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Despite the wide recognition of varicocele as a contributor to infertility, its exact pathophysiologic mechanism is not fully
understood. As the field of male infertility continues to see progress in new diagnostic and therapeutic technologies, we sought
to obtain a robust understanding of the interplay of varicoceles, oxidative stress, DNA methylation, and male infertility. We
performed a comprehensive review of the contemporary literature in PubMed using search terms and keywords associated with
varicoceles, DNA methylation, and male infertility. The most important findings from the literature review were included in this
report. Articles were selected based on quality and relevance to the topic. Eight studies were included in this review. These studies
discuss DNA methylation and varicocele-associated male infertility through evaluation of sperm parameters, DNA methylation,
DNA fragmentation, and other relevant factors. Our review of the literature on varicocele-associated sperm DNA methylation
indicates that global hypomethylation occurs in association with varicoceles. Some data suggest a dose-dependent effect of
varicocele grade on sperm DNA methylation, with the greatest magnitude changes seen in grades II and III varicoceles. While
changes in DNA methylation patterns would be expected following varicocelectomy, such changes were not found to be statistically
significant in one study reviewed here. However, current human studies are limited by small sample size and short follow-up time.
Future clinical and preclinical studies with robust sample sizes and hypothesis-driven investigations are necessary to further

understand the relationship between DNA methylation patterns and varicocele-associated male infertility.

1. Introduction

A persistent conundrum in the field of male infertility is the
mechanism by which varicoceles exert deleterious effects on
sperm production and sperm function. A varicocele is an
abnormal dilation of the scrotal pampiniform plexus and
can cause testicular atrophy, discomfort, and infertility.
Approximately 15%-20% of adult and adolescent males
have varicoceles, which are directly responsible for 35% of
males with primary infertility and up to 80% with secondary
infertility [1-4]. Not all men with varicoceles are infertile,
and about 80% of men with varicoceles are asymptomatic
and have normal fecundity [5]. Despite the wide recognition
of varicocele as a contributor to infertility, its exact patho-
physiologic mechanism is not fully understood. Recently,
there has been burgeoning interest in the role of epigenetics

to identify potential biomarkers that can aid with infertility diag-
nosis, and there is acknowledgment that epigenetic changes may
be a potential mechanism by which varicoceles act to impair
tertility.

Epigenetics involves the study of gene regulation by pro-
cesses that alter DNA structure without affecting its sequence.
These processes may activate or deactivate transcription of
certain genes, thereby altering the expressed phenotype for
a given DNA sequence. Epigenetic processes include DNA
methylation, posttranslational histone modification, and
microRNA regulation [6]. A number of recent investigations
have demonstrated that certain patterns of DNA methylation
can negatively impact reproductive success [7—11]. Previous
work has also revealed a marked difference in DNA methyla-
tion patterns between infertile and fertile men [6, 12-20].
Sperm production comprises a complex series of steps which
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can be susceptible to epigenetic alterations; for this reason,
fertility researchers have begun to focus on risk factors for
DNA methylation changes, potentially including varico-
celes [21].

Potential causes for varicocele-induced infertility include
hypoperfusion leading to hypoxia, heat stress, oxidative stress,
hormonal imbalances, and exogenous toxicants. In particular,
current evidence supports oxidative stress as a crucial arbiter
of varicocele-induced infertility [4, 22, 23]. DNA base modifica-
tions, deletions, strand breakage, and chromosomal rearrange-
ments are consequences of oxidative stress. Such alterations may
impact the efficiency of DNA methyltransferases, a family of
enzymes that mediate the transfer of a methyl group to DNA
and serve as key epigenetic regulators [24-27]. Therefore, DNA
lesions, such as those caused by reactive oxygen species (ROS),
may lead to the inability of DNA to function as a substrate for
DNA methyltransferases, resulting in DNA hypomethylation
[28]. Previous reports have suggested a negative correlation
between ROS and epigenetic alterations in infertile men
[28, 29], and sperm from infertile men are more likely to express
aberrant DNA methylation patterns [30-34]. These differences
in DNA methylation patterns may have implications for oocyte
fertilization and embryo development, as the global methylation
level of sperm DNA has been demonstrated to influence preg-
nancy rate after in vitro fertilization (IVF) [17, 19, 35-37].

As the field of male infertility continues to see progress in
new diagnostic and therapeutic technologies, we sought to
obtain a robust understanding of the interplay of varicoceles,
oxidative stress, DNA methylation, and male infertility. To
this end, herein, we provide a narrative review of the con-
temporary literature in this area of interest.

2. Methods

A comprehensive literature search was performed in the
PubMed database, without a limit on dates of publication. The
following search terms were employed: “varicoceles, DNA meth-
ylation, epigenetics, sperm, male infertility.” Studies were
selected for review that were written in English, focused on
varicocele-associated infertility, and discussed epigenetic associa-
tions. Emphasis was placed on studies that reported semen anal-
yses, sperm diagnostics, and molecular assessment. Articles were
selected based on quality and relevance. A wide range of animal
and human studies were reviewed.

3. Results and Discussion

Eight published articles met focused criteria for selection and
are summarized in Table 1. Herein, we discuss the findings
from these studies.

3.1. Sperm DNA Methylation in Men with Varicoceles. Tavalaee
et al. [29] examined the effects of varicocelectomy surgery on
sperm DNA methylation, and associated functional character-
istics. Conventional semen analysis, sperm DNA fragmentation
(SDF), protamine deficiency, oxidative stress, and global DNA
methylation were evaluated in 52 men with primary infertility
and clinical grade II or IIT left-sided varicocele, both before and
3 months after varicocelectomy surgery. Sperm concentration,
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SDF, protamine deficiency, and oxidative stress showed statisti-
cally significant improvements after surgery by 42.5%, 47.2%,
and 18.5%, respectively. Additionally, the percentage of sperm
motility, global DNA methylation, and intensity of DNA meth-
ylation also trended toward improvement following surgery,
although these differences were not statistically significant com-
pared to preoperative parameters. However, within a subgroup
of oligozoospermic men, the increase in global DNA methyla-
tion after varicocelectomy surgery was higher than in nonoligo-
zoospermic men. The authors of this study acknowledge several
potential contributors to absence of significant differences in
DNA methylation in the total population: the limited sample
size, inadequate time to analysis due to the number of spermato-
genesis cycles needed to observe epigenetic changes, and varia-
tions in varicocele effects on each individual, among others.

Santana et al. [35] assessed sperm global DNA methyla-
tion, telomere length, and SDF in men with and without
clinically palpable varicoceles. In this case—control study,
semen samples from 20 men with grade II or III varicocele
and 20 healthy controls were collected. Their findings sug-
gest that sperm DNA methylation may be lower in men with
varicoceles compared to controls, though the study was ulti-
mately underpowered to detect a statistically significant differ-
ence. Rates of SDF and telomere length were not statistically
different between the two groups. A considerable limitation of
these findings is that the DNA methylation analysis was con-
ducted in only a subset of each group (10 men with varicocele
and five control), likely contributing to the lack of statistical
significance.

The same group subsequently performed a study with a
slightly larger sample size and different methodology. In
2020, Santana et al. [39] assessed the global DNA methyla-
tion pattern in sperm and overall semen quality in men with
varicoceles. In this prospective case—control study, semen
quality and sperm DNA methylation patterns were assessed
in 26 men with varicoceles of any grade, regardless of fertility
status, and 26 fertile healthy controls. They found that the
genomes of men with varicocele were globally hypomethy-
lated when compared to the control group and this difference
was statistically significant (P =0.0373). Regional analysis
was performed to discern specific regions of the sperm
genome that were differentially methylated in males with
varicocele. The authors identified 1,695 statistically signifi-
cant differentially methylated regions, 920 hypermethylated
and 775 hypomethylated, in the varicocele group compared
with the controls. When regional analyses were subdivided
by varicocele grade, 24 methylated regions were common to
all grades of varicocele, and all regions were hypermethylated
in varicocele patients. No statistically significant difference
was found in methylation pattern across varicocele grades,
which suggests that severity of clinical phenotype may not
predict the degree of impact on fertility.

A case series by Bahreinian et al. [38] evaluated global
DNA methylation infertile men with varicoceles and fertile
men. Semen samples from 44 infertile men with left-sided
grade II or III varicocele and 15 fertile men were collected.
Conventional semen analysis, DNA methylation, SDF, oxi-
dative stress, and protamine deficiency were assessed. As
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expected, sperm concentration and motility were impaired in
men with varicoceles, but also the percentages of ROS posi-
tive, DNA damaged, and protamine deficient sperm were
substantially higher in these individuals. Additionally, the
percentage and intensity of DNA methylation were lower
in individuals with varicocele compared to fertile men.
Decreased DNA methylation was associated with higher
rates of DNA fragmentation, but not with the degree of
protamine deficiency and ROS susceptibility. The authors
conclude that individuals with varicoceles show increased
susceptibility to DNA damage with sperm DNA hypomethy-
lation. Ultimately, DNA hypermethylation may serve a pro-
tective role in sperm.

3.2. Molecular Basis for Varicocele. DNA methyltransferases
are a family of enzymes that mediate the transfer of a methyl
group to DNA. In doing so, DNA methyltransferases play a
critical role in embryonic development, genomic imprinting,
and chromosome stability. This family of enzymes serves as
one of the main epigenetic regulators that modifies gene expres-
sion [24-27]. The main active DNA methyltransferases are
DNMT1, DNMT3A, and DNMT3B. Rashidi et al. [41] per-
formed a case—control study to investigate the relative contribu-
tions of DNMT1, DNMT3A, and DNMT3B in sperm of infertile
men with grade II or III varicocele (1= 35) with fertile indivi-
duals (n =26). The DNA methyltransferases were assessed at a
protein level with immunostaining and at the mRNA expression
level with quantitative RT-PCR. Their findings revealed a similar
percentage of DNMT1 positive sperm between the two groups;
however, the percentage of DNMT3A and DNMT3B positive
sperm were significantly higher in the varicocele group com-
pared to the fertile control group. Similar associations were iden-
tified at the mRNA expression level. Of note, DNMT1 is
responsible for preservation of methylation pattern through
DNA methyltransferase activity during cell division, while
DNMT3A and DNMT3B are de novo methyltransferases that
play a central role in development. These findings suggest that
altered DNA methylation in men with varicoceles may be driven
by enzymes involved in de novo DNA methylation and that
higher expression of sperm DNMT3A and DNMT3B—both
at protein and mRNA expression levels—in men with varicocele
may reflect an aberrant physiologic status of the testis in these
individuals.

Ucar et al. [40] performed a case—control study of 107
men with varicoceles and 109 fertile and healthy men to
explore the impact of gene polymorphisms associated with
the methylenetetrahydrofolate reductase (MTHFR) gene.
MTHER is an enzyme involved in folate metabolism and
plays a key role in regulation of methyl group balance between
DNA synthesis and DNA methylation. C677T and A1298C
polymorphisms are the most well-known MTHFR gene var-
iations that lead to reduced enzyme activity, and previous
studies suggest that MTHFR polymorphisms may be genetic
risk factors for male infertility [40]. Ucar et al. [40] found that
MTHFR-1298/A allele frequency in the varicocele group was
significantly higher in comparison to the fertile control group.
Men with a homozygous genotype (1298AA) for the poly-
morphic allele A1298C have a 2.3-fold higher risk of having
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varicocele compared with men who do not have this geno-
type. These findings suggest a strong genetic component for
the development of varicocele in at least a subset of men.

3.3. Relevant Animal Studies. Data on varicoceles and DNA
methylation in animal models are quite limited. A relevant
study published by Zhang et al. [42] assessed the effect of
varicoceles on DNA methylation patterns of two genes in the
sperm of adult rat offspring with or without varicoceles: H19
and Snrpn. The product of the H19 gene is an untranslated
RNA that is expressed exclusively from the maternal chro-
mosome during mammalian development, and aberrant H19
methylation is associated with growth retardation. Small
nuclear ribonucleoprotein polypeptide N (Snrpn) is a mater-
nally methylated imprinted gene. The differentially methyl-
ated regions of these two imprinted genes were assessed in
sperm to understand the effect of varicocele-induced pater-
nal germline epigenetic alterations on offspring. There were
no significant differences in DNA methylation levels of H19
and Snrpn genes in spermatozoa among the control group,
sham operation group, and varicocele-induced group. These
results indicate that the presence of varicocele did not alter
the methylation profiles of H19 and Snrpn genes in this
animal model. Further work in animal models of varicocele
may have some utility as the field of sperm epigenetics con-
tinues to grow.

In a recent study by Dinani et al. [43], 24 rats were assigned
to three groups: control, sham, and varicocele. Assessment of
sperm quality and DNA methylation patterns of testicular sper-
matogenic cells showed that rats in the varicocele group
demonstrated decreased sperm parameters (worse sperm con-
centration, motility, and morphology), chromatin maturity,
and DNA integrity (assessed by degree of DNA damage) com-
pared to the other groups. Furthermore, these rats also showed
increased sperm lipid peroxidation compared to the sham and
control groups. DNA methylation can either result in the pro-
duction of 5-methylcytosine (5-mC) through the action of
DNA methyltransferase enzymes or 5-hydroxymethylcytosine
(5-hmC) through ten-eleven translocation (TET) enzymes.
This study also found that in the varicocele group, the 5-mC
signal normally abundant in spermatogonia cells was decreased
through a TET-dependent process. This is attributed to aber-
rant TET?2 activity in varicocele but not the control or sham
groups given the associated rice in 5-hmC and TET2 mRNA
and protein upregulation. The authors suggest that these find-
ings may be leveraged as potential biomarkers of spermatogen-
esis, especially within the context of a varicocele [43].

3.4. Summary. Varicocele represents an important risk factor
or male factor infertility given its strong association with
impaired semen parameters, molecular characteristics of
spermatozoa, and the testicular microenvironment. Less clear,
however, is how varicoceles exert their deleterious effects.
Researchers have posited that epigenetic factors may play a
role in varicocele-associated infertility, as prior work has dem-
onstrated that certain sperm DNA methylation patterns neg-
atively impact reproductive success [6-20] and have an
association with male infertility [30-34]. These differences
in DNA methylation patterns may have implications for
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future oocyte fertilization and embryo development as the global
methylation level of sperm DNA has been demonstrated to
influence the pregnancy rate in IVF [17, 19, 35-37]. To our
knowledge, this is the first comprehensive review of the literature
to summarize the role of DNA methylation in varicocele-
associated infertility. Our report highlights the relative ubiquity
of global hypomethylation in men with varicoceles. The major
limitations of this study are related to the limited published
research available given the still-nascent nature of this field.

4. Conclusion

Our review of the literature on varicocele-associated sperm
DNA methylation indicates that global hypomethylation
occurs in association with varicoceles. Some data suggest a
dose-dependent effect of varicocele grade on sperm DNA
methylation, with the greatest magnitude changes seen in
grades II and III varicoceles [39]. While changes in DNA
methylation patterns would be expected following varicoce-
lectomy, such changes were not found to be statistically sig-
nificant in one study reviewed here [41]. However, current
human studies are limited by small sample size and short
follow-up time. Future clinical and preclinical studies with
robust sample sizes and hypothesis-driven investigations are
necessary to further understand the relationship between
DNA methylation patterns and varicocele-associated male
infertility.
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