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DESCRIPTION
Spermatozoa undergo a series of biochemical and structural
modifications after leaving the testes that are essential for
acquiring fertilization competence. One of the most critical
processes in this maturation sequence is capacitation, a
functional transformation that enables sperm to recognize and
penetrate the oocyte. In assisted reproductive techniques such as
in vitro fertilization and intracytoplasmic sperm injection,
capacitation-related membrane changes remain highly relevant
because they influence sperm selection, fertilization efficiency,
and early embryonic signaling.

The sperm plasma membrane is a highly specialized lipid bilayer
composed of cholesterol, phospholipids, glycolipids, and
associated proteins. Its composition is not uniform across
different regions of the sperm cell, with distinct lipid domains
present in the head, midpiece, and tail. These lipid structures
regulate membrane fluidity, ion permeability, receptor
availability, and signaling capacity. The initial state of the sperm
membrane is relatively stable, preventing premature activation
before reaching the female reproductive tract.

Capacitation involves a series of biochemical events that modify
sperm membrane architecture. One of the earliest changes is the
efflux of cholesterol from the plasma membrane. This reduction
in cholesterol content increases membrane fluidity, allowing
redistribution of proteins and activation of signaling pathways
necessary for fertilization. Albumin present in the female
reproductive tract or culture media facilitates this cholesterol
removal process. Phospholipid remodeling is another key
component of capacitation. Alterations in phosphatidylcholine,
phosphatidylethanolamine, and phosphatidylserine distribution
affect membrane curvature and fusion properties. These changes
are essential for the acrosome reaction, which enables sperm to
penetrate the zona pellucida of the oocyte. Disruption of
phospholipid balance may impair sperm function and reduce
fertilization potential.

Ion flux regulation is closely linked to membrane lipid
architecture. Calcium and bicarbonate ions enter sperm cells
during capacitation, activating intracellular signaling pathways

such as cyclic adenosine monophosphate production and
protein kinase activation. These signaling cascades regulate
motility patterns, membrane reorganization, and acrosomal
responsiveness. Lipid microdomains within the membrane serve
as platforms for these signaling events. Lipid rafts, which are
cholesterol- and sphingolipid-rich membrane microdomains, play
an important role in organizing signaling proteins during
capacitation. These specialized regions facilitate clustering of
receptors and enzymes involved in sperm activation.
Redistribution of lipid rafts during capacitation influences
sperm ability to undergo hyperactivation, a vigorous motility
pattern required for zona penetration.

Reactive oxygen species at controlled levels are involved in
capacitation signaling. Low concentrations of oxidative
molecules contribute to tyrosine phosphorylation events that
regulate sperm function. However, excessive oxidative stress can
damage membrane lipids through lipid peroxidation, reducing
membrane integrity and impairing fertilization capacity. This
balance between physiological and pathological oxidative activity
is particularly relevant in assisted reproductive settings.

Cryopreservation of sperm introduces additional challenges to
membrane lipid stability. Freezing and thawing processes can
disrupt lipid organization, reduce membrane fluidity, and
increase susceptibility to oxidative damage. Although
cryoprotectants are used to minimize structural injury, variations
in lipid composition may still influence post-thaw capacitation
efficiency and fertilization outcomes. Male infertility conditions
are often associated with altered sperm membrane lipid
composition. Abnormal cholesterol efflux, disrupted
phospholipid ratios, and increased lipid peroxidation have been
observed in men with reduced fertility. Conditions such as
varicocele, metabolic syndrome, and chronic inflammation may
contribute to these membrane alterations through oxidative
stress and altered lipid metabolism.

Dietary and environmental factors also influence sperm
membrane lipid architecture. Fatty acid composition in the diet,
exposure to pollutants, and lifestyle factors such as smoking and
alcohol consumption can modify membrane lipid profiles. These
changes may affect sperm capacitation potential and overall
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architecture is a fundamental determinant of capacitation 
efficiency and fertilization potential in assisted reproductive 
techniques. Lipid composition, membrane fluidity, signaling 
microdomains, and oxidative balance collectively regulate sperm 
functional activation. Continued research integrating 
reproductive biochemistry, lipidomics, and clinical embryology 
may improve understanding of sperm function and enhance 
outcomes in assisted conception procedures.
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reproductive performance. In assisted reproductive techniques, 
sperm preparation methods such as density gradient 
centrifugation and swim-up procedures aim to select sperm with 
optimal functional and structural properties. These techniques 
may enrich populations with more stable membrane lipid 
composition and better capacitation potential. However, 
laboratory handling itself can also induce stress on sperm 
membranes, requiring careful optimization of protocols. Current 
evidence indicates that sperm membrane lipid 
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