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Abstract
Porcine oocytes that have matured in in vitro conditions undergo the process of aging dur-

ing prolonged cultivation, which is manifested by spontaneous parthenogenetic activation,

lysis or fragmentation of aged oocytes. This study focused on the role of hydrogen sulfide

(H2S) in the process of porcine oocyte aging. H2S is a gaseous signaling molecule and is

produced endogenously by the enzymes cystathionine-β-synthase (CBS), cystathionine-γ-

lyase (CSE) and 3-mercaptopyruvate sulfurtransferase (MPST). We demonstrated that

H2S-producing enzymes are active in porcine oocytes and that a statistically significant de-

cline in endogenous H2S production occurs during the first day of aging. Inhibition of these

enzymes accelerates signs of aging in oocytes and significantly increases the ratio of frag-

mented oocytes. The presence of exogenous H2S from a donor (Na2S.9H2O) significantly

suppressed the manifestations of aging, reversed the effects of inhibitors and resulted in

the complete suppression of oocyte fragmentation. Cultivation of aging oocytes in the pres-

ence of H2S donor positively affected their subsequent embryonic development following

parthenogenetic activation. Although no unambiguous effects of exogenous H2S on MPF

and MAPK activities were detected and the intracellular mechanism underlying H2S activity

remains unclear, our study clearly demonstrates the role of H2S in the regulation of porcine

oocyte aging.

Introduction
Porcine oocytes, similarly to the majority of mammal oocytes, can be fertilized in the MII stage
of meiotic maturation. If oocytes are not fertilized shortly after the completion of meiotic
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maturation, then they undergo a number complex undesirable changes called aging [1,2].
Their quality and capacity to undergo proper further embryonic development after fertilization
rapidly decrease [3].

Oocytes undergo functional and morphological changes during aging. Among other con-
tributing factors, oocyte aging is partly due to changes in M-phase promoting factor (MPF)
and mitogen-activated protein kinase (MAPK) activity, which are necessary to maintain meiot-
ic arrest in metaphase II [4,5]. Diminution of MAPK activity and MPF inactivation leads to
one of the main manifestations of aging: spontaneous parthenogenetic activation. Aged oocytes
may also undergo fragmentation (apoptosis) induced by a high level of MAPK activity, or lysis
[6–9].

Hydrogen sulfide (H2S) is one of the upstream factors that control MAPK activity [10]. H2S,
a gaseous mediator, is produced in cells from the amino acid L-cysteine by three enzymes:
cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE) and 3-mercaptopyruvate sulfur-
transferase (MPST). The expression and activity of these enzymes vary in different tissues
[11,12]. The expression of these enzymes and endogenous H2S production from tens to hun-
dreds of micromoles have been described in the central nervous and the respiratory system
[13–15]. H2S is also involved in the regulation of reproduction.

CBS and CSE expression, but not MPST, have been reported in mouse, rat and human re-
productive systems [16,17]. CBS knockout mice have reduced quantities of growing follicles
and irregular, shorter estrus cycles [18,19]. Liang et al. [20] demonstrated the presence of CBS
in follicular and granulose cells but not in oocyte alone. However, decreased CBS expression in
granulose cells has been associated with the inhibition of meiotic maturation in mouse oocytes
[21].

The requirement for H2S production by cumulus cells for proper porcine oocyte meiotic
maturation has been described by Nevoral et al. [22]. H2S, by regulating ion channels and ki-
nase activities, participates in the regulation of apoptosis in somatic cells. Its effect can be pro-
apoptotic or anti-apoptotic depending on the situation and type of cell [23–26].

We hypothesized that endogenous production of H2S is involved in the regulation of por-
cine oocyte aging and that oocyte aging can be affected by exogenous H2S. The aim of this
study was to detect the endogenous production of H2S in porcine oocytes and to assess its in-
volvement in oocyte aging. Additional aims of the study were to determine whether H2S partic-
ipates in the regulation of MPF and MAPK activities, including whether exogenous H2S can
suppress the manifestations of aging and improve the quality of aged oocytes in relation to con-
secutive embryonic development.

Materials and Methods

Collection and Cultivation of Oocytes
Porcine ovaries were obtained from a local slaughterhouses in Cesky Brod and Pilsen from gilts
(Large White × Landrace, slaughter weight 110 kg, 6 months old) during an unknown stage of
the oestrous cycle and were transported to the laboratory in a saline solution (0.9% natrium
chloride) at 39°C. Oocytes were obtained through the aspiration of follicles (2 to 5 mm in di-
ameter) with a 20-gauge needle. Only oocytes with compact cumuli were chosen for experi-
ments. Oocytes were washed three times in the culture medium before cultivation. Oocytes
were cultivated in a modified M199 medium (GibcoBRL, Life Technologies, Carlsbad, USA)
containing sodium bicarbonate (32.5 mM; Sigma-Aldrich, USA), calcium L-lactate (2.75 mM;
Sigma-Aldrich, USA), sodium pyruvate (0.25 mg/ml; Sigma-Aldrich, USA), gentamicin
(0.025 mg/ml; Sigma-Aldrich, USA), HEPES (6.3 mM; Sigma-Aldrich, USA), 10% (v/v) foetal
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calf serum (Gibco BRL, Life Technologies, Germany) and 13.5 IU eCG: 6.6 IU hCG/ml (P.G.
600, Intervet, Boxmeer, Netherlands).

The oocytes were then cultured in 3.5 cm diameter Petri dishes (Nunc, Roskilde, Denmark)
containing 3 ml of culture medium at 39°C. The Petri dishes were placed into incubator in a
mixture of 5% CO2 in air for 48 hours, until oocytes reached the metaphase of the second mei-
otic division (MII). Subsequently, oocytes were denuded of cumular cells by repeated pippeting
through a thin glass capillary and then cultivated according to specific
experimental procedures.

In Vitro Cultivation of Aging Oocytes with H2S Donor and Inhibitors of
H2S-producing Enzymes
After denuding the oocytes in metaphase II, they were exposed to prolonged cultivation
(aging) in a modified mediumM199 (GibcoBRL, Life Technologies, Carlsbad, USA) without P.
G. 600. Once again oocytes were cultivated in 3.5 cm diameter Petri dishes (Nunc, Roskilde,
Denmark), containing 3 ml of culture medium at 39°C. The Petri dishes were placed into an in-
cubator in a mixture of 5% CO2 in air for 24, 48 and 72 hours. The hydrogen sulfide donor,
Na2S.9H2O (Sigma-Aldrich, USA), in its effective concentrations was used. Effective concen-
trations of this H2S donor were selected after the previous testing. To monitor the effect of ele-
vated levels of H2S on porcine oocytes aging, the concentration 300 μM of Na2S.9H2O was
selected because the fragmentation of the porcine oocytes cultivated in medium supplemented
with such concentration of Na2S.9H2O after 72 hours failed to occur as well as the highest
number of oocytes were still in metaphase II (see Supporting Information, S1 Table).

Specific inhibitors were used to inhibit the enzymes activity. We used 1 mM oxamic acid
(OA; Sigma-Aldrich, USA) as a CBS inhibitor, 1 mM beta-kyano-L-alanine (KA; Sigma-Al-
drich, USA) as a CSE inhibitor and 5mM alpha-ketoglutaric acid disodium salt dihydrate
(KGA; Sigma-Aldrich, USA) as a MPST inhibitor. These inhibitors were used alone or in vari-
ous combinations (1 mM OA + 1 mM KA; 1 mMOA + 1 mM KGA; 1 mM KA + 5 mM KGA;
1 mMOA + 1 mM KA + 5 mM KGA). Each concentration of the inhibitors was selected after
the previous testing (data not shown). Experiments were repeated three times and a minimum
of 120 oocytes were evaluated in each experiment.

Parthenogenetic Activation of Oocytes
Oocytes were activated using calcium ionophore A23187 (25 μM, 5 min; Sigma-Aldrich, USA)
combined with a 6-dimethyl aminopurine - 6-DMAP (2 mM, 2 h; Sigma-Aldrich, USA) treat-
ment [27]. In experimental groups, porcine oocytes were exposed to prolonged cultivation
(aging) for 24 hours in mediumM199 supplemented with hydrogen sulfide donor, Na2S.9H2O
in concentrations 150 μM, or 300 μM. These concentrations were selected after previous test-
ing, because in the group of porcine oocytes aged 72 hours in medium supplemented with
150 μM, or 300 μM of Na2S.9H2O, fragmented oocytes failed to occur (see Supporting
Information, S1 Table).

Parthenogenetically activated oocytes were subsequently cultivated 24 hours. Oocytes with
formed pronuclei were considered parthenogenetically activated. Experiments were repeated
three times and a minimum of 120 oocytes were evaluated in each experiment.

In Vitro Cultivation of Parthenogenetic Embryos
Parthenogenetically activated oocytes were cultured in a NCSU 23 medium [28] in 4-cell Petri
dishes (Nunc, Roskilde, Denmark) containing 1 ml of culture medium at 39°C. The Petri dishes
were placed into incubator in a mixture of 5% CO2 in air. The ratio of embryo cleavage was
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determined after 48 hours of culture. The ratio of embryos in the morula and blastocyst stage
was determined after 168 hours (7 days) of culture. Experiments were repeated three times and
a minimum of 120 oocytes were evaluated in each experiment.

Evaluation of Oocytes and Parthenogenetic Embryos
At the completion of the cultivation period, the oocytes and embryos were fixed in an ethanol
and acetic acid (3:1, v/v) for 48 hours. Subsequently, fixed oocytes and embryos were stained
with 1.0% (w/v) orcein in 50% aqueous-acetic acid. Oocytes and embryos were then examined
under a phase-contrast microscope. Aged oocytes were classified into four groups: intact oo-
cytes (oocytes at metaphase II, anaphase II or telophase II); activated oocytes (oocytes with
pronuclei or embryos); fragmented oocytes (oocytes were designated as fragmented when frag-
mented “vesicles” were observed under the zona pellucida), and lysed oocytes (rupture of the
cytoplasmic membrane and loss of the integrity of the oocyte were the criteria for lysis) (see
Fig. 1; [1]).

Measurement of Hydrogen Sulfide Production
H2S production in porcine oocytes was verified through spectrophotometric analysis of
S2− ions in accordance with Stipanuk and Beck [29], modified by Abe and Kimura [30] and
Pan et al., [31], modified for porcine oocytes. Samples from oocytes at metaphase II, as well as
samples from oocytes exposed to aging for 24 hours were prepared for this experiment. Each
sample comprised 100 oocytes.

Initially, oocytes were mechanically disrupted in the presence of the following reaction mix-
ture (500 μl) under gaseous nitrogen N2 and low temperature (4°C) conditions: pyridoxal 5-
phosphate (0.2 M, 5 μl, Sigma-Aldrich, USA) L-cystein (10 mM, 50 μl, Sigma-Aldrich, USA)
and deionized water (445 μl).

Subsequently, zinc acetate (1%, 250 μl, Sigma-Aldrich, USA) was added into the reaction
mixture. The reaction of the enzymes was initiated by increasing the temperature of the tube
from 4°C to 37°C. After the culture (60 min), 50% trichloroacetic acid (250 μl, Sigma-Aldrich,
USA) was added to the reaction mixture to stop the reaction. Subsequently, the reaction mix-
ture was incubated for the next 60 minutes at 37°C. Afterwards, the N,N dimethyl-p-phenyle-
nediamine sulphate (20 mM in 7.2 M HCl, 133 μL, Sigma-Aldrich, USA) and FeCl3 (30 mM in
1.2 M HCl, 133 μL, Sigma-Aldrich, USA) were added. The sample absorbance was measured
by a spectrophotometer at 670 nm. The results of these measurements were presented as a
ratio relative to the group of oocytes at metaphase II, which was taken as a value of 100%.

Histone H1 and Myelin Basic Protein Double Assay
Histon H1 kinase assay and MBP (Myelin basic protein) were carried out to determine MPF
and MAPK activity by measuring their capacity to phosphorylate their substrates (histon H1
and MBP—Myelin basic protein) [22]. Histon H1 kinase and MBP assays were determined in
oocytes at metaphase II, oocytes aged for 12 and 24 hours in modified M199 medium, oocytes
aged for 12 and 24 hours in modified M199 medium supplemented with 300 μM of
Na2S.9H2O and oocytes aged for 12 and 24 hours in modified M199 medium supplemented
with 1 mMOxamic acid + 1 mM beta-kyano-L-alanine + 5 mM alpha-ketoglutaric acid diso-
dium salt dihydrate. Samples were immediately frozen to −80°C. The data obtained were ana-
lysed and evaluated by MultiGauge 2.0 software. The results were presented as the ratio relative
to the activity of group of oocytes at metaphase II, which was taken as a value 1.
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Statistical analysis
Data from all the experiments was subjected to statistical analysis. The SAS 9.0 software (SAS
Institute Inc., USA) was used for statistical analysis and data. Significant differences between
groups were determined using the ANOVA test. An a P value of less than 0.05 was
considered significant.

Ethics Statements
All animal work was conducted according to Act No 246/1992 Coll., on the protection of ani-
mals against cruelty under supervision of Central Commission for Animal Welfare, approval
ID 018/2010. The approval of Institutional Animal Care and Use Commitee (IACUC) was not
required as the experimens were performed under in vitro conditions.

Results

Endogenous Production of H2S Decreases During the First 24 hours of
Aging
In this experiment, we focused on evaluating endogenous H2S production during the porcine
oocyte aging process. We demonstrated that H2S is enzymatically produced in porcine oocytes
through H2S producing enzyme activity. The highest level of H2S production occurred in ma-
ture oocytes that were not subjected to aging. Endogenous production of H2S significantly de-
creased by 29% as early as at 24 hours of oocyte aging compared with mature oocytes in
metaphase II that were not subjected to aging (see Fig. 2).

Exogenous H2S Protects Oocytes Against Aging
In the next experiment, we attempted to influence the signs of aging by compensating for the
decrease in H2S production with exogenous H2S by cultivating the oocytes in a medium con-
taining an H2S donor.

A gradual, significant increase in the proportion of spontaneously parthenogenetically acti-
vated and fragmented oocytes was monitored during porcine oocyte aging in vitro. Oocytes

Figure 1. Effect of aging onmorphology of porcine oocyte.MII—intact oocyte at metaphase II, A—
activated oocyte, F—fragmented oocyte, L—lysed oocyte.

doi:10.1371/journal.pone.0116964.g001
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with pronuclei or embryos were classified as parthenogenetically activated and oocytes with
fragmented “vesicles” under the zona pellucida were classified as fragmented. Oocyte at MII,
AII and TII were considered intact (see Fig. 1). After 48 hours of aging, 37.2 ± 2.5% of the oo-
cytes were parthenogenetically activated and 18.3 ± 2.9% were fragmented in the control
group; after 72 hours of aging, 47.5 ± 2.5% of the oocytes were parthenogenetically activated
and 25.9 ± 2.9% were fragmented.

The presence of H2S donor (300 μMNa2S.9H2O) in the culture medium completely sup-
pressed the fragmentation of aging oocytes. After 48 hours of aging, only intact oocytes (76.7 ±
3.8%) and parthenogenetically activated oocytes (23.3 ± 3.8%) were observed in the experimen-
tal group. Fragmented oocytes were not detected in the experimental group, even after
72 hours of aging (55.0 ± 5.0% intact oocytes and 45.0 ± 5.0% parthenogenetically activated oo-
cytes) (Fig. 3A, for detailed results see Supporting Information S2, S3, S4 Tables).

Inhibition of Endogenous H2S Production Accelerates the Oocyte Aging
Process
In this experiment, we focused on monitoring the effects of inhibitors of individual enzymes
(CBS, CSE, MPST) that are responsible for the endogenous production of H2S. Inhibition of
these enzymes led to earlier onset of signs of aging in porcine oocytes.

Oocytes that were aged in medium containing inhibitors, in contrast to the control group,
were already parthenogenetically activated or fragmented during the first 24 hours of aging. In
contrast, 100% of the oocytes in the control group were in metaphase II during the first
24 hours of aging (Fig. 3A), and among oocytes cultured in the presence of alpha-ketoglutaric
acid disodium salt dihydrate (inhibitor of MPST), 13.3 ± 2.9% of the oocytes were parthenoge-
netically activated and 12.5 ± 0.0% were fragmented. In the group of oocytes cultured in the
presence of beta-kyano-L-alanine (inhibitor of CSE) and oxamic acid (inhibitor of CBS), 7.5 ±
2.5% and 6.6 ± 1.4% of the oocytes were parthenogenetically activated and 20.0 ± 2.5% and
21.7 ± 3.8% were fragmented, respectively.

The effect of inhibitors decreased gradually after 48 and 72 hours of oocyte aging. After
72 hours of aging, we observed a significant difference in comparison to the control group
only in the group of oocytes treated with MPST inhibitor (47.5 ± 2.5% vs 22.0 ± 3.5%

Figure 2. Determination of endogenous H2S production during porcine oocyte aging.Oocytes were
cultivated to metaphase II (MII). Hydrogen sulfide production was carried out using the spectrophotometric
method. MII oocytes, as well as oocytes exposed to prolonged cultivation for 24, 48 and 72 hours, were
examined. The results of the measurement are presented as a ratio relative to the MII oocyte group.
a, b Statistically significant differences in spontaneous hydrogen sulfide production are indicated by different
superscripts (P<0.05). Each experiment was repeated four times. The total number of oocytes in each
sample was 100.

doi:10.1371/journal.pone.0116964.g002
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parthenogenetically activated oocytes and 25.9 ± 2.9% vs 51.3 ± 4.3% fragmented oocytes)
(Fig. 3B). For detailed results, refer to Supporting Information S2, S3, S4 Tables.

Inhibition of Endogenous H2S Production Can Be Reversed by
Exogenous H2S
The specific effect of inhibitors was verified by the reversion of this inhibitory effect using the
H2S donor Na2S.9H2O at a concentration of 300 μM.

The effect of CBS and CSE inhibitors could be completely reversed by the addition of H2S
donor. The H2S donor reversed the effect of the MPST inhibitor but only in the presence of
fragmented oocytes (Fig. 4). For detailed results, refer to Supporting information S5 Table.

Effect of Double or Triple Inhibition of H2S-Producing Enzymes Can Be
Reversed by Exogenous H2S
Subsequently, we focused on the possibility of supplementing endogenous H2S production
with an exogenous donor to determine the effect on oocyte aging. We studied the effect of H2S
donor on oocyte aging after inhibiting two or all three H2S-producing enzymes.

Although the effects of a combination of inhibitors differed from one another, in all of the
experimental groups, the presence of exogenous H2S significantly suppressed the fragmenta-
tion of aging oocytes. Fragmentation was completely suppressed by the application of exoge-
nous H2S in the group of oocytes that were aged in the presence of two inhibitors: inhibitors of
CBS and CSE (0.0% vs 25.8 ± 3.8%; 72 hours of aging) and inhibitors of CSE and MPST (0.0%

Figure 3. Effects of an elevated H2S level and inhibition of H2S producing enzymes during oocyte
aging.Oocytes were cultivated to metaphase II and then exposed to prolonged cultivation in a modified
M199 medium for 24, 48 and 72 hours in the presence of a H2S donor or H2S producing enzymes inhibitors.
3A. Na2S (Na2S.9H2O; 300 μM) was used as the H2S donor. 3B. Oxamic acid (1mM, OA) was used as a
CBS inhibitor, beta-kyano-L-alanine (1mM, KA) was used as a CSE inhibitor and alpha-ketoglutaric acid
disodium salt dihydrate (5mM, KGA) was used as a MPST inhibitor. C- control; Na2S (300 μM, Na2S.9H2O);
KGA—alpha-ketoglutaric acid disodium salt dihydrate (5 mM); KA – beta-kyano-L-alanine (1mM); OA—
oxamic acid (1 mM); MII—intact oocytes (oocytes at metaphase II, anaphase II or telophase II), A—activated
oocytes (oocytes with pronuclei or embryos), F—fragmented oocytes, L—lysed oocytes. Different letters and
numbers indicate significant differences between different treatments and hours of aging (P<0.05). A,B,C –

statistically significant differences in portion of MII stage oocytes between individual treatments. a,b,c,d –

statistically significant differences in portion of activated oocytes between individual treatments. 1,2,3 –

statistically significant differences in portion of fragmented oocytes between individual treatments.

doi:10.1371/journal.pone.0116964.g003
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vs 49.2 ± 1.4%; 72 hours of aging). The effect of inhibition by CBS and MPST together was par-
tially reversed by the application of exogenous H2S (10.0 ± 0.0% vs 24.2 ± 3.8%; 72 hours of
aging).

Simultaneous inhibition of all three H2S-producing enzymes led to a significant detrimental
effect on oocyte aging with the largest proportion of parthenogenetically activated and frag-
mented oocytes. Although the reversal of this inhibitory effect by the H2S donor had a reduced
efficiency in this case, it was significant (20.5 ± 4.0% vs 65.8 ± 2.9%; 72 hours of aging) (see
Fig. 5; Supporting Information S6, S7, S8 Tables).

MPF and MAPK Activity is Influenced by the H2S Level in Aging Oocytes
Wemonitored changes in the dynamics of key regulatory factors of meiotic maturation:
MAPK and MPF. We observed a statistically significant decrease in the activity of MPF in oo-
cytes that were cultured in the presence of H2S donor compared to those cultured in the pres-
ence of all three inhibitors of H2S-producing enzymes after 12 hours of aging (Fig. 6A).
Conversely, MAPK activity decreased significantly after 24 hours of aging in oocytes that were
cultured in the presence of inhibitors of H2S-producing enzymes compared to those cultured
in the presence of the H2S donor (Fig. 6B).

The H2S Donor Impairs the Efficiency of Induced Parthenogenetic
Activation of Aged Porcine Oocytes
The next aim of this study was to evaluate the effect of exogenous H2S on the activating poten-
tial of aged oocytes. We wanted to investigate whether it was possible to parthenogenetically
activate porcine oocytes that had been aged in the presence of elevated levels of H2S, with calci-
um ionophore and whether this treatment would have the same effect on their subsequent
early embryonic development.

Following the parthenogenetic activation of oocytes that were not exposed to aging, 94.2 ±
5.2% of the oocytes were successfully activated (Table 1). Aging of oocytes for 24 hours led to a
statistically significant decrease in the activation efficiency (to 79.2 ± 3.8%).

The presence of an H2S donor did not increase the activation efficiency. Conversely, a
statistically significant decrease in the portion of successfully activated oocytes was evident (to
42.5 ± 5.0) in the group of oocytes that was aged in medium supplemented with 300 μM of
Na2S.9H2O.

Figure 4. Reversion of the effects of CBS, CSE and MPST inhibitors using a H2S donor.Oocytes were
cultivated to metaphase II and then exposed to prolonged cultivation (24 hours) in a modified M199 medium
supplemented with a H2S donor (Na2S.9H2O; 300 μM) and the following individual inhibitors: oxamic acid
(1mM, OA), beta-kyano-L-alanine (1mM, KA), and alpha-ketoglutaric acid disodium salt dihydrate (5mM,
KGA).Na2S (300 μM, Na2S.9H2O); KGA—alpha-ketoglutaric acid disodium salt dihydrate (5 mM); KA – beta-
kyano-L-alanine (1mM); OA—oxamic acid (1 mM); MII—intact oocytes (oocytes at metaphase II, anaphase II
or telophase II), A—activated oocytes (oocytes with pronuclei or embryos), F—fragmented oocytes, L—lysed
oocytes; Different letters and numbers indicate significant differences between different treatments and
hours of aging (P<0.05). A,B – statistically significant differences in portion of MII stage oocytes between
individual treatments. a,b,c,d – statistically significant differences in portion of activated oocytes between
individual treatments. 1,2,3 – statistically significant differences in portion of fragmented oocytes between
individual treatments.

doi:10.1371/journal.pone.0116964.g004
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The H2S Donor Improves Embryonic Development Following Induced
Parthenogenetic Activation of Aged Porcine Oocytes
In this experiment, we focused on the possibility of influencing the developmental competence
of parthenogenetically activated aged oocytes by cultivating them in the presence of H2S donor
during aging. The oocytes that were aged for 24 hours in medium supplemented with H2S
donor (150 μM) showed significantly better early embryonic development in comparison to
oocytes aged for 24 hours in medium without any supplementation. A significantly higher pro-
portion of embryos reached the blastocyst stage. However, this ratio still did not reach the ratio
of blastocysts observed in the control group, in which the oocytes were parthenogenetically ac-
tivated in MII without exposure to the aging process. Higher concentrations of H2S donor
(300 μM) did not have this positive effect (Table 2).

Figure 5. Effects of concurrent CBS, CSE andMPST inhibition and its reversion using a H2S donor.
Oocytes were cultivated to metaphase II and then exposed to prolonged cultivation in a modified M199
medium supplemented with a H2S donor (Na2S.9H2O; 300 μM) and the inhibitors for 24, 48 and 72 hours.
Various combinations of oxamic acid (1mM, OA) which was used as a CBS inhibitor, beta-kyano-L-alanine
(1mM, KA) which was used as a CSE inhibitor and alpha-ketoglutaric acid disodium salt dihydrate (5mM,
KGA) which was used as a MPST inhibitor were used in this experiment. To reverse effects of inhibitors, a
H2S donor (300 μM, Na2S.9H2O) was added to each experimental group.C- control; Na2S (300 μM,
Na2S.9H2O); KGA—alpha-ketoglutaric acid disodium salt dihydrate (5 mM); OA—oxamic acid (1 mM); KA –

beta-kyano-L-alanine (1mM); MII—intact oocytes (oocytes at metaphase II, anaphase II or telophase II), A—
activated oocytes (oocytes with pronuclei or embryos), F—fragmented oocytes, L—lysed oocytes; Different
letters and numbers indicate significant differences between different treatments and hours of aging
(P<0.05). A,B,C,D – statistically significant differences in portion of MII stage oocytes between individual
treatments. a,b,c,d,e – statistically significant differences in portion of activated oocytes between individual
treatments. 1,2,3,4 – statistically significant differences in portion of fragmented oocytes between individual
treatments.

doi:10.1371/journal.pone.0116964.g005
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Discussion
Although the gasotransmitter hydrogen sulfide has been recognized as a signal mediator, little
is known about its involvement in oocyte physiology. In this study, we confirmed the role of
hydrogen sulfide during the process of porcine oocyte aging in in vitro conditions. In a previ-
ous study, we demonstrated an effect of exogenous hydrogen sulfide (H2S) on the meiotic mat-
uration of porcine oocytes, emphasizing that H2S could regulate oocyte meiosis as well as
cumulus expansion [22]. The enzymes CBS, CSE and MPST are responsible for the endoge-
nous production of H2S in somatic cells [32,33]. Although these enzymes have not yet been de-
tected in mammalian oocytes, one can argue that in porcine oocytes, these enzymes are clearly
active based on our results showing the formation of endogenous H2S and changes in its levels.
This is the first evidence of endogenous H2S in porcine oocytes. In addition, we also demon-
strated a reduction of endogenous H2S production as early as after 24 hours of the aging pro-
cess of oocytes in in vitro conditions. Based on previous experiments, it is well known that,
after this time point, morphological signs of oocyte aging are spontaneous parthenogenetic ac-
tivation and, subsequently, the fragmentation or lysis of the oocytes [6].

Reduced H2S production may be either one of the biochemical markers accompanying
aging or a hallmark of the aging process. The role of H2S in modulation of apoptosis on differ-
ent somatic cells like lymphocytes, smooth muscle cells or fibroblast has been described [26].
Inhibition of endogenous H2S production leads to apoptosis, and sodium hydrosulfide as an
exogenous donor of H2S can prevent apoptosis by improving mitochondrial dysfunction and
suppressing the caspase-3 signaling pathway [34]. However, there is no evidence regarding the
effect of H2S in mammalian oocytes.

Figure 6. Effect of H2S donor on MPF andMAPK activity. 6A Histone H1 kinase assay was carried out to determine the activity of MPF by measurement
of MPF capacity to phosphorylate its substrate (histone H1). 6B: MBP kinase assay was carried out to determine the activity of MAPK by measurement of
MAPK capacity to phosphorylate its substrate (MBP –Myelin basic protein). MPF and MAPK activities were determined in the MII oocytes (C – control, white
column), the oocytes aged 12h and 24h in modified M199 medium, the oocytes aged 12h and 24h in modified M199 medium supplemented with a H2S donor
(Na2S, black column), and the oocytes aged 12h and 24h in modified M199medium supplemented with triple combination of inhibitors (3Ki, grey column).
The results are presented as a ratio relative to the group of oocytes at metaphase II. (GV – germinal vesicle stage; MII – oocytes at metaphase II; A12–12
hours of aging; A24–24 hours of aging; C – control, white column; Na2S—Na2S.9H2O, 300 μM, black column; 3Ki - 1mM oxamic acid + 1mM beta-kyano-L-
alanine + 5mM alpha-ketoglutaric acid disodium salt dihydrate). a,b, Statistically significant differences in activity (MPF or MAPK) between individual
treatments at the same time are indicated with different superscripts (P<0.05).

doi:10.1371/journal.pone.0116964.g006

Table 1. Parthenogenetic activation of oocytes aged under the effect of the H2S donor.

Groups Na2S Activated oocytes (%)

MII 0 94.2 ± 5.2a

24 hours 0 79.2 ± 3.8b

24 hours 150 μM 68.3 ± 3.8b

24 hours 300 μM 42.5 ± 5.0c

At Oocytes were cultivated 48 hours to the metaphase II and then divided into 4 groups (see table). Control

group (MII) was parthenogenetically activated immediately (without any exposure to prolonged cultivation).

Other groups were exposed to prolonged cultivation (aging) for 24 hours in modified M199 medium

supplemented with a H2S donor (Na2S.9H2O; 0μM, 150μM, and 300μM) and then parthenogenetically

activated with calcium ionophore (25μM, 5 min) combined with 6-dimethyl aminopurine (2mM, 2 h).

Subsequently, oocytes were cultured in NCSU 23 medium for the following 24 hours.
a,b,c Statistically significant differences in the ratio of activated oocytes between individual treatments (in

columns) are indicated with different superscripts (P<0.05).

doi:10.1371/journal.pone.0116964.t001

Hydrogen Sulfide and Oocytes Aging

PLOS ONE | DOI:10.1371/journal.pone.0116964 January 23, 2015 11 / 17



We tested the hypothesis that H2S can play a role in aging by two means: first by sustaining
and amplifying the decrease in H2S production; second, by artificially increasing H2S levels
through the use of a hydrogen sulfide donor (Na2S).

Oxamic acid, beta-kyano-L-alanine and alpha-ketoglutaric acid disodium salt dihydrate
were used as specific inhibitors of the activities of CBS, CSE and MPST [35, 36]. The use of
these inhibitors led to an acceleration of porcine oocyte aging and significantly increased the
proportion of fragmented oocytes during aging. The enzymes CBS and CSE are expected to be
present in porcine oocyte based on the effects of their inhibition. These enzymes are major par-
ticipants in the active formation of H2S in the reproductive tract [16], similarly to MPST,
which has not yet been observed in the reproductive system of mammals.

It can be assumed that the increased proportion of apoptotic aged oocytes is largely caused
by the decrease in endogenous H2S production because this effect can be reversed. Indeed, in
the presence of H2S donor, a reversion of the negative effects of inhibitors was observed. Differ-
ing time courses of the aging process induced by CBS and CSE inhibition on the one hand and
by MPST inhibition on the other, may reflect the specific roles of these enzymes in porcine oo-
cytes or a distinct ability to compensate for the inhibition of one enzyme via other enzymes
that were not affected by the specific inhibitors [37].

We also observed that addition of exogenous H2S via a hydrogen sulfide donor resulted in
the suppression of oocyte fragmentation, which is a manifestation of apoptosis [38]. The select-
ed H2S donor, Na2S, effectively suppressed apoptosis in aged porcine oocytes at concentrations
comparable to physiological concentrations of H2S in tissues: the positive effect we observed at
concentrations of Na2S.9H2O above 150 μM and, for example, in brain and in other tissues, oc-
curred at concentrations of H2S that varied from 50 to 160 μM [14]. Based on these results, we
hypothesize that the protective effect of an H2S donor against oocyte fragmentation might be
due to the compensation for the decrease in endogenous H2S production that occurred sponta-
neously during the early stages of oocyte aging. Therefore, the influx of H2S from exogenous re-
sources may contribute to the suppression of manifestations of some signs of aging in oocyte.

Two hallmarks of aging in mammalian oocytes are the decline in the activity of both MPF
(M-phase promoting factor) and MAPK (mitogen-activated protein kinase). If these declines
are prevented, then the ratio of fragmented oocytes decreases [39,40,41]. In our study, we did
not observe significant changes in the dynamics of either MPF or MAPK activity under the in-
fluence of H2S donor at 12 and 24 hours of aging. The effect of an H2S donor apparently occurs
via other regulatory mechanisms that remain to be determined. Another gasotransmitter, NO,

Table 2. Early embryonic development of parthenogenetically activated oocytes aged under the effect of the H2S donor.

Groups Na2S Cleavage (%) Morula (%) Blastocyst (%)

MII 0 76.7 ± 3.8a 26.7 ± 2.9a 24.2± 1.4a

24 hours 0 41.7 ± 2.9c 8.3 ± 1.4b 1.7 ± 1.4c

24 hours 150 μM 54.2 ± 3.8b 20.8 ± 3.8a 15.8 ± 2.9b

24 hours 300 μM 26.7 ± 2.4d 13.3 ± 2.4b 3.3 ± 1.2c

Oocytes were cultivated 48 hours to the metaphase II and then divided into 3 groups (see table). Control group (MII) was parthenogenetically activated

immediately (without any exposure to prolonged cultivation). Other groups were exposed to prolonged cultivation (aging) for 24 hours in modified M199

medium supplemented with a H2S donor (Na2S.9H2O; 0μM, 150μM, and 300μM) and then parthenogenetically activated with calcium ionophore (25 μM,

5 min) combined with 6-dimethyl aminopurine (2 mM, 2 h). Subsequently, oocytes were cultured in NCSU 23 medium for 168 hours (7 days). The ratio of

cleaved embryos was evaluated after the first 48 hours of culture.
a,b,c,d Statistically significant differences in type of embryo stage between individual treatments (in columns) are indicated with different superscripts

(P<0.05).

doi:10.1371/journal.pone.0116964.t002
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appears to interfere with these pathways in an atypical manner. Jeseta et al. [42] described the
parthenogenetic activation of Xenopus laevis oocytes in response to a nitric oxide donor, and
this effect occurred in the absence of a dramatic effect on MPF activity. In the amphibian
model, maintenance of MPF activity in metaphase-II-arrested oocytes has been shown to be re-
quired to trigger apoptosis [43]. Noticeably, a decrease in H2S levels beyond those detected dur-
ing aging led to a drop in MAPK kinase activity after 24 hours but did not impact MPF. Based
on our observations, it can be speculated that the MPF and MAPK pathways exhibit different
sensitivities to changes in H2S changes that may be related to protein sulfhydration (e.g.,
MEK1, which is an activator of MAPK) [44]. Indeed, sulfhydration of proteins by H2S signifi-
cantly alters the activity of these proteins [37]. For example, the activity of pro-apoptotic and
anti-apoptotic factors can vary significantly under the influence of H2S [45]. Further studies
are needed to characterize the members or regulators of these pathways that are modulated
with respect to activities or location by sulfhydration.

Protection of oocytes against aging by increasing H2S levels might incur a cost. Indeed, in
our culture conditions, the aged oocytes exhibited a reduced response to calcium ionophore
treatment, which normally induces parthenogenetic activation. This response was even lower
in groups of oocytes that were aged in the presence of an H2S donor. The causes of this decline
are not yet known. Because parthenogenetic activation is a calcium-dependent process [46]
and H2S has been reported to modulate calcium ion channel activity [47], we can hypothesize
that the presence of an H2S donor impairs calcium signaling.

It is known that inadequate calcium signaling results in a reduced ratio of activated oocytes
[48,49]. Surprisingly, however, a higher proportion of oocytes that had been aged in the pres-
ence of an H2S donor developed to the blastocyst stage following activation with an ionophore.
However, hydrogen sulfide expression has a positive effect because the proportion of blasto-
cysts and the developmental competence are quality markers of oocytes that have matured in
vitro. The survival and development of the embryo depends heavily on mRNAs and proteins
that accumulated during the growth and maturation of the oocyte. A majority of these products
are used during the first embryonic divisions, after which transcriptional activation occurs in
the embryonic genome. During oocyte aging, a range of processes occur that significantly dis-
rupt developmental competency [50]. H2S appears to suppress at least some of these processes.

Although the intracellular mechanisms underlying the effect of H2S on biochemical process-
es in aged oocytes remain to be fully deciphered, our study clearly demonstrated a role for H2S
in the protection of porcine oocytes against the aging process. Additional studies are needed to
characterize the effects of H2S on survival, fertilization and early developmental processes in
porcine oocytes.
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S1 Table. Effects of an elevated H2S level on porcine oocytes aging.Oocytes were cultivated
to metaphase II and then exposed to prolonged cultivation in a modified M199 medium sup-
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used as a MPST inhibitor. a,b,c Statistically signifficant differences in type of oocytes between in-
dividual treatments (in columns) are indicated with different superscripts (P<0.05). The total
number of oocytes in each experimental group was 120.
(DOCX)

S5 Table. Reversion of the effects of CBS, CSE and MPST inhibitors using a H2S donor.
Oocytes were cultivated to metaphase II and then exposed to prolonged cultivation (24 hours)
in a modified M199 medium supplemented with a H2S donor (Na2S.9H2O; 300 μM) and the
following individual inhibitors: oxamic acid (1mM, OA), beta-kyano-L-alanine (1mM, KA),
alpha-ketoglutaric acid disodium salt dihydrate (5mM, KGA), and its combination (see Table).
a,b,c,d,e Statistically signifficant differences in type of oocytes between individual treatments (in
columns) are indicated with different superscripts (P<0.05). The total number of oocytes in each
experimental group was 120.
(DOCX)

S6 Table. Effects of concurrent CBS, CSE and MPST inhibition and its reversion using a
H2S donor - 24 hours of ageing. Oocytes were cultivated to metaphase II and then exposed to
prolonged cultivation in a modified M199 medium supplemented with a H2S donor
(Na2S.9H2O; 300 μM) and the inhibitors for 24 hours. Various combinations of oxamic acid
(1mM, OA) which was used as a CBS inhibitor, beta-kyano-L-alanine (1mM, KA) which was
used as a CSE inhibitor and alpha-ketoglutaric acid disodium salt dihydrate (5mM, KGA)
which was used as a MPST inhibitor were used in this experiment. To reverse effects of inhibi-
tors, a H2S donor (300 μM, Na2S.9H2O) was added to each experimental group. a,b,c Statistical-
ly signifficant differences in type of oocytes between individual treatments (in columns) are
indicated with different superscripts (P<0.05). The total number of oocytes in each experimental
group was 120.
(DOCX)

Hydrogen Sulfide and Oocytes Aging

PLOS ONE | DOI:10.1371/journal.pone.0116964 January 23, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116964.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116964.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116964.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116964.s006


S7 Table. Effects of concurrent CBS, CSE and MPST inhibition and its reversion using a
H2S donor - 48 hours of ageing. Oocytes were cultivated to metaphase II and then exposed to
prolonged cultivation in a modified M199 medium supplemented with a H2S donor
(Na2S.9H2O; 300 μM) and the inhibitors for 48 hours. Various combinations of oxamic acid
(1mM, OA) which was used as a CBS inhibitor, beta-kyano-L-alanine (1mM, KA) which was
used as a CSE inhibitor and alpha-ketoglutaric acid disodium salt dihydrate (5mM, KGA)
which was used as a MPST inhibitor were used in this experiment. To reverse effects of inhibi-
tors, a H2S donor (300 μM, Na2S.9H2O) was added to each experimental group. a,b,c Statistical-
ly signifficant differences in type of oocytes between individual treatments (in columns) are
indicated with different superscripts (P<0.05). The total number of oocytes in each experimental
group was 120.
(DOCX)

S8 Table. Effects of concurrent CBS, CSE and MPST inhibition and its reversion using a
H2S donor - 72 hours of ageing. Oocytes were cultivated to metaphase II and then exposed to
prolonged cultivation in a modified M199 medium supplemented with a H2S donor
(Na2S.9H2O; 300 μM) and the inhibitors for 72 hours. Various combinations of oxamic acid
(1mM, OA) which was used as a CBS inhibitor, beta-kyano-L-alanine (1mM, KA) which was
used as a CSE inhibitor and alpha-ketoglutaric acid disodium salt dihydrate (5mM, KGA)
which was used as a MPST inhibitor were used in this experiment. To reverse effects of inhibi-
tors, a H2S donor (300 μM, Na2S.9H2O) was added to each experimental group. a,b,c Statistical-
ly signifficant differences in type of oocytes between individual treatments (in columns) are
indicated with different superscripts (P<0.05). The total number of oocytes in each experimental
group was 120.
(DOCX)

Acknowledgments
We gratefully acknowledge Mr. Brian Kavalir and The American Eagle Editing Office for their
editorial assistance with this manuscript.

Author Contributions
Conceived and designed the experiments: TK M. Smelcova JP J-FB M. Sedmikova. Performed
the experiments: TK M. Sedmikova JP JN MD AV IW VKC EC LT. Analyzed the data: TK JN
MD IW VKC. Wrote the paper: TK JP M. Sedmikova J-FB FJ.

References
1. Petrova I, Sedmikova M, Petr J, Vodkova Z, Pytloun P, et al. (2009) The role of c-Jun N-terminal kinase

(JNK) and p38 Mitogen-activated protein kinase (p38 MAPK) in aged pig oocytes. J Reprod Dev, 55,
75–82. PMID: 19023183

2. Liang XW, Ma JY, Schatten H, Sun QY (2012) Epigenetic changes associated with oocyte aging Sci
China Life Sci. 2012; 55(8):670–6. doi: 10.1007/s11427-012-4354-3 PMID: 22932882

3. Wang QL, Sun QY (2007) Evaluation of oocyte quality: morphological, cellular and molecular predic-
tors. Reprod Fertil Dev 19(1):1–12. PMID: 17389130

4. Whitaker M (1996) Control of meiotic arrest. Reviews of Reproduction 1: 127–135. PMID: 9414449

5. Jiang G-J, Wang K, Miao D-Q, Guo L, Hou Y, et al. (2011) Protein Profile Changes during Porcine Oo-
cyte Aging and Effects of Caffeine on Protein Expression Patterns. PLoS ONE 6(12): e28996. doi: 10.
1371/journal.pone.0028996 PMID: 22194971

6. Petrova I, Sedmikova M, Chmelikova E, Svestkova D, Rajmon R (2004) In vitro ageing of porcine oo-
cytes. Czech J Anim Sci 49: 93–98.

Hydrogen Sulfide and Oocytes Aging

PLOS ONE | DOI:10.1371/journal.pone.0116964 January 23, 2015 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116964.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116964.s008
http://www.ncbi.nlm.nih.gov/pubmed/19023183
http://dx.doi.org/10.1007/s11427-012-4354-3
http://www.ncbi.nlm.nih.gov/pubmed/22932882
http://www.ncbi.nlm.nih.gov/pubmed/17389130
http://www.ncbi.nlm.nih.gov/pubmed/9414449
http://dx.doi.org/10.1371/journal.pone.0028996
http://dx.doi.org/10.1371/journal.pone.0028996
http://www.ncbi.nlm.nih.gov/pubmed/22194971


7. Sadler KC, Yuce O, Hamaratoglu F, Verge V, Peaucellier G, et al. (2004) MAP kinases regulate unfertil-
ized egg apoptosis and fertilization suppresses death via Ca2+ signaling. Mol Reprod Dev 67, 366–
383. PMID: 14735498

8. Jeseta M, Petr J, Krejcova T, Chmelikova E, Jilek F (2008) In vitro ageing of pig oocytes: effects of the
histone deacetylase inhibitor trichostatin A. Zygote, 16, 145–152. doi: 10.1017/S0967199408004668
PMID: 18405435

9. Miao YL, Kikuchi K, Sun QY, Schatten H (2009) Oocyte aging: cellular and molecular changes, devel-
opmental potential and reversal posibility. Hum Reprod Update 15 (5): 573–585. doi: 10.1093/humupd/
dmp014 PMID: 19429634

10. Li L, Rose P, Moore PK (2011) Hydrogen sulfide and cell signaling. Annu Rev Pharmacol Toxicol
51:169–87. doi: 10.1146/annurev-pharmtox-010510-100505 PMID: 21210746

11. Wang R (2002) Two is company, free is a crowd—Can H2S be the third endogenous gaseous transmit-
ters? FASEB J 16: 1792–1798. PMID: 12409322

12. Shibuya N, Tanaka M, Yoshida M, Ogasa-Wara Y, Togaqa T, et al. (2009) 3-Mercaptopyruvate sulfur-
transferase produces hydrogen sulfide and bound sulfane sulfur in the brain. Antioxid Redox Signal
11: 703–714. doi: 10.1089/ARS.2008.2253 PMID: 18855522

13. Lowicka E, Beltowski J (2007) Hydrogen sulfide (H2S) – the third gas of interest for pharmacologists.
Pharmacol Rep 59: 4–24. PMID: 17377202

14. Elsey DJ, Fowkes RC, Baxter GF (2010) Regulation of cardiovascular cell function by hydrogen sulfide.
Cell Biochem Fci doi: 10.1002/cbf.1618 PMID: 20104507

15. Smelcova M, Tichovska H (2011) Gasotransmitters in the reproductive system: A review. Sci Agri Boh
42 (4): 188–198.

16. Patel P, Vatish M, Heptinstall J, Wang R, Carson R (2009) The endogenous production of hydrogen
sulfide in intrauterine tissues. Reprod Biol Endocrin 7(10): 1–9. doi: 10.1186/1477-7827-7-10 PMID:
19200371

17. Srilatha B, Hu L, Adaikan GP, Moore PK (2009) Initial characterization of hydrogen sulphide effects in
female sexual function. J Sex Med 6: 1875–1884. doi: 10.1111/j.1743-6109.2009.01291.x PMID:
19453900

18. Guzman MA, Navarro MA, Carnicer R (2006) CBS is Essentials for female reproductive function. Hum
Mol Gen 15: 3168–3176.

19. Yang G, Wu L, Jiang B (2008) H2S as a physiologic vasorelaxant: hypertension in mice with deletion of
CSE. Science 322: 587–590. doi: 10.1126/science.1162667 PMID: 18948540

20. Liang R, YuWD, Du JB, Yang LJ, Shang M, et al. (2006) Localization of CBS in mice ovaries and its ex-
pression profile during follicular development. Chin Med J 119: 1877–1883. PMID: 17134586

21. Liang R, YuWD, Du JB (2007) CBS participates in murine oocyte maturation mediated by homocyste-
ine. Reprod Toxicol 24: 89–96. PMID: 17561372

22. Nevoral J, Petr J, Gelaude A, Bodart J-F, Kucerova-Chrpova V, et al. (2014) Dual Effects of Hydrogen
Sulfide Donor on Meiosis and Cumulus Expansion of Porcine Cumulus-Oocyte Complexes. PLoS ONE
9(7): e99613. doi: 10.1371/journal.pone.0099613 PMID: 24984032

23. Yang G, Sun X, Wang R (2004) Hydrogen sulfide-induced apoptosis of human aorta smooth muscle
cells via the activation of mitogen-activated protein kinases and caspase-3. FASEB J 18(2): 1782–
1784. PMID: 15371330

24. Bian JS, Yong QC, Pan TT, Feng ZN, Ali MY, et al. (2006) Role of hydrogen sulfide in the cardioprotec-
tion caused by ischemic preconditioning in the rat heart and cardiac myocytes. J Pharmacol Exp Ther
316(2): 670–678. PMID: 16204473

25. Rinaldi L, Gobbi G, Pambianco M, Micheloni C, Mirandola P, et al. (2006) Hydrogen sulfide prevents
apoptosis of human PMN via inhibition of p38 and caspase 3. Lab Invest 86(4): 391–397. PMID:
16446703

26. Yang GD, Wang R (2007) H2S and cellular proliferation and apoptosis. A Physiol Sin 59 (2): 133–140.

27. Jilek F, Huttelova R, Petr J, Holubova M, Rozinek J (2001) Activation of pig oocytes using calcium iono-
phore: effect of the protein kinase inhibitor 6-dimethyl aminopurine. Reprod Dom Anim 36: 139–145.
PMID: 11555359

28. Petters RM, Wells K (1993) Culture of pig embryos. J Reprod Fertil Suppl 48: 61–73. PMID: 8145215

29. Stipanuk MH, Beck PW (1982) Characterization of the enzymatic capacity for cysteine desulphhydra-
tion in liver and kidney of the rat. Biochem J 206: 267–277. PMID: 7150244

30. Abe K, Kimura H (1996) The possible role of hydrogen sulfide as an endogenous neuromodulator. J
Neurosci 16: 1066–1071. PMID: 8558235

Hydrogen Sulfide and Oocytes Aging

PLOS ONE | DOI:10.1371/journal.pone.0116964 January 23, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/14735498
http://dx.doi.org/10.1017/S0967199408004668
http://www.ncbi.nlm.nih.gov/pubmed/18405435
http://dx.doi.org/10.1093/humupd/dmp014
http://dx.doi.org/10.1093/humupd/dmp014
http://www.ncbi.nlm.nih.gov/pubmed/19429634
http://dx.doi.org/10.1146/annurev-pharmtox-010510-100505
http://www.ncbi.nlm.nih.gov/pubmed/21210746
http://www.ncbi.nlm.nih.gov/pubmed/12409322
http://dx.doi.org/10.1089/ARS.2008.2253
http://www.ncbi.nlm.nih.gov/pubmed/18855522
http://www.ncbi.nlm.nih.gov/pubmed/17377202
http://dx.doi.org/10.1002/cbf.1618
http://www.ncbi.nlm.nih.gov/pubmed/20104507
http://dx.doi.org/10.1186/1477-7827-7-10
http://www.ncbi.nlm.nih.gov/pubmed/19200371
http://dx.doi.org/10.1111/j.1743-6109.2009.01291.x
http://www.ncbi.nlm.nih.gov/pubmed/19453900
http://dx.doi.org/10.1126/science.1162667
http://www.ncbi.nlm.nih.gov/pubmed/18948540
http://www.ncbi.nlm.nih.gov/pubmed/17134586
http://www.ncbi.nlm.nih.gov/pubmed/17561372
http://dx.doi.org/10.1371/journal.pone.0099613
http://www.ncbi.nlm.nih.gov/pubmed/24984032
http://www.ncbi.nlm.nih.gov/pubmed/15371330
http://www.ncbi.nlm.nih.gov/pubmed/16204473
http://www.ncbi.nlm.nih.gov/pubmed/16446703
http://www.ncbi.nlm.nih.gov/pubmed/11555359
http://www.ncbi.nlm.nih.gov/pubmed/8145215
http://www.ncbi.nlm.nih.gov/pubmed/7150244
http://www.ncbi.nlm.nih.gov/pubmed/8558235


31. Pan TT, Feng ZN, Lee SW, Moore PK, Bian JS (2006) Endogenous hydrogen sulfide contributes to the
cardioprotection by metabolit inhibition preconditioning in the rat ventricular myocytes. J Mol Cel Cardiol
40: 119–130. PMID: 16325198

32. Carson RJ, Konje JC (2010) Role of hydrogen sulfide in the female reproductive tract. Expert Rev
Obstet Gynecol 5 (2): 203–213.

33. Zhao Y, Bhushan S, Yang C, Otsuka H, Stein JD, et al. (2013) “Controllable hydrogen sulfide donors
and the activity against myocardial ischemia-reperfusion injury” ACS Chem Biol 8: 1283–1290. doi: 10.
1021/cb400090d PMID: 23547844

34. Li CS, Guo Z, Guo BR, Xie YJ, Yang J, et al. (2014) Inhibition of the endogenous CSE/H2S system con-
tributes to hypoxia and serum deprivation-induced apoptosis in mesenchymal stem cells. Mol Med Rep
9 (6): 2467–2472. doi: 10.3892/mmr.2014.2111 PMID: 24699897

35. Fang L, Zhao J, Chen Y, Ma T, Xu G, et al. (2009) Hydrogen sulfide derived from periadventitial adipose
tissue is a vasodilator. J Hypertens 27:2174–2185. doi: 10.1097/HJH.0b013e328330a900 PMID:
19644389

36. Zhang J, Chen S, Liu H, Zhang B, Zhao Y, et al. (2013) Hydrogen Sulfide Prevents Hydrogen Peroxide-
Induced Activation of Epithelial Sodium Channel through a PTEN/PI(3,4,5)P3 Dependent Pathway.
PLoS ONE 8(5): e64304. doi: 10.1371/journal.pone.0064304 PMID: 23741314

37. Gadalla MM, Snyder SH (2010) Hydrogen sulfide as a gasotransmitter. J Neurochem 113(1): 14–26.
doi: 10.1111/j.1471-4159.2010.06580.x PMID: 20067586

38. Perez GI, Tao XJ, Tilly JL (1999) Fragmentation and death (a.k.a. apoptosis) of ovulated oocytes. Mol
Hum Reprod 5: 414–420. PMID: 10338364

39. Kikuchi K, Naito K, Noguchi J, Shimada A, Kaneko H, et al. (2000) Maturation/M-phase promoting fac-
tor: a regulator of aging in porcine oocytes. Biol Reprod 63: 715–722. PMID: 10952912

40. Kikuchi K, Naito K, Noguchi J, Kaneko H, Tojo H (2002) Maturation/M-phase promoting factor regulates
aging of porcine oocytesmatured in vitro. Clon Stem Cel 4: 211–222. PMID: 12398802

41. Sedmikova M, Petr J, Dorflerova A, Nevoral J, Novotna B, et al. (2013) Inhibition of c-Jun N-terminal ki-
nase (JNK) suppresses porcine oocyte aging in vitro. Czech J Anim Sci 58 (12): 535–545.

42. Jeseta M, Marin M, Tichovska H, Melicharova P, Cailliau-Maggio K, et al. (2012) Nitric Oxide-Donor
SNAP Induces Xenopus Eggs Activation. PLoS ONE 7(7): e41509. doi: 10.1371/journal.pone.
0041509 PMID: 22911804

43. Du Pasquier D, Dupre A, Jessus C (2011) Unfertilized Xenopus Eggs Die by Bad-Dependent Apoptosis
under the Control of Cdk1 and JNK. PLoS ONE 6 (8): e23672. doi: 10.1371/journal.pone.0023672
PMID: 21858202

44. Zhao K, Ju Y, Li S, Altaany Z, Wang R, et al. (2014) S-sulfhydration of MEK1 leads to PARP-1 activation
and DNA damage repair. EMBO Rep 15 (7): 792–800. doi: 10.1002/embr.201338213 PMID:
24778456

45. Sen N, Paul BD, Gadalla MM, Mustafa AK, Sen T, et al. (2012) Hydrogen sulfide-linked sulfhydration of
NF-kappaBmediates its antiapoptotic actions. Mol Cell 45: 13–24. doi: 10.1016/j.molcel.2011.10.021
PMID: 22244329

46. Vitullo AD, Ozil JP (1992) Repetitive calcium stimuli drive meiotic resumption and pronuclear develop-
ment during mouse oocyte activation. Dev Biol 151: 128–136. PMID: 1577185

47. Tang G, Wu L, Wang R (2010) Interaction of hydrogen sulfide with ion channels. Clin Exp Pharm Phys
37: 753–763. doi: 10.1111/j.1440-1681.2010.05351.x PMID: 20636621

48. Kline D, Kline JT (1992) Repetitive calcium transients and the role of calcium in exocytosis and cell-
cycle activation in the mouse egg. Dev Biol 149(1): 80–9. PMID: 1728596

49. Xu Z, Kopf GS, Schultz RM (1994) Involvement of inositol 1,4,5-trisphosphate-mediated Ca2+ release
in early and late events of mouse egg activation. Development 120(7): 1851–9. PMID: 7924992

50. Wilcox AJ, Weinberg CR, Baird DD (1998) Post-ovulatory ageing of the human oocyte and embryo fail-
ure. Hum Reprod 13: 394–397. PMID: 9557845

Hydrogen Sulfide and Oocytes Aging

PLOS ONE | DOI:10.1371/journal.pone.0116964 January 23, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/16325198
http://dx.doi.org/10.1021/cb400090d
http://dx.doi.org/10.1021/cb400090d
http://www.ncbi.nlm.nih.gov/pubmed/23547844
http://dx.doi.org/10.3892/mmr.2014.2111
http://www.ncbi.nlm.nih.gov/pubmed/24699897
http://dx.doi.org/10.1097/HJH.0b013e328330a900
http://www.ncbi.nlm.nih.gov/pubmed/19644389
http://dx.doi.org/10.1371/journal.pone.0064304
http://www.ncbi.nlm.nih.gov/pubmed/23741314
http://dx.doi.org/10.1111/j.1471-4159.2010.06580.x
http://www.ncbi.nlm.nih.gov/pubmed/20067586
http://www.ncbi.nlm.nih.gov/pubmed/10338364
http://www.ncbi.nlm.nih.gov/pubmed/10952912
http://www.ncbi.nlm.nih.gov/pubmed/12398802
http://dx.doi.org/10.1371/journal.pone.0041509
http://dx.doi.org/10.1371/journal.pone.0041509
http://www.ncbi.nlm.nih.gov/pubmed/22911804
http://dx.doi.org/10.1371/journal.pone.0023672
http://www.ncbi.nlm.nih.gov/pubmed/21858202
http://dx.doi.org/10.1002/embr.201338213
http://www.ncbi.nlm.nih.gov/pubmed/24778456
http://dx.doi.org/10.1016/j.molcel.2011.10.021
http://www.ncbi.nlm.nih.gov/pubmed/22244329
http://www.ncbi.nlm.nih.gov/pubmed/1577185
http://dx.doi.org/10.1111/j.1440-1681.2010.05351.x
http://www.ncbi.nlm.nih.gov/pubmed/20636621
http://www.ncbi.nlm.nih.gov/pubmed/1728596
http://www.ncbi.nlm.nih.gov/pubmed/7924992
http://www.ncbi.nlm.nih.gov/pubmed/9557845


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


