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Mammalian fertilization involves the migration of sper-
matozoa through the female reproductive system. Early
embryonic development is a consequence of several steps
and signaling pathways being activated, as well as
biochemical and morphological modifications of sperma-
tozoa that enable them to penetrate the membrane of
mature oocytes.

There are some crucial steps known to clearly explain
the process of fertilization, starting with hyperactiva-
tion of spermatozoa, mutual recognition, and binding
of gametes mediated by receptors located on the surface

membranes of both gametes. The final step is followed
by oocyte activation, which is primarily triggered
via sperm-derived factors, inducing a sharp increase
in intracellular calcium levels, eventually leading to
polyspermy block.

This review integrates current knowledge of the molec-
ular and physiological events governing fertilization,
emphasizing how ion regulation and signaling pathways
converge to enable sperm function and oocyte activa-
tion. Special attention is given to sperm-derived factors
such as phospholipase C zeta (PLC() and post-acrosomal
sheath WW domain-binding protein (PAWP), which
play essential roles in triggering calcium release and
supporting early embryonic development.
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Introduction

Mammalian reproduction represents a fundamen-
tal biological process that ensures the survival,
continuity, and evolutionary success of species. It
encompasses a complex series of events, beginning
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with the production of highly specialized gametes
(spermatozoa in males and oocytes in females),
each of which undergoes precise differentiation and
maturation processes to acquire full functional com-
petence. The successful fusion of these gametes is
not a random event but the result of finely tuned
cellular, molecular, and biochemical mechanisms that
coordinate gamete recognition, binding, and mem-
brane fusion, ultimately leading to the formation of a
zygote.'

In humans, the functional integrity and interaction
of gametes are critical determinants of fertilization
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efficiency. Human spermatozoa must acquire motility
and undergo capacitation, which enables them to
respond to oocyte-derived signals and prepare for
the acrosomal reaction, while the oocyte provides
not only structural and biochemical cues through
the zona pellucida but also a regulated cytoplas-
mic environment that supports sperm entry and
activation.’

Firstly, spermatozoa undergo hyperactivation,
which is essential to reach a high level of motility
and is important for penetrating the zona pellucida
during contact with the oocyte. Then, the acrosomal
reaction is induced by the sperm acrosome located
on the spermatozoon’s head, allowing the sperm to
pass through the oocyte’s extracellular matrix (Zona
pellucida).” Gametes can bind easily to other proteins
located in each surface membrane of both sperm and
the oolemma. At this stage, beyond physical interac-
tions, a series of molecular and ionic signaling events
are triggered, involving key factors and ion chan-
nels that regulate oocyte activation. Among these,
calcium and zinc play central roles in modulating
sperm function and initiating intracellular signaling
cascades.’

As a consequence of this step, the head of the
spermatozoon can get inside the cytoplasm of the
oocyte, delivering the genetic material and specific
sperm-derived activating factors such as phospholi-
pase C zeta (PLCC) and post-acrosomal sheath WW
domain-binding protein (PAWP). These factors can
initiate calcium oscillations via inositol trisphosphate
(InsP3) pathways activation,” through InsP3 recep-
tors (InsP3Rs) in the endoplasmic reticulum (ER).”

Finally, oocyte activation leads to the establish-
ment of the polyspermy block, mediated by the
secretion of calcium and zinc and by modifications
of the oolemma structure, which together prevent the
entry of additional spermatozoa.*”’

Ionic, molecular, and hormonal requlation of

sperm capacitation and motility

Sperm capacitation is a highly complex and
tightly regulated physiological process that enables
spermatozoa to acquire the functional competence
necessary for successful fertilization. This process
involves coordinated ionic exchanges across the
sperm plasma membrane, activation of multiple
intracellular molecular pathways, and modulation
by hormonal signals originating from the female
reproductive tract. Among the most critical factors
regulating capacitation are the divalent ions calcium
(Ca**) and zinc (Zn**), which act both as signaling
molecules and structural cofactors, influencing
enzymatic activity, membrane fluidity, and motility
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patterns. These ions interact with key sperm-specific
ion channels, including the Cation channel of
Sperm (CatSper), which mediates calcium influx
in response to physiological stimuli; the Voltage-
gated proton channel 1 (Hvl), which modulates
intracellular pH; the Large-conductance calcium-
activated potassium channel 1 (SLO1), and the
Sperm-specific potassium channel 3 (SLO3), both
of which contribute to hyperpolarization of the
sperm membrane. The coordinated activity of these
channels regulates intracellular ionic concentrations,
membrane potential, and sperm hyperactivation,
ultimately ensuring that spermatozoa can efficiently
navigate the female reproductive tract and respond
to oocyte-derived signals."’

In addition, hormonal factors such as proges-
terone, secreted by cumulus cells surrounding the
oocyte, play a pivotal role in amplifying intra-
cellular signaling cascades. Progesterone binds to
sperm receptors and enhances the activity of CatSper
channels, triggering localized calcium influx and
promoting the acrosomal reaction, a necessary step
for penetration of the zona pellucida. The inter-
play between ionic regulation, channel activity, and
hormonal modulation highlights the intricate con-
trol mechanisms that govern sperm capacitation.
Understanding these processes in detail not only elu-
cidates the fundamental biology of fertilization but
also provides critical insights for improving assisted
reproductive technologies (ARTs), such as in vitro fer-
tilization (IVF) and intracytoplasmic sperm injection
(ICSI), by identifying potential targets for enhancing
sperm function and fertilization competence.

Zinc (Zn) is considered an important nutrient for
stimulating human spermatogenesis and an indica-
tor of the sperm capacitation state. Several studies
have demonstrated a correlation between abnormal
semen parameters and altered zinc levels in seminal
plasma, with significantly higher concentrations of
zinc observed in fertile men compared to infertile
men'] 1,12

The capacitation and hyperactivation of the sper-
matozoa are important for fertilizing the oocyte,
including the increase of sperm membrane fluidity
and increasing movements of cholesterol, first one
at the tip of the sperm head, the second one within
the plasma membrane of the spermatozoa.”” Accord-
ing to some studies, a higher concentration of Zn is
expressed in sperm flagella, mitochondria, and sper-
matids."* This evidence highlights the importance of
zinc levels in spermatogenesis, sperm quality, and
the fertilizing ability of spermatozoa. Zinc deficiency
contributes to infertility, especially abnormal testicu-
lar development, altered spermatogenesis, hormone
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deficiency, inflammation, secretion of reactive oxy-
gen species, and apoptosis.” Zinc levels have also
been reported to be correlated with hypogonadism,
cell damage such as Leydig cells and seminiferous
tubules alteration.'”'” Zinc can also play a crucial
role in anti-inflammatory function, inducing a signifi-
cant decrease in Tumor necrosis factor-alpha (TNF-«)
expression.'’

The elevated Zn** concentration negatively reg-
ulates the Voltage-gated proton channel 1 (Hv1),
responsible for increasing intracellular pH to facilitate
the entry of Ca’*" via CatSper. The penetration of cal-
cium ions activates sperm soluble adenylate cyclase
(SACY), phosphorylation of protein tyrosine (pY) and
protein kinase A (PKA), while also inhibiting the
activation of phosphorylating protein tyrosine phos-
phatase (PTP). As a consequence of this mechanism,
the acrosome undergoes remodeling and exocytosis,
releasing hydrolytic enzymes that modify the extra-
cellular matrix of the oocyte, particularly the zona
pellucida. This modification allows the spermatozoon
to penetrate the zona pellucida and establish contact
with the oocyte plasma membrane. By orchestrating
these ionic and enzymatic changes, zinc contributes
to the sequential progression of sperm capacita-
tion, hyperactivation, and the acrosomal reaction,

ensuring that only fully competent spermatozoa are
capable of successful fertilization'* (Figure 1).
Calcium ions function as critical intracellular mes-
sengers that regulate a wide range of physiological
processes in spermatozoa and play a central role in
male fertility. Beyond their signaling function, cal-
cium ions are essential for progressive sperm motility,
capacitation, and hyperactivation, all of which are
necessary for successful navigation through the
female reproductive tract and for the fertilization of
the oocyte.”” A study reported a strong correlation
between altered calcium levels in seminal plasma
and impaired male fertility, particularly in conditions
such as oligozoospermia and azoospermia, when
compared to men with normal sperm parameters.”'
During spermatogenesis, calcium ions contribute to
the regulation of germ cell proliferation, influenc-
ing both spermatogonia and spermatocytes, and
thereby supporting the production of functionally
competent spermatozoa. After spermatozoa leave the
epididymis, calcium continues to regulate motility
by modulating flagellar beat patterns and energy
metabolism, enabling sperm to respond effectively
to environmental cues within the female reproduc-
tive tract.”” Experimental evidence has shown that
inhibition or dysregulation of calcium signaling path-
ways can be a major cause of male infertility, as it

Hyﬁér’aciivation

Acrosome exocytosis

FIGURE 1. Description of mechanisms and molecular pathways involved in acrosomal exocytosis (AE) by
Zn’*: The release of Zn’* activates the secretion of H*, which influences pH; the activation of CatSper increases
Ca** concentration, activating adenylate cyclase (SACY). The protein kinase A (PKA) is activated, followed
by phosphorylation of protein tyrosine (pY), inhibiting the activation of phosphorylating protein tyrosine
phosphatase (PTP), and finally, acrosome remodeling and exocytosis occur along with the hyperactivation and
motility of the spermatozoa.” Figure created by the authors using BioRender.com (Version 2024, BioRender,
Toronto, ON, Canada)

Copyright © 2026 The Authors. Published by Tech Science Press; 33(1); February 2026 53


http://BioRender.com

impairs key events such as motility, capacitation, and
hyperactivation.”

Furthermore, calcium signaling is crucial for the
fine tuning of sperm hyperactivation, which enhances
the mechanical force required for oocyte penetra-
tion. Proper calcium dynamics allow sperm to adjust
their motility patterns in response to chemotactic sig-
nals, the biochemical composition of the reproductive
tract, and interactions with the oocyte’s extracellular
environment.” Altogether, these findings highlight
the central importance of calcium ions in both the
development and functional activation of sperma-
tozoa. Understanding the complex roles of calcium
in spermatogenesis, sperm motility, and fertilization
not only provides insight into the fundamental biol-
ogy of reproduction but also offers potential avenues
for diagnostic and therapeutic interventions aimed
at improving male fertility. In addition, the CatSper
channel induces sperm motility by controlling Ca**
influx™ (Figure 2).
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FIGURE 2. Presentation of a biochemical cascade
involved in the acrosome reaction (AR); the capac-
itated spermatozoon binds to the zona pellucida
of the oocyte, causing a fast and high increase in
intraspermatozoa Ca’* concentration. As a result, the
activation of phospholipase C (PLC) catalyzes the
hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2) to produce inositol 1,4,5-trisphosphate (IP3)
PLC catalyzes and diacylglycerol (DAG); finally, p-
gelsolin is activated to convert F-actin to G-actin;
meanwhile IP; activates Ca?* channel and DAG acti-
vates Protein Kinase C (PKC); all these activated
molecules can finally mediate the acrosomal reac-
tion.” Figure created by the authors using BioRender.
com (Version 2024, BioRender, Toronto, ON, Canada)

Sperm flagellum presents three functionally dif-
ferent parts: The principal piece, the midpiece, and
the end piece. Lots of ion channels are located along
the principal piece (Figure 3). The CatSper complex
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is considered the most essential protein for male
fertility. CatSper is also considered voltage-gated,
pH-sensitive, and responsive to H" ions. The pro-
tein contains nine units: four alpha pore-forming
subunits, CatSper from 1 to 4, and five auxiliary sub-
units: CatSper ¢, 3, v, ¢, and 6. All these proteins
are sperm-specific transmembrane proteins located
on the surface of the sperm flagellum.”*” These ion
channels do not operate in isolation; progesterone fur-
ther modulates CatSper activity, amplifying calcium
signaling and coordinating with other channels to
regulate sperm motility and the acrosome reaction.
The involvement of progesterone is important to acti-
vate the CatSper channel in human sperm and control
the effect of progesterone on hyperactivation.”® For
mammalian species, sperm capacitation likely begins
inside the uterus, where the concentration of pro-
gesterone is higher to facilitate the process.” It was
previously reported that the physiological role of
progesterone activates the CatSper channel at 80 nM,
stimulating the activation of the porcine spermatozoa
incubated with in vitro cultured oviductal cells.”"
The mutation of the CatSper gene has been clinically
linked to male infertility, especially cases presenting
astheno-teratozoospermia.’"**

Sodium/hydrogen exchangers (Na"/H" exchang-
ers) play a crucial role in regulating intracellular pH
and maintaining ionic balance in spermatozoa. These
exchangers are encoded by the NHE gene family,
which has been shown to be expressed across multi-
ple species, including rats, mice, and humans. Among
these, several isoforms have been identified, such
as NHE1, NHE5, and NHEI10, each contributing to
distinct aspects of cellular homeostasis. Of particu-
lar importance in sperm physiology is SLCIC1, a
sperm-specific Na*/H*' exchanger that acts as a key
gatekeeper in mediating chemotactic responses and
guiding sperm toward the oocyte.”

The regulation of calcium concentration within
the flagellum represents another critical aspect of
sperm activation. Elevated Ca** levels can induce
conformational changes in inhibitory molecules that
normally block specific ion channels. This conforma-
tional change causes the dissociation of the blocking
molecules, thereby opening the channel and allowing
calcium to flow into the sperm. The subsequent cal-
cium influx initiates a cascade of intracellular events
that enhance flagellar motility, facilitate hyperacti-
vation, and prime the sperm for processes such as
capacitation and acrosomal reaction. Ca** concentra-
tion in the flagellum can also induce a conformational
change in the blocker molecule, leading to the disso-
ciation of the protein that opens the CatSper channel,
consequently facilitating Ca’* release.™
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The Hv1 channel is also located on the principal
piece of the spermatozoa’s tail, responsible for proton
conductance in human sperm and highly selective
for H* ions. The channel is activated during sperm
capacitation, membrane depolarization, and alkaline
extracellular pH.”* A mutation in the Hvl gene
appears not to affect male fertility, as demonstrated
by experiments showing that mice lacking the Hv1
channel (Hv1™") still produce normal spermatozoa.
Although it has been confirmed that Hv1 is respon-
sible for pH control for human spermatozoa, the
participation of this channel in the increase of pH
during capacitation of spermatozoa has not been
discussed yet."*”

The hyperpolarization is physiologically charac-
terized by an increase in K™ permeability, which also
facilitates sperm capacitation.” The K" channel is
essentially a combination of members of the Slo fam-
ily: Slol is extremely conserved, in contrast to Slo,,
which is specifically expressed in mammalian sperm
and presents low conservation.’>”” In human sperm,
the K* channel is more sensitive to calcium than to
pH and is inhibited by progesterone.”” However, it
is indeed clear that the capacitated sperm has a dif-
ferent type of SLO channel, and SLO,; is specifically
sensitive to Ca’*."’ To demonstrate the importance of
this channel during the capacitation, Lopez-Gonzélez

et al. have found a similarity with the human sperm
with inhibitors of both SLO, and SLO;.*!

Calcium channel blockers (CCBs)

Calcium homeostasis and its precise regulation are
essential for proper sperm function and, ultimately,
for successful fertilization. Calcium ions act as pivotal
intracellular messengers, controlling processes such
as sperm motility, capacitation, hyperactivation, and
acrosomal reaction. Disruption of calcium signaling
can therefore profoundly affect male reproductive
potential. The use of calcium channel blockers (CCBs)
has provided critical insights into these molecu-
lar mechanisms by demonstrating how interference
with calcium entry or movement within spermato-
zoa can alter their physiological functions. CCBs are
commonly used amlodipine, diltiazem, nicardipine,
nifedipine, and verapamil, and they have different
effects on cardiac muscle, smooth muscle of blood
vessels, and neurons.” Within sperm cells, these
agents block the influx or intracellular movement of
free calcium ions, thereby interfering with calcium-
dependent signaling pathways that are critical for
sperm activation and fertilization.*

Notably, calcium channel blockers (CCBs) have
been shown to impair male fertility in several con-
texts. Their use has been associated with cases
of oligozoospermia and azoospermia, as well as a

sLcoct Catsper

] } End piece

piece

KSper(SLO1/SLO3)

FIGURE 3. Different pathways to induce sperm capacitation and hyperactivation; Sperm Specific Sodium
Proton Exchanger (SLC,C,) induces the increase of intracellular Ca’* in the sperm tail,”* CatSper is activated by
intracellular alkalization and progesterone via binding to serine hydrolase, ABHD,; Hv1 is responsible for proton
conductance in human sperm and is highly selective for H* ions, activated during sperm capacitation, membrane
depolarization, and alkaline extracellular pH,"' the K* channel is more sensitive to calcium compared to pH; SLO,
channel and the SLO; are very sensitive to Ca’* and weakly dependent on pH; SLO, regulates the secretion of
potassium ions responsible for capacitation and membrane hyperpolarization.”” Figure created by the authors
using BioRender.com (Version 2024, BioRender, Toronto, ON, Canada)
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reduced sperm ability to fertilize oocytes, even when
semen parameters appear within normal ranges.”
Experimental studies indicate that CCBs, particularly
nifedipine, can reduce sperm motility and inhibit
the acrosomal reaction, leading to reversible infertil-
ity. However, the impact of these drugs on assisted
reproductive technologies is less clear, as some inves-
tigations have reported no significant reduction in
fertilization rates during In Vitro Fertilization (IVF)
treatments."

Several data suggested that Ca’* plays a promi-
nentrole during fertilization in diverse animal species
such as mice, rats, pigs, hamsters, and bovines.”"*
Extracellular calcium is particularly essential for
the acquisition of progressive sperm motility, which
enables spermatozoa to navigate the female repro-
ductive tract and reach the oocyte. The modulation
of calcium availability and signaling is therefore
a critical determinant of sperm functional compe-
tence. In this context, studies using mouse models
have demonstrated that amlodipine, a commonly
used CCB, can reduce the levels of key reproductive
hormones such as testosterone, luteinizing hor-
mone (LH), and follicle-stimulating hormone (FSH),
resulting in impaired sperm quality and reduced
fertility.” Beyond hormonal regulation, antihyperten-
sive drugs, including CCBs, may also exert negative
effects on erectile function, which has been linked to
endothelial dysfunction, further contributing to male
reproductive challenges.”

Morakinyo et al. have demonstrated the anti-
fertility effects of using different concentrations of
nifedipine in male rats. CCBs appear to have a
reversible negative effect on male rats. Nevertheless,
nifedipine does not inhibit the pituitary-gonadal axis,
implying a direct effect on sperm function and testicu-
lar physiology.”’ Almeida et al. also revealed the effect
of calcium antagonist amlodipine decreasing plasma
follicle-stimulating hormone, testosterone levels, and
a significant reduction in sperm count. The study sug-
gests that administration of amlodipine may impair
male reproductive function in rats.”

Association sperm-oocyte

The union of a mature oocyte and a capacitated
spermatozoon represent one of the most critical and
tightly regulated events in successful fertilization.
This process is not merely a mechanical fusion of
gametes but involves a highly coordinated sequence
of molecular interactions, structural rearrangements,
and biochemical modifications. Initially, the sperm
must undergo a series of preparatory events, begin-
ning with capacitation, which confers on the sperm
the ability to respond to oocyte-derived signals and
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to undergo the acrosomal reaction (AR). The AR
is an essential and finely regulated physiological
process in which the outer acrosomal membrane of
the spermatozoon fuses with the plasma membrane,
resulting in the release of hydrolytic enzymes. These
enzymes, including acrosin and hyaluronidase, play
a crucial role in digesting the zona pellucida, the
glycoprotein-rich extracellular matrix surrounding
the oocyte, thereby facilitating sperm penetration.
Following capacitation and AR, the spermatozoon
engages in molecular fixation with the oocyte, a
process that involves the specific recognition and
binding of sperm surface proteins to complemen-
tary receptors on the oocyte plasma membrane. This
step is accompanied by membrane apposition, lipid
reorganization, and localized changes in membrane
fluidity, all of which are critical for the subse-
quent fusion of the sperm and oocyte membranes.
The precise modulation of these plasma membrane
lipids and associated proteins ensures that only a
capacitated and acrosome-reacted sperm can success-
fully penetrate the oocyte. Ultimately, these complex
events culminate in the sperm nucleus entering the
oocyte cytoplasm, completing fertilization, and initi-
ating the cascade of molecular and cellular processes
required for zygote formation and early embryonic
development.”™**

Acrosomal reaction
Spermatozoa have the ability to bind specifically
to the zona pellucida of an unfertilized oocyte, a
process that is essential for the recognition and suc-
cessful fertilization of the oocyte. The zona pellucida
itself is a specialized extracellular matrix that sur-
rounds the oocyte and is primarily composed of
four glycoproteins: ZP1, ZP2, ZP3, and ZP4. Each
of these glycoproteins has a distinct structural and
genetic organization, which contributes to the over-
all architecture and function of the zona pellucida.
Human Zona Pellucida glycoprotein 1 (hZP1) is
encoded by 12 exons and consists of approximately
638 amino acids, forming a polypeptide that par-
ticipates in cross-linking the matrix. ZP2, encoded
by 19 exons, presents a longer polypeptide of 745
amino acids, playing a crucial role in maintaining the
structural integrity of the zona and in sperm binding.
Human ZP3, encoded by 8 exons, consists of 424
amino acids, and is known for its involvement in
the initial recognition and binding of sperm. Finally,
ZP4, encoded by 13 exons, contains 540 amino acids
and contributes to both the mechanical stability and
functional properties of the zona pellucida.” >’

ZP2 and ZP3 are expressed in equal amounts
within the zona pellucida, while ZP1 and ZP4 are
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homologs and present the least abundant proteins.”
The hZP1 is composed of a 17% proline (Pro)-rich N-
terminal region, while hZP4 presents only 2% of Pro;
this Pro-rich region gives flexibility, contributing to a
higher resiliency of the ZP before fertilization.”*’ N-
terminal proteolytic cleavage of hZP2 compromises
the spermatozoa’s binding ability to the oocyte. Sev-
eral mutations were identified, for hZP1 encoded by
nine exons, four exons encoding both hZP2 and hZP3,
and two exons encoding hZP4.°'~*

The acrosome is an acidic vesicle of lysosomal ori-
gin located in the sperm head that accumulates Ca**
and contains several hydrolytic enzymes released
through exocytosis during the acrosomal reaction.””
The interaction between capacitated sperm and zona
pellucida induces an increase in Ca** concentration,
leading to the acrosomal reaction (AR).”** The cat-
alyzation of phosphatidylinositol 4,5-bisphosphate
(PIP2) produces IP3, diacylglycerol (DAG) and the
release of p-gelsolin, which stimulates the conversion
of F-actin to G-actin, thus activating the Ca** channel
in the acrosome membrane to finally mediate the
acrosomal reaction. Some studies have confirmed that
phospholipase C (PLC) requires 2 uM of Ca** for half
maximal activity, while 80 pM of Ca** is needed for
F-actin release from the plasma membrane, essential
to achieve AR (Figure 2).°

After reaching the perivitelline space, the sperma-
tozoon binds to the oolemma via receptors uniformly
distributed on the surface of a mature oocyte, suggest-
ing that the spermatozoon’s head can bind to any site
on the oocyte surface, without forgetting the existence
of microdomains facilitating sperm adherence, as fer-
tilization sits “hot spots” on the oocyte membrane.
Only three proteins were proven to be crucial for
gamete interaction: CD9, IZUMO, and Juno.”

CD9 has a specific role in the fertilization process,
located on the oolemma of the mature oocyte and is
required for the normal morphology of microvilli.*>”
This protein is involved in gamete fusion. The study
of Jégou et al. independently reported the rela-
tionship between CD9 and the tight sperm-oocyte
fusion.”’

IZUMO is an important element of the fertiliza-
tion expressed on the acrosomal membrane of each
spermatozoon. Some studies report that Izumo syn-
thesis takes place after the acrosomal reaction and is
secreted from the acrosome, moving to the equatorial
segment of the sperm head, where gamete fusion
occurs.”' There is some clinical data supporting its
implication in idiopathic infertility.”” Mice models
presenting [IZUMO™'~ males, which lack the IZUMO
protein essential for sperm-oocyte fusion, are com-
pletely sterile despite normal sperm quality. Mutant

spermatozoa can get through ZP but fail to fuse with
the oocyte.”

Bianchi and colleagues reported the importance
of Juno as a principal receptor of IZUMO located on
the oolemma.”* This protein is expressed throughout
oocyte maturation, precisely in the oolemma and is
present in unfertilized mature oocytes.” In humans,
some mutations of this receptor have been related
to unexplained fertilization failure.”*”” The binding
of IZUMO and Juno is important to facilitate mem-
brane adhesion, and still not sufficient, indicating the
requirement for the accumulation of CD9 after the
binding of IZUMO and Juno.”

The maturation of the acrosome can be defec-
tive in some cases due to mutation of DPY19-like
2 (DPY1912), a key causative factor associated
with human globozoospermia, characterized by the
presence of 100% round-headed spermatozoa.”* Sper-
matozoa obtained from patients with ICSI failure
were unable to induce calcium oscillations. Most
studies found that several cases could be overcome
by intracytoplasmic sperm injection (ICSI) following
assisted oocyte activation (AOA).” The detection of
complete or partial deletion of DPY19L2 has a very
important implication for diagnosis and treatment for

80,81

this category of infertile men.

Oocyte activation pathways

Oocyte activation is an important event in most
mammalian species that derives from several
events, including cortical granule exocytosis, meiosis
resumption, liberation of the second polar body, and
the formation of the pronucleus (PN), and finally, the
initiation of early embryo development.*>*

This activation is characterized by calcium oscilla-
tions due to the secretion of some spermatic factors
into the oocyte cytoplasm, especially PLC(, which
was discovered and is expressed on the equatorial
and post-acrosomal localizations of the spermato-
zoa.”**” The release of sperm-derived phospholipase
C zeta (PLC() hydrolyses phosphatidyl inositol 4,5-
biphosphate (PIP2) to inositol 1,4,5-trisphosphate
(IP3)." These activated pathways lead to calcium
oscillations responsible for oocyte activation.”*’

The second spermatic factor recently discovered,
the post-acrosomal WW domain binding protein
(PAWP), can indirectly increase calcium levels by
its interaction with other proteins in the oocyte.
PAWP binds to the WW, domain of the YAP pro-
tein to activate the PLC Gamma, which subsequently
hydrolyzes PIP2 into a second messenger IP3 and
finally, the release of calcium concentration from the
endoplasmic reticulum. Subsequently, the oocyte is
activated similarly to the effect of PLC( (Figure 4).%
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Zinc sparks are immediately secreted after the
first Ca’" oscillations observed in human oocytes
following fertilization and oocyte activation.””> Zinc
spark controls the regulation of meiosis from the
germinal vesicle (GV) to Metaphase II (MII). Some
studies suggest that intracellular Zn** could be accu-
mulated in cortical granules, each of which contains
~1 million Zn** atoms.” The release of Zinc during
oocyte activation is important to prevent some cases
from undergoing ICSI in clinical practice to increase
the efficacy of artificial oocyte activation (AOA),
especially for calcium ionophore-resistant cases.”"
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FIGURE 4. Presentation of oocyte activation mecha-
nisms involving the importance of phospholipase C
zeta and PAWP; PLC( induces the hydrolyze of phos-
phatidyl inositol 4,5-biphosphate (PIP2) to produce
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DG). IP3 binds to its receptor (IP3R), which is dis-
tributed along the endoplasmic reticulum, inducing
periodic intracellular Ca** increases; PAWP can also
increase the calcium levels indirectly by its interac-
tion with other proteins on the oocyte. PAWP binds
to the WW1 domain of the YAP protein to activate
the PLC Gamma, which subsequently hydrolyzes
PIP2 into a second messenger IP3. The secretion of
zinc is also observed following oocyte activation.
These oscillations stimulate many other events such
as exocytosis of cortical granules, release of mei-
otic arrest, regulation of gene expression, recruitment
of maternal mRNA, pronuclear formation, and ini-
tiation of embryogenesis.””" Figure created by the
authors using BioRender.com (Version 2024, BioRen-
der, Toronto, ON, Canada)

Fertilization failure is closely linked to oocyte
activation deficiency (OAD), a condition that is
most frequently observed in patients diagnosed with
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either partial or complete globozoospermia. Globo-
zoospermia is a rare sperm morphological disorder
characterized by round-headed spermatozoa that
lack an acrosome, the specialized organelle essen-
tial for normal fertilization. Individuals with this
condition typically face severe challenges in achiev-
ing natural conception because their spermatozoa
are incapable of initiating the cascade of molecular
events required for successful oocyte activation. The
underlying mechanism is often associated with sig-
nificantly reduced levels or a complete absence of
phospholipase C zeta (PLC(), a sperm-specific pro-
tein crucial for triggering calcium oscillations within
the oocyte upon sperm entry. PLC{ functions by
hydrolyzing phosphatidylinositol 4,5-bisphosphate
(PIP2) to generate inositol 1,4,5-trisphosphate (IP3),
which in turn mobilizes calcium from intracellular
stores in the oocyte. These calcium oscillations are
essential for resuming meiosis, cortical granule exo-
cytosis, and the initiation of zygotic development.”

Polyspermy block

After the fusion of gametes, the interaction between
sperm and oocyte leads to their transformation into
a new diploid organism.” Following fertilization, the
oocyte acquires mechanisms to prevent additional
spermatozoa from fusing with it, thereby avoiding
the generation of polyploid embryos, which would
be non-viable. This critical regulation involves mod-
ifications to both the zona pellucida (ZP) and the
oolemma, rendering them temporarily resistant to
further sperm penetration. The block to polyspermy
is mediated by two distinct mechanisms. The first,
known as the “oocyte membrane block” or “fast
block,” occurs within seconds after sperm-oocyte
fusion and is primarily characterized by rapid depo-
larization of the oocyte membrane, triggered by an
influx of Na* ions. This swift alteration in membrane
potential effectively prevents additional sperm from
fusing with the oocyte during the initial moments of
fertilization.”

The second mechanism, referred to as the “slow
block,” is activated minutes after the first sperm has
entered the oocyte and involves oscillatory increases
in intracellular Ca’* concentration. These calcium
oscillations, generated by the activation of phospho-
lipase C zeta (PLC() introduced by the sperm, lead
to the exocytosis of cortical granules from the oocyte
membrane into the perivitelline space. The cortical
granules, which are approximately 1 um in diameter,
are rich in hydrolytic enzymes including hydrolases,
proteinases, and peroxidases. These enzymes modify
the structural components of the human zona pellu-
cida, particularly hZP2 and hZP3, thereby preventing
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the binding and penetration of additional sperma-
tozoa. Cortical granule exocytosis typically occurs
within 5 to 8 min after oocyte activation and repre-
sents the primary mechanism of polyspermy block in
humans.'”

In addition to these well-characterized mecha-
nisms, other molecular factors may contribute to
the regulation of polyspermy, including the release
of soluble factors from the oocyte, changes in the
composition and glycosylation of the zona pellucida,
and the temporal modulation of receptor availabil-
ity on the oolemma. Understanding these intricate
events is not only essential for elucidating the funda-
mental biology of fertilization but also has practical
implications for improving Assisted Reproductive
Technologies (ARTs). For instance, precise timing of
sperm-oocyte interaction in vitro, manipulation of
Ca’* signaling pathways, and modulation of zona
pellucida properties can all influence fertilization effi-
ciency and embryo quality. Detailed insights into the
fast and slow blocks provide valuable information
for clinicians and embryologists seeking to opti-
mize in vitro fertilization (IVF) and intracytoplasmic
sperm injection (ICSI) protocols, minimize the risk of
polyspermy, and improve the overall success rates of
ART procedures.

Conclusion

All these activated pathways and molecular events
play critical roles in both the female and male repro-
ductive tracts, contributing to the production of
high-quality embryos capable of successful develop-
ment. Key ions such as calcium and zinc exert pivotal
regulatory effects on fertilization by modulating sev-
eral essential sperm functions, including motility,
capacitation, hyperactivation, and acrosomal reac-
tion. Calcium signaling, mediated through channels
and intracellular stores, orchestrates precise temporal
and spatial events within the sperm, whereas zinc
acts both as a structural cofactor and as a signaling
molecule influencing enzymatic activity and mem-
brane stabilization. Although the precise interactions
between these ions and sperm molecular machin-
ery remain incompletely understood, further studies
exploring the dynamic interplay between calcium
and zinc concentrations, sperm functional parame-
ters, and the involvement of specific proteins such
as PLC¢, PAWP, IZUMO, and CatSper are critical.
Such investigations could not only clarify the mech-
anistic basis of sperm—-oocyte recognition and fusion
but also identify potential biomarkers for sperm
quality and fertilization competence. Enhancing our

understanding of these processes can directly impact
the optimization of Assisted Reproductive Technolo-
gies (ARTs), improving the selection of gametes, the
design of culture conditions, and strategies to over-
come fertilization failure. Furthermore, insights into
ion-mediated regulation of sperm physiology could
facilitate the development of novel diagnostic tools
for male infertility and lead to personalized inter-
ventions aimed at increasing the success rates of in
vitro fertilization (IVF) and intracytoplasmic sperm
injection (ICSI) procedures. Ultimately, a deeper
comprehension of the molecular and ionic mecha-
nisms governing fertilization will contribute to more
effective reproductive therapies and a better overall
understanding of human fertility.
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