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Abstract

Background: Irreversible cryodamage caused by oocyte vitrification limited its wild application in female fertil-

ity preservation. Antioxidants were always used to antagonist the oxidative stress caused by vitrification. However,
the comprehensive mechanism underlying the protective role of antioxidants has not been studied. Procyanidin B2
(PCB2) is a potent natural antioxidant and its functions in response to vitrification are still unknown. In this study, the
effects of PCB2 on vitrified-thawed oocytes and subsequent embryo development were explored, and the mecha-
nisms underlying the protective role of PCB2 were systematically elucidated.

Results: Vitrification induced a marked decline in oocyte quality, while PCB2 could improve oocyte viability and
further development after parthenogenetic activation. A subsequent study indicated that PCB2 effectively attenuated
vitrification-induced oxidative stress, rescued mitochondrial dysfunction, and improved cell viability. Moreover, PCB2
also acts as a cortical tension regulator apart from strong antioxidant properties. Increased cortical tension caused by
PCB2 would maintain normal spindle morphology and promote migration, ensure correct meiosis progression and
finally reduce the aneuploidy rate in vitrified oocytes. Further study reveals that ATP biosynthesis plays a crucial role

in cortical tension regulation, and PCB2 effectively increased the cortical tension through the electron transfer chain
pathway. Additionally, PCB2 would elevate the cortical tension in embryo cells at morula and blastocyst stages and
further improve blastocyst quality. What's more, targeted metabolomics shows that PCB2 has a beneficial effect on
blastocyst formation by mediating saccharides and amino acids metabolism.

Conclusions: Antioxidant PCB2 exhibits multi-protective roles in response to vitrification stimuli through mitochon-
dria-mediated cortical tension regulation.
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Introduction

Oocyte cryopreservation could prolong, protect and
secure female fertility [1], which has lead to a worldwide
interest in oocyte cryopreservation [2]. Vitrification is
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studies reveal that impaired oolemma permeability [5],
oxidative stress [7] and the toxicity of cryoprotectants
during vitrification [8] can still cause damages to the
oocytes [9, 10], especially deteriorating cytoskeleton
[11] and mitochondrial function [12, 13], which eventu-
ally obstruct subsequent embryo development and need
further study [14-16]. It is reported that mechanical
properties play a pivotal role in oocyte development [17].
Since vitrified oocyte experiences dramatic shrinking and
swelling during dehydration and rehydration, it is imper-
ative to explore the mechanical variations.

Generally, the layer beneath the cell surface is consid-
ered to be the cortex, and the thickness of cell cortex var-
ies depending on the cell type [18]. Oocyte cortex behaves
as a function unit, not only in regulating the mechanical
properties [18-20], but also in modulating polar body
formation, cellular asymmetry creation and the egg-to-
embryo transition [21-23]. Cortical tension reflects long
time-scale mechanics, therefore can be considered as
a sensitive readout of cortical cytoskeleton contractil-
ity [19]. In oocytes, non-muscle myosin II and Ezrin/
Radixin/Moesin (ERM) protein family have a great contri-
bution to oocyte cortical tension regulation [24—26]. ERM
functions in the active phosphorylated-ERMs (pERM)
form [26]. Active pERMs are localized in the oocyte cor-
tical, declined during meiotic maturation to MII and
then increased after fertilization, reflecting the dynamic
changes in tension during these developmental transitions
[24]. Similarly, myosin-II mediated cortical tension is
regulated by phosphorylation of its regulatory light chain
(pPMRLC) [27]. It was reported that exclusion of myosin-II
from the cortex induced a decline in the cortical tension,
and the subsequent increased concentration of myosin-II
in the cytoplasm would eventurally lead to meiosis defects
[28]. Thus, the level of pERM and cortical pMRLC is con-
sistent with the change of cortical tension, while cytoplas-
mic pMRLC is negatively corrlerated with cortical tension
[24, 28, 29]. Up to now, the changes of cortical tension in
vitrified oocytes are still unclear.

As an important organelle in developmental regulation
during oogenesis and early embryogenesis, mitochondria
can influence redox-sensitive biological activities and
redox-dependent signaling pathways [30, 31]. The mor-
phology, distribution and ultrastructure of mitochondria
were impaired after vitrification [32, 33]. Although mito-
chondrial oxidative phosphorylation (OXPHOS) provides
a special metabolic chamber to produce ATD, it can cause
collateral cell damage by releasing reactive oxygen spe-
cies (ROS) [34]. It is acknowledged that oxidative stress
is one of the main factors attributed to the decreased
quality of vitrified oocytes. Increased ROS levels arising
from the vitrification procedure are the major sources of
oxidative stress [35—37]. ROS can attack proteins, DNA,
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cell membrane, and also microtubules, thereby disrupt-
ing oocyte structure and function [36, 38]. Since vitri-
fied oocytes are under oxidative stress, antioxidants are
introduced in conventional cryo-solutions to protect
oocytes from cryoinjuries [5, 39-42]. N-acetylcysteine
[40] can improve the quality of mature mouse oocytes
after vitrification, melatonin [5] can enhance the effi-
ciency of human oocytes’ cryopreservation and resvera-
trol [39] improves the development of vitrified bovine
embryos. Procyanidins, a class of naturally occurring
plant polyphenols with strong antioxidant properties,
play beneficial roles in metabolic diseases and inflamma-
tory response [43—46]. The dimer procyanidin B2 [4,8'-
BI- [(+)-epicatechin]] (PCB2) is a member of oligomeric
anthocyanins precursors and its anti-oxidative effect is
more potent than other oligomers [47-52]. The effect of
PCB2 on the oocytes viability under vitrification-induced
oxidative stress and the mechanism underlying is not
determined yet.

In this study, the effect of PCB2 on mitochondrial
function (membrane potential, ATP, Ca’>* homeostasis)
and the relationship between mitochondrial production
and cortical tension regulation were first studied in vit-
rified oocytes. The dramatic changes brought by vitri-
fication resulted in meiosis defects and mitochondrial
dysfunction and ultimately led to the quality decline in
vitrified oocytes. Apart from antioxidant properties,
PCB2 induced elevated cortical tension via improv-
ing mitochondrial function. Those results may provide
a new angle to understand the effect of vitrification on
oocytes and give hints to improving current vitrification
techniques.

Materials and methods

Animals and housing

Studies were performed using 8-week-old female mice
(CD-1® (ICR)) (Vital River Laboratory Animal Technol-
ogy Co., Ltd. Beijing, China). Mice were housed in venti-
lated cages on a 12 h light/12 h dark cycle (lights on from
08: 00 to 20: 00) under controlled temperature (22 £ 2 °C)
with food and water freely available.

Chemicals and antibodies

All chemicals and drugs were purchased from Sigma
(St. Louis, MO, USA) unless otherwise indicated. The
anti-H2A.X antibody, anti-LC3 antibody, anti-rabbit IgG
(H4L), F (ab’), Fragment (Alexa Fluor® 594 Conjugate)
antibody, anti-pERM antibody, anti-pMRLC antibody
were purchased from Cell Signaling Technology (Dan-
vers, MA, USA). The anti-CDX2 antibody was purchased
from BioGenex (San Francisco, USA). The anti-Nanog
antibody was purchased from Abcam (Cambridge,
United Kingdom). The anti-alpha Tubulin antibody was
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purchased from Thermo Fisher (Shanghai, China). The
Fluorescein (FITC)—conjugated Affinipure Goat Anti-
Rabbit IgG (H+L) secondary antibody was purchased
from Proteintech (Beijing, China).

Oocyte collection and parthenogenesis activation
Germinal vesicle (GV) stage oocytes were collected after
superovulated by 10 IU pregnant mare serum gonadotro-
pin (PMSG, Ningbo Shusheng Veterinary Drug Co., Ltd.,
Ningbo, China). After 48 h, cumulus-oocyte complexes
(COCs) were obtained and cumulus cells were removed
by repeatedly mouth pipetting, then oocytes were cul-
tured in M16 medium at 37 °C with 5% CO,. Germinal
vesicle breakdown (GVBD) and polar body extrusion
(PBE) rate were recorded at 2 h and 12 h, respectively.

To collect in vivo matured MII oocytes, mice were
superovulated using 10 IU PMSG, followed by injec-
tion with 10 IU human chorionic gonadotrophin (hCG,
Ningbo Shusheng Veterinary Drug Co., Ltd., Ningbo,
China) 48 h later to induce superovulation. At 13-14 h
post-hCG injection, ovulated oocytes were retrieved
from the ampulla and collected in M2 medium, the
cumulus cells were removed enzymatically using 0.1%
(w/v) hyaluronidase. PCB2 (5 pg/mL), concanavalin A
(ConA, 10 pg/mL) and ML-7 (30 pmol/L) were added
according to the purpose of the experiment. For parthe-
nogenesis activation, denuded oocytes were transferred
first into (Ca?")-free human tubal fluid (HTF) medium
supplemented with 10 mmol/L strontium chloride and
5 ug/mL cytochalasin B (Merck, Darmstadt, Germany),
incubated at 37 °C with 5% CO, for 2.5 h. Then oocytes
were transferred into HTF with 5 pg/mL cytochalasin
B, incubated at 37 °C with 5% CO, for 3.5 h. Activated
oocytes were then cultured in KSOM medium at 37 °C
with 5% CO, for early embryo development. Cleav-
age and blastocyst rates were recorded at 24 h and 96 h,
respectively.

Oocyte vitrification and thawing

For vitrification, pretreatment solution was PBS medium
contained 10% (v/v) dimethylsulfoxide (DMSO) and 10%
(v/v) ethylene glycol (EG) while vitrification solution
was PBS medium contained 30% Ficoll (w/v), 15% EG
(v/v) and 15% DMSO (v/v) in 0.5 mol/L sucrose. GV and
in vivo matured MII oocytes were vitrified by the open
pulled straws method, respectively. Vitrified oocytes
were stored in LN, for at least 1 week. For thawing, the
oocytes were rinsed in 0.5 mol/L sucrose for 5 min, then
rinsed three times in M2 medium. After thawing, GV
oocytes were in vitro matured as mentioned above, MII
oocytes were further recovered for 1 h and then used for
subsequent experiment.

Page 3 of 22

Immunofluorescence (IF) staining and confocal microscopy
Oocytes/embryos were fixed with 4% (w/v) paraformal-
dehyde (PFA) for 40 min at room temperature, followed
by permeabilization with 0.5% Triton X-100 at room tem-
perature for 1 h. After being blocked in 3% BSA for 1 h
at room temperature, oocytes/embryos were incubated
with different primary antibodies (anti-CDX2, 1:500;
anti-Nanog, 1:1000; anti-yH2A.X, 1:100; anti-LC3, 1:100;
anti-a-tubulin, 1:8000; anti-pERM, 1:600; anti-pMRLC,
1:300) overnight at 4 °C. The oocytes/embryos were fur-
ther incubated with an appropriate secondary antibody
for 1 h at room temperature. Finally, all oocytes/embryos
were stained with 4/,6-diamidino-2-phenylindole (DAPI,
Vector Laboratories, Burlingame, CA, USA) for 5 min
and the fluorescent images were taken with laser scan-
ning confocal microscopy (Al Cell Imaging System;
Nikon, Tokyo, Japan) under the same staining procedure
and confocal microscopy parameters.

For F-actin staining, oocytes/embryos were fixed with
4% (w/v) paraformaldehyde (PFA) for 40 min at room
temperature, followed by permeabilization with 1% Tri-
ton X-100 at room temperature for 1 h. After being
blocked in 3% BSA for 1 h at room temperature, oocytes/
embryos were incubated with Phalloidin-Teramethyl-
rhodamine B overnight at 4 °C. After washing three
times, all oocytes/embryos were stained with DAPI for
5 min and the fluorescent images were taken with laser
scanning confocal microscopy (Al Cell Imaging System;
Nikon, Tokyo, Japan) under the same staining procedure
and confocal microscopy parameters.

To conduct chromosome spread, the zona pellucida
was removed by 0.5% pronase. Then oocytes were fixed in
a medium of 1% paraformaldehyde in distilled H,O con-
taining 0.15% Triton X-100 and 3 mmol/L dithiothreitol.
After air drying, the chromosome was stained with DAPI
for 10 min. Samples were examined under a laser scan-
ning confocal microscope.

For mitochondrial membrane potential (MMP) quan-
tification, oocytes were measured with JC-1 assay kit
(Beyotime, Shanghai, China). Briefly, denuded oocytes
were incubated with 10 mmol/L JC-1 at 37 °C with 5%
CO, for 20 min. Then, oocytes were washed with M2
three times and observed under a laser scanning confocal
microscope or fluorescence microscope (IX73, Olympus,
Tokyo, Japan). The MMP was calculated as the ratio of
red fluorescence, corresponding to activated mitochon-
dria (J-aggregates), to green fluorescence, corresponding
to less activated mitochondria (J-monomers).

For active mitochondrial distribution assay, oocytes
were incubated in M2 medium containing 5 pumol/L
Mito-Tracker (Beyotime, Shanghai, China) for 20 min.
Then oocytes were washed with M2 medium three times
and analyzed using a confocal laser scanning microscope.
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The active mitochondrial temperature assay was deter-
mined using the thermosensitive mitochondrial-targeted
fluorescent dye Mito Thermo Yellow (MTY), as described
previously [53]. MTY was first added to the prewarmed
culture medium and incubated at 37 °C in 5% CO,
for 15 min. Then, oocytes were added to the medium
and the samples were incubated at 37 °C in 5% CO, for
another 15 min. Oocytes were washed with M2 medium
three times and analyzed using a confocal laser scanning
microscope.

Subcellular Ca®* was evaluated using Fluo 3-AM, Rhod
2-AM and Fluo 4-AM to indicate the intracellular cal-
cium, mitochondrial calcium ([Ca®*] ) and endoplas-
mic reticulum calcium ([CaH]ER), respectively. The zona
pellucida of oocytes was removed by 0.5% pronase and
then oocytes were incubated with dye for 20 min at 37 °C
with 5% CO,. Oocytes were washed with M2 medium
three times and analyzed using a confocal laser scanning
microscope.

Mean fluorescence intensity per unit area within the
region of interest was used to quantify the fluorescence of
each oocyte/embryo. Fluorescence intensity was assessed
using NIS-Elements AR software (Nikon Instruments,
Tokyo, Japan).

Determination of ATP levels

Cellular ATP content was measured using an Enhanced
ATP Assay Kit (Beyotime, Shanghai, China). The ATP
detection method was optimized according to previ-
ous reports [54, 55]. Briefly, serial dilutions of ATP were
prepared (from 0 to 40 pmol). A total of three biological
replicates were performed with 10 oocytes per replicate.
Denuded oocytes for each group were collected in a cen-
trifuge tube containing 20 pL lysis buffer and homog-
enized by vortexing until lysis. ATP assay buffer, standard
solutions and ATP detection diluent were injected into
each well, and luminescence activity was measured
immediately using a luminometer (Infinite F200; Tecan
Austria GmbH, Austria). ATP content was calculated
using a standard curve. The total amount of ATP was
divided by the number of oocytes in each sample to
obtain the mean content per oocyte (pmol/oocyte).

Intracellular ROS and GSH level assay

Denuded oocytes were added to the medium which
contains 1 mmol/L 2',7’-dichlorofluorescin diacetate
(2;7-DCFHDA) for measuring ROS or 10 pmol/L Cell
Tracker Blue (Invitrogen, Carlsbad, CA, USA) for meas-
uring GSH at 37 °C in 5% CO, for 20 min. Then oocytes
were washed by M2 three times. The fluorescence was
examined under a fluorescence microscope (IX73, Olym-
pus, Tokyo, Japan) with a filter at 460-nm excitation for
ROS and 370-nm excitation for GSH. The fluorescence of
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each oocyte was analyzed by EZ-C1Free-Viewer (Nikon,
Tokyo, Japan).

Annexin-V staining of oocytes

Oocytes were stained with an Annexin-V staining kit
(Vazyme, Nanjing, China) according to the manufactur-
er’s instructions. Briefly, oocytes were stained for 10 min
with 100 pL of binding buffer containing 5 pL Annexin-
V-FITC at 37 °C. Samples from each group were mounted
on glass slides and fluorescent signals were analyzed by a
fluorescence microscope (IX73, Olympus, Tokyo, Japan).

Real-time quantitative PCR (qRT-PCR)

After thawing and further recovery for 1 h, 50 MII
oocytes per repelicate were collected from different
groups and stored in the -80 ‘C. Total RNA was extracted
using an RNeasy micro-RNA isolation kit (Qiagen, Valen-
cia, CA, USA) and then it was reversed to cDNA using
a QuantiTect Reverse Transcription Kit (Qiagen). Prim-
ers for the published reference RNA sequences for real-
time quantitative polymerase chain reaction (QPCR) were
listed in Table 1. Primers were tested for efficiency to
ensure their specificity. qPCR was performed by adding 1
uL cDNA to a mixture of SYBR premix qPCR SuperMix
(Qiagen), forward and reverse primers (10 umol/L), and
RNase-free water to a final volume of 20 pL. The cycling
conditions were 94 °C for 30 s, followed by 42 cycles of
94 °C for 5 s and 60 °C for 34 s. Relative mRNA levels
of target genes were calculated using the 27*4¢* method
with Ppia and Rpl7 as the reference genes according to
previous reports [56, 57].

Targeted metabolomics analysis

The amino acids and sugar in blastocyst culture were
measured using ultra-performance liquid chromatogra-
phy (UPLC). Samples were analyzed on AB SCIEX 5500
QQQ-MS system (SCIEX, Framingham, MA, USA)
equipped with a Waters UPLC (Milford, MA, USA).

For the quantification of amino acids and sugar metab-
olites, 200 pL blastocyst culture supernatant for each
group were collected and stored at -80 °C before deter-
mination. After slow thawing at 4 °C, 50 puL sample was
removed and reconstituted with 450 pL of ice ethanol
containing 100 ng/mL of internal standard. The mix-
ture was allowed to stand at 4 °C for 30 min and centri-
fuged at 12,000 r/min for 10 min. The sample extracts
were injected onto an Xbridge BEH Amide Column
(4.6 mm x 150 mm, 3.5 pm), and the column temperature
was maintained at 40 °C. The UPLC system employed a
gradient elution program consisting of water with 0.1%
formic acid (mobile phase A) and acetonitrile (mobile
phase B). The gradient elution conditions were 0-2 min,
85% B; 2—7 min, 65% B; 7-10 min, 30% B; 10—12 min,
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Gene Primer sequence (5'to 3) NCBI reference sequences
Beclin1 F: ATGGAGGGGTCTAAGGCGTC. R: TCCTCTCCTGAGTTAGCCTCT NM_001359819.1
Maplic3a F: CATGAGCGAGTTGGTCAAGA. R: TTGACTCAGAAGCCGAAGGT NM_025735.3
Ulk1 F: AAGTTCGAGTTCTCTCGCAAG. R: CGATGTTTTCGTGCTTTAGTTCC NM_001347394.1
Atgl4 F: GAGGGCCTTTACGTGGCTG. R: AATAGACGAAATCACCGCTCTG NM_172599.4
Lampl F: CAGCACTCTTTGAGGTGAAAAAC. R: ACGATCTGAGAACCATTCGCA NM_001317353.1
Lamp2 F: TGTATTTGGCTAATGGCTCAGC. R: TATGGGCACAAGGAAGTTGTC NM_001017959.2
Min1 F: GGACTTTATCCGAAACCAGA. R: TGAGATTGAAGAATGGAGGC NM_024200.4
Mfn2 F: TTCTTGTGGTCGGAGGAGTG. R: CTTTGGTGGTCCAGGTCAGT NM_001285920.1
Opal F: CCGAGGATAGCTTGAGGGTT. R: CGTTCTTGGTTTCGTTGTGA NM_001199177.1
Drpl F: CAGGTGGTGGGATTGGAGAC. R: CTGGCATAATTGGAATTGGTTT NM_001025947.2
Ppia F: GAGCTGTTTGCAGACAAAGTTC. R: CCCTGGCACATGAATCCTGG NM_008907.2
Rpl7 F: TCAATGGAGTAAGCCCAAAG. R: CAAGAGACCGAGCAATCAAG NM_011291.5

Beclin1, beclin 1, autophagy related; MpaTlc3a, microtubule associated protein 1 light chain 3 alpha; Ulk1, unc-51 like autophagy activating kinase 1; Atg14, autophagy
related 14; Lamp1, lysosomal associated membrane protein 1; Lamp2, lysosomal associated membrane protein 2; Mfn1, mitofusin 1; Mfn2, mitofusin 2; Opal,
mitochondrial dynamin like GTPase; Drp1, Dynamin related protein 1; Ppia, peptidylprolyl isomerase A; Rpl7, ribosomal protein L7

85% B, with a 0.45 mL/min flow rate. The retention times
were shown in Additional file 1: Table S1. The relative
amount of target metabolites were normalized to the
peak area of the IS. Data were analyzed using MultiQuant
software (SCIEX, Abingdon, United Kindom).

Experimental design

This study mainly consisted of Exp. 1, 2, and 3. In each
of the experiments, all the fresh oocytes were randomly
divided into three groups: fresh group (control), vitri-
fied without (vitrified group), or with PCB2 treatment
(V+PCB2 group). V+ PCB2 stands for PCB2 addition
in both vitrification/warming and the recovery medium,
and the concentration was 5 pg/mL. In terms of GV
oocytes, three groups were assigned as mentioned
above. PCB2 were supplemented with the same con-
centration of 5 pg/mL in the maturation medium. GV
oocytes were cultured for 2 h to count GVBD and 12 h
to count PBE.

In Exp. 1, vitrified-thawed MII oocytes were in vitro
recovered for 1 h. After thawing, redox status, orga-
nelle distribution, mitochondrial function, Ca?" level,
DNA damage, early apoptosis and autophagy, changes
of cortical tension (pERM and pMRLC) and underly-
ing mechanisms were explored. Besides, genes related
to mitochondrial fusion/fission (Mfnl, Mfun2, Opal and
Drpl) and autophagy (Beclinl, Mpallc3a, Ulkl, Atgl4,
Lamp1, Lamp?2) were quantified by qPCR.

In Exp. 2, vitrified-thawed GV oocytes were transferred
into M16 medium with/without PCB2 for in vitro mat-
uration. The effect of PCB2 on oocyte meiosis progres-
sion during vitrification and the underlying mechanism
was explored. GVBD and PBE rates were recorded in the

three groups. Next, spindle morphology, aneuploidy rate
and spindle positioning were detected.

In Exp. 3, the lasting effect of PCB2 on embryo devel-
opment was studied. In this experiment, parthenogenesis
activation was performed on vitrified-thawed in vivo MII
oocytes. Firstly, the blastocyst quality was determined by
CDX2 and Nanog staining. Next, cortical tension regula-
tory protein pERM was evaluated in different developmen-
tal stages (2-cell, 4-cell, 6- to 8-cell, morula, blastocyst) by
immunostaining. Finally, targeted metabolomics analysis
was performed using the day 4 culture media.

Statistical analysis

All percentages or values from at least three repeated
experiments were expressed as mean=+SEM, and the
number of oocytes observed was labeled in parentheses
as (n). Data were analyzed by unpaired-samples ¢-test,
provided by GraphPad Prism 8 (GraphPad Software Inc.,
La Jolla, CA, USA) statistical software. The level of sig-
nificance was accepted as P<0.05.

Results

PCB2 improves oocyte viability and embryo development
after vitrification

We first examined the survival rate of vitrified-thawed
oocytes with or without PCB2 treatment. As shown in
Fig. 1B, the survival rate of vitrified-thawed oocytes was
increased after PCB2 treatment (Vitrified =81.76 +1.44%,
V+PCB2=92.79+2.18%, P<0.05). To explore the poten-
tial role of PCB2 in embryo development, oocytes from dif-
ferent groups were thawed and used for parthenogenetic
activation. As shown in Fig. 1A, C and D, PCB2 could signif-
icantly improve the cleavage rate (Vitrified==83.13 +2.58%,
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V+PCB2=95.48+226%, P<0.05) and blastocyst rate
(Vitrified=38.92+5.18%, V4 PCB2=61.51+3.94%,
P<0.05) as compared to the non-supplemented group.

Effects of PCB2 on oxidative stress and organelle
distribution after vitrification

The redox state of the oocyte is important for the main-
tenance of cell viability. Therefore, ROS and GSH lev-
els of oocytes were measured using 2,7’-DCFHDA and
Cell Tracker Blue, respectively. As shown in Fig. 2A-
C, PCB2 ameliorated vitrification-induced oxidative
stress in oocytes, indicated by reduced ROS level (Vit-
rified =48.80 £ 4.00, V+ PCB2 =35.94+ 2.43, P<0.05)
and increased GSH level (Vitrified=162.30=+ 1.49,
V+PCB2=189.10+£1.23, P<0.001). The dis-
tribution of mitochondria and ER were also
measured. PCB2 could reduce the abnormal distri-
bution of mitochondria (Vitrified=47.4042.96%,

V+PCB2=25.76 +£0.76%, P<0.05), but the ER dis-
tribution was not affected after vitrification (P> 0.05)
(Fig. 2D-F).

Mitochondria function was improved after PCB2 treatment
in vitrified oocytes

Mitochondrial membrane potential can directly reflect
the function of mitochondria. As shown in Fig. 3A and
C, MMP was significantly decreased in vitrified oocytes,
whereas PCB2 effectively reversed the reduction (Vitri-
fied=1.10£0.08, V+PCB2=1.934+0.06, P<0.001). In
addition, Mito Thermo Yellow (MTY) is a temperature-
sensitive fluorescent probe, in which fluorescence inten-
sity was negatively correlated with temperature. After
vitrification, oocytes showed decreased fluorescence
intensity, indicating that mitochondria temperature was
significantly increased after vitrification, and PCB2 treat-
ment reduced intracellular mitochondria temperature
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Mito-Tracker

ER-Tracker

(Vitrified=921.104+54.83, V+PCB2=1056.00437.72,
P<0.05) (Fig. 3B and D). Genes related to mitochondrial
fusion (Mfnl, Mfn2 and Opal) and fission (Drpl) were
also examined. Mfnl, Mfn2 and Drpl were all misex-
pressed in vitrified oocytes but restored after PCB2 sup-
plementation (P<0.05) (Fig. 3E).

PCB2 restoresmitochondrial and endoplasmic reticulum
Ca?" levels in vitrified oocytes

Calcium homeostasis of oocytes plays a significant role in
the subsequent development capacity, Fluo 3-AM, Rhod
2-AM, and Fluo 4-AM were used to detect the cytoplas-
mic calcium, [Ca?"],, and [Ca*"]gy, respectively. To deter-
mine whether Rhod 2-AM and Fluo 4-AM can specifically

track [Ca*™],, and [Ca®"]g; in oocytes, we used Mito-
Tracker and ER-Tracker to co-stain with the above two cal-
cium dyes in GV oocytes, respectively (Fig. 4A). The result
showed that the fluorescent Ca’>" signal was localized
within the corresponding organelle, declaring that Rhod
2-AM and Fluo 4-AM were efficient in tracking Ca*" sig-
nals. After vitrification, [Ca>]_, was significantly increased
(Fresh=23339.00+45.39, Vitrified = 3643.00 £ 32.92,
P<0.001) while [Ca*"] (Fresh=3637.00448.65, Vit-
rified=3443.00+31.28, P<0.001) was decreased.
However, cytoplasmic calcium was not affected after
vitrification. As expected, PCB2 supplementation effec-
tively restored [Ca®"],, (Vitrified=3643.00432.92,
V+PCB2=3242.00+40.65, P<0.001) and [Ca2t]s
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(Vitrified =3443.004+-31.28, V+PCB2=3703.00£30.51,
P<0.001) levels of vitrified-thawed oocytes.

PCB2 inhibits DNA damage, apoptosis, and autophagy

in vitrified oocytes

Oxidative stress usually results in the accumulation
of DNA damage and accelerates early apoptosis and
autophagy. An Annexin-V probe was used to assess
apoptosis initiation in oocytes (Fig. 5A-B). The increased
percentage of early apoptosis in vitrified oocytes was
suppressed by supplementation with PCB2 (Vitri-
fied=89.58 £6.25%, V+PCB2=35.21+4.60, P<0.01).
Furthermore, vitrified-thawed oocytes showed more
intense LC3 signals than fresh ones (Fresh=234.23+0.67,

Vitrified=40.6440.57, P<0.001), while PCB2 treat-
ment reversed this phenomenon (Vitrified =40.64 £ 0.57,
V+PCB2=36.88+0.59, P<0.001) (Fig. 5A and C). The
expression of autophagy and lysosome-related genes were
further quantified. In vitrified-thawed oocytes, expression
of Beclinl (P<0.001), Maplic3a (P<0.01), UlkI (P<0.01),
Atgl4 (P<0.05) and Lamp2 (P<0.05) were significantly
up-regulated. Notably, PCB2 treatment down-regulated
the expression of Beclinl (P<0.001), Map1ic3a (P<0.01),
Ulkl (P<0.05) and Lamp2 (P<0.05) (Fig. 5D). DNA dam-
age was next detected by y-H2A.X staining (Fig. 5F).
Vitrification led to a higher fluorescence intensity of
y-H2A.X  (Fresh=6.20£1.51, Vitrified=13.01£1.95,
P<0.01), which could be rescued by PCB2 treatment
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(Vitrified=13.01£1.95, V+PCB2=6.314+2.17, P<0.01)
(Fig. 5E).

counterparts. To investigate whether PCB2 could alleviate
meiosis damage of mouse oocytes caused by vitrification,
PCB2 was added into in vitro maturation medium. PCB2 sig-
nificantly increased the rate of PBE (Vitrified=76.671+5.09%,
V+PCB2=94.66+2.68%, P<0.05), but had no effect

PCB2 has a beneficial effect on vitrified oocytes meiosis
progression

As shown in Fig. 6A-C, GVBD (Fresh=86.0141.10%, Vitri-
fied=68.54+5.55%, P<0.05) and PBE (Fresh=96.344-2.06%,
Vitrified=76.67+5.09%, P<0.05) rates were significantly
decreased in vitrified oocytes compared with the fresh

on the occurrence of GVBD (Vitrified=68.54+5.55%,
V+PCB2=8222+2.22%, P>0.05). Furthermore, an
increased rate of disorganized spindle apparatuses was
present in vitrified oocytes, while PCB2 promoted the
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formation of normal spindle (Vitrified=35.51+1.10%,
V+PCB2=23.69+2.10%, P<001) (Fig. 6D and F). The
occurrence of aneuploidy in the vitrified group was res-
cued by PCB2 treatment (Vitrified=42.77+1.57%,
V+PCB2=26.84+3.43%, P<0.05) (Fig. 6E and G).

PCB2 affects spindle migration and F-actin density

in vitrified oocytes

Spindle migration during oocyte maturation is critical
for polar body formation. To investigate how vitrifica-
tion reduces polar body extrusion, spindle position in
oocytes was examined. The distance between the spin-
dle pole to the cortex (Length, L) and the diameter (D)
of the oocyte was quantified to determine the cortically
and centrally positioned spindles (Fig. 7A-B). After
9 h culture of oocytes, compared to the fresh group
(0.12+£0.01%), a large proportion of spindles in the
vitrified group remained in the center of the oocytes,
whereas most spindles in the fresh and PCB2 treatment
group migrated to the cortex (Vitrified=0.23£0.02%,
V+PCB2=0.17£0.01%, P<0.01). Since F-actin con-
trols chromosome gathering and spindle positioning
in oocytes, we next analyzed the actin filament in the
MI stage to further explore the mechanism underlying
spindle positioning defects. When normalized with that
of the fresh group, the total F-actin fluorescent signal in
the vitrified oocytes was decreased and PCB2 treatment
rescued this phenomenon (Vitrified=0.35=£0.03%,
V + PCB2=0.66+0.04%, P<0.001) (Fig. 7C-D).

PCB2 elevates cortical tension in vitrified oocytes

The actin cortex functions in directing spindle migra-
tion in part through membrane tension regulation. To
verify whether cortical tension was altered in vitrified
oocytes, pERM and pMRLC were examined. As shown in
Fig. 8A-B, the fluorescent signal of pERM was significantly
decreased in vitrified groups (Fresh=172.00+6.69, Vit-
rified=127.70+6.31, P<0.001). Moreover, the fluores-
cent signal of pMRLC in the cytoplasm was significantly
increased after vitrification (Fresh=387.20+10.05, Vitri-
fied=515.404+17.54, P<0.001). The role of PCB2 played
in cortical tension regulation under vitrification stress was
also explored. PCB2 treatment could restore cortical tension
in vitrified oocytes as evidenced by elevated pERM (Vitri-
fied=127.70+6.31, V+PCB2=188.80+6.87, P<0.001)
and reduced pMRLC intensities (Vitrified=515.40417.54,
V+PCB2=295.80+36.77, P<0.001) (Fig. 8C-D).

Cortical tension regulation associated with ameliorated
mitochondrial function

ConA is a tetravalent lectin that crosslinks the cell surface
through binding to membrane glycosylated proteins [29].
It has been reported that ConA treatment can increase
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cortical tension in oocytes [24]. Here, we use ConA
or myosin light chain kinase (MLCK) specific inhibi-
tor ML-7 to induce increased or decreased cortical ten-
sion respectively, and further investigate their effects on
MMP, mitochondrial distribution and ATP production.
Compared to the vitrified control group (0.3340.03),
both PCB2 (0.53£0.04, P<0.01) and ConA (0.6440.06,
P<0.001) significantly increased the MMP after vitri-
fication (Fig. 9A-B). PCB2 also reversed MMP reduc-
tion after ML-7 treatment (P<0.05). Moreover, PCB2
(14.72+£1.63%, P<0.01), as well as ConA (14.21+2.09%,
P<0.01), significantly alleviated the abnormal distribution
(Fig. 9D-E). Interestingly, unlike ConA (0.45 4 0.04 pmol/
oocyte, P>0.05), PCB2 (0.82 £ 0.07 pmol/oocyte, P<0.05)
also exhibited an additional role in promoting ATP pro-
duction compared with vitrified group (0.51+0.01 pmol/
oocyte) (Fig. 9C). The results showed that PCB2 treatment
not only alleviated mitochondrial defects but also pro-
moted ATP production. This drove us to further investi-
gate the interplay between cortical tension and ATP. Thus,
vitrified oocytes were treated with rotenone (mitochon-
drial respiratory chain complex I inhibitor), diphenyle-
neiodonium (DPI, pentose phosphate pathway inhibitor),
and oligomycin (ATP synthase inhibitor). The expression
of pPERM was significantly decreased after the treatment
of the three inhibitors (2<0.001) (Fig. 9F). Among them,
oligomycin almost eliminated pERM expression (Fig. 9G).
Vitrified oocytes were then treated with PCB2 in com-
bination with the individual inhibitor mentioned above.
Results showed that PCB2 could rescue the cortical ten-
sion reduction induced by rotenone or DPI (P<0.001),
but not oligomycin (P>0.05) (Fig. 9G). This indicated
that PCB2 mediated cortical tension through the electron
transport chain and pentose phosphate pathway.

PCB2 was mainly involved in the regulation

of glycometabolism during embryo development

As shown in Fig. 10A-C, the blastocyst quality was
greatly improved after PCB2 treatment indicated by
CDX2 (a cell lineage-specific marker for trophectoderm
(TE)) and Nanog (a cell lineage-specific marker for inner
cell mass (ICM)) staining. Both the ratio of ICM to TE
(P<0.001) and ICM to total cell number (P<0.001) were
significantly increased in the PCB2 group. To further dis-
sect the underlying mechanisms of the effects of PCB2 on
the subsequent embryo development of vitrified oocytes,
we performed targeted metabolomics analysis of day4
culture media from fresh, vitrified and PCB2 treatment
groups. PCB2 treatment significantly affected the metab-
olism of five saccharides, while only one amino acid
was affected (Fig. 10D-M). This implied that PCB2 was
mainly involved in glycometabolism to regulate embry-
onic development.
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PBC2 regulates cortical tension in morula and blastocyst
cells after vitrification

pERM was used as an indicator to investigate the change
of cortical tension in embryo cells from different stages
after vitrification. As shown in Fig. 11, cell cortical ten-
sion in 2-cell, 4-cell and 6- to 8-cell embryos was not
affected after vitrification, but cell cortical tension sig-
nificantly decreased at morula and blastocyst stages.
PCB2 can improve the cell cortical tension abnormalities
caused by vitrification. Interestingly, the fluorescent sig-
nal of F-actin in embryo cells was significantly reduced
in the vitrified group (P<0.001), and PCB2 did not play a
positive role (P> 0.05).

Discussion

In the present study, the mechanism by which the natu-
ral antioxidant PCB2 improved the viability of vitrified
oocytes was revealed, and the interaction between corti-
cal tension and mitochondrial function during vitrifica-
tion was investigated. To our knowledge, this is the first

report to unravel increased cortical tension as another
contributor for improved viability in vitrified oocytes and
clarify the muti-protective roles of PCB2 in response to
vitrification stimuli.

Cryopreservation is a method of choice for establish-
ing animal gene banks and preserving female fertility.
However, MII oocyte cryopreservation is much more
challenging among reproductive cells and tissues, mainly
because of the large size, low surface area to volume
ratio, relatively high water content, and presence of the
meiotic spindle in MII oocytes [58]. It is reported that
vitrification can induce the generation of excessive ROS,
which severely impairs endogenous antioxidant systems
in oocytes [55]. As a powerful antioxidant, procyanidin
extract provides significantly greater protection against
free radicals and free radical-induced lipid peroxida-
tion and DNA damage than vitamins C, E [59]. PCB2,
a member of oligomeric anthocyanins precursors, bal-
anced the redox status of vitrified oocytes and signifi-
cantly improved mitochondrial function (Figs. 2 and 3).
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Mitochondria also have multiple functions, including
the regulation of calcium and actively participating in
the regulation of signal transduction pathways [60]. Vit-
rification triggered [Ca’']g; release leading to abnor-
mally increased [Ca®']_ levels in bovine [61], which was
also confirmed in our results (Fig. 4). The accumulation
of ROS can further cause double-strand breaks (DSB)
[62]. Early apoptosis and autophagy were also alleviated
through PCB2 antioxidant property (Fig. 5). These results
confirmed that PCB2 can restore intracellular calcium
homeostasis and redox levels through regulating mito-
chondrial function.

The damage caused by vitrification to the meiotic pro-
cess is directly reflected in the two processes of germinal
vesicle breakdown and pole body extrusion [63]. PCB2
can rescue the decreased PBE rate in vitrified oocytes
(Fig. 6). Although vitrified oocytes can extrude the first
polar body after meiosis resumption, the chromosome
alignment and spindle formation are more error-prone

[64]. PCB2 not only played a positive role in spindle for-
mation, but also significantly reduced the aneuploidy
rate of vitrified oocytes. The functional integrity of the
spindle is also demonstrated by the migration from the
oocyte center to the cortex during the MI phase, which
is mediated by F-actin [65]. Disruption of F-actin also
contributes to the generation of aneuploid oocytes [66].
As expected, PCB2 ameliorated the MI-phase spindle
migration damage caused by vitrification and increased
the F-actin signal intensity (Fig. 7). These results indi-
cated that PCB2 can upregulate vitrified oocyte quality
by restoring the meiotic process.

Changes in cell fate are often accompanied by changes
in cell shape and mechanics. Oocyte underwent a dra-
matic osmotic pressure change during the vitrification/
thawing process, which resulted in a drastic change in
the morphology of the oocyte [67, 68]. Cortical tension is
mediated by ERM family, myosin-II and actin [19]. In the
present study, the level of pERM, which was positively
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correlated with cortical tension [24], significantly
decreased in the vitrified oocyte (Fig. 8). The change of
PMRLC after vitrification was also consistent with the
cortical tension reduced model [28, 29]. However, PCB2
showed the same effect as ConA, which helps to re-estab-
lish cortical tension (pERM and pMRLC) (Fig. 8).
Cytoskeletal dynamics induced by mechanical signals
can induce cytoplasmic enzyme response and/or activ-
ity to influence cell metabolism [69, 70], and also play a
critical role in the regulation of mitochondrial structure
[71, 72]. Therefore, changes in cortical tension are likely to
be related to mitochondrial function. PCB2 not only res-
cued the decline of MMP like ConA, but also promoted
ATP production, which implied that PCB2 had an extra

role. However, there was a discrepancy between MMP
and ATP content, previous finding also discovered that
native mitochondrial ATP (ATPmito) and mitochondrial
inner membrane potential (IMPmito) were not necessar-
ily correlated under physiological conditions [73]. This
can be interpreted as IMPmito at any given time is sim-
ply the difference in voltage in the mitochondrial inner
membrane, but ATPmito is a result of not only produc-
tion but also consumption and flux from the mitochon-
drial matrix [73]. Furthermore, PCB2 corrected the
abnormal mitochondrial distribution (Fig. 9). The results
indicate that the mechanism underlying PCB2 modu-
lated cortical tension elevation differs from that of ConA.
The cortical tension increased by ConA can only affect
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mitochondrial localization and inner membrane voltage
from the cytoskeleton dynamics, while the antioxidant
PCB2 probably participates in the consumption and flux
of ATP in the mitochondrial matrix in addition to the
above functions.

Mitochondria provide ATP through electron trans-
port chain coupling OXPHOS, which has been proved
necessary for cytoskeletal migration [74, 75]. For exam-
ple, myosin is an ATP-dependent actin-based molecu-
lar motor that performs a variety of functions such as
spindle assembly, spindle orientation, chromosome
segregation, and cytokinesis [76]. Rotenone induces
free radical formation, ATP production deficiency and
impairs oocyte maturation by inhibiting mitochondrial
electron transport chain complex I [77, 78]. Oligomycin
binds to the mitochondrial membrane embedding area
FO and blocks proton conductance through the inner
membrane, thereby inhibiting the synthesis and hydroly-
sis of ATP [79]. Rotenone and oligomycin both severely
induce decreased cortical tension in vitrified oocytes.
However, PCB2 could rescue the inhibition of rotenone,
but not oligomycin (Fig. 9). Pentose phosphate pathway
(PPP) inhibitor DPI was also used to determine the effect
of metabolism on cortical tension in vitrified oocytes.
DPI inhibits NADPH oxidase, which is an enzyme that
produces NADP required for PPP activity [80]. DPI treat-
ment of porcine oocytes can inhibit glycolysis and PPP,
resulting in decreased intracellular glutathione concen-
tration and maturation rate [81]. PCB2 also salvaged the
decline in cortical tension caused by DPI (Fig. 9). The
above results indicate that PCB2 could influence ATP
flux through the electron transport chain, but PCB2
loses function to cortical tension when ATP synthesis is
blocked. Further proved that ATP production directly
affects cortical tension.

Since PCB2 has a positive effect on vitrified oocyte
viability, we then explored the role in embryo develop-
ment. The increased ICM ratio was always correlated with
high developmental potential [82]. As expected, PCB2
enhanced the quality of subsequent blastocyst, indicated
by increased ICM cell number (Fig. 10). Before implanta-
tion, glucose uptake and utilization were prerequisites for
embryo survival and normal development, abnormal glu-
cose transport resulted in programmed embryonic death
[83]. Hence, sufficient and timely glucose transport was
important in maintaining the dynamic balance of glucose
metabolism in oocytes and embryos [84, 85]. Vitrification
decreased glucose transporter 1 (GLUT1) expression in
mouse MII oocytes, leading to abnormal glucose transport
and metabolism [57], which was further verified by our
targeted metabolomics analysis of day 4 culture medium
(Fig. 10D). PCB2 treatment rescued metabolism deficiency
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by restoring glycometabolism activity in embryos. PPP is
important in oocytes glycometabolism [86] and controls
TE cell fate [87]. These results further demonstrate that
PCB2 could relieve the effect of PPP inhibitor DPI on
oocytes, and promote embryo development [88]. Thus,
our data imply that PCB2 has a significant protective effect
on vitrified oocytes and subsequent embryo development
through glycometabolism regulation.

Embryo mechanical property is also an important indi-
cator to evaluate it’s quality [89]. The superior effects of
PCB2 on oocytes can extend into embryonic develop-
ment, which prompted us to further explore whether
PCB?2 is involved in the mediation of cortical tension in
the embryo cells. During blastocyst development, the
lumenal pressure increases about twofold, which trans-
lates into a concomitant increase in cell cortical tension
and tissue stiffness of the trophectoderm [90]. In the pre-
sent study, the cortical tension of embryo cells in differ-
ent stages was detected by pERM immunofluorescence
staining. Results showed that vitrification did not alter
cortical tension in embryo cells at the 2-cell to 6—8-cell
stages, but significantly reduced cortical tension in mor-
ula and blastocyst cells. Our results implied that vitrifi-
cation-induced decreased cortical tension would impact
further embryo development, which was consistent with
the previous finding that the reduced pressure would
lead to the decreased developmental potential of thawing
embryos [91]. It was reported that during embryo devel-
opment, cortical F-actin ring assembles at the apical pole
of the embryo’s outer cells, subsequently forming a ring
structure and extending to the cell—cell junction and ini-
tiating a tension-dependent zipper mechanism along the
junction, which is required to seal the embryo for blasto-
cyst formation [92]. In our study, the decreased cortical
tension of embryo cells was observed at the morula stage,
which indicated that the development capacity for blas-
tocyst formation was compromised. As expected, PCB2
contributes to the re-establishment of cortical tension
in morula and blastocyst embryo cells, suggesting that
PCB2 also plays an active role in embryonic development
in addition to regulating metabolism.

Conclusion

The present study unravels the additional role of anti-
oxidant PCB2 in promoting oocyte quality through
mitochondrial ATP production regulated cortical ten-
sion. Our results will provide an integrative perspective
into understanding the cryoinjuries in oocytes, and con-
tribute to clarifying the protective roles of polyphenolic
compounds in cortical tension during the vitrification/
thawing process.



Zhuan et al. Journal of Animal Science and Biotechnology (2022) 13:95

Abbreviations

PCB2: Procyanidin B2; MIl: Metaphase II; ERM: Ezrin/Radixin/Moesin family;
pERM: Phosphorylated-ERMs; pMRLC: Phosphorylated-myosin-Il light chain;
OXPHOS: Oxidative phosphorylation; ROS: Reactive oxygen species; GV
Germinal vesicle; GVBD: Germinal vesicle breakdown; PBE: Polar body extru-
sion; ConA: Concanavalin A; HTF: Human tubal fluid; DMSO: Dimethylsulfox-
ide; EG: Ethylene glycol; IF: Immunofluorescence; PFA: Paraformaldehyde;
DAPI: 4/,6-Diamidino-2-phenylindole; MMP: Mitochondrial membrane
potential; [Ca?*],,: Mitochondrial calcium; [Ca?*]gg: Endoplasmic Reticulum
calcium; gPCR: Quantitative polymerase chain reaction; UPLC: Ultra-perfor-
mance liquid chromatography; MTY: Mito Thermo Yellow; MI: Metaphse |;
MLCK: Myosin light chain kinase; DPI: Diphenyleneiodonium; TE: Trophecto-
derm; ICM: Inner cell mass; DSB: Double-strand breaks; ATPmito: Mitochon-
drial ATP; IMPmito: Mitochondrial inner membrane potential; PPP: Pentose
phosphate pathway.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540104-022-00742-y.

Additional file 1: Table S1. Mass spectrometry multi reaction monitoring
(MRM) collection parameters.

Acknowledgements
Not applicable.

Authors’ contributions

QRZ, JL and XWF conceived and designed the study; QRZ, XZD, LYZ, LM, YWL,
DZ and HYL performed experiments, collected data, and analyzed data; QRZ,
JL and XWF wrote the manuscript and YPH, PCW revised the manuscript. The
author(s) read and approved the final manuscript.

Funding

This work was supported by National Key Research and Development
Program Topics, Grant/Award Number: 2021YFD1200402; Chinese Universi-
ties Scientific Fund, Grant/Award Number: 2021TC061; Natural Science
Foundation of Hebei province, Grant/Award Number: H2020206254; Special
Program for Training and Guiding Outstanding Young and Middle-aged
Talents, Grant/Award Number: SKLSGIHP2021A01; National Natural Science
Foundation of China, Grant/Award Number: 81901562&31372307; Key
research and development projects in Hebei province, Grant/Award Number:
18226604D; Program of Young and Middle-aged Scientific and technological
Innovation Leaders of the Xinjiang Production and Construction Corps, Grant/
Award Number: 2018CB025; Xinghuo program of the First Hospital of Hebei
Medical University, Grant/Award Number: XH202005; The Central Guidance
on Local Science and Technology Development Fund of Hebei Province,
Grant/Award Number: 22627713G.

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

Declarations

Ethics approval and consent to participate
All procedures were performed with the approval of the Institutional Animal
Care and Use Committee of China Agricultural University (AW01040202-1).

Consent for publication
Not applicable.

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

Author details

'Key Laboratory of Animal Genetics, Breeding and Reproduction of the Min-
istry of Agriculture and Rural Affairs, Key Laboratory for Animal Genetic
Improvement, College of Animal Science and Technology, National

Page 19 of 22

Engineering Laboratory for Animal Breeding, China Agricultural University,
Beijing, China. 2Department of Reproductive Medicine, Reproductive Medical
Center, The First Hospital of Hebei Medical University, Shijiazhuang, Hebei,
China. *State Key Laboratories of Agrobiotechnology, College of Biological
Sciences, China Agricultural University, Beijing, China. *State Key Laboratory

of Sheep Genetic Improvement and Healthy Breeding, Institute of Animal
Husbandry and Veterinary Sciences, Xinjiang Academy of Agricultural and Rec-
lamation Sciences, Shihhotze, China.

Received: 15 February 2022 Accepted: 5 June 2022
Published online: 16 August 2022

References

1. Simopoulou M, Sfakianoudis K, Bakas P, Giannelou P, Papapetrou C,
Kalampokas T, et al. Postponing pregnancy through oocyte cryopreserva-
tion for social reasons: considerations regarding clinical practice and the
socio-psychological and bioethical issues involved. Medicina (Kaunas,
Lithuania). 2018;54(5):76. https://doi.org/10.3390/medicina54050076.

2. Zhang K, Smith GW. Maternal control of early embryogenesis in mammals.
Reprod Fertil Dev. 2015;27(6):880-96. https://doi.org/10.1071/rd14441.

3. HuoY,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 Il oocytes. Front Med. 2021;15(1):144-54. https://doi.
0rg/10.1007/511684-020-0792-7.

4. Pujol A, Zamora MJ, Obradors A, Garcia D, Rodriguez A, Vassena R. Com-
parison of two different oocyte vitrification methods: a prospective, paired
study on the same genetic background and stimulation protocol. Hum
Reprod. 2019;34(6):.989-97. https://doi.org/10.1093/humrep/dez045.

5. Zhang Z MuY, Ding D, Zou W, Li X, Chen B, et al. Melatonin improves the
effect of cryopreservation on human oocytes by suppressing oxidative
stress and maintaining the permeability of the oolemma. J Pineal Res.
2021,70(2): €12707. https://doi.org/10.1111/jpi.12707.

6. Levi Setti PE, Porcu E, Patrizio P, Vigiliano V, de Luca R, d’Aloja P, et al.
Human oocyte cryopreservation with slow freezing versus vitrification.
Results from the National Italian Registry data, 2007-2011. Fertil Steril.
2014;102(1):90-5.€2. https://doi.org/10.1016/jfertnstert.2014.03.052

7. Galeati G, Spinaci M, Vallorani C, Bucci D, Porcu E, Tamanini C. Pig
oocyte vitrification by cryotop method: effects on viability, spindle and
chromosome configuration and in vitro fertilization. Anim Reprod Sci.
2011;127(1-2):43-9. https://doi.org/10.1016/j.anireprosci.2011.07.010.

8. QiuJ, Hasegawa A, Mochida K, Ogura A, Koshimoto C, Matsukawa K, et al.
Equilibrium vitrification of mouse embryos using low concentrations of
cryoprotectants. Cryobiology. 2021;98:127-33. https://doi.org/10.1016/].
cryobiol.2020.11.015.

9. Lopez A, Betancourt M, Ducolomb'Y, Rodriguez JJ, Casas E, Bonilla E,
et al. DNA damage in cumulus cells generated after the vitrification
of in vitro matured porcine oocytes and its impact on fertilization and
embryo development. Porcine Health Manag. 2021;7(1):56. https://doi.
org/10.1186/540813-021-00235-w.

10. Casillas F, Ducolomb'Y, Lopez A, Betancourt M. Effect of porcine imma-
ture oocyte vitrification on oocyte-cumulus cell gap junctional intercel-
lular communication. Porcine Health Manag. 2020;6(1):37. https://doi.
org/10.1186/540813-020-00175-x.

11. Lépez A, Ducolomb Y, Casas E, Retana-Mérquez S, Betancourt M, Casillas
F. Effects of porcine immature oocyte vitrification on actin microfilament
distribution and chromatin integrity during early embryo development
in vitro. Front Cell Dev Biol. 2021;9:636765. https://doi.org/10.3389/fcell.
2021.636765

12. LeiT, 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/
$11596-014-1238-8.

13. Gaol,HouY, Zeng S, LiJ, Zhu S, Fu X. The error-prone kinetochore-micro-
tubule attachments during meiosis | in vitrified oocytes. Front Cell Dev Biol.
2020;8621. https://doi.org/10.3389/fcell.2020.00621.

14. XiaW, Fu X, Zhou G, Xu J, Wang L, Du M, et al. Cytokeratin distribu-
tion and expression during the maturation of mouse germinal vesicle
oocytes after vitrification. Cryobiology. 2013;66(3):261-6. https://doi.
org/10.1016/j.cryobiol.2013.02.062.


https://doi.org/10.1186/s40104-022-00742-y
https://doi.org/10.1186/s40104-022-00742-y
https://doi.org/10.3390/medicina54050076
https://doi.org/10.1071/rd14441
https://doi.org/10.1007/s11684-020-0792-7
https://doi.org/10.1007/s11684-020-0792-7
https://doi.org/10.1093/humrep/dez045
https://doi.org/10.1111/jpi.12707
https://doi.org/10.1016/j.fertnstert.2014.03.052
https://doi.org/10.1016/j.anireprosci.2011.07.010
https://doi.org/10.1016/j.cryobiol.2020.11.015
https://doi.org/10.1016/j.cryobiol.2020.11.015
https://doi.org/10.1186/s40813-021-00235-w
https://doi.org/10.1186/s40813-021-00235-w
https://doi.org/10.1186/s40813-020-00175-x
https://doi.org/10.1186/s40813-020-00175-x
https://doi.org/10.3389/fcell.2021.636765
https://doi.org/10.3389/fcell.2021.636765
https://doi.org/10.1007/s11596-014-1238-8
https://doi.org/10.1007/s11596-014-1238-8
https://doi.org/10.3389/fcell.2020.00621
https://doi.org/10.1016/j.cryobiol.2013.02.062
https://doi.org/10.1016/j.cryobiol.2013.02.062

Zhuan et al. Journal of Animal Science and Biotechnology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

(2022) 13:95

Nohales-Cércoles M, Sevillano-Almerich G, Di Emidio G, Tatone C, Cobo
AC, Dumollard R, et al. Impact of vitrification on the mitochondrial activity
and redox homeostasis of human oocyte. Hum Reprod. 2016;31(8):1850—
8. https://doi.org/10.1093/humrep/dew130.

Casillas F, Betancourt M, Cuello C, Ducolomb 'Y, Lépez A, Judrez-Rojas L,
et al. An efficiency comparison of different in vitro fertilization methods:
IVF, ICSI, and PICSI for embryo development to the blastocyst stage from
vitrified porcine immature oocytes. Porcine Health Manag. 2018;4:16.
https://doi.org/10.1186/540813-018-0093-6.

Jia Z, Feng Z,Wang L, Li H, Wang H, Xu D, et al. Resveratrol reverses the
adverse effects of a diet-induced obese murine model on oocyte quality
and zona pellucida softening. Food Funct. 2018;9(5):2623-33. https://doi.
0rg/10.1039/c8fo00149a.

Sardet C, Prodon F, Dumollard R, Chang P, Chénevert J. Structure and
function of the egg cortex from oogenesis through fertilization. Dev Biol.
2002;241(1):1-23. https://doi.org/10.1006/dbio.2001.0474.

Evans JP, Robinson DN. The spatial and mechanical challenges of female
meiosis. Mol Reprod Dev. 2011;78(10-11):769-77. https://doi.org/10.
1002/mrd.21358.

Taneja N, Bersi MR, Baillargeon SM, Fenix AM, Cooper JA, Ohi R, et al. Precise
tuning of cortical contractility regulates cell shape during cytokinesis. Cell
Rep. 2020;31(1): 107477. https://doi.org/10.1016/j.celrep.2020.03.041.
Brunet S, Maro B. Cytoskeleton and cell cycle control during meiotic
maturation of the mouse oocyte: integrating time and space. Reproduc-
tion (Cambridge, England). 2005;130(6):801-11. https://doi.org/10.1530/
rep.1.00364.

Stitzel ML, Cheng KC, Seydoux G. Regulation of MBK-2/Dyrk kinase by
dynamic cortical anchoring during the oocyte-to-zygote transition. Cur-
rent Biology. 2007;17(18):1545-54. https://doi.org/10.1016/j.cub.2007.08.
049.

Li L, Baibakov B, Dean J. A subcortical maternal complex essential for
preimplantation mouse embryogenesis. Dev Cell. 2008;15(3):416-25.
https://doi.org/10.1016/j.devcel.2008.07.010.

Larson SM, Lee HJ, Hung PH, Matthews LM, Robinson DN, Evans JP.
Cortical mechanics and meiosis Il completion in mammalian oocytes are
mediated by myosin-Il and Ezrin-Radixin-Moesin (ERM) proteins. Mol Biol
Cell. 2010;21(18):3182-92. https://doi.org/10.1091/mbc.E10-01-0066.
Bretscher A, Edwards K, Fehon RG. ERM proteins and merlin: integrators at
the cell cortex. Nat Rev Mol Cell Biol. 2002;3(8):586-99. https://doi.org/10.
1038/nrm882.

Fehon RG, McClatchey Al, Bretscher A. Organizing the cell cortex:
the role of ERM proteins. Nat Rev Mol Cell Biol. 2010;11(4):276-87.
https://doi.org/10.1038/nrm2866.

Mackenzie AC, Kyle DD, McGinnis LA, Lee HJ, Aldana N, Robinson DN, et al.
Cortical mechanics and myosin-Il abnormalities associated with post-
ovulatory aging: implications for functional defects in aged eggs. Mol Hum
Reprod. 2016;22(6):397-409. https://doi.org/10.1093/molehr/gaw019.
Bennabi |, Crozet F, Nikalayevich E, Chaigne A, Letort G, Manil-Ségalen

M, et al. Artificially decreasing cortical tension generates aneuploidy in
mouse oocytes. Nat Commun. 2020;11(1):1649. https://doi.org/10.1038/
541467-020-15470-y.

Chaigne A, Campillo C, Gov NS, Voituriez R, Azoury J, Umana-Diaz C, et al. A
soft cortex is essential for asymmetric spindle positioning in mouse oocytes.
Nat Cell Biol. 2013;15(8):958-66. https://doi.org/10.1038/ncb2799.

Cao X, Chen Y. Mitochondria and calcium signaling in embryonic
development. Semin Cell Dev Biol. 2009;20(3):337-45. https://doi.org/10.
1016/j.semcdb.2008.12.014.

Van Blerkom J. Mitochondrial function in the human oocyte and

embryo and their role in developmental competence. Mitochondrion.
2011;11(5):797-813. https://doi.org/10.1016/j.mit0.2010.09.012.

Fu XW, ShiWQ, Zhang QJ, Zhao XM, Yan CL, Hou YP, et al. Positive effects
of taxol pretreatment on morphology, distribution and ultrastructure of
mitochondria and lipid droplets in vitrification of in vitro matured porcine
oocytes. Anim Reprod Sci. 2009;115(1-4):158-68. https://doi.org/10.
1016/j.anireprosci.2008.12.002.

Yan CL, Fu XW, Zhou GB, Zhao XM, Suo L, Zhu SE. Mitochondrial behav-
jors in the vitrified mouse oocyte and its parthenogenetic embryo:
effect of taxol pretreatment and relationship to competence. Fertil Steril.
2010;93(3):959-66. https://doi.org/10.1016/j.fertnstert.2008.12.045.

Scialo F, Sriram A, Ferndndez-Ayala D, Gubina N, Lohmus M, Nelson G,

et al. Mitochondrial ROS produced via reverse electron transport extend

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 20 of 22

animal lifespan. Cell Metab. 2016;23(4):725-34. https://doi.org/10.1016/j.
cmet.2016.03.009.

Trapphoff T, Heiligentag M, Simon J, Staubach N, Seidel T, Otte K, et al.
Improved cryotolerance and developmental potential of in vitro and

in vivo matured mouse oocytes by supplementing with a glutathione
donor prior to vitrification. Mol Hum Reprod. 2016;22(12):867-81.
https://doi.org/10.1093/molehr/gaw059.

ChoiWJ, Banerjee J, Falcone T, Bena J, Agarwal A, Sharma RK. Oxidative
stress and tumor necrosis factor-alpha-induced alterations in metaphase
I mouse oocyte spindle structure. Fertil Steril. 2007;88(4 Suppl):1220-31.
https://doi.org/10.1016/jfertnstert.2007.02.067.

Boncompagni S, Rossi AE, Micaroni M, Beznoussenko GV, Polishchuk RS,
Dirksen RT, et al. Mitochondria are linked to calcium stores in striated
muscle by developmentally regulated tethering structures. Mol Biol Cell.
2009;20(3):1058-67. https://doi.org/10.1091/mbc.e08-07-0783.

Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals
and antioxidants in oxidative stress-induced cancer. Chem Biol Interact.
2006;160(1):1-40. https://doi.org/10.1016/j.cbi.2005.12.009.

HaraT, Kin A, Aoki S, Nakamura S, Shirasuna K, Kuwayama T, et al. Resveratrol
enhances the clearance of mitochondrial damage by vitrification and
improves the development of vitrified-warmed bovine embryos. PLoS ONE.
2018;13(10): €0204571. https://doi.org/10.1371/journal.pone.0204571.
Matilla E, Martin-Cano FE, Gonzélez-Fernandez L, Sdnchez-Margallo FM,
Alvarez IS, Macfas-Garcia B. N-acetylcysteine addition after vitrification
improves oocyte mitochondrial polarization status and the qual-

ity of embryos derived from vitrified murine ococytes. BMC Vet Res.
2019;15(1):31. https://doi.org/10.1186/512917-018-1743-2.

MaY, Gao L, Tian Y, Chen P, Yang J, Zhang L. Advanced biomaterials in
cell preservation: hypothermic preservation and cryopreservation. Acta
Biomater. 2021;131:97-116. https://doi.org/10.1016/j.actbio.2021.07.001.
Pan B, Qazi IH, Guo S, Yang J, Qin J, Lv T, et al. Melatonin improves the
first cleavage of parthenogenetic embryos from vitrified-warmed
mouse oocytes potentially by promoting cell cycle progression.

J Anim Sci Biotechnol. 2021;12(1):84. https://doi.org/10.1186/
s40104-021-00605-Y.

Jung M, Triebel S, Anke T, Richling E, Erkel G. Influence of apple
polyphenols on inflammatory gene expression. Mol Nutr Food Res.
2009;53(10):1263-80. https://doi.org/10.1002/mnfr.200800575.

Heidker RM, Caiozzi GC, Ricketts ML. Dietary procyanidins selectively
modulate intestinal farnesoid X receptor-regulated gene expression to
alter enterohepatic bile acid recirculation: elucidation of a novel mecha-
nism to reduce triglyceridemia. Mol Nutr Food Res. 2016;60(4):727-36.
https://doi.org/10.1002/mnfr.201500795.

Yin M, Zhang P, Yu F, Zhang Z, Cai Q, Lu W, et al. Grape seed procyanidin
B2 ameliorates hepatic lipid metabolism disorders in db/db mice. Mol
Med Rep. 2017;16(3):2844-50. https://doi.org/10.3892/mmr.2017.6900.
Xu Q, FuQ, Li Z LiuH,Wang, Lin X, et al. The flavonoid procyanidin C1
has senotherapeutic activity and increases lifespan in mice. Nat Metab.
2021. https://doi.org/10.1038/542255-021-00491-8.

Zhang JQ, Gao BW, Wang J, Ren QL, Chen JF, Ma Q, et al. Critical role

of foxo1 in granulosa cell apoptosis caused by oxidative stress and
protective effects of grape seed procyanidin B2. Oxid Med Cell Longev.
2016;2016:6147345. https://doi.org/10.1155/2016/6147345.

LuoY, Zhuan Q, Li J, Du X, Huang Z, Hou Y, et al. Procyanidin B2 improves
oocyte maturation and subsequent development in type 1 diabetic mice
by promoting mitochondrial function. Reprod Sci. 2020;27(12):2211-22.
https://doi.org/10.1007/543032-020-00241-3.

Chamcheu JC, Pal HC, Siddiqui IA, Adhami VM, Ayehunie S, Boylan BT,

et al. Prodifferentiation, anti-inflammatory and antiproliferative effects of
delphinidin, a dietary anthocyanidin, in a full-thickness three-dimensional
reconstituted human skin model of psoriasis. Skin Pharmacol Physiol.
2015;28(4):177-88. https://doi.org/10.1159/000368445.

Yin W, Li B, Li X, Yu F, Cai Q, Zhang Z, et al. Anti-inflammatory effects

of grape seed procyanidin B2 on a diabetic pancreas. Food Funct.
2015;6(9):3065-71. https://doi.org/10.1039/c5f000496a.

Sakano K, Mizutani M, Murata M, Oikawa S, Hiraku Y, Kawanishi S. Procya-
nidin B2 has anti- and pro-oxidant effects on metal-mediated DNA dam-
age. Free Radic Biol Med. 2005,;39(8):1041-9. https://doi.org/10.1016/j.
freeradbiomed.2005.05.024.

SuH, LiY,Hu D, Xie L, Ke H, Zheng X, et al. Procyanidin B2 ameliorates free
fatty acids-induced hepatic steatosis through regulating TFEB-mediated


https://doi.org/10.1093/humrep/dew130
https://doi.org/10.1186/s40813-018-0093-6
https://doi.org/10.1039/c8fo00149a
https://doi.org/10.1039/c8fo00149a
https://doi.org/10.1006/dbio.2001.0474
https://doi.org/10.1002/mrd.21358
https://doi.org/10.1002/mrd.21358
https://doi.org/10.1016/j.celrep.2020.03.041
https://doi.org/10.1530/rep.1.00364
https://doi.org/10.1530/rep.1.00364
https://doi.org/10.1016/j.cub.2007.08.049
https://doi.org/10.1016/j.cub.2007.08.049
https://doi.org/10.1016/j.devcel.2008.07.010
https://doi.org/10.1091/mbc.E10-01-0066
https://doi.org/10.1038/nrm882
https://doi.org/10.1038/nrm882
https://doi.org/10.1038/nrm2866
https://doi.org/10.1093/molehr/gaw019
https://doi.org/10.1038/s41467-020-15470-y
https://doi.org/10.1038/s41467-020-15470-y
https://doi.org/10.1038/ncb2799
https://doi.org/10.1016/j.semcdb.2008.12.014
https://doi.org/10.1016/j.semcdb.2008.12.014
https://doi.org/10.1016/j.mito.2010.09.012
https://doi.org/10.1016/j.anireprosci.2008.12.002
https://doi.org/10.1016/j.anireprosci.2008.12.002
https://doi.org/10.1016/j.fertnstert.2008.12.045
https://doi.org/10.1016/j.cmet.2016.03.009
https://doi.org/10.1016/j.cmet.2016.03.009
https://doi.org/10.1093/molehr/gaw059
https://doi.org/10.1016/j.fertnstert.2007.02.067
https://doi.org/10.1091/mbc.e08-07-0783
https://doi.org/10.1016/j.cbi.2005.12.009
https://doi.org/10.1371/journal.pone.0204571
https://doi.org/10.1186/s12917-018-1743-2
https://doi.org/10.1016/j.actbio.2021.07.001
https://doi.org/10.1186/s40104-021-00605-y
https://doi.org/10.1186/s40104-021-00605-y
https://doi.org/10.1002/mnfr.200800575
https://doi.org/10.1002/mnfr.201500795
https://doi.org/10.3892/mmr.2017.6900
https://doi.org/10.1038/s42255-021-00491-8
https://doi.org/10.1155/2016/6147345
https://doi.org/10.1007/s43032-020-00241-3
https://doi.org/10.1159/000368445
https://doi.org/10.1039/c5fo00496a
https://doi.org/10.1016/j.freeradbiomed.2005.05.024
https://doi.org/10.1016/j.freeradbiomed.2005.05.024

Zhuan et al. Journal of Animal Science and Biotechnology

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

lysosomal pathway and redox state. Free Radic Biol Med. 2018;126:269-
86. https://doi.org/10.1016/j freeradbiomed.2018.08.024.

Arai S, Suzuki M, Park SJ, Yoo JS, Wang L, Kang NY, et al. Mitochondria-
targeted fluorescent thermometer monitors intracellular temperature
gradient. Chem Commun (Camb). 2015;51(38):8044-7. https://doi.org/10.
1039/c5cc01088h.

Zhuan Q MaH, Chen J, LuoY, Luo Y, Gao L, et al. Cytoplasm lipids can

be modulated through hormone-sensitive lipase and are related to
mitochondrial function in porcine IVM oocytes. Reprod Fertil Dev.
2020;32(7):667-75. https://doi.org/10.1071/rd19047.

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. https://doi.org/10.3390/cells8091009.

Bang S, Shin H, Song H, Suh CS, Lim HJ. Autophagic activation in
vitrified-warmed mouse oocytes. Reproduction (Cambridge, England).
2014;148(1):11-9. https://doi.org/10.1530/rep-14-0036.

Wang Y, Chang H, He Q Xue Y, Zhang K, Kang J, et al. Effect of oocyte vitri-
fication on glucose transport in mouse metaphase Il oocytes. Reproduc-
tion (Cambridge, England). 2021;161(5):549-59. https://doi.org/10.1530/
rep-21-0007.

lussig B, Maggiulli R, Fabozzi G, Bertelle S, Vaiarelli A, Cimadomo D,

et al. A brief history of oocyte cryopreservation: arguments and facts.
Acta Obstet Gynecol Scand. 2019;98(5):550-8. https://doi.org/10.
1111/a0gs.13569.

Bagchi D, Bagchi M, Stohs SJ, Das DK, Ray SD, Kuszynski CA, et al. Free
radicals and grape seed proanthocyanidin extract: importance in human
health and disease prevention. Toxicology. 2000;148(2-3):187-97.
https://doi.org/10.1016/50300-483x(00)00210-9.

Harvey AJ. Mitochondria in early development: linking the microenvi-
ronment, metabolism and the epigenome. Reproduction (Cambridge,
England). 2019;157(5):R159-79. https://doi.org/10.1530/rep-18-0431.
Gualtieri R, Kalthur G, Barbato V, Di Nardo M, Adiga SK, Talevi R. Mito-
chondrial dysfunction and oxidative stress caused by cryopreservation in
reproductive cells. Antioxidants (Basel). 2021;10(3):337. https://doi.org/10.
3390/antiox10030337.

Rebechi MT, Pratz KW. Genomic instability is a principle pathologic
feature of FLT3 ITD kinase activity in acute myeloid leukemia leading to
clonal evolution and disease progression. Leuk Lymphoma. 2017;58(9):1—
11. https://doi.org/10.1080/10428194.2017.1283031.

Gao L, DuM, Zhuan Q, LuoYY, Li J, Hou Y, et al. Melatonin rescues the ane-
uploidy in mice vitrified oocytes by regulating mitochondrial heat product.
Cryobiology. 2019;89:68-75. https://doi.org/10.1016/j.cryobiol.2019.05.005.
Balboula AZ, Schindler K, Kotani T, Kawahara M, Takahashi M. Vitrifi-
cation-induced activation of lysosomal cathepsin B perturbs spindle
assembly checkpoint function in mouse oocytes. Mol Hum Reprod.
2020;26(9):689-701. https://doi.org/10.1093/molehr/gaaa051.

Crozet F, Da Silva C, Verlhac MH, Terret ME. Myosin-X is dispensable for
spindle morphogenesis and positioning in the mouse oocyte. Develop-
ment. 2021;148(7). doi:https://doi.org/10.1242/dev.199364

Scheffler K, Giannini F, Lemonnier T, Mogessie B. The prophase oocyte
nucleus is a homeostatic G-actin buffer. J Cell Sci. 2022. https://doi.org/10.
1242/jcs.259807.

Gallardo M, Saenz J, Risco R. Human oocytes and zygotes are ready

for ultra-fast vitrification after 2 minutes of exposure to standard

CPA solutions. Sci Rep. 2019;9(1):15986. https://doi.org/10.1038/
541598-019-52014-x.

Wang M, Yang Y, Han L, Xu F, Li F. Cell mechanical microenviron-
ment for cell volume regulation. J Cell Physiol. 2020;235(5):4070-81.
https://doi.org/10.1002/jcp.29341.

Papalazarou V, Zhang T, Paul NR, Juin A, Cantini M, Maddocks ODK, et al.
The creatine-phosphagen system is mechanoresponsive in pancre-

atic adenocarcinoma and fuels invasion and metastasis. Nat Metab.
2020;2(1):62-80. https://doi.org/10.1038/542255-019-0159-z.

Park JS, Burckhardt CJ, Lazcano R, Solis LM, Isogai T, Li L, et al. Mechani-
cal regulation of glycolysis via cytoskeleton architecture. Nature.
2020;578(7796):621-6. https://doi.org/10.1038/541586-020-1998-1.

. Manor U, Bartholomew S, Golani G, Christenson E, Kozlov M, Higgs H, et al.

A mitochondria-anchored isoform of the actin-nucleating spire protein
regulates mitochondrial division. Elife. 2015;4:e08828. https://doi.org/10.
7554/elife.08828.

(2022) 13:95

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 21 of 22

Helle SCJ, Feng Q, Aebersold MJ, Hirt L, Griter RR, Vahid A, et al. Mechanical
force induces mitochondrial fission. Elife. 2017;6. https://doi.org/10.7554/
elife.30292

Suzuki R, Hotta K, Oka K. Transitional correlation between inner-
membrane potential and ATP levels of neuronal mitochondria. Sci Rep.
2018;8(1):2993. https://doi.org/10.1038/541598-018-21109-2.

Dumollard R, Hammar K, Porterfield M, Smith PJ, Cibert C, Rouviére C,

et al. Mitochondrial respiration and Ca?* waves are linked during fertiliza-
tion and meiosis completion. Development. 2003;130(4):683-92. https.//
doi.org/10.1242/dev.00296.

Al-Zubaidi U, Adhikari D, Cinar O, Zhang QH, Yuen WS, Murphy MP, et al.
Mitochondria-targeted therapeutics, MitoQ and BGP-15, reverse aging-
associated meiotic spindle defects in mouse and human oocytes. Hum
Reprod. 2021;36(3):771-84. https://doi.org/10.1093/humrep/deaa300.
Ramirez |, Gholkar AA, Velasquez EF, Guo X, Tofig B, Damoiseaux R, et al.
The myosin regulatory light chain Myl5 localizes to mitotic spindle

poles and is required for proper cell division. Cytoskeleton (Hoboken).
2021;78(2):23-35. https://doi.org/10.1002/cm.21654.

Chen'Y, McMillan-Ward E, Kong J, Israels SJ, Gibson SB. Mitochon-

drial electron-transport-chain inhibitors of complexes I and Il induce
autophagic cell death mediated by reactive oxygen species. J Cell Sci.
2007;120(Pt 23):4155-66. https://doi.org/10.1242/jcs.011163.

Niu YJ, Zhou W, Nie ZW, Shin KT, Cui XS. Melatonin enhances mitochon-
drial biogenesis and protects against rotenone-induced mitochondrial
deficiency in early porcine embryos. J Pineal Res. 2020,68(2):e12627.
https://doi.org/10.1111/jpi.12627.

Pagliarani A, Nesci S, Ventrella V. Modifiers of the oligomycin sensitivity
of the mitochondrial F1F0-ATPase. Mitochondrion. 2013;13(4):312-9.
https://doi.org/10.1016/j.mito.2013.04.005.

Downs SM, Humpherson PG, Leese HJ. Meiotic induction in cumulus
cell-enclosed mouse oocytes: involvement of the pentose phosphate
pathway. Biol Reprod. 1998;58(4):1084-94. https://doi.org/10.1095/biolr
eprod58.4.1084.

Herrick JR, Brad AM, Krisher RL. Chemical manipulation of glucose metab-
olism in porcine oocytes: effects on nuclear and cytoplasmic maturation
in vitro. Reproduction (Cambridge, England). 2006;131(2):289-98. https://
doi.org/10.1530/rep.1.00835.

LiH,You L, Tian Y, Guo J, Fang X, Zhou C, et al. Dpagt1-mediated protein
N-glycosylation is indispensable for oocyte and follicle development in
mice. Adv Sci (Weinh). 2020;7(14):2000531. https://doi.org/10.1002/advs.
202000531.

Riley JK, Moley KH. Glucose utilization and the PI3-K pathway: mechanisms
for cell survival in preimplantation embryos. Reproduction (Cambridge,
England). 2006;131(5):823-35. https://doi.org/10.1530/rep.1.00645.

Li Q Miao DQ, Zhou P, Wu YG, Gao D, Wei DL, et al. Glucose metabo-

lism in mouse cumulus cells prevents oocyte aging by maintaining

both energy supply and the intracellular redox potential. Biol Reprod.
2011;84(6):1111-8. https://doi.org/10.1095/biolreprod.110.089557.

Xie HL, Wang YB, Jiao GZ, Kong DL, Li Q, Li H, et al. Effects of glucose
metabolism during in vitro maturation on cytoplasmic maturation of
mouse oocytes. Sci Rep. 2016;6:20764. https://doi.org/10.1038/srep20764.
Yuan B, Liang S, Kwon JW, Jin YX, Park SH, Wang HY, et al. The role of
glucose metabolism on porcine oocyte cytoplasmic maturation and its
possible mechanisms. PLoS ONE. 2016;11(12): e0168329. https://doi.org/
10.1371/journal.pone.0168329.

Chi F, Sharpley MS, Nagaraj R, Roy SS, Banerjee U. Glycolysis-independent
glucose metabolism distinguishes TE from ICM fate during mammalian
embryogenesis. Dev Cell. 2020;53(1):9-26.e4. https://doi.org/10.1016/j.
devcel.2020.02.015.

Robinson MB, Lee ML, DaSilva S. Glutamate transporters and mitochon-
dria: signaling, co-compartmentalization, functional coupling, and future
directions. Neurochem Res. 2020;45(3):526-40. https://doi.org/10.1007/
$11064-020-02974-8.

Chan CJ, Costanzo M, Ruiz-Herrero T, Monke G, Petrie RJ, Bergert M,

et al. Hydraulic control of mammalian embryo size and cell fate. Nature.
2019;571(7763):112-6. https://doi.org/10.1038/541586-019-1309-x.

ShiF, Qiu J, Zhang S, Zhao X, Feng D, Feng X. Exogenous melatonin pro-
tects preimplantation embryo development from decabromodipheny!
ethane-induced circadian rhythm disorder and endogenous melatonin
reduction. Environ Pollut. 2022;292(Pt B):118445. https://doi.org/10.
1016/j.envpol.2021.118445.


https://doi.org/10.1016/j.freeradbiomed.2018.08.024
https://doi.org/10.1039/c5cc01088h
https://doi.org/10.1039/c5cc01088h
https://doi.org/10.1071/rd19047
https://doi.org/10.3390/cells8091009
https://doi.org/10.1530/rep-14-0036
https://doi.org/10.1530/rep-21-0007
https://doi.org/10.1530/rep-21-0007
https://doi.org/10.1111/aogs.13569
https://doi.org/10.1111/aogs.13569
https://doi.org/10.1016/s0300-483x(00)00210-9
https://doi.org/10.1530/rep-18-0431
https://doi.org/10.3390/antiox10030337
https://doi.org/10.3390/antiox10030337
https://doi.org/10.1080/10428194.2017.1283031
https://doi.org/10.1016/j.cryobiol.2019.05.005
https://doi.org/10.1093/molehr/gaaa051
https://doi.org/10.1242/dev.199364
https://doi.org/10.1242/jcs.259807
https://doi.org/10.1242/jcs.259807
https://doi.org/10.1038/s41598-019-52014-x
https://doi.org/10.1038/s41598-019-52014-x
https://doi.org/10.1002/jcp.29341
https://doi.org/10.1038/s42255-019-0159-z
https://doi.org/10.1038/s41586-020-1998-1
https://doi.org/10.7554/eLife.08828
https://doi.org/10.7554/eLife.08828
https://doi.org/10.7554/eLife.30292
https://doi.org/10.7554/eLife.30292
https://doi.org/10.1038/s41598-018-21109-2
https://doi.org/10.1242/dev.00296
https://doi.org/10.1242/dev.00296
https://doi.org/10.1093/humrep/deaa300
https://doi.org/10.1002/cm.21654
https://doi.org/10.1242/jcs.011163
https://doi.org/10.1111/jpi.12627
https://doi.org/10.1016/j.mito.2013.04.005
https://doi.org/10.1095/biolreprod58.4.1084
https://doi.org/10.1095/biolreprod58.4.1084
https://doi.org/10.1530/rep.1.00835
https://doi.org/10.1530/rep.1.00835
https://doi.org/10.1002/advs.202000531
https://doi.org/10.1002/advs.202000531
https://doi.org/10.1530/rep.1.00645
https://doi.org/10.1095/biolreprod.110.089557
https://doi.org/10.1038/srep20764
https://doi.org/10.1371/journal.pone.0168329
https://doi.org/10.1371/journal.pone.0168329
https://doi.org/10.1016/j.devcel.2020.02.015
https://doi.org/10.1016/j.devcel.2020.02.015
https://doi.org/10.1007/s11064-020-02974-8
https://doi.org/10.1007/s11064-020-02974-8
https://doi.org/10.1038/s41586-019-1309-x
https://doi.org/10.1016/j.envpol.2021.118445
https://doi.org/10.1016/j.envpol.2021.118445

Zhuan et al. Journal of Animal Science and Biotechnology

91.

92.

(2022) 13:95

Leonavicius K, Royer C, Preece C, Davies B, Biggins JS, Srinivas S. Mechan-
ics of mouse blastocyst hatching revealed by a hydrogel-based microde-
formation assay. Proc Natl Acad Sci U S A. 2018;115(41):10375-80. https://
doi.org/10.1073/pnas.1719930115.

Zenker J, White MD, Gasnier M, Alvarez YD, Lim HYG, Bissiere S, et al.
Expanding actin rings zipper the mouse embryo for blastocyst formation.
Cell. 2018;173(3):776-91.e17. https://doi.org/10.1016/j.cell.2018.02.035.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 22 of 22

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1073/pnas.1719930115
https://doi.org/10.1073/pnas.1719930115
https://doi.org/10.1016/j.cell.2018.02.035

	Antioxidant procyanidin B2 protects oocytes against cryoinjuries via mitochondria regulated cortical tension
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Animals and housing
	Chemicals and antibodies
	Oocyte collection and parthenogenesis activation
	Oocyte vitrification and thawing
	Immunofluorescence (IF) staining and confocal microscopy
	Determination of ATP levels
	Intracellular ROS and GSH level assay
	Annexin-V staining of oocytes
	Real-time quantitative PCR (qRT-PCR)
	Targeted metabolomics analysis
	Experimental design
	Statistical analysis

	Results
	PCB2 improves oocyte viability and embryo development after vitrification
	Effects of PCB2 on oxidative stress and organelle distribution after vitrification
	Mitochondria function was improved after PCB2 treatment in vitrified oocytes
	PCB2 restoresmitochondrial and endoplasmic reticulum Ca2+ levels in vitrified oocytes
	PCB2 inhibits DNA damage, apoptosis, and autophagy in vitrified oocytes
	PCB2 has a beneficial effect on vitrified oocytes meiosis progression
	PCB2 affects spindle migration and F-actin density in vitrified oocytes
	PCB2 elevates cortical tension in vitrified oocytes
	Cortical tension regulation associated with ameliorated mitochondrial function
	PCB2 was mainly involved in the regulation of glycometabolism during embryo development
	PBC2 regulates cortical tension in morula and blastocyst cells after vitrification

	Discussion
	Conclusion
	Acknowledgements
	References


