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Abstract

Nitric oxide (NO°) is an important bioactive molecule with a short half-life. It is synthesized from the
enzymatic conversion of L-Arg to L-citrulline in presence of nitric oxide synthases (NOS) and cofactors.
The level of NO* is very important as it shows beneficial effects at lower concentration whereas cytotoxic
at higher concentration. It acts as protective agent and maintains post thaw motility and viability of
spematozoa. NO* plays critical importance in penile erection by relaxing the smooth muscle via inhibiting
Rho A/ Rho-kinase pathway. It also participates in spermatogenesis, capacitation and acrosome reaction
via cAMP/ cGMP pathways in mammals. Systemic inhibition of NOS caused impaired copulation,
decreased erections and alteration in aggressive behaviour. Inhibition of cNOS significantly reduced the
invitro fertilization, sperm-zona pellucida binding and proper embryonic development. Therefore, the cross
talk and multiple systems induced by NO* act parallelly, safeguard the timely function of the spermatozoa
responsible for fertilization.
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Introduction

Nitric oxide is an important signaling molecule in the body of mammals including humans and livestock.
The nitric oxide molecule is a free radical, which is relevant to understanding its high reactivity. Despite
being a simple molecule, NO* is a fundamental player in the fields of neuroscience, physiology and

immunology and was proclaimed “Molecule of the Year” by Science magazine in 1992 and Louis J. Ignerro,
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Robert F. Furchgott and Ferid Murad were awarded the Nobel Prize for Medicine and Physiology in 1998.
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Furchgott and Zawadski, (1980) recognized the importance of the endothelium in acetylcholine-induced
vasorelaxation and later on identified as endothelial-derived relaxing factor (EDRF) as NO* (Ignarro et al.,
1987). These scientists identified nitric oxide as an important signaling molecule, opening up a new way of
treatment for millions of patients. The endothelium of blood vessels uses nitric oxide to signal the
surrounding smooth muscle to relax, thus resulting in vasodilation and increasing blood flow. The
production of nitric oxide is elevated in populations living at high-altitudes, which helps these people avoid
hypoxia. Effects include blood vessel dilatation, neurotransmission, modulation of the hair cycle, penile
erections and chemotaxis in vitro (Miraglia et al., 2007; Lefievre et al., 2007). Sildenafil, popularly known
by the trade name Viagra, stimulates erections primarily by enhancing signaling through the nitric oxide
pathway in the penis. Nitric oxide (NO*®) contributes to vessel homeostasis by inhibiting vascular smooth
muscle contraction and growth, platelet aggregation, and leukocyte adhesion to the endothelium. In humans,
a high-salt intake was demonstrated to attenuate NO°® production. Nitric oxide is also generated by
macrophages and neutrophils as part of the human immune response. In vitro studies have shown that low
concentrations of NO* enhance the motility (mouse, hamster, and human), capacitation (Rodriguez et al.,
2005), zona pellucida binding and acrosome reaction (AR) of human (Revelli et al., 1999) and bovine
spermatozoa (Zamir et al., 1995). Nitric oxide is also having role in diverse physiological and pathological
processes such as vitality, penile erection, aggressive behavior, mating behavior, LHRH release,
spermatogenesis, steroidogenesis, fertilization and protective role against lipid peroxidation. In this review

we have tried to elaborate the effects of nitric oxide in male reproduction.

NO*® Synthesis

Nitric oxide is produced by the action of NO synthases (NOS), enzymes responsible for the conversion of
L-arginine to NO* and L-citrulline in presence of oxygen. NOSs contain four cofactors: FAD, FMN,
tetrahydrobiopterin and haem; the haem center has spectral properties resembling those of cytochrome
P450. There are three types of NOSs. Two are constitutive (hamed cNOS) and one is inducible by cytokines
and endotoxins (named iNOS). There are two subtypes of ctNOS: one was initially detected in the vascular
endothelium and named eNOS or NOS3 and the other is present in the central and peripheral nervous
systems and named nNOS (NOS1) or Brain NOS (bNOS) (Moncada and Erusalimsky, 2002). The nNOS
and iNOS are predominantly soluble enzymes whereas eNOS is more than 90% particulate (Wallerath et
al., 1997). The nNOS and eNOS are Ca?*/calmodulin-dependent enzymes (Lin et al., 2002). The iNOS
releases NO* in large quantities (micromolar range) during inflammatory or immunological defense
reactions and is involved in host tissue damage. The overexpression of iNOS gene might account for NO*

overproduction, as it is reported in rats with portal hypertension (Hsieh et al., 2003). The iNOSs bind
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calmodulin tightly and their activity is essentially Ca?*-independent. The eNOS is expressed constitutively
in endothelial cells and synthesizes the NO* needed for regulation of blood pressure. The activation of
eNOS is induced by increase in intracellular Ca?* resulting from activation of diverse G-protein-coupled
receptors (GPCR) or from mobilization of intracellular Ca?*stores. Liu et al. (2003) have demonstrated that
Endothelin-1 activates eNOS via heterotrimeric G-protein beta-gamma subunit signaling to protein kinase
B/AKkt. An increase in the association of heat shock protein 90 (HSP90) with eNOS is well recognized for
increasing NO- production. Despite the progress in this field, the mechanisms by which HSP90 modulates
eNOS remain unclear. Ou et al. (2004) suggested that the tyrosine kinase and HSP90-dependent signaling
pathways act in concert to suppress uncoupled eNOS activity. The nNOS is found in a variety of neurons
in both the central and peripheral nervous systems and is a constitutionally expressed enzyme, though it
can also be induced in neurons by certain treatments. Raines et al. (2004) examined the activation of cellular
signal transduction pathways in nNOS-transfected cells grown in the presence or absence of L-arginine.
NOS isoforms may have roles in reproductive functions and in the developmental processes of the excurrent

duct system in the alpaca (Lama pacos; Parillo et al., 2017).

NO* Transport

NO* produced from endothelial cells, act on smooth muscles. There is an assumption that diffusion alone
moves NO*® but does not seem more feasible because of its ultra-short half-life (2-6 seconds) and high
reactivity with O, haem and non-haem-iron; the concept of free diffusion of NO* is not acceptable. Since
NO- reacts with thiol (-SH) groups of proteins, it can form stable, biologically active, S-nitrosyl compounds.
Indeed, NO* has been shown to circulate as an S-nitroso adduct of albumin and possess biological activities
identical to those of NO* in vitro and in vivo. Since iron—nitrosyl compounds are associated with thiol-
containing ligands, formation of dinitrosyl iron cysteine has been suggested as a second pathway for NO*
transport. Pawloski et al. (2001) have suggested that the movement of NO* through erythrocytes occurs by
a precisely coordinated series of events. They have shown that the RBCs do not consume NO* irreversibly
by combining with Hb. NO* reemerges from RBCs as biologically active S-nitrosothiol, which is protected
from reacting with Hb. Some of the NO* captured by Fe?* in Hb can be shuttled intramolecularly to a
conserved thiol group, producing S-nitrosohemoglobin. This NO* may be transferred to other thiol-
containing molecule, thus enabling NO* activity to leave RBCs. This has been shown to occur preferentially
in oxygen-poor tissues where Hb changes conformation.

However, under appropriate conditions, reaction of NO* with O, can also result in the generation of

peroxynitrite (ONOOQO"), a potent oxidant (Beckman et al., 1990; Herrero et al., 2001). Peroxynitrite
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decomposes to form the reactive hydroxyl radical HOONO. Moreover, peroxynitrite and its metabolite are
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capable of inducing cytotoxicity by inducing lipid peroxidation, nitrosation of several tyrosine molecules
that regulate enzyme function and signal transduction and Na* channel inactivation. These findings suggest
that the actions of NO* in a cell depend on its concentration, the cellular redox state, and the abundance of
metals, protein thiols and low-molecular weight thiols (glutathione), as well as other nucleophile targets
(Mallozzi et al., 1997; Herrero et al., 2001).

Measurement of Nitric Oxide Concentration

Nitric oxide can be measured by many direct and indirect means (e.g. Gas and liquid chromatography,
electron paramagnetic resonance, mass spectrometry, spectrophotometry, electrochemistry). But these
techniques are having less practability in case of biological samples due to its short half-life and low
concentration of nitric oxide. These difficulties may be overcome by measuring its stable metabolites nitrite
and nitrate. Plasma, serum and urine predominantly contain nitrite while nitrate is predominant in
cerebrospinal fluid, semen and joint fluid. Therefore, measurement of these levels provides a reliable and
guantitative estimate of NO*® output in vivo. Numerous technigues for detection of these anions have been
reported, including spectrophotometric, fluorescent, chemiluminiscent, and chromatographic assays
(Feelisch and Stamler, 1996). Griess reaction which was first described in 1879 is the simplest and most
frequently used method which employs colorimetric detection with Griess reagents (Griess, 1879). Griess
reaction involves the formation of a chromophore from the diazotization of sulfanilamide by acidic nitrite

followed by coupling with bicyclic amines such as N-1-(naphthyl) ethylenediamine.

Interactions of Nitric Oxide with other Free Radicals

Free radicals are chemical species possessing an unpaired electron in their outermost orbital. Due to the
presence of one or more unpaired electrons, these species are paramagnetic, which makes them highly
reactive. A free radical can be formed in a molecule by gaining an additional electron, for example,
reduction of molecular oxygen (O>) to the superoxide anion radical (O, ) (Tuteja et al., 2001). Some oxides
of nitrogen (NO°, NO) are also free radicals. In the absence of L-arginine, nNOS has been shown to
generate superoxide (O ). Superoxide, either directly or through its self-dismutation to hydrogen peroxide
H.O, is likewise believed to be a cell-signaling agent. In oxidative stress condition O,—- is an unusual
species, where it can act as a reducing agent by donating its extra electron to NO* to form peroxynitrite
(ONOOQO"), or it can act as an oxidizing agent; in this case it gets reduced to H;O.. Under normal
circumstances, the relatively high abundance of superoxide dismutase (SOD) ensures that the later reaction
occurs preferentially. However, when NO* is produced in large quantities, a significant amount of O™

reacts with NO* to produce ONOO . The NO' radical can react with peroxyl radical (RO-,, hydroxy! radical
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(OH), or NO*, (a reactive and short-lived species) to produce alkyl peroxinitrite (ROONO), nitrous acid
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(HNOy), or nitrous oxide (N20), respectively. NO* will react with fluorine, chlorine and bromine to form
the XNO species, known as the nitrosyl halides, such as nitrosyl chloride. Nitrosyl iodide can form but is
an extremely short-lived species and tends to reform I,. Nitroxyl halide (HNO) is the reduced form of nitric
oxide. Nitric oxide reacts with acetone and an alkoxide to a diazeniumdiolate or nitrosohydroxylamine and
methyl acetate. This is a very old reaction but of interest today in NO*® prodrug research. Nitric oxide can
also react directly with sodium methoxide, forming sodium formate and nitrous oxide. Despite being a free
radical nitric oxide can inactivate (Alvarez et al., 1987; McCall et al., 1989) and even inhibit the production
(Clancy et al., 1992) of superoxide anions which cause lipid peroxidative damage, particularly in
spermatozoa. Nitric oxide is also protected by antioxidants (Vallance and Collier, 1994), suggesting a

beneficial role.

Role of NO* in the Male Reproductive System

It plays following diverse roles in male reproduction-

Protective Action of Nitric Oxide on Sperm Functions

NO* play important role in protecting various sperm functions such as matility, vitality and viability by
diverse mechanisms. Hellstrom et al. (1994) demonstrated that low concentrations of a NO*-releasing
compound, sodium nitroprusside (SNP), was beneficial to the maintenance of post-thaw human sperm
motility and viability. Siddique and Atreja, 2013 also demonstrated that the lower conc. of spermine
NONOate (NO* releasing compound) maintained post-thaw motility, viability, membrane integrity and
lipid peroxidation status in the cytopreserved Murrah Buffalo spermatozoa.

Chatterjee and Gagnon (2001) provided evidence for the production of reactive oxygen species (ROS)
during cryopreservation of bovine spermatozoa. Sudha et al. (2006) observed that nitric oxide inactivated
superoxide anions in erythrocytes (Narendra et al., 2008); bioavailability of nitric oxide have rendered
tolerance to erythrocyte membrane by protecting the cell from haemolysis and oxidative damage due to its
free radical scavenging and antioxidant effects (Narendra et al., 2008). These anions are regularly released
by mammalian cells during oxygen consumption and cause peroxidative damage to membrane
phospholipids and decreased ability to fuse with the oocyte (Tremellen, 2008). Lipton (1999) observed that
sperm are known to be particularly susceptible to such lipid peroxidation. Kisa et al. (2004) showed a
correlation between sperm motility and the levels of NO* and TBARS present in rat testicular tissue. L-
arginine, which provides protection against lipid peroxidation, is less likely to act as an antioxidant. On the
other hand, in neutrophils it has been shown that the ratio of NO* to superoxide determines the nature of

their interaction. When NO*® predominates, it inactivates superoxide; when superoxide predominates, it
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inactivates NO* (Kausalya and Nath, 1998). Icariin is a weak PDES5 inhibitor in vitro and enhances the

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007
http://en.wikipedia.org/wiki/Nitrosyl_chloride
http://en.wikipedia.org/wiki/Nitroxyl
http://en.wikipedia.org/wiki/Acetone
http://en.wikipedia.org/wiki/Alkoxide
http://en.wikipedia.org/wiki/Methyl_acetate
http://en.wikipedia.org/wiki/Prodrug
http://en.wikipedia.org/wiki/Sodium_formate
http://en.wikipedia.org/wiki/Nitrous_oxide
https://en.wikipedia.org/wiki/PDE5_inhibitor
https://en.wikipedia.org/wiki/In_vitro

e Vel 9 (8 ’19
W Jutewnational Jounal of Livestock Researnch eJSSN : 2277-1964 NAAS Score -5.36 (8) dug

production of nitric oxide. These results collectively suggest that icariin within a certain dose range is
beneficial to male reproductive functions; meanwhile, higher doses of icariin may damage reproductive
functions by increasing oxidative stress in the testes of rats (Chen et al., 2014). Olive oil also appears to
preserve semen quality through enhancing gonadal function, reducing the level of oxidative injury and lipid
peroxidation, and improving nitric oxide signaling (Banihani et al., 2017).

Regulation of Penile Erection/ Erectile Dysfunction

Erectile Dysfunction

Erectile dysfunction (ED) is defined as the inability of the male to attain and maintain erection of the penis
sufficient to permit satisfactory sexual intercourse (NIH Consensus Conference, 1993). However, sexual
complaints are not included in this definition such as loss of rigidity after vaginal intromission and early or
premature ejaculation. ED represents a social problem occurring in ~50% of the general male population
aged between 40 and 70 years (Feldman et al., 1994) and may be caused by organic and/or psychological
disorders, the former being prevalent (65 versus 35%; Benet and Melman, 1995). The incidence of ED
increases with age, and the disease frequently occurs in the presence of organic diseases such as chronic
renal (20-100%) or hepatic failure (50-70%), diabetes (27.5-60%), hypertension (46%), Peyronie’s disease
(35%), hypercholesterolaemia/atherosclerosis (33%), ischaemic heart disease (16%) and depression
(Schiavi and Rehman, 1995). Almost 30% of ED is due to the presence of systemic disease which affects
the blood supply to the penis. Cigarette smoking does not represent a direct cause but may be a risk factor
for ED (Feldman et al., 1994). Chronic arsenic exposures leading to ED include the inhibition of the sex
hormone level, or reduction of NOS activity to impair the functions of penile smooth muscle and blood
vessels (Hsieh et al., 2008). Endocrine disorders have been claimed not to be a cause of ED. However, in
some studies, low testosterone concentrations have been shown to be present in >15% of patients
complaining of erectile failure (Govier et al., 1996) and hyperprolactinaemia has been indicated to be the

cause of ED in 2-3% of impotent men.

Penile Erection

Nitric oxide pathway is of critical importance in the physiologic induction and maintenance of erections
(Burnett et al., 1992). The constitutive isoforms (eNOS and nNOS) are tightly regulated and produce
physiologically relevant levels of NO* in endothelial cells and autonomic nerve endings of the penis. Both
NNOS and eNOS play important role in penile erection. Regulation of eNOS in the penis involves multiple
molecular mechanisms that act in concert to both positively and negatively affect the function of this
enzyme. Endothelial NO is an important mediator of both physiologic and pathologic responses in the penis.

In normal endothelial function, NO* has vasodilatory properties and counterbalances RhoA/Rho-kinase—
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mediated vasoconstriction; thus, regulating vascular tissue homeostasis. Conversely, during pathologic
conditions, eNOS uncoupling and formation of peroxynitrite from the reaction of NO* with superoxide
anion results in pro-oxidant effects of NO*®. The balance between NO* bioavailability, vasoconstrictor
function, and vascular generation of reactive oxygen species (ROS) is crucial for maintaining normal
erectile ability. Treatments with goji (Lycium chinense Mill) extracts increased serum testosterone level,
increased the expression of endothelial NO synthase, neuronal NO synthase, and cGMP, improved the
oxidative stress marker, and decreased corporal fibrosis and may have a positive effect on erectile

dysfunction via its antioxidant effects (Moon et al., 2017).

RhoA/ Rho-Kinase Pathway

Contraction of smooth muscle is primarily mediated by calcium-dependent activation of myosin light chain
kinase, resulting in phosphorylation of myosin light chain and actin/myosin assembly. The calcium-
independent increase in vascular smooth muscle tone, known as calcium-sensitization, is largely mediated
by activation of the small GTPase, RhoA and its downstream effector, Rho-kinase (Ignarro et al., 1990).
RhoA may be activated by several signaling pathways, including the binding of G-protein—coupled receptor
agonists. RhoA activated Rho-kinase (a and b isoforms) phosphorylates and inhibits regulatory myosin
phosphatase target subunit 1 (MYPT1) of myosin light chain phosphatase at Thr-696 and inhibits its
activity, promoting smooth muscle contraction (Feng et al., 1999). An inverse functional relationship exists
between the NO/cGMP/protein kinase G and RhoA/Rho-kinase signaling pathways within the vasculature.
The NO* pathway phosphorylates RhoA at Ser-188, which prevents its translocation to the membrane and
activation (Sauzeau et al., 2000). In addition, in human endothelial cells, the RhoA/Rho-kinase pathway
inhibits Akt-dependent eNOS activity/phosphorylation at Ser-1177 (Ming et al., 2002), providing an
additional means of interaction between eNOS-mediated relaxant and RhoA/Rho-kinase— mediated
contractile pathways. The degree of contraction of the corpus cavernosum smooth muscle and the functional
state of the penis is determined by the balance between proerectile and antierectile mechanisms that operate
physiologically in the penis. Vasoconstriction (evoked by norepinephrine through a-adrenergic receptors,
endothelins, angiotensins, and thromboxane A), which maintains the penis in the flaccid state, is mediated,
in part, by the RhoA/Rho-kinase pathway (Chitaley et al., 2001; Wang et al., 2002; Wingard et al., 2003).
During erection, this pathway is inhibited, most likely by NO* (Mills et al., 2002). In addition, RhoA/Rho-
kinase suppresses eNOS gene expression and enzyme activity in the penis (Bivalacqua et al., 2004). The
selective Rho-kinase inhibitors Y-27632 and H- 1152 (Chitaley et al., 2001; Rees et al., 2001; Teixeira et
al., 2005) and adeno-associated viral gene transfer of dominant negative RhoA to the penis (Chitaley et al.,

2002) enhance erectile function in rats. Fig.1 schematically depicts regulation of the contractile pathway in
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smooth muscle and its interaction with the NO* relaxant pathway in the penis.
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Fig. 1 Signaling Pathway of Penile Erection

NO* in Capacitation and Acrosome Reaction

Many studies have suggested that ROS such as O, and H»O; are involved in the regulation of mammalian
sperm capacitation (Roy and Atreja, 2008a; Roy and Atreja, 2008b), hyperactivation, acrosome reaction
and associated protein tyrosine phosphorylation ( Aitken et al., 1995, 1998; Herrero et al., 1999, 2000,
2001; Rivlin et al., 2004; de Lamirande and O’ Flaherty, 2008). Capacitation also depends on NADPH
oxidase and the shuttle creatine-creatine phosphate, both sensitive to diphenyleneiodonium (Cordoba et al.,
2008). The first experimental evidence for the involvement of NO* in capacitation came from the work of
Zini et al. (1995). They observed that incubation of human spermatozoa with low concentration (0.1mM)
of NO*-releasing compounds such as diethylamine-NONOate (da) or spermine-NONOQate resulted in a
significant increase in sperm capacitation (24% =+ 4%, as assessed by lysophosphatidyl choline-induced
AR) when compared to control spermatozoa (Ham’s F-10 alone, 12% + 2%) without affecting viability
and motility. Further, catalase, but not SOD, blocked this NO*-induced capacitation and it suggested a
complex mechanism of action of NO* involving H>O (Zini et al., 1995). The presence of NO*-releasing

compounds (0.1 mM SNP or 0.1mM or 1 mM da) accelerated the capacitation process and thus ability of

Page 1 8

spermatozoa to undergo human follicular fluid (hFF)-induced AR (Herrero et al., 1999).
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NO* also appears to be involved in sperm physiology, such as hyperactivation, capacitation and acrosome
reaction (de Lamirande et al., 1997; Yeoman et al., 1998; Roy and Atreja, 2008a). Hyperactivation may be
modulated by chemotactic signals to turn sperm towards the oocyte (Suarez, 2008). The presence of NOS
has been observed in the acrosome and tail of mouse (Herrero et al., 1997) and human spermatozoa (Lewis
et al., 1996). The NO*-releasing compounds induce acrosome reaction in human (Herrero et al., 1999) and
rabbit spermatozoa (Guzman-Grenfell et al., 1999). Relatively high concentrations (0.01-1.0 mM) of
sodium nitroprusside, a NO* donor, inhibit motility and viability of human spermatozoa, but low
concentrations (10-100 nM) result in increased capacitation without an effect on motility (Sengoku et al.,
1998). Joo et al. (1999) demonstrated that sodium nitroprusside reduces both sperm motility and
hyperactivation at 0.1-1.0 mM, but increases the percentage of acrosome-reacted human spermatozoa at
0.01-1.0 mM. NOS activity stimulated by follicular fluid proteins also increases the percentage of
acrosome-reacted human spermatozoa (Revelli et al., 1999). L-arginine also acts as a resource of NO* may
induce capacitation and acrosome reaction through the NO* signal pathway.

The ability to accelerate the capacitation process varies among NO* releasing compounds. The difference
in potency was related to the kinetics of NO* formation, because SNP generated NO* instantaneously (3-10
s) whereas da and spermine-NONOate released NO*® over a longer period of time. The half-lives of da and
spermine-NONOate were 18 + 3 and 80 + 15 min, respectively (Zini et al., 1995). Hence, it seems, NO*
requires a short period of time to exert its action on the capacitation process, perhaps initiating a cascade of
events that will lead to capacitation. Moreover, the presence of NOS inhibitors (0.1-1 mM L-NAME; 10 or
100 uM 7-nitro indazole) at the onset of incubation period decreased the percentage of AR (measured by
hFF or A23187-induced AR) and indicated that endogenous NO*® was necessary for spermatozoa to display
their full fertilizing ability (Herrero et al., 1999). O’Flaherty et al. (2004) showed that addition of L-arginine
to the incubation media promoted both capacitation and acrosome reaction in cryopreserved bovine

spermatozoa.

Signal Transduction Pathways Induced by NO* During Capacitation and Acrosome Reaction

In mammalian spermatozoa, studies suggested the role of NO* during capacitation and acrosome reaction.
In bovine spermatozoa, SNP caused a 50% increase in cGMP levels during AR (Zamir et al., 1995).
However, Herrero et al. (2000) demonstrated that human spermatozoa when incubated in Tyrode-BSA
medium with NO* releasing compounds, intracellular cAMP concentrations increased to levels higher than
those of spermatozoa incubated in Tyrode-BSA alone. In contrast, incubation with NOS inhibitor, L-NAME

decreased intracellular sperm cAMP concentrations. Further, the inhibitory effect observed with 1 mM L-
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NAME on capacitation and tyrosine phosphorylation of two sperm proteins (105, 85 kDa) was partially
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over come by the presence of 1mM db-cAMP + 0.5 mM IBMX (db-cAMP: NE&, 2'-O-dibutyryl cAMP, a
cell permeable cAMP analog; IBMX: 3-isobutyl-1-methylxanthine, a phosphodiesterase inhibitor). The
results suggested that NO* modulates the capacitation and protein tyrosine phosphorylation at some point
upstream of cAMP formation. The partial reversal of L-NAME inhibition by db-cAMP + IBMX may again
indicate that NO* is also modulating enzymes that are downstream cAMP formation or processes other than
those involved in the cCAMP/PKA pathway.

Roy and Atreja (2008c) also reported that ejaculated buffalo spermatozoa were capacitated in the absence
or presence of heparin, or L-arginine or L-NAME for 6 h. Capacitating spermatozoa generated NO« both
spontaneously and following stimulation with L-arginine and L-NAME quenched such L-arginine-induced
NO- production. Immunolocalization of NOS suggested for existence of constitutive NOS in buffalo
spermatozoa. L-Arginine (10 mm) was found to be a potent capacitating agent and addition of L-NAME to
the incubation media attenuated both L-arginine and heparin-induced capacitation and suggested that NO«
is involved in the capacitation of buffalo spermatozoa. Two sperm proteins of Mr 38 000 (p38) and 20 000
(p20) were tyrosine phosphorylated extensively by both heparin and L-arginine. The tyrosine
phosphorylation of p38 was insensitive to both inductions by cAMP agonists as well as inhibition by a
protein kinase A (PKA) inhibitor. Further, most of these L-arginine-induced tyrosine phosphorylated
proteins were localized to the midpiece and principal piece regions of flagellum of capacitated spermatozoa
and suggested that sperm flagellum takes active part during capacitation. These results indicated that L-
arginine induces capacitation of buffalo spermatozoa through NO-+ synthesis and tyrosine phosphorylation
of specific sperm proteins involving a pathway independent of cAMP/PKA (Roy and Atreja, 2008c). The
tyrosine phosphorylation of p95 was induced extensively by both O,+— as well as exogenous source of H,0-
and using specific activators and inhibitors of signaling pathways, it was found that the induction was
regulated through a cAMP-dependent PKA pathway (Roy and Atreja, 2008a). Siddique and Atreja, 2013
reported recently that the ejaculated buffalo spermatozoa were capacitated in the presence of spermine-
NONOate (100uM) and inhibited by L-NAME. It also caused the increase in motility and hyperactivation
of buffalo spermatozoa.

Sivram (2008) reported that Ang-Il increases the Ca?* during buffalo sperm capacitation and is mediated
via the phosphoinositide pathway. This pathway is central to Ang-1l signaling in buffalo spermatozoa,
which is responsible for the initiation of cAMP and nitric oxide signaling. It stimulated cAMP production
during as well as acrosome reaction indirectly via the Ca?*and calmodulin. Both insulin and leptin enhance
NO* production in human and this increase is possibly through the PI3K signaling pathway, as evidenced

by reduction of NO* production when the PI3K inhibitor, wortmannin, was given. They play role in
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enhancing the fertilizing capacity by increasing motility, AR and NO* production (Lampiao et al., 2008).
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It is interesting that the activity of cyclooxygenase (COX), another heme-containing enzyme, appeared to
be modulated by NO* during the progesterone induced acrosome reaction, because the presence of the NOS
inhibitor, L-NAME completely blocked the increase in prostaglandin E, (PGE;) synthesis induced by
progesterone. Conversely, treatment of mouse spermatozoa with SNP stimulated both COX and
lipoxygenase (LOX) activities during capacitation (Herrero et al., 1995). Thus, it is possible that such a
NO*-induced conformational change in GC (Guanylate cyclase), COX and LOX occurs in spermatozoa
during capacitation, the acrosome reaction, or both. During the progesterone-induced acrosome reaction,
mouse sperm NOS activity is increased by about 70% (Herrero et al., 1998), raising the question of how
this steroid can modulate sperm NO® production. It is tempting to speculate that progesterone, which
promotes the influx of extracellular calcium, activates a calcium-dependent isoform of sperm NOS. This
would lead to an increase in NO*® synthesis, which in turn would activate enzymes (i.e. COX) involved in
different signal transduction pathways that finally result in the acrosome reaction.

In human spermatozoa, during capacitation, double phosphorylation of specific threonine-glutamine-
tyrosine (Thr-Glu-Tyr) motifs in two proteins (80 and 105 kDa) occurs (Thundathil et al., 2002; Thundathil
etal., 2003). L-NAME (a competitive inhibitor of L-arginine for NOS) prevented, and spermine-NONOate,
a NO* donor promoted the increase in double phosphorylation of Thr-Glu-Tyr motif during sperm
capacitation. In addition, L-arginine reversed the inhibitory effect of L-NAME on capacitation and the
associated increase in double phosphorylation of this motif. Therefore, NO® regulates the double
phosphorylation of the Thr-Glu-Tyr motif in proteins of human spermatozoa during capacitation. Further,
it was found that NO*-mediated increase of P-Thr-Glu-Tyr-P involves protein tyrosine kinase (PTK), MEK
or MEK-like kinase and protein kinase C (PKC) but not PKA (Thundathil et al., 2003). Previously, de
Lamirande and Gagnon (2002) had demonstrated that the double phosphorylation of Thr-Glu-Tyr motif of
human sperm proteins (80 and 105 kDa) during capacitation activates the component of extracellular signal-
regulated protein kinase (ERK) pathway. Elements of the ERK pathway are present in human spermatozoa
and involved in capacitation (Luconi et al., 1998, de Lamirande et al., 2002). The basic assembly of all
MAPK pathways is a module in which three kinases are sequentially activated; the ERK module includes
Raf [MAPK kinase kinase, for serine/threonine (Ser/Thr)], MEK (MAPK2K, dual specificity for Ser/Thr
and Tyr), as well as ERK 1 (MAPK3) and ERK2 (MAPKZ1, for Ser/Thr) (Kolch et al., 2000; Windmann et
al., 1999). The MEK phosphorylates the Thr and Tyr residues within the Thr-Glu-Tyr motif, which is
present at the active site not only of ERK1 and ERK2 but also that of ERK 5 (big MAPK) (Zhou et al.,
1995), ERKY7 (Yan et al., 2001), and other important signal transduction elements, such as MOK (Miyata
et al., 1999). Inhibitors of MEK and MEK-like kinases (PD98059 and U126) block capacitation and the

associated phosphorylation of Thr-Glu-Tyr in sperm proteins, indicating that such kinases are present in
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spermatozoa and are active during capacitation (Thundathill et al., 2002; de Lamirande et al., 2002;
Thundathill et al., 2003). Immunoblotting indicated the presence of Shc, Grb2, RasP?, Raf and ERK1 and
ERk2 during capacitation in human spermatozoa. Therefore, NO*appears to be involved in capacitation
through two mechanisms, one dependent on cAMP/PKA (Herrero et al., 2000) and another dependent on
the ERK pathway (Thundathil et al., 2003). These two pathways are essential for capacitation, because
inhibition of PKA or elements of the ERK pathway prevent capacitation and tyrosine phosphorylation in
human spermatozoa (Leclerc et al., 1996; Herrero et al., 2000; de Lamirande and Gagnon, 2002). Probably,
in human spermatozoa, the PKA and ERK pathways act in parallel but, ultimately, lead to tyrosine
phosphorylation of proteins of 80 and 105 kDa during capacitation.

Roy and Atreja (2009) studied the extent of sperm capacitation after various periods of incubations by
lysophosphatidyl choline-induced acrosome reaction. In both cattle and buffalo spermatozoa, at 6h, four
proteins of molecular weight 49, 45, 32, and 20 kDa (designated as p49, p45, p32, and p20) were tyrosine
phosphorylated. However, in buffalo, two additional proteins of 38 and 30 kDa were also tyrosine
phosphorylated. In a time-course study, p20 appeared as early as at 0 h in capacitated buffalo spermatozoa
as compared to 4h in cattle. Further, in heparin-treated buffalo spermatozoa, with a time-dependent increase
in tyrosine phosphorylation of some proteins, there was time-dependent dephosphorylation of some other
proteins that was never seen in heparin-treated cattle sperm. And they revealed that buffalo sperm took
more time than cattle for capacitation but its associated protein tyrosine phosphorylation event started very
early as compared to cattle.

The role of cGMP was reported on capacitation in human (Zhang and Zheng, 1996), bull (Zamir et al.,
1995) and buffalo bull (Siddique and Atreja*, unpublished data) spermatozoa. Revelli et al. (2001)
suggested that the AR-inducing effect of exogenous NO* (added in the form of 100 uM SNP) on capacitated
human spermatozoa is accomplished via stimulation of an NO*-sensitive soluble guanylate cyclase (sGC),
cGMP(3', 5'-cyclic guanosine monophosphate) synthesis, and PKG (cGMP-dependent protein kinase G)
activation (Lohman et al., 1997). In this effect, the activation of protein kinase C (PKC; Benoff, 1998) is
also involved, and the presence of extracellular Ca?* is required (Benoff, 1998). In Sertoli cells, when the
cellular concentration NO* is less than 1uM, then it interacts directly with soluble guanylate cyclase (sGC)
to induce synthesis of cGMP, which further activates cGMP-regulated phosphodiesterase (PDE), protein
kinase G (PKG) and cyclic nucleotide-gated channels (Lee and Cheng, 2004).

Hence, NO* can activate multiple signaling pathways such as cAMP/ PKA pathway, cGMP/PKG pathway,
PI3K/ Akt pathway and the MAPK pathway to induce the protein tyrosine phosphorylation during

capacitation in mammalian spermatozoa (Fig. 2). And it also regulates the phosphorylation of the Thr-Glu-
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Tyr motif during human sperm capacitation (Thundathill et al., 2003).
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Sperm Motility

Two conflicting opinions are there for the effects of NO* on sperm motility. Hellstrom et al. (1994) found
that NO*® improves sperm motility, whereas Rosselli et al. (1995) and Weinberg et al. (1995) observed a
NO*-induced inhibition of motility. Bahmanzadeh et al. (2008) found that nitric oxide synthase inhibitor

(L-NAME) may improve sperm count and morphology that are associated with infertility in varicocelized
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rat. Moran et al. (2008) also reported that NO* is a major free radical involved in boar sperm damage during
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cryopreservation and showed significant caspase activity. Similarly, NO is an important mediator in the
pathogenesis of infertility with nicotine treatment. NOS inhibitor and perhaps L-NAME could be useful in
prevention of nicotine induced infertility in smokers (Oyeyipo et al., 2015). But most of the results support
the improvement in motility. Schachter et al. (1973) have reported that oral administration of amino acid
L-arginine to oligospermic men results in an improvement in both sperm count and motility in the majority
of individuals treated. Krampitz and Doepfmer, (1962) and Keller and Polakoski (1975) added L-arginine
to ejaculated human spermatozoa in vitro and reported that its addition stimulated the motility of human
spermatozoa in specimens having an initially low motility. NO*® also regulates sperm motility, with low
concentrations of NO* enhancing (Hellstrom et al., 1994) and medium/high concentrations of NO*
decreasing sperm motility (Rosselli et al., 1995). Under physiological conditions, small amounts of NO*
are generated and neutralize free radicals which inhibit sperm motility. Thereby low concentrations of NO*
may protect against O,” mediated reduction of sperm motility. In contrast, excessive generation of NO*
under pathological conditions such as infection or endometriosis can cause sperm toxicity as well as reduce
sperm motility by contributing to the formation of peroxynitrite, a highly toxic anion of peroxidation.
Normozoospermic samples showed significantly greater concentrations of nitrite than those from as then
ozoospermic individuals, implying that NO* can improve or maintain sperm motility. These results are in
accord with the observations of Hellstrom et al. (1994). Hellstrom et al. (1994) also provided the direct
evidence for a positive effect of NO* on human sperm viability and motility. Using sodium nitroprusside
(SNP, at 50 nM and 100 nM concentrations), an instant NO* donor, they could improve the post-thaw
human sperm motility and viability. Percent viability was significantly reduced from 0 min (60.06% +
3.5%) to 6 h post-thaw in controls (38.0% =+ 5.1%) but not in 50 nM (46.8% + 10.4%) or 100 nM (48.8% =+
6.5%) SNP-treated samples. Compared with controls (18.3% + 3.4%), maintenance of percent motility at
3h post-thaw was significantly improved in 50 nM (24.5% + 2.9%) and in 100 nM (26.3% + 3.2%) SNP-
treated samples. Addition of NOS inhibitors such as N®-nitro-L-arginine, N®-nitro-L-arginine-methy| ester
(L-NAME) to the incubation medium depressed motility and hyperactivation in hamster and human
spermatozoa (Yeoman 1994; Donnelly et al., 1997; Yeoman et al., 1998; Kameshwari et al., 2003). This
suggested that endogenous NO*® produced by spermatozoa regulates the sperm motility and hyperactivation.
Siddique and Atreja, 2013, also reported similar results while treating the buffalo spermatozoa using 100
M spermine-NONOate. Lewis et al. (1996) provided evidence for the presence of eNOS and bNOS in the
human spermatozoon that regulates (increases) sperm motility in an autocrine fashion. Similarly, resveratrol
led to improved sperm parameters (motility, morphology and viability) and histological characteristic of

testis as well as increased level of testosterone in the morphine-treated mice (Jalili et al., 2017). The viability
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of spermatozoa remained unaffected at all concentrations of L-arginine (0-50 mM) compared to control and
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heparin-treated cells. At lower concentrations (10 mM or lower), L-arginine maintained the sperm motility
compared to the control. However, at higher concentrations of L-arginine (> 10 mM), sperm motility was

significantly decreased (Roy and Atreja, 2008c).

Role of NO* in Aggression

Reduced calcium- dependent constitutive NOS enzymatic activity was found in the prefrontal cortex of
postmortem brains of patients with schizophrenia and depression (Xing et al., 2002). A specific role for
nNOS-derived NO in aggression was first addressed in mice in which the nNOS gene was deleted by
homologous recombination (nNOS—/-), thus inhibiting NOS production in neurons (Huang et al., 1995). In
all test situations, male nNOS—/— mice were significantly more aggressive and rarely displayed submissive
behaviors (Nelson et al., 1995).

Male reproductive and aggressive behaviors are both generally regulated by androgens. However,
nongonadal mechanisms may have evolved to regulate aggression in animals living in habitats that require
competition outside of the breeding season (Soma and Wingfield, 2001). Plasma androgen concentrations
directly influence aggression. NNOS—/— and WT mice do not differ in blood testosterone concentrations
either before or after agonistic encounters (Nelson et al., 1995). Data on castrated nNOS—/— males, however,
suggest that testosterone is necessary, if not sufficient, to promote increased aggression in these mutants
(Kriegsfeld et al., 1997). Castrated nNOS—/— mice displayed low levels of aggression that were equivalent
to the reduced aggression observed among castrated WT males. Androgen replacement therapy restored the
elevated levels of aggression in NNOS—/— mice. Additional studies using perinatal castration on males and
androgen treatment on females are required to sort out the organizational effects of androgens on NO*-
related aggression in males.

Numerous studies have implicated serotonin (5-hydroxytryptamine, or 5-HT) as a key neurotransmitter
involved in aggression and impulsivity. Gene targeting strategies in mice that either directly or indirectly
affect the functional integrity of the 5-HT system have generally strengthened the influence of 5-HT on
aggression (Miczek et al., 2001; Nelson and Chiavegatto, 2001). Depending on whether it is synthesized
from nNOS or eNOS, NO* can have opposite effects on 5-HT and therefore opposite effects on male
aggressive behavior. It seems that differences in the localization of the source of NO* and/or subcellular
sites may account for the distinctive alterations in the brain 5-HT system. Additionally, regarding the
putative role of NO* in the aggression related to mental disabilities, a possible link with the 5-HT system
may also be envisaged, because 5-HT dysfunction has been reported in Down Syndrome (Gulesserian et
al., 2000; Mann et al., 1985; Seidl et al., 1999; Whitaker-Azmitia, 2001), autism (Chugani, 2002; Posey
and McDougle, 2001), depression and schizophrenia (Lee and Meltzer, 2001; Meltzer et al., 2003).
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Isolation-induced aggression is correlated to changes with 5-HT turnover (Garattini et al., 1967). Several
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5-HT drugs, such as 5-HT1A, 1B agonists or 5-HT uptake blockers, ameliorate isolation-induced
aggression in mice (Olivier et al., 1989).

Role of NO* in Mating Behaviour

Medial preoptic area (MPOA) in CNS is important for the expression and sensitization of male sexual
behaviour, as evidenced by reports that increasing NO* in the MPOA increased mounting rate (Sato et al.,
1998), whereas inhibiting NOS impaired mating (Sato et al., 1998). Dominguez et al. (2006) reported the
repeated sexual experience with increased levels of nitric oxide synthase (NOS) in the MPOA of male rats.
And experience-induced increase in NOS in the MPOA may be one mechanism through which sexual
experience facilitates sexual behavior in male rats (Dominguez et al., 2006).

Systemic inhibition of NOS caused impaired copulation and decreased erections in rats (Hull et al., 1994).
One way by which NO* in the MPOA might facilitate behavior is by increasing extracellular dopamine
(Dominguez et al., 2004; Lorrain et al., 1996), which in turn facilitates male sexual behavior (Hull et al.,
2004). Dopamine release may be affected by influences on axon terminals, as well as changes in the firing
rate of dopamine neurons. Since nitric oxide mediates the release of dopamine and it has been reported to
enhance catecholamine release (Prast and Philippu, 2001; West et al., 2002) as well as inhibit the reuptake,
possibly by reversing the transporter (Kiss et al., 1999). Administration of the NO* precursor L-Arginine
through a microdialysis probe increased the mount rate of sexually experienced male rats, whereas
administration of a NOS inhibitor reduced mount rate (Sato et al., 1998). The role of nitric oxide in libido
and fertility of male rats was also investigated by administration of the L-NAME (25 or 50 mg/kg/day). L-
NAME caused marked reduction of precoital sexual behaviour, and a failure of most rats to mount or
gjaculate during the test interval (Ratnasooriya et al., 2000). Gonadal hormone activation of nitric oxide-
cyclic guanosine-monophosphate pathway is important for lordosis behavior, as well as that this system is
activated during mating behavior (Panzica et al., 2006). Laura et al., 2002, reported that Ginseng enhances
libido and copulatory performance and this action is due to release of nitric oxide from endothelial cells
and perivascular nerves. LHRH controls lordosis behavior in the female rat (McCann et al., 1999) and is
also involved in mediating male sex behavior. In vivo studies have shown that NO® stimulates the release
of LHRH that induces sex behavior. This behavior can be stimulated by injection of sodium nitroprusside
and is blocked by inhibitors of NOS. Apparently, there are two LHRH neuronal systems: one, with axons
terminating on the hypophyseal portal vessels, the other with axons terminating on neurons which mediate
sex behavior (Mani et al., 1994).

Effect of NO® on Spermatogenesis

Presence of low levels of cNOS activity in the testes and high levels in other male urogenital organs
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(urethra, bladder neck, vas deferens, prostate, seminal vesicle) was first reported by Ehren et al. (1994).
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The important role of NO* within the testis was also evident from the findings that the testis contains: (i)
GTP-cyclohydrolase 1, the initial enzyme for THB synthesis; (ii) arginosuccinate synthetase as well as
argininosuccinate lyase, the enzymes responsible for L-arginine generation, and they are abundant in the
testis and (iii) haem oxygenase isozymes HO-1 and HO-2, which oxidatively cleave the haem molecule to
produce NOS. cNOS activity was identified in the Leydig cells, Sertoli cells and endothelial cells of the
human testis. Interestingly, soluble guanylate cyclase and cGMP were found to co-localize within the
cytoplasm of the Leydig cells, some apically situated spermatids and residual bodies of seminiferous
tubules. Testosterone, calmodulin, aspartate, glutamate and Ca?*calmodulin- dependent protein kinase |1
has been shown to co-localize with NOS-1 in Leydig cells. The testicular cells are well equipped with a
NO*—cGMP pathway, which may function, such as spermatogenesis and steroidogenesis. Zini et al. (1996)
demonstrated the expression of eNOS in both Sertoli and Leydig cells at all stages of spermatogenesis.
Additionally, intense eNOS expression was also observed in prematurely shed spermatocytes and
spermatids, suggesting a role for eNOS in spermatogenesis and germ cell degeneration. Interestingly, eNOS
activity is differentially expressed in Leydig cells, suggesting that concentrations of steroids in the cells
may be regulating this activity and NO*® subsequently acts in an autocrine/paracrine fashion. Within the
testis, NO* has also been shown to regulate blood flow, cell permeability and contractile function of
myofibroblasts, which in turn regulate steroid synthesis and transport. Wang et al. (1997) have identified a
testis-specific variant of NNOS (TnNOS) in the testis.

In Sperm-Oocyte Fusion

Exogenous NO* has been shown to enhance human sperm binding to zona pellucida (Sengoku et al., 1998).
Francavilla et al., 2000 investigated whether the inhibition of human sperm cNOS could affect sperm-
oocyte fusion and sperm binding to the zona pellucida. L-NAME was used as cNOS inhibitor. Sperm-
oocyte fusion was evaluated using the hamster egg penetration test (HEPT). The ZP binding was evaluated
using the hemizona assay. L-NAME added from the onset of capacitation strongly inhibited sperm-oocyte
fusion. This inhibitory effect was dose dependent, stereo specific, and suppressed by L-arginine in a dose-
dependent manner. L-NAME also inhibited sperm-oocyte fusion in the HEPT enhanced with progesterone
(P), where P (5 mM) was added for 15 min to capacitated sperm. A lesser but significant inhibition was
also observed when sperm suspensions were exposed to L-NAME following capacitation in both versions
of HEPT. On the contrary, L-NAME did not affect ZP binding. That study provided the evidence that cNOS
played a role in the human sperm’s capacity to fuse with oocyte but not in the ZP binding. L-NAME did
not exert any significant effect on the zona pellucida binding at the dose affecting sperm-oocyte fusion.

Exogenous NO* has been shown to enhance human sperm binding to the zona pellucida (Sengoku et al.,
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1998). Herrero et al. (1997) reported that in mouse sperm, the inhibition of constitutive NOS significantly
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reduced the in vitro fertilization rate without impairing sperm-zona pellucida binding. It is not surprising
that the L-NAME inhibition of capacitation events required for the sperm-oocyte fusion was not associated
with the inhibition of sperm ability to bind to the zona pellucida. L-NAME likely inhibits capacitation
events not required for ZP binding.

NO* also plays important roles in many events during embryonic development, such as regulation of egg
activation at fertilization in sea urchin oocytes (Kuo et al., 2000; Kim et al., 2004) and regulation of the
balance between cell proliferation and differentiation in Drosophila embryo development (Kuzin et al.,
1996). In addition, several studies have reported the activities of the NO*-related enzyme, NOS, in
preimplantation development (Gouge et al., 1998) and implantation in mammals (Novaro et al., 1997,
Biswas et al., 1998; Gagioti et al., 2000). Although it has been reported that eNOS and iNOS are expressed
in blastocysts collected from the uterus of delayed-implanting mice, and preovulatory and ovulatory oocytes
(Jablonka- Shariff and Olson, 1997, 1998; Gouge et al., 1998), expression and activities of NOS in
preimplantation embryos and the role of NO in preimplantation development has not been fully elucidated.
NO* is a well-recognized activator of guanylate cyclase that induces an increase in cyclic guanosine
monophosphate (cGMP) levels in target cells (Moncada et al., 1991; Nathan., 1992). The importance of the
ratio of cyclic adenosine monophosphate (CAMP) to cGMP in the regulation of preimplantation embryonic
development and differentiation has been previously proposed. Chen et al. (2001) reported an interesting
data showing the importance of NO* in the early stages of mouse embryonic development. However, the
precise mechanism of NO* in the embryonic development still remains unclear. Using a specific inhibitor
and precursor of NO*, the study examined whether NO* could regulate the rates of fertilization and early
embryonic development in mice in order to demonstrate the essential role of NO* in the regulation of
fertilization and early embryonic development. When mouse oocytes were treated with L-NAME or L-
arginine, in vitro fertilization rate and early embryonic development were significantly reduced by L-
NAME, but not by L-arginine. It is likely that the physiological level of NO* is involved in the process of
oocytes maturation and fertilization. These results are well consistent with the previous results reported by
Kuo et al. (2000), which demonstrated that NOS and nitric oxide related bioactivity satisfy the primary
criteria of an egg activator: they were present in an appropriate place, active at an appropriate time and

sufficient for successful fertilization in sea urchin.

Conclusion
Nitric oxide has an indispensable role in male reproduction. Despite being a free radical it acts as an
antioxidant and have protective role in sperm motility, viability and vitality. It regulates the most of the

discussed functions by modulating the cAMP and cGMP pathways. L-Arginine/ spermine NONOate
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participates in increasing motility, viability and decreases lipid peroxidation in spermatozoa. It mediates
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penile erection by cNOS and there is an inverse functional relationship exists between the NO* cGMP/
protein kinase G and Rho A/ Rho-kinase signaling pathway within vasculature. The balance between NO*
bioavailability, vasoconstrictor function and vascular generation of ROS is crucial for erectile function. It
is well established that cyclic nucleotides and alteration in protein tyrosine phosphorylation play pivotal
role in capacitation in AR. Both the nNOS-/- and eNOS-/- have effects on aggressive behavior, eNOS-/-
act to increase and nNOS-/- decreases the male aggressive behavior. NO also induces sex behavior in male
by the release of LHRH. Testicular cells are well equipped with NO-cGMP pathway responsible for
spermatogenesis and steroidogenesis. Pleiotropic signaling provided by NO* through cGMP/ cADPR
formation and S-nitrosylation account for the diverse modes of Ca?" release, which play role during

fertilization.

Acknowledgement
We thank Dr. S. K. Atreja, PhD, Dr. SC Roy, PhD, and Dr. V. Sivaram, PhD, for his long-term support and

helpful discussions.

References

1. Aitken RJ, Paterson M, Fisher H, Buckingham DW, van Duin M. (1995). Redox regulation of
tyrosine phosphorylation in human spermatozoa and its role in the control of human sperm function.
J Cell Sci. 108:2017-25.

2. Alvarez JG, Touchstone JC, Blasco L, Storey BT. (1987). Spontaneous lipid peroxidation and
production of hydrogen peroxide in human spermatozoa. J Androl. 8:338-48.

3. Bahmanzadeh M, Abolhassani F, Amidi F, Ejtemaiemehr SH, Salehi M, Abbasi M. (2008). The
effects of nitric oxide synthase inhibitor (L-NAME) on epididymal sperm count, motility, and
morphology in varicocelized rat. DARU, 16(1):23-8.

4. Banihani, S. A. 2017. Semen quality as affected by olive oil. Int J Food Prop, 20 (S2): S1901-1906.

5. Beckman JS, Koppenol WH. (1996). Nitric oxide, superoxide, and peroxynitrite- the good, the bad,
and the ugly. Am J Physiol. 271:C1424-37.

6. Beckman JS. (1990). Ischaemic injury mediator. Nature, 345:27-8.

7. Benet AE, Melman A. (1995). The epidemiology of erectile dysfunction. Urol Clin North Am;
22:699-09.

8. Benoff S. (1998). Modelling human sperm-egg interaction in vitro: signal transduction pathways
regulating the acrosome reaction. Mol Hum Reprod, 4:453-71.

9. Biswas S, Kabir SN, Pal AK. (1998). The role of nitric oxide in the process of implantation in rats.
J Reprod Fertil, 4:157-61.

10. Bivalacqua TJ, Champion HC, Usta MF, Cellek S, Chitaley K, Webb RC et al. (2004).
RhoA/Rhokinase suppresses endothelial nitric oxide synthase in the penis: a mechanism for diabetes-
associated erectile dysfunction. Proc Natl Acad Sci U S A, 101:9121-26.

11. Burnett AL, Lowenstein CJ, Bredt DS, Chang TS, Snyder SH. (1992). Nitric oxide: a physiologic
mediator of penile reaction. Science, 257:401-03.

12. Chatterjee S, Gagnon C. (2001). Production of Reactive Oxygen Species by spermatozoa Undergoing
Cooling, Freezing, and Thawing. Mol Reprod Dev, 59:451-58.

13.  Chen, M., Hao, J., Yang, Q. and Li, G. 2014. Effects of Icariin on Reproductive Functions in Male
Rats. Molecules 2014, 19, 9502-9514.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Pagez 9



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

e Vel 9 (8 ’19
W Jutewnational Jounal of Livestock Researnch eJSSN : 2277-1964 NAAS Score -5.36 (8) dug

14. Chen SS, Chang LS, Wei YH. (2001). Oxidative damage to proteins and decrease of antioxidant
capacity in patients with varicocele. Free Radical Bio Med, 30: 1328-34.

15. Chitaley K, Bivalacqua TJ, Champion HC, Usta MF, Hellstrom WJ, Mills TM et al. (2002). Adeno-
associated viral gene transfer of dominant negative RhoA enhances erectile function in rats. Biochem
Biophys Res Commun, 298:427-32.

16. Chitaley K, Wingard CJ, Webb RC, Branam H, Stopper VS, Lewis RW et al. (2001). Antagonism of
Rho-kinase stimulates rat penile erection via a nitric oxide-independent pathway. Nat Med, 7:119-
22.

17.  Chugani DC. (2002). Role of altered brain serotonin mechanisms in autism. Mol Psychiatry, 7(Suppl.
2): S16-17.

18. Clancy RM, Lesczynska-Pikiak L, Abramson SB. (1992). Nitric oxide, an endothelial cell relaxation
factor, inhibits neutrophil superoxide production via a direct action on the NADPH oxidase. J Clin
Invest, 90:1116-21.

19. Cordoba M, Pintos L, Beconi MT. (2008). Variations in creatine kinase activity and reactive oxygen
species levels are involved in capacitation of bovine spermatozoa. Andrologia, 40:370-76.

20. de Lamirande E, Gagnon C. (2002). The extracellular signal-regulated kinase (ERK) pathway is
involved in human sperm function and modulated by the superoxide anion. Mol Hum Reprod, 8:124—
35.

21. de Lamirande E, Jiang H, Zini A, Kodama H, Gagnon C. (1997). Reactive oxygen species and sperm
physiology. Rev Reprod, 2: 48-54

22. de Lamirande E, O’ Flaherty C. (2008). Sperm activation: Role of reactive oxygen species and
kinases. Biochim Biophys Acta, 1784:106-15.

23.  Dominguez JM, Bran JH, Gil M, Hull EM. (2006). Sexual Experience Increases Nitric Oxide
Synthase in the Medial Preoptic area of male rats. Behav Neurosci, 120 (6): 1389-94.

24.  Dominguez JM, Muschamp JW, Schmich JM, Hull EM. (2004). Nitric oxide mediates glutamate-
evoked dopamine release in the medial preoptic area. Neurosci, 125:203-10.

25. Donnelly ET, Lewis SEM, Thompson W, Chakravarthy U. (1997). Sperm nitric oxide and motility:
the effects of nitric oxide synthase stimulation and inhibition. Mol Hum Reprod, 3:755-62.

26. Ehren I, Adolfsson J, Wilkund NP. (1994). Nitric oxide synthase in the human urogenital tract. Urol
Res, 22:287-90.

27. Feelisch M, Stamler JSS. (1996). In Methods in Nitric Oxide Research. Chichester, UK, Wiley p.
71-115.

28. Feldman HA, Goldstein, Hatzichristou DG, Krane RJ, McKinlay JB. (1994). Impotence and its
medical and psychological correlates, results of the Massachusette Male Aging Study. J Urol,
151:54-8.

29. Feng J, Ito M, Ichikawa K, Isaka N, Nishikawa M, Hartshorne DJ et al. (1999). Inhibitory
phosphorylation site for Rho-associated kinase on smooth muscle myosin phosphatase. J Biol Chem,
274:37385-90.

30. Furchgott RF, Zawadski JV. (1980). The obligatory role of the endothelial cells in the relaxation of
arterial smooth muscle by acetylcholine. Nature, 288:373-76

31. Gagioti S, Scavone C, Bevilacqua E. 2000. Participation of the mouse implanting trophoblast in nitric
oxide production during pregnancy. Biol Reprod, 62:260-68.

32. Garattini S, Giacalone E, Valzelli L. (1967). Isolation, aggressiveness and brain 5-
hydroxytryptamine turnover. J Pharm Pharmacol, 19(5):338-39.

33. Gouge RC, Marshburn P, Gordon BE, Nunley W, Huet-Hudson YM. (1998). Nitric oxide as a
regulator of embryonic development. Biol Reprod, 58:875-79.

34. Govier FE, McClure RD, Kramer-Levien D. (1996). Endocrine screening for sexual dysfunction
using free testosterone determinations. J Urol, 156(2 Pt 1): 405-8.

35.  Griess JP. Bemerkungen zu der Abhandlung der HH. (1879). Weselky und Benedikt Ueberm einege
Azoverbindungen. Ber Deutsch Chem Ges, 12:426-28.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Page?) O



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

Vol 9 (8 19
Wb Jutewnational Jowmal of Livestock Reseanch  eISSN : 2277-1964 NAAS Score -5.36 (8) tug

36. Gulesserian T, Engidawork E, Cairns N, Lubec G. (2000). Increased protein levels of serotonin
transporter in frontal cortex of patients with Down syndrome. Neurosci Lett, 296(1):53-7.

37. Guzman-Grenfell AM, Hernandez SR, Gonzalez-Martinez MT and Hicks JJ. (1999). Effect of nitric
oxide releasers on some metabolic processes of rabbit spermatozoa. Arch Androl, 42:119-23.

38.  Hellstrom WJG, Bell M, Wang R, Sikka S. (1994). Effect of sodium nitroprusside on sperm motility,
viability and lipid peroxidation. Fertil. Steril, 61:1117-22.

39. Herrero MB, Cebral E, Franchi A, Motta A, Gimeno MF. (1998). Progesterone enhances
prostaglandin E2 production via interaction with nitric oxide in the mouse acrosome reaction.
Biochem Biophys Res Commun, 252:324-28.

40. Herrero MB, Chatterjee S, Lefievre L, de Lamirande E, Gagnon C. (2000). Nitric oxide interacts
with the CAMP pathway to modulate capacitation of human spermatozoa. Free Radical Biol Med,
29:522-36.

41. Herrero MB, de Lamirande E and Gagnon C. (1999). Nitric oxide regulates human sperm
capacitation and protein-tyrosine phosphorylation in vitro. Biol Reprod, 61: 575-81.

42.  Herrero MB, Franchi A.M., Gimeno MF. (1995). Mouse spermatozoa can synthesize PGE2 and 5-
HETE in vitro: stimulatory action of nitric oxide. Prostag Leukot Essent, 53:347-50.

43. Herrero MB, Gagnon C. (2001). Nitric oxide: a novel mediator of sperm function. J Androl, 22:349-
56.

44.  Herrero MB, Goin JC, Boquet M, Canteros MG, Franchi AM, Perez- Martinez S et. (1997). The
nitric oxide synthase of mouse spermatozoa. FEBS Lett, 411:39-42

45. Hsieh F, Hwang T, Hsieh Y, Lo H, Su C, Hsu H et al. (2008). Risk of Erectile Dysfunction Induced
by Arsenic Exposure through Well Water Consumption in Taiwan. Environ Health Perspect,
116:532-36.

46. Hsieh JC, Lee L, Zhang L, Wefer S, Brown K, DeRossi C, Wines ME, Rosenquist T, Holdener BC.
(2003). Mesd encodes an LRP5/6 chaperone essential for specification of mouse embryonic polarity.
Cell, 112(3): 355-67.

47. Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA, Bevan JA. et al. (1995). Hypertension
in mice lacking the gene for endothelial nitric oxide synthase. Nature, 377(6546):239-42.

48. Hull EM, Lumley LA, Matuszewich L, Dominguez J, Moses J, Lorrain DS. (1994). The roles of
nitric oxide in sexual function of male rats. Neuropharmacology, 33:1499-04.

49. Hull EM, Muschamp JW, Sato S. (2004). Dopamine and serotonin: influences on male sexual
behavior. Physiol Behav, 83:291-07.

50. Ignarro LJ, Buga GM, Wood KS, Byrns RE, Chaudhuri G. (1987). Endothelium-derived relaxing
factor produced and released from artery and vein is nitric oxide. Proc Natl Acad Sci USA, 84:9265—
69.

51. Ignarro LJ, Bush PA, Buga GM, Wood KS, Fukuto JM, Rajfer J. (1990). Nitric oxide and cyclic
GMP formation upon electrical field stimulation cause relaxation of corpus cavernosum smooth
muscle. Biochem Biophys Res Commun, 170:843-850.

52.  Jablonka-Shariff A, Olson LM. (1997). Hormonal regulation of nitric oxide synthases and their cell-
specific expression during follicular development in the rat ovary Endocrinology, 138:460-68.

53. Jalili, C., Salahshoor, M.R., Jalili, F., Kakabaraei, S., Akrami, A., Sohrabi, M., Ahookhash, M., and
Ghanbari, A. 2017. Therapeutic Effect of Resveratrol on Morphine-Induced Damage in Male
Reproductive System of Mice by Reducing Nitric Oxide Serum Level. Int. J. Morphol., 35(4):1342-
1347.

54.  Joo BS, Park SH, Park SJ, Kang HS, Moon HS, Kim HD. (1999). The effect of nitric oxide on sperm
cell function and embryo development. Am J Reprod Immunol, 42:327-34.

55. Kameshwari DB, Siva AB, Shivaji S. (2003). Inhibition of in vitro capacitation of hamster
spermatozoa by nitric oxide synthase inhibitors. Cell Mol Biol, 49: 421-28.

56. Kausalya S, Nath J. (1998). Interactive role of nitric oxide and superoxide anion in neutrophil-
mediated endothelial cell injury. J Leuk Biol, 64:185-91.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Page?) 1



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

e Vel 9 (8 ’19
W Jutewnational Jounal of Livestock Researnch eJSSN : 2277-1964 NAAS Score -5.36 (8) dug

57. Kim BH, Kim CH, Jung KY, Jeon BH, Ju EJ, Choo YK. (2004). Involvement of Nitric Oxide during
in vitro fertilization and early embryonic development in mice. Arch Pharm Res, 27(1):86-93.

58. Kisa U, Basar MM, Ferhat M, Yilmaz E, Basar H, Caglayan O et al. (2004). Testicular tissue nitric
oxide and thiobarbituric acid reactive substance levels: evaluation with respect to the pathogenesis
of varicocele. Urol Res, 32:196-99.

59. Kiss JP, Hennings EC, Zsilla G, Vizi ES. (1999). A possible role of nitric oxide in the regulation of
dopamine transporter function in the striatum. Neurochem Int, 34:345- 50.

60. Kolch W. (2000). Meaningful relationships: the regulation of the Ras/Raf/ Mek/Erk pathway by
protein interactions. Biochem J, 351:289-05.

61. Krampitz G, Doepfmer R. (1962). Determination of free amino acids in human ejaculate by ion
exchange chromatography. Nature, 194:684-86.

62. Kriegsfeld LJ, Dawson TM, Dawson VL, Nelson RJ, Snyder SH. (1997). Aggressive behavior in
male mice lacking the gene for neuronal nitric oxide synthase requires testosterone. Brain Res,
769(1):66-70.

63. Kuo RC, Baxter GT, Thompson SH, Stricker SA, Patton C, Bonaventurak J et al. (2000). NO* is
necessary and sufficient for egg activation at fertilization. Nature, 406(10):633-36.

64. Kuzin B, Roberts I, Peunova N, Enikolopov G. (1996). Nitric oxide regulates cell proliferation during
drosophila development. Cell, 87:639-49.

65. Lampiao F, du Plessis SS. (2008). Insulin and leptin enhance human sperm motility, acrosome
reaction and nitric oxide production. Asian J Androl, 10(5):799-07.

66. Laura LM, Tony JL. (2002). Ginseng, Sex Behavior, and Nitric Oxide. Ann NY Acad Sci, 962
(1):372-77.

67. Leclerc P, de Lamirande E, Gagnon C. (1996). Cyclic adenonsine 3' 5' monophosphate-dependent
regulation of protein tyrosine phosphorylation in relation to human sperm capacitation and motility.
Biol Reprod, 55:684-95.

68. Lee MA, Meltzer HY. (2001). 5-HT (1A) receptor dysfunction in female patients with schizophrenia.
Biol Psychiat, 50(10):758-66.

69. Lee NPY, Cheng CY. (2004). Nitric oxide/ nitric oxide synthase, spermatogenesis, and tight junction
dynamics. Biol Reprod, 70:267-76.

70.  Lefievre L, Chen Y, Conner SJ, Scott JL, Publicover SJ, Ford WCL et al., (2007). Human
spermatozoa contain multiple targets for protein S-nitrosylation: an alternative mechanism of the
modulation of sperm function by nitric oxide? Proteomics, 7:3066-84.

71. Lewis SEM, Donnelly ET, Sterlig ESL, Kennedy MS, Thompson W, Chakravarthy U. (1996). Nitric
oxide synthase and nitrite production in human spermatozoa: evidence that endogenous nitric oxide
is beneficial to sperm motility. Mol Hum Reprod, 2:873-78.

72. Lin CS, Liu X, Chow S, Lue TF. (2002). Cyclic AMP and cyclic GMP activate protein kinase G in
cavernosal smooth muscle cells: old age is a negative factor, BJU Int, 89:576-82.

73.  Lipton SA. (1999). Neuronal protection and destruction by NO*. Cell Death Differ, 6:943-51.

74. Liu S, PremontRT, Kontos CD, Huang J, RockeyDC. (2003). Endothelin-1 activates endothelial cell
nitric-oxide synthase via heterotrimeric G-protein betagamma subunit signaling to protein jinase
B/Akt. J Biol Chem, 278(50): 49929-35.

75. Lohman SM, Vaandrager AB, Smolenski A, Walter U, De Jonge HR. (1997). Distinct and specific
functions of cGMP-dependent protein kinases. Trends Biochem Sci, 22:307-12.

76. Lorrain DS, Matuszewich L, Howard RV, Du J, Hull EM. (1996). Nitricoxide promotes medial
preoptic dopamine release during male rat copulation. Neuro Report, 8:31-4.

77.  Luconi M, Barni T, Vannelli GB, Krausz C, Marra F, Benedetti PA et al. (1998). Extracellular signal-
regulated kinases modulate capacitation of human spermatozoa. Biol Reprod, 58:1476-89.

78.  Mallozzi, C., Di Stasi, A.M., Minetti, M. (1997). Peroxynitrite modulates tyrosine-dependent signal
transduction pathway of human erythrocyte band 3. FASEB J, 11:1281-1290.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Page?) 2



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

e Vel 9 (8 ’19
W Jutewnational Jounal of Livestock Researnch eJSSN : 2277-1964 NAAS Score -5.36 (8) dug

79. Mani SK, Allen JMC, Rettori V, O’Malley BW, Clark JH & McCann SM. (1994). Nitric oxide
mediates sexual behavior in female rats by stimulating LHRH release. P Natl Acad Sci USA, 91:6468-
72.

80. Mann DM, Yates PO, Marcyniuk B, Ravindra CR. (1985). Pathological evidence for
neurotransmitter deficits in Down’s syndrome of middle age. J Mental Def Res, 29:125-35.

81. McCall TB, Boughton-Smith NK, Palmer RMJ, Whittle BJ, Moncada S. (1989). Synthesis of nitric
oxide from L-arginine by neutrophils. Biochem J, 261:293-96.

82. McCann SM, Mastronardi C, Walczewska A, Karanth S, Rettori V, Yu WH. (1999). The role of
nitric oxide in reproduction. Braz J Med Biol Res, 32:1367-79.

83. Meltzer HY, Li Z, Kaneda Y, Ichikawa J. (2003). Serotonin receptors: Their key role in drugs to treat
schizophrenia. Prog Neuro-Psychoph, 27(7):1159-72.

84. Miczek KA, Maxson SC, Fish EW, Faccidomo S. (2001). Aggressive behavioral phenotypes in mice.
Behav Brain Res, 125(1-2):167-81.

85. Mills TM, Chitaley K, Lewis RW, Webb RC. (2002). Nitric oxide inhibits RhoA/Rho-kinase
signaling to cause penile erection. Eur J Pharmacol, 439: 173-74.

86. Ming XF, Viswambharan H, Barandier C, Ruffieux J, Kaibuchi K, Rusconi S et al. (2002). Rho
GTPase/Rho kinase negatively regulates endothelial nitric oxide synthase phosphorylation through
the inhibition of protein kinase B/Akt in human endothelial cells. Mol Cell Biol, 22:8467-77.

87. Miraglia E, Rullo ML, Bosia A, Massobrio M, Revelli A, Ghigo D. (2007). Stimulation of the nitric
oxide/cyclic guanosine monophosphate signaling pathway elicits human sperm chemotaxis in vitro.
Fertil Steril, 87:1059-63.

88. Miyata Y, Nishida E. (1999). Distantly related cousins of MAP kinase: biochemical properties and
possible physiological functions. Biochem Biophys Res Commun, 266:291-95.

89. Moncada S, Erusalimsky JD. (2002). Does nitric oxide modulate mitochondrial energy generation
and apoptosis? Nat Rev Mol Cell Biol, 3(3):214-20.

90. Moncada S, Palmer RMJ, Higgs EA. (1991). Nitric oxide: physiology, pathophysiology and
pharmacology. Pharmcol Rev, 43:109-42.

91. Moon, HW., Park, JW., Lee, K.W., Jeong, H.C., Choi, J. B., Choi, S.\W., Bae, W.J., Cho, H.J., Ha,
U., Hong, S.H., Geum, J.H., Hong, S.B., Kim, S.W., 2017. Administration of Goji (Lycium chinense
Mill.) Extracts Improves Erectile Function in Old Aged Rat. World J Mens Health, 35(1): 43-50

92.  Moran JM, Madejon L, Ortega FC, Pena FJ. (2008). Nitric oxide induces caspase activity in boar
spermatozoa. Theriogenol, 70(1):91-96.

93. Narendra M, Kavitha G, Padmavathi P, Helah Kiranmai A, Varadacharyulu NC. (2008). Allethrin-
induced biochemical changes and properties of human erythrocyte membrane. African J Biochem, 2
(1):024-29.

94. Nathan C. (1992). Nitric oxide as a secretory product of mammalian cells. FASEB J, 6:3051-64.

95. Nelson RJ, Chiavegatto S. (2001). Molecular basis of aggression. Trends Neurosci, 24(12):713-19.

96. Nelson RJ, Demas GE, Huang PL, Fishman MC, Dawson VL, Dawson T M. et al. (1995).
Behavioural abnormalities in male mice lacking neuronal nitric oxide synthase. Nature;
378(6555):383-86.

97. NIH Consensus Statement. (1993). Impotence. J Am Med Assoc, 123:23-7.

98. Novaro V, Gonzalez E, Jawerbaum A, Rettori V, Canteros G, Gimeno MF. (1997). Nitric oxide
synthase regulation during embryonic implantation. Reprod Fert Develop, 9:557-64.

99. O’Flaherty C, Rodriguez P, Srivastava S. (2004). L-arginine promotes capacitation and acrosome
reaction in cryopreserved bovine spermatozoa. Biochim Biophys Acta, 1674:215-21.

100. Olivier B, Mos J, van der Heyden J, Hartog J. (1989). Serotonergic modulation of social interactions
in isolated male mice. Psychopharmacology, 97(2):154-56

101. OuJ, Fontana JT, Ou Z, Jones DW, Ackerman AW, Oldham KT et al., (2004). Heat shock protein
90 and tyrosine kinase regulate eNOS and NO*® generation but not NO* bioactivity. Am J Physiol
Heart Circ Physiol, 286(2):H561-569.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Page?) 3



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

e Vel 9 (8 ’19
W Jutewnational Jounal of Livestock Researnch eJSSN : 2277-1964 NAAS Score -5.36 (8) dug

102. OQyeyipo, I.P., Raji, Y. and Bolarinwa, A.F. 2015. Nitric oxide synthase inhibition ameliorates
nicotine-induced sperm function decline in male rats. Asian Pac J Reprod, 4(3): 212-216.

103. Panzica GC, Viglietti-Panzica C, Sica M, Gotti S, Martini M, Pinos H et al. (2006). Effects of
gonadal hormones on central nitric oxide producing systems. Neuroscience, 138(3):987-95.

104. Parillo, F., Vullo, C., Catone, G., Miano, A., Gobbetti, A., Folia, M. Z. 2017. Immunolocalisation
of nitric oxide synthase isoforms in the ductuli efferentes and epididymis of prepubertal and adult
alpaca (Lama pacos). Folia Morphol, 76(4):603-607.

105. Pawloski JR, Hess DT, Stamler JS. (2001). Export by red blood cells of nitric oxide bioactivity.
Nature, 409(6820):622—26.

106. Posey DJ, McDougle CJ. (2001). The pathophysiology and treatment of autism. Curr Psychiat
Reports, 3(2):101-08.

107. Prast H, Philippu A. (2001). Nitric oxide as modulator of neuronal function. Prog Neurobiol,
64:51- 68.

108. Raines KW, Cao GL, Porsuphatana S, Tsai P, Rosen GM, Shapiro P. (2004). Nitric oxide inhibition
of ERK1/2 activity in cells expressing neuronal nitric-oxide synthase. J Biol Chem, 279(6):3933—40.

109. Ratnasooriya, Dharmasiri, Wadsworth. (2000). Reduction in libido and fertility of male rats by
administration of the nitric oxide (NO*®) synthase inhibitor N-nitro-L-arginine methyl ester. Int J
Androl, 23(3):187-92.

110. Rees RW, Ralph DJ, Royle M, Moncada S, Cellek S. (2001). Y-27632, an inhibitor of Rho-kinase,
antagonizes noradrenergic contractions in the rabbit and human penile corpus cavernosum. Br J
Pharmacol, 133:455-58.

111. Revelli A, Soldati G, Costamagna C, Aldieri E, Massobrio M, Bosia A et al. (1999). Follicular fluid
proteins stimulate nitric oxide synthesis in human sperm: a possible role for NO* in acrosomal
reaction. J Cell Physiol, 178:85-92.

112. Rivlin J, Mendel J, Rubinstein S, Etkovitz N, Breitbart H. (2004). Role of hydrogen peroxide in
sperm capacitation and acrosome reaction. Biol Reprod, 70:518-22.

113. Rodriguez PC, O’Flaherty CM, Beconi MT, Beorlegui NB. (2005). Nitric oxide induces acrosome
reaction in cryopreserved bovine spermatozoa. Andrologia, 37:166-72.

114. Rosselli M, Dubey RK, Imthurn B, Macas E, Keller PJ. (1995). Effects of nitric oxide on human
spermatozoa: evidence that nitric oxide decreases sperm motility and induces sperm toxicity. Hum
Reprod, 10:1786-90.

115. Roy SC, Atreja SK. (2009). Capacitation-associated protein tyrosine phosphorylation starts early in
buffalo (Bubalus bubalis) spermatozoa as compared to cattle. Anim Reprod Sci, 110(3-4):319-25.

116. Roy SC, Atreja SK. (2008a). Effect of reactive oxygen species on capacitation and associated protein
tyrosine phosphorylation in buffalo (Bubalus bubalis) spermatozoa. Anim Reprod Sci, 107(1-2):68-
84.

117. Roy SC, Atreja SK. (2008b). Production of superoxide anion and hydrogen peroxide by capacitating
buffalo (Bubalus bubalis) spermatozoa. Anim Reprod Sci, 103, 260-70

118. Roy SC, Atreja SK. (2008c). Tyrosine phosphorylation of a 38-kDa capacitation-associated buffalo
(Bubalus bubalis) sperm protein is induced by L-arginine and regulated through a cAMP/PKA-
independent pathway. Int J Androl, 31(1):12-24.

119. Sato Y, Shibuya A, Adachi H, Kato R, Horita H, Tsukamoto T. (1998). Restoration of sexual
behavior and dopaminergic neurotransmission by long term exogenous testosterone replacement in
aged male rats. J Urol, 160:1572-75.

120. Sauzeau V, Le Jeune H, Cario-Toumaniantz C, Smolenski A, Lohmann SM, Bertoglio J, Chardin P
et al. (2000). Cyclic GMP-dependent protein kinase signaling pathway inhibits RhoA induced Ca?*
sensitization of contraction in vascular smooth muscle. J Biol Chem, 275:21722—-29.

121. Schachter A, Friedman S, Goldman J, Eckerling B. (1973). Treatment of oligospermia with the amino
acid arginine. Int J Gynec Obstet, 11:206-09.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Page?) 4‘



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Roy%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Atreja%20SK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Anim%20Reprod%20Sci.');
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Roy%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Atreja%20SK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Anim%20Reprod%20Sci.');
javascript:AL_get(this,%20'jour',%20'Anim%20Reprod%20Sci.');

Vol 9 (8 19
Wb Jutewnational Jowmal of Livestock Reseanch  eISSN : 2277-1964 NAAS Score -5.36 (8) tug

122. Seidl R, Kaehler ST, Prast H, Singewald N, Cairns N, Gratzer M., et al. (1999). Serotonin (5-HT) in
brains of adult patients with Down syndrome. J Neural Transm (Supplementum), 57:221-32.

123. Sengoku K, Tamate K, Yoshida T, Takaoka Y, Miyamoto T, Ishikawa M. (1998). Effects of low
concentrations of nitric oxide on the zona pellucida binding ability of human spermatozoa. Fertil
Steril, 69:522-27.

124. Siddique, R. A. and Atreja, S.K. (2012). Effect of spermine-NONOate on acrosome reaction and
associated protein tyrosine phosphorylation in Murrah buffaloes (Bubalus bubalis) spermatozoa.
Anim Reprod Sci, 131:81-87.

125. Siddique, R. A. and Atreja, S.K. (2013). Effect of L-Arginine and spermine-NONOate on motility,
viability, membrane integrity and lipid peroxidation of Murrah buffaloes (Bubalus bubalis)
spermatozoa. Livestock Sci, 153:147-153.

126. Siddique R A, (2009). Nitric oxide signaling in buffalo sperm functions” thesis submitted at NDRI,
Karnal, India.

127. Sivaram V. (2007). Angitensin-1l induced signaling in buffalo sperm functions. Ph. D. thesis
submitted to National Dairy Research Institute, Karnal, India.

128. Soma KK, Wingfield JC. (2001). Dehydroepiandrosterone in songbird plasma: Seasonal regulation
and relationship to territorial aggression. Gen Comp Endocr, 23:144-55.

129. Suarez SS. (2008). Control of hyperactivation in sperm. Hum Reprod Update, 14(6):647-57.

130. Sudha S, Prashant D, Coutinho E, Govil G. (2006). Mechanism of Action of L-arginine on the
Vitality of Spermatozoa is Primarily through Increased Biosynthesis of Nitric Oxide. Biol Reprod,
74:954-58.

131. Teixeira CE, Ying Z, Webb RC. (2005). Pro-erectile effects of the Rho-kinase inhibitor (S)-(p)-2-
methyl-1-[(4-methyl-5-isoginolinyl) sulphonyl] homopiperazine (H-1152) in the rat penis. J
Pharmacol Exp Ther, 315:155-62.

132. Thundathil J, de Lamirande E, Gagnon C. (2002). Different signal transduction pathways are
involved during human sperm capacitation induced by biological and pharmacological agents. Mol
Hum Reprod, 8:811-16.

133. Thundathil J, de Lamirande E, Gagnon C. (2003). Nitric oxide regulates the phosphorylation of the
threonine-glutamine-tyrosine motif in proteins of human spermatozoa during capacitation. Biol
Reprod, 68:1291-98.

134. Tremellen K. (2008). Oxidative stress and male infertility a clinical perspective. Hum Reprod
Update, 14(3):243-258.

135. Tuteja N, Singh MB, Misra MK, Bhalla PL, Tuteja R. (2001). Molecular mechanisms of DNA
damage and repair: progress in plants. Crit Rev Biochem Mol Biol, 36(4):337-97.

136. Vallance P, Collier J. (1994). Biology and chemical relevance of nitric oxide. Br J Med, 309:453-57.

137. Wallerath T, Gath I, Aulitzky WE, Pollock JS, Kleinert H, Forstermann U. (1997). Identification of
the NO* synthase isoforms expressed in human neutrophil granulocytes, megakaryocytes and
platelets. Thromb Haemost, 77(1):163-67.

138. Wang H, Eto M, Steers WD, Somlyo AP, Somlyo AV. 2002. RhoA mediated Ca?* sensitization in
erectile function. J Biol Chem, 277:30614-21.

139. Wang Y, Goligorsky MS, Lin M, Wilcox JN, Marsden PA. (1997). A novel, testis specific mMRNA
transcript encoding an NH2 terminal truncated nitric oxide synthase. J Biol Chem, 272(17):11392-
401

140. Weinberg JB, Doty E, Bonaventura J, Haney AF. (1995). Nitric oxide inhibition of human sperm
motility. Fertil Steril, 64:408-13.

141. West AR, Galloway MP, Grace AA. (2002). Regulation of striatal dopamine neurotransmission by
nitric oxide: effector pathways and signaling mechanisms. Synapse, 44:227— 45.

142. Whitaker-Azmitia P M. (2001). Serotonin and brain development: Role in human developmental
diseases. Brain Research Bulletin, 56(5):479-85.

Hosted@www.ijlr.org Lﬂ!ﬁ: DOI 10.5455/ijlr.20180320063007

Page?) 5



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

e Vel 9 (8 ’19
W Jutewnational Jounal of Livestock Researnch eJSSN : 2277-1964 NAAS Score -5.36 (8) dug

143. Windmann C, Gibson S, Jarpe MB, Johnson GL. (1999). Mitogen-activated protein kinase:
conservation of a three-kinase module from yeast to human. Physiol Rev, 79:143-80.

144. Wingard CJ, Husain S, Williams J, James S. (2003). RhoA-Rho kinase mediates synergistic ET-1
and phenylephrine contraction of rat corpus cavernosum. Am J Physiol Regul Integr Comp Physiol,
285: R1145-52.

145. Xing G, Chavko M, Zhang LX, Yang S, Post RM. (2002). Decreased calcium-dependent constitutive
nitric oxide synthase (cCNOS) activity in prefrontal cortex in schizophrenia and depression. Schizophr
Res, 58(1):21-30.

146. Yan C, Lui H, Lee JD, Abe J, Berk BC. (2001). Molecular cloning of mouse ERK5/BMK1 splice
variants and characterization of ERK5 functional domains. J Biol Chem, 276:10870-78.

147. Yeoman RR, Jones WD, Rizk BM. (1998). Evidence for nitric oxide regulation of hamster sperm
hyperactivation. J Androl, 19:58-64.

148. Yeoman RR. (1994). Blockade of nitric oxide synthase inhibits hamster sperm hyperactivation. Biol
Reprod 50(Suppl 1):104.

149. Zamir N, Barkan D, Keynan N, Naor Z, Breitbart H. (1995). Atrial natriuretic peptide induces
acrosomal exocytosis in bovine spermatozoa. Am J Physiol, 269: E216-21.

150. Zhang H, Zheng RL. (1996). Possible role of nitric oxide on fertile and as then ozoospermic infertile
human sperm functions. Free Radical Res, 25 (4):347-54.

151. Zhou G, Bao ZQ, Dixon JE. (1995). Components of a new human protein kinase signal transduction
pathway. J Biol Chem, 270:12665-69.

152. Zini A, de Lamirande E, Gagnon C. (1995). Low levels of nitric oxide promote human sperm
capacitation in vitro. J Androl, 16:424-31.

153. Zini A, O’ Bryan MK, Magid MS, Schlegel PN. (1996). Immunohistological localization of
endothelial nitric oxide synthase in human testis, epididimis and vas deferens suggests a possible role
for nitric oxide in spermatogenesis, sperm maturation and programmed cell death. Biol Reprod,
55:935-41.

Page3 6

Hosted@www.ijlr.org L‘E.EI&J: DOI 10.5455/ijlr.20180320063007



mailto:Hosted@www.ijlr.org
http://dx.doi.org/10.5455/ijlr.20180320063007

