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ABSTRACT

Maternal diabetes has been demonstrated to adversely affect oocyte quality in mouse oocytes. However,
the potential molecular mechanisms are poorly understood. Here, we established a type | diabetic mouse
model and detected the increased reactive oxygen species (ROS) levels and decreased Sirt3 expression in
oocytes from diabetic mice. Furthermore, we found that forced expression of Sirt3 in diabetic oocytes
significantly attenuates such an excessive production of ROS. The acetylation status of lysine 68 of
superoxide dismutase (SOD2K68) is dependent on Sirt3 in oocytes. In line with this, SOD2K68 acetylation
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levels were markedly increased in diabetic oocytes, and Sirt3 overexpression could effectively suppress
this tendency. Importantly, the deacetylation-mimetic mutant SOD2K68R is capable of partly preventing
the oxidative stress in oocytes from diabetic mice. In conclusion, our findings support a model where Sirt3
plays a protective role against oxidative stress in oocytes exposed to maternal diabetes through

deacetylating SOD2K68.

Introduction

Women with poorly controlled insulin-dependent (type I) diabe-
tes often experience a higher incidence of reproductive problems,
such as spontaneous abortions, neonatal morbidity and mortal-
ity, and congenital malformations."” Earlier studies showed that
the diabetic condition is detrimental to pre-and post-implanta-
tion embryo development in rodents.” > Maternal hyperglycemia
adversely affects the progression from the one-cell stage to blas-
tocyst stage and about half of 2-cell embryos isolated from sub-
diabetic females were unable to develop to 8-cell stage even in
non-diabetic maternal environment.>® Emerging evidence has
shown that these effects are associated with compromised oocyte
maturation. Oocytes from diabetic mice experience delayed ger-
minal vesicle (GV) breakdown, abnormal cellular metabolism,
and mitochondrial dysfunction.””® Mitochondria are important
and pervasive source of reactive oxygen species (ROS), as a by-
product of oxidative phosphorylation in the cell."* Mitochon-
drial dysfunction inevitably enhances ROS production, resulting
in oxidative stress. Oocyte maturation depends on the homeosta-
sis between the production of ROS and antioxidants. Over-pro-
duction of ROS induces oxidative damage to the cells, including
membrane lipids, proteins, as well as DNA. 112 Notably, mater-
nal hyperglycemia is known to increase oxidative stress in
diverse tissues."> Moreover, such oxidative damage has been
shown to influence the ability of oocyte maturation, fertilization,
and pregnancy rates in mice as well as in humans."*

Sirtuins (Sirts) are a highly conserved family of proteins pos-
sessing NAD"-dependent protein deacetylase activity. Mam-
mals have 7 members (Sirtl-Sirt7) displayed differential
cellular localization and function in numerous physiologic pro-
cesses.'”” Among them, Sirt3 is localized in mitochondria and
controls the acetylation status of almost 80~90% of mitochon-
drial proteins.'® It regulates the production of ROS via the elec-
tron transport chain, as well as the detoxification of ROS
through activation of antioxidant enzymes.'>'”'® Recent stud-
ies highlight the critical role of Sirt3 in modulating ROS
homeostasis in response to caloric restriction. Sirt3 is able to
directly deacetylates isocitrate dehydrogenase 2 (IDH2),
increasing the levels of NADPH and thereupon protecting cells
from oxidative stress.'” In addition, we and others found that
Sirt3 also participates in controlling ROS homeostasis during
oocyte maturation and fertilization in vitro.'">*° Superoxide dis-
mutases (SODs) are a class of enzymes that catalyze the detoxi-
fication of superoxide into oxygen and hydrogen peroxide, and
then converted to oxygen and water by catalase. Mammalian
cells express 3 forms of SOD (SOD1-3). Of these 3 forms, mito-
chondria SOD2 is an antioxidant enzyme and plays a crucial
role in controlling ROS production.”’ Previous studies have
demonstrated that SOD2 activity is strongly regulated by the
acetylation at several conserved lysine residues.'® Acetylation
levels of SOD2 are negatively associated with its enzymatic
activity. Elevated ROS production stimulates Sirt3 to
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Figure 1. Increased ROS levels in oocyte from diabetes mice. GV and Ml oocytes collected from control and diabetic mice were stained by CM-H2DCFAD (green) to evalu-
ate ROS levels. (A and C) Representative images of CM-H2DCFAD fluorescence in oocytes from control and diabetic mice. Scale bar: 25 um. (B and D) Quantitative analysis
of fluorescence intensity shown in A and C (n = 9 oocytes for each group). Data were expressed as mean + SD from 3 independent experiments. “p < 0.05 vs control.

deacetylate SOD2, consequently activating SOD2 and clearing
ROS.'®?"%? Sirt3 has also been shown to interact with FOXO3a
to regulate SOD2 and catalase, positively affecting disorders.>

Numerous studies have reported that oocytes from diabetes
mice have metabolic dysfunction and meiotic defects,”* but the
underlying mechanisms remain to be discovered. In this study,
we used a STZ-induced diabetic mouse model to investigate
whether Sirt3 is a factor contributing to the poor quality of
oocytes from diabetic mice.

Results
Increased ROS levels in oocytes from diabetic mice

We have shown that maternal diabetes results in spatial, struc-
tural and metabolic alterations in oocyte mitochondria.”> Given
that mitochondria are the major source of ROS in the cell,"”” we
therefore decided to evaluate the generation of ROS in oocytes
from control and diabetic mice. Both GV and ovulated oocytes
(MII) were collected and stained with 5-(and-6)-chloromethyl-
27,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFAD). Our
quantitative analysis revealed that the relative fluorescence inten-
sity in both stage oocytes from diabetic mice was significantly
higher than their counterparts from control mice (Fig. 1). These

results indicate that ROS generation was increased when oocytes
exposed to hyperglycemic environment.

Reduction of Sirt3 expression in oocytes from diabetic mice

Sirt3 is involved in regulating the global acetylation of mito-
chondrial proteins,*® and identified as a pivotal modulator of
oxidative stress by deacetylation of substrates.'® Based on these
findings, we explored whether Sirt3 expression was altered in
oocytes from diabetic mice. By performing Western blotting,
we found that the content of Sirt3 protein was dramatically
decreased as compared with controls (Fig. 2), implying that the
elevated ROS levels in diabetic oocytes may be associated with
the reduction of Sirt3 expression.

Sirt3 overexpression attenuates ROS production in oocytes
from diabetic mice

We previously demonstrated that knockdown of endogenous
Sirt3 protein in normal oocytes could elevate the ROS levels in
oocytes apparently.'” Here, to test whether the observed
increased ROS levels in diabetic oocytes is due to Sirt3 reduc-
tion, we decided to elevate the Sirt3 expression and then assess
the ROS content. To do this, we performed an overexpression
experiment by injecting exogenous Myc-Sirt3 mRNA into
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Figure 2. Reduced Sirt3 expression in oocyte from diabetes mice. Fully-grown GV oocytes were collected from control and diabetic mice, and then processed for immuno-
blotting. (A) Western blot analysis showed the reduced Sirt3 expression in oocytes from diabetic mice compared with controls. Tubulin served as an internal control. (B)
Band intensity was measured by Image J software, and the ratio of Sirt3/Tubulin expression was normalized. All protein gel blot experiments were repeated at least

3 times, with a representative gel image shown.

fully-grown oocytes from diabetic mice, PBS was injected as
negative control. Following in vitro-maturation, MII oocytes
were collected for further analysis. After staining with CM-
H2DCFAD fluorescent dye, quantitative analysis revealed that
forced expression of Sirt3 markedly reduced the ROS levels in
diabetic MII oocytes, as shown in Fig. 3. These data provide a
critical evidence that loss of Sirt3 protein is a major factor lead-
ing to oxidative stress in oocytes from diabetic mice.

Sirt3 overexpression restores the acetylation levels
of SOD2K68 in oocytes from diabetic mice

Our previous studies based on mutant screening have identified
that lysine (K) 68 is likely to be a major acetylation site on
SOD2 relating to ROS homeostasis in mouse oocytes.'” More-
over, Sirt3 has been demonstrated to be able to deacetylate
SOD2K68 promoting its antioxidative activity.”’ Since Sirt3
protein expression is reduced in diabetic oocytes (Fig. 2), we first
examined whether the acetylation state of SOD2K68 in diabetic
oocytes was disrupted accordingly. MII oocytes were labeled with

anti-SOD2K68ac antibody and counterstained with Hoechst
33342 for chromosomes. Confocal microscopy and quantitative
analysis (Fig. 4) revealed that the levels of SOD2K68 acetylation
was increased about 2~fold in diabetic oocytes compared with
controls. Importantly, overexpression of exogenous Sirt3 was
able to markedly lower the SOD2K68 acetylation in diabetic
oocytes. Considering the impact of Sirt3 and SOD2 acetylation
on ROS generation, we conclude that reduced Sirt3 expression in
diabetic oocytes results in ROS accumulation probably through
the hyperacetylation of SOD2K68.

Deacetylation-mimetic mutant SOD2K68R ameliorates
the oxidative stress in oocytes from diabetic mice

Given the hyperacetylation of SOD2 in oocytes exposed to mater-
nal diabetes, we asked whether the non-acetylatable-mimetic
mutant of SOD2 can partly prevent the oxidative damage in dia-
betic oocytes. For this purpose, mRNA for WT SOD2 or mutant
SOD2 with lysine 68 changed to arginine (SOD2K68R) to mimic
constitutively non-acetylated form as we described previously
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Figure 3. Sirt3 overexpression attenuates ROS production in oocyte. Exogenous Myc-Sirt3 mRNA or PBS was microinjected into fully-grown GV oocytes from diabetic
mice, which were arrested at GV stage in M16 medium containing 2.5 ©M milrinone for 20 hours to allow synthesis of new Myc-Sirt3 protein. Following in vitro-matura-
tion, MIl oocytes were stained by CM-H2DCFAD (green) to evaluate ROS levels. (A) Representative images of CM-H2DCFAD fluorescence in control, diabetic, diabetic-+PBS
and diabetic+Sirt3 oocytes. Scale bar: 25 um. (B) Quantitative analysis of fluorescence intensity shown in B (n = 10 oocytes for each group). Data were expressed as

mean = SD from 3 independent experiments. “p < 0.05 vs control.
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Figure 4. Sirt3 overexpression lowers the acetylation levels of SOD2K68 in oocytes from diabetic mice. Control (n = 77), diabetic (n = 71), diabetic+PBS (n = 80) and dia-
betic+Sirt3 (n = 76) Ml oocytes were labeled with acetyl-SOD2K68 antibody and counterstained with Hoechst 33342 for chromosomes. (A) Representative images show
the AcSOD2K68 signal and DNA in oocytes. Scale bar: 25 p«m. (B) Quantitative analysis of fluorescence intensity shown in A. Data were expressed as mean =+ SD from 3

independent experiments. “p < 0.05 vs control.

was injected into fully-grown oocytes from diabetic mice. Follow-
ing in vitro-maturation, oocytes were stained by CM-H2DCFAD
to evaluate ROS levels. As presented in Fig. 5, confocal micros-
copy and quantitative analysis showed that SOD2K68R signifi-
cantly lowered the ROS levels compared with WT control. These
results suggest that Sirt3-controlled SOD2K68 acetylation is
directly linked to oxidative stress in diabetic oocytes.

Discussion

Diabetic oocytes experience delayed meiotic maturation,

dysfunction.”*® Mitochondrial functions have a dual effects
on the intracellular redox state, via regeneration antioxidant
systems which will decrease oxidative stress, and via ROS
production which will increase oxidative stress.*”*° A few
factors associated with mitochondrial metabolism, such as
ATP, ROS, and pyruvate dehydrogenase complex, have
been demonstrated have profound influences on the quality
of mammalian oocytes.>’ > It should be noted that we
detected the markedly increased ROS levels in oocytes from
diabetic mice when compared with those from control mice
(Fig. 1). This observation is consistent with previous find-
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Figure 5. SOD2K68R partly prevents oxidative stress in oocytes from diabetic mice. SOD2 WT or SOD2K68R mutant mRNA was microinjected into fully-grown GV oocytes
from diabetic mice, which were arrested at GV stage in M16 medium containing 2.5 M milrinone for 20 hours to allow synthesis of new protein. Following in vitro-matu-
ration, MII oocytes were stained with CM-H2DCFAD (green) to evaluate ROS levels. (A) Representative images of CM-H2DCFAD fluorescence in control, diabetic, diabe-
tic+S0D2 and diabetic+S0D2 (K68R) oocytes. Scale bar: 25 pum. (B) Quantitative analysis of fluorescence intensity shown in A (n = 10 oocytes for each group). Data
were expressed as mean = SD from 3 independent experiments. “p < 0.05 vs control.
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generation.'””> ROS produced primarily in the mitochondria
as a byproduct of metabolism, and mitochondria are also a
vulnerable target of ROS-induced oxidative damage.”®**
Meanwhile, other reports also showed that ROS mediates
oxidative damage that may lead to mitochondrial dysfunc-
tion in mammalian oocytes.>*”® Particularly, mammalian
oocytes are very sensitive to oxidative stress.’*>’ Excessive
ROS have deleterious effects on oocyte maturation, fertiliza-
tion and even embryo development. Hence, we conclude
that mitochondrial dysfunction in diabetic oocytes may be
associated with the elevated ROS generation. It is believed
that excessive ROS may be a cause of poor oocyte quality
and metabolic alterations. However, the potential molecules
controlling oocyte ROS levels remain unknown. Sirt3 is a
member of Sirtuin family which predominantly resides in
mitochondria and has been shown to be critical for the
homeostasis of mitochondrial ROS.'® In the present study,
we found that Sirt3 expression was diminished in diabetic
oocytes (Fig. 2). Our previous data demonstrated that
depletion of endogenous Sirt3 led to the increased ROS in
oocyte."” Through overexpression experiments, we here
noted that elevating Sirt3 levels could attenuate ROS gener-
ation in diabetic oocytes (Fig. 3). Therefore, it is reasonable
to speculate that Sirt3 play an important role in manipulat-
ing the ROS levels in mouse oocytes.

An intriguing finding from our work was that oocytes from
diabetic mice lacking Sirt3 exhibited altered acetylation status
of SOD2 (Fig. 4). Sirt3 plays a role in multiple metabolic pro-
cesses by controlling mitochondrial pathway through the
deacetylation of diverse targets. Among them, SOD2 was iden-
tified as a direct substrate of Sirt3. Sirt3 deacetylates critical
lysine residues, i.e K53, K68, K89 and K122 on SOD2 and
improve its catalytic activity, clearing cellular ROS.*"***! We
found that K68 is a major target mediating Sirt3 control of
ROS generation in mouse oocytes.'” Furthermore, overexpres-
sion of exogenous Sirt3 protein could lower the acetylation lev-
els of SOD2K68 in diabetic oocytes (Fig. 4). Importantly, the
forced expression of SOD2K68R apparently prevents the exces-
sive ROS production in diabetic oocytes (Fig. 5). We cannot
exclude the possibility that other targets controlled by Sirt3 par-
ticipates in regulating redox state in oocytes. Based on these
observations, we conclude that diabetic oocytes with Sirt3-defi-
ciency lack the capacity to promote SOD2 activity in response
to oxidative stress. Cumulatively, in this study, we have
revealed a protective mechanism of Sirt3 against oxidative
stress in diabetic oocytes via deacetylating SODK68. Consider-
ing the importance of mitochondrial ROS in determining
oocyte quality, the present findings may provide a clue for
improving oocyte in vitro-maturation system and assisted
reproductive technologies.

Materials and methods

All chemicals and culture media were purchased from Sigma (St.
Louis, MO, USA) unless stated otherwise. ICR mice were used in
this study. All experiments were approved by the Animal Care
and Use Committee of Nanjing Medical University and were
performed in accordance with institutional guidelines.

Antibodies

Rabbit polyclonal anti-SIRT3 (Cat#:ab8667) and rabbit mono-
clonal anti-SOD2 (acetyl K68) (Cat#:ab137037) antibodies
were purchased from Abcam (Cambridge, MA, USA); FITC-
conjugated goat anti-rabbit IgG was purchased from Thermo
Fisher Scientific (Rockford, IL, USA).

Generation of diabetic mice

To generate a diabetic model, female ICR mice 6-8 weeks of age
were received a single injection of streptozotocin (STZ) at a
dose of 190mg/kg. Four days after injection, a tail-blood sample
was measured for glucose concentrations via a glucose analyzer.
Mice with glucose levels greater than 300mg/dl were selected
for use as diabetic model. Females without injection of STZ
served as control.

Oocyte collection and culture

Female ICR mice were injected with 10 IU pregnant mare
serum gonadotropin (PMSG) by intraperitoneal injection, and
46-48h later, cumulus-enclosed oocyte were obtained by man-
ual rupturing of antral follicles. Cumulus cells were removed by
repeatedly pipetting, fully-grown GV oocytes were obtained.
For in vitro maturation, GV oocytes were cultured in M16
medium under mineral oil at 37°C in 5% CO2 incubator. To
collect ovulated MII oocytes, mice received an injection of 10
IU human chorionic gonadotropin (hCG) 46-48h after PMSG
priming. Oocytes were recovered from the oviduct ampullae
after 13.5h of hCG, and cumulus cells were removed by brief
incubation in 1mg/ml hyaluronidase.

Plasmid construction and mRNA synthsis

Total RNA from mouse oocyte was extracted using the Arctu-
rus PicoPure RNA Isolation Kit (Applied Biosystems, Foster
City, CA, USA), and the cDNA was generated with QIAquick
PCR Purification Kit (Qiagen, Diisseldorf, Germany). The
primer used to amplify the CDS sequence of Sirt3, SOD2 and
mutant are as follows:Sirt3

forward primer:5'-GGGGGCCGGCCGGTGGAGGAAG-
CAGTGAGAA-3'

reverse primer:5'-GGGGGCGCGCCCAGGTGAAGAAGC-
CATAGTC-3

SOD2

forward primer:5-GGGGGCCGGCCGAGAGCAGCGGT
CGTGTA-3

reverse  primer:5'-GGGGGCGCGCCATGTGGCCGTGA
GTGAG-3'
SOD2(K68R)

forward primer:5'-AACGCCACCGAGGAGAGGTACCAC
GAGGCTCTG-3

reverse  primer:5~-CAGAGCCTCGTGGTACCTCTCCTC
GGTGGCGTT-3'

PCR products were purified, digested with Fsel and Ascl
(NEB Inc., MA, USA), and then cloned into the PCS2™ vector
encoding an N-terminal Myc tag. The PCS2™ vector encoding
the SOD2 substitution mutant K68R was generated with the



use of a QuickChange site-directed mutagenesis Kit (Strata-
gene). For mRNA synthesis, the PCS2* plasmid were linearized
by Notl. Capped cRNA were made using in vitro transcription
with SP6 mMseeage mMachine (Ambion, Austin, TX, USA),
and then purified by RNeasy Micro Kit (Qiagen). Synthesized
RNA was portioned into aliquots and stored at —80°C.

Overexpression experiment

10pl mRNA solution (10 ng/uL) was microinjected into the
cytoplasm of fully-grown GV oocyte with a Narishige microin-
jector. The same amount of RNase-free PBS was injected as
control. To facilitate the mRNA translation, oocytes were
arrested at GV stage in M16 medium containing 2.5 uM milri-
none for 20 hours. After 3 washes, oocytes were cultured in mil-
rinone-free M16 medium for further experiment.

Western blotting

A pool of 100 oocytes per sample was lysed in Laemmli sample
buffer with protease inhibitor and heated for 5 min at 100°C. The
denatured Proteins were separated by 10% SDS-PAGE and then
electrically transferred to PVDF membranes. Membranes were
blocked in PBST (PBS containing 0.1% Tween 20) with 5% low-fat
dry milk for 1h. Then the membrane was incubated overnight at
4°C with rabbit anti-Sirt3 antibody (1:500). After 3 washes in
PBST, membranes were incubated with HRP-conjugated second-
ary antibodies for 1h at room temperature. After 3 washes, the pro-
tein bands were visualized by an ECL Plus Western Blotting
Detection System (GE Healthcare, Little Chalfont, UK). The mem-
branes were then washed in stripping buffer and re-probed with
anti-tubulin antibody (1:5000) for loading control.

Measurement of intracellular ROS

To detect the quantity of ROS production in living oocytes, we
used CM-H2DCFDA (Life Technologies, Invitrogen TM, Cat#:
C6827). CM-H2DCFDA was prepared in DMSO before load-
ing. Oocytes were incubated with 5uM CM-H2DCFDA for
30 min at 37°C in 5% CO2 incubator. Then oocytes were
washed 3 times and loaded on a slide with a microdrop of
medium. Florescence intensity of each oocyte was detected
under a Zeiss Laser Scanning Confocal Microscope (LSM 710,
Zeiss, Germany) with an excitation wavelength of 488nm and
an emission wavelength of 585nm.

Immunofluorescence

For staining of AcSOD2K68, oocytes were fixed in 4% parafor-
maldehyde for 30 min and permeabilized in 0.5% Triton X-100
for 20 min at room temperature. After blocking with 1% BSA-
supplemented PBS for 1h, oocytes were incubated with rabbit
monoclonal anti-SOD2K68ac antibody (1:300) at 4°C over-
night. After 3 washes in PBS containing 0.1% Tween 20 and
0.01% Triton X-100, oocytes were labeled with FITC-conju-
gated goat anti-rabbit secondary antibody for 1h at room tem-
perature. Chromosomes were stained with Hoechest 33342 for
10 min. After 3 washes, oocytes were mounted on antifade
medium (Vectashield, Burlingame, CA, USA), then examined
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under a Laser Scanning Confocal Microscope equipped with
the 40 x objectives. Fluorescence intensity was quantified using
Image ] softwaer (NIH,USA).

Statistical analysis

Date are presented as mean £ SD, unless otherwise indicated.
Differences between 2 groups were analyzed by Student,s t test.
Multiple comparisons between more than 2 groups were ana-
lyzed by 1-way ANOVA test using Prism 5.0. P<<0.05 was con-
sidered to be significant.
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