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Abstract

Nitric oxide (NO) is a gasotransmitter involved in various aspects of reproduction. 
The observational data from different species, such as sea urchin, ascidians, amphibians, 
rodents, porcine, bovine, and human, suggest that NO might have a significant role in 
reproduction through several mechanisms. This proposed role might appear preserved 
through evolution; however, the effects of NO also depend on the species or stages con-
sidered. There has been debate over the physiological relevance of NO, though the ben-
efits of its use in assisted reproduction are now widely recognized. Over the past years, 
S-nitrosylation has provided a new angle to decipher the mechanisms through which 
NO exerts its actions. This chapter summarizes, in a nonexhaustive manner, research that 
explores the role of NO in gametes and embryos.

Keywords: nitric oxide, gamete, meiosis, oocyte, spermatozoa, nitrosylation, cell cycle, 
embryo, reproduction

1. Introduction

Nitric oxide (NO) is a gaseous free radical that plays a key role both in intra- and extracel-
lular signaling pathways in a wide variety of organisms. The role of NO has been empha-
sized in many physiological processes including reproduction. NO is generated by nitric oxide 
 synthases (NOS), whose isoforms have been detected in a variety of mammalian reproductive 
tissues such as ovary, uterus, testis, or epididymis. Nitric oxide has been involved in the regu-
lation of follicle growth and ovulation in mice, spermatogenesis in humans, embryo implanta-
tion in rats, and meiosis in pigs and in mice. Data collected from the various  abovementioned 
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species suggest that NO might have a significant role in reproduction through mechanisms 
preserved through evolution; however, one cannot discard that the effects of NO may also be 
dependent on the species or stages considered. Therefore, nitric oxide could be considered as 
a gasotransmitter ruling out several aspects of reproduction, from gametes to early embryo-

genesis, though there have been a debate over the physiological relevance of NO. This chapter 
summarizes, in a nonexhaustive manner, the research that explores the role of NO in gametes 
and embryos.

2. NO in sea urchin

Nitric oxide was first reported to trigger parthenogenetic activation in sea urchin oocytes 
and was suggested as a potential physiological regulator for egg activation. Twenty years 
ago, an increase in NO levels at fertilization was reported [1, 2], and NO was hypothesized 
as the primary activator for sea urchin egg activation [3]. Enthusiasm has been lately shaded 
by a report of NO increases occurring lately during fertilization in comparison to the rise of 
intracellular calcium level [4, 5]. From this observation, it has been suggested that the role 
of NO could be limited to sustaining the duration of the calcium transient [4]. NO increases 
are likely correlated to the calcium increases but not by being its primary activator [4, 5]. 
Nevertheless, NO increases may play a role in the hardening of the fertilization envelope 
surrounding the fertilized egg, thereby protecting the embryo from severe environmental 
conditions during its early development [5].

3. NO in ascidians oocytes, eggs, and embryos

In contrast to the observations performed in sea urchins, Hyslop et al. [6] reported that 
NO was not likely to be involved in the physiological process of fertilization of Ascidiella 

aspersa eggs. This report was in contrast to a previous study examining the inward current 
induced by NO, sharing similarities with the ascidians sperm current, which suggested that 
fertilization in ascidians could use NO as a second messenger [7]. Though nitric oxide donors 
induce increases in free calcium in ascidians and sea urchin eggs at the intracellular level, 
NOS inhibitor l-NAME (N(G)-nitro-l-arginine methyl ester) did not prevent sperm-induced 
fertilization, and not so much as a discrete increase in NO preceded the calcium wave [6].

However, NO pathways and production were related to metamorphosis, notochord, and 
tail regression in Ciona intestinalis, which are correlated to caspase-dependent apoptosis [8]. 
The nitric oxide synthase spatial pattern expression was highly dynamic during this larval 
development [8]. Experimental increases and decreases in NO levels can drive delays or accel-
erations in tail regression, respectively, with NO changes being related to the modulation of 
Caspase 3-like activity [8]. In most of the considered marine larvae of ascidians, NO acted as 
a repressor of the initiation of metamorphosis [9, 10]. Further works had been undertaken 
in C. intestinalis to unravel the role of NO during larval development. Mitogen-activated 
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protein kinase (MAPK) and extracellular-regulated kinase (ERK) phosphorylations levels 
appeared closely related to NO levels [11].

In conclusion, the fine tuning of NO pathways and levels are physiologically involved in 
ascidian larvae development and metamorphosis. However, NO did not seem to be required 
at very early steps of development.

4. NO in amphibian oocytes, eggs, and embryos

Amphibian oocytes offer a typical playground for deciphering the biochemical mechanisms 
underlying cell cycle transition. Meiosis or the M-phase–promoting factor (MPF) was discov-

ered in amphibian oocytes [12] and characterized in this model to be made up of at least two 
subunits: Cdk1 (catalytic) and Cyclin B (regulatory) [13]. In Xenopus oocytes, NO-scavenging 
did not appear to impair the progression of M-phase entry and meiotic maturation because 
CPTIO (nitric oxide scavenger)-treated oocytes resumed and completed meiosis after hor-

monal stimulation by progesterone [14]. If NO is not required for meiotic progression, 
an excess in NO provided by a donor, such as S-nitroso-N-acetyl penicillamine (SNAP), leads 
to meiotic maturation inhibition. Under these conditions, SNAP lead heterogeneous response 
at the biochemical level with respect to the two pathways involved in meiotic resumption 
(MPF and MAPK). SNAP hindered the all-or-none response of MPF and MAPK pathways, 
especially in Xenopus oocytes; most oocytes exhibited partially active MPF and MAPK in the 
absence of any external signs of meiotic resumption [15]. Noticeably, SNAP altered meiotic 
spindle formation, therefore impairing proper genomic transmission [15]. This observation 
corroborates reports of mitosis inhibition through Tyrosine residue nitrosylation in plant 
models, and Alteration of cross walls orientation, presumably by impairing microtubules 
organization [16, 17]. Nevertheless, the mechanisms hindered by NO in vertebrate oocyte 
spindle formations remain undetermined.

Studies carried out in amphibians reported parthenogenetic activation of Xenopus eggs with 
nitric oxide donor SNAP. This parthenogenetic activation induced M-phase exit through an 
atypical mechanism involving calcium-dependent pathway and MAPK inactivation, while 
MPF activity was maintained [14] (Figure 1A).

During early development, the Xenopus nitric oxide synthase 1 (XNOS1) accounts for 
most of the NOS detected, being expressed in oocytes and eggs during segmentation [18]. 
At later stages, XNOS1 expression is restricted to the notochord, eyes, and developing 
neural system [18]. Exploration of NO function in Xenopus oocytes indicates that NO 
increased cell proliferation but impaired cell movements at gastrulation. Inhibition of 
NOS affected cell movements both in neural and mesodermal extension, through cGMPS-
independent pathways involving dishevelled (Dsh) and the central components of the 
planary cell polarity (PCP) pathway [18]. Cell division during early development has 
been proposed according to this model to be impacted by NO through the ROCK-cGMP 
pathway (Figure 1B).
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5. NO in rodent oocytes, eggs, and embryos

Observations gathered in Xenopus oocytes may be to put in perspective with earlier reports 
endothelial NOS (eNOs) knock-out mice, in which meiotic abnormalities suggested that 
eNOS-derived NO is a modulator of oocyte meiotic maturation [19]. Indeed, the ovulation 
rates decreased in eNOS nullizygous mice, and oocytes often exhibited blocks during meta-
phase I or indicated various meiotic abnormalities with degenerative/atypical morphology 
of meiotic stages [19]. One should also note that in such conditions, oocytes from eNos nul-
lizygous mice exhibit a higher rate of cell death than those in control ones. The importance of 
NOS for rodent oocyte meiotic maturation was confirmed by the expression of NOS isoforms 
in mouse or rat oocytes [20–22]. If NO was acknowledged to be important for meiotic matura-
tion, high concentrations of NO can damage mouse oocyte and impair their further develop-
ment [23]. Positive effects of low doses of NO donor SNAP during in vitro maturation was 
observed in mouse [24] and rat [25] oocytes. NO has been reported to play a dual role in oocyte 
meiotic maturation in mice, depending on its concentrations; however, the mechanism by 
which it influences oocyte maturation has not been fully clarified. In addition to these results, 
reports have shown that NO was most likely not essential for mouse oocyte fertilization [6].

Though NO is not a primary stimulus for oocyte activation through calcium mobilization, as 
observed in sea urchin and ascidians, it has been reported to play several potential roles dur-
ing embryogenesis. The NO donor SNP brought about the arrest of embryonic development at 
early stages in mice; only half of the treated embryos reached blastocysts stages, with concen-
trations ranging from 10 nM to 1 mM [26]. Inhibition of NO production also suggested that NO 
plays a role in preimplantation embryos, which can be achieved through oxygen  consumption 

Figure 1. (A) Proposed mechanisms for NO action for parthenogenetic activation in Xenopus eggs. (B) Schematic 
representation of the pathways mediating the action of nitric oxide during early development in Xenopus embryos. 
Adapted from reference [18]. NO, nitric oxide; XNOS, Xenopus nitric oxide synthase; sGC, soluble guanylyl cyclase; 
cGMP, cyclic guanosine monophosphate; CaMK3, calmodulin kinase 3; Dsh, disheveled; PKG, protein kinase G.
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limitation and mitochondrial activity or apoptosis modulation [27, 28]. Recently, it has been 
suggested that NO, through the use of the NO donor SNP and NOS inhibitor l-NAME, may 
regulate blastocyst hatching, which is a crucial step for embryo survival and implantation [29].

6. NO in porcine oocytes, eggs, and embryos

The production of low concentrations of NO concentrations has been reported to be neces-

sary for meiotic maturation in porcine oocytes, whereas high concentrations of NO damage 
oocytes integrity [30]. Inhibition of NO synthase suppressed in vitro maturation of porcine 
oocytes, as attested by the absence of GVBD or meiosis I to meiosis II transitions [31]. NO syn-

thases were detected in porcine oocytes [32, 33], but the involvement of NO/NOS in oocyte 
development has not been fully elucidated. Previously, it was assumed that NO acted via the 

cGMP cascade, similar to mechanisms observed for muscle contractions [19], or via the cas-

cade-activating kinases, which are necessary for the resumption of meiotic  maturation [34] 

(Figure 2). Nitric oxide had been reported to act on NO-sensitive guanyl cyclases, but new 
articles suggest that NO could also exert its functions by non-cGMP-mediated pathways 
by protein S-nitrosylation. It was reported that NOS inhibition decreases the amount of 
S-nitrosylated proteins in porcine oocytes [35].

In porcine oocytes, NO donors are potent to induce parthenogenetic activation, resulting in 
early embryonic development [36]. NO production is also important for embryonic develop-

ment since the NOS inhibitor l-NAME strongly decreases the proportion of porcine embryo 
blastocysts after 6 days of in vitro cultivation [37].

7. NO in bovine oocytes, eggs, and embryos

As well as in porcine oocytes, nitric oxide synthases (NOS) were detected in bovine oocytes 
[38]. Oocyte maturation was noticeably inhibited by the use of NOS inhibitors [39], which 
strengthens the hypothesis that NO plays a role during oocyte meiosis in this model. Regarding 
the molecular mechanisms involved, Bilodeau-Goeseels was first to suggest that the inhibitory 
effect of NO on bovine oocyte meiotic resumption did not appear to be mediated by the cGMP/
PKG pathway; this is in contrast to previous observations gathered in mice [40].

Figure 2. Scheme of NO/GMPc/PKG pathway in porcine oocytes and likely impact on basic regulation factor of meiosis, 
MPF. Nitric oxide synthase (NOS) increase enhances the concentration of nitric oxide (NO) in oocyte. NO stimulates the 
activity of soluble guanylyl cyclase (sGC), which catalyzes the production of cyclic guanosine monophosphate (cGMP). 
cGMP is necessary for protein kinase G (PKG) activation, which in turn suppresses MPF activation, and therefore, 
impairs meiosis resumption and maturation.
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Inhibition of NOS during maturation of bovine oocytes affected the quality of resulting 
bovine embryos by increasing the number of apoptotic blastomeres [41]. The importance of 
NO for correct embryonic development was observed, mainly for transition from morulae to 
the blastocyst stage. Treatment of embryos with the NOS inhibitor l-NAME reduced blas-

tocysts numbers and hatching rates [42]. Contrarily, exposing bovine mature oocytes to a 
nitric oxide donor short term did not induce stress tolerance and had no positive effect on the 
in vitro embryo production of bovine embryos, as was expected [43].

8. A role for NO in human follicles?

Only a limited number of studies have addressed NO in human reproduction. Anteby 
et al. [44] observed an increase in NO concentrations in follicular fluid from bigger follicles, 
which positively correlated follicular volume and oestradiol concentrations. NO most likely 
acts as an important endocrinological regulator of ovulation. NO may be involved in an auto-

crine/paracrine regulation of the developing follicle and have a direct effect on granulosa 
cells, theca cells, and the developing oocyte. In a recent study, a possible association between 
idiopathic recurrent spontaneous abortion and variations in the gene encoding endothelial 
nitric oxide synthase was proposed [45].

9. NO roles in spermatozoa

In spermatozoa, NO was described to be involved in the regulation of viability, motility, 
capacitation, hyperactivation, acrosome reaction, and fusion with oocytes. Thus nitric oxide 
appears to be crucial for the processes driving successful fertilization (reviewed in [46, 47]). 
NOS isoforms were found in sperm of different mammal species such as mice [48], bulls 
[49], boars [50], and humans [51]. The abovementioned and well-known duality of NO’s 
effects, depending upon concentrations, was also described in spermatozoa. Low levels of 
NO stimulate hyperactivation and increase motility of cryopreserved sperm after thawing 
[52]; conversely, high concentrations of NO decrease sperm motility [46, 53, 54] and inhibit 

sperm-oocyte fusion [55].

NO was reported to have a positive impact on sperm motility [55], whereas NO donor 
increased sperm motility [56, 57], inhibition of nitric oxide synthases by l-NAME negatively 
affected this motility [58]. Miraglia and colleagues [53] observed the existence of NO signaling 
pathways in human spermatozoa. NO stimulates sperm motility via the activation of soluble 
guanylate cyclase (sGC), the subsequent synthesis of cGMP, and the activation of cGMP-
dependent protein kinase. The level of cGMP is modulated by cGMP-dependent phosphodi-
esterase (PDE). These observations concur with a former report that PDE inhibitor sidenafil 
citrate increased sperm motility [59]. NO is, on the other hand, considered a major free radical 
involved in sperm damage at sperm motility level. Nitrosative stress produced by high levels 
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of reactive nitrogen species decreases progressive and total motility, as well as several sperm 
kinetic parameters, meanwhile, sperm viability is not affected [60, 61].

Sperm capacitation and acrosome reaction of mammal spermatozoa are essential for the 
fertilization process to occur. Both of them are NO-dependent. The final step in spermatozoa 
maturation, capacitation, involves a cascade of events such as the removal of cholesterol from 
plasma membrane, an influx of Ca2+ followed by an increase in intracellular cAMP levels, 
change of pH, and hyperactivation of sperm [62] (Figure 3). Acrosome reaction is a precon-

dition for sperm fusion with the oocyte. It encompasses the release of proteolytic enzymes 
from the acrosome cap of the spermatozoa and an influx of Ca2+ and phosphorylation of 
tyrosine residues at the molecular level [63]. It has been reported that NO donors support 
acrosome reaction and accelerate capacitation and hyperactivation, whereas NOS inhibitors 
such as l-NAME significantly decrease or block this processes [46, 56, 58]. l-Arginin has 

similar effects as NO donors. Supplementation by l-arginin increases intracellular NO levels 
and supports sperm capacitation and acrosomal reaction without decreasing sperm viabil-
ity [64]. Herrero et al. [65] also reported that capacitation was regulated by NO via cAMP 
levels and protein tyrosine phosphorylation. Moreover, it was proven that exogenous NO 
induces acrosomal reactions in human spermatozoa, and the process was mediated by the 
stimulation of a NO-sensitive sGC, cGMP synthesis, and the activation of PKC. However, 
the presence of extracellular Ca2+ was required for PKC activation in such conditions [66].

NO has the ability to improve the quality of freshly ejaculated sperm as well as thawed sperm. 
The NO donor sodium nitroprusside (SNP) was found to increase motility and viability of 
sperm after thawing and reduced membrane lipid peroxidation levels [57, 67].

Figure 3. Scheme of NO/NOS role in sperm capacitation and acrosome reaction; eNOS—endothelial nitric oxide 
synthase; nNOS—neuronal nitric oxide synthase; iNOS—inducible nitric oxide synthase; sCG—soluble guanylyl 
cyclase; cGMP—cyclic guanosine monophosphate; PKG—protein kinase G; PDE5—phosphodiesterase 5; CNGC—cyclic 
nucleotide-gated channels; PMCA4—plasma membrane calcium ATPase 4; ROS—reactive oxygen species.
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10. NO effects on oocyte aging

Mammal oocytes are normally fertilized soon after the completion of meiotic maturation 
during the MII stage. If ovulated in vitro, matured oocytes are not fertilized, they undergo 
a process called aging, which is characterized by numerous changes. Oocyte aging rapidly 
decreases their quality and capacity to undergo embryonic development after fertilization. 
Functional and morphological changes associated with oocyte aging include decreased 
fertilization rates, polyspermy, parthenogenetic activation, apoptosis, chromosomal 
abnormalities, cortical granules exocytosis, ooplasmic microtubule dynamics, zona pel-
lucida hardening, decreases in MPF and MAPK activities, epigenetic changes, and abnor-

mal or delayed embryo development [24, 68–71]. Pathological conditions of oocyte aging 
impose limits for assisted reproduction technologies in animals as well as in humans [72].

It has been described that nitric oxide plays a part in oocyte aging, but it appears to do so 
by mobilizing more than one signaling pathway. NO can act either as a decelerating factor 
in oocyte aging [24] or, conversely, as an important cause of unwholesome aging-associated 
changes, which are caused by high ROS production [73].

Although high levels of NO are related mostly to pathological conditions, e.g., poor oocyte 
quality, increased protein nitration, and resistance to IVM in women with endometriosis [74], 
supplementing culture medium with low doses of the NO donor S-nitroso acetyl penicil-
lamine (SNAP) delays manifestation of oocyte aging, i.e., decrease of spontaneous cortical 
granule exocytosis, zona pellucida hardening, and the rate of spindle abnormalities [24]. 
The significance of NO in sustaining oocyte quality was demonstrated by Goud et al. [75]. 
Exposure of aged oocytes to l-NAME resulted in a significant disruption of fertilization and 
apoptosis during early embryonic development.

Different NOS isoforms could play different roles in aging. Lower NO levels produced by 
eNOS and nNOS could participate in delaying oocyte aging through the activation of sGC, 
which leads to an increased production of cyclic guanosine monophosphate [76]. However, 
high NO levels generated by iNOS were associated with higher O

2
•− production and pro-

moted oocyte fragmentation and apoptosis [75]. Contrarily, Tripathi and colleagues [73] 

reported that the generation of NO through iNOS-mediated pathways was associated with 
the maintenance of meiotic arrest in diplotene-arrested oocytes and the sustained reduc-

tion of iNOS expression. Furthermore, they reported that intracellular NO level may induce 
apoptosis in aged rat oocytes cultured in vitro. Similarly, Nevoral et al. [77] described the 

suppression of apoptosis and lysis after prolonged cultivation of porcine oocytes in media 
supplemented by the NOS nonspecific inhibitor l-NAME. The decrease of intracellular lev-

els of NO interrupts intracellular signal  transduction  pathways,  especially Ca2+-mediated 

pathways [75]. Premkumar and Chaube [78] reported that NO increases levels of cytosolic 
free Ca2+, cGMP, and Wee 1 through an iNOS-mediated pathway. High levels of these sig-

naling molecules trigger parthenogenetic activation of aged oocytes via the accumulation of 
phosphorylated Cdk1 (pThr-14/Tyr-15), a catalytic subunit of MPF. These findings indicate 
that NO can influence changes associated with oocyte aging in various manners.

Nitric Oxide Synthase - Simple Enzyme-Complex Roles162



11. S-nitrosylation as a posttranslational modification potentially 
regulating cell cycle

Though cGMP pathway has been reported to be the main road for NO’s involvement, evi-
dences have been raised for c-GMP independent pathway, through protein S-nitrosylation 
(i.e., in porcine oocytes [35]). S-nitrosylation is an established posttranslation modification, 
whose potential spectra of involvements in cancer cell lines, oocytes, and embryos ranges 
from cell cycle regulation to embryo implantation [18, 79–81]. The effects of NO may dif-
fer among the cellular models considered. For instance, whereas low concentrations of NO 
donors DETA-NO promote cell proliferation in promyelotic HL-60 cells [82], nitric oxide syn-
thase inhibition drives cell proliferation at blastula stages in Xenopus embryos [18]. Such a 
duality in the effects certainly rely on the diversity of S-nitrosylated proteins.

S-nitrosylation has been reported to modify several regulators of cell cycle progression 
(Figure 4), such as cyclin-dependent kinases (CDKs). CDKs’ S-nitrosylation was observed 
for CDK2, CDK5, and CDK6. While CDK2-nitrosylation enhances its activity indepen-
dently of any effects on protein levels expression [82], the effect of S-nitrosylation on CDK5 
and CDK6 remains elusive. Though G2/M arrests might be observed associated with NO 
release [83, 84], no S-nitrosylation has been so far reported for Cdk1, the catalytic subunit of 
MPF. S-nitrosylation of cyclin B was seek in HL-60 cells, but not observed [82]. As well, no 
S-nitrosylations have yet been reported for polo-like kinases (PLKs), anaphase promoting 
factor/cyclosome (APC/C), Wee1, and Myt1, which are MPF regulators. Nevertheless, the 
dual specificity phosphatase Cdc25, which is the main activator of MPF, is clearly impacted 
by its S-nitrosylation because it annihilates its phosphatase activity [82, 87]. Recently, an 

Figure 4. Comprehensive scheme of nitrosylation pivotal role in cell cycle, apoptosis, survival, matrix remodelling, and 
trophoblasts invasiveness.
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alternate mechanism than direct S-nitrosylation of Cdc25C for its inhibition was proposed 
since NOAD, a nitric oxide-releasing derivative of oleanolic acid, induced activation of 
Chk2, resulting in an increase of the inhibitory phosphorylation of Cdc25C on its residue 
Serine 216 [84]. However, genotoxicity of nitric oxide might account for the activation of 
Chk2, the latter being involved in DNA damage response machinery. In the same study, 
the arrest in G2/M was associated with the upregulation of Cdk inhibitors p21WAF1/CIP1 and 

P27KIP1, without providing evidence for direct S-nitrosylation of these proteins. p21WAF1/CIP1 

downregulation by NO was also reported in Xenopus embryos, but through nitric oxide 
modulation of the RhoA-ROCK pathway [18] (Figure 1B). Thus, though there are converg-

ing evidences for role of NO in cell cycle regulation [85], the exact mechanisms remain to 
be fully deciphered.

12. S-nitrosylation plays pivotal role in modulating trophoblast  

motility and survival

As mentioned above, S-nitrosylation has been also called to play a role in preimplantation 
embryos and implantation (Figure 4). Microenvironnemental presence of NO was reported 
to contribute to the pathologic effects of endometriose on the development potential of 
embryos. In this context, NO effects on embryos survival could either rely upon S-nitrosylation, 
NO/GC/cGMP, or peroxynitrite formation. Lee and collaborators [28] suggested that the 
apoptotic effects of NO excess on mice embryos could be related to S-nitrosylation, in exclu-

sion to other any mechanisms. The latter effects were closely associated with lipid-rich organ-

elles (mitochondria and endoplasmic reticulum) [28, 86]. On the other hand, trophoblasts 
might also be protected from apoptosis via S-nitrosylation of caspase 3 [87].

Moreover, NO was shown to influence trophoblasts motility [88, 89]: it was further proposed 
that NO effects trophoblasts migration and invasion, which are critical processes for the suc-

cessful embryonic development. In human trophoblasts, NO was required for outgrowth 
since l-NAME prevented this phenomenon in a dose-dependent manner [90]. Nevertheless, 
one shall keep in mind that high concentrations of NO in the environment have deleterious 
effects on trophoblasts outgrowth [90]. Effects of NO on trophoblasts motility has been pro-

posed to be mediated by nitrosylation of the matrix metalloprotease MMP9 [79], based on (1) 
iNOS and MMP9 colocalization in front migration in trophoblast (leading edge with lamel-
lipodium) and (2) observations of MMP9 being S-nitrosylated [91]. The dynamics of iNOS and 
S-nitrosylated proteins accumulation at the leading edge in trophoblasts led the authors to 
conclude that iNOS was not likely to be passively piling up [79] (Figure 5). In these conditions, 
iNOS also accumulates in aggregates in the cytoplasm. Taken together,  colocalization of Actin, 
MMP9, and iNOS at the leading edge suggested indeed an active role for S-nitrosylation in 
cell migration. Invasiveness of cytotrophoblast-derived cell lines induced by adrenomedullin 
was also associated with an increase in S-nitrosylated protein rate [92]. S-nitrosylation of uro-

kinase plasminogen activator (uPA), whose involvement in extracellular matrix is acknowl-
edged, was reported to increase in these conditions [92]; the mechanisms through which 
S-nitrosylation increased this enzyme activity remain to be clarified.
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13. A yin-yang relationship for S-nitrosylation and S-sulfhydration?

Along with NO, hydrogen sulfide (H
2
S) is another gasotransmitter involved in regulat-

ing various aspects of cellular life. Many protein sites have been reported to undergo both 
S-nitrosylation and S-sulfhydration (brought by H

2
S), such as Actin [93, 94], GAPDH [95], 

Parkin [96], PTEN [97], and the p65 subunit of NF-κB [98]. If S-sulfhydration and nitrosylation 
may occur on the same residue [99], reactive site cysteine, they generally promote different 
and opposing effects. Indeed, S-nitrosylation typically reduces cysteine thiols reactivity, while 
S-sulfhydration increases cysteine thiols reactivity, thereby making them more  nucleophilic. 
If one wants to compare S-sulhydration and nitrosylation, it has mainly to outline that (1) 
proteins are rather S-sulhydrated than S-nitrosylated, and (2) nitrosylation rather inhibits and 
impairs protein functions. In this regard, the case of tensin (PTEN) provides an example of yin-
yang relationship for S-nitrosylation and S-sulfhydration (Figure 6). Gene suppressor PTEN 
acts as an inhibitor of the PI-3 kinase/Akt signaling pathway, attenuating cellular growth and 
survival. S-nitrosylation enabled Akt hyperactivity, and thereby is associated with observed 
neuroprotective effects [100]. Oxidation of the active site cysteine is acknowledged as a common 
mechanism for regulating protein tyrosine phosphatases [101]. In addition, a NO-mediated 
PTEN degradation mechanism has been suggested to be common in neurodegenerative con-
ditions where NO exerts a critical physiopathological role [102]. Finally, S-sulfhydration was 

Figure 5. Schematic view of iNOS and MMP9 localization in trophoblasts. Adapted from reference [79]. LE, leading 
edge; TE, trailing edge; N, nucleus; C, cytoplasm; Ag, aggresome (iNOS particle). Actin polymerisation sites were also 
detected in LE. Noteworthy, Harris and colleagues noted a colocalization of eNOS and actin in trophoblasts.
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reported to maintain the activity of this lipid tyrosine-phosphatase, thereby preventing its 
S-nitrosylation [97]. PTEN structure reports disparate sites for S-nitrosylation (Cys 83 [100]), 
S-sulfhydration, and hydrogen peroxide-induced disulfide bond formation (Cys 71 and 
Cys 124 [103]). One should keep in mind that in this particular example, S-nitrosylation targets 
a different site than the Cys 124, mandatory in the phosphatase activity of PTEN.

It is tantalizing to hypothesize that sequence of S-nitrosylation and S-sulfhydration could provide 
a way for fine tuning of signaling pathways and cellular functions  regulation. Because protein 
S-nitrosylation can foster intramolecular disulfide bond  formation, a protein S-nitrosylation 
event might promote the formation of a more enduring S-sulfhydration reaction.

14. Conclusion

While NO is not necessary for meiotic resumption per se in amphibians, NO clearly influ-
ences meiotic processes in rodents, porcine, and bovine oocytes. During fertilization, the 
role of nitric oxide evolved from the hypothesis of being a primary activator to being solely 
correlated to fertilization, and its role was limited to a particular function such as hardening 
of the fertilization envelope in sea urchins. Therefore, the physiological relevance of NO has 

Figure 6. PTEN (left: phosphatase domain; right: C2 domain) is either S-nitrosylated (SNO) or S-sulfhydrated (SSH). 
When S-sulfhydrated, PTEN exerts its activity of phosphatase on PIP3 (phosphatidylinositol—3,4,5-triphosphate), in 
order to generate PIP2 (phosphatidylinositol-4,5-bisphosphate). In the absence of hydrogen sulfide, low concentrations 
of NO drive S-nitrosylation of PTEN, leading to its inactivation. In these conditions, Akt activity is maintained. If low 
concentration of NO drives SNO-PTEN, higher concentrations lead to SNO-Akt and abrogation of survival signal.
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been debated. Nevertheless, NO, together with its effects on spermatozoa (viability, motility, 
capacitation acrosome reaction, and fusion with oocytes) appeared as a modulator of oocyte 
aging. The benefits of nitric oxide use in assisted reproduction are now well-considered.

Though NO was not reported to be involved in early developmental processes in ascidians, 
NO positively affects cell proliferation in early Xenopus embryos and impairs cell movement 
during gastrulation in this model. The involvement of NO during segmentation is emphasized 
in mammalian models, where NO seemed to be requested for segmentation and blastocysts 
survival (rodents, porcine, and bovine) and for implantation through blastocysts hatching 
(rodents and bovine) and trophoblasts motility (humans).

One of the main difficulties when considering the effects of NO remains in the existence of the 
multiple pathways that can be activated by this gasotransmitter: cGMP-dependent pathway, 
calcium-related pathways, and reactive oxygen species production. Over the past few years, 
S-nitrosylation has offered a new angle to decipher NO’s actions since S-nitrosylation modulates 
the activities of many key regulators such as members of the RhoA-ROCK pathway, Cdk2, Cc25, 
or PTEN. PTEN regulation by nitrosylation offers a new paradigm since sulfhydration and nitro-
sylation, both provided by gasotransmitters, appeared to play reciprocally in a yin-yang manner.

Acknowledgements

JFB is affiliated with the Site de Recherche Intégrée en Cancérologie (SIRIC ONCOLILLE). 
We would like to thank the personnel of the BICeL-Lille1-HB Facility for access to the micros-
copy systems and technical advices. We are indebted to the Research Federation FRABio for 
providing the scientific and technical environment to achieving our work [14, 15]. MJ work 
in Department of Obstetrics and Gynaecology, Center of Assisted Reproduction, University 
Hospital Brno, and Masaryk University. MJ’s work was supported by grant MH CZ—DRO 
(FNBr, 65269705) and funds from the Faculty of Medicine, Masaryk University Brno, Czech 
Republic. We thank Brian Kavalir for helpful discussions and comments.

Author details

Ješeta Michal1, Marketa Sedmikova2, and Jean-François Bodart3*

*Address all correspondence to: jean-francois.bodart@univ-lille1.fr

1 Department of Obstetrics and Gynaecology, Center of Assisted Reproduction, University 
Hospital Brno and Masaryk University, Brno, Czech Republic

2 Department of Veterinary Sciences, Faculty of Agrobiology, Food and Natural Resources, 
Czech University of Life Sciences in Prague, Prague-Suchdol, Czech Republic

3 University of Lille, CNRS, UMR 8576 - UGSF - Unité de Glycobiologie Structurale et 
Fonctionnelle, Lille, France

From Nitric Oxide Toward S-Nitrosylation: Expanding Roles in Gametes and Embryos
http://dx.doi.org/10.5772/67270

167



References

[1] Sethi JK, Empson RM, Galione A. Nicotinamide inhibits cyclic ADP-ribose-mediated cal-
cium signalling in sea urchin eggs. Biochem J. 1996;319(Pt 2):613–617.

[2] Willmott N, Sethi JK, Walseth TF, Lee HC, White AM, Galione A. Nitric oxide-induced 
mobilization of intracellular calcium via the cyclic ADP-ribose signaling pathway. J Biol 
Chem. 1996;271(7):3699–3705.

[3] Kuo RC, Baxter GT, Thompson SH, Stricker SA, Patton C, Bonaventura J, Epel D. NO is 
necessary and sufficient for egg activation at fertilization. Nature. 2000;406(6796):633–636.

[4] Leckie C, Empson R, Becchetti A, Thomas J, Galione A, Whitaker M. The NO path-
way acts late during the fertilization response in sea urchin eggs. J Biol Chem. 
2003;278(14):12247–12254.

[5] Mohri T, Sokabe M, Kyozuka K. Nitric oxide (NO) increase at fertilization in sea urchin 
eggs upregulates fertilization envelope hardening. Dev Biol. 2008;322(2):251–262.

[6] Hyslop LA, Carroll M, Nixon VL, McDougall A, Jones KT. Simultaneous measurement 
of intracellular nitric oxide and free calcium levels in chordate eggs demonstrates that 
nitric oxide has no role at fertilization. Dev Biol. 2001;234(1):216–230.

[7] Grumetto L, Wilding M, De Simone ML, Tosti E, Galione A, Dale B. Nitric oxide gates 
fertilization channels in ascidian oocytes through nicotinamide nucleotide metabolism. 
Biochem Biophys Res Commun. 1997;239(3):723–728.

[8] Comes S, Locascio A, Silvestre F, d'Ischia M, Russo GL, Tosti E, Branno M, Palumbo 
A. Regulatory roles of nitric oxide during larval development and metamorphosis in 
Ciona intestinalis. Dev Biol. 2007;306(2):772–784.

[9] Bishop CD, Brandhorst BP. On nitric oxide signaling, metamorphosis, and the evolution 
of biphasic life cycles. Evol Dev. 2003;5(5):542–550.

[10] Ueda N, Degnan SM. Nitric oxide acts as a positive regulator to induce metamorphosis 
of the ascidian Herdmania momus. PLoS One. 2013;8(9):e72797.

[11] Castellano I, Ercolesi E, Palumbo A. Nitric oxide affects ERK signaling through down-
regulation of MAP kinase phosphatase levels during larval development of the ascidian 
Ciona intestinalis. PLoS One. 2014;9(7):e102907.

[12] Masui Y, Markert CL. Cytoplasmic control of nuclear behavior during meiotic matura-
tion of frog oocytes. J Exp Zool. 1971;177(2):129–145.

[13] Lohka MJ, Hayes MK, Maller JL. Purification of maturation-promoting factor, an intra-
cellular regulator of early mitotic events. Proc Natl Acad Sci U S A. 1988;85(9):3009–3013.

[14] Jeseta M, Marin M, Tichovska H, Melicharova P, Cailliau-Maggio K, Martoriati A, 
Lescuyer-Rousseau A, Beaujois R, Petr J, Sedmikova M, Bodart JF. Nitric oxide-donor 
SNAP induces Xenopus eggs activation. PLoS One. 2012;7(7):e41509. doi: 10.1371/jour-
nal.pone.0041509.

Nitric Oxide Synthase - Simple Enzyme-Complex Roles168



[15] Gelaude A, Marin M, Cailliau K, Jeseta M, Lescuyer-Rousseau A, Vandame P, Nevoral J, 
Sedmikova M, Martoriati A, Bodart JF. Nitric oxide donor S-nitroso-N-acetyl penicilla-
mine (SNAP) alters meiotic spindle morphogenesis in Xenopus oocytes. J Cell Biochem. 
2015;116(11):2445–2454.

[16] Jovanović AM, Durst S, Nick P. Plant cell division is specifically affected by nitrotyro-
sine. J Exp Bot. 2010;61(3):901–909. doi: 10.1093/jxb/erp369.

[17] Blume YB, Krasylenko YA, Demchuk OM, Yemets AI. Tubulin tyrosine nitration regu-
lates microtubule organization in plant cells. Front Plant Sci. 2013;4:530.

[18] Peunova N, Scheinker V, Ravi K, Enikolopov G. Nitric oxide coordinates cell pro-
liferation and cell movements during early development of Xenopus. Cell Cycle. 
2007;6(24):3132–3144.

[19] Jablonka-Shariff A, Olson LM The role of nitric oxide in oocyte meiotic maturation and 
ovulation: meiotic abnormalities of endothelial nitric oxide synthase knock-out mouse 
oocytes. Endocrinology. 1998;139:2944–2954.

[20] Zackrisson U, Mikuni M, Wallin A, Delbro D, Hedin L, Brannstrom M Cell-specific local-
ization of nitric oxide synthases (NOS) in the rat ovary during follicular development, 
ovulation and luteal formation. Hum Reprod. 1996;11:2667–2673.

[21] Jablonka-Shariff A, Ravi S, Beltsos AN, Murphy LL, Olson LM Abnormal estrous cyclic-
ity after disruption of endothelial and inducible nitric oxide synthase in mice. Biol 
Reprod. 1999;61:171–177.

[22] Nishikimi A, Matsukawa T, Hoshino K, Ikeda S, Kira Y, Sato EF, Inoue M, Yamada 
M Localization of nitric oxide synthase activity in unfertilized oocytes and fertilized 
embryos during preimplantation development in mice. Reproduction. 2001;122:957–963.

[23] Bu S, Xia G, Tao Y, Lei L, Zhou B.Dual effects of nitric oxide on meiotic maturation of 
mouse cumulus cell-enclosed oocytes in vitro. Mol Cell Endocrinol. 2003;207:21–30.

[24] Goud AP, Goud PT, Diamond MP, Abu-Soud HM Nitric oxide delays oocyte aging. 
Biochemistry. 2005;44(34):11361–11368.

[25] Nakamura Y, Yamagata Y, Sugino N, Takayama H, Kato H. Nitric oxide inhibits oocyte 
meiotic maturation. Biol Reprod. 2002;67:1588–1592.

[26] Wu TP, Huang BM, Tsai HC, Lui MC, Liu MY. Effects of nitric oxide on human sper-
matozoa activity, fertilization and mouse embryonic development. Arch Androl. 
2004;50(3):173–179.

[27] Manser RC, Leese HJ, Houghton FD. Effect of inhibiting nitric oxide production on mouse 
preimplantation embryo development and metabolism. Biol Reprod. 2004;71(2):528–533.

[28] Lee TH, Lee MS, Huang CC, Tsao HM, Lin PM, Ho HN, Shew JY, Yang YS. Nitric oxide 
modulates mitochondrial activity and apoptosis through protein S-nitrosylation for pre-
implantation embryo development. J Assist Reprod Genet. 2013;30(8):1063–1072.

From Nitric Oxide Toward S-Nitrosylation: Expanding Roles in Gametes and Embryos
http://dx.doi.org/10.5772/67270

169



[29] Pan X, Wang X, Wang X, Sun Z, Zhang X, Liang X, Li Z, Dou Z. Nitric oxide regulates 
blastocyst hatching in mice. Int J Clin Exp Med. 2015;8(5):6994–7001.

[30] Tichovska H, Petr J, Chmelikova E, Sedmikova M, Tumova L, Krejcova M, Dorflerova A, 
Rajmon R. Nitric oxide and meiotic competence of porcine oocytes. Animal. 2011;5: 
1398–1405.

[31] Chmelikova E, Ješeta M, Sedmikova M, Petr J, Tumova L, Kott T, Lipovova P, Jilek F 
Nitric oxide synthase isoforms and the effect of their inhibition on meiotic maturation of 
porcine oocytes. Zygote. 2010;18:235–244.

[32] Hattori MA, Takesue K, Kato Y, Fujihara N Expression of endothelial nitric oxide syn-

thase in the porcine oocyte and its possible function. Mol Cell Biochem. 2001;219:121–126.

[33] Chmelikova E, Sedmikova M, Petr J, Kott T, Lanska V, Tumova L, Tichovska H, Jeseta 
M. Expression and localization of nitric oxide synthase isoforms during porcine oocyte 
growth and acquisition of meiotic competence. Czech J Anim Sci. 2009;54:137–149.

[34] Sela-Abramovich S, Galiani D, Nevo N, Dekel N. Inhibition of rat oocyte maturation and 
ovulation by nitric oxide: mechanism of action. Biol Reprod. 2008;78:1111–1118.

[35] Romero-Aguirregomezcorta J, Santa ÁP, García-Vázquez FA, Coy P, Matás C. Nitric 
oxide synthase (NOS) inhibition during porcine in vitro maturation modifies oocyte pro-

tein S-nitrosylation and in vitro fertilization. PLoS One. 2014 Dec 26;9(12)

[36] Petr J, Rajmon R, Rozinek J, Sedmikova M, Jeseta M, Activation of pig oocytes using 
nitric oxide donors. Mol Reprod Dev. 2005;71:115–122.

[37] Redel BK, Tessane KJ, Spate LD, Murphy CN, Prather RS. Arginine increases develop-

ment of in vitro-produced porcine embryos and affects the protein arginine methyltrans-

ferase-dimethylarginine dimethylaminohydrolase-nitric oxide axis. Reprod Fertil Dev. 
27(4):655–666, 2015

[38] Pires PR, Santos NP, Adona PR, Natori MM, Schwarz KR, de Bem TH, Leal CL. 
Endothelial and inducible nitric oxide synthases in oocytes of cattle. Anim Reprod Sci. 
2009 Dec;116(3–4):233–243.

[39] Matta SGC, Caldas-Bussiere MC, Viana KS, Faes MR, Paes de Carvalho CS, Dias BL, 
Quirino CR. Effect of inhibition of synthesis of inducible nitric oxide synthase-derived 
nitric oxide by aminoguanidine on the in vitro maturation of oocyte–cumulus complexes 
of cattle. Anim Reprod Sci. 2009;111(2–4):189–201.

[40] Bilodeau-Goeseels S. Effects of manipulating the nitric oxide/cyclic GMP pathway on 
bovine oocyte meiotic resumption in vitro. Theriogenology. 2007;68:693–701.

[41] Schwarz KR, Pires PR, de Bem TH, Adona PR, Leal CL. Consequences of nitric oxide 
synthase inhibition during bovine oocyte maturation on meiosis and embryo develop-

ment. Reprod Domest Anim. 2010;45(1):75–80.

Nitric Oxide Synthase - Simple Enzyme-Complex Roles170



[42] Santana PP, da Silva BB, Silva TV, Costa NN, Cordeiro MS, Santos SS, Ohashi OM, 
Miranda MS. Addition of l-arginine to the fertilization medium enhances subsequent 
bovine embryo development rates. Theriogenology. 2016;85(6):1132–1138.

[43] Cheuquemán C, Loren P, Arias M, Risopatrón J, Felmer R, Álvarez J, Mogas T, 
Sánchez R. Effects of short-term exposure of mature oocytes to sodium nitroprus-
side on in vitro embryo production and gene expression in bovine. Theriogenology. 
2015;84(8):1431–1437.

[44] Anteby EY, Hurwitz A, Korach O, Revel A, Simon A, Finci-Yeheskel Z, Mayer M, Laufer 
N. Human follicular nitric oxide pathway: relationship to follicular size, oestradiol con-
centrations and ovarian blood flow. Hum Reprod. 1996;11(9):1947–1951.

[45] Pereza N, Peterlin B, Volk M, Kapovic M, Ostojic S. A critical update on endothelial nitric 
oxide synthase gene variations in women with idiopathic recurrent spontaneous abor-
tion: genetic association study, systematic review and meta-analyses. Mol Hum Reprod. 
2015;21(5):466–478.

[46] Herrero, MB, Lamirande, E, Gagnon, C Nitric oxide is a signaling molecule in spermato-
zoa. Curr Pharm Des. 2003;9(5):419–425.

[47] Buzadzic, B, Vucetic, M, Jankovic, A, Stancic, A, Korac, A, Korac, B, Otasevic, V New 
insights into male (in)fertility: the importance of NO. Br J Pharmacol. 2014;172:1455–1467.

[48] Herrero, MB, Goin, JC, Canteros, MG, Franchi, AM, Perez Martinez, S, Polak, JM, 
Viggiano, JM, Gimeno MA The nitric oxide synthase of mouse spermatozoa. FEBS Lett. 
1997;411:39–42.

[49] Meisner, H, Schulz, R. Detection and localization of two constitutive NOS isoforms in 
bull spermatozoa. Anat Histol Embryol. 2003;32:321–325.

[50] Aquila, S, Giordano, F, Guido, C, Rago, V, Carpino, A Nitric oxide involvement in the 
acrosome reaction triggered by leptin in pig sperm. Reprod Biol Endocrinol. 2011;9(133).

[51] O´Bryan, MK, Zini, A, Cheng, CY, Chlengel, PN Human sperm endothelial nitric oxide 
synthase expression: correlation with sperm motility. Fertil Steril. 1998;70(6):1143–1147.

[52] Hellstrom, WJGH, Bell, M, Wang, R, Sikka, SC. Effect of sodium nitroprusside on sperm 
motility, viability, and lipid peroxidation. Fertil Steril. 1994;61(6):1117–1122.

[53] Miraglia E, De Angelis F, Gazzano E, Hassanpour H, Bertagna A, Aldieri E, Revelli A, 
Ghigo D Nitric oxide stimulates human sperm motility via activation of the cyclic GMP/
protein kinase G signaling pathway. Reproduction, 2011;141(1):47–54.

[54] Hassapour H, Mirshokrail P, Amnian A, Effect of nitric oxide on rat sperm motility in 

vitro. Pak J Biol Sci. 2007; 10 (14): 2374–8.

[55] Lewis SEM, Donnelly ET, Sterling ESL, Kennedy MS, Thompson W, Chakravarthy U 
Nitric oxide synthase and nitrite production in human spermatozoa: evidence that endog-
enous nitric oxide is beneficial to sperm motility. Mol Hum Reprod. 1996;2(11):873–878.

From Nitric Oxide Toward S-Nitrosylation: Expanding Roles in Gametes and Embryos
http://dx.doi.org/10.5772/67270

171



[56] Wang J, He Q, Yan X, Cai Y, Chen J Effect of exogenous nitric oxide on sperm motility in 
vitro. Biol Res. 2014;47(44).

[57] Khodaei, H Chamani, M, Mahdavi, B, Akhondi, AA Effects of adding sodium nitroprus-

side to semen diluents on motility, viability and lipid peroxidation of sperm in Holstein 
Bulls. Int J Fertil Steril. 2016. 9(4):521–526.

[58] Kameshwari DB, Siva AB, Shivaji S Inhibition of in vitro capacitation of hamster sperma-

tozoa by nitric oxide synthase inhibitors. Cell Mol Biol. 2003;49(3):421–428.

[59] Dimitriadis, F, Giannakis, D, Pardalidis, N, Zikopoulos, K, Paraskevaidis, E, Giotitsas, 
N, Kalaboki, V, Tsounapi, P, Baltogiannis, D, Georgiou, I, Saito, M, Watanabe, T, 
Miyagawa, I, Sofikitis, N. Effects of phosphodiesterase 5 inhibitors on sperm parameters 
and fertilizing capacity. Asian J Androl. 2008;10(1):115–133.

[60] Uribe P, Boguen R, Treulen F, Sánchez R, and Villegas JV. Peroxynitrite-mediated nitro-

sative stress decreases motility and mitochondrial membrane potential in human sper-

matozoa. Mol Hum Reprod. 2015;21(3):237–243.

[61] Moran JM, Madejon L, Ferrusola CO, Pena FJ, Nitric oxide induces caspase activity in 
boar spermatozoa. Theriogenology. 2008;70(1):91–96.

[62] Visconti, PE, Galantino-Homer, H, Moore, GD, Bailey, JL, Ning, XP, Fornes, M, Kopf, GS 
The molecular basis of sperm capacitation. J Androl. 1998;19(2):242–248.

[63] Abou-Haila A, Tulsiani DRP Mammalian sperm acrosome: formation, contents, and 
function. Arch Biochem Biophys. 2000;379(2):173–182.

[64] Funahashi H Induction of capacitation and the acrosome reaction of boar spermato-

zoa by l-arginine and nitric oxide synthesis associated with the anion transport systém. 
Reproduction. 2002;124(6):857–864.

[65] Herrero, MB, Chatterjee, S, Lefievre, L, de Lamirande, E, Gagnon, C Nitric oxide interacts 
with the cAMP pathway to modulate capacitation of human spermatozoa. Free Radic 
Biol Med. 2000;29(6):522–536.

[66] Revelli, A, Costamagna, C, Moffa, F, Aldieri, E, Ochetti, S, Bosia, A, Massobrio, M, 
Lindblom, B, Chigo, D Signaling pathway of nitric oxide-induced acrosome reaction in 
human spermatozoa. Biol Reprod. 2001. 64(6):1708–1712.

[67] Sharma, RK, Agarwal, A Artificial stimulation of cryopreserved human spermato-

zoa by sodium nitroprusside, 2-chloroadenosine, and 2-deoxyadenosine. Eur Urol. 
1997;32(3):344–352.

[68] Liang XW, Ma JY, Schatten H, Sun QY. Epigenetic changes associated with oocyte aging 
Sci China Life Sci. 2012;55(8):670–676.

[69] Miao YL, Kikuchi K, Sun QY, Schatten H. Oocyte aging: cellular and molecular changes, 
developmental potential and reversal possibility. Hum Reprod Update. 2009;15(5): 
573–585.

Nitric Oxide Synthase - Simple Enzyme-Complex Roles172



[70] Petrova I, Sedmikova M, Petr J, Vodkova Z, Pytloun P. The role of c-Jun N-terminal 
kinase (JNK) and p38 Mitogen-activated protein kinase (p38 MAPK) in aged pig oocytes. 
J Reprod Dev. 2009;55:75–82.

[71] Jiang GJ, Wang K, Miao DQ, Guo L, Hou Y, et al. Protein profile changes during por-

cine oocyte aging and effects of caffeine on protein expression patterns. PLoS One. 
2011;6(12):e28996.

[72] Fissore RA, Kurokawa M, Knott J, Zhang M, Smyth J. Mechanisms underlying oocyte 
activation and postovulatory ageing. Reproduction. 2002;124:745–774.

[73] Tripathi A, Khatun S, Pandey AN, Mishra SK, Chaube R, Shrivastav TG, Chaube SK. 
Intracellular levels of hydrogen peroxide and nitric oxide in oocytes at various stages of 
meiotic cell cycle and apoptosis. Free Radic Res. 2009;43(3):287–294.

[74] Goud PT, Goud AP, Diamond MP et al, "Chronological age enhances oocyte post ovula-

tory aging, protein nitration and nitric oxide insufficiency in oocytes and their microen-

vironment". Fertil Steril. 2014;3(102):e329.

[75] Goud AP, Goud PT, Diamond MP, Gonik B Abu-Soud HM Reactive oxygen species and 
oocyte aging: role of superoxide, hydrogen peroxide, and hypochlorous acid. Free Radic 
Biol Med. 2008;44(7):1295–1304.

[76] Goud PT, Goud AP, Diamond MP, Gonik B Abu-Soud HM. Nitric oxide extends the oocyte 
temporal window for optimal fertilization. Free Radic Biol Med. 2008;45(4):453–459

[77] Nevoral, J, Krejcova, T, Petr, J, Melicharova, P, Vyskocilova, A, Dvorakova, M, Weingartova, 
I, Chmelikova, E, Tumova, L, Hoskova, K, Kucerova-Chrpova, V, Sedmikova, M The role 
of nitric oxide synthase isoforms in aged porcine oocytes. Czech J Anim Sci. 2013;58(10): 
453–459.

[78] Premkumar KV, Chaube SK. Nitric oxide signals postovulatory aging-induced abortive 
spontaneous egg activation in rats. Redox Rep. 2015;20(4):184–192.

[79] Harris LK, McCormick J, Cartwright JE, Whitley GS, Dash PR. S-nitrosylation of pro-

teins at the leading edge of migrating trophoblasts by inducible nitric oxide synthase 
promotes trophoblast invasion. Exp Cell Res. 2008;314(8):1765–1776.

[80] Foster MW, Forrester MT, Stamler JS. A protein microarray-based analysis of 
S-nitrosylation. Proc Natl Acad Sci. 2009;106(45):18948–18953.

[81] Ben-Lulu S, Ziv T, Admon A, Weisman-Shomer P, Benhar M. A substrate trapping 
approach identifies proteins regulated by reversible S-nitrosylation. Mol Cell Proteom. 
2014;13(10):2573–2583.

[82] Kumar S, Barthwal MK, Dikshit M. Cdk2 nitrosylation and loss of mitochondrial poten-

tial mediate NO-dependent biphasic effect on HL-60 cell cycle. Free Radic Biol Med. 
2010;48(6):851–861.

From Nitric Oxide Toward S-Nitrosylation: Expanding Roles in Gametes and Embryos
http://dx.doi.org/10.5772/67270

173



[83] Gao L, Williams JL. Nitric oxide-donating aspirin induces G2/M phase cell cycle 
arrest in human cancer cells by regulating phase transition proteins. Int J Oncol. 
2012;41(1):325–330.

[84] Liu L, Wang D, Wang J, Ji H, Zhang Y. NOAD, a novel nitric oxide donor, induces G2/M 
phase arrest and apoptosis in human hepatocellular carcinoma Bel-7402 cells. Toxicol In 
Vitro. 2015;29(7):1289–1297.

[85] Majumdar U, Biswas P, Subhra Sarkar T, Maiti D, Ghosh S. Regulation of cell cycle and 
stress responses under nitrosative stress in Schizosaccharomyces pombe. Free Radic Biol 
Med. 2012;52(11–12):2186–2200.

[86] Guo W, Kan JT, Cheng ZY, Chen JF, Shen YQ, Xu J, Wu D, Zhu YZ. Hydrogen sulfide as 
an endogenous modulator in mitochondria and mitochondria dysfunction. Oxid Med 
Cell Longev. 2012;2012:878052.

[87] Dash PR, Cartwright JE, Baker PN, Johnstone AP, Whitley GS. Nitric oxide protects 
human extravillous trophoblast cells from apoptosis by a cyclic GMP-dependent mecha-
nism and independently of caspase 3 nitrosylation. Exp Cell Res. 2003;287(2):314–324.

[88] Cartwright JE, Holden DP, Whitley GS. Hepatocyte growth factor regulates human tro-
phoblast motility and invasion: a role for nitric oxide. Br J Pharmacol. 1999;128(1):181–189.

[89] Cartwright JE, Tse WK, Whitley GS. Hepatocyte growth factor induced human tropho-
blast motility involves phosphatidylinositol-3-kinase, mitogen-activated protein kinase, 
and inducible nitric oxide synthase. Exp Cell Res. 2002;279(2):219–226.

[90] Tsui KH, Li HY, Cheng JT, Sung YJ, Yen MS, Hsieh SL, Wang PH. The role of nitric oxide 
in the outgrowth of trophoblast cells on human umbilical vein endothelial cells. Taiwan 
J Obstet Gynecol. 2015;54(3):227–231.

[91] Gu Z, Kaul M, Yan B, Kridel SJ, Cui J, Strongin A, Smith JW, Liddington RC, Lipton SA. 
S-nitrosylation of matrix metalloproteinases: signaling pathway to neuronal cell death. 
Science. 2002;297(5584):1186–1190.

[92] Wong BS, Lam KK, Lee CL, Wong VH, Lam MP, Chu IK, Yeung WS, Chiu PC. 
Adrenomedullin enhances invasion of human extravillous cytotrophoblast-derived cell 
lines by regulation of urokinase plasminogen activator expression and s-nitrosylation. 
Biol Reprod. 2013;88(2):34.

[93] Thom SR, Bhopale VM, Mancini DJ, Milovanova TN. Actin S-nitrosylation inhibits neu-
trophil beta2 integrin function. J Biol Chem. 2008;283(16):10822–10834.

[94] Mustafa AK, Gadalla MM, Sen N, Kim S, Mu W, Gazi SK, Barrow RK, Yang G, Wang 
R, Snyder SH. H2S signals through protein S-sulfhydration. Sci Signal. 2009;2(96):ra72.

[95] Hao G, Derakhshan B, Shi L, Campagne F, Gross SS. SNOSID, a proteomic method for 
identification of cysteine S-nitrosylation sites in complex protein mixtures. Proc Natl 
Acad Sci U S A. 2006;103(4):1012–1017.

Nitric Oxide Synthase - Simple Enzyme-Complex Roles174



[96] Vandiver MS, Paul BD, Xu R, Karuppagounder S, Rao F, Snowman AM, Ko HS, Lee YI, 
Dawson VL, Dawson TM, Sen N, Snyder SH. Sulfhydration mediates neuroprotective 
actions of parkin. Nat Commun. 2013;4:1626.

[97] Ohno K, Okuda K, Uehara T. Endogenous S-sulfhydration of PTEN helps protect against 
modification by nitric oxide. Biochem Biophys Res Commun. 2015 ;456(1):245–249.

[98] Sen N, Paul BD, Gadalla MM, Mustafa AK, Sen T, Xu R, Kim S, Snyder SH. Hydrogen 
sulfide-linked sulfhydration of NF-κB mediates its antiapoptotic actions. Mol Cell. 
2012;45(1):13–24.

[99] Lu C, Kavalier A, Lukyanov E, Gross SS. S-Sulfhydration/desulfhydration and 
S-nitrosylation/denitrosylation: a common paradigm for gasotransmitter signaling by 
H

2
S and NO. Methods. 2013;62(2):177–181.

[100] Numajiri N, Takasawa K, Nishiya T, Tanaka H, Ohno K, Hayakawa W, Asada M, 
Matsuda H, Azumi K, Kamata H, Nakamura T, Hara H, Minami M, Lipton SA, 
Uehara T. On-off system for PI3-kinase-Akt signaling through S-nitrosylation of 
phosphatase with sequence homology to tensin (PTEN). Proc Natl Acad Sci U S A. 
2011;108(25):10349–10354.

[101] Heneberg P Reactive nitrogen species and hydrogen sulfide as regulators of protein 
tyrosine phosphatase activity. Antioxid Redox Signal. 2014;20(14):2191–2209.

[102] Kwak YD, Ma T, Diao S, Zhang X, Chen Y, Hsu J, Lipton SA, Masliah E, Xu H, Liao FF. 
NO signaling and S-nitrosylation regulate PTEN inhibition in neurodegeneration. 
Mol Neurodegener. 2010;5:49.

[103] Lee SR, Yang KS, Kwon J, Lee C, Jeong W, Rhee SG. Reversible inactivation of the tumor 
suppressor PTEN by H

2
O

2
. J Biol Chem. 2002;277(23):20336–20342.

From Nitric Oxide Toward S-Nitrosylation: Expanding Roles in Gametes and Embryos
http://dx.doi.org/10.5772/67270

175




