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Molecular mechanisms involved in varicocele-associated infertility
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Abstract Varicocele is a pathologic enlargement of the
pampiniform venous plexus within the spermatic cord, a con-
dition that is a common cause of impaired sperm production
and decreased quality of sperm. While varicocele is the most
common surgically correctable risk factor for male infertility,
not all males with varicocele experience infertility. In fact, most
men with varicocele have normal spermatogenesis. Despite its
prevalence, the molecular mechanisms of varicocele and its
effect on testicular function are yet to be completely understood.
We postulate that men with varicocele-associated infertility
could have preexisting genetic lesions or defects in molecular
mechanisms that make them more susceptible to varicocele-
mediated testicular injury affecting spermatogenesis.
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Introduction

Varicocele is a pathologic enlargement of the pampiniform
venous plexus within the spermatic cord. Typically, a varico-
cele is observed during the physical examination as an asym-
metry in scrotal size and is graded according to the Dubin and
Amelar classification system [1]—grade I varicocele is palpa-
ble only during the Valsalva maneuver; grade II varicocele is
palpable in the standing position, and; grade III varicocele is
visible without palpation. Subclinical varicocele is neither
visible nor palpable in either the standing position or during
the Valsalva maneuver, but is detectable by other studies, such
as the Doppler ultrasound. A male who presents with varico-
cele is often asymptomatic; only rarely is varicocele associat-
ed with scrotal pain [2]. Nevertheless, varicocele is the most
commonly identified and most common surgically correctable
risk factor for male infertility [3]. Notably, however, not all
males with varicocele present with infertility. Therefore, it is
possible, and perhaps likely, that different intrinsic suscepti-
bilities exist among men with varicocele. These susceptibili-
ties could be responsible for whether varicocele impairs sper-
matogenesis, leading to infertility.

Currently, there are three widely supported etiologies of
varicocele. First, differences in the drainage of the left and
right testicular veins are thought to contribute to varicocele
formation. Whereas the right testicular vein enters directly
into the inferior vena cava, the left testicular vein joins the left
renal vein at a right angle. This anatomic difference and
unique angle of insertion is hypothesized to lead to increased
hydrostatic pressure, resulting in enlargement of the
pampiniform venous plexus [4]. Second, a complete absence
or functional deficiency of venous valves in the testicular
venous system is thought to permit retrograde blood flow that
contributes to the pathogenesis of varicocele. Third, the so-
called “nutcracker effect,” whereby the renal vein is com-
pressed between the aorta and superior mesenteric artery, is
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thought to increase hydrostatic pressure in the testicular ve-
nous system, also resulting in dilatation of the venous plexus
in the spermatic cord [5].

The pathophysiologic mechanisms that lead to varicocele-
associated infertility are yet to be completely understood. The
five following mechanisms are thought to contribute to the
pathogenesis of varicocele affecting testicular function: (1)
hypoperfusion leading to hypoxia, (2) heat stress, (3) oxida-
tive stress, (4) hormonal imbalances, and (5) exogenous tox-
icants. Still, these five mechanisms alone do not provide a
complete understanding of the effect of varicocele on sper-
matogenesis. That not all males with varicocele present with
infertility leads us to believe that molecular and genetic factors
could in fact play a role in understanding the pathogenesis of
varicocele-associated infertility. In fact, hereditary studies
suggest a genetic component, as varicoceles are found in
significantly higher rates in the first-degree relatives of men
with varicocele as compared to controls [4, 6]. In aiming to
elucidate the molecular mechanisms of varicocele-associated
infertility, this review hopes to uncover a thorough under-
standing of the processes that underlie the development of
infertility among a subset of males with varicocele.

Hypoperfusion and hypoxia

In the testes, blood pressure in pre-capillary arterioles and
post-capillary venules is very low in comparison to many
other tissues in the body. Consequently, the testicular micro-
environment is highly sensitive to even minimal changes in
blood pressure [7]. In men with varicocele, the pathologic
enlargement of the pampiniform venous plexus causes
pooling of blood and reversal of flow through the testicular
venous system. Such venous stasis and retrograde flow likely
impairs the countercurrent heat exchange system in the testes,
leading to elevated temperatures in the scrotum. Further, any
increase in venous pressure elicits a compensatory vasocon-
striction of pre-capillary arterioles as a mechanism to down-
regulate arterial flow in order to maintain homeostasis with
regards to intratesticular pressure [8]. This pre-capillary arte-
riolar vasoconstriction leads to hypoperfusion of the testes,
thereby decreasing delivery of oxygen and nutrients to the
cells of the testicular microenvironment.

In fact, a study by Lee et al. reported that, in men with
varicocele, testicular veins expressed increased levels of
hypoxia-inducible factor 1α (HIF-1α), confirming that the
cells of the testicular microenvironment are exposed to a
decrease in oxygen delivery [9]. Hypoxia-inducible factors
are well known for their ability to promote cell survival in
hypoxic conditions. In the setting of low oxygen levels,
hypoxia-inducible factors can drive the biosynthesis of new
vessels through which larger quantities of oxygen may be
delivered to the hypoxic tissues and can drive cells toward
metabolic pathways that do not require oxygen to generate

energy. These functions promote cell survival under hypoxic
conditions. However, hypoxia-inducible factors promote apo-
ptosis, or programmed cell death, in the setting of low oxygen
levels. Whether hypoxia-inducible factors promote cell sur-
vival or cell death in the setting of low oxygen levels seems to
depend upon the tissue in which they are expressed and the
severity of the hypoxia. A study by Wang et al. used terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) to determine the degree of apoptosis within the
testes of control and experimentally-induced varicocele rats.
The researchers found that testicular HIF-1α levels, in re-
sponse to varicocele-induced hypoxia, were associated with
increased levels of germ cell apoptosis [10]. Therefore, we
posit that the HIF-1α expressed in the testicular tissues in
response to varicocele-induced hypoxia promotes germ cell
apoptosis, thereby contributing to male infertility.

Heat stress

In the spermatic cord, the testicular artery is surrounded by
several testicular veins, each of which contributes to the
pampiniform plexus. In 1959, Dahl and Herrick proposed that
the inflowing arterial blood from the testicular artery is cooled
by the outflowing venous blood in the pampiniform plexus,
and that this countercurrent heat exchange mechanism is
responsible for maintaining the scrotal temperature a few
degrees below the body’s core temperature as a means to
optimize the environment for normal testicular function [11].
Enlargement of the pampiniform venous plexus that leads to
venous stasis and retrograde flow in men with varicocele
likely alters the countercurrent heat exchange system in the
testes, thereby impeding the cooling of arterial blood and
leading to scrotal hyperthermia. In fact, elevated intrascrotal
and intratesticular temperatures have been demonstrated in
both humans with varicocele and experimental varicocele
models [12, 13]. Such elevation in temperature within the
testicular microenvironment likely contributes to the deleteri-
ous effects that varicocele has on normal sperm physiology
[14–16].

In the testes, many of the enzymes responsible for DNA
synthesis function in a temperature-dependent manner and
exhibit optimal activity at the lower temperatures of the nor-
mal testicular environment. Elevated temperatures associated
with varicocele impose heat stress that could disrupt the
function of these enzymes [17–19]. In fact, a study by Fujisa-
wa et al. has demonstrated that men with varicocele who
present with infertility exhibit decreased activity of topoisom-
erase I and DNA polymerase, two key enzymes involved in
the synthesis of DNA [18, 19]. Protein synthesis in sperm, too,
has been shown to exhibit a temperature dependency [17–19].
Recently, numerous studies have used newer research tech-
nologies to discover differences in the expression of key
proteins involved in normal sperm physiology. For example,
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a study by De Amicis et al. found that “varicocele sperm”
exhibited reduced expression of phosphatidylinositol 3-kinase
(PI3K), a key protein involved in the regulation of capacita-
tion, acrosome reaction, and fertilization. Additionally, the
researchers demonstrated that PI3K exhibits subcellular com-
partmentalization within human sperm, which is compro-
mised in men with varicocele. Whereas “healthy sperm” ex-
presses PI3K in the sperm head membrane and nucleus and in
the entire tail, expression of PI3K in “varicocele sperm” was
confined to the sperm head [20]. Given that elevated temper-
atures can disrupt protein synthesis within sperm, we posit that
the heat stress imposed on sperm as a consequence of varico-
cele impacts the synthesis of key proteins necessary for nor-
mal sperm physiology.

In 2013, a study by Hosseinifar et al. compared the sperm
protein profiles between men with and without varicocele
[21]. The researchers identified decreased proteomic expres-
sion ofHSPA5, a gene that encodes for heat shock protein 5, in
men with varicocele. Similarly, a study by Lima et al. used
semiquantitative real-time polymerase chain reaction (RT-
PCR) analysis of human ejaculated sperm to show that ado-
lescents with varicocele and oligozoospermia express signif-
icantly lower quantities of the HSPA2 gene in comparison to
adolescents with varicocele and normal sperm concentrations
[22]. Downregulation of HSPA5 and HSPA2 in men with
varicocele as compared to controls suggests that decreased
levels of heat shock proteins lead to increased susceptibility of
the testes to elevated temperatures.

Additionally, the Hosseinifar et al. study also found that
men with varicocele exhibit a downregulation of the expres-
sion of the ATP5D gene that encodes the delta (δ) subunit of
the catalytic core of the mitochondrial adenosine triphosphate
synthase (ATPase), from which sperm cells derive energy to
drive the flagellar motor. This downregulation ofATP5D leads
to a dysfunctional ATPase complex, which significantly im-
pairs sperm motility [21]. Taken together, these findings sug-
gest that differences in the expression of many genes—includ-
ing those whose protein products protect the cell against
elevated temperatures and are responsible for many of the
sperm’s normal physiologic functions, including motility—
could contribute to the susceptibility of sperm cells to
varicocele-induced heat stress, thereby contributing to
varicocele-associated infertility.

Oxidative stress

Reactive oxygen species (ROS) are byproducts of various
metabolic pathways in the cell that serve as key regulators in
vital cellular events [23, 24]. In the male reproductive tract,
ROS play important roles in sperm function. ROS-mediated
signal transduction pathways are necessary for capacitation,
hyperactivation, and acrosomal reaction, all processes by
which sperm attains its functional maturity [23, 25–27].

Further, ROS-mediated lipid peroxidation of membrane lipids
facilitates sperm adhesion to the oocyte in the process of
fertilization [28]. However, increases in ROS to levels beyond
those of physiologic conditions could lead to oxidative stress.
Normally, though, an antioxidant defense system that consists
of free radical scavengers, chain-breaking antioxidants, and
enzymes that break down ROS and their metabolites reduces
the oxidant load and confers protection against such oxidative
stress. Therefore, that semen samples from infertile males with
varicocele exhibit elevated levels of ROS [29, 30] and that
varicocele is associated with an increased DNA fragmentation
index (DFI), that improves post-varicocelectomy [31] suggest
that an imbalance between the oxidant load and the natural
antioxidant defense system could play a role in development
of varicocele-associated infertility.

Elevated levels of ROS impair sperm function by a variety
of mechanisms. By targeting each of the four classes of
biological macromolecules—carbohydrates, lipids, nucleic
acids, and proteins—ROS induce oxidative stress that disrupts
normal sperm physiology. ROS target polyunsaturated fatty
acids (PFAs) in the lipid membrane of sperm, thereby induc-
ing a chain reaction of lipoperoxide (radical) formation whose
product is malondialdehyde, a known marker of lipid perox-
idation from oxidative injury [32, 33]. Such oxidative modi-
fications have detrimental effects on the sperm lipid mem-
branes, specifically on membrane fluidity, which dampens
sperm motility and leads to suboptimal fertilization [24].
ROS also target key proteins in the cell, specifically in the
mitochondria. ROS-induced oxidative damage to mitochon-
drial proteins destroy the mitochondrial membrane potential,
leading to the loss of sperm motility [34]. Perhaps most
importantly, ROS-mediated damage to sperm nucleic acids.
One of the potential mechanisms by which varicocele contrib-
utes to infertility is the increased production of ROS in the
sperm head, leading to high levels of oxidative stress that
mediates damage to DNA.

Oxidative stress has the potential to induce various types of
DNA damage—DNA base pair oxidation, single- or double-
stranded DNA breaks, chromosomal rearrangements, and
gene mutations, which includes deletions, point mutations,
and polymorphisms [35–37]. The integrity of nuclear DNA,
and consequently the maintenance of functional DNA in
sperm, is of the highest importance in fertility. Therefore,
sperm have defense mechanisms in place against damaging
oxidative species. Sperm tightly condense their DNA to pro-
tect its structure during transit through both the male and
female reproductive tracts, express antioxidants to help coun-
teract any oxidative species, and have enzymatic mechanisms
to repair damaged DNA. Yet, these protective mechanisms
can be overwhelmed, especially in the presence of excessive
ROS, leaving sperm with defective DNA. Further understand-
ing of the types of DNA damage present in males with
varicocele and how they impact the fertility potential could
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help determine which subset of patients are most suitable to
undergo surgical repair of varicocele.

Still, as new research technologies continue to emerge, much
remains to be explored in a continued effort to understand the
role of oxidative stress in the development of varicocele-
associated infertility. Proteomic expression analysis in men
with varicocele demonstrated decreased expression of SOD1,
a gene that encodes for the superoxide dismutase 1 enzyme
responsible for counteracting free superoxide radicals in cells
[21]. Other studies have also found gene expression differences
in men with varicocele contributing to imbalances in the pro-
and anti-oxidant species in sperm. Like SOD1, glutathione S-
transferases are a family of cytosolic and mitochondrial en-
zymes that function in the removal of oxidative species from
cells. Deletions in the glutathione S-transferase M1 (GST-M1)
and GST-T1 enzymes in men with varicocele have been asso-
ciated with impaired sperm motility and elevated levels of 8-
hydroxy-2′-deoxyguanosine in sperm DNA, a marker of DNA
damage [38, 39]. Certain genetic lesions disrupt the balance of
pro- and antioxidant species in cells. We posit that, in men with
varicocele, such lesions could lead to greater ROS exposure
that mediates more significant oxidative damage to the testes,
contributing to varicocele-associated infertility.

Hormonal imbalances

Leydig cells, in response to stimulation by luteinizing hor-
mone (LH), synthesize and secrete testosterone, which signals
locally in the testes (paracrine signaling) and distally through-
out the body (endocrine signaling). Since testosterone is nec-
essary for proper spermatogenesis, it has been postulated that
disturbances in Leydig cell function, and therefore in testos-
terone levels, could contribute to the pathophysiology of
varicocele-associated infertility. A study by Rajfer et al. used
control and experimentally-induced varicocele rats to

determine whether impaired testosterone biosynthesis was
associated with varicocele. The researchers found decreased
activity of 17,20-desmolase and 17-α-hydroxylase, both key
enzymes in the testosterone biosynthesis pathway, leading to
decreased intratesticular testosterone levels [40]. We suggest
that varicocele could contribute to changes in the testicular
microenvironment that disrupt Leydig cell function and lower
intratesticular testosterone levels, contributing to varicocele-
associated infertility.

Testosterone binds to androgen receptor (AR) to form a
complex that binds DNA and controls the activity of many
androgen response elements. AR expression is significantly
decreased in infertile men with varicocele as compared to both
infertile men without varicocele and controls. A study by
Zalata et al. indicates that AR expression is highly correlated
with sperm count, sperm motility, and sperm morphology
[41]. Genetic lesions in AR can disrupt AR-mediated testos-
terone signaling pathways. We speculate that, in men with
varicocele, such lesions could lead to impaired testosterone
function in the setting of normal testosterone levels, which
could contribute to varicocele-associated infertility.

Exogenous toxicants

Recently, researchers have explored the contribution of occu-
pational and environmental exposures to varicocele-
associated infertility. That there is a well-established associa-
tion between cigarette smoking and lowered semen quality
[42] has led to the hypothesis that exposure to toxicants in
cigarette smoke, including cadmium (Cd2+), could exacerbate
the effects of varicocele in smokers, leading to infertility. In
fact, researchers have not only reported elevated Cd2+ levels
in the testes [43], testicular veins [44], and seminal fluid [45]
of men with varicocele, but have also found that Cd2+ levels
predict impaired testicular function in men with varicocele

Fig. 1 Summary of the molecular and genetic mechanisms identified to
date that could contribute to the pathogenesis of varicocele-associated
infertility. HIF-1α hypoxia-inducible factor-1α, PI3K phos-
phatidylinositol 3-kinase, HSPA2/5 heat shock protein A2/5, ATP5D

adenosine triphosphate synthase (ATPase), delta subunit, L-VDCC α1
L-type voltage dependent calcium channel, α1 isotype, AR androgen
receptor, SOD1 superoxide dismutase 1,GST-M1/T1 glutathione S-trans-
ferase M1/T1
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[43, 46]. Unexpectedly, however, elevated Cd2+ levels in men
with varicocele were unaffected by smoking status [32]. Thus,
it is possible that lesions in the genetic and molecular mech-
anisms that control Cd2+ homeostasis could explain the ele-
vated Cd2+ levels inmenwith varicocele and could contribute
to varicocele-associated infertility.

While the mechanism by which Cd2+ accumulates in the
testes remains unknown, this process is likely to occur in two
stages. Cd2+ must first disrupt the blood-testis barrier to enter
the testicular interstitium and must then enter the developing
sperm cells of the seminiferous tubular epithelium. Cd2+
entry could occur through the alpha1 L-type voltage depen-
dent calcium channels (L-VDCC α1) expressed on develop-
ing sperm cells in the testes [47]. While L-VDCC α1 control
calcium (Ca2+) homeostasis in the testes, these Ca2+ channels
are incompletely cation specific, permitting other divalent
cations, like Cd2+, to enter into the cells of the seminiferous
tubular epithelium. Transport of Cd2+ through L-VDCC α1,
then, could modulate Cd2+-mediated testicular damage. A
study by Benoff et al. found that microdeletions in exons 7–
8 in the cation-conducting pore of L-VDCC α1 alter the
structure of the gate, thereby further decreasing the selectivity
of the cation-conducting pore. This L-VDCC α1 variant more
easily permits Cd2+ flux at the expense of Ca2+ [47], which
could result in a disturbance in Ca2+ homeostasis within
developing sperm cells that mediates apoptosis and disrupts
Ca2+-mediated sperm functions such as the acrosomal reac-
tion. We posit, then, that microdeletions in L-VDCC α1 in
men with varicocele could contribute to varicocele-associated
infertility.

Conclusion

Varicocele is a pathologic enlargement of the testicular veins
within the pampiniform plexus that can affect testicular func-
tion and lead to infertility. While the pathophysiologic mech-
anisms that lead to such varicocele-associated infertility are
not completely understood, the five followingmechanisms are
thought to contribute to the effect of varicocele on testicular
function: (1) hypoperfusion leading to hypoxia, (2) heat stress,
(3) oxidative stress, (4) hormonal imbalances, and (5) exoge-
nous toxicants. We hypothesize that molecular and genetic
differences could exist among men with varicocele, and that
these differences could be responsible for whether or not
varicocele is associated with male infertility (Fig. 1).

Still, continued research efforts could lead to a deeper
understanding of the pathophysiology of varicocele-
associated infertility and could lead to established clinical
guidelines that determine which patients with varicocele will
benefit from intervention. We expect that this review will
incite research efforts that continue to elucidate the molecular
and genetic basis of varicocele-associated infertility.
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