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ABSTRACT

Lipid homeostasis is vital for maintaining membrane dynamics, energy storage, and overall cellular function,
influencing a myriad of physiological processes, including reproductive health. Although often overlooked,
disruptions in lipid metabolism are increasingly linked to impaired male fertility. A significant number of male
infertility cases considered to be idiopathic are now increasingly associated with elevated levels of seminal reactive
oxygen species and subsequent sperm deoxyribonucleic acid damage. Through assisted reproductive technology,
such cases are fertilized by intracytoplasmic sperm injection or a sperm donor, without pursuing further targeted
treatment. A better understanding of idiopathic male infertility is pivotal for successful conception and embryo
health, which underscores the need for innovative strategies to address male infertility. This review emphasizes
the significance of lipid homeostasis in male reproductive health and elaborates on how dyslipidemia manifests in
testicular dysfunction. We discuss how lipidomics can serve as a powerful tool to identify lipid-based biomarkers
for more effective diagnosis and management of male infertility.

Keywords: Assisted reproductive technology, Dyslipidemia, Lipid homeostasis, Male infertility, Reactive oxygen
species, Sperm

INTRODUCTION

Lipids play essential roles in numerous cellular processes, including providing structural integrity
through membrane formation, acting as signaling molecules, and serving as essential energy
reserves, especially during glucose unavailability through B-oxidation of fatty acids.!! Because of
these pivotal roles, cells possess the ability to synthesize and catabolize lipids in the form of fatty
acids or cholesterol. Lipid homeostasis involves regulated synthesis, uptake, transport, storage,
and breakdown of lipids. Imbalance in this tightly controlled regulation leads to dyslipidemia,
a condition associated with numerous pathological conditions such as obesity, atherosclerosis,
cardiomyopathy, and immunological impairments.” Disrupted lipid homeostasis results
in lipid accumulation that often triggers oxidative cell death through ferroptosis and lipid
peroxidation.”! Therefore, maintaining proper lipid homeostasis is crucial as lipid peroxidation
results in the formation of toxic lipid species that adversely impact several organ systems,
including the reproductive system. While an imbalance in lipid metabolism mostly manifests in
hyperlipidemia, the present study elaborates its adverse impact on male fertility. Previously, it has
been shown that both hyper-and hypolipidemia in rats are associated with vitamin D deficiency
that negatively impacts male fertility and low cholesterol levels that disrupt steroidogenesis.*!

Recent evidence has reported alterations in semen quality and male fertility due to abnormal lipid
metabolism.'’ However, the molecular basis for the adverse impact of lipid dysregulation on male
fertility is not well understood. Usually, infertility research focuses on female fertility factors rather
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than emphasizing male contributions to conception and
embryo health.”? Assisted reproductive technology (ART)
studies report that 30% of infertility is due to male factors,
but most of these are deemed idiopathic, limiting further
options for diagnostic research.”? However, most idiopathic
infertility cases show a rise in pathological levels of reactive
oxygen species (ROS) along with sperm DNA fragmentation.
Importantly, excess lipids within the testis drive oxidative
stress, generating ROS that sets off a cascade of deleterious
effects, starting from membrane lipid peroxidation to sperm
DNA fragmentation and cellular dysfunction.” Therefore, it
is crucial to understand the importance of lipid homeostasis
in testicular physiology and sperm biology to develop novel
therapeutic interventions tailored for treating male infertility.

Lipids have physiological significance in testicular
functioning, such as remodeling of germ cell membrane-
lipids during spermatogenesis and lipid droplets (LDs)
of Leydig cells (LCs) serving as the source for testosterone
synthesis. However, abnormal accumulation of lipids
needs to be guarded against as it contributes to sperm cell
dysfunction.” Clinical studies have revealed a reduction in
sperm motility and count in men consuming high-fat diets.
Furthermore, the risk of infertility in obese men as compared
to normal-weight men is found to increase threefold./ Studies
in animal models have shown that a high-fat diet impairs
spermatogenesis through oxidative stress, and ROS-induced
mitochondrial lipid peroxidation in sperms decreases sperm
motility and concentration.”

At present, apart from antioxidant supplementation, no
effective therapeutic strategies have been developed to target
lipid stress in male infertility."*'? This underscores the need
for comprehensive studies into the mechanisms regulating
lipid homeostasis in male reproductive health. This review
explores the significance of lipid homeostasis in male
fertility, outlines the deleterious impact of hyperlipidemia on
testicular functions, and highlights the emerging lipidomic
technologies to identify biomarkers for diagnosing infertility
in hyperlipidemic males.

PHYSIOLOGICAL ROLE OF LIPIDS IN
TESTICULAR FUNCTION

Lipids are integral to the male reproductive system, playing
key roles in both spermatogenesis and steroidogenesis.
Disruption in lipid homeostasis due to comorbidities such
as obesity, hyperlipidemia, and diabetes causes alterations in
lipid profile, adversely impacting fertility in men." In this
section, we explore the role of lipids in extensive membrane
remodeling during germ cell development, in sperm
structure and physiology, and in testosterone synthesis.
Finally, the contribution of the lipid-metabolizing proteins to
spermatogenesis and their polymorphic variants’ impact on
fertility is discussed.
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Spermatogenesis marks dynamic changes in germ cell
lipidome

The developing male germ cells undergo drastic changes in
their lipid content during spermatogenesis.'¥ As sperm lack
membrane-bound organelles and relies heavily on the lipid
content in their plasma, acrosomal, and nuclear membranes
for proper function, amidst spermatogenesis, extensive
membrane-lipid changes occur during meiotic division,
spermiogenesis, epididymal maturation, and finally before
fertilization." Moreover, studies have reported that failure of
these modulations adversely impacts male fertility.!"*!%!

During meiosis, the germ cells encounter a shift in
polyunsaturated fatty acids (PUFAs) content to facilitate
membrane fluidity and stability during the cell division
process. While along spermiogenesis, there is a significant
enrichment in docosapentaenoic acid, which confers proper
membrane characteristics to mature sperms, essential for
their motility, membrane fluidity, and ability to fuse with
the oocyte.'™ These changes occur under controlled lipid
homeostasis, as an increase in saturated fatty acids (SFAs)
inhibits PUFA synthesis.!"”!

Although sperms lack active protein synthesis, post-testicular
sperm maturation occurs in the epididymis through lipid-
rich exosomes, known as epididymosomes. A study reports
that in rams, during epididymal maturation, enrichment
in omega-3 fatty acids, particularly docosahexaenoic acid
(DHA), occurs in sperms, reducing arachidonic acid,
which ensures further increase in membrane fluidity and
flexibility, needed for capacitation and fertilization process
[Table 1].1'7 Studies report that the epididymosomes carry a
diverse set of proteins, non-coding ribonucleic acids (RNAs)
(ncRNAs), and distinct lipids, which they transfer to the
sperm during epididymal storage. The proteins (enzymes and
chaperones) help in post translational modification (PTM)
of sperm proteins while ncRNAs transmit information,
and importantly, the lipids help information of membrane
lipid rafts, which play a vital role in sperm capacitation
and acrosome reaction (AR).?! Interestingly, specific
epididymosomes vary in lipid composition based on their
location in the epididymal segment, which indicates they
probably modulate sperm membrane fluidity by donating the
cargo they carry.

As sperms ascend the female reproductive tract, further
membrane lipid remodeling occurs, such as efflux of
cholesterol and loss of phospholipids containing SFA tail,
leading to extra increase in membrane fluidity, which signals
the onset of capacitation.”” Essentially, physiological ROS
promotes cholesterol oxidation at the sperm membrane
surface, forming oxysterols that bind to extracellular albumin
(hydrophilicity) and release cholesterol.”® This leads to
hydrolysis of some phospholipids to lysophospholipids and
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fatty acids, which act as signaling factors promoting sperm
motility, viability, and AR.*" Cholesterol depletion also
redistributes lipid rafts on the sperm membrane, facilitating
sperm receptor organization for sperm-oocyte interaction.®!
Taken together, the above findings demonstrate the pivotal
role of dynamic lipid profile in the development and
maturation of sperm.

Lipid composition of the sperm cells and their function

Sperm membranes have distinct features crucial for their
physiological functions. Primarily, the membrane lipid
content varies between the head and tail, with the tail having
more lipid than the sperm head. Particularly, DHA and
ceramides are present in the tail membrane that promotes
sperm motility, while head lipid contains sphingomyelin
(SM) and phosphatidylcholines (PCs) vital for the fertilization
process. Besides sperm head membrane also exhibits lateral
heterogeneity, meaning there are distinct regions with different
lipid and protein compositions, which support raft formation
and reorganization during AR and binding to the zona
pellucida.?! Thus, the lipid content of sperm membrane is
highly specialized, though considerable diversity exists among
species. In general, the sperm membrane contains about 70%
phospholipids, 25% neutral lipids, and 5% glycolipids.?!

Phospholipids are the major lipid component in sperm plasma
membrane that includes glycerophospholipids (GPLs) and
SMs. The GPLs are diacyl lipids on a glycerol backbone with
a polar molecule. They include PC, phosphatidylethanolamine
(PE), phosphatidylinositol (PI), and phosphatidylserine (PS),
which contribute to sperm motility, lipid raft reorganization,
membrane integrity, and cell signaling, respectively.?*?”) In
GPLs, SFAs are esterified at the sn-1 position while PUFAs are
esterified at sn-2.? PUFAs promote sperm membrane fluidity
as unsaturated acyl chains weaken interaction with cholesterol,
while SFAs increase membrane rigidity, that is also needed for
membrane stability and integrity. However, both render sperm
susceptible to ROS-driven oxidative damage [Table 1].12* Ether
phospholipids or plasmalogens (another subclass of GPLs)
are present abundantly on the anterior head region of sperm
cell membrane, which enhances membrane fluidity and
stability, as ether linkages do not get readily cleaved by lipase
action.””! Cardiolipin, present abundantly in the sperm tail,
maintains mitochondrial health needed for energy production
and sperm motility.*” Lysophospholipids act as a signaling
molecule for AR.?Y SMs have a sphingosine backbone. In
mammalian sperm, the head SMs predominantly contain very
long-chain PUFAs that promote microdomain formation and
tusion, influencing membrane structure. The tail SMs contain
SFAs, which regulate flagellar movement in sperm cells.®!!

Table 1: Seminal Lipids associated with male fertility in humans.

SIno. Lipidclassandratio Studies Reference
1 Docosa- hexanoic Patients with asthenozoospermia and oligo-zoospermia show significantly lower [32-34]
acid (22:6) levels of DHA compared to normozoospermic controls.
Infertile human semen samples have shown significantly lower levels of DHA
compared to healthy controls.
Sperm DNA damage and DHA levels show negative correlation while DHA
content and semen parameters (sperm count, vitality and motility) exhibit
positively correlation.
2 Eicosapentanoic acid ~ Human semen samples from infertile individuals show significantly lower levels [33]
(20:5) of EPA compared to healthy controls.
3 Arachidonic acid High levels of AA were observed in seminal plasma of patients with [35]
(20:4) asthenozoospermia compared to healthy controls.
4 Dihomo-linolenic Significantly higher levels of DGLA were found in infertile human semen [33]
acid (20:3) samples compared to healthy controls.
5 Linolenic acid (18:3)  Sperm of asthenozoospermic and oligozoospermic patients showed high levels of [32]
LA compared to normozoospermic controls.
6 PC content Decreased PC level was found in obstructive azoospermia patients. [36,37]
Low PC levels were marked in idiopathic infertility human samples.
7 PE: PC ratio Compared to control significant differences in PE: PC ratio was found in patients [36]
with spermatogenic failure and obstructive azoospermia
8 LPC: PC LPC: PC ratio increased in human sperm with damaged membrane structure [38]
9 Omega-3 FAs Lower level found in infertile patients than control [39]

Abbreviations: DHA: Docosahexanoic acid, EPA: Eicosapentanoic acid, AA: Arachidonic acid, LA: Linolenic acid, DGLA: Dihomo-linolenic acid,
PC: Phosphatidylcholine, PE: Phosphatidylethanolamine, LPC: Lysophosphatidylcholine, FA: Fatty acid

Journal of Reproductive Healthcare and Medicine « 2025 « 6(24)

3




Saugandhika, et al.: Lipid homeostasis and male infertility

Table 2: List of different lipid-metabolic protein knockout mice and its effect on male fertility.
Sl Knock out Gene function Lipid alteration Effect on reproductive functions Reference
no.  mouse
1. DAPAT -/- Enzyme involved in  Absence of ether lipid Spermatogenesis is arrested during the [40]
ether lipid synthesis late. Pachytene and of spermatid stage;
male infertility
2. Pe x 7-/- Enzyme for ether Depleted plasmalogen levels Testicular atrophy; male infertility [41]
lipid synthesis
3. Smsl-/- De novo synthesis ~ Reduction in long-chain Shedding of spermatocytes and [42]
of SM and DAG unsaturated PCs, LPCs and spermatids during spermatogenesis and
sphingolipids progressive male sterility
4. Tysnd1-/- Enzyme for ether Altered components of choline,  Incomplete acrosomes of epididymal [43]
lipid synthesis ethanolamine and plasmalogens  sperm; males sterile
5. FADS2-/- Involved in FAs Deficiency of highly unsaturated = Failure of acrosome formation during [44]
synthesis fatty acids spermiogenesis of round sperm into
elongated sperm; male infertility
6. ASM-/- Catabolizes SM Increased levels of Abnormalities of sperm morphology, (45]
sphingomyelin and cholesterol ~ motility and capacitation
7. LPAATs-/- Involved in GPLs Reduction in DHA-containing ~ Abnormal spermatogenesis due to defects [46]
synthesis GPLs in eliminating cytoplasmic components;
male sterility
8. ElovI2-/- Involved in FAs Reduction in PUFAs with 24-30  Arrested spermatogenesis; male infertility [47]
synthesis carbons of w-6 family
DAPAT: Di-alkyl-2-phosphatidyl-glycerol synthase, Pe x 7: Peroxisomal biogenesis factor 7, Sms1: Sphingomyelin M Synthase 1, SM: Sphingomyelin,
DAG: Di-acyl glycerol, PCs: Phosphatidylcholine, LPCs: Lyso-phosphatidylcholine, Tysnd1: Trypsin domain containing 1, FADS2: Fatty acid desaturase 2,
ASM: Acid sphingomyelinase, LPAATs: Lysophosphatidic Acid Acyltransferase, Elovl2: Elongation Of Very Long Chain Fatty Acids-Like 2, FAs: Fatty Acids,
DHA: Docosahexanoic acid, GPLs: Glycerophospholipids, PUFAs: Polyunsaturated fatty acid

Neutral lipids, the second major lipid component of the sperm
plasma membrane, include cholesterol, diacylglycerol (DAG),
and small amounts of cholesterol sulfate and cholesteryl esters.
Cholesterol plays a key role in stabilizing the membrane by
interacting with phospholipid, thereby regulating membrane
stability.*®! Importantly, cholesterol also contributes to the
formation of membrane lipid rafts, maintaining their solidity,
and also facilitates signal transduction.”?’ DAGs, minimally
present in other cell membranes, are abundantly found in
sperm plasma membrane, which enhances membrane fusion
during AR through intra-acrosomal Ca2'influx, which
triggers acrosomal exocytosis. 54!

Glycolipids, the third component of sperm plasma
membrane, include sulfo-galactosyl-glycerolipid (SGG)
or seminolipid, which primarily localizes in the sperm
head, mediating binding of the sperm to the zona
pellucida, and serves as an important biomarker for sperm
fertilization potential.® Importantly, cholesterol efflux
alters glycosphingolipid conformation, exposing sugar
residues that are recognized by lectins present in egg
zona pellucida, aiding in sperm-egg interaction.*” Other
glycolipids present in the outer leaflets of sperm plasma
membranes promote membrane stability and intercellular
communication.®
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Lipid metabolizing proteins related to sperm function and
fertility

To investigate the effect of lipid-metabolizing proteins on
male fertility, various knockout mice models have been
developed. Male mice lacking key enzymes involved in
phosphoinositide kinase (PIK3) signaling, ether lipid
synthesis, sphingolipid biogenesis, or fatty acid desaturation
exhibit impaired spermatogenesis with varying degrees of
infertility.*** Phosphatidyl-inositol phosphates (e.g., PI4P,
PIP2, PIP3) are membrane lipids involved in germ cell
development and sperm motility. Deletion of p110 isoform
of PIK3 led to embryonic lethality in most mice, and those
that survived were infertile males.”" Similarly, knockout
of Inositol polyphosphate 4-phosphatase II (INPP4B), a
key enzyme in the PI signaling pathway, resulted in male
mice with smaller testes and reduced sperm production.®"
Other lipid metabolic gene knockouts also led to defective
spermatogenesis and progressive sterility mentioned in
Table 2. Besides, polymorphism in some lipid-metabolizing
enzymes like cytochrome P450 (CYP), glutathione-S-
transferase (GSTs), paraoxonase 1 (PONI1), involved
in detoxification and antioxidation, are reported to be
associated with hyperlipidemia and male infertility. The
single nucleotide polymorphism (SNP) variants - CYP1Al
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(rs4646903), PON1 (rs662), and null alleles - GSTM1 and
GSTTI cause impaired detoxification that increases oxidative
stress, resulting in a drastic decrease in sperm functions.”!

LDs: The main source for steroidogenesis

Unlike peptide hormones, steroid hormones are not stored
in secretory vesicles but are synthesized and secreted into
circulation immediately upon hormonal stimulation. This
process requires readily available cholesterol, the precursor for
steroid hormone synthesis. To meet this demand, steroidogenic
cells such as LCs store cholesterol in the form of cholesterol esters
(CE) together with triglycerides (TAG) into LDs, a fat storage
organelle enclosed by a phospholipid monolayer embedded
with proteins such as perilipins (PLIN) and cell death-inducing
DFF45-like effector (CIDE).’*8 It has been shown that
LD biogenesis occurs in a step-wise manner at specialized
endoplasmic reticulum (ER) sites defined by functionally
conserved ER membrane protein seipin (Seil in yeast).") At
these ER sites, seipin interacts with several factors, ensuring the
fidelity of LD formation and preventing the detrimental effect
of ectopic LD deposition in the ER.! Strikingly, lack of seipin
in steroidogenic tissues of mice, particularly in, testis, ovary,
and adrenal glands, resulted in markedly reduced accumulation
of CE-rich LDs, thus impairing production of steroid
hormones.®! Primarily mobilization of lipid content from LDs
is mediated by lipases that catalyze the breakdown of CE and
TAG."® However, recent studies have identified “lipophagy,”
a form of selective autophagy, as a key mechanism in LD
breakdown in steroidogenic cells, which promotes testosterone
biosynthesis.!! In murine Leydig tumor cell line (MLTC) LC
line and primary rat LCs, luteinizing hormone stimulation
leads to dispersion of perinuclear LDs into smaller LDs, which
associate with ER and mitochondria.l” Proteomic analysis has
confirmed that these smaller LDs contain not only PLINs and
CIDE:s but also autophagosomal proteins, ER marker calnexin,
and steroidogenic enzymes./!

Several studies have demonstrated that lipophagy facilitates
the hydrolysis of CE to release free cholesterol, which is
then transported to mitochondria by steroidogenic acute
regulatory (StAR) proteins, forming pregnenolone, which
is further processed in the ER to produce testosterone.®¢!
Another study in mice granulosa cells showed the presence
of steroidogenic enzymes on the LD surface upon proteomic
analysis. Thus, collectively these findings highlight the potent
role of LDs as dynamic organelles critical for cholesterol
storage and regulation of steroid hormone biosynthesis.!*”

PATHOPHYSIOLOGICAL ROLE OF LIPIDS IN
TESTICULAR IMPAIRMENT

Sperms are “silent cells” devoid of transcription and
translation ability; they lack adaptive response to counteract

cellular stress, making them highly susceptible to
environmental and pathological stressors. As a result, any
disturbance in their biochemical environment can impair
their structure and function, ultimately resulting in sperm
dysfunction and male infertility [Table 1]. Lipids are crucial
for their structural and physiological development; however,
high PUFA content renders them susceptible to oxidative
damage." Therefore, maintaining lipid homeostasis plays a
central role in governing male fertility.

Dyslipidemia, characterized by blood lipid imbalances such
as hypercholesterolemia, hypertriglyceridemia, combined
hyperlipidemia, or a decrease in HDL-cholesterol, not only
leads to high-risk diseases like atherosclerosis and ischemia-
related strokes but has also been linked to reproductive
dysfunction. The western diet, rich in fats, sugars, salt,
and processed grains, contributes significantly to the
development of this disorder."**” Dyslipidemia induces
systemic oxidative stress, increasing ROS that damages
developing spermatozoa. Since spermatogonial cells undergo
lipid remodeling during spermatogenesis, the sperm plasma
membrane becomes an easy target of oxidative damage.!'"!

High
oxidative

Erectile
dysfunction

\ | .
epididymal Spermatogt;emc
maturation [ arres

&
>l

\ 4

male

Figure 1: Dyslipidemia negatively affects fertility.
Dyslipidemia impairs male fertility through multiple pathways.
It induces testicular dysfunction by damaging Leydig and Sertoli
cells, thereby disrupting testosterone biosynthesis and altering
the hypothalamic-pituitary-gonadal axis. Elevated lipids promote
oxidative stress and inflammatory response, compromising
spermatogenesis, epididymal sperm maturation, and acrosome
reaction. Consequently, sperm function is negatively affected,
with reduced motility, abnormal morphology, and increased
DNA fragmentation. These combined effects collectively impair
fertilization potential. DNA: Deoxyribonucleic acid
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Therefore, excess dietary fat can trigger lipid peroxidation,
compromising sperm function and causing a decline in male
fertility [Figure 1].

Dyslipidemia promotes ferroptosis: the main culprit for
spermatogenic dysfunction

Dyslipidemia-induced oxidative stress triggers membrane
lipid peroxidation, resulting in the accumulation of lipid
hydroperoxides and other high reactive metabolites,
which ultimately overwhelm the cellular antioxidant
defenses." Oxidized PUFAs are cleaved from membrane
phospholipids and catabolized through lipoxygenase
enzymes (ALOX15, ACSL4, LPCAT3), generating a
large amount of ROS, which attenuates antioxidizing
factors (GPX, FSP1, and CoQ10), ultimately inducing
ferroptosis - a form of cell death driven by iron-dependent
lipid peroxidation.®” The resulting reactive radicals
damage intracellular macromolecules, promote DNA
fragmentation, and increase membrane permeability,
leading to germ cell apoptosis, particularly arresting the
round spermatids during spermatogenesis [Figure 2].!+2]
Thus, in spermatogenic cells, derailed lipid homeostasis
causes oxidative damage, and when this damage exceeds
the cell’s threshold of peroxide tolerance, ferroptosis is
initiated, leading to germ cell death. Notably, ferroptosis
has been implicated as a characteristic feature of many
male reproductive disorders, including heavy metal-
induced testicular damage, testicular torsion, orchitis,
hypogonadism, and even testicular cancers.*

Deregulated lipid homeostasis impairs the testicular
microenvironment

In dyslipidemia, disrupted lipid metabolism significantly
alters the testicular microenvironment and impairs cellular
functions, compromising male fertility.l***! Excess lipids alter
the tight junction proteins, disrupting the blood-testis barrier
and triggering testicular immune dysfunction.” Conversely,
Sertoli cells, which nourish developing sperms, suffer
mitochondrial damage from abnormal lipid byproducts.[*’]
Finally, increased reactive radicals exacerbate inflammation,
damage cells and the intracellular components, activating
testicular macrophages to clear apoptotic cells, inadvertently
harming neighboring LCs."7! Overall, lipid imbalance
in dyslipidemia severely impacts testicular somatic cells,
leading to deterioration in steroidogenic and spermatogenic
functions.

Dyslipidemia disrupts steroidogenesis

Dysregulated lipid metabolism hampers steroidogenesis
through multiple mechanisms. Testosterone synthesis in
LCs relies on cholesterol transport into mitochondria.
However, elevated ROS in dyslipidemia oxidizes cholesterol
to cholesterol hydroperoxide, and its co-trafficking into
LC damages mitochondria, disrupting the redox balance,
resulting in decreased testosterone production.*® Further,
increased fatty acid and TAG levels suppress steroidogenic
activity in LCs.””? A recent study has shown that culturing
rat granulosa cells in high fatty acid media transformed the
LD content from CE-rich core to TAG-rich core, reducing

Testis

Transferrin
receptor

’@ ©

dysfunction

Ferroptosns ) Testicular
cell damage

@ Sertoli cell
, Male
infertility @ Spermatogonium
1 ? sperm
Leydig cell

> Transferrin
@ Fe3+
O Fe2+

W7 .
Y Transferrin receptor

Testicular macrophage

@ Testicular endothelial cell

Figure 2: Ferroptosis causes testicular damage. Ferroptosis, an iron-dependent form of regulated
cell death characterized by lipid peroxidation, has emerged as a contributing factor in testicular
damage. In testicular tissue, excessive iron accumulation paired with impaired antioxidant defenses
- particularly reduced glutathione peroxidase 4 activity - leads to oxidative lipid damage. This
oxidative stress disrupts the functional integrity of both Sertoli and Leydig cells, ultimately impairing
spermatogenesis, suppressing testosterone synthesis, and triggering germ cell apoptosis. These cellular
disturbances highlight ferroptosis as a potential link between oxidative stress and male infertility.
GSH- Reduced glutathione, GSSG: Oxidised glutathione, GPx: Glutathione peroxidase, Fe*": Ferrous

ion, Fe*: Ferric ion.
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the release of free cholesterol needed for testosterone
synthesis.” Normally, lipophagy-mediated hydrolysis
of CE-containing LDs into free cholesterol facilitates
testosterone production, but, in hyperlipidemia, excess fatty
acids inhibit lipophagy of LDs, further limiting cholesterol
availability.**”® In addition, another mechanism involves
ROS-induced activation of adipocytes to generate leptin,
which disrupts the hypothalamic-pituitary-gonadal (HPG)
axis, resulting in low testosterone synthesis.” Elevated leptin
levels also inhibit the hedgehog signaling pathway required
for the proliferation and maturation of Leydig stem cells.l”®

Studies in animal models and humans

Studies indicate that individuals who are hyperlipidemic but
not obese also experience compromised ovarian functions
and increased risk of cardiovascular disease. This is primarily
due to the lipotoxic effects of circulating LDLs imposed,
which can cause cellular distortions.”” Several animal
and human studies have explored the adverse impacts of
dyslipidemia on male fertility [Table 3].

Rabbits, due to their sensitivity to dietary cholesterol
and similarities with human lipid metabolism, serve as
a valuable model to study hyperlipidemia-induced male
infertility. In classical models, rabbits fed a diet with 2%
cholesterol exhibited elevated plasma cholesterol levels
and p-very low-density lipoprotein.!'” This hyperlipidemia
was associated with increased sperm cholesterol content,
reduced acrosomal reaction, and impaired motility despite
normal sperm morphology.” The acrosomal membrane
revealed a significant increase in filipin-cholesterol
complexes, and disruption of the blood-testis barrier was
observed.”! Interestingly, supplementing the diet with 7%
olive oil reversed these effects, likely due to the antioxidant
properties of olive oil that prevented lipotoxicity.*”

In rodent models, transgenic mice were employed to study
the effect of hyperlipidemia on male fertility. Liver X receptors
(LXRs) are nuclear receptors with transcription factor
function that play an important role in lipid homeostasis and
male fertility. The LXR-ot isoform is expressed in Leydig and
germ cells, while the LXR-f} isoform is found in Sertoli cells,
both of which are stimulated by oxysterols during oxidative
stress to regulate lipid homeostasis.®) Transgenic mice
lacking both isoforms of LXR developed fertility issues as
they aged, as defective cholesterol metabolism resulted in CE
accumulation in Sertoli cells, leading to testicular dysfunction
in later life. Using this transgenic mouse, a diet-induced
post-testicular infertility model was developed. When fed a
cholesterol-rich diet, these knockout mice developed severe
sperm abnormalities, similar to hypercholesterolemic rabbits,
including abnormal morphology, decreased motility, and
capacitation failure.® Similarly, rats on a high cholesterol
diet for 120 days showed a significant increase in plasma

LDL, reduced sperm function, smaller LCs, lower germ cell
numbers, and decreased testosterone.

High intake of saturated fat in humans correlates with reduced
sperm quality; directly proportional to the quantity consumed."!
In addition, increased LDL and total cholesterol cause endothelial
dysfunction and vascular obstruction, which can lead to erectile
dysfunction as elevated levels of inflammatory cytokines cause
testicular endothelial dysfunction, impairing endothelium-
dependent relaxation of vascular beds.’?*) Sperm oxidative
stress damage showed a positive association with increased
levels of cytochrome C and caspases 9 and 3, which points to
heightened sperm apoptosis in infertile men.**

ART studies reveal that oxidative stress-induced sperm
damage contributes to 30-80% of male infertility cases.
Therefore, sperm DNA fragmentation from high ROS is used
as an infertility diagnostic marker.! Additional indicators
of testicular dysfunction include elevated testicular
malondialdehyde (MDA), a byproduct of lipid peroxidation,
and reduced levels of key testicular antioxidants — glutathione
(GSH) and superoxide dismutase (SOD).®) ART studies
reveal that infertile men with high levels of ROS have a
fivefold lower likelihood of achieving pregnancy than those
with lower ROS levels.*] Obesity, frequently resulting from
lipid imbalance and oxidative stress, contributes to systemic
inflammation that worsens sperm DNA fragmentation due to
altered redox homeostasis, further impairing male fertility.©

MAINTENANCE OF TESTICULAR LIPID
HOMEOSTASIS

Lipid homeostasis is vital for maintaining testicular functional
efficacy, ensuring proper progression of spermatogenesis and
steroidogenesis. This balance relies on coordinated lipid uptake,
synthesis, and catabolism within the germ and somatic cells.
The AR receptors and peroxisomes in testicular cells facilitate
in mediating of cholesterol and lipid homeostasis.**” Binding
of testosterone to AR receptors in Sertoli and LCs promotes
transcription of genes involved in lipid metabolism.® In
addition, in LCs, testosterone controls self-synthesis through
feedback regulation of the HPG axis and maintains cholesterol
homeostasis.!®™ Long-chain fatty acids are catabolized through
peroxisomal [-oxidation, producing DHA needed for
spermatid development.® Thus, peroxisome and peroxisomal
proteins have an essential function in male fertility, maintaining
fatty acid homeostasis and spermiogenesis.

Knockout studies of peroxisomal biogenesis factor (PEX)
proteins showed lipid accumulation in Sertoli cells, leading to
spermatid arrest and defective peroxisome biogenesis in Sertoli
cells adversely impacted lipid homeostasis.!* Recently, a study
in Drosophila suggested the role of mitochondrial fusion in
maintaining lipid homeostasis and stem cell growth. Aberrant
mitochondrial development in germ stem cells revealed
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Table 3: HFD Animal models used to know effect of excess lipid on male reproductive function.

SI.  Animal Diet and Lipid profile Effect on Effect on Sperm  Effect on Reference
No Model duration steroidogenesis Parameters Reproductive Organ
1 New Zealand Chow with3%  Serum lipid Testosterone Epididymal sperm  No significant effect [90]
White male cholesterol was  and TC levels response to content, sperm on testicular weight
rabbit fed for 12 weeks  significantly HCG motility, and but proportion of
increased. stimulation was  motility grade fertilize oocytes
significantly significantly to cleaved
lower lowered. oocytes decreased
significantly.
2 Male albino cholesterol Serum TC - Sperm motility Reduced no of Germ [91]
rat powder fed and TG levels and density cells with shrunken
orally 400mg/kg significantly reduced seminiferous tubules,
body wt., along  increased significantly increase in no of
with 5% fat, degenerative Leydig
for2 months cells, showed decline
in spermatogenesis
3 New Zealand  Chow Total serum Testosterone Sperm count, ABP protein activity [92]
White male containing 3%  lipids and response to motility and lowered, showed
rabbit cholesterol was  testicular tissue HCG length of sperm decline in Leydig and
fed for 12 weeks lipids raised stimulation mid-piece was Sertoli cell secretary
significantly. reduced significantly lower  function, reduced
significantly spermatogenesis and
sperm fertilizing
capacity
4 Male Swiss 1%cholesterol ~ Serum TC, Testosterone Sperm motility Weight of the [93]
albino rat with 0.5% TG and LDL level decreased  and count testes and seminal
cholicacid and  levels increased  significantly decreased vesicle decreased
2% sheep fat significantly significantly significantly.
was fed for 2 with increase in
months sperm abnormal
morphology
5 Male White Cholesterol Significant - Semen volume, Showed decline [94]
New Zealand  (0.05%) fed for  increase motility, in capacitation
rabbit 12 months in serum and vitality and acrosome
cholesterol. significantly reaction. Sperm
decreased; exhibited reduced
morphological membrane response
alterations to hypo-osmotic
increased. swelling test
6 Lxr-knockout  Cholesterol Significant - Increased sperm No live birth from [95]
Mice 1.25% was fed  increase in abnormal females mated
for 4 weeks plasma TC, morphology and  with HFD fed
LDL, HDL and impaired motility ~ Lxr-knockout male
TG levels. mice, showing HFD

fed Lxra; 3-/- male
mice to be infertile.

TC: Total Cholesterol, TG: Triglyceride, HCG: Human chorionic gonadotropin, ABP: Androgen binding protein, LDL: Low density lipid, HDL: High
density lipid
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failure of mitochondrial -oxidation, leading to lipid buildup
and stem cell loss. Finally, as Sertoli cells have phagocytic
activity, they phagocytose lipid-rich residual bodies, absorb
cholesterol, esterify it, and store it as LDs, thus maintaining
cholesterol homeostasis during spermatogenesis.””

THERAPEUTIC INTERVENTIONS TARGETING
TESTICULAR LIPID HOMEOSTASIS

Enzymatic antioxidants (SOD and catalase (CAT)) and non-
enzymatic antioxidants (vitC, vitE, ubiquinol, and GSH) are
present in testicular tissues to fight ROS, but under certain
pathological or metabolic conditions, the concentration of
ROS surpasses the defense system, causing testicular damage.
To ameliorate such damage, some studies have conducted
antioxidant administration in animals to check its efficacy.
A recent study investigated the effect of micronutrient
supplement mix (vitB6, choline, folate, and zinc) on testicular
function in high fat diet (HFD) male rats, which showed that
it not only reduced testicular damage but also improved sperm
functions.®® Further, ROS-scavenging nanoparticles (NPs)
have been designed and delivered to maximize antioxidant
properties, such as melatonin Au’* NPs, nanoform Se, and
SOD-loaded NPs. These NP supplements enhanced antioxidant
capacity compared to the solitary use of antioxidants.™
Interestingly, certain flavonoid bioactive molecules, such
as lycopene (LYC) and quercetin, have demonstrated their
potential in reducing ROS and alleviating testicular injury.1%1°
lipo-polysaccharides (LPS) Li et al. showed that when oral
LYC was administered to fed rats, it ameliorated testicular
lipid dysregulation and inflammatory response (due to LPS)
by activating the peroxisome proliferator-activated receptor
(PPAR) signaling pathways.'® Similarly, mitochondria-
targeted quercetin NPs was developed to maintain
mitochondrial membrane integrity, and their administration to
the TM4 cell line rescued Sertoli cells from ROS.['*!

During ROS, both autophagy and apoptosis work in concert
to control tissue homeostasis, but in some cases, they also
work independently, with autophagy contributing to cell
survivability and apoptosis, ensuring cell death to control
DNA mutation. This suggests intricate mechanisms that link
both pathways to function either in an integrated manner
or in a mutually exclusive way.'”’ However, in the testis,
autophagy plays a cytoprotective role in spermatogonial stem
cell (SSC) maintenance, differentiation, and spermiogenesis.
It also regulates steroid hormone synthesis in LCs.['""
Recently, a study has shown that autophagy is activated in
human sperms under ROS, and blocking it impairs sperm
functions.['* Thus, considering the vital role of autophagy in
testicular functioning and its interconnection with apoptosis
during ROS, a deeper insight into mechanisms that cause
autophagy activation and apoptosis inhibition may be a
therapeutic approach for treating male infertility.

LIPIDOMICS AS POTENTIAL ANALYTICAL
TECHNIQUE IN ART

Despite decades of infertility research, idiopathic male
infertility remains unexplored, with limited therapeutic
options beyond intracytoplasmic sperm injection in ART.
This highlights the pressing need for innovative diagnostic
and therapeutic strategies. A promising approach involves
assessing testicular lipid stress, especially since elevated ROS
levels are frequently observed in sperm samples of idiopathic
infertility cases. Identifying and managing lipid-induced
oxidative damage could offer new avenues for treatment.!"

Emerging Omics technology - such as proteomics,
metabolomics, and lipidomics can significantly advance
our understanding of male infertility by identifying
critical proteins, metabolites, and lipid pathways involved
in reproductive function. The sperm plasma membrane
PUFA content renders sperm highly vulnerable to lipid
peroxidation involving three stages: initiation, propagation,
and termination. It begins with the abstraction of hydrogen
atoms from PUFA double bonds, generating free radicals
that propagate a chain reaction, producing lipid radicals,
peroxyl radicals, and ultimately cytotoxic aldehydes. End
products such as MDA and 4-hydroxynonenal serve as
biomarkers of oxidative stress.® Lipidomic profiling of
semen samples in idiopathic infertility cases can help detect
these peroxidation products, offering potential diagnostic
markers. By comparing lipid profiles between fertile and
infertile men, researchers can distinguish oxidized lipids
linked to pathological conditions.!"*

Lipidomics approaches include untargeted and targeted
lipidomics. Untargeted lipidomics offers a broad view of the
lipid landscape, while targeted lipidomics focuses on specific
molecules, such as oxidized lipids, using techniques like
Selected Reaction Monitoring for precise quantification and
biomarker validation.!'*1%)

A recent study performing untargeted analysis of sperm
membrane lipids identified a lipid cluster comprising
cholesterol sulfate, SGG, and PUFAs in fertile male samples,
suggesting that these molecules play key roles in semen
quality and function. Another comparative study on the
lipid profile of fertile and sub-fertile sperm revealed lipids
exclusive to either group, offering a potential source of
diagnostic biomarkers.!10¢17)

Advances in mass spectrometry (MS) and high-performance
liquid chromatography have improved LC-MS-based lipidomic
analysis, providing higher sensitivity, high throughput, and
specificity. Ionization methods, including electron ionization,
matrix-assisted laser desorption ionization (MALDI),
electrospray ionization, and fast atom bombardment (FAB),
enable detailed profiling of lipid classes. FAB is especially
effective in analyzing fatty acids, monoacylglycerols, and
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GPLs."! Bjoinformatic tools such as Lipid-Match and Lipid-
Pioneer assist in interpreting lipid oxidation data and building
comprehensive oxidized lipid databases.!'®!

Another emerging technique, MS imaging (MSI), adds a spatial
dimension by mapping lipids within tissues. MALDI-MSI,
in development, aims to visualize lipid distribution at single-
cell resolution.™ This approach has been applied in zebrafish
embryos to reveal 3D distributions of phospholipids (PC, PE,
PI).M%Mn testicular research, MSI could be used to monitor lipid
damage post-torsion or understand germ cell pathologies by
mapping oxidized lipids. MSI has recently been used for spatial
localization and quantification of androgens in the mouse
testis and could help evaluate the permeability of the blood-
testis barrier and drug delivery efficiency."*!"!! Finally, MSI
may provide an early indication of reproductive tissue damage
following administration of therapies to cancer patients.!"'?

CONCLUSION

In summary, this review highlights the crucial role of lipids in
sperm cell biology, including their involvement in dynamic
remodeling of germ cell architecture, maintaining membrane
integrity, regulating lipid metabolism, and facilitating
testosterone synthesis. Conversely, the study also underscores
the detrimental effect of lipid overload, particularly in
hyperlipidemia, which promotes ROS production, thereby
impairing testicular function and contributing to infertility.
Notably, the study provides insights into the critical
importance of lipid homeostasis in male reproductive health.

Several regulatory mechanisms modulate testicular lipid
balance, such as peroxisomal -oxidation, AR-mediated lipid
metabolism, and LXR-driven cholesterol efflux in Sertoli
and LCs. However, overaccumulation of lipids disrupts the
blood-testis barrier, impairs spermatogenesis, and inhibits
testosterone synthesis due to constant oxidative stress from
lipid peroxidation. This highlights the likely reason why most
idiopathic male infertility cases in ART labs report high ROS
levels in sperm samples.

To develop targeted treatments for male infertility, early
detection of testicular lipid stress is crucial. This can be
achieved through advanced approaches such as lipidomic
profiling, integration with other omics technologies, and MS-
based molecular imaging (MS-MI) for a more comprehensive
diagnostic framework.
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