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Varicocele (VC) is widely recognized as a prevalent and
clinically significant cause of male infertility. However,
the comprehensive pathogenic mechanisms underlying
VC development and progression remain incompletely
understood, creating an important knowledge gap in
the field of andrology. This review establishes that VC
pathogenesis centers on abnormal vascular remodeling

and integrates multiple contributing elements, includ-
ing anatomical abnormalities, biochemical disturbances,
genetic factors, low body mass index (BMI), age, and
specific sports habits, while secondary varicoceles are
primarily induced by compressive pathologies. Through
a systematic synthesis of current evidence and recent
advances, this review aims to elucidate the complex
pathogenic network of VC and provide valuable insights
to gquide future research directions and inform the
development of targeted clinical applications.
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Introduction

In the spermatic cord, VC is an aberrant dilata-
tion, elongation, and tortuosity of the venous plexus,
which represents the most common correctable
cause of male infertility. It can also lead to pain
and discomfort in the ipsilateral groin, scrotum,
and testicular contents.! The pathogenesis of VC-
induced male infertility is primarily attributed to
oxidative stress-mediated sperm damage. Additional
contributing mechanisms include impaired venous
drainage, which creates a hostile microenvironment
characterized by local hyperthermia, hypoxia, and
the reflux and accumulation of toxic metabolites.' VC
is prevalent among young adults and is found with
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a significantly higher frequency in infertile men. The
estimated incidence of VC is approximately 15% in
the general adult male population,' compared to 45%
in men with primary infertility and up to 80% in those
with secondary infertility.”

The precise pathophysiology of VC remains
incompletely understood; however, it is clinically cat-
egorized into primary and secondary types based on
etiology. Primary VC is characterized by symptoms
that become apparent upon standing or walking and
typically subside with rest. The etiology of primary
VC is multifactorial, potentially involving congeni-
tal anomalies such as incompetent or absent valves
within the internal spermatic vein (ISV), inherent
weakness of the venous wall and its supporting
tissues, a deficiency of smooth muscle or elastic
fibers within the venous wall, or underdevelopment
of the cremasteric muscle. Secondary VC, which is
less common than the primary form, predominantly
results from pathologies that impede venous return
within the spermatic cord. The main causes include
pathological obstruction of the left renal vein or
inferior vena cava, and extrinsic compression due
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to space-occupying lesions such as renal, retroperi-
toneal, or pelvic tumors.! Additional compressive
etiologies encompass severe hydronephrosis, renal
cysts, and retroperitoneal ectopic blood vessels.
These conditions lead to mechanical blockage of the
venous drainage pathway, ultimately resulting in
VC formation.’ The current mainstream management
strategy for VC involves conservative observation
for asymptomatic patients. For those with palpable
VC and significant symptoms, surgical interven-
tion is recommended. The preferred surgical options
include microsurgical varicocelectomy, which is gen-
erally considered the gold standard, or laparoscopic
varicocelectomy, depending on the specific clini-
cal scenario.” This review aims to synthesize recent
advances in our understanding of the pathophysiol-
ogy of VC, thereby providing a novel framework to
inform future strategies for its prevention, diagnosis,
and clinical management.

Pathogenesis of Primary VC

Primary VC exhibits a clear predilection for the left
side, occurs bilaterally with lower frequency, and is
found in isolation on the right side only rarely.” Guan
et al’ reported a significant reduction in testicular
consistency on the ipsilateral side in infertile patients
with left-sided VC. Their study further identified an
inverse correlation between the degree of testicular
tissue softening and the clinical grade of the VC.
Notably, as the severity of the condition progressed,
the contralateral testicular tissue also demonstrated
compromised consistency and texture. This bilateral
deterioration in testicular integrity is associated with
impaired spermatogenesis, ultimately contributing to
the pathogenesis of male infertility.

Mechanisms of vascular remodeling

Vascular remodeling refers to the process of struc-
tural and functional alterations in the blood vessel
wall. This process is driven by a complex inter-
play of inflammatory responses, smooth muscle cell
proliferation, apoptosis, migration, and the dynamic
turnover of the extracellular matrix. These cellular
and molecular events can result in either adap-
tive or maladaptive outcomes. Adaptive alterations
are typically initiated in response to stimuli such
as growth factors, vasoactive substances, or hemo-
dynamic changes. However, dysregulation of the
venous wall’s compensatory mechanisms to such
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imbalances can lead to maladaptive remodeling,
which manifests clinically as varicose veins.’

The pathophysiology of varicose veins is char-
acterized by significant abnormalities in both the
extracellular matrix and smooth muscle cells, which
collectively lead to vascular dysfunction. The extra-
cellular matrix, primarily composed of collagen types
I and III, confers tensile strength and structural
support to blood vessels. Consequently, aberra-
tions in extracellular matrix composition directly
compromise vascular integrity and morphology.
Morphological and biochemical studies indicate that
the dissociation and degradation of smooth muscle
cells within the venous wall represent key initiating
events in varicose vein pathogenesis. Histologically,
smooth muscle cells in varicose veins exhibit distinct
features, including enlarged nuclei and cytoplasm,
increased organelles, irregular shape, loss of myofil-
aments, and a synthetic phenotype. Additionally,
substantial deposits of collagen fibers, predominantly
type III, are observed in the intima, while collagen
aggregates in the medial and adventitial layers dis-
play increased abundance and disorganization.”” The
irregular thickness of collagen fibers between smooth
muscle cells results in widened intercellular spacing,
collectively impairing the mechanical properties of
the venous wall.’

Liu"’ observed a significant reduction in nerve
fiber density within the peripheral and tubular walls
of varicose ISVs compared to normal veins, a finding
that was positively correlated with the degree of vari-
cosity. This suggests that aberrant development of the
vascular-associated nerves may constitute an impor-
tant etiological factor in VC. In addition to this, Tilki
reported a significant reduction in nerve fiber density
within the outer smooth muscle layer and tubular
walls of varicose spermatic veins compared to normal
controls. They attributed this reduction to impaired
blood supply to the vessel wall. Furthermore, they
proposed that the degeneration of the vessel wall and
a diminished neurotrophic effect, both resulting from
the compromised vasculature, disrupt the contractile
function of the spermatic vein’s smooth muscle tissue.
This mechanism may represent a key pathogenetic
pathway in VC development."

Anatomical factors

Normal anatomical factors

The unique upright posture of humans is a signifi-
cant predisposing factor for the development of VC.
In humans, the ISV assumes a vertical orientation
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when standing. This anatomical arrangement results
in substantially higher hydrostatic pressure within
the spermatic vein lumen compared to the venous
systems of quadrupeds.'” According to Xu et al.,” the
standing position increases lower abdominal pres-
sure, thereby exacerbating both the likelihood and
severity of VC development and enhancing their visi-
bility on angiographic imaging. This finding is further
supported by a study by Li et al.,'* which demon-
strated that individuals with VC tend to be taller than
those without the condition.

Anatomical variations
Discrepancy between Right and Left

Significant anatomical asymmetries exist between
the left and right spermatic veins. The left ISV is
approximately 8-10 cm longer than the right and
typically joins the left renal vein at an approximately
right angle. In contrast, the right spermatic vein
drains obliquely into the inferior vena cava. From a
fluid dynamics perspective, the increased length and
near-right-angled entry on the left side result in a
longer flow path, effectively increasing the vessel’s
functional length as described by Poiseuille’s law.
This anatomical configuration consequently leads to
greater hemodynamic resistance to blood flow on the
left side.” Consequently, primary VCs are consider-
ably more prevalent on the left side, while isolated
right-sided cases are uncommon. This clinical pat-
tern is further supported by surgical outcomes. In
a study' of 50 boys (aged 6-14 years) undergoing
left-sided VC repair, preoperative pressure measure-
ment in 34 patients combined with intraoperative
venography revealed that 38 patients had impaired
renal venous drainage and elevated left renal vein
pressure. During a follow-up of up to five years, all
five patients who experienced recurrence belonged to
this group with preoperative elevated pressure. These
findings reinforce the strong correlation between the
anatomical disparities of the spermatic veins and both
the initial development and recurrence of left-sided
vC.”

Furthermore, an embryological hypothesis has
been proposed suggesting that the left spermatic vein
may originate from remnants of the regressed left
posterior cardinal vein during embryonic develop-
ment. The alterations in the thickness and structural
strength of the inferior wall of the left spermatic
vein resulting from this developmental process are

considered a potential contributing factor to the high
incidence of VC on the left side.'
Venous Valve Defects or Insufficiency

Under physiological conditions, competent valves
prevent venous reflux. Their absence or insuffi-
ciency leads to pathological blood reflux and stasis.
Although venous valves were historically thought
to be absent in intra-abdominal veins, recent evi-
dence indicates that functional valves can be present
in the renal veins and inferior vena cava. Conse-
quently, the absence or dysfunction of valves at
critical junctions—specifically within the left renal
vein and the segment of the ISV near its confluence—
constitutes a significant risk factor for VC. This
is corroborated by retrograde venography stud-
ies, which demonstrate that approximately 75% of
left-sided VC are associated with venous valve insuf-
ficiency leading to reflux. The present status of
research on pertinent venous vascular valves and
their connection to VC will be discussed separately in
the sections that follow."”

It is generally accepted that competent renal vein
valves demonstrate a distinct left-sided predomi-
nance."” This may be related to the fact that the left
renal vein needs to receive additional blood from the
left ISV for confluence. Accordingly, as the internal
pressure in the renal vein is greater than the internal
pressure in the ISV in the physiological state, if the
renal vein valves become deficient or dysfunctional,
blood will continue to reflux along the left renal
vein and pool in the left ISV, thereby increasing the
risk of VC. Some studies” have shown that some
patients with VC do not have valves in their renal vein
anatomy. We believe that the absence or dysfunction
of renal vein valves may be a risk factor for the
development of VC, which will increase the risk of
renal vein blood reflux and pooling in the ISV, but the
related hemodynamic changes and the correspond-
ing morphological changes of the spermatic vein need
to be further investigated.

The valves in the spermatic veins are mostly
located in the scrotal and inguinal regions. The over-
all number of valves was greater on the left than on
the right. At the same time, the frequency of valve loss
was twice as high on the left side as on the right side.”’
The traditional pathogenic view attributed a signif-
icant role to the absence of valves in the spermatic
veins as a key factor, or even a primary risk factor,
for VC development. However, this perspective has
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been challenged by recent clinical observations indi-
cating that the presence or absence of valves does
not strictly correlate with clinical status. Specifically,
patients with symptomatic VC may possess intact
valves, whereas individuals without VC can exhibit
valve agenesis or dysfunction. Consequently, isolated
valvular absence or hypoplasia is now considered an
uncommon and insufficient sole cause of VC, under-
scoring the multifactorial nature of its pathogenesis.”
The striking disparity in VC prevalence between the
left and right sides, coupled with the established
hemodynamic influence of venous valves,"' high-
lights a critical area for further research. However,
the specific pathophysiological mechanisms respon-
sible for the asymmetrical distribution of valves and
the differing rates of valvular deficiency between
the sides remain poorly understood. Therefore, a
systematic investigation into the precise role of sper-
matic vein valve morphology and function in the
pathogenesis of VC is strongly warranted.

Abnormal anatomical factors
Renal Venous Hypertension

Renal venous hypertension is a key mechanistic
driver in VC pathogenesis. This is directly substan-
tiated by the findings of Yasumoto,” who measured
significantly elevated pressure in the renal veins of
patients with stenotic varicose veins and abundant
collateral circulation. Such excessive pressure exerts a
direct mechanical effect: beyond a critical threshold, it
forces the venous wall to bend and elongate, resulting
inVC>
Deficiencies of the Spermatic Cord Coverings

The spermatic cord coverings, which encase the
ISVs and the vas deferens, contain a muscular com-
ponent composed primarily of the cremaster muscle
and the internal and external spermatic fasciae. This
sheath functions as a pumping mechanism that facil-
itates venous return and restricts excessive venous
dilation.” Atrophy or relaxation of this muscular
tissue compromises the structural integrity of the
venous wall, promoting the formation of varicose
veins. Experimental evidence supporting this concept
comes from a study in which unilateral excision of
the spermatic fascial sheaths in dogs resulted in vari-
cose changes on the operated side, underscoring the
critical role of these structures in maintaining normal
venous hemodynamics.”

A meta-analysis by Liu et al.”” indicated a lower
recurrence rate following endovascular treatment for
VC compared to surgical intervention. It has been
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postulated that this difference may be attributable
to the surgical disruption of the spermatic cord cov-
erings, which normally provide a pumping action
that aids venous return and restricts dilatation. How-
ever, this hypothesis is challenged by a contrasting
study of 40 patients who underwent inguinal hernia
repair with removal of the spermatic sheath, none
of whom developed a VC within 6-18 months post-
operatively.” Given the conflicting evidence and the
limited number of studies specifically examining the
consequences of sheath excision, it can be inferred
that while impairment of the spermatic cord envelope
may increase susceptibility to VC, it is unlikely to be
the primary causative factor.
Vascular Compression Phenomena

Nutcracker syndrome, also referred to as left
renal vein compression syndrome, encompasses the
clinical manifestations resulting from chronic com-
pression of the left renal vein. Anatomically, the left
renal vein courses through the angle between the
superior mesenteric artery and the abdominal aorta,
which normally ranges from 19.4° to 70.7°.** A reduc-
tion of this angle due to physiological or pathological
conditions can lead to the anterior nutcracker phe-
nomenon.” Conversely, alterations in the anatomical
position of the left renal vein may subject it to com-
pression between the abdominal aorta and the spinal
column, resulting in the posterior nutcracker phe-
nomenon.” The nutcracker phenomenon can lead to
compression and elevated internal pressure within
the left renal vein. This increased pressure may impair
drainage of the left spermatic vein, potentially result-
ing in VC formation. Epidemiological studies indicate
that about half of all patients with a left-sided VC
are found to have the compression syndrome.” This
condition is particularly prevalent among adoles-
cents, likely due to rapid growth phases that involve
excessive height gain, vertebral hyperextension, and
significant changes in body habitus, which can reduce
the aortomesenteric angle.”’ Additionally, the rela-
tive paucity of protective adipose and connective
tissue around the superior mesenteric artery origin
in adolescents may further predispose them to left
renal vein compression compared to adult males.”
Other analogous vascular compression etiologies are
summarized in Table 1.

Genetic factors

The epidemiologic data indicate that first-degree rel-
atives of individuals with VC exhibit a significantly
higher prevalence of the condition compared to the
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TABLE 1. Common vascular compression factors

Association with VC References

Narrowing of the superior mesenteric artery
angle — Compression of the duodenum —
Chronic elevation of intra-abdominal

pressure — Impeded venous return — VC

Factor Compressed
structure
Duodenal The third part
compression of the
syndrome duodenum
Sigmoid Left iliac or
compression pelvic vein
syndrome
Iliac vein Left common
compression iliac vein
syndrome

Occupying lesion/adhesion of the sigmoid
colon — Compression/obstruction of the
iliac veins — Impaired venous return — VC
Compression between the spine and the
right iliac artery — Obstruction of the iliac
vein — Pelvic venous hypertension —

Overloading of collateral circulation in the
spermatic veins — VC

Note. VC, Varicocele.

first-degree relatives of unaffected individuals. Evi-
dence from genetic association studies implicates
specific polymorphic loci in VC susceptibility. These
include the GSTM1 locus within the glutathione
transferase family (GSTF) and the A1298C locus of
the methylenetetrahydrofolate reductase (MTHFR)
gene.” Notably, the MTHFR 1298AA genotype is
associated with a 2.3-fold increased risk of VC com-
pared to other genotypes.” The endothelial nitric
oxide synthase gene (NOS3) encodes endothelial
nitric oxide synthase protein (eNOS), a key enzyme
that regulates plasma nitric oxide (NO) levels. Spe-
cific polymorphisms in this gene, such as G894T
and 4b/a, have been studied. These variations have
shown a significant link to the development of VC.”
Additionally, research by Heidari et al.” indicates
that specific CAG repeat sequence genotypes (e.g.,
10/10 and 10/#10) in the polymerase gamma (POLG)
gene are significantly negatively correlated with VC
severity, with distinct genotypic frequencies observed
across different severity classes.

Through data mining and analysis of deleterious
nonsynonymous single-nucleotide polymorphisms
in the neuronal nitric oxide synthase gene (NOSI)
and arginase 2 (ARG2) genes, Karthikeyan et al.”
concluded that the A52P mutation in ARG2 can
severely compromise protein stability, leading to loss
of function and consequent accumulation of NO. Fur-
thermore, they suggested that the SNP rs200091597
(T718M) in the NOS1 gene could enhance the sta-
bility and thus the activity of the NOS1 enzyme.
This increased activity would promote the utilization
of L-arginine and overproduction of NO, potentially

resulting in nitrosative stress—a proposed mecha-
nism contributing to VC pathogenesis." However,
these findings are derived from computational analy-
ses and require validation through subsequent basic
science experiments and clinical studies.

Yang et al.’* conducted the first comprehensive
molecular characterization of VC using an integrated
whole-exome and transcriptome  sequencing
approach. Their analysis identified three candidate
genes—serine protease inhibitor Kunitz type 1
(SPINT1) gene, Angio-associated, migratory cell
protein (AAMP) gene and proliferation marker Ki-67
(MKI67) gene and four key biological pathways—
mitogen-activated protein kinase (MAPK) signaling,
focal adhesion pathway, extracellular matrix
(ECM)-receptor interaction, and hematopoietic cell
regulatory signaling—as potentially critical to VC
pathogenesis. This foundational work provides
important insights into the molecular mechanisms
underlying VC development and offers a valuable
resource for future research.

The Forkhead box protein C2 (FOXC2) gene,
a critical regulator of vascular and lymphatic
development, has been implicated in venous valve
insufficiency.”""" Evidence suggests its involvement
extends to pathological venous remodeling. For
instance, Surendran et al.** linked the upregulation
of the FoxC2-Dll4 pathway to arterialization and
abnormal wall remodeling (characterized by smooth
muscle cell hypertrophy and hyperplasia) in varicose
saphenous veins. Complementing this, Zhang
et al.” demonstrated through in vitro analysis
that overexpression of FOXC2-AS1 promotes the
phenotypic  transformation, proliferation, and
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migration of saphenous vein smooth muscle
cells—effects reversible upon FOXC2 silencing or
Notch pathway inhibition. Separately, the vascular
endothelial growth factor A (VEGFA) gene and
its receptor VEGFR2, which share functional
parallels with NOS3 in vascular regulation, are also
significantly upregulated in varicose vein walls, a
phenomenon potentially mediated by nitric oxide
synthase (NOS) activity.” Based on these findings
in other venous pathologies, it is hypothesized
that the FOXC2 and VEGFA/VEGFR2 pathways
may contribute to VC pathogenesis, although direct
evidence specific to VC remains to be established.

Rao et al.”” reported a higher incidence of genetic
abnormalities in infertile men with VC compared
to those with idiopathic infertility. In their cohort
of 251 patients, chromosomal defects were found in
19.3% of VC patients versus 8.76% in the idiopathic
group, while Y chromosome microdeletion rates were
5.26% and 3.60%, respectively. Overall, chromosomal
abnormalities and Y microdeletions were present in
11.5% and 3.98% of the total infertile cohort, rein-
forcing an association between VC and these genetic
anomalies. Supporting this, Song et al.*’ identified
microdeletions in AZF regions (AZFa, b, c, or b + ¢)
in approximately 19% (12/62) of idiopathic infertility
patients. Notably, a high frequency of microdeletions
(11.1%, 9/81) was also detected in a subgroup of
non-idiopathic infertility patients who had VC and
cryptorchidism. These collective findings suggest a
potential link between VC, infertility, and underlying
chromosomal abnormalities.

An epidemiological study by Kumanov et al.”
reported two notable associations. First, a higher
incidence of VC was observed in boys with dark
brown eyes, suggesting a potential link to genetic
factors influencing scleral pigmentation; however,
this preliminary finding requires validation in larger,
specifically designed studies due to limited sample
size and a lack of similar research. Second, signifi-
cant regional disparities were noted, with a higher
prevalence among children in large cities compared
to those in ordinary towns, possibly attributable to
environmental or nutritional factors. A substantial
difference in prevalence between Greek and Turk-
ish boys was also recorded, pointing to potential
ethnogenetic variations—a hypothesis that likewise
warrants confirmation through larger population-
based cohort studies.

In summary, the pathogenesis of VC involves
a complex interplay of genetic factors, includ-
ing chromosomal abnormalities, diverse gene poly
morphisms, dysregulated biological pathways, and
potential ethnogenetic backgrounds. These elements
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collectively promote VC development by disrupting
vascular function, amplifying oxidative stress, and
altering ECM homeostasis. The specific roles, biolog-
ical processes, and pathogenic links of these genetic
components are systematically detailed in Table 2,
Genetic Factors. These insights hold considerable
promise for advancing VC management—enabling
genetic screening for high-risk individuals, guiding
genotype-specific treatment strategies, and facili-
tating targeted drug development. Nevertheless,
further validation through mechanistic studies and
large-scale population cohorts remains essential to
firmly establish causal relationships and translational
applicability.

Sports

The association between physical exercise and the
risk of developing VC remains contentious, with
conflicting evidence reported in the literature. Di
Luigi et al.” reported a notably high prevalence of
VC (29%) among male athletes, a rate substantially
exceeding that observed in the general male popu-
lation. A subsequent study by Hariri et al’' found
a significant positive correlation between VC preva-
lence and the frequency of weekly exercise sessions,
with individuals exercising more than three times
per week demonstrating a higher risk. However, no
significant association was observed with the type
of exercise (e.g., strength training versus aerobics)
or the duration of individual sessions. Conversely,
Rigano et al.” reported no significant difference in
VC incidence between a cohort of 150 adolescent
athletes (aged 10-16 years) and a matched group
of 150 non-athletes, leading them to propose that
physical activity may not initiate VC but rather
exacerbate pre-existing conditions. These discrepant
findings may be attributable to key methodologi-
cal variations across studies, particularly differences
in the age cohorts examined (adults versus adoles-
cents), which likely reflect divergent physiological
susceptibilities, as well as potential disparities in
exercise intensity thresholds. Di Luigi et al.”” further
postulated that exercise-induced systemic and local
factors—such as suppressed gonadotropin levels, ele-
vated anti-gonadal hormones (which directly reduce
testosterone synthesis, thereby impairing venous
wall integrity; see Table 3 for detailed mechanisms),”*
and transient increases in intra-abdominal pressure
may collectively contribute to the development of VC
in athletes.

In a key study, Atar and colleagues demonstrated
that acute exercise leads to a significant dilation
of the spermatic veins and a prolonged duration
of venous reflux in individuals with VC.” While
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TABLE 2. Genetic factors

Functional
category

Oxidative stress

Vascular structure
and function

Representative
genetic factor

GSTF gene, NOS3,
POLG gene, NOSI1,
ARG2 gene,
VEGFA /VEGFR2
genes, MAPK
signaling pathway,
Hematopoietic cell
regulation pathway
MTHER gene, FOXC2
gene, Focal adhesion,

Primary biological
process
Reactive oxygen
species clearance, NO
metabolism, and
mitochondrial
function

Vascular remodeling,
Venous valve

Potential role in VC

Induces endothelial
dysfunction and
vascular damage

Leads to venous valve
insufficiency,

References

36-41,46

36,42-45

SPINT1 gene, AAMP development, abnormal venous wall
gene, MKI67 gene, Extracellular matrix  structure and function
Focal adhesion homeostasis
pathway,

ECM-receptor
interaction pathway,
VEGFA/VEGFR2
genes, MAPK
signaling pathway
Y-chromosome
microdeletions,
Chromosomal aneu-
ploidy/aberrations

Chromosomal
integrity

Large-scale gene
dosage effects

Severely disrupts
normal anatomical

development and
metabolic processes

Note. AAMP, Angio-associated, migratory cell protein; ARG2, arginase 2; ECM, extracellular matrix; FOXC2, Forkhead
box protein C2; GSTF, glutathione transferase family; MAPK, mitogen-activated protein kinase; MTHFR, methylenete-
trahydrofolate reductase; MKI67, proliferation marker Ki-67; NO, nitric oxide; NOS1, neuronal nitric oxide synthase gene;
NOS3, endothelial nitric oxide synthase gene; POLG, polymerase gamma; SPINT1, serine protease inhibitor Kunitz type
1; VC, varicocele; VEGFA, vascular endothelial growth factor A; VEGFR2, vascular endothelial growth factor receptor 2.

the precise pathophysiological mechanisms under-
lying this association require further elucidation,
the cumulative evidence points to a potential exac-
erbating role of physical activity in VC. Critical
modulatory factors are thought to encompass the
frequency, specific type, intensity, and duration of
exercise, in addition to underlying individual sus-
ceptibility. Hence, future investigations employing
rigorous, prospective cohort designs are essential to
definitively establish the causal relationship between
exercise parameters and VC onset and progression.

Body mass index (BMI)

BMI is a widely adopted anthropometric measure for
estimating adiposity. The meta-analyses has estab-
lished an inverse correlation between elevated BMI
and the risk of developing VC, indicating that men
with lower body weight and BMI demonstrate a

higher prevalence of VC."" There is one hypothesis
posits that increased perivascular and retroperitoneal
adipose tissue in individuals with higher BMI may
cushion the left renal vein, thereby mitigating the
“nutcracker phenomenon”.”* An alternative, though
less supported, explanation suggested that the appar-
ent lower incidence of VC in obese individuals could
be attributable to the masking effect of substan-
tial adipose tissue during physical examination.™
However, this diagnostic bias was effectively refuted
by Walters” through the utilization of ultrasound
imaging, which provides an objective assessment
unaffected by body habitus.

Unusually, a survey of 211,989 men aged 18-65
years in China showed that the incidence of VC on
the right side of the spermatic vein was increased
by 63.3 per cent in obese men, and the researchers
proposed that the possible reason for the discrepancy
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was that higher BMI tends to imply a higher intra-
abdominal pressure and this causes high pressure
in the inferior vena cava.” The right spermatic vein
generally drains directly into the inferior vena cava,
and higher inferior vena cava pressure can impede
venous blood return and venous valve abnormalities,
ultimately leading to VC.* A probable cause for the
increased frequency of VC on the right side is that
fat can diminish the Nutcracker effect on the left
side, which is stronger than the effect on the left side
brought about by elevated inferior vena cava pres-
sure. In fact, there is a lack of research on the overall
effect of BMI on VC, and there are many close and
complex relationships between adipose and vascular
tissues. Furthermore, obesity has been traditionally
thought to have many other adverse effects on the
vasculature.” Therefore, the proposed mechanisms
should be considered preliminary and partial expla-
nations derived from specific observational findings,
rather than conclusions drawn from comprehensive
mechanistic studies. Consequently, there is a clear
necessity for more specialized cohort research to
definitively elucidate the relationship between BMI
and VC. Nonetheless, it is imperative to reiterate
that an elevated BMI is generally associated with a
decreased risk of developing VC. It is also critically
important to emphasize that although obesity may
correlate with a lower incidence of VC, it should
under no circumstances be misconstrued as a sci-
entifically valid preventive measure. This is due to
the well-documented detrimental effects of obesity
on systemic vascular health, which far outweigh any
potential local protective association.

Age

Akbay et al.’ conducted a cross-sectional investi-
gation of VC prevalence among 4052 boys aged
2-19 years, categorized into two groups: 2-10 years
(n = 1521 children) and 11-19 years (n = 2531
adolescents). The reported prevalence was markedly
different between cohorts, at 0.92% in the chil-
dren group compared to 11.02% in the adolescent
group. This striking disparity is likely attributable
to the rapid testicular growth and consequent
abrupt increase in testicular blood flow during
puberty, which may exceed the drainage capac-
ity of the spermatic venous system, promoting
VC development.” Additionally, the anatomical
changes associated with puberty are hypothesized
to exacerbate the nutcracker phenomenon, further
compromising venous return.” In contrast to the
developmental focus of Akbay et al.”’ there is a
study' reported the age-related progression of VC.
The data revealed that VC prevalence increases by
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approximately 10% per decade in this older demo-
graphic. Collectively, these findings underscore the
chronic and progressive nature of VC. The gradual
rise in prevalence with advancing age may involve
age-related degenerative changes, such as venous
valve incompetence and loss of venous wall elas-
ticity, which occur over extended periods during
development and aging.

Other possible contributing factors

Clinical evidence indicates a strong association
between smoking and a greater than twofold increase
in the incidence of VC. This observation is sup-
ported by animal studies identifying gonadal toxins
as potential pathogenic cofactors, which are also
implicated in the development of concomitant con-
ditions such as oligospermia and scleropathy of the
spermatic cord.” The underlying mechanism likely
involves direct gonadotoxic effects and oxidative
stress damage induced by nicotine and other harmful
compounds. In the context of VC-related oxidative
stress, several molecular factors with antioxidant and
anti-inflammatory functions have been studied. For
example, the transcription factor nuclear factor ery-
throid 2-related factor 2 (Nrf2) is a key regulator of
antioxidant responses. Separately, the enzyme heme
oxygenase-1 (HO-1) also exerts potent cytoprotective
effects. Xu" reported that the expression of Nrf2 and
HO-1 was significantly higher in VC compared to
normal controls. The upregulation of these factors is
considered part of the cellular defense mechanism
against oxidative stress. Given the potential roles of
Nrf2, HO-1, and other molecules, Table 3 summa-
rizes key factors associated with VC, detailing their
functions and proposed links to pathogenesis.

Pathogenesis of Secondary VC

Secondary VC is brought on by pathological or local
compression of the left renal vein and its refluxing
veins, which blocks venous return in the spermatic
cord. It is observed in conditions that impact the
return of blood, such as thromboembolism-induced
blockage of the left renal vein or vena cava, renal
tumors, retroperitoneal or pelvic tumors, and so on.'

Furthermore, a significantly higher prevalence
of VC has been reported in patients with coro-
nary artery ectasia, suggesting a potential association
between VC and other systemic vascular abnor-
malities.” Supporting this notion, this study” also
reported a statistically significant correlation between
VC and sapheno-femoral junction insufficiency. Col-
lectively, these findings indicate that VC may be
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TABLE 3. Some substances associated with VC

Factor Common causes of change Association with VC References
Mean platelet volume Genetic variants, certain Enhanced platelet activation —
systemic vascular diseases Release of various cytokines —
Promotion of local vascular
pathology
NO Metabolic disorders (e.g., due to  Aberrant NO accumulation — .
genetic alterations) Nitrosative stress —
Endothelial cell damage
Inhibin B Damage to testicular support Inhibits follicle-stimulating .
cells hormone synthesis and
secretion — Decreased
testosterone levels — Impaired
venous tone and elasticity
Endothelin-1 and its Inflammation, hemodynamic Abnormal expression — .
receptors alterations Induction of vascular
endothelial dysfunction
Testosterone Alterations in gonadotropin Decreased levels — Reduction
levels in venous wall tone and
elasticity
Note. NO, nitric oxide; VC, varicocele.
TABLE 4. Related factors of secondary VC
Primary mechanism type Representative etiologies Key pathway leading to VC References

Direct venous
obstruction

Thrombosis of the Left Renal
Vein or Inferior Vena Cava

Physical venous obstruction —

67

Extrinsic compression
by space-occupying

lesions Hematoma

Note. VC, varicocele

Renal Tumor, Pelvic Tumor,
Renal Cyst, Post-traumatic

Increased venous pressure —
Impaired drainage of the
spermatic vein — VC

External compression of the
renal vein and its tributaries by
a mass — Increased venous
pressure — Impaired drainage
of the spermatic vein — VC

part of a broader systemic vascular disorder. How-
ever, larger-scale studies are necessary to definitively
establish this relationship. The common etiological
factors associated with secondary VC are summa-
rized in Table 4.

Conclusions and Outlook

This review consolidates current knowledge on VC
pathogenesis, framing vascular remodeling as a

central mechanism. Despite evidence for the involve-
ment of multiple pathways, significant deficiencies
persist in our understanding of the genetic deter-
minants and precise molecular triggers of VC. The
disease’s complex etiology and variable clinical pre-
sentation underpin the considerable limitations of
current diagnostic and therapeutic strategies. It is
therefore imperative to translate emerging mecha-
nistic insights into clinical applications that address
these shortcomings. Future research should prioritize
the use of high-throughput sequencing to identify
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key genes and signaling pathways, thereby pro-
viding a foundation for developing targeted and
gene-based therapies. Furthermore, proteomic and
metabolomic studies on large patient cohorts are
warranted to identify robust diagnostic biomarkers.
The subsequent application of molecular profiling
could potentially supersede conventional diagnos-
tic methods like ultrasound or palpation, enabling
precise subtyping and personalized treatment.”” The
development of more accurate animal and in vitro
models that faithfully recapitulate human VC is
also crucial for rigorously evaluating the long-term
efficacy of minimally invasive surgeries and phar-
macological interventions. In conclusion, large-scale,
multi-dimensional research initiatives are essential to
drive a comprehensive innovation in the diagnosis
and management of VC.
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