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background: Highly reactive carbonyl compounds formed during glycolysis, such as methylglyoxal (MG), can lead to the formation of
‘advanced glycation end products’ (AGE) and carbonyl stress. Toxic AGEs are suspected to accumulate and play a role in reducing quality and
developmental potential of mammalian oocytes of aged females and in PCOS and diabetic patients. Whether and how MG and AGE affect
young and aged oocytes at the cellular level is unknown.

methods: The study consists of three parts. In Part A expression of MG-detoxifying enzymes glyoxalases 1 and 2 was analysed by
RT–PCR at different stages of maturation in denuded oocytes (DO), cumulus–enclosed oocytes (CEO) and metaphase (M)II oocytes of
the CD-1 mouse to obtain information on stage-specific susceptibility to carbonyl stress. DO and CEO from young and aged females
and from stimulated cycles were exposed to MG during maturation in vitro to assess also age-related changes in sensitivity to carbonyl
stress induced by MG. Induction of apoptosis by MG on in vitro maturing DO was assessed by terminal deoxynucleotidyl transferase-
mediated dUDP nick-end labelling test. In Part B of the study, DO from large antral follicles of ovaries of adult, young MF-1 mice in late
diestrous were exposed to MG to assess direct influences of MG and AGEs formed during continuous exposure to MG on rate and kinetics
of maturation to MII, on DNA integrity (by g-H2AX staining) in the germinal vesicle (GV) stage, and on spindle formation and chromosome
alignment (by tubulin and pericentrin immunofluorescence and polarization microscopy), and chromosome segregation (by C-banding)
during in vitro maturation. Since MG and AGEs can affect functionality of mitochondria in Part C, mitochondrial distribution and membrane
potential was studied using JC-1 probe. Expression of a redox-sensitive mito-Grx1-roGFP2 protein in mitochondria of maturing oocytes by
confocal laser scanning microscopy was employed to determine the inner mitochondrial glutathion (GSH)/glutathion disulfide (GSSG)-
dependent redox potential.

results: Part A revealed that mRNA for glyoxalases decreases during meiotic maturation. Importantly, cumulus from aged mice in CEO
obtained from stimulated cycles does not protect oocytes efficiently from MG-induced meiotic arrest during in vitro maturation. Part B
showed that the MG-induced meiotic delay or arrest is associated with significant rises in spindle aberrations, chromosome congression
failure and aberrant telophase I in oocytes. MG exposure of meiotically arrested GV-stage oocytes significantly increases the numbers of
g-H2AX spots in the nucleus suggesting increased DNA damage, while MG exposure during maturation affects chromatin condensation
and induces chromosome lagging at anaphase I. Moreover, Part C revealed that carbonyl stress by chronic exposure to MG is associated
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with delays in changes in mitochondrial distribution and altered inner-mitochondrial GSH/GSSG redox potential, which might be particularly
relevant for cytoskeletal dynamics as well as processes after fertilization. Sensitivity to a meiotic block by MG appears dependent on the
genetic background.

conclusions: The sensitivity to carbonyl stress by MG appears to increase with maternal age. Since MG-exposure induces DNA
damage, meiotic delay, spindle aberrations, anaphase I lagging and epimutation, aged oocytes are particularly at risk for such disturbances
in the absence of efficient protection by cumulus. Furthermore, disturbances in mitochondrial distribution and redox regulation may be
especially critical for fertilization and developmental competence of oocytes exposed to MG and carbonyl stress before or during maturation,
for instance, in aged females, or in PCOS or diabetic patients, in agreement with recent suggestions of correlations between poor follicular
and embryonic development, lower pregnancy rate and presence of toxic AGEs in serum, irrespective of age.
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Introduction
Ovarian functional decline with age entails a gradual depletion of
ovarian follicle reserve and a reduced ability to produce oocytes com-
petent for fertilization and embryo development (Tatone et al., 2008;
Broekmans et al., 2009). Ovarian physiology is unique in that follicles
might remain in a ‘resting’ phase for a long time and start growing even
in the fifth decade of life. Based on this concept, it is reasonable to
hypothesize that during the reproductive lifespan, the ovarian micro-
environment is gradually perturbed. Ovarian ageing is associated
with the impairment of specific functions of oocytes and granulosa
cells, along with general dysfunctions typical of the cellular ageing
process, such as altered mitochondrial activity, energetic failure and
changes in genes and protein expression profiles (Van Blerkom
et al., 1998; Eichenlaub-Ritter et al., 2004; Hamatani et al., 2004;
Thouas et al., 2005; Steuerwald et al., 2007; Grondahl et al., 2010).
A relevant consequence of this condition is an increased susceptibility
to meiotic errors enhancing the risk of chromosomal abnormalities in
the mature oocyte (Eichenlaub-Ritter, 1998; Vogt et al., 2008; Hassold
and Hunt, 2009). In addition, embryo development in advanced repro-
ductive age may be jeopardized by altered epigenetic mechanisms
(Lopes et al., 2009).

It has been proposed that ovarian follicles become exposed to
factors that irreversibly accumulate during the reproductive lifespan
(Tatone et al., 2008) that act synergistic to suboptimal follicular
environment on maturation, chromosomal constitution and develop-
mental capacity of the oocyte (Eichenlaub-Ritter, 2003). Accumulation
of spontaneous damage during normal metabolism plays a relevant
role in the cellular ageing process (Yin and Chen, 2005; Rattan,
2008). Biological reactions leading to ageing include modifications of
different kinds of molecules by free radicals and glycation (Yin et al.,
2001; Harman, 2006). The latter is a non-enzymatic reaction by
which highly reactive carbonyl compounds formed during glycolysis
and other metabolic pathways react with biomolecules leading to
the formation of AGEs (advanced glycation end products), the most
relevant hallmarks of ageing. By adversely affecting structural and
functional properties of proteins, lipids and DNA (Ledl and Schleicher,
1999; Baynes, 2001; Yin et al., 2001), glycation causes tissue
damage resulting from molecular cross-linking (Verzijl et al., 2000)
and changes in gene expression through AGE receptor (Schmidt
et al., 2000; Wautier et al., 2001). Reactive carbonyl compounds
overload, a condition known as carbonyl stress, can be caused by
decreased detoxification or increased formation via oxidative stress.

A major precursor of AGEs is the a-oxoaldehyde methylglyoxal
(MG), a dicarbonyl compound, which is physiologically produced
during the glycolytic process and other physiological pathways and
which can inhibit mitochondrial respiration and proliferation, induce
apoptosis and increase reactive oxygen species (ROS) production
(Thornalley, 1996; Amicarelli et al., 2003). Detoxification of MG
mainly occurs via the glyoxalase system, which consists of two
enzymes: glyoxalase 1 (GLO1) and hydroxyacyl glutathione hydrolase
(HAGH, previously known as glyoxalase 2, GLO2). GLO1 catalyses
the formation of S-D-lactoylglutathione from MG with reduced gluta-
thione (GSH) acting as a cofactor. HAGH catalyses the hydrolysis of
S-D-lactoyl-glutathione to D-lactate and regenerates GSH (Mannervik,
2008). The glyoxalase system, particularly GLO1, represents the front-
line defence against dicarbonyl glycation in physiological systems
(Thornalley, 2003; Kuhla et al., 2006), limiting carbonyl stress toxicity
(Shinohara et al., 1998). Knockdown of GLO1 decreases lifespan while
overexpression may prolong life (Morcos et al., 2008). AGEs may be
involved in ovarian physiopathology, e.g. in PCOS patients (Diamanti-
Kandarakis et al., 2007). Furthermore, MG may be involved in reduced
developmental competence of oocytes and embryos from diabetic
patients (Chang and Chan, 2010). A role for AGEs in ovarian ageing
has also been suggested by some observations in human follicular
fluids (Fujii and Nakayama, 2010). In the CD-1 mouse model, a
recent study revealed an age-related increase in MG and AGEs in
relation to decreased expression of GLO1 and relevant damage to
the ovarian proteome (Tatone et al., 2010).

In Part A of this investigation, we therefore addressed the question
whether mouse oocytes are equipped with a defence system against
reactive carbonyl compounds by monitoring the expression of Glo1
and Glo2 genes in germinal vesicle (GV) and in vivo matured and ovu-
lated metaphase II (MII) oocytes from the CD-1 strain. We found that
both genes were expressed at GV stage but undetectable in MII
oocytes such that the mature female gamete may be particularly vul-
nerable to carbonyl stress. Furthermore, we investigated potential
deleterious effects of carbonyl stress produced by chronic exposure
to MG by exposing DO and cumulus-enclosed oocytes (CEO) from
pregnant mare serum (PMSG)-stimulated adult outbred CD-1 mice
to this compound during in vitro maturation. This revealed that protec-
tion to adverse effects by MG mediated by cumulus decreases
with age.

The Part B of the study was devoted to analyse the direct influences
of chronic MG and carbonly stress on in vitro maturing, unprotected
oocytes that were denuded from cumulus and originated from
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unstimulated MF-1 mice (Roberts et al., 2005), yielding large numbers
of maturation-competent oocytes in order to assess spindle formation
and chromosome behaviour. While genotoxic agents that induce
DNA damage may be cytotoxic and induce degeneration of
GV-stage oocytes (Bradshaw et al., 1995) exposures that are not cyto-
toxic and cause spindle aberrations that may induce a delay or block in
maturation after GVBD, when the spindle assembly checkpoint (SAC)
is not satisfied and chromosomes do not become stably attached to
spindle fibres (reviewed by Vogt et al., 2007; Holt and Jones, 2009).
We therefore evaluated the effects of different MG concentrations
on meiotic progression after 16 and 19 h of incubation and the
impact on spindle integrity and chromosomal constitution. To mimic
the situation in an aged ovary, in which defences by detoxification
are already declined, we also studied the potential DNA-damaging
influences of carbonyl stress by chronic MG exposure of GV-stage
oocytes blocked from spontaneous resumption of maturation by
culture in the presence of cilostamide, a specific phosphodiesterase
3 inhibitor (Nogueira et al., 2005). Numbers of g-H2AX-antibody
reactive foci were subsequently analysed in the nucleus as markers
of DNA lesions and repair (e.g. Rogakou et al., 1998; Tanaka et al.,
2006; Mah et al., 2010).

In Part C of the study, we analysed the influences of MG exposure on
mitochondrial distribution and potential of the inner-mitochondrial
membrane (DCmit; Van Blerkom et al., 2002) and the intra-
mitochondrial GSH/GSSH redox state (Em

GSH; Meyer and Dick, 2010)
since mitochondrial dysfunction can be at the basis of spindle and chro-
matin alterations and reduced developmental potential. Although
oocytes have little glycolysis, the presence of mitochondria in the vicinity
of the spindle may be important for local ATP supply at maturation, and a
cortical domain rich in functionally intact mitochondria with high DCmit

appears essential for calcium signalling and repetitive membrane
depolarization at fertilization (Van Blerkom et al., 2002, 2008; Van
Blerkom, 2009). Since GSH protects oocytes, the zygote and embryo
from oxidative damage and alterations in GSH/GSSG ratio compromise
developmental potential (e.g. Curnov et al., 2010), we assessed the
intramitochondrial GSH-depedent redox potential in controls and
MG-exposed oocytes using a novel non-invasive approach.

Materials and Methods

Part A. Expression of Glo1 and Glo2
and age-related sensitivity to MG
Animals and oocyte collection
Outbred CD-1 mice (Charles River Italia s.r.l., Calco, Italy) at the age of 4–8
weeks (young mice) and 48–52 weeks (reproductively aged mice) were used
to obtain CEO or denuded oocytes (DO) from stimulated females or from
unprimed mice (Tatone et al., 2006). The mice were superovulated by intra-
peritoneal injection of 10 IU of PMSG (Folligon; Intervet-International,
Boxmeer, Holland) and 10 IU of hCG (Profasi HP 2000; Serono, Roma,
Italy) 48 h apart (for study flow chart, see Fig. 1). For expression studies,
oocytes arrested at MII stage were released at 15 h post-hCG from the ovi-
ducts into M2 medium (Sigma, St. Louis, MO). Cumulus was removed by
brief exposure to 0.3 mg/ml hyaluronidase (Sigma).

Analysis of Glo1 and Glo2 expression by semi-quantitative RT–PCR
Denuded GV-stage oocytes from unprimed mice or whole CEO with
oocytes and cumulus cells or MII oocytes from stimulated cycles were

washed in phosphate-buffered saline (PBS) containing 3 mg/ml polyvinyl-
pyrrolidone (PBS-PVP), transferred into a 0.6 ml tube in a volume
,2 ml and immediately subjected to thermolysis and reverse transcription
by cell-to-cDNA kit (Ambion, Inc., Austin, TX). Fifty microlitres containing
the cDNA equivalent of 15 oocytes and PCR buffer 1X (Perkin Elmer Life
And Analytical Sciences, Boston, MA), 1.5 mM MgCl2, 0.2 mM of each
dNTP, 0.2 mM of each primer and 1.25 U of Taq polymerase (all products
from Perkin Elmer) were used in PCR in duplicate and in multiplex reac-
tions, using 18S as the internal standard (QuantumRNA Classic 18S;
Ambion), producing a 489-bp PCR product. The 18S rRNA internal
control is used in combination with 18S competimers and a gene-specific
PCR primer pair. The correct ratio between the 18S rRNA primers and
18S competimers was empirically determined. Primers sequences for
Glo1 were derived from GeneBank (gi|31981281|ref|NM_025374.2| Mus
musculus GLO1, Glo1, mRNA), with primer pair: forward, GATTTGGTCA
CATTGGGATTGC; reverse, TCCTTTCATTTTCCCGTCATCAG and
amplification product of 110 bp. The primer sequences of Glo2 provided
by GeneBank (gi|227499237|ref|NM_024284.2| Mus musculus GLO2
(HAGH), Glo2, mRNA) were: 5′ GATGAGGACACCCAGGAGG and 3′

ACAGCCAGCAACAAACAAT, producing a 369 bp amplification
product. The number of cycles was between 22 and 40 cycles according
to approximate midpoint of the linear amplifications (35 cycles). PCR
thermal cycling for Glo1 and Glo2 mRNA amplification and classic 18S
was 958C for 5 min for 1 cycle; 948C for 40 s, 598C for 1 min, 728C
for 2 min for 35 cycles; 728C for 5 min. PCR products were electrophor-
esed (10 V/cm) in 1.5% ethidium bromide stained-agarose gel in 44.5 mM
Tris, 44.5 mM borate, 1 mM EDTA (TBE) buffer. The relative intensities of
transcript-specific PCR products, normalized to those obtained from 18S
amplification, were determined by NIH image software. Values were given
as relative units. Experiments were performed in triplicate.

Exposure of DO and CEO from CD-1 mice to MG
DO and CEO were isolated from the ovaries of young and aged
PMSG-primed mice 48 h after PMSG (Fig. 1), placed into M16 medium
(Sigma, St. Luis, MO) in the presence or absence of MG (Sigma)
(75–500 mM), and matured for 19 h in a humidified incubator at 378C
and 5% CO2. Numbers of oocytes that resumed maturation and
emitted the first polar body were recorded.

Analysis of MG-induced apoptosis
In vitro matured DO of controls and MG-exposed group (300 mM MG;
19 h) of young CD-1 mice were exposed to Tyrode’s solution for 1 min
in order to remove the zona pellucida and permeabilized for 5 min in
0.1% TritonX-100 in PBS-PVP. DNA fragmentation was detected by term-
inal deoxynucleotidyl transferase-mediated dUDP nick-end labelling
(TUNEL) method by means of ‘in situ’; Cell Death kit (Roche Diagnostic
Gmbh, Mannheim, Germany; 378C for 1 h in 25 ml of ‘TUNEL reaction
mixture’ containing dUTP-FITC, terminal deoxynucleotydil transferase
enzyme and reaction buffer). Positive control was represented by
oocytes treated with 50 U/ml DNase. Negative control was without
dUTP-transferase enzyme. After washing in PBS-PVP, the oocytes were
incubated in Hoechst 33342 (Sigma) at room temperature, mounted on
slides and observed by epifluorescence microscope at ×400 magnification
with appropriate filters.

Part B and C. Direct influences of MG on
resting or in vitro maturing mouse oocytes
Animals, oocyte collection and maturation in vitro
For these experiments, outbred MF-1 mice were used which contain large
numbers of large antral follicles at late diestrous of the natural cycle in the
ovaries of young adult females. Maturation competent oocytes contain a
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clear cytoplasm with little pigmentation that are ideally suited for spindle
immunofluorecence (e.g. Eichenlaub-Ritter and Betzendahl, 1995;
Vogt et al., 2010). Outbred MF-1 mice were maintained in a temperature
controlled environment under a 12 h light/dark cycle (7.00–19.00) at the
Bielefeld University animal house with feed (R/M pellets; Sniff, Soest,
Germany) and water ad libitum. All experiments were done under
permit of the University authorities and in accordance with German law.
Vaginal smears were used to obtain oocytes in late diestrous from large
antral follicles of adult 2–4 months old MF-1 mice (Vogt et al., 2009).

Cumulus-denuded oocytes were placed into M2 medium (Quinn et al.,
1982; all components obtained from Sigma, Deisenhofen, Germany), with
or without MG (Sigma) and matured for 16 or 19 h in a humidified
incubator at 378C (Fig. 1).

Part B
Analysis of DNA damage by MG by staining with g-H2AX
GV-stage oocytes from large antral follicles of MF-1 females in diestrous
were placed into M2 medium, cultured for 5 h in the presence of
10 mM cilostamide (Sigma) without or with 75-mM MG, fixed for immuno-
fluorescence (after removal of the zona by pronase followed by extraction
in a microtubule-stabilizing solution containing Triton-X-100; Vogt et al.,
2009), and finally labelled by first antibody, anti-g-H2AX antibody
(Abcam, London, UK), followed by second anti-mouse-FITC-coupled anti-
body (Sigma) and staining of chromatin by 2-diamidino-2-phenylindole
(DAPI, Sigma; 10 mg/ml in PBS). Oocytes were viewed by Zeiss Axiophot
fluorescence microscope (Zeiss, Jena, Germany) with 100× objective
lens. Images of an optical section were taken through the centre of the
nucleus at its largest diameter (Trapphoff et al., 2010) to count numbers
of g-H2AX spots in controls and MG-exposed GV oocytes.

Spindle and pericentrin immunofluorescence with oocytes from MF-1 mice
Oocytes were processed for tubulin-immunofluorescence as previously
described (Eichenlaub-Ritter and Betzendahl, 1995; Sun et al., 2004).
Immunolabelling was subsequently with first antibody [e.g. rabbit
anti-pericentrin-antibody (Covance, Munich, Germany) and/or mouse
anti-tubulin (Sigma)] and second antibody [anti-rabbit-TRITC (Sigma)
and/or anti-mouse-FITC (Sigma)] followed by staining of chromatin by
DAPI (Sigma) or propidium-iodide (Sigma) and mounting in PBS with

20 ml/ml diamino-bicyclo-octane. Images were viewed by Zeiss Axiophot
fluorescence microscope and recorded by Axiovision system (Zeiss) or
confocal microscope (Leica TCS SP2; Leica Microsystems, Germany).
Morphology of spindle and alignment of chromosomes as well as pericen-
trin at spindle poles was analysed in controls and MG-exposed group.

Octax polarization microscopy: non-invasive analysis of meiotic delay
in MG-exposed oocytes
Meiotic progression to GV breakdown (GVBD) or emission of the first
polar body (PB) was analysed by Octax Eye-Ware polarization microscope
(OCTAX EyeWare MX, MTG. Altendorf, Germany) equipped with a
heated stage on a Nikon microscope with 20× objective lens and appro-
priate filters and LCD liquid crystal optics and hardware for imaging and
recording for qualitative and quantitative polarization microscopy (Shen
et al., 2008; Vogt et al., 2009; Trapphoff et al., 2010). Oocytes in a micro-
drop of 10 ml M2 medium covered with warm mineral oil (Sigma) matured
in a WilCO Wells BV dish with glass bottom (GWSt-5040, Amsterdam,
Netherlands). Images were taken at 2 min intervals to assess nuclear
membrane breakdown (GVBD) and anaphase I progression and first
polar body formation (Vogt et al., 2009, 2010).

Chromosomal analysis
Spreading after hypotonic treatment, C-banding and chromosome analysis
of oocytes were carried out as previously described (Eichenlaub-Ritter and
Boll, 1989; Cukurcam et al., 2003; Cukurcam et al., 2007).

Part C
Analysis of mitochondrial distribution by JC-1 staining
Live staining of mitochondria was performed after incubating oocytes at
different stages of maturation (7, 8 h or 16 h) for 30 min in warm M2
medium containing 1.5 mM JC-1 (5,5′,6,6′tetrachloro-1,1′,3,3′-tetrae-thyl-
benzimidazolylcarbocyanin jodid; Molecular Probes). Lipophilic JC-1
accumulates within mitochondria and in its polarized state produces a
green fluorescence which shifts to orange/red emission in case of more
depolarized membrane potential (Van Blerkom et al., 2002). JC-1-stained
oocytes were viewed and recorded by fluorescence microscope (Zeiss).
Numbers of oocytes with prominent accumulation of mitochondria with
low potential of the inner-mitochondrial membrane (low cmit) around

Figure 1 Flow chart of the experimental design for testing MG effects and age on in vitro maturation to metaphase II, and spindle, chromosomes and
mitochondria employing the MF-1 and CD-1 strain of mice.
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the spindle (category: ++), those with more dispersed distribution
throughout the ooplasm (category: +2) and those without visible
accumulation in the proximity of spindle and chromosomes (category:
22) as well as number of oocytes with mitochondria with high cmit in
the periphery of the oocyte, close to the oolemma (category: ++) and
such without mitochondrial accumulation at the oolemma (category:
22) were recorded.

Non-invasive analysis of the inner-mitochondrial GSH redox potential
We used a construct encoding for a fungal mitochondrial signal
sequence, the human glutaredoxin-1 (Grx1), an enzyme that
interacts specifically with the GSH/GSSG system (Gutscher et al.,
2008), and a redox-sensitive roGFP2 for specific live imaging of
the inner-mitochondrial redox potential (Em

GSH) (Meyer and Dick,
2010). The cDNA of Mito-Grx1-roGFP2 was amplified from
pLCPX-Mito-Grx1-roGFP2 (kindly supplied by Andreas Meyer) using
the following primer pairs: TCA GAT CTA GAG ATG GCC TCC
ACT CGT G; TAT TTT CTA GAT TTA CTT GTA CAG CTC GTC
CAG C and cloned into a pspO-vector. This construct was used for
in vitro transcription followed by in vitro polyadenylation of the resultant
RNA (Vogt et al., 2009; Eichenlaub-Ritter et al., 2010a,b). Polyadeny-
lated mRNA was microinjected into denuded GV oocytes arrested in
dicytate stage in M2 medium containing 0.5 mM cilostamide using an
injector (model 5242, Eppendorf Hamburg/Germany), an automatic
micromanipulator (model 5171, Eppendorf, Hamburg, Germany) and
an inverse microscope (Axiovert 35, Zeiss, Jena, Germany). After 8 h
for translation of mRNA into protein, DO were matured in vitro for

16 h in M2 medium without (control) or with 100 mM MG in the
absence of cilostamide.

Em
GSH was analysed in three independent experiments in MII oocytes

expressing the fusion protein in mitochondria accumulated in the vicinity
of the spindle (control: n ¼ 32; MG: n ¼ 21) by confocal laser scanning
microscope (Leica TCS SP2; Leica Microsystems) with sequential exci-
tation of Mito-Grx1-roGFP2 at 405 and 488 nm. Emission was recorded
in the range of 500–530 nm in the area of the ooplasm in proximity of
the spindle. Cells fully oxidized or reduced by exposure to 10 mM
H2O2 and 10 mM DTT, respectively, served as standard.

According to Nernst equation, the redox potential was determined
using the following equations:

(1) Calculation of oxidized degree of roGFP2

OxDroGFP2 = R − Rred

I488ox/I488red(Rox − R) + (R − Rred)

where R is the ratio of emission intensities (I ) after excitation at 405 or
488 nm (R ¼ I405nm/I488nm). For the determination of Rox and Rred as
well as I488ox and I488red, the mean values obtained from the in situ cali-
bration, after complete oxidation and reduction by treatment with
10 mM DTT or H2O2, respectively, were used.

(2) pH correction
Because the midpoint potential of roGFP2 was determined at pH 7, a pH
correction is required (Schafer and Buettner, 2001; Hanson et al., 2004;

Figure 2 Expression of GLO1 and GLO2 in GV oocytes from unprimed mice, whole CEO from primed females and in vivo matured and ovulated
MII oocytes (MII) from stimulated cycles (a,b) and cumulus cells from CD-1 mouse (c). Glo1 and Glo2 mRNA levels were analyzed in DO, CEO and
MII oocytes by means of semi-quantitative RT–PCR (b). The assays were performed three times and shown are representative experiments (a) and
the results of densitometric analysis test normalized to the corresponding value of the internal housekeeping gene (18S) (b). Data represent means+
SEM; Glo1, DO versus CEO, P . 0.05; Glo2, DO versus CEO, P . 0.05; Glo1 DO versus Glo2 DO, P , 0.05 (a,b); Glo1 and Glo2 mRNA levels were
analyzed in cumulus cells by means of semi-quantitative RT–PCR in cumulus obtained from denuding CEO (c). The assays were performed two times
and shown is a representative experiment.
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Gutscher et al., 2008). We assumed a pH value of 7.98 for mitochondria
(Llopis et al., 1998).
(3)

E′
0pH = E′

0 − 60.1 mV × (pH − 7)

Estimation of redox potential according to Nernst equation

E′ = E′
0(roGFP2)pH − 2.303RT

zF
log10

1 − OxDroGFP2

OxDroGFP2

R is the universal gas constant (R ¼ 8.315 JK21 mol21), T the absolute
temperature [T ¼ 310.5 K (¼378C)], z the number of transferred
electrons (z ¼ 2) and F the faraday constant (F ¼ 96 480 C mol21).
For OxDroGFP2, the cell-specific data, obtained from (1), were inserted.

Statistical analysis
For each experimental series, values are reported as mean+ SEM except
for Em

GSH for which mean and standard errors are shown. Statistical analysis
was by Student t-test or chi-square test and SigmaStat software (Jandel
Scientific Corporation, San Rafael, CA). For small numbers, chi-square
with Yates correction was used. A P value of ,0.05 was considered
statistically significant.

Results

Part A: Expression of Glo1 and Glo2 and
age-related sensitivity of oocytes to MG
Expression of GLO1 and 2 in oocytes and cumulus cells
Since glyoxalases were detected in whole mouse ovaries (Tatone
et al., 2010), we now monitored GLO1 and GLO2 expression by
semi-quantitative RT–PCR. Both Glo1 and Glo2 mRNAs were ident-
ified in GV-stage oocytes from DO of unstimulated cycles and
whole cumulus–oocyte complexes (CEO groups) after PMSG stimu-
lation, whereas they appeared undetectable in in vivo matured and
ovulated MII oocytes from stimulated cycles (Fig. 2a and b). The

two transcripts were also found in cumulus cells (Fig. 2c) with a
pattern of expression similar to that observed in CEO (Fig. 2a).

MG effects on in vitro maturation of young and reproductively
aged mice
In order to investigate whether the reproductive ageing affects oocyte
susceptibility to MG toxicity, DO and CEO from young and reproduc-
tively aged PMSG-stimulated CD-1 mice (Fig. 1) were exposed to
different MG concentrations in M16 medium and monitored for
polar body formation after 19 h. Polar body emission was inhibited
by MG in a dose-dependent manner in both the CEO and DO
groups in the oocytes from young CD-1 mice, with a minimum effec-
tive dose of 150 mM (Fig. 3a). Nevertheless, DO oocytes exposed to
150 and 300 mM MG exhibited a percentage of polar body emission
significantly lower than that observed in CEO (P , 0.001). When
DO and CEO oocytes from reproductively old mice were subjected
to the same MG treatments as young mice, CEO underwent matu-
ration to a similar extent as DO oocytes in all groups (Fig. 3b).

Comparison of polar body emission of old and young groups
revealed that values in old DO did not significantly differ from those
observed in young DO at all concentrations tested whereas CEO
from reproductively old mice were more sensitive to MG than CEO
from the young group (Fig. 3).

Forty-three per cent of the 81 young oocytes exposed to 300-mM
MG displayed TUNEL-positive DNA after 19 h of maturation and all
of them showed condensed chromatin as characteristic for apoptosis
(Fig. 4d,d′).

Part B: Disturbances by chronic MG
exposure on resting and in vitro maturing
mouse oocytes
Oocyte degeneration, meiotic arrest and meiotic delay
To test mutagenic or aneugenic effects of MG, we exposed denuded
mouse oocytes of the MF-1 outbred strain to different concen-
trations of MG during 16 and 19 h of culture. Very few oocytes of
the control from unprimed MF-1 females degenerated, whereas
the majority matured to MII and emitted a first polar body during

Figure 3 Effects of MG on in vitro maturation of oocytes from young (a) and reproductively aged (b) PMSG-stimulated CD-1 mice matured in vitro in
M16 medium in the presence of different MG concentrations and monitored for polar body formation after a 19 h-incubation period. Values are
expressed as percentages of total oocytes at each data point investigated. Chi-square analysis: significant difference between treated and controls
(a: P , 0.01), between DO and CEO (b: P , 0.001), and between young and aged CEO (c: P ¼ 0.026; d: P , 0.001). For further explanation,
see text.
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16 h of maturation in vitro (Control, 16 h, Table I). Concentrations of
MG ≥150 mM caused already oocyte degeneration (Table I). Since
no or only few oocytes matured with 300-mM MG group or

developed to MII in the 150-mM MG group, respectively (Table I)
we did not pursue further experiments with these higher concen-
trations of MG.

Figure 4 Induction of g-H2AX foci in MG-exposed GV-stage oocytes of MF-1 mice (a–c′ ′) and activation of an apoptotic pathway by MG in
oocytes of CD-1 mice (d,d′). Representative samples of control GV-stage arrested oocytes with g-H2AX 0–10 foci (a–a′ ′) and with g-H2AX
.10–20 foci (b–b′ ′) and oocytes exposed to 75-mM MG for 5 h during GV-stage arrest by cilostamide with .20 g-H2AX foci (c–c′ ′). (a–c)
Double staining of chromatin for DNA (DAPI, blue) and g-H2AX foci (fluorescein-coupled antibody, green) and DAPI and g-H2AX foci alone
(a′ –c′, a′ ′b′ ′, respectively.); bars (red) for a–c′ ′: 5 mm. (d–d′) Micrographs of a representative oocyte of CD-1 mouse exposed to 300-mM MG
for 16 h and positively stained for DNA fragmentation using the TUNEL method. (d′) Blue fluorescence (Hoechst 33342), indicating DNA; (d)’
Greenish-blue fluorescence (fluorescein), indicating fragmented DNA. Bar in d′ ′ ¼ 10 mm.
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There was a significant arrest at GV stage (24%) in oocytes of MF-1
mice exposed to 125-mM MG during maturation for 16 h. Already
50-mM MG induced a significant meiosis I arrest (numbers with
GVBD) and a significant reduction in PB oocytes compared with the
control (P , 0.001; Table I). Rate of meiotic arrest at GVBD stage
was even more increased to nearly 30% in the presence of 75-mM
MG. For these reasons, we further used 75- or 100-mM MG to test
for an influence of MG on spindle, chromosome segregation (see
below), DNA integrity (in GV-arrested oocytes; see below) or mito-
chondrial distribution and redox state.

Unexpectedly, the rate of arrested GVBD oocytes dropped from
28.6 to 18.5%, when culture was prolonged from 16 to 19 h, and
81.5% of oocytes in the 75-mM MG group matured to MII during
19 h, not significantly different from the control cultured for 16 h.
This suggests a meiotic delay by 75-mM MG.

Induction of DNA breaks in GV-stage oocytes
AGE may cause DNA breaks by induction of oxidative stress, ROS
and DNA repair, or it may also cause apoptosis and cell death. Phos-
phorylated histone H2AX (g-H2AX) is recruited to chromatin at sites
of DNA repair in the oocyte nucleus, e.g. after vitrification (Trapphoff
et al., 2010). A low concentration of MG causes DNA damage in dic-
tyate stage-arrested oocytes of the MF-1 mice since oocytes with over
20 foci (Fig. 4c′′) significantly increased from 2.3 to 53.6% in the group
exposed to 75-mM MG as compared with the control while those
with 0–10 g-H2AX-positive foci per nucleus (Fig. 4a′′) decreased
significantly from 77.6 to 22.6% (Supplementary data, Table SI).

Disturbances in spindle formation and chromosome congression
The analysis of spindle formation confirmed that progression through
meiosis is significantly delayed by exposure of oocytes of MF-1 mice to
75-mM MG. After 16 h of maturation, the majority of the controls had
progressed to MII (84.4%; Fig. 5a; Table II), while only 70.7% of the
MG group possessed a polar body (P , 0.05). However, prolonged
culture to 19 h resulted in an increase of oocytes with MII spindle
to 93.5% (Fig. 5g and h). Control meiosis I-arrested oocytes possessed
a normal bipolar spindle (5% were highly aberrant), while 69.5% of the
MG group matured for 16 h possessed aberrant spindles as shown in

Fig. 5b–d. Late anaphase I/telophase I stages were observed in this
group (Fig. 5e and f), unlike in the controls progressing to meiosis II
with well-aligned chromosomes and normal MII spindles (Fig. 5a).
Some MG-exposed oocytes contained interphase-like chromatin
within a nucleus-like state (Fig. 5f). The percentage of meiosis I
oocytes in telophase I or with highly aberrant meiosis I spindle
decreased to 28% by 19 h of culture when most oocytes were in
meiosis II and had normal spindles (Fig. 5g and h), similar to the
16 h control (Fig. 5a; Table II). Unlike in the 16 h control, a large per-
centage of the MG-exposed meiosis I-arrested oocytes exhibited con-
gression failure of chromosomes (69.5%) at 16 h of maturation
(Fig. 5b–d) in contrast to controls (Fig. 5a; supplementary data,
Table SII). Upon prolonged culture to 19 h, the percentage of
oocytes in meiosis II with scattered chromosomes decreased to
6.9%, not significantly different from the control at 16 h (8%; Sup-
plementary data, Table SII).

The failure in chromosome congression after 16 h maturation was
associated with disturbances in spindle organization, in particular,
with a failure to focus the acentriolar centrosomes recognized by peri-
centrin antibody at the spindle poles (Fig. 5b–d; supplementary data,
Table SIII). Thus, pericentrin-reactive centrosomes were found either
focused or more loosely assembled at the pole in 25 and 55%,
respectively, of the meiosis I-arrested oocytes of the control, but in
only 22.2 and 19.4% of the MG group at 16 h of culture. 53.2% of
MG-exposed oocytes had displaced centrosomes away from the
poles (e.g. Fig. 5c), but this decreased to 12.1% at 19 h, not different
from controls (Supplementary data, Table SIII).

Delayed progression to anaphase I
In spite of possible increase in DNA breaks, the kinetics of GVBD
was similar in living controls and oocytes exposed to 75-mM MG
during in vitro maturation as analysed by polarizing microscopy
(Fig. 6a).

When spindles were viewed non-invasively by the polarizing
microscopy and time of anaphase I and telophase I progression and
first polar body formation was quantitatively analysed (Fig. 6b and
c), this confirmed that oocytes of the MG group progressed to

................................ ................................ .............................................................

.............................................................................................................................................................................................

Table I Degeneration, GV-stage meiotic arrest or progression to GVBD or PB emission of denuded oocytes of MF1 mice
cultured for 16 or 19 h in the absence or presence of MG.

Degeneration Meiotic arrest Meiotic progression

n Deg. n GV n GVBD PB

Control (16 h) 1019 12 (1.1%) 1007 50 (4.9%) 957 97 (10.6%) 860 (89.8%)

50-mM MG (16 h) 181 4 (2.2%) 177 16 (9.0%) 161 35 (21.7%) 126a (78.3%)

75-mM MG (16 h) 338 4 (1.2%) 334 11 (3.2%) 323 110 (28.6%) 213a (65.9%)

100-mM MG (16 h) 66 4b (6.1%) 62 4 (6.5%) 58 26 (44.8%) 32a (55.2%)

125-mM MG 16h 54 0 (0%) 54 13a (24%) 41 39a (92.7%) 2a (4.8%)

150-mM MG (16 h) 48 4 (8.3%) 44 0 (0%) 44 41a (93.1%) 3a (6.8%)

300-mM MG (16 h) 12 9a (75.0%) 3 0 (0%) 3 3 (100%) 0 (0%)

75-mM MG (19 h) 380 0 (0%) 380 24 (6.3%) 356 66 (18.5%) 290c (81.5%)

Significantly different from control; aP , 0.001; bP , 0.01. Significantly different from 16 h MG; cP , 0.001.
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anaphase I and emitted a polar body with a significant delay compared
with the control (Fig. 6c).

Disturbances in chromosome condensation and anaphase I lagging
Delay in chromosome congression and anaphase I progression suggest
that MG may critically affect attachment of chromosomes to the
spindle and thereby induce a delayed release from the SAC. To test
if this protects the oocytes from non-disjunction (for discussion see
Vogt et al., 2008, 2010), chromosomal constitution was analysed in
oocytes matured in the presence of 75-mM MG for 16 or 19 h
in vitro (Supplementary data, Figure S1; Table III). Only 66.4% of
spread oocytes from the MG group compared with 88.9% in the
control (Supplementary data, Figure S1a) possessed MII chromosomes
(Dyads, Table III) after 16 h of culture (P , 0.001). The percentage
increased to 77.8% in MG versus 88.3% in the control after 19 h of
culture. Exclusively, oocytes in the MG group contained nucleus-like
chromatin at 16 h and at 19 h of culture (Supplementary data,
Figure S1, Table III). Aberrant chromosome condensation decreased
to rates no more significantly different from control at 19 h of
culture. At 16 h, anaphase I stages had profound lagging of chromo-
somes (Supplementary data, Figure S1), which was never observed
in controls. However, the chromosomes in the MG group appeared
more normal at 19 h of culture (Supplementary data, Figure S1d)
suggesting an epigenetic effect in chromosome condensation by MG.

No MG-exposed oocyte contained an extra-chromosome and was
hyperploid (aneuploidy; Table III). The increased number of oocytes
containing less than 20 MII chromosomes (hypoploids) in the MG
group spread at 16 h may relate to the still decondensed state of
the chromosomes and likely represents a spreading artefact since
hypoploidy was not much different between the MG group and con-
trols when spreading was performed after 19 h of culture. Polyploidy
rates and block in cytokinesis was not elevated in MG-exposed groups
(Table III), and there was no evidence for precocious chromatid
segregation.

Part C: Mitochondrial distribution and
intra-mitochondrial redox state
Since it is suggested that MG affects mitochondrial function (Rabbani
and Thornalley, 2008), and this could relate to alterations in spindle
and chromosome condensation, we investigated mitochondrial distri-
bution and inner membrane potential by JC-1 vital staining. Oocyte
maturation for 7 h caused characteristically an accumulation of mito-
chondria with low-inner membrane potential (Cmit) around the
meiosis I spindle of control oocytes (Fig. 7a; supplementary data,
Table SIV: group ++). A much larger percentage of oocytes
exposed to 75 mM for 7 h compared with controls failed to assemble
a prominent (++) or less dense but recognizable (+2) spindle-
associated ring of mitochondria with low Cmit. The majority of
MG-treated oocytes exhibited a dispersed distribution of mitochon-
dria (22) (Fig. 8c; supplementary data, Table IV; P , 0.05).
Oocyte maturation for 8 h in the presence of 100 mM MG did not
cause significant changes. After 16 h of maturation, the majority of
MII oocytes in the control and MG group exhibited a prominent
spindle associated ring of low Cmit mitochondria (Fig. 7d; 56.4
versus 70%, respectively; Supplementary data, Table IV). Therefore,
efficient translocation of mitochondria towards the spindle appeared

Figure 5 Spindles in control and oocytes of MF-1 mice exposed to
75-mM MG during maturation for 16 or 19 h. (a) Representative
sample of control possessing a normal bipolar MII spindle (green), well-
aligned chromosomes (blue) and pericentrin positive foci at centro-
somes at the spindle poles (red, white arrows). (b) Bipolar spindle in
MII oocyte with unaligned chromosomes and pericentrin at spindle
pole as well as at one aster at spindle periphery (arrow). (c) Meiosis I
oocyte with chromosome congression failure and unordered pericen-
trin foci at one pole, next to a chromosome (arrow) and at spindle per-
iphery (white arrow) but not at the second spindle pole. (d) Aberrant
tripolar spindle with some aligned chromosomes, one displaced
chromosome close to an extra-pole, and two areas at poles with
some pericentrin. (e) Delayed anaphase I spindle in oocyte matured
for 16 h. (f) Delayed telophase I spindle with decondensed appearing
chromatin after 16 h maturation in presence of MG. (g) Normal
bipolar but relatively short spindle with one focus of pericentrin at
each spindle pole and aligned chromosomes after 16 h of maturation
in the presence of MG. (h) Fairly normal-appearing bipolar MII
spindle with aligned chromosomes and normal pericentrin at poles in
oocyte matured for 19 h in the presence of MG. Note, relative dense
microtubules and intense tubulin staining close to centromeres in the
part of the spindle and less intense staining for tubulin in the more per-
ipheral spindle areas closer to the poles. White bar in (a) for (a–f) and
red bars in (g) and (h): 5 mm.
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delayed by MG. There was a significantly higher number of oocytes
missing a cortical ring of mitochondria in the group matured for 8 h
in the presence of 100-mM MG compared with controls (Fig. 7c; sup-
plementary data, Table IV; P , 0.05), while there was no difference
between treated and untreated groups at 16 h of maturation.

When Mito-Grx1-roGFP2 mRNA was injected into oocytes main-
tained in meiotic arrest for 8 h and then released to mature in vitro
to MII (16 h) in the absence or presence of 100-mM MG, the fusion
product was detected in mitochondria, e.g. those associated with
the spindle (Fig. 8). After calibration of fully oxidized and reduced
form of the Mito-Grx1-roGFP2 by treatment of oocytes with
10 mM H2O2 or 10 mM DTT (Fig. 8), the inner-mitochondrial
GSH-dependent redox potential (Em

GSH) was calculated in control
and MG-exposed groups (n ¼ 32 and n ¼ 21 for control and MG
groups, respectively) and shown to be significantly different: Em

GSH

was 2336,9 mV with +2.1 mV standard error in the control group
and 2318.5 mV with +5.3 mV standard error in the MG group
(P , 0.005). The distribution and GSH-dependent inner-
mitochondrial potential was therefore disturbed by chronic, non-
cytotoxic MG exposure.

Discussion

Different factors can influence sensitivity
of mouse oocytes to MG-induced
maturation arrest
Ageing may result in the accumulation of reactive carbonyl compounds
leading to AGE formation in organs including the ovary (Tatone et al.,
2008; Tatone et al., 2010). The semi-quantitative analysis of expression
of GLO1 and GLO2 revealed for the first time that both of these
enzymes are expressed in oocytes and cumulus cells and that the abun-
dance of Glo1 and Glo2 mRNAs becomes dramatically reduced during
oocyte maturation in vivo. While, oocytes can rely on an efficient detox-
ification of reactive carbonyl compounds spontaneously formed during
normal cellular metabolism during GV stage, they become more sensi-
tive to MG once resuming maturation. Proteome analysis suggests that
GLO1 but not GLO2 is present in mouse MII oocytes (Wang et al.,
2010; Eichenlaub-Ritter, unpublished). Loss of transcripts for both
glyoxalases following maturation is expected to weaken MG detoxifica-
tion power, particularly after fertilization. The presence of an effective
scavenging of reactive carbonyl compounds at GV stage suggests that
oocytes are competent to deal with them mainly during their stay in

......................................... ......................................................... ..........................................................

.............................................................................................................................................................................................

Table II Meiotic spindle formation and spindle aberrations in MI or MII of denuded mouse oocytes of MF1 mice matured
for 16 or 19 h in the absence or presence of 75 mM MG.

Meiotic progression MI spindle MII spindle

n MI
(GVBD)

MII
(PB)

n Normal Slightly
aberrant

Totally
aberrant

n Normal Slightly
aberrant

Totally
aberrant

Control 132 20 (15.5%) 112 (84.4%) 20 16 (80%) 3 (15%) 1 (5%) 112 82 (73.2%) 21 (18.75%) 9 (8%)

75-mM MG 16 h 157 46 (29.3%) 111a (70.7%) 46 10b (21.7%) 4 (8.7%) 32c (69.5%) 111 20 (18%) 22 (19.8%) 69c (62.1%)

75-mM MG 19 h 108 7 (6.5%) 101 (93.5%) 7 5 (71.5%) 0 (0%) 2 (28%) 101 76 (75.1%) 19 (14.2%) 6 (4.5%)

Significantly different from control; aP , 0.05; bP , 0.01; cP , 0.001.

Figure 6 Non-invasive analysis of GVBD and PB formation of
denuded oocytes from MF-1 mice by Octax polarization microscopy.
(a) Kinetics of GVBD between 0 and 180 min maturation in the
absence (control) or presence (75-mM MG) of MG is not significantly
different between the two groups (n ¼ 37 and 43, for control and
MG groups, respectively). (b) Representative images of GV oocyte
undergoing GVBD, forming a meiosis I spindle and progressing to ana-
phase I and telophase I with emitting the first PB and spindle for-
mation at MII (white arrow). (c) Kinetics of PB formation differs
significantly between control (n ¼ 43 and 37 for control and MG
groups, respectively; linear regression, y ¼ 0.363x 2 172.5) and MG
group (y ¼ 0.217x 2 130.6; P , 0.001).
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the ovary. Although oocytes lack glycolytic enzymes and therefore may
not produce substantial amounts of MG, they stimulate glycolysis of
cumulus prior to and at maturation (Sugiura et al., 2005; Su et al.,
2009). MG, which enters the oocyte initially through gap junctions,
therefore poses a risk for induction of carbonyl stress, especially in the
later stages of maturation and also in the embryo. MG concentration
in cells is typically 2–4 mM; common test by chronic exposure use
higher, median toxic concentrations around 300 mM–1 mM (Dobler
et al., 2006; Chan and Wu, 2008; Rabbani and Thornalley, 2010).
During ageing, diabetes and PCOS when the ovary experiences carbonyl
stress (Diamanti-Kandarakis et al., 2007; Tatone et al., 2008, 2010;
Hsuuw et al., 2005), oocytes may become chronically exposed to supra-
physiological MG concentrations. Under these conditions, the presence
in the oocyte of an efficient scavaging system is particularly relevant.
Notably, the reduced rate of oocyte maturation in CEO but not DO
from aged compared with young females indicates that cumulus of
aged mice (and presumably other mammals like humans) has reduced
capacity to protect oocytes from detrimental effects of MG, consistent
with the view that chronological ageing affects expression of detoxifying
enzymes (Di Loreto et al., 2008). Increased MG as a metabolite from gly-
colysis might also contribute to adverse effects of high glucose on oocyte
maturation in other conditions (Sutton-McDowall et al., 2010). Since the
cumulus is active in glycolysis during the comparatively long period of
oocyte growth, the reduced protection can cause a continuous increase
in formation of AGEs, a condition which we tried to mimic by exposing
maturing oocytes to unphysiologically high concentrations of MG. In fact,
this is shown to dramatically decrease and delay maturation, and affect
spindle and chromosomes.

Since one-third of DO of young CD-1 females were still capable of
maturing to MII in 300-mM MG, while there was already a significant
meiotic arrest by 50-mM MG in oocytes of the MF-1 mice, and Chang
and Chan (2010) reported reduced in vitro maturation in CEOs of
hybrid ICR female mice by only 5-mM MG, genetic background, e.g.
by differences in expression of detoxifying enzymes, may be important
in response to carbonyl stress. It remains to be determined whether
and in which way genetic background but also food consumption (e.g.
with or without high phytohormones and radical scavengers), hormonal
stimulation, culture conditions (e.g. presence of high or low O2), or com-
position of culture media affect susceptibility of oocytes to MG,
especially in the human. A recent study revealed that increased level
of toxic AGEs in serum related to poor follicular and embryo develop-
ment and reduced pregnancy rates, irrespective of maternal age (Jinno
et al., 2011), supporting the notion that carbonyl stress affects develop-
mental potential of oocytes, including the human.

MG exposure affects DNA and chromatin
condensation
Low concentrations of MG caused a significant rise in g-H2AX spots in
the GV of the meiotically arrested oocytes. H2AX histone character-
istically undergoes phosphorylation at serine 139 in response to DNA
damage and DNA double-strand breaks in somatic cells (e.g. Rogakou
et al., 1998; Tanaka et al., 2006; Mah et al., 2010). Knockout of the
poly (ADP-ribose) polymerase (Parp-1) gene, which also causes per-
sistence of g-H2AX on the X chromosome bivalent in the mouse
induces genome instability at oogenesis (Yang et al., 2009). TUNEL-
positive staining of nuclei in oocytes of the CD-1 mice as well
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disturbances in DNA integrity implicated by increased g-H2AX by low
MG (75 mM) in GV oocytes of MF-1 mice therefore support the
notion that MG affects DNA integrity in resting as well as in maturing
oocytes and such disturbances could contribute to reduced develop-
mental potential.

In addition, the significant increase in oocytes with condensed,
sticky chromatin, plus the presence of a restitution-like nucleus at
meiosis I or meiosis II in spread and C-banded MG-exposed
oocytes suggest an epigenetic effect of MG. Increases in ROS that
are at the origin of adverse effects of MG (Chan et al., 2005) may
be particularly relevant and influence the fate of the oocyte after fer-
tilization, e.g. such as an increased resorption of post-implantation
embryos after in vitro fertilization of MG-exposed mouse oocytes
and a decrease in fetal weight of the embryos, possibly as a result
of increased apoptosis rate in the blastocyst (Chang and Chan,
2010). In vivo oocytes are presumably exposed to MG for prolonged
periods, within the resting follicle but particularly also during follicular
growth and development. Stochastic effects by MG and MG-induced
carbonyl stress may therefore contribute to increases in DNA
damage mimicked in our study by the comparatively short exposure
of the GV-arrested oocyte to supra-physiological MG.

MG-effects on meiotic maturation, spindle
formation, and chromosome congression
MG caused a dose-dependent meiotic arrest and delay at meiosis I at
16 h of maturation and a significant increase in oocytes with aberrant
spindles, absence of polar centrosomal pericentrin and unaligned or

lagging chromosomes, but there was no induction of aneuploidy. The
delayed meiosis suggests that expression of the SAC inhibits oocytes
with unattached chromosomes from progressing into anaphase I and
in this way protects them from non-disjunction (Vogt et al., 2008).
Since there was no lagging-associated increase in non-disjunction in
MG-exposed oocytes, activity of enzymes protecting from meiotic
errors such as Aurora kinase B and mitotic centromere-associated
kinesin (Vogt et al., 2009, 2010; Illingworth et al., 2010) appears also
unaffected by MG. However, there is evidence that loss of chromosome
cohesion and altered expression of products regulating centromere
microtubule dynamics or SAC components occur with ageing (Pan
et al., 2008; Chiang et al., 2010; Garcia-Cruz et al., 2010; Lister et al.,
2010). Therefore, further work is required to assess the hypothesis
that aged oocytes may have an increased susceptibility to MG-induced
meiotic disturbances possibly acting synergistic to other aberrations
(Eichenlaub-Ritter, 1998, 2003; Tatone et al., 2008; Jones, 2008). To
obtain more information on long-lasting effects of chronic, low
MG-exposure, we are currently performing experiments with pre-antral
follicle culture to further elucidate synergistic effects of chronic MG and
increased carbonyl stress on the somatic as well as the oocyte compart-
ment of the follicle.

Delayed distribution of mitochondria and
altered inner-mitochondrial GSH-dependent
redox potential
MG is well known to affect mitochondrial proteins and functions
(Rabbani and Thornalley, 2010). MG concentration and carbonyl

Figure 7 Distribution of JC-1 stained mitochondria in meiosis I (a–c) and meiosis II (d–f) oocytes of control (a, d) and MG-exposed groups
(b, c, e, f). Representative samples of oocytes with prominent mitochondria aggregated around the spindle (a, d), with some association of mito-
chondria with spindle (b, arrows; e) and without accumulation around the spindle (c, f) are shown. Some cortical mitochondria with high potential of
inner-mitochondrial membrane are visible in (a, b, d, e). See text for further explanation. Bar for (a– f) 10 mm.
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Figure 8 Oocytes expressing the mit-Grx1-roEGF2 fusion protein in mitochondria of oocytes: inner-mitochondrial GSH/GSSG redox potential in
control (light grey bar) and MG-exposed MII oocytes (dark grey bar) (a) and representative images of MG-treated (b–d) and control MII oocytes
(e–g) and controls exposed to 10 mM H2O2 (h– j) or 10 mM DTT (k–m) for calibration. See text for further explanation. Bar: 50 mm.
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stress may not only be increased in aged ovary but also becomes
increased under hyperglycaemic conditions. For instance, AGEs
were increased in lean women with polycystic ovary syndrome
(Diamanti-Kandarakis et al., 2008), and in serum from diabetic patients
(Kilhovd et al., 2003; Lapolla et al., 2003). Interestingly, mitochondrial,
dysfunction, and alterations in mitochondrial morphology and distri-
bution, reduced ATP in pre-ovulatory and MII oocytes, and significant
rises in abnormalities of the spindle and chromosome behaviour are
characteristics of oocytes from a diabetic mouse model (Ratchford
et al., 2007; Wang et al., 2010). Some of these effects could be
mimicked by exposure of young and healthy, denuded mouse
oocytes to MG such as spindle aberrations, concomitantly with
delayed progression from proMI to MI (for discussion see
Eichenlaub-Ritter et al., 2010a,b). The disturbance in mitochondrial
accumulation might contribute or originate from disturbed spindle for-
mation as an effect of altered ATP production (Yu et al., 2010). Since it
is well known that calcium release and uptake are critically dependent
on the activity of mitochondria after fertilization (recently reviewed by
Dumollard et al., 2009; Swain and Pool, 2008; Van Blerkom, 2009),
MG-caused mitochondrial dysfunction could also contribute to the
reduced in vitro fertilization rate observed by Chang and Chan
(2010) in MG-exposed CEO.

Expression of the RNA coding for the mitochondrial-targeted redox
sensitive glutaredoxin1-roGPF2 fusion probe allowed us for the first
time to determine the inner-mitochondrial GSH redox state in
control and MG-exposed MII oocytes of a mammal. Mitochondria in
oocytes are morphologically distinct and possess only few cristae
(recently reviewed by Eichenlaub-Ritter et al., 2010a,b). However,
their GSH redox potential in mitochondria was in a similar, only slightly
lower range (around 2340 mV) compared with what has been deter-
mined in cristae-rich mitochondria of HeLa cells (about 2360 mV;
Hanson et al., 2004). Maturation in the presence of MG significantly
reduced the Em

GSH in the MII oocytes, consistent with perturbation
of regeneration of GSH by MG (Mannervik, 2008). GSH content
within cytoplasm and mitochondria is in equilibrium and GSH presents
the major buffer against oxidative stress in oocytes (for discussion see
Eichenlaub-Ritter et al., 2010a,b). The reduced Em

GSH in mouse oocytes
exposed to MG reflects therefore disturbed redox regulation and may
be responsible for the dose-dependently reduced and delayed oocyte
maturation rate. Similarly, this may contribute to reduced oocyte
quality in mice exposed to low MG in drinking water with lower matu-
ration, fertilization and in vivo development rates of embryos com-
pared with controls (Chang and Chan (2010). Further studies have
to show whether substitution of culture medium with GSH donor
(Curnow et al., 2010) might reduce some of the MG adverse effects
on oocytes.

In conclusion, the disturbances in redox regulation and distribution
of mitochondria by MG as well as epigenetic effects on chromatin may
be responsible for aberrant and delayed spindle formation. In aged
oocytes with reduced defence and protection by cumulus cells as
well as altered expression patterns and chromosome cohesion in
oocytes, MG exposure may therefore contribute to predisposion to
aneuploidy, although it did not induce aneuploidy in the ‘young’
model. In addition, disturbed redox regulation, cell cycle progression
and epigenetic effects by exposure to MG are critical for fertilization
and early embryogenesis in mammals and may contribute to
reduced oocyte quality and developmental potential, e.g. in oocytes

of aged females or such coming from patients suffering from metabolic
disease like diabetes and containing high toxic AGEs in serum (Jinno
et al., 2011), follicular fluid and follicle.
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Steuerwald NM, Bermúdez MG, Wells D, Munné S, Cohen J. Maternal
age-related differential global expression profiles observed in human
oocytes. Reprod Biomed Online 2007;14:700–708.

Su YQ, Sugiura K, Eppig JJ. Mouse oocyte control of granulosa cell
development and function: paracrine regulation of cumulus cell
metabolism. Semin Reprod Med 2009;27:32–42.

Sugiura K, Pendola FL, Eppig JJ. Oocyte control of metabolic cooperativity
between oocytes and companion granulosa cells: energy metabolism.
Dev Biol 2005;279:20–30.

Sun F, Betzendahl I, Shen Y, Cortvrindt R, Smitz J, Eichenlaub-Ritter U.
Preantral follicle culture as a novel in vitro assay in reproductive
toxicology testing in mammalian oocytes. Mutagenesis 2004;19:13–25.

Sutton-McDowall ML, Gilchrist RB, Thompson JG. The pivotal role
of glucose metabolism in determining oocyte developmental
competence. Reproduction 2010;139:685–695.

Swain JE, Pool TB. ART failure: oocyte contributions to unsuccessful
fertilization. Hum Reprod Update 2008;14:431–446.

Tanaka T, Kurose A, Huang X, Traganos F, Dai W, Darzynkiewicz Z.
Extent of constitutive histone H2AX phosphorylation on Ser-139
varies in cells with different TP53 status. Cell Prolif 2006;39:313–323.

Tatone C, Carbone MC, Gallo R, Delle Monache S, Di Cola M, Alesse E,
Amicarelli F. Age-associated changes in mouse oocytes during
postovulatory in vitro culture: possible role for meiotic kinases and
survival factor BCL2. Biol Reprod 2006;74:395–402.

Tatone C, Amicarelli F, Carbone MC, Monteleone P, Caserta D, Marci R,
Artini PG, Piomboni P, Focarelli R. Cellular and molecular aspects of
ovarian follicle ageing. Hum Reprod Update 2008;14:131–142.

Tatone C, Carbone MC, Campanella G, Festuccia C, Artini PG, Talesa V,
Focarelli R, Amicarelli F. Female reproductive dysfunction during ageing:
role of methylglyoxal in the formation of advanced glycation
endproducts in ovaries of reproductively-aged mice. J Biol Regul
Homeost Agents 2010;24:63–72.

Thornalley PJ. Protecting the genome: defence against nucleotide glycation
and emerging role of glyoxalase I overexpression in multidrug resistance
in cancer chemotherapy. Biochem Soc Trans 2003;31:1372–1377.

Thornalley PJ, McLellan AC, Lo TW, Benn J, Sonksen PH. Negative
association between erythrocyte reduced glutathione concentration
and diabetic complications. Clin Sci 1996;91:575–582.

Thouas GA, Trounson AO, Jones GM. Effect of female age on mouse
oocyte developmental competence following mitochondrial injury. Biol
Reprod 2005;73:366–373.

Trapphoff T, El Hajj N, Zechner U, Haaf T, Eichenlaub-Ritter U. DNA
integrity, growth pattern, spindle formation, chromosomal constitution
and imprinting patterns of mouse oocytes from vitrified preantral
follicles. Hum Reprod 2010. doi: 10.1093/humrep/deq278.

Van Blerkom J. Mitochondria in early mammalian development. Semin Cell
Dev Biol 2009;20:354–364.

Van Blerkom J, Sinclair J, Davis P. Mitochondrial transfer between oocytes:
potential applications of mitochondrial donation and the issue of
heteroplasmy. Hum Reprod 1998;13:2857–2868.

Van Blerkom J, Davis P, Mathwig V, Alexander S. Domains of
high-polarized and low-polarized mitochondria may occur in mouse
and human oocytes and early embryos. Hum Reprod 2002;17:393–406.

Van Blerkom J, Davis P, Thalhammer V. Regulation of mitochondrial
polarity in mouse and human oocytes: the influence of cumulus
derived nitric oxide. Mol Hum Reprod 2008;14:431–444.

Verzijl N, Degroot J, Oldehinkel E, Bank RA, Thorpe SR, Baynes JW,
Bayliss MT, Bijlsma JWJ, Lafeber F, Tekoppele JM. Age-related
accumulation of Maillard reaction products in human articular cartilage
collagen. Biochem J 2000;350:381–387.

Vogt E, Eichenlaub-Ritter U, Winterscheid U, Shen Y, Tinneberg HR,
Sorensen R. 2-Methoxyestradiol induces spindle aberrations,
chromosome congression failure, and nondisjunction in mouse
oocytes. Biol Reprod 2007;76:784–793.

Vogt E, Kirsch-Volders M, Parry J, Eichenlaub-Ritter U. Spindle formation,
chromosome segregation and the spindle checkpoint in mammalian
oocytes and susceptibility to meiotic error. Mutat Res 2008;651:14–29.

Vogt E, Kipp A, Eichenlaub-Ritter U. Aurora kinase B, epigenetic state of
centromeric heterochromatin and chiasma resolution in oocytes. Reprod
Biomed Online 2009;19:352–368.

Vogt E, Sanhaji M, Klein W, Seidel T, Wordeman L, Eichenlaub-Ritter U.
MCAK is present at centromeres, midspindle and chiasmata and
involved in silencing of the spindle assembly checkpoint in mammalian
oocytes. Mol Hum Reprod 2010;16:665–684.

Wang YC, Tsai YS, Huang JL, Lee KW, Kuo CC, Wang CS, Huang AM,
Chang JY, Jong YJ, Lin CS. Arecoline arrests cells at prometaphase by
deregulating mitotic spindle assembly and spindle assembly checkpoint:
implication for carcinogenesis. Oral Oncology 2010;46:255–262.

Wautier MP, Chappey O, Corda S, Stern DM, Schmidt AM, Wautier JL.
Activation of NADPH oxidase by AGE links oxidant stress to altered
gene expression via RAGE. Am J Physiol Endocrinol Metab 2001;
280:E685–E694.

16 Tatone et al.

 at Pennsylvania State U
niversity on M

ay 9, 2016
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/


Yang F, Baumann C, De La Fuente R. Persistence of histone H2AX
phosphorylation after meiotic chromosome synapsis and abnormal
centromere cohesion in poly (ADP-ribose) polymerase (Parp-1) null
oocytes. Dev Biol 2009;331:326–338.

Yin D, Chen K. The essential mechanisms of aging: irreparable damage
accumulation of biochemical side-reactions. Exp Gerontol 2005;
40:455–465.

Yin L, Morita A, Tsuji T. Skin aging induced by ultraviolet exposure and
tobacco smoking: evidence from epidemiological and molecular
studies. Photoderm Photoim Photomed 2001;17:178–183.

Yu Y, Dumollard R, Rossbach A, Lai FA, Swann K. Redistribution of
mitochondria leads to bursts of ATP production during
spontaneous mouse oocyte maturation. J Cell Physiol 2010;
224:672–680.

Carbonyl stress exposure and oocyte ageing 17

 at Pennsylvania State U
niversity on M

ay 9, 2016
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/

