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Preface

Infertility is a global health challenge affecting millions of couples worldwide, with
male factors contributing to approximately 30% to 50% of these cases. This edited
volume, Andrology Insights — Understanding Male Reproductive Health and Diseases,
brings together a comprehensive collection of chapters that explore the multifaceted
aspects of male reproductive health. This volume aims to provide researchers, clini-
cians, and students with an in-depth understanding of the biological mechanisms,
diagnostic tools, and therapeutic strategies related to male infertility and reproductive
disorders.

The volume begins with critically examining the impact of age on semen quality
(Chapter 1), highlighting the physiological changes in male reproductive systems with
advancing age and their implications for fertility. This chapter synthesizes evidence
from human population studies, molecular research, and animal models to shed light
on how paternal age influences sperm parameters such as concentration, motility,
morphology, and DNA integrity.

Chapter 2, Spermatogenesis, delves into the intricate process of sperm production,
detailing the stages of spermatocytogenesis, spermatogenesis, and spermiogenesis.
The chapter explores the hormonal regulation, genetic factors, and external influences
that alter spermatogenesis, providing insights into congenital disorders and idiopathic
infertility.

The third chapter, Natural Sperm Selection: Perspectives for More Successful Outcomes
in ICSI, shifts focus to assisted reproductive technologies (ART). It discusses the
natural selection mechanisms that occur in the female reproductive tract and how
biomimetic methods, such as microfluidic devices and chemotaxis-based techniques,
can enhance sperm selection in ICSI procedures.

Chapter 4, A Comparative Analysis of Gradient Centrifugation and Microfluidic Chips
for Sperm Selection, compares traditional density gradient centrifugation methods with
emerging microfluidic technologies for sperm preparation. This chapter evaluates the
advantages and limitations of each approach, emphasizing their clinical relevance in
improving ART outcomes.

Chapter 5, Detection and Clinical Application of Sperm DNA Fragmentation addresses the
growing importance of sperm DNA integrity in diagnosing male infertility. It reviews
methods for assessing DNA fragmentation, such as the sperm chromatin structure assay
(SCSA) and the comet assay, and discusses their clinical utility in predicting fertility
outcomes and guiding therapeutic decisions.

Chapter 6, Phytochemicals of Natural Fruit Extract Rehabilitate Male Reproductive
Health, explores the potential of medicinal fruit extracts to mitigate testicular damage



caused by environmental toxins and insecticides. This chapter highlights the role of
phytochemicals, such as antioxidants and phytosterols, in restoring sperm quality and
testicular function.

The final chapter, Cryptorchidism in Pediatrics and Adults, examines the challenges
posed by undescended testes across the lifespan. It discusses the embryological origins,
clinical presentation, and management strategies for cryptorchidism, emphasizing the
importance of early intervention to preserve fertility and reduce long-term risks such
as testicular cancer and infertility.

This volume results from collaborative efforts by leading experts in the field of male
reproductive health. I would like to express my sincere gratitude to all contributing
authors for their dedication and insightful contributions. Special thanks are extended
to the editorial team, whose meticulous work ensured the coherence and quality of
this publication.

We hope this volume serves as a valuable resource for advancing knowledge and
improving clinical practice in male reproductive medicine.

Wei Wu

School of Public Health,

Taizhou Clinical Medical College,
Nanjing Medical University,
Nanjing, China

XIvV



Chapter1

Effect of Male Age on Semen
Quality

Abdoulie Dukureh, Sia Flovence, Balansama Mavah,
Peihao Wu, Yan Yuan, Yixuan Yan, Feng Wu, Qi Liu,

Ying Li, Jinqi Ma, Feng Pan, Jun Ye, Jing Wei, Hongshan Ge,
Qiugin Tang and Wei Wu

Abstract

Infertility is a global health problem that affects about 15% of couples of repro-
ductive ages, and male factors contribute about 30-50% of these cases. Genetic and
lifestyle factors were previously identified as causes of male infertility; however,
idiopathic factors also account for about 30%. Interestingly, advanced paternal
age has been identified as a factor responsible for poor sperm quality, which is also
considered a factor responsible for male infertility. There are several changes in men’s
reproductive systems as they become older. Around 60, gonadotropin hormone levels
rise, and testosterone levels fall, causing a decrease in testicular volume. This impacts
Sertoli, Leydig, and germ cells. Aging also affects blood vessels, which may result in
testicular fibrosis. Research indicates that males are more likely to develop benign
prostatic hyperplasia, which can impair ejaculation and reduce semen volume. Many
couples delay childbearing to their late 30s because of social and financial difficulties,
especially in developed countries, which are considered until increased paternal age.
The influence of advanced paternal age on sperm qualities is still debated. This review
summarizes the evidence regarding the influence of age on semen quality parameters
such as concentration, motility, morphology, DNA fragmentation, and total sperm
count in human population, molecular, and animal studies. It will be helpful in the
decision-making of the appropriate age of male childbearing.

Keywords: infertility, male, age, semen quality, reproduction

1. Introduction

Infertility is defined as a couple who cannot achieve a clinical pregnancy after
12 months of unprotected intercourse [1]. There is no data on the worldwide preva-
lence of infertility. Still, it is estimated that 15% of couples who are of reproductive
age are affected by infertility, and male factors contribute 30-50% of these cases [2].
Infertility is a significant public health concern; approximately 15% of couples of
reproductive age in the US use infertility services to achieve pregnancy [2]. In China,
it has been approximated that the incidence of infertility reaches approximately
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15-20% among women, accounting for an estimated 40-50 million individuals. At the
same time, in men within the reproductive age bracket of 15-45 years, the prevalence
stands at around 10-12%, encompassing approximately 45 million individuals [3].

Male infertility has a variety of etiological factors, ranging from genetic abnor-
malities and lifestyle choices to underlying medical disorders or drug use. Even
though progress has been made in understanding the complexity of male infertility,
idiopathic sperm abnormality has accounted for 30% [4]. While advanced maternal
age has been found to affect pregnancy outcomes, such as spontaneous abortion, still-
birth, congenital abnormalities, and perinatal complications, some researchers have
controversy on the effect of advanced paternal age on sperm quality [5]. Research
shows that semen parameters are negatively affected by increased paternal age [6].

Aging is a physiological change that happens to our body naturally and is inevi-
table. Among the challenges that affect the male reproductive system during aging is
a decrease in our reproductive capacity [7]. Recently, in many developed countries,
men have postponed parenthood until their late thirties because of economic reasons,
which raises a concern about advanced paternal age during the time of conception
[8]. The percentage of men becoming fathers between the ages of 35 and 54 in the UK
has surged by 15% compared to a decade ago [9]. Data from the United States reveals
a substantive increase in the mean paternal age over the last 44 years (1972-2015),
with an average increase of 3.5 years from 274 to 30.9 years of age [10]. In Denmark,
the average age of fatherhood, which stood at 30.9 years in 1986, had increased to
33.4 years by 2016 [11]. Considering the fatherhood trend, researchers have brought
attention to investigating the correlation between semen quality and age [12, 13].
There are different ways aging can affect men’s reproductive organs. Testis volumes
decrease at 60 years of age, testosterone decreases, and gonadotropin hormone levels
increase with aging. It decreases Sertoli, Leydig, and germ cells. Aging affects blood
vessels, which can lead to testicular fibrosis. Evidence shows that benign prostate
hyperplasia incidents increase among aging men, which can have an effect on ejacula-
tion and decrease semen volume [13, 14].

In addition to the typical factors contributing to male infertility, oxidative stress
has emerged as a significant cause of age-related sperm dysfunction. As individuals
age, the efficiency of mitochondrial function tends to decrease, leading to impaired
electron transport chains and, subsequently, heightened electron leakage, resulting in
oxidative stress.

Aging has been associated with increased oxidative stress levels, resulting in an
elevated occurrence of lipid peroxidation and the generation of reactive oxygen spe-
cies (ROS) within the mitochondria of sperm cells, which can alter sperm quality [7].
Therefore, male infertility has reached the young domain of men’ health issues and
imposed a tremendous public health concern as global sperm quality is dropping and
the possibility that urologists and physicians will experience an increase in patients
with problems with semen parameters [15]. Some authors suggested that sperm
morphology is affected with increased age [16]. Aging has also been connected to
decreases in daily sperm production, total sperm count, and sperm viability, as well as
decreases in semen volume due to abnormal function of accessory glands [7].

This chapter aims to summarize the existing evidence regarding the influence of
age on semen quality parameters, such as concentration, motility, morphology, DNA
fragmentation, and total sperm count, in human population, molecular, and animal
studies. By examining the available literature, this review will shed light on how age
may impact various parameters of semen quality, including sperm count, motility,
morphology, and DNA integrity.
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2. Pathophysiology of age on semen quality

Given age-related changes in semen quality, two things need to be considered [2,
17]. First, cellular and physiological aging-related changes have been documented in
various male reproductive organs, including the testicles, seminal vesicles, prostate,
and epididymis. Autopsy studies on men who passed away from non-reproductive
causes have revealed age-related phenomena such as the narrowing and sclerosis of
the testicular tubular lumen, reduced spermatogenic activity, heightened degenera-
tion of germ cells, and a decrease in the number and functionality of Leydig cells [18].
In the prostate, there is a reduction in smooth muscle mass and a decline in protein
and water content. These changes may contribute to decreased semen volume and
diminished sperm motility. Additionally, the epididymis, which is a hormonally
sensitive tissue, can also undergo age-related alterations. This hormonal or epididy-
mal senescence may lead to a decrease in sperm motility among older men. Second,
as individuals age, they tend to experience more frequent exposure to external factors
that can cause damage or result in diseases [2]. For instance, older men are more likely
to have a more extended history of smoking compared to younger men. Additionally,
they may have had previous episodes of urogenital infections or other health issues,
further highlighting the cumulative effect of age-related exposures to potential risk
factors.

3. Effects of advanced paternal age on semen composition and fertility

Semen is composed mainly of two elements: sperm and seminal fluids. Sperm
originates from the seminiferous tubules in the testicles, while seminal fluids are
produced in the accessory sex glands and excurrent ducts. Semen analysis evaluates
these components, focusing on sperm count and semen volume [19].

Advanced paternal age (APA) demonstrates a notable decline in sperm param-
eters, such as semen volume, sperm count, motility, morphology, and viability. The
direct link between male age and these variables remains unidentified, although
numerous potential mechanisms known to be influenced by aging have been identi-
fied. These mechanisms include diminished functioning of reproductive accessory
glands, cellular and physiological alterations characterized by reduced capacity to
repair cellular and tissue damage, depletion of germ cells and androgen levels, and
structural changes in the male reproductive anatomy, including narrowing of the
seminiferous tubules, vascular insufficiency, and systemic diseases associated with
the aging process [7, 20, 21]. Specifically, there is a decline in accessory gland secre-
tions among elderly males, and there are distinguishable variations in both water and
protein composition compared to their younger counterparts [2]. These are likely
etiological cases, and the possible outcomes are discussed below.

3.1 Threshold of age

As previously mentioned, it has been reported that there is no alteration in sperm
parameters until males reach the age of 34 years [2]. In a study conducted by Kidd
etal., it was observed that the total sperm count was the initial parameter to be
affected once an individual surpassed the threshold of 34 years. Subsequently, both
sperm concentration and the percentage of sperm with normal morphology exhibited
a decline at the age of 40 [2]. At the ages of 43 and 45, there were observed declines in
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sperm motility and semen ejaculate volume, respectively [22]. In a study conducted
in China, the semen analysis of men aged 20-60 years was examined, revealing a
negative correlation between age and progressive motility, vitality, and the percentage
of normal sperm. Notably, the decline in rapid progressive motility and the rate of
normal sperm morphology commenced gradually at 30, while progressive motility
began to decrease at 40 [23]. The disparities in the findings among these studies may
stem from variations in the study design, with differences in whether the studies were
prospective or retrospective [24]. The discrepancies in findings across various studies
may be attributed to differences in sexual abstinence time, study types (prospective
or retrospective), distinct age groups, variations in sample sizes, diverse ethnicities,
inherent biological variability, and the inherent limitation that semen parameters
offer limited predictability of male fertility potential [25].

3.2 Semen analysis

Semen analysis holds a pivotal role within the spectrum of male fertility evalua-
tion due to its capacity to comprehensively review testicular and epididymal func-
tionality, nasal patency, and the performance of accessory sexual glands. Moreover,
it plays a crucial role in evaluating sperm health to determine fertility potential [26]
or in assessing the effectiveness of surgical interventions like vasectomy [27]. Semen
analysis thoroughly examines various physical attributes of semen, such as color,
odor, pH, viscosity, and liquefaction. It also assesses parameters like volume, concen-
tration, morphology, sperm motility, and progression. These analyses are repeated at
different intervals to ensure a comprehensive and accurate evaluation [28].

3.3 Kinematic movement of sperm

Computer-Assisted Sperm Analysis (CASA) enables the automated assessment of
sperm motility, objectively evaluating diverse parameters that characterize specific
kinematic aspects of sperm movement [29]. The CASA system differentiates and iso-
lates each sperm in the microscope view, capturing a series of digital images illustrat-
ing the motion of sperm heads. This enables the reconstruction and monitoring of the
unique paths taken by individual sperm [30]. Three sperm kinematic measurements
(Figure 1), often used to characterize various aspects of sperm progressive motility,
are the curvilinear velocity (VCL), straight-line velocity (VSL), and average-path
velocity (VAP). VCL represents the time-average velocity (pm/s) of the sperm head’s
centroid along its curved path [31]. Veron et al. conducted a comprehensive cohort
study involving a sample size of 5000 individuals. Their research examined the influ-
ence of age, clinical conditions, and lifestyle factors on routine semen parameters and
sperm kinematics, specifically VSL, VCL, VAP, BCF, ALH, and MAD parameters. The
findings of their study indicate a correlation between advancing age and decreased
values in these parameters. These results suggest the presence of potential altera-
tions in the molecular machinery responsible for sperm motility in individuals of
higher age [11]. Similar findings were observed in a retrospective study involving 138
donors, where their sperm samples were analyzed using CASA. The study revealed
that parameters such as ALH, VCL, LIN, and STR significantly decreased with age.
However, no significant differences were observed among the groups regarding sperm
concentration, proportion of motile sperm, and other kinetic parameters. These
results further support the notion that age may impact specific sperm parameters
related to motility [32]. A contradictory finding was discovered by Yanquan Li etal.,
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Figure 1.

Computer-aided sperm analysis measuves sperm kinematic parameters. VCL, curvilinear velocity; VSL, straight-
line velocity; VAP, average path velocity; ALH, amplitude of lateral head displacement; and MAD, mean
angular displacement. Adapted from the World Health Organization (2010).

they found that VCL, VSL, and VAP are significantly increased over time. While VCL,
VSL, and VAP significantly declined with age and abstinence time in a large cohort
study of 49,819 using CASA [33]. This difference might be due to differences in the
sample size and different lifestyle factors that are not controlled for, like healthy
eating habits, smoking, and alcohol consumption. Still, all three of that research were
done among healthy sperm donors, with the use of CASA and similar age groups
from 18 years and above, which includes men in their 50s. Spermatozoa fertilization
potential could be measured in ALH, VCL, and VSL [34]. However, tobacco use and
heavy metals worsen VCL, STR, and ALH levels [26].

For many years, semen evaluation was considered the foremost laboratory test for
male fertility [35]. Despite its critical role in male fertility assessment, standardizing
semen evaluation remains challenging due to difficulties in maintaining sample quality
and variability among laboratories. Consequently, establishing universally accepted
protocols for semen analysis proves elusive in current research endeavors [36].

The World Health Organization (WHO) created the most often used reference
values for human sperm and semen characteristics to assist in determining the
reproductive status of men who are considering having children (usually a younger
population) [37].

Table 1 shows reference values for human semen according to the WHO editions
(1999, 2010, and 2021). Observing the three other years in semen characteristics
based on these standards, several trends and changes become apparent. There’s a
gradual decline in the recommended volume from >20 ml in 1999 to 1.4 ml in 2021,
while sperm concentration in 1999 and 2010 had a threshold of >20 and 15 million
sperm per milliliter, respectively; 2021 increased this to 16 million sperm per mil-
liliter. A slight decrease in the recommended total motility percentage from >50% in
1999 to 42%, morphology remains consistent at 4% across all 3 years, and normozoo-
spermic samples show a slight fluctuation, with 17.5% in 2010, dropping marginally
to 16.0% in 2021. Overall, there’s a noticeable shift in the criteria for normal semen
parameters across the years, particularly concerning volume, sperm concentration,
and total motility. Additionally, while some aspects show minor variations, others
demonstrate more consistent standards over time.
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Semen characteristics WHO 1999 ‘WHO 2010 WHO 2021
Volume (ml) >2.0 1.5 14
Sperm concentration (10%/ml) >20 15 16
Total motility (%) >50 40 42
Normal morphology (%) 14 4 4
Normozoospermia 31 (3.9%) 138 (17.5%) 126 (16.0%)
1 semen abnormality 217 (27.5%) 269 (34.1%) 257 (32.6%)
2 semen abnormalities 293 (37.2%) 235 (29.8%) 238 (30.2%)
3 semen abnormalities 247 (31.3%) 146 (18.5%) 167 (21.2%)
Table 1.

Evolution of semen characteristics: A comparative analysis across WHO guidelines (1999, 2010, 2021).

This variance signals a concerning trend toward the global decline in sperm
quality. According to the guidelines established by the WHO [38], a comprehensive
assessment of sperm morphology should be conducted, encompassing a meticulous
evaluation of various components, including the head, midpiece, and tail.

3.4 Semen quality

Semen quality plays a crucial role in male reproductive health and fertility.
Recently, there has been an increasing focus on comprehending the diverse elements
that affect semen quality. Of these elements, age has attracted noteworthy consider-
ation owing to its possible impact on male reproductive health.

Semen quality is believed to provide information on male fecundity, defined as
men’s biological capacity for reproduction regardless of their wish for pregnancy
intention [39]. It has been suggested that low semen quality may be a potential
contributing factor in reducing fertility rates and increasing the number of children
born after the use of assisted reproductive technology (ART) [40, 41]. There has
been an ongoing debate about the decline of semen quality with age since 1982; many
studies suggest a decrease in sperm quality in the general population, donors, or
infertile men. Semen volume, the proportion of motile spermatozoa, and the propor-
tion of normal morphology consistently declined with age among the basic semen
parameters evaluated [42]. According to research, there are age ranges at which sperm
quality starts to drop, with the earliest age range being 30-35 years old [22, 23].

The first step in the assessment of male infertility is a conventional semen analysis,
which includes ejaculate volume, sperm concentration, motility, and morphology
evaluated by the WHO accepted standards [2]. The decrement in comprehensive
sperm quality attributed to advancing paternal age is intricately associated with
alterations in testicular functionality, potential impairment resulting from urological
disorders, and the influence of oxidative stress [43]. Common semen abnormalities
encompass factors such as reduced semen volume (oligospermia, <1.5 ml), dimin-
ished sperm concentration (oligozoospermia, <15 million spermatozoa/ml), impaired
sperm motility (asthenozoospermia, total motility <40% or < 32% progressive motile
spermatozoa), and irregular sperm morphology (teratozoospermia, <4% standard
forms). The severity of male infertility is typically categorized as severe when the
sperm concentration is below 5 million per milliliter (severe oligozoospermia) or
when sperm are absent in the ejaculate (azoospermia) [44].
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4. Advanced paternal age (APA) consequences on fertility

Extensive empirical data underline the adverse effects associated with advanced
maternal age, impacting both reproductive outcomes and fetal health [36]. A growing
body of empirical evidence substantiates an age-dependent deterioration in sperm
fitness. This observation assumes heightened importance given the escalating trend
of delayed paternal age when initiating parenthood [16, 36, 45]. The exact mechanism
responsible is not understood fully; literature suggests that APA could be accountable
for having a negative effect on sperm quality [46].

According to Ford et al. [17], following adjustments for confounding variables,
it becomes apparent that the probability of a fertile couple experiencing a time to
conception exceeding 1 year significantly rises. Specifically, this probability increases
from 8% when the male partner is below the age of 25 to 15% when he exceeds the
age of 35. Consequently, it is imperative to recognize paternal age as an additional
variable warranting consideration in the prognostic evaluation of infertile couples
[17]. A similar study by Hassan and Killick stated that advanced male age is linked to a
substantial decrease in fertility, with a significant increase in time to achieve paternity
for men aged over 45 [47]. This effect remains independent of factors such as the
woman’s age, frequency of sexual intercourse, lifestyle, and other subfertility risk
factors [47].

Increased sperm concentration and diploidy, as well as a decrease in semen volume
and sperm vitality, are all linked to aging in infertile men. However, male age does
not impact DNA fragmentation, shape, or motility [42]. Boitrelle et al. suggest that
age-related changes in infertile men include an increase in sperm concentration and
diploidy, as well as a decrease in semen volume and sperm vitality [4]. However, male
age does not affect morphology, DNA fragmentation, or motility [42]. In a recent
systematic review and meta-analysis, semen data from nearly 94,000 men across
90 studies were examined. The findings revealed a consistent age-related decrease
in semen quality [16]. Age exhibited associations with slight to moderate declines in
various semen parameters, including semen volume, total sperm count per ejaculate,
percentage motility, progressive motility, and normal morphology.

Several researchers have identified an increase in paternal age correlates with
spontaneous abortion [48]. The decline in semen quality is exacerbated by advancing
age, academic achievement, and persistent tobacco use [49]. However, studies showed
contradictory results. Sharma et al. stated in their studies that advanced paternal age
is associated with increased DNA fragmentation in sperm, suggesting a potentially
harmful effect on sperm quality [5]. Also, another study reported that advanced
paternal age significantly correlates with decreased sperm motility, contradicting the
claim that male age does not affect motility [6]. As couples delay childbearing, it is
becoming essential to determine the association between paternal age, semen quality,
and high risk of male infertility [50, 51]. The literature on the effect of paternal age on
semen parameters is still controversial [52].

According to Wyrobek et al. [53], APA has been linked to conditions with intricate
causes like schizophrenia, as well as to hereditary disorders that follow an autosomal
dominant pattern, such as achondroplasia and Apert’s syndrome. Their findings
also suggest that as males progress through aging, their ability to achieve successful
pregnancies declines, showing initial signs during their early reproductive years.
Additionally, there is a heightened likelihood of them having children with achondro-
plasia mutations, as well as a variable risk of fathering offspring with Apert syndrome
across different groups. However, there is no elevated chance of fathering offspring
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with aneuploid conditions like Down, Klinefelter, Turner, triple X, XYY syndromes,
or triploid embryos [54]. It is consistently documented in the literature that advanced
paternal age is consistently linked to an extended duration for achieving pregnancy
and reduced probability of conception, persisting even after accounting for the age
of the female partner through appropriate adjustments; notably, in couples receiving
ART, a meta-analysis also suggested a deleterious effect of increasing male age on the
outcome of ART, with clinical pregnancy rates and live birth rates found to be signifi-
cantly decreased when male age was >40 years [53]. Elevated paternal age (45 years
or above) is connected to an escalated likelihood of preterm birth, infants born with
low birth weight, and infants exhibiting low Apgar scores [55]. It also likely amplifies
potential maternal ramifications, including a heightened risk of pre-eclampsia and
gestational diabetes [45].

5. Influence of age on sperm parameters
5.1 Effect of aging on sperm count

Sperm count or the number of sperm cells present in a given semen sample, is
a crucial indicator of male fertility. Studies have sought to unravel the relationship
between advancing age and sperm count, with compelling evidence indicating
a gradual decline in sperm count as men grow older. Levitas et al. conducted an
extensive study on men attending a fertility center and reported a significant inverse
correlation between age and sperm concentration [56]. This finding was echoed in a
comprehensive meta-analysis by Johnson et al., which synthesized data from various
populations and confirmed a statistically significant decrease in sperm count with
increasing age [16].

A comprehensive meta-analysis by Levine et al. encompassing data from over
42,000 men reported a consistent decline in sperm counts across different age groups.
The study concluded that sperm counts have significantly decreased over the past
few decades, with a 50-60% reduction in total sperm count among men in Western
countries. This decline was more pronounced in older age groups [15].

The age-related decline in sperm count is intricately linked to hormonal and physi-
ological changes in the male reproductive system over time. Cooper et al. elucidated
that aging is associated with diminished levels of testosterone and an elevation in
follicle-stimulating hormone (FSH), both of which are pivotal in regulating sper-
matogenesis [57]. This hormonal shift is postulated to contribute to reduced sperm
production and lower sperm count.

Aging is also accompanied by heightened oxidative stress, a phenomenon impli-
cated in the age-related decline of various physiological functions. Bui et al. [40]
discussed how oxidative stress can result in DNA damage within sperm cells, lead-
ing to impaired sperm quality and potentially reduced sperm count. This oxidative
stress-induced damage to sperm DNA can result in compromised sperm function and
further exacerbate the age-associated decrease in sperm count.

5.2 Effect of aging on sperm motility

Sperm motility, the ability of sperm to move efficiently, is another essential factor
affecting fertility. Research indicates a significant relationship between age and
sperm motility. A study by Kidd et al. [2] observed that sperm motility decreases
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progressively with age, particularly after age 50. The decline in motility could be
attributed to changes in the structure and function of the male reproductive system,
including decreased testosterone levels and alterations in the epididymis, where
sperm mature and gain their motility. Stone et al. [22] identified an age threshold of
>45 years for sperm concentration and motility reduction. Another study done by
Stone et al. [40] also found a similar age bracket in which sperm motility decreased
after 43 years [58]. It was discovered that sperm motility appears to be the parameter
most notably influenced by age, as individuals across all age groups demonstrated

a significantly heightened susceptibility to experiencing atypical results compared
to males aged 21-30 years. It is noteworthy that spermatozoa acquire their motility
within the prostate and epididymis. Consequently, the observed decline in motility
associated with aging can be attributed to the progressive deterioration in endocrine
function that individuals undergo as they age.

5.3 Effect of aging on sperm morphology

Sperm morphology refers to the size and shape of sperm cells, and abnormal
morphology can hinder fertilization; for the sperm cell to be considered morphologi-
cally normal, a spermatozoon must precisely conform to strict criteria regarding the
size and shape of its entire structure, including the head, midpiece, and tail [59].

The characterization of morphologically normal sperm, capable of fertilization,

was established by examining spermatozoa retrieved from the female genital tract,
notably from post-coital endocervical mucus and the surface of the zona pellucida.
Morphogenetic alterations in human spermatozoa occurring during spermatogenesis
or epididymal maturation can lead to imperfections and anomalies, resulting in the
generation of spermatozoa displaying diverse abnormal forms. These anomalies can
be detected through routine semen analysis [60]. Hence, aging may directly impact
testicular and epididymal function, potentially resulting in abnormal sperm mor-
phology [7].

Several studies have investigated the connection between age and sperm morphol-
ogy. Research indicates that there may be an annual decrease in the average sperm
shape of 0.2-0.9%, which might lead to a fall in normal morphology of 4-18% over
20 years [7, 61]. Another study proposed that oxidative stress and cumulative DNA
damage might contribute to these age-related changes in sperm morphology [62]. Due
to differences in the morphology criteria used by different researchers, it is essential to
acknowledge the limitations when comparing sperm morphology data across studies.

5.4 Effect of aging on sperm concentration

In the absence of confounding variables, male aging exhibited a statistically signif-
icant correlation with a decline in both sperm concentration and motility, alongside
an observable elevation in the occurrence of sperm necrosis [63]. As the patient’s age
increased, there was a gradual reduction in sperm concentration (P = 0.046). Shindel
etal. concluded in their research a discernible trend wherein the sperm concentration
experiences a slight decline in tandem with the progression of patient age [34].

Research conducted by Smith et al. demonstrated a negative correlation between
age and sperm concentration, revealing that older men tend to exhibit lower sperm
concentrations compared to their younger counterparts [64]. This finding was
consistent with a meta-analysis by Levista et al. in 2007, which synthesized data from
various studies to confirm a statistically significant decline in sperm concentration
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with increasing age [57]. Aging influences testicular function and hormone levels,
potentially contributing to the observed decrease in sperm concentration. The study
by Cooper et al. highlighted that older men often experience reduced levels of tes-
tosterone and an increase in circulating follicle-stimulating hormone (FSH), which
could play a role in diminishing sperm production [57].

Additionally, oxidative stress, exacerbated by aging, has been implicated as a
potential mechanism underlying the decline in sperm concentration. As discussed
by Agarwal et al., oxidative stress can contribute to DNA damage within sperm cells,
resulting in decreased [65].

Moreover, lifestyle factors, such as smoking, alcohol consumption, and obesity,
which often accumulate over time, can contribute to the deterioration of sperm
concentration in older individuals [66]. These factors can negatively impact sperm
production, motility, and morphology, compounding the age-related decline in
sperm quality and concentration. Another study reported a decrease in sperm concen-
tration by approximately 3.3% for each year of advancing age, resulting in a cumula-
tive decrease of roughly 66% in concentration between the ages of 30 and 50 [60].

5.5 Effect of aging on sperm DNA integrity

Maintaining DNA integrity in sperm cells is vital to ensure healthy embryo
development. Age-related factors such as increased DNA fragmentation have been
associated with male aging, evidenced by previous studies that found a positive corre-
lation between age and DNA fragmentation in sperm cells. The study postulated that
accumulating oxidative stress and environmental exposures over time could contrib-
ute to DNA damage. This damage may lead to impaired fertility and an increased risk
of miscarriages and congenital disabilities [67].

The impact of a man’s age on the level of DNA damage in his sperm has notable
implications for individuals seeking fertility treatment. However, there are worries
regarding the potential transfer of this damaged DNA to the offspring, significantly
when the extent of damage surpasses the oocyte’s ability to repair it [68]. Plastira
etal. reveal a correlation between advancing age and a diminishing trend in conven-
tional semen parameters. Additionally, an escalation in human sperm DNA damage
and compromised chromatin packaging are observed, particularly among patients
diagnosed with oligo-astheno-terato-zoo-spermia who are above the age of 35 [69] in
a comprehensive investigation encompassing both fertile and infertile male cohorts,
Moskovtsev and colleagues documented a notable elevation in DNA fragmentation
levels among individuals aged above 45 years. Specifically, the percentage index
denoting DNA fragmentation exhibited a two-fold increase in men over 45 years in
contrast to their counterparts below the age of 30 years [70]. Singh et al. observed a
substantial rise in the proportion of sperm exhibiting extensive DNA damage among
individuals aged 36-57 years compared to those within the 20-35-year age bracket.
Additionally, their findings unveiled a gradual reduction in sperm apoptosis linked
to advancing age. The researchers postulated that the escalated sperm DNA damage
associated with increasing age might be attributed to a diminished efficacy of sperm
selection processes occurring with aging [68]. Conversely, Nijs et al. and colleagues
conducted an investigation involving couples undergoing in vitro fertilization (IVF)
and concluded that there exists no significant correlation between advanced paternal
age and sperm DNA damage [71].

A previous cohort study comprising 1974 normozoospermic men undergoing
evaluation for infertility reported that 11% of these individuals exhibit notable levels
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of sperm DNA fragmentation [20]. Furthermore, their findings establish a correla-
tion between the degree of DNA fragmentation, sperm motility, and the father’s

age. According to Colin et al., a discernible pattern emerged wherein higher levels of
DNA fragmentation were evident in the elder cohorts. The age at which these find-
ings became prominent was around 40 years. Progressive male aging demonstrated a
favorable association with elevated levels of follicle-stimulating hormone (FSH) and
sex hormone-binding globulin (SHBG) while exhibiting an adverse correlation with
sperm concentration [72].

5.6 Effect of aging on semen volume

Semen volume has been suggested as an early indicator of poor semen quality,
even preceding the identification of abnormalities in sperm concentration, motility,
and morphology [73]. Additionally, it can determine the secretory functions of acces-
sory glands, particularly the seminal vesicles [73].

Despite numerous studies indicating a negative relationship between age and
semen volume, there remains a lack of agreement among researchers on this mat-
ter. In a comprehensive analysis, researchers noted a decline in semen volume with
advancing age, revealing a 1.06-fold increase in the likelihood of decreased semen
volumes compared to the previous year [58]. Two additional studies have documented
substantial age-related declines in semen volume [11, 63]. Conversely, some authors
have found no association between age and semen volume [22, 40, 49]. However,
while semen volume was markedly more significant in the 18-29 age group compared
to the other two cohorts, no significant disparity was detected between the 30-39 and
40-49 age groups [74]. E. Levitas et al. analyzed 6022 semen samples to investigate
the correlation between age and sperm parameters. They observed a peak semen
volume of 3.51 + 1.76 ml in individuals aged >30—< 35 years, while the lowest volume
of 2.21 + 1.23 ml was noted in those aged >55 years (P < 0.05) [56].

6. Animal studies

Examining age-related alterations in semen characteristics has attracted con-
siderable attention within the realm of reproductive biology. This exploration
offers valuable insights into male animals’ reproductive capabilities and longevity.
Numerous animal model studies have delved into age’s impact on the quality and
quantity of semen, illuminating the ever-changing landscape of male fertility
throughout their lifespan. For instance, it has been observed that advanced age in
male dogs is associated with a decline in sperm motility and an elevated percentage
of morphologically abnormal sperm [75]. The mechanism explaining age’s influence
on semen quality (Figure 2) includes reduced antioxidant defense in the seminal
fluid of older animals, which could impact sperm viability [77, 78]. Impaired func-
tion of the epididymis and accessory sex glands, which may impact sperm motility
[79]. Diminished germ cell counts and androgen levels; due to physiological and
cellular changes, there is a decreased capacity to repair cells and tissues; aging
associated genital infection and systemic disease; changes in the male reproductive
anatomy, such as reduced blood flow to the testes and narrowing of the seminiferous
tubules [12]. The available information suggests that older animals may undergo
compromised spermatogenesis, developing morphological abnormalities in their
sperm [80, 81].
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Figure 2.
Possible mechanisms of sperm cell aging [76] (modified).

A comprehensive cohort study conducted on Great Danes showed significant
associations between the age of male Great Danes and specific semen parameters,
namely total motility (TM), progressive motility (PM), and immotility. Their find-
ings revealed substantial variations in these semen parameters with each passing year
of age: a decline of 9.9% in TM, a reduction of 9.0% in PM, and an increase of 8.3% in
immotility [82]. Notably, these observed changes in semen parameters due to aging in
Great Danes were considerably more pronounced, roughly five to ten times greater,
than documented in humans [83, 84]. In contrast, another study examined the effects
of age on semen traits in Sahiwal bulls. Their results demonstrated that age signifi-
cantly impacted all semen traits except sperm concentration (P < 0.01). Ejaculate
volume exhibited a notable increase with the advancing age of the bulls, reaching
its zenith in the age group of >4—<5 years before declining in the older age group of
>5 years. A similar pattern was observed for total daily volume. The mass activity
of semen also increased with the maturity of the bulls but exhibited a decline in the
>4-<5and > 5 age groups. The highest percentage of progressive motile sperm was
identified in the >5 age group, while the lowest was observed in the <3 and > 4-<5 age
groups. Sperm concentration reached its peak in the >3-<4 age group, with the lowest
concentration seen in the <3 age group. Sperm concentration per ejaculate was higher
in the >4-<5 age group compared to other age categories. These findings underscore
the significant influence of age on semen traits, except sperm concentration [85].
Interestingly, in the case of aging male zebrafish, their offspring exhibit a higher
fitness level, even though there are noticeable declines in sperm performance and
mating success. This suggests that compensatory benefits associated with aging offset
the decrease in fertility over time [86].

Rats and mice are mainly used as excellent animal models for exploring the mech-
anisms underlying male reproductive aging. The aging process in rodents seems to be
associated with histological alterations in the testes and a deterioration in the quality
of sperm [87, 88]. According to Tenanmura et al., in older mice, particularly those at
18 months of age, the presence of vacuoles in germ cells became noticeable, and there
was a reduction in cell numbers, leading to a thinner seminiferous epithelium [87].

In ancient mice, around 33 months of age, spermatids and spermatocytes essen-
tially vanished, indicating a severe disruption in spermatogenesis. Also, Perkening
etal., [89] found that in older mice, their testes exhibited atrophy, a decrease in the
number of motile sperm, and a degenerated seminiferous epithelium. These aging
mice also faced challenges in mating successfully when paired with young females.
Wand et al. [88] noted that total sperm production was notably decreased in older
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rats, specifically those at 22 and 30 months of age. We found in our studies that men
<30 years were 1.55 times more likely to suffer from sperm progressive motility than
those above 30 years, considering the demographic characteristic is skewed to more

of a youthful population.

7. Conclusion

Current studies shed light on the influence of age on sperm quality, which is a
multifaceted topic with significant implications for male reproductive health and
fertility. The available literature suggests a clear association between age and various
parameters of semen quality, including sperm count, motility, morphology, and DNA
integrity. Semen quality is thought to offer insights into male fertility, representing a
man’s natural ability to reproduce, irrespective of his desire for intentional pregnancy.
While research consistently indicates a decline in semen quality with advancing age,
it is essential to note that individual variations exist. Not all older men experience
the same level of decline. Aging affects men’s reproductive organs, decreasing testis
volume, testosterone level, and gonadotropin hormone and increasing oxidative stress
of the sperm. Nonetheless, the collective evidence underscores the importance of
considering age in assessing male fertility potential. It provides valuable insights for
clinicians and researchers working in the field of reproductive medicine.
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Chapter?2
Spermatogenesis
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Abstract

Spermatogenesis is a complex process involving stages of spermatocytogenesis,
spermatidogenesis and spermiogenesis. It is defined as the process of producing
haploid sperm cells from primordial diploid germ cells in the seminiferous tubules
of the testis. Hormonal role at each stage of spermatogenesis and signaling or regula-
tory pathways that is associated with the process has been discussed in this chapter.
The factors that alters spermatogenesis which spans through hormones, medication,
temperature, toxins etc., are further explained. Diagrams showing the stages of
spermatogenesis and tables, which explains various alterations in genetic materials
resulting in disorders of spermatogenesis, are also explained. The various stages and
phases in each processes of spermatogenesis have been explained in detail. Also, chro-
mosomal changes and cellular divisions that constitute spermatogenesis are further
discussed. Finally, the role of calcium in spermatogenesis is discussed.

Keywords: spermatocyte, spermatogonium, spermatid, sertoli cell, sperm

1. Introduction

New offspring are formed following the fertilization of an ovum by sperm cells
when they unite. These new offspring are often referred to as zygotes at the point
of conception. Sperm cells are male reproductive cells often produced by the testis,
whereas oocytes are the female gametes needed for sexual reproduction. The sperm
cell is haploid in nature, containing one set of chromosomes. However, the germ
cells from which the sperm cells originate are diploid in nature, containing two sets
of chromosomes. The process of producing haploid sperm cells from primordial
diploid germ cells in the seminiferous tubules of the testis, which is often regulated by
signaling molecules, is called spermatogenesis. The primary essence of spermatogenesis
is to produce mature male gametes and preserve the number of chromosomes in the
offspring. Abnormalities in the process of spermatogenesis often result in congenital
disorders such as Klinefelter syndrome, Down syndrome, and, in many cases, sponta-
neous abortion of the developing fetus [1-5].

2. Process of spermatogenesis

The process of spermatogenesis takes place at different structures of the male
reproductive system. It starts from the seminiferous tubules and later progresses to

21 IntechOpen



Andrology Insights — Understanding Male Reproductive Health and Diseases

the epididymis of the testis. The seminiferous tubules are tubular structures that form
the testis. They consist of sertoli cells and spermatogenic cells. The sertoli cells are tall
and columnar in nature, with the sole responsibility of supporting and nourishing the
sperm cells, whereas the spermatogenic cells are those that eventually differentiate
into the spermatozoa, or sperm cells [6]. Initially, these sperm cells are immature;
however, maturation of these sperm cells occurs in the epididymis. Spermatogenesis
is made up of three basic processes, namely:

1. Spermatocytogenesis
2. Spermatidogenesis
3. Spermiogenesis

Aside the process above, there exists a final stage of spermiation which entails the
release of the matured sperm cell.

These processes cover both mitotic and meiotic divisions, each happening per
given stage.

2.1 Spermatocytogenesis

The various stages in spermatogenesis involve the mitotic division of stem cells
for the purpose of creating mature male gametocytes (sperm cells). Hence, sper-
matocytogenesis is usually considered the male form of gametocytogenesis, while
oocytogenesis is referred to as the female form of gametocytogenesis. The stem cell of
spermatogenesis is the spermatogonium, which is resident in the basal compartment
of the seminiferous tubules. Spermatogonium is a cell produced at the early stage
in the formation of spermatozoa. It first appears in the testis of the fetus but do not
multiply significantly until after puberty. They act as stem cells in the walls of the
seminiferous tubules, dividing continuously by mitosis and giving rise to spermato-
cytes. Spermatogonia often divides into several cell types before finally becoming
the mature sperm cell. There are about one billion spermatogonia in both testicles,
and they are classified into three: Type A dark spermatogonia (AD), Type A pale
spermatogonia (AP), and Type B spermatogonia (B). Type AD spermatogonia are
involved in maintaining the constant supply of stem cells for spermatogenesis and are
not directly involved in producing sperm. They rather undergo mitotic cell division to
replicate themselves. The daughter cell further goes ahead to differentiate, continu-
ing in the process of spermatogenesis. Type AP spermatogonia often differentiates
repeatedly to form Type B spermatogonia. Initially, they divide to form identical
cell clones linked by cytoplasmic bridges for the purpose of synchronization of the
clones. After repeated divisions have ceased, spermatogonia B is finally formed.
Spermatogonia B are the cells that undergo mitotic division to form diploid primary
spermatocytes, which is the ultimate aim of spermatocytogenesis (Figure 1). A sper-
matocyte is a cell produced as an intermediate stage in the formation of spermatozoa.
The spermatocyte develops from spermtogonia (spermatogonia B) in the walls of the
seminiferous tubules of the testis: they are either primary or secondary spermatocyte
according to whether they are undergoing the first or second division of meiosis.
Hence, Spermatogonia B often gives rise to primary spermatocyte, being the first
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Figure 1.
Cellular divisions in spermatocytogenesis.

division of meiosis in the process of spermatogenesis. The primary spermatocyte
further undergoes division to form the secondary spermatocyte [7, 8].

Type A spermatogonia bears dark, ovoid nuclei with condensed chromatin. Type
AP is also referred to as Type B spermatogonia. It is pale-stained with spherical nuclei.

2.2 Spermatidogenesis

Spermatidogenesis is the creation of spermatid cells from secondary spermato-
cytes. A spermatid or spermatid cell is a small cell produced as an intermediate stage
in the formation of spermatozoa. They become embedded in Sertoli cells in the
testis and are often transformed into spermatozoa by the process of spermiogenesis.
Previous divisions seen by cells in spermatocytogenesis were concerned with mitotic
division, where a cell divides to form a singular cell at a time. However, in spermati-
dogenesis, a meiosis pattern of division is seen. The secondary spermatocytes enter
into two rounds of division, which will give rise to four daughter cells, each having a
copy of each parent’s cell chromosome [9]. This makes the newly formed cell haploid
in nature (Figure 2).

Sequel to the duration of spermatidogenesis, secondary spermatocytes can
hardly be seen when cells are viewed through the microscope for histological
preparations [9].

Primary spermatocyte

/ N\
O @ P
ANA
©0 00

Figure 2.
Stages of spermatidogenesis.
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2.3 Spermiogenesis

Spermiogenesis involve the development of spermatids into matured spermatozoa.
Spermatozoa are matured male sex cells with a head, neck or mid-piece and a tail.
It is also commonly referred to as a sperm. The tail of the sperm enables it to swim,
which is important as a means for reaching and fertilizing the ovum even though
muscular movement of the uterus may assist its journey from the vagina. The shape
and structure of spermatid undergoes different modeling before it finally forms the
matured spermatozoa. Four cellular organelles are commonly found in the spermatid
at the beginning of spermiogenesis: mitochondria, centriole, nucleus and Golgi
apparatus. The spermatid also appears circular or round in shape. However, after
transformation, the matured spermatozoon formed becomes elongated with three
outstanding structures: head, mid-piece and tail. This stage is considered the last
stage of spermatogenesis [6, 10].

2.3.1 Phases of spermiogenesis

Spermiogenesis has basically four stages [6, 10, 11]: Golgi phase, cap phase, tail
formation and maturation stage.

In the Golgi stage, the initially radially symmetrical spermatid starts developing
polarity. This further leads to the formation of the head of the would-be spermatozoa
at one end. The Golgi apparatus basically involves the formation of the head as it
synthesizes enzymes needed to form the acrosome of the spermatozoa. Another
unique structure formed in this stage is the mid-piece. The mid-piece is formed at
another end of the head. A unique structure called axoneme at the midpiece is also
formed following the gathering of mitochondria and the distal centriole. The Golgi
stage is also characterized with spermatid DNA packaging by specific nuclear basic
proteins in the nucleus. These proteins are subsequently replaced by protamines dur-
ing elongation. However, the resultant tightly packed chromatin is transcriptionally
inactive.

The cap phase is characterized with sudden gathering of the Golgi apparatus on the
condensed nucleus to form the acrosomal cap.

Tail formation features an elongation of one of the centrioles previously found
in the spermatid through the help of a temporary structure called manchette. The
would-be spermatozoa usually tilt itself towards the center of the lumen, away from
the epithelium.

Finally, the excess of the cytoplasm is phagocytosed by surrounding Sertoli cells in
the testes. This stage is referred to the maturation stage. The excess cytoplasm is often
referred the residual body of Regaud [6, 10, 11].

3. Spermiation

Spermiation is simply the process of sperm release. Here, matured spermatozoa
phagocytosed by Sertoli cells are further released by the same Sertoli cells into the
seminiferous tubules. This process helps to remove every cytoplasmic and organelle
that is no longer needed by the mature spermatozoa. The Sertoli cells are further
involved in the transport of the matured spermatozoa from the seminiferous tubules to
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the epididymis via the testicular fluid they often secrete and peristalsis contraction. The
purpose of spermatozoa transport to the epididymis is to help them acquire motility
functions. Prior to when the spermatozoa were found in the seminiferous tubules, they
were not motile and hence considered sterile. It is also essential to note that the motility
characteristics acquired by the matured spermatozoa cannot carry them through other
aspects of the male reproductive system. Hence, their movement through the male
reproductive system is achieved through muscular contractions and not the inherent
motility function acquired by the spermatozoa [6].

Prior to when the sperm is traveling through the male reproductive system, the
acrosome cap often prevents it from fertilizing the eggs. On entering the female
reproductive tract, an enzyme called fertilization-promoting peptides (FPP) syn-
thesized in the prostate and heparin, domicile in the female reproductive tract, takes
off the acrosome coat, allowing it to bind and fertilize the egg. This process is often
referred to as capacitation [6, 10].

4. Chromosomal numbers, life phases and various stages of
spermatogenesis

The initial stage of spermatogenesis is characterized with diploid numbers of
chromosomes. The spermatogonium cell contains 23 pairs of chromosomes summing
up to 46 chromosomes. These 23 pairs of chromosomes is such that 22 of the pairs are
autosomal chromosomes whereas one of the pair is the sex chromosomes. The pairs
of chromosomes always feature equal contributions from both paternal and maternal
parent. The sex chromosomes constitute the X and Y chromosomes. The paternal
parents always have the tendency to release either an X or a Y chromosome whereas
the maternal origin gives out only the X chromosome. This stage of spermatogenesis
is characterized with the development of primordial germ cell or spermatogonium
AD into spermatogonium and usually takes from birth to puberty age (12-14 years
of age). The spermatogonium has the ability to proliferate via mitotic division inside
the testis. Hence, this stage of spermatogenesis can be considered the proliferation
stage. It is believed that a man has about seven generations of spermatogonium,

i.e., the spermatogonium can divide to form itself seven times before the last one
finally develops into the primary spermatocyte. Primary spermatocyte only under-
goes growth without changes in its composition before developing into secondary
spermatocyte. The chromosomal numbers of the primary spermatocyte remains the
same 46, and this period constitutes the growth stage of spermatogenesis. The stage of
growth is often followed by that of maturation. Each primary spermatocyte develops
into a secondary spermatocyte via meiotic division with changes in the number of
chromosomes. The secondary spermatocytes is characterized with haploid chro-
mosomes (23 chromosomes) with 22 of the chromosomes being autosomal and

the remaining one being a sex chromosome of either Y or X type. The next meiotic
division by the secondary spermatocyte often result in the spermatid cell. The dura-
tion of spermatogenesis is such that it takes 25 days for the changes that results in
the development of spermatogonium into primary spermatocyte, 9 days for primary
spermatocyte to develop into secondary spermatocyte, 19 days for the development
of spermatid and 21 days for the spermatid o develop into mature sperm or sperma-
tozoa (Figure 3) [12, 13].
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Cellular divisions and durations during spermatogenesis.

4.1 Regulation of spermatogenesis

i
) )

Spermatogenesis is regulated by the following:

1.Hormones
2. Sertoli cells

3.Temperature
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4. Pathological or disease condition

5.Medications, other substances and toxins
4.2 Hormonal regulation of spermatogenesis

The following hormones are involve in the regulation of spermatogenesis:

1. Testosterone

2. Follicle-stimulating hormone (FSH)

3. Luteinizing hormone (LH)

4.Estrogen

5.Inhibin

6. Activin
4.3 Regulation of spermatogenesis by testosterone

Testosterone is involved in four critical processes during spermatogenesis namely:

1. Maintenance of blood testis barrier

2. Meiosis

3. Sertoli-spermatid adhesion and

4.Sperm release.
4.3.1 Maintenance of blood testis barrier

Testosterones are involved in regulation and coordination of tight junction which
further plays out in the maintenance of the blood testis barrier integrity and allows
germ cells to cross the barrier, continuing with meiotic division. Usually, there is often
a transition of primary spermatocytes (preleptotene permatocyte) from the blood-
testis barrier earlier formed during the late cycle of seminiferous epithelium’ develop-
ment with the help of Sertoli cells. This transition is aimed at forming new blood-testis
barrier as the earlier ones are dissolved above the spermatocyte. During this process of
transition, testosterone transports blood-testis barrier proteins of the earlier dissolved
blood-testis barrier from the apical side to the basal side of the transiting germ cell.
Elevated androgen receptors during this processes further buttress the fact that tes-
tosterone is involved in this process. Hence, testosterone signaling through androgen
receptors is essential for remodeling and maintaining the blood-testis barrier. Certain
authors has shown that testosterone signaling accelerates the kinetics of internaliza-
tion of blood-testis barrier proteins from the cell surface and induce the expression of

caveolin-1 and Rabl1, two signaling molecules that are involved in regulating protein
transcytosis and recycling, respectively. The role of testosterone in this process is also
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backed with their association to occludin and N-cadherin protein as these proteins
together with claudin 11 and claudin 3 which are tight junction protein component
of the blood-testis barrier are often found to decrease in the absence of androgen
receptor [14-17].

4.3.2 Meiosis

There is little or no formation of elongated spermatids, and few germ cells can
only develop to the haploid spermatid stage when there is no testosterone signaling
during spermatogenesis. Since testosterone signaling is often linked to androgen
receptors, elimination of androgen receptors in Sertoli cells will hinder spermatogen-
esis process at the stage of meiosis. Rat model experiment has shown that deprivation
of testosterone has shown alterations in the expression and post-translational modi-
fication of almost 25 proteins involved in oxidative metabolism, DNA repair, RNA
processing, apoptosis and meiotic division [18, 19].

4.3.3 Sertoli-spermatid adhesion

Studies from rats and mice has shown that the absence or low testosterone levels
is associated with little or no elongated spermatids because round spermatids are
detached from Sertoli cells prematurely. Hence, sertolispermatid adhesion could
not be maintained, and germ cells are released prematurely. Adhesion proteins often
affected include cadherin/cadherin and a6p1-integrin/lamininy3 [20].

4.3.4 Sperm release

The absence of testosterone usually leads to retention and phagocytosis of
matured sperm by the Sertoli cells. This effect is seen following alteration in Src
protein. Activation of Src protein is essential for the release of matured sperm. Src
phosphorylates p-catenin and N-cadherin, causing these proteins to diffuse away
from each other, breaking their linkage and further releasing the sperm. Should there
be failure in Src activation, the release of sperm is inhibited, and this is possible fol-
lowing the absence of testosterone [21-26].

4.4 Regulation of spermatogenesis by other hormones

Follicle stimulating hormones plays the initiation role of spermatogenesis. It
regulates the proliferation of spermatogonia by binding with Sertoli cells and sper-
matogonia itself. The hormone is also involved in the formation of estrogen and
androgen-binding protein from Sertoli cells [27-32].

Luteinizing hormones plays a function of secreting testosterone (a major hormone
in the regulation of spermatogenesis) from the Leydig cells.

Estrogen influences four basic structures which are concerned with spermatogen-
esis. These include hypothalamo-pituitary-testis axis, Leydig cells, Sertoli cells, germ
cells and epididymal function. Testosterone regulates the hypothalamo-pituitary axis
via negative feedback mechanism. One major component of the negative feedback
action of androgens on gonadotropin secretion is mediated via aromatization to estro-
gen. Studies have shown that administration of estradiol in humans can enhance the
suppression of gonadotropin induced by testosterone-based contraceptives. Also, the
presence of estrogen-binding sites in immature and adult epididymis suggest possible
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role of estrogen in sperm maturation and male reproduction, a point that further proof
the role of estrogen in spermatogenesis. Leydig cells are often associated with the
descent of testis as they produce androgens necessary for this action. Studies has also
shown that exposure to estrogen can induce cryptorchidism of the male offspring by
interfering with fetal hypothalamo-pituitary axis, inhibiting fetal Leydig cell androgen
production and finally interfering with testicular descent. Again, Leydig cells differs in
adult and fetal life. The proliferation of precursor and adult-type Leydig cells during a
defined period of pubertal development is important for the establishment of the adult
complement of Leydig cells. However, estrogen is often involved in inhibitory role to
this process. Even neonatal estrogen exposure can interfere with Leydig cell develop-
ment and proliferation during puberty. Since normal proliferation, differentiation and
functional maturation of Sertoli cells is vital for spermatogenic process in fetal and
adult life, inhibition of these processes by estrogen will further alter spermatogenesis
and lead to infertility in males. Finally, estrogen is found to have stimulatory effect

on germ cell development including spermatogonial division, germ cell viability and
differentiation, acrosome biogenesis and function of spermatozoa [33-37].

Growth hormone has been linked to the regulation of spermatogenesis. General
metabolic processes in the testis including proliferation of spermatogonia requires
growth hormones. Evidences has shown alteration of spermatogenesis in pituitary
dwarf, further buttressing the role of growth hormone in spermatogenesis [12, 13].

Activin and inhibin has complimentary effect on spermatogenesis. However,
activin is found to increase the secretion of follicle stimulating hormone, accelerating
spermatogenesis, and inhibin on the other side is found to regulate spermatogenesis
by inhibiting the follicle stimulating hormone. Inhibin increases following an increase
in the rate of spermatogenesis. This latter increase is to put the spermatogenic pro-
cesses under checks as an increase in inhibin leads to a decrease in the pace of sper-
matogenesis [12, 13].

4.5 Regulation of spermatogenesis by Sertoli cells

Sertoli cells are mainly known to nourish sperm cells throughout the various stages
of spermatogenesis. They are found in the convoluted part of seminiferous tubules,
always appearing large and amorphous in nature. They have a distinctive dark nucleo-
lus with their cytoplasm surrounding the germline cells that performs the nursing
function. They are often stretched from the basal lamina of the seminiferous tubules
to the lumen [21, 22].

Aside the nourishing of sperm cells, other functions of sertoli cell as associated to
spermatogenesis include the following:

1. Phagocytic activities on residual cytoplasm during spermatogenesis [21].

2. Translocation of cells from the basal lamina to the lumen of the seminiferous tubule
through conformational changes in the lateral margins of the Sertoli cells [21, 22].

3.Secretion of substances such as inhibin, activins, androgen-binding proteins
and estradiol, all of which plays a significant role in spermatogenesis. Androgen-
binding proteins which is otherwise known as testosterone-binding globulin,
increases testosterone concentration in the seminiferous tubules to lightly stimu-
late spermatogenesis. Other secretory substances as associated with spermato-
genesis are explained previously [22].
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4.The occluding junctions of Sertoli cells are responsible for the formation of
blood-testis barrier. The blood-testis barrier separates the interstitial blood com-
partment of the testis from the adluminal compartment of the seminiferous tu-
bules. As a matter of fact, following the progression of spermatogonia cells from
their apical portion, an essential movement that takes place during the process
of spermatogenesis, there is always a need for the breaking and remodeling of
the occluding junction so as to give access for the spermatogonia to cross through
the blood-brain barrier and become immunologically unique. The Sertoli cells
are key players in these processes as they control the entry and exit of substances
(nutrient, hormones, and other chemicals) into the tubules of the testis as well
as make the adluminal compartment an immune-privileged site [25, 26].

5.Sertoli cells play vital roles in the renewal of stem cells and subsequent differ-
entiation of spermatogonia into matured germ cells. The matured germ cells
further undergo several transformation during the process of spermatogenesis to
become matured spermatozoa. The role of Sertoli cells further extends to sperm
release (spermiation). The Sertoli cells bind continuously to the spermatogonial
cells till the time of release through N-cadherin signaling molecules and galacto-
syltransferase (via carbohydrate residues) [22, 25, 26].

4.6 Regulation of spermatogenesis by temperature

Higher body temperature is known to cause infertility as spermatogenesis is altered
by such temperature. Descended testis is to ensure that the temperature within the
scrotom is maintained at about 2°C less than the body temperature (34-35°C) [12].

4.7 Regulation of spermatogenesis by disease or pathological conditions

Diseases or pathological conditions often alter spermatogenesis in a negative way.
Conditions that cause impaired spermatogenesis include the following: endocrine,
genetic and genitourinary disorders. Abnormalities of the hypothalamic-pituitary
axis which are often related to obesity and certain thyroid gland-related disorder con-
stitute the several endocrine disorders that alters spermatogenesis. Adrenal disorders,
hyperprolactinemia, hypogonadism and hypothyroidism are often linked to impaired
spermatogenesis. In all of these endocrine disorders, gonadotrophin-releasing hor-
mone (GnRH), follicle stimulating hormone (FSH) and luteinizing hormone (LH)
deficiencies are expressed. This implies why this hormonal therapy is often used as
therapeutic measures in resolving certain spermatogenetic disorders. However, it is
essential to know that there are no known therapeutic approaches to men when sper-
matogenesis is halted prior to the completion of meiosis stage of the spermatogenesis.
This is always the case in many genetic disorders that lead to alteration of spermato-
genesis. Genetic disorder which often impairs spermatogenesis is mostly associated
to the deletion of sections of the Y chromosomes or gonadal dysgenesis. Klinefelter
syndrome and cystic fibrosis are two genetic conditions linked to impaired sper-
matogenesis. Cystic fibrosis causes gonadal dysgenesis which subsequently results in
alterations of genes linked to spermatogenesis while klinefelter syndrome results in
microdeletions of sections of the Y chromosome in about 10-15 percent of men with
severely impaired spermatogenesis. Cryptorchidism is one example of genitourinary
disorders that impairs spermatogenesis. This may be as a result of infections such
as chlamydial urethritis or gonococcal, injury, mumps orchitis, testicularatrophy
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or varicocele. Diemer and Desjardins has associated genetic causes of spermato-
genesis to chromosomal aberrations. Aberrations of the chromosomes occur either
as numerical or structural aberrations. In numerical aberrations, there is a missing
or accessory chromosome dysfunction sequel to meiotic non-disjunction in either
maternal or paternal germ cells. Often times, the cause could be linked to not just
sex chromosomes but also autosomes or even both. Chromosomal aberration occurs
in new born and the external genitalia of the individual affected appears normal.
Assessment of the chromosomes reveals normal somatic structures, though there
may be profound deviations at times. Structural aberrations on the other hand
presents itself with loss or duplications of genetic information and/or translocation
of genetic information from one chromosome to another without loss in a numeri-
cally normal complement of chromosomes. Microscopic inspection of karyocyte
(cells that possesses a nucleus) and analysis of DNA from patient of interest is used
to analyze gross structural aberration and microdeletion of gene/single base pair
mutation, respectively [35-41]. Table 1 shows the various gene mutation associated
with impaired spermatogenesis [42].

4.8 Medications, other substances and toxin regulation of spermatogenesis

There are several substances linked to alterations in spermatogenesis. These
substances include alcohol consumption in excessive amounts, anabolic steroids,
androgens, antiandrogens such as bicalutamide, cyptoterone, flutamide etc., anti-
malarial drugs, chronic use of aspirin, excessive consumption of caffeine, cannabis,
chlorambucil, cimetidine, corticosteroids, cotrimoxazole, cyclophosphamide,
ethanol, estrogens, GnRH agonist which is often use for treatment of prostate
cancer, ketoconazole, medroxyprogesterone, methotrexate, monoamine oxidase
inhibitors, nitrofurantoin, opioids, spironolactone and sulfasalazine etc.. Also, heavy
metals, pesticides, phthalamates, polychlorinated biphenyl compounds (PCBs) are
certain toxins linked to alterations of spermatogenesis [43].

5. The role of calcium in spermatogenesis

Calcium is basically involved in the regulation of sperm motility, a function that
is concerned with the spermiation process of spermatogenesis. It is also found to be
involved in androgen receptor (AR) function. Mobilization of stored calcium via
calcium-induced calcium release and certain agonist-induced generation of calcium
mobilizing second messenger has also been linked to sperm functions especially on
the aspect of capacitation of the sperm [44].

Serum calcium is maintained within narrow physiological range to normal func-
tions of several organs as multiple cellular processes are influenced by calcium. A
large fraction of calcium is protein-bound or in complex with anions such as citrate,
lactate, phosphate or bicarbonate, and the free and active fraction is therefore
dependent on pH and availability of binding partners [42]. Calcium and phos-
phate concentrations are very different in the proximal and the distal parts of the
epididymis. The concentration of calcium decreases, whereas the concentration of
phosphate increases. These variations in calcium and phosphate levels are believed
to play a crucial role in sperm maturation and the initiation of sperm motility and in
keeping the sperm quiescent during storage in the distal epididymis. The high cal-
cium concentration in the seminal fluid may be of great importance as spermatozoa

32



Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.1007771

are transcriptionally silent and heavily rely on intracellular calcium as a signaling
system. The concentration of total calcium in the seminal fluid is about 7-48 mM/1,
and the concentration of ionized calcium is about 0-23 mM/I. Citrate and phosphate
concentrations are also high in the seminal fluid, ensuring competent buffer systems
and making the ionized calcium concentration lower than the corresponding serum
level. Studies exploring the potential impact of the total calcium concentration in
seminal fluid on sperm parameters are inconclusive — some suggest it is associated
with increased motility. Magnesium, an antagonist of calcium, decreases motility in
skeletal muscles and intestinal muscle supports the increased motility effect of cal-
cium in sperm functions. Another study found an inverse relationship of calcium with
sperm morphology while other research studies found no impact on sperm function
at all. One study showed that low total calcium content in the seminal fluid (<5 mM/1)
was associated with fewer progressive and total motile sperm and fewer morphologi-
cally normal sperm compared with men with calcium levels between 5 and 10 mM/1.
Some studies has also established a linked between ionized calcium (Ca**) and semen
quality variables. Some studies has shown positive correlation between ionized
calcium and sperm motility, and others show negative correlations; while some others
show no relationship. The possible link between total calcium/Ca*" levels and sperm
motility/morphology/concentration is interesting because these semen variables

are predictors of male fertility potential. However, the spermatozoa are only briefly
exposed to the seminal fluid before it is mixed with female fluids, which questions

a direct effect of calcium content on the fertility potential. It is also essential to note
that the total calcium concentration in seminal fluid is more than 2-fold higher than
the level found in serum, and the levels are not associated. Hence, there must be an
active transport of calcium from serum into the seminal fluid. The calcium concentra-
tion in the different epididymal compartments (studies have only been conducted in
rodents) varies largely from low to several-fold higher than the corresponding serum
concentration. To maintain this steep gradient, the mechanism and proteins underly-
ing calcium homoeostasis must be tightly regulated. Seminal fluid comprises fluid
from the epididymis (about 10%), prostate (about 20%) and seminal vesicles (about
70%), which indicates that the calcium content in the ejaculate is highly dependent on
secretions occurring after the transit and storage of the spermatozoa in the epididy-
mis. At the time of ejaculation, spermatozoa escape the millimolar concentrations of
citrate and phosphate in seminal fluid and encounter about 22 mM/I-total calcium
and about 1-23 mM/1-Ca”" in the follicular fluid in the female reproductive tract. This
influences sperm function and facilitates sperm capacitation and hyperactivation that
help the sperm swim up in the vicinity of the oocyte [45-48].

Again, gene expression is silenced during spermatogenesis as histones are replaced
by protamines that further condense deoxyribonucleic acid (DNA) and prevent
transcription within the small spermatozoa (about 4-4 x 2-8 pM). Protein synthesis
and processing are also hampered, and therefore, spermatozoa critically depend on
second messenger systems to transmit extracellular signals, and they mainly rely on
changes in the intracellular calcium concentration ([Ca®*1i). An increase in [Ca™*]

i occurs by opening Ca** channels across the cell membrane or from intracellular
stores — constituting a Ca”* signal. [Ca®']i regulates capacitation, hyperactivation and
the acrosome reaction. Regulation of the [Ca”*]i ensures the activation of sperma-
tozoa at the appropriate time. The importance is indicated by studies showing that
loss-of-function mutations in the gene coding for the main Ca®* channel in sperm,
CatSper, lead to infertility, and spermatozoa from men in fertility treatment have
lower Ca”* influx in response to progesterone compared with spermatozoa from
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healthy men. Studies have shown that men with severely impaired semen quality and
men who had unsuccessful fertility treatment have significantly lower Ca®* influx
upon stimulation with female secreted factors compared with spermatozoa from
healthy men, indicating that these Ca”* signals are clinically relevant [45-48].

Again, certain studies has also shown the relevance of calcium and vitamin D in
male fertility. In the study, it was postulated that calcium channels in male repro-
ductive organs and spermatozoa contribute to the regulation of sperm motility and
capacitation, of which both are essential for successful fertilization, which further
supports a need to avoid calcium deficiency. Studies have demonstrated that vitamin
D, as aregulator of calcium homoeostasis, influences calcium influx in the testis
and spermatozoa. Emerging evidence suggests a potential link between vitamin D
deficiency and male infertility, although further investigation is needed to establish
a definitive causal relationship. Understanding the interplay between vitamin D,
calcium and male reproductive health may open new avenues for improving fertility
outcomes in men [45-48].
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Abstract

Natural sperm selection in the female reproductive tract involves complicated
processes that result in the most competent sperm reaching the fertilization site. This
selection is based on various sperm characteristics, including motility, viability, and
DNA integrity. Assisted reproductive technologies (ARTs) often bypass these natural
selection barriers, leading to concerns about treatment success and offspring health.
Nowadays, many researchers are using these biomimetic methods of sperm selection
that mimic the selection process occurring in the female reproductive tract. These
methods apply microfluidic devices that separate sperm on the basis of guidance
mechanisms, such as rheotaxis, chemotaxis, and thermotaxis, and the techniques have
also been developed to separate sperm potential biomarkers involved in the sperm
binding to the egg envelopes, such as hyaluronic acid and zona pellucida. Conclusively,
application of these biomimetic methods could enhance the ART outcomes.

Keywords: rheotaxis, chemotaxis, thermotaxis, hyaluronic acid, zona pellucida

1. Introduction

The male factor infertility accounts for 50% of the total cases of human infertility,
of which the well-established causes of male infertility are genetic and anatomical
defects [1], expressing a considerable burden on human healthcare systems [2].

In the bygone years, medical treatment decisions relied on conventional methods

for semen analysis to evaluate sperm concentration, motility, and morphology.
Although the analysis of semen is important because it shows the proper function

in sperm production by the testicles, the secretory function of all accessory glands,
and the patency of the reproductive tract [3], these parameters become less credible
indicators of male fertility potential evaluation. Precise analysis of sperm function is
essential for accurate diagnosis and an appropriate treatment plan for male infertility,
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but a comprehensive review of semen analysis is beyond the scope of this chapter.
Along with the initial reports on intracytoplasmic sperm injection (ICSI), although it
seems that ICSI has become a powerful tool in the treatment of male factor infertility
cases, there are still many cases of low or absent fertilization rates [4]. This actually
indicates that other factors may be involved that cannot be detected by the standard
magnification used in conventional ICSI. Accordingly, there are traditional and
advanced approaches to the selection of appropriate sperm, with the aim of improv-
ing fertilization rate, embryo quality, and pregnancy outcomes. The use of animal
models in relation to the natural selection of human sperm, due to the diversity of
mating strategies in animals and differences in reproductive system and function,
makes comparisons very difficult, and indeed, more details on human experiments
are needed. Therefore, it is necessary to search for better methods to mimic sperm
selection that occurs naturally in the female reproductive system to select the most
competent sperm.

2. Natural sperm selection
2.1 Sperm upward movement and dynamics

When sperms pass through the female reproductive tract and undergo various
interactions in multiple ways that facilitate their migration toward the egg, a number
game process is used to reach the necessary numbers required in the fertilization area,
and at the same time, proper sperm selection is done to increase the chance of fertil-
ization [5]. Considering sperms can survive a relatively long time (2120 hours), the
cells must keep their fertility power constant, despite the limited metabolic resources
when moving against multiple obstacles and opposition in the reproductive tract [6].

2.2 Sperm voyage and propagation in the vagina, cervix, uterus, and uterotubal
junction

In humans, semen deposition takes place near the anterior vagina, adjacent to the
cervical entrance. Its propagation faces vaginal pH, immune responses, and several
difficulties [7] that cause considerable sperm loss and low-level sperm retention [8].
It has been found that in 94% of sexual intercourses, sperm flowback was performed
within 30 minutes; on the other hand, 1.5-3 minutes after the deposition of the
semen, sperms were found in the endocervix [9], which appears to show that sperms
have escaped the significant cellular immune response in the vagina to the cervix
[10]. The sperm-rich fraction of semen unifies into a gelatinous mass in a minute
after sexual intercourse, which can act as a cervical plug to keep the sperm-rich frac-
tion from flowing back, the vaginal environment, and rejection [11]. Within a short
time after the enzymatic degradation of semen coagulum, sperm can rapidly enter
and propagate in the cervical mucus, which has the highest antibacterial function;
the place can be optimal for sperm transport at the midcycle of menstruation due
to the hydrated mucus [12, 13]. The cervical mucus acts as an active filter, which
allows the sperm with progressive motility to pass this barrier efficiently and filter
out the poor motility and abnormal morphology of the sperm [14]. Highly motile
sperms are found in the human cervix up to 5 days after insemination and appear
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to be trapped in the cervical crypts [15]. Sperms enter the uterus after passing the
cervical mucus and rapidly progress to this site through peristaltic contractions [16]
and pro-ovarian contractions of the myometrium [17]. There are a low number of
spermatozoa in the uterus compared with the number of spermatozoa inseminated
in the vagina [17]. It would be informative to investigate what we can learn from

in vivo natural sperm selection to improve success rates of assisted reproductive
technologies (ARTs) [18]. The human uterotubal junction is narrow, has mucosal
folds, and is filled with viscous mucus, whose viscosity is dependent on the plasma
level of estrogen. This viscous mucus flows against the direction of the sperm
movement to filter out the poor quality sperm [19]. It has been demonstrated that
spermatozoa display intense interaction with epithelial cells of the fallopian tube,
and this interaction can cause the selection and transport of normal sperms in the
human uterine tube [20]; in addition, this phenomenon may be a description of
the fact that normal morphology and motility are not sufficient for sperm selection
and transport in the human uterine tube and that sperm surface proteins are also
required for fertilization [21].

2.3 Natural sperm selection in assisted reproduction

Despite several decades of research, there are many questions still remaining to
be clarified about the sperm population selected in the oviduct: first, what makes the
sperms different from others and special to reach the fertilization site, and second,
whether these special sperms or sperms selected by a similar natural mechanism can
increase the success rate of ART? Whether some natural sperm selection mechanisms
that occur iz vivo can be used to improve ART laboratory’s quality? Understanding
these mechanisms may give insight into the development of sperm quality assessment
beyond the World Health Organization (WHO) guidelines.

The main components of a sperm cell that are involved in fertilization include the
head containing the genomic material, the midpiece containing the mitochondria,
and the flagellum that generates its movement. Additionally, sperms have the special
mechanisms for oocyte recognition, fusion, and various intracellular factors that are
effective in the process of fertilization and embryonic development [22]. The above-
mentioned actions are related to different kinds of molecules that are physiologically
important, and their assessment will have a place in the analysis of semen and sperm
selection in the future [23].

There are different active and passive obstacles in the female reproductive tract,
including vaginal pH, cervical mucus [24], and peristaltic contractions in the uterus
[25] that contribute to eliminating the less functional spermatozoa. It is well estab-
lished that sperms move toward certain guides during their voyage, for example,
rheotaxis, chemotaxis, and thermotaxis [26]. After crossing the main barriers and
reaching the fertilization site in the oviductal ampulla and oocyte, the selection of
sperm does not end there but must pass through other checkpoints around the oocyte,
including hyaluronic acid (HA) matrix [27] and the zona pellucida (ZP) [27-29].

Considering that ICSI is a practical reproduction technology that is used for the
treatment of about half of the couples with male factor infertility, the natural sperm
selection barriers mentioned above can be bypassed to achieve fertilization [30].
Therefore, it is necessary to design appropriate strategies to help in selecting func-
tionally competent sperm.
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3. Current standard sperm selection/preparation methods in assisted
reproduction

3.1 Swim-up and density gradient centrifugation (DGC)

The swim-up (SU) techniques, as a migration approach, seem to somewhat mimic
the natural process of sperm migration through the cervical mucus, and sperm
separation occurs based on motility parameters. But this is far from the sperm motil-
ity aspect and migration that occur iz vivo. In the SU method, sperms swim out of
the liquefied semen placed into a centrifuge tube bottom that is overlaid with a sperm
medium. This method can be applied to separate sperms with normal motility that are
collected in the upper-layer culture medium [31].

In DGC techniques, as a sedimentation approach, semen samples are placed
on the density gradient layer(s), which contain silane-coated colloidal silica, to
separate spermatozoa based on their density. Even so, the use of sperm with DNA
damage after sperm separation during ART may result in a suboptimal pregnancy
outcome. To determine the advantages and disadvantages of new and advanced
methods of sperm selection, comparative studies against the current methods,
which are considered the gold standard for sperm separation, should be investi-
gated [32].

4. Novel in vitro model for natural sperm selection
4.1 Rheotaxis

Rheotaxis, as a long-range sperm guidance mechanism and a passive process,
occurs during the sperm’ journey from the vagina to the oocyte. Sperms swim with
or against fluid flow to create a chance for fertilization [33]. The ability of sperms to
swim against the current is known as positive rheotaxis. According to recent research,
the percentage of positively rheotactic sperm (PR%) in humans is associated with
fertility, with fertile males having a greater PR%; therefore, this phenomenon can be
used as a predictive marker of male fertility [34]. To isolate a cohort of sperm with
high fertilization potential, microfluidic systems have been developed to mimic the
movements of sperm in the female reproductive tract, the cervix canal, the lumen of
the uterine tubes, and the complex epithelium of the uterine tubes. A few of these
systems facilitate sperm selection over various flow gradients and biophysical forces
by generating a real fluid environment.

While some new findings propose that sperm rheotaxis in humans is a passive
physical process, there is no active signal transduction during human sperm rheo-
taxis [35]. Others postulate that it might entail adaptive fluid flow and active sense
[36]. Current advances in emerging microfluidic technologies have been developed
to study and exploit this phenomenon for sperm selection, offering potential
improvements in ART [37]. Recent studies have demonstrated that the swimming
behavior of sperm, such as rheotaxis, can be used to separate sperm with high DNA
integrity, normal motility, morphology, and viability [18, 38, 39]. Based on these
results, rheotaxis-based sperm selection techniques may enhance the effectiveness of
ART by imitating the natural selection mechanisms occurring in the female repro-
ductive tract.
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4.2 Thermotaxis

The ability of sperm to detect and swim toward the warmer fertilization site along
a temperature gradient is called sperm thermotaxis (this temperature difference is
maintained for at least 10 hours after ovulation) [40]. It seems to be a long-range
guidance mechanism that can be complementary to chemotaxis to guide the sperm
toward the oocyte [41]. Although the molecular mechanisms of sperm thermotaxis
remain unclear, new findings have provided insight into possible thermosensors [42].
It has been shown recently that mammalian sperms possess a complex thermal detec-
tion system, utilizing opsins like rhodopsin and melanopsin to sense temperature
changes and activating different signaling pathways for thermotaxis [43]. Michael
Eisenbach and colleagues recently showed that different opsins are involved in human
sperm thermotaxis via two signaling pathways—the phospholipase C and the cyclic-
nucleotide pathways [44]. Integrated microfluidic devices have been developed to
evaluate sperm responses to thermotaxis, providing insights into sperm behavior
under physiological conditions [45]. Thermotaxis is a natural mechanism that guides
competent sperms through the female genital tract, therefore, imitating this method
as a novel technique can cause improvement in the ART outcomes [46].

4.3 Chemotaxis

Egg envelope-originated factors guide the sperm toward the oocyte; this behavior
is called chemotaxis [47], which occurs in close proximity to the oocyte [41], a short-
range mechanism that has synergistic effects with rheotaxis on guiding the sperm
toward female gametes by chemoattractants. There is evidence showing the involve-
ment of intracellular calcium concentration ([Ca**];) [48] and chemotactic signaling
cascade activation in sperm chemotaxis [49], which controls flagellar movement
and sperm swimming [50]. It seems that progesterone acts as a chemoattractant for
human sperm and initiates a series of signaling pathways [51]. Defects or inhibi-
tions in this signaling pathway can cause infertility [47]. Studies have shown a role
for chemotaxis in sperm selection in a study proposing that it selectively separates
capacitated sperm for fertilization [52]. Also, a study established the potential of
microfluidic devices for sperm chemotaxis in the selection of high-quality sperm [53].
Therefore, sperm chemotaxis may be used as a diagnostic tool for sperm quality and
male infertility, and it may also be used as a natural sperm selection method in ART.

4.4 Hyaluronic acid (HA) binding

Hyaluronic acid (HA) serves as a key component of the cumulus oophorus extra-
cellular matrix and plays a crucial role in various reproductive processes, including
folliculogenesis, oocyte maturation, and fertilization. It has been found that mature
spermatozoa are able to bind and penetrate into this matrix [54]. The hyaluronic
acid-binding assay (HBA), a commercial diagnostic kit, was first introduced in the
early 2000s to measure the capability of mature sperm to bind to hyaluronic acid (HA,
also known as hyaluronan). This principle suggests that spermatozoa that express
HA-binding sites that attach to HA-coated surfaces from their head region are those
that have higher capacities to bind to the zona pellucida, higher fertilization abilities,
advanced chromatin maturation, lower DNA fragmentation, lower aneuploidy rate,
and superior morphology [55]. The results of studies on HA-based sperm selection for
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ICSI are highly contradictory. Some studies have found that HA-binding sperm selec-
tion can increase implantation rates and high embryo quality [56, 57] can also reduce
the frequency of chromosomal abnormalities in selected sperm [58]. Other studies,
however, have found no significant changes in DNA integrity between HA-binding
sperm and conventional sperm selection [59]. Numerous clinical studies have focused
on the topic of physiological selection of spermatozoa for ICSI (P-ICSI), as a HA-based
sperm selection method, which attracts significant attention. P-ICSI-selected sperm
and traditional ICSI groups have been compared in cases of recurrent pregnancy loss
[60], high DNA fragmentation [61], and high teratozoospermia [62], and contradictory
findings have been documented. To conclusively prove that HA-based sperm selection
as a physiological indicator improves ART results, more extensive research is required.

4.5 Zona pellucida (ZP) binding

The human zona pellucida, composed of four glycoproteins, includes zona pellucida
1 (ZP1), zona pellucida 2 (ZP2), zona pellucida 3 (ZP3), and zona pellucida 4 (ZP4) [63].
The ZP1, ZP3, and ZP4 bind to capacitated sperm, while ZP2 binds to acrosome-reacted
sperm [64]. Previous research has shown that ZP-bound spermatozoa have superior
morphology, DNA integrity, and chromatin structure than unbound sperm, indicating
that ZP proteins are crucial for the selection of competent sperm in humans [65]. A small
fraction of motile spermatozoa that display higher levels of ZP-binding proteins like heat
shock 70 kDa protein 2 (HSPA2) and sperm acrosome associated 3 (SPACA3) tend to
selectively interact with the ZP [66]. Spermatozoa with acrosomal abnormalities are less
likely to be selected for than normal or slightly abnormal spermatozoa [65]. Using ZP as
alast sperm selection filter for entering the oocyte in the female reproductive system for
in vitro natural sperm selection methods in ART has shown promising results [29, 67].
According to a recent study, using sperm bound to immobilized and isolated ZP proteins
from oocytes with a germinal vesicle (GV) can reduce the risk of miscarriage and increase
the chances of pregnancy [68]. Other research shows that using sperm that is bound to ZP
resulted in high-quality embryos [67, 69]. These results indicate that ZP-mediated sperm
selection is a key step in human fertilization, with potential applications in assisted repro-
duction techniques to increase fertilization rates and decrease genetic risks (Figure1).

Thermotaxis Chemotaxis

Rheotaxis

Hyaluronic acid binding ~ Zona pellucid binding

Figure 1.
The mechanisms of sperm guidance and the process of natural sperm selection in the female reproductive tract.
The scheme, not depicted to scale, is based on the human tract.
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5. Summary and future aspects

In vitro sperm selection techniques are used in assisted reproductive techniques
(ARTs), such as ICSI or in vitro fertilization (IVF) insemination, to maximize
the likelihood that an effective spermatozoon will be involved in fertilization.
Understanding natural sperm selection mechanisms in assisted reproduction can help
improve the success rate of ART and improve sperm quality assessment beyond World
Health Organization (WHO) guidelines.

Several obstacles in the female reproductive tract, such as the vaginal pH, cervical
mucus, and peristaltic contractions, contribute to the elimination of less functional
spermatozoa. Sperms move toward the guides like rheotaxis, thermotaxis, and
chemotaxis during their journey. In assisted reproduction technology, such as ICSI,
natural sperm selection barriers can be bypassed to achieve fertilization. Sperm rheo-
taxis is a passive process and a long-range guidance mechanism where sperm swims
with or against fluid flow to create a chance for fertilization. Sperm thermotaxis is
also a long-range guidance mechanism that guides sperm toward the warmer fertiliza-
tion site along a temperature gradient. It is a complementary mechanism to chemo-
taxis, which occurs in close proximity to the oocyte. Sperm chemotaxis, a short-range
mechanism, has synergistic effects with rheotaxis, guiding sperm toward the female
gamete by chemoattractants. Studies have shown that imitating these iz vivo methods
as novel techniques appears to be effective in selecting functional sperm for assisted
reproduction techniques. The HA binding is a key component of the cumulus oopho-
rus extracellular matrix and plays a crucial role in reproductive processes. The HBA
measures revealed that the spermatozoa with HA-binding sites have higher capacities
to bind to the zona pellucida, higher fertilization abilities, advanced chromatin matu-
ration, lower DNA fragmentation, a lower aneuploidy rate, and superior morphology.
However, the results of HA-based sperm selection for ICSI are highly contradictory
and more extensive researches are needed to conclusively prove that HA-based sperm
selection can improve ART results. ZP binding is crucial for the selection of compe-
tent sperm in humans, and using ZP as a last sperm selection filter for entering the
oocyte in the female reproductive system for in vitro natural sperm selection methods
in ART has shown promising results.

In sum, the innovative approaches like physiological ICSI and utilizing in vivo
properties like rheotaxis, thermotaxis, and chemotaxis are paving the way in the
future for precision male infertility diagnosis and treatment, with current researches
aiming to confirm their advantages, particularly in reducing miscarriage rates and
potentially enhancing the high-quality embryo, live birth rates, and long-term health
of offspring.
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Abstract

A variety of techniques have been employed in the field of sperm selection,
including methods based on sperm density, morphological characteristics, motility
characteristics, membrane integrity, and surface charge. Among these techniques,
the density gradient centrifugation (DGC) method stands out as the most prevalent
and widely utilized today. However, this technique involves centrifugation steps that
have been linked to oxidative stress and subsequent cellular damage. Consequently,
alternatives to DGC are being continuously developed. The recently developed
microfluidic chip method has also been implemented for sperm selection in intracyto-
plasmic sperm injection (ICSI). However, the microfluidic chip method also presents
certain disadvantages that must be addressed. This chapter evaluates the advantages
and disadvantages of sperm selection methods from the past to the present, with a
particular focus on DGC and microfluidic devices.

Keywords: density gradient centrifugation, sperm selection, microfluidics, iz vitro
fertilization, intracytoplasmic sperm injection

1. Introduction

The global prevalence of infertility in couples of reproductive age is estimated
at 15%, with male factor being identified as the primary or contributing cause in
40-50% of cases [1]. Male infertility is often associated with spermatogenic dysfunc-
tion, resulting in impaired sperm quality as indicated by aberrant motility, viability,
morphology, or concentration, as well as molecular genetic alterations including
reduced DNA integrity [1, 2]. The advent of assisted reproductive technology (ART)
has enabled individuals with severe male infertility to achieve conception [3, 4].
In particular, intracytoplasmic sperm injection (ICSI) represents a revolutionary
method in the field of ART, as fertilization and pregnancy can be achieved even with
poor sperm quality and a low sperm count [5].

In vivo, high-quality and potentially fertile spermatozoa are separated from
seminal plasma by traveling along the cervical mucus in the female genital tract. This
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process not only selects motile spermatozoa but also induces physiological changes
in male germ cells, including capacitation and the acrosome reaction, which enable
sperm to gain functional competence [6]. Although ICSI is optimal for treating
male factor infertility, it circumvents the biological barriers that ensure the natural
selection of gametes. This may result in the fertilization of oocytes with defective
spermatozoa, which can lead to developmental failure and reduced ART success rates
[5, 7]. Moreover, it also has been observed that the absence of the acrosomal reaction
and the persistence of the perinuclear tecta in the sperm head are associated with
delayed condensation of DNA during fertilization [8]. Furthermore, ICSI has been
linked to an elevated risk of numerous health complications, including premature
births, diverse metabolic disorders in the progeny, miscarriages, and congenital
malformations [9]. It is therefore crucial to develop efficient procedures and devices
to select the most competent sperm, given that ICSI involves injecting a single sperm
cell into the oocyte.
A wide range of sperm selection methodologies have been developed, which can
be broadly classified based on the selection mechanism, including sperm density,
membrane integrity, morphological characteristics, motility characteristics, and
surface charge [7, 10]. A number of studies have been conducted with the aim of
identifying the optimal methodology for sperm preparation for ART. The objective is
to develop a process that is quick, easy to implement, affordable, capable of isolating a
large number of motile spermatozoa, and that does not cause damage or physiological
changes to the spermatozoa. In addition, the process should eliminate dead sperm,
white blood cells, and bacteria, and should also eliminate capacitation-inhibiting

Method Method results in Benefits Drawbacks
Swim-up * Morphologically * Ease of implementation [13]. * Limited to ejaculates with
normal and motile « Extremely cost-effective [6, 7, high volume, hi.g.h sperm
sperm. 11]. count, and motility [6].
* No membrane damage and * Lowyield [15].
fragmented DNA caused by
centrifugation [14].
Density gradient * Morphologically * Highyield [6, 11]. ¢ Increased mitochondrial
centrifugation normal and motile . - damage and decreased
¢ Can be used in combination bability of
(DGC) sperm. with swim-up (SU) to improve probability of pregnancy
sperm quality [13]. (14, 17].
* One of the most widely used * Severely damaged
techniques in clinical practice sperrr.latozo.a du.e to
[16]. centrifugation-induced
increased ROS and
apoptosis during selection
with DGC [11, 17].
Migration- * Morphologically * No adverse effects attributed to ~ * Limited to ejaculates with
sedimentation normal sperm with centrifugation [18]. high volume, high sperm
method good progressive count, and motility; low

motility [18].

Extremely cost-effective,
practical, and fast [18].

The potential to reduce DNA
damage [19].

yield [6, 14, 20].

Requirement for expensive
and relatively delicate
special tubes [6, 14, 20].

Unsuitable for conven-
tional IVF procedure [11].
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Method

Method results in

Benefits

Drawbacks

Hypo-osmotic

Viable sperm with

* Extremely cost-effective

Spontaneously developed

swelling test .memb.rane andDNA | o ¢ implementation [11, 23]. tail swelling in less than
(HOST) integrity [21, 22]. 10% of human sperm [11].
* Low efficiency with low
sperm volume [7].
Magnetic ¢ Elimination of * Selection of high-quality sperm ¢ Requirement for use in

activated cell

apoptotic spermato-

with reduced DNA fragmenta-

combination with DGC for

sorting (MACS) zoa [24, 25]. tion [26, 27]. more efficient selection
[11].
* Little evidence regarding
live birth rates [7, 24, 26].
Fluorescence * Functional and * Successful chromosomal * High cost and low

activated cell

high-quality sperm

profiling and identification of

efficiency [11].

sorting (FACS) with intact DNA [11, segmental aneuploidies [29].
28, 29].
Zeta method * Mature spermbased ¢ Results are obtained witha ¢ Clinical use not

on the negative
charge of the plasma
membrane, known
as the Zeta potential,
which decreases with
capacitation [27].

Selection of mor-
phologically normal
sperm with intact
DNA [27].

small amount of semen sample
[30].

Fast, cheap and simple [30].

Higher rate of fertilization and
higher quality embryos when
compared to the DCG method
[31].

widespread.

Used in addition to other
methods because it does
not evaluate motility [31].

Laser-assisted
immotile
sperm selection

(LAISS)

Motile sperm

Fast, no centrifugation required
[32].

Only technique available to
detect viable sperm in patients

with primary cilia dyskinesia
(PCD) [32, 33].

.

.

High cost [11].

Cause membrane rupture
and increase ROS levels
[34].

Experience required [11].

Microfluidics

Morphologically
normal and motile
sperm.

¢ Ease of use.

¢ Controlled and automated
process [11].

Eliminates damage caused by

centrifugation and provides a

higher euploid embryo forma-
tion rate [35-37].

A selection environment that
mimics iz vivo and behaves
similarly to cervical mucus with
little or no adverse effects [38].

The complexity of the
devices in use [11].

Low efficiency with low
sperm count [7].

Table 1.
Benefits and drawbacks of sperm selection methods.

factors and toxic substances such as reactive oxygen species (ROS) [11, 12]. However,
areview of the available literature reveals a considerable degree of inconsistency in

the outcomes reported. The most commonly used methods for sperm selection, along
with their advantages and disadvantages, are listed in Table 1.

55



Andrology Insights — Understanding Male Reproductive Health and Diseases

Native semen sample
Density gradient centrifugation Microfluidics
= Stm_:ﬂmmn :‘f‘
L ﬁElunﬁ e e \"-
= == = \
'S:mm;ﬂ' = L —— —— Seminal Pedon 5}\ \:\ N
E g &
= —k = e
Wy : ¥ B e
=7l 300 g/ 15-20 min =1
90% density gradient — Motile sperm
Figure 1.

Schematics of sperm preparation by density gradient separation and microfluidic technology (created using Adobe
Hlustrator version 28.3, USA).

Of these techniques, gradient centrifugation, which selects sperm according to
their density and motility, is widely used in clinical practice. It should be noted,
however, that this technique involves centrifugation steps that are known to cause
oxidative stress and thus damage cells. Therefore, alternatives to gradient centrifuga-
tion are constantly being developed. The recently developed microfluidics technology
has been introduced as a powerful platform for sperm selection in ICSI procedures.
However, microfluidic devices also present some challenges that need to be addressed.
This chapter will provide an objective analysis of the benefits and drawbacks of sperm
selection methods, with a particular focus on DGC and microfluidic devices, compar-
ing past and present approaches (Figure1).

2. Density gradient centrifugation for sperm separation

Centrifugation is a process that is employed in a variety of fields and is based on
the spinning of a mixture at a certain speed to separate its components. There are
three principal types of centrifugation, namely differential centrifugation, DGC, and
ultracentrifugation [39]. DGC is a method used since the 1950s in numerous fields,
including biology and medicine, for the separation of cells, subcellular organelles,
and macromolecules based on their size, shape, viscosity, or density of the medium
through rotation at a specific speed [40-42].

Among the various standardized protocols for sperm selection for IVF treatments
in andrology laboratories, DGC is a method that has been recommended by the World
Health Organization (WHO) [43]. DGC allows for the separation of spermatozoa
based on their density and motility by placing seminal plasma on a continuous or
discontinuous density gradient. In a continuous gradient, the density increases
gradually from the top to the bottom of the gradient. In contrast, a discontinuous
gradient exhibits distinct boundaries between each layer [7, 11, 44]. Commonly, a
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semen sample is placed on top of two superimposed solutions of varying densities for
the purpose of sperm separation and then subjected to centrifugation for approxi-
mately 15-20 minutes. All sperm cells pass through the gradients, but the highly
motile spermatozoa migrate to the bottom of the tube, moving vigorously rather than
being subjected to centrifugal kinetics. This results in the formation of a pellet at the
bottom of the tube. In contrast, dead cells, immotile cells, and debris remain between
the gradients [45]. In addition, the densities of immobile (1.06 g/mL) and immature
(1.09 g/mL) spermatozoa are lower than that of a motile, mature spermatozoon

(1.10 g/mL) [46]. Consequently, following centrifugation, morphologically abnormal
spermatozoa are concentrated between the upper and lower layers, and leukocytes
and cell debris are between the seminal plasma and the upper layer. Motile and
mature spermatozoa form a pellet at the bottom of the tube [47].

A variety of gradient media have been formulated with the objective of providing
an ideal medium for separation. A commercial DGC medium, Percoll® gradient,
consisting of polyvinylpyrrolidone (PVP)-coated silica particles, was widely used
until it was discontinued by its manufacturer in 1996 due to concerns about the toxic-
ity caused by endotoxin contamination [6]. Further studies focusing on the safety
of PVP for its clinical use demonstrated the detrimental effects on sperm function,
fertilization success, and early embryonic development in patients undergoing ICSI
[48]. PureSperm® and Isolate® have emerged as replacements for Percoll® and
have demonstrated effective separation capabilities due to the intrinsic properties
of colloidal silica, including the absence of an osmotic effect, the ability to provide
high specific gravity and low viscosity. In contrast to Percoll®, these two commercial
products utilize silane-coated colloidal silica [49].

Today, a diverse array of DGC media are now extensively utilized in the context
of infertility treatment. A multitude of studies have been conducted to comparatively
assess the efficacy of various media to obtain spermatozoa that exhibit optimal motil-
ity and morphologic normality, while overcoming toxicity, osmotic pressure changes,
and penetration into particles. The classical density gradient medium sucrose was
unsuccessful due to its high osmolality and viscosity [50]. Ficoll, a synthetic polymer
of sucrose, was introduced to address the issue of high osmotic pressures. Recently, the
combination of the Ficoll-400 density gradient method with the swim-up technique
has been proposed as an effective approach for sperm preparation prior to ART [51].
Iodinated compounds, including Nycodenz® and the dimeric form Iodixanol®, have
also been demonstrated to be effective for the selection of motile spermatozoa [52, 53].
IxaPrep®, a polysucrose medium containing Iodixanol, demonstrated superior efficacy
in recovering motile spermatozoa from both normal and subnormal semen samples
compared to Percoll. Furthermore, it was reported that the production of nitric oxide
was lower in semen samples that had been separated using IxaPrep compared to those
that had been prepared using Percoll [54]. Another study was conducted to evaluate the
sperm quality following sperm separation using three commonly employed commercial
media: PureCeption®, ISolate®, and SpermGrad-125®. While the sperm treated with
Isolate and SpermGrad-125 demonstrated superior motility, the DNA damage rates
were found to be comparable across all three gradients [55]. A recent study compared
the sperm recovery rate following sperm separation with ISolate and GV Gradiente,
another method based on silane-coated colloidal silica. No differences were identified
between the methods in retrieving motile sperm [45].

The DGC method offers a series of advantages that have contributed to its
widespread use in the clinical setting. A number of studies have demonstrated that
DGC effectively eliminates leukocytes and immature spermatozoa with abnormal
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morphology, which are the primary sources of endogenous ROS in semen. Moreover,
it has been shown that this method yields spermatozoa that are normal in terms of
motility [43, 47]. Spermatozoa obtained by DGC demonstrated increased levels of
hyperactivation and tyrosine phosphorylation, indicating a higher degree of capaci-
tation [43]. In addition, DGC is a time-saving technique, as it requires only about
15-20 minutes of centrifugation compared to 1 hour of incubation for the swim-up
method. The method is straightforward to perform under sterile conditions, which
makes it a highly feasible approach [56].

It should be noted that the DGC method also has limitations. The rate of DNA
fragmentation has been shown to increase during sperm separation by the DGC
method due to centrifugation. Research indicates that centrifuge-based separation
techniques may potentially damage sperm, which could result in iatrogenic failed
pregnancies [14]. Some studies reported that a sequential combination of DGC and
the swim-up method has the potential to mitigate DNA damage [57, 58]. Nevertheless,
these classical methods are considered inadequate because they rely solely on separa-
tion mechanisms based on morphology and mobility. The DGC method has recently
been compared with microfluidic methods, which have been proposed as an alterna-
tive to centrifuge-based techniques. Microfluidics has been demonstrated to reduce
DNA damage and the production of ROS [59], while also leading to enhanced sperm
motility and blastocyst quality in comparison to DGC [44]. The following section
presents a discussion on the use of microfluidic systems for sperm sorting in the
context of ART, with an evaluation of the clinical outcomes.

3. Microfluidics for sperm separation

The use of microfluidic technology for sperm separation represents a novel and
efficacious approach that has been developed as an alternative to traditional tech-
niques. In 2017, Smith and Takayama published one of the first successful studies
demonstrating the use and efficacy of microfluidics for human sperm selection [35].
This technique has since become a powerful system for sperm selection, whereby the
physiological conditions of the female reproductive system, such as pH and tempera-
ture, are simulated [60].

The term “microfluidics” is used to describe the study of fluid behavior at the sub-
microliter level (10~°-107"® liters) and its measurement with a variety of microfluidic
devices. It is a technological system that processes or manipulates small quantities of
liquids using micrometer-sized channels. As a multidisciplinary and interdisciplin-
ary field, microfluidics encompasses engineering, physics, chemistry, biology, and
biotechnology [60]. In the early stages of microfluidic device development, glass and
silicon were the primary materials employed. However, their high cost presented a sig-
nificant obstacle. Subsequently, polymers such as polydimethylsiloxane (PDMS) and
thermoplastics were used instead of glass and silicon in microfluidic technology [61].

Initially introduced in the early 1990s, microfluidic technologies offer several
advantages, including the ability to analyze very small sample sizes, high resolution
and sensitivity, high detection capability, low cost, and a short analysis time [35, 62].
This technology is employed in a number of fields, including, control of fluid trans-
port, cell analysis, and drug delivery systems as well as in the field of ART for the
collection and isolation of sperm [61]. Furthermore, microfluidics devices are utilized
in a multitude of additional stages of ART, including embryo culture, cryopreserva-
tion, oocyte separation, gamete fertilization, and embryo quality analysis [60].
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Figure 2.
The principal mechanisms utilized in microfluidic devices for sperm separation (created in draw.io (ENG)).

The use of microfluidics has been demonstrated to eliminate the mechanical
stress associated with centrifugation on sperm in several studies [59]. Moreover, the
microfluidic technique has been reported to facilitate high forward motility and the
production of high-quality embryos [44]. Additionally, it has been shown to enhance
the proportion of normal sperm morphology and significantly reduce the percentage
of DNA damage compared to centrifugation [59, 63-67].

Various microfluidic devices have been designed to separate sperm with different
mechanisms, which can be grouped into two main categories, natural and non-
natural methods [68], as shown in Figure 2.

3.1 Natural mechanisms

The female reproductive system has several mechanisms to guide sperm to the
site of fertilization [68]. Various microfluidic devices have been constructed with the
objective of separating spermatozoa according to the aforementioned natural mecha-
nisms, including movement directed by a chemical gradient (chemotaxis), movement
directed by a thermal gradient (thermotaxis), swimming against the flow (rheotaxis),
and boundary-following behavior (thigmotaxis) [68-70].

Chemotaxis is one of the natural mechanisms that enables sperm to navigate
a chemical gradient secreted by the female genital system. It is known to be the
primary guiding mechanism during the final phase of the journey through the
female reproductive tract, allowing approximately 10% of motile spermatozoa to
reach the oocyte [68, 71, 72]. Microfluidics is frequently utilized to emulate this
natural guidance mechanism for the screening and separation of human spermato-
zoa [68, 71, 73]. Progesterone, allurin, natriuretic peptide type C (NPPC), heparin,
antithrombin III, acetylcholine (ACh), adrenaline, and calcitonin are defined as
natural sperm chemoattractants. Among these, progesterone and ACh have been
employed to establish a gradient concentration for the separation of spermatozoa
[74, 75]. It is hypothesized that the progesterone produced by the cells of the cumu-
lus creates a gradient from the center to the periphery of the cell mass [72, 76].

ACh has been demonstrated to originate from follicular fluid in the oviducts during
ovulation and is postulated to be involved in the induction of chemotaxis due to the
presence of ACh receptors on sperm [77].

Another significant mechanism is thermotaxis, which is a longer-range selection
mechanism compared to chemotaxis and guides sperm along a temperature gradient
within the oviduct [71, 78, 79]. Spermatozoa exhibit thermotactic behavior, moving
toward increasing temperature. Recently, it has been demonstrated that thermotac-
tic motility is reduced in spermatozoa with impaired DNA integrity, while motile

59



Andrology Insights — Understanding Male Reproductive Health and Diseases

spermatozoa with high DNA integrity exhibit more pronounced thermotactic behavior,
thus reinforcing sperm selection by eliminating sperm with DNA fragmentation [80].

The term “rheotaxis” is derived from the Greek word for flow regulation and
refers to the phenomenon of spermatozoa aligning their swimming direction with
or against fluid flow. The controversy surrounding sperm rheotaxis persists regard-
ing whether it is a passive or active process. However, recent experimental studies
have indicated that it is, in fact, a passive process [81]. This process allows mature
and motile spermatozoa to travel through the oviduct, and reach the oocyte, thereby
facilitating fertilization [82]. During coitus, fluids are secreted by the female genital
tract, including the oviducts. These fluids are thought to create a fluid flow along the
reproductive tract providing clues for spermatozoa traveling in the opposite direction
to the fluid flow toward the uterus [81].

Rheotaxis-based microfluidic devices have been developed to simulate fluid flows
and micro-grooves in the female genital tract. The swimming behavior of sperm
cells when encountering corrugated and smooth channels has been observed and
isolated sperm have shown high motility. A number of studies have been conducted
with these microfluidic devices, yielding results that indicate a reduction in DNA
damage [83].

Spermatozoa are cells that are capable of active swimming due to the presence of
a flagellum. The boundary-following behavior of motile spermatozoa is a defining
characteristic of this ability. Spermatozoa develop boundary-following behavior to
reach the oocyte through a challenging course in the female genital tract, which is full
of labyrinths, narrow passages, complex pathways, and viscous fluids [71]. The stud-
ies indicated that the motility of spermatozoa increased and the rate of DNA damage
decreased in microfluidic chips containing a thigmotaxis mechanism in conjunction
with rheotaxis, in comparison to the rheotaxis method alone [84].

3.2 Non-natural mechanisms

A variety of non-natural mechanisms for sperm separation have been developed,
including acoustofluidic-based methods and electrical-based methods such as elec-
trophoresis and dielectrophoresis. Acoustic flow refers to the fluid motion produced
by the interaction of sound waves with a fluid medium. Acoustic microfluidics, which
employs an ultrasonic bubble oscillation mechanism, is the preferred method due to
its minimal physiological impact on biological samples, its versatility in a range of
applications, and its straightforward implementation [65]. The selection of the wave
frequencies used in acoustic-based microfluidics is crucial, as depending on the wave
frequencies, sperm separation reveals contradictory results [65, 85].

Electrical-based electrophoresis and dielectrophoresis are frequently used meth-
ods in biotechnology and medicine for the manipulation of microscale bioparticles,
including cell separation, sorting, and capture [86]. Electrophoresis can induce the
movement of charged particles in cells through a uniform electric field in a fluid,
while dielectrophoresis employs a non-uniform alternating current electric field to
exert force on dielectric particles [71]. The advancement of electrode-based microflu-
idic devices allows for the acquisition of real-time data for both spermatozoa selection
and single-cell analysis. In comparison to chemotaxis, thermotaxis, and even motility-
based sperm selection, electrical-based sperm selection offers the greatest control and
can be modified by immediate system intervention [87].
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In addition to the aforementioned methods, studies have demonstrated the effective-
ness of different microfluidics platforms utilizing diverse selection mechanisms. However,
there is a need for further research on these platforms in the context of ART [68].

While recent studies have demonstrated the superiority of microfluidic technolo-
gies over conventional methods in reducing centrifugation-induced mechanical
stress and subsequent DNA damage, it remains crucial to evaluate the reproductive
outcomes to ascertain the efficacy of microfluidic devices in clinical settings. A
recent study demonstrated that microfluidic sperm selection markedly enhanced the
proportion of spermatozoa with an intact genome, contributing to higher embryo
euploidy and implantation rates and resulting in increased term pregnancies in com-
parison to DGC [88]. Similarly, sperm preparation with microfluidics demonstrated
superior results compared to DGC, with higher blastocyst formation, utilization,
and euploidy rates in patients undergoing ICSI [89]. A number of other studies also
reported enhanced laboratory parameters and clinical outcomes with the application
of microfluidics technology prior to ART [59]. Some studies have indicated that the
use of microfluidics may result in a notable increase in pregnancy rates only in older
patients [90, 91].

Conversely, a recent systematic review and meta-analysis compiling 13 studies and
comparing the efficacy of microfluidics with conventional sperm preparation tech-
niques, including DGC, indicated a marginal improvement in ART outcomes, though
this was not statistically significant [92].

4, Conclusion

In clinical settings, the rapidity, cost-effectiveness, ease of learning, and high
reproducibility of the sperm selection technique are of significant concern. However,
each sperm separation method has its own set of advantages and disadvantages,
and there is not yet sufficient data to demonstrate that any of them can be considered
the gold standard. Microfluidic technologies offer significant advantages to DGC,
including reduced DNA damage and the prevention of centrifugation-induced
mechanical stress [38, 93]. The controlled and automated process simplifies sperm
selection and reduces the risk of errors. The currently available evidence suggests that
microfluidics may be a promising option for optimizing success in ICSI treatments.
Nevertheless, further studies are required to reduce its cost and clarify its potential
for ARTs.
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Chapter 5

Detection and Clinical Application
of Sperm DNA Fragmentation

Xiaodong Liang

Abstract

Sperm DNA fragmentation (SDF) testing has emerged as a crucial tool in the
evaluation of male infertility, providing insights beyond conventional semen analysis.
SDF refers to the presence of DNA strand breaks in sperm, which can negatively impact
fertilization, embryo development, and pregnancy outcomes. Several diagnostic meth-
ods, such as the sperm chromatin structure assay (SCSA), terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay, and the single-cell gel electropho-
resis (comet) assay, are widely used to assess DNA damage in sperm. Clinically, elevated
SDF levels are associated with idiopathic infertility, recurrent pregnancy loss, and poor
outcomes in assisted reproductive technologies (ART) like in vitro fertilization (IVF)
and intracytoplasmic sperm injection (ICSI). SDF testing is gaining importance in
guiding therapeutic strategies, including lifestyle interventions, antioxidant therapy,
and consideration of advanced ART techniques. Thus, the assessment of sperm DNA
integrity plays a vital role in personalized reproductive medicine, optimizing treatment
and improving fertility outcomes for couples facing infertility challenges.

Keywords: sperm DNA fragmentation, SCSA, TUNEL, SCD, comet, varicocele,
unexplained male infertility, early natural miscarriage, in vitro fertilization

1. Introduction

Sperm DNA fragmentation is considered a crucial biological marker for male infertil-
ity and has gained increasing attention in recent years. It is significant in the evaluation
and treatment decision-making for infertility, as well as in prognostic assessments. Due
to various factors affecting sperm, unlike somatic cells, sperm lack robust DNA repair
capabilities and apoptotic self-cleansing abilities. Therefore, testing for sperm DNA
fragmentation is vital. By detecting and assessing the level of sperm DNA fragmentation,
potential fertility issues can be identified, guiding personalized treatment and interven-
tion measures, thereby enhancing fertility success rates and male reproductive health.

2. Definition of DNA fragmentation

Sperm DNA fragmentation (SDF) refers to the phenomenon of DNA strand
breaks or damage in sperm [1]. Typically, healthy sperm DNA should be intact and
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tightly packed, but in certain conditions, sperm DNA may exhibit breaks or damage,
thus affecting its function and quality.

3. Causes and mechanisms of DNA fragmentation

The causes of DNA fragmentation include intrinsic factors (susceptibility, com-
pared to somatic cells) (Figure 1), and the unique nature of sperm as a type of germ
cell. Sperm originate from spermatogonial cells through a two-stage division process
to form haploid cells, which undergo DNA replication and chromosome separation,
risking DNA strand breaks and damage. Furthermore, after sperm cells are formed,
they undergo morphological changes where histones are replaced by protamines, and
some organelles are gradually discarded while the residual cytoplasm is concentrated
until it disappears. Similar to somatic cells, the factors damaging sperm DNA include
both internal factors and exposure to certain external factors. After DNA damage,
cells initiate repair mechanisms; when severe DNA damage cannot be repaired, cells
activate cleanup mechanisms. However, when these repair and cleanup mechanisms
fail, DNA damage will appear in the terminal cells.

3.1 Sperm DNA replication and recombination

Sperm are highly specialized cells formed through meiosis from spermatogonial
cells, experiencing DNA separation and recombination during two stages of cell divi-
sion. Despite strict regulation of this process, any errors in replication or separation
can lead to DNA damage, thus causing strand breaks and fragmentation [2, 3]. The
more divisions a cell undergoes, the higher the likelihood of such occurrences.

3.2 Conversion of sperm nuclear proteins

During spermatogenesis within the seminiferous tubules of the testes, sperm
undergo stages from primordial germ cells to spermatogonia, primary and secondary
spermatocytes, spermatids, and finally to spermatozoa. In the sperm formation stage,
sperm cells undergo complex differentiation processes, including nuclear elongation
and condensation, acrosome formation, chromatin packaging, and protein transfor-
mation [4]. The switch from histones to protamines is a key step in sperm formation,

— | DNA Replication and Recombination

| Conversion of nuclear proteins |

Cause/Mechanism | | Reactive Oxygen Species ]

| Environmental Factor Exposure

| Abnormal DNA Repair Mechanisms |

— | Abnormal Cell Clearance Mechanisms

Figure 1.
Cause and mechanism of sperm DNA fragmentation.
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protecting DNA from external damage by tightly packing it, but also making DNA
less accessible to repair proteins, thus facilitating DNA fragmentation. Hence, DNA
damage repair before this protein transformation is crucial.

3.3 Reactive oxygen species

Reactive oxygen species (ROS) can be produced by sperm spontaneously, includ-
ing hydrogen peroxide (H,0,) and superoxide anion (O,"), primarily from normal
metabolic activities in mitochondrial respiratory chains and pathways involving nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase, xanthine oxidase, and
cyclooxygenase [5]. Moderate levels of ROS are involved in physiological processes
such as sperm capacitation, acrosome reaction, and flagellar movement [6, 7]. Sperm
also possess an antioxidant defense system to neutralize excess ROS and protect
cells from oxidative damage, including antioxidant enzymes and antioxidants like
vitamin C, vitamin E, coenzyme Q10, and glutathione. These substances can directly
neutralize ROS [8]. Normally, the oxidative and antioxidative systems are in dynamic
balance. Disruption of this balance can cause various types of damage. Mechanisms
of ROS-induced DNA damage include direct damage, where ROS can directly attack
DNA molecules, causing base oxidation, deoxyribose oxidation, single-strand breaks,
and double-strand breaks. Indirect damage occurs when ROS causes lipid peroxida-
tion of cell membranes, producing peroxidized lipids that further decompose and
react with DNA, forming DNA-lipid peroxidation adducts, leading to DNA damage
[9]. ROS can also damage DNA repair enzymes, allowing DNA damage to accumu-
late. High levels of ROS can trigger the release of cytochrome C from mitochondria,
activating apoptosis-related proteases like caspase, leading to systemic degradation
and fragmentation of DNA.

3.4 Environmental factor exposure

Sperm DNA fragmentation can be induced by various environmental factors, each
of which contributes to the degradation of sperm DNA integrity in different ways.
Common factors include ionizing radiation, elevated temperatures, and a range of
environmental pollutants such as heavy metals, pesticides, and industrial chemicals.
These elements can cause direct or indirect DNA damage, leading to increased
fragmentation and reduced sperm quality, ultimately impacting male fertility.
Understanding the specific mechanisms through which these factors contribute to
sperm DNA fragmentation is crucial for developing strategies to mitigate their effects.

Ionizing radiation is a potent environmental factor known to cause significant
DNA damage. It achieves this through high-energy interactions that directly break
the DNA double helix or generate ROS that induce oxidative stress, leading to further
DNA damage [10]. Sperm cells, particularly vulnerable due to their limited DNA
repair capabilities, are highly susceptible to fragmentation when exposed to ionizing
radiation. This exposure disrupts the integrity of the DNA, increasing the incidence
of fragmentation and negatively affecting male reproductive health [11].

Exposure to elevated temperatures is another significant cause of sperm DNA
fragmentation [12]. High temperatures induce oxidative stress by disrupting cellular
metabolism and mitochondrial function, leading to excessive production of ROS [13].
Additionally, heat exposure can compromise the sperm’ antioxidant defense mecha-
nisms, exacerbating oxidative damage and resulting in increased DNA fragmentation,
thereby reducing the fertilization potential of the sperm.
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Environmental pollutants are significant contributors to sperm DNA fragmenta-
tion. These pollutants can induce DNA damage through multiple pathways [14].
Heavy metals, for example, can disrupt mitochondrial function, leading to the over-
production of ROS, which damages the DNA [15, 16]. Pesticides and other chemicals
may directly cause DNA strand breaks or interfere with enzymes crucial for DNA
repair, preventing the correction of damage and increasing fragmentation.

Unbhealthy lifestyle choices, such as smoking and excessive alcohol consumption,
are also linked to increased sperm DNA fragmentation [17]. Smoking introduces a
variety of harmful chemicals, including nicotine and polycyclic aromatic hydro-
carbons, which generate ROS and cause oxidative stress, leading to DNA damage in
sperm [18]. Alcohol consumption, particularly in excessive amounts, can disrupt the
balance of antioxidants and increase oxidative stress [19], similarly contributing to
DNA fragmentation. Both smoking and alcohol consumption also impair the body’s
natural DNA repair mechanisms [20], further exacerbating sperm DNA damage.

Chronic psychological stress is another factor that can lead to sperm DNA frag-
mentation [21]. Stress activates the hypothalamic-pituitary-adrenal axis, resulting
in the release of cortisol and other stress hormones, which can negatively affect
spermatogenesis. Additionally, stress can induce oxidative stress, leading to the
overproduction of ROS, which damages sperm DNA [22]. Psychological stress may
also disrupt the balance of hormones essential for sperm production and maturation,
further contributing to DNA fragmentation and reduced sperm quality.

In summary, sperm DNA fragmentation is influenced by a wide range of fac-
tors, each of which contributes to DNA damage through mechanisms such as
oxidative stress, direct DNA interaction, and impairment of DNA repair processes.
Understanding these mechanisms is crucial for developing strategies to minimize
exposure and protect male reproductive health.

3.5 Medications

Medication-induced sperm DNA damage is common, such as antibiotics and
Chemotherapy drugs. Improper or excessive use can also produce side effects on
human cells, including affecting sperm DNA structure [23-25]. However, the specific
mechanisms of action and drug types may vary among individuals. Male patients
undergoing chemotherapy should monitor and protect sperm quality. Therefore, for
patients who need long-term medication, regular sperm quality testing is recom-
mended to detect and resolve issues promptly. Avoiding drug abuse and arbitrary
changes in medication dosage can help reduce potential risks to sperm quality.

3.6 Abnormal DNA repair mechanisms

During spermatogenesis, DNA may suffer various types of damage, including
single-strand breaks, double-strand breaks, base modifications, and base mis-
matches. Different factors produce different types of DNA damage [26], and each
type of damage has corresponding repair mechanisms [27]. Sperm are the terminal
products of male germ cell development. DNA damage in sperm is relatively difficult
to repair due to the high compression of DNA and the transformation of nuclear
proteins, which makes repair mechanisms difficult to access and recognize DNA dam-
age. Additionally, mature sperm almost lack cytoplasm, meaning they are deficient
in many essential repair proteins and enzymes [28]. Therefore, the special nature of
sperm determines that their DNA damage repair capabilities are lower than those of
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somatic cells, making them more prone to fragmentation. Finally, the polymorphism
of repair factors is also associated with sperm DNA damage [29].

3.7 Abnormal cell clearance mechanisms

If severe DNA damage cannot be repaired, cells initiate apoptosis to eliminate
damaged cells and prevent further harm to the body. The initiation of apoptosis
involves the activation and interaction of multiple apoptosis-related proteins, such
as the bcl-2 family proteins and Caspase family proteins [30]. Bcl-2 family proteins
play a significant role in apoptosis regulation by regulating the permeability of
the mitochondrial outer membrane to release apoptosis-inducing factors (such as
Cytochrome C), thereby activating the caspase cascade reaction, leading to cell
apoptosis. Once the apoptosis program starts, cells undergo a series of morphological
and biochemical changes, such as cell shrinkage, nuclear envelope rupture, and DNA
fragmentation. Eventually, apoptotic cells are recognized and cleared by surrounding
phagocytic cells, thereby maintaining tissue homeostasis and immune balance. In
sperm, characteristic events include increased expression density of Fas on the cell
surface, activation of nucleases, and externalization of phosphatidylserine on the
cell membrane. During spermatogenesis, when DNA is severely damaged or devel-
opmentally abnormal, some spermatocytes undergo apoptosis, and their DNA is cut
into fragments by nucleases. However, due to various reasons, these fragments are not
completely degraded, and the apoptotic process of damaged cells may be interrupted,
potentially not being effectively cleared [31, 32]. These cells continue to develop into
sperm, resulting in sperm carrying fragmented DNA appearing in semen. It has been
observed that infertile males have a higher Fas expression rate in their sperm [33].

Therefore, some believe that this abnormal programmed cell death in reproductive
cells may be cleared through natural selection processes, rather than in the traditional
form of being engulfed by phagocytic cells [34].

4. Detection of DNA fragmentation

Sperm DNA fragmentation is commonly assessed using several methods
(Figure 2), each with distinct features. The sperm chromatin structure assay (SCSA)

—| SCSA

| TUNEL

Sperm Chromatin Dispersion

Detection methods }7

Comet Assay

1
| H2AX detection

Mean number of DNA breaks per sperm

Figure 2.
Detection methods of Sperm DNA fragmentation.
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measures DNA denaturation susceptibility, while the Terminal deoxynucleotidyl
transferase dUTP Nick End Labeling (TUNEL) assay directly labels DNA breaks. The
comet assay visualizes DNA damage via gel electrophoresis, allowing for single-cell
analysis. Each of these methods varies in sensitivity and clinical utility. Emerging
techniques, such as YH2AX detection, identify DNA damage through histone modifi-
cation, offering a more detailed understanding of chromatin integrity. Additionally,
measuring the average number of DNA breaks per sperm provides a refined metric
for assessing sperm quality.

4.1 Terminal deoxynucleotidyl transferase dUTP Nick end labeling

The Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL)
method uses terminal deoxynucleotidyl transferase (TdT) to recognize a large num-
ber of 3’-OH ends exposed during cell apoptosis or DNA damage and add dUTP to
the ends, labeling dUTP with fluorescence. This allows the 3’-OH ends to be marked
with fluorescent signals, which can be detected by fluorescence microscopy or flow
cytometry [35]. By measuring the fluorescence signal intensity, the presence of DNA
fragmentation can be assessed. The TUNEL method, being a direct detection method
for DNA breaks, has high sensitivity and specificity. It allows for quantitative assess-
ment through image analysis under a microscope or flow cytometry. However, this
method has a high false-positive rate and requires skilled operators. Correct operation
and appropriate control experiments are crucial for accurate results.

4.2 Sperm chromatin structure assay

The Sperm Chromatin Structure Assay (SCSA) is another technique for assessing
sperm DNA fragmentation and chromatin structure integrity. It involves treating
sperm samples with an acidic solution, causing chromatin destabilization and partial
unwinding, thus exposing DNA breaks. Under the influence of acridine orange,
double-stranded DNA emits green fluorescence, while single-stranded DNA emits red
fluorescence [36]. By measuring the ratio of double-stranded DNA (green fluores-
cence) to single-stranded DNA (red fluorescence) using flow cytometry, the DNA
Fragmentation Index (DFI) results can be obtained. The SCSA method has high sensi-
tivity and specificity, accurately detecting sperm DNA fragmentation and chromatin
destabilization. It requires flow cytometry equipment and skilled technical operation.
Standardization of sample processing, staining, and flow cytometry analysis is crucial
for accurate results. Flow cytometers provide quantitative results with good repeat-
ability and comparability, making this method widely used in clinical and research
settings [37]. Results can be compared between different laboratories.

4.3 Sperm chromatin dispersion

The Sperm Chromatin Dispersion (SCD) method is a technique for assessing
sperm DNA fragmentation by observing the dispersion patterns of sperm chromatin
after specific treatments. It involves removing nuclear proteins from sperm using
strong alkaline or proteolytic solutions. Normal sperm chromatin forms large and
uniform dispersion rings (halos), while sperm with DNA fragmentation forms
smaller or no dispersion rings. After staining, sperm chromatin dispersion patterns
can be observed and analyzed under a microscope. By analyzing these patterns,
the degree of DNA fragmentation can be assessed [38]. The SCD method has high
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sensitivity and specificity, effectively distinguishing normal chromatin structure
from DNA-fragmented chromatin. It is relatively simple and does not require complex
equipment [39]. It can quantitatively provide the percentage of fragmented sperm,
offering good repeatability. However, due to its reliance on manual observation, it
may have some subjectivity. The SCD method can only detect total DNA damage,
with advancements in technology, recent studies have developed a new, rapid tech-
nique based on single-strand breaks for detecting double-strand DNA damage [40].

4.4 Comet assay

The Comet Assay is a test that detects damaged DNA through electrophoresis.
After releasing sperm DNA, it undergoes electrophoresis under alkaline (or neutral)
conditions. Damaged DNA migrates out of the cell nucleus under the influence of the
electric field, forming a “comet” shape. The more DNA fragments in the tail, the more
severe the DNA damage [41, 42]. The Comet Assay has high sensitivity and can detect
low levels of DNA damage, including single-strand breaks, double-strand breaks, and
alkaline-labile sites. It is applicable to various cell types and different types of DNA
damage, providing detailed quantitative data to assess DNA damage. However, the
technique requires high expertise, and image analysis may have some subjectivity. It
requires experienced operators to optimize electrophoresis conditions and staining
procedures to ensure accurate results [43]. In recent years, researchers have designed
the bidirectional Comet Assay, based on the same principle but conducting electro-
phoresis under alkaline and neutral conditions on the same agarose gel but in XY
directions [44]. This produces different comet images, and image analysis software
can analyze the tailing conditions in both directions to determine whether the DNA
damage is mainly single-strand or double-strand breaks.

4.5 Other methods

With the development of testing technology in recent years, some new methods
for detecting sperm DNA fragmentation have emerged. Yan and others introduced
a new method that can quantitatively detect the number of DNA breaks per sperm,
accurately reflecting the extent of DNA damage. They use terminal deoxynucleotidyl
transferase to recognize DNA breaks producing 3’-OH and catalyze its polymerization
with dATP, generating extended poly(A) tails. Fluorescent group 6-carboxyfluores-
cein (FAM) and fluorescence quencher 1 (BHQ-1) labeled probes poly(T) are then
used to match the extended poly(A) tails. After nuclease IV hydrolyzes the bound
probe, the fluorescent group FAM loses the quenching effect of the quencher and
emits fluorescence. After this process, new probes can continue to bind to poly-A,
producing secondary amplification. Each breakpoint in sperm DNA follows the
described process, making the increase in fluorescence rate proportional to the num-
ber of breakpoints in sperm DNA. The fluorescence increase in sperm DNA samples
after the reaction can be used to calculate the number of terminal sites in sperm DNA
samples, converting it into the average number of DNA strand breaks for quantitative
assessment of sperm DNA fragmentation [45, 46]. This method correlates well with
SCSA testing results and distinguishes semen quality with a good area under the ROC
curve, promising to become a new technology for future detection.

Detection of sperm DNA damage using the histone H2AX detection method
is another important technical approach. Specifically, it involves detecting phos-
phorylated H2AX (y-H2AX) to assess the extent of sperm DNA damage. y-H2AX isa
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marker of DNA damage, especially double-strand breaks, and its physiological role is
to rapidly recruit DNA repair and apoptosis proteins to the site of damage to partici-
pate in the DNA repair process [47]. Specific methods for H2AX detection include
immunofluorescence, which is one of the common methods for detecting y-H2AX.
By binding a specific antibody to y-H2AX and using a fluorescent dye to label the
antibody, the fluorescence signal in the sperm cell nucleus can be observed under

a fluorescence microscope. When sperm DNA is damaged, the content of y-H2AX
increases, producing a strong fluorescence signal in the cell nucleus [48].

Flow cytometry: Flow cytometry can also be used to detect y-H2AX levels in
sperm. By rapidly and extensively analyzing sperm cells using a flow cytometer, the
y-H2AX content in each sperm cell can be accurately measured, thereby assessing the
extent of sperm DNA damage [49].

Western blotting: Additionally, Western blotting is another common detection
method. By extracting protein samples from sperm cells and binding a specific
antibody to y-H2AX, the presence and content of y-H2AX can be detected during gel
electrophoresis and blotting processes [50]. The level of y-H2AX can reflect the extent
of sperm DNA damage, making the H2AX detection method useful for assessing
sperm quality. High levels of y-H2AX may indicate significant sperm DNA damage,
potentially affecting fertilization and embryo development processes [48].

Researching the mechanisms of sperm DNA damage: Through the H2AX detection
method, researchers can further explore the mechanisms of sperm DNA damage,
providing a theoretical basis for developing new treatment methods and prevention
measures.

5. Clinical applications of DNA fragmentation testing

SDF testing has significant clinical applications in male fertility assessment
(Figure 3). It helps analyze the impact of varicocele on sperm, identify underlying
causes of infertility that conventional semen analysis might miss, and offer deeper
insights into sperm quality. In cases of recurrent pregnancy loss (RPL), SDF test-
ing is valuable in determining potential male factors contributing to miscarriages.
Additionally, it is used to predict outcomes in assisted reproductive technologies
(ART), such as in vitro fertilization (IVF) and intracytoplasmic sperm injection
(ICSI), where high DNA fragmentation is associated with lower success rates. Overall,
SDF testing plays a crucial role in diagnosing male infertility and optimizing fertility
treatments.

Varicocele

| Unexplained Infertility

Clinical Application | Early Pregnancy Loss

| Prognostic Assessment of IVF Treatment |

_I Male Fertility Assessment

Figure 3.
Clinical application of sperm DNA fragmentation.

78



Detection and Clinical Application of Sperm DNA Fragmentation
DOI: http://dx.doi.org/10.5772/intechopen.1007775

5.1 Varicocele

Varicocele refers to a series of symptoms caused by abnormal, tortuous dilation or
elongation of the pampiniform venous plexus within the spermatic cord, a common
disease in the male urogenital system [51]. Its main symptoms include scrotal pain,
discomfort, or dampness when sitting or standing for extended periods, and it may
lead to a continuous decline in semen quality and even testicular atrophy, making it a
common cause of male infertility. Venous blood stasis can increase scrotal tempera-
ture, increase the production of ROS, and reduce the levels of antioxidants, thereby
damaging the integrity of sperm DNA [52-54]. Therefore, assessing sperm DNA
fragmentation in varicocele patients can help understand the extent of DNA damage
caused by blood stasis, aiding early diagnosis and assessing the impact of varicocele
on fertility. Compared to traditional semen analysis, sperm DNA fragmentation
testing can more sensitively detect sperm damage that traditional analysis might
miss [55]. Additionally, it can help evaluate the recovery of fertility after varicocele
surgery [56].

5.2 Unexplained infertility

Unexplained infertility refers to infertility that remains undiagnosed after a
comprehensive reproductive health examination. In such cases, traditional semen
analysis (including sperm count, motility, and morphology) may appear normal,
but the couple may still have difficulty conceiving naturally. Studies have shown that
sperm DNA fragmentation may be present in these couples, making sperm DNA
fragmentation testing a supplementary diagnostic tool for unexplained infertility
[57]. It provides additional information on sperm quality, helping identify potential
fertility issues.

5.3 Early pregnancy loss

Early Pregnancy Loss (EPL) typically refers to natural miscarriages or embry-
onic arrest that occur during the early stages of pregnancy, specifically before the
20th week of gestation. At this stage, the embryo or fetus fails to continue normal
development for various reasons and is spontaneously expelled from the body,
resulting in the termination of the pregnancy. The causes of EPL are complex and
varied, including genetic factors, immunological abnormalities, infections, uterine
anatomical defects, endocrine disorders, thrombosis, and more. Genetic factors are
considered the primary cause of pregnancy loss due to chromosomal abnormalities
in the embryo [58], accounting for 50-60% of all miscarriage cases. Since embryonic
genetic information comes from both parents, sperm factors, particularly sperm
DNA fragmentation, have increasingly gained attention in recent years [59, 60]. For
fertilized oocytes, sperm DNA damage present in the maternal cell does not manifest
during the early zygotic stage under the dominance of maternal genes [61]. As the
embryo develops, embryonic genes begin to activate and express, a process known
as “maternal to zygotic transition” [62], when the impact of sperm factors begins to
emerge. The oocyte has limited DNA repair capabilities [63], relying on intracellular
repair factors for limited repair. Unrepairable DNA damage becomes very apparent
after embryo implantation, leading to abnormalities in embryo development, such
as cell degeneration, genetic mutations, and developmental arrest, thereby increas-
ing the risk of miscarriage and pregnancy loss [64]. Therefore, the impact of sperm
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factors on the embryo usually manifests later in embryonic development, known as
“late paternal effects.” However, there is still controversy regarding these studies.

For such patients, sperm DNA fragmentation testing can be part of the assess-
ment, helping identify potential male factors.

5.4 Prognostic assessment in In vitro fertilization treatment

Sperm DNA fragmentation plays a significant role in the prognostic assessment of
IVF and ICSI. High levels of sperm DNA fragmentation may affect sperm fertilization
capability. Studies have shown that men with high levels of sperm DNA fragmenta-
tion have lower fertilization rates in IVF or ICSI [65-67]. Subsequently, this leads to
chromosomal abnormalities or developmental disorders in embryos [68], thereby
increasing the miscarriage rate and ultimately affecting pregnancy outcomes, includ-
ing clinical pregnancy rates and live birth rates. By testing and assessing sperm DNA
fragmentation levels, potential fertility issues can be identified, and personalized
treatment and intervention can be implemented to reduce sperm DNA fragmenta-
tion levels or select sperm with higher DNA integrity in the IVF lab [69]. Optimizing
assisted reproductive technology can help improve fertilization rates, embryo quality,
and pregnancy success rates while reducing miscarriage risks.

The IVF process involves fertilization, cleavage, early embryo, and blastocyst
formation. The impact of sperm DNA fragmentation on IVF fertilization outcomes has
been widely reported in the literature, but the results are inconsistent. A systematic
review analysis suggests that in conventional IVF, which primarily uses droplet culture
for fertilization, sperm DNA fragmentation reduces the fertilization rate of conven-
tional IVF because it undergoes a sperm selection process where sperm with DNA frag-
mentation cannot adhere to the zona pellucida of the oocyte. In contrast, sperm used in
ICSI undergo manual selection, typically selecting sperm with normal morphology and
strong motility, making the impact of sperm DNA fragmentation on ICSI fertilization
rates unclear [70]. Additionally, the heterogeneity of fertilization outcomes in ICSI
mentioned in this systematic review may be related to the strong subjectivity involved
in technician-selected sperm. The mechanism may involve factors associated with DNA
damage, such as ROS, simultaneously destroying proteins related to fertilization func-
tion, causing abnormal protein expression, and preventing adhesion to and fusion with
the oocyte membrane. Further research is needed to understand these mechanisms.

Sperm DNA fragmentation may cause genetic material abnormalities, affect-
ing embryo development. Therefore, it may impact the quality of early-stage IVF
embryos. Although many studies have reported the impact of DNA fragmentation
on embryo quality [71], the conclusions are also inconsistent. A systematic review
study indicates that sperm with double-strand DNA damage have the most significant
impact on embryo quality, and among the tests, the Comet assay can detect double-
strand DNA damage, thus providing strong predictive power for embryo quality [72].
As the embryo development process proceeds post-IVF, the embryonic genome begins
to express, marking the start of the maternal-to-zygotic transition effect and the
emergence of paternal effects [61]. The impact of sperm factors on the embryo begins
to manifest. However, there is no consensus on the earliest stage when paternal effects
first appear. Some believe that it starts after embryo implantation, leading to early
miscarriages due to abnormal genetic material. Others believe that it starts from Day
5 post-fertilization, manifested as a reduced blastocyst formation rate [65, 73]. Still,
others believe that it begins from the early embryo stage, manifested as a reduced
availability of embryos on Day 3 post-fertilization [74].
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The clinical pregnancy rate during the transfer cycle is an important outcome
measure for the success of in vitro fertilization-embryo transfer (IVF-ET). Most
studies suggest that sperm DNA fragmentation has a negative impact on the clinical
pregnancy rate. A systematic review study indicates that regardless of the detection
method used for sperm DNA fragmentation and the fertilization method used, the
detection results have a negative impact on the clinical pregnancy rate [70]. Among
these, TUNEL and Comet are strongly correlated with pregnancy outcomes. However,
some meta-analyses conclude that sperm DNA fragmentation is not related to the
clinical pregnancy rate [75]. This may be because these analyses did not exclude
factors such as advanced maternal age and female factors causing infertility. Once
such factors are excluded, the significance of the differences in predicted outcomes
increases markedly [70, 76].

The cumulative live birth rate is another important clinical outcome measure for
IVF-ET success. It considers a complete treatment set, where embryos obtained from
one oocyte retrieval are transferred multiple times until all embryos are transferred
or a live birth occurs [77]. The percentage of treatment sets with a live birth record
among all treatment sets is the cumulative live birth rate per oocyte retrieval cycle. As
embryo transfer includes both fresh and frozen embryo transfers, the cumulative live
birth rate is considered a more comprehensive measure of IVF success. Research on
the impact of sperm DNA fragmentation on the cumulative live birth rate per oocyte
retrieval cycle is a relatively new field, and to date, only a few studies exist. Among
them, Von¢ina and others found that sperm DNA fragmentation significantly reduces
the cumulative live birth rate per oocyte retrieval cycle [78]. Conversely, Liang and
colleagues further analyzed and found that a reduction in the number of embryos,
leading to fewer transfer opportunities, may be the reason. Based on this, they
propose that the number of embryos could be considered a predictive tool to analyze
in advance the impact of DNA fragmentation on the cumulative live birth rate [79].

5.5 Male fertility assessment

Sperm DNA damage is inversely related to the chances of natural conception.
When the SDF index, as measured by SCSA, falls within the 20-30% range, the likeli-
hood of achieving a natural pregnancy diminishes [80]. Additionally, some studies
indicate that SDF levels exceeding 30% are linked to lower pregnancy rates [81, 82]
and longer times to conceive [20].

As previously mentioned, external factors causing sperm DNA damage include
environmental factors and medication factors. Testing for DNA fragmentation can
assess the extent of damage caused by the environment (including radiation, high
temperatures, chemicals, etc.) and certain medications (such as antibiotics, anti-
tumor drugs, etc.) on sperm DNA, indirectly reflecting the impact on male fertility
[83]. Additionally, conducting sperm DNA fragmentation testing before planning for
childbirth can assess the reproductive health status of men, identify potential fertility
issues [84], and take preventive measures against infertility. Therefore, sperm DNA
fragmentation holds significant importance in the assessment of male fertility [85].

6. Conclusion

Sperm DNA fragmentation is an important biological marker for male infer-
tility and miscarriage, with causes including intrinsic physiological processes,
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susceptibility risks, and external environmental factors. Various detection methods
provide sensitive means to assess the extent of DNA fragmentation, helping reveal
issues with sperm quality. As new detection methods emerge, more sensitive,
accurate, and specific diagnostic technologies continue to enrich and improve. In
clinical practice, testing for sperm DNA fragmentation not only aids in diagnosing
and assessing fertility-related diseases but also guides the optimization of in vitro
fertilization techniques and the assessment of male reproductive health. The advance-
ments in these studies and technologies provide important tools and ideas for enhanc-
ing male fertility and the success rate of assisted reproductive technologies.
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Chapter 6

Phytochemicals of Natural
Fruit Extract Rehabilitate Male
Reproductive Health

Syeda Nadia Ahmad and Khawaja Raees Ahmad

Abstract

Male infertility has become a global health issue nowadays. Insecticides dam-
age the male reproductive system but can be rescued via the use of medicinal
fruit extracts (MFEs). A number of experimental studies have shown that MFEs
ameliorate testicular histopathologies induced by environmental (toxin) exposure
in albino mice. MFEs show good capacity for testicular rehabilitation because of
the presence of phytochemicals, especially phytosterols and natural antioxidants.
Additionally, we have recently reported better survival rates and fertilizability of
cryopreserved spermatozoa on the fortification of semen extenders with MFEs.
On the basis of these findings, it is concluded that chemicals and insecticides are
potential disruptors of spermatogenic activity and testicular microarchitecture
in vivo, whereas the MFEs have shown excellent rehabilitative potentials in these
contexts. Moreover, MFEs have also been shown to contribute to the post -hawed
semen quality parameters.

Keywords: insecticides, MFEs, fertility, phytochemicals, natural antioxidants,
medicinal fruits, interstitial tissue, seminiferous tubules

1. Introduction

Male reproductive system toxicity is becoming a hot issue of a current era because
of the exposure to multiple environmental chemicals, insecticides, and toxins that
lead to male infertility. Injury to the testicles, testicular cancer, hypogonadism,
premature ejaculation, and azoospermia may also lead toward male infertility. Male
infertility if addressed by xenobiotics, then it brings disturbances in the hormonal
regulations, increases oxidative stress, causes cellular apoptosis in the testes [1].
Nowadays, insecticides used in the domestic and agricultural sectors have increased
too much because they are considered to be safer than other pesticides [2]. Exposure
to noxious chemicals brings degenerations in the testes lead to azoospermia, Sertoli
cells necrosis, and damage in the spermatic cells and interstitial tissue. This stress
triggers the rehabilitative activities in the male reproductive system and leads to rapid
rehabilitation in the interstitial and spermatogenic tissue.
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1.1 Chemical and testicular damage

Carbon tetrachloride (CCL) is used in the production of refrigerants, foam-blow-
ing agents, paints, plastics, and fumigants. It damages reproductive organs like testis
[3]. It produces trichloromethyl (CCl;) and trichloroperoxyl free radicals (CC1;0,)
that lead to lipid peroxidation (reference). These free radicals damage the membranes
of testicular cells. Biological exposure to CCl, and occupational applications has led
to various fertility issues like impaired spermatogenesis, hormonal changes, and
degeneration of various differentiating spermatozoa [4]. CCl, mainly targets the
polyunsaturated fatty acids in the sperm membrane and causes lipid peroxidation [5].
Spermatozoa are highly sensitive because they are most vulnerable to oxidative stress
and lack natural antioxidant enzymes like superoxide dismutase and glutathione
transferases. Moreover, spermatozoa contain many mitochondria important for the
constant supply of adenosine triphosphate (ATP) and propulsive movements. So, any
sudden metabolic change may lead to oxidative stress [6]. The testicular smear and
histological sections of the CCl, exposure showed obliterations of the interstitial cells,
disturbances in spermatogenic cells, dislocations of developing spermatozoa, the
presence of tailless sperms, larger-headed spermatids, and damage to the seminifer-
ous tubules [7].

1.2 Pyrethroid insecticides and testicular damage

In general, pesticides like insecticides, herbicides, molluscicides, rodenticides,
fungicides and nematicides, organochlorines, organophosphates, and carbamates act
as endocrine disruptors which are responsible for the impairment of the male repro-
ductive system and damage its physiology [8]. Insecticides like pyrethroids have two
groups. Type I pyrethroids without alpha cyano moiety like permethrin, bifenthrin,
allethrin, phenothrin, resmethrin, tefluthrin, tetramethrin, and fenvalerate and type
II pyrethroids with alpha cyano moiety like cypermethrin, cyfluthrin, cyhalothrin,
fenvalerate, fenpropathrin, flucythrinate, flumethrin, fluvalinate, tralomethrin,
lambda-cyhalothrin, and deltamethrin. Mostly type II pyrethroids have been used
due to their better efficiency and pest control. Unfortunately, these insecticides
considered as most toxic to non-targeted organisms and result in severe damage to
physiological processes and reproductive function when passed through the food
chain [2]. The type II pyrethroids such as cypermethrin (CP), lambda-cyhalothrin
(LN), deltamethrin, and permethrin have been extensively used in pest management
all over the world [9]. These are mainly used to control mosquitos, spiders, mites,
etc., and particularly the insect pests in major cereal crops and the fruits and veg-
etable fields. Unfortunately, their excessive dependency and use have been seen to
bring infertility problems in males [7, 10]. Exposure to pyrethroid may bring damage
to testicular interstitial tissue. Like exposure to CP shrinks the seminiferous tubules
and produces wide interstitial. Another fluoridated pyrethroid insecticide LN causes
the enlargement of seminiferous tubules via the retention of extracellular fluid in the
interstitial spaces. The spermatogenic cells are also damaged by the exposure to both
insecticides, but the mechanism of CP and LN toxicity is different in both insec-
ticides. Exposure to CP causes shrinkage of seminiferous tubules that shows fluid
retention only in the interstitial tissue with deformed tubules in terms of wavy tubu-
lar margins. However, exposure to LN insecticide brings retention of extracellular
fluid inside seminiferous tubules. Pyrethroids directly damage the male reproductive
organs, that is, testes and accessory organs, that is, epididymis and vas deferens.
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They also affect morphology of testes, epididymis, and vas deferens. Further
research must be conducted in the future to explore sperm abnormalities and male
infertility problems caused by direct exposure to fluorinated and non-fluorinated
pyrethroid insecticides. Future prospects may also include the therapeutic effects of
extra virgin olive oil on interstitial tissue, seminiferous tubules, epididymis, and vas
deferens [1].

1.3 Heavy metal and testicular damage

Heavy metals cause health problems and lead (Pb) poisoning is one of these global
issues. Lead exposure brings alterations in spermatogenesis, and sperm functional
parameters and causes serious fluctuations in circulating reproductive hormones. Pb
causes cellular vacuolations, disturbs mitosis, alters cellular proliferation of Sertoli
cells, and brings apoptosis in the seminiferous tubules. Pb in high concentration inter-
rupts spermatozoa, and reduce the number of spermatogonia and Leydig cells [11].
Similarly, cadmium (Cd) is a toxic heavy metal that affects the male reproductive
system. Cadmium accumulation in reproductive organs leads to decreased testicular
weight and induces cellular necrosis in the testis that leads to a significant reduction
in the number of germ and Sertoli cells along with a generally decreased production
of androgens and gonadotropins [12]. Chromium (Cr) is the most common effluent
of textiles, used in the paints industry, chrome plating, stainless steel welding, and
leather tannery industries. Cd exposure disturbs the normal process of spermato-
genesis and its anatomy. Cd induces lipid peroxidation and reduces the functioning
of enzymatic. Cr deteriorates sperm formation; shrinks the diameter of seminifer-
ous tubules, and decrease sperm motility and a number of germ cells. Moreover,

Cr exposure also decreases the number of epididymal spermatozoa together with
increased abnormality of sperm. Cr causes loss of interstitial tissue, spermatogonia
and spermatocytes [13].

1.4 Insect pest, MFEs, and male fertility

Antioxidants are chelating agents that scavenge free oxygen radicals (reactive
oxygen species [ROS]) and save cell membranes, endomembrane system, DNA, and
various enzyme co-enzymes systems and metal ions form ROS attack. CCl, damaged
the interstitial tissue and spermatogenic cells, causing cellular obliterations and
leaving wide empty spaces between the Leydig cells. It brings lipid peroxidation in
the cellular membranes and leads to cellular necrosis of Sertoli cells [7]. The recent
trends of research indicate the ameliorative potentials of medicinal fruit extracts
(MFEs) like Basella alba, Solanum nigrum, Ficus carica, and Grewia asiatica against
the toxic implications of noxious chemical agents like CCl, as indicated in the experi-
mental exposure-related organ pathologies (Figures 1 and 2; Table 1 and 2) [10].

It is worth mentioning here that FE of Jambul (Syzygium cumini) has been seen to
significantly improve various quality parameters of the cryopreserved bovine semen,
through the maintenance of sperm membrane integrity, motility, and fertilizability
[11]. MFEs of S. cumini has a unique blend of flavonoids, polyphenols, and variety
of anthocyanins that act as an exceptional antioxidant. These antioxidants have
multiple hydroxyl groups, conjugated double bonds, and electron-releasing capacity,
reducing and non-reducing sugars that protect the developing spermatozoa from
oxidative stress. These MFEs may serve as an excellent cryoprotective agent against
cryogenic injuries. Phytosterols of these MFE like beta-sitosterol gave protection to
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Figure 1.
Fruits have active phytochemicals, (A): Grewia asiatica; (B): Basella alba; (C): Solanum nigrum; and (D):
Ficus carica.

Figure 2.
Carissa carandus plant. (A): Carissa carandus is ever green shrub consist of root, stem, flower and ved to dark
purple fruit; (B): Carissa carandus fruits; (C): Ripe Kavanda fruit; and (D): Carissa carandus flowers.

the sperm plasma membrane and enhance its integrity. MFEs of S. cumini enhance

sperm membrane integrity and fertilizability leads to an increase in a mean number
of progressively motile sperms and whirling spermatozoa. Fruits of S. cumini plant
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Fruits Phytochemicals Particular antioxidants of
fruits
Malabar spinach Minerals; Anthocyanins: Betacyanins; Flavonoids: Betacyanin, Beta-sitosterol,
Basella alba Kaempferol; Acids; Phenolic acids; Sterols: Beta-sitosterol, Kaempferol
Saponins, Glycosides, Coumarin, Anthracene, Glycoside,
3-carotene, Luteolin, Zeaxanthin.
Phalsa Vitamins; Fatty acids; Minerals: Sodium, Cobalt, Zinc, Anthocyanidins, B-sitosterol,

Grewia asiatica

Manganese; Anthocyanins: Cyanidin, pelargonidin;
Oils; Amino acids; Phenolic acids; Steroids: Kaempferol,
p-sitosterol, Stigmasterol, Campesterol; Tocopherols.

Stigmasterol, Naringenin

Mako
Solanum nigrum

Vitamins; Minerals; Organic acids; Lipids; Anthocyanins;
Glycosides; Glycoalkaloids: Solanine; Alkaloids: Indole
terpenoid and purine; Polyphenols: Gallic acid, Rutin;
Steroidal saponin, Sterols alkaloids, Solamargine,
Solasonine, o and f- solanigrine; Non-saponins.

Alkaloids, Tannins, Gallic acid,
Solanine and sterols, caffeic
acid

Fig latex
Ficus carica

Vitamins; Terpenoid; Anthocyanins; Phenols; Acids;
Phenolic acids: Ferulic acid; Polyphenols; Sterols:
p-sitosterol, campesterol, Psoralen.

B-sitosterol, Campesterol,
Stigmasterol, Fucosterol,
Pelargonidin

Table1.
Most important phytochemical ingredients of MFE’ of Basella alba, Grewia asiatica, Solanum nigrum,
and Ficus carica [10, 14].

are adapted to survive at high temperatures, in arid, sandy, and rocky areas. Due to
their survival under harsh environmental conditions, MFE possesses huge amounts
of antioxidants, for example, anthocyanins, flavonoids, polyphenols, and phytos-
terols such as b-sitosterol and stigmasterol [6]. MFEs of S. cumini and Morus alba
promote the process of spermatogenesis against Pb-exposed mice testes. Both MFEs
partially rehabilitate the interstitial tissue and enhances the number of spermatogo-
nia [11]. Fruit extract of Basella rubra enhance frozen thawed ram sperm’s motility,
velocity, and membrane integrity [15]. MFEs of B. rubra biologically support sperm
metabolism and survival and hence are considered to be crucial components against
cryoinjuries during the process of sperm cryopreservation. Its MFEs contain active
carbohydrates, amino acids, ellagic acid, flavonoids, unsaturated fatty acids, vita-
mins, anthocyanins, quercetin, folate, and carotenoids that support the sperms and
enhance its stability [16].

Morus nigra fruit extract has been found to significantly improve sperm survival
rate, progressive motility, and in vitro fertilizability [16]. MFEs of Morus nigra has
enormous amounts of phenolics, flavanoids, anthocyanins, cardiac glycosides, amino
acids, saponins, tannins, and sugars that have antioxidant potential. These phyto-
chemicals show excellent cryoprotective abilities and improve sperm motility [15].
In the same context, the extra virgin olive oil (EVO) has been found to effectively
ameliorate the male reproductive anomalies and enhance male fertility [17]. EVO has
an immune-protective capacity and thus can be used against insecticide-inflicted
testicular histopathologies [1].

In the same way, the testicular anomalies caused by the exposure of Pb can be
recovered by the use of Jambul (Syzygium cumini) and White mulberry (Morus alba)
fruit extracts [18]. Natural plant fruit extract (NPFEs) of similar fruit extract of
Basella rubra has been found to rehabilitate the compromises of the male reproduc-
tive system on account of pesticide exposures [2]. Similarly, MFEs of S. cumini show
rehabilitative potential in the testes against Cd-induced exposure [19].
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Groups
Histological findings Effectof  Effectof  Effectof Effectof
MFEsof  MFE’sof MFE’s MFE’s of
Basella Solanum of Ficus Grewia
alba nigrum carica asiatica
Histopathological =~ Seminiferous Shrinkage in - e - -
effects tubule seminiferous tubules
Disrupted - e + -
arrangement of the
spermatogenic cells
Interstitial tissue  Leydig cells necrosis -- -- -- --
Focal degenerations + - -- --
in the interstitial
tissue
Rehabilitative Seminiferous Rehabilitation of the ox * X X
potential tubule spermatogenic cell
arrangement (whirl)
in the seminiferous
tubules
Interstitial tissue  Interstitial tissue x x X X
regeneration and
rehabilitation
Regenerative Spermatogenesis  Spermatogenic cells e x o o
potential regeneration
Luminal population * x * Rx
of spermatozoa
*kKXK *kKXK KoKk *kk

Interstitial tissue  Interstitial tissue
regeneration

++++: Most prominent effect, +: Less moderate effect,--: Little or no effect, ***: Excellent rehabilitative/Regenerative
response, **: Very good rehabilitative/Regenerative vesponse,*: Fairly good rehabilitative/Regenerative vesponse, x: Little
or no rehabilitative/Regenerative response.

Table 2.
The curative and regenerative potential of Basella alba, Solanum nigrum, Ficus carica and Grewia asiatica MFEs.

2. Role of phytochemical to boost male fertility

Herbal products or naturopathic treatments are preferably used for medicinal
purposes due to cost effectiveness, easy intake, high success rate, and less or no side
effects. Moreover, society cannot afford the heavy surgical, low success rate, risky
procedures, greater side effects, and treatment costs. Hence, societies are shifting
from synthetic medications to herbal formulations [20].

MFEs rehabilitate the testes and speed up the process of steroidogenesis and sper-
matogenesis, realign sperm-producing cells of seminiferous tubules, re-arrange the
whirls of spermatogonia near the basement membrane. MFEs of Basella alba, Ficus
carica and Grewia asiatica have unique blends of phytosterols, for example, sitosterol,
stigmasterol, and campesterol (Table 1). These phytosterols mimic the function of
male sex hormones and promote anabolic activities in the male reproductive system.
Mechanism of testicular rehabilitation involves the active role of pericytes near the
margins of the seminiferous tubules. These pericytes became active by the exposure
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of MFE’ androgenic phytosterols and proliferate during testicular rehabilitation.
MFEs of Ficus carica show fastest pace of testicular rehabilitation of the interstitial
tissue, increase androgen secretion level, and eventually lead to enhancement of the
processes of meiosis and spermiogenesis [7]. Fruit extract of Basella alba contains
certain phytosterols like kaempferol and beta-sitosterol that are capable of reducing
stress-related immuno-cellular responses (Table 1) [14]. Additionally, Besila rubera
fruit extract (BR-FE) contains cyanine, gomphrenin I and III, minerals, folic acid,
ascorbic acid, phenols, polyphenols, flavonoids, anthocyanins, all of which have
distinct pharmacological benefits [21]. In BR-FE polyphenols, ellagic acid, flavonoids,
anthocyanins, quercetin, and kaempferol, may play a role as powerful antioxidants
during semen freeze-thaw processes (Table 3) [22].

Mulberry fruit extract contains phytochemicals like phenol, flavonoid, anthocy-
anin (cyanidin 3-O-glucoside, cyanidin 3-O-rutinoside, pelargonidin 3-O-glucoside,
pelargonidin 3-O-rutinoside), benzoic acid derivatives (protocatechuic acid,
p-hydroxybenzoic acid, vanillic acid), cinnamic acid derivatives (Caffeic acid, ferulic
acid, chlorogenic acid), and ascorbic acid have ROS protective capacities [23].

Similarly, the MFEs of Grewia asiatica and Ficus carica contain phytosterols, for
example, campesterol and stigmasterol [24] and the EVO contains precious phenolic
compounds, oleocanthal, oleuropein, hydroxytyrosol, and tyrosol that enhance male
fertility [15]. The Syzygium cumini fruit extract has been found to have bioactive
phytochemicals like anthocyanins, tannins, raffinose, petunidin, and the gallic, malic
and citric acids that improve testicular architectural mutilations [25].

The active photo-medicinal ingredient of Morus alba-Fruit extract (MA-FE) that
protect reproductive cells is amino acids, fatty acids, vitamins, minerals, quercetin,
and chlorogenic acid [26]. The MFE of Basella rubra has healthy effects on male
reproductive function. It is reported to enhance serum level of testosterone and con-
centration of spermatozoa in the lumen of the seminiferous tubules due to the pres-
ence of bioactive pyhtochemicals like -cyanin, gomphrenin I, gomphrenin IT and III
[27]. NPFEs Carissa carandus (Karonda) contain natural phytochemicals like carisol,
epimer of a-amyrin, carissic acid, linalool, -caryophyllene, ascorbic acid, carissone,
carindone, and f-sitosterol that show anti-inflammatory and andro-protective activi-
ties that produce reproductive health effects in the experimental animals (mice) [28].

Phytochemicals of Basella rubra MFE’s Function
Sinapic acid Perform better scavenging agent
Ferulic acid Work as antioxidant
Coumaric acid Antioxidant and anti-inflammatory
Chlorogenic acid Antioxidant activities
Myricetin Antioxidant and anti-inflammatory
Quercetin Antioxidant and anti-inflammatory
Luteolin Antioxidant
Kaempferol Antioxidant
Vitamin A Essential for spermatogenesis
Vitamin C Protect spermatogenesis

Table 3.

Phytochemicals of Basella rubra fruit and their functions [22].
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MFEs of Morus nigra or black mulberry serve as excellent antioxidants because
of the high concentration of anthocyanins than of all the mulberries [13]. MFE
of Fragaria vesca has high antioxidant activity due to the presence of bioactive
ingredients like ellagitannins, flavonoids, calcium, potassium, magnesium, iron,
phosphorous, pro-anthocyanidins, ascorbic acid, sucrose, fructose, glucose, and
phenolic acids polyphenols. In comparison with garden strawberries (Fragaria
ananassa), Fragaria vesca MFEs have higher vitamin C, total ellagic acids, and total
phenolic levels. The active MFEs of Fragaria vesca in the extender chelate the harm-
ful nascent oxygen produced in the sperm. At thawing, ROS of sperms protected
by the polyphenols, for example, anthocyanins and ellagic acids of Fragaria vesca
mainly [29].

3. Testicular rehabilitation by MFEs

Histological picture of testes shows round seminiferous tubules covered by a base-
ment membrane. Seminiferous tubules have spermatogenic cells like spermatogonia,
spermatocytes, spermatids and spermatozoa in central whirls. Healthy and normal
interstitial tissue surrounds each seminiferous tubule (Figure 3). Seminiferous
tubules after CCl, exposure show a deformed shape. As well as the internal arrange-
ment of spermatogenic cells and spermatozoa was found scattered and poorly dif-
ferentiated (Figure 4). Excellent regenerative events were observed after exposure
to MFEs of Grewia asiatica. Here lumen of seminiferous tubules was occupied with
an enormous number of maturing spermatozoa. Regeneration of interstitial tissue
was also observed from the pericytes resulting in the reappearance of Leydig cells.
Regenerative events were quite obvious after exposure to Ficus carica MFE’s. The
arrangement of spermatogenic cells was appropriate with healthier interstitial tissue.
Partial rehabilitative ultrastructural architectural arrangements were observed
after exposure of MFEs of Basella alba. The healthy interstitial tissue was observed
with many regenerating Leydig cells. Surprisingly, after exposure to MFE’s Solanum
nigrum size of the seminiferous tubules was reduced with variable polygonal irregular
margins. The spermatogenic cells and spermatid proper alignment were disturbed.

Basement membrane Spermatogonia

Seminiferous tubul Lumen of

Seminiferous tubules

Blood Vesel
Interstitial tissue

Secondary
Spermatocyte
Spermatid

Substentacular Cell
or Sertoli Cells

Figure 3.
Anatomical regions of mouse testes consisting of seminiferous tubules.
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Delocalization of
Spermatogenic cells

Damage

lr(——Bnlel:nent
membrane

Figure 4.
Pathological signs observed in CCl, exposure group of mouse testes.

All seminiferous tubules were devoid of differentiating spermatozoa and necrotic
interstitial tissue. However, the marginal cells or pericytes of the interstitial tissue
were undisturbed (Figures 5 and 6; Table 2) [7].

Figure 5.

Hi%tologiml sections of testes (400X, H and E-stained sections). (A): Control (Reference), (B): CCly4, C:

CCl4 + MFE of Basellaalba, (D): CCl4+ MFE of Solnum nigrum, (E): CCl4 + MFE of Grewia asiatica,

and (F): CCl4 + MFE of Ficus carica, a: Normal seminiferous tubules, a1: Damaged seminiferous tubules, a2:
Regenerated seminiferous tubules, b: Novmal interstitial tissue, b1: Degenerated interstitial tissue, b2: Regenerated
interstitial tissue, b3: Fibrosis of interstitial tissue, c: Normal sperm distribution pattern, d: Basement membrane,
d1: Damaged basement membrane, e: Spermatogonia, f: Spermatocytes, g: Leydig cells, g1: Degenerated Leydig
cells, g2: Regenerated Leydig cells, h: Pericytes, and i: Lumen in seminiferous tubules.
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Regenerated o 5
Seminiferous tubule [J
o umen of
Regeneration of miniferous tubules
Leydig cell from

Substentacular Cell
or Sertoli Cells

Blood Flow with Fruit Extract
contain lavish Phyto-sterols

Figure 6.
Shows testicular recovery and rehabilitative seminiferous tubules by means of fruit extract.

Figure 7.

Testicular smears (400X magnification, Hematoxylin and eosin-stained sections). (A): Control (Reference), (B):
CClg, (C): CCl4 + MFE of Basella alba, (D): CCl4+ MFE of Solanum nigrum, (E): CCl4 + Grewia asiatica,
and (F): CCl4 + Ficus carica, a: Normal sperms with parakeet beak-shaped head, small neck, middle piece, and
well developed straight and long tail, a1: Tailless sperm spermatids with crow beak-shaped head, a2: Micronuclei
spermatid head, a3: Cluster of spermatids with probably halted spermiogenesis, a4: Two headed spermatid,

as: Normal spermatids, b: Necrotizing spermatogenic cells (Spermatogonia andspermatocytes), b1: Healthy
spermatogeniccells (Spermatogonia andspermatocytes), b2:Normalspermatogonia,b3:Primary spermatocyte, b4:
Secondary spermatocyte, bs: Mitotic spindle of primary spermatocyte, and c: Still sperms with normal tail.
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4. Spermatozoa rehabilitation by MFEs

Testicular smears show a large number of spermatozoa with parakeet beak-shaped
heads, a curved and elongated acrosome, and a middle piece with a long straight tail
(Figure 3). After CCl, exposure less mature spermatozoa were observed with rare
clumps of interstitial cells (Figure 4). After exposure to MFEs of Basella alba many
maturing and mature spermatozoa and some aggregations of interstitial cells were
seen. Surprisingly, after exposure to MFE’s Solanum nigrum the situation seems to
be still worse in terms of a large number of necrotizing spermatids with no matured
and maturing spermatozoa that indicate almost complete loss of spermatogenesis.
Maximum spermatids were observed after exposure to MFEs of Grewia asiatica. Almost
the same results were observed after exposure to MFEs of Basella alba. Exposure of Ficus
carica to MFEs reveals the presence of healthy spermatogenic cells, maturing sperma-
tids, matured spermatozoa, and a few clumps of interstitial cells (Figures 6 and 7) [7].

The signs of recovery from testicular histopathologies were observed in Grewia
asiatica, Basella alba, and Ficus carica against CCl, exposure that include regeneration
in the interstitial tissue and realignment of spermatogenic cells. The Grewia asiatica,
Basella alba, and Ficus carica contain a variety of phytosterols like androstenediol,
androstenedione, dehydroepiandrosterone, dihydrotestosterone, and testosterone.
All phytosterol mimics the role of male sex hormones and promote the cellular
anabolic activities in the testes that lead to hypertrophy in the spermatogenic and
interstitial cells of Leydig’s and ultimately contribute toward the rehabilitation of
spermatogenesis and the male hormone production (Figure 6).

5. Micrometric effects of the used MFEs

The micrometric data of testicular sections also indicate significant (p < 0.05)
decline in the mean number of spermatogonia along the length (1 p) of the basement
membrane in CCl; (1.14 + 0.14) than rest of the four MFE’s Solanum nigrum, Ficus car-
ica, Grewia asiatica, and Basella alba (1.79 + 0.16,1.71 + 0.15,1.53 £ 0.16, 1.30 + 0.12,
1.29 + 0.11, respectively). Interestingly the mean cross-sectional area (CSA) of
seminiferous tubules remained significantly (p < 0.05) higher in CCL, than Grewia
asiatica and Solanum nigrum MFE and the use of Ficus carica MFE showed significant
CSA. Whereas the CSA of sperm head remained significantly (p < 0.05) higher
after exposure to MFE of Solanum nigrum (12.13 + 1.06 pm®) than the other three
MFEs that are Ficus carica, Basella alba, and Grewia asiatica (6.99 + 0.27, 6.66 + 0.41,
6.06 + 0.19 pm” respectively). Contrarily, the mean tail length of sperm remained
significantly (p < 0.05) lower in the Solanum nigrum MFE group (5.04 + 0.86 pm)
than rest of all MFE’s Grewia asiatica, Ficus cavica, and Basella alba (32.82 + 1.64,
48.99 + 0.93, 56.67 + 0.89 um, respectively). Likewise, the mean number of the semi-
niferous tubules/unit area (35,840 pm?) remained significantly (p < 0.05) lower in
Ficus carica MFE exposed group (2.18 + 0.05) than the rest of all MFE’s Grewia asiatica
(342 £ 0.07), Solanum nigrum (5.91 + 0.07), and Basella alba (3.41 £ 0.06) [7].

6. Mechanism of testicular rehabilitation by MFEs

Activation of the dormant marginal pericytes of the seminiferous tubules
rehabilitates the functional Leydig’s cells. Pericytes show proliferation and
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Spermatogonia

Substentacular Cells (Sertoli Cell]

Regeneration of Leydig cells
from pericytes

Leydig cells

Interstitial tissue

Figure 8.
Interstitial tissue vehabilitation by progenitor cells “pericytes”.

maturational activities that help in the restoration of interstitial tissue via mitotic
activities triggered by phytosterols (Figures 8 and 9) [30]. MFE’s of Solanum nigrum
show extreme shrinkage of the seminiferous tubules due to the presence of anti-
steroidogenic ingredient solasonine which damage the surviving spermatogonia and

IntechOpen

Dama;

Interstitial tissu Spermatogonial
cell death
Removal of
Leydigs Cells Spermaltocyte
necrosis
Source of

testosterone

Delocalization
end

of Seminiferous
ubul
Sustentacular or
Sertoli cell
damage

Spermatogonial Cell mitosis
End Meiosis & stop & spermeiogenesis
spermeiogenesis *

Transformation of spermatogium
to form sertoli cells

Rehabilitation of Leydig Cell
& Testosterone Production

' Transformation of Leydig
cell from Pericytes

* E: ed t ial
IActivation of Perlcytesl seape :eelima el

Testes Regeneration by Pytosterols of
Natural Fruits Extracts

Lateral Mitosis to fill the ga
of basement membrane

Figure 9.
Flow chart shows that oxidative stress created by any toxicant, e.g., CCl, and MFEs as antioxidants involved
during testes vehabilitation.
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halts the process of spermatogenesis. Solasonine is lavishly present in the MFE of
Solanum nigrum which damages the process of steroidogenesis and interfere with the
rehabilitation of the interstitial tissue [31]. Partial rehabilitation in spermatogenic
cells by MFE’s of Grewia asiatica and Basella alba were mainly attributable to their
precious phytosterols (Table 1). Best rehabilitatory activities of the spermatogenic
cells was seen by the use of MFE’s of Grewia asiatica which should be attributed to
its phytosterols present in MFE, which helped to enhance spermatogenesis. A similar
blend of phytosterols was present in Basella alba MFE (Table 1) that enhanced the
number of mature spermatozoa in the testicular smear. It is because of the presence
of a variety of antioxidants in the Basella alba MFE that leads to the rapid rehabilita-
tion of interstitial tissue (Figure 7; Table 1). MFE of Ficus carica latex also contains
a variety of the precious antioxidants that enhance the number of mature spermato-
zoa (Figure 7; Table 1). All MFEs help in the rapid rehabilitation of the interstitial
tissue that increases natural androgen secretions, ultimately leading to complete
rehabilitation of testicular mitosis, meiosis, and spermatogenesis (Figure 9). Basella
alba, Grewia asiatica, Solanum nigrum, and Ficus carica MFE’s contain precious
ingredients like amino acids, sugars, vitamins, polyphenols, anthocyanins, and
phytosterols (Table 1). These MFPs boost up the natural pace of the rehabilitative
activities of the testis (Table 2).

7. Conclusion

The aforementioned literature indicates that the environmental chemicals,
insecticides, pesticides, and heavy metals are potential disruptors of spermatogenesis
and sperm viability in testes. However, as these adverse conditions were partially
reversed by the post-treatment of various natural plant fruit extracts, it indicates
the rehabilitative and rescuing potential of these fruits. It is thus suggested that the
MFEs can be used as potential remedial dietary substances against the environmental
toxins. Furthermore, it is suggested that more research on MFEs should be on clinical
trials to replace these MFEs with synthetic products to enhance fertility rates. So that
the quality of life should be improved.
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Appendices and nomenclature

MFE’s Medicinal fruit extracts
BR-FE Basella rubra fruit extract
EVO Extra virgin olive oil
MA-FE Morus alba fruit extract
CP Cypermethrin

LN Lambda-cyhalothrin

Pb Lead

Cr Chromium
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Chapter7

Cryptorchidism in Pediatrics
and Adults

Shaban Memeti and Marijan Kamilovski

Abstract

Cryptorchidism, which is characterized by the failure of one or both testes to
descend into the scrotum, presents unique challenges in both pediatric and adult
populations. It is essential to provide early diagnosis and intervention in children,
predominantly through orchiopexy, with laparoscopic assistance when required, to
preserve fertility and reduce the risks of testicular atrophy and germ cell cancer. This
chapter provides an in-depth classification of cryptorchidism, outlining its differ-
ent types and their clinical significance. Cryptorchidism includes congenital forms
like true undescended, ectopic, and retractile, as well as acquired ascending testis.

It emphasizes the contributions of genetic, hormonal, and environmental factors. It
emphasizes the contributions of genetic, hormonal, and environmental factors.
Diagnostic techniques, including clinical examination, ultrasound, and diagnostic
laparoscopy, as well as surgical and adjunct hormonal treatments, are discussed.

In adults, cryptorchidism frequently goes undetected until complications appear,
including malignancy, impaired spermatogenesis, or testicular atrophy. Management
decisions involve weighing the benefits of orchiopexy against those of orchiectomy.
The chapter highlights the significance of early detection, personalized treatment
strategies, and long-term follow-up to optimize reproductive, oncologic, and psycho-
social outcomes throughout the lifespan, emphasizing a multidisciplinary approach.

Keywords: cryptorchidism, undescended testis, orchiopexy, laparoscopy, testicular
cancer, infertility, pediatric, and adult cryptorchidism

1. Introduction

Cryptorchidism, which is also referred to as undescended testes, is a congenital
condition that is notably prevalent in male infants, particularly during the first year of
life. Although the term may appear complex, its origins are straightforward: “crypto-”
indicates hidden, and “orchid” implies testis, both of which are derived from the
Greek language. The testes’ fascinating voyage during fetal development is under-
scored by this condition, which frequently goes unnoticed until a clinical evaluation.
This journey can occasionally pause or deviate from the anticipated course.

Cryptorchidism’s unclear causes and long-term effects on hormonal function and
fertility have puzzled scientists and clinicians for centuries. Despite advancements in
surgical techniques and hormone-based treatments, many questions remain about the
biological and environmental contributors to this condition.
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Understanding cryptorchidism requires more than just medical terminologys; it
involves a detailed examination of the hormonal and anatomical mechanisms that
regulate male fetal development.

This chapter delves into the biological origins of cryptorchidism and the most
recent management strategies, explaining the significance of this condition for both
health professionals and the general public [1].

2. Cryptorchidism in pediatrics
2.1 Definition of cryptorchidism

Cryptorchidism, or undescended testis, is the most prevalent congenital anomaly
of the male reproductive system. It affects 2-5% of full-term neonates and is associ-
ated with hormonal dysfunction, fertility impairment, and an elevated risk of tes-
ticular malignancy [1]. Cryptorchidism, or undescended testis, is the most prevalent
disorder of the male endocrine glands in infants, characterized by the absence of one
or both testes from the dependent scrotum [2].

2.2 Embryology of cryptorchidism

Throughout the process of embryogenesis, the testes develop in proximity to the
mesonephric kidneys and subsequently descend through the inguinal canal into the
scrotal sac. There are three separate parts to this process: migration across the abdomen,
development of the processus vaginalis and inguinal canal, and descent across the ingui-
nal canal. The descent of the testicles is crucial for normal spermatogenesis, necessitating
that the scrotal environment be maintained at a temperature 2-3°C lower than that of
the body. A failure occurring during any stage of descent may lead to undescended testes
(which remain stationary along the typical trajectory), ectopic testes (which deviate
from the standard descent pathway), or absent testes (which may result from develop-
mental failure or intrauterine loss). The gubernaculum, a mesenchymal structure, serves
avital function in securing and directing the descent of the testis. The process is regu-
lated by hormonal mechanisms, wherein insulin-like factor 3 (INSL3) plays a crucial role
in the initial masculinization and development of the gubernaculum, while testosterone
governs the subsequent phase of gubernacular regression and the positioning of the scro-
tum. Cryptorchidism is linked to disruptions in hormonal signaling, notably in androgen
receptor function, anti-Miillerian hormone (AMH) activity, and estrogen regulation. In
addition, genetic factors such as SRY, SOX9, WT1, and SF1 play a key role in the develop-
ment and descent of the testicles. In certain instances, cryptorchidism may be linked to
congenital syndromes or environmental influences, including prenatal exposure to endo-
crine disruptors such as diethylstilbestrol (DES). Although the mechanisms regulating
testicular descent have been thoroughly investigated, certain contentious aspects persist,
particularly regarding the interaction between mechanical and hormonal influences [1].

2.3 Epidemiology

Cryptorchidism, typically diagnosed at birth as a congenital condition, can also
be detected later in life [3]. Undescended testes affect 0.8% of boys at the age of one,
increasing the risk of testicular germ cell cancer and germ cell deterioration by age
two. Both undescended and contralateral testes are at risk for germ cell abnormalities,
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which can lead to infertility. Early orchiopexy before puberty reduces cancer inci-
dence and improves spermatogenesis, shifting the focus from cancer risk to testicular
function [4].

About 3% of full-term and 30% of preterm male newborns are born with one or
both testicles undescended. Testicular descent typically occurs around the seventh
month of gestation. However, over 80% of cryptorchid testes descend within the
first 3 months of birth, lowering the true prevalence to about 1%. Cryptorchidism
can occur unilaterally or bilaterally, with the right testicle being more commonly
involved. Bilateral cryptorchidism occurs in around 10% of all patients with unde-
scended testicles [5]. Prevalence rates exhibit significant regional variations, influ-
enced by environmental, genetic, and socioeconomic factors [6].

Recent studies have reported prevalence rates of cryptorchidism ranging from 1 to
9% in full-term newborns. Notably, a comparative study observed a fourfold higher
risk of cryptorchidism in Danish newborns (9.0%) compared to Finnish newborns
(2.4%), after adjusting for confounders such as gestational age and birth weight. This
variation underscores the influence of geographic and environmental factors on the
incidence of cryptorchidism. Additionally, maternal smoking has been identified as a
significant risk factor for the development of cryptorchidism [7].

2.4 Pathophysiology and etiology

The actual causes of cryptorchidism remain unknown. However, disturbances
during the first and second phases of testicular descent can result in permanent fail-
ure. Testicular descent is a two-phase process regulated by hormones: the first phase
occurs between 8 and 15 weeks, and the second between 25 and 35 weeks of gestation.
The plausibility of a wide variety of potential risk factors in relation to the develop-
ment of cryptorchidism remains debated. There are only a handful of factors that
have consistent evidence of an association with cryptorchidism. When evidence is
clear, the factor is often a proxy for the actual causative exposure. The importance of
each risk factor may vary a lot between mother-son relationships because it depends
on many genetic, maternal, placental, and fetal factors that can be different from one
region to the next. Consequently, additional research is necessary to determine the
role of causative factors in the etiology of cryptorchidism [8].

Cryptorchidism is a multifactorial condition. A normal hypothalamic-pituitary-
gonadal axis is a prerequisite for testicular descent. Also, the body’s structures must
be able to interact with each other without being disturbed, and the right hormonal
environment and environmental conditions must be present. Additionally, hereditary
factors are significant. The Kaplan classification differentiates between palpable testes
(80%) and nonpalpable testes (20%). There are testes that cannot be felt in three
areas: the oblique, the inguinal, and the disappearing (vanishing) testes. Testes that
can be felt are in the high scrotum, between the internal and external inguinal rings,
or in a superficial pouch between the oblique and the Scarpa fascia [9].

Cryptorchidism is a complicated disorder with many causes. It happens when the
testicles do not fall down properly during pregnancy. This process usually happens
in two stages: transabdominal migration (8-15 weeks) and inguinoscrotal migration
(25-35 weeks) [10]. Hormonal, genetic, environmental, and maternal factors that
interfere with normal fetal development are to blame for testes not going down into
the scrotum. Androgens and insulin-like factor 3 (INSL3) control the growth and
migration of gubernacular cells through their receptors, which are called RXFP2
and AR, respectively. Cryptorchidism is linked to changes in the INSL3 gene because
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loss-of-function mutations in INSL3 or RXFP2 stop the development of the gonads
and cause the testicles to not fall down properly [11-15].

Recent genetic research indicates that cryptorchidism is a multifactorial condi-
tion characterized by heterogeneous susceptibility. Genome-wide association studies
(GWAS) have identified numerous loci that may be implicated in cryptorchidism,
particularly those associated with cytoskeletal function and androgen receptor signal-
ing pathways. Nonetheless, no individual genetic marker has been reliably replicated,
suggesting a multifaceted genetic predisposition. The function of insulin-like factor
3 (INSL3) and its receptor LGRS is essential in the process of testicular descent, as
mutations in these genes have been associated with cryptorchidism in both animal
and human research. INSL3 facilitates the development of the gubernaculum in a
manner that is independent of androgens, whereas testosterone is accountable for the
regression of the cranial suspensory ligament (CSL). Mutations in INSL3 have been
linked to testicular dysgenesis syndrome (TDS), indicating a more extensive influence
that extends beyond the process of testicular descent. Nevertheless, functional analy-
ses of certain mutations do not consistently reveal modifications in INSL3 signaling,
suggesting that other factors, including environmental influences, may play a role in
the development of cryptorchidism [16-18].

Cryptorchidism is a multifactorial condition characterized by impaired androgen
signaling, dysfunction of the gubernaculum, and genetic influences. Variants in
the DHX37 gene indicate a potential involvement of impaired ribosomal function
in testicular development, whereas elongated CAG and GGN repeats within the
androgen receptor (AR) gene are associated with bilateral cryptorchidism. Mutations
in INSL3, which are essential for the development of the gubernaculum, have been
linked to testicular torsion, thereby underscoring its significance in the positioning of
the testes. These findings underscore the heterogeneous etiology of cryptorchidism,
which encompasses androgen resistance, gubernacular failure, and potential ribo-
somal defects [19-22].

2.5 Classification of cryptorchidism

Physical examinations categorize cryptorchidism into two categories: palpable
testes and nonpalpable testes. Approximately 80% of cases present palpable testes,
whereas 20% manifest with nonpalpable testes. The specific location of the testis
plays a crucial role in determining clinical management strategies. Palpable testes
encompass genuine undescended testes, ectopic testes, and retractile testes, the
latter of which is frequently misdiagnosed as an undescended testis. Nonpalpable
testes may be located intra-abdominally, within the inguinal canal, or may be
entirely absent [1].

2.5.1 Palpable testes
2.5.1.1 Undescended testis

A true undescended testis is one that has halted along the normal descent path.
Its palpability may vary based on its location. Inguinal testes, for instance, may
have ceased their descent within the inguinal canal; however, they are not always

noticeable upon physical examination. When examined laparoscopically, certain
testes may be identified as “peeping” testes, indicating that they intermittently
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traverse in and out of the internal inguinal ring. When the testes are raised, the
spermatic vessels get smaller, there are problems with the Wolffian duct, and there
are more cases of inguinal hernia [23].

2.5.1.2 Ectopic testis

An ectopic testis diverges from its normal descent trajectory and may be located
at atypical sites, such as the superficial inguinal pouch, perineum, femoral region, or
penile shaft, or it may even migrate to the contralateral inguinal canal [24].

2.5.1.3 Retractile testis

A typical form in which the testis is not initially located in the lower scrotum
but can be painlessly maneuvered into a low scrotal location, where it subsequently
remains [25].

2.5.2 Nonpalpable testes
2.5.2.1 Intra-abdominal testes

An intra-abdominal testis is a form of undescended testis located within the
abdominal cavity, accounting for approximately 5% of all undescended testes. This
condition is associated with increased risks of infertility and testicular malignancy.
Early surgical intervention, typically before 1 year of age, is reccommended to mitigate
these risks. Laparoscopy is commonly employed for both diagnosis and treatment,
with the two-stage Fowler-Stephens procedure being a preferred surgical approach
due to its favorable outcomes [25-27].

2.5.2.2 Absent testes (vanishing testis syndrome)

The testis is absent, potentially due to agenesis or atrophy caused by intrauterine
occurrences such as testicular torsion or vascular incidents [28].

2.5.2.3 Testicular agenesis

Testicular agenesis, or congenital absence of the testis, is an uncommon disorder
characterized by the absence of one or both testes at birth. A research examining
instances of nonpalpable testes revealed that roughly 27% of cases of absent testes
were due to full agenesis, characterized by the absence of both the testis and related
structures such as the epididymis and vas deferens [29].

2.5.3 Bilateral undescended testes

Bilateral cryptorchidism occurs when both testes fail to descend into the scrotum
before birth. This disease occurs in roughly 1% of male infants at the age of 1 year.

Early identification and intervention are essential, as bilateral undescended testes
correlate with an increased risk of infertility and testicular malignancy. Surgical
intervention, generally conducted between 6 months and 2 years of age, is advised to
relocate the testes into the scrotum [30, 31].
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2.5.3.1 Clinical significance

The precise classification of cryptorchidism is crucial for the formulation of
appropriate treatment strategies. Palpable testes may necessitate only monitoring or
minor surgical repositioning, whereas nonpalpable testes require advanced imag-
ing techniques or laparoscopic intervention. Furthermore, differentiating among
retractile, ascending, and ectopic testes is essential in averting unwarranted surgical
procedures and facilitating prompt intervention, thereby mitigating the risk of long-
term complications such as subfertility and testicular malignancy [1].

2.6 Clinical presentation and diagnosis

Cryptorchidism, or undescended testis, is the most common congenital genito-
urinary disorder in male neonates, affecting approximately 1-2% of boys older than
6 months. While spontaneous descent often occurs within the first 3 months of life,
the likelihood of further descent after 6 months is low, necessitating timely evaluation
and management. Clinical diagnosis is primarily based on a thorough history and
physical examination. Factors such as prematurity, intrauterine growth restriction,
and family history of cryptorchidism should be assessed, given their association with
the condition.

A key clinical finding is the absence of one or both testes from the scrotum. Testes
may be palpable or nonpalpable, with the latter requiring further assessment to
distinguish intra-abdominal testis, atrophic testis, or testicular agenesis. A distinction
must also be made between true undescended testes, which fail to descend along the
normal path, and retractile testes, which are mobile and can be manipulated into the
scrotum. Retractile testes, influenced by an exaggerated cremasteric reflex, are typi-
cally benign and rarely necessitate surgical intervention, except in cases of progres-
sive ascent.

The majority of cryptorchid testes are palpable and are commonly located
in the inguinal canal, near the external inguinal ring, or just above the scrotum.
The presence of an inguinal mass may lead to misdiagnosis as an inguinal hernia,
necessitating careful differentiation. In contrast, nonpalpable testes occur in
approximately 20% of cases and pose a greater diagnostic challenge. Laparoscopy is
the preferred modality for localization of nonpalpable testes, as imaging techniques
such as ultrasound and MRI have limited accuracy and do not significantly alter
management. Meta-analyses have demonstrated that ultrasound has a sensitivity of
45% and specificity of 78% in detecting nonpalpable testes, making it an unreliable
diagnostic tool.

International guidelines emphasize the importance of early referral to a surgi-
cal specialist if the testes have not descended by 6 months of age. Early orchiopexy,
ideally performed between 6 and 18 months, optimizes fertility potential and reduces
the risk of testicular malignancy. Patients with bilateral cryptorchidism or suspected
disorders of sex development require additional endocrinologic and genetic evalu-
ation to exclude conditions such as hypogonadotropic hypogonadism or androgen
insensitivity syndrome.

Bilateral nonpalpable testes necessitate a hormonal workup, including measure-
ment of anti-Miillerian hormone (AMH) and stimulated testosterone response to
human chorionic gonadotropin (hCG). A lack of testosterone rise suggests testicular
agenesis or anorchia. Patients with unilateral cryptorchidism have an infertility rate
of up to 10%, while those with bilateral undescended testes or delayed orchiopexy
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have significantly higher infertility risks. Testicular cancer risk is also elevated, with a
threefold increase compared to the general population, necessitating lifelong testicu-
lar self-examination after puberty [32-37]. Figure 1: Comparative imaging modalities
in cryptorchidism. The upper image shows a coronal view of an MRI, highlighting
undescended testes with clear soft tissue differentiation. The lower image displays a
3D CT reconstruction, illustrating anatomical relations and vascular structures. MRI
is preferred for its superior soft tissue contrast, while CT may be used in selected cases
for detailed anatomical visualization, particularly when assessing vascular anomalies
or planning surgical intervention.

2.6.1 Clinical examination

The clinical examination of cryptorchidism is essential for determining the
testicular position and guiding management. It should be performed in a warm
environment to minimize the cremasteric reflex, which can cause retraction. The
examination begins with inspection of the scrotum for asymmetry or underdevelop-
ment, followed by palpation along the testicular descent path, including the inguinal
canal and perineum. A retractile testis, which can be manipulated into the scrotum
and remains there, is benign and requires no treatment, whereas a true undescended

Figure 1.

Cr;gmpares imaging modalities for cryptorchidism. The upper image shows a coronal view of an MRI, which shows
undescended testes with distinct soft tissue differentiation. The lower image shows a 3D CT reconstruction that
illustrates anatomical velationships and civculatory systems. MRI is vecommended due to its superior soft tissue
contrast, although CT can be employed in certain circumstances for comprehensive anatomical visualization,
notably when assessing vascular abnormalities or planning surgical intervention.
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testis cannot be manually positioned in the scrotum. Approximately 80% of unde-
scended testes are palpable and localized in the inguinal region, near the external
inguinal ring, or prescrotally, while nonpalpable cases may be intra-abdominal,
atrophic, or absent. The contralateral testis should be checked for hypertrophy,
which suggests testicular agenesis or regression. Specialized maneuvers such as the
milking maneuver help differentiate an inguinal hernia from an undescended testis,
while the absence of the cremasteric reflex may indicate a high testicular position. In
nonpalpable cases, further assessment with laparoscopy is often required, as imaging
techniques like ultrasound and MRI have limited accuracy. Hormonal tests, includ-
ing AMH and hCG stimulation, may be useful in bilateral cases to assess testicular
function and exclude disorders of sex development. Early diagnosis and timely
orchiopexy between 6 and 18 months are crucial for preserving fertility potential
and reducing the risk of testicular cancer [33, 34, 37]. Physical examination is still
the primary method for diagnosing cryptorchidism. As seen in the photographs in
Figure 2, the examination entails palpating the inguinal canal and scrotum in order
to find and mobilize the testis. Positioning the child comfortably, such as with the leg
slightly abducted and externally rotated, relaxes the cremasteric reflex and increases
the possibility of finding a retractile or undescended testis. This approach distin-
guishes real undescended testes from retractile or ectopic testes, allowing for more
precise diagnosis and care planning.

Figure 2.

Illustrates physical examination approaches for cryptorchidism. The upper image shows palpation of the
inguinal vegion to identify a potentially undescended testis, while the lower image shows mild manipulation to
check testicular mobility and probable displacement inside the scrotum. Proper placement of the child and a
comfortable setting are critical for reducing the cremasteric reaction during the examination.
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2.6.2 Ultrasound and Doppler imaging

Ultrasound is frequently used in the diagnosis of nonpalpable cryptorchidism,
although its clinical value is limited. According to studies, ultrasound has a sensitivity
of around 45% and a specificity of 78% in detecting intra-abdominal testes, making
it unreliable for conclusive localization. Its capacity to distinguish between a missing,
atrophic, or intra-abdominal testis is limited, frequently resulting in wasteful imag-
ing and increased healthcare expenses without appreciably affecting management.
While ultrasonography may help find inguinal testes and guide surgical procedures,
laparoscopy remains the gold standard for diagnosing and treating nonpalpable
testes. Inguinal ultrasonography, when paired with an assessment of contralateral
testicular enlargement, can increase the accuracy of deciding whether an inguinal or
laparoscopic approach is required, potentially resulting in fewer needless surgeries.
However, worldwide guidelines prohibit the routine use of ultrasound in the diag-
nosis of undescended testes because it does not significantly help decision-making
and should not cause a delay in surgical referral [34-36]. As seen in the photographs
in Figure 3, ultrasonography allows for visibility of the testis within the inguinal
canal, providing information on its size, echogenicity, and vascularity. This imaging
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Figure 3.

Shows ultrasound imaging of cryptorchidism. The upper image shows the inguinal area, which includes an
undescended testis with a hypoechoic structure. The lower image shows a closer look at the testicular parenchyma,
which confirms the presence and size of the testis within the inguinal canal.
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technique helps to differentiate undescended testes from other diseases, such as
atrophic or nonexistent testes, directing subsequent care and surgical planning.

2.6.3 Laparoscopy

Laparoscopy is an effective diagnostic and therapeutic method for managing
impalpable testes, providing both localization and treatment choices. A classification
system based on laparoscopic results can help guide surgical decisions. Testes can be
classified into four types: missing, internal ring with looping vessels, internal ring
with direct vessel entry, and intra-abdominal. Depending on the testicular position
and vascular anatomy, therapeutic options include one-stage laparoscopic orchio-
pexy, phased orchiopexy after vessel ligation, or testicular excision if atrophy occurs.
Laparoscopic-assisted orchiopexy is the preferred treatment for managing nonpal-
pable testes due to its efficacy and low risk of testicular atrophy and retraction [38].

2.7 Surgical intervention and management

The primary goal of cryptorchidism treatment in pediatric patients is to relocate
the undescended testis into the scrotum prior to the age of 18 months in order to
reduce the risk of long-term complications, including infertility, testicular atrophy,
and malignancy.

2.7.1 Orchiopexy (surgical intervention)

Orchiopexy is the gold-standard surgical intervention for cryptorchidism, involv-
ing the repositioning of the undescended testis into the scrotum to optimize fertility
and reduce oncologic risks. The procedure entails transferring the testicle from its
aberrant location—usually within the belly or groin—into the scrotum and anchor-
ing it in place. To achieve the best results, this treatment is often indicated for infants
aged 6 to 18 months. Early management is critical since untreated undescended
testicles are associated with an increased risk of infertility and testicular cancer later
in life. Orchiopexy has a high success rate, with studies showing that the procedure
is approximately 100% effective at appropriately positioning the testicle within the
scrotum. The operation is typically performed as an outpatient under general anes-
thesia, which allows for a speedy recovery. Postoperative treatment includes monitor-
ing for problems such as infection or testicular atrophy, which are infrequent. Timely
orchiopexy not only improves fertility and lowers the chance of cancer, but it also
makes it easier to examine the testicles for any future anomalies [39].

2.7.2 Laparoscopy

Because of its diagnostic and therapeutic benefits, laparoscopic orchiopexy has
emerged as the primary method for managing nonpalpable and intra-abdominal
testes. Laparoscopy provides direct vision of the testis, spermatic arteries, and vas
deferens, allowing for more informed surgical decisions. The Fowler-Stephens proce-
dure is still the gold standard for high intra-abdominal testes, with both one-stage and
two-stage approaches achieving success rates of 80-91%. The two-stage treatment,
which involves ligating spermatic arteries first and then performing delayed orchio-
pexy, has been linked to improved testicular survival by allowing for the formation
of collateral blood supplies. Emerging treatments, including gubernaculum-sparing
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laparoscopic orchiopexy and the Shehata traction technique, seek to increase testicu-
lar vitality and decrease atrophy rates. While laparoscopic orchiopexy has demon-
strated efficacy, long-term studies are required to establish its effects on reproductive
results [40]. Figure 4 highlights the main surgical phases and provides a step-by-step
illustration of orchiopexy for cryptorchidism. This procedure substantially reduces
the risk of infertility and testicular malignancy.

Recent advancements have led to the development of in vitro models that predict
patient responses to human chorionic gonadotropin (hCG) therapy. By cultivating
and treating primary cells derived from cryptorchid patients’ gubernaculum testis
biopsies, researchers can analyze the effects of hCG on cell proliferation and dif-
ferentiation. This approach enables the tailoring of adjuvant therapies to individual
patients, potentially improving outcomes and reducing unnecessary treatments [41].

2.7.3 Complications of orchiopexy

Orchiopexy is the standard surgical intervention for cryptorchidism. Although it
is generally considered safe, it is associated with potential complications. The primary
risk of considerable concern is testicular atrophy, which may arise as a consequence of:

Surgical procedures can cause damage to the spermatic vessels.

Figure 4.

Thgeliurgiml covrection of cryptorchidism is illustrated in sequential phases. After preparing the surgical field
under sterile conditions, an incision is made in the inguinal region to expose the inguinal canal (1a). The
inguinal canal is dissected and retracted to visualize the undescended testis (1b). The testis and spermatic cord
are mobilized by carefully dividing the cremasteric fibers and freeing them from surrounding adhesions while
maintaining hemostasis (1c). Any associated hernia sac is identified, isolated, ligated, and veduced to prevent the
recurrence of an inguinal hernia (1d). A scrotal pouch is created to accommodate the testis, which is then passed
through a subcutaneous tunnel into the scrotum (1e). The testis is fixed secuvely in place using sutures to prevent
torsion and maintain its position within the scrotum (1f ). Finally, the surgical site is closed in layers, ensuring
proper alignment and minimal scarring (1g).
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Tension exerted on the spermatic vessels results in ischemia.

Unintentional torsion of the spermatic vessels may occur during the placement of
the testis within the scrotum.

The procedure involves the intentional ligation of the spermatic vessels during
Fowler-Stephens orchidopexy.

Furthermore, complications that are frequently encountered in the repair of ingui-
nal hernias may similarly occur during the procedure of orchiopexy. Testicular retrac-
tion may arise from several factors, including shortened testicular vessels, insufficient
mobilization of the vascular pedicle, incomplete severance of the cremasteric muscle
fibers, or inadequate fixation of the testis within the scrotum. While infrequent, these
complications underscore the necessity of meticulous surgical technique and vigilant
postoperative monitoring to guarantee optimal outcomes [1].

2.8 Complications and long-term outcomes
2.8.1 Testicular cancer

Cryptorchidism is a well-known risk factor for testicular cancer, with affected
individuals having a three to eightfold higher risk than the general population. The
danger is greatest for intra-abdominal testes and situations when orchiopexy is
delayed past puberty. Germ cell tumors, notably seminomas, are the most prevalent
cancers linked with undescended testes, but non-seminomatous germ cell tumors can
also occur. Early orchiopexy, ideally before 12-18 months of age, has been demon-
strated to lessen, but not eliminate, this risk. Individuals with a history of cryptorchi-
dism should undergo long-term surveillance, including self-examination and clinical
follow-ups, in order to allow early detection and treatment of testicular cancer [40].

2.8.2 Testicular torsion

Testicular torsion is a serious complication associated with cryptorchidism,
occurring due to the abnormal fixation of the testis, which predisposes it to twisting
around the spermatic cord. This leads to vascular compromise, causing ischemia and
potential testicular necrosis if not treated promptly. Cryptorchid testes, particularly
those located intra-abdominally or in the inguinal canal, are at a higher risk of torsion
due to the absence of normal scrotal fixation. The clinical presentation includes acute
scrotal pain, swelling, nausea, and vomiting, with rapid progression to infarction if
not treated within 6-8 hours. Surgical intervention is required immediately to untwist
and fixate the testis or, in severe cases, perform orchiectomy. Early orchiopexy
reduces the risk of torsion by securing the testis within the scrotum, highlighting the
importance of timely surgical correction in cryptorchidism management [40].

2.8.3 Inguinal hernia

The medical literature clearly establishes a link between inguinal hernia and
cryptorchidism. Cryptorchidism is commonly accompanied by a patent proces-
sus vaginalis, an embryologic remnant that allows the testes to descend. When this
structure fails to shut, the individual is more likely to develop an indirect inguinal
hernia. According to studies, more than 90% of cryptorchidism individuals may
have an inguinal hernia, especially if the testis remains within the inguinal canal. The
occurrence of an inguinal hernia in cryptorchid patients emphasizes the importance
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of timely surgical correction (orchiopexy) to avoid consequences such as hernia
incarceration, testicular torsion, and infertility [23].

2.8.4 Hypogonadism and impaired fertility

Cryptorchidism is a well-established risk factor for hypogonadism and impaired
fertility, with both unilateral and bilateral cases contributing to long-term reproduc-
tive consequences. The failure of testicular descent results in prolonged exposure of
the testes to intra-abdominal temperatures, which disrupts normal spermatogenesis
and Leydig cell function. As a consequence, patients with untreated bilateral crypt-
orchidism frequently develop azoospermia, with studies indicating that up to 98%
of these individuals are infertile. Even in cases of unilateral cryptorchidism, there is
a significant reduction in sperm count and quality due to the adverse impact on the
contralateral descended testis, likely influenced by shared intrinsic pathology.

Surgical intervention, especially orchiopexy, preserves fertility. Early correction,
especially before 1 year, enhances testicular function and adult spermatogenesis,
according to research. Childhood orchiopexy reduces azoospermia to 32% in bilateral
instances and 46% in unilateral cryptorchidism, lowering the likelihood of infertility.
After successful repositioning, these patients are at risk of subfertility and endocrine
dysfunction, therefore long-term follow-up is necessary. Cryptorchidism causes adult
hypogonadism due to testosterone deficiency and poor spermatogenesis. Defective
Leydig cell function, especially bilaterally, can lower testosterone levels, causing
delayed puberty, diminished secondary sexual characteristics, and metabolic issues.
Although hormone therapy has been studied as an adjuvant to surgery, current fertil-
ity recommendations recommend early orchiopexy. Cryptorchidism increases the
incidence of testicular germ cell cancers, emphasizing the need for early identification
and treatment [42, 43].

Emerging evidence suggests that epigenetic modifications play a significant role
in the infertility risk associated with cryptorchidism. Cryptorchid boys with defec-
tive mini-puberty and impaired differentiation of Ad spermatogonia exhibit altered
expression of genes encoding histone methyltransferases. These epigenetic changes
may contribute to impaired spermatogenesis and increased infertility risk [44].

2.8.5 Testicular atrophy

Testicular atrophy is a serious long-term complication of cryptorchidism, caused
by prolonged exposure of the undescended testis to an aberrant intra-abdominal or
inguinal environment. Elevated temperature, poor vascular supply, and intrinsic
testicular dysgenesis all lead to progressive germ cell loss and Leydig cell failure.
Histological studies show that atrophic testes have reduced spermatogonia, poor
Sertoli cell growth, and increased fibrosis, resulting in irreparable damage and an
increased chance of infertility.

Early orchiopexy, preferably before 12 months of age, significantly reduces the
risk of testicular atrophy and optimizes spermatogenesis. However, delaying surgical
intervention considerably raises the risk of testicular atrophy and poor spermatogen-
esis. According to studies, testicular atrophy rates after orchiopexy range from 5 to
32%, with greater rates found in cases with intra-abdominal testes that require phased
treatments. Furthermore, testicular atrophy is more likely in individuals following
Fowler-Stephens orchiopexy due to the need for spermatic artery closure, which
reduces testicular blood flow.
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Despite surgical intervention, atrophic testes may still produce insufficient testos-
terone, predisposing affected persons to hypogonadism and infertility. Patients with
a history of cryptorchidism require long-term follow-up to check testicular volume,
endocrine function, and reproductive potential [40, 45, 46].

3. Cryptorchidism in adults
3.1 Definition of cryptorchidism

Cryptorchidism, also known as undescended testicles (UDTs), is uncommon in
adult males, and even less often when it occurs bilaterally. While pediatric manage-
ment is well established, guidelines for adult cryptorchidism remain less defined,
with debates over the benefits of late orchiopexy versus orchidectomy [47].

3.2 Epidemiology

While cryptorchidism is commonly diagnosed and treated in infancy, a significant
number of cases remain undetected until adolescence or adulthood, particularly in
developing countries where healthcare access may be limited. Studies indicate that
approximately 21% of cryptorchid patients undergoing surgery are 12 years or older,
with a mean age of 25.4 years, and some cases reported even in the fourth decade of
life. The condition predominantly presents as unilateral cryptorchidism, with the
right side affected more frequently, though bilateral undescended testes occur in
about 17% of cases. The delayed diagnosis raises concerns due to increased risks of
infertility, hypogonadism, and testicular malignancy, yet there remains significant
variation in surgical management, with many adult cases undergoing orchidopexy
rather than orchidectomy, despite guideline recommendations for testicular removal
in post-pubertal patients [48].

Early recognition and surgical repair before 1 year of age are crucial to reduce
the negative impact of both unilateral and bilateral cryptorchidism. The timing of
surgery is associated with better testicular volume and spermatogenic outcomes.
Regarding surgical techniques, the choice between one-stage and two-stage orchio-
pexy for intra-abdominal testes remains debated. The Fowler-Stephens (FS) staged
approach, which involves ligation of spermatic vessels, has documented success rates
between 80 and 86%. Alternative methodologies, such as the Shehata technique,
emphasize traction-induced elongation to optimize vascular preservation and achieve
sufficient mobilization [40].

3.3 Clinical presentation in adults

In adult patients, cryptorchidism is sometimes identified accidentally during clini-
cal assessments for infertility, scrotal asymmetry, or testicular pain. The undescended
testis is generally smaller than the contralateral testis and is often palpable, with the
inguinal region being the predominant site. In a study of adult cryptorchidism, 82.4%
of unilateral patients and all bilateral cases exhibited a palpable testis, while a lesser
proportion presented with prepubic or intra-abdominal testes. Histological analysis
often uncovers anatomical anomalies like testicular atrophy, hypospermatogenesis,
and Sertoli cell-only syndrome, indicative of compromised spermatogenesis and
testicular dysfunction. Semen analysis frequently reveals impaired fertility, with
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results including azoospermia and asthenozoospermia. The fact that cryptorchidism
is not always diagnosed and treated until adulthood shows how important regular
medical exams are, especially for people who are having trouble getting pregnant or
have strange problems with their testicles [49].

Adult patients with unilateral cryptorchidism frequently exhibit a modest clinical
picture that conceals severe underlying histological and functional changes. Many
individuals, who are often diagnosed in early adulthood, may be asymptomatic in
terms of fertility, with a tendency toward normospermia, especially if the unde-
scended testis has a bigger volume. People with smaller testicles, on the other hand,
often have abnormal semen parameters like azoospermia or oligo—/asthenospermia.
This shows that there is a strong link between smaller testicles and problems with
spermatogenesis. Importantly, routine physical examinations and imaging modalities
may not reliably predict the underlying pathology, as there is no significant relation-
ship between testicular localization (intra-abdominal, within the inguinal canal, or
in the superficial inguinal region) and histopathological outcomes. A close look at the
tissue often shows signs like Sertoli cell-only syndrome, testicular shrinkage, or even
a testis that is missing (anorchia), which means that the germ cells will be affected
negatively in the long term. Endocrine function, which is mostly kept up by Leydig
cells, may slowly decline over time, but this does not seem to have a big effect on
fertility, and germ cell cancers are not usually found by accident. There is a big differ-
ence between having mild symptoms and having small but noticeable changes in the
tissue. This raises important questions about when and if an orchiectomy is necessary
for adults with unilateral cryptorchidism versus conservative management [50].

Adult cryptorchidism is frequently diagnosed incidentally during medical evalu-
ations for infertility, scrotal asymmetry, or testicular discomfort. Many cases remain
undiagnosed due to the lack of symptoms, while others present with nonspecific
complaints such as groin pain or reduced testicular volume. In a study analyzing adult
cryptorchid patients, hormonal profiling revealed lower serum testosterone and inhibin
B levels, indicating impaired Leydig and Sertoli cell function. Moreover, approximately
40-50% of adult patients with untreated cryptorchidism exhibit semen abnormalities,
including azoospermia or severe oligozoospermia, affecting fertility outcomes [51].

Additionally, cryptorchid testes in adults are often atrophic, fibrotic, and display
histopathological changes suggestive of germ cell neoplasia in situ (GCNIS), rein-
forcing the need for timely intervention. The lack of descent results in prolonged
exposure to intra-abdominal temperatures, causing irreversible damage to spermato-
genesis and hormone production [52].

3.4 Surgical intervention in adults

Orchiopexy is the main surgery used to treat cryptorchidism in adults. This proce-
dure involves moving and securing the undescended testis inside the scrotum.

The location of the testis determines the surgical strategy. Testes that are palpable
in the inguinal canal undergo an open inguinal orchiopexy. This procedure entails
making an inguinal incision to access and move the testis, which is then fixed within
the scrotum. This method lets you see the spermatic cord clearly and carefully cut it,
which keeps the testicular function and reduces damage to the blood vessels [50].

Diagnostic laparoscopy is the initial step in locating a nonpalpable testis. If an
orchiopexy is discovered in the belly, a laparoscopic method is used, resulting in less
postoperative pain and a faster recovery. If the testis is positioned high intra-abdom-
inally and has a short vascular pedicle, a two-stage Fowler-Stephens orchiopexy is
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recommended. This treatment begins with the ligation of the testicular arteries to
stimulate collateral circulation, followed by a second stage of surgery to relocate the
testis in the scrotum.

Orchiectomy (testicular removal) is advised when the testis is atrophic or there
is a high risk of cancer. This is especially important in older people whose fertility
is already limited or when testicular cancer is suspected based on ultrasonographic
abnormalities or tumor markers [53].

The decision to perform orchiopexy versus orchiectomy in adult cryptorchid
patients remains a topic of clinical debate. Orchiectomy is generally recommended for
intra-abdominal testes, particularly if atrophic or associated with histological abnor-
malities, due to the increased malignancy risk. However, for palpable inguinal testes
with preserved structure, orchiopexy remains an option, particularly in younger
adults wishing to preserve hormonal function [54].

Recent advancements in laparoscopic and robotic-assisted orchiopexy have
improved outcomes for adult patients. Robotic-assisted orchiopexy has shown advan-
tages in precision and reduced recovery time, particularly for intra-abdominal testes,
and is increasingly used in specialized centers [54, 55]. A meta-analysis comparing
open versus laparoscopic orchiopexy in adults found that laparoscopic approaches
were associated with lower postoperative pain, shorter hospital stays, and improved
testicular viability. Furthermore, testicular repositioning before the age of 30 is
associated with better long-term testosterone production [56].

3.5 Associated risks in adults

Cryptorchidism in adults is a rare but clinically significant condition that poses
increased risks of infertility, endocrine dysfunction, and testicular malignancy. Late
diagnosis often results in irreversible histopathological changes, including spermato-
genic failure and Leydig cell dysfunction, which can lead to reduced testosterone
levels and metabolic disturbances. Management strategies depend on the testicular
position, viability, and malignancy risk. While orchiectomy is commonly recom-
mended for atrophic or intra-abdominal testes, laparoscopic and robotic-assisted
orchiopexy remain viable options for preserving hormonal function and preventing
further complications. Recent studies highlight the efficacy of minimally invasive
approaches in adults, demonstrating lower postoperative morbidity and improved
testicular outcomes [48, 55, 57].

3.5.1 Testicular cancer

Men with a history of cryptorchidism, especially those with untreated or unde-
scended testes, are more likely to develop testicular cancer [58]. The higher risk may
be because of the abnormal temperature and hormonal environment of the testis that
has not descended. This makes the tissue more likely to develop genetic problems and
turn cancerous [59].

3.5.2 Infertility

Cryptorchidism can lead to infertility, which is caused by poor spermatogen-
esis in the undescended testis [60]. The aberrant anatomical location exposes the
testicular tissue to temperatures over the acceptable range, disrupting the delicate
process of sperm generation. Histopathological investigations usually indicate
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abnormalities—such as Sertoli cell-only syndrome, maturation arrest, or testicular
atrophy—which are associated with low sperm counts and poor fertility [61].

3.5.3 Psychosocial effects

Psychosocial pressures can impact interpersonal relationships as well as overall
mental health, emphasizing the importance of a multidisciplinary strategy that
includes psychological treatment and support [62].

4, Conclusion

Cryptorchidism is a complex condition that necessitates early detection, prompt
care, and long-term monitoring to improve fertility, oncologic outcomes, and psy-
chosocial well-being. Approximately 2-5% of full-term babies are born with this
condition. Its cause is complicated and includes genetic, hormonal, environmental,
and epigenetic factors. While spontaneous testicular descent occurs within the first
6 months of birth, chronic cryptorchidism requires surgical treatment to reduce
the risks of infertility, testicular atrophy, and cancer. Orchiopexy performed before
12 months of age is the current standard of care, offering the greatest benefits in
fertility preservation and malignancy risk reduction.

While hormone therapy is still contentious, increasing research suggests it may have
arole in postoperative fertility enhancement, particularly for bilateral cryptorchidism.

Cryptorchidism is usually detected inadvertently in adults as a result of infertility,
scrotal asymmetry, or testicular pain. The choice between orchiopexy and orchiec-
tomy is determined by criteria such as testicular atrophy, cancer risk, and patient
preferences. Adult patients frequently necessitate oncologic surveillance due to the
much greater incidence of testicular germ cell cancers. Furthermore, psychosocial
distress, such as anxiety, sadness, and body image issues, needs integrated mental
health care to improve quality of life.
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