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SCM-198 ameliorates the quality
of postovulatory and maternally aged oocytes
by reducing oxidative stress
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Abstract

Oocyte aging is a key constraint on oocyte quality, leading to fertilization failure and abnormal embryonic
development. In addition, it is likely to generate unfavorable assisted reproductive technology (ART) outcomes.
SCM-198, a synthetic form of leonurine, was found to rescue the rate of oocyte fragmentation caused by
postovulatory aging. Therefore, the aim of this study was to conduct a more in-depth investigation of SCM-

198 by exploring its relationship with aged oocytes after ovulation or maternal aging and clarifying whether it
affects cell quality. The results indicate that, compared to the postovulatory aged group, the 50 uM SCM-198
group significantly improved sperm-egg binding and increased fertilization of aged oocytes, restoring the spindle
apparatus/chromosome structure, cortical granule distribution, and ovastacin and Juno protein distribution. The 50
UM SCM-198 group showed significantly normal mitochondrial distribution, low levels of reactive oxygen species
(ROS), and a small quantity of early cocyte apoptosis compared to the postovulatory aged group. Above all, in vivo
supplementation with SCM-198 effectively eliminated excess ROS and reduced the spindle/chromosome structural
defects in aged mouse oocytes. In summary, these findings indicate that SCM-198 inhibits excessive oxidative stress
in oocytes and alters oocyte quality both in vitro and in vivo.
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Introduction
Postovulatory aging is defined as oocytes undergoing time-
dependent degradation [1]. Postovulatory aging of oocytes
leads to inadequate oocyte quality, reduces fertilization
rates, reduces embryo viability, and abnormalities in off-
spring [2, 3]. Postovulatory aging leads to decreased oocyte
quality, including increased oocyte fragmentation and apop-
tosis, sclerosis of the oocyte zona pellucida; and impaired
function of oocyte organelles, such as spindles and mito-
chondria. It also leads to increased sensitivity of oocytes to
external stimuli and decreased fertilization and subsequent
embryonic development [4]. Postovulatory aging is divided
into in vivo and in vitro aging according to the environment
in which it occurs. In vitro, aging occurs mainly during
oocyte culture. In addition, assisted reproductive technol-
ogy (ART) is closely linked to the in vitro culture of oocytes.
Most poor oocyte quality due to aging can be explained
by the initiation of oxidative stress [5]. Therefore, dur-
ing the in vitro culture of oocytes, antioxidants are added
to significantly prevent the apoptotic process and aging of
oocytes. For example, melatonin can regulate ovarian func-
tion through anti-oxidative stress, and improve the quantity
and quality of oocytes [6]. Exogenous Coenzyme Q10 sup-
plementation has been shown to improve ovarian function
and delay aging in mice [7]. Coenzyme Q10 also can reduce
oxidative stress-induced mitochondrial DNA mutations,
restore mitochondrial function, combat oocyte aging, and
improve ovarian reserve function [8].

SCM-198 is a chemically synthetic form of leonurine (a
bioactive alkaloid extracted from the traditional Chinese

medicine Herba Leonuri). SCM-198 exerts various biologi-
cal effects, including reduction of oxidative stress [9], inhibi-
tion of the inflammatory response [10], and anti-apoptosis
[11], as well as improvement of microcirculation [12]. Acti-
vation of the NRF2 antioxidant pathway [13] decreases the
levels of reactive oxygen species (ROS) and increases the
antioxidant capacity of cells [14]. SCM-198 reduces oxida-
tive stress in several ways. It can protect endometrial stro-
mal cells from oxidative damage by reducing the production
of intracellular ROS and the expression of pro-inflamma-
tory cytokines, inhibiting oxidative stress induced by H,O,
[15]. Moreover, SCM-198 can exert effects on some cells,
causing a decrease in oxidative stress levels by upregulating
the anti-apoptotic gene Bcl-2 and downregulating the apop-
totic gene Bax [15]. SCM-198 also affects mitochondria by
improving their function and reducing their oxidative stress
levels, thereby improving bovine oocytes and effectively
promoting subsequent embryonic development [16].

Over the last few decades, studies have found that
SCM-198 has preventive and therapeutic effects against
many systemic diseases. In cardiovascular diseases,
SCM-198 improves the antioxidant capacity of the myo-
cardium and promotes angiogenesis in the ischemic
myocardium [14, 17]. It also protects damaged brain
tissue after cerebral hemorrhage as well as decreases
neuroinflammation and blood-brain barrier disruption
[18, 19]. In rheumatoid immune system diseases, SCM-
198 inhibits the activation of inflammatory pathways in
fibroblast-like synoviocytes in rheumatoid arthritis (RA)
and has the potential to treat RA [20]. In movement
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system-related diseases, SCM-198 activates autophagy
via the PI3K / Akt / mTOR pathway to slow the progres-
sion of osteoporosis and may be a potential drug for its
treatment [21]. In obstetrics and gynecology, SCM-198
offers a novel prevention strategy for conditions, such as
incomplete abortion and endometritis [15, 22]. However,
an in-depth research and exploration are still needed
on the relationship between SCM-198 and oocytes, and
whether it can delay the aging of oocytes and improve
their fertilization and subsequent embryo development
abilities. These results lay the foundation for preventing
oocyte senescence, thereby improving the success of ART
in humans.

In this study, an in vitro aging model was used to inves-
tigate the effects of SCM-198 on aged mouse oocytes
after ovulation, and 10-month-old mice were used as the
in vivo model for older mice. SCM-198 supplementation
restored the aging-induced decrease in oocyte quality,
including abnormalities in spindle assembly and chromo-
some alignment, cortical granules (CGs), ovastacin, and
Juno mislocalization. In addition, SCM-198 alleviated
oocyte aging by scavenging excessive ROS, mitigating
high levels of oxidative damage inhibiting early apoptosis,
and protecting mitochondrial function to improve oocyte
quality and enhance oocyte fertilization ability.

Materials and methods

Animals

In this study, the use of animals in experiments, approved
by the ethics committee of Nantong University in China,
ensuring that the relevant rules and standards of labo-
ratory animal care were followed. Male ICR mice (12
weeks old) and female mice (6 weeks and 10 months old)
were used in the experiments. The mice were reared at
20-23 °C and kept under a 12 h dark/light cycle. The mice
were provided with appropriate food (Cat# 11010082;
Nanjing Xietong Biotechnology Co. Ltd., China).

SCM-198 supplementation

The modified SCM-198 used in this study was provided
by Professor Yizhun Zhu from Macau University of Sci-
ence and Technology, China. He replaced one methoxy
group on the benzene ring of SCM-198 with sulfonic acid
group to improve its solubility in water and thus improve
its efficacy and he applied for patent protection, which
does not affect the mechanism of the compound. DMSO
was prepared to dissolve SCM-198, and an appropriate
amount of culture medium was added to form a concen-
tration of 25, 50, or 100 uM. The DMSO content was less
than 0.1%.

Antibodies
Tubulin was immunostained by the Sigma—Aldrich anti-
a-tubulin fluorescein isothiocyanate (FITC) antibody
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(Cat# F2168; St. Louis, Missouri, USA). Fluorescein-
labeled mouse monoclonal LCA-FITC was acquired
from Vector Laboratories (Cat# FL-1041). The ovastacin
/ ASTL (D-8) antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA; Cat# sc-514054).
BioLegend supplied the FITC anti-mouse folate recep-
tor 4 (FR4) antibody (Cat# 125005, USA). GAPDH mouse
McAD was acquired from Proteintech (USA; Cat# 60004-
1-Ig). In addition, anti-mouse IgG (H+L) was obtained
from Cell Signaling Technology (Cat# 5257P, USA), and
anti-rabbit IgG (H+L) was purchased from Invitrogen
(USA; Cat# A11011).

Oocyte collection and culture

Female mice were administered 5 IU of Pregnant
Mare Serum Gonadotropin (PMSG) followed by 5 IU
of Human Chorionic Gonadotropin (HCG) to induce
superovulation after a time interval of 48 h. Fertilization
was conducted within a timeframe of 14 to 16 h, pref-
erably not exceeding 15 h, after HCG injection. Subse-
quently, oocytes were obtained by euthanizing the mice
between 9 and 11 a.m. on the following day. M2 culture
medium containing streptomycin sulfate, sodium lactate,
HEPES, KCl, and NaCl was prepared. These materials
were purchased from Sigma—Aldrich. Ovulated oocytes
arrested at metaphase II were collected from the ampulla
of female mice was placed in the M2 medium. Hyaluroni-
dase was added to the oocytes at a concentration of 1 mg
/ mL to remove the cumulus cells. M16 culture medium,
which included BSA, glucose, sodium pyruvate, KCl, and
NaCl, was prepared. These materials were purchased
from Sigma-—Aldrich. Oocytes were observed and cul-
tured in M16 medium with 0, 25, 50 or 100 pM SCM-198
for 24 h. The oocytes were placed in a 5% CO, incubator
at a temperature of 37 °C for 24 h, which was an in vitro
aging step.

Immunofluorescence staining and analysis

Oocytes and 4% paraformaldehyde solution were added
and fixed for 30 min. The oocytes were maintained at
room temperature and 0.5% Triton X-100 was added for
20 min. Next, 1% BSA in PBS was used for blocking for
60 min. Afterward, the mixture was incubated overnight
at 4 °C with one of four antibodies: anti-a-tubulin FITC
(1:200), rabbit polyclonal anti-ovastacin (1:100), LCA-
FITC (1:100), or FITC anti-mouse FR4 antibodies (1:100).
The samples were then washed with PBS containing
0.01% Triton X-100. The samples were then washed four
times for 5 min each time. An appropriate amount of sec-
ondary antibody was added, mixed with the oocytes, and
incubated at room temperature for 60 min. The oocytes
were washed four times and re-stained for 10 min with
10 pg / mL Hoechst 33,342, a blue dye used to detect
DNA. A fluorescence laser-scanning microscope (Axio
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Imager M2, Zeiss, Germany) was used in this study. To
measure the fluorescence intensity, signals from control
and treated oocytes were simultaneously determined
using the same procedures and immunolabeling param-
eters as those used for confocal microscopy. Image]
software (National Institutes of Health, Maryland, USA)
was used to define the regions of interest and detect the
average fluorescence intensity per unit area of interest.
The average of the measurement results was calculated
and the average intensities of the treatment and control
groups were evaluated.

Western blot analysis

First, 4 X LDS sample buffer was prepared and 10 X
reduction reagent was added (Thermo Fisher Scientific,
Waltham, MA, USA). Next, approximately 80 mouse
oocytes were added, and these were fully dissolved and
heated at 100 °C for 5 min. Bis-Tris gels (10%) were used
to separate proteins, prepare PVDF membranes, and
transfer the proteins. Quick Block Western blocking buf-
fer was prepared (Beyotime Institute of Biotechnology,
Hangzhou, China), and the blots were kept at 20-25 °C
for 60 min. These were then mixed with rabbit poly-
clonal anti-mouse ovastacin protein antibody (1:1000),
mouse monoclonal anti-mouse Juno antibody (1:1000),
and GAPDH antibody (1:3000) in Solution 1 for Primary
Antibodies (Cat# KP31812, Calbiochem, San Diego, CA,
USA) at 4 °C overnight. The blots were washed three
times with TBST solution for 10 min each time. Subse-
quently, a goat anti-rabbit IgG secondary antibody was
added, which was diluted 3,000 times in Solution 2 for
Secondary Antibodies (Cat# KP31855, Calbiochem, San
Diego, CA, USA). The sample was then kept at 20-25 °C
for 60 min. The blots were visualized using the Amer-
sham Typhoon Odyssey infrared imaging system.

In vitro fertilization

First, PMSG was prepared at a concentration of 5 IU and
injected into the abdomen of female mice. Mice were
fed normally for 46-48 h, and HCG was prepared at a
concentration of 5 IU and injected into the abdomen of
the female mice. After 18 h, the male mice were sacri-
ficed by neck amputation and the cauda epididymidis
was removed and pierced. Then, the sperm were placed
in 200 pL of ¢-TYH (mouse sperm culture medium)
(Cat# 72021; Sudgen Biotechnology Co. Ltd, Nanjing,
China) under mineral oil. This was followed by incuba-
tion in a 5% CO, incubator at 37 °C for 1 h. Meanwhile,
the female mice were sacrificed by neck amputation, the
abdominal cavity was opened with scissors and the fal-
lopian tubes ampoules on both sides were retrieved.
The ampulla was then torn to obtain oocytes containing
cumulus cells. Oocytes were collected, the cumulus was
removed with hyaluronidase, 100 puL of human oviduct
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fluid (HTF) culture medium was prepared (Cat# 72002),
and the oocytes were added. Sperm was then added to
the oocytes at a concentration of 4x10° / mL, and the
sample was placed in a 5% CO, incubator at 37 °C for
24 h. Fertilization was considered successful if there were
two pronuclei.

Sperm binding test

Sperm were separated from the cauda epididymides
of male mice in HTF medium and placed in a 5% CO,
incubator at 37 °C for 60 min. After completion of this
operation, the sperm was removed and used as a nega-
tive control for two-cell embryos. PFA was prepared at
a concentration of 4% for two-cell embryos, sperm, and
ovulated oocytes, with a sperm concentration of 4x10° /
mL, and fixed for 0.5 h. Except for two to six sperm, the
sperm was removed from typical two-cell embryos using
a wide-mouthed pipette. The number of sperm stained
with Hoechst 33,342 was calculated using a fluorescence
microscope to capture the Z-projection.

Determination of mitochondrial distribution and levels

For staining of active mitochondria, the oocytes were
incubated with 500 nM MitoTracker Red (Thermo Fisher,
Waltham, MA, USA) for 30 min at 37 °C in a dark envi-
ronment and an incubator with 5% CO,. The oocytes
were washed thrice with fresh maturing medium for
20 min each and re-stained with 10 pg/mL Hoechst
33,342 for 10 min. The fluorescence signal was measured
using a fluorescence microscope with the same parame-
ters. The entire image was analyzed, and the average fluo-
rescence was calculated using Image]J software.

ROS level measurement

The samples were incubated with dichlorofluorescein
diacetate (DCFHDA) in M2 medium in a 5% CO, incu-
bator at 37 °C for 30 min. DCFHDA was used at a con-
centration of 10 uM. A glass slide was prepared and the
oocytes were placed on it and observed. The fluorescence
signal was measured using a fluorescence microscope
with the same parameters. The intensity of ROS in each
oocyte from the different groups was measured using
Image] software.

Annexin-V staining

Oocytes were stained using an Annexin V staining kit
(Beyotime Institute of Biotechnology). The manufactur-
er’s instructions were strictly followed during the opera-
tion to detect oocyte apoptosis levels. The sample was
washed with PBS three times, live oocytes were stained,
and 10 puL of Annexin-V-FITC with a volume of 90 L
binding buffer was used. The cells were then placed in a
5% CO, incubator at 37 °C for 0.5 h. The oocytes were
placed on a glass slide and examined using a fluorescence
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Table 1 Primer sequences for gRT-PCR

Forwards (5’-3’) Backwards (5’-3’)

Juno GTGGTTTGAGCCCACCCTTA AACAGGCACAGAGAGAAGGC
Astl TAGAGGAGTGCGTGAGTAGGA  ACGGCTAATGGGCTTCACTAT
Gapdh  AATGGATTTGGACGCATTGGT  TTTGCACTGGTACGTGTTGAT

Gene

laser-scanning microscope (Axio Imager M2, Zeiss, Ger-
many). Control and treated oocytes were examined using
the same method. The entire image was analyzed and the
average fluorescence was calculated.

In vivo administration of SCM-198

Six-week-old mice were used as the young control group,
and 10-month-old female mice were used as the natu-
ral aging model. Aged mice in the treatment group were
administered SCM-198 daily by gavage. SCM-198 was
administered at a dose of 20 mg/kg. The treatment was
continued for 15 or 30 days.

RNA extraction and quantitative real-time PCR

Total RNA from 100 mouse oocytes of each group was
extracted using the FastPure Cell/Tissue Total RNA Iso-
lation Kit-BOX 2 (Cat# RC101-01, Vazyme Biotech Co).
The quality and quantity of the RNA were determined
using a NanoDrop™ One Spectrophotometer (Thermo
Fisher Scientific). Then the RNA was reverse-transcribed
into first-strand complementary DNA (cDNA) by using
PrimeScript™ RT Master Mix (Cat# RR036A, TaKaRa,

A
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Japan). The synthesized cDNA was amplified with spe-
cific primers and TB Green (Takara, Japan) using the
LightCycler® 96 instrument (Roche, Basel, Switzerland).
Triplicate samples were examined for each condition. A
comparative threshold cycle value was normalized for
each sample using the 2724 method. The primers were
obtained from AZENTA Life Sciences, and the sequences
are listed in Table 1.

Statistical analysis

To ensure the representativeness of results, three parallel
experiments were conducted for each group of samples.
Spss16.0 software was used to analyze the data, and an
analysis of variance was used to compare the means. Sta-
tistical software was used to analyze the data and calcu-
late the mean+standard deviation. Statistical significance
was set at P<0.05.

Results

SCM-198 effectively decreased the fragmentation rate of
postovulatory aged oocytes

To clarify the relationship between postovulatory aged
oocytes and SCM-198, oocyte status was first examined
in vitro after 24 h of aging in an incubator and supple-
mentation with SCM-198. Oocyte integrity and morphol-
ogy were analyzed and fragment frequencies calculated.
The results serve as indicators to evaluate postovulation
oocyte quality. Figure 1A indicates that the control group
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Fig. 1 Effects of SCM-198 on the integrity of postovulatory aged oocytes. **(A) Representative images of the relevant content of different groups of
samples after 24 h of cultivation. Scale bar =200 um. (B) The proportion of oocyte fragmentation in different groups. Different concentrations of SCM-198
were added to the culture medium at a concentration of 25, 50, or 100 pM, respectively. Three parallel experiments were conducted, using the aver-

age + SEM to represent the data of (B). *P<0.05, **P < 0.01
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(fresh oocytes) had relatively normal oocyte morphology,
while the aging group had more oocyte fragments like the
one in red box. Quantitative analysis points to a signifi-
cant age-related increase in oocyte fragmentation com-
pared to the control group (control group, 2.09+2.30%,
n=118; aging group, 49.01+11.60%, n=125, P<0.01;
Fig. 1B). In order to investigate the relationship between
postovulatory aged oocytes and SCM-198 supplementa-
tion and analyze whether the latter affects the stability
of the former, SCM-198 (25, 50, and 100 uM) was incu-
bated with oocytes at increased doses for 1 day. Specifi-
cally, when the concentration of SCM-198 was 50 pM,
the fragmentation rate was significantly reduced (50 uM
SCM-198 group, 26.67+6.67%, n=119, P<0.05; Fig. 1B).
Therefore, 50 uM SCM-198 was used in subsequent tests.

SCM-198 restored spindle assembly and chromosome
alignment in postovulatory aged oocytes

In terms of oocyte quality, similar studies have mainly
evaluated whether chromosomes have a normal spin-
dle apparatus morphology. To examine the relationship
between oocyte maturation and aging, postovulatory
aged oocytes were analyzed and spindle apparatus for-
mation was detected. For testing the shape of the spindle
apparatus, the anti-a-tubulin-FITC antibody was used
for staining, and the chromosome arrangement analyzed

A Control

a-Tubulin

Aging

Fig. 2 Effects of SCM-198 on spindle assembly and chromosome alignment in postovulatory aged oocytes. (A) Chromosome arrangement and spindle
apparatus morphology of oocytes from different groups are shown. Oocytes were immunostained with a-tubulin-FITC antibody to visualize the spindles,
and were counterstained with Hoechst to visualize the chromosomes. Scale bar =20 um. (B) Proportions of abnormal spindle assembly in the control,
aged, and SCM-198-supplemented oocytes. (C) Proportions of misaligned chromosomes in the control, aged, and SCM-198-supplemented oocytes.
Three parallel experiments were conducted, using the average + SEM to represent the data of (B) and (C). **P<0.01

SCM-198
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using Hoechst 33,342. The results showed that there was
a normal barrel-shaped spindle apparatus on the equa-
torial plate of control MII oocytes, indicating that the
oocytes in this group had well-arranged chromosomes
(Fig. 2A). Through observation, it was found that the
postovulatory aged oocytes had obvious chromosome
dislocation and spindle apparatus morphological disor-
der, which could be improved after adding an appropri-
ate amount of SCM-198 (control group, 31.58+7.04%,
n=>50; aging group, 79.43+12.50%, n=53, P<0.01; 50 yM
SCM-198 group, 40.03£8.91%, n=>52, P<0.01; Fig. 2B
and C). In summary, the addition of SCM-198 improved
the chromosomal abnormalities and spindle apparatus
defects induced by postovulatory aging.

SCM-198 advanced the fertilization and sperm binding
abilities of postovulatory aged oocytes

Abnormal spindles and chromosomes in oocytes cause
aneuploidy, and aneuploid eggs lead to fertilization fail-
ure. Samples from the aging group were analyzed. It was
found that they had a low zygote development ratio after
fertilization, and the fertilization ability could be signifi-
cantly improved after adding an appropriate amount of
SCM-198 (control group, 59.90+7.11%, n=150; aging
group, 24.50+£9.41%, n=147, P<0.01; 50 pM SCM-198
group, 43.06+10.03%, n=137, P<0.05; Fig. 3A and B).
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from different groups. Scale bar =200 um. (B) Proportions of in vitro fertilization rates in different groups. (C) Representative images of sperm binding to
matured oocytes or two-cell embryos from different groups. Scale bar =20 um. (D) Schematic diagram of the results of counting the number of sperm
adhered to the surface of ZP. Three parallel experiments were conducted, using the average + SEM to represent the data of (B) and (D). *P < 0.05, **P < 0.01,

and ***P<0.001

The reduction in fertilization rate may indicate that
sperm-binding sites may be lost and sperm-binding
capacity may be damaged. To validate this hypothesis,
sperm-egg binding was measured. The heads of the coun-
terstained sperm were selected and Hoechst 33,342 was
used to calculate the number of sperm combined with
the zona pellucida. In the unfertilized control eggs, the
zona pellucida supported a large amount of sperm bind-
ing. To remove unbonded sperm, the two-cell embryos
lost sperm-binding sites resulting in the inability of
sperm to bind to the egg as a control (Fig. 3C). By com-
paring different groups of samples, it was found that the
number of sperm that could bind to the zona pellucida in
the aging group was significantly reduced, but the sperm-
binding ability was meaningfully increased in the SCM-
198-supplemented group (control group, 66.35£12.59%,
n=20; aging group, 37.20+6.26%, n=20, P<0.001; 50 uyM
SCM-198 group, 53.25+11.34%, n=20, P<0.001; Fig. 3C
and D). Overall, SCM-198 improved the fertilization abil-
ity of postovulatory aged oocytes and their ability to bind
sperm.

SCM-198 rescued CGs and ovastacin dislocation in
postovulatory aged oocytes
CGs are small vesicular organelles exclusively available
in oocytes that have a signaling function in sperm bind-
ing and prevent multiple sperm fertilization. LCA-FITC
staining was used to investigate whether postovulatory
aging affects CGs dynamics. Immunoassays showed that
CGs were present in the subcortical area of oocytes in
the control group, but not in the area outside the CG-
free domain (CGFD) near the chromosomes (Fig. 4A).
In contrast, postovulatory aging revealed that CGs sig-
nals were disrupted or completely lost, affecting their
normal distribution (Fig. 4A). By comparing different
groups of samples, it was found that postovulatory aged
oocytes had significantly weaker CG fluorescence signals
than the control group (control group, 22.93+6.97 A.U,
n=20; aging group, 16.72+4.49 A.U, n=25, P<0.001;
Fig. 4B). SCM-198 enhanced the CG signal fluorescence
intensity from 16.72 to 20.50% (50 uM SCM-198 group,
20.50+6.49 A.U, n=25, P<0.05; Fig. 4B).

Ovastacin in CGs can play a crucial role in promot-
ing binding between sperm and eggs, thereby increasing
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Fig. 4 Effects of SCM-198 on the localization of cortical granules and ovastacin in postovulatory aged oocytes. (A) Images of abnormal localization of
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signal intensity in different groups. (E) Relative mRNA expression of Ovastacin from different groups. (F) Images of western blotting of Ovastacin from
different groups. (G) Quantitative analysis of relative protein expression. Three parallel experiments were conducted using the average + SEM to represent

the data of (B), (D), (E) and (G). *P<0.05, **P<0.01, and ***P <0.001

the chances of fertilization. Immunostaining revealed
that the localization pattern of ovastacin was similar to
that of CGs in control oocytes. Intermittent signals were
observed in the CGFD of postovulatory aged oocytes,
which could be restored by the appropriate addition of
SCM-198 (Fig. 4C). Compared with the control group,
postovulatory aged oocytes showed significantly lower
ovastacin protein signal intensity compared to differ-
ent groups of samples (control group, 27.61+6.27 A.U,
n=40; aging group, 22.89+6.15 A.U, n=40, P<0.01;
Fig. 4D). However, the result was markedly improved
in the SCM-198-supplemented group (50 pM SCM-198

group, 25.67+5.11 A.U, n=36, P<0.05; Fig. 4D). Accord-
ing to the results of qRT-PCR and western blotting in
this study, there was a significantly lower level of related
RNA and proteins in the aging group (Fig. 4E and F).
The protein may be prematurely cleaved by zona pel-
lucida before fertilization. After adding an appropriate
amount of SCM-198, premature exocytosis of ovastacin
was effectively restored, resulting in effective recovery of
protein levels (Fig. 4G). Therefore, SCM-198 can alter the
movement of ovastacin proteins and CGs in oocytes and
exert protective effects. In addition, it avoids premature
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Quantitative analysis of relative protein expression. Three parallel experiments were conducted using the average + SEM to represent the data. *P < 0.05,
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exocytosis and incorrect protein localization and effec-
tively promotes the fertilization process.

SCM-198 salvages the localization of Juno on the
membrane in postovulatory aged oocytes

Juno is a recently discovered sperm receptor that inter-
acts with the sperm plasma membrane protein Izumol
at the egg plasma membrane [23, 24]. Female mice eggs
lacking this gene cannot bind to sperm and experience
infertility [25]. Juno is an essential regulatory protein
involved in mammalian oocyte fertilization. Therefore,
this study aimed to examine whether SCM-198 could
reverse age-related defects in the distribution of Juno.
Analysis of the control group revealed evenly distrib-
uted Juno on the oocyte membrane, as shown in Fig. 5A.
Analysis of the postovulatory aged oocyte group revealed
that there was almost no intact Juno on the membrane,
and its distribution pattern was relatively abnormal,
which may have resulted in the loss of Juno signals on
the plasma membrane. SCM-198 group analysis shows
that it had a significantly lower localization abnormality
rate compared to that of the aging group (control group,
21.25+3.64 A.U, n=25; aging group, 16.92+3.23 A.U,
n=25, P<0.001; 50 uM SCM-198 group, 19.29£2.22 A.U,
n=25, P<0.01; Fig. 5A and B). The RNA and protein

expression level of Juno in postovulatory aged oocytes
was relatively low, and the addition of 50 uM SCM-198
improved this (Fig. 5C, D and E). Therefore, decreased
Juno in aged oocytes results in the inability of binding to
sperm. After adding an appropriate amount of SCM-198,
this abnormality can be restored and the level of fertiliza-
tion capability damage can be decreased.

SCM-198 exposure recovers the mitochondrial distribution
and downgrades ROS levels to inhibit oocyte apoptosis

Mitochondrial dynamics have been shown to produce
viable oocytes, and mitochondria are considered one
of the most important indicators of cytosolic matura-
tion in oocytes. We examined mitochondrial distribu-
tion in postovulatory aged oocytes. Oocytes from the
two groups were stained with MitoTracker and evalu-
ated using a fluorescence microscope. In control oocytes,
most mitochondria showed a polarized distribution that
accumulated peripherally around the chromosome and
a homogeneous distribution in the cytoplasm (Fig. 6A).
After aging for 24 h in vitro, mitochondria completely
or partially lost their normal distribution around the
chromosomes and emerged as mitochondria-distributed
clusters in the cytoplasm. However, SCM-198 supple-
mentation improved the vulnerable morphology of
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Fig. 7 Effect of SCM-198 supplementation on ROS levels, spindle assembly, and chromosome alignment in vivo. (A) Representative images of ROS levels
in young, aged, and 15-day SCM-198 treatment groups of sample oocytes. Scale bar =20 um. (B) The fluorescence intensity of ROS signals was recorded
in different groups of sample oocytes. (C) Representative images of ROS accumulation in young, aged, and 30-day SCM-198 treatment groups of sample
oocytes. Scale bar =20 um. (D) ROS fluorescence signal detection results for different groups of sample oocytes. (E) Representative photos of spindle
assembly and chromosome alignment in young and aged oocytes, as well as those supplemented with SCM-198 for 30 days. Oocytes were subjected
to immunostaining using anti-a-tubulin-FITC antibody for visualizing spindles; counterstaining with Hoechst was performed to visualize chromosomes.
Scale bar =20 pm. (F) Ratios of abnormal spindle assembly in young and aged oocytes, as well as those supplemented with SCM-198 for 30 days. (G)
Proportions of misaligned chromosomes in the young and aged oocytes, as well as those supplemented with SCM-198 for 30 days. Three parallel experi-

ments were conducted using the average + SEM to represent the data of (B), (D), (F), and (G). ***P<0.001

mitochondria caused by oocyte aging (control group,
17.8313.18%, n=39; aging group, 40.95£1.65%, n=17,
P<0.001; 50 uM SCM-198 group, 24.44+7.69%, n=16,
P<0.05; Fig. 6B). Statistically, the immunofluorescence
signal intensity was also significantly rescued in the SCM-
198 group (control group, 32.53+5.25 A.U, n=24; aging
group, 25.67+5.2 A.U, n=16, P<0.001; 50 pM SCM-198
group, 31.16+4.92 A.U, n=15, P<0.01; Fig. 6C), suggest-
ing that SCM-198 supplementation ameliorates impaired
mitochondrial dynamics resulting from postovulatory
aged oocytes.

ROS is closely linked to mitochondrial dynamics.
Mitochondrial dysfunction induces oxidative stress and
accelerates apoptosis. To investigate the effects of SCM-
198 on oxidative stress in postovulatory aged oocytes,
ROS production was measured in control, aged, and
SCM-198-treated oocytes. As expected, postovulatory
aged oocytes exhibited significantly higher oxidative
stress signals than the control group. After adding 50 uM
SCM-198, the sample exhibited significantly lower oxida-
tive stress signals than the aging group (control group,
22.47+1.13 AU, n=23; aging group, 29.47+2.06 A.U,
n=23, P<0.001; 50 pM SCM-198 group, 25.25£1.42 A.U,
n=23, P<0.001; Fig. 6D and E). The levels of early apop-
tosis in oocytes were measured using Annexin V stain-
ing. The results of this study indicated that there was no
green fluorescence signal present in the control group.
Nonetheless, the green fluorescence signal was observed
on the plasma membrane in aged oocytes. These results
showed that oxidative stress could be induced and oocyte
apoptosis promoted in postovulatory aged oocytes. Add-
ing 50 uM SCM-198 significantly restrained the level of
oocyte apoptosis (control group, 8.83+£3.60 A.U, n=21;
aging group, 21.12+4.22 A.U, n=29, P<0.001; 50 pM
SCM-198 group, 13.74%3.17 AU, n=20, P<0.001;
Fig. 6F and G). SCM-198 reduced ROS production, alle-
viated oxidative stress, and ultimately inhibited apoptosis
in the oocytes.

In vivo supplementation of SCM-198 effectively eliminated
the excess ROS and reduced the spindle/chromosome
structural defects in aged mouse oocytes

Using the established SCM-198 recovery model in aged
mice, we initially assessed the regulation of ROS lev-
els in aged oocytes. Oxidative damage resulting from

oxidative stress and impaired antioxidant defense sys-
tems are major contributors to the decreased quality of
aged oocytes [26]. Therefore, to validate the potential for
rejuvenating aged oocyte quality with SCM-198 in vivo,
we examined the ROS levels in oocytes obtained from
young and aged mice. As depicted in Fig. 7A, live stain-
ing and quantitative analysis of fluorescence intensity
using the oxidation-sensitive fluorescent probe DCFH-
DA revealed varying degrees of increased fluorescence
signals corresponding to ROS levels in oocytes from aged
mice compared with those from young mice, with a sig-
nificantly higher average fluorescence intensity observed
in the former group. These findings indicated that high
levels of oxidative stress were induced in aged oocytes.
Following 15 days of in vivo treatment with SCM-198,
samples exhibited significantly lower ROS levels than
the aged group (young group, 16.39+3.77 A.U, n=24;
aged group, 25.98+7.10 A.U, n=40, P<0.001; SCM-198
group, 20.691+5.61 A.U, n=34, P<0.001; Fig. 7A and B).
Furthermore, consistent with these results, ROS lev-
els were significantly reduced in oocytes obtained from
aged mice treated continuously with SCM-198 for a
period of 30 days compared to those from the aging
group (young group, 18.22+2.04 A.U, n=27; aged group,
29.68+3.96 A.U, n=34, P<0.001; SCM-198 group,
21.61+£3.93 A.U, n=25, P<0.001; Fig. 7C and D). These
outcomes suggest that SCM-198 directly influences ROS
levels in aged mouse oocytes and the effect is better with
the extension of processing time.

Meanwhile, the decrease in ROS levels in oocytes
derived from aged mice following SCM-198 treatment
in vivo suggests a potential reduction in defects associ-
ated with spindle assembly, and chromosome arrange-
ment may be reduced. Therefore, we visualized the
spindle morphology and chromosome arrangement in
oocytes using Tubulin and DNA staining. The results
of immunofluorescence and data statistics showed that
most of the aged oocytes with SCM-198 supplementation
in vivo showed typical spindle-shaped spindles, neatly
arranged chromosomes on the equator, and restoration
of the spindle/chromosome structure (Fig. 7E), and the
abnormal rate was significantly different from that of
aged oocytes without SCM-198 supplementation (young
group, 14.14+4.38%, n=35; aged group, 51.11+1.92%,
n=45, P<0.01; SCM-198 group, 28.85+3.33%, n=38,
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P<0.01; Fig. 7F and G). In summary, these results sug-
gest that the abnormal spindle/chromosome structure
in aged oocytes can be ameliorated by supplementation
with SCM-198 in vivo.

Discussion

In the progression of human ART, postovulatory aging in
vitro is an important disadvantage that causes ART fail-
ure. The results of this study suggest that the decreased
quality of aged oocytes after ovulation can be improved
by adding an appropriate amount of SCM-198, which
also increases the fertilization rate of oocytes. To validate
this hypothesis and explore the relevant mechanisms, in
vitro postovulatory aged oocyte and in vivo maternally
aged oocyte models were constructed. This provides
a reference for the use of SCM-198 for protecting aged
oocytes during human ART.

First, the effects of SCM-198 on oocyte morphol-
ogy and integrity of postovulatory aging in mice were
assessed. Previous studies have shown that the frag-
mentation rate is higher in aged oocytes than in normal
oocytes [27]. The addition of 50uM SCM-198 reduced
oocyte fragmentation and death, suggesting that SCM-
198 may improve oocyte quality. However, it can be seen
that a jump difference between 50 and 100uM SCM-198
data. The same thing happened to us that several antioxi-
dants have been found to have toxic effects on oocytes
at too high concentrations. For example, High doses of
NMN, melatonin, vitamin E and vitamin C may have
negative effects on tissues and cells [28-32]. In addi-
tion, chromosomal arrangement and spindle apparatus
assembly are often used to evaluate the quality of aged
oocytes after postovulatory aging. If the spindle appara-
tus is abnormal during fertilization, the subsequent aneu-
ploid development is affected [33]. Immunofluorescence
staining of spindles and chromosomes demonstrated that
supplementation with SCM-198 rescued spindle/chro-
mosomal structural defects during postovulatory aging.
At suitable concentrations, SCM-198 is a new antioxi-
dant with the same saving effects as melatonin or Coen-
zyme Q10 [34, 35].

Fertilization capacity is a key indicator of oocyte qual-
ity [36]. Previous studies have shown that SCM-198
promotes bovine oocyte maturation and enhances fertil-
ization and embryonic development [16]. Therefore, we
examined whether SCM-198 supplementation improves
fertilization rates. These results indicate that SCM-198
supplementation could improve the fertilization ability
of oocytes, which could be considered as a partial resto-
ration of fertilization potential and promotion of subse-
quent embryonic development.

CGs are organelles unique to oocytes and are associ-
ated with sperm binding and the prevention of multiple
sperm fertilization [37-39]. The postovulatory aged
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oocytes with decreased CGs results in the inability to
undergo normal exocytosis of CGs during fertilization
and reduces fertilization capacity. However, supplemen-
tation with SCM-198 effectively ameliorated the abnor-
mal distribution of CGs and promoted cortical reactions,
thereby improving the oocyte quality and promoting
embryonic development. Furthermore, ovastacin, a CG
metalloprotease, blocks sperm binding to the zona pel-
lucida surrounding fertilized eggs [40]. The results of
this study indicate that when oocytes are aged, owing
to issues such as localization errors, they may cleave the
zona pellucida protein ZP2. This can dramatically affect
the recognition domain of the sperm and the binding
between the sperm and zona pellucida [34]. Supplemen-
tation with SCM-198 may prevent the precocious exocy-
tosis of ovastacin. The results show that SCM-198 could
recover the sperm-binding capacity in aged oocytes.

After successful navigation of the zona pellucida, acro-
some-reactive sperm could be found in the perivitelline
space, which can fuse oocytes [41]. According to relevant
studies, Juno, the oocyte receptor, can play a very impor-
tant role in sperm-oocyte interaction and fusion [23].
After fertilization, Juno is shed quickly, allowing sperm
and egg binding to proceed normally [25]. Because of
its important role in the fertilization process, variations
in Juno in aged oocytes and in oocytes supplemented
with SCM-198 were studied. It is possible that cellular
senescence can damage the location of Juno, and that the
level of damage can be decreased by adding an appro-
priate amount of SCM-198. This may be the mechanism
by which SCM-198 increases the fertilization ability of
senescent oocytes.

Previous studies have shown that oocyte quality is
affected by aging-related oxidative stress [42], which
directly or indirectly leads to an increase in ROS levels
and early apoptosis of oocytes [43]. SCM-198 has been
found to exert a therapeutic effect on ischemic stroke
by alleviating oxidative stress [44] and regulating oxida-
tive stress by enhancing stress defenses in the serum and
hepatic tissues [45].

Mitochondria are the most abundant cell organelles in
oocytes, affecting various aspects of mammalian oocyte
maturation and their function represents a pivotal deter-
minant of oocyte quality [46]. Recent studies have high-
lighted mitochondrial dysfunction as a major contributor
to oocyte aging because mitochondria coordinate numer-
ous metabolic, epigenetic, redox, and calcium signal-
ing processes [47]. Mitochondria are involved in many
processes including oocyte maturation, fertilization, and
early embryonic development [48]. When mitochondrial
function is disrupted, it leads to an increase in ROS levels
and a reduction in mtDNA copy number, and the oocyte
may suffer damage from OS [49]. Abnormal mitochon-
drial function leads to excessive accumulation of ROS,
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which can cause damage to oocytes. Over time, these
lesions accumulate to the extent that they eventually trig-
ger the program of early oocyte apoptosis [50]. Relatively
high ROS levels can have a negative impact on oocytes
because of mitochondrial dysfunction, spindle fragility,
and abnormal chromosomes, which means that oocytes
do not have a high fertilization ability and have a signifi-
cant impact on embryonic development [51]. In addition,
SCM-198 reduced the expression of pro-apoptotic genes,
including Bax, to inhibit apoptosis [52] and exerts car-
dioprotective effects in mammalian systems [53]. Simi-
larly, our research indicated that SCM-198 reduced the
increase in ROS levels induced by aging, thereby inhibit-
ing oocyte apoptosis caused by oxidative stress.

Conclusion

The results of this study showed that SCM-198 inhib-
ited oxidative stress-induced oocyte apoptosis, thereby
improving the quality of both postovulatory and mater-
nally aged oocytes. This study provides a method to delay
oocyte cellular senescence so that humans might have
a higher success rate of ART. However, further clinical
research is needed on the relationship between oocytes
and SCM-198 to clarify their impact on the quality of
human oocytes and subsequent embryonic development.

Accession codes
OVASTACIN: Q6HA09
JUNO: Q9EQF4

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513048-024-01504-2.

[ Supplementary Material 1 ]

Acknowledgements
We thank Dr. Yizhun Zhu's laboratory for kindly providing the SCM-198 and
Editage (www.editage.cn) for English language editing.

Author contributions

Xia Wang and Yizhun Zhu designed research; Wei Ma and Xue Wu analyzed
data; Wei Ma, Xi Zhao, Qingxin Wang, Xue Wu, Tingting Yang, and Yugi chen
performed research; Wei Ma and Xi Zhao wrote the paper. All authors were
involved in drafting and revising the manuscript.

Funding

This study was supported by the Multi-Center Clinical Collaborative Research
Project of the Affiliated Hospital of Nantong University (No. LCYJ-B05), the
Postdoctoral Project of the Affiliated Hospital of Nantong University (No.
BSH202315), the Project of Nantong Science and Technology Program for
Social and People’s Livelihood (No. MSZ2022051) and the Research Project of
Jiangsu Commission of Health (No. Z2022069).

Data availability
Raw Data: https://www.jianguoyun.com/p/DUMJRA4QhdWHDBjmyalFIAA.

Page 14 of 15

Declarations

Competing interests
The authors declare no competing interests.

Author details

!Center for Reproductive Medicine, Affiliated Hospital of Nantong
University, Nantong University, Nantong 226001, China

?Institute of Reproductive Medicine, Medical School, Nantong University,
Nantong 226019, China

3State Key Laboratory of Quality Research in Chinese Medicine, School
of Pharmacy, Macau University of Science and Technology, Macau, SAR,
China

Received: 17 July 2024 / Accepted: 23 August 2024
Published online: 31 August 2024

References

1.

Di Nisio V, Antonouli S, Damdimopoulou P, Salumets A, Cecconi S. Sierr. In
vivo and in vitro postovulatory aging: when time works against oocyte qual-
ity? J Assist Reprod Genet. 2022,39(4):905-18.

Martin JH, Nixon B, Cafe SL, Aitken RJ, Bromfield EG, Lord T, OXIDATIVE STRESS,
AND REPRODUCTIVE FUNCTION. Oxidative stress and in vitro ageing of the
post-ovulatory oocyte: an update on recent advances in the field. Reproduc-
tion. 2022;164(6):F109-24.

Lord T, Aitken RJ. Oxidative stress and ageing of the post-ovulatory oocyte.
Reproduction. 2013;146(6):R217-27.

Lundin K, Ziebe S, Bergh C, Loft A, Selleskog U, Nilsson L, et al. Effect of rescu-
ing donated immature human oocytes derived after FSH/hCG stimulation
following in vitro culture with or without follicular fluid meiosis activating
sterol (FF-MAS)--an embryo chromosomal and morphological analysis. J
Assist Reprod Genet. 2007;24(2-3):87-90.

ZhangT, Zhou Y, Li L, Wang HH, Ma XS, Qian WP, et al. SIRT1, 2, 3 protect
mouse oocytes from postovulatory aging. Aging. 2016;8(4):685-96.

Song C, Peng W, Yin S, Zhao J, Fu B, Zhang J, et al. Melatonin improves
age-induced fertility decline and attenuates ovarian mitochondrial oxidative
stress in mice. Sci Rep. 2016;6:35165.

Delkhosh A, Delashoub M, Tehrani AA, Bahrami AM, Niazi V, Shoorei H, et

al. Upregulation of FSHR and PCNA by administration of coenzyme Q10 on
cyclophosphamide-induced premature ovarian failure in a mouse model. J
Biochem Mol Toxicol. 2019;33(11):222398.

Mantawy EM, Said RS, Kassem DH, Abdel-Aziz AK, Badr AM. Novel molecular
mechanisms underlying the ameliorative effect of N-acetyl-L-cysteine against
Upsilon-radiation-induced premature ovarian failure in rats. Ecotoxicol Envi-
ron Saf. 2020;,206:111190.

Liu X, CaoW, Qi J, Li Q, Zhao M, Chen Z, et al. Leonurine ameliorates
adriamycin-induced podocyte injury via suppression of oxidative stress. Free
Radic Res. 2018;52(9):952-60.

Liu X, Pan L, Wang X, Gong Q, Zhu YZ. Leonurine protects against tumor
necrosis factor-alpha-mediated inflammation in human umbilical vein endo-
thelial cells. Atherosclerosis. 2012;222(1):34-42.

ZhuYZ,Wu W, Zhu Q, Liu X. Discovery of Leonuri and therapeutical applica-
tions: from bench to bedside. Pharmacol Ther. 2018;188:26-35.

Xu L, Jiang X, Wei F, Zhu H. Leonurine protects cardiac function following
acute myocardial infarction through antiapoptosis by the PI3K/AKT/GSK-
3beta signaling pathway. Mol Med Rep. 2018;18(2):1582-90.

Kim YH, Lee SY, Kim EY, Kim KH, Koong MK, Lee KA. The antioxidant Auraptene
improves aged oocyte quality and embryo development in mice. Antioxid
(Basel). 2022;12(1).

Liu XH, Pan LL, Deng HY, Xiong QH, Wu D, Huang GY, et al. Leonurine (SCM-
198) attenuates myocardial fibrotic response via inhibition of NADPH oxidase
4. Free Radic Biol Med. 2013;54:93-104.

LiY, LinY, Huang X, Xu C, Liu X, Wang L, et al. SCM-198 protects endometrial
stromal cells from oxidative damage through Bax/Bcl-2 and ERK signaling
pathways. Acta Biochim Biophys Sin (Shanghai). 2019;51(6):580-7.

Zheng L, LuoY, Zhou D, Liu H, Zhou G, Meng L, et al. Leonurine improves
bovine oocyte maturation and subsequent embryonic development by


https://doi.org/10.1186/s13048-024-01504-2
https://doi.org/10.1186/s13048-024-01504-2
http://www.editage.cn
https://www.jianguoyun.com/p/DUMJRd4QhdWHDBjmyaIFIAA

Ma et al. Journal of Ovarian Research

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

(2024) 17:178

reducing oxidative stress and improving mitochondrial function. Therio-
genology. 2023;199:11-8.

Zhang QY, Wang ZJ, Sun DM, Wang Y, Xu P, Wu WJ, et al. Novel Therapeutic
effects of Leonurine on ischemic stroke: New mechanisms of BBB Integrity.
Oxid Med Cell Longev. 2017;2017:7150376.

Lin S, Wu J, Guo W, Zhu Y. Effects of leonurine on intracerebral haemorrhage
by attenuation of perihematomal edema and neuroinflammation via the JNK
pathway. Pharmazie. 2016;71(11):644-50.

Zhang QY, Wang ZJ, Miao L, Wang Y, Chang LL, Guo W, et al. Neuroprotective
effect of SCM-198 through stabilizing endothelial cell function. Oxid Med Cell
Longev. 2019;2019:7850154.

Du YY, Chen ZX, Liu MY, Liu QP, Lin CS, Chu CQ, et al. Leonurine regulates
Treg/Th17 Balance to Attenuate Rheumatoid Arthritis through Inhibition of
TAZ expression. Front Immunol. 2020;11:556526.

Zhao B, Peng Q, Poon EHL, Chen F, Zhou R, Shang G, et al. Leonurine pro-
motes the osteoblast differentiation of rat BMSCs by activation of Autophagy
via the PI3K/Akt/mTOR pathway. Front Bioeng Biotechnol. 2021;9:615191.

Li X, Yuan FL, Zhao YQ, Lu WG, Li CW, He CH. Effect of leonurine hydrochloride
on endothelin and the endothelin receptor-mediated signal pathway in
medically-induced incomplete abortion in rats. Eur J Obstet Gynecol Reprod
Biol. 2013;169(2):299-303.

Ohto U, Ishida H, Krayukhina E, Uchiyama S, Inoue N, Shimizu T. Structure of
[ZUMO1-JUNO reveals sperm-oocyte recognition during mammalian fertiliza-
tion. Nature. 2016;534(7608):566-9.

Hu W, Dong X, Tian Z, Zhang Z, Tang J, Liang B, et al. Expression, structure
and function analysis of the sperm-oocyte fusion genes Juno and lzumof in
sheep (Ovis aries). J Anim Sci Biotechnol. 2021;12(1):37.

Bianchi E, Doe B, Goulding D, Wright GJ. Juno is the egg izumo receptor and
is essential for mammalian fertilization. Nature. 2014;508(7497):483-7.

Wang H, Cheng Q, Li X, Hu F, Han L, Zhang H, et al. Loss of TIGAR induces
oxidative stress and meiotic defects in oocytes from obese mice. Mol Cell
Proteom. 2018;17(7):1354-64.

Miao YL, Kikuchi K, Sun QY, Schatten H. Oocyte aging: cellular and molecular
changes, developmental potential and reversal possibility. Hum Reprod
Update. 2009;15(5):573-85.

Mills KF, Yoshida S, Stein LR, Grozio A, Kubota S, Sasaki Y, et al. Long-term
administration of Nicotinamide Mononucleotide mitigates Age-Associated
physiological decline in mice. Cell Metab. 2016;24(6):795-806.

Benedict C. Melatonin's Potential Side Effects: It May Be in Your Genes. Mayo
Clin Proc. 2022;97(7):1401.

Minich DM, Henning M, Darley C, Fahoum M, Schuler CB, Frame J. Is melato-
nin the next vitamin D? A review of emerging Science, Clinical uses, Safety,
and Dietary supplements. Nutrients. 2022;14:19.

Hoyt CJ. Diarrhea from vitamin C. JAMA. 1980;244(15):1674.

Miao Y, Cui Z, Gao Q, Rui R, Xiong B. Nicotinamide Mononucleotide supple-
mentation reverses the declining quality of maternally aged oocytes. Cell
Rep. 2020;32(5):107987.

Battaglia DE, Goodwin P, Klein NA, Soules MR. Influence of maternal age on
meiotic spindle assembly in oocytes from naturally cycling women. Hum
Reprod. 1996;11(10):2217-22.

Dai X, LuY, Zhang M, Miao Y, Zhou C, Cui Z, et al. Melatonin improves the
fertilization ability of post-ovulatory aged mouse oocytes by stabilizing
ovastacin and juno to promote sperm binding and fusion. Hum Reprod.
2017,32(3):598-606.

Zhang M, ShiYang X, Zhang Y, Miao Y, Chen Y, Cui Z, et al. Coenzyme Q10
ameliorates the quality of postovulatory aged oocytes by suppressing DNA
damage and apoptosis. Free Radic Biol Med. 2019;143:84-94.

36.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 15 of 15

Zhang M, Sun L, Zhang Z, Shentu L, Zhang Y, Li Z, et al. Alpha-lipoic acid
supplementation restores the meiotic competency and fertilization capacity
of porcine oocytes induced by arsenite. Front Cell Dev Biol. 2022;10:943757.
Vogt EJ, Tokuhiro K, Guo M, Dale R, Yang G, Shin SW, et al. Anchoring cortical
granules in the cortex ensures trafficking to the plasma membrane for post-
fertilization exocytosis. Nat Commun. 2019;10(1):2271.

Miao Y, Zhou C, Bai Q, Cui Z, ShiYang X, Lu Y, et al. The protective role of mela-
tonin in porcine oocyte meiotic failure caused by the exposure to benzo(a)
pyrene. Hum Reprod. 2018;33(1):116-27.

Ferreira EM, Vireque AA, Adona PR, Meirelles FV, Ferriani RA, Navarro PA.
Cytoplasmic maturation of bovine oocytes: structural and biochemical modi-
fications and acquisition of developmental competence. Theriogenology.
2009;71(5):836-48.

Burkart AD, Xiong B, Baibakov B, Jimenez-Movilla M, Dean J. Ovastacin,

a cortical granule protease, cleaves ZP2 in the zona pellucida to prevent poly-
spermy. J Cell Biol. 2012;197(1):37-44.

Jean C, Haghighirad F, Zhu Y, Chalbi M, Ziyyat A, Rubinstein E, et al. JUNO,
the receptor of sperm IZUMO1, is expressed by the human oocyte and is
essential for human fertilisation. Hum Reprod. 2019;34(1):118-26.

Tatone C, Di Emidio G, Vento M, Ciriminna R, Artini PG. Cryopreservation and
oxidative stress in reproductive cells. Gynecol Endocrinol. 2010;26(8):563-7.
Ding ZM, Chen YW, Wang YS, Ahmad MJ, Yang SJ, Duan ZQ, et al. Gossypol
exposure induces mitochondrial dysfunction and oxidative stress during
mouse oocyte in vitro maturation. Chem Biol Interact. 2021;348:109642.
LiG,Ye C, ZhuY, Zhang T, Gu J, Pan J, et al. Oxidative Injury in ischemic stroke:
a focus on NADPH oxidase 4. Oxid Med Cell Longev. 2022,2022:1148874.
Zhang Y, Guo W, Wen'Y, Xiong Q, Liu H, Wu J, et al. SCM-198 attenuates

early atherosclerotic lesions in hypercholesterolemic rabbits via modula-
tion of the inflammatory and oxidative stress pathways. Atherosclerosis.
2012,224(1):43-50.

Zhang Q, Hao JX, Liu BW, Ouyang YC, Guo JN, Dong MZ, et al. Supplementa-
tion of mitochondria from endometrial mesenchymal stem cells improves
oocyte quality in aged mice. Cell Prolif. 2023;56(3):e13372.

van der Reest J, Nardini Cecchino G, Haigis MC, Kordowitzki P. Mitochondria:
their relevance during oocyte ageing. Ageing Res Rev. 2021;70:101378.
Chiang JL, Shukla P, Pagidas K, Ahmed NS, Karri S, Gunn DD, et al. Mito-
chondria in Ovarian Aging and Reproductive Longevity. Ageing Res Rev.
2020,63:101168.

Kirillova A, Smitz JEJ, Sukhikh GT, Mazunin I. The role of Mitochondria in
Oocyte Maturation. Cells. 2021;10(9).

Tesarik J, Galan-Lazaro M, Mendoza-Tesarik R. Ovarian aging: Molecular
mechanisms and Medical Management. Int J Mol Sci. 2021,22(3).

von Mengden L, Klamt F, Smitz J. Redox Biology of Human Cumulus Cells:
Basic concepts, Impact on Oocyte Quality, and potential clinical use. Antioxid
Redox Signal. 2020;32(8):522-35.

Liu XH, Xin H, Hou AJ, Zhu YZ. Protective effects of leonurine in neonatal rat
hypoxic cardiomyocytes and rat infarcted heart. Clin Exp Pharmacol Physiol.
2009;36(7):696-703.

Wang R, Peng L, Lv D, Shang F, Yan J, Li G, et al. Leonurine attenuates myo-
cardial fibrosis through Upregulation of miR-29a-3p in mice post-myocardial
infarction. J Cardiovasc Pharmacol. 2021,77(2):189-99.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿SCM-198 ameliorates the quality of postovulatory and maternally aged oocytes by reducing oxidative stress
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿SCM-198 supplementation
	﻿Antibodies
	﻿Oocyte collection and culture
	﻿Immunofluorescence staining and analysis
	﻿Western blot analysis
	﻿In vitro fertilization
	﻿Sperm binding test
	﻿Determination of mitochondrial distribution and levels
	﻿ROS level measurement
	﻿Annexin-V staining
	﻿In vivo administration of SCM-198
	﻿RNA extraction and quantitative real-time PCR
	﻿Statistical analysis

	﻿Results
	﻿SCM-198 effectively decreased the fragmentation rate of postovulatory aged oocytes
	﻿SCM-198 restored spindle assembly and chromosome alignment in postovulatory aged oocytes
	﻿SCM-198 advanced the fertilization and sperm binding abilities of postovulatory aged oocytes
	﻿SCM-198 rescued CGs and ovastacin dislocation in postovulatory aged oocytes
	﻿SCM-198 salvages the localization of Juno on the membrane in postovulatory aged oocytes
	﻿SCM-198 exposure recovers the mitochondrial distribution and downgrades ROS levels to inhibit oocyte apoptosis
	﻿In vivo supplementation of SCM-198 effectively eliminated the excess ROS and reduced the spindle/chromosome structural defects in aged mouse oocytes

	﻿Discussion
	﻿Conclusion
	﻿Accession codes
	﻿References


