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A B S T R A C T

Methylglyoxal (MG), a highly reactive dicarbonyl derived from metabolic processes, is the most powerful pre-
cursor of advanced glycation end products (AGEs). Glycative stress has been recently associated with ovarian
dysfunctions in aging and PCOS syndrome. We have investigated the role of the NAD+-dependent Class III
deacetylase SIRT1 in the adaptive response to MG in mouse oocytes and ovary. In mouse oocytes, MG induced
up-expression of glyoxalase 1 (Glo1) and glyoxalase 2 (Glo2) genes, components of the main MG detoxification
system, whereas inhibition of SIRT1 by Ex527 or sirtinol reduced this response. In addition, the inhibition of
SIRT1 worsened the effects of MG on oocyte maturation rates, while SIRT1 activation by resveratrol counter-
acted MG insult. Ovaries from female mice receiving 100mg/kg MG by gastric administration for 28 days (MG
mice) exhibited increased levels of SIRT1 along with over-expression of catalase, superoxide dismutase 2, SIRT3,
PGC1α and mtTFA. Similar levels of MG-derived AGEs were observed in the ovaries from MG and control groups,
along with enhanced protein expression of glyoxalase 1 in MG mice. Oocytes ovulated by MG mice exhibited
atypical meiotic spindles, a condition predisposing to embryo aneuploidy. Our results from mouse oocytes re-
vealed for the first time that SIRT1 could modulate MG scavenging by promoting expression of glyoxalases. The
finding that up-regulation of glyoxalase 1 is associated with that of components of a SIRT1 functional network in
the ovaries of MG mice provides strong evidence that SIRT1 participates in the response to methylglyoxal-
dependent glycative stress in the female gonad.

1. Introduction

Methylglyoxal (MG) belongs to a heterogeneous group of low-mo-
lecular weight dicarbonyls derived from metabolic processes and, in
particular, from glycolysis. Dicarbonyl species are highly reactive and
promote posttranslational modification of proteins by glycation, a non-
enzymatic reaction with free amino groups of proteins, lipids, and nu-
cleic acids [1]. The early stage of this process involves a complex series
of reactions, often referred to collectively as the Maillard reaction,
leading to formation of intermediates that are initially reversible but
ultimately form stable end-stage adducts called advanced glycation
end-products (AGEs) [2]. MG is known to react primarily with arginine

residues to form hydroimidazolones and argpyrimidine [3,4], here re-
ferred to as MG-AGEs. Detoxification of MG mainly occurs via glyox-
alase 1 (GLO1) and glyoxalase 2 (GLO2), with GLO1 catalysing the
glutathione (GSH)-dependent formation of S-D-lactoylglutathione from
MG, and GLO2 hydrolysing S-D-lactoylglutathione to D-lactate and GSH
[5]. MG accumulation may arise from increased glycolytic metabolism
and/or reduced glyoxalase-mediated removal. The latter may occur as a
consequence of reduced GSH availability (e.g. oxidative stress) and/or
decreased glyoxalase expression (e.g. aging) [5]. The build-up of MG
affects mitochondrial proteins and increases AGEs, which can also ac-
tivate receptor-mediated pro-oxidant signalling pathways, thus gen-
erating a vicious cycle. Therefore one of the main aspects of the
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glycative burden is oxidative stress [5].
Both MG and protein glycation (dicarbonyl stress) have been at-

tracting considerable attention because of their role in the chronic side
effects in diabetic patients with enduring hyperglycaemia and in the
pathogenesis of numerous diseases associated with altered redox
homeostasis [5]. About ten years ago, Diamanti-Kandarakis' research
group proposed the involvement of AGEs in ovarian dysfunctions based
on the observation of increased levels of AGEs in the serum and ovary of
women affected by polycystic ovary syndrome (PCOS) [6–8]. Specific
serum levels of AGEs were established to indicate diminished fertility,
and AGEs were shown to correlate positively with altered glucose me-
tabolism, age, and factors related to obesity, dyslipidaemia, hypergly-
caemia, and insulin resistance in patients undergoing in vitro fertiliza-
tion (IVF) [9]. In addition, elevated MG and MG-AGEs were reported in
ovaries of reproductively aged mice [10–12]. A preliminary analysis of
proteome revealed increased glycation of specific polypeptides in con-
comitance with decreased activity and expression of GLO1 [10]. Fur-
ther evidence for the role of AGEs in ovarian aging was provided by
measurements in follicular fluid and serum of soluble RAGE (s-RAGE), a
circulating isoform of RAGE that can neutralize the ligand-mediated
damage [13,14]. The crucial role of glyoxalases in the ovary has been
confirmed by the finding that dietary glycotoxins and hyperandrogenic
status decrease GLO1 activity in rat ovaries, possibly contributing to
increased AGE accumulation in granulosa cells [15].

The effects of a possible dicarbonyl overload with PCOS, aging or
diabetes have been explored in mouse oocytes by means of MG cyto-
toxicity assays [16–18]. In vivo and in vitro experiments have shown
that MG induced a significant reduction in the rate of oocyte matura-
tion, fertilization, and embryonic development. MG was found to cause
disturbances in redox regulation and distribution of mitochondria,
aberrant and delayed spindle formation, epigenetic alterations and DNA
damage which probably explain resorption of post-implantation em-
bryos and decreased foetal weight observed after embryo transfer
[16–18]. Nevertheless, the expression of glyoxalases in mouse oocytes
and cumulus cells suggests that female germ cells are competent to deal
with reactive carbonyl compounds [17].

Overall, the effects of dicarbonyl stress in the female reproductive
system have been well characterized [19,20]. Nevertheless, the

adaptive response orchestrated at molecular level to cope with glyca-
tion injury in female reproductive cells and ovaries has been poorly
investigated. Glycation-related oxidative challenge may result in al-
tered activity of sirtuins, NAD+-dependent enzymes with deacetylase
and/or mono-ADP-ribosyltransferase activity [21,22]. SIRT1, one of the
seven members of the mammalian sirtuin family, plays a key role
during different stages of folliculogenesis by regulating energy homo-
eostasis, mitochondrial biogenesis, chromatin remodelling and protec-
tion against oxidative stress [23,24]. The SIRT1 network includes
transcription factors, which control genes encoding for antioxidant
enzymes such as catalase (CAT) and mitochondrial superoxide dis-
mutase (SOD2), and genes required to meet energetic demands during
cellular stresses [25]. Indeed a key SIRT1 substrate is PGC1α (peroxi-
some proliferator-activated receptor gamma co-activator 1 alpha),
which is known to act as a master regulator of mitochondrial biogenesis
and functions [26,27]. A downstream effector of SIRT1/PGC1α is the
mitochondrial transcription factor A (mtTFA), which plays a central
role in transcription, replication and maintenance of mtDNA [28,29].
The SIRT1 functional network also includes the mitochondrial sirtuin,
SIRT3 [30]. This sirtuin deacetylates a range of mitochondrial target
enzymes, including SOD2 and components of oxidative phosphoryla-
tion system thus improving the efficacy of reactive oxygen species
(ROS) removal from the mitochondrial compartment and energy pro-
duction [31]. Evidence of beneficial effects of resveratrol, a SIRT1 ac-
tivator, have suggested that this sirtuin may be involved in defence
against in vitro oocyte MG toxicity as well as in attenuating PCOS de-
velopment and progression [18,32].

In the present study, we investigated the adaptive response to gly-
cation insult in female reproductive cells and ovaries by focusing on
SIRT1 network. In the first part we investigated whether modulation of
SIRT1 activity influences the effects MG on glyoxalases expression and
in vitro maturation (IVM) of mouse oocytes (Fig. 1a). In the second part,
we aimed to study the in vivo effects of supraphysiological MG on the
ovary and ovarian SIRT1 network as well as on the production of
competent gametes (Fig. 1b). To this end we selected the regimen of MG
oral administration in mice previously established by Ghosh et al. [33].
According to this model, blood MG concentrations rapidly increased to
reach a five-fold increase to remain stable during the 28 day-MG-

Fig. 1. Experimental design.
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administration so ensuring a MG overload during the overall follicle
growth time of about 17–19 days in the ovary of mature mice [34].

Results obtained from the experimental models employed in the
present research demonstrated that MG triggers in oocytes and ovary an
adaptive response involving SIRT1 functional network and antiglyca-
tion enzymes, thus representing a valuable contribution to the knowl-
edge of the effects on fertility of MG and AGE overload during aging,
PCOS and diabetes.

2. Materials and methods

2.1. Part 1

2.1.1. Oocyte collection
Outbred CD-1 mice (Charles River Italia s.r.l., Calco, Italy) at the age

of 4–8weeks were used to obtain oocytes at germinal vesicle (GV)
stage, employed for expression studies and in vitro maturation assays.
Animals were maintained in a temperature-controlled environment
under a 12 h light/dark cycle (7.00–19.00) and free access to feed and
water ad libitum. All the experiments were carried out in in conformity
with national and international laws and policies (European Economic
Community Council Directive 86/609, OJ 358, 1 Dec 12, 1987; Italian
Legislative Decree 116/92, Gazzetta Ufficiale della Repubblica Italiana
n. 40, Feb 18, 1992; National Institutes of Health Guide for the Care and
Use of Laboratory Animals, NIH publication no. 85-23, 1985). The
project was approved by the Italian Ministry of Health and the internal
Committee of the University of L'Aquila. After vaginal smears, mice in
diestrous were sacrificed by an inhalant overdose of carbon dioxide
(CO2, 10–30%), followed by cervical dislocation. All efforts were made
to minimize suffering. Ovaries were excised and denuded fully grown
GV oocytes were obtained by puncturing large antral follicles [17].
Healthy GV oocytes were pooled and randomized before distribution
into the experimental groups (Fig. 1a). Each experiment was performed
three times.

2.1.2. Oocyte treatments and RNA extraction
In order to study gene expression of SIRT1-related pathway and

antiglycation enzymes under carbonyl stress, oocytes were maintained
at GV stage by addition of 0.5 μM cilostamide (Sigma-Aldrich, St. Louis,
MO, USA) [35] in the culture media, M2 or M16 (Sigma-Aldrich), ac-
cording to each procedure. At first, to accomplish SIRT1 inhibition or
activation, GV oocytes were cultured for 1 h in the presence of 20 μM
Ex527 (Sigma-Aldrich) [35] or to 100 μM sirtinol (Sigma-Aldrich) [36],
which are two SIRT1 inhibitors, or in the presence of 2 μM resveratrol
(Sigma-Aldrich), a SIRT1 activator [37]. Then, GV oocytes were ex-
posed to 75 μM MG (Sigma-Aldrich) for 180min at 37 °C, 5% CO2 in
M16 medium in the presence 20 μM Ex527, 100 μM sirtinol or 2 μM
resveratrol. Controls were cultured in the presence of 0.001% DMSO
(Sigma-Aldrich) to evaluate a possible toxic effect of DMSO in which
Ex527, sirtinol and resveratrol were dissolved.

Pools of 30 oocytes were washed in RNase free water, then trans-
ferred in 10 μl of RNase free water and sunk in liquid nitrogen. Samples
were stored at −80 °C. RNA extraction was performed by Picopure kit
(Applied Biosystems, Foster City, CA, USA).

2.1.3. cDNA synthesis and Real-time quantitative PCR (qPCR)
Genomic DNA was removed using Riboclear plus (cat. 313-150),

following the manufacturer's protocol (GeneAllBiotechnology CO., Ltd).
The resulting RNA was used to obtain cDNA via reverse transcription
(cat. NP100041, OriGeneTechnologies, Inc., Rockville, MD).

The cDNA was used (1:30) for the quantitative PCR reactions using
the Applied Biosystems 7300 system (ThermoFisher Scientific, Inc.,
Rockford, IL) and the TaqMan® Gene Expression Master Mix (Applied
Biosystems cat. 4369016) and TaqMan gene expression assays — FAM-
MGB, according to the manufacturer's instructions. The Assay IDs used
were: 18S-Hs99999901-S1, GLO1-Mm00844954_s1, GLO2-

Mm00600347_m1. Amplification steps were set as follows: 2 min at
50 °C and 10min at 95 °C for the initial holding stage, followed by
45 cycles of 15 s at 95 °C and 1min at 60 °C. Gene expression was cal-
culated by using the ΔΔCt method for relative quantitation, using 18S
as the reference mRNA and “CTRL” as the calibrator.

2.1.4. Oocyte IVM assay
Since timing of meiosis progression is considered a marker of oocyte

quality [38], in order to study the impact of SIRT1 activity under MG
exposure during IVM, GV oocytes were placed into M16 medium in
presence or absence of 75 μM MG. MG medium was supplemented with
the specific SIRT1 inhibitor Ex527 at concentrations of 5 or 10 μM or
SIRT1 activator, the resveratrol at a concentration of 2 μM. GV oocytes
were cultured for 16 h at 37 °C and 5% CO2. Controls were matured in
the presence of 0.001% DMSO (Sigma-Aldrich) to evaluate a possible
toxic effect of DMSO in which Ex527 and resveratrol were dissolved.
Numbers of oocytes that emitted first polar body (MII, metaphase II),
oocytes that had resumed meiosis (GVBD, germinal vesicle breakdown),
immature oocytes and degenerated oocytes were recorded.

2.2. Part 2

2.2.1. Animal treatment
2.2.1.1. MG administration. Eighteen 4week-old, body weight 20–21 g,
young CD-1 female mice were randomly divided into two groups (9 for
each): mice received water by using gastric gavage for 4 weeks (control
mice); mice received MG (100mg/Kg) by using gastric gavage for
4 weeks [33] (MG mice) (Fig. 1b).

2.2.1.2. Blood collection. Forty-eight hours after the last treatment, six
mice per group underwent submandibular facial vein blood collections
(survival bleeds) [39]; 100 μl of blood were collected in a glass
micropipette capillary tube.

2.2.1.3. Ovary collection. Then mice were sacrificed as described above
and ovaries were removed. Part of the ovaries was conserved in 3.7%
paraformaldehyde (PFA) for Hematoxylin and Eosin (H&E) staining and
immunohistochemistry analysis. The remaining ovaries were sunk in
liquid nitrogen and stored at −80 °C until processed for RNA or protein
extraction.

2.2.1.4. Superovulation induction and oocyte collection. In order to
obtain mature oocytes, at 48 h after the last treatment, the remaining
three mice per group were treated for the induction of super ovulation
by intraperitoneal injection of 10 IU PMSG (Folligon; Intervet-
International, Boxmeer, Holland), followed by 10 IU hCG (Profasi HP
2000; Serono, Roma, Italy) 48 h apart. Fifteen hours after hCG, oviducts
were removed and oocytes arrested at metaphase II (MII) stage were
isolated after a brief exposure to 0.3 mg/ml hyaluronidase (Sigma-
Aldrich).

2.2.2. Hormone assays
Serum progesterone and androstenedione levels were measured by

Architect specific Kit (Abbott) following the manufacturer's instruc-
tions. Estradiol was measured by VIDAS EII2 Kit (BioMarieux, SA)
following the manufacturer's instructions.

2.2.3. H&E staining and ovarian follicle classification
Ovarian sections were stained with Hematoxylin and Eosin (H&E)

and analysed under a light microscope for differential follicle counts as
previously described [40]. Briefly, blind follicle counts were conducted
on every fifth section of entire ovaries by two independent researchers.
Follicle stage was classified according to Pedersen and Peters [41].
Primordial follicles are quiescent follicles characterized by a small oo-
cyte, with a diameter of< 20 μm, with up to 20 follicle cells attached to
its surface on the largest cross-section. Growing follicles include
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primary follicles, characterized by one complete ring of follicle cells (21
to 60 cells on the largest cross-section) that surround a growing oocyte
(diameter between 20 and 70 μm); secondary follicles, with two or
three layers of follicle cells (61 to 200 cells on the largest cross-section)
surrounding a growing oocyte (diameter between 20 and 70 μm); antral
follicles, a fully grown oocyte (diameter 70 μm) surrounded by many
layers of follicle cells separated by scattered areas or a cavity containing
follicle fluid. Only follicles showing the nucleus of the oocyte were
counted.

2.2.4. Ovarian immunohistochemical analysis
Fixed ovaries were embedded in low temperature-fusion paraffin,

and serial sections of 3 μm were obtained for several histological
staining. Ovarian sections were incubated in methanol and 3% hy-
drogen peroxidase solution for 40min and then rinsed in PBS.
Thereafter, samples were incubated overnight at 4C with polyclonal
antibodies to MG-AGE (AGE06B, BioLogo; 1:200), RAGE (PA1-075,
ThermoFisher Scientific; 1:200), PCNA (NB500-106, Novus Biologicals,
1:200) and CD34 (PA1334, Boster Biological Technology; 1:200).
Samples were then rinsed with PBS for 5min and incubated with a
labelled streptavidin-biotin-peroxidase conjugate kit (Dako LSAB plus,
DakoCytomation; Milan, Italy). After rinsing in PBS for 10min, the
sections were incubated with 3,3′-diaminobenzidine-tetrahydrochloride
(DAB; DakoCytomation) for 1–3min. Last, the samples were counter-
stained with Mayer's Hematoxylin and observed under a photomicro-
scope Olympus BX51 Light Microscope (Olympus Optical Co. Ltd.). To
demonstrate the immunoreaction specificity, negative controls were
performed for all immunoreactions. For negative controls, the primary
antibody was replaced (same dilution) with normal serum from the
same species. Observations were processed with an image analysis
system (IAS; Delta; Rome, Italy) and were independently performed by
two pathologists (A.V., R.S.) in a blinded fashion.

2.2.5. Ovarian RNA extraction
Total RNA from ovaries was isolated using TRIzol (Invitrogen,

Carlsbad, CA) according to the manufacturer's instructions. cDNA
synthesis and Real-time quantitative PCR (qPCR) were performed as
already described under the cDNA synthesis and Real-time quantitative
PCR (qPCR) section.

2.2.6. Western blot analysis
Ovarian tissues were homogenized in RIPA buffer by repeated

freeze/thaw cycles in liquid nitrogen. After centrifugation (33.000 rpm
for 1 h at 4 °C), the supernatants were collected for protein analysis.
Protein concentration was determined by BCA protein assay kit (Pierce,
Rockford, IL). Protein samples were separated by SDS-PAGE and
transferred to a polyvinylidene difluoride membrane (Sigma-Aldrich,
St. Louis, MO, USA). Non-specific binding sites were blocked for 1 h at
room temperature with 5% not fat dry milk (Bio-Rad Laboratories,
Italy) in Tris-buffered saline containing 0.05% Tween 20 (TBS-T).
Membranes were incubated with polyclonal rabbit anti-SIRT1 antibody
(Ab12193, Abcam; 1:700), anti-SIRT3 (Ab86671, Abcam, Cambridge,
UK; 1:500), anti-CAT antibody (200-4151, Rockland; 1:10.0000), anti-
SOD2 antibody (Ab86087, Abcam; 1:1000), anti-GLO1 antibody (MA1-
13029, Thermo Fisher; 1:600), anti-GLO2 antibody (Ab154108, Abcam;
1:500), anti-PGC1α antibody (SC-13067, Santa Cruz Biotechnology
Inc., 1:500), anti-AMH (Ab103233, Abcam, 1:100), anti-CD34
(PA1334, Boster Biological Technology, 1:700), anti-RAGE (PA1-075,
ThermoFisher Scientific, 1:750), mouse anti-Methylglyoxal (MG)-AGE
(argpyrimidine) monoclonal antibody (AGE06B, BioLogo; 1:200), anti-
PCNA (NB500-106, Novus Biologicals, 1:1000), anti-mtTFA (SC-
166965, Santa Cruz, 1:250), anti-β-actin antibody (Ab8226, Abcam;
1:3000) or anti-GAPDH (TA802519, OriGene Technologies Inc., 1:750)
overnight at 4 °C, followed by incubation with horseradish peroxidase
(HRP) conjugated anti-rabbit (BA1054, Boster Biological Technology
Co., Ltd., 1:3000) or anti-mouse secondary antibody (Ab6728, Abcam,

1:2000) for 1 h at room temperature. After washing, specific im-
munoreactive complexes were detected by ECL kit (Thermo Scientific,
Waltham, MA, USA) and Uvitec Cambridge system (Alliance series,
Cambridge, UK). The bands were normalized for β-actin or GAPDH
using ImageJ 1.44p software and values were given as relative units
(RU). The experiment was performed in triplicate.

2.2.7. Analysis of DNA distribution and spindle configuration of in vivo
matured MII oocytes

Immunofluorescence experiments were performed according to Di
Nisio et al. [42]. In vivo matured MII oocytes were fixed for immuno-
fluorescence and labelled by mouse anti-α-tubulin (T9026, Sigma Al-
drich, 1:200) primary antibody overnight at 4 °C and secondary goat
anti mouse- antibody conjugated with Alexa 594 (A90-137D4, Bethyl
Laboratories Inc., 1:500) for 1 h at room temperature. Chromatin
staining was performed by 5 μg/ml Hoechst 33342 (Sigma-Aldrich) for
5min at room temperature. In negative control oocytes, the primary
antibody was omitted. Oocytes were mounted on slides and analysed
under epifluorescence microscope at 100× magnification.

Digital images were analysed using ImageJ 1.44p to obtain mea-
surements of spindle length (from pole to pole), spindle width at the
equator and spindle pole width. These values were used to calculate the
total area of the spindle for each oocyte as follows [43,44].
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+

+
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equator width pole width

equator width pole width

( #1 )

2
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2

2.3. Statistical analysis

All data are presented as mean ± SEM. Statistical analysis was
assessed by OneWay ANOVA followed by Tukey's multiple compar-
isons, or t-test. Analyses were performed using the SigmaStat software
(Jandel Scientific Corporation). P-values< 0.05 were considered sta-
tistically significant.

3. Results

3.1. Part 1

3.1.1. Exposure of GV oocytes to MG induces up-regulation of Glo1 and
Glo2 gene and SIRT1 inhibition reduces this response

In order to investigate the role of SIRT1 in the antiglycation re-
sponse, GV-arrested oocytes were exposed to 75 μM MG [17,18] in the
presence of two different SIRT1 inhibitors, Ex527 [35] or sirtinol [36]
or in the presence of the SIRT1 activator, resveratrol [37] and analysed
for the levels of Glo1 and Glo2 transcripts (Fig. 1a). Results from Real
Time RT-PCR revealed that transcript levels of Glo1 and Glo2 increased
significantly following 3 h exposure to MG. When the medium con-
taining MG was supplemented with SIRT1 inhibitors, Ex527 or sirtinol,
the levels of Glo1 and Glo2 transcripts were significantly lower than MG
oocytes, although they did not reach levels similar to controls. After 3 h
of MG exposure, supplementation with resveratrol did not influence
Glo1 and Glo2 gene expression in comparison to culture with MG alone
(Fig. 2a,b).

3.1.2. Modulation of SIRT1 activity influences MG effects on oocyte in vitro
maturation

Given the effects of SIRT1 inhibition on the glyoxalase system, we
investigated whether this condition aggravated the effects of MG on
meiosis progression. To this end, GV oocytes were exposed to 75 μMMG
in the presence of different Ex527 concentrations during a 16 h in-
cubation. According to previous results [17,35], both these compounds
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are known to negatively affect meiotic maturation. Accordingly, our
results showed that oocyte exposure to 75 μM MG alone resulted in
about 45% polar body extrusion. As expected, a negative effect was also
observed when oocytes were exposed to 5 μM and 10 μM Ex527 (65%
and 45% polar body extrusion, respectively). When oocytes were
challenged with both 75 μM MG and 5 μM or 10 μM Ex527 a synergistic
detrimental effect on oocyte maturation was observed. In particular,
under both the Ex527 treatments, maturation rate of MG exposed oo-
cytes decreased to 25% (Fig. 2c).

To confirm the contribution of SIRT1 to MG response, oocytes were
exposed to 75 μM MG in the presence of the SIRT1 activator resveratrol
at 2 μM concentrations [37]. Under this condition the inhibitory effect
of 75 μM MG was reverted. Indeed in this group we observed normal
meiotic progression, with a maturation rate similar to that of untreated
oocytes (Fig. 2c).

3.2. Part 2

3.2.1. MG mice showed normal levels of ovarian hormones and ovarian
follicle populations but revealed abnormal ovarian stroma

Given the involvement of SIRT1 in the response of oocytes to in vitro
MG exposure, we hypothesized a role for this sirtuin in the antiglyca-
tion response at ovarian level. Thus we relied on a mouse model based
on oral MG administration previously established by Ghosh et al. [33].
Control and MG mice were healthy in behaviour and aspect and body
weight of MG mice was similar to control at the end of the treatment. As
shown in Fig. 1b, at 48 h from the end of MG administration, serum
levels of ovarian hormones of control and MG mice were assessed.
According to results in Table 1, steroidogenesis was slightly affected by
MG intake with a significant decrease in progesterone levels and a slight
increase in androstenedione, whereas 17-β estradiol concentration did
not change.

As shown in Fig. 3c, no significant differences were observed in the
number of primordial, primary, secondary and antral follicles in the
ovaries of MG mice when compared to control. The absence of effects
on ovarian reserve (primordial follicles) was confirmed by the assess-
ment of AMH expression by immunoblotting analysis revealing similar
levels of this protein in control and MG groups (Fig. 3d,e).

Western blotting and immunohistochemical analysis demonstrated
a reductive distribution and expression of PCNA within the ovaries of
MG mice in comparison to control (Fig. 4a,b,d,f), whereas ovarian
CD34 protein, a vascular endothelial cell marker, did not undergo sig-
nificant changes (Fig. 4a,c,e,g).

3.2.2. In vivo MG intake increases ovarian expression of SIRT1 network
proteins

To investigate the involvement of SIRT1 in the ovarian response to
MG, we compared the levels of SIRT1 and proteins of SIRT1 network in
control and MG mice (Fig. 1b). Data reported in Fig. 5 revealed a

Fig. 2. Modulation of SIRT1 activity affects oocyte
Glo1 and Glo2 transcript level and oocyte in vitro
maturation (IVM) upon MG insult. Glo1 (a) and Glo2
(b) gene expression in oocytes exposed to MG under
SIRT1 inhibition by Ex527 and sirtinol, or SIRT1 activa-
tion by resveratrol. Data are presented as means ± SEM.
(c) GV oocytes exposed to 75 μM MG in the presence of
two concentrations of SIRT1 inhibitor Ex527 (5 μM and
10 μM), or in the presence of the SIRT1 activator resver-
atrol at 2 μM concentration. Data represent the mean
percentage of oocytes emitting polar body after IVM
(± SEM). Experiments were performed three times.
*P < 0.05; ***P < 0.001, One Way ANOVA, Tukey's
multiple comparisons.

Table 1
Anthropometric and hormonal parameters of control and MG mice (n= 6, per
experimental group).

CTRL MG P

Weight day 1 (g) 21.05 ± 0.39 20.95 ± 0.36 n.s.
Weight day 30 (g) 25.80 ± 0.78 22.97 ± 1.00 n.s.
Progesterone (ng/ml) 19.4 ± 1.1 7.3 ± 0.8 ⁎⁎⁎

Androstenedione (ng/ml) 0.32 ± 0.01 0.49 ± 0.05 ⁎

Estradiol (pg/ml) 9.10 ± 0.12 9.28 ± 0.45 n.s.

Values are means ± S.E.M.
n.s., not statistically significant; t-test.

⁎ P < 0.05.
⁎⁎⁎ P < 0.001.
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significant increase of SIRT1 in MG mice. Moreover, we detected an up-
regulation of protein levels of SIRT3, the antioxidant enzymes SOD2
and CAT, of PGC1α, the main regulator of mitochondrial biogenesis and
function, and mtTFA, which reflects the rate of mtDNA transcription
and mtDNA content [45].

3.2.3. In vivo MG intake increases ovarian protein expression of GLO1 and
does not result in increased levels of MG-AGEs and RAGE

To investigate the activation of the MG detoxification system, we
assessed gene and protein expression of glyoxalase 1 and glyoxalase 2,
together with the level and localization of MG-AGEs and RAGE. Our
results showed no differences in Glo1 and Glo2 transcript levels
(Fig. 6a,b). GLO1 protein expression was significantly higher in ovaries
from MG mice when compared with controls, whereas protein levels of
GLO2 remained unchanged (Fig. 6c,d,e). Semiquantitative analysis of
all the immunoreactive bands revealed similar levels of MG-AGEs in the
experimental groups. Moreover, the immunohistochemical analysis did
not evidence any differences in intraovarian MG-AGE localization. The
absence of MG-AGE accumulation was confirmed by similar protein
expression and intraovarian distribution of RAGE in MG and control

mice (Fig. 7).

3.2.4. MG intake does not affect ovulation rate but negatively affects oocyte
quality

In order to evaluate the impact of changes provoked by MG in
ovarian microenvironment on the production of competent gametes,
ovulation rate and oocyte quality were assessed (Fig. 1b). Although
similar amount of ovulated and mature MII oocytes in both MG and
control groups, immunocytochemistry analysis revealed the presence of
abnormal spindles in oocytes isolated from MG mice (Table 2). In
particular, when we examined spindle dimensions we observed a sig-
nificant increase in the estimated spindle area due to differences in
length, width and pole width in oocytes from MG mice. Indeed the
oocytes from MG mice presented barrel shaped spindles that were
larger than small focused spindles showed by oocytes from control
group (Fig. 8).

4. Discussion

Recently, it has emerged that overload of reactive dicarbonyl

Fig. 3. MG intake did not influence ovarian follicle populations. Representative images of histological sections of control (a) and MG (b) ovaries are shown; scale
bars: 400 μm. Data represent means ± SEM. Follicles were classified as primordial, primary, secondary and antral follicles (c). Western blot analysis (d) and
representative images (e) of ovarian AMH. Data are presented as means ± SEM of densitometric analysis of immunoreactive bands normalized to internal reference
protein (GAPDH). Three mice per experimental group were employed. Experiments were done in triplicate. t-test: n.s., not statistically significant.
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compounds and AGEs are key factors in ovarian dysfunctions and re-
duced fertility associated with aging, PCOS and oxidative stress
[10,46–49]. Consumption of glycotoxins contained in thermally pro-
cessed foods and various beverages and foodstuffs typical of a Western
diet contribute to increase AGE-related dysfunctions [50–52]. In search
for mechanisms underlying an efficient scavenging of MG and AGEs at
ovarian level, the present study provides evidence for the involvement
of SIRT1 in the antiglycation response orchestrated by female germ
cells and ovary.

4.1. SIRT1 participates in the modulation of MG scavenging in mouse
oocytes

It is known that glyoxalases are expressed in mouse oocytes at gene
and protein level in physiological conditions [17,53]. Here we revealed
for the first time that exposure to supraphysiological levels of MG in-
duced up-expression of Glo1 and Glo2 genes in mouse GV oocytes.

Moreover we showed that inhibition of SIRT1 by Ex527 or sirtinol re-
duced this response. Although SIRT1 activation by resveratrol seems
not to potentiate glyoxalase expression, data obtained from SIRT1 in-
hibition represent a strong evidence of the involvement of this sirtuin in
the MG detoxification response. Glo1 gene promoter contains numerous
regulatory elements including antioxidant responsive elements (AREs)
[54,55]. Positive transcriptional regulators of Glo2 gene include p63
and p73, members of the p53 family involved in female germ cell
quality control [56,57]. Therefore, Glo2 gene up-regulation in oocytes
exposed to MG may be related to the accumulation of DNA double
strands breaks observed in previous papers [17,18]. Whether SIRT1
exerts direct or indirect effects on Glo1 and Glo2 promoters remains to
be investigated together with the reasons why resveratrol did not en-
hance Glo1 and Glo2 expression (Fig. 2).

The finding that the negative effects of MG on in vitro oocyte ma-
turation were potentiated by the exposure to the SIRT1 inhibitor and
reverted by the SIRT1 activator, resveratrol, further supports the notion

Fig. 4. MG intake affects ovarian stroma and vasculature. Western blot representative images (a) and analysis of PCNA (b) and CD34 (c) are shown. Data are
presented as means ± SEM of densitometric analysis of immunoreactive bands normalized to internal reference protein (GAPDH). Representative images of im-
munolocalization of PCNA and CD34 in control and MG ovaries. PCNA: control (d); MG (f), scale bar, 100 μm. CD34: control (e); MG (g), scale bar, 25 μm. Three mice
per experimental group were employed. Experiments were done in triplicate. *P < 0.05, t-test.
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that SIRT1 is involved in the adaptive response to MG. According to Liu
et al. [18], oocyte MG exposure resulted in increased levels of ROS and
oxidative damage, which were prevented by antioxidant effects of re-
sveratrol. Based on our observation that Ex527 aggravates MG cyto-
toxicity, it is likely that protective actions exerted by resveratrol re-
ported by us and Liu et al. [18] are also linked to its activity as SIRT1

activator.

4.2. In vivo exposure to MG does not affect ovarian folliculogenesis but
influences stromal cell proliferation and ovarian hormones

Given the involvement of SIRT1 in the response of oocytes to in vitro

Fig. 5. MG intake increases ovarian expression of SIRT1 and proteins of SIRT1 network. Western blot analysis of SIRT1 (a), SIRT3 (b), PGC1α (c), mtTFA (d),
CAT (e) and SOD2 (f) and representative images of immunoreactive bands (g) are shown. Data are presented as means ± SEM of densitometric analysis of im-
munoreactive bands normalized to internal reference protein (β-actin). Three mice per experimental group were employed. Experiments were done in triplicate.
***P < 0.001, **P < 0.01, *P < 0.05, t-test.
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MG exposure, we evaluated a role for this sirtuin in the antiglycation
response at ovarian level. The study of the effects of ingested MG has
represented the best option to accomplish this objective. In vivo MG
effects on female fertility have already been described by Chang and
Chan [16]. However, the lack of evaluation of the amount of MG in-
gested and MG plasma concentrations, along with the short duration of
treatment, rendered this protocol unsuitable for our study. Indeed we
selected the regimen of MG administration by Ghosh et al. [33], which
induced an increase in blood MG during the overall follicle growth
time. Moreover, under this treatment, animals remained healthy, no
changes in body weight were observed and histological examination of
several organs did not reveal any adverse effect [33]. Accordingly, in
our study MG mice were healthy in behaviour and appearance and
showed body weight similar to control at the end of MG treatment
(Table 2). Nevertheless, MG mice presented decreased levels of pro-
gesterone and increased androstenedione, which may represent an
early sign of the hyperandrogenic status associated with PCOS and
ovarian AGE deposition [58–60]. In spite of these effects on ovarian
steroidogenesis, MG mice did not show alteration folliculogenesis as
demonstrated by normal ovarian follicle count, AMH expression and
ovulation rate. Nevertheless, reduced ovarian cell proliferation based
on PCNA expression may represent evidence for altered homeostasis
which is supported by activation of SIRT1 functional network, anti-
glycation response and oocyte defects discussed below.

4.3. SIRT1 functional network is involved in the antiglycation response to
MG at ovarian level

We found that in vivo ovarian exposure to MG achieved by means of
MG intake increased ovarian expression of SIRT1 functional network.
This points to the notion that MG perturbed ovarian homeostasis by

generating a condition of redox imbalance. Indeed increased expression
of sirtuins is considered an adaptive response to mild oxidative stress,
whereas severe oxidant conditions determined posttranslational mod-
ifications resulting in sirtuin degradation [21]. Previous studies by our
group have reported that SIRT1 mRNA and protein increase in oocytes,
granulosa cells and ovary in response to pro-oxidant stimuli. In these
systems changes in SIRT1 expression have been linked to the mRNA
binding protein HuR and the micro-RNA miR-132 [35,40]. Since oxi-
dative conditions are known to reduce the interaction of SIRT1 with its
enzymatic inhibitor DBC1, it is likely that the increased SIRT1 expres-
sion observed in this study is associated with increased SIRT1 activity
[21].

The recruitment of SIRT1 in the ovary exposed to MG is also sup-
ported by the rise in protein level of elements of its functional network
reported in this study. SIRT1 is known to promote activation of Cat and
Sod2 genes throughout deacetylation of FOXO transcription factors
[25,61]. Moreover, SOD2 protein activity is under positive regulation of
SIRT3, which also deacetylates a range of mitochondrial target enzymes
thus improving energy production in concomitance with the activity of
the SIRT1 substrate PGC1α [31]. The finding of increased protein levels
of mtTFA, a key regulator of mitochondrial DNA copy number, may
represent an evidence of mitochondrial biogenesis activated by SIRT1
as reported in other systems [28,29]. Although we have not in-
vestigated the levels of the de-acetylated forms of sirtuin targets, the
pattern of expression here described strongly suggests that SIRT1
changes are associated with a complex response that promotes anti-
oxidant defence, mitochondrial biogenesis and functions [23–28].

When we focused on the antiglycation response, no effects were
observed on the expression of Glo1 and Glo2 genes. This may be a part
of an adaptive response to prolonged exposure to supraphysiological
MG levels. Differences between activation of the glyoxalase system in
oocytes and ovaries upon MG insults may be ascribed to many factors.
Among them, it is likely that in oocytes we observed an early response
whereas in the ovary we described the effects of a prolonged exposure.
Nevertheless our results indicated that MG detoxification has been ac-
tivated in the ovary of MG mice. This conclusion is supported by the
observation of increased protein expression of GLO1 along with normal
level of MG-AGEs and RAGE. The notion that GLO1 plays a key role in
antiglycation response at ovarian level is supported by our previous
study showing that reduced activity, protein and gene expression are
associated with increased MG-AGEs in ovaries from reproductively
aged mice [10].

4.4. The ovarian antiglycation response does not prevent negative effects of
MG on oocyte competence

Here we reported that MG mice ovulated oocytes with a reduced
biological competence. This conclusion arises from the presence of
abnormal meiotic spindles. Although chromosomes were correctly
aligned on the MII plate, the oocytes ovulated by MG mice presented
barrel shaped spindles that were larger than small focused spindles
showed by oocytes from control group. The barrel-shaped spindle
phenotype has been described in oocytes subjected to in vitro matura-
tion under suboptimal conditions and reflected deregulation of mole-
cular components of spindle poles and microtubule organizing centres
(MTOCs) probably associated with GSH imbalance [43,44]. Spindle
defects here observed in oocytes exposed to MG during in vivo follicu-
logenesis are less pronounced that those found in oocyte matured in
vitro in the presence of MG in previous papers [17,18]. This difference
may be ascribed to the absence of surrounding somatic cells during in
vitro MG exposure, as supported by our previous finding that cumulus
cells mitigated cytotoxic effects of MG on IVM rate, although this effect
was lost during reproductive aging [17]. Overall, our observations from
in vitro and in vivo studies on oocytes along with the evidence for re-
duced ovarian cell proliferation lead to the hypothesis that MG may
have multiple targets in the ovarian microenvironment. It is likely that

Fig. 6. In vivoMG intake increases ovarian protein expression of GLO1 and
does not influence the levels of GLO2. Gene expression of Glo1 (a) and Glo2
(b) genes. Data are presented as means ± SEM. Western blot analysis of GLO1
(c) and GLO2 (d) and representative images of immunoreactive bands (e) are
shown. Data are presented as means ± SEM of densitometric analysis of im-
munoreactive bands normalized to internal reference protein (β-actin). Three
mice per experimental group were employed. Experiments were done in tri-
plicate. **P < 0.01, t-test.
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all of them contribute to the reduced ability of the preovulatory follicle
to support correct meiotic maturation following gonadotropin stimu-
lation.

5. Conclusions

Although numerous studies support the role of SIRT1 as a protective
factor against damages induced by MG or AGE overload in cells and
chronically exposed animal models [62–71], our results from mouse

Fig. 7. In vivoMG intake influence the expression and intraovarian distribution levels of MG-AGE and RAGE. Representative images of immunolocalization of
MG-AGE and RAGE in control and MG ovaries. MG-AGE: control (a), MG (b), scale bar, 25 μm; RAGE: control (c); MG (d), scale bar, 25 μm. Western blot analysis of
MG-AGE (e) and RAGE (f) and representative images (g) are shown. Data are presented as means ± SEM of densitometric analysis of immunoreactive bands
normalized to internal reference protein (β-actin). Three mice per experimental group were employed. Experiments were done in triplicate. t-test: n.s.

Table 2
Ovulation rate and oocyte quality in control and MG mice.

Experimental group Ovulation rate Maturation rate Meiotic spindle dimensions

Oocyte per mouse % MII n. Length
(μm)

Width
(μm)

Pole width
(μm)

Area
(μm2)

CTRL (n= 3) 16.0 ± 0.6 93.5 ± 3.9 32 19.44 ± 0.63 11.23 ± 0.27 3.50 ± 0.16 144.35 ± 7.12
MG (n=3) 17.3 ± 0.7 94.2 ± 3.2 30 23.75 ± 0.52⁎⁎⁎ 12.78 ± 0.37⁎⁎⁎ 7.07 ± 0.45⁎⁎⁎ 237.26 ± 1.01⁎⁎⁎

Values are means ± S.E.M.
Pole width indicates the mean width at the two spindle poles. t-test.

⁎⁎⁎ P < 0.001.
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oocytes in vitro exposed to MG revealed for the first time that SIRT1 can
modulate MG scavenging by promoting expression of glyoxalases.
Moreover, the finding that up-regulation of glyoxalase is associated
with that of components of SIRT1 functional network in the ovaries of
MG mice provides strong evidence that SIRT1 participates in the re-
sponse to methylglyoxal-dependent glycative stress in the female
gonad. This response avoids ovarian AGE accumulation and alterations
to folliculogenesis, but does not prevent disruption of ovarian and fol-
licle homeostasis required for acquisition of oocyte competence [72,73]
and probably responsible for increased embryo aneuploidy and foetal
resorption [16].

Further studies are needed to establish the effects of long-term MG
in vivo administration on the female reproductive system. Although
caution should be taken in translating our results in the mouse model to
humans, the present study represents a contribution to the knowledge
of the effects on fertility of MG and AGE overload during aging, PCOS
and diabetes and can help to build up preventive strategies.
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