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Abstract | Varicocele is recognized as the leading cause of male infertility because it can impair 
spermatogenesis through several distinct pathophysiological mechanisms. Current evidence supports 
oxidative stress as a key element in the pathophysiology of varicocele‑related infertility, although these 
mechanisms have not yet been fully described. Measurement of the reactive oxygen species and other 
markers of oxidative stress, including the levels of the antioxidant enzymes catalase and superoxide 
dismutase, can provide valuable information on the extent of oxidative stress and might guide therapeutic 
management strategies. The testis can respond to varicocele‑associated cell stressors, such as heat 
stress, ischaemia or production of vasodilators (for example, nitric oxide) at the expense of the generation 
of excessive reactive oxygen species. These responses have their own implications in exacerbating the 
underlying oxidative stress and on the subsequent infertility. 
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Introduction
Infertility can be defined as the failure of a couple to 
conceive after 1 year of unprotected regular sexual 
intercourse. This important clinical problem affects 
13–15% of couples worldwide.1 Male infertility is directly 
or indirectly responsible for 60% of cases involving 
reproductive- age couples with fertility-related issues.2 Of 
the conditions that compromise male fertility potential—
such as congenital and genetic abnormalities, exposure 
to gonadotoxins, genitourinary infections, immuno-
logic factors, endocrine disorders, systemic diseases and 
cancer—varicocele alone accounts for 35% of cases.3 
Varicocele is an abnormal dilatation, elongation and tor-
tuosity of the pampiniform plexus veins of the spermatic 
cord that is more frequent on the left side. This relatively 
common condition affects approximately 15–20% of the 
adult and adolescent male population globally, directly 
being responsible for 19–41% of primary male infertility 
and up to 80% of secondary male infertility.3–5

Three possible theories have been proposed to explain 
the aetiology of varicocele: the first describes the right-
angled insertion of the left testicular vein into the left 
renal vein, with a consequent increase in the hydrostatic 
pressure that is ultimately transmitted to the pampini-
form plexus.6 Secondly, incompetent venous valves result 
in retrograde flux and dilatation.6 Finally, some evidence 
suggests that compression of the left renal vein between 
the superior mesenteric artery and abdominal aorta 
(the so-called nutcracker effect) can partially obstruct 
blood flow through the left testicular vein and elevate 
the hydrostatic pressure inside the pampiniform plexus.7 
These theories are not mutually exclusive.

Fortunately, not all men with varicocele are infertile. In 
fact, approximately 80% of men with varicocele are fertile 
and have normal fecundity.8,9 However, no mechanism 
has been suggested to conclusively explain the infertility 
in the remaining 15–20%. The pathophysiology of vari-
cocele has been extensively studied in the attempt to elu-
cidate the mechanisms behind induced male infertility,  
but thus far no definitive answers have been revealed.

Scrotal hyperthermia, hormonal disturbances, testic-
ular hypoperfusion and hypoxia as well as backflow of 
toxic metabolites are potential mediators of varicocele-
mediated infertility. Oxidative stress has been implicated 
as an important mediator of varicocele-associated infer-
tility. Nonetheless, the reasons why some patients with 
varicocele are infertile, whereas the majority of patients 
are not, remain unclear. Different intrinsic susceptibility 
must exist among men with varicocele, which culminates 
in the various effects of varicocele on male fertility.6

Reactive oxygen species (ROS) are byproducts of 
oxygen metabolism and energy production that act as 
regulators of vital physiological intracellular processes. 
In the male reproductive tract, small quantities of ROS 
have important roles on sperm function—regulating 
capacitation, acrosome reaction, hyperactivation and 
the fusion of spermatozoa with the oocyte.10 By contrast, 
natural intracellular and extracellular antioxidants (enzy-
matic and nonenzymatic) scavenge and neutralize the 
harmful effects stemming from increases in ROS levels. 
When ROS levels disproportionately increase compared 
with the neutralizing capacity of antioxidants, or when 
a reduction in the antioxidant capacity has occurred,  
oxidative stress usually follows.

In this Review, we examine the role of oxidative stress 
in varicocele-associated male infertility. We present 
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a brief overview on the epidemiology, diagnosis and 
treatment of varicocele. Additionally, we discuss the 
formation of ROS and the implications for male infertil-
ity. Third, we discuss the current evidence supporting 
the hypothesis of oxidative stress as a central element 
in the pathophysiology of varicocele-related infertility. 
In the second part of this Review,11 we summarize the 
main findings of clinical studies on varicocele and oxida-
tive stress markers, and critically discuss the outcomes 
of antioxidant therapy in infertile men with surgically 
treated and untreated varicocele.

Varicocele and male infertility
In the clinical scenario, varicocele can present as an 
asymptomatic, painless, compressible swelling above or 
surrounding the testis. Physical examination with the 
patient standing in a warm room is currently the pre-
ferred method for diagnosis. The term ‘clinical varico-
cele’ refers to those detectable by either visual inspection 
or palpation that can be graded following set criteria. 
Grade III varicocele is visible and palpable at rest, 
grade II is palpable at rest and grade I is palpable during 
Valsalva manoeuver.6 Subclinical varicocele is neither 
palpable nor visible at rest or under Valsalva manoeu-
ver, but is detectable by Doppler ultrasound or other  
imaging techniques.

Although the frequency of unilateral left-sided varico-
cele has historically been reported to be approximately 
85–90%, some data indicate that bilateral palpable 
varico cele can be found in >50% of affected subjects.6,12 
Such data are in agreement with venographic studies that 
show bilateral abnormal venous reflux in 84–86% of men 
with varicocele.13,14 This finding might explain bilateral 
testicular damage in these men and the only partial 
response typically observed after unilateral varicocele 
repair.4 Right-sided varicocele, by contrast, occurs in 
only 2% of patients and might highlight the presence of 
an obstructive lesion, such as a retroperitoneal or pelvic 
compressive mass.13

The notion that varicocele affects male fertility arises 
from the increased incidence of varicocele among infer-
tile men, the association between varicocele and reduced 
semen parameters and testicular size, and the improve-
ment of semen parameters and pregnancy rates follow-
ing surgical correction of clinical varicocele.6 Indeed, a 
varicocele incidence of 25.6% was observed in a large 

Key points

 ■ Oxidative stress is a key element in the pathophysiology of varicocele‑related 
infertility and several mechanisms by which this operates have been studied 
but have not yet been fully described

 ■ Although small quantities of reactive oxygen species (ROS) have important 
roles in sperm function, a disproportionate increase in ROS usually leads to 
oxidative stress

 ■ Heat stress, hypoxia, reflux of adrenal and renal metabolites and hormonal 
disturbances have all been proposed as mechanisms to explain the 
pathophysiological effects of varicocele on testicular function

 ■ Several intrinsic mechanisms are available—including the antioxidant enzymes 
catalase or superoxide dismutase—that counteract the actions of ROS; 
disruption of these protective antioxidants can also lead to oxidative stress

observational study involving more than 9,000 infer-
tile men.15 In this study, men with varicocele were also 
shown to have lower total sperm counts and testoster-
one levels, as well as reduced testicular size on the same 
side of the varicose vessels compared with those without 
varicocele. Moreover, the incidence of varicocele among 
men with normal semen in the aforementioned study 
was only 11%.15

Varicocelectomy can improve at least one semen 
parameter (for example, sperm count, motility or mor-
phology), as was observed in a study of carefully selected 
patients in which 65% improved.16 One meta-analysis 
of 17 studies that evaluated approximately 1,200 infer-
tile men with clinically palpable unilateral or bilateral 
varico cele and at least one abnormal semen parameter 
who had undergone surgical varicocelectomy (high 
ligation or inguinal microsurgery) demonstrated that 
varico celectomy significantly improved sperm count 
by 9.7 × 106 (95% CI 7.34–12.08 × 106; P <0.001), sperm 
motility by 9.9% (95% CI 4.90–14.95; P <0.001) and mor-
phology by 3.2% (95% CI 0.72–5.60; P = 0.01).17 Such 
data have been corroborated by others who showed sig-
nificant improvement in sperm counts and motility of 
approximately 12.3 × 106 and 10.8%, respectively.18

Regarding the influence of varicocele repair on preg-
nancy rates, contradictory results from different studies 
have been reported. In a meta-analysis by Evers and co-
workers,no benefit from varicocele treatment was veri-
fied regarding the odds of pregnancy.19 However, a major 
critique to this analysis was the inclusion of patients with 
subclinical varicocele, normal semen characteristics or 
both.20 When clinically palpable varicocele coexists 
with impaired semen quality, current evidence supports 
a favourable effect of varicocele repair on pregnancy 
outcomes. Within this clinical scenario, Ficarra et al.20 
reviewed the randomized clinical trials for varicocele 
repair and found a significant increase in the pregnancy 
rates for patients who underwent varicocele treatment 
compared with those having no treatment (36.4% versus 
20%; P = 0.009). Similarly, Marmar et al.21 reported sig-
nificantly higher pregnancy rates (33%) after varicoce-
lectomy compared with the group of patients having no 
surgery (15.5%). The odds of spontaneous pregnancy 
after varicocelectomy against no medical treatment 
for clinical varicocele were 2.87 (95% CI, 1.33–6.20, 
P = 0.007).21 In their study, the chances of spontaneous 
conception were 2.8-fold higher in the varicocelectomy 
group than the group of patients who received either no 
treatment or only medication.21

Even though spontaneous pregnancy remains the 
litmus test for evaluating the success of varicocele treat-
ment, many patients with varicocele-related infertility 
require assisted reproductive technology (ART) because 
of the severity of sperm abnormalities, the presence of 
a significant problem affecting the female partner or 
both. The indication of varicocele repair prior to ART is 
unusual, but in certain circumstances varicocele treat-
ment should be considered. For example, men with 
nonobstructive azoospermia, but favourable testicu-
lar histopathology, can restore sperm to the ejaculate 
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after repair of clinical varicoceles.22 Sperm restoration, 
although minimal, makes in vitro fertilization (IVF) or 
intracytoplasmic sperm injection (ICSI) possible without 
the need of sperm-retrieval techniques.23 Furthermore, 
for patients who remain azoospermic after varico-
celectomy, sperm-retrieval success rates using testicular 
microdissection sperm extraction might be increased.22,24 
Moreover, treatment of clinical varicoceles has been 
shown to improve the outcomes of assisted repro-
duction in couples with varicocele-related infertility. 
Esteves et al.25 studied 242 infertile men with treated or 
untreated clinical varicocele who underwent ICSI and 
found significantly higher live-birth rates after ICSI in 
the group of men who underwent artery-sparing and 
lymphatic- sparing subinguinal microsurgical varico-
cele repair before ART (46.2%) compared with those 
undergoing ICSI in the presence of a clinical varicocele 
(31.4%; P = 0.03). In their study, the chances of achieving 
a live birth (OR 1.87, 95% CI 1.08–3.25; P = 0.03) by ICSI 
were significantly increased, whereas the chances of mis-
carriage occurrence after achieving pregnancy by ICSI 
were reduced (OR 0.433, 95% CI 0.22–0.84; P = 0.01) 
when the varicocele was treated before ART.

The effects of reactive oxygen species
ROS encompass a broad category of highly reactive sub-
stances formed as byproducts of oxidative and reductive 
metabolic reactions. ROS can exert many physiologi-
cal functions through interactions with various bio-
logical molecules and are generally divided into two 
main groups: free radicals and nonradical groups  
(powerful oxidants).

Free radicals carry an unpaired electron—a high-
energy state that results in short life spans, ranging from 
milliseconds to nanoseconds. Examples of free radicals 
include superoxide and hydroxyl radicals. Nonradical 
ROS are relatively stable powerful oxidants formed from 
the protonation of certain free radicals, such as hydrogen 
peroxide (H2O2) and organic hydroperoxide. Reactive 
nitrogen species constitute a subset of ROS that contains 
nitrogen atoms and that can be divided into radicals such 
as nitric oxide (NO), peroxynitrite (NO3

–) and nitroxyl 
(NO–) anions and nonradicals, such as nitrous oxide 
(N2O) and peroxynitrous acid (HNO3).

Several cellular compartments can generate ROS, 
including the mitochondria and smooth endoplasmic 
reticulum (Box 1). These compartments contain spe-
cific ROS-neutralizing mechanisms that maintain ROS 
levels within the ‘beneficial’ levels. That is, appropriate 
levels of ROS are important for certain physiological 
functions—ROS predominantly act as secondary mes-
sengers and provide a reduced environment suitable for 
electron transfer, energy production and maintenance of 
cellular functions.10,26

In sperm, ROS are essential for attaining functional 
competence. Sperm nuclear chromatin condensation 
during spermiogenesis is achieved through ROS-induced 
formation of disulfide bonds between cysteine residues 
in protamines.27 Furthermore, H2O2 can activate forma-
tion of a protective mitochondrial capsule in mature 

sperm.28 Although incompletely understood, ROS 
probably regulate capacitation processes—hyperactiva-
tion and acrosomal reaction—and, thereby, fertilization. 
Addition of ROS-generating materials—such as xan-
thine, xanthine dehydrogenase/oxidase, glucose oxidase 
(β-d-glucose:oxygen 1-oxido-reductase), NADPH and 
H2O2—can stimulate sperm to undergo hyperactiva-
tion,29,30 whereas addition of antioxidant enzymes, such 
as catalase or superoxide dismutase, inhibit the sperm 
capacitation process and reduce the fertilizing potential.30

Although oxidative species have an important role 
physiologically, excessive amounts can be harmful. 
Antioxidants, therefore, have a balancing role in control-
ling the oxidative chemical reactions and preventing such 
harmful adverse effects. Antioxidants do this by virtue of 
their extra electrons, which quench the unpaired valence 
electrons of oxidative molecules. However, the redox 
balance in the body does not always occur, especially 
in men with varicocele. The imbalance between oxida-
tive species and their neutralizing antioxidants in these 

Box 1 | Cellular compartments that generate ROS

Mitochondria
The mitochondrial oxidative phosphorylation pathway contains nine sources 
of ROS‑generating enzymes, including complex I, complex III mitochondrial 
cytochrome b5 reductase, amine oxidase [flavin‑containing] B, dihydroorotate 
dehydrogenase (quinone), mitochondrial dehydrogenase of α‑glycerophosphate, 
succinate dehydrogenase complex, aconitate hydratase, 2‑oxoglutarate 
dehydrogenase. The enzyme mitochondrial superoxide dismutase (known 
as MnSOD) is the antioxidant that is concentrated in the mitochondria and 
responsible for maintaining very low levels of the superoxide anion O2

•–.

Peroxisomes
Several oxidases found in peroxisomes are able to generate H2O2, including 
d‑amino‑acid oxidase and fatty acid oxidase complex. The generated H2O2 levels 
are monitored and kept to the minimal levels in peroxisomes by the action of 
catalase.

Smooth endoplasmic reticulum
The smooth endoplasmic reticulum contains cytochrome P450 b5 that oxidizes 
unsaturated fatty acids and detoxifies lipid‑soluble drugs. As a result of these 
oxidation reactions, O2

•– and H2O2 are generated.

Cytoplasm
The cell cytoplasm contains several oxidases, such as xanthine dehydrogenase/
oxidase, aldehyde oxidase and electron transfer flavoprotein‑ubiquinone 
oxidoreductase, mitochondrial (flavoprotein dehydrogenase). In addition, inducible 
NOS is found in the cytoplasm. Reduced glutathione and thioredoxin peptides 
are important scavengers of H2O2 and lipid peroxides that are generated by 
glutathione and thioredoxin peroxidases. Moreover, the reduced forms of 
glutathione and thioredoxin are maintained by the action of glutathione reductase, 
mitochondial and thioredoxin reductase, respectively.

Nucleus
Several cytochrome oxidases and electron transport systems are present in the 
nucleus that are able to generate ROS, which can function as signal transducers. 
In addition, nuclear glutathione and thioredoxin, and their associated enzymes, 
act to neutralize excessive ROS.

Plasma membranes
The plasma membrane contains several enzymes that generate ROS, including 
dual oxidase (NADPH/NADH oxidase), which is found in phagocytic and 
nonphagocytic cells. Certain oxygenases that generate prostaglandins and 
leukotrienes, such as cyclooxygenase and lipo‑oxygenase, are also present in the 
plasma membrane, as is endothelial NOS (inactive when membrane‑bound but is 
activated upon translocation to the cytoplasm upon stimulation).
Abbreviations: NOS, nitric oxide synthase; ROS, reactive oxygen species.
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men results in oxidative stress that is mediated through a 
variety of mechanisms and target lipids, proteins, sugars 
and nucleic acids.

Oxidative stress can exhibit its harmful effects in a 
variety of ways. Primarily, ROS target cell membranes. 
By having an available valence electron, oxidative species 
interact with the cell membrane, typically the electron-
rich polyunsaturated fatty acids (PFAs). This interaction 
results in the transfer of an electron from the membrane 
components to the reactive species, bringing about a 
chain reaction of lipoperoxide (radical) formation. Such 
a reaction can go through several cycles that amplify 
its effect, the product of which is malondialdehyde, a 
measurable compound used to determine the extent of 
ongoing oxidative modification of PFA. The peroxidation 
of PFAs has detrimental effects on the structure of the 
sperm head and midpiece membranes, causing changes 
in the sperm membrane fluidity that can ultimately lead 
to suboptimal sperm motility and fertilization.26

The effects of oxidative stress on DNA have been 
well-documented.31 Like lipids, oxidative species target 
DNA molecules and causes a variety of defects in the 
genetic material of the cell. For obvious reasons in 
fertility, the importance of functional DNA in sperm 
cannot be overstated. Naturally, the sperm and oocyte 
(to a larger degree) have mechanisms and enzymes that 
repair damaged DNA; unfortunately, such mechanisms 
cannot repair all abnormalities. With damaged and 
non functional DNA, proper fertilization and normal 
develop ment can be compromised.

ROS directly damage the DNA by attacking both the 
bases and the backbone. Excessive ROS overwhelm 
primary sperm defenses against oxidative stress—the 
tight packing of sperm DNA and seminal antioxidants. 
ROS can inflict serious damage to DNA, including point 
mutations, polymorphisms, deletions, chromosomal 
rearrangements, frame shifts and single-stranded or 
double-stranded breaks.32 This damage can be especially 
evident in the Yq chromosome, whereby portions of the 
AZF region are deleted, which can cause azoospermia. 
A consequence of poor sperm DNA integrity is embryo 
fragmentation and apoptosis.31 Hence, noting the extent 
of damage to sperm DNA is pertinent because ARTs can 
be made more difficult and the possibility of passing 
genetic diseases to the offspring can be increased.

Mechanisms of oxidative stress in varicocele
Several hypotheses have sought to explain the patho-
physiological effects of varicocele on testicular function. 
Heat stress (Figure 1), hypoxia, reflux of adrenal and 
renal metabolites and hormonal disturbances are exam-
ples of these theories. Nevertheless, no single theory is 
recognized as explaining the controversies surrounding 
varicocele disease.

Although the effects of oxidation on spermatozoa are 
known, how varicocele elevates radical oxidative species 
to induce oxidative stress remains unclear. The potential 
mechanisms are still under vigorous investigation, many 
of which might not be mutually exclusive. We hypoth-
esize that oxidative stress is the central and common 
pathogenic mediator of testicular damage in varicocele, 
and that the exposure to heat, hypoxia and toxic adrenal 
and renal metabolites are stimulators of ROS generation. 
Moreover, as oxidative stress has also been detected in 
fertile men with varicocele, other intrinsic factors must 
exist that either protect germ cells from oxidation or 
exacerbate their harmful effects.

Testicular response to heat stress
The evidence for elevation of scrotal temperature in 
infertile men with varicocele has been reproduced in 
several studies.33–36 As spermatogenesis is optimal at a 
temperature 2.5 °C lower than core temperature, heat 
stress can lead to a subsequent deterioration in sperm 
production. However, as most men with varicocele are 
fertile, and fertile men with varicocele also have higher 
scrotal temperature than healthy men, the sole contribu-
tion of the heat stress to the infertility problem cannot 
entirely explain varicocele-related infertility.

Germ
cells

Peritubular
cells

Leydig
cells

NO

NO

ROS

Macrophage

ROS

Heat and hypoxic stress

Testicular tissue

Apoptosis 
(principal cells
of the epididymis)

Epididymal cells

Endothelial cells (pampiniform plexus)

NO

Vas
deferens

Testicular
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Pampiniform
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Epididymis
ROS

ROS
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Figure 1 | Reactive oxygen and nitrogen species generation in infertile men with 
varicocele. Three components can release ROS in men with varicocele under heat 
and hypoxic stress: the principal cells in the epididymis, the endothelial cells in 
the dilated pampiniform plexus and the testicular cells (developing germ cells, 
Leydig cells, macrophages and peritubluar cells). Abbreviation: ROS, reactive 
oxygen species.
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The primary question is to determine whether 
heat stress can generate oxidative stress in the testes. 
Indeed, in vitro and in vivo studies have shown a direct, 
temperature- dependent relationship between heat expo-
sure and generation of ROS. For example, exposure of 
in vitro cultures of mouse and rabbit spermatozoa to suc-
cessive temperature elevation, ranging from 34–40 °C, 
but kept at constant oxygen concentrations, resulted in a 
concordant rise in the level of malondialdehyde.37

Heat stress that induces increases in mitochondrial, 
plasma membrane, cytoplasmic and peroxisomal ROS 
production has been studied and confirmed in various 
human cell lines.38,39 Spermatogonia A, Sertoli and 
Leydig cells are considered thermotolerant cells as they 
have previously tolerated high temperatures in utero. 
Conversely, spermatogonia B and developing spermato-
zoa, particularly pachytene spermatocytes and early 
spermatids, are highly vulnerable to heat stress.40,41 
Moreover, in varicocele, excessive generation of NO 
from endothelial cells can further deteriorate the balance 
towards oxidative stress.

Generation of NO in varicocele
NO is a free radical involved in many biological func-
tions. In the vascular tree, NO has a role in tonus regula-
tion, whereas in the male reproductive tract nitric oxide 
synthase (NOS) has been found in the testes, epididymis 
and vascular endothelial cells (Figure 1). Despite 
enhancing sperm motility and function at physiological 
levels, excessive NO can result in sperm immotility and  
apoptosis of testicular sperm.42,43

NO is synthesized from l-arginine by three differ-
ent nitric oxide synthases: inducible NOS (iNOS), con-
stitutive neuronal nitric oxide synthase (nNOS) and 
constitutive endothelial nitric oxide synthase (eNOS). 
Endothelial and neuronal NOS are Ca2+-dependent 
and often produce NO at the nanomolar level every few 
hours. Inducible NOS produces more NO (micromolar 
levels) and its productive activity can last for days. In 
the human testis, eNOS is localized by immunohisto-
chemistry in Sertoli cells, Leydig cells, premature 
spermato cytes and early spermatids as well as in degen-
erated and apoptotic intraepithelial germ cells.44 Leydig 
cells highly express nNOS, expression of which is lower 
in the cells such as spermatogonia, spermatocytes and 
spermatids.45 Inducible NOS is predominantly expressed 
in peri tubular testicular macrophages and reduced 
expression has been detected in Sertoli, Leydig and germ 
cells.46 In the epididymis, epithelial localization of eNOS 
has also been shown.44

Given the evidence for the elevation of seminal NO 
and NOS levels as well as an increase in NOS in sper-
matic veins of infertile men with varicocele, detrimental 
effects of NO on spermatogenesis can be expected. In 
rat models of varicocele, iNOS expression is increased 
in Leydig cells and Sertoli cells.47 Santoro et al.48 meas-
ured the iNOS and eNOS expression levels in biopsy 
samples taken from adolescents with left-sided varico-
cele, demonstrating that, compared with controls, iNOS 
expression was increased in Leydig cells. However, the 

researchers failed to find any difference in the expres-
sion of eNOS in both study groups. Similarly, Shirashi 
et al.49 found higher NO levels in the intratesticular fluid 
and higher iNOS expression in testicular biopsy samples 
from men with grade II and grade III varicocele than 
in those with grade I varicocele or healthy controls. 
However, the researchers did not find any difference 
among the study groups in the expression of eNOS or 
nNOS.49 These observations indicate that iNOS is the 
main source of NO generation in varicocele.

Enhanced NO production resulting in cellular injury 
and apoptosis in varicocele is attributed to heat-induced 
upregulation of iNOS. Guo et al.40 reported that daily 
exposure of the testes of cynomolgus monkeys to heat 
(43 °C for 30 min) for 2 consecutive days significantly 
increased iNOS expression in testicular germ cells and 
Sertoli cells (P <0.05). Increased iNOS immuno reactivity 
was shown in the heat-susceptible stages of sperm 
develop ment (pachytene spermatocytes and round 
spermatids) 3 days after treatment. On day 28, iNOS 
expression in germ cells was similar to that in controls,40 
whereby higher levels of iNOS expression was detected 
in Sertoli cells because the majority of apoptotic germ 
cells within this time period had been engulfed through 
Sertoli-cell-mediated phagocytosis.50,51 Another mech-
anism responsible for the testicular NO increase in 
men with varicocele stems from the fact that NO acts 
as a vasodilator. Accordingly, the increase in NO levels 
could be a compensatory mechanism by endothelial 
cells to overcome the hypoxia induced by venous stasis  
of varicocele.52

Irrespective of the generating mechanism, NO pro-
duced by the spermatic veins and testicular tissues can 
easily diffuse throughout the membranes of various 
germ cells. NO can react with the superoxide anion 
generated inside the mitochondria of the germ cells to 
produce active metabolites such as peroxynitrite and 
peroxy nitrous acid, which are strong oxidants.53,54 In 
many human cell lines, NO is also produced inside the 
mitochondria by mitochondrial nitric oxide synthase 
(mNOS) and acts as a regulator of the mitochondrial 
respiratory chain.55,56 However, to the best of our knowl-
edge, no studies have been reported about the existence 
of mNOS in germ cells. High levels of NO can interfere 
with mitochondrial oxygen respiration, particularly 
through S-nitrosylation of thiol groups of complexes I 
and complex IV (cytochrome oxidase) of the respiratory 
chain, which results in the inhibition of ATP produc-
tion.57,58 Such inactivation of complexes I and IV pro-
motes the release of excessive amounts of superoxide 
free radicals by complex III. Moreover, excessive NO can 
lead to a decrease in the level of intracellular reduced 
gluta thione (an antioxidant peptide) through inhibi-
tion of glutathione reductase, which exacerbates the  
oxidative stress.59

New experimental pharmacological interventions 
using NOS inhibitors such as aminoguanidine and 
Nω-nitro-l-arginine methyl ester (l-NAME) in experi-
mental rat models of varicocele and cryptorchidism (a 
model of heat-induced NO), respectively, are recognized 
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to decrease apoptosis and sperm DNA fragmentation as 
well as improve testicular spermatogenesis, epididymal 
sperm motility, morphology and vitality. These com-
pounds, therefore, highlight the role of NO in heat-
induced apoptosis.60–64 Furthermore, the knock-out of 
NOS in mice was shown to increase testicular weight, 
sperm output and resistance to heat-induced apoptosis.65

Reactive oxygen species from the mitochondria
Studies on various animal and human tissues, includ-
ing testicular tissues, have shown that exposure to heat 
leads to enhanced production of ROS (Figure 2).66–72 
Several studies also reported that pretreatment with 
antioxidants—such as zinc or selenium—can protect 
these cells from heat stress.67,69 Three hypotheses explain 
heat-stress-induced mitochondrial ROS production. The 

first is direct thermal inhibition of mitochondrial com-
plexes I and VI, which interferes with the regular flux 
of electrons through the respiratory chain. Disruption 
of the electron transport results in the ‘leaking’ of elec-
trons to molecular oxygen, formation of ROS and, in 
turn, inhibition of ATP synthesis. Indeed, Tan et al.73 
demonstrated that the activities of NADH:ubiquinone 
reductase (mitochondrial complex I) and cytochrome c 
oxidase (complex IV) in hepatic cell mitochondria in 
chickens are reduced under heat exposure. Such inac-
tivation can promote electron leaks from complex III 
to generate excessive O2

•–. The researchers also showed 
increased production of malondialdehyde and carbonyl 
proteins under heat exposure.73

The second mechanism proposes that heat exposure 
can accelerate cellular metabolism and energy expendi-
ture and, therefore, mitochondrial ROS production. By 
contrast, the third hypothesis advocates that hypoxia is 
responsible for ROS production because the increased 
heat-induced cell metabolic activity is not met with an 
increase in blood flow.66 The first theory could explain 
the increase in mitochondrial ROS production in germ 
cells in men with varicocele. However, the second and 
third theories are refuted by observations of lower sperm 
mitochondrial respiratory activity under heat stress.74

Interestingly, as protective mechanisms against heat-
stress-induced oxidative stress, natural mitochondrial 
uncoupling proteins (known as UCPs), which are present 
in various tissues including the testis,75 are activated. 
UCPs are mainly located along the inner mitochondrial 
membrane and their primary function is to transfer 
protons from the intermembrane space to the matrix. 
Such action abrogates the mitochondrial membrane 
potential and reduces the availability of protons to stim-
ulate ATP synthesis and, in turn, reduces ROS produc-
tion. The generated energy is dissipated as excess heat. 
UCP1 is particularly present in brown adipose tissue to 
control the process of thermogenesis.76 The roles of other 
UCPs, such as UCP2, UCP3, UCP4 and UCP5, centre 
primarily on the control of the metabolic fuel produc-
tion, anti apoptosis and the inhibition of ROS generation. 
UCP2 transfers protons from the mitochondrial inter-
membrane space to the inside of the mitochondria to 
reduce the mitochondrial transmembrane potential, 
which is essential for high production of ROS.75 UCP2 
was shown to be highly expressed in germ cells in a 
mouse model of experimental cryptorchidism.75

Studies on chicken muscle cells have revealed that 
acute heat exposure results in the downregulation of 
UCP2 and increased ROS production, whereas chronic 
cold and chronic heat exposure results in over production 
of UCP2.77 To the best of our knowledge, no reports in 
the literature examine the role of UCP in the testis of 
men with varicocele. Varicocele is a chronic genital heat-
stress condition, whereas increased UCP2 is considered 
beneficial in reduction of oxidative stress. However, 
UCP2 requires co-enzyme Q (ubiquinone) as a cofac-
tor to transfer protons across the inner mitochondrial 
membrane.78 As intracellular sperm ubiquinone is 
reduced in men with varicocele,79 the protective effect of 

3. NO-mediated S-nitrosylation of complexes I and IV promotes excessive generation of ROS 
    by complex III

1. Heat stress inactivates mitochondrial complexes I and IV, and promotes complex III to 
    generate excessive ROS

2. Hypoxia promotes mitochondrial complex III to release ROS
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electron transport chain to release ROS. NO, generated from testicular and 
endothelial cells in the testis with varicocele, can nitrosylate complexes I and IV to 
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contributing to intracellular acidification through reducing the ratio of NADH to 
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UCP2 will be markedly undermined and the protective 
mechanism against heat-induced ROS generation will be  
seriously compromised.

Xanthine dehydrogenase/oxidase
Xanthine dehydrogenase/oxidase is a member of the 
family of enzymes possessing a molybdenum co- factor 
that catalyses, in its dehydrogenative capacity, the con-
version of xanthine to hypoxanthine and uric acid. This 
enzyme can be converted to its oxidase form by reversible 
sulfhydryl oxidation or by irreversible proteolytic modi-
fication under heat-stress or hypoxic conditions.80–82 
The oxidase form can perform the same reaction as the 
dehydrogenative form, but with concomitant generation 
of superoxide and hydrogen peroxides. Simultaneously, 
heat stress and/or nitrosylation of mitochondrial res-
piratory chain complexes as a result of NO accumula-
tion inhibit the production of ATP in the mitochondria, 
leading to the accumulation of ADP. Thus, buildup can 
result of enzyme substrates that include adenosine, 
inosine, xanthine and hypoxanthine, which, in turn, 
increase xanthine oxidase activity to convert these 
metabolites to water-soluble products (such as uric acid), 
generating ROS alongside.

Xanthine oxidase is often expressed in the endothelial 
cells of the tissue microvasculature.83 Cellular and sub-
celluar localization of the enzyme in the human testis 
have been examined in some studies that reported low 
expression of the enzyme in the cytoplasm of spermato-
gonia, spermatocytes, spermatids and Leydig cells.84,85 
By contrast, high expression of the enzyme is found in 
the postspermatid stages.83–85 In a study on the sper-
matic veins of men with varicocele, a sevenfold increase 
in the xanthine oxidase activity was demonstrated in 
the endothelial cells.86 To the best of our knowledge, no 
study has been conducted to measure the level of xan-
thine dehydrogenase/oxidase in the semen or testicular 
tissue in men with varicocele.

Repression of haeme oxygenase 1
Haeme oxygenase is an integral antioxidant membrane 
protein located in the plasma membrane of endo plasmic 
reticulum. This protein has rate-limiting enzymatic 
activity that catalyses the conversion of haeme to bili-
verdin, carbon monoxide (CO) and iron, and has two 
isoforms: the inducible and constitutive forms. The 
enzyme level and activity of the inducible form (haeme 
oxygenase 1, HO-1) increases in response to cell stressors 
such as hypoxia, smoking, inflammation or cytokines, 
whereas the constitutive form HO-2 is ubiquitously dis-
tributed in various human tissues, particularly the brain, 
testes and liver.87 HO-2 shares 43% of the HO-1 amino 
acid sequence; however, HO-2 differs from HO-1 by its 
two cystine residues that serve as the haeme binding 
site.88 This site does not participate in haeme metab-
olism and its main function is to regulate the intra cellular 
haeme pool.

Although HO-2 does not demonstrate significant 
changes in its level of expression under stress condi-
tions (for example, heat and hypoxic stress), HO-1 is 

characterized by its enhanced level and activity under 
various chemical and physical stressors in various animal 
and plant tissues.89,90 In response to various stressors, 
the inducible HO-1 performs important regulatory and 
cytoprotective functions. For example, the antioxidant 
activity of HO-1 is achieved by degradation of haeme 
(a stimulator of ROS production)91 and formation of 
biliverdin and bilirubin (both powerful ROS-scavenging 
agents).92 Surprisingly, HO-1 expression in many human 
cell lines (except for the retinal epithelium) can be 
repressed, at least in vitro, under thermal and hypoxic 
stress.89,90,93–97 Some authors attribute such repression 
as a distinctive human tissue response to such stimuli 
or stressors. In the human testis, HO-2 is characteristi-
cally found in maturing germ cells, spermatocytes, round 
spermatids and occasional Leydig cells, as well as in the 
residual bodies,98 whereas HO-1 is present in minute 
amounts in Sertoli cells, interstitial macrophages, Leydig 
cells and some germ cells, but is increased predominantly 
in Leydig cells under stressful conditions.99

In oligoasthenoteratozoospermic men with varicocele, 
the seminal level of haeme oxygenase and bilirubin is 
significantly lower than that of healthy men with normo-
zoospermia or idiopathic oligoasthenoteratozoospermia 
(P <0.001).100 However, Shiraishi et al.101 have shown 
increased Leydig-cell reactivity for haeme oxygenase 
in testicular biopsy samples from men with varicocele. 
The researchers speculated that this high expression of 
HO-1 in these cells confers protection and maintains 
steroidogenesis in men with varicocele.101 The authors 
also indicated that HO-1 in Leydig cells is positively cor-
related with increases in oxidative stress markers (such 
as the 4-hydroxynonenal-modified proteins) and varico-
cele grade. 4-Hydroxynonenal (4-HNE) is an aldehyde 
formed from the radical-initiated degradation of ω-6-
polyunsuturated fatty acids, such as linoleic acid and ara-
chidonic acid. The aldehyde binds to cellular proteins 
and forms relatively stable protein adducts, which can be 
measured. Although no significant relationships linking 
tissue levels of HO-1 or 4-HNE-modified proteins with 
motile sperm count and quality of spermato genesis 
were demonstrated, the ratio of HO-1 to 4-HNE-
modified protein (antioxidant to oxidant marker) was 
positively correlated with motile sperm count and the 
quality of spermato genesis.101 This apparent discrep-
ancy between the levels of HO-1 in seminal fluid and 
testicular tissue in infertile men with varicocele must be 
resolved, and should consider two points. Scrutiny of the 
study design of Shiraishi et al.101 revealed that the study 
did not differentiate between the tissue levels of HO-1 
and 4-HNE-modified proteins of fertile and infertile 
men with varicocele and included men with subclinical 
varicocele. Furthermore, the ratio of HO-1 to 4-HNE-
modified proteins is more representative of oxidative 
testicular damage than the absolute value of HO-1 or 
4-HNE-modified proteins. 

These two studies100,101 highlighted the cytoprotective 
role of HO-1 in men with varicocele. Indeed, the prob-
able repression of HO-1 production combined with the 
increase in oxidative stress markers might explain the 
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testicular damage seen in infertile men with varicocele. 
A properly designed study should compare not only 
infertile men with varicocele to fertile healthy men but 
also to fertile men with varicocele. The rationale behind 
this proposal stems from the fact that HO-1 is transcrip-
tionally regulated and, therefore, a marked difference 
in HO-1 activity between infertile and fertile men with 
varicocele might explain why most men with varicocele 
are fertile.

Insufficient heat shock proteins
Heat shock proteins (HSPs) are a family of housekeeping 
proteins that are constitutively expressed in cells to regu-
late various cellular pathways, such as transport, tran-
scription, translation and signal transduction.102 Under 
stressful cellular conditions, including exposure to heat, 
hypoxia and oxidative stress, HSPs are transcriptionally 
activated and increased in their cellular levels. Stresses 
inflict various damages to cellular protein components 
resulting in their denaturation, misfolding and aggrega-
tion and can even drive a cell into apoptosis. In response 
to these stressors, HSPs are activated and chaperone the 
correction of protein misfolding and prevent cells from 
undergoing apoptosis.

The inability to produce functional HSPs in adequate 
concentrations might explain the increase in sperm 
protein denaturation, apoptosis and male infertility in 
men with varicocele in response to oxidative stress. Four 
studies have assessed HSPs in infertile men, measuring 
the HSP levels in semen or the level of the correspond-
ing RNA expressed in the germ cells. Three groups ana-
lysed HSPA2 (which encodes heat shock-related 70 kDa 
protein 2),103–105 demonstrating lower levels of HSPA2 
mRNA and protein expression in oligo zoospermic 
men with varicocele than in healthy men and normo-
zoospermic men with varicocele. Even more importantly, 
Yeşilli et al.103 observed increased protein activities of pro-
tective HSPA2 after varicocelectomy and suggested its use 
as a marker of enhanced sperm-fertilization potential.

Conversely, Ferlin et al.106 hypothesized that higher 
levels of heat shock 70 kDa protein 4 (a subtype of 
HSP70, encoded by HSPA4) and HSP90 (isoform 
unreported) might be harmful to spermatogenesis in 
oligo zoospermic men with varicocele.106 Moreover, an 
increase in heat shock factor 1 (HSF 1), which is the 
main transcription factor that regulates the expression 
of the HSPs, was detected;106 the transcription factor is 
recognized for its apoptosis-inducing effect.106,107 Further 
studies are certainly required to elucidate the mecha-
nism of activation of HSPs in germ cells, which might be  
different from somatic cells.

Testicular response to ischaemia and hypoxia
Testicular tissue ischaemia can occur if the venous 
hydrostatic pressure in the internal spermatic veins 
exceeds the testicular arteriolar hydrostatic pressure.13,14 
Evidence for this scenario comes from venographic 
pressure-measurement and histopathology studies.13,14 
Testicular biopsy samples from infertile men with varico-
cele revealed arteriolar occlusion by microthrombi, 

germ-cell degeneration, Leydig cell atrophy and fibrotic 
thickening of the basement membranes of seminiferous 
tubules,13 which all suggest ischaemia.

The cellular response to hypoxia commences with 
activation and stabilization of hypoxia inducible factor 
(HIF)-1, which can stimulate angiogenesis and drive the 
energy-generating machinery of the cell towards glyco-
lytic pathways.108,109 Studies have identified high levels of 
HIF-1α in the internal spermatic veins of infertile men 
with varicocele110 and testicular and epididymal tissue 
levels in experimental varicocele in rats108,111–113 and that 
the generated ROS are necessary for stabilization of its 
activity.114,115 Although the exact mechanism of ROS acti-
vation of HIF-1α is unknown, ROS might provoke genes 
to produce HIF-1α while simultaneously reducing its 
degradation.116 Elevated levels of HIF-1α can transcrip-
tionally activate eNOS to produce excessive amounts of 
NO, eliciting compensatory vasodilatation in the tes-
ticular microcirculation.117,118 In addition, hypoxia can 
lead to mitochondrial dysfunction and the paradoxical 
generation of ROS by mitochondrial complex III, which 
is accompanied by a reduction in mitochondrial mem-
brane potential.119 Other sources of ROS that are acti-
vated during hypoxia include xanthine dehydrogenase/
oxidase,120 membrane-associated NAPDH oxidase 5 
(NOX5)121 and phospholipase A2.122

Hypoxia drives cellular metabolism towards glyco-
lysis, which results in excessive production of lactate 
and pyruvate. However, conflicting results have been 
obtained by different investigators. In one study, the 
authors evaluated pyruvate and lactate in the spermatic 
veins in men with varicocele and found that their levels 
were not significantly changed compared with that in 
men with obstructive azoospermia.123 Others have shown 
reduced,124 as well as elevated,103,125 lactate dehydro-
genase activity in men with varicocele. These biochemi-
cal changes can be explained by several mechanisms, for 
example, a reduced availability of glucose under anoxic 
conditions. Alternatively, toxic levels of NO can sup-
press the glycolytic enzyme glyceraldehyde-3- phosphate 
dehydro genase126 (Figure 2), causing a subsequent reduc-
tion in the ratio of NADH to NAD+, which contributes 
to intracellular acidification.127 Finally, hypoxic sup-
pression of the expression of aquaporin-9 (the major 
lactate influx channel between Sertoli cells and develop-
ing germ cells) might also account for the biochemical  
changes observed.128

Furthermore, hypoxia can lead to increases in the 
expression of cytokines and hormones in testicular 
tissues—such as leptin,129 IL-1130 and IL-6.131,132 Acting 
on the proliferation and differentiation of testicular 
germ cells, leptin and leptin receptors are expressed 
on spermatocytes and Leydig cells.129 Patients with 
varicocele and oligozoospermia had increased levels 
of leptin expressed on their germ cells compared with 
fertile patients, which led to the hypothesis that this 
increase could be a compensatory mechanism to protect 
spermato genesis.129 By contrast, leptin increases lipid 
peroxidation in obese people and induces mitochon-
drial superoxide production in endothelial tissues. In 
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such patients, leptin seems to be a negative regulator of 
testicular steroidogenesis and, therefore, a regulator of 
male fertility.133,134 However, it remains to be elucidated 
whether leptin exclusively acts as a positive or negative 
regulator of sper matogenesis, or whether leptin’s role is 
dependent on the receptor isoforms expressed at different  
stages of spermatogenesis.

No direct evidence has shown that leptin is associated 
with oxidative stress in men with varicocele. However, 
production of leptin is increased in Leydig and germ 
cells in these men, which suggests a possible association 
with and a role for leptin in the generation of oxidative 
stress. A new critical study is required to disentangle 
any association between leptin hormone and receptors 
in seminal fluid and testicular tissue from markers of 
oxidative stress in fertile men with varicocele.

IL-1 has been found to induce the generation of ROS 
in several tissues, including testicular tissue.135 Similarly, 
an association between IL-6 and oxidative stress has been 
clearly shown in infertile men with varicocele.131,136,137 
Both IL-1 and IL-6 are proinflammatory cytokines that 
incite the accumulation of inflammatory cells—such as 
monocytes, neutrophils and T cells—in the seminal fluid 
and exert, when present in high concentrations, toxic 
effects on the sperm.138,139 Such effects might explain the 
higher frequency of leukocytospermia (a major source 
of ROS) in the semen of infertile men with varicocele 
compared with fertile, healthy men.140

Testicular response by adrenomedullin
Adrenomedullin is a polypeptide hormone and potent 
vasodilator that consists of 52 amino acids and belongs to 
calcitonin-gene related peptide family. This polypeptide 
is ubiquitous in various human tissues and is synthe-
sized and secreted by many cell types. Examples of such 
secretory cells include adrenal medullary cells, hypo-
thalamic neurons, testicular Sertoli (rat testis),141 Leydig 
cells (rat and human testes),141,142 germ cells (human 
testis),142 renal cortical cells, vascular endothelial143,144 
and smooth muscle cells.145 Secretion of adreno medullin 
is stimulated by hypoxia and a variety of cytokines and 
hormones. Although preliminary reports demonstrated 
cytoprotective, sperm-motility enhancing142 and anti-
oxidant146 effects of adrenomedullin, others reported 
that adrenomedullin accentuates tissue damage through 
its deleterious effects on the antioxidant enzyme super-
oxide dismutase.147 Adrenomedullin can increase NO 
production by activation of iNOS through an indirect 
mechanism148 and promote endothelial dysfunction in 
men with Behçet’s disease.149 Moreover, studies in rat 
testes revealed that adrenomedullin inhibits Leydig-cell 
steroidogenesis.150,151

Elevated levels of adrenomedullin have been detected 
in the internal spermatic veins in infertile men with vari-
cocele compared with peripheral veins.152 The origin of 
high adrenomedullin levels in spermatic veins is not 
known; however, adrenal medullary cell secretion and 
venous blood backflow towards the testis, as well as 
local internal spermatic vein vascular endothelial and 
local vascular smooth muscle secretion, in response to 

hypoxia have been suggested.143,145 Unfortunately, no 
studies have addressed the effect of adrenomedullin on 
spermatogenesis. In addition, no studies have been con-
ducted regarding levels of adrenomedullin in the seminal 
fluid and testicular tissue of infertile men with varico-
cele compared with their fertile counterparts. Thus, the 
role of adrenomedullin in men with varicocele requires 
further study.

Testicular response to metabolitic reflux
Venographic studies have shown that reversal of venous 
blood flow within left-sided varicocele veins is a common 
finding. Such reversal forms the basis for the assumption 
that renal or adrenal metabolites such as urea, the prosta-
glandins (PGs)—such as PGE (isoform not reported) and 
PGF2α—and norepinephrine can gain access to endo-
thelial cells of the left internal spermatic vein and tes-
ticular tissue.153,154 These substances can induce cell ular 
oxidative stress in various human cell cultures in vitro. 
Exposure to supraphysiological levels of urea can inhibit 
urea transporters that mediate its cellular efflux, resulting 
in the carbamylation of proteins and a reduction in the 
level of intracellular glutathione. Carbamylation is a post-
translational modification of proteins that results from 
the nonenzymatic reaction between isocyanic acid and 
specific free functional groups and is a maker of oxidative 
stress. This reaction alters the structural and functional 
properties of the protein.155 PGF2α can induce a variety 
of cell lines to produce ROS, whereas PGE can inhibit 
their generation. Elevated PGE can be attributed to over-
production by endothelial cells in response to oxidative 
stress induced by PGF2α. Norepinephrine can contrib-
ute to vasospasm and perpetuate hypoxia, resulting  
in the generation of even more ROS.

Testicular response by cadmium accumulation
Cadmium is a naturally occurring metal present in the 
Earth’s crust and oceans. The element is also expelled as 
exhaust from many industrial sources; cigarette smoke is 
also a rich source. Cadmium is easily absorbed through 
the skin, by inhalation through the lungs and by inges-
tion. Several studies have reported elevated cadmium 
levels in the wall of internal spermatic veins,156 testicular 
tissue biopsy samples157 and the seminal fluid158 of infer-
tile men with unilateral or bilateral varicocele compared 
with fertile donors. Additionally, the increase observed 
in men with varicocele is unaffected by smoking status. 
Although the mechanism of accumulation is not entirely 
understood, increased hydrostatic pressure and hypoxia 
might result in a porous blood–testis barrier that enables 
cadmium to build up.158

Many animal studies suggest a role for cadmium 
as a pro-oxidant. The negative effects of cadmium 
on spermato genesis might be mediated by indirect 
enhanced generation of hydroxyl radical, superoxide 
anion, H2O2 or NO, as well as by reducing the zinc con-
centration.158 Chronic zinc deficiency is associated with 
increased sensitivity to oxidative stress because zinc is 
an antioxidant and has a protective effect on spermato-
genesis.159 However, whether the increase in lipid 
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peroxidation occurs as a direct effect of cadmium, via 
cadmium-induced displacement of redox metal ions or 
a decrease in glutathione content is not clear.

Epididymal response
The epididymis is an important reproductive organ 
involved in sperm maturation that comprises the caput, 
corpus and cauda segments. Each segment is composed 
of metabolically active principal cells that have the ability 
to generate ROS, as well as enzymatic (superoxide dis-
mutase, glutathione peroxidase 5 and glutathione trans-
ferase) and nonenzymatic antioxidants (glutathione and 
taurine). Although the redox microenvironment in the 
epididymis is essential for sperm maturation, epididy-
mal generation of antioxidants is essential to counteract 
harmful events resulting from excessive ROS, whether 
locally produced or transported from the testis. The initial 
epididymal segment is the primary site for concentration 
of ROS that have been generated from multiple sources.160 
Luminal fluid spermiated from the testis, endothelial 
cells in the rich capillary network around the caput161 
and the metabolically active principal cells constitute  
three important sources for ROS production.162

Experimental varicocele in animals are the only 
models to study epididymal structural and functional 
changes in response to varicocele. One month after the 
induction of varicocele, reduction in weight of the left 
epididymis and in the tubular diameter of the caput 
region have been observed in rats.163 Furthermore, termi-
nal deoxynucleotidyl transferase dUTP nick end labelling 
(TUNEL) assay has shown an increase in apoptosis of 
principal epididymal cells with a reduction in the protein, 
carnitine (antioxidant) contents, and α-glucosidase activ-
ity in all segments of the epididymis.163,164 Epididymal 
α-glucosidase activity and carnitine are indicators of 
epididymal sperm content and epididymal function. 
These results indicate that the reduced fertility potential 
associated with varicocele might be the result of both 
testicular and epididymal involvement, with a negative 
effect on sperm maturation.

Experimental varicocele models have also shown 
microscopic and ultrastructural changes in the epididy-
mal principal cells related to duration of disease.165 
These changes include cytoplasmic vacuolation and 
widening of intercellular spaces. An excess of immature 
sperm and sperm with cytoplasmic droplets are clearly 

identified within the caput tubular lumen.164 Hypoxia 
and heat stress are the two pathogenic mechanisms that 
can explain the damage and apoptosis to principal cells. 
Under these stressful conditions, principal cells can over-
produce ROS, which, when combined with the inability 
to produce an adequate amount of antioxidants, results 
in simultaneous oxidative damage to the maturing sperm 
and epididymal cells.

Conclusions 
Understanding the role of oxidative stress in varicocele 
and male infertility requires an in-depth analysis of the 
multiple pathophysiological processes and the theories 
involved, as well as the examination of different levels 
of scientific evidence of published studies. Current evi-
dence supports oxidative stress as a key element in the 
pathophysiology of varicocele-related infertility. The 
testis responds to oxidative stress via several mecha-
nisms—including the generation of enzymatic and non-
enzymatic antioxidants. Although these mechanisms can 
be successful in maintaining fertility potential among the 
majority of men with varicocele, failure of these mecha-
nisms might underpin the testicular damage and infer-
tility observed in the minority of men with varicocele. 
The full elucidation of these mechanisms is yet to be 
described. In part 2 of this Review,11 we discuss the clini-
cal relevance of oxidative stress and describe the current 
evidence for treating varicocele-related infertility. 
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