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A B S T R A C T

Aims: Sirtuins have been implicated in the aging process, however, the functions of SIRT2 in post-maturation
aging of oocytes are not fully understood. The purpose of the present investigation was to assess the roles of
SIRT2 in aged oocytes and mechanisms involved.
Main methods: The fresh MII oocytes were aging in vitro, and treated with SIRT2 inhibitor (SirReal2), autophagy
activator (Rapamycin), and autophagy inhibitor (3-Ma) for 24 h, respectively. Oocyte activation, cytoplasmic
fragmentation, and spindle defects, mitochondrial distribution, ROS levels, ATP production, mitochondrial
membrane potential, and early apoptosis were investigated. Western blotting was performed to determine LC3-II
accumulation, SQSTM1 degradation, and caspase-3 activity.
Key findings: SIRT2 expression gradually decreased in a time-dependent manner during oocyte aging. Treatment
with SirReal2 significantly increased the rates of oocyte activation, cytoplasmic fragmentation, and spindle
defects. In particular, the high ROS levels, abnormal mitochondrial distribution, low ATP production, and lost
ΔΨm were observed in SirReal2-exposed oocytes. Further analysis revealed that LC3-II accumulation and
SQSTM1 degradation were induced by SIRT2 inhibition. By performing early apoptosis analysis showed that
oocyte aging was accompanied with cellular apoptosis, and SIRT2 inhibition increased apoptosis rates of aged
oocytes. Importantly, upregulating autophagy with Rapamycin could mimic the effects of SIRT2 inhibition on
apoptosis by increasing caspase-3 activation, whereas downregulating autophagy with 3-MA could abolish those
effects by blocking caspase-3 activation.
Significance: Our results suggest that SIRT2 inactivation is a key mechanism underlying of cellular aging, and
SIRT2 inhibition contributes to autophagy-dependent cellular apoptosis in post-maturation oocytes.

1. Introduction

Mammalian oocytes are arrested at meiotic metaphase (MII) stage
after maturation in vivo or vitro. If no fertilization or artificial activa-
tion occurs for a prolonged period, MII oocyte will undergo a time-
dependent process of aging, referred to as post-maturation aging [1,2],
which results in abnormal spindle morphology [3], mitochondrial
dysfunction [4], elevated reactive oxygen species (ROS) levels [1]. The
aging-induced impairment for oocytes has marked detrimental effects
on fertilization and embryo development [5], even causes oocyte
apoptosis [6]. However, mechanisms for post-maturation oocyte aging
are still largely unknown.

There are seven Sirtuin family members in mammals that are di-
vided into 4 classes: class I, including SIRT1, SIRT2, and SIRT3; class II,
SIRT4; class III, SIRT5; and class IV, SIRT6 and SIRT7 [7,8]. Recently,
the role of Sirtuins in the regulation of female reproductive functions
has emerged, especially as regards the importance that Sirtuins can
have in modulating reproductive aging. SIRT1 involves in the in-
flammatory response of bovine embryos [9], and decides the quality of
aged pig oocytes [10]. SIRT3 deficient has been associated with a lower
active deacetylated glutamate dehydrogenase (GDH) form, which alters
the metabolism of follicle cells during aging [11]. SIRT4 overexpression
causes metabolic dysfunction in oocytes, whereas SIRT4 deletion alle-
viates the deficient phenotypes of oocytes from aged mice [12]. SIRT6
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knockout mice show the defects in a premature aging phenotype [13].
SIRT7 knockdown adversely affects oocytes maturation via disrupting
redox homeostasis and cytoskeletal organization [14]. To date, SIRT2
has been linked to the regulation of oocyte meiosis via its deacetylation
targets [15]. A recent report shows that SIRT2-BubR1 acetylation
pathway can ameliorate the defective phenotypes of oocytes from aged
mice [16]. These findings emerge that SIRT2 may mediate post-ma-
turation aging of oocytes; however, the potential functions for SIRT2 on
this topic have not been reported.

Autophagy is a highly conserved protein catabolic process by which
cytoplasmic contents or organelles are delivered to the lysosome for
digestion within a double-membrane autophagosome [17]. Autophagy
has been found to be implicated in development of mouse embryos [18]
and bovine embryos [19], maturation of porcine oocyte [20]. Autop-
hagy is recognized as an important regulatory mechanism for cell
apoptosis, special in unfavorable growth conditions [21]. Escobar-
Sánchez et al. [22] demonstrated that apoptosis and autophagy markers
are present in all phases of the estrous cycle contained dying oocyte,
suggesting that there is a close relationship between apoptosis and
autophagy in oocytes. Interestingly, the recent studies show that SIRT2
knockdown increases basal autophagy in multiple cells [23,24]. Fur-
thermore, autophagy is one of the hallmarks of aging, which is observed
in post maturation aging of mouse oocytes [25]. These findings hint
that a redundancy of function might exist between SIRT2 and autop-
hagy in apoptosis of aged oocytes.

The aim of this study was to investigate SIRT2 functions in aging of
oocyte and mechanisms involved. Based on these investigations, we
revealed that SIRT2 inactivation aggravates oocyte aging by increasing
the ROS levels, mitochondrial dysfunction, spindle defects, autophagy
levels. In particular, for the first time, we found that SIRT2 inhibition
induced apoptosis by upregulating autophagy during post-maturation
oocyte aging.

2. Materials and methods

2.1. Antibodies and chemicals

Rabbit polyclonal anti-SIRT2 (Cat#: 19655-1-AP), mouse mono-
clonal anti-α-tubulin (Cat#: 66031-1-Ig), and rabbit polyclonal anti-
SQSTM1 (Cat#: 18420-1-AP) antibodies were purchased from
Proteintech Group Inc. (Wuhan, China). Rabbit polyclonal anti-LC3
(Cat#: 3868) antibody was purchased from cell signaling technology
(Danvers, MA, USA). Rabbit polyclonal anti-cleaved-caspase-3(Cat#:
ab49822), rabbit monoclonal anti-pro-caspase-3(Cat#: ab 32150), and
rabbit monoclonal anti-GAPDH (Cat#: ab181603) antibodies were
purchased from Abcam (Cambridge, UK). SirReal2 (Cat#: S7845),
Rapamycin (Cat#: S1039), and 3-Methyladenine (3-MA) (Cat#: S2767)
were purchased from Selleck chemicals (Houston, TX, USA). Unless
otherwise indicated, the other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. In vitro maturation and treatment

Bovine ovaries were collected from a local abattoir (Shaanxi,
China), and transported to the laboratory within 8 h in phosphate-
buffered saline (PBS) containing penicillin (100 IU/mL) and strepto-
mycin (100mg/mL) at 27–30 °C. The cumulus-oocyte complexes
(COCs) with three or more layers of cumulus cells were chosen for in
vitro maturation (IVM). After washing three times, approximately 50
COCs was cultured for 24 h in 750 μL of IVM medium at 38.5 °C in 5%
CO2. The IVM medium was TCM-199, supplemented with 10% (v/v)
fetal bovine serum (FBS), 1% (v/v) ITS (Contains 1.0 mg/mL re-
combinant human insulin, 0.55mg/mL human transferrin, and 0.5 μg/
mL sodium selenite at the 100 x concentration), 0.1 IU/mL human
menopausal gonadotropin (HMG), 0.2 mM sodium pyruvate, 10 ng/mL
epidermal growth factor, 0.2 IU/mL follicle-stimulating hormone

(Ningbo Second Hormone Factory, Ningbo, China), 2 μg/mL 17β-es-
tradiol, 100 IU/mL penicillin, and 100mg/mL streptomycin. After IVM,
cumulus cells were removed by hyaluronidase. Only oocytes with first
polar bodies were used for the experiments. To generate in vitro-aged
oocytes, the fresh MII oocytes were cultured in IVM medium, and
covered with mineral oil at 38.5 °C in 5% CO2 for 12, 24, 48 h, with
70% IVM medium being replaced every 12 h, respectively. According to
our previously report [26], the optimal concentration of 5 μM SirReal2
was used in this study, whereas 10 nM Rapamycin, and 5mM 3-MA
were obtained from previously published studies on post-maturation
oocyte aging [25]. To down or up regulate the activities of autophagy
and SIRT2, the fresh MII oocytes were incubated in IVM medium sup-
plement with SirReal2 (5 μM), Rapamycin (10 nM), 3-MA (5 μM) for
24 h, respectively. The control groups were treated with DMSO.

2.3. Activation of oocytes

According to previous studies [27,28], ethanol stimulus was used to
evaluate oocytes activation. For ethanol activation, the fresh MII or
aged oocytes were first treated with 5% (v/v) ethanol in IVM medium
for 5min at 38.5 °C. After washing three times, oocytes were incubated
for 6 h in IVM medium containing 2mM 6-dimethylamino purine (6-
DMAP) at 38.5 °C in 5% CO2. Then, the ethanol-activated oocytes were
cultured for 6 h. At the end of the activation culture, oocytes were
observed with inverted microscope for activation, and stained with
DAPI to show female pronucleus formation. As previous study de-
scribed [27,28], only those oocytes that had one or two pronuclei, or
two cells each having a nucleus, were considered activated.

2.4. Assessment of oocyte fragmentation

As previously described [27,29], oocytes with more than two
asymmetric cells were considered cytoplasmic fragmentation, whereas
oocytes with a clear moderately granulate cytoplasm and an intact first
polar body were un-fragmented. Oocytes were observed for morpho-
logical feature using a phase contrast microscope (Nikon, JP), and
percentages of cytoplasmic fragmentation were quantified in fresh, 24 h
aged, SirReal2-exposed 24 h aged, 48 h aged, and SirReal2-exposedb
48 h aged oocytes.

2.5. Determination of intracellular ROS

The fluorescent dye 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA; Beyotime, China) was used to evaluate intracellular ROS.
Briefly, oocytes were incubated for 30min at 38.5 °C in M199 supple-
mented with 10 μM DCFH-DA in the dark. After incubation, oocytes
were washed with M199 contained 0.1% (w/w) bovine serum albumin
(BSA) for removing redundant DCFH-DA, and then the green fluores-
cence was observed using a fluorescence microscope (Nikon, Japan)
with 460 nm UV filters. The fluorescence intensities of oocytes were
analyzed by Image-Pro Plus 6.0 software (Media Cybernetics, USA).

2.6. Evaluation of mitochondrial distribution

For mitochondrial staining, oocytes were incubated in M199 con-
taining 100 nM Mito-Tracker Green (Beyotime, China) in the dark at
38.5 °C for 30min. After washing with M199 contained 0.1% bovine
serum albumin (BSA), oocytes were observed with a confocal micro-
scope (Leica, Solms, Germany), and recorded according to a previously
described method [30,31]. The normal mitochondrial distribution
presented homogeneous mitochondrial that mitochondria are dis-
tributed throughout the cytoplasm. Whereas, no mitochondrial signals
are observed in some areas (such as in the central and/or peripheral
cytoplasm) of the cytoplasm, or/and mitochondria distribution is large,
heterogeneous clump distribution (clustering distribution); indicating
abnormal mitochondrial distribution. Then, percentages of normal
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mitochondrial distribution were quantified in oocytes.

2.7. Determination of intracellular ATP and ΔΨm

ATP fluorometric assay kit (Sigma, USA) was used to evaluate ATP
concentration of oocytes. Briefly, a pool of 100 denuded oocytes was
lysed with 20 μL of cell lysis reagent. According to kit's instructions,
50 μL of the appropriate reaction mix (containing 45.8 μL of ATP assay
buffer, 0.2 μL of ATP probe, 2 μL of ATP converter, 2 μL of developer
mix) were added to 20 μL of sample, and the standard solutions (0, 1.0,
2.5, 5.0, 7.5, and 10 pM of ATP) in the 96-well plates, respectively.
After incubating at room temperature for 30min, luminescence in-
tensity was immediately measured using a luminometer (BioTek, USA).
A six-point standard curve (0, 1.0, 2.5, 5.0, 7.5, and 10 pM of ATP) was
obtained for each series of analyses. Finally, the ATP concentration of
the samples was calculated using the formula derived from the standard
curve.

The JC-1 assay kit (Beyotime, China) was used to evaluate mi-
tochondrial membrane potential (ΔΨm). According to the manufac-
turer's instructions, oocytes were incubated in working solution con-
taining 10 μM JC-1 at 38.5 °C for 30min in the dark. The stained
oocytes were washed three times with JC-1 buffer solution, and imaged
immediately in green and blue fluorescence channels using a laser
scanning microscope (Leica, Solms, Germany). The red and green
fluorescence intensities were analyzed by Image-Pro Plus 6.0 software,
and ΔΨm was calculated as the ratio of red to green fluorescent pixels.

2.8. Annexin-V staining

Annexin V-fluorescein isothiocyanate (FITC) staining reagent
(Vazyme, China) was used for detecting early apoptosis of oocytes.
According to manufacturer's instructions, the washed oocytes were in-
cubated in 90 μL of blinding buffer contained 10 μL of Annexin V-FITC
for 10min at room temperature in the dark. Then the stained oocytes
were transferred to 4% paraformaldehyde for fixation for 1 h at room
temperature in the dark after washed in PBS containing 0.1% (v/v)
Polyvinyl alcohol (PVA). After fixation and washing, the DNA of oo-
cytes were stained using 4,6-diamidino-2-phenylindole (DAPI,
Beyotime). The oocytes were mounted, and the fluorescent signals of
green and blue were observed using a fluorescence microscope with
492–520 nm and 420–480 nm filters, respectively.

2.9. Immunofluorescence staining

Immunofluorescence assay was carried out to visualize spindles.
Denuded oocytes were washed in PBS containing 0.1% (v/v) PVA three
times, then fixed in 4% paraformaldehyde in PBS for 30min at room
temperature. After washing three times in PBS-PVA solution, oocytes
were permeabilized for 60min at room temperature in PBS containing
0.5% (v/v) Triton X-100. Then, the permeabilized oocytes were blocked
for 1 h at room temperature with QuickBlock™ blocking buffer
(Beyotime, China), and incubated with anti-α-tubulin monoclonal an-
tibodies (1:50) at 4 °C overnight. After washing three times, oocytes
were incubated for 1.5 h at room temperature in the dark with Alexa
Fluor 488-labeled goat anti-rabbit IgG (1:200). After chromatin staining
with DAPI, the stained oocytes were mounted and observed with Leica
confocal microscope (Leica, Germany). Fluorescence was detected with
492–520 nm (Alexa Fluor 488), 420–480 nm (DAPI) filters, respec-
tively, and the captured signals of spindle and chromosome were re-
corded as green, blue, respectively by LAS X software.

2.10. Quantitative real-time PCR

Total RNA of 50 oocytes was extracted with 6 μL of lysis buffer
(5 mM dithiothreitol, 2IU/μL RNase inhibitor, 1% NP-40). Then, the
first-strand complementary DNA (cDNA) was obtained using a RT

reagent kit with genomic DNA Eraser (Takara, Kusatsu, JP). The cDNA
of Sirtuins was performed quantitative real-time PCR using CFX96TM
Real-Time PCR (Bio-Rad, Hercules, CA, USA) with the SYBR Premix Ex
TaqII (2×) Reagent Kit (Takara, JP). The thermal cycling parameters
for real-time PCR were performed in our previously described protocol
[32]. The bovine-specific primers for Sirtuins were listed in Table 1.
Relative gene expression was calculated by the 2−ΔΔCt method.

2.11. Western blot analysis

A pool of 50 denuded oocytes of each group was lysed in 20 μL of
cold RIPA buffer (Beyotime, China), containing 50mM Tris pH 7.4，
150mM NaCl，1% Triton X-100，1% sodium deoxycholate，0.1%
SDS, 1mM PMSF. The denatured proteins were separated by 15% SDS-
PAGE gel, and transferred onto 0.2 μm PVDF membranes (Beyotime,
China) with transfer buffer (39mM glycine, 48mM Tris, 1% SDS, 20%
methanol, pH 8.3). After blocking with TBST (20mM Tris-HCl, 150mM
NaCl, 0.05% Tween 20), containing 5% (w/v) non-fat dry milk, the
membranes were incubated overnight at 4 °C with primary antibodies
(anti-LC3, 1:500; anti-SQSTM1, 1:500; anti-SIRT2, 1: 1000; anti-pro-
caspase-3, 1: 500; anti-cleaved-caspase-3, 1: 500; anti-GAPDH,
1:10,000), respectively. After washing, the membranes were incubated
for 1 h at room temperature with HRP-conjugated goat Anti-rabbit

Table 1
Sequences for primers used in quantitative real-time RT-PCR.

Gene name Primer sequences (5′–3′) GenBank accession No.

SIRT1 F:GGAGCAGATTAGTAAACGCCT NM_001192980
R:CTTTCATCCTCCATGGGTTC

SIRT2 F:CAACCTGGAGAAATACCGTCTT NM_001113531.1
R:CAGTCCTTTTTCCTTCAGCAG

SIRT3 F:GCATGGCGTTGTTTCCTCGT NM_001206669.1
R:TGTCACTTGAGGCACCAGCA

SIRT4 F:CCCCGCTTCCTCTATCTGA NM_001075785.1
R:GGGCTCTTTCTTCTGCCTAAT

SIRT5 F:ACTTCCTCCGTGGTCTATCC NM_001034295.2
R:GACTTTCCAGTATTTGGCTCAC

SIRT6 F:GCGGTCTACCCGAGGTCTTC NM_001098084.1
R:ACACCACACTGGAGGACTGC

SIRT7 F:AGCCTCTATCCCAGATTACCG NM_001075217.1
R:ACACCCGCACATATTCCCTA

GAPDH F:CACCCTCAAGATTGTCAGCA NM_001034034
R:GGTCATAAGTCCCTCCACGA

Fig. 1. The mRNA levels of Sirtuins were gradually decreased during oocytes
aging. The MII oocytes were aging for 12 h, 24 h, and 48 h in vitro. The ex-
pression of Sirt1, Sirt2, Sirt3, Sirt4, Sirt5, Sirt6, and Sirt7mRNA in fresh and aged
oocytes was evaluated by real time RT-PCR analysis. The mRNA level of the
control groups was arbitrarily set at 1.0, and that of the treatment groups was
estimated relative to the control value. IVA, in vitro aging. Data are expressed
as the mean ± SEM from three independent experiments. * p < 0.05, **
p < 0.01, ***p < 0.001, comparing the indicated groups.
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IgG(H+ L) (1:5000; Sungene Biotech, China). Then the membranes
were exposed to X-ray film with ECL Plus (Millipore, Burlington, MA,
USA), and band intensities were quantified with Quantity One software
(v. 4.52; Bio-Rad Laboratories).

2.12. Statistical analysis

All experiments were repeated at least three times unless specified
otherwise. Data were shown as mean ± standard error of the mean

(SEM). The differences between treatment groups were calculated with
the student's t-test using SPSS 20.0 statistical software (SPSS, Chicago,
IL, USA). A p value < 0.05 was considered as a statistically significant
difference.

(caption on next page)
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3. Results

3.1. Expression of Sirtuin family during oocytes aging

To investigate the possible connection between Sirtuins and post-
maturation aging of bovine oocytes, the mRNA expression levels of
Sirt1–7 were evaluated by RT-qPCR assays. As shown in Fig. 1, the
mRNA levels of Sirtuins except for Sirt7 were gradually decreased in a
time-dependent manner during oocyte aging. In particular, SIRT1,
SIRT2, and SIRT5 mRNA levels in vitro aged 48 h (IVA 48 h) were very
significantly lower than in those of fresh oocytes (p < 0.01, Fig. 1),
suggesting that they were strongly associated with the progression of
aging.

3.2. SIRT2 inhibition accelerates oocytes aging

To investigate the function of SIRT2 on post-maturation oocytes
aging, MII oocytes were exposed to 5 μM SirReal2 during IVA 24 h. As
shown in Fig. 2B, oocytes with a clear moderately granulate cytoplasm,
and an intact first polar body, were considered to be un-fragmented,
whereas oocytes with more than two asymmetric cells were considered
to be fragmented. As expected, the results showed that cytoplasmic
fragmentation was significantly induced by treatment with SirReal2 in
aged at 24 h, whereas treatment with SirReal2 hardly aggravated cy-
toplasmic fragmentation in aged at 48 h (Fig. 2 A, C), suggesting that
SIRT2 might prevent aging-induced abnormal morphology during the
early stage of aging. As shown in Fig. 2D, E, there was approximately
40% of activation rate in aged oocytes, which was significantly higher
than that of fresh oocytes. Interestingly, treatment with SirReal2 re-
sulted in a significantly increased of activation rate in aged at 24 h, but
not in aged at 48 h (Fig. 2E), indicating that SIRT2 inhibition accel-
erates oocytes aging. Oocyte aging is usually associated with spindle
defects. Therefore, we evaluated the spindle morphology in fresh,
aging, and SirReal2-treated oocytes. As shown in Fig. 2F, G, confocal
microscopy revealed that fresh MII oocytes displayed a typical barrel-
shaped spindle with well-aligned chromosomes on the equatorial plate
(with only 21.59 ± 5.15% abnormal spindle). However, the micro-
tubules of aged oocytes became gradually lost from the spindle
(Fig. 2F). Furthermore, the percentage of spindle defects of aged oo-
cytes was prominent higher in SirReal2-treated oocytes than that in
untreated oocytes (66.32 ± 10.22% VS 42.52 ± 4.79%, Fig. 2G).
Taken together, these results indicate that SIRT2 inhibition contributes
to post-maturation aging of oocytes.

3.3. SIRT2 inhibition aggravates oxidative stress and mitochondrial
dysfunction of aged oocytes

Oxidative stress has been considered a key mechanism underlying
cellular aging, so the ROS levels were evaluated in 24 h aged oocytes
treated with or without SirReal2. The results showed that the ROS

content of aged oocytes was significantly higher than that of fresh oo-
cytes (Fig. 3A, B). Furthermore, the accumulation of ROS in aged oo-
cytes was markedly aggravated by treatment with SirReal2 (Fig. 3A, B).
Mitochondria are also an important subcellular target of ROS-induced
cellular damage during aging. We next investigated whether SIRT2
inhibition affected mitochondrial dysfunction in aged oocytes. As
shown in Fig. 3C, mitochondria were evenly distributed throughout the
cytoplasm in fresh oocytes, whereas no mitochondrial signals in some
areas of the cytoplasm or/and clustering distribution were observed in
SirReal2-exposed aged oocytes. Importantly, the percentage of normal
mitochondrial distribution in the aged control group was significantly
higher than that of the SirReal2 treatment group (37.45 ± 5.85% VS
17.59 ± 2.22%, Fig. 3D). In the next step, mitochondrial membrane
potential (ΔΨm) was stained with the inner membrane potential dye
JC-1, and the ratio of red/green fluorescence was analyzed for ΔΨm.
Clearly, compared to aged oocytes, fresh oocytes showed the highest
ΔΨm (Fig. 3E, F). In addition, a significant decrease of ΔΨm was ob-
served in SirReal2-treated oocytes (Fig. 3E, F), indicating that SIRT2
inhibition results in low ΔΨm in aged oocytes. Furthermore, we mea-
sured the ATP levels in fresh, aging, and SirReal2-treated oocytes. Re-
sults showed that the ATP content was decrease during oocytes aging,
and treatment with SirReal2 in aged oocytes led to a ~50% reduction in
ATP content compared to untreated aged oocytes (Fig. 3G), suggesting
that SIRT2 inactivation may be a main cause of ATP reduction in aging
oocytes. Collectively, these data indicate that SIRT2 inhibition ag-
gravates the progression of oocytes aging by inducing oxidative stress
and mitochondrial dysfunction.

3.4. SIRT2 modulates autophagic activity of aged oocytes

Autophagy is one of the hallmarks of cellular aging. We next ex-
amined whether SIRT2 affected autophagic activity in aged oocytes. As
shown in Fig. 4A, B, the protein abundance of SIRT2 was decreased in a
time-dependent manner during oocyte aging, whereas LC3-II/LC3-I
ratio did not change significantly until IVA 48 h (Fig. 4 A, C). However,
the level of LC3-II was increased significantly from IVA 24 h to IVA 48 h
(Fig. 4A, D). SQSTM1, a well-known autophagic substrate, has been
shown to be degraded by autophagy, which was also decreased sig-
nificantly from IVA 24 h to IVA 48 h (Fig. 4A, E). These results showed
that the expression level of SIRT2 was closely correlated inversely with
autophagic activity during oocytes aging. To further confirm that SIRT2
regulates autophagic activity during aging, the MII oocytes were treated
with or without SirReal2, Rapamycin (autophagic activator), and 3-MA
(autophagic inhibitor) for 24 h, respectively. Compared to the control
group, western blot showed that a significant upregulation of LC3-II/
LC3-I ratio was observed in both SirReal2 and Rapamycin treated
groups, whereas the LC3-II/LC3-I ratio did not change between the 3-
MA-treated and control group (Fig. 4F, G). Treatment with SirReal2 or
Rapamycin significantly increased the level of LC3-II, which was de-
creased by 3-MA. Conversely, 3-MA positively regulated SQSTM1

Fig. 2. SIRT2 inhibition accelerated oocyte aging. (A) Representative images of oocyte morphology in fresh (a), 24 h aged (b), SirReal2-exposed 24 h aged (c), 48 h
aged (d), and SirReal2-exposed 48 h aged (e) oocytes. Scale bar, 300 μm or 200 μm. (B) Representative images of fragmentation of oocytes. Photograph (a) shows un-
fragmented oocyte with a clear moderately granulate cytoplasm and an intact first polar body. Photographs (b–e) show fragmented oocytes with more than two
asymmetric cells. Scale bars, 100 μm. (C) Percentages of cytoplasmic fragmentation in fresh (n=144), 24 h aged (n=143), SirReal2-exposed 24 h aged (n=140),
48 h aged (n=126), and SirReal2-exposed 48 h aged (n=132) oocytes were shown. (D) Representative images of oocyte activation in fresh (a), 24 h aged (b),
SirReal2-exposed 24 h aged (c), 48 h aged (d), and SirReal2-exposed 48 h aged (e) oocytes. Oocytes were stained with DAPI to show female pronucleus formation.
Scale bar, 300 μm. (E) Percentages of oocyte activation in fresh (n=140), 24 h aged (n= 144), SirReal2-exposed 24 h aged (n=148), 48 h aged (n=135), and
SirReal2-exposed 48 h aged (n=127) oocytes were shown. (F) Representative images of spindle morphologies and chromosome alignment in fresh (a), 24 h aged (b),
and SirReal2-exposed 24 h aged (c) oocytes. Oocytes were stained with α-tubulin antibody (green) to visualize the spindles, and counterstained with DAPI (blue) to
visualize DNA. Fresh oocytes presented typical spindle poles and well-aligned NDA at the metaphase plate (a). The microtubules of aged oocytes became gradually
lost from the spindle, and DNA misalignment was observed in aged oocytes (b). Spindle defects and DNA misalignment were observed in SirReal2-exposed 24 h aged
oocytes (c). Scale bars, 10 μm. (G) Quantification of spindle defects. Oocytes with disorganized spindles and misaligned chromosomes were the result of spindle
defects. The percentages of spindle defects in the fresh (n=142), 24 h aged (n= 143), SirReal2-exposed 24 h aged (n=134) oocytes were shown. Data are
expressed as the mean percentage ± SEM from three independent experiments were analyzed. * p < 0.05, ** p < 0.01, comparing the indicated groups. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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content, whereas treatment with SirReal2 or Rapamycin significantly
accelerated the degradation of SQSTM1. Collectively, these results in-
dicated that aging-induced deficiency of SIRT2 enhanced autophagic
activity during oocytes aging.

3.5. SIRT2 inhibition promotes apoptosis of aged oocytes via upregulating
autophagy

The Annexin V-FITC and ΔΨm assay were carried out to detect the
early apoptosis events during oocytes aging. The green fluorescent
circle located on the external cellular membrane of the oocyte was
defined as Annexin V positive, indicating early apoptosis; whereas only

a weak signal would be defined as negative (Fig. 5A). In addition, the
decrease of ΔΨm is a hallmark event for early apoptosis. As shown in
Fig. 5B, the early apoptosis rate was gradually increased in a time-de-
pendent manner during oocyte aging, suggested that oocyte aging is
accompanied by cellular apoptosis. We further studied the mechanism
underlying of apoptosis in aged oocytes. As shown in Fig. 5C, D, E, the
early apoptosis rate of IVA 24 h oocytes was induced by treatment with
SirReal2 or Rapamycin, whereas 3-MA inhibited apoptosis. Im-
portantly, the upregulation effect of SirReal2 on apoptosis was abol-
ished by 3-MA (Fig. 5C, E). These results supported that SIRT2 inhibi-
tion induced apoptosis of aged oocytes by increasing autophagic
activity. Unexpectedly, the stimulated effect of SirReal2 on activation

Fig. 3. Effects of SIRT2 on ROS levels and mitochondrial function in 24 h aged oocytes. (A) Representative images of dichloro-dihydro-fluorescein diacetate
(DCFH–DA) fluorescence (green) in fresh (a), aged (b), and SirReal2-exposed aged (c) oocytes. Scale bar, 200 μm. (B) Quantification of reactive oxygen species (ROS)
fluorescence intensity was analyzed with Image-Pro Plus software. (C) Representative images of mitochondrial distribution patterns visualized with the mito-tracker
green in fresh (a), 24 h aged (b), and SirReal2-exposed 24 aged (c-d) oocytes. (a) Normal distribution: mitochondria were distributed throughout the cytoplasm
indicated normal distribution. (b–d) Abnormal distribution: (b, c) No mitochondrial signals were observed in some areas of the cytoplasm; (d) clustering distribution.
Scale bar, 20 μm. (D) Percentage of normal distribution of mitochondria in the fresh (n=76), aged (n=65), and SirReal2-exposed aged (n=70) oocytes. (E)
Representative images of mitochondrial membrane potential (ΔΨm) in the fresh (a), aged (b), and SirReal2-exposed aged (c) oocytes. JC-1 staining was performed to
visualize the ΔΨm of oocytes. The red fluorescence (JC-1 aggregates) indicated high membrane potential, whereas the green fluorescence (JC-1 monomers) indicated
low membrane potential. Scale bar: 30 μm. (F) Fluorescence pixel ratios (red/green) in the fresh (n=87), aged (n=95), and SirReal2-exposed aged (n=91) oocytes
were shown. (G) The ATP content in the fresh, aged, and SirReal2-exposed aged oocytes is shown. Data are expressed as the mean ± SEM from three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, comparing the indicated groups. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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rate did not be changed by Rapamycin or 3-MA, suggesting that SIRT2
did not depend on autophagy mediating oocytes aging (Fig. 5 F). Me-
chanistically, the cleaved-caspase-3/pro-caspase-3 ratio was increased
by SIRT2 inhibition with SirReal2 or upregulating autophagy with
Rapamycin, and the ratio was decreased by downregulating autophagy
with 3-MA (Fig. 5G, H). Of note, the upregulation effect of SIRT2 in-
hibition on caspase-3 activity was blocked by downregulating autop-
hagy (Fig. 5G, H). Taken together, these results demonstrated that
SIRT2 serves the downregulation function on caspase-3 activity via
suppressing basal autophagy, thereby preventing apoptosis in aged
oocytes.

4. Discussion

Recently, Sirtuins have emerged as protectors of oocyte against
aging in vitro or animal models [10,12,13]. Previous studies have
shown that Sirtuins expression is downregulating in aged oocytes
[33,34]. Similar to this finding, we found that Sirt2 mRNA expression
was decreased markedly during post-maturation oocytes aging, sug-
gesting that the downregulating of SIRT2 may contribute to aging. This
led us to explore how SIRT2 regulates oocytes aging. In this study,
SIRT2 inactivation contributed to aging-induced defects by disturbing
spindle organization, oxidative stress, and mitochondrial dysfunction.

In particular, for the first time, we found that SIRT2 inhibition upre-
gulated caspase-3 activity via increasing autophagic activity, thereby
resulting in apoptosis of aged oocytes. Previous studies have shown that
SIRT2 appears to a link with aging. For example, SIRT2 overexpression
ameliorates maternal age-associated oocyte meiotic defects in a mouse
model [16,35]. Whereas our results provided direct evidence for the
first time that SIRT2 inhibition resulted in aged phenotypes including
cellular fragmentation, spindle defects, elevated ROS accumulation,
mitochondrial dysfunction, and upregulating autophagy.

Multiple factors appear to contribute to oocytes aging, whereas one
of the most severe challenges that ROS-induced oocytes aging in vitro
[1]. We also found that aged oocytes exhibit increased levels of ROS.
The decline of antioxidant defences may lead to ROS accumulation,
thereby causing oocytes oxidative stress. It well known that SIRT1
protects aged oocytes from oxidative stress by antioxidant defences
[10,34]. Compared to SIRT1, the potential roles of SIRT2 on redox
homeostasis remain largely unveiled during oocytes aging. Here we
found SIRT2 inhibition with SirReal2 aggravated oxidative stress in
aged oocytes. Similar to our observations, Zhang et al. [35] found that
Sirtuins inhibition by NAM, a pan-inhibitor of Sirtuins, results in a
marked increase of ROS levels during in vitro aging. These results
suggested that SIRT2 may play important role in redox homeostasis,
whereas aging-induced SIRT2 downregulating disturbs the antioxidant

Fig. 4. SIRT2 regulated autophagic activity in aged oocytes. (A) SIRT2 was closely correlated inversely with autophagic activity during oocytes aging. Western
blotting for SIRT2, LC3, and SQSTM1 is shown in IVA 12 h, IVA 24 h, and IVA 48 h oocytes. (B-E) The ratios of SIRT2 to GAPDH, LC3-II to LC3-I, LC3-II to GAPDH,
and SQSTM1 to GAPDH expression were normalized and the values are shown, respectively. (F) SIRT2 inhibition increased autophagic activity. The MII oocytes were
cultured in aging medium supplemented with or without SirReal2 (5 μM), Rapamycin (10 nM), or 3-MA (1 μM) for 24 h. Then, oocytes were harvested for western
blotting. (G-I) The ratios of LC3-II to LC3-I, LC3-II to GAPDH, and SQSTM1 to GAPDH expression were normalized and the values are shown, respectively. Data are
shown as the means± SEM of three independent replicates. * p < 0.05, ** p < 0.01, comparing the indicated groups.
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Fig. 5. SIRT2 inhibition induced apoptosis of aged oocytes. (A) Representative images of Annexin-V negative (a) or apoptosis positive (b) in 24 aged oocytes. Scale
bar, 50 μm. (B) The ratios of early apoptosis were recorded in fresh (n=149), 12 h aged (n=141), 24 h aged (n=139), and 48 h aged (n=147) oocytes. (C) The
MII oocytes were aged for 24 h in aging medium containing DMSO, Rapamycin (10 nM), 3-MA (1 μM), SirReal2 (5 μM), or SirReal2 (5 μM)+3-MA (1 μM), re-
spectively. The ratios of early apoptosis were observed in the control (n=138), and treatment with Rapamycin (n=136), 3-MA (134), SirReal2 (n= 147), or
SirReal2+ 3-MA (n=142) groups. (D) Representative images of mitochondrial membrane potential in the control (a), treatment with Rapamycin (b), 3-MA (c),
SirReal2 (d), and SirReal2+ 3-MA (e) groups in 24 h aged oocytes. Scale bar, 30 μm. (E) Fluorescence pixel ratios (red/green) in the control (n=75), treatment with
Rapamycin (n=78), 3-MA (n=82), SirReal2 (n=80), and SirReal2+ 3-MA (n=76) groups are shown. (F) The ratios of activated oocytes were shown in 24 h
aged oocytes by treatment with DMSO, SirReal2, SirReal2+Rapamycin, or SirReal2+ 3-MA, respectively. (G) Western blotting for pro-caspase3, cleaved-caspase3,
and GAPDH was shown in 24 h-aged oocytes by treatment with DMSO, Rapamycin, SirReal2, and SirReal2+3-MA, respectively. (H) The ratio of cleaved-caspase3 to
pro-caspase3 expression were normalized and the values are shown. Data are shown as the means ± SEM of three independent replicates. * p < 0.05, ** p < 0.01,
comparing the indicated groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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system in aged oocytes.
It is worth noting that mitochondria provide the majority of ATP for

oocytes [36]. Moreover, early studies have reported that postovulatory
oocyte aging was involved in mitochondrial injury [37]. Compared
with SIRT3 and SIRT4, the effect of SIRT2 on mitochondria is not clear,
especially in aged oocytes. Therefore, we investigated the functions of
SIRT2 on mitochondrial function during oocytes aging. Although SIRT2
is not located in mitochondria, we revealed that SIRT2 inhibition re-
sulted in abnormal mitochondrial distribution, ΔΨm disappearance and
ATP production reduction in aged oocytes. Similarly, a recent study
reported that mitochondrial dysfunction had been emerged in aged
Sirt2−/− mice [38]. These findings supported that SIRT2 may play a
key role in maintaining mitochondrial function during oocytes aging.

Recent studies show that autophagy is one of the hallmarks of aging,
which involves a decline in the number and functionality of stem cells
[39]. Interestingly, we also found that autophagic activity was upre-
gulating during oocytes aging. Then we investigated the mechanism
underlying of increased autophagy in aged oocytes. The close re-
lationship between SIRT2 and autophagy has been demonstrated in
several prior studies. SIRT2-knockdown increases autophagy through
LC3-II accumulation and SQSTM1 degradation in HCT116 cells [23]. In
addition, SIRT2-dependent deacetylation induces autophagy through
acetylation of FoxO1 in H1299 cells [24]. SIRT2 also interacts with
HDAC6 that plays a role in lysosome-autophagosome fusion [40]. These
observations are similar to our present results that SIRT2 inhibition
with SirReal2 increased autophagic activity through LC3-II accumula-
tion and SQSTM1 degradation in aged oocytes. It had been shown that
oocyte aging is accompanied by cellular apoptosis. The dead cells show
high levels of autophagy, and ATG5 can directly affect proapoptotic
factors to initiate apoptosis pathway [41]. It has been reported that
autophagy and apoptosis may be closely connected by common reg-
ulators [42]. A recent report has shown that Sirtuins inhibition result in
autophagy and apoptosis in porcine preimplantation blastocysts [43].
Similarly, the apoptosis of aged oocytes was induced by inhibition
SIRT2 or upregulating autophagy in this study. Importantly, we found
that the effect of SIRT2 inhibition on apoptosis was abolished by
blocking autophagy. Further studies showed that SIRT2 inhibition
contributed to caspase3-dependent oocytes apoptosis by upregulating
autophagy. As Chung et al. [44] reported that abnormal induction of
autophagic flux promotes apoptotic neuronal cell death via mediating
caspase-3 activation. Consistent with our results, previous studies re-
ported that caspase-3 activation was upregulated by autophagy in
ovarian nurse cells [45], vascular endothelial cells [46]. Similar to our
observations, Lin et al. [25] found that the increased caspase-3 acti-
vation of oocytes was accompanied with autophagy in aged at 14 h or
18 h. These evidences support the notion that SIRT2 might mediate
apoptosis of aged oocytes via autophagy-induced caspase-3.

5. Conclusions

In summary, our results highlight the important function of SIRT2 in
aged oocytes. Our findings may explain, at least in part, how oocytes
undergo a time-dependent process of aging. A possible mechanism
underlying is that aging-induced downregulating of SIRT2 accelerate
aging process by disturbing spindle organization, oxidative stress, and
mitochondrial dysfunction, and finally lead to apoptotic cell death
though autophagy-induced caspase-3. This study provides insights that
SIRT2 activators may offer novel opportunities for delaying post-ma-
turation aging of oocytes.
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