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Abstract: In recent decades, the worldwide prevalence of obesity has risen dramatically and is cur-
rently estimated to be around 20%. Obesity is linked to an increased risk of comorbidities and prem-
ature mortality. Several studies have shown that obesity negatively impacts male fertility through
various mechanisms. This review aims to investigate the molecular mechanisms through which
obesity impairs male reproduction, including obesity-associated hypogonadism and its effects on
spermatogenesis, chronic inflammation, and oxidative stress. Obesity negatively impacts both con-
ventional and biofunctional sperm parameters, and it also induces epigenetic changes that can be
transferred to offspring. Moreover, obesity-related diseases are linked to a dysregulation of adipo-
cyte function and micro-environmental inflammatory processes. The dysregulated adipokines sig-
nificantly influence insulin signaling, and they may also have a detrimental effect on testicular func-
tion. Sirtuins can also play an important role in inflammatory and metabolic responses in obese
patients. Understanding the molecular mechanisms that are involved in obesity-induced male in-
fertility could increase our ability to identify novel targets for the prevention and treatment of obe-
sity and its related consequences.
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1. Introduction

Obesity is defined as an abnormal or excessive accumulation of fat. According to the
World Health Organization (WHO), a body mass index (BMI) that is greater than or equal
to 25 kg/m? is classified as overweight, a BMI greater than 30 kg/m? is considered obesity,
and a BMI greater than 40 kg/m? is considered severe obesity [1].

In recent decades, the worldwide prevalence of obesity has risen dramatically, and
nowadays, it is considered a global health issue [2]. The WHO has estimated that about
1.9 billion adults worldwide were overweight in 2016 and that around 650 million were
obese. Obesity is linked to an elevated premature mortality risk [3] and an increased risk
of comorbidities. These include cerebral-cardiovascular diseases, type 2 diabetes mellitus,
hypertension, asthma, sleep apnea syndrome, psychiatric diseases, polycystic ovary syn-
drome (PCOS), nonalcoholic fatty liver disease (NAFLD), gastrointestinal reflux disease,
gallbladder disease, osteoarthritis, and many other endocrine system disorders. All of
these can negatively impact a person’s life expectancy and quality of life and may influ-
ence one’s reproductive and sexual health [4]. Obesity is also a risk factor for some neo-
plasias and has been associated with a poorer response to cancer therapy. Furthermore, it
has a detrimental effect on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection and the severity of the coronavirus disease (COVID-19) [5]. Therefore, obesity
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represents one of the most life-threatening, chronic health problems, as recognized by
WHO.

Several studies have shown that obesity interferes with male reproductive function
[6] through multiple mechanisms that are still not fully understood. Therefore, this review
aims to investigate the relationship between obesity and male infertility, focusing on the
molecular mechanisms through which it negatively affects spermatogenesis, sperm qual-
ity, and male reproduction.

2. Epidemiology of Male Fertility in Obesity

Previous population-based studies have reported an increased prevalence of abnor-
mal sperm parameters in overweight and obese men [7-9]. In their meta-analysis includ-
ing 115, 158 total participants, Campbell and colleagues reported that couples with an
obese male partner have a significantly higher risk of infertility than couples with normal-
weight male partners (OR = 1.66; 95% CI 1.53-1.79) [8]. Moreover, male obesity negatively
affects the success of assisted reproductive technology (ART) [8]. In 2018, Mushtaq and
colleagues reported that an increased BMI in men was associated with a significant reduc-
tion in pregnancy (OR 0.78, 95% CI 0.63 to 0.98, p = 0.03) and live birth (OR 0.88, 95% CI
0.82 to 0.95, p = 0.001) rates in intracytoplasmic sperm injection (ICSI) cycles [10]. Cur-
rently, there is increasing evidence that male obesity may be equally involved in the path-
ogenesis of infertility and embryo quality as female obesity is [11].

3. Hormonal Changes in Obesity

The testosterone (T) synthesis is controlled by the hypothalamic—pituitary—gonad
(HPG) axis and is modulated by direct negative feedback from T. The pulsatile secretion
of the gonadotropin-releasing hormone (GnRH) stimulates the release of the luteinizing
hormone (LH) and the follicle-stimulating hormone (FSH). In the testis, LH acts on Leydig
cells (LCs), stimulating T secretion, and FSH acts on Sertoli cells (SCs), inducing spermat-
ogenesis [12].

Most obese males have impaired reproductive hormonal profiles compared to nor-
mal-weight men. The excessive visceral fat decreases the serum sex hormone-binding
globulin (SHBG), total and free T, and inhibin B levels and increases the conversion of T
into 1763-estradiol (E2) due to greater aromatase activity [13].

Aromatase activity indeed increases with the body fat mass and further increases fat
accumulation, creating a vicious cycle [12]. In obese male patients, the higher aromatase
activity leads to an increased conversion of T into E2 and, in turn, decreases the T/Ez ratio
[14]. Since estrogens are more biologically active than T, the increased levels of estrogens
can inhibit the HPG axis, suppressing the activity of the kisspeptin neurons, further re-
ducing T production [15]. Kisspeptin (encoded by the KISS1 gene) plays a key role in the
inhibitory effect of estrogens within the hypothalamus [16]. Estrogens inhibit LCs and SCs
and, in turn, impair the secretion of T and spermatogenesis [12].

Furthermore, higher serum SHBG levels are one of the major causes of reduced T
levels in obese male patients. SHBG is a glycoprotein that binds sex hormones, inhibiting
their biological activity. In obese patients, hyperinsulinemia, which is induced by insulin
resistance, may reduce the production of SHBG by the liver, resulting in estrogen demon-
strating greater biological activity [17]. In addition, hyperinsulinemia has an inhibitory
effect on spermatogenesis, increasing nuclear and mitochondrial DNA damage [18].

Obesity is also associated with lower levels of inhibin B. This is a growth-like factor
that is produced by SCs that inhibits FSH secretion and that stimulates T secretion by LCs
[11]. Inhibin B is a normal spermatogenesis marker. In obese male patients, the decreased
levels of inhibin B indicate dysfunction of the seminiferous testicular compartment [19].

Lastly, adipose tissue stimulates the secretion of the pro-inflammatory cytokines and
adipokines that inhibit T production. It has been reported that serum leptin is positively
associated with BMI and adipose mass in healthy men, whereas it negatively correlates
with serum T in overweight and obese subjects [20].
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4. Obesity, Insulin Resistance, and Male Infertility

Insulin resistance plays a main role in obesity-induced hypogonadism. Insulin re-
sistance is defined as the reduced sensitivity of cells to insulin effects in normal or elevated
blood glucose levels. Consequently, the pancreas has to secrete higher amounts of insulin,
and this results in a state of hyperinsulinemia. With the persistence of insulin resistance,
hyperglycemia ensues and, in turn, causes glucose intolerance and ultimately type 2 DM
(T2DM).

Visceral adipose tissue has been shown to strongly correlate with insulin resistance.
Visceral obesity enhances the delivery of free fatty acids to the liver, leading to reduced
hepatic insulin clearance. This further increases circulating insulin levels, leading to hy-
perinsulinemia. The increased production of adipokines and inflammatory mediators sig-
nificantly influences insulin signaling in insulin-responsive tissues, promoting systemic
insulin resistance and hyperinsulinemia. Cell culture studies have shown that insulin
stimulates HPG axis activity both at central (hypothalamus and pituitary) and peripheral
(testis) levels. Insulin resistance may also affect hypothalamic neurons and consequently
GnRH secretion [21].

In obese patients, hyperinsulinemia that is induced by insulin resistance decreases
SHBG secretion by the liver, resulting in greater biological estrogen activity [17]. There-
fore, excess insulin may also have a detrimental effect on testicular function and andro-
genic status in obese adult men, giving rise to a “metabolic” form of male hypogonadism.
In addition, hyperinsulinemia has an inhibitory effect on spermatogenesis, increasing nu-
clear and mitochondrial DNA damage [18]. However, a complex, bi-directional crosslink
between visceral adipose tissue dysfunction, systemic insulin resistance, and testicular
malfunctioning has been demonstrated. Indeed, hypogonadism levels further deteriorate
insulin sensitivity and promote adipocyte proliferation and body fat increase [22]. Conse-
quently, low testosterone levels can worsen obesity and promote the development of met-
abolic diseases in overweight and obese patients, creating a vicious circle [23].

5. Obesity and Conventional Sperm Parameters

Several previous studies have shown an alteration of sperm parameters in obese pa-
tients [13,24]. However, other studies reported controversial results [25-27]. Pauli and col-
leagues did not find any correlation between BMI and sperm concentration, seminal fluid
volume, motility, or morphology [26]. Shayeb and colleagues described a decrease in the
percentage of spermatozoa with normal morphology but not of sperm concentration and
motility in obese men [27]. The discrepancy between the various studies could relate to
several limitations in human studies, including confounding factors or differences in the
populations that are selected by each study. In fact, lots of other lifestyle factors including
smoking, the use of drugs or alcohol, or comorbidities can alter semen parameters. More-
over, studies that have been conducted with patients enrolled in fertility clinics may also
have other confounding factors that are related to other reasons for infertility.

We have previously shown that overweight and to a greater extent obese men have
abnormal conventional sperm parameters; in particular, asthenozoospermia and terato-
zoospermia [28]. A systematic review and meta-analysis performed by Sermondade et al.
in 2013 that included 13,077 men showed that overweight and obesity are associated with
a higher prevalence of azoospermia and oligozoospermia [24]. Chavarro and colleagues
reported that a BMI >25 kg/m? correlates to a poorer total sperm count [13].

Several mechanisms have been hypothesized to explain obesity-induced sperm dam-
age. The hormonal alterations that were described above certainly contribute to impairing
spermatogenesis in obese patients. Intratubular T plays a key role in spermatogenesis
since it is responsible for the adhesion of SCs to the developing germ cells [29]. In turn,
SCs, the only somatic cells that are in direct contact with germ cells, provide the latter with
nourishment and support. A reduction in intratubular androgens is also associated with
the retention and phagocytosis of mature spermatids [29]. Inhibin B is an important
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marker of spermatogenesis. Indeed, its decreased levels are associated with seminiferous
tubule dysfunction [26].

However, the dysregulation of sex hormones is not the only cause of infertility in
obese males. A pivotal role is also played by heat-induced damage. Testicular thermal
stress increases in obese men and is mainly due to fat accumulation in the suprapubic
region and around the pampiniform plexus. The resulting increase in scrotal temperature
reduces sperm concentration and motility and enhances oxidative stress and sperm DNA
fragmentation (SDF) [30]. The role of oxidative stress and other molecular mechanisms
that can contribute to the impairment of sperm parameters in obese patients will be dis-
cussed in the following paragraphs.

6. Obesity, Biofunctional Sperm Parameters, and Oxidative Stress

Although several studies have investigated the effect of obesity on conventional
sperm parameters, few authors have explored the relationship between body weight and
biofunctional sperm parameters. The evaluation of non-conventional sperm parameters
can provide important information that could not be obtained through classical seminal
analysis alone and that, in turn, may be very useful to identify the cause(s) that are re-
sponsible for the failure to conceive negative pregnancy outcomes.

SDF is the most studied biofunctional sperm parameter to ensure normal fertiliza-
tion, embryo development, and implantation [31]. Abnormal SDF can be caused by ex-
trinsic factors such as smoking and environmental pollutants [32-34] or intrinsic factors,
including abortive apoptosis and oxidative stress [35]. Lifestyle and environmental factors
cause an increase in SDF [35]. In a previous study, we showed that the biofunctional sperm
parameters are altered in overweight/obese men. In particular, obese patients showed an
increased percentage of spermatozoa with low mitochondrial membrane potential (MMP)
and a higher percentage of spermatozoa with SDF and phosphatidylserine externaliza-
tion, an early marker of apoptosis [28]. The evaluation of MMP is an important marker of
sperm mitochondrial function that positively correlates with sperm motility. Mitochon-
dria have a pivotal role in sperm motility and fertilization since they provide energy
through glycolysis and oxidative phosphorylation. In spermatozoa, mitochondrial Com-
plex I and Complex III are the major sites for ROS production [36]. As mitochondria are
the major source of pro-oxidative agents, the dysfunction of this organelle would have a
fundamental role in the oxidative imbalance that affects sperm function [36]. Wang and
colleagues identified low MMP and high ROS production in spermatozoa from infertile
patients, identifying it as likely being a consequence of this type of mitochondrial dys-
function [37]. We previously reported a relationship between an increased percentage of
spermatozoa with low MMP and an increased rate of spermatozoa with abnormal chro-
matin compactness, suggesting that mitochondrial damage can alter sperm DNA without
fragmenting it [38]. According to these results, Kort and colleagues found a significantly
higher SDF index in obese compared to normal-weight men [39]. Similarly, in 2009, Cha-
varro and colleagues reported an increased number of spermatozoa with SDF, which was
evaluated by COMET assay, in obese men compared to normal-weight men [13].

Among the several mechanisms that are responsible for sperm damage in obese
males, the state of systemic inflammation plays a pivotal role (Figure 1). Obesity is a clin-
ical example of systemic oxidative stress. Indeed, obesity is associated with the increased
production of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor-necro-
sis factor a (TNFa), leading to a low chronic inflammatory state [40]. Reactive oxygen
species (ROS) are products of normal cellular metabolism and are essential for physiolog-
ical processes. At physiological levels, ROS stimulates capacitation and the acrosome re-
action. In contrast, at high concentrations, they can oxidize, and in turn, damage DNA,
proteins, and lipids [41]. Human seminal fluid contains numerous systems with antioxi-
dant activity to counteract the negative effects of ROS. However, an imbalance between
oxidant production and antioxidant capacity increases oxidative stress. Spermatozoa are
particularly sensitive to the detrimental effects of increased oxidative stress because their
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plasma membrane is constituted by high levels of polyunsaturated fatty acids (PUFA).
The double bonds of the membrane lipids can be oxidized by ROS, and this causes a pro-
cess called “lipid peroxidation” and, in turn, a reduction of membrane fluidity. Moreover,
ROS can directly damage sperm DNA [42]. Spermatozoa are unable to repair DNA due to
the lack of the cytoplasmic enzyme systems that are involved in the molecular mecha-
nisms for DNA repair [42]. Lipid peroxidation and mitochondrial superoxide levels meas-
urements are sensible oxidative stress indices. According to recent evidence, 8-hydroxy,2-
deoxyguanosine (8-OH-DG) can be used as an index of oxidative stress on DNA, demon-
strating high sensitivity and specificity [43].
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Figure 1. Oxidative stress, obesity, and male infertility.

Obesity is characterized by an increased production of pro-inflammatory cytokines,
such as interleukin-6 (IL-6) and tumor-necrosis factor a (TNFa), leading to a low chronic
inflammatory state. An imbalance between oxidative and antioxidant system provokes an
increased production of reactive oxygen species (ROS). At physiological levels, these are
essential for physiological processes; in contrast, at high concentrations, they can oxidize,
and, in turn, damage DNA, proteins, and lipids.

7. Obesity and Seminal Plasma Proteome

In recent years, interest in proteomics has grown rapidly. The term “proteomics”,
which was first coined in 1995, was defined as the large-scale analysis of the protein con-
tent of a cell, tissue, or biological fluid [44]. Recently, several studies have focused on the
expression pattern of proteins in the seminal plasma of patients with increased oxidative
stress, including obesity [45]. The seminal plasma is constituted by secretions originating
from the seminal vesicles (65%), prostate (25%), epididymis, and testis (10%) [45]. It has a
key role in sperm survival and quality. The proteomic analysis of seminal plasma prote-
ome could provide important biomarkers of oxidative stress in spermatozoa. Indeed, the
seminal plasma proteome can be impaired by ROS overproduction [46]. Recently, Herwig
and colleagues reported the overexpression of proteins that are involved in oxidative
stress response, such as haptoglobin (HP) and the protein S100 calcium-binding protein
A9 (S100A9) in the seminal plasma of obese men [47]. Specifically, the S1I00A9 protein
belongs to a group of calcium-binding proteins that have the EF-hand domain and that
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bind to pro-inflammatory receptors to start the inflammatory cascade. Thus, its overex-
pression represents an index of the inflammatory state that is induced by oxidative stress.
On the contrary, HP is a late positive acute-phase protein of inflammation, and it has an-
tioxidant effects. Moreover, the authors described increased levels of other proteins that
are involved in antioxidant activity, specifically ceruloplasmin, clusterin, glutathione pe-
roxidase, mitochondrial glutathione reductase, and adenosine diphosphate (ADP) ribosyl
cyclase in the seminal plasma of obese men [47]. Therefore, the overexpression of these
proteins probably represents an attempt to maintain the balance between oxidant and an-
tioxidant systems and, in turn, to protect cells from the damage induced by excessive ROS
production [48]. Changes in the seminal plasma proteome profile suggest the latter’s role
in impaired reproductive function in obese men in cases where increased oxidative stress
is observed.

8. Adipokines, Obesity, and Male Reproduction

Until the 1980s, adipose tissue was considered a simple inactive store of energy in
the form of triglycerides. However, it is now known that adipose tissue is an active endo-
crine organ that is responsible for the production of several hormones. These include ad-
ipokines and immune molecules (cytokines and chemokines) [49]. In physiological condi-
tions, the molecules that are produced by adipose tissue contribute to the maintenance of
body homeostasis and can modulate the activity of the immune system [50]. However, in
obese people, a dysregulation of the adipokine and cytokine pathways causes the devel-
opment of chronic low-grade inflammation, leading to the chronic complications of obe-
sity. Hypertrophic adipocytes have pro-inflammatory potential and promote insulin re-
sistance. In obese patients, non-esterified fatty acids (NEFA) that are produced by hyper-
trophic adipocytes induce local macrophages to secrete high levels of TNFa, which, in
turn, stimulates adipocytes to produce more NEFA, pro-inflammatory cytokines (inter-
leukin 18 (IL1P) and IL6), acute phase proteins, and chemokines [+(C-C motif chemokine
ligand-2 (CCL2) or monocyte attractant protein-1 (MCP-1)), which attract more mono-
cytes/macrophages within adipose tissue [51]. Thus, a vicious cycle is established that pro-
motes the inflammation of the adipose tissue first and then a systematic state of low-grade
inflammation [49]. Among adipokines, leptin is the most studied in male fertility, whereas
fewer data are available for the others.

8.1. Leptin

Leptin, a 16-kDa adipokine, was first identified as a product of the adipose tissue in
1994 [52]. It is encoded by the Obesity (Ob) gene that is expressed in adipocytes, and its
circulating levels are positively associated with the percentage of body fat and adipocyte
size [53]. Leptin is considered the “satiety hormone”. It binds its receptors in the hypo-
thalamus and promotes the repression of genes encoding neuropeptide Y (NPY) and the
induction of genes encoding proopiomelanocortin (POMC) and the amphetamine-regu-
lated transcript (CART). This results in decreased appetite and lower food intake. In ad-
dition to its role in the regulation of food intake, leptin has been shown to have important
effects on reproduction, acting both as a central and peripheral factor [54]. Leptin-deficient
ob/ob mice are usually infertile, and treatment with leptin restores fertility [55]. In vitro
and in vivo studies have shown that leptin stimulates LH secretion [56]. However, the
regulation of leptin on hypothalamic GnRH secretion is not direct because GnRH neurons
do not express leptin receptors.

The central role of leptin on reproduction seems to be mediated by kisspeptin. In-
deed, kisspeptin neurons are mainly located in the infundibular nucleus and the rostral
preoptic area of the hypothalamus and kisspeptin receptor GPR54, an orphan G protein-
coupled receptor that is expressed in GnRH neurons. Kisspeptin stimulates GnRH release
and, in turn, LH, FSH, and T secretion [57]. Therefore, kisspeptin does not have a direct
effect on the pituitary gland and is only able to affect it via GnRH secretion. The leptin
receptor has six isoforms and activates different signaling pathways, among which the
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Janus kinase (JAK) and signal transducer and activator of transcription proteins (STAT3
and STATY5) are the best characterized. However, other leptin-signaling pathways involve
the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK), phosphoinositol 3 kinase (PI3K), mammalian target of rapamycin (mTOR), and/or
nitric oxide [58].

Although leptin has an essential role in the regulation of reproduction, elevated lev-
els of this adipokine impact negatively male fertility (Figure 2). In obesity, where excessive
amounts of leptin are produced by adipocytes, the hypothalamic—pituitary axis becomes
resistant to leptin signaling, presumably by over-activating negative feedback regulators,
including the suppressor of cytokine signaling 3 (SOCS3), protein tyrosine phosphatase
1B (PTP1B), and T cell protein tyrosine phosphatase (TCPTP). The expression of these
negative regulators is elevated in the hypothalamus of obese animals [59].

Animal studies have shown that a high-fat diet and central leptin resistance decrease
kisspeptin expression both in the rostral periventricular region of the third ventricle and
the arcuate nucleus [58]. Therefore, decreased kisspeptin secretion plays a pivotal role in
obesity-related central hypogonadism by inhibiting GnRH neurons and, in turn, decreas-
ing gonadotropins and T secretion.

A positive correlation was described between serum leptin levels, BMI, and the alter-
ation of sperm parameters in both animals and humans. Leptin is also present in the testis
and in the seminiferous tubules in particular [60].

Animal studies have shown that the intraperitoneal administration of leptin, in doses
ranging from 5 to 60 pg kg, for six weeks to normal-weight Sprague Dawley rats, caused
a significant decrease in sperm count and the percentage of spermatozoa with normal
morphology compared to normal-weight untreated rats [54,61-63]. In addition, it was re-
ported that the administration of leptin results in increased levels of ROS [62], 8-OH-DG,
and SDF in rats [62,63]. In humans, a case-control study showed that obese men have high
levels of leptin, low sperm concentrations, and increased SDF compared to normal-weight
men [64]. Therefore, leptin also seems to act directly at the testicular level, increasing the
production of ROS [54]. Moreover, although the previous findings are controversial, lep-
tin receptors also seem to be present in spermatozoa, specifically on the tail [65]. Previous
studies suggest a dual role of leptin on sperm parameters according to its concentration
in the seminal plasma. Elfassy and colleagues hypothesized that leptin has a beneficial
role on semen at physiological concentrations but a negative effect at high concentrations,
corresponding to those found in overweight/obese men [66]. More specifically, leptin
binds its receptors in the male reproductive system and activates the PI3K pathway in the
testis, increasing oxidative stress and also disrupting the histone-to-protamine transition.
An abnormal protaminization exposes the sperm DNA to attack by free radicals, resulting
in increased SDF and apoptosis [54].

In men, leptin levels correlate inversely with T levels. In vitro studies of rat LCs
showed that leptin at concentrations similar to those reached in obesity inhibited testos-
terone secretion [67,68]. Specifically, hyperleptinemia may up-regulate the AMPK path-
way, and this up-regulation inhibits the activation of the steroidogenic acute regulatory
protein (StAR) and the rate-limiting steroidogenic enzyme cytochrome P450 family 11
subfamily A member 1 (P450SCC) levels in LCs. Therefore, the high leptin levels that are
found in obese individuals down-regulate STAT transcriptional activity, leading to lower
expression levels of the cAMP-dependent steroidogenic genes that are involved in T pro-
duction.

Moreover, increased levels of leptin also seem to impair the nutritional function of
SCs the spermatogenesis “nurse cells”. SCs take glucose from circulation and produce the
metabolites that are needed for germ cell development. In cultured human SCs, the phys-
iological concentration of leptin (5 ng/mL) upregulates glucose transporter 2 proteins
(GLUT-2) levels, whereas obesity levels of leptin (25-50 ng/mL) decreased acetate produc-
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tion from glucose in a dose dependent-manner [69]. These results suggest that hyperlep-
tinemia can negatively impact LC testosterone production and the metabolic support of
SCs towards spermatogenesis [58].

In addition, leptin also modulates mitochondrial activity, and it is associated with
mitochondrial dysfunction in different cells, including cardiomyocytes. Mitochondria are
the main source of superoxide anions in cells. Therefore, alterations in mitochondria func-
tion due to high leptin levels could result in an increase in oxidative stress and, in turn,
can contribute to the leptin-induced adverse effects on the spermatozoa [70].

" |- 1Kisspeptin
‘M| - 1 S0CS3, PTP1B, TCPTP

| GnRH
Leptin resistance
y )
| Pituitary | FSH and LH
Adipose tissue .
R — JA\
~\ ‘ Testis ‘ Q
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Leptin
Sertoli cells | ‘ + | Acetate production ‘
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Figure 2. Effects of hyperleptinemia on male reproductive system. Abbreviations: GnRH: gonado-
tropin releasing hormone; LH: luteinizing hormone; FSH: follicle-stimulating hormone; SHBG: sex
hormone-binding globulin; E2: 173-estradiol. T: testosterone; AMPK: 5" adenosine monophos-
phate-activated protein kinase is an enzyme; StAR: steroidogenic acute regulatory protein;
P450SCC: cytochrome P450 family 11 subfamily A member 1; PI3K:phosphatidyllnositol 3-Kinase.

Leptin has an essential role in the regulation of reproduction; however, in obesity,
increased levels of this adipokine are produced by adipocytes. These excessive amounts
may impair the hypothalamic-pituitary—gonadal axis through different mechanisms and
at different levels. In the hypothalamus, the expression of negative regulators such as the
suppressors of cytokine signaling 3 (SOCS3), protein tyrosine phosphatase 1B (PTP1B),
and T cell protein tyrosine phosphatase (TCPTP) increase in obesity, and, in turn, the hy-
pothalamic—pituitary axis becomes resistant to leptin signaling. Moreover, hyperlepti-
nemia reduces kisspeptin expression and, as a consequence, inhibits GnRH neurons. The
inhibition of the GnRH neurons provokes a reduced release of GnRH and, in turn, of LH,
FSH, and testosterone. Elevated levels of leptin may also directly affect testes function at
different levels (Leydig cells, Sertoli cells, and spermatozoa).

8.2. Adiponectin

Adiponectin is a 28 kDa protein with a similar structure to TNFa, collagen VIII and
IV, and complement factor Clq [50]. Unlike the majority of adipokines, it exerts an anti-
inflammatory effect and negatively correlates with body fat mass [50].

Adiponectin and its receptors (AdipoR1 and AdipoR2) are expressed in the pituitary
gland, suggesting a central role for this adipokine [49]. In addition, animal studies also
suggest a direct effect of adiponectin on the testis, where it regulates steroidogenesis and
spermatogenesis [49]. Accordingly, adiponectin receptors are present in LCs, SCs, and
germ cells in rats [66]. Adiponectin has been found in circulation in various molecular
isoforms: low (LMW), medium (MMW), and high molecular weight (HMW). The HMW
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form of adiponectin is the predominant circulating one (>80%) [66]. The concentrations of
adiponectin are 66-fold lower in human seminal plasma compared to serum [71]. This
may be due to the blood—testis barrier that prevents the passage of huge molecules. It was
reported that seminal adiponectin concentrations are lower in overweight or obese pa-
tients compared to normal-weight patients [71]. Adiponectin levels in the seminal plasma
have been shown to positively correlate with sperm concentration, total sperm count, and
spermatozoa with normal morphology [66,71]. As previously discussed, pro-inflamma-
tory cytokines, such as TNF-a and IL-1f3, can inhibit LC function, steroidogenesis, and
spermatogenesis. Adiponectin may protect LCs from the negative effect of inflammatory
cytokines [72]. Specifically, adiponectin inhibits the formation and translocation to the nu-
cleus of the NF-Kb complex through the promotion of AMP-activated protein kinase
phosphorylation [72]. Therefore, adiponectin is associated with a down-regulation of
prof-inflammatory genes, a reduced production of pro-inflammatory cytokines, such as
TNEFa, IL-6, and an increased release of anti-inflammatory cytokines (IL-10) [73]. Moreo-
ver, unlike many adipokines, adiponectin has an insulin-sensitizing effect [73].

8.3. Resistin

Resistin is a 12 kDa polypeptide that belongs to a family of cysteine-rich proteins [49].
It is involved in the development of insulin resistance, and its levels positively correlate
with inflammatory markers [50]. The presence of resistin was described in the testis and,
specifically, in both the LCs and seminiferous tubules of rats, but it was not reported in
humans [66]. A very low number of studies have evaluated the presence of resistin in the
seminal plasma [66]. One of these studies described a negative correlation between the
concentrations of seminal resistin levels and sperm motility and vitality [74]. Moreover,
the authors also reported higher levels of resistin in patients with leukocytospermia and
a positive correlation with other inflammation markers in semen, such as IL-6 and elastase
[74]. Therefore, seminal resistin could have an important role in the inflammation of the
male reproductive system [49]. However, other studies did not find any significant corre-
lation between sperm parameters and resistin [71]. Furthermore, resistin could also regu-
late reproduction through a central mechanism [49]. Indeed, resistin was described in the
hypothalamus and pituitary gland of both humans and animals [75].

8.4. Visfatin

Visfatin is a 52 kDa protein, and it is also known as nicotinamide phosphory-
bosyltrasferase (NAMPT) [49]. In obesity, its role is still controversial [50]. Some studies
suggest that increased visfatin levels could exert a protective role [76]. Conversely, other
studies showed an adverse effect of this adipokine on insulin resistance [77]. A meta-anal-
ysis reported that visfatin levels are increased in patients with obesity/overweight, diabe-
tes mellitus, metabolic syndrome, and cardiovascular disease [78]. Visfatin has been found
in LCs, spermatocytes, and spermatozoa [66]. Interestingly, its levels are higher in seminal
plasma than they are in blood. This suggests that testicular cells produce NAMPT [71]. In
cultured LCs, visfatin has been shown to increase T secretion [79].

8.5. Chemerin

More recently, chemerin has been identified among adipokines. It consists of 163
amino acids, and it modulates insulin action [80]. Serum chemerin concentrations are sig-
nificantly higher in overweight and obese patients compared to those with normal weight,
and its levels are positively associated with BMI [71]. Moreover, it was also described to
have a significant negative association between chemerin and serum T levels [71]. The
exact mechanisms through which chemerin can modulate male reproduction are still un-
clear. In humans and rats, chemerin and its receptors are present in the testis, particularly
in LCs [81,82]. In vitro studies have shown an inhibitory effect of chemerin on spermato-
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genesis [81,82]. Indeed, chemerin inhibits the secretion of T in response to human chori-
onic gonadotropin (hCG) in primary LC cultures. Moreover, a human study reported a
negative correlation between the chemerin levels and sperm motility in seminal plasma
but a positive correlation with sperm concentration [71].

9. Sirtuins, Obesity, and Male Reproduction

Sirtuins (SIRTs) are highly conserved nicotinamide adenine dinucleotide (NAD*)-de-
pendent deacetylases that are involved in gene regulation, metabolism, aging, and cancer
[83]. The SIRT family is composed of seven members (SIRT1-SIRT7) that have different
subcellular localizations, particularly SIRT1, SIRT6, and SIRT7 are mostly found in the
nucleus, SIRT?2 is localized in the cytosol, whereas SIRT3, SIRT4, and SIRT5 are localized
in the mitochondria [84]. The emerging role of SIRTs as key metabolic sensors for body
homeostasis has resulted in a growing interest in these molecules in the scientific literature
[83]. Indeed, SIRTs regulate metabolic homeostasis in different tissues through the activa-
tion of several pathways and enzymes, including peroxisome proliferator-activated recep-
tor-gamma coactivator (PGC)-1a, peroxisome proliferator-activated receptor gamma
(PPAR-y), adenosine monophosphate-activated protein kinase (AMPK), forkhead box
transcription factor O1 (FOXO1), and liver x receptor (LXR) [85]. SIRTs are also expressed
in adipose tissue and affect adipogenesis by transcriptionally regulating PPAR-y, a master
regulator of adipocyte differentiation.

SIRT1, the most studied member of the SIRT family, regulates cellular metabolism,
oxidative stress, and mitochondrial biogenesis [86]. Its levels are significantly decreased
in the fatty tissue of humans and mice with obesity [87]. Based on murine cell culture
models, it has been shown that the repression of PPAR-y by the overexpression of SIRT1
or SIRT2 blocks adipocyte differentiation, whereas reduced SIRT1 or SIRT2 levels enhance
it [88]. Moreover, when incorrectly stimulated, SIRTs appear to be critical for the inflam-
matory and metabolic response to the hypoxic visceral adipose tissue microenvironment
that is typical of the obese state [88].

In addition to their role as metabolic sensors, SIRTs seem to have an important func-
tion in male fertility. They are highly expressed in mammalian testicular tissue [89]. Spe-
cifically, SIRT1 was identified in the nuclei of spermatogonia, spermatocytes, and round
spermatids, suggesting a role of SIRT1 in spermatogenesis [90]. SIRTs control testicular
function by regulating different mechanisms that are fundamental for spermatogenesis,
including glycolysis, the oxidation of fatty acids, chromatin remodeling, and oxidative
stress. Specifically, SIRT1 regulates glycolysis via the inhibition of the hypoxia-inducible
factor-1 (HIF-1) transcription factor. The latter controls the expression of genes that are
crucial for glycolysis [91], including glucose transporter 1 and lactate dehydrogenase A.
SIRT1 can deacetylate and inhibit HIF-1 and consequently inhibits the expression of the
genes that are important for glycolysis [91]. SIRT3 seems also to be involved in the regu-
lation of glycolysis even though it is a mitochondrial molecule [83,92]. The lactate that is
produced by SCs is one of the major substrates for germ cell metabolism; thus, the regu-
lation of glucose metabolism by SIRTs is fundamental for spermatogenesis [92].

SIRTs also appear to be involved in lipid metabolism, which plays an essential role
in steroidogenesis to ensure an adequate energy supply for SCs. SIRT3 is important for
the deacetylation of the main enzymes that are involved in (3-oxidation, such as long-chain
acylCoA dehydrogenase (LCAD). Thus, reduced levels of SIRT3 are associated with re-
duced fatty acid oxidation [93].

SIRTs are also crucial for mitochondrial sperm function, which is strictly correlated
with sperm motility [94]. As previously mentioned, both in vitro and in vivo studies have
reported that SIRT1 is a regulator of PCG-1a, a transcriptional coactivator that increases
the activity of the enzymes that are involved in mitochondrial processes [95]. In mice, the
absence of SIRT-1 was associated with an arrest of spermatogenesis due to dysfunctional
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mitochondria and declined testicular bioenergetic capacity [96]. SIRT3 modulates mito-
chondrial energy homeostasis by regulating adenosine triphosphate (ATP) generation
from oxidative phosphorylation [83].

Furthermore, SIRT1 seems to protect cells from oxidative stress damage. Previous
studies have reported that the activation of SIRT1 decreases malondialdehyde (MDA) lev-
els and increases superoxide dismutases and glutathione peroxidase levels [97], contrib-
uting to the maintenance of a balance between oxidative and antioxidant systems. In con-
trast, reduced levels of SIRT1 and SIRT3 lead to a defective function in the electron
transport chain, increasing the production of ROS.

Most of the evidence on the role of SIRTs in male reproduction has been obtained by
knockout (KO) mice with altered SIRT1 activity. This experimental model has clearly
shown the role of SIRTs in spermatogenesis. SIRT1 KO mice have a decreased sperm count
and normal sperm morphology and an increased SDF [98]. The testes of SIRT1 KO mice
are characterized by an important reduction of spermatids that can potentially result in
their total absence [90,99]. It has been hypothesized that SIRT1 deficiency may alter sper-
matogenesis through different mechanisms, including the up-regulation of p53 activity
and ensuing testicular apoptosis or by an increase in oxidative stress [100].

In addition, SIRTs are highly expressed in the hypothalamus [101], particularly in
GnRH neurons [102]. They may disrupt the HG axis function. Indeed, SIRT1 KO mice
demonstrate the reduced secretion of hypothalamic GnRH and consequently a significant
decrease in LH and FSH serum levels [99]. The authors also observed an important down-
regulation of steroidogenic acute regulatory (StAR), the enzyme that is responsible for the
rate-limiting step of steroidogenesis, in SIRT1 KO mice. These mechanisms result in a re-
duction of T secretion.

Previous studies have evaluated the possibility of interfering with SIRT activity
through pharmacological and non-pharmacological interventions. As for the latter, caloric
restriction correlates with an increase in SIRT1 levels in muscle tissue [103]. On the other
hand, among the compounds that are able to regulate the activity of SIRTs, one of the first
to be studied was resveratrol (3,5,4"-trihydroxystilbene), a natural polyphenol that is pre-
sent in grapes, berries, and red wine [34] and demonstrate a strong antioxidant capacity.
The administration of resveratrol seems to improve the metabolic profile of obese and/or
insulin-resistant patients through various mechanisms, including the enhancement of
SIRT1 activity [104]. Interestingly, resveratrol also improves sperm motility and mito-
chondrial activity and counteracts sperm damage induced by oxidative stress [105]. Fur-
thermore, high-fat-fed mice treated with resveratrol showed a recovery of serum T levels
due to an increase in the activity of the StAR enzyme [106]. The regulation of SIRT activity
may bring about several health benefits, including the prevention and treatment of obesity
[86].

10. Obesity and Epigenetic Modifications

There are increasing data that paternal obesity may negatively impact the reproduc-
tive and metabolic health of offspring. Epidemiological studies have shown that children
born from obese fathers are more likely to be obese [107]. Epigenetics has offered new
explanations on the mechanisms through which environmental factors can modulate the
expression of genes [108]. Epigenetics is defined as the processes that alter gene activity
without nucleotide sequence modification but that include chromatin structure changes
[109]. The most relevant epigenetic mechanisms that are involved in gene activity regula-
tion are DNA methylation, histone modifications, and non-coding RNAs. Many studies
on epigenetic effects of obesity are conducted in mothers, and the epigenetic effects of
obesity are more rarely examined. Among these mechanisms, DNA methylation is the
most widely studied [110]. It involves the covalent addition of a methyl group (-CH3) onto
the position five of cytosine, resulting in 5-methylcytosine.
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DNA methylation is essential for spermatogenesis. Sperm methylation is necessary
to inactive the X chromosome during meiosis and for the establishment of paternally im-
printed genes in the spermatozoa [111]. The abnormal methylation of sperm imprinted
genes seems to be involved in infertility and pregnancy loss [112]. Interestingly, signifi-
cantly altered DNA methylation has been observed in the spermatozoa of overweight and
obese men compared to normal-weight men in the regulatory region of many imprinted
genes [113]. Among the genes that undergo epigenetic modification in obese males, the
following are included: maternally expressed gene 3 (MEG3), necdin (NDN), small nuclear
ribonucleoprotein polypeptide N (SNRPN), and epsilon sarcoglycan (SGCE)/paternally
expressed gene 10 (PEG10), which are involved in fetal development and tumor growth
[114]. Donkin and colleagues evaluated an epigenetic mapping in the spermatozoa of
obese and normal-weight men [115] and found significant different methylation between
the two groups. The hypomethylation of imprinted genes was associated with higher lev-
els of SDF and decreased pregnancy rates [116,117]. Moreover, babies born to obese fa-
thers have altered DNA methylation in the regulatory regions of several imprinted genes
[114]. Previous studies have suggested that obesity-related epigenetic changes in sperma-
tozoa may be reversed by weight loss. This decreases the chances of an adverse impact on
the offspring’s health [118]. Research on epigenetic biomarkers is required to better un-
derstand the pathophysiology of obesity and its clinical manifestations in future genera-
tions.

11. Conclusions

An unhealthy attitude towards food and a sedentary lifestyle has greatly increased
the prevalence of obesity in Western countries. In parallel, a progressive decline in sperm
quality and male fertility has been described in recent decades [17,119]. Several studies
have amply demonstrated the close association between obesity and reproductive dys-
function. Although the relationship between female fertility and obesity has been more
investigated, the attention to obesity-induced male infertility has gained increasing inter-
est in recent decades and is gaining more and more evidence. The mechanisms by which
obesity impairs male reproductive function are many and complex (Figure 3), but the pre-
cise mechanisms remain to be fully elucidated. Obesity disrupts the hormonal milieu, al-
ters conventional and biofunctional sperm parameters, induces systemic inflammation,
increases oxidative stress, and promotes epigenetic modifications that can also be trans-
mitted to offspring.

In the intriguing and complex web of the molecular mechanisms that are behind obe-
sity-induced male infertility, new molecules are appearing on the horizon, such as adi-
pokines and SIRTs. Adipokines, which are secreted by adipose tissue, can deeply influ-
ence male reproduction. Among these, leptin is the most studied [70]. Although leptin is
fundamental for normal reproductive function, an excess of this adipokine, as observed
in obese patients, can severely impair the male reproductive system [70]. Leptin and other
adipokines represent an important link between the adipose tissue and the reproductive
system at different levels (both central and gonads) in men [49]. Evidence also suggests a
clear role of SIRTs on obesity and male fertility through different mechanisms. Therefore,
the activation or inhibition of SIRT activity could have positive effects on obesity and male
reproduction, as shown by previous studies using resveratrol, which modulates SIRT ac-
tivity [104,105].

Understanding the molecular mechanisms behind the association between obesity
and male fertility could increase our capacity to identify novel targets for the prevention
and the treatment of obesity and obesity-related diseases, including those affecting the
male reproductive system.
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Figure 3. Main molecular mechanisms involved in the effects of obesity on male infertility. Abbre-
viations: GnRH: gonadotropin releasing hormone; LH: luteinizing hormone; FSH: follicle-stimulat-
ing hormone; SHBG: sex hormone-binding globulin; E2: 173-estradiol. T: testosterone.

The mechanisms by which obesity impairs male reproductive function are many and
complex. The excessive visceral adipose alters the hormonal milieu in obese male patients,
decreasing the levels of SHBG, total and free T, and inhibin B and increasing the conver-
sion of T into E2 due to greater aromatase activity. The excess visceral fat also causes in-
sulin resistance as well as an increase in insulin levels, which decrease SHBG production
in the liver, leading to higher levels of E2. The excess of E2 inhibits the HPG axis and, in
turn, results in a reduction of T production. The fat accumulation in the suprapubic region
increases scrotal temperature in obese men, resulting in impaired sperm parameters and
increased oxidative stress. Obesity also promotes epigenetic modifications trough differ-
ent mechanisms, including DNA methylation, histone modification, and miRNA altera-
tion, which can also be transmitted to offspring. Adipose tissue also secretes pro-inflam-
matory cytokines, which induce low-grade systemic inflammation. The production of ad-
ipokines is altered in obese patients. The excess leptin and the consequent leptin resistance
impairs male fertility at both the central and peripheral levels. In fact, Leptin can modulate
GnRH production, mainly via Kisspeptin, and can also directly act on spermatogenesis.
Moreover, sirtuins can play an important role in obesity-induced male infertility. The lev-
els are significantly decreased in the fatty tissue of obese patients. Sirtuins control testicu-
lar function by regulating different mechanisms that are fundamental for spermatogene-
sis. Decreased levels of SIRT1 are associated with a reduction in GnRH, LH, and FSH pro-
duction and with an alteration of spermatogenesis. All together, these mechanisms lead
to abnormal conventional and biofunctional sperm parameters, an increase of sperm DNA
damage, and an alteration of sex hormones in obese patients.

Author Contributions: Conceptualization, R.A.C., F.B., and A.E.C.; methodology, F.B.; validation,
S.L.V,; data curation, LM.M. and A.C.; writing—original draft preparation, F.B.; writing—review
and editing, A.E.C,, R.C,, and R.A.C,; visualization, L.C. and M.C.M.; supervision, S.L.V., RA.C,,
R.C,, and A.E.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Metabolites 2021, 11, 840 14 of 18

References

1. World Health Organization. Obesity and Overweight. Fact Sheet N°311 January 2015. Available online:
http://www.who.int/mediacentre/factsheets/fs311/en/ (accessed on 30 November 2021).

2. Pasquali, R,; Casanueva, F.; Haluzik, M.; Van Hulsteijn, L.; Ledoux, S.; Monteiro, M.P.; Salvador, J.; Santini, F.; Toplak, H.;
Dekkers, O.M. European Society of Endocrinology Clinical Practice Guideline: Endocrine work-up in obesity. Eur. |. Endocrinol.
2020, 182, 1-32.

3. De Lorenzo, A.; Gratteri, S.; Gualtieri, P.; Cammarano, A.; Bertucci, P.; Di Renzo, L. Why primary obesity is a disease? J. Transl.
Med. 2019, 17, 169.

4.  Jastreboff, AM.; Kotz, CM.; Kahan, S.; Kelly, A.S.; Heymsfield, S.B. Obesity as a disease: The Obesity Society 2018 Position
Statement. Obesity (Silver Spring) 2019, 27, 7-9.

5. Ho, J.S.Y,; Fernando, D.I.; Chan, M.Y; Sia, C.H. Obesity in COVID-19: A Systematic Review and Meta-analysis. Ann. Acad Med.
Singap. 2020, 49, 996-1008.

6.  Chambers, T.]J.; Richard, R.A. The impact of obesity on male fertility. Hormones (Athens) 2015, 14, 563-568.

7.  Eisenberg, M.L.; Kim, S.; Chen, Z.; Sundaram, R.; Schisterman, E.F.; Buck Louis, G.M. The relationship between male BMI and
waist circumference on semen quality: Data from the LIFE study. Hum. Reprod. 2014, 29, 193-200.

8.  Campbell, ].M,; Lane, M.; Owens, J.A.; Bakos, H.W. Paternal obesity negatively affects male fertility and assisted reproduction
outcomes: A systematic review and meta-analysis. Reprod. Biomed. Online 2015, 31, 593-604.

9. Le, W, Su, S.H;; Shi, L.H.; Zhang, J.F.; Wu, D.L. Effect of male body mass index on clinical outcomes following assisted repro-
ductive technology: A meta-analysis. Andrologia 2016, 48, 406—424.

10. Mushtagq, R.; Pundir, J.; Achilli, C.; Naji, O.; Khalaf, Y.; El-Toukhy, T. Effect of male body mass index on assisted reproduction
treatment outcome: An updated systematic review and meta-analysis. Reprod. Biomed. Online 2018, 36, 459-471.

11. Palmer, N.O.; Bakos, H.W.; Fullston, T.; Lane, M. Impact of obesity on male fertility, sperm function and molecular composition.
Spermatogenesis 2012, 2, 253-263.

12. Xu, X,; Sun,M;; Ye, J; Luo, D.; Su, X.; Zheng, D.; Feng, L.; Gao, L.; Yu, C.; Guan, Q. The Effect of Aromatase on the Reproductive
Function of Obese Males. Horm. Metab. Res. 2017, 49, 572-579.

13. Chavarro, J.E,; Toth, T.L.; Wright, D.L.; Meeker, ].D.; Hauser, R. Body mass index in relation to semen quality, sperm DNA
integrity, and serum reproductive hormone levels among men attending an infertility clinic. Fertil. Steril. 2010, 93, 2222-2231.

14. Hajshafiha, M.; Ghareaghaji, R.; Salemi, S.; Sadegh-Asadi, N.; Sadeghi-Bazargani, H. Association of body mass index with some
fertility markers among male partners of infertile couples. Int. ]. Gen. Med. 2013, 6, 447-451.

15. Rao, P.M,; Kelly, D.M.; Jones, T.H. Testosterone and insulin resistance in the metabolic syndrome and T2DM in men. Nat. Rev.
Endocrinol. 2013, 9, 479-493.

16. Smith, J.T.; Clifton, D.K,; Steiner, R.A. Regulation of the neuroendocrine reproductive axis by kisspeptin-GPR54 signaling. Re-
production 2006, 131, 623-630.

17.  Davidson, L.M.; Millar, K.; Jones, C.; Fatum, M.; Coward, K. Deleterious effects of obesity upon the hormonal and molecular
mechanisms controlling spermatogenesis and male fertility. Hum. Fertil. (Camb.) 2015, 18, 184-193.

18. Agbaje, LM.; Rogers, D.A.; McVicar, CM.; McClure, N.; Atkinson, A.B.; Mallidis, C.; Lewis, S.E. Insulin dependant diabetes
mellitus: Implications for male reproductive function. Hum. Reprod. 2007, 22, 1871-1877.

19. MacDonald, A.A.; Herbison, G.P.; Showell, M.; Farquhar, C.M. The impact of body mass index on semen parameters and re-
productive hormones in human males: A systematic review with meta-analysis. Hum. Reprod. Update 2010, 16, 293-311.

20. Goncharov, N.P.; Katsya, G.V.; Chagina, N.A.; Gooren, L.]. Testosterone and obesity in men under the age of 40 years. Andrologia
2009, 41, 76-83.

21. Bellastella, G.; Menafra, D.; Puliani, G.; Colao, A.; Savastano, S. Obesity Programs of nutrition, Education, Research and Assess-
ment (OPERA) Group. How much does obesity affect the male reproductive function? Int. J. Obes. Suppl. 2019, 9, 50-64.

22. Barbosa-Desongles, A.; Hernandez, C.; Sim¢, R.; Selva, D.M. Testosterone induces cell proliferation and cell cycle gene overex-
pression in human visceral preadipocytes. Am. |. Physiol.-Cell Physiol. 2013, 305, C355-C359.

23. LaVignera, S.; Cannarella, R.; Galvano, F.; Grillo, A.; Aversa, A.; Cimino, L.; Magagnini, C.M.; Mongioi, L.M.; Condorelli, R.A.;
Calogero, A.E. The ketogenic diet corrects metabolic hypogonadism and preserves pancreatic £3-cell function in over-
weight/obese men: A single-arm uncontrolled study. Endocrine 2021, 72, 392-399.

24. Sermondade, N.; Faure, C; Fezeu, L.; Shayeb, A.G.; Bonde, ].P.; Jensen, T.K.; Van Wely, M.; Cao, J.; Martini, A.C.; Eskandar, M.;
et al. BMI in relation to sperm count: An updated systematic review and collaborative meta-analysis. Hum. Reprod. Update 2013,
19, 221-231.

25. Qin, D.D.; Yuan, W.; Zhou, W.]; Cui, Y.Q.; Wu, ].Q.; Gao, E.S. Do reproductive hormones explain the association between body
mass index and semen quality? Asian ]. Androl. 2007, 9, 827-834.

26. Pauli, EM,; Legro, R.S.; Demers, L.M.; Kunselman, A.R.; Dodson, W.C.; Lee, P.A. Diminished paternity and gonadal function
with increasing obesity in men. Fertil. Steril. 2008, 90, 346-351.

27. Shayeb, A.G.; Harrild, K.; Mathers, E.; Bhattacharya, S. An exploration of the association between male body mass index and
semen quality. Reprod. Biomed. Online 2011, 23, 717-723.

28. La Vignera, S.; Condorelli, R.A.; Vicari, E.; Calogero, A.E. Negative effect of increased body weight on sperm conventional and

nonconventional flow cytometric sperm parameters. J. Androl. 2012, 33, 53-58.



Metabolites 2021, 11, 840 15 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kerr, J.B.; Millar, M.; Maddocks, S.; Sharpe, R.M. Stage-dependent changes in spermatogenesis and Sertoli cells in relation to
the onset of spermatogenic failure following withdrawal of testosterone. Anat. Rec. 1993, 235, 547-559.

Liu, Y.; Ding, Z. Obesity, a serious etiologic factor for male subfertility in modern society. Reproduction 2017, 154, 123-131.
Zhao, J.; Zhang, Q.; Wang, Y.; Li, Y. Whether sperm deoxyribonucleic acid fragmentation has an effect on pregnancy and mis-
carriage after in vitro fertilization/intracytoplasmic sperm injection: A systematic review and meta-analysis. Fertil. Steril. 2014,
102, 998-1005.€8.

Calogero, A.E.; La Vignera, S.; Condorelli, R.A.; Perdichizzi, A.; Valenti, D.; Asero, P.; Carbone, U.; Boggia, B.; De Rosa, N.;
Lombardi, G.; et al. Environmental car exhaust pollution damages human sperm chromatin and DNA. . Endocrinol. Investig.
2011, 34, e139—e143.

Condorelli, R.A.; La Vignera, S.; Giacone, F.; Iacoviello, L.; Vicari, E.; Mongioi, L.; Calogero, A.E. In vitro effects of nicotine on
sperm motility and bio-functional flow cytometry sperm parameters. Int. J. Immunopathol. Pharmacol. 2013, 26, 739-746.

Alamo, A.; Condorelli, R.A.; Mongioi, L.M.; Cannarella, R.; Giacone, F.; Calabrese, V.; La Vignera, S.; Calogero, A.E.
Environment and Male Fertility: Effects of Benzo-a-Pyrene and Resveratrol on Human Sperm Function In Vitro. J. Clin. Med.
2019, 8, 561.

Agarwal, A.; Majzoub, A.; Baskaran, S.; Selvam, M.K.P.; Cho, C.L.; Henkel, R ; Finelli, R.; Leisegang, K.; Sengupta, P.; Barbarosie,
C.; et al. Sperm DNA Fragmentation: A New Guideline for Clinicians. World . Mens. Health 2020, 38, 412-471.

Koppers, A.].; De Iuliis, G.N.; Finnie, ]. M.; McLaughlin, E.A.; Aitken, R.]. Significance of mitochondrial reactive oxygen species
in the generation of oxidative stress in spermatozoa. J. Clin. Endocrinol. Metab. 2008, 93, 3199-3207.

Wang, X.; Sharma, R K,; Gupta, A.; George, V.; Thomas, A.].; Falcone, T.; Agarwal, A. Alterations in mitochondria membrane
potential and oxidative stress in infertile men: A prospective observational study. Fertil. Steril. 2003, 80, 844-850.

Condorelli, R.A,; La Vignera, S.; Barbagallo, F.; Alamo, A.; Mongioi, L.M.; Cannarella, R.; Aversa, A.; Calogero, A.E. Bio-
Functional Sperm Parameters: Does Age Matter? Front. Endocrinol. (Lausanne) 2020, 11, 558374.

Kort, H.I,; Massey, J.B.; Elsner, C.W.; Mitchell-Leef, D.; Shapiro, D.B.; Witt, M.A.; Roudebush, W.E. Impact of body mass index
values on sperm quantity and quality. J. Androl. 2006, 27, 450-452.

Hu, Q.; Lu, Y.; Hu, F.; He, S.; Xu, X;; Niu, Y.; Zhang, H.; Li, X.; Su, Q. Resistant dextrin reduces obesity and attenuates adipose
tissue inflammation in high-fat diet-fed mice. Int. |. Med. Sci. 2020, 17, 2611-2621.

Mahfouz, R.Z.; du Plessis, S.S.; Aziz, N.; Sharma, R.; Sabanegh, E.; Agarwal, A. Sperm viability, apoptosis, and intracellular
reactive oxygen species levels in human spermatozoa before and after induction of oxidative stress. Fertil. Steril. 2010, 93, 814—
821.

Tremellen, K. Oxidative stress and male infertility — A clinical perspective. Hum. Reprod. Update 2008, 14, 243-258.

Cambi, M.; Tamburrino, L.; Marchiani, S.; Olivito, B.; Azzari, C.; Forti, G.; Baldi, E.; Muratori, M. Development of a specific
method to evaluate 8-hydroxy, 2-deoxyguanosine in sperm nuclei: Relationship with semen quality in a cohort of 94 subjects.
Reproduction 2013, 145, 227-235.

Wasinger, V.C.; Cordwell, S.J.; Cerpa-Poljak, A.; Yan, J.X.; Gooley, A.A.; Wilkins, M.R.; Duncan, M.W_; Harris, R.; Williams,
K.L.; Humphery-Smith, I. Progress with gene-product mapping of the Mollicutes: Mycoplasma genitalium. Electrophoresis 1995,
16, 1090-1094.

Cannarella, R.; Crafa, A.; Barbagallo, F.; Mongioi, L.M.; Condorelli, R.A.; Aversa, A.; Calogero, A.E.; La Vignera, S. Seminal
Plasma Proteomic Biomarkers of Oxidative Stress. Int. ]. Mol. Sci. 2020, 21, 9113.

Intasqui, P.; Antoniassi, M.P.; Camargo, M.; Nichi, M.; Carvalho, V.M.; Cardozo, K.H.; Zylbersztejn, D.S.; Bertolla, R.P. Differ-
ences in the seminal plasma proteome are associated with oxidative stress levels in men with normal semen parameters. Fertil.
Steril. 2015, 104, 292-301.

Herwig, R.; Knoll, C; Planyavsky, M.; Pourbiabany, A.; Greilberger, J.; Bennett, K.L. Proteomic analysis of seminal plasma from
infertile patients with oligoasthenoteratozoospermia due to oxidative stress and comparison with fertile volunteers. Fertil. Steril.
2013, 100, 355-366.

Ferigolo, P.C.; Ribeiro de Andrade, M.B.; Camargo, M.; Carvalho, V.M.; Cardozo, K.H.M.; Bertolla, R.P.; Fraietta, R. Sperm
functional aspects and enriched proteomic pathways of seminal plasma of adult men with obesity. Andrology 2019, 7, 341-349.
Dupont, J.; Pollet-Villard, X.; Reverchon, M.; Mellouk, N.; Levy, R. Adipokines in human reproduction. Horm. Mol. Biol. Clin.
Investig. 2015, 24, 11-24.

Zorena, K.; Jachimowicz-Duda, O.; Sl(gzak, D.; Robakowska, M.; Mrugacz, M. Adipokines and obesity. Potential link to meta-
bolic disorders and chronic complications. Int. ]. Mol. Sci. 2020, 21, 3570.

Suganami, T.; Nishida, J.; Ogawa, Y. A paracrine loop between adipocytes and macrophages aggravates inflammatory changes:
Role of free fatty acids and tumor necrosis factor alpha. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 2062-2068.

Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, J.M. Positional cloning of the mouse obese gene and its
human homologue. Nature 1994, 372, 425-432.

Schrauwen, P.; van Marken Lichtenbelt, W.D.; Westerterp, K.R.; Saris, W.H. Effect of diet composition on leptin concentration
in lean subjects. Metabolism 1997, 46, 420-424.

Almabhoubh, F.A.; Osman, K; Siti Fatimah, I.; Sergey, G.; Gnanou, J.; Singh, H.]. Effects of leptin on sperm count and morphol-
ogy in Sprague-Dawley rats and their reversibility following a 6-week recovery period. Andrologia 2015, 47, 751-758.
Sainsbury, A.; Schwarzer, C.; Couzens, M.; Jenkins, A.; Oakes, S.R.; Ormandy, C.J.; Herzog, H. Y4 receptor knockout rescues
fertility in ob/ob mice. Genes Dev. 2002, 16, 1077-1088.



Metabolites 2021, 11, 840 16 of 18

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Zhang, ].; Gong, M. Review of the role of leptin in the regulation of male reproductive function. Andrologia 2018, 50, €12965.
Thompson, E.L.; Patterson, M.; Murphy, K.G.; Smith, K.L.; Dhillo, W.S.; Todd, J.F.; Ghatei, M.A.; Bloom, S.R. Central and pe-
ripheral administration of kisspeptin-10 stimulates the hypothalamic-pituitary-gonadal axis. J. Neuroendocrinol. 2004, 16, 850—
858.

Childs, G.V.; Odle, A.K.; MacNicol, M.C.; MacNicol, A.M. The Importance of Leptin to Reproduction. Endocrinology 2021, 162,
bqaa204.

Quennell, ]. H.; Howell, C.S.; Roa, ].; Augustine, R.A.; Grattan, D.R.; Anderson, G.M. Leptin deficiency and diet-induced obesity
reduce hypothalamic kisspeptin expression in mice. Endocrinology 2011, 152, 1541-1550.

Ni, K,; Steger, K.; Yang, H.; Wang, H.; Hu, K.; Chen, B. Expression and role of leptin under hypoxic conditions in human testis:
Organotypic in vitro culture experiment and clinical study on patients with varicocele. J. Urol. 2015, 193, 360-367.

Haron, M.N.; D’Souza, U.J.; Jaafar, H.; Zakaria, R.; Singh, H.J. Exogenous leptin administration decreases sperm count and
increases the fraction of abnormal sperm in adult rats. Fertil. Steril. 2010, 93, 322-324.

Abbasihormozi, S.; Shahverdi, A.; Kouhkan, A.; Cheraghi, J.; Akhlaghi, A.A.; Kheimeh, A. Relationship of leptin administration
with production of reactive oxygen species, sperm DNA fragmentation, sperm parameters and hormone profile in the adult
rat. Arch. Gynecol. Obstet. 2013, 287, 1241-12409.

Md Mokhtar, A.H.; Malik, .A.; Abd Aziz, N.A.A.; Almabhouh, F.A ; Durairajanayagam, D.; Singh, H.J. LY294002, a PI3K path-
way inhibitor, prevents leptin-induced adverse effects on spermatozoa in Sprague-Dawley rats. Andrologia 2019, 51, €13196.
Leisegang, K.; Bouic, P.J.; Menkveld, R.; Henkel, R.R. Obesity is associated with increased seminal insulin and leptin alongside
reduced fertility parameters in a controlled male cohort. Reprod. Biol. Endocrinol. 2014, 12, 34.

Jope, T.; Lammert, A.; Kratzsch, J.; Paasch, U.; Glander, H.J. Leptin and leptin receptor in human seminal plasma and in human
spermatozoa. Int. J. Androl. 2003, 26, 335-341.

Elfassy, Y.; Bastard, ].P.; McAvoy, C.; Fellahi, S.; Dupont, J.; Levy, R. Adipokines in Semen: Physiopathology and Effects on
Spermatozoas. Int. ]. Endocrinol. 2018, 2018, 3906490.

Tena-Sempere, M.; Pinilla, L.; Gonzaélez, L.C.; Diéguez, C.; Casanueva, F.F.; Aguilar, E. Leptin inhibits testosterone secretion
from adult rat testis in vitro. . Endocrinol. 1999, 161, 211-218.

Isidori, A.M.; Caprio, M.; Strollo, F.; Moretti, C.; Frajese, G.; Isidori, A.; Fabbri, A. Leptin and androgens in male obesity: Evi-
dence for leptin contribution to reduced androgen levels. |. Clin. Endocrinol. Metab. 1999, 84, 3673-3680.

Martins, A.D.; Moreira, A.C.; S, R.; Monteiro, M.P.; Sousa, M.; Carvalho, R.A.; Silva, B.M.; Oliveira, P.F.; Alves, M.G. Leptin
modulates human Sertoli cells acetate production and glycolytic profile: A novel mechanism of obesity-induced male infertility?
Biochim. Biophys. Acta 2015, 1852, 1824-1832.

Almabhouh, F.; Aziz, N.A.A.A_; Durairajanayagam, D.; Singh, H.J. Could leptin be responsible for the reproductive dysfunction
in obese men? Reprod. Biol. 2020, 20, 106-110.

Thomas, S.; Kratzsch, D.; Schaab, M.; Scholz, M.; Grunewald, S.; Thiery, J.; Paasch, U.; Kratzsch, J. Seminal plasma adipokine
levels are correlated with functional characteristics of spermatozoa. Fertil. Steril. 2013, 99, 1256-1263.

Wu, L.; Xu, B.; Fan, W.; Zhu, X,; Wang, G.; Zhang, A. Adiponectin protects Leydig cells against proinflammatory cytokines by
suppressing the nuclear factor-«B signaling pathway. FEBS ]. 2013, 280, 3920-3927.

Tsatsanis, C.; Dermitzaki, E.; Avgoustinaki, P.; Malliaraki, N.; Mytaras, V.; Margioris, A.N. The impact of adipose tissue-derived
factors on the hypothalamic-pituitary-gonadal (HPG) axis. Hormones (Athens) 2015, 14, 549-562.

Moretti, E.; Collodel, G.; Mazzi, L.; Campagna, M.; lacoponi, F.; Figura, N. Resistin, interleukin-6, tumor necrosis factor-alpha,
and human semen parameters in the presence of leukocytospermia, smoking habit, and varicocele. Fertil. Steril. 2014, 102, 354—
360.

Wilkinson, M.; Brown, R.; Imran, S.A.; Ur, E. Adipokine gene expression in brain and pituitary gland. Neuroendocrinology 2007,
86, 191-209.

Kang, Y.S,; Lee, M.H.; Song, HK_; Kim, ].E.; Ghee, ].Y.; Cha, ].].; Lee, ].E.; Kim, H.W.; Han, J.Y.; Cha, D.R. Chronic Administration
of Visfatin Ameliorated Diabetic Nephropathy in Type 2 Diabetic Mice. Kidney Blood Press Res. 2016, 41, 311-324.

Wang, W.D.; Xing, L.; Teng, J.R.; Li, S.; Mi, N.A. Effects of basal insulin application on serum visfatin and adiponectin levels in
type 2 diabetes. Exp. Ther. Med. 2015, 9, 2219-2224.

Chang, Y.C.; Chang, T.J.; Lee, W.J.; Chuang, L.M. The relationship of visfatin/pre-B-cell colony-enhancing factor/nicotinamide
phosphoribosyltransferase in adipose tissue with inflammation, insulin resistance, and plasma lipids. Metabolism 2010, 59, 93—
99.

Hameed, W.; Yousaf, I; Latif, R.; Aslam, M. Effect of visfatin on testicular steroidogenesis in purified Leydig cells. J. Ayub Med.
Coll. Abbottabad 2012, 24, 62-64.

Kasher-Meron, M.; Mazaki-Tovi, S.; Barhod, E.; Hemi, R.; Haas, J.; Gat, L; Zilberberg, E.; Yinon, Y.; Karasik, A.; Kanety, H.
Chemerin concentrations in maternal and fetal compartments: Implications for metabolic adaptations to normal human preg-
nancy. J. Perinat. Med. 2014, 42, 371-378.

Li, L; Huang, C.; Zhang, X.; Wang, J.; Ma, P.; Liu, Y.; Xiao, T.; Zabel, B.A.; Zhang, ].V. Chemerin-derived peptide C-20 sup-
pressed gonadal steroidogenesis. Am. J. Reprod. Immunol. 2014, 71, 265-277.

Li, L.; Ma, P.; Huang, C; Liu, Y.; Zhang, Y.; Gao, C.; Xiao, T.; Ren, P.G.; Zabel, B.A.; Zhang, ].V. Expression of chemerin and its
receptors in rat testes and its action on testosterone secretion. J. Endocrinol. 2014, 220, 155-163.



Metabolites 2021, 11, 840 17 of 18

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Rato, L.; Alves, M.G,; Silva, B.M.; Sousa, M.; Oliveira, P.F. Sirtuins: Novel Players in Male Reproductive Health. Curr. Med.
Chem. 2016, 23, 1084-1099.

Verdin, E.; Hirschey, M.D.; Finley, L.W.; Haigis, M.C. Sirtuin regulation of mitochondria: Energy production, apoptosis, and
signaling. Trends Biochem. Sci. 2010, 35, 669-675.

Wang, Y.; He, J.; Liao, M.; Hu, M.; Li, W.; Ouyang, H.; Wang, X.; Ye, T.; Zhang, Y.; Ouyang, L. An overview of Sirtuins as
potential therapeutic target: Structure, function and modulators. Eur. ]. Med. Chem. 2019, 161, 48-77.

Fraiz, G.M.; da Conceicao, A.R.; de Souza Vilela, D.L.; Rocha, D.M.U.P.; Bressan, J.; Hermsdorff, H.-H.M. Can resveratrol mod-
ulate sirtuins in obesity and related diseases? A systematic review of randomized controlled trials. Eur. ]. Nutr. 2021, 60, 2961—
2977.

dos Santos Costa, C.; Hammes, T.O.; Rohden, F.; Margis, R.; Bortolotto, ].W.; Padoin, A.V.; Mottin, C.C.; Guaragna, R.M. SIRT1
transcription is decreased in visceral adipose tissue of morbidly obese patients with severe hepatic steatosis. Obes. Surg. 2010,
20, 633-639.

Petrangeli, E.; Coroniti, G.; Brini, A.T.; de Girolamo, L.; Stanco, D.; Niada, S.; Silecchia, G.; Morgante, E.; Lubrano, C.; Russo,
M.A,; et al. Hypoxia Promotes the Inflammatory Response and Stemness Features in Visceral Fat Stem Cells From Obese Sub-
jects. J. Cell. Physiol. 2016, 231, 668-679.

Michishita, E.; Park, J.Y.; Burneskis, ].M.; Barrett, ].C.; Horikawa, I. Evolutionarily conserved and nonconserved cellular locali-
zations and functions of human SIRT proteins. Mol. Biol. Cell 2005, 16, 4623-4635.

McBurney, M.W.; Yang, X.; Jardine, K.; Hixon, M.; Boekelheide, K.; Webb, J.R.; Lansdorp, P.M.; Lemieux, M. The mammalian
SIR2alpha protein has a role in embryogenesis and gametogenesis. Mol. Cell Biol. 2003, 23, 38-54.

Lim, ].H.; Lee, Y.M.; Chun, Y.S.; Chen, J.; Kim, J.E.; Park, J.W. Sirtuin 1 modulates cellular responses to hypoxia by deacetylating
hypoxia-inducible factor lalpha. Mol. Cell 2010, 38, 864-878.

Rato, L.; Alves, M.G,; Dias, T.R.; Lopes, G.; Cavaco, J.E.; Socorro, S.; Oliveira, P.F. High-energy diets may induce a pre-diabetic
state altering testicular glycolytic metabolic profile and male reproductive parameters. Andrology 2013, 1, 495-504.

Hirschey, M.D.; Shimazu, T.; Jing, E.; Grueter, C.A.; Collins, A.M.; Aouizerat, B.; Stanc¢akova, A.; Goetzman, E.; Lam, M.M,;
Schwer, B.; et al. SIRT3 deficiency and mitochondrial protein hyperacetylation accelerate the development of the metabolic
syndrome. Mol. Cell 2011, 44, 177-190.

Barbagallo, F.; La Vignera, S.; Cannarella, R.; Aversa, A.; Calogero, A.E.; Condorelli, R.A. Evaluation of Sperm Mitochondrial
Function: A Key Organelle for Sperm Motility. J. Clin. Med. 2020, 9, 363.

Rodgers, ].T.; Lerin, C.; Haas, W.; Gygi, S.P.; Spiegelman, B.M.; Puigserver, P. Nutrient control of glucose homeostasis through
a complex of PGC-lalpha and SIRT1. Nature 2005, 434, 113-118.

Seifert, E.L.; Caron, A.Z.; Morin, K.; Coulombe, J.; He, X.H; Jardine, K.; Dewar-Darch, D.; Boekelheide, K.; Harper, M.E.; McBur-
ney, M.W. SirT1 catalytic activity is required for male fertility and metabolic homeostasis in mice. FASEB J. 2012, 26, 555-566.
Ren, Y.; Du, C,; Shi, Y.; Wei, J.; Wu, H.; Cui, H. The Sirtl activator, SRT1720, attenuates renal fibrosis by inhibiting CTGF and
oxidative stress. Int. |. Mol. Med. 2017, 39, 1317-1324.

Coussens, M.; Maresh, J.G.; Yanagimachi, R.; Maeda, G.; Allsopp, R. Sirtl deficiency attenuates spermatogenesis and germ cell
function. PLoS ONE 2008, 3, e1571.

Kolthur-Seetharam, U.; Teerds, K.; de Rooij, D.G.; Wendling, O.; McBurney, M.; Sassone-Corsi, P.; Davidson, I. The histone
deacetylase SIRT1 controls male fertility in mice through regulation of hypothalamic-pituitary gonadotropin signaling. Biol.
Reprod. 2009, 80, 384-391.

Tatone, C.; Di Emidio, G.; Barbonetti, A.; Carta, G.; Luciano, A.M.; Falone, S.; Amicarelli, F. Sirtuins in gamete biology and
reproductive physiology: Emerging roles and therapeutic potential in female and male infertility. Hum. Reprod. Update 2018, 24,
267-289.

Cakir, I.; Perello, M.; Lansari, O.; Messier, N.J.; Vaslet, C.A.; Nillni, E.A. Hypothalamic Sirtl regulates food intake in a rodent
model system. PLoS ONE 2009, 4, e8322.

Di Sante, G.; Wang, L.; Wang, C,; Jiao, X.; Casimiro, M.C.; Chen, K,; Pestell, T.G.; Yaman, L; Di Rocco, A.; Sun, X,; et al. Sirt1-
deficient mice have hypogonadotropic hypogonadism due to defective GnRH neuronal migration. Mol. Endocrinol. 2015, 29,
200-212.

Cantd, C.; Auwery, ]. Caloric restriction, SIRT1 and longevity. Trends Endocrinol. Metab. 2009, 20, 325-331.

Mongioi, L.M.; La Vignera, S.; Cannarella, R.; Cimino, L.; Compagnone, M.; Condorelli, R.A.; Calogero, A.E. The Role of
Resveratrol Administration in Human Obesity. Int. J. Mol. Sci. 2021, 22, 4362.

Mongioi, L.M,; Perelli, S.; Condorelli, R.A.; Barbagallo, F.; Crafa, A.; Cannarella, R.; La Vignera, S.; Calogero, A.E. The Role of
Resveratrol in Human Male Fertility. Molecules 2021, 26, 2495.

Wang, H.J.; Wang, Q.; Lv, ZM.; Wang, C.L.; Li, C.P.; Rong, Y.L. Resveratrol appears to protect against oxidative stress and
steroidogenesis collapse in mice fed high-calorie and high-cholesterol diet. Andrologia 2015, 47, 59-65.

Li, L.; Law, C.; Lo Conte, R.; Power, C. Intergenerational influences on childhood body mass index: The effect of parental body
mass index trajectories. Am. J. Clin. Nutr. 2009, 89, 551-557.

Huang, Q.; Ma, C.; Chen, L.; Luo, D.; Chen, R.; Liang, F. Mechanistic insights into the interaction between transcription factors
and epigenetic modifications and the contribution to the development of obesity. Front. Endocrinol. (Lausanne) 2018, 9, 370.
Dupont, C.; Armant, D.R.; Brenner, C.A. Epigenetics: Definition, mechanisms and clinical perspective. Semin. Reprod. Med. 2009,
27, 351-357.



Metabolites 2021, 11, 840 18 of 18

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

Robertson, K.D. DNA methylation and human disease. Nat. Rev. Genet. 2005, 6, 597-610.

Ooi, S.L.; Henikoff, S. Germline histone dynamics and epigenetics. Curr. Opin. Cell Biol. 2007, 19, 257-265.

Cannarella, R.; Crafa, A.; Condorelli, R.A.; Mongioi, L.M.; La Vignera, S.; Calogero, A.E. Relevance of sperm imprinted gene
methylation on assisted reproductive technique outcomes and pregnancy loss: A systematic review. Syst. Biol. Reprod. Med.
2021, 67, 251-259.

Keyhan, S.; Burke, E.; Schrott, R.; Huang, Z.; Grenier, C.; Price, T.; Raburn, D.; Corcoran, D.L.; Soubry, A.; Hoyo, C.; et al. Male
obesity impacts DNA methylation reprogramming in sperm. Clin. Epigenet. 2021, 13, 17.

Soubry, A.; Guo, L.; Huang, Z.; Hoyo, C.; Romanus, S.; Price, T.; Murphy, S.K. Obesity-related DNA methylation at imprinted
genes in human sperm: Results from the TIEGER study. Clin. Epigenet. 2016, 8, 51.

Donkin, I; Versteyhe, S.; Ingerslev, L.R.; Qian, K.; Mechta, M.; Nordkap, L.; Mortensen, B.; Appel, E.V.; Jorgensen, N.; Kristian-
sen, V.B.; et al. Obesity and Bariatric Surgery Drive Epigenetic Variation of Spermatozoa in Humans. Cell Metab. 2016, 23, 369—
378.

El Hajj, N.; Zechner, U.; Schneider, E.; Tresch, A.; Gromoll, J.; Hahn, T.; Schorsch, M.; Haaf, T. Methylation status of imprinted
genes and repetitive elements in sperm DNA from infertile males. Sex. Dev. 2011, 5, 60-69.

Tunc, O.; Bakos, HW.; Tremellen, K. Impact of body mass index on seminal oxidative stress. Andrologia 2011, 43, 121-128.
McPherson, N.O.; Bakos, HW.; Owens, J.A.; Setchell, B.P.; Lane, M. Improving metabolic health in obese male mice via diet
and exercise restores embryo development and fetal growth. PLoS ONE 2013, 8, e71459.

Cannarella, R.; Condorelli, R.A.; Gusmano, C.; Barone, N.; Burrello, N.; Aversa, A.; Calogero, A.E.; La Vignera, S. Temporal
Trend of Conventional Sperm Parameters in a Sicilian Population in the Decade 2011-2020. J. Clin. Med. 2021, 10, 993.



