Heliyon 10 (2024) e32466

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Sirtuin 5-driven meiotic spindle assembly and actin-based
migration in mouse oocyte meiosis

Cong Ma ™!, Xueke Zhang ™", Yingying Zhang ", Hongzhen Ruan®,
Xiaofeng Xu, Caiyun Wu?, Zhiming Ding >™“"", Yunxia Cao > %5h&"

 Reproductive Medicine Center, Department of Obstetrics and Gynecology, The First Affiliated Hospital of Anhui Medical University, No.218 Jixi
Road, Hefei, 230022, China

Y NHC Key Laboratory of Study on Abnormal Gametes and Reproductive Tract, Anhui Medical University, No.81 Meishan Road, Hefei, 230032,
China

¢ Key Laboratory of Population Health Across Life Cycle, Anhui Medical University, Ministry of Education of the People’s Republic of China, No.81
Meishan Road, Hefei, 230032, China

9 Engineering Research Center of Biopreservation and Artificial Organs, Ministry of Education, No.81 Meishan Road, Hefei, 230032, Anhui, China
€ Anhui Province Key Laboratory of Reproductive Health and Genetics, No.81 Meishan Road, Hefei, 230032, China

f Biopreservation and Artificial Organs, Anhui Provincial Engineering Research Center, Anhui Medical University, No.81 Meishan Road, Hefei,
230032, China

8 Anhui Provincial Institute of Translational Medicine, No.81 Meishan Road, Hefei, 230032, China

ARTICLE INFO ABSTRACT

Keywords: Sirtuin 5 (Sirt5), a member of the Sirtuin family, is involved in various intracellular biological
Sirtuin 5 processes. However, the function of Sirt5 in oocyte maturation has not been clearly elucidated. In
Oocyfe this study, we observed that Sirt5 was persistently expressed during the meiotic division of mouse
M?OSIS N oocytes, with a notable decline in expression in aging oocytes. Sirt5 inhibition led to the failure of
Spindle migration . . . S

Factin the first polar body extrusion and induced cell cycle arrest, indicative of unsuccessful oocyte

maturation. Furthermore, Sirt5 inhibition was associated with the extrusion of abnormally large
polar bodies, suggesting disrupted asymmetric oocyte division. Mechanistically, the inhibition of
Sirt5 resulted in aberrant spindle assembly and disordered chromosome alignment in oocytes.
Moreover, Sirt5 inhibition caused the spindle to be centrally located in the oocyte without
migrating to the cortical region, consequently preventing the formation of the actin cap. Further
investigation revealed that Sirt5 inhibition notably diminished the expression of phosphorylated
cofilin and profilinl, while increasing cytoplasmic F-actin levels. These findings suggest that Sirt5
inhibition during oocyte maturation adversely affects spindle assembly and chromosome align-
ment and disrupts actin dynamics impairing spindle migration and contributing to the failure of
symmetric oocyte division and maturation.

* Corresponding author. Reproductive Medicine Center, Department of Obstetrics and Gynecology, The First Affiliated Hospital of Anhui Medical
University, No.218 Jixi Road, Hefei, 230022, China.
** Corresponding author. Reproductive Medicine Center, Department of Obstetrics and Gynecology, The First Affiliated Hospital of Anhui Medical
University, No.218 Jixi Road, Hefei, 230022, China.
E-mail addresses: dingzhimingl0@163.com (Z. Ding), caoyunxia5972@ahmu.edu.cn (Y. Cao).
1 These authors contribute equally and should be considered as co-first authors.

https://doi.org/10.1016/j.heliyon.2024.e32466
Received 25 January 2024; Received in revised form 21 May 2024; Accepted 4 June 2024

Available online 5 June 2024
2405-8440/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:dingzhiming10@163.com
mailto:caoyunxia5972@ahmu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e32466
https://doi.org/10.1016/j.heliyon.2024.e32466
https://doi.org/10.1016/j.heliyon.2024.e32466
http://creativecommons.org/licenses/by-nc/4.0/

C. Ma et al. Heliyon 10 (2024) 32466

1. Introduction

Ovarian aging is characterized by a reduction in both the quantity and quality of oocytes [1]. Notably, oocytes from aged ovaries
are more prone to meiotic errors, leading to a higher incidence of aneuploidy in eggs, which consequently results in embryonic
aneuploidy and stunted embryonic developmental potential [2]. Unlike males, who have a continually renewing supply of sper-
matogonia, females have a finite ovarian reserve, which is susceptible to genetic mutations [3], endocrine disruptors [4], radiation
therapy and chemotherapy [5]. Therefore, the production of high-quality oocytes capable of undergoing precise meiosis is of para-
mount importance for successful fertilization and subsequent embryonic development [6]. The accurate transmission of genetic in-
formation to the offspring through gametes necessitates precise chromosomal recombination and segregation during meiosis [7].
During fertilization, both the egg and the sperm should contribute precisely one copy of each chromosome to the embryo. However,
oocyte meiosis is more prolonged and complex compared with spermatogenesis, and chromosomal segregation errors are more likely,
leading to aneuploidy in the eggs. Substantial clinical data indicate that aneuploidy, primarily caused by aberrant oocyte meiosis, is a
leading cause of infertility, miscarriages, and congenital defects [8-10]. However, the regulatory mechanisms involved in oocyte
meiosis are not fully understood yet. Elucidating the regulatory mechanisms of oocyte meiosis and exploring potential molecular
targets for modulating oocyte meiosis carry significant practical importance.

Oocyte meiosis represents a unique form of asymmetric cell division, wherein most of the maternal components are retained in the
oocyte, resulting in the production of a highly polarized mature egg and a second polar body [11,12]. This asymmetric division is an
intricately orchestrated cellular event of great importance in fertilization and initial embryonic development [13]. It requires the
cytoskeleton, chromosomes, and an array of proteins to coordinate precisely within the oocyte to ensure accurate regulation [14]. The
migration and positioning of the meiotic spindle at the cortex of the oocyte are crucial for asymmetric division, with actin microfil-
aments assuming a vital role in spindle migration [15,16]. As the meiotic spindle forms near the center of the cell, actin microfilaments
accumulate around the periphery of the spindle and form actin flows, which facilitate spindle migration from the center to the cortex
[171. Actin filaments, initially evenly distributed in the oocyte cortex, become polarized during spindle migration. An actin cap forms
near the spindle, covering the spindle area [18,19]. After the spindle has positioned at the cortex, cortical myosin and actin collaborate
to form a contractile ring, which is instrumental in driving the asymmetric division of the oocyte [20,21]. Disruption of actin filaments
retards chromosome movement towards the spindle poles and hinders the proper alignment of chromosomes during separation [22].

Sirtuins (Sirts), a family of evolutionarily conserved nicotinamide adenine dinucleotide (NAD")-dependent enzymes, including
seven paralogs (Sirt1-7). These paralogs are defined by their unique terminal primary structures, which decide their varied subcellular
localizations [23]. Among them, Sirt5 is localized within both the mitochondria and cytosol. Extensive proteomic studies have
established that Sirt5 critically regulates lysine modifications, specifically malonylation, succinylation, and glutarylation [24].
Therefore, Sirt5 regulates cellular homeostasis, including critical metabolic pathways like fatty acid oxidation, the tricarboxylic acid
cycle, glycolysis, and nitrogen metabolism, by modulating the expression and activity of various enzymes through post-translational
modifications [25]. The involvement of Sirt5 in these diverse pathways suggests that its dysregulation may be linked to the devel-
opment of various disorders, such as cardiovascular and neurodegenerative pathologies, infectious diseases, metabolic disorders, and
cancers [26]. Despite these insights, the exact role of Sirt5 in cellular biology remains largely unclear. Emerging data suggest that
sirtuins are involved in ovarian aging and oocyte maturation. For instance, Sirt3 expression decreases in an age-dependent manner in
the ovary, and its deletion accelerates ovarian aging in mice. Furthermore, the abnormal function of Sirt3 contributes to the failure of
oocyte meiotic maturation [27]. Additional sirtuin proteins, namely Sirt2 and Sirt4, exert noteworthy functions in oocyte meiotic
maturation [28,29]. Although multiple studies have addressed the diverse roles of Sirt5 in various cellular processes, its specific role in
orchestrating meiotic maturation in mouse oocytes and the underlying mechanisms remain largely unknown.

This study aims to explore the functions of Sirt5 during mouse oocyte meiotic maturation. Our findings reveal a notable decrease in
Sirt5 protein levels in oocytes derived from aged mice. Significantly, we have identified previously uncharacterized roles of Sirt5 in
spindle organization and actin-mediated spindle migration during the maturation of mouse oocytes.

Table 1

Primary antibody and application parameters.
Primary antibodies Catalog number Manufacturer Dilution Rate

IF WB

FITC-a-Tubulin F2168 Sigma 1:200 /
SIRTS ab105040 Abcam 1:100 1:500
Cofilin (phospho S3) ab283500 Abcam 1:100 1:500
Profilin 1 ab124904 Abcam 1:100 1:500
N-WASP ab126626 Abcam 1:100 1:500
HRP-conjugated GAPDH ACO035 ABclonal / 1:2000
HRP-conjugated p-Actin AC028 ABclonal / 1:2000
Rhodamine Phalloidin RM02835 ABclonal 1:500 /
HRP Goat Anti-Rabbit IgG (H + L) AS014 ABclonal / 1:5000
HRP Goat Anti-Mouse IgG (H + L) AS003 ABclonal / 1:5000
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2. Materials and methods
2.1. Animals and ethics statement

Female Kunming (KM) mice (aged 3 weeks) were acquired from Jiangsu Huachuang Sino Pharmaceutical Technology Co., Ltd.
(Taizhou, China), while female KM mice (aged 2 months and 12 months) were obtained from Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). These animals were accommodated at the Experimental Animal Center of Anhui Medical University
under established conditions for mouse care and management. The protocols of this study were approved by the Animal Ethics
Committee of Anhui Medical University (Approval number: LLSC20232146).

2.2. Antibody information

The antibodies utilized in this investigation, as well as their corresponding methods of application, are detailed in Table 1.

2.3. Oocyte collection and in vitro culture

Following euthanasia via cervical dislocation, the ovaries of the mice were surgically removed, incubated in DMEM/F12
(11320033, Gibco) supplemented with 50 uM 3-isobutyl-1-methylxanthine, and mechanically disrupted. A 100-mM stock solution of
NRD167(CAS: 2166487-23-4, S9903, Selleck Chemicals), a selective Sirt5 inhibitor, was prepared in dimethyl sulfoxide (D8418,
Sigma). Morphologically regular germinal vesicle-stage (GV-stage) oocytes were collected under a stereomicroscope (SMZ745, Nikon)
and cultured in M16 medium (M7292, Sigma) containing 20, 40, or 60 pM of NRD167. and the control group contained an equal dose
of DMSO solvent only. The oocytes were cultured in an environment of 5 % CO» and saturated humidity.

2.4. Immunofluorescence staining

Excised ovaries were fixed in 4 % paraformaldehyde for 24 h. This process was followed by a series of steps involving washing,
dehydration, permeabilizing, embedding, and slicing to prepare tissue slides. The dewaxed tissue samples underwent antigen retrieval
using ethylenediamine tetraacetic acid (P0085, Beyotime). Non-specific antigens in the samples were blocked using 10 % donkey
serum.

Post-culture, the oocytes were immobilized and permeabilized, followed by blocking with 2 % bovine serum albumin. The sub-
sequent steps were common for both tissue samples and oocytes. The samples were probed overnight at 4 °C with primary antibodies in
a controlled-humidity chamber. Next, the samples were thoroughly washed thrice using phosphate-buffered saline, after which a
secondary antibody was introduced. The samples then underwent a 1-h incubation at 37 °C in a humidified chamber. After the washing
step, the slides were prepared for observation through mounting in an anti-fade solution containing 4'6-diamidino-2-phenylindole
(P0131, Beyotime). A confocal laser-scanning microscope (LSM 980 with Airyscan 2, ZEISS) and an upright fluorescence microscope
(Axioscope Al, ZEISS) were employed for imaging. Fluorescence intensity was analyzed using ZEN 3.8 or ImageJ software.

2.5. Western blot

Total protein was extracted from granulosa cells and oocytes in the ovary or oocytes cultured in vitro (n = 200) using RIPA lysis
buffer (P0013, Beyotime) supplemented with SDS-PAGE sample loading buffer (P0295, Beyotime). The protein samples were heat-
denatured at 95 °C for 10 min, electrophoretically separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
transferred to polyvinylidene difluoride membranes (IPVH00010, Millipore) with 0.45-pm pores. The membranes underwent a
blocking phase in 5 % bovine serum albumin for 2 h and a washing process, followed by an incubation with the primary antibodies.
Following another wash, the membrane underwent a 2-h incubation at an ambient temperature with secondary antibodies the next
day. The detection and densitometric evaluation of the immunoblots was performed using a chemiluminescence detection kit (P0018,
Beyotime), and the bands were visually documented using the Tanon 5200 image-capturing system (Tanon).

2.6. Real-time quantitative PCR

Total RNA was extracted using the RNAprep Pure Tissue Kit (DP431, TIANGEN). The primary steps involved lysing the tissue,
washing, purification, and dissolving RNA, followed by purity analysis. A ratio of optical densities at 260 nm and 280 nm between 1.8
and 2.1 indicated good-quality RNA. The synthesis of cDNA was accomplished utilizing the PrimeScript™ RT Reagent Kit-Perfect Real
Time (RR037, Takara). A 20-pL reaction mixture was prepared for quantitative PCR of the target gene, consisting of 7 pL of diethyl
pyrocarbonate-treated water, 1 pL of cDNA, 2 pL of primers, and 10 pL of LightCycler 480 SYBR Green I Master (04707516001, Roche).
The reaction was performed on the LightCycler® 96 system (Roche), with GAPDH serving as the internal control. The relative
expression levels of the target gene were determined through the 2 22¢T quantitative method. The sequence of the target gene was
obtained from the NCBI database, and the primers were designed using PrimerBank. The primer sequences were as follows: Sirt5-
Forward (F): 5-CCAGTTGTGTTGTAGACGAAAGC-3, Sirt5-Reverse (R): 5-TTCCGAAAGTCTGCCATATTTGA-3, Gapdh-F: 5-
AGGTCGGTGTGAACGGATTTG-3', and Gapdh-R: 5-GGGGTCGTTGATGGCAACA-3'.
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Fig. 1. Expression and localization of Sirt5 in mouse oocytes.

(A) Fluorescence images showing the expression of Sirt5 in young (2-month) and aged (12-month) ovaries. Green, Sirt5; Blue, nucleus; yellow
dashed line is magnified area; scale bar = 20 pm. (B) Analysis of Sirt5 fluorescence intensity in secondary and sinusoidal follicles from young and
aged ovaries (young, n = 35; aged, n = 15). **** p < 0.0001. (C) Relative mRNA expression levels of Sirt5 in young and aged ovaries. ****, p <
0.0001. (D) Western blots of Sirt5 in young and aged ovaries. (E) Statistical analysis of relative protein expression levels of Sirt5 in young and aged
ovaries. ****, p < 0.0001. (F) Expression of Sirt5 at different stages of oocyte development. (G) Fluorescence images depicting the localization of
Sirt5 in oocytes at various developmental stages. GV, germinal vesicle; GVBD, germinal vesicle breakdown; MI, metaphase I; Al, anaphase I; TI,
telophase I; MII, metaphase II. Green, Sirt5; Violet, nucleus; Scale bar = 20 pm.

2.7. Statistical analysis

A minimum of three independent experiments were conducted in this study. Data were represented as the mean + standard de-
viation. Data were analyzed and plotted using GraphPad Prism 9. Statistical significance was evaluated using independent sample t-
tests and analysis of variance. A p-value less than 0.05 was indicative of statistical significance.

3. Results
3.1. Expression and localization of Sirt5 in mouse oocytes

To examine the relationship between Sirt5 expression and oocyte quality, the ovaries of 2-month-old and 12-month-old female
mice were subjected to immunofluorescence staining (Fig. 1A). Lack of undeveloped follicles (primordial and primary follicles) in

aging ovaries, thus, the fluorescence intensity of Sirt5 in oocytes from secondary follicles and sinusoidal follicles was statistically
analyzed. The fluorescence intensity of Sirt5 was markedly reduced in the oocytes of 12-month-old mice ovary (Fig. 1B). Sirt5 was
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Fig. 2. Inhibition of Sirt5 leads to failure of oocyte meiotic maturation.

(A) Images of oocytes cultured in vitro for 14 h from two groups (Control and Sirt5 inhibitor-treated). Black dotted line indicates the magnified area.
Scale bar = 100 pm. (B) Analysis of GVBD rates in oocytes cultured in vitro for 3 h in gradient concentrations of Sirt5 inhibitor (Control,n = 128; 20
pM, n = 128; 40 pM, n = 137; 60 pM, n = 127). ns, no significant. (C) Analysis of PBE rates in oocytes cultured for 14 h in gradient concentrations of
Sirt5 inhibitor (Control,n = 128; 20 pM, n = 128; 40 pM, n = 137; 60 pM, n = 127). **** p < 0.0001. (D) Western blots of oocytes from two groups
cultured in vitro for 8 h. (E) Statistical analysis of the relative expression levels of Sirt5 in oocytes from two groups. ***, p < 0.001. (F) Repre-
sentative fluorescence images of oocytes at major stages of the first meiotic division. Green, a-tubulin; Red, chromosomes. Scale bar = 20 pm. (G)
Statistical analysis for cell cycle arrest of oocytes from both groups after 14 h of culture (Control, n = 95; iSirt5, n = 117). ns, no significant; **, p <
0.01; ***, p < 0.001; GV, germinal vesicle; GVBD, germinal vesicle breakdown; MI, metaphase I; Al, anaphase I; TI, telophase I; MII, metaphase II.
PBE, polar body extrusion.

significantly downregulated at both the mRNA (Fig. 1C) and protein levels (Fig. 1D and E; Supplementary Fig. S2A) in the ovaries of
12-month-old mice. Subsequently, we examined the expression of Sirt5 at different stages of oocyte meiotic maturation to understand
its role in mouse oocytes. Mouse oocytes were collected after 0, 3, 8, and 14 h of culture, representing the stages of GV, GV breakdown,
metaphase I, and metaphase II. Western blot analysis revealed that Sirt5 was stably expressed throughout all the stages of meiotic
division (Fig. 1F and Supplementary Fig. S2B). Subsequently, the localization of Sirt5 was evaluated during various stages of meiotic
maturation in mouse oocytes, negative control excluded non-specific staining by Sirt5 antibodies (Supplementary Fig. S1). Immu-
nofluorescence results indicated that Sirt5 was localized in both the cytoplasm and the nucleus during the GV stage but predominantly
in the cytoplasm during the following stages (Fig. 1G). These findings suggest that Sirt5 may render notable effects on oocyte
maturation and be involved in the age-related decline in oocyte quality.

3.2. Sirt5 inhibition leads to failure of oocyte meiotic maturation

This study proceeded to clarify the function of Sirt5 in mouse oocytes using the specific inhibitor NRD167 [30]. Sirt5 inhibition did
not significantly affect the rate of GV breakdown after 3 h of culture (Fig. 2B), indicating that Sirt5 did not affect the resumption of
meiosis. However, compared with control oocytes, Sirt5 inhibition markedly reduced the proportion of oocytes undergoing polar body
extrusion (Fig. 2A and C). Western blot confirmed that treatment with NRD167 restricted the expression of Sirt5 (Fig. 2D and E;
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Fig. 3. Inhibition of Sirt5 causes abnormal spindle assembly and chromosome misalignment in oocytes.

(A) Immunofluorescence images of spindles and chromosomes in MI-stage (in vitro incubation for 8 h after release from prophase arrest) oocytes
from two groups (Control and Sirt5 inhibitor-treated). Green, a-tubulin; Red, chromosomes. Scale bar = 20 pm. (B) Analysis of the proportion of
abnormal spindles in MI-stage oocytes from both groups (Control, n = 108; iSirt5, n = 116). **, p < 0.01. (C) Analysis of spindle length in MI-stage
oocytes from both groups (Control, n = 36; iSirt5, n = 42). ****, p < 0.0001. (D) Analysis of spindle width in MI-stage oocytes from both groups
(Control, n = 36; iSirt5, n = 42). ****, p < 0.0001. (E) Analysis of spindle area in MI-stage oocytes from both groups (Control, n = 36; iSirt5, n =
42). **** p < 0.0001. (F) Analysis of the ratio of spindle width to length in MI-stage oocytes from both groups (Control, n = 36; iSirt5, n = 42). ns,

no significant. (G) Analysis of the proportion of MI-stage oocytes with abnormal chromosome alignment from both groups (Control n = 108; iSirt5,

n=116). **, p < 0.01. (H) Analysis of chromosome width in MI-stage oocytes from both groups (Control, n = 36; iSirt5, n = 42). ****, p < 0.0001.

(I) Analysis of the ratio of chromosome width to spindle length in MI-stage oocytes from both groups (Control, n = 36; iSirt5, n = 42). *, p < 0.05.

MI, metaphase L.

Supplementary Fig. S2C). Subsequently, we examined the cell cycle entry of oocytes following Sirt5 inhibition. After 14 h of culture,
most control oocytes had progressed to the metaphase II stage, whereas Sirt5-inhibited oocytes were arrested in the metaphase I stage
(Fig. 2F and G). These findings implicate Sirt5 in the regulation of oocyte meiotic maturation.

3.3. Sirt5 inhibition causes abnormal spindle assembly and chromosome misalignment in oocytes

Proper spindle assembly is crucial for oocyte meiotic maturation. Given that Sirt5 inhibition induced oocyte arrest at the metaphase
I stage, we evaluated the meiotic spindle morphology following Sirt5 inhibition. Control oocytes exhibited typical barrel-shaped
spindles with accurately aligned chromosomes at the metaphase I stage (Fig. 3A). In contrast, Sirt5-inhibited oocytes displayed a
prominently higher percentage of spindle abnormalities and severely misaligned chromosomes compared to the control group (Fig. 3A
and B). Furthermore, percentage of chromosome misalignment, the length (Fig. 3C), width (Fig. 3D), and area (Fig. 3E) of spindles in
Sirt5-inhibited oocytes were notably increased, although the ratio of spindle width to length (Fig. 3F) showed no significant difference.
Concurrently, the percentage of chromosome misalignment (Fig. 3G), the chromosome width (Fig. 3H), and the ratio of chromosome
width to spindle length (Fig. 3I)were markedly higher in Sirt5-inhibited oocytes than in control oocytes. These data indicate that Sirt5
inhibition notably disrupts spindle assembly and chromosome alignment in oocytes.

3.4. Sirt5 inhibition leads to failure of spindle migration

Intriguingly, the inhibition of Sirt5 led to defects in the asymmetric division of oocytes, resulting in the formation of abnormally
large polar bodies (Fig. 4A). The rate of large polar body formation was significantly elevated in Sirt5-inhibited oocytes relative to



C. Ma et al. Heliyon 10 (2024) 32466

>
w
m
n

DMSO iSirts
100 0.5 100
3 ©— 4
S g§80 dokk o sk ok ok .BASO
1 > £ £
° / ™ [ © © © [t
9 { : { e< e €0 EET T
® ans ; £ 502 Qa0
) 4 =i < £2
& - 582 —Toa 3220
= < <
= 0 .0 — 0 —
Control iSirt5 Control iSirt5 Control iSirt5
C Pattern diagram of spindle migration D | oNa b oTubdlin | Merge |

<

|
|
|
|
|
=&
|
|
|
Diameter(D) :

Intermediate line

Fig. 4. Inhibition of Sirt5 leads to failure of spindle migration.

(A) Representative images of PBE in MII-stage oocytes from two groups (Control and Sirt5 inhibitor-treated). Scale bar = 20 pm. (B) Analysis of the
proportion of abnormal large polar bodies in MII-stage oocytes from both groups (Control, n = 105; iSirt5, n = 109). ***, p < 0.001. (C) Schematic
representation of spindle polar migration in MI-stage oocytes. Green, spindle; Blue, chromosomes. (D) Fluorescence images showing the location of
the spindle in MI-stage (in vitro incubation for 8 h after release from prophase arrest) oocytes from both groups. The yellow dotted line indicates the
median axis of the oocyte. Green, a-tubulin; Red, chromosomes. Scale bar = 20 pm. (E) Statistical analysis of the length-to-diameter ratio (L/D) in
MI-stage oocytes from both groups (Control, n = 38; iSirt5, n = 44). ****, p < 0.0001. (F) Analysis of the proportion of MI-stage oocytes from both
groups that completed polar spindle migration (Control, n = 119; iSirt5, n = 133). **** p < 0.0001. MI, metaphase I; MII, metaphase II.

control oocytes (Fig. 4B). Spindle migration during oocyte maturation was critical for polar body formation (Fig. 4C). To investigate
the mechanism underlying the formation of enlarged polar bodies, we studied the position of the spindle in metaphase I oocytes
following Sirt5 inhibition. After 9 h of culture, most of the spindles in Sirt5-inhibited oocytes remained centrally located as compared
to their cortical migration in control oocytes (Fig. 4D). To verify this observation, we quantified the distance from the spindle pole to
the cortex (Length, L) relative to the diameter (D) of the oocyte (Fig. 4E), which allowed us to classify the spindles as either centrally or
cortically positioned. The L/D ratio, indicative of spindle migration to the cortex, was substantially higher in Sirt5-inhibited oocytes
compared with control oocytes (Fig. 4F). These observations reveal that Sirt5 mediates spindle migration, which is essential for the
asymmetric division of oocytes.

3.5. Sirt5 inhibition disrupts profilin—cofilin signaling-mediated actin dynamics

Disruption of spindle migration hindered the formation of the actin cap, which is a critical feature of oocyte polarization. In the late
metaphase I stage, control oocytes exhibited a prominent actin cap, while this structure was notably absent in the oocytes with Sirt5
inhibition (Fig. 5A). The quantitative assessment indicated a significant reduction in the percentage of oocytes with an actin cap in
oocytes from the Sirt5-inhibited group relative to those in the control group (Fig. 5B). To delve deeper into the cause behind the spindle
positioning defects, we analyzed the distribution of actin filaments following Sirt5 inhibition in the metaphase I stage. The results
demonstrated that actin filament signals were notably elevated in Sirt5-inhibited oocytes (Fig. 5C-E). Statistical analysis indicated that
the intensity of cytoplasmic actin fluorescence was markedly higher in Sirt5-inhibited oocytes compared with control oocytes (Fig. 5F).
Similarly, cortical actin fluorescence intensity was significantly enhanced following Sirt5 inhibition (Fig. 5G). Thus, we focused on
assessing the impact of Sirt5 on actin dynamics during oocyte meiosis.

Dynamic remodelling of the F-actin network in the cortex and cytoplasm is present during oocyte maturation. Profilin regulates
actin polymerization, whereas Cofilin is an actin depolymerisation factor and together regulate actin dynamics remodelling. Inter-
ference with Profilin 1 and Cofilin function during oocyte maturation causes defects in spindle migration and polar body extrusion [31,
32]. Neural Wiskott-Aldrich syndrome protein (N-WASP) regulates the cortical cytoskeletal rearrangement, and N-WASP deletion
impair midbody formation and second meiosis completion [33]. Western blot analysis indicated that the expression levels of profilin
and phosphorylated cofilin were attenuated following Sirt5 inhibition (Fig. 5H, I and J; Supplementary Fig. S2D). However, the
expression of N-WASP was unchanged after Sirt5 inhibition (Fig. 5H and K), suggesting that actin enhancement due to Sirt5 inhibition
was not mediated by N-WASP-mediated actin assembly. These findings suggest that Sirt5 might influence the profilin—cofilin signaling
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pathway for actin dynamics in mouse oocytes.
4. Discussion

Oocyte quality is an indicator of female reproductive health and is crucial for embryonic development and deciding the outcomes of
pregnancy [1]. Upon achieving both nuclear and cytoplasmic maturation, fully developed oocytes attain the capacity for fertilization
and can subsequently support embryonic growth [34]. Oocyte maturation is influenced by numerous intra- and extra-ovarian factors.
In most mammals, the quality of oocytes declines with maternal age. Defects in oocyte meiosis can dramatically increase the incidence
of infertility, miscarriages, and congenital anomalies [35]. Although numerous molecules and pathways have been proposed to
counteract the age-associated defects in oocyte meiosis [36], the mechanistic underpinnings orchestrating meiosis still require detailed
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Fig. 5. Inhibition of Sirt5 disrupts profilin—cofilin signaling-mediated actin dynamics.

(A) Fluorescence images showing the distribution of F-actin in MI-stage (GVBD + 6 h), Al-stage (GVBD + 8 h) and MII-stage (GVBD + 10 h) oocytes
from two groups (Control and Sirt5 inhibitor-treated). Phalloidin (Red) as a specific stain for F-actin. Bule, chromosomes. White arrow indicates F-
actin cap structure. Scale bar = 20 pm. (B) Analysis of the proportion of oocytes forming F-actin cap structures after 8, 9, and 10 h of in vitro culture
in both groups (8 h: Control, n = 86; iSirt5, n = 88; 9 h: Control, n = 82; iSirt5, n = 82; 10 h: Control, n = 94; iSirt5, n = 101). ***, p < 0.001; ****,
p < 0.0001. (C) Distribution of F-actin in oocytes from both groups, with magnified views. Yellow dashed lines pass through cap structures and
spindle areas. 1 and 2 indicate F-actin distribution on the cell membrane; 3 indicates F-actin distribution in the cytoplasm around the spindle. Scale
bar = 20 pm. (D) Line graph of F-actin intensity in control group oocytes, with a green line indicating the average value of F-actin in the cytoplasm.
(E) Line graph of F-actin intensity in Sirt5-inhibited oocytes, with a green line indicating the average value of F-actin in the cytoplasm. (F) Statistical
analysis of cytoplasmic F-actin intensity in MI-Stage (GVBD + 6 h) oocytes from both groups (Control, n = 27; iSirt5, n = 24). **, p < 0.01. (G)
Statistical analysis of cortical F-actin intensity in MI-Stage (GVBD + 6 h) oocytes from both groups (Control, n = 27; iSirt5, n = 24). *** p < 0.001.
(H) Western blots of N-Wasp, p-Cofilin, and Profilin 1 in oocytes cultured in vitro for 8 h from both groups. (I) Analysis of relative expression levels
of p-cofilin in oocytes from both groups. **, p < 0.01. (J) Analysis of relative expression levels of profilin in oocytes from both groups. *, p < 0.05.
(K) Analysis of relative expression levels of N-WASP in oocytes from both groups. ns, no significant. MI, metaphase I; Al, anaphase I; MII, meta-
phase II.

elucidation. In this study, we observed that Sirt5 expression was reduced in the oocytes of aging mice, suggesting a potential link
between the age-associated decline in oocyte quality and Sirt5 expression. Consequently, we endeavored to investigate the role and
mechanisms of Sirt5 in the meiotic maturation of mouse oocytes.

Our results demonstrated that Sirt5 was expressed at all stages of meiosis in mouse oocytes. To clarify the functional relevance of
Sirt5 in oocyte meiosis, we utilized a specific Sirt5 inhibitor to diminish its activity. Sirt5 inhibition did not affect the resumption of
meiosis but led to the failure of polar body extrusion. Further cell cycle entry analysis suggested that Sirt5 deficiency resulted in a
decrease in the number of mature oocytes and a concurrent increase in the number of oocytes arrested at the metaphase I stage. These
findings imply that Sirt5 confers a crucial regulatory role in oocyte meiosis.

Precise spindle assembly is pivotal for the correct segregation of chromosomes in meiosis and the generation of healthy oocytes
[16]. Errors at any stage of spindle assembly and chromosomal alignment can lead to the production of aneuploid oocytes, which in
turn may result in aneuploid embryos, causing embryo implantation failure and early pregnancy loss [8,9]. The fertilization of
aneuploid human oocytes substantially contributes to pregnancy loss, and if the pregnancy proceeds to full term, it can result in
developmental abnormalities. One of the reasons for the decline in oocyte quality in older women is the increasing prevalence of
spindle and chromosomal defects with advancing maternal age [9,37,][38]]. Aberrant spindle formation and chromosome
misalignment can activate the spindle assembly checkpoint, which halts cell cycle progression [39]. Therefore, to elucidate the causes
of cell cycle arrest, we examined spindle morphology and chromosome alignment. Sirt5 inhibition led to spindle malformation and
abnormal chromosome alignment. Therefore, the downregulation of Sirt5 may contribute to the decline in oocyte quality in older
women.

In female animals, oocytes undergo asymmetric cytokinesis, producing a smaller first polar body and a larger oocyte that retains as
much maternal material and energy as possible for early embryonic development [40]. We observed an interesting phenomenon in this
study: Sirt5 inhibition not only prevented the release of the first polar body, but also resulted in the formation of large polar bodies.
Hence, we hypothesize that Sirt5 might be implicated in the asymmetric cytoplasmic division of oocytes. The highly asymmetric
division of oocytes largely depends on oocyte polarization, which is governed by several mechanisms, including the migration and
anchoring of spindles, coupled with cortical restructuring [41,42]. Spindle migration was disrupted in Sirt5-inhibited oocytes,
characterized by the continuous central location of the spindle within the cytoplasm. Therefore, Sirt5 is a crucial regulatory factor in
spindle migration and asymmetric division during the meiotic maturation of mouse oocytes.

In mammalian oocytes, actin is actively involved in the asymmetric positioning of the spindle and in cortical polarization. Addi-
tionally, it serves as the fundamental driver of spindle dynamics and is critical for the asymmetric division of oocytes [11,43]. Sirt5
inhibition impeded the formation of an actin cap within oocytes, while the amount of cytoplasmic actin increased, suggesting that
microfilament function may be affected. Defects in the microfilament cytoskeleton could be another significant reason for the meiotic
arrest of oocytes induced by Sirt5 inhibition. Following this, our investigation focused on delineating the regulatory influence of Sirt5
on the assembly of actin in oocytes. Profilinl, a small actin-binding protein, is implicated in the regulation of actin assembly [44]. In
oocytes, profilinl is located around the meiotic spindle and co-localizes with cytoplasmic actin, organizing the dynamic cytoplasmic
actin network and mediating spindle migration towards the cortex [45]. Knockout of profilinl leads to increased actin polymerization
in both the cell membrane and cytoplasm [45]. We found that Sirt5 inhibition decreased profilinl expression and increased actin
fluorescence signals at the cell membrane and cytoplasm, suggesting that Profilin 1 is critically involved in the microfilament defects
induced by Sirt5 inhibition. Effective disassembly of actin during oocyte maturation is crucial for asymmetric division [31,46]. The
enhanced actin levels in the cell membrane and cytoplasm led us to speculate whether actin depolymerisation was also impaired
following Sirt5 inhibition [31]. Cofilin is a member of the actin depolymerisation factor family with actin filament cleavage activity.
And Regulation of Cofilin activity occurs primarily through inhibitory phosphorylation of Ser3 [31]. In addition, several studies have
reported that reduced p-Cofilin is associated with spindle migration failure and symmetric division of oocytes [47,48]. We examined
the expression of p-Cofilin. Sirt5 inhibition diminished the levels of phosphorylated Cofilin, while the expression of the actin nucleator
nuclear Wiskott-Aldrich syndrome protein remained unchanged. Thus, Sirt5 regulates actin dynamics by affecting the level of the
phosphorylated Cofilin and Profilin 1, subsequently controlling spindle migration and asymmetric cytokinesis. It is important to note
that failure of spindle migration leads not only to unequal cytoplasmic division, but also to an inability of the cytoplasm to divide, and
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Diagram of the roles of Sirt5 during oocyte maturation

Sirt5 iSirt5
Profilin 1 Profilin 1
p-Cofilin p-Cofilin

Fig. 6. Diagram of the roles of Sirt5 during oocyte maturation.

Profilin 1 and p-Cofilin are involved in the dynamic remodelling of the F-actin network in the cortex and cytoplasm during oocyte maturation. In
vitro culture, inhibition of Sirt5 in oocytes causes disruption remodelling of F-actin in the cortex and cytoplasm, leading to defects in spindle
migration and polar body extrusion.

ultimately to oocyte blockage during the MI stage.

In summary, our data suggest that Sirt5 inhibition during oocyte maturation disrupts actin dynamics by affecting the level of the
phosphorylated Cofilin and Profilin 1, impairing spindle migration, which ultimately leads to equal division and maturation failure in
oocytes (Fig. 6).
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