carried out in strict accordance to
the regulations of the animal ethical and welfare committee (AEWC) of
Sichuan Agricultural University China (approval code: AEWC2016, 6 January
2016).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Farm Animal Genetic Resources Exploration and Innovation Key Laboratory
of Sichuan Province, College of Animal Science and Technology, Sichuan
Agricultural University, Chengdu 611130, China. 2Department of Veterinary
Anatomy and Histology, Shaheed Benazir Bhutto University of Veterinary and
Animal Sciences, Sakrand, Sindh 67210, Pakistan. 3State Key Laboratory of
AgroBiotechnology, China Agricultural University, Beijing 100193, China.
4National Engineering Laboratory for Animal Breeding, Key Laboratory of
Animal Genetics and Breeding of the Ministry of Agriculture, Beijing Key
Laboratory for Animal Genetic Improvement, College of Animal Science and
Technology, China Agricultural University, Beijing 100193, China.

Received: 5 January 2021 Accepted: 13 May 2021

References
1. Porcu E, Venturoli S, Damiano G, Ciotti PM, Notarangelo L, Paradisi R, et al.

Healthy twins delivered after oocyte cryopreservation and bilateral
ovariectomy for ovarian cancer. Reprod BioMed Online. 2008;17(2):265–7.
https://doi.org/10.1016/S1472-6483(10)60204-0.

2. Oktay K, Bedoschi G. Oocyte cryopreservation for fertility preservation in
postpubertal female children at risk for premature ovarian failure due
to accelerated follicle loss in turner syndrome or cancer treatments.
J Pediatr Adolesc Gynecol. 2014;27(6):342–6. https://doi.org/10.1016/j.jpa
g.2014.01.003.

3. Kotera T, Shibata T, Kato H, Watanabe H, Nakago S. Twin pregnancy in a 51-
year-old woman who underwent autologous cryopreservation at the age of
36 years: case report. Reprod Med Biol. 2016;15(3):187–9. https://doi.org/10.1
007/s12522-015-0230-8.

4. Beaujouan É, Reimondos A, Gray E, Evans A, Sobotka T. Declining realisation
of reproductive intentions with age. Hum Reprod. 2019;34(10):1906–14.
https://doi.org/10.1093/humrep/dez150.

5. Duclos D, Avon L, Maki-Tanila A, Pizzi F, Woelders H, Hiemstra SJ. The role
and organization of cryopreservation for local cattle breeds in France,
Finland, Italy and the Netherlands. In: Book of Abstracts of the 60th Annual
Meeting of the European Association for Animal Production, Barcelona,
Spain. Wageningen: Wageningen Academic Publishers: 2009. p.321–321.

6. Matsas D, Huntress V, Levine H, Saperstein G, Overstrom EW. 108
Cryopreservation of germplasm from heritage breeds of domestic livestock:
seasonal effects On superovulation response and embryo production.
Reproduction Fertility Development. 2004;16(2):176. https://doi.org/10.1071/
RDv16n1Ab108.

7. Crawford S, Boulet SL, Kawwass JF, Jamieson DJ, Kissin DM. Cryopreserved
oocyte versus fresh oocyte assisted reproductive technology cycles, United

Pan et al. Journal of Animal Science and Biotechnology           (2021) 12:84 Page 15 of 17

https://doi.org/10.1016/S1472-6483(10)60204-0
https://doi.org/10.1016/j.jpag.2014.01.003
https://doi.org/10.1016/j.jpag.2014.01.003
https://doi.org/10.1007/s12522-015-0230-8
https://doi.org/10.1007/s12522-015-0230-8
https://doi.org/10.1093/humrep/dez150
https://doi.org/10.1071/RDv16n1Ab108
https://doi.org/10.1071/RDv16n1Ab108


States, 2013. Fertil Steril. 2017;107(1):110–8. https://doi.org/10.1016/j.
fertnstert.2016.10.002.

8. Ahmadi E, Shirazi A, Shams-Esfandabadi N, Nazari H. Antioxidants and
glycine can improve the developmental competence of vitrified/warmed
ovine immature oocytes. Reprod Domest Anim. 2019;54(3):595–603. https://
doi.org/10.1111/rda.13402.

9. Punyawai K, Anakkul N, Srirattana K, Aikawa Y, Sangsritavong S, Nagai T,
et al. Comparison of Cryotop and micro volume air cooling methods for
cryopreservation of bovine matured oocytes and blastocysts. J Reprod
Development. 2015;61(5):431–7. https://doi.org/10.1262/jrd.2014-163.

10. Zhang Y, Li W, Ma Y, Wang D, Zhao X, Zeng C, et al. Improved
development by melatonin treatment after vitrification of mouse
metaphase II oocytes. Cryobiology. 2016;73(3):335–42. https://doi.org/10.101
6/j.cryobiol.2016.09.171.

11. Quan GB, Wu GQ, Wang YJ, Ma Y, Lv CR, Hong QH. Meiotic maturation and
developmental capability of ovine oocytes at germinal vesicle stage
following vitrification using different cryodevices. Cryobiology. 2016;72(1):
33–40. https://doi.org/10.1016/j.cryobiol.2015.11.007.

12. Tamura AN, Huang TT, Marikawa Y. Impact of vitrification on the meiotic
spindle and components of the microtubule-organizing center in mouse
mature oocytes. Biol Reprod. 2013;89(5):112. https://doi.org/10.1095/
biolreprod.113.108167.

13. Lefebvre C, Terret ME, Djiane A, Rassinier P, Maro B, Verlhac MH. Meiotic
spindle stability depends on MAPK-interacting and spindle-stabilizing
protein (MISS), a new MAPK substrate. J Cell Biol. 2002;157(4):603–13.
https://doi.org/10.1083/jcb.200202052.

14. Terret ME, Lefebvre C, Djiane A, Rassinier P, Moreau J, Maro B, et al. DOC1R:
a MAP kinase substrate that control microtubule organization of metaphase
II mouse oocytes. Development. 2003;130(21):5169–77. https://doi.org/1
0.1242/dev.00731.

15. Petrunewich MA, Trimarchi JR, Hanlan AK, Hammer MA, Baltz JM. Second
meiotic spindle integrity requires MEK/MAP kinase activity in mouse eggs. J
Reprod Dev. 2009;55(1):30–8. https://doi.org/10.1262/jrd.20096.

16. Pitchayapipatkul J, Somfai T, Matoba S, Parnpai R, Nagai T, Geshi M,
et al. Microtubule stabilisers docetaxel and paclitaxel reduce spindle
damage and maintain the developmental competence of in vitro-
mature bovine oocytes during vitrification. Reprod Fertil Dev. 2017;
29(10):2028–39. https://doi.org/10.1071/RD16193.

17. Liu M, Zhou W, Chu D, Fu L, Sha W, Liu S, et al. A modified vitrification
method reduces spindle and chromosome abnormalities. Syst Biol Reprod
Med. 2017;63(3):199–205. https://doi.org/10.1080/19396368.2017.1285370.

18. Chaves DF, Campelo IS, Silva M, Bhat MH, Teixeira DIA, Melo LM, et al.
The use of antifreeze protein type III for vitrification of in vitro matured
bovine oocytes. Cryobiology. 2016;73(3):324–8. https://doi.org/10.1016/j.
cryobiol.2016.10.003.

19. Bromfield JJ, Coticchio G, Hutt K, Sciajno R, Borini A, Albertini DF. Meiotic
spindle dynamics in human oocytes following slow-cooling
cryopreservation. Hum Reprod. 2009;24(9):2114–23. https://doi.org/10.1093/
humrep/dep182.

20. Kola I, Kirby C, Shaw J, Davey A, Trounson A. Vitrification of mouse oocytes
results in aneuploid zygotes and malformed fetuses. Teratology. 1988;38(5):
467–74. https://doi.org/10.1002/tera.1420380510.

21. Buderatska N, Gontar J, Ilyin I, Lavrinenko S, Petrushko M, Yurchuk T.
Does human oocyte cryopreservation affect equally on embryo
chromosome aneuploidy? Cryobiology. 2020;93:33–6. https://doi.org/10.1
016/j.cryobiol.2020.03.002.

22. Sha QQ, Zheng W, Wu YW, Li S, Guo L, Zhang S, et al. Dynamics and clinical
relevance of maternal mRNA clearance during the oocyte-to-embryo
transition in humans. Nat Commun. 2020;11(1):4917. https://doi.org/10.1038/
s41467-020-18680-6.

23. Sha QQ, Zhang J, Fan HY. A story of birth and death: mRNA translation and
clearance at the onset of maternal-to-zygotic transition in mammals. Biol
Reprod. 2019;101(3):579–90. https://doi.org/10.1093/biolre/ioz012.

24. Zhao BS, Wang X, Beadell AV, Lu Z, Shi H, Kuuspalu A, et al. M(6)A-
dependent maternal mRNA clearance facilitates zebrafish maternal-to-
zygotic transition. Nature. 2017;542(7642):475–8. https://doi.org/10.1038/
nature21355.

25. Ivanova I, Much C, Di Giacomo M, Azzi C, Morgan M, Moreira PN, et al. The
RNA m(6) a reader YTHDF2 is essential for the post-transcriptional
regulation of the maternal Transcriptome and oocyte competence. Mol Cell.
2017;67(6):1059–67 e1054. https://doi.org/10.1016/j.molcel.2017.08.003.

26. Li C, Huang Z, Gu L. SETD2 reduction adversely affects the development of
mouse early embryos. J Cell Biochem. 2020;121(1):797–803. https://doi.org/1
0.1002/jcb.29325.

27. Oqani RK, Lin T, Lee JE, Kang JW, Shin HY, Il JD. Iws1 and Spt6 regulate
Trimethylation of histone H3 on lysine 36 through Akt signaling and are
essential for mouse embryonic genome activation. Sci Rep. 2019;9(1):3831.
https://doi.org/10.1038/s41598-019-40358-3.

28. Xu Q, Xiang Y, Wang Q, Wang L, Brind'Amour J, Bogutz AB, et al. SETD2
regulates the maternal epigenome, genomic imprinting and embryonic
development. Nat Genet. 2019;51(5):844–56. https://doi.org/10.1038/s41588-
019-0398-7.

29. Chamayou S, Bonaventura G, Alecci C, Tibullo D, Di Raimondo F,
Guglielmino A, et al. Consequences of metaphase II oocyte cryopreservation
on mRNA content. Cryobiology. 2011;62(2):130–4. https://doi.org/10.1016/j.
cryobiol.2011.01.014.

30. Ruihuan G, Zhichao L, Song G, Jing F, Yijuan S, Xiaoxi S. Oocyte Vitrification
temporarily turns on oxidation-reduction process genes in mouse
preimplantation embryos. Reprod Sci. 2021;28(5):1307–15.

31. Aguilar J, Motato Y, Escriba MJ, Ojeda M, Munoz E, Meseguer M. The human
first cell cycle: impact on implantation. Reprod BioMed Online. 2014;28(4):
475–84. https://doi.org/10.1016/j.rbmo.2013.11.014.

32. Biezinova J, Svobodova M, Oborna I, Fingerova H, Dosta J, Krskova M.
Embryo quality evaluation according to the speed of the first cleavage after
conventional IVF. Ceska Gynekol. 2006;71(2):105–10.

33. Wu Q, Li Z, Huang Y, Qian D, Chen M, Xiao W, et al. Oxidative stress delays
Prometaphase/metaphase of the first cleavage in mouse zygotes via the
MAD2L1-mediated spindle assembly checkpoint. Oxidative Med Cell
Longev. 2017;2017:2103190.

34. Comizzoli P, Marquant-Le Guienne B, Heyman Y, Renard JP. Onset of the
first S-phase is determined by a paternal effect during the G1-phase in
bovine zygotes. Biol Reprod. 2000;62(6):1677–84. https://doi.org/10.1095/
biolreprod62.6.1677.

35. Schabronath J, Gartner K. Paternal influence on timing of pronuclear DNA
synthesis in naturally ovulated and fertilized mouse eggs. Biol Reprod. 1988;
38(4):744–9. https://doi.org/10.1095/biolreprod38.4.744.

36. Pan B, Yang H, Wu Z, Qazi IH, Liu G, Han H, et al. Melatonin improves
Parthenogenetic development of vitrified(−)warmed mouse oocytes
potentially by promoting G1/S cell cycle progression. Int J Mol Sci. 2018;
19(12):4029. https://doi.org/10.3390/ijms19124029.

37. Ortega MA, Nguyen H, Ward WS. ORC proteins in the mammalian
zygote. Cell Tissue Res. 2016;363(1):195–200. https://doi.org/10.1007/
s00441-015-2296-3.

38. Li Y, Zhang Z, He C, Zhu K, Xu Z, Ma T, et al. Melatonin protects porcine
oocyte in vitro maturation from heat stress. J Pineal Res. 2015;59(3):365–75.
https://doi.org/10.1111/jpi.12268.

39. An Q, Peng W, Cheng Y, Lu Z, Zhou C, Zhang Y, et al. Melatonin
supplementation during in vitro maturation of oocyte enhances subsequent
development of bovine cloned embryos. J Cell Physiol. 2019;234(10):17370–
81. https://doi.org/10.1002/jcp.28357.

40. Tian X, Wang F, Zhang L, He C, Ji P, Wang J, et al. Beneficial Effects of
Melatonin on the In Vitro Maturation of Sheep Oocytes and Its Relation to
Melatonin Receptors. Int J Mol Sci. 2017;18(4):834.

41. Lord T, Nixon B, Jones KT, Aitken RJ. Melatonin prevents postovulatory
oocyte aging in the mouse and extends the window for optimal
fertilization in vitro. Biol Reprod. 2013;88(3):67. https://doi.org/10.1095/
biolreprod.112.106450.

42. Wu Z, Pan B, Qazi IH, Yang H, Guo S, Yang J, et al. Melatonin Improves In
Vitro Development of Vitrified-Warmed Mouse Germinal Vesicle Oocytes
Potentially via Modulation of Spindle Assembly Checkpoint-Related Genes.
Cells. 2019;8(9):1009.

43. Li Y, Liu H, Wu K, Liu H, Huang T, Chen ZJ, et al. Melatonin promotes
human oocyte maturation and early embryo development by enhancing
clathrin-mediated endocytosis. J Pineal Res. 2019;67(3):e12601. https://doi.
org/10.1111/jpi.12601.

44. Dehghani-Mohammadabadi M, Salehi M, Farifteh F, Nematollahi S, Arefian E,
Hajjarizadeh A, et al. Melatonin modulates the expression of BCL-xl and
improve the development of vitrified embryos obtained by IVF in mice. J
Assist Reprod Genet. 2014;31(4):453–61. https://doi.org/10.1007/s10815-014-
0172-9.

45. Gao C, Han HB, Tian XZ, Tan DX, Wang L, Zhou GB, et al. Melatonin
promotes embryonic development and reduces reactive oxygen species in

Pan et al. Journal of Animal Science and Biotechnology           (2021) 12:84 Page 16 of 17

https://doi.org/10.1016/j.fertnstert.2016.10.002
https://doi.org/10.1016/j.fertnstert.2016.10.002
https://doi.org/10.1111/rda.13402
https://doi.org/10.1111/rda.13402
https://doi.org/10.1262/jrd.2014-163
https://doi.org/10.1016/j.cryobiol.2016.09.171
https://doi.org/10.1016/j.cryobiol.2016.09.171
https://doi.org/10.1016/j.cryobiol.2015.11.007
https://doi.org/10.1095/biolreprod.113.108167
https://doi.org/10.1095/biolreprod.113.108167
https://doi.org/10.1083/jcb.200202052
https://doi.org/10.1242/dev.00731
https://doi.org/10.1242/dev.00731
https://doi.org/10.1262/jrd.20096
https://doi.org/10.1071/RD16193
https://doi.org/10.1080/19396368.2017.1285370
https://doi.org/10.1016/j.cryobiol.2016.10.003
https://doi.org/10.1016/j.cryobiol.2016.10.003
https://doi.org/10.1093/humrep/dep182
https://doi.org/10.1093/humrep/dep182
https://doi.org/10.1002/tera.1420380510
https://doi.org/10.1016/j.cryobiol.2020.03.002
https://doi.org/10.1016/j.cryobiol.2020.03.002
https://doi.org/10.1038/s41467-020-18680-6
https://doi.org/10.1038/s41467-020-18680-6
https://doi.org/10.1093/biolre/ioz012
https://doi.org/10.1038/nature21355
https://doi.org/10.1038/nature21355
https://doi.org/10.1016/j.molcel.2017.08.003
https://doi.org/10.1002/jcb.29325
https://doi.org/10.1002/jcb.29325
https://doi.org/10.1038/s41598-019-40358-3
https://doi.org/10.1038/s41588-019-0398-7
https://doi.org/10.1038/s41588-019-0398-7
https://doi.org/10.1016/j.cryobiol.2011.01.014
https://doi.org/10.1016/j.cryobiol.2011.01.014
https://doi.org/10.1016/j.rbmo.2013.11.014
https://doi.org/10.1095/biolreprod62.6.1677
https://doi.org/10.1095/biolreprod62.6.1677
https://doi.org/10.1095/biolreprod38.4.744
https://doi.org/10.3390/ijms19124029
https://doi.org/10.1007/s00441-015-2296-3
https://doi.org/10.1007/s00441-015-2296-3
https://doi.org/10.1111/jpi.12268
https://doi.org/10.1002/jcp.28357
https://doi.org/10.1095/biolreprod.112.106450
https://doi.org/10.1095/biolreprod.112.106450
https://doi.org/10.1111/jpi.12601
https://doi.org/10.1111/jpi.12601
https://doi.org/10.1007/s10815-014-0172-9
https://doi.org/10.1007/s10815-014-0172-9


vitrified mouse 2-cell embryos. J Pineal Res. 2012;52(3):305–11. https://doi.
org/10.1111/j.1600-079X.2011.00944.x.

46. Gao L, Du M, Zhuan Q, Luo Y, Li J, Hou Y, et al. Melatonin rescues the
aneuploidy in mice vitrified oocytes by regulating mitochondrial heat
product. Cryobiology. 2019;89:68–75. https://doi.org/10.1016/j.cryobiol.2019.
05.005.

47. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) method. Methods.
2001;25(4):402–8. https://doi.org/10.1006/meth.2001.1262.

48. DePamphilis ML, Blow JJ, Ghosh S, Saha T, Noguchi K, Vassilev A. Regulating
the licensing of DNA replication origins in metazoa. Curr Opin Cell Biol.
2006;18(3):231–9. https://doi.org/10.1016/j.ceb.2006.04.001.

49. Zhang Y, Qian D, Li Z, Huang Y, Wu Q, Ru G, et al. Oxidative stress-induced
DNA damage of mouse zygotes triggers G2/M checkpoint and
phosphorylates Cdc25 and Cdc2. Cell Stress Chaperones. 2016;21(4):687–96.
https://doi.org/10.1007/s12192-016-0693-5.

50. Sur S, Agrawal DK. Phosphatases and kinases regulating CDC25 activity in
the cell cycle: clinical implications of CDC25 overexpression and potential
treatment strategies. Mol Cell Biochem. 2016;416(1–2):33–46. https://doi.
org/10.1007/s11010-016-2693-2.

51. Stitzel ML, Seydoux G. Regulation of the oocyte-to-zygote transition.
Science. 2007;316(5823):407–8. https://doi.org/10.1126/science.1138236.

52. Zhao XM, Fu XW, Hou YP, Yan CL, Suo L, Wang YP, et al. Effect of
vitrification on mitochondrial distribution and membrane potential in
mouse two pronuclear (2-PN) embryos. Mol Reprod Dev. 2009;76(11):1056–
63. https://doi.org/10.1002/mrd.21064.

53. Dai JJ, Yang JH, Zhang SS, Niu YF, Chen YN, Wu CF, et al. Partial recovery of
mitochondrial function of vitrified porcine MII stage oocytes during post-
thaw incubation. Cryo Letters. 2018;39(1):39–44.

54. Zhao XM, Hao HS, Du WH, Zhao SJ, Wang HY, Wang N, et al. Melatonin
inhibits apoptosis and improves the developmental potential of vitrified
bovine oocytes. J Pineal Res. 2016;60(2):132–41. https://doi.org/10.1111/
jpi.12290.

55. Amoushahi M, Salehnia M, Mowla SJ. Vitrification of mouse MII oocyte
decreases the mitochondrial DNA copy number, TFAM gene expression and
mitochondrial enzyme activity. J Reprod Infertil. 2017;18(4):343–51.

56. Comizzoli P, Urner F, Sakkas D, Renard JP. Up-regulation of glucose
metabolism during male pronucleus formation determines the early onset
of the s phase in bovine zygotes. Biol Reprod. 2003;68(5):1934–40. https://
doi.org/10.1095/biolreprod.102.011452.

57. Tan DX, Manchester LC, Qin L, Reiter RJ. Melatonin: A Mitochondrial
Targeting Molecule Involving Mitochondrial Protection and Dynamics. Int J
Mol Sci. 2016;17(12):2124.

58. Gao Z, Yao G, Zhang H, Liu H, Yang Z, Liu C, et al. Resveratrol protects the
mitochondria from vitrification injury in mouse 2-cell embryos. Cryobiology.
2020;95:123–9. https://doi.org/10.1016/j.cryobiol.2020.05.007.

59. Song Y, Li Z, Wang B, Xiao J, Wang X, Huang J. Phospho-Cdc25 correlates
with activating G2/M checkpoint in mouse zygotes fertilized with hydrogen
peroxide-treated mouse sperm. Mol Cell Biochem. 2014;396(1–2):41–8.
https://doi.org/10.1007/s11010-014-2140-1.

60. He P, Li Z, Xu F, Ru G, Huang Y, Lin E, et al. AMPK activity contributes to G2
arrest and DNA damage decrease via p53/p21 pathways in Oxidatively
damaged mouse zygotes. Front Cell Dev Biol. 2020;8:539485. https://doi.
org/10.3389/fcell.2020.539485.

61. Lei T, Guo N, Tan MH, Li YF. Effect of mouse oocyte vitrification on
mitochondrial membrane potential and distribution. J Huazhong Univ Sci
Technolog Med Sci. 2014;34(1):99–102. https://doi.org/10.1007/s11596-
014-1238-8.

62. Majidinia M, Sadeghpour A, Mehrzadi S, Reiter RJ, Khatami N, Yousefi B.
Melatonin: A pleiotropic molecule that modulates DNA damage response
and repair pathways. J Pineal Res. 2017;63(1):e12416.

63. Cui LB, Zhou XY, Zhao ZJ, Li Q, Huang XY, Sun FZ. The Kunming mouse: as
a model for age-related decline in female fertility in human. Zygote. 2013;
21(4):367–76. https://doi.org/10.1017/S0967199412000123.

64. Zhang X, Liu X, Chen L, Wu DY, Nie ZW, Gao YY, et al. Caffeine delays
oocyte aging and maintains the quality of aged oocytes safely in mouse.
Oncotarget. 2017;8(13):20602–11. https://doi.org/10.18632/oncotarget.15292.

65. Liang S, Guo J, Choi JW, Kim NH, Cui XS. Effect and possible mechanisms of
melatonin treatment on the quality and developmental potential of aged
bovine oocytes. Reprod Fertil Dev. 2017;29(9):1821–31. https://doi.org/10.1
071/RD16223.

66. Lan M, Zhang Y, Wan X, Pan MH, Xu Y, Sun SC. Melatonin ameliorates
ochratoxin A-induced oxidative stress and apoptosis in porcine oocytes.
Environ Pollut. 2020;256:113374. https://doi.org/10.1016/j.envpol.2019.113374.

67. Lan M, Han J, Pan MH, Wan X, Pan ZN, Sun SC. Melatonin protects against
defects induced by deoxynivalenol during mouse oocyte maturation. J
Pineal Res. 2018;65(1):e12477. https://doi.org/10.1111/jpi.12477.

68. Miao Y, Zhou C, Bai Q, Cui Z, ShiYang X, Lu Y, et al. The protective role of
melatonin in porcine oocyte meiotic failure caused by the exposure to
benzo(a)pyrene. Hum Reprod. 2018;33(1):116–27. https://doi.org/10.1093/
humrep/dex331.

69. Yu H, Dickson EJ, Jung SR, Koh DS, Hille B. High membrane permeability for
melatonin. J Gen Physiol. 2016;147(1):63–76. https://doi.org/10.1085/jgp.201
511526.

70. Reiter RJ, Tan DX, Manchester LC, Paredes SD, Mayo JC, Sainz RM. Melatonin
and reproduction revisited. Biol Reprod. 2009;81(3):445–56. https://doi.org/1
0.1095/biolreprod.108.075655.

71. Sha QQ, Dai XX, Dang Y, Tang F, Liu J, Zhang YL, et al. A MAPK cascade
couples maternal mRNA translation and degradation to meiotic cell cycle
progression in mouse oocytes. Development. 2017;144(3):452–63. https://
doi.org/10.1242/dev.144410.

72. Gonzalez-Garcia JR, Bradley J, Nomikos M, Paul L, Machaty Z, Lai FA, et al.
The dynamics of MAPK inactivation at fertilization in mouse eggs. J Cell Sci.
2014;127(Pt 12):2749–60. https://doi.org/10.1242/jcs.145045.

73. Yu C, Ji SY, Sha QQ, Dang Y, Zhou JJ, Zhang YL, et al. BTG4 is a meiotic cell
cycle-coupled maternal-zygotic-transition licensing factor in oocytes. Nat
Struct Mol Biol. 2016;23(5):387–94. https://doi.org/10.1038/nsmb.3204.

74. Steuerwald NM, Steuerwald MD, Mailhes JB. Post-ovulatory aging of mouse
oocytes leads to decreased MAD2 transcripts and increased frequencies of
premature centromere separation and anaphase. Mol Hum Reprod. 2005;
11(9):623–30. https://doi.org/10.1093/molehr/gah231.

75. Shimoi G, Tomita M, Kataoka M, Kameyama Y. Destabilization of spindle
assembly checkpoint causes aneuploidy during meiosis II in murine post-
ovulatory aged oocytes. J Reprod Dev. 2019;65(1):57–66. https://doi.org/1
0.1262/jrd.2018-056.

76. Huo Y, Yuan P, Qin Q, Yan Z, Yan L, Liu P, et al. Effects of vitrification and
cryostorage duration on single-cell RNA-Seq profiling of vitrified-thawed
human metaphase II oocytes. Front Med. 2021;15(1):144–54. https://doi.
org/10.1007/s11684-020-0792-7.

77. Zhang J, Wang L, Xie W, Hu S, Zhou H, Zhu P, et al. Melatonin attenuates ER
stress and mitochondrial damage in septic cardiomyopathy: a new
mechanism involving BAP31 upregulation and MAPK-ERK pathway. J Cell
Physiol. 2020;235(3):2847–56. https://doi.org/10.1002/jcp.29190.

78. Pang YW, Jiang XL, Wang YC, Wang YY, Hao HS, Zhao SJ, et al. Melatonin
protects against paraquat-induced damage during in vitro maturation of
bovine oocytes. J Pineal Res. 2019;66(1):e12532. https://doi.org/10.1111/
jpi.12532.

Pan et al. Journal of Animal Science and Biotechnology           (2021) 12:84 Page 17 of 17

https://doi.org/10.1111/j.1600-079X.2011.00944.x
https://doi.org/10.1111/j.1600-079X.2011.00944.x
https://doi.org/10.1016/j.cryobiol.2019.05.005
https://doi.org/10.1016/j.cryobiol.2019.05.005
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.ceb.2006.04.001
https://doi.org/10.1007/s12192-016-0693-5
https://doi.org/10.1007/s11010-016-2693-2
https://doi.org/10.1007/s11010-016-2693-2
https://doi.org/10.1126/science.1138236
https://doi.org/10.1002/mrd.21064
https://doi.org/10.1111/jpi.12290
https://doi.org/10.1111/jpi.12290
https://doi.org/10.1095/biolreprod.102.011452
https://doi.org/10.1095/biolreprod.102.011452
https://doi.org/10.1016/j.cryobiol.2020.05.007
https://doi.org/10.1007/s11010-014-2140-1
https://doi.org/10.3389/fcell.2020.539485
https://doi.org/10.3389/fcell.2020.539485
https://doi.org/10.1007/s11596-014-1238-8
https://doi.org/10.1007/s11596-014-1238-8
https://doi.org/10.1017/S0967199412000123
https://doi.org/10.18632/oncotarget.15292
https://doi.org/10.1071/RD16223
https://doi.org/10.1071/RD16223
https://doi.org/10.1016/j.envpol.2019.113374
https://doi.org/10.1111/jpi.12477
https://doi.org/10.1093/humrep/dex331
https://doi.org/10.1093/humrep/dex331
https://doi.org/10.1085/jgp.201511526
https://doi.org/10.1085/jgp.201511526
https://doi.org/10.1095/biolreprod.108.075655
https://doi.org/10.1095/biolreprod.108.075655
https://doi.org/10.1242/dev.144410
https://doi.org/10.1242/dev.144410
https://doi.org/10.1242/jcs.145045
https://doi.org/10.1038/nsmb.3204
https://doi.org/10.1093/molehr/gah231
https://doi.org/10.1262/jrd.2018-056
https://doi.org/10.1262/jrd.2018-056
https://doi.org/10.1007/s11684-020-0792-7
https://doi.org/10.1007/s11684-020-0792-7
https://doi.org/10.1002/jcp.29190
https://doi.org/10.1111/jpi.12532
https://doi.org/10.1111/jpi.12532

	Abstract
	Background
	Results
	Conclusions

	Background
	Material and methods
	Oocyte collection
	Oocyte vitrification and warming
	Parthenogenetic activation (PA) and embryo culture
	Observation of pronuclear formation and zygotic cleavage
	Detection of zygotic mitochondrial membrane potential in activated oocytes
	Detection of ATP content in zygotes
	Detection of S-phase cell cycle progression in zygotes
	Assessment of spindle morphology and chromosome segregation
	Detection of ROS level, early apoptosis and DNA damage
	Quantitative polymerase chain reaction (Q-PCR)
	Experimental design
	Statistical analysis

	Results
	Melatonin promoted the first mitotic division of zygotes from vitrified-warmed mouse oocytes after parthenogenetic activation
	Melatonin decreased early apoptosis of the 2-cell stage parthenogenetic embryos from vitrified-warmed oocytes
	Melatonin ameliorated the oocyte vitrification-inflicted delay of zygotic S phase
	Melatonin can improve mitochondrial function in zygotes
	Melatonin can alleviate excessive ROS and DNA damage induced by oocyte vitrification
	Melatonin promoted the formation of pronucleus in parthenogenetic zygotes from vitrified-warmed mouse oocytes
	Melatonin promoted the mitotic spindle stabilization in the vitrified-warmed oocytes
	Melatonin promoted chromosome segregation in vitrified-warmed oocyte after parthenogenetic activation
	The protective role of melatonin against the effects of oocytes vitrification on the maternal mRNA level

	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ information (this section is optional)
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

