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Preface to ”Disorders of Puberty”

This book was conceived to help understand the mechanisms that occur in childhood and whose

alterations probably contribute to the pathogenesis of male idiopathic infertility, a very common

condition in our society. We hope that the topics contribute to the correct management of andrological

health from the first months of life and then in childhood and adolescence, to correct harmful

lifestyles, and to develop diagnostic and therapeutic strategies suitable for achieving an important

goal, to protect the health of the fathers of tomorrow! Among these, a close collaboration between

pediatricians, endocrinologists, and andrologists must certainly be considered. Finally, we are deeply

indebted to Prof. Rosita A. Condorelli and Dr. Rossella Cannarella for their valuable and enthusiastic

contribution without which this book would not have been possible.

Sandro La Vignera, Aldo E. Calogero

Special Issue Editors
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Abstract: Male infertility is a widespread condition among western countries. Meta-regression data
show that sperm concentration and total sperm count have halved in the last decades. The reasons of
this decline are still unclear. The evaluation of testicular function in pre-pubertal children may be
effective in the timely detection of Sertoli cell (SC) disfunction, which anticipates the diagnosis of
male infertility. The aim of this Special Issue is to gather together in vitro evidence on SC physiology,
causes of SC dysfunction, and to suggest a practical approach to be adopted in children.

Keywords: Sertoli cells; Sertoli cell dysfunction; male infertility; inhibin B; AMH; IGF1; insulin

The endocrinology of pre-pubertal testis represents a challenge for both endocrinologists and
pediatricians because the testis has been believed to be dormant before the activation of the
hypothalamic-pituitary-gonadal axis. However, various metabolic processes occur in the testis
before the onset of puberty; these include proliferation of Sertoli cells (SC), secretion of anti-Müllerian
hormone (AMH), and a slight increase in testicular volume. In particular, it is debated whether any of
these parameters may be used as a useful diagnostic marker to identify early SC dysfunction, which
probably anticipates the diagnosis of infertility in adulthood. This Special Issue focuses on the most
recent advances in the endocrinology of the testis in pre-pubertal and transitional ages. The aim is
to evaluate the physiology of pre-pubertal SCs and provide a proposal for the early detection of SC
dysfunction. The structure of the Special Issue includes three reviews and seven original articles
(including clinical and preclinical studies).

Pre-clinical studies mainly deal with the role of the growth hormone (GH)-insulin-like growth
factor 1 (IGF1) axis on SCs. For these kinds of studies, SCs from pre-pubertal pigs were cultured.
In contrast to adult SCs, pre-pubertal ones are immature, are able to proliferate, and can secret AMH
and inhibin B hormones in the incubation medium. In the adult stage, SCs are mature, have lost
the ability to proliferate, and therefore, these cells cannot be cultured. Pre-pubertal porcine SCs
represent the in vitro system most similar to children’s SCs. Cannarella et al. report, for the first time,
the role of the IGF1 receptor (IGF1R) in SCs, where they play a role similar to that already found
in granulosa cells [1]. Other in vitro studies in this Special Issue [2,3] evaluate how incubation with
follicle-stimulating hormone (FSH), GH, IGF1, or insulin impacts SC proliferation, AMH, and inhibin
B secretion. Interestingly, these findings somehow question the role of FSH in SC proliferation in vitro,
since no proliferative effect was found after 48 h of incubation. In contrast, both IGF1 and insulin
enhanced SC proliferation. These results suggest that highly complex molecular mechanisms are
involved in SC proliferation, and AMH and inhibin secretion in vivo. More than the effect of FSH
alone, the increase in testicular volume and amount of circulating AMH and inhibin B in pre-pubertal
children likely reflect a combination of multiple hormonal stimuli, among which IGF1 may play a
relevant role.

J. Clin. Med. 2020, 9, 780; doi:10.3390/jcm9030780 www.mdpi.com/journal/jcm1
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As far the clinical aspects, childhood cancer [4], pediatric varicocele [5], and risky lifestyles [6]
(including substance abuse [7]) are addressed in the current Special Issue. Duca et al. [ . . . ] evaluate
the testicular function of childhood cancer survivors and address which cancer, therapy, and age
of treatment has the worst reproductive outcomes in adulthood. This topic is of particular interest
since the drugs used in pediatric oncology are very effective in terms of survival. Because childhood
cancer survivors often will seek fertility later in life, it is wiser to use drugs with the lowest toxicity
for the reproductive apparatus. The management of pediatric varicocele is somehow a debated issue.
In the review by Cannarella et al., a general overview of pediatric varicocele is given, including a
compelling flowchart reporting the management from an endocrinologic point of view [5]. Interestingly,
a survey of the risky lifestyles for the reproductive and sexual function in male adolescents is provided
by Perri et al. [6]. Worryingly, this study reveals a non-negligible percentage of smokers, drinkers,
and cannabis consumers among male adolescents. In addition, many of them ignore sexual transmitted
infections; proper information about risky health behaviors should be given.

Therapeutic issues are also addressed in this Special Issue. These include the effectiveness of
L-acetyl-carnitine for the treatment of asthenozoospermia in patients with type I diabetes mellitus [8]
and the in vitro effects of thyroid hormones in sperm mitochondrial function, viability, and DNA
integrity [9].

Finally, La Vignera et al. [10] discuss the diagnostic management that may be adopted to identify
the early signs of isolated SC dysfunction. Therapeutic possibilities are also discussed. Overall,
this study highlights the importance of carrying out well-designed prospective studies to validate the
proposal made in the every-day clinical practice. Briefly, we suggest assessing pre-pubertal markers of
testicular function (AMH and inhibin B) and testicular volume in patients with risk factors such as
those detailed in Figure 1. Sperm analysis should not be requested earlier than 1.5 years of puberty
onset [10]. As suggested in this article, measuring the response of AMH to stimulation with FSH,
despite deserving a clinical validation, can represent a diagnostic test to promptly identify Sertolian
dysfunction in the pre-pubertal age.

Figure 1. Diagnostic flow-chart for the early detection of Sertoli cell dysfunction. Children or transitional
age adolescents showing anamnestic or physical signs at risk for Sertoli cell (SC) dysfunction should
undergo to the assessment of biochemical parameters, testicular ultrasound and, whenever possible,
sperm analysis.
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Abstract: Experimental evidence has shown that the IGF1 receptor (IGF1R) is involved in testicular
development during embryogenesis. More recently, data gathered from mice granulosa cells
and zebrafish spermatogonia suggest that IGF1R has a role in Follicle-stimulating hormone (FSH)
signaling. No evidence has been reported on this matter in Sertoli cells (SCs) so far. The aim of
the study was to evaluate the role, if any, of the IGF1R in FSH signaling in SCs. The effects of FSH
exposure on myosin-phosphatase 1 (MYPT1), ERK 1/2, AKT308, AKT473, c-Jun N-terminal kinase (JNK)
phosphorylation and on anti-Müllerian hormone (AMH), inhibin B and FSH receptor (FSHR) mRNA
levels were assessed with and without the IGF1R inhibitor NVP-AEW541 in purified and functional
porcine neonatal SCs. Pre-treatment with NVP-AEW541 inhibited the FSH-induced MYPT1 and
ERK 1/2 phosphorylation, decreased the FSH-dependent Protein kinase B (AKT)308 phosphorylation,
but did not affect the FSH-induced AKT473 and JNK phosphorylation rate. It also interfered with the
FSH-induced AMH and FSHR down-regulation. No influence was observed on the FSH-stimulated
Inhibin B gene expression. Conclusion. These findings support the role of theIGF1R in FSH signaling
in porcine SCs. The possible influence of IGF1 stimulation on the FSH-mediated effects on SCs should
be further explored.

Keywords: Follicle-stimulating hormone; Insulin-like growth factor 1; Insulin-like growth factor 1
receptor; Sertoli cells; infertility

1. Introduction

Follicle-stimulating hormone (FSH) is required for normal spermatogenesis [1]. A deeper insight
into the molecular mechanisms involved in FSH signaling in Sertoli cells (SCs) might help to elucidate
some cases of unexplained male infertility. As for many G protein-coupled receptors (GPCRs), the FSH
receptor (FSHR), once over stimulated by FSH, triggers Gαs, which activates the adenylate cyclase,
resulting in increased intracellular cAMP levels. The latter leads to protein kinase A (PKA) activation,
which in turn stimulates many different transcription factors [2].

J. Clin. Med. 2019, 8, 577; doi:10.3390/jcm8050577 www.mdpi.com/journal/jcm5
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A number of studies have assigned a role in SC function to the insulin-like growth factor 1 receptor
(IGF1R), which belongs to the tyrosine kinases receptor family [3]. Accordingly, the IGF1R is expressed
in SCs and is required for testis development [4] and SC proliferation [5].

The phosphatidylinositol-3 kinase (PI3K) signaling, involving AKT phosphorylation, is required
for cell transcription, translation, proliferation and apoptosis [6]. PI3K, which is classically activated
by tyrosine kinases receptors such as IGF1R [7], is also stimulated by several GPCRs. The mechanisms
through which GPCRs are able to activate PI3K are less understood compared with the classical
activation by tyrosine kinases receptors [6]. The PI3K/AKT pathway has been showed to be required
for the FSH-dependent gene expression regulation [8]. Recently, FSH has been shown to activate the
PI3K in a PKA-dependent manner [9]. Some evidence suggests that the mechanism through which
FSH activate the PI3K/AKT signaling may entail the IGF1R. Accordingly, a study carried out in mouse
granulosa cells showed a lack of FSH-induced AKT phosphorylation in NVP-AEW541 (an IGF1R
inhibitor) pre-treated cells, thus suggesting that the IGF1R is required for FSH signaling [8]. Similar
findings have been reported in spermatogonia from zebrafish [10].

The protein phosphatase 1β (PP1β) has been regarded as the possible hub linking between the FSH
and the IGF1R signaling in granulosa cells [8]. PP1 is an ubiquitous eukaryotic Ser/Thr phosphatase
involved in the regulation of various cell functions. The substrate specificity is given by the binding
of the regulatory subunit to the PP1 catalytic subunit (PP1c). The myosin-phosphatase 1 (MYPT1) is
a protein made up by three subunits: the PP1c, a targeting/regulatory subunit and a 20kDa subunit
of unknown function called M20 [11,12]. PP1 and MYPT1 have been found to be associated with
IRS1 in mouse granulosa cells [13]. Furthermore, PKA is known to activate PP1 through MYPT1
phosphorylation [13]. Incubation with tautomycim, a selective PP1β inhibitor, has been shown to
inhibit FSH-mediated IRS1 phosphorylation, in the presence of endogenous IGF1 in granulosa cells [8].

The role of the IGF1R in FSH signaling has not been investigated in SCs so far. Therefore,
this study was undertaken to explore this topic. To accomplish this, we evaluated the effects of FSH
on MYPT1668, ERK 1/2, AKT308, AKT473, JNK phosphorylation in purified and functional porcine
neonatal SCs, with and without pre-treatment with the IGF1R inhibitor NVP-AEW541 and the PP1β
inhibitor tautomycin. We also investigated whether the FSH-dependent AMH, Inhibin B and FSHR
gene expression was influenced by pre-treatment with the IGF1R inhibitor NVP-AEW541.

2. Experimental Section

2.1. Ethics Statement

This study was conducted in strict compliance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and Perugia University Animal Care. The protocol
was approved by the internal Institutional Ethic Committee (Ministry of Health authorization n.
971/2015-PR, 9/14/2015).

2.2. Sertoli Cell Isolation, Culture, Characterization and Function

SCs were obtained from neonatal prepubertal Large White pigs at 7–15 days of age. From each
testis, we isolated 60 × 106 SCs with a 95% of purity and a negligible percentage of contaminant cells
(Leydig and Peritubular cells < 5%), using established methods [14,15]. Briefly, after removing the
fibrous capsule, the testes were finely chopped and digested twice enzymatically, with a mixed solution
of trypsin and deoxyribonuclease I (DNase I) in Hank’s Balanced Salt Solution (HBSS; Merck KGaA,
Darmstadt, Germany) and collagenase P (Roche Diagnostics S.p.A., Monza, Italy). The tissue pellet
was centrifuged passed through a 500-μm pore stainless steel mesh, and then resuspended in glycine to
eliminate residual Leydig and peritubular cells [16]. The resulting pellet was collected and maintained
in HAM’s F12 medium (Euroclone, Milan, Italy), supplemented with 0.166 nmol l−1 retinoic acid,
(Sigma-Aldrich, Darmstadt, Germany) and 5 mL per 500 mL insulin-transferrin-selenium (ITS, Becton
Dickinson cat. no. 354352; Franklin Lakes, NJ, USA) in 95% air/5% CO2 at 37 ◦C. After three days in
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culture, the purity and the functional competence of SC monolayers were performed according to
previously established methods [17].

2.3. Culture and Treatment

When the SC monolayers were confluent (at three days of culture), they underwent the following
treatments: (1) dimethyl sulfoxide (DMSO) or NVP-AE541 for 1 h and then incubated with vehicle
or urofollitropin (hpFSH) (Fostimon®, IBSA Farmaceutici Srl, Rome, Italy) at the concentration of
50 ng/mL for 15 min; (2) DMSO or 1 μM tautomycin for 5.5 h, followed by vehicle or hpFSH (50 ng/mL)
for 15 min; (3) DMSO or 1 μM tautomycin for 5.5 h and NVP-AEW541 for 1 h, followed by vehicle or
hpFSH (50 ng/mL) for 15 min, as described elsewhere [16]. Cultures were maintained in humidified
atmosphere of 95% air/5% CO2 at 34 ◦C.

2.4. Western Blot Analysis

At the end of the incubation period, total cell lysates were collected in radioimmunoprecipitation
assay (RIPA) lysis buffer (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The mixture
was centrifuged at 1000× g (Eppendorf, NY, USA) for 10 min, the supernatant was collected
and total protein content was measured by the Bradford method [18]. Sample aliquots were
stored at −20 ◦C for Western blot (WB) analysis. The cell extracts were separated by 4%–12%
SDS-PAGE and equal amounts of protein (70 μg protein/lane) were run and blotted on nitrocellulose
membranes (BioRad, Hercules, CA, USA). The membranes were incubated overnight in a buffer
containing 10 mM Tris(Hydroxymethyl)aminomethane (TRIS), 0.5 M NaCl, 1% (v/v) Tween 20
(Sigma-Aldrich), rabbit 3048 anti-pospho-MYPT1 (Ser 668) (dilution factor 1:1000) (Cell Signaling), rabbit
PA5-17164 anti-myosin-phosphatase 1 (MYPT1) (dilution factor 1:1000) (ThermoFisher), rabbit 13038
anti-phospho-AKT (Thr308) (dilution factor 1:1000) (Cell Signaling), rabbit 9271 anti-phospho-AKT
(Ser473) (dilution factor 1:1000) (Cell Signaling), rabbit 9272 anti-AKT (dilution factor 1:1000) (Cell
Signaling), mouse 05-481 anti-phospho-ERK Kinase1/2 (dilution factor 1:100) (Millipore Merck),
ABS44 rabbit anti-ERK 1/2 (dilution factor 1:2000) (Millipore Merck), rabbit 07-175 anti-phospho-JNK
(Thr18/Tyr185,Thr221/Tyr223) (dilution factor 1:500) (Millipore Merck), rabbit 06-748 anti-JNK (dilution
factor 1:1000) (Millipore Merck), mouse anti-Glyceraldehyde-3-Phosphate Dehydrogenase (GADPH)
(6C5): sc-32233 (dilution factor 1:200) (Santa Cruz) primary antibodies. Primary antibody binding was
then detected by incubating the membranes for an additional 60 min in a buffer containing horseradish
peroxidase conjugated anti-rabbit (Sigma-Aldrich; dilution factor, 1:5000) and/or anti-mouse (Santa
Cruz Biotechnology Inc.; dilution factor, 1:5000) IgG secondary antibodies. The bands were detected
by enhanced chemiluminescence.

2.5. Reverse Transcription Polymerase Chain Reaction Analysis

Total RNA was extracted and quantified by reading the optical density at 260 nm. In particular,
2.5 μg of total RNA was subjected to reverse transcription (RT, Thermo Scientific, Waltham, MA, USA)
to a final volume of 20 μL. The qPCR was performed using 50 ng of the cDNA prepared by RT and a
SYBR Green Master Mix (Stratagene, Amsterdam, The Netherlands–Agilent Technology). This was
performed in an Mx3000P cycler (Stratagene), using FAM for detection and ROX as the reference dye.

The following primers were used for real-time PCR analysis: AMH, forward primers
5′-GCGAACTTAGCGTGGACCTG-3′, revers primers 5′-CTTGGCAGTTGTTGGCTTGATATG-3′;
Inhibin B, forward primers 5′-TGGCTGGAGTGACTGGAT-3′, revers primers
5′-CCGTGTGGAAGGATGAGG-3′; FSHR forward primers 5′-TTTCACAGTCGCCCTCTTTCCC-3′,
revers primers 5′-TGAGTATAGCAGCCACAGATGACC-3′; actin, forward primers
5′-ATGGTGGGTATGGGTCAGAA-3′, revers primers 5′-CTTCTCCATGTCGTCCCAGT-3′.
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2.6. Statistical Analysis

Results are shown as mean ± SD throughout the study. Data were analyzed for statistical
significance by one-way ANOVA, followed by Tukey post hoc test using SPSS 9.0 for Windows (SPSS
Inc., Chicago, IL, USA). A statistically significant difference was accepted when the p value was lower
than 0.05.

3. Results

To elucidate whether the IGF1R and PP1β are involved in FSH signaling, we investigated if
the FSH-dependent MYPT1, AKT and JNK phosphorylation was affected by pre-treatment with
NPV-AEW541 (an IGF1R inhibitor) and/or tautomycin (a PP1β inhibitor). To further analyze the role of
the IGF1R on the FSH-dependent AMH and inhibin B gene expression, we evaluated AMH and inhibin
B mRNA levels in the FSH-incubated plates, with and without pre-treatment with NPV-AEW541.

3.1. Western Blot Analysis

Treatment with FSH increased the MYPT1668/MYPT1 phosphorylation ratio. This effect
was inhibited by pre-treatment with NVP-AEW541 and/or tautomycin (Figure 1, panels a and b).
FSH increased ERK1/2 phosphorylation. Pre-treatment with NVP-AEW541 resulted in the inhibition
of the FSH-induced ERK 1/2 phosphorylation. Tautomycin did not have any effect (Figure 2,
panels a and b). Treatment with FSH increased AKT308/AKT ratio, but by a lesser extent after
pre-treatment with NVP-AEW541 and/or tautomycin (Figure 3, panels a and b). FSH also increased
AKT473/AKT phosphorylation ratio. Pre-treatment with NVP-AEW541and/or tautomycin hindered
the FSH-stimulated AKT473 phosphorylation rate (Figure 3, panels c and d). Finally, FSH decreased
JNK phosphorylation rate. This effect was not influenced by pre-treatment with NVP-AEW541 and/or
tautomycin (Figure 4).

 
(a) (b) 

Figure 1. Insulin-like growth factor 1 receptor (IGF1R) is required for the Follicle-stimulating
hormone (FSH)-induced myosin-phosphatase 1 (MYPT1) phosphorylation. (a) Immunoblots
and (b) densitometric analysis of phosphorilated myosin-phosphatase 1 (pMYPT1), MYPT1 and
Glyceraldehyde-3-Phosphate Dehydrogenase (GADPH) from Sertoli cells alone (control), or incubated
with hpFSH alone or pre-treated with the IGF1R inhibitor NVP-AEW541 and/or protein phosphatase
1ß (PP1ß) inhibitor tautomycin and then incubated with hpFSH. Data represent the mean ± standard
error of the mean (SEM) (* p < 0.05 vs. controls and † p < 0.05 vs. FSH treatment alone) (one-way
ANOVA) of three independent experiments, each performed in triplicate.
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(a) 

(b) 

Figure 2. IGF1R is required for the FSH-induced extracellular-signal-regulated kinase (ERK) 1/2
phosphorylation. (a) Immunoblots and (b) densitometric analysis of the protein bands of pERK1/2,
ERK1/2 and Glyceraldehyde-3-Phosphate Dehydrogenase (GADPH) from SCs alone (control) or
incubated with hpFSH alone or pre-treated with the IGF1R inhibitor NVP-AEW541 and/or PP1ß
inhibitor tautomycin and then incubated with hpFSH. Data represent the mean ± SEM (* p < 0.05 vs.
controls and † p < 0.05 vs. FSH treatment alone) (one-way ANOVA) of three independent experiments,
each performed in triplicate.

 
(a)  

(b) 

 
(c) (d) 

Figure 3. IGF1R is involved in the FSH-induced Protein kinase B (AKT) (Thr308) phosphorylation.
(a) Immunoblots and (b) densitometric analysis of the protein bands of pAKT308, AKT and GADPH and
(c) Immunoblots and (d) densitometric analysis of the protein bands of pAKT473, AKT and GADPH
from SCs alone (control), or incubated with hpFSH alone or pre-treated with the IGF1R inhibitor
NVP-AEW541 and/or PP1ß inhibitor tautomycin and then incubated with hpFSH. Data represent the
mean ± SEM (* p < 0.05 vs. control and † p < 0.01 vs. FSH treatment alone) (one-way ANOVA) of three
independent experiments, each performed in triplicate.
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(a) (b) 

Figure 4. IGF1R does not influence the FSH-induced JNK (Thr18/Tyr185, Thr221/Tyr223)
dephosphorylation. (a) Immunoblots and (b) densitometric analysis of the protein bands of pJNK,
JNK and GADPH from SCs alone (control), or incubated with hpFSH alone or pre-treated with the
IGF1R inhibitor NVP-AEW541 and/or PP1ß inhibitor tautomycin and then incubated with hpFSH.
Data represent the mean ± SEM (* p < 0.05 vs. control) (one-way ANOVA) of three independent
experiments, each performed in triplicate.

3.2. mRNA Analysis

Treatment with FSH decreased significantly AMH mRNA levels compared to control (−54.7%,
p < 0.01). The extent of this inhibition was lower in pre-treated cultures (−22.6%, p < 0.05 vs. control)
(Figure 5, panel a). FSH increased inhibin B mRNA levels compared to control (+487%, p < 0.01). These
effects were not influenced by pre-treatment with NVP-AEW541 (+501%, p < 0.01 vs. control) (Figure 5,
panel b). FSH exposure also decreased FSHR mRNA levels compared to control (−59.1%, p < 0.01).
This was inhibited by NVP-AEW541 pre-treatment (−15%, p > 0.05 vs. control) (Figure 5, panel c).

 
(a) (b) 

 
(c) 

Figure 5. Reverse transcription polymerase chain reaction analysis of (a) anti-Müllerian hormone,
(b) inhibin B and (c) FSHR gene expression. Data represent the mean ± SD (* p < 0.05 vs. control or
FSH treatment) (one-way ANOVA) of three independent experiments, each performed in triplicate.
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4. Discussion

We have recently reviewed the effects of the IGF system (mainly IGF1, IGF2 and IGF1R) on
testicular differentiation and function in several species including the human one [3]. Altogether,
in-vitro evidence suggests that IGF1 and its receptor play a role in basal and FSH-mediated SC or germ
cell proliferation [5,10].

Data from mouse granulosa cells have shown the involvement of the IGF1R in FSH signaling.
In greater details, IGF1R was required for the FSH-dependent AKT308, AKT473, IRS1989 and
IGF1RTyr1135/1136 phosphorylation [8]. In addition, pre-treatment with tautomycin, a PP1 inhibitor,
suppressed the FSH-induced AKT308, AKT473, IRS1989 phosphorylation, thus suggesting that the
serine/threonine (Ser/Thr) PP1 is necessary for the FSH-mediated IRS1 and AKT phosphorylation.
Data from zebrafish confirmed such findings. Indeed, incubation with FSH (promoting type A and B
spermatogonia proliferation) increased the IGF3 (a fish-specific member of the IGF family) expression
by the PKA and ERK pathways. The FSH-induced proliferation was hindered by the incubation with
an IGF3R inhibitor in type A spermatogonia [10].

The results of the present study seem to confirm the existence of an interplay between FSH and
IGF1R signaling in SCs. Accordingly, we found that both PP1 and IGF1R inhibition resulted in a
lack of FSH-mediated MYPT1 phosphorylation in porcine SCs. Therefore, it may be hypothesized
that, similarly to what reported in granulosa cells, IGF1R, IRS1, PP1 and MYPT1 gather together in a
molecular complex that requires a conserved tyrosine kinase activity of PP1 and IGF1R to achieve a
normal MYPT1 phosphorylation rate under FSH stimulation.

Moreover, in porcine SCs, the FSH-stimulated ERK1/2 phosphorylation occur with an
IGF1R-dependent mechanism. PP1 showed to be replaceable for this outcome. Curiously, the double
PP1 and IGF1R inhibition did not affect the FSH ability to phosphorylate ERK1/2. In addition,
the FSH-dependent AKT phosphorylation was affected by PP1 or IGF1R inhibition. This was expectable
since the phosphorylation of AKT reflects the degree of PI3K activation, which in turn is triggered by
the IGF1R [19,20].

For the first time, we have also observed that a JNK dephosphorylation occurred after the
exposure to FSH. This outcome was not affected by PP1 or IGF1R inhibition. Finally, the FSH-induced
downregulation of AMH and FSHR gene expression was IGF1R-mediated. By contrast, IGF1R did not
interfere with the FSH-mediated enhancement of inhibin B gene expression.

Porcine SCs have a high degree of similarity with the human ones. Indeed, they have been used
in human transplantation experimental protocols for the treatment of patients with type I diabetes
mellitus without the need of immunosuppressive therapy [21–23]. Given this similarity, the existence
of an interplay between the IGF1R and FSH signaling in human SCs cannot be excluded. According the
positive correlation between IGF1 levels and testicular volume in men supports this hypothesis [24].
In addition, the testicular to pubic bone distance, which has been proposed as a marker of testicular
post-natal function, has been found to positively correlate with IGF1 in children [25]. The understanding
of the role of IGF1 and its receptor on human SC physiology, as well as the possible influence on FSH
effects, might help to elucidate some cases of unexplained male infertility. Data on infertile women
suggest that this topic deserve further investigation. In fact, a meta-analytic study showed the efficacy
of GH administration (which in turn increases IGF1 levels) in combination with gonadotropins in
poor responder women undergoing to controlled ovarian hyper-stimulation for assisted reproductive
technologies compared to standard therapy [26].

Our results need to be taken with care since the present experimental model does not resemble the
complexity of the testicular tissue. Indeed, being an in-vitro study carried out only on SCs, we do not
know how the paracrine cross-talk with Leydig cells might impact the SCs responsiveness to FSH in
the presence of IGF1R inhibition in vivo. Second, we referred to protocols adopted in granulosa cells
for doses and time of incubation, but dose-response analysis of tautomycin, NVP-AEW541 and FSH
incubation in SCs are warranted. All these limitations should be taken into consideration in further
experimental studies.
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5. Conclusions

In conclusion, the results of this study suggest that IGF1R has a role in the modulation of FSH
signaling in porcine SCs. The effects of IGF1 on SC physiology deserve further investigation.
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Abstract: Several lines of evidence suggest that insulin-like growth factor 1 (IGF1) is involved
in Sertoli cell (SC) proliferation and that its receptor (IGF1R) could mediate follicle-stimulating
hormone (FSH) effects. To examine the role of the growth hormone (GH)-IGF1 axis on SC function,
we evaluated the effects of GH and IGF1 on basal and FSH-modulated SC proliferation, as well as on
anti-Müllerian hormone (AMH) and inhibin B expression and secretion in-vitro. SCs from neonatal
pigs were incubated with (1) placebo, (2) 100 nM highly purified urofollitropin (hpFSH), (3) 100 nM
recombinant GH (rGH), (4) 100 nM recombinant IGF1 (rIGF1), (5) 100 nM hpFSH plus 100 nM rGH,
(6) 100 nM hpFSH plus 100 nM rIGF1, for 48 h. We found that IGF1, but not FSH nor GH, stimulated
SC proliferation. Furthermore, an inhibitory effect of FSH, GH and IGF1 on AMH secretion, and a
stimulatory role of FSH and IGF1, but not GH, on inhibin B secretion were found. These results
suggest that the GH-IGF1 axis influences basal and FSH-modulated SC proliferation and function.
We speculate that SC proliferation occurring in childhood might be supported by the increased serum
IGF1 levels observed during this period of life.

Keywords: FSH; IGF1; GH; Sertoli cells; AMH

1. Introduction

Sertoli cells (SCs), which represent the major component of the testicular volume in children [1],
are mainly committed to sustain spermatogenesis in adulthood. Therefore, an appropriate number of
SCs is crucial for male fertility due to structural support, the role they play in the blood–testis barrier
and the nourishment that they supply for germ cells (GCs) [2,3].

The insulin/IGF (insulin-like growth factor) signaling pathway has been suggested as one of the
major hormonal signals involved in the establishment of a normal-sized cohort of SCs [4]. Pitetti and
colleagues provided evidence supporting the importance of both insulin and IGF1 receptors (INSR
and IGFR, respectively) in the regulation of SC proliferation, adult testis size and sperm output.
Indeed, the weight of the testis of adult mice lacking the Insr (SC-Insr), the Igf1r (SC-Igf1r) or both
(SC-Insr;Igf1r) in SCs is lower compared to wild type ones (weight decrease: 13.6%, 34.6% and 72.4%,
respectively) and SCs have a lower proliferation rate during fetal and early neonatal life. This suggests
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that both insulin and IGF1 are required for the proliferation of immature SCs. Testis from SC-Igf1r and
SC-Insr;Igf1r mice also showed a 38.85% and a 58.71% decrease in epididymal sperm concentration,
respectively. Furthermore, in-vivo experiments indicated a role for insulin/IGF signaling in mediating
the follicle-stimulating hormone (FSH) effect. Accordingly, FSH administration failed to increase
SC number and testis weight in SC-Insr;Igf1r mice compared to control animals. Finally, inhibin B
gene expression decreased compared to wild type, suggesting that insulin/IGF signaling is needed for
FSH-stimulated inhibin B expression. On the contrary, anti-Müllerian hormone (Amh) gene expression
was not affected [4].

AMH and inhibin B are dimeric glycoproteins secreted by SCs, both belonging to the transforming
growth factor-β superfamily. The AMH serum levels reflect the number of immature SCs. Therefore,
before puberty, because of the SC immaturity, AMH levels are high, thus representing a possible
marker of SC function. At puberty, SCs mature and enter in a quiescence state, therefore, consequently,
AMH production decreases and its serum levels decline. The rise in FSH levels, consistent with the
beginning of puberty, cause an increase of inhibin B serum levels [1].

The growth hormone (GH) is released by the pituitary gland in a pulsatile manner and it is
regulated by the hypothalamic hormones GH-releasing hormone (GHRH) and somatostatin. Despite
that IGF1 is commonly believed to be a mediator of GH function, GH receptors (GHR) are expressed in
several tissues (e.g., liver, cartilage cells and growth plates of the long bones), suggesting a direct role
of GH [5]. GHRs have also been isolated in the testis. This suggests that GH may play a direct role at
this level [6]. However, the role of GH on the testicular function has not been investigated.

Recently, an in-vitro pre-pubertal testis-like organ culture system that is highly responsive to
human gonadotropins was developed from neonatal porcine testis [7]. This system has been shown to
be capable of preserving human sperm viability for up to seven days [8]. It has been proposed as a
new model for experimental studies to understand endocrine issues concerning SCs’ or Leydig cells’
responsiveness to hormone stimuli [7]. Highly-purified FSH (hpFSH) was able to stimulate inhibin B
and to inhibit AMH mRNA and protein secretion from SCs in this model [7].

Little is known about the action of GH and IGF1 on porcine SCs. These hormones, which are known
to support body growth, are mainly secreted early in mammal life, showing multiple tissue-specific
roles [9]. At this time, the testis undergoes physiological changes, consisting of proliferation of
immature SC, growth and hormone secretion. These changes precede pubertal SC maturation and the
achievement of their final number, as well as the beginning of spermatogenesis [1]. On this account,
the aim of this study was to evaluate the in-vitro effects of GH and IGF1 on basal and FSH-modulated
SC proliferation, AMH and inhibin B expression and secretion.

2. Experimental Section

2.1. Ethics Statement

This study was carried out in strict compliance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and Perugia University Animal Care. The protocol
was approved by the internal Institutional Ethics Committee (Ministry of Health authorization
n. 971/2015-PR, 9/14/2015).

2.2. Sertoli Cell Isolation, Culture, Characterization, and Function

SCs were obtained from neonatal pre-pubertal Large White pigs (7–15 days of age) and isolated
according to established methods [10]. The fibrous capsule was removed. Then, the testes were finely
chopped and digested twice enzymatically, with a mixed solution of trypsin and deoxyribonuclease I
(DNase I) in Hanks’ balanced salt solution (HBSS; Merck KGaA, Darmstadt, Germany) and collagenase
P (Roche Diagnostics S.p.A., Monza, Italy). The tissue pellet was centrifuged, passed through a 500 μm
pore stainless steel mesh and then resuspended in glycine to eliminate residual Leydig and peritubular
cells [11]. The pellet was then collected and kept in HAM’s F12 medium (Euroclone, Milan, Italy) and
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added with 0.166 nmol L−1 retinoic acid (Sigma-Aldrich, Darmstadt, Germany) and 5 mL per 500 mL
insulin–transferrin–selenium (ITS, Becton Dickinson cat. no. 354352; Franklin Lakes, NJ, USA) in 95%
air/5% CO2 at 37 ◦C. Cells were cultured for 3 days. Then, the purity and the functional competence of
SC monolayers were assessed, as described elsewhere [6].

2.3. Culture and Treatment

After 3 days of culture, when SC monolayers were confluent, they underwent the following
treatments: (1) no treatment; (2) 100 nM highly purified urofollitropin (hpFSH) (Fostimon®,
IBSA Farmaceutici Srl, Rome, Italy) for 48 h; (3) 100 nM recombinant growth hormone(rGH) (Saizen
8 mg click.easy, Merck Serono S.p.A.) for 48 h; (4) 100 nM recombinant insulin-like growth factor 1
(r-IGF1) (Sigma Life Science) for 48 h; (5) 100 nM hpFSH and 100 nM rGH for 48 h; (6) 100 nM hpFSH
and rIGF1 for 48 h.

2.4. RT-PCR Analysis

Total RNA was extracted and quantified by reading the optical density at 260 nm. In particular,
2.5 μg of total RNA was subjected to reverse transcription (RT, Thermo Scientific, Waltham, MA, USA)
to a final volume of 20 μl. The qPCR was performed using 50 ng of the cDNA prepared by RT and a
SYBR Green Master Mix (Stratagene, Amsterdam, The Netherlands—Agilent Technology). This was
performed in an Mx3000P cycler (Stratagene) using FAM for detection and ROX as the reference dye.
The mRNA level of each sample was normalized against β-actin mRNA and expressed as fold change
versus the level in untreated control cells.

The following primers were used for Real-time PCR analysis: AMH, forward primers
5′-GCGAACTTAGCGTGGACCTG-3′, revers primers 5′-CTTGGCAGTTGTTGGCTTGATATG-3′;
Inhibin B, forward primers 5′-TGGCTGGAGTGACTGGAT-3′, revers primers 5′-CCGTGTGGA
AGGATGAGG-3′; FSHR forward primers 5′-TTTCACAGTCGCCCTCTTTCCC-3′, revers primers
5′-TGAGTATAGCAGCCACAGATGACC-3′; actin, forward primers 5′-ATGGTGGGTATGGG
TCAGAA-3′, revers primers 5′-CTTCTCCATGTCGTCCCAGT-3′.

2.5. AMH and Inhibin B Secretion Assay

Aliquots of the culture media of treated and untreated SCs were stored at−20 ◦C for the assessment
of AMH (AMH Gen IIELISA, Beckman Coulter; intra-assay CV = 3.89%; inter-assay CV = 5.77%)
and inhibin B (Inhibin B Gen II ELISA, Beckman Coulter, Webster, TX, USA; intra-assay CV = 2.81%;
inter-assay CV = 4.33%) secretion, as previously described [12].

2.6. Cell Number and Proliferation

After reaching 50%–60% confluence, cells were treated with 0.1 μg/mL colcemid (Sigma-Aldrich
no. 10295892001) for 3 h in the incubator [13] and washed with phosphate buffer (PBS). For cell
proliferation assay, SC were incubated with 1 μM 5(6)-carboxyfluorescein diacetate N-succinmidyl
ester (CFSE, catalog no. 21888, Sigma-Aldrich) in PBS for 8 min and washed with HBSS medium three
times. Successively, CFSE-labeled SC were cultured at 37 ◦C, 5% CO2 incubator for 48 h following the
established protocol of stimulations [hpFSH(100 nM), GH (100 nM), rIGF-1 (100 nM), hpFSH (100 nM) +
rGH (100 nM), hpFSH (100 nM)+ rIGF1 (100 nM)]. At the end of the stimulation assay, cells were washed
with PBS, harvested by tripsinization and then counted using an Automated Cell Counter (Invitrogen,
CA, USA) before the flow cytometer analysis [14]. Data acquisition was performed on 20,000 events
per tube based on a total (gated alive cells) count of forward and side light scatter at approximately
200–300 events per sec on a BD FAC Sort flow cytometer (BD Biosciences), analyzed using FACS Diva
software (BD Biosciences, Franklin Lakes, NJ, USA) and gated on appropriate controls in the different
cell populations.
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2.7. Statistical Analysis

Results are shown as mean ± SD of three independent experiments, each one performed in
triplicate. Data were analyzed for statistical significance by one-way ANOVA, followed by a Tukey
post hoc test using SPSS 9.0 for Windows (SPSS Inc., Chicago IL, USA). Significance was accepted for p
values lower than 0.05.

3. Results

3.1. Cell Number and Proliferation

Compared to the unexposed control, treatment with hpFSH did not significantly change
(1.45 ± 0.07% versus 1.5 ± 0.14%) the percentage of dividing cells. Cell proliferation decreased
significantly after incubation with rGH (0.85 ± 0.07% versus 1.5 ± 0.14%, p < 0.05). In contrast,
rIGF1 exposure significantly increased (1.90 ± 0.14% versus 1.5 ± 0.14%, p < 0.05) the percentage of
divided cells compared to the control.

Treatment with hpFSH and rGH did not modify the percentage of divided cells (1.15 ± 0.21%
versus 1.5 ± 0.14%). This suggests that co-incubation with hpFSH may overcome the inhibitory effect
of rGH on cell proliferation. Finally, the simultaneous incubation with hpFSH and rIGF1 significantly
increased the percentage of divided cells (2.90 ± 0.21% versus 1.5 ± 0.14%, p < 0.001) (Figure 1).

Figure 1. Cell proliferation assay. Data represent the mean ± SD of three independent experiments,
each performed in triplicate. (* p < 0.05 versus control) (one-way ANOVA). The bars express the
percentage of cells with the highest generation number coming from flow cytometric analysis of Sertoli
cells stained with CFSE without stimulation after single or combined incubation with hpFSH, rGH
or rIGF1.

3.2. FSHR Relative Gene Expression

Treatment with hpFSH or rIGF1 significantly decreased FSHR mRNA levels compared to the
control (−41.1% and −46.6%, respectively, p < 0.0001). In contrast, rGH significantly increased FSHR
mRNA levels (+20.7% versus control, p < 0.05).

Co-incubation with hpFSH and rGH significantly decreased FSHR mRNA levels (−31.6%,
p < 0.0001), suggesting that the stimulatory effects of rGH were counterbalanced by hpFSH. Finally,
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co-treatment of cell cultures with hpFSH and rIGF1 significantly decreased FSHR mRNA levels
compared to the control (−45%, p < 0.0001) (Table 1).

Table 1. FSHR relative gene expression in stimulated cultures.

Hormones Fold Change versus Control (mean ± SD)

hpFSH 0.059 ± 0.06 *
r-GH 1.21 ± 0.12 **

r-IGF1 0.53 ± 0.01 **
hpFSH plus r-GH 0.68 ± 0.03 **

hpFSH plus r-IGF1 0.55 ± 0.00 **

Abbreviations: hpFSH: highly purified follicle-stimulating hormone; r-GH: recombinant growth hormone; r-IGF1:
recombinant insulin-like growth factor 1. * p < 0.05; ** p < 0.001. The mRNA level of each sample was normalized
against β-actin mRNA and expressed as fold change versus the level in untreated control cells.

3.3. AMH Gene Expression and AMH Secretion

hpFSH exposure decreased both AMH mRNA levels (−46.1%, p < 0.005) and AMH secretion
(63.5 ± 2.7 versus 90.1 ± 1.4 μg/cell, p < 0.0001) compared to the control. Treatment with rGH reduced
AMH secretion (75.5 ± 11.4 versus 90.1 ± 1.4 μg/cell, p < 0.05) but did not change the mRNA levels
(+0.07%, p > 0.1). Incubation with rIGF1 resulted in a significant decrease of the relative gene expression
(−60.0%, p < 0.0001) levels by the same extent as hpFSH, whereas its inhibitory effect on AMH secretion
(44.6 ± 1.4 versus 90.1 ± 1.4 μg/cell, p < 0.0001) was stronger than that caused by hpFSH (44.6 ± 1.4
versus 63.5 ± 2.7 μg/cell, p < 0.005).

Co-incubation with hpFSH and rGH did not modify the mRNA levels (+0.01%, p > 0.1), but it
decreased AMH secretion (62.5 ± 1.8 versus 90.1 ± 1.4 μg/cell, p < 0.0001) compared to the control.
Finally, compared to the control, treatment with rIGF1 plus hpFSH reduced AMH relative gene
expression (−50.7%, p < 0.005) by the same extent to that obtained with hpFSH alone, however the
suppression of AMH secretion (35.6 ± 5.3 versus 90.1 ± 4.4 μg/cell, p < 0.0001) was stronger than hpFSH
(35.6 ± 5.3 versus 63.5 ± 2.7 μg/cell, p < 0.0001) (Figure 2).

 
(a) (b) 

Figure 2. RT-PCR analysis of anti-Müllerian hormone (AMH) gene expression (a) and protein secretion
(b). Data represent the mean ± SD (* p < 0.05 versus control and † p < 0.05 versus hpFSH treatment)
(one-way ANOVA) of three independent experiments, each performed in triplicate.

3.4. Inhibin B Gene Expression and Inhibin B Secretion

Treatment with hpFSH increased both inhibin B mRNA levels (+350%, p < 0.0001) and that of the
secreted protein (25.52 ± 0.52 versus 2.33 ± 0.75 pg/cell, p < 0.0001). In contrast, rGH did not modify
inhibin B gene expression (−41.5%, p > 0.1) and secretion (1.78 ± 0.20 versus 2.33 ± 0.75 pg/cell, p > 0.1).
Incubation with rIGF1 resulted in increased inhibin B relative gene expression (+318%, p < 0.0001) by
the same extent compared to that obtained with hpFSH. rIGF1 also increased the levels of the secreted
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protein compared to the control (28.03 ± 0.19 versus 2.33 ± 0.75 pg/cell, p < 0.0001). The raise of inhibin
B levels secreted protein was higher compared to hpFSH (28.03 ± 0.19 versus 25.52 ± 0.52 pg/cell,
p < 0.005).

Co-incubation with hpFSH and rGH increased gene expression (+410%, p < 0.0001) and protein
secretion (32.45± 0.75 versus 2.33± 0.75 pg/cell, p< 0.0001) in comparison to the control. The stimulatory
effect on protein secretion was stronger compared to that obtained with hpFSH (32.45 ± 0.75 versus
25.52 ± 0.52 pg/cell, p < 0.0001). Finally, the co-incubation with hpFSH and rIGF1 increased both mRNA
(+295%, p < 0.0001) and protein levels (23.73 ± 0.28 versus 2.33 ± 0.75 pg/cell, p < 0.0001) compared to
the control, with the same extent as hpFSH alone (Figure 3).

 
(a) (b) 

Figure 3. RT-PCR analysis of Inhibin B gene expression (a) and protein secretion (b). Data represent
the mean ± SD (* p < 0.05 versus control and † p < 0.05 versus hpFSH treatment) (one-way ANOVA) of
three independent experiments, each performed in triplicate.

4. Discussion

The major objectives of this study were to assess the role of GH and IGF1 on proliferation and
hormonal secretion of SCs from neonatal pigs. During infancy and childhood, testis have erroneously
been considered as quiescent due to the low activity of the hypothalamic–gonadotropic axis. However,
at this time, SCs are the most numerous, actively proliferating and hormone-secreting cells, and the main
cellular component of the testicular volume [14,15]. Different from the hypothalamic–gonadotropic
axis, the hypothalamic–somatotropic one is active in childhood [9]. This activity has been regarded as
having many tissue-specific functions, being that IGF1R is widely spread in the mammal organism [9],
including SCs [16]. Therefore, we sought to investigate whether the hypothalamic–somatotropic axis
may influence porcine neonatal testicular SCs. The results of this study showed that both GH and IGF1
were capable of influencing porcine SC proliferation and function, but in a slightly different manner.

Under the experimental conditions used, we found a suppressive effect of GH on SC proliferation.
Moreover, it did not affect AMH mRNA but suppressed AMH protein levels. In contrast to FSH,
which enhanced inhibin B expression and secretion, GH did not have any significant effect on inhibin
B mRNA and protein secretion. The different role of GH and FSH on SC hormone secretion may
be further supported by the increased FSHR expression in GH-incubated cultures. Furthermore,
the FSH-dependent effects on cell proliferation, AMH and inhibin B were not influenced by GH.

To our knowledge, this is the first study investigating the effects of GH on SC proliferation
and hormone synthesis. The presence of GH receptors in SCs has already been described [17]. GH
has been suggested to play a role in gametogenesis. It was detected in SCs of Japanese eel and its
receptors are expressed in germ cells. In a testicular organ culture system, GH stimulation induced
germ cell proliferation independently from IGF1 [18]. It was also abundantly detected in secondary
spermatocytes and spermatids, myocytes and interstitial cells as well in chicken testis [19]. Furthermore,
experimental evidences have shown that the paracrine secretion of GH-releasing hormone (GHRH)
from Leydig and germ cells promotes cAMP production in rat SC cultures synergistically with
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FSH [18]. GHRH paracrine secretion might also induce GH synthesis in SCs, thus in turn stimulating
spermatogenesis. Combining these findings with our results, it appears that SC function is influenced
by GH. More in detail, GH seems to influence AMH synthesis in immature SCs and to promote
spermatogenesis in mature ones. Whether these effects mainly depend on pituitary- or testis-derived
GH is not known. Since human pituitary GH is a ~20 kDa protein, its possible function within the
testis would be subordinated by the capacity to cross the testicular blood barrier.

Different from GH, at least at the dosage used in this study, IGF1 enhanced SC proliferation,
whereas, surprisingly, FSH alone did not have any effect on this parameter at least at the end of the
48-hour incubation. Similarly to FSH, IGF1 suppressed AMH and increased inhibin B expression and
secretion. FSH and IGF1 had similar effects that persisted with the same intensity in co-incubated
cultures. Accordingly, FSHR was downregulated in cultures incubated with IGF1. In-vitro data
indicate a stimulatory effect of IGF1 on germ cell proliferation [16]. Studies in Newt testis [20,21] show
a high IGF1 expression in SCs, which is additionally increased after FSH incubation. This brought to
hypothesize that FSH-induced spermatogenesis may rely on a paracrine synthesis of IGF1 from SCs [21].
Studies in mutant mice suggest the importance of IGF1 signaling in gonadal male development during
embryogenesis [22], as well as in the establishment of a normal-sized SC cohort [4]. Herein, we report
the stimulatory effect of IGF1, both alone and in combination with FSH in porcine SCs. Similar results
have recently been reported in cultures from pre-pubertal bovine SCs, where the co-incubation with
IGF1 and FSH increased cell proliferation and number by ~1.5 fold [23]. Interestingly, and in agreement
with such findings, IGF1 serum levels have been found to positively correlate with testicular volume in
men [23]. We are not aware of in-vitro studies investigating the effect of IGF1 on AMH and inhibin B
secretion from SCs. The similar-to-FSH effects on hormone synthesis are not in contrast with a possible,
already suggested IGF1-mediated role on FSH action [16]. The low molecular weight of human IGF1
(~7 kDa) makes it likely that this protein crosses the testicular blood barrier. Hence, a possible pituitary,
as well as testis-derived IGF1 role in testicular development and function may be hypothesized.

5. Conclusions

In conclusion, these data indicate that GH and IGF1 are able to influence basal and FSH-modulated
SC function. In line with previous evidence [23], we found a stimulatory effect of IGF1, but not of FSH
or GH alone, on SC proliferation. Furthermore, both GH, IGF1 and FSH suppressed AMH secretion,
whereas IGF1 and FSH, but not GH, stimulated inhibin B synthesis. Wherefore, SC proliferation
occurring in childhood may likely be supported by serum IGF1 levels, which are high during
this period of life. Since an appropriate number of SCs is needed for spermatogenesis, a lack of
IGF1 might compromise SC proliferation and future fertility. The possible relationship between the
hypothalamic–somatotropic axis and testis development, AMH and inhibin B serum levels in childhood
may, therefore, deserve further investigation.
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Abstract: There is ongoing debate as to whether the decline of sperm production in recent times
may be related to a parallel increase in the rate of obesity and diabetes. Lower anti-Müllerian
hormone (AMH) and inhibin B secretion have been observed in young hyperinsulinemic patients
compared to healthy controls, suggesting a Sertoli cell (SC) dysfunction. The pathophysiological
mechanisms underlying SC dysfunction in these patients are poorly understood. To the best of our
knowledge, no evidence is available on the effects of insulin on SC function. Therefore, this study was
undertaken to assess the effects of insulin on basal and follicle-stimulating hormone (FSH)-stimulated
SC function in vitro. To accomplish this, we evaluated the expression of AMH, inhibin B and FSHR
genes, the secretion of AMH and inhibin B and the phosphorylation of AKT473 and SC proliferation
on neonatal porcine SC after incubation with FSH and/or insulin. We found that similar to FSH,
the expression and secretion of AMH is suppressed by insulin. Co-incubation with FSH and insulin
decreased AMH secretion significantly more than with FSH alone. Insulin had no effect on the
expression and secretion of the inhibin B gene, but co-incubation with FSH and insulin had a lower
effect on inhibin B secretion than that found with FSH alone. FSH and/or insulin increased AKT473
phosphorylation and SC proliferation. In conclusion, the results of this study showed that insulin
modulates SC function. We hypothesize that hyperinsulinemia may therefore influence testicular
function even before puberty begins. Therefore, particular care should be taken to avoid the onset of
hyperinsulinemia in children to prevent a future deleterious effect on fertility.

Keywords: FSH; insulin; Sertoli cells; AMH; inhibin B

1. Introduction

Sertoli cells (SCs), the only somatic constituent of the testicular seminiferous epithelium, are mainly
involved in supporting spermatogenesis. In particular, they provide structural support to germ cells
(GCs), constitute the blood–testicular barrier, assist the movement of GCs within the seminiferous
epithelium and guide the maturation of GCs through secretion products. Notably, they support a finite
number of GCs [1,2].
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Anti-Müllerian hormone (AMH) and inhibin B are dimeric glycoproteins secreted by SCs;
both of these hormones belong to the transforming growth factor-β superfamily. Immature and
actively proliferating SCs may be found in the testis until puberty. At this stage, the testis is mainly
made up of AMH-secreting SCs. The overall number of SCs is known to impact testicular volume.
The amount of AMH secreted reflects SC immaturity. When puberty begins, SCs pass to a state of
maturity and quiescence. As a result, serum AMH levels decrease while those of inhibin B increase in a
follicle-stimulating hormone (FSH)-dependent manner. Concomitant with the onset of spermatogenesis,
the testicular volume increases and GCs become the predominant testicular component (for review,
see [3,4]).

FSH acts through a G-protein-coupled (GPCR) receptor (FSHR) in SCs. Once stimulated by FSH,
as for many GPCRs, the FSHR triggers the Gαs, which activates the adenylate cyclase, resulting in
increased intracellular cAMP levels. The latter leads to protein kinase A (PKA) activation [5], which
in turn triggers the following major signaling pathways: the phosphoinositide 3-kinase (PI3K)/AKT
pathway and the mitogen-activated protein kinase (MAPK) pathway [6,7]. The first is committed to
preventing apoptosis, cell proliferation and glucose transport. It is activated in an insulin-like growth
factor 1 receptor (IGF1R)-dependent manner [7]. The MAPK pathways, including ERK1/2 and JNK,
regulate cell proliferation, differentiation and apoptosis [6]. Both of these pathways are activated by
insulin and the insulin-like growth factor (IGF) family [8].

Insulin receptor (INSR) and IGF1R are expressed in SCs [9] and have been found to play a role in
adrenal and testis differentiation [6]. The SC-selective knock-out for INSR and/or IGF1R genes has been
shown to have a negative effect on testicular volume in mice [10]. In particular, the SC-INSR knock-out
was associated with a 13.6% testis weight decrease, the SC-IGF1R knock-out with a 34.6% decrease and
the combined SC-INSR/IGF1R knock-out with a 72.4% testis weight reduction [10], thus suggesting a
role for both receptors in SC proliferation.

There is ongoing debate as to whether the decline of sperm production in recent times [11] is
related to the parallel increase in the rate of obesity and diabetes [12]. Some evidence points to a
possible negative impact of hyperinsulinemia on SC function before puberty, since lower AMH and
inhibin B levels have been found in young obese patients compared to normal weight controls [13–15].
However, studies on the possible mechanism(s) are lacking and, therefore, no data are available to date
on the effect of insulin on SC function.

As cultures of SCs from pre-pubertal porcine testes have been developed to reproduce an in vitro
reliable prototype of pre-pubertal human testicular tissue [16], the purpose of this study was to evaluate
the effects of insulin on both basal and FSH-stimulated SC function in this model to better understand
the rationale of the results reported in humans [13–15]. To accomplish this, we evaluated the expression
of AMH, inhibin B and FSHR genes, the secretion of AMH and inhibin B, the phosphorylation of
AKT473 and the proliferation of SC after incubation with insulin.

2. Experimental Section

2.1. Ethics Statement

This study was conducted in strict compliance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and Perugia University Animal Care. The protocol
was approved by the internal Institutional Ethic Committee (Ministry of Health authorization n.
971/2015-PR, 9/14/2015).

2.2. Sertoli Cell Isolation, Culture, Characterization and Function

SCs, obtained from neonatal prepubertal Large White pigs, 7–15 days of age, were isolated
according to established methods, with slight modifications [17]. Briefly, after removing the fibrous
capsule, the testes were finely chopped and digested twice enzymatically with a mixed solution of
trypsin and deoxyribonuclease I (DNase I) in Hanks’ balanced salt solution (HBSS; Merck KGaA,
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Darmstadt, Germany) and collagenase P (Roche Diagnostics S.p.A., Monza, Italy). The tissue pellet
was centrifuged through a 500 μm pore stainless steel mesh. It was then re-suspended in glycine to
eliminate residual Leydig and peritubular cells [18]. The resulting pellet was collected and maintained
in HAM’s F12 medium (Euroclone, Milan, Italy), supplemented with 0.166 nmol l−1 retinoic acid,
(Sigma-Aldrich, Darmstadt, Germany) and 5 mL per 500 mL insulin-transferrin-selenium (Becton
Dickinson cat. no. 354352; Franklin Lakes, NJ, USA) in 95% air/5% CO2 at 37 ◦C. After 3 days in culture,
the purity and the functional competence of SC monolayers were determined according to previously
established methods [16].

2.3. Culture and Treatment

When SC monolayers were confluent (after 3 days of culture), they were incubated for 48 h as
follows: (1) placebo; (2) 100 nM highly purified urofollitropin (hpFSH) (Fostimon®, IBSA Farmaceutici
Srl, Rome, Italy); (3) 100 nM recombinant insulin (rInsulin) (Humalog, Eli Lilly Srl, Florence, Italy);
(4) 100 nM hpFSH and 100 nM rInsulin.

2.4. RT-PCR Analysis

Total RNA was extracted with Trizol® Reagent (Life Techologies, Waltham, MA, USA) according to
the manufacturer’s instructions. RNA concentration and purity were determined using Biophotometer
Eppendorf. cDNA reverse transcription was carried out for each sample using a cDNA synthesis
kit (Thermo Scientific Maxima First Strand cDNA Synthesis Kit for RT-qPCR), according to the
manufacturer’s instruction.

The qPCR was performed using 50 ng of the cDNA prepared by RT and a SYBR Green Master
Mix (Stratagene, Amsterdam, The Netherlands) (Agilent Technology), using the following primers:
AMH, forward primers 5′-GCGAACTTAGCGTGGACCTG-3′, reverse primers 5′-CTTGGCAGTTGTT
GGCTTGATATG-3′; inhibin B, forward primers 5′-TGGCTGGAGTGACTGGAT -3′, reverse primers
5′-CCGTGTGGAAGGATGAGG-3′; FSHR forward primers 5′-TTTCACAGTCGCCCTCTTTCCC-3′,
reverse primers 5′-TGAGTATAGCAGCCACAGATGACC-3′; actin, forward primers 5′-ATGGTGGGT
ATGGGTCAGAA-3′, reverse primers 5′-CTTCTCCATGTCGTCCCAGT-3′. qPCR was performed in
an Mx3000P cycler (Stratagene), using FAM for detection and ROX as the reference dye.

2.5. AMH and Inhibin B Secretion Assay

Aliquots of the culture media of treated and untreated SCs were collected and stored at−20 ◦C for the
assessment of AMH (AMH Gen II ELISA, Beckman Coulter, Webster, TX, USA) (intra-assay CV = 3.9%;
inter-assay CV = 5.8%) and inhibin B (inhibin B Gen II ELISA, Beckman Coulter, Webster, TX, USA)
(intra-assay CV = 2.8%; inter-assay CV = 4.3%) concentrations as previously described [19].

2.6. Western Blot (WB) Analysis

At the end of the incubation period, total cell lysates were collected in a radioimmunoprecipitation
assay (RIPA) lysis buffer (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The mixture was
centrifuged at 1000× g (Eppendorf, Hauppauge, NY, USA) for 10 min, the supernatant was collected
and total protein content was measured by the Bradford method [20]. Sample aliquots were stored
at −20 ◦C for Western blot (WB) analysis. The cell extracts were separated by 4–12% SDS-PAGE and
equal amounts of protein (70 μg protein/lane) were run and blotted on nitrocellulose membranes
(BioRad, Hercules, CA, USA). The membranes were incubated overnight in a buffer containing 10 mM
TRIS, 0.5 M NaCl, 1% (v/v) Tween 20 (Sigma-Aldrich), rabbit anti-phospho-AKT (Ser473) (dilution
factor 1:1000) (Cell Signaling, Danvers, MA, USA), rabbit anti-AKT (dilution factor 1:1000) (Cell
Signaling) and mouse anti- Glyceraldehyde 3-phosphate dehydrogenase (GADPH) (6C5):sc-32233
(dilution factor 1:200) (Santa Cruz, Biotechnology, CA, USA) primary antibodies. Primary antibody
binding was then detected by incubating the membranes for an additional 60 min in a buffer
containing horseradish peroxidase conjugated anti-rabbit (Sigma-Aldrich) (dilution factor, 1:5000)
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and/or anti-mouse (Santa Cruz Biotechnology Inc.) (dilution factor, 1:5000) IgG secondary antibodies.
The bands were detected by enhanced chemiluminescence.

2.7. Cell Number and Proliferation

After reaching 50 to 60% confluence, cells were incubated with 0.1 μg/mL colcemid (Sigma-Aldrich,
St. Louis, MO, USA) for 3 h [21]. Afterwards they were washed with phosphate buffer (PBS, Lonza,
Basel, Switzerland) before the evaluation of the proliferation. For cell proliferation assay, SCs were
incubated with 1 μM 5(6)-carboxyfluorescein diacetate N-succinmidyl ester (CFSE) (Sigma-Aldrich,
MO, USA) in PBS for 8 min, and then washed with HBSS medium (Lonza, Basel, Switzerland) three
times. CFSE-labeled SCs were then cultured at 37 ◦C and incubated in 5% CO2 for 48 h with hpFSH
(100 nM) and/or insulin (100 nM). At the end of the stimulation assay, cells were washed with PBS,
harvested by tripsinization and counted using an Automated Cell Counter (Invitrogen, Carlsbad,
CA, USA) before flow cytometer analysis [22]. Data acquisition was performed on 20,000 events
per tube based on a total (gated alive cells) count of forward and side light scatter at approximately
200–300 events per second on a BD FACS ortflow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA), analyzed using FACS Diva software (4.0 BD Biosciences, Franklin Lakes, NJ, USA) and gated on
appropriate controls in the different cell populations.

2.8. Statistical Analysis

Results are shown as the mean ± SEM of three independent experiments, each one performed
in triplicate. The average value from the triplicates of each cell culture was used for the statistical
analysis. Data were analyzed for statistical significance by one-way ANOVA, followed by the Tukey
post-hoc test using SPSS 22.0 for Windows (SPSS Inc., Chicago, IL, USA). A statistically significant
difference was accepted when the p value was lower than 0.05.

3. Results

3.1. RT-PCR Analysis

Compared with the untreated control, AMH gene expression was significantly downregulated by
hpFSH, rInsulin and hpFSH plus rInsulin (p < 0.05 vs. control) (Figure 1A). Differences in the mRNA
levels of AMH were −46.1, −48.1 and −37.0%, respectively.

Compared with the untreated control, inhibin B gene expression was significantly upregulated
by hpFSH. The co-incubation with hpFSH plus rInsulin did not significantly affect the stimulatory
effect of hpFSH alone (Figure 1B). Differences in the mRNA of inhibin B were +350% (p < 0.0001) with
hpFSH and +279% (p < 0.0001) with hpFSH plus rInsulin. Incubation with rInsulin did not have a
significant effect on inhibin B mRNA levels compared with untreated control. Compared with hpFSH
stimulation, inhibin B gene expression was significantly downregulated by rInsulin (−89.4%; p < 0.0001)
and a trend for lower levels was found after incubation with hpFSH plus rInsulin (−15.8%; p = 0.05).

Finally, compared with the untreated control, FSHR gene expression decreased significantly after
incubation with hpFSH and/or rInsulin (p < 0.05 vs. control) (Figure 1C). Differences in the mRNA
levels of rFSH were −41.1, −28.2 and −22.5%, respectively. The co-incubation with rInsulin did not
change the decrease of FSHR gene expression significantly.
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Figure 1. RT-PCR analysis of (A) anti-Müllerian hormone (AMH), (B) inhibin B and (C) FSHR gene
expression. Data represent the mean ± SEM of three independent experiments, each performed in
triplicate. * p < 0.05 vs. control; † p < 0.05 vs. highly purified urofollitropin (hpFSH) (one-way ANOVA).

3.2. AMH and Inhibin B Secretion

Figure 2A shows a significant decrease of AMH secretion after exposure to hpFSH (63.5 ± 2.7 vs.
90.1 ± 1.4 μg/cell, p < 0.0001), rInsulin (52.8 ± 0.6 vs. 90.1 ± 1.4 μg/cell, p < 0.0001) and hpFSH plus
rInsulin (47.1± 0.6 vs. 90.1± 4.4μg/cell, p< 0.0001) compared to the untreated control. The co-incubation
with hpFSH and rInsulin suppressed AMH secretion significantly compared to that found with hpFSH
alone (47.1 ± 0.6 vs. 63.5 ± 2.7 μg/cell, p < 0.05). AMH secretion did not differ significantly between
hpFSH or rInsulin alone.

Figure 2. Secretion of (A) anti-Müllerian hormone (AMH) and (B) inhibin B. Data represent the mean
± SEM of three independent experiments, each performed in triplicate. * p < 0.05 vs. control; † p < 0.05
vs. hpFSH (one-way ANOVA).

Figure 2B shows a significantly higher secretion of inhibin B after hpFSH (25.52 ± 0.52 vs. 2.3 ±
0.8 pg/cell, p < 0.0001) and hpFSH plus rInsulin (18.4 ± 0.3 vs. 2.3 ± 0.8 pg/cell, p < 0.0001) incubation
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compared to the untreated control. Treatment with rInsulin did not change inhibin B secretion
significantly compared to the untreated control (2.6 ± 1.3 vs. 2.3 ± 0.8 pg/cell, p = 0.99). Compared
to hpFSH alone, the co-incubation with hpFSH and rInsulin significantly decreased the secretion of
inhibin B (18.4 ± 0.3 vs. 25.5 ± 0.5 pg/cell, p < 0.0001).

3.3. Western Blot (WB) Analysis

WB analysis showed that incubation with hpFSH (0.868 ± 0.07; p < 0.001), rInsulin (0.928 ± 0.04;
p < 0.001) or hpFSH plus rInsulin (0.632 ± 0.04; p < 0.01) significantly increased AKT phosphorylation
compared to the unexposed control (0.511 ± 0.06). Compared to the hpFSH-treated sample, the levels
of AKT phosphorylation after hpFSH plus rInsulin exposure were significantly lower (0.632 ± 0.04 vs.
0.868 ± 0.07, p < 0.01) (Figure 3).

 

Figure 3. (A) Immunoblots and (B) densitometric analysis of the protein bands of pAKT473 and AKT of
unexposed samples (control) and after incubation with hpFSH, rInsulin or hpFSH plus rInsulin. Data
represent the mean ± SEM of three independent experiments, each performed in triplicate. * p < 0.05
vs. control; † p < 0.05 vs. hpFSH (one-way ANOVA).

3.4. Cell Number and Proliferation

Compared to the untreated control, the percentage of divided cells did not differ after exposure to
hpFSH (1.5 ± 0.7 vs. 1.5 ± 0.1%, p > 0.99). Treatment with rInsulin or hpFSH plus rInsulin significantly
increased the percentage of divided cells compared to the control (2.1 ± 0.1 vs. 1.5 ± 0.1%, p < 0.05 and
2.8 ± 0.0 vs. 1.5 ± 0.1%, p < 0.001) (Figures 4 and 5).

30



J. Clin. Med. 2019, 8, 809

Figure 4. Cell proliferation assay. Data represent the mean ± SEM of three independent experiments,
each performed in triplicate. * p < 0.05 vs. control (one-way ANOVA).

Figure 5. Flow cytometric analysis. Flow cytometric analysis of Sertoli cells stained with
carboxyfluorescein diacetate N-succinmidyl ester (CFSE) without stimulation (A), and after incubation
with hpFSH (B), rInsulin (C), hpFSH and rInsulin (D). Gray peaks represent successive generations.

4. Discussion

Metabolic diseases (e.g., obesity, insulin resistance, diabetes mellitus) have long been considered
possible etiopathogenetic causes of male infertility [23–25]. However, the pathophysiological
mechanisms are still elusive. To the best of our knowledge, no evidence is available on the effects
of insulin on SC function. Our data suggest that SCs are responsive to insulin, which influences
SC secretion patterns and proliferation. Similar to FSH, insulin downregulated AMH expression
and secretion. Co-incubation with FSH and insulin lowered AMH secretion more than FSH alone.
Furthermore, we found that insulin did not influence inhibin B expression and secretion, but FSH plus
insulin lessened the effects of FSH, since inhibin B levels were lower in co-incubated cultures compared
with those found in cultures stimulated with FSH alone.
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These findings are consistent with the data reported in humans. An observational study carried
out in pre-pubertal boys aged 5–9 years and young adult men aged 18–24 years found lower levels
of inhibin B in obese (body mass index (BMI) > 30 kg/m2) patients compared to the normal weight
(BMI < 25 kg/m2) controls. No difference was found in pre-pubertal boys. Unfortunately, despite the
occurrence of hyperinsulinemia that might be supposed in the obese patients, insulin serum levels
were not measured or reported [13].

More recently, a study involving 121 obese and 38 lean adolescents in the pubertal phase (Tanner
stage ≥ 2) found lower levels of AMH and inhibin B in obese patients compared to controls. Obese
patients also had higher levels of insulin whereas no significant differences in FSH levels were found [14].
It is noteworthy that the longitudinal study of the Western Australian Pregnancy Cohort (Raine),
involving male children born in 1989–1991 followed from birth until the age of 20 years, has shown that
patients with insulin resistance (Homeostatic Model Assessment of Insulin Resistance (HOMA) > 4),
probably being hyperinsulinemics, had lower inhibin B and higher FSH levels at the age of 17–20 years,
even after adjusting for age, body mass index, abstinence, history of cryptorchidism, varicocele,
cigarette smoking, alcohol consumption and drugs (Hart et al., 2019). Low levels of AMH and inhibin B
have been considered as biochemical signs of SC dysfunction in childhood and adolescence. Therefore,
their measurement can help in the early identification of an isolated primary testicular tubulopathy,
intercepting patients at risk of future infertility [4].

Altogether, these data highlight the negative impact of metabolic diseases on SC function, both
before puberty, when only AMH secretion is affected, and after puberty, when inhibin B secretion
is also impaired [13–15]. This is consistent with the results of the current study. SCs not exposed to
FSH resemble a condition that occurs in pre-pubertal testes that are not physiologically exposed to
FSH. At this time, hyperinsulinemia only affects AMH levels and does not have any effect on inhibin
B [13,14]. Cells incubated with FSH provide data on how SCs can behave in the pubertal phase when
they begin to be under the influence of FSH. In this phase of life, as suggested by human studies [13,14]
and confirmed by the present in vitro data, hyperinsulinemia suppresses FSH-stimulated inhibin
B secretion.

In addition, Hart and colleagues [15] observed lower sperm production in insulin-resistant 20 year
old patients than in age-matched lean controls. Taken together, these data suggest a causal link between
the increased prevalence of metabolic diseases [12] and the decline in sperm production [11]. Therefore,
weight loss should be encouraged in obese children to preserve their future fertility.

The results of the present study suggest that a cross-talk between FSH and insulin might exist
in porcine SCs. FSH has recently been shown to enhance myosin-phosphatase 1 (MYPT1), ERK
1/2, AKT308, AKT473 and to decrease JNK phosphorylation rates. These effects were partially or
totally hindered by pre-treatment with the insulin-like growth factor 1 receptor (IGF1R) inhibitor
NVP-AEW541, thus suggesting a role for IGF1R in FSH signaling [7]. Studies carried out in granulosa
cells supported these data [26] and further indicated that insulin-receptor substrate 1 (IRS1) might be
the hub linking FSHR, belonging to the G protein-coupled receptors (GPCRs), and IGF1R, which is a
tyrosine kinase receptor [27]. IRS1 is involved in the insulin receptor signaling and is known to play
a role in insulin sensitivity as insulin-resistant animal models show higher phosphorylation rates of
this protein compared to healthy ones [28]. Taking all this into account, the cross-talk between FSH
and insulin might involve IRS1, especially in case of insulin resistance, but this needs to be elucidated.
Taking into account the findings of FSHR gene expression, we hypothesize that insulin might interfere
with FSH signaling and action (which is consistent with data from insulin-resistant or obese children
and adolescents) through FSHR downregulation. However, further studies analyzing the FSH and
insulin receptors signaling pathway in SCs and the FSHR protein expression after hormone incubation
are warranted to better clarify this topic.

We found an increase in AKT phosphorylation in SCs incubated with insulin. As mentioned
before, the MAPK pathway is committed to cell proliferation [8]. As a result, and in contrast to FSH,
insulin increased SC proliferation. This is in line with data on SC-selective INSR knock-out mice that
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have a lower testicular volume than that found in the wild type [10]. Data from a chicken model
confirm the stimulating role of insulin on SC cultures [29]. These authors also reported a lack of
AKT phosphorylation and SC proliferation in metformin-exposed SC cultures from insulin-resistant
chickens [29]. The negative impact of metformin on SC proliferation was also confirmed in rats [30]
and, consequently, the in vivo administration of metformin to pregnant mice caused the birth of
pups with low testicular volumes, which was associated with a lower number of SCs [31]. Taken
together, these data discourage metformin administration in obese boys, where SC is still actively
proliferating [4]. The mechanisms through which this drug exerts such an anti-proliferative effect on
SCs deserves further investigation.

Since the in vitro experimental model used in this study does not resemble the complexity of
in vivo testicular tissue, the present findings should be taken with caution. We used a pure culture of
SCs, and possible different in vivo responses due to the paracrine cross-talk between SC and Leydig
cells cannot be excluded. Therefore, in vivo studies are needed to confirm such findings.

5. Conclusions

In conclusion, to our knowledge, this is the first study showing the influence of insulin on
the secretion of AMH and inhibin B both basally and in response to FSH in primary porcine SC
cultures. Under basal conditions, insulin suppressed AMH release but had no effect on inhibin B
secretion. In addition, insulin influenced the SC responsiveness to FSH by lowering the amount of
AMH and inhibin B compared to the cultures stimulated with FSH alone. Finally, insulin increased
SC proliferation, confirming the results on mice with an SC-selective INSR gene knock-out [10].
These results could provide the rationale for the lower AMH and inhibin B levels found in obese or
insulin-resistant boys and young men compared to normal weight controls [13–15], thus highlighting
the importance of assessing testicular function in pre-pubertal obese children [10].
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Abstract: Recent epidemiological studies suggest an increase of sexual and reproductive chronic
diseases caused by problematic behaviours acquired during peri-pubertal age. The aims of our
study were: (i) to investigate awareness of sexual transmitted infections (STIs) among adolescents;
(ii) to describe the close relationship between possibly incorrect lifestyles during adolescence and
reproductive and sexual disturbances during adulthood. The “Amico-Andrologo” survey is a
permanent nationwide surveillance program supported by the Italian Ministry of Health. We
administered a validated structured interview to investigate the lifestyle of adolescents and their
knowledge of STIs. We selected a cohort of 360 male high-school students aged ≥18 years old. In
this cohort, 150 (41.5%) were smokers while 59 (19.7%) smoked more than 10 cigarettes/day; 25
(9.3%) declared a consumption ≥6 drinks/weekend; and 65 (19.7%) were habitual cannabis consumers
(at least twice/week). Among the sample of students selected, the main sources of sexual disease
information were the internet and friends. The perceived level of knowledge on STIs was the same
between students that used contraceptive methods and students that did not. The present results
demonstrate that adolescents in Calabria do not receive appropriate information about risky health
behaviours. Therefore, there is a necessity for specific educational programs to increase awareness of
dangerous behaviours during the transitional age that is relevant for a safe sexual and reproductive
adult life.

Keywords: adolescent; lifestyle; fertility; transitional age

1. Introduction

“Risky behaviours” are habits that may impact future well-being and are typical for
adolescents [1,2]. The transition from childhood to adulthood is determined by a series of
psycho-physical and hormonal changes. These changes are fundamental for the complete maturation
of teenagers and for acceptance and respect by their peers [3]. It is well known that adolescence is
crucial for the correct development and maturation of the genitourinary tract. Epidemiological data
have demonstrated an increase in chronic sexual and reproductive diseases caused by risky behaviours
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developed during adolescence [4,5]. Alcohol and marijuana are the most common substances abused
by adolescents [6]. On the one hand, ethanol interferes not only with the production of gonadal steroids
by blocking GnRH cascade, but also increases the oxidative stress inducing damage of Leydig and
Sertoli cell functions. This may lead to lower semen volume and sperm motility and morphological
alterations [7]. On the other hand, cannabis, although it raises sexual desire, may hamper erectile
function [8]. In fact, cannabis interferes with endothelial nitric oxide release, leading to vascular
alterations in the absence of other risk factors [9]. In addition, the use of these substances often
facilitates adolescents to have unprotected sexual intercourse with different partners, thus increasing
their exposure to unwanted pregnancies and to Sexually Transmitted Infections (STIs) [10]. Studies on
the sexual activity of Italian adolescents has shown that the age of one’s first sexual intercourse is low
(about 15.6 years old), and that 19.5% of new STI cases involve the youngest sexually active group
(15–24 years old) [11,12]. STIs may contribute to male infertility, with Chlamydia trachomatis, Neisseria
gonorrhoeae, and Herpes Papilloma Virus (HPV) infection being the most frequent pathogens in up
to 15% of cases [13,14]. Even a heavy cigarette smoking habit may affect penile vasculature, reduce
testosterone levels, and increase oxidative stress; therefore, cigarette use can influence semen volume
and quality, leading to infertility [15].

In order to reduce the development of risky behaviours during adolescence, a series of health
prevention and intervention campaigns have been conducted in the US. A first level approach was
the Condom distribution program intended to prevent STIs [16]. A second, but no less important
approach, was to encourage teens’ communication with their extended family. Such relationships
should be scheduled in teen health programs, which primarily focus on parents [17]. Although this
latter aspect is considered a novel way to counteract risky behaviours among adolescents, it is not
easily applied in specific social contexts.

Unfortunately, according to our knowledge, there are only a few adequate prevention programs
aimed at changing sexual and reproductive attitudes among Italian teenagers, particularly in Southern
Italian areas. The current study is a part of a nationwide andrological health surveillance program that
was carried out on a sample of male adolescents attending their last year of High School in Calabria.
The instrument of our survey was the administration of a questionnaire (an adaptation of the Centers
for Disease Control and Prevention (CDC) Youth Risk Behaviours Surveillance (YRBS)) to estimate the
prevalence of health risk behaviours.

2. Experimental Section

2.1. Subjects and Methods

The “Amico-Andrologo” Survey is a permanent national project conducted by the Italian Society
of Andrology and Sexual Medicine (SIAMS) on young male adolescents attending the last year of high
school, which was approved by the local Institutional Board Review, Regional School Authorities, and
the Ministry of Health (protocol 19251/P—“Prevenzione in Andrologia” signed 28 April 2008). All
male subjects were invited to complete an anonymous, self-administered, written questionnaire.

Between September 2016 and May 2017, we enrolled 360 male students (≥18 years old) attending
high schools in the district of Cosenza, Catanzaro and Reggio di Calabria, Calabria area, Italy. The
Survey investigated the adolescents’ lifestyles (smoking habits, alcohol and drug consumption, and
sexual behaviours and experiences) and explored the students’ knowledge about STIs and major
sources of information about these issues.

2.2. Statistical Analysis

All data are presented as the mean ± SD or count (%), as appropriate. A multiple comparison
was performed using the Kruskal–Wallis test and Conover–Iman test for pairwise comparisons.
The questionnaire data were collected and statistically elaborated by the R software (Version 3.5.3,
The R Foundation for Statistical Computing).
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3. Results

Health Risk Behaviors

The demographic characteristics of the participants are reported in Table 1. Since the adolescents
interviewed were attending their last high-school year, they were all aged 18 or 19 (61.3% and 39.7%,
respectively). Students enrolled were normal-weighted (BMI = 22.6 ± 3.1). According to their family
situation, we discovered that 87 students (24.2%) had separated or divorced parents, and 14 (3.9%)
had lost one or both of their parents. However, we found no association between demographic
characteristics and substance abuse or problematic sexual habits.

Table 1. Clinical Features of enrolled students.

Students (n = 360)

Age
18 217 (61.3)
19 143 (39.7)

Weight (kg) 71.2 ± 10.6

High (cm) 177 ± 7.2

BMI (kg/m2) 22.6 ± 3.1

Parental Divorce/Separation 87 (24.2)

Fatherless and/or motherless 14 (3.9)

The analysis of smoking habits revealed that, overall, 150 students (41.5%) reported smoking
(Figure 1a). In more detail, 59 students (19.7%) reported smoking approximately 10 or more
cigarettes/day (Figure 1b), and, surprisingly, 124 students (35.2%) smoked their first cigarette before
15 years of age (Table 2).

 
(a) (b) 

Figure 1. (a) Percent of smokers and non-smokers students and (b) number of cigarettes/day.
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Table 2. Percentage of students divided by the different age of their first cigarette.

Age at First Cigarettes (%) Students

never 114 (32.4)

≤8 (years) 5 (1.4)

9–10 (years) 12 (3.4)

11–12 (years) 36 (10.2)

13–14 (years) 71 (20.2)

15–16 (years) 85 (24.1)

≥17 (years) 29 (8.2)

According to alcohol consumption, only 25 students (9.3%) declared a consumption of ≥6 drinks
per weekend (Figure 2).

Figure 2. Number of alcoholic drinks/weekend.

For the consumption of illicit drugs, 65 students (19.7%) declared to be habitual cannabis smokers
(at least twice a week; Figure 3a). Moreover, we found a linear association between cannabis and
alcohol consumption (p < 0.001; Figure 3b).

Data on sexual education showed that the internet and peers were the main sources of information
about sexuality, contraception, and STIs. On the other hand, only a few students stated that they had
received sexual education from teachers, doctors, or relatives (Figure 4).

Interestingly, 242 (53.5%) of the 360 sexually active students examined admitted they use condoms;
65 students (25.6%) used contraceptive sometimes, while the remaining 53 (20.9%) declared they
had never used them. Most of the students reported sufficient information about STIs: 61 students
(17.7%) showed excellent knowledge, while 169 (49.0%) reported good knowledge. Surprisingly, these
percentages were higher among those not using contraceptives at all (Figure 5).
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(a) (b) 

Figure 3. (a) Frequency of cannabis consumption among students and (b) the association between
alcohol and cannabis consumption.

 
Figure 4. Percentage of the students’ reported source for information on sexuality.

Figure 5. Perceived level of knowledge on STIs between students according to contraceptive
use frequency.
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4. Discussion

Our study is the first to show data on male adolescents’ attitudes and risky behaviours in a
Southern Italian region (Calabria). The results demonstrate that their consumption of cannabis and
alcohol is lower compared to that of their peers living in Central or Northern Italian regions. Moreover,
we found out that most of these adolescents receive information on sexuality and STIs mainly from the
internet and friends and that a good knowledge of STIs was, surprisingly, associated with a habit to
not use contraceptive methods.

It is well known that adolescence is associated with high levels of alcohol binge drinking because
it encourages the initiation of sexual activity by lowering anxiety and inhibitions [18]. Unfortunately,
chronic alcohol consumption is also associated with the appearance of sexual dysfunction, such as
the loss of libido, premature ejaculation, and erectile dysfunction [19]. Adolescents also admit to the
regular use of cannabis and other illicit drugs, risky behaviours that expose them to potential future
sexual disturbances and diseases [20]. In addition, consumption of these substances is often continued
throughout their adult lives, with further negative consequences on sexuality and fertility [9].

In contrast with our results, Gianfrilli et al. have recently reported that in several Northern and
Central Italian regions, just one over half (51%) of the subjects examined admitted to being regular
cigarette smokers. Even the percentages related to occasional alcohol consumption (80%) and heavy
drinking habits (30%) were much higher when compared to the results of our study [21]. One point in
common with Gianfrilli’s study is that adolescents try illegal drugs, especially marijuana/hashish, at
an early age. Cigarette smokers are also equally represented in all Italian regions. The consumption
of alcohol (per weekend = 9.3%) and cannabis (least once-a-week = 21%) were lower in Southern
regions than in Northern ones. Interestingly, we observed that the use of alcohol and cannabis among
adolescents in Southern regions is often combined. This finding had already been reported by other
authors in a survey conducted on young people ages 13 to 19 [22].

Luckily, recent studies have demonstrated that, since the early 2000s, the consumption of tobacco,
alcohol, and cannabis among adolescents is decreasing both in Europe and North America [23,24].
In fact, the International Health Behaviour in School-aged Children (HBSC) study showed that the
percentage of 15 year old smokers in Europe and North America decreased from 24% in 2002 to
12% in 2014. Weekly alcohol consumption decreased from 29% to 13%, and, finally, the habit of
cannabis smoking among 15 year old boys decreased from 22% to 15% [25,26]. These changes may
be due to a sharp drop in face-to-face peer contacts that yielded an increased use of electronic media
communications [27]. The results of the studies conducted in Northern, Central, and Southern Italian
regions are in contrast with these findings and, therefore, suggest that Italian adolescents need more
information and awareness about the dangers of risky behaviours. Thus, it is advisable to promote a
series of robust campaigns in Italian regions aimed at changing the attitudes of adolescents regarding
the excessive use of tobacco/marijuana.

Gianfrilli et al. showed that 60.3% of adolescents engage in regular sexual activity and, among
them, 41% have unprotected sex [21]. Our results highlight a discrepancy between the belief that
adolescents have good knowledge of the risks related to unprotected sex and their habit not to use
condoms, even with different partners. Indeed, although about 70% of the respondents declared to
know about STIs, we observed that 25.6% of students examined used contraceptive “sometimes” and
that the 20.9% of them used contraceptives “never”. These findings are in line with reported data
in the literature. The survey conducted by Drago et al. on 2867 Italian adolescents, which aimed to
investigate knowledge about sexuality, revealed that 22% of the interviewees knew that condoms are
the only contraceptive means for preventing STIs, and just 0.5% have recognized sexual diseases on
the list provided [11]. Similar results have been reported by Bergamini et al, whose study pointed
out the need to improve teenagers’ awareness of risky behaviours for the prevention of STIs. In their
opinion, school should play a crucial role in the reinforcement of sexual educational programs [28].
The survey of Wand et al., carried out on a sample of 16–29 year old subjects, demonstrated that the
majority of high risk sexual behaviours and STI diagnoses were associated with the consumption of
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illicit drugs and alcohol. In conclusion, the diffusion of STIs could be prevented by mitigating high
risky sexual behaviours among teenagers [29].

As we have already stated before, another risky behaviour among adolescents is represented
by their attitude to have unprotected sexual intercourse. This dangerous habit predisposes male
adolescents to the development of male accessory gland infections (MAGI), including prostatitis,
vesiculitis, and/or epididymitis. Several kinds of microorganisms are involved in the etiology of
MAGI, such as Escherichia coli, Neisseria gonorrhoeae, Chlamydia trachomatis, Ureaplasma urealyticum,
Mycoplasma hominis, and other mycoplasmas, Candida albicans, Trichomonas vaginalis, and HPV [30].
We believe that a good information campaign is necessary both for families and adolescents, to
contrast problematic habits in sexual intercourse. It is also advisable that HPV vaccination in 11 year
old boys become mandatory in order to prevent the spread of STIs and other diseases not directly
related to HPV. This new practice would likely contribute to a sharp reduction in the chronic, often
asymptomatic, damage responsible for apparently idiopathic sperm abnormalities. Asymptomatic or
pauci-symptomatic forms can lead to chronic inflammatory processes, responsible for the development
of hypertrophic-congestive and fibro-sclerotic ultrasound-evidenced variants. These forms differently
impact sperm quality, sometimes irreversibly [19]. They also may contribute to sexual dysfunction,
such premature ejaculation [31].

In general, although the attitudes and sexual behaviours of the population have radically changed,
adolescents usually approach sexuality unprepared and uninformed, especially when they live in
underdeveloped socio-economic and cultural contexts. In addition, as we have already discussed, a
high percentage of teenagers learn about these issues on the internet and compare what they know with
their friends [32]. Unfortunately, the internet is just a container of general (and sometimes incorrect)
information, ranging from pornography to (un)controlled medical indications that cannot provide
the web-surfer with adequate interpretative tools. Several studies have shown that interpersonal
relationships are the primary elements in the decision-making of adolescents in risky sexual behaviours
and that peers are more important than adults in defining norms and attitudes [10,33].

We are aware that the limitations of the present study are related to the lack of data on testicular
volume, sperm parameters and sexual function. We also recognize that a multicenter prospective study
should be carried out to assess the impact of risky health behaviours on sexuality and fertility per year
of exposure, starting from adolescence. However, we have to point out that this study, which is unique
and relevant because of the novelty of its results, represents a different approach compared to previous
epidemiological data coming from prevention campaigns in Calabrian areas.

5. Conclusions

Data from the present survey suggest that in Calabria, risky health behaviours are wide spread
among male teenagers. Adolescents still do not acquire appropriate education about sexual and
reproductive health behaviours because of their unreliable sources of information—peers or the
internet, instead of institutional figures. Another negative attitude that affects adolescents’ sexual and
reproductive lives is represented by their high alcohol and cannabis consumption during the convivial
weekend meetings.

Therefore, it is necessary to promote focused educational programs, starting post-puberty, in
order to make families and teenagers aware of the impact of MAGI on male fertility and sexuality.

We also recommend sensitizing young boys to the use of condoms, to mitigate the high spread
of HPV and other STIs. Regarding this aspect, HPV vaccination in 11 year old boys could represent
a fundamental element for the primary prevention of STIs, and even of other diseases not directly
related to HPV.
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In conclusion, we suggest involving families and schoolteachers in future information campaigns
addressed to teenagers. A correct institutional information campaign is, in fact, the only way to
produce a safe sexual and reproductive life in adulthood.
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Abstract: Progressive deterioration of male reproductive function is occurring in Western countries.
Environmental factors and unhealthy lifestyles have been implicated in the decline of testosterone
levels and sperm production observed in the last fifty years. Among unhealthy lifestyles, substance
and drug abuse is a recognized cause of possible alterations of steroidogenesis and spermatogenesis.
Alcohol, opioids and anabolic-androgenic steroids are capable to reduce testosterone production
in male interfering with testicular and/or hypothalamic-pituitary function. Other substances such
as nicotine, cannabis, and amphetamines alter spermatogenesis inducing oxidative stress and
subsequent apoptosis in testicular tissue. Substance and drug abuse is a potentially reversible cause
of hypogonadism, defined as the failure of the testis to produce physiological concentrations of
testosterone and/or a normal number of spermatozoa. The identification of the abuse is important
because the withdrawal of substance intake can reverse the clinical syndrome. This review summarizes
the most important clinical and experimental evidence on the effect of substance abuse on testosterone
and sperm production.

Keywords: hypogonadism; oligozoospermia; substance abuse; drug abuse; alcohol; cigarette smoking;
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1. Introduction

According to the most recent definition, hypogonadism is a clinical syndrome resulting from the
failure of the testis to produce physiological concentrations of testosterone and/or a normal number of
spermatozoa due to pathologies of the hypothalamic–pituitary–testicular axis [1].

Pathogenic noxae acting at testicular level give rise to a syndrome characterized by low
testosterone concentrations, impairment of spermatogenesis, and elevated gonadotropin levels,
defined as primary hypogonadism. Otherwise, secondary hypogonadism is caused by a dysfunction
of the hypothalamus–pituitary unit, resulting in low testosterone concentrations, impairment of
spermatogenesis, and low or inappropriately normal gonadotropin levels [1]. Hypogonadism is
defined as organic when a congenital, structural, or destructive disorder results in a permanent
dysfunction, and functional when potentially reversible conditions suppress temporarily gonadotropin
and/or testosterone production [1].

The diagnosis of hypogonadism can be formulated when at least two testosterone values below
normal are found in patients with symptoms and signs of testosterone deficiency. Testosterone must
be measured in morning samples after a fast of at least 8 hours. To uniform reference values among
laboratories and assays, the Endocrine Society recently proposed a harmonized reference range,
according to which total testosterone values should be considered reduced if lower than 264 ng/dL
or 9.2 nmol/L [1]. The measurement of free testosterone is not routinely recommended; however,
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it can be useful in patients with altered sex hormone-binding globulin (SHBG) concentrations. Indeed,
only 2–4% of testosterone circulates in free form, while the remainder is bound to SHBG and, less
tenaciously, to albumin. In conditions when SHGB levels are reduced (e.g., obesity, type 2 diabetes
mellitus, androgen use), total testosterone concentrations could be below normal values even if free
testosterone levels are in the normal range. The gold standard for free testosterone measurement is the
equilibrium dialysis method. However, most laboratories use immunoassays that are less accurate.
In this case, to calculate free testosterone starting from total testosterone, SHBG, and albumin values is
preferable [1].

Symptoms and signs suggestive of testosterone deficiency include reduced libido and
sexual activity, decreased spontaneous erections, erectile dysfunction, gynecomastia, infertility,
osteopenia/osteoporosis, hot flushes, and sweats. Other non-specific symptoms, such as fatigue,
depressed mood, poor concentration and memory, sleep disturbance, reduced muscle mass and
strength, increased body fat and body mass index [1], although not decisive for defining the diagnosis,
are important from a clinical point of view because they have a great impact on the quality of life of
hypogonadal patients.

The prevalence of hypogonadism is rising over time, not only for the improvement in diagnostic
procedures. In 2007, Travison and colleagues analyzed data from the Massachusetts Male Aging Study
(MMAS) about testosterone concentration and observed an overtime decline in total testosterone levels
higher than that attributable to aging. The Author hypothesized that the recorded age-independent
population decrease in testosterone could be attributable to birth cohort differences or to environmental
factors [2]. The same trend has been shown in Europe. Data from Danish population surveys conducted
from 1982 to 2001 evidenced a secular trend in testosterone and SHBG serum levels among age-matched
men, with lower levels in the younger men and in those more recently studied [3].

The progressive deterioration of male reproductive function also affects sperm production. In 2017,
Levine and colleagues performed a systematic review and meta-regression analysis, showing that
sperm concentration in Western countries declined by 1.4% per year, with an overall decline of 52.4%,
between 1973 and 2011. Similarly, total sperm count in the same period declined by 1.6% per year,
with an overall decline of 59.3%. No trend in concentration and total sperm count reduction was found
in other countries [4].

Factors that could contribute to the worsening of testicular function in Western countries include
the progressive increase in visceral adiposity among the population, changes in lifestyle and behaviors,
environmental pollution and exposure to endocrine-disrupting compounds (i.e., phthalates) [5]. Among
unhealthy behaviors, alcohol abuse, cigarette smoking, excessive caffeine intake, illicit drug intake,
opioid consumption, and inappropriate use of anabolic steroids have been studied as a possible cause
of reduced sperm production and/or reduced testosterone levels in hypogonadal men [6].

In our review, we summarized the most important clinical and experimental evidence on the effect
of substance abuse on testosterone and sperm production For many of the substances examined most
of the evidence comes from in vivo and in vitro animal studies or from retrospective human studies.
Indeed, for ethical reasons, no intervention studies on humans can be performed. Unfortunately, data
obtained in animals are not always reproducible in humans; so some aspects regarding the mechanisms
of action of several substances on the reproductive function must be further clarified.

2. Alcohol

Since ancient times the consumption of alcoholic beverages has been part of the socio-cultural
heritage of most populations. However, chronic and acute alcohol abuse is involved in the pathogenesis
of many diseases, including liver diseases, cancers, cardiovascular disease, and neuropsychiatric
disorders. The effects of alcohol intake on male reproductive function have also been evaluated, in vitro
and in vivo. Both testosterone production and spermatogenesis seem to be affected by alcohol abuse
in a dose-dependent manner: heavy drinkers are more likely to have a poor testicular function than
moderate consumers.
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2.1. Effects on Testosterone Production

It has been demonstrated that alcohol could decrease testosterone blood concentration acting both
on testicular and central (hypothalamic and pituitary) level [7].

Since the 1980s, it is known that ethanol and acetaldehyde are important Leydig cells toxins.
Van Thiel and colleagues performed both in vivo and in vitro studies assessing the alcohol effect
on Leydig cells function [8]. In their in vivo human study, they evaluated the hormonal status of
chronic alcoholic men, comparing it with that of healthy volunteers to whom a quantity of ethanol
corresponding to a pint of whiskey/day was given for 30 days. They showed that almost all alcoholic
men had low-normal or low testosterone levels and increased gonadotropin levels. In the healthy male
volunteers, testosterone levels began to reduce from the baseline after 72 hours of ethanol ingestion and
reached levels similar than those of alcoholic men after 30 days, while gonadotropins remained in the
normal range [8]. In their in vivo animal studies, they showed that alcohol-fed rats had testosterone
levels reduced by half compared to isocaloric non-alcohol fed rats [8]. In in vitro studies, they showed
that rat testes perfused with ethanol and acetaldehyde showed a reduced production and secretion of
testosterone in a dose-dependent manner. The same phenomenon occurred in cultured rat Leydig
cells [8].

The reduced production of testosterone by Leydig cells is due to the inhibitory action of
alcohol on the enzymes 3β-hydroxysteroid dehydrogenase and 17-ketosteroid reductase, which
catalyze respectively the conversion from pregnenolone to progesterone and from androstenedione to
testosterone. Progesterone is the precursor for the synthesis of testosterone, so its lack could lead to a
decreased production of testosterone [9]. Furthermore, alcohol enhances the production of radical
oxygen species that suppress the expression of the steroidogenic acute regulatory protein (StAR), which
regulates the rate-limiting step in the steroid hormone biosynthesis that is the transport of cholesterol
from the outer to inner mitochondrial membrane [10].

The decreased testosterone concentration in heavy drinkers depends on the reduced production
by Leydig cells but also on the increased metabolism of androgens. It has been demonstrated that
alcohol induces the enzyme aromatase that catalyzes the conversion of testosterone in estradiol and
androstenedione in estrone [11].

The degree of testicular failure in alcoholic men seems to be related also to the extent of liver
damage. A study evaluated testosterone and estradiol levels in patients subdivided into three groups
according to the histological severity of liver damage: fatty change, hepatitis, and cirrhosis. Median
estradiol levels were above the normal range in males of all three histological categories. Median
testosterone concentrations were below the normal range in men with hepatitis and cirrhosis but not in
those with fatty liver. Testosterone/SHBG ratio was reduced in patients with cirrhosis. Furthermore,
estradiol and testosterone concentrations showed a negative correlation with serum albumin [12].

Although chronic alcohol abuse causes hypogonadism mainly through testicular damage,
as evidenced by the high levels of gonadotropins found in most alcoholic men, alcohol is also
able to act on the hypothalamus-pituitary axis and its effects at central level are more evident during
acute ingestion. Ida and colleagues studied the effect of acute and repeated alcohol administration on
plasma prolactin, luteinizing hormone (LH) and testosterone on adult healthy male volunteers [13].
They found that prolactin increased and testosterone decreased after thirty minutes from acute alcohol
ingestion, but returned quite rapidly at baseline levels, while LH levels did not change significantly.
The repeated alcohol ingestion over seven consecutive evenings did not lead to the development
of tolerance to these hormonal changes. The Author hypothesized that alcohol might inhibit the
release of hypothalamic dopamine to the hypophyseal-portal system and that hyperprolactinemia
could be partially responsible for testosterone decrease after acute alcohol assumption [13]. Otherwise,
in chronic abuse, alcohol seems not to affect prolactin levels [9].

A direct action of alcohol at pituitary level, resulting in the inhibition of LH release, has also been
hypothesized. In animal models, the suppression of β-LH gene expression and protein release from
the pituitary gland after ethanol exposure has been demonstrated [14]. Furthermore, alcohol is able to
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increase dose-dependently β-endorphin-like peptides release from the hypothalamus. β-endorphin
can, in turn, suppress the production and release of gonadotropin-releasing hormone (GnRH) at
neuronal level, and of testosterone from the testis [15]. Finally, the high estrogen levels found in
alcoholic men can exert negative feedback on gonadotropin release contributing to further reduce
testosterone production with a central mechanism [14].

The increase in estrogens concentration due to the enhanced testosterone and androstenedione
aromatization and to the altered estrogens’ breakdown by the damaged liver, together with the
reduction in testosterone production, is responsible for the gynecomastia that frequently occurs in
alcoholic cirrhotic patients [14].

2.2. Effects on Spermatogenesis

In the 1980s, Van Thiel and colleagues obtained testicular histology from five chronic alcoholic
men and observed a profile characterized by loss of germ cells, peritubular fibrosis and collapse,
and aggregate of residual Leydig cells between the abnormal seminiferous tubules [8]. They found the
same histologic profile in alcohol-fed rats [8].

Ten years later, prospective autopsy studies showed that spermatogenic arrest and Sertoli
cells-only syndrome are present in, respectively, 50% and 10% of heavy drinkers, while less than 20%
of non-alcoholic controls have alterations of spermatogenesis [16]. The testicular damage was not
related to the extent of liver damage because most of the men with Sertoli cells-only syndrome had
not cirrhosis, but it was strongly correlated with daily alcohol intake: testicular alterations were more
likely to be present in men who drank more than 80 g of alcohol daily [17].

More recent studies demonstrated that the reduction of testicular germ cells in alcoholic men
is due to the activation of apoptosis. In the mouse testis, ethanol-induced apoptosis through the
increased expression of Fas/Fas-L and p53, the up-regulation of Bax/Bcl-2 ratio, and the activation of
caspase-3 [10].

The testicular histological alterations found in heavy drinkers clinically translate in a significant
reduction in sperm, up to azoospermia [9]. The spermatogenetic damage caused by alcohol abuse seems
to be reversible. Case reports and animal studies showed that spontaneous recovery of spermatogenesis
could occur starting from 10–12 weeks after alcohol consumption withdrawal [18–21].

Unlike alcohol abuse, a moderate alcohol intake seems not associated with altered sperm
concentration [22]. A dose-dependent effect was demonstrated by Jensen and colleagues, who found
a progressive deterioration of sperm count, concentration and morphology with the increase in the
amount of alcohol consumed, more evident in patients with a weekly alcohol intake higher than
25 units [23]. This trend has been recently confirmed: Boeri and colleagues showed that heavy drinking
was associated with a lower sperm concentration than moderate drinking and/or abstaining. They also
reported that drinking and smoking concomitantly has an even greater detrimental effect on semen
parameters [24]. A recent meta-analysis assessed the association between alcohol intake and semen
quality, examining the pooled data of fifteen cross-sectional studies, with a total of 16,395 enrolled men.
Results showed a detrimental effect of alcohol on semen volume and sperm morphology but not on
sperm concentration [25]. However, most of the studies included in the analysis evaluated men with
moderate alcohol intake or did not report the exact alcohol intake of the patients. Anyway, results
confirm that occasional alcohol consumption did not adversely affect semen parameters [25]. Some
evidence indicate even a positive effect of moderate alcohol intake on semen quality [26].

It has been demonstrated that the homozygous deletion of the glutathione S-transferase (GST)-M1
gene increases the susceptibility to develop alcoholic liver cirrhosis in response to the toxic effects of
alcohol chronic abuse [27]. Similarly, the association between alcohol-induced alteration of human
spermatogenesis and GST-M1 genotype has been investigated. An autopsy study revealed that heavy
drinkers with GST-M1 ’null’ genotype developed less frequently disorders of spermatogenesis; so,
Authors hypothesized the GST M1 locus may be associated with susceptibility to alcohol-induced
testicular damage [28].
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A state of protein malnutrition, with nutritional imbalance or deficiencies, could contribute to
the onset of spermatogenesis disorders, as well as testosterone deficiency, in alcoholic men. Due to
low dietary intake or excessive loss (i.e., by vomiting or diarrhea), alcoholic patients can suffer from
the lack of some minerals and micronutrients such as zinc, magnesium, folate, and vitamins (A, D, E),
belonging to the human not enzymatic antioxidant system. The lowering of antioxidant defenses
exposes the germ cells to the deleterious effect of oxidative stress [29].

3. Cigarette Smoking

Even more than alcohol, cigarette smoking is recognized as a risk factor for many diseases:
cardiovascular diseases, lung diseases, malignant neoplasms, etc. Since the 1980s, scientific literature has
been interested in evaluating the effects of cigarette smoking on reproductive function. Tobacco smoke is
a complex mixture of over than 8,700 substances. Harmful cigarette smoke constituents include carbon
monoxide, nitrogen oxide, ammonia, heavy metals, various polycyclic aromatic hydrocarbons and
aldehydes, such as hydroquinone, catechol, acrolein, crotonaldehyde, and formaldehyde [30]. Recently,
even nicotine, the major psychoactive substance in cigarette smoke, has been called into question
in the pathogenesis of smokers sperm alterations with a possible neuroendocrine mechanism [31].
Indeed, it has been demonstrated that nicotine and its metabolites are capable to cross the blood-testis
barrier [32].

3.1. Effects on Testosterone Production

In vivo animal studies demonstrated that rat exposed to cigarette smoke show low testosterone
elevation in response to human chorionic gonadotropin (hCG) stimulation compared to non-exposed
rats [33]. The chronic administration of nicotine in male rats determined a reduction in testosterone
and estradiol levels. This effect was counteracted by mecamylamine, an inhibitor of nicotine, proving
that nicotine has a specific gonadotoxic effect [34]. The decreased testosterone levels seem to turn to
normality after nicotine cessation, indicating a potential reversible effect of nicotine on Leydig cells
function [35]. It has been demonstrated that nicotine and its metabolites inhibit multiple steps in
testosterone biosynthesis. In rat Leydig cells, nicotine and cotinine produce a dose-dependent increase
in progesterone levels and a dose-dependent decrease in testosterone concentration, by the inhibition of
17α-hydroxylase, 17,20-lyase, and 17-ketosteroid reductase [36]. Furthermore, nicotine exerts cytotoxic
effects on mouse Leydig cells in a concentration- and time-dependent manner inducing apoptosis,
as demonstrating by the increase in Bax (a pro-apoptotic protein) and caspase-3 expression and a
decrease in Bcl-2 (an anti-apoptotic protein) expression [37].

Despite the evidence in animal studies of the cytotoxic effect of nicotine and cigarette smoke on
Leydig cells, in male smokers a reduction of testosterone levels has not been clearly demonstrated.
Conversely, most of the studies found higher testosterone levels in smokers than in non-smokers [38–42].
Higher testosterone and LH levels with higher LH/free testosterone ratio were found with increased
smoking, hence authors hypothesized a compensated Leydig cell failure in smokers [40]. The concurrent
increase in testosterone and LH levels was confirmed for current smokers of five or more cigarettes/day
but not for smokers of less than five cigarettes/day [41]. Recently, a meta-analysis of 22 studies with a
total of 13,317 men, confirmed that smokers show testosterone levels higher than non-smokers [43].

Since higher testosterone concentration should lower LH levels through the negative feedback
exerted at central level, it has been postulated that tobacco alters hypothalamus-pituitary axis enhancing
GnRH or LH release. Alternatively, it has been hypothesized that higher testosterone levels could be
the basis of the smoking habit, favoring addiction to smoking, since men with higher testosterone levels
tend to adopt more risky lifestyles [38,41]. Another mechanism that could contribute to testosterone rise
in smokers is the inhibition of testosterone breakdown by nicotine’s metabolites. Indeed, the uridine
5′-diphospho (UDP)-glucuronosyltransferase (UGT) enzyme superfamily catalyzes the glucuronidation
of both testosterone and nicotine’s metabolites; so, cotinine and trans-3′-hydroxycotinine can compete
with testosterone for binding to the catalytic site and prevent androgen inactivation [43].
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Nicotine at the mesolimbic level increases dopamine release, which in turn inhibits prolactin release
from the hypophysis. Some studies showed lower prolactin levels in smokers than in non-smokers [38];
however, other studies reported higher prolactin levels in smokers [41]. This paradoxical effect could
be explained by the action of endogenous opioids, released in response to nicotine, which could reduce
dopamine release.

3.2. Effects on Spermatogenesis

The association between cigarette smoking and sperm concentration has been studied from the
80s. A first meta-analysis conducted in 1994 showed that smokers had a sperm density 13–17% lower
than that of nonsmokers [44]. Subsequent studies confirmed this finding. Ten years later Künzle
and colleagues found in smokers a decrease of about 15% in sperm density and of about 17% in
total sperm count compared to nonsmokers [45]. Another study on over 2,500 men found an inverse
dose–response relation between smoking and sperm count, with a 19% lower sperm concentration and
a 29% lower total sperm count in heavy smokers compared to non-smokers [40]. Other studies failed to
demonstrate a detrimental effect of cigarette smoking on sperm concentration [46,47] or found a trend
for a reduction of sperm count with the increasing number of smoked cigarettes, without reaching
statistical significance [48]. However, a more recent meta-analysis with a wider sample size confirmed
that smoking is a risk factor for all sperm parameters, including sperm density and total count, in both
infertile and healthy men [49]. Another meta-analysis was conducted in 2016, including only studies
performed after the introduction of 2010 WHO manual for the laboratory evaluation of human semen.
This meta-analysis involved a total of almost 6,000 participants, and found a reduced sperm count
in smokers, with higher effect size in infertile men and in moderate/heavy smokers [50]. The latest
meta-analysis, performed in 2019, evaluated sixteen studies including almost 11,000 infertile male
participants subdivided in smokers and non-smokers and found that oligozoospermia is significantly
more frequent in smokers with a relative risk of 1.29 [51].

It has been demonstrated in vitro that spermatozoa from healthy, non-smoker men incubated
with cigarette smoke extract show an increase in phosphatidylserine externalization, an early apoptotic
sign, and in DNA fragmentation, a late apoptotic sign, in a concentration- and time-dependent
manner [52]. Similarly, the incubation of spermatozoa with increasing concentration of nicotine reduces
the percentage of viable spermatozoa and increases the number of spermatozoa with altered chromatin
compactness, or DNA fragmentation [53]. This finding indicates that nicotine itself is, at least in part,
responsible for the detrimental effect of cigarette smoke on sperm. Indeed, nicotine and its major
metabolites, cotinine and trans-3’-hydroxycotinine, are capable to cross the blood-testis barrier and
their concentrations are similar or even higher in the seminal plasma than in the blood of smokers [32].

Nicotine binds to a class of ionotropic acetylcholine receptors, the nicotinic receptors (nAChR),
made up of five subunits, whose expression has been demonstrated also on human spermatozoa. Since
hexamethonium, the main antagonist for the neuronal nAChR, is able to reverse the detrimental effects
of nicotine on non-conventional sperm parameters, including apoptotic signs, a possible neuroendocrine
mechanism has been postulated for nicotine-related sperm damage [31]. In semen of non-smokers,
only a homomeric nicotinic receptor consisting of five α7 subunits is present; however, it has been
demonstrated that cigarette smoking may stimulate the expression of some other subunits, such as
α9 subunit, that in pregnant smoker women is involved in the vasoconstriction, disepithelization,
and apoptosis of the placenta. The aberrant expression of subunit different from α7 in semen could
contribute to the functional alterations found in the spermatozoa of smokers and could represent a
marker for smoking-related sperm damage [54].

In rats exposed to nicotine ultrastructural alterations of germ cells, peritubular structures,
and Sertoli cells were found. These alterations include: thickening of the tunica propria; degeneration
of junction between the Sertoli cells; irregular cristae and electron-dense matrix inside Sertoli cells’
mitochondria; spermatids with altered cytoplasm-nucleus ratio, cytoplasmic electron-dense lipid
droplets, and abnormal acrosome [55].
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In addition to the gonadotoxic action of nicotine, reactive oxygen species (ROS) have been
called into question as determinants of sperm damage in smokers. Indeed, smokers, have
higher malondialdehyde, and protein carbonyls level (markers of oxidative stress), and lower
glutathione, ascorbic acid, zinc, superoxide dismutase, catalase, and glutathione-S-Transferase than
non-smokers [56]. Cadmium and lead levels in seminal plasma of smokers were correlated with
the oxidative stress markers [57]. Erythroid 2-related factor 2 (NRF2), an antioxidative transcription
activator that binds to antioxidant response elements in the promoter regions of target genes, could
be implicated in the susceptibility of sperm damage induced by ROS in smokers. Indeed, the NRF2
rs6721961 TT genotype was found to be associated with lower sperm concentrations and sperm counts
in heavy smokers [58].

4. Caffeine

Caffeine is a methylated xanthine, structurally similar to purine and uric acid, present in coffee,
tea, soft drinks, and chocolate. One cup of coffee contains about 137 mg of caffeine, a cup of tea
47 mg, a bottle or can of caffeinated soft drinks (i.e., cola) about 46 mg, a serving of chocolate about
7 mg [59]. Caffeine stimulates heart contraction and rate, dilates blood vessels by relaxing smooth
muscles, increases the secretion of catecholamine, increases diuresis, enhances alertness and decreases
drowsiness and fatigue. It is able to cross the blood-testicular barrier and it is found in the same
concentrations in blood and semen [60]. For these reasons, its effects on reproductive function have
been investigated.

4.1. Effects on Testosterone Production

In a study of more than 2,500 men, no statistically significant association was found between
caffeine intake and reproductive hormones [61]. However, in other studies caffeine consumption was
positively associated with total [39,62] or bioavailable testosterone [63].

In animal models, caffeine induces a stress-like hormonal response. The acute treatment with
high doses of caffeine caused in male rats a rise above control values in plasma concentrations of
corticosterone, progesterone, testosterone, and noradrenaline [64]. Prolonged treatment for up to
30 days determined a significant increase in serum testosterone and a significant decrease in serum
luteinizing hormone and follicle-stimulating hormone (FSH) levels [65].

4.2. Effects on Spermatogenesis

The evidence about a putative detrimental effect of caffeine on sperm production is controversial.
Most of the studies showed no significant differences in sperm concentration in relation to caffeine
intake [59,61,62,66–68]. Only cola soft drinks consumption has been associated with lower sperm
count and concentration, but this effect is not directly related to caffeine because its content is much
lower than in coffee [61]. However, an intake of more than 700 mg/d caffeine has been associated with
a decreased fecundability rate both in men than in women [67], and a paternal intake of more than
272 mg/d has been associated with a decreased live birth rate in intracytoplasmic sperm injection (ICSI)
cycles [59].

A recent systematic review of 28 studies and about 20,000 men confirmed that caffeine intake
does not influence sperm count and concentration. However, data meta-analysis was not performed
because of the extreme heterogeneity in exposure measurement (i.e., weekly intake of coffee alone
or of different sources of caffeine), study design, and studied outcomes [25]. The single existing
meta-analysis included only two studies and concluded for no statistically significant effects of coffee
consumption on sperm density [49].

An animal study showed that Wistar rats orally treated with caffeine for 30 days have a decreased
sperm count which does not ameliorate after caffeine withdrawal. Histological sections of the testis in
treated rats showed subcapsular and interstitial congestion [65].
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Caffeine acts as an antagonist of adenosine receptors. Adenosine receptors are also present in
Sertoli cells where they seem to promotes the production of lactate, the preferred metabolic substrate of
germ cells [69]. It has been demonstrated that the incubation of Sertoli cells with low-moderate doses
of caffeine enhances lactate production and increases the expression of GLUT1 and GLUT3. However,
at high concentration caffeine exerts on Sertoli cells a pro-oxidant effect [69].

5. Cannabis

Extract from Cannabis sativa, commonly referred to as marijuana, is the most widely
used illegal drug in many countries. The major psychoactive substance contained in cannabis,
Δ9-tetrahydrocannabinol (THC), is able to interact with cannabinoid receptors CB1 and CB2, belonging
to the superfamily of G-protein coupled receptors. In humans, CB1 is localized in nervous system
and other tissues, including reproductive system (ovary, uterine endometrium in women, testis and
vas deferens in men), while CB2 is found predominantly in immune cells but also in Sertoli cells [70].
The endogenous ligands for cannabinoid receptors are the endocannabinoids produced and released
on-demand by neurons and peripheral cells. The main endocannabinoids are anandamide and
2-arachidonoylglycerol [71]. The endocannabinoid system is involved in the regulation of reproductive
function [72]. For these reasons, the effects of cannabis on male reproductive function have been
investigated for almost 50 years, leading to contrasting results.

5.1. Effects on Testosterone Production

Since 1970s, a dose-related decrease in testosterone levels has been demonstrated in chronic
marijuana smokers [73]. In acute administration, plasma LH was significantly depressed and cortisol
was significantly elevated after smoking marijuana, indicating that cannabis decreases testosterone
levels with a central mechanism [74]. Other studies failed to demonstrate statistically significant
differences in plasma testosterone levels between occasional and chronic marijuana smokers [75],
between occasional smokers and controls [76], or between daily cannabis users and controls [77].
A recent population study on over 1,500 U.S. men found no differences in serum testosterone levels
among ever users of marijuana compared to never users. However, testosterone concentrations were
higher in men with more recent marijuana use, especially in men aged 18–29 [78]. A study on over
1,200 young healthy men reported, similarly to tobacco smokers, an increase in testosterone levels
in marijuana smokers [79]. A recent systematic review on 15 clinical studies and 21 animal/in vitro
studies concluded for a not significant relationship between long-term cannabis consumption and
alteration of the hypothalamic–pituitary–testicular axis hormones [80].

Despite these conflicting data, an inhibitory action of THC at central level is plausible since it
has been demonstrated that CB1 receptors are present both at pituitary (expecially in lactotrophs and
gonadotrophs) and hypothalamic (in GnRH neurons) level. Endocannabinoids depress the pituitary
secretion of thyroid-stimulating hormone (TSH), LH, growth hormone (GH), and prolactin, and the
hypothalamic GnRH release in rats [81]. Specifically, the CB1 receptor agonist anandamide suppresses
LH and testosterone secretion [82]. In vitro, it has been demonstrated that endocannabinoids inhibit
gamma-aminobutyric acid (GABA) A receptors drive in GnRH neurons, determining a decrease in
GnRH neuron firing rate [83].

However, a direct effect of THC in testis has also been demonstrated in animal models. In rats,
acute and chronic administration of THC significantly depressed testosterone formation in testis
microsomes [84]. In in vitro studies, murine Leydig cells incubated with THC produced less testosterone
in response to hCG and dibutyryl-cAMP [85]. Furthermore, a reduced expression of LH receptor on
testis and a reduced activity of testicular 3β-hydroxysteroid dehydrogenase has been demonstrated in
mice fed with a preparation containing cannabis [86].
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5.2. Effects on Spermatogenesis

Parallel to the reduction of testosterone levels, a higher prevalence of oligozoospermia has been
found in marijuana smokers since the 70s. Kolodny and colleagues found oligozoospermia in 35%
of men who used marihuana without other drugs at least four days a week for a minimum of six
months [73]. In a study on more than 1,200 healthy young men, the Authors found a lower sperm
concentration and a lower total sperm count among men smoking marijuana more than once per
week. The concomitant use of other recreational drugs was associated with a further worsening of
sperm production [79]. Other studies failed to demonstrate a decrease in sperm count in marijuana
smokers [87]. A recent systematic review of seven clinical studies and 23 animal/in vitro studies
concluded that cannabis consumption exerts a negative impact on semen parameters, but it considered
also the alteration of sperm motility and morphology that is not an argument of our review [80].

It has been demonstrated that endocannabinoids at male reproductive level inhibit acrosome
reaction and sperm capacitation, and induce programmed cell death in Sertoli cells (effect counteracted
by FSH) [71]. Since clinical studies on humans are not feasible for ethical reasons, most of the studies
on spermatogenesis were carried on animals and demonstrated a detrimental effect of THC on germ
cells. For example, daily administration of cannabis extract in dogs for one month produced a complete
arrest of spermatogenesis, with extensive fibrosis and exfoliation of the seminiferous elements [88].
Regressive changes have also been demonstrated in the testes of mice fed with bhang, an Indian edible
preparation of cannabis, for over 30 days [86]. The chronic administration of HU210, a synthetic
analogue of THC and potent agonist of CB1 and CB2 receptors, determined in male rats a significant
reduction in sperm count and daily sperm production, and a reduction in the number of Sertoli
cells. No significant differences were observed after acute treatment [89]. Conversely, a recent study
conducted on mice treated with a daily dose of 10 mg/kg THC for 30 days found no changes in testis
weight nor alterations in spermatogenesis and sperm concentration. Moreover, the morphology of
Sertoli and Leydig cells was normal, and apoptosis - evaluated with TUNEL test - was not different
between the two groups [90].

6. Cocaine

Cocaine is an alkaloid obtained from the leaves of many species of the Erythroxylaceae family. It is
a powerful local anesthetic, it alters thermoregulation and exerts stimulating effects on cardiovascular
system, central and peripheral nervous system [91]. Cocaine abuse and dependence are very
frequent, especially in Western countries. However, the relationship between cocaine intake and male
reproductive function has not been extensively studied. In infertile male population, a low prevalence
of cocaine use (<1%) has been reported, but men consuming cocaine are more likely to use other
illicit drugs and substances (e.g., alcohol, tobacco) which may negatively impact their reproductive
function [92].

6.1. Effects on Testosterone Production

Increase in LH, adrenocorticotropin hormone (ACTH), and cortisol, decrease in prolactin
e unchanged testosterone levels have been found in men after intravenous low-dose cocaine
injection (0.2–0.4 mg/kg) [93,94]. Conversely, in men who chronically use cocaine, lower free
testosterone concentrations have been found, while gonadotropins did not differ compared to
nonusers [95]. Furthermore, some cases of cocaine-induced panhypopituitarism have been described:
intranasal cocaine abuse can cause pituitary infarction [96] or the production of human neutrophil
elastase-anti-neutrophil cytoplasmic antibodies (HNE-ANCA), leading to a pituitary inflammatory
process [97].

Regarding evidence on animals, a biphasic effect on the testosterone concentration has been found
in rats following intraperitoneal injections of high doses of cocaine: testosterone initially raised and
then dropped quickly [98]. In another study, male Wistar rats treated with intraperitoneal injections of
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low doses of cocaine showed an increase in testosterone concentration and unaltered LH levels. The
same effect was not demonstrated with high doses of cocaine [91]. Similarly, the chronic administration
of cocaine (15 mg/kg for 100 days) in rats did not induce changes in testosterone, FSH and LH levels [99].
In male Rhesus monkeys, a single injection of low dose cocaine caused a rapid increase in LH levels,
while testosterone concentration did not change. The Authors hypothesized that LH release following
cocaine injection was due to a burst of hypothalamic GnRH [100].

6.2. Effects on Spermatogenesis

Since the 1990s, the association between oligozoospermia and cocaine consumption has been
investigated. Bracken and colleagues found an odds ratio of 2.1 of having sperm counts <20 × 106 mL
in men who referred cocaine use [101].

In male rats repeated intraperitoneal injections of low and high doses of cocaine produced a
decline in the number of normal seminiferous tubules of respectively 50% and 40%, and an increase in
regressive tubules of 50% and 60%. Testis weight was not significantly reduced after treatment; however,
the testicular volume decreased after high doses of cocaine. The main cytological changes found in
spermatogonia, spermatids, and Sertoli cells were lipid droplets, vacuoles and giant mitochondria [91].
Effects of long-term cocaine administration on spermatogenesis were similar: peripubertal rats
treated for 100 days with cocaine showed a reduced mean diameter of seminiferous tubules and
thickness of the germinal epithelium. The number of spermatids also decreased. These findings
indicate a significant toxic action on spermatogenesis, that Authors attributed to the ischemic effect
of cocaine. Indeed, cocaine, enhancing norepinephrine and epinephrine release, induces intense
vasoconstriction [99]. It has been demonstrated that cocaine chronic administration increases germ cell
apoptosis, evaluated by TUNEL assay, of about 25%. Since ROS activate apoptosis and are generated
during the metabolization of cocaine and during reperfusion injury, they have been implicated in the
cocaine-induced programmed cell death [102,103].

7. Amphetamine, Methamphetamine, and MDMA (Ecstasy)

Amphetamine is a drug derived from phenethylamine with the addition of an α-methyl group
that protects it against metabolism by monoamine oxidase. It stimulates the release of monoamines
(i.e., dopamine and noradrenaline) in central nervous system and it has been used since the 1930s in
the treatment of psychiatric disorders [104]. It is still employed in the U.S. and in some European
countries in the management of Attention Deficit/Hyperactivity Disorder (ADHD); however, for its
euphoric and stimulant effects, it is also taken for recreational purposes. Methamphetamine is
obtained from the methylation of amphetamine which confers it greater psychostimulant activity.
It is also known with the street names Speed and Meth Crystal and it is often abused for recreational
purpose. 3,4-Methylenedioxymethamphetamine (MDMA), commonly known as Ecstasy, is a synthetic
amphetamine, with serotonin and dopamine-releasing properties. It has several stimulating and
inhibiting effects on central and peripheral nervous system (i.e., euphoria, increased energy, insomnia,
enhanced sensory perception; attention and memory deficit, reduction of psychomotor speed and
executive cognitive function); furthermore, it alters circadian rhythms and thermoregulation, causing
hyperthermia. It is the entactogen molecule par excellence since it is able to produce feelings of
empathy [105]. Amphetamines have demonstrated, in experimental settings, several effects on testicular
function, as summarized below. However, studies on humans are not available.

7.1. Effects on Testosterone Production

In vivo and in vitro studies demonstrated that amphetamine decreases testosterone production and
increases the generation of testicular cyclic AMP in rats. Also hCG-stimulated testosterone release was
reduced in rats following a single intravenous injection of amphetamine, while plasma LH levels did not
change. Authors hypothesized that amphetamine could act directly and dose-dependently on Leydig
cells, and that the activation of adenylate cyclase could be responsible for the inhibition of testosterone
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production after amphetamine administration [106]. The same Authors demonstrated subsequently
that in Leydig cells amphetamine decreases the activity of the steroidogenic enzymes 3b-hydroxysteroid
dehydrogenase, P450c17, and 17-ketosteroid reductase, and attenuates Ca2+ influx through L-type Ca2+

channel [107]. Another study evaluated the effects of amphetamine on steroidogenesis in MA-10 mouse
Leydig tumor cells, which produce progesterone as the major steroid instead of testosterone in response
to hCG. Contrary to previous studies, the Authors demonstrated a stimulatory action of amphetamine,
which directly enhanced hCG-induced progesterone production in cells by increasing the activity
of the P450scc enzyme. No effects on the activity enzymes 3b-hydroxysteroid dehydrogenase was
found [108].

In an in vivo study, a single intraperitoneal administration of methamphetamine exerted a biphasic
effect on testosterone production in mice: serum testosterone concentrations initially decreased and
then increased, reaching a level higher than basal after 48 hours. The Author postulated that, similarly to
amphetamine, methamphetamine could decrease testosterone production acting at testicular level [109].
In another study, rats chronically treated with high doses of methamphetamine exhibited lower
testosterone levels compared to controls [110]. An increase in testicular GABA concentration has also
been reported in methamphetamine treated rats [111]. Since GABA is involved in the proliferation of
Leydig cells and testosterone production, Authors hypothesized that the increase in GABA concentration
could represent a compensatory response to the detrimental effects of methamphetamine on Leydig
cells [111].

It has been demonstrated that MDMA suppresses the hypothalamic-pituitary-gonadal axis
in male rats. Following acute or chronic MDMA administration, adult male Sprague-Dawley
rats showed lower expression of GnRH mRNA and decreased serum testosterone concentrations
compared to controls. LH, progesterone, and estradiol concentrations were not affected, suggesting a
diminished drive from hypothalamic GnRH neurons as the cause of the hypothalamic-pituitary-gonadal
axis inhibition [112]. Since both dopamine and serotonin receptors are expressed in the preoptic
area, where GnRH cell bodies allocate, these two neurotransmitters are probably implicated in the
inhibition of GnRH mRNA expression [112]. Conversely, another study, in which MDMA was
administered to male rats subcutaneously during 12 weeks one a day for three consecutive days a week,
simulating human weekend associated consumption, failed to demonstrate any effects of MDMA on
the hypothalamus-pituitary-gonadal axis hormones [113].

7.2. Effects on Spermatogenesis

In has been demonstrated that methamphetamine induces apoptosis in murine testicular germ
cells: in mice treated with increasing intra-peritoneal doses of methamphetamine a dose-dependent
percentage rise of the apoptotic tubules was detected by TUNEL. Histological changes found in the
murine testis include vacuolization of spermatogonia and derangement of cell layers [114]. These
findings were confirmed by another study demonstrating that methamphetamine administration
decreases significantly cell proliferation and increases apoptosis in both rats spermatogonia and
primary spermatocytes, altering proliferation/apoptosis ratio [115]. Another confirmation came
from the study of Nudmamud-Thanoi and Thanoi, were rats treated acutely and sub-acutely with
methamphetamine showed an increase in TUNEL-positive cells in seminiferous tubules and a parallel
reduction in epididymal sperm count [116]. In a more recent study, rats receiving 5 ml/kg intraperitoneal
methamphetamine for 7 and 14 days showed a significant decrease in the number of spermatogonia,
primary and secondary spermatocytes, and in spermatogenesis indices (tubular differentiation index,
spermiogenesis index, repopulation index, and mean seminiferous tubules diameter) compared with
controls [117].

Apoptosis in germ cells could be induced by hydroxyl radical formation, overproduction of
serotonin or methamphetamine-induced testicular thermic rise [115]. In rats chronically treated with
high doses of methamphetamine a significant decrease in GSH/GSSG ratio was recorded, indicating
oxidative stress. Antioxidant enzymes (superoxide dismutase, catalase, and glutathione peroxidase)
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initially declined and then returned to normal, suggesting an adaptive response to scavenge ROS
produced during methamphetamine metabolism. In parallel, a decreased expression of Bcl2 and
increased levels of cleaved caspase-3 were found, indicating the activation of apoptosis. The Authors
also reported a reduced epididymal sperm count in treated rats [110]. Methamphetamine seems also
to reduce in male rats the expression of progesterone and estrogen receptors [116]. These receptors
are normally expressed both in germ cells and in Sertoli cells and seem to play a role in germ
cells proliferation and differentiation during development, inhibition of apoptosis, spermiogenesis,
and sperm capacitation [118]. Finally, increased GABA concentrations have been found in rat
testicular tissue after methamphetamine administration. Since GABA activity can suppress the
proliferation of spermatogonial stem cells, the increase in its concentration could lead to alteration of
proliferation/apoptosis ratio [111].

Also MDMA is able to cause histological alterations in rat testis. After subcutaneously MDMA
administrations one a day for three consecutive days a week over a 12 weeks period, mild tubular
degeneration and interstitial edema were observed in rat testicular tissue. The Comet assay showed a
significant dose-related increase in sperm DNA damage; however, surprisingly, there was a significant
enhancement of sperm count and a decrease in spermatids count in treated rats [113]. In another study
conducted on rats, MDMA significantly increased the number of apoptotic TUNEL-positive cells in
both germinal epithelium and Leydig cells, while germinal epithelium thickness and diameter of the
tubules decreased. In parallel, an increase in body temperature and in immunoreactivity of heat shock
protein 70 (HSP70) was observed [119]. Since testes are sensitive to temperature and HSP are produced
in response to thermic stress to stop caspase activation and inhibit the apoptotic process, the Authors
hypothesized that MDMA-induced hyperthermia could activate apoptosis in rat testicular tissue [119].

8. Opioids

Opioids are derived from opium, extracted from the seed pod of the opium poppy (Papaver
somniferum). They include opium alkaloids, such as morphine, and synthetic derivatives, such as
codeine and heroin. They have the ability to bind with three main classes of receptors - mu (μ), delta (δ),
and kappa (κ) - belonging to the superfamily of G-protein coupled receptors, which usually interact with
three major classes of endogenous opioid peptides (endorphins, enkephalins, and dynorphins) [120].
The endogenous opioids are physiologically implicated in the regulation of several functions: motor,
immune, gastrointestinal, cardiovascular, neuroendocrine, cognitive, and, more notoriously, nociceptive
function. Opioid analgesics, such as oxycodone, hydrocodone, propoxyphen, fentanyl, and methadone
are frequently prescribed in muscular-skeletal and rheumatological conditions because they are effective
in reducing pain, inexpensive and long-lasting. However, their potential risk for addiction is well
known [120]. Opioid receptor antagonists, such as naloxone and naltrexone, are clinically used to
reverse the effects of opioid overdose. The inhibitory effects of opioids on testosterone production are
widely known; while effects on spermatogenesis are still controversial.

8.1. Effects on Testosterone Production

Opioid-induced androgen deficiency (OPIAD) is nowadays a recognized syndrome characterized
by decreased levels of testosterone, reduced libido and muscle mass, fatigue, and osteopenia [121].
A cross-sectional study examined the prevalence of opioid use in the last 30 days in almost 5000 men
and women aged 17 years and older from the general population. Testosterone levels of opioid-exposed
were compared with those of non-exposed subjects. The Author found an overall OR = 1.40 of
having low testosterone levels in opioid-exposed subjects. The most commonly used opioids were
hydrocodone, oxycodone, and tramadol [122].

The inhibitory effects of opioid drugs on hypothalamic–pituitary–testicular axis have been known
for over 40 years [123]. Endogenous and exogenous opioids inhibit hypothalamic GnRH secretion,
disrupting its normal pulsatility and leading to decreased LH levels. As a consequence of reduced
GnRH secretion, LH and therefore testosterone levels decrease, determining hypogonadotropic
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hypogonadism. The FSH levels would seem to be less affected by opioids administration, in both
animals and men [120]. Hyperprolactinemia may contribute to opioids central inhibitory activity.
Indeed, acute administration of opioids increases prolactin levels in both human and animal models,
while their chronic administration could have variable effects on prolactin secretion based on the type
of opioid used [120].

Men treated with long-term intrathecal opioid administration exhibit lower LH, serum testosterone
and free androgen index than controls [124]. Low levels of total and free testosterone and high levels of
SHBG have been also reported in heroin-addicted men [125,126] and in men consuming sustained-action
oral opioids for control of non-malignant pain [127]. In a study on opium-addicted Iranian men, mean
serum levels for LH, total, and free testosterone were significantly lower than in controls [128].

It has been hypothesized that not all opioids exert the same effect on testosterone production.
Indeed, buprenorphine, a partial μ-opioid receptor agonist and pure antagonist at the κ-opioid receptor,
used to treat opioid dependence, affects fewer testosterone levels than methadone [129–131]. Contrary
to this hypothesis, a meta-analysis including 12 studies on men found a difference in testosterone levels
of 165 ng/dL in men using opioids compared to controls, with no significant differences between the
different types of opioids. The Authors concluded that all opioids suppress testosterone; however, only
one study on buprenorphine was included in the meta-analysis [132]. It has also been demonstrated
that long-acting opioids induce more frequently hypogonadism than short-acting opioids, probably
for their prolonged inhibitory action on GnRH release [133].

Several studies demonstrated the inhibitory effects of opioids on the hypothalamic-
pituitary-gonadal axis also in animal models. Four days of treatment with morphine determined in rat
hypothalamus a marked decrease in GnRH mRNA levels, indicating that opioids inhibit the biosynthesis
of the neuropeptide [134]. In vivo and in vitro studies demonstrated that methadone inhibits the
dopamine-stimulated release of GnRH in rats [135]. Following morphine injection, testosterone
levels decreased in rats dose-dependently and this effect was counteracted by the opioid antagonists
naltrexone and naloxone [136]. Rats intraperitoneally injected for 30 days with tramadol hydrochloride,
a widely used analgesic drug which binds to μ-opioid receptors more weakly than morphine, exhibited
lower LH, FSH and testosterone levels than controls after treatment [137]. Another study found
reduced LH levels in rats chronically treated with morphine, but FSH and testosterone levels did not
significantly differ compared to controls. However, in this study the morphine administered dose was
relatively low [138].

8.2. Effects on Spermatogenesis

It has been demonstrated that human spermatozoa express μ-, δ-, and κ- opioid receptors, located
in the head, in the middle region, and in the tail of the sperm [139]. In a study conducted in Iran, where
opium consumption is relatively common in the male population, opium-addicted men showed more
frequently oligozoospermia than controls. Furthermore, they exhibited lower antioxidant activity and
higher sperm DNA fragmentation index compared to healthy age-matched male volunteers [128].

Rats chronically treated with tramadol exhibited histological degenerative changes in the
seminiferous tubules, in Sertoli cells and in Leydig cells: tubules showed a decrease in mean diameter
and epithelial height, shrinkage, separation of tubular basement membrane, and disorganization
and vacuolization of spermatogenic layers; Sertoli cell presented vacuolation, huge lipid droplets
and disrupted junctions; Leydig cells had euchromatic nuclei and dilated smooth endoplasmic
reticulum [137]. The Authors suggested that regressive histological changes following tramadol
administration were linked to opioid-induced testosterone deprivation [137].

Recently, increased caspase-3 and decreased anti-apoptotic protein Bcl-2 expression have been
described in rats chronically treated with tramadol. Authors hypothesized that the apoptotic process
was induced by oxidative stress since malonldialdehyde levels were increased, while the antioxidant
enzymes activity was decreased in treated rats [140]. Interestingly, tramadol withdrawal improved
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but did not normalize apoptotic changes in testicular tissues, indicating permanent opioid-induced
damage [140].

Another study failed to demonstrate a reduction of seminiferous tubules diameter in rats
chronically treated with morphine, even if sperm count was three times lower in treated rats than
controls. Also the distribution of Leydig and Sertoli cells did not differ from the two groups. However,
the dose of morphine administered was on average lower than in the other studies [138]. These
findings are partially in agreement with a study of Cicero and colleagues, where morphine treatment
did not induce histological changes in the testis of rats treated with morphine. However, in this study
– were morphine was administered at higher dosage but only for 14 days – also sperm count was
normal [141]. These results could indicate that morphine exerts less gonadotoxic effects than other
synthetic opioids, or that high dose and duration of treatment are both needed to reveal the detrimental
effects of morphine on testis histology and function.

9. Anabolic-Androgenic Steroids

Anabolic-androgenic steroids (AAS) are the most used drugs by athletes, amateur sportsmen,
and body-builders all over the world to improve sports performance and/or physical appearance.
The global lifetime prevalence rate of their use is 6.4% for males [142]. At least 30
different AAS exist, including testosterone, its 17α-alkyl-derivates (e.g., oxandrolone, stanozolol),
its 17β-ester-derivates (e.g., nandrolone, testosterone esters), and its precursors (androstenedione,
dehydroepiandrosterone) [143]. The detrimental effect of AAS on endogenous androgens production
and spermatogenesis are widely known and below summarized.

9.1. Effects on Testosterone Production

The AAS-induced hypogonadism is a widespread phenomenon. Indeed, in men younger than
50 years, the most common etiology of profound hypogonadism, defined as testosterone 50 ng/dl or less,
is just the previous assumption of AAS [144]. Anabolic-androgenic steroids suppress gonadotropin
release from the pituitary gland by a negative feedback mechanism, exerted on both pituitary gland
and hypothalamic GnRH-releasing cells. This results in a down-regulation of gonadotropins and a
decreased secretion of endogenous steroids [143]. Therefore, while during administration abusers may
exhibit high androgen levels, they became hypogonadal following AAS discontinuation, especially
after prolonged use.

A recent systematic review and meta-analysis revealed that long-term AAS use results in prolonged
hypogonadotropic hypogonadism. In almost all studies included in the meta-analysis, LH and FSH
serum levels decreased during AAS use and progressively increased, until returning to the basal levels,
following AAS withdrawal. Conversely, testosterone blood concentration, which decreased during
AAS abuse, remained lower compared to baseline following 16 weeks of AAS discontinuation [145].

The recovery of hypothalamus-pituitary-testicular axis can take from a few weeks to over a
year after AAS withdrawal [146,147]. However, a recent cross-sectional case-control study, involving
37 current AAS abusers, 33 former AAS abusers who ceased steroids for at least 1.7 years, and 30
healthy controls, found that almost one-third of former AAS abusers had total testosterone levels
below 12.1 nmol/L, indicating persistent hypogonadism [148]. Indeed, it has been demonstrated in
animal studies that a permanent depletion of Leydig cells may occur following AAS administration.
A reduction of interstitial cells’ number has been reported in testicular tissue of pre-pubertal and adult
male rats treated with high doses of AAS. Differently from pre-pubertal animals, which obtained a
complete recovery of the Leydig cells number following AAS withdrawal, in adult rats Leydig cells
did not return to the control level, suggesting a long-lasting alteration [149].

9.2. Effects on Spermatogenesis

The AAS abuse leads to severe oligozoospermia up to azoospermia because the elevated levels
of exogenous androgens inhibit, via a hypothalamic and pituitary negative feedback, gonadotropin
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and testosterone production. The lack of LH and the consequent functional arrest of Leydig cells
determines a marked reduction of intratesticular testosterone, of which adequate concentrations are
required to maintain normal spermatogenesis [150]. Furthermore, FSH, in physiological condition,
stimulates Sertoli cell to secrete androgen binding protein that conveys testosterone in the lumen
of seminiferous tubules. The lack of FSH due to AAS-induced suppression thus aggravates the
intratesticular hypotestosteronemia and its consequences on spermatogenesis [151].

Several studies demonstrated that bodybuilders using AAS have a reduced sperm concentration
and a higher prevalence of azoospermia compared to controls [152,153]. Current AAS abusers have
smaller testicular volume than former AAS abusers and controls, and exhibit markedly decreased
plasma gonadotropins, SHBG, 17-hydroxyprogesterone, serum anti-müllerian hormone (AMH) and
inhibin B levels. Serum AMH and inhibin B are Sertoli cells biomarkers and low levels are suggestive
of impaired spermatogenesis [148].

As for AAS-induced hypogonadotropic hypogonadism, the alteration of spermatogenesis are
usually transient. An integrated multivariate time-to-event analysis of data from 30 studies including
about 1,500 subjects who assumed AAS for male contraception, revealed that the median time for
sperm to recover to 20 million per mL was 3.4 months. The probability of recovery to 20 million per mL
was 67% within 6 months, 90% within 12 months, and 100% within 24 months [154]. Since AAS doses
used for male contraception are significantly lower than those used for doping purposes, in abusers
even longer time could be required to recover spermatogenesis. In any case, the recovery time depends
on the individual characteristics of the subject. It has been hypothesized that men who do not obtain
normal sperm concentration following AAS withdrawal, could have unknown fertility alterations
before starting AAS consumption [155].

An increase in apoptotic processes has also been implicated in the pathogenesis of oligozoospermia
following AAS treatment. In rats treated with nandrolone, a statistically significant decrease in testicular
weight and in total epididymal sperm count was observed. Contextually, an increase in TUNEL-positive
cells and caspase-3 enzyme activity was recorded, indicating the activation of apoptosis [151].

10. Conclusions

Surely, substance abuse can contribute to the increased prevalence of hypogonadism observed
in Western countries. However, not all abused drugs have a significant negative impact on
testicular function.

A low-moderate alcohol intake would seem not to impair reproductive function [22]. Conversely,
in heavy drinkers and alcoholic men, both testosterone production and spermatogenesis are altered
with multiple mechanisms. Alcohol inhibits some stages of steroidogenesis, increases the conversion of
testosterone in estradiol inducing the enzyme aromatase, suppresses β-LH gene expression and protein
release from the pituitary gland, and inhibits hypothalamic GnRH secretion through the increase in
β-endorphin-like peptides [9–11,14,15]. Furthermore, it has been demonstrated that alcohol induces
testicular atrophy and histological regressive changes, enhances the production of ROS, and reduces
the anti-oxidant testicular defenses [8,10,29].

Regarding tobacco, it has been demonstrated that both cigarette smoke extract and nicotine increase
apoptotic markers in sperm [52,53]. Indeed, four meta-analyses have confirmed that smoking is a risk
factor for oligozoospermia [44,49–51]. Testicular damage is probably due to smoke-induced oxidative
stress, but also a neuroendocrine mechanism of nicotine has been hypothesized [31]. Conversely,
tobacco does not decrease testosterone levels in men; rather, it would seem to increase androgen
concentrations with mechanisms not entirely clear [43].

Caffeine would not seem to reduce testosterone production nor spermatogenesis in men, even if a
pro-oxidant effect has been described for very elevated dosage [69].

Despite animal studies showed a decreased testosterone production after exposition to cannabis,
a clear relationship between marijuana use and hypogonadism has not been found in men. However,
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marijuana users have worse sperm parameters, including sperm total count and concentration,
compared to controls in most studies [80].

Data about cocaine are few and contrasting. Overall, cocaine abuse seems not to reduce testosterone
levels. However, an odds ratio of 2.1 of having low sperm concentration has been found in cocaine
abusers [101]. Some Authors found histological regressive changes and apoptotic markers in both
germ and Sertoli cells in rats treated with cocaine [91].

Data about the effects of amphetamines on human testicular function are lacking and those on
animals are contrasting. Amphetamine, methamphetamine, and MDMA caused variably positive,
negative and no effects on testosterone concentrations in rats [109,110,113]. Regarding spermatogenesis,
amphetamines induce apoptosis in murine testicular germ cells [114]. Oxidative stress, overproduction
of serotonin and GABA, thermic rise, and decreased expression of progesterone and estradiol receptors
in testis have been called into question in the pathogenesis of testicular damage [111,116,119].

Opioids intake is a known cause of hypogonadotropic hypogonadism. Indeed, opioids are able to
suppress the hypothalamic-pituitary-gonadal axis, with variable grade and intensity depending on
the type of compound [120]. The effects on spermatogenesis are less clear. Only one study showed a
higher prevalence of oligozoospermia in opium-addicted males [128]. In rats, histological changes,
increased apoptosis, and oxidative stress have been described [137].

The inhibitory effects of AAS on testosterone production and spermatogenesis are also
widely known. Anabolic-androgenic steroids exert negative feedback on both pituitary gland
and hypothalamus, suppressing the release of gonadotropins and testosterone [143]. Testicular
volume decreases and sperm production, no longer supported by adequate intratubular testosterone
concentration, drops. These effects are usually reversible, even if a complete recovery of the axis
can take more than one year. However, incomplete normalization of testosterone levels and sperm
production following AAS withdrawal have also been described [148].

The main mechanisms by which substance abuse interferes with testosterone production and
spermatogenesis are summarized in Figure 1 and in Table 1.

The effect of the concomitant abuse of more than one of the substances is unpredictable but often
additive. The substance withdrawal in most cases leads to the resolution of the hypogonadism. Indeed,
during the evaluation of the patient referring for hypogonadism, to investigate the use of illicit drugs
and legal substances such as tobacco and alcohol is mandatory. Especially in younger men, when no
organic causes of hypogonadism are detectable, substance abuse must be suspected and, eventually,
the withdrawal must be recommended.

62



J. Clin. Med. 2019, 8, 732

Figure 1. The main mechanisms by which substance/drug abuse may decrease
testosterone levels and sperm production are: inhibition oh GnRH production/secretion,
increase in prolactin levels, inhibition of gonadotropin production/secretion, inhibition
of steroidogenesis, increase in testosterone metabolism, oxidative stress, induction of
apoptosis. Abbreviations: AAS = anabolic-androgenic steroids, FSH = follicle-stimulating hormone;
GnRH = gonadotropin-releasing hormone; LH = luteinizing hormone.
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Abstract: Background: A multi-disciplinary approach has led to an improvement in prognosis
of childhood cancers. However, in parallel with the increase in survival rate, there is a
greater occurrence of long-term toxicity related to antineoplastic treatment. Hypogonadism and
infertility are among the most frequent endocrinological sequelae in young adult childhood cancer
survivors. The aim of this study was to identify which category of patients, grouped according
to diagnosis, therapy, and age at treatment, shows the worst reproductive function in adulthood.
Methods: We evaluated morpho-volumetric development of the testis, endocrine function of the
hypothalamic–pituitary–gonadal axis, and sperm parameters in 102 young adult childhood cancer
survivors. Results: Overall, about one-third of patients showed low total testicular volume, total
testosterone (TT) <3.5 ng/mL, and altered sperm count. Hodgkin’s disease, hematopoietic stem cell
transplantation, and non-cranial irradiation associated to chemotherapy were risk factors for poor
gonadal function. Patients treated in pubertal age showed lower total testicular volume; however,
the difference was due to more gonadotoxic treatment performed in older age. Testicular volume was
more predictive of spermatogenesis than follicle-stimulating hormone (FSH), while anti-Müllerian
hormone (AMH) was not useful in the evaluation of testicular function of male childhood cancer
survivors. Conclusions: Pre-pubertal subjects at high risk of future infertility should be candidates
for testicular tissue cryopreservation.

Keywords: childhood cancer survivors; infertility; hypogonadism; testicular volume; azoospermia;
chemotherapy; radiotherapy; stem cell transplantation; lymphoma; leukemia

1. Introduction

Cancer in childhood and adolescence represents a rare pathology; however, it has a great biological
interest and an extreme social and public health importance. A multi-disciplinary approach has led
to an evident improvement in prognosis and quality of life for these patients who, more and more
frequently, reach adulthood. Indeed, the drafting of increasingly effective diagnostic-therapeutic
protocols has allowed to increase the 5-year survival rate from the 58% recorded at the end of the 1980s
to around the 80% [1]. Therefore, in parallel with the increase in the number of children and adolescents
who reach adulthood after having undergone treatment for cancer, there is a greater occurrence of
long-term toxicities related to therapies carried out in pediatric age.
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Endocrine disorders are highly prevalent among cancer survivors; it has been estimated that
40–50% of survivors will develop at least one endocrinopathy over the course of their lifetime [2].
Among the negative endocrine long-term effects of antineoplastic treatments, gonadal failure and
subsequent subfertility/infertility is one of the most frequent and most important for its economic and
psycho-social implications.

The gonadotoxic potential of some treatments, such as alkylating agents and testicular irradiation,
is well known [3]. Chemotherapy-induced testicular damage is drug-specific and dose-related:
the extent of the damage and the speed of recovery depend on the agent used and the dose received.
Similarly, radiotherapy damages testicular germinal cells in a dose-dependent manner. However, not all
children who undergo the same antineoplastic treatments will become infertile because individual
susceptibility plays an important role in conditioning reproductive outcomes. Since adult testicular
function is unpredictable, all boys already capable of ejaculating should, as a precaution, cryopreserve
sperm before undergoing antineoplastic treatments. Pre-pubertal patients who do not yet have
spermarche represent the category with major concerns about fertility, because the cryopreservation
of testicular tissue with subsequently auto-graft is still an experimental procedure performed by few
centers and with low probability of success [3].

Another issue regards the age at treatment. In past decades, it has been reported that patients
treated at pre-pubertal age were protected from chemotherapy-induced testicular damage [4,5]. Authors
hypothesized that the protective effect of very-young age was due to the relative quiescence of the
germinal epithelium in the early stages of life [4,5]. Other research questioned this assumption [6–9],
but recent studies are lacking.

In this study, we evaluated the endocrine function of the hypothalamic-pituitary-gonadal axis,
the morpho-volumetric development of the testis, and sperm production in young adult men who
underwent chemotherapy, irradiation, and/or bone marrow transplantation for the treatment of
childhood cancer. The aim was to identify which, among these treatments, has the worst effect on
testicular function in adulthood, for establishing which categories of childhood cancer patients should
be recommended for testicular tissue cryopreservation. We also evaluated the influence of diagnosis
and age at treatment on future fertility.

2. Materials and Methods

2.1. Study Population

This study involved 102 male long-term survivors of childhood cancer who underwent annual
outpatient visits at the Pediatric Oncohematology Unit of the University Hospital “G. Rodolico” in
Catania, Italy, between March 2018 and July 2019.

We enrolled patients aged between 16 and 40 years at the time of the visit, who had been treated
with chemotherapy only, chemotherapy plus radiotherapy, and/or bone marrow transplantation and
who were declared disease-free for at least 5 years. Patients treated with surgery only, testicular
irradiation or orchiectomy for testicular neoplasia, and/or who were in testosterone replacement
therapy at the time of the visit were excluded.

Each patient underwent a thorough health assessment including medical history collection,
general and andrological physical examination, and scrotal ultrasound. Most patients underwent
blood sampling for the dosage of luteinizing hormone (LH), follicle-stimulating hormone (FSH),
and total testosterone (TT). A part of the patients underwent also anti-Müllerian hormone (AMH)
dosage. Patients who accepted to undergo sperm analysis provided a semen sample.

2.2. Scrotal Ultrasound

All patients underwent testicular ultrasound, performed by the medical staff of the Andrology
and Endocrinology Unit of the University Hospital “Gaspare Rodolico” (Catania, Italy).
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By ultrasound, we evaluated testicular volume, echotexture, and echo structure. Total testicular
volume, resulting from the sum of the volume of the two testes, was considered normal when ≥24 mL.
Echo structure and texture were considered normal if they were normoechoic and homogeneous.

By ecocolor Doppler, performed in basal conditions and during the Valsalva maneuver, it was
also possible to explore the presence of varicocele and to assess its grading according to the Sarteschi
classification. Varicocele was considered clinically significant in presence of basal, uni- or bilateral,
venous reflux (grade IV Sarteschi).

Ultrasound scrotal evaluation was performed through an Esaote Mylab25 ultrasound scanner
with a 7.5 MHz linear probe.

2.3. Hormone Essays

The measurement of LH, FSH, and TT was performed on blood samples by
electrochemiluminescence (ECLIA). AMH was evaluated by one-step simultaneous enzyme
immunoassay (“sandwich”).

Blood was collected at the same time as the oncohematological outpatient visit, that may occur in
the morning or in the afternoon. For this reason, fasting was not required.

2.4. Semen Analysis

Patients were asked to deliver a semen sample by masturbation after a sexual abstinence of
3–5 days. The collection was carried out in a dedicated room adjacent to the seminology laboratory of
the Andrology and Endocrinology Unit, within a sterile, wide-mouthed plastic container. The samples
were analyzed by a qualified medical operator soon after liquefaction and, in any case, within an
hour after ejaculation. The semen analysis was performed in accordance with the 2010 World Health
Organization manual (5th edition) [10].

Semen samples with no visible sperm were centrifuged at 3000× g for 10 min. If no sperms were
found after examination of 40 microscopic fields of the sediment at 400×magnification, the sample
was considered azoospermic.

2.5. Statistical Analysis

The data obtained were analyzed with PHStat and RealStatistics add-on for Excel and all results
were expressed as mean ± SD. The Shapiro–Wilk test was used to establish the normality of the
distribution. Data with normal distribution was compared with Student’s t-test; while non-parametric
data was examined with the Mann–Whitney U test. Pearson’s correlation coefficient was used to
assess correlations between sperm concentration, testicular volume, and FSH. Simple and multivariate
regression was performed for testicular volume. One-tailed p ≤ 0.05 was considered significant.

2.6. Ethical Approval

The protocol was approved by the internal Institutional Review Board (ethical approval code:
27/2018), and informed consent was obtained from each participant after full explanation of the
purpose and nature of all procedures used. The study was conducted in accordance with the principles
expressed in the Declaration of Helsinki.

All patients were made aware of the results of their clinical tests and who showed hormonal,
ultrasound, and/or seminal alterations was included in a clinical and instrumental monitoring program
at the Andrology and Endocrinology Unit of the University Hospital of Catania.

3. Results

One hundred and fifty-six male patients visited the outpatient clinic dedicated to long-term
survivors of childhood cancer between March 2018 and July 2019. Among them, 54 patients were
excluded: 41 were too young, 2 were too old, 3 had finished antineoplastic treatment less than five
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years before, 1 was treated with surgery alone, 6 underwent unilateral orchiectomy for testicular tumor,
1 was on testosterone replacement therapy for an already diagnosed primary hypogonadism (Figure 1).

Figure 1. Flow-chart of sample selection process. CCS: Childhood cancer survivors.

A total of 102 patients, aged 16–38 years, were enrolled. Mean age at diagnosis was 6.2 ± 4.2 years;
mean age at enrollment was 23.2 ± 5.4 years (Table 1). Main diagnoses were acute lymphoblastic
leukemia (ALL) (n. 67), non-Hodgkin’s lymphoma (NHL) (n. 11), Hodgkin’s disease (HD) (n. 8),
Wilms tumor (WT) (n. 5), acute myeloid leukemia (AML) (n. 4), and hepatoblastoma (HB) (n. 3).
The other 4 patients had been affected by histiocytosis, nasopharyngeal carcinoma, rhabdomyosarcoma,
and Ewing’s sarcoma (Figure 2). All patients had been treated with at least chemotherapy, according to
the protocols of Italian Association of Pediatric Hematology and Oncology (AIEOP), based on the type
and stage of the malignancy. In addition to chemotherapy, 28 patients also received irradiation and 5
underwent hematopoietic stem cell transplantation (SCT).
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Table 1. Clinical features of childhood cancer survivors, overall and according to therapy and age
at the time of treatment (mean ± DS). AMH: anti-Müllerian hormone: CCS: childhood cancer; CO:
chemotherapy only; CRc: chemotherapy plus cranial irradiation; CRn: chemotherapy plus non-cranial
irradiation; FSH: follicle-stimulating hormone; LH: luteinizing hormone; STC: stem cell transplantation;
TT: total testosterone; TV: testicular volume. Reference values: TV ≥ 24 mL, LH 1.14–8.75 UI/L,
FSH 0.95–11.95 UI/L, TT ≥3.5 ng/mL (gray zone 2.3–3.5 ng/mL), AMH 0.73–16.05 ng/mL, sperm
concentration >39 × 106/mL.

Clinical Features All CSS CO CRc CRn STC <10 Years ≥10 Years

Age at diagnosis (years) 6.2 ± 4.2 5.7 ± 3.8 6.5 ± 5.1 8.2 ± 4.2 6.6 ± 5.2 4.2 ± 2.3 12.3 ± 2.0
Age at enrollment

(years) 23.2 ± 5.4 22.1 ± 4.7 26.9 ± 5.6 22.4 ± 5.2 27.0 ± 5.7 22.9 ± 5.6 24.0 ± 4.7

Total TV (mL) 26.6 ± 8.9 29.4 ± 6.7 27.6 ± 6.9 18.1 ± 9.2 7.9 ± 4.5 27.5 ± 8.5 24.0 ± 9.8
LH (UI/L) 4.1 ± 2.3 3.6 ± 1.7 3.2 ± 2.1 5.2 ± 2.8 8.6 ± 2.9 4.0 ± 2.0 4.5 ± 3.1
FSH (UI/L) 5.5 ± 5.9 3.4 ± 2.0 4.1 ± 2.6 11.7 ± 8.4 17.5 ± 10.2 4.6 ± 3.9 7.8 ± 9.2
TT (ng/mL) 4.5 ± 1.8 4.6 ± 1.9 5.4 ± 1.2 3.8 ± 1.2 3.2 ± 0.9 4.5 ± 1.8 4.5 ± 1.9

AMH (ng/mL) 5.7 ± 5.0 6.2 ± 6.3 / 3.9 ± 2.2 8.1 ± 2.3 6.5 ± 5.8 4.0 ± 1.3
Sperm concentration

(106/mL) 46.8 ± 45.3 52.0 ± 46.1 64.1 ± 46.3 12.5 ± 25.0 0 ± 0 48.2 ± 48.1 43.8 ± 40.8

Figure 2. Frequency of diagnosis in 102 childhood cancer survivors. ALL: acute lymphoblastic leukemia;
AML: acute myeloid leukemia; HB: hepatoblastoma; HD: Hodgkin’s disease; NHL: non-Hodgkin
lymphoma; OT: other malignancies (histiocytosis, nasopharyngeal carcinoma, rhabdomyosarcoma,
and Ewing’s sarcoma); WT: Wilms tumor.

3.1. Grouping According to Diagnosis, Therapy, and Age of Treatment

Childhood cancer survivors were allocated to five categories according to diagnosis: ALL,
NHL, HD, WT, and others (OT). The OT group included all diagnosis which occurred in less
than 5 patients (acute myeloid leukemia, hepatoblastoma, histiocytosis, nasopharyngeal carcinoma,
rhabdomyosarcoma, and Ewing’s sarcoma).

Patients were also classified according to the treatment received: chemotherapy only (CO),
chemotherapy plus radiotherapy (CR), hematopoietic stem cell transplantation (SCT). The CR group
was further divided into two subgroups: chemotherapy plus cranial irradiation (CRc) and chemotherapy
plus non-cranial irradiation (CRn).

According to the age of treatment, patients were subdivided into two group: patients treated in
prepubertal age (<10 years old) and patients treated in pubertal age (≥10 years old). The cut-off of
10 years was chosen based on the report of Nielsen and colleagues indicating the age of 11.7 years as
the lower range of the interval at which spermarche occurs. Thus, under the age of 10, all subjects
were probably pre-pubertal [11]. The same cut-offwas previously used in other studies [12,13].
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3.2. Testicular Morpho-Volumetry

All enrolled childhood cancer survivors underwent scrotal ultrasound. Mean right, left, and total
testicular volume were in the normal range (Table 1). However, total testicular volume was low
(<24 mL) in one third of patients (n. 38). Twenty out of 102 patients (19.6%) had a clinically significant
varicocele (≥IV grade of Sarteschi classification).

After patients’ grouping according to diagnosis, only the HD group showed significantly lower
total testicular volume values compared to the overall sample of childhood cancer survivors (p < 0.001)
(Table 2, Figure 3).

Table 2. Clinical features of childhood cancer survivors according to diagnosis (mean ± DS). ALL:
acute lymphoblastic leukemia; AMH: anti-Müllerian hormone; FSH: follicle-stimulating hormone;
HD: Hodgkin’s disease; LH: luteinizing hormone; NHL: non-Hodgkin’s lymphoma; TT: total
testosterone; TV: testicular volume; OT: other malignancies; WT: Wilms tumor. Reference values:
TV ≥24 mL, LH 1.14–8.75 UI/L, FSH 0.95–11.95 UI/L, TT ≥3.5 ng/mL (gray zone 2.3–3.5 ng/mL), AMH
0.73–16.05 ng/mL, sperm concentration >39 × 106/mL.

Clinical Features ALL NHL HD WT OT

Age at diagnosis (years) 5.7 ± 3.9 6.8 ± 3.3 10.3 ± 4.1 2.4 ± 1.9 7.2 ± 4.9
Age at enrollment (years) 23.6 ± 5.7 22.3 ± 4.5 24.1 ± 5.4 22.4 ± 6.3 21.9 ± 5

Total TV (mL) 28.1 ± 8.1 23.8 ± 10 12.5 ± 3.5 28.8 ± 8.8 27 ± 9.5
LH (UI/L) 3.9 ± 2 4.2 ± 3.5 6.6 ± 2.8 4.2 ± 2.7 3.9 ± 2.5
FSH (UI/L) 4.1 ± 3.1 6.7 ± 7.1 15.8 ± 8.8 8 ± 9.4 6.2 ± 8.6
TT (ng/mL) 4.9 ± 1.9 3.7 ± 1.4 3.3 ± 0.7 5.2 ± 1 4.1 ± 1.2

AMH (ng/mL) 5.2 ± 2.6 23.2 5.4 2.3 2.9
Sperm concentration (106/mL) 47.2 ± 36.5 52 ± 46.1 0 ± 0 / 68.8 ± 94.4

Figure 3. Comparison of hormonal values, total testicular volume, and sperm concentration among
childhood cancer survivors grouped according to diagnosis. ALL: acute lymphoblastic leukemia;
CCS: childhood cancer survivors; Conc.: sperm concentration; FSH: follicle-stimulating hormone; HD:
Hodgkin’s disease; LH: luteinizing hormone; NHL: non-Hodgkin lymphoma; TT: total testosterone;
TV: testicular volume; OT: other malignancies; WT: Wilms tumor.

After grouping according to therapy, the CO group showed significantly higher total testicular
volume compared to overall sample of childhood cancer survivors (p = 0.015); the CR group had
significantly lower total testicular volume than the CO group (p < 0.001); the SCT group showed
significantly lower total testicular volume than both CO (p < 0.001) and CR groups (p = 0.001). After
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further subdividing patients belonging to the CR group in two different categories according to the
irradiated site (cranial or non-cranial), total testicular volume of CRc patients showed no statistically
significant differences compared to the CO group. On the contrary, the CRn group had significantly
lower total testicular volume compared to both CO (p < 0.001) and CRc (p = 0.002) groups (Table 1,
Figure 4).

Figure 4. Comparison of hormonal values, total testicular volume, and sperm concentration among
childhood cancer survivors grouped according to therapy. CO: chemotherapy only; Conc.: sperm
concentration; CRc: chemotherapy plus cranial irradiation; CRn: chemotherapy plus non-cranial
irradiation; FSH: follicle-stimulating hormone; LH: luteinizing hormone; STC: stem cell transplantation;
TT: total testosterone; TV: testicular volume.

After subdivision for age of treatment, patients treated when they were ≥10 years old showed
slightly but significantly lower total testicular volume compared to patient aged <10 years at the time of
treatment (p = 0.046) (Table 1). However, data became not significant when adjusted for diagnosis and
treatment. In patients treated with chemotherapy only (CO), there was a trend for a lower testicular
volume in survivors treated in pubertal age, but the difference did not reach statistical significance
(p = 0.052). To confirm our assumption, we built a multivariate regression model, including age at
the time of treatment, diagnosis, modality of treatment, and presence of varicocele. With backward
procedure, we were able to establish that therapy was the only variable significantly related to testicular
volume, alone explaining 36% of the volume variability.

3.3. Endocrine Function of the Hypothalamic–Pituitary–Testis Axis

Eighty-seven childhood cancers survivors underwent hormonal evaluation. Overall mean
hormonal values were in the normal range (Table 1). Three out of 87 patients (3.4%) and 5/87 patients
(5.7%) exhibited respectively below or above normal LH levels. None of the patients had reduced
FSH values, while 8/87 patients (9.2%) showed FSH levels above normal range. Twenty eight of
the 84 patients (33.3%) had testosterone values <3.5 ng/mL; however, only 5 patients (6%) showed
frankly reduced TT levels (<2.3 ng/mL). Testosterone values of three patients were missing because of
lab errors.

Of blood samples from 17 patients, we also evaluated AMH concentrations. None of the childhood
cancers survivors had low AMH levels, while only 1 patient had AMH values above normal.

79



J. Clin. Med. 2019, 8, 2204

After patients’ grouping according to diagnosis, only the HD group showed significantly higher
LH and FSH values and significantly lower TT values compared to overall sample of childhood cancer
survivors (p = 0.013, <0.001, and 0.027, respectively) (Table 2, Figure 3).

After grouping according to therapy, the CO group showed slightly but significantly lower FSH
values compared to the overall sample of childhood cancer survivors (p = 0.047); the CR group had
significantly higher FSH values than the CO group (p = 0.009); the SCT group showed significantly
higher FSH and LH values compared to both CO (p = 0.001 and p < 0.001) and CR groups (p = 0.004
and p = 0.008). After further subdividing the CR group patients in two different categories according to
the irradiated site (cranial or non-cranial), the CRc group showed hormonal values comparable to the
CO group, except for TT values that were slightly but significantly higher (p = 0.042). On the contrary,
the CRn group had significantly higher FSH levels than both CO (p < 0.001) and CRc (p = 0.001) groups,
and higher LH and lower TT values than the CRc group (p = 0.02 and 0.003, respectively) (Table 1,
Figure 4).

After subdivision for age of treatment, the two groups (<10 years old and ≥10 years old) showed
no significant differences in hormone levels (Table 1).

3.4. Sperm Parameters

Thirty-four patients accepted to undergo sperm analysis. Overall mean sperm concentration
and count were in the normal range (Table 1). Sperm count was reduced in 7/34 patients (20.6%),
while azoospermia was found in 6/34 patients (17.7%). Overall, 38.2% of patients showed low or
absent sperm production. All azoospermic patients had primary testicular disease, characterized
by FSH levels >8 UI/L and low testicular volume, and had undergone radiotherapy or SCT. Among
oligozoospermic patients, 5 had normal FSH values and testicular volume and 2 had normal FSH
values and slightly reduced testicular volume. Four of them showed clinically significant varicocele.

After patients’ grouping according to diagnosis, only the HD group showed significantly lower
sperm concentration compared to the overall sample of childhood cancer survivors (p = 0.029) (Table 2,
Figure 3).

After grouping according to therapy, only the SCT group showed reduced sperm concentration
compared to the CO group (p = 0.004) and to the overall sample of childhood cancer survivors
(p = 0.025). When the CR group was further subdivided into two categories according to the irradiated
site, the CRn group showed lower sperm concentration than both CO and CRc groups (p = 0.007 and
0.036, respectively) (Table 1, Figure 4).

After subdivision for age of treatment, there was no significant difference between the two groups
(<10 years old and ≥10 years old) in terms of sperm concentration (Table 1).

Pearson’s correlation coefficient revealed that sperm concentration was related more to testicular
volume (ρ = 0.51, p = 0.002) than FSH (ρ = –0.43, p = 0.01).

4. Discussion

Only one third of patients accepted to undergo sperm analysis. Many childhood cancer survivors
refused saying they did not want to know anything about their reproductive function or that they
were not willing to have children, now or in the future. The same reluctance was described by other
authors [12,14,15]. This common attitude among childhood cancer survivors has led authors to look
for surrogate markers of spermatogenesis to be used in infertility screening. Inhibin B has proved to be
a better marker for spermatogenesis than FSH [12,14]. However, in some studies, testicular size was
shown to be a predictor of sperm production even better than serum inhibin B [16]. The difference in
the predictive power of testicular volume depends on the applied measurement methods. Most of the
studies that did not show statistically significant differences between testicular volume of patients and
controls used the orchidometer [12]. To our knowledge, ours is one of the few studies about childhood
cancer survivors in which testicular volume has been measured by ultrasound. This is a strength, since
it has been shown that orchidometer is less accurate than ultrasound in volume evaluation, especially
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in testes smaller than 18 mL [17]. By ultrasound, we showed that testicular volume is a predictor of
poor spermatogenesis better than FSH, but we were not able to compare it with inhibin B since we
could not measure this hormone. AMH showed no usefulness in gonadal evaluation of young adult
male long-term childhood cancer survivors. The only patient with elevated AMH levels was 22 years
old and he was treated for NHL at 3 years of age with chemotherapy only. He exhibited normal
gonadotropin levels, TT levels in the “grey zone”, and modestly decreased total testicular volume,
but he refused to undergo sperm analysis.

In this study we found a high percentage of patients (one third) with suboptimal TT levels;
however, a low prevalence of overt hypogonadism (TT ≤2.3 ng/mL) and altered LH levels were
recorded. This probably occurred because blood samples for hormone essays were not drawn in
standardized condition. According to Endocrine Society guidelines, testosterone must be measured in
the morning after 8 h of fasting and the diagnosis must be confirmed repeating the blood sampling
a second time under the same conditions [18]. We were unable to follow these indications because,
to improve patients’ compliance, we performed blood sampling at the same time of the outpatient
visit, which sometimes took place also in the afternoon.

In the past decades, it has been hypothesized that pre-pubertal testis is less sensitive than
post-pubertal testis to chemotherapy-induced damage. Some reports supported this assumption [4,5],
while other studies did not [6–9]. The Childhood Cancer Survivor Study reported that only boys
<4 years of age at diagnosis were more likely to sire a pregnancy later in life than those who were
15–20 years of age at diagnosis [19]. In our study, the only parameter marginally related to the age
at diagnosis was testicular volume, but a more careful analysis found that the difference was due to
therapy: in pubertal and post-pubertal age, HD diagnosis and combined therapy with alkylating drugs
and irradiation were more frequent, while in early childhood LLA and WT were the most common
diagnosis, requiring less gonadotoxic therapy.

Data from the Childhood Cancer Survivor Study showed that the main risk factors for male
infertility after antineoplastic treatment were: diagnosis of HD, testicular irradiation with ≥7.5 Gy,
and alkylating agent dose score ≥2; while pituitary irradiation was not related to impaired fertility [19].
Our study confirmed that cranial irradiation with up to 24 Gy does not affect pituitary gonadotropin
secretion as shown by the fact that childhood cancer survivors who underwent chemotherapy and
cranial irradiation showed similar hormone levels than patients treated with only chemotherapy. None
of our patients received cranial radiation dose >24 Gy.

Unfortunately, we have not been able to subdivide patients according to alkylating agent dose
score because for many of them (especially the older ones), it was not possible to trace the exact dose of
chemotherapy received. Thus, we preferred to divide patients according to the diagnosis, assuming
that patients suffering from the same pathology had received similar treatment schemes and could
represent a homogeneous group.

Similar to the results of the Childhood Cancer Survivor Study, we found that HD was the
diagnosis with the worst testicular function. HD patients usually undergo higher doses of alkylating
and alkylating-like agents; however, they routinely also undergo thoracic and/or abdominal irradiation.
It is known that not only direct testicular irradiation but also scattered dose could be responsible for
testicular damage [20]. We hypothesize that testicular damage in HD patients could be partially due to
scattered testicular irradiation. Our assumption is supported by the finding that childhood cancers
survivors who underwent non-cranial irradiation have poorer testicular function than both patients
who underwent chemotherapy only and chemotherapy plus cranial irradiation, independently from
diagnosis. Indeed, the CRn group also included patients who underwent non-cranial irradiation for
other malignancies than HD (nasopharyngeal carcinoma, rhabdomyosarcoma, Wilms tumor, Ewing’s
sarcoma).

As expected, patients who underwent HSCT had poor testicular function: all of them had low
testicular volume and all of them except one had high FSH levels. Among them, the two patients who
accepted to perform semen analysis were azoospermic.
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Currently, fertility preservation treatments for pre-pubertal patients who do not yet produce
mature spermatozoa are lacking. Some centers have started to cryopreserve immature testicular tissue
from pre-pubertal boys before starting chemotherapy treatment. In 2015, seven centers in Europe
had already collected and stored more than 260 pre-pubertal testicular tissue samples, with biopsies
undertaken only when treatment was deemed at high risk for later fertility complications [3]. It is not
yet certain if such cryopreserved tissue can be successfully used later to restore fertility in humans.
However, the generation of sperm-like cells after 3D culture of isolated spermatogonial cells obtained
from testis biopsies taken from pre-pubertal boys undergoing chemotherapy treatment has been
recently described [21]. In a murine model, complete spermatogenesis was achieved through the
in vitro culture of spermatogonial germ cells; the obtained mature spermatozoa have then been used to
produce viable embryos through in vitro fertilization/ intracytoplasmic sperm injection (IVF/ICSI) [22].
Another frontier of fertility preservation in male childhood cancer survivors is the transplantation of
spermatogonial stem cells or frozen-thawed immature testicular tissue grafted back into the adult.
This technique has been successful in producing functional gametes in animal models, including
non-human primates and mice, and healthy offspring have been produced through IVF/ICSI using
sperm derived from xenografted immature testicular tissue. The concerns are about the possible
reintroduction of malignant cells in case of unapparent leukemic infiltration of the xenografted tissue [3].

Instead of trying to restore fertility, an alternative strategy would be the development
of interventions aimed at preventing chemotherapy- or radiation-induced testicular damage.
Cytoprotective agents that specifically protect the pre-pubertal testis without interfering with the
toxicity to cancer cells could potentially be employed as part of the treatment regimen. In vivo
animal studies investigated the effects of the administration of antioxidants (amifostine, carnitine,
ginseng intestinal metabolite I, vitamin C, and curcumin) prior to chemotherapy reporting contrasting
results [3].

In post pubertal boys and men, a prophylactic down-regulation of the pituitary gland by
gonadotropin-releasing hormone (GnRH) agonists or testosterone to induce a quiescent state in the
gonads was proposed. This approach was attempted for the belief that the prepubescent testis was less
sensitive to gonadal toxicity than the active adult one, as demonstrated by old studies [5]. However,
more recent data—including ours—showed that both pre-pubertal and post-pubertal testis are sensible
to the gonadotoxic damage of chemo- and radiotherapy [23].

Regarding radioprotection techniques, modern shielding systems allow to reduce the scattered
radiation to the testis up to 1% of the prescribed dose. However, the received dose depends primarily on
the distance from the field edge to the gonads [24]. Modifications in irradiation techniques has reduced
radiation dose scattered to testis during treatment of pelvic fields. For example, proton radiotherapy
significantly reduced scattered dose to normal tissues compared with intensity-modulated radiotherapy
in male patients treated for pediatric pelvic rhabdomyosarcoma [25]. This could suggest a wider use of
proton radiotherapy instead of intensity-modulated radiotherapy also in other pediatric malignancies
in order to better safeguard future reproductive function; however, further studies are needed.

5. Conclusions

Our study showed that patients with the worst reproductive function among childhood cancers
survivors are those with previous diagnosis of HD and treated with non-cranial irradiation in addition
to chemotherapy and/or STC. Patients treated with chemotherapy only and chemotherapy plus
cranial irradiation did not show, as a group, any impairment of testicular function. Age at diagnosis
(pre-pubertal or pubertal) does not also seem to influence gonadal function of childhood cancer
survivors in young adulthood. However, generalizations cannot always be applied to the specific case.

Indeed, due to individual susceptibility to chemotherapy- and radiotherapy-induced testicular
damage, the resumption of spermatogenesis after different kinds of treatments tends to be unpredictable,
and studies on spermatogenesis in long-term cancer survivors have shown evidence of persistent
azoospermia or severe oligozoospermia in up to 24% of patients [13,26]. For these reasons, sperm
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cryopreservation—if possible—is always indicated before starting antineoplastic treatment. In 20% of
Tanner II boys, spermiogenesis has already started, allowing cryopreservation of sperm from that age.
Thus, pubertal boys with testicular volumes greater than 10–12 mL should give semen samples before
undergoing antineoplastic therapy [20].

Finally, our study showed that testicular volume evaluated by ultrasound is more predictive of
spermatogenesis than FSH. Our preliminary data also indicate that AMH is not useful in the evaluation
of testicular function in childhood cancer survivors.
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Abstract: The aim of this study wasto assess the in vitro effects of levothyroxine (LT4) on conventional
and bio-functional sperm parameters and its implications on fertility. Patients with male idiopathic
infertility were enrolled and subjected to examination of the seminal fluid and capacitation according
to the WHO 2010 criteria and flow cytometric sperm analysis for the evaluation of bio-functional
sperm parameters. LT4 significantly increased the percentage of spermatozoa with high mitochondrial
membrane potential (MMP), decreased the percentage of spermatozoa with low MMP and increased
sperm motility already at a concentration of 0.9 pmol L−1. Therefore, LT4 significantly reduced
sperm necrosis and lipid peroxidation ameliorating chromatin compactness. These effects of LT4
were evident at a concentration of 2.9 pmol L−1, close to the physiological free-thyroxine (FT4)
concentrations in the seminal fluid of euthyroid subjects. We showed a beneficial role of thyroid
hormones on sperm mitochondrial function, oxidative stress and DNA integrity. The results of this
in vitro study could have a clinical application in patients with idiopathic infertility, clarifying the
role of thyroid function on male fertility.

Keywords: thyroid hormones; spermatozoa; sperm parameters; sperm mitochondrial potential;
sperm motility

1. Introduction

It is known that the thyroid hormones (THs), 3,5,3′-triiodothyronine (T3) and thyroxine (T4) impact
the reproductive function, and thyroid dysfunction is associated with an adverse effect on fertility, both
in men [1,2] and women [3]. Indeed, hyperthyroidism or thyrotoxicosis damages spermatogenesis
causing maturation arrest, impairs mitochondrial activity and alters the antioxidant systems in rats [4].
Hyperthyroidism results in asthenozoospermia in humans [5–7]. In rats, hypothyroidism shows sperm
abnormalities partly similar to those reported in hyperthyroidism with an arrest of spermatogenesis,
reduction of sperm vitality and an increase of oxidative stress with lipid peroxidation [4,8,9], as
well as asthenozoospermia in humans [7]. These semen alterations are reversible both in hypo- and
hyperthyroidism and disappear upon achieving euthyroidism [7].

However, the role of THs on male reproductive function and on sperm parameters is still unclear
and the scientific evidence is conflicting. To date, all in vitro studies have been performed on animal
models; no study has addressed bio-functional and conventional sperm parameters regarding humans.

The presence of thyroid hormone receptors (TR) in rat [10] and human [11] testes suggests a
possible role for TH. Moreover, TR are expressed in the whole testis as well as in Sertoli, Leydig and
germ cells, epididymis and penis [12].

Thyroid hormones can act with a direct effect on sperm cells as well as on Sertoli and Leydig cells.
Moreover, THs act by genomic and nongenomic effects [13].
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Genomic effects derive from the binding of T3 with its TR in the nucleus of Sertoli and Leydig cells:
it activates gene transcription and protein synthesis, regulating their proliferation and differentiation.
T3 regulates steroidogenesis through TRα1 in Leydig cells, but Sertoli cells are the main target of T3

action in the testes [14].
Nongenomic effects result from the binding of THs with nonnuclear TR in cytoplasmatic membrane,

cytoplasm, cytoskeleton and mitochondria where sperm motility is regulated by cAMP pathways.
Some evidences suggest a negative impact of T4 on male fertility by showing that it impairs

human sperm motility acting with a TR-dependent mechanism [15], decreases the number of
spermatozoa/spermatids in the seminiferous tubular lumen and alters the seminal vesicles in animal
models [16]. Moreover, T3 and T4 could damage DNA by increasing reactive oxygen species
production [17]. Conversely, other evidences show that free T4 concentration seems inversely
correlated with sperm DNA damage with a potential protective effect [18] and the treatment with
levothyroxine (LT4) increases the weights of both epididymis and testis [19].

The aim of the study was to evaluate whether THs were able to improve the sperm quality
(apoptosis, chromatin/DNA integrity and mitochondrial function), to ameliorate oxidative stress,
sperm motility and recovery after capacitation.

To accomplish this, the effect of levothyroxine (LT4) on conventional and bio-functional sperm
parameters and their implications on fertility were evaluated in vitro.

2. Materials and Methods

2.1. Patient Selection

The study was conducted in vitro on 15 euthyroid men (mean age 31.2 ± 6.4 years) with
idiopathic infertility.

2.2. Sperm Analysis and Preparation

Sperm analysis was conducted according to the World Health Organization criteria 2010 [20].
Subsequently, spermatozoa were aliquoted and incubated at 37 ◦C under 5% CO2 with increasing
concentrations of LT4 (Sigma-Aldrich S.r.l. Milan, Italy) (0, 0.9, 2.9, 9.9 pmol L−1) for 30 min to evaluate
the effects on:

• Sperm progressive motility.
• Sperm recovery after capacitation by swim-up technique using the Biggers, Whitten, and

Whittingham medium (BWW) with capacitating properties. Spermatozoa were then recovered
from the supernatant according to their capacity to migrate from the bottom of the test tube to
the surface.

• Bio-functional sperm parameters by flow cytometry: Mitochondrial membrane potential (MMP),
vitality, early apoptosis, late apoptosis, necrosis, chromatin compactness, DNA fragmentation and
lipid peroxidation (LP).

To date, no study investigated the free-thyroxine FT4 concentration in the semen of men. The LT4
doses used in this study were selected on the basis of the concentrations of FT4 previously tested in the
semen of unselected euthyroid men similar to those found in enrolled patients (mean: 3.15 ± 0.7 pmol
L−1) by chemoluminescence. Moreover, we chose a time of 30 min to reduce the time-dependent sperm
damage (reduction of motility, apoptosis, etc.) also considering the analysis times of the seminal fluid,
swim-up, etc.

2.3. Flow Cytometric Analysis

Flow cytometric analysis was performed using flow cytometer CytoFLEX (Beckman Coulter Life
Science, Milan, Italy). The CytoFLEX was equipped with two solid state lasers and six total fluorescence
channels (four 488 nm and two 638 nm). We used the FL1 detectors for the green (525 nm), FL2 for
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the orange (575 nm) and FL3 for the red (620 nm) fluorescence; 100,000 events (low velocity) were
measured for each sample. The debris was gated out, by drawing a region on forward versus side
scatter dot plot enclosing the population of cells of interest. Computed compensation was made before
performing all the analyses. Data were analyzed by the software CytExpert 1.2.

2.4. Evaluation of Sperm Apoptosis/Vitality

The externalization of phosphatidylserine (PS) on the outer cell surface is used as an indicator of
early apoptosis. The assessment of PS externalization was performed using annexin V, a protein that
binds selectively the PS in presence of calcium ions. Therefore, marking simultaneously the cells with
annexin V and propidium iodide (PI), we distinguished: Alive (with intact cytoplasmic membrane),
apoptotic or necrotic spermatozoa. Staining with annexin V and PI was obtained using a commercially
available kit (Annexin V-FITC Apoptosis, Beckman Coulter, IL, Milan, Italy). An aliquot containing 0.5
× 106 mL−1 was suspended in 0.5 mL of buffer containing 10 μL of annexin V-FITC and 20 μL of PI
and incubated for 10 min in the dark. After incubation, the sample was analyzed by the fluorescence
channels 525/40 BP (FITC) and 585/42 BP, 610/20 BP, 690/50 BP (PI). The different pattern of staining
allowed us to identify the different cell populations: FITC negative and PI negative indicate alive
sperm cells, FITC positive and PI negative indicate spermatozoa in early apoptosis and FITC positive
and PI positive indicate sperm cells in late apoptosis.

2.5. Evaluation of the Mitochondrial Membrane Potential

The evaluation of MMP was performed using the lipophilic probe 5,5’,6,6’-tetrachloro-
1,1’,3,3’tetraethyl-benzimidazolylcarbocyanine iodide (JC-1) which is able to selectively penetrate
into mitochondria when it is in monomeric form, emitting at 527 nm. Therefore, JC-1 excitated at
490 nm is able to form aggregates emitting at 590 nm in relation to the membrane potential. When the
mitochondrial membrane becomes more polarized, the fluorescence changes reversibly from green
to orange. In cells with normal membrane potential, JC-1 is in the mitochondrial membrane in form
of aggregates emitting in an orange fluorescence, while in the cells with low membrane potential
it remains in the cytoplasm in a monomeric form, emitting a green fluorescence. As regards the
sample preparation, we incubated an aliquot containing 1 × 106 mL−1 spermatozoa with JC-1 (JC-1
Dye, Mitochondrial Membrane Potential Probe, Labochem Science, Catania, Italy) for 10 min, at a
temperature of 37 ◦C and in the dark; after incubation, the cells were washed in PBS and analyzed (FL1
and FL3) obtaining two different populations:

• spermatozoa with high mitochondrial membrane potential (H-MMP)
• spermatozoa with low mitochondrial membrane potential (L-MMP).

2.6. Assessment of DNA Fragmentation

The evaluation of DNA fragmentation was performed by the TUNEL assay. This method uses
terminal deoxynucleotidyl transferase (TdT), an enzyme that polymerizes at the level of DNA breaks,
modifying nucleotides conjugated to a fluorochrome. The TUNEL assay was performed using a
commercially available kit (Apoptosis Mebstain kit, DBA s.r.l, Milan, Italy). To obtain a negative
control, TdT was omitted from the reaction mixture; the positive control was obtained by pre-treating
spermatozoa (about 0.5 × 106) with 1 mg/ml of deoxyribonuclease I, not containing RNAse, at 37 ◦C
for 60 min prior to staining. After fixation (4% paraformaldehyde) and permeabilization of the plasma
membrane (ethanol 70%), we incubated an aliquot containing 0.5–1 × 106 mL−1 spermatozoa for 60 min,
at a temperature of 37 ◦C; after incubation, the cells were washed in PBS and analyzed (FL1).

2.7. Degree of Chromatin Compactness Assessment

Chromatin compactness assessment was evaluated after a process of cell membrane
permeabilization; in this way fluorophore was able to penetrate the nucleus. An aliquot of 1 × 106
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spermatozoa was incubated with LPR DNA-Prep Reagent containing 0.1% potassium cyanate, 0.1%
NaN3, non-ionic detergents, saline and stabilizers (Beckman Coulter, IL, Milan, Italy) in the dark
at room temperature for 10 min. It was then incubated with Stain DNA-Prep Reagent containing
50 μgm L−1 of PI (<0.5%), RNase A (4 KUnitz/mL), <0.1% NaN3, saline and stabilizers (Beckman
Coulter, IL) in the dark at room temperature for 30 min. The cells were analyzed (FL3).

2.8. Sperm Membrane Lipid Peroxidation Evaluation

LP evaluation was performed using the probe BODIPY (581/591) C11 (Invitrogen, Thermo Fisher
Scientific, Eugene, Oregon, USA), which responds to the attack of free oxygen radicals changing its
emission spectrum from red to green after being incorporated into cell membranes. This change of the
emission is detected by the flow cytometer which provides an estimate of the degree of peroxidation.
About 2 × 106 of spermatozoa were incubated with 5 mM of the probe for 30 min in a final volume of
1 mL. After washing with PBS, flow cytometric analysis was conducted using the 525/40 BP (FITC) and
585/42 BP (PE) fluorescence channels.

This study was approved by the Ethics Committee of University teaching Hospital of
Policlinico-Vittorio Emanuele, University of Catania (Catania, Italy).

All methods were performed in accordance with the relevant guidelines and regulations.
All participants were asked for and provided their informed consent.

2.9. Statistical Analysis

The results are expressed as mean±SEM throughout the study. Statistical analysis of the data
was performed using Student’s t-test, when possible, and by one-way analysis of variance (ANOVA)
followed by the Duncan’s Multiple Range test. SPSS 22.0 for Windows was used for statistical analysis
(SPSS Inc., Chicago, USA). Results with a p-value less than 0.05 were accepted as statistically significant.

3. Results

The conventional sperm parameters (mean ± SEM) of enrolled men are shown in Table 1.
We reported also the seminal FT4 measurement of the same patients in Table 1.

Table 1. Conventional sperm parameters, FT4 seminal measurements, anthropometric parameters and
hormone measurements in serum (mean ± SEM) of enrolled men.

Patients (n = 15)

Concentration (106 mL−1) 42.80 ± 12.0
Total count (106 ejaculate−1) 107.00 ± 30

Progressive motility (%) 39.80 ± 3.3
Total motility (%) 77.90 ± 9.8
Normal form (%) 8.30 ± 0.8

Leukocytes (106 mL−1) 0.70 ± 0.2
Seminal FT4 (pmol L−1) 3.15 ± 0.7

Age 31.2 ± 6.4
BMI (kg m−2) 24.2 ± 1.3

Waist circumference (cm) 94.0 ± 2.4
TSH (μUI m L−1) 2.1 ± 0.5
FT4 (pmol L−1) 10.2 ± 0.9
FT3 (pmol L−1) 4.7 ± 0.8
FSH (UI L−1) 2.3 ± 0.1
LH (UI L−1) 2.4 ± 0.2

Total testosterone (ng mL−1) 6.1 ± 1.1

Effects on sperm motility: LT4 significantly increased (10%) sperm progressive motility at a
concentration of 0.9 pmol L−1 compared to LT4 0, whereas LT4 decreased (9% and 10% respectively)
sperm motility at concentrations of 2.9 and 9.9 pmol L−1 (p < 0.05 vs. LT4 0) (Figure 1).
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Figure 1. Sperm progressive motility after incubation with increasing concentrations of levothyroxine
(LT4).

Effects on bio-functional sperm parameters:LT4 significantly increased the percentage of
spermatozoa with high MMP and decreased the percentage of spermatozoa with low MMP. This effect
was similar for all the three concentration of LT4 tested (p < 0.05 vs. LT4 0) (Figure 2). Moreover,
LT4 reduced the percentage of spermatozoa in necrosis at the concentration of 2.9 and 9.9 pmol L−1

(p < 0.05 vs. LT4 0) while chromatin compactness already improved to a concentration of 0.9 and
became statistically significant at the concentration of 9.9 pmol L−1 (Figure 3). Finally, LP improved
already at a concentration of 0.9 pmol L−1 (p < 0.05 vs. LT4 0) (Figure 3). DNA fragmentation did not
vary for all the three concentration of LT4 tested. Non-significant data are shown in Table 2.

Figure 2. Percentage of spermatozoa with high (H-MMP) and low (L-MMP) membrane mitochondrial
potential after incubation with increasing concentrations of levothyroxine (LT4).
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Figure 3. Sperm necrosis, chromatin compactness and lipid peroxidation after incubation with
increasing concentrations of levothyroxine (LT4).

Effects on sperm recovery: The number of spermatozoa recovered by capacitation did not change
significantly after incubation with LT4 though it increased at a concentration of 0.9 pmol L−1 compared
to LT4 0 (Table 2).

Table 2. Bio-functional sperm parameters and sperm recovery after incubation with increasing
concentrations of levothyroxine (LT4).

Sperm Parameters LT4 Concentrations

0 0.9 pmol L−1 2.9 pmol L−1 9.9 pmol L−1

Alive 65.2 ± 4.6 53.6 ± 8.8 57.3 ± 6.2 54.0 ± 9.3
Early Apoptosis 2.0 ± 0.8 1.5 ± 0.5 1.6 ± 0.7 1.8 ± 0.5
Late apoptosis 18.6 ± 8.6 19.9 ± 8.8 15.2 ± 6.4 23.9 ± 7.8

DNA fragmentation 3.4 ± 0.5 3.8 ± 0.6 4.1 ± 0.7 3.9 ± 0.7
Sperm recovery by swim-up 18.7 ± 8.8 21.3 ± 10.0 14.9 ± 7.7 11.9 ± 10.8

The anthropometric parameters and hormone measurements in serum (mean ± SEM) of enrolled
patients are shown in Table 1.

4. Discussion

Many aspects of the possible role of THs are yet to be clarified. Our study investigated the
in vitro effects of LT4 on human sperm motility and bio-functional sperm parameters at physiological
concentrations as measured in the seminal fluid, for the first time. Accordingly, we selected a
physiological dose (2.9 pmol L−1) of LT4 and concentrations respectively lower (0.9 pmol L−1) and
higher (9.9 pmol L−1) for our in vitro experiments.

We hypothesized a relationship between sperm motility and mitochondrial function as previously
described [21–23]. Our results showed that MMP improved significantly after incubation with LT4
already at a concentration of 0.9 pmol L−1. Similarly, LT4 was able to increase sperm motility at
the same concentration, but at higher concentrations than 0.9 pmol L−1, sperm progressive motility
decreased significantly.These data confirmed the relationship between these two spermatic parameters,
so we hypothesized that LT4 improving MMP also stimulated sperm motility until substrates are
exhausted with a subsequent decline in motility itself.
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Xian and colleagues showed a negative impact of LT4 on human sperm motility at a concentration
of 10 μM [15]. These findings confirm our results, allowing us to understand that high concentrations,
which simulate an in vitro condition of hyperthyroidism, damage spermatozoa.

Moreover, the decreased sperm motility observed with the two highest concentrations of LT4 used
in the present study may be due to an excessive consumption of substrates after exposure to higher
concentrations of LT4 (greater than 0.9 pmol L−1). Indeed, LT4 improved MMP by increasing oxidative
phosphorylation and sperm motility related to this biochemical mechanism until no further substrates
were available. A condition of hyperthyroidism alters cytochrome c oxidase activity decreasing
mitochondrial activity [4]. In addition, the number of spermatozoa recovered by swim-up increased
only at the concentration of 0.9 pmol L−1, and did not improve at higher concentrations due to the
concomitant reduction in sperm motility. Based on our findings, we hypothesize that slight additions
of LT4, in a seminal fluid with constant concentrations of LT4 as in euthyroid men, may result in
improved sperm motility. If the concentration of LT4 exceeds this level, these parameters worsen as in
a clinical situation of hyperthyroidism due to excessive consumption of the substrates.

Therefore, we showed a beneficial effect of LT4 on sperm oxidative stress that ameliorates after
incubation with 0.9 pmol L−1. This effect may explain the reduction in the percentage of spermatozoa
in necrosis or with altered chromatin compactness after incubation with LT4.

The in vitro effects of LT4 on viability, chromatin compactness and LP can be explained by the
presence of the nuclear TR in spermatozoa [14]. Dobrzynska et al., suggested that T3 and T4 could
damage DNA by increasing reactive oxygen species production at the concentration of 80 μM [17]
but these concentrations are more elevated compared to the physiological doses found in the seminal
fluid. Conversely, a condition of hypothyroidism impairs the antioxidant defense system and testicular
physiology [9]. We showed that, near physiological concentrations, LT4 improved oxidative stress
without altering sperm DNA fragmentation.

Therefore, slight additions of seminal LT4 could be useful for improving the semen sample so that
it could be used for assisted reproductive techniques.

5. Conclusion

We showed a role of THs on sperm mitochondrial function. In addition, LT4 seems to act by
decreasing the oxidative stress and improving DNA integrity. Therefore, we could achieve a beneficial
effect on both conventional and bio-functional sperm parameters maintaining thyroid hormone
concentrations sufficient and mostly constant in the seminal fluid. The clinical application of these data
could be useful in some cases of idiopathic infertility. Further studies should be undertaken to better
investigate the intracellular and biomolecular mechanisms supporting these findings. The next step on
this topic could be to investigate hypothyroid infertile and euthyroid fertile men to better understand
the role of thyroid hormones on male reproductive function.
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Abstract: Introduction. In recent years, research has focused on the impact that diabetes mellitus
(DM) has on male reproductive function. The available evidence has mainly considered type 2 DM
(DM2). However, we have previously shown that type 1 DM (DM1) also affects male reproductive
health. Given the efficacy of carnitine in the treatment of male infertility, a topic that merits further
investigation is its role in the treatment of infertile patients with DM1. Aim. To investigate the
efficacy of carnitines for the treatment of asthenozoospermia in DM1 patients. Methods. This was a
two-arm single-blind, randomized control trial. The patients enrolled in this study were assigned
to the group receiving L-acetylcarnitine (LAC) (1.5 g daily for 4 months) or to the group receiving
LAC (same dosage) plus L-carnitine (LC) (2 g daily for 4 months). Serum-glycated hemoglobin levels
did not differ significantly after either of the two treatments given. Administration of LAC plus LC
showed greater efficacy on progressive sperm motility than single therapy (increase 14% vs. 1% after
treatment, respectively). Discussion. The results of this study showed that the administration of
LAC plus LC is more effective than the administration of LAC alone. The lower efficacy of LAC alone
could be due to the lower overall administered dosage. Alternatively, a selective defect of carnitine
transporters at an epididymal level could be hypothesized in patients with DM1. Further studies are
needed to clarify this point.

Keywords: type 1 diabetes; asthenozoospermia; carnitine

1. Introduction

In recent years, scientific interest for the potential male reproductive consequences of diabetes
mellitus (DM) has been growing [1]. The greatest attention has been given to patients with type 2 DM
(DM2), mainly because of its greater prevalence and clearer pathogenic mechanisms (hypogonadism,
oxidative stress, neuropathy, sexual dysfunction) [1–4]. However, data concerning sperm quality also
emerge in type 1 DM (DM1) patients. The latter is a disease with a different pathophysiology compared
with DM2, being characterized by an absolute lack of insulin secretion compared to the condition
of insulin-resistance typically found in DM2 patients [5,6]. In particular, a recent meta-analysis has
shown a significant decrease in the volume of ejaculate in DM1 patients [7].

We previously reported a significant decrease in the sperm motility of DM1 patients, suggesting the
need to evaluate a complication that is not usually considered. In our previous study, we showed that
specific alteration of the sperm mitochondrial membrane potential in these patients occurs some years
before sperm motility decline becomes evident during sperm analysis [5,6].
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The pharmacological treatment of asthenozoospermia is very controversial, and hormonal and
non-hormonal therapeutic options may be used. L-acetylcarnitine (LAC) and/or L-carnitine (LC)
are often used in these patients. The rationale for its use is based on the potential antioxidant and
prokinetic effects. Several lines of clinical evidence have been published showing different treatment
protocols using single or combined strategies [8]. A recent meta-analysis of the literature has shown
that LC improves sperm parameters, placing it among the treatment options for idiopathic infertility
together with other possible treatments, such as pentoxifylline, coenzyme Q10, follicle-stimulating
hormone, tamoxifen, and kallikrein [9].

Total and free carnitine levels have been reported to be low in patients with DM1. This decrease is
related to the duration of the disease, and could potentially affect long-term complications in these
patients [10–12].

The potential causes of the carnitine decrement found in DM1 patients are many. It may be
due to lower dietary intake, decreased intestinal absorption, and/or increased renal excretion. At the
same time, the chronic consequences associated with this deficiency are not completely known. We
have no evidence regarding the consequences of this deficiency on sperm parameters or the effects of
integration in DM1 patients [10–12].

Therefore, the present study was undertaken to evaluate the effects on sperm parameters of the
administration of LAC alone or in combination with LC in DM1 patients with asthenozoospermia.

2. Patients and Methods

The study was conducted on 40 asthenozoospermic patients with DM1 aged 18–35 years. Patients
with any of the following conditions were excluded from the study: chronic complications of diabetes
(neuropathy, nephropathy, retinopathy); dyslipidemia; hypertension; body mass index ≥ 30.0 kg/m2;
presence of mono- and/or bilateral varicocele; diagnosis of male accessory gland infection/inflammation;
congenital and/or acquired obstruction of proximal and/or distal seminal ducts; testicular volume
<12 mL (according to Prader’s orchidometer); hypogonadism, defined by total testosterone <3 ng/mL
or 10.4 nM; hyperprolactinemia, defined by a level above the upper limit of normal after a single
measurement of serum levels; hyperestrogenism; thyroid disorders; cryptorchidism; cigarette smoking;
recent drug and/or alcohol abuse. All patients had a basal bolus scheme of insulin therapy with an
exogenous insulin/body weight ratio of 0.5/kg.

Two semen samples, 2–3 weeks apart, were obtained from each patient before and after 4 months
of pharmacological treatment. The mean values of both measurements were considered for the
statistical analysis.

A blood sample was collected from the antecubital vein, at 08:30, to measure serum concentrations
of luteinizing hormone, follicle-stimulating hormone, total testosterone, 17β-estradiol, prolactin, and
glycated hemoglobin (HbA1c). HbA1C was re-evaluated after 4 months for clinical control assessment.

All patients provided written informed consent before enrollment, and were aware that their
data would be used for clinical research purposes. The protocol was approved by the internal review
board of Operative Unit of Andrology and Endocrinology Policlinico G. Rodolico University Hospital,
Catania, Italy. (approval no. 07/2018).

Patients were divided into two groups for randomly received treatment: Group A was given LAC
500 mg tablets every 8 h every day for 4 months, and group B received the same dose of LAC plus LC
2 g oral solution once daily for 4 months. Randomization was based on a single sequence of random
assignments generated from PC (simple randomization) in a single-blind procedure.

3. Sperm Analysis

Semen samples were collected by masturbation into a sterile container after 3–5 days of sexual
abstinence. After liquefaction, semen was analyzed according to the World Health Organization
criteria (WHO, 2010). Semen analysis was performed by the same technician (FG).
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4. Measurement of Serum Hormone Concentrations

The hormone assays were performed by electrochemiluminescence with a Roche/Hitachi device
(Cobas 6000; Roche Diagnostics, Indianapolis, IN, USA). The reference intervals were as follows:
Luteinizing hormone 1.6–9.0 mUI mL−1, Follicle Stimulating Hormone = 2.0–12.0 mUI mL−1,
17β-estradiol = 8.0–43.0 pg mL−1, total testosterone = 2.8–8.0 ng mL−1, prolactin = 4.0–15.0 ng mL−1.

5. Statistical Analysis

All statistical analyses were performed using SPSS v. 19 software (SPSS Inc, IBM Corp, Somers, NY, USA).
Continuous variables, presented as median (interquartile range), were tested by Mann–Whitney U test
or Kruskal–Wallis test according to their non-normal distribution (normality of variable distribution
was tested by Kolmogorov–Smirnov test). A p-value lower than 0.05 was considered statistically
significant. Spearman’s or Pearson’s correlation coefficients were used to test the associations between
different variables.

6. Results

There were no drop-out patients as all completed the study protocol. Following randomization,
group A and B did not differ significantly for the following parameters: age (25.0 ± 2.0 vs.
27.0 ± 2.0 years), body mass index (22.0 ± 1.0 vs. 23.0 ± 1.0 kg/m2), disease duration (12.0 ± 2.0 vs.
14.0 ± 3.0 years), HbA1c (7.8 ± 1.2 vs. 8.1 ± 1.5 %). HbA1c values were also similar after 4 months of
treatment (7.2 ± 1.3 vs. 7.4 ± 1.3 %) (Figure 1). Compared to at enrollment, HbA1c values decreased
slightly in both groups, but the difference was not statistically significant. HbA1c levels did not
correlate with any of the evaluated sperm parameters.

Figure 1. Glycated hemoglobin levels in each group of patients with type 1 diabetes mellitus before
and after administration of L-Acetyl-Carnitine or L-Acetyl-Carnitine plus L-Carnitine. Type 1 diabetes
mellitus (DM1) (a) L-acetylcarnitine (LAC) 500 mg tablets every 8 h every day for 4 months; DM (b)
LAC 500 mg tablets every 8 h and LC 2 g oral solution only once a day for 4 months. Values are shown
as mean ± SD.

At the time of enrollment, groups A and B did not differ in anthropometric, seminal, and hormonal
parameters (Table 1). After 4 months of treatment, DM1 patients treated with LAC plus LC showed
significantly higher progressive sperm motility compared with DM1 patients treated with LAC alone
(Table 2 and Figure 2). In group A, after treatment, we observed a significant increase (p < 0.05) of
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progressive sperm motility in two patients (10%). In group B, 10 patients (50%) had a significant
improvement (p < 0.05) of this parameter compared to baseline. No patient of the two groups showed
a progressive motility value of >32% after therapy, a value considered to be the lower threshold for
this parameter (WHO, 2010).

Figure 2. Sperm progressive motility in each group of patients with type 1 diabetes mellitus before and
after administration of L-Acetyl-Carnitine or L-Acetyl-Carnitine plus L-Carnitine. DM1 (a) LAC 500
mg tablets every 8 h every day for 4 months; DM (b) LAC 500 mg tablets every 8 h and LC 2 g oral
solution only once a day for 4 months. Values are shown as mean ± SD; * p < 0.05 compared to DM1 (a).

Table 1. Anthropometric, seminal, and hormonal characteristics of patients at enrollment.

Parameters
Group A
(n = 20)

Group B
(n = 20)

p-value

Anthropometric parameters

Age (years), median (IQR) 25.0 (22.0–33.0) 27.0 (24.0–35.0) 0.30
Weight (kg), median (IQR) 69.0 (64.5–76.5) 71.0 (60.5–77.0) 0.69
Height (m), median (IQR) 176.0 (170.0–179.0) 174.5 (168.5–178.0) 0.30
Body mass index (kg/m2), median (IQR) 23.0 (21.25–24.75) 24.0 (22.25–29.75) 0.30
Waist circumference (cm), median (IQR) 86.0 (81.25–88.0) 88.0 (82.0–90.0) 0.25

Sperm parameters

Volume (mL), median (IQR) 1.8 (1.6–3.0) 1.9 (1.6–3.2) 0.97
Concentration (mil/mL), median (IQR) 25.0 (20.0–45.0) 28.0 (22.0–50.0) 0.26
Progressive motility (%), median (IQR) 8.0 (2.0–12.0) 7.0 (3.0–15.0) 0.69
Normal forms (%), median (IQR) 8.0 (6.0–14.0) 7.0 (5.0–15.0) 0.72
Leucocytes (mil/mL), median (IQR) 0.4 (0.30–0.80) 0.5 (0.2–0.8) 0.96

Hormonal parameters

LH (UI/L), median (IQR) 2.3 (1.72–2.57) 2.1 (0.8–2.55) 0.22
FSH (UI/L), median (IQR) 2.9 (2.50–3.50) 2.6 (0.32–3.3) 0.30
TT (ng/mL), median (IQR) 6.2 (5.0–8.2) 6.4 (4.8–8.2) 0.30
E2 (pg/mL), median (IQR) 9.0 (6.25–11.5) 8.6 (5.0–13.75) 0.24
PRL (ng/mL), median (IQR) 10.5 (7.25–12.75) 12.0 (6.0–16.0) 0.26

Legend: DM1 (a) LAC 500 mg tablets every 8 h every day for 4 months; DM (b) LAC 500 mg tablets every 8 h and
LC 2 gr oral solution only once a day for 4 months.
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Table 2. Sperm parameters before and after 4 months of pharmacological treatment.

Parameter
Group Aat
Enrollment

Group Aafter
Treatment

Group Bat
Enrollment

Group Bafter
Treatment

Volume (mL),
median (IQR)

1.8
(1.6–3.0)

2.0
(1.5–3.2)

1.9
(1.6–3.2)

2.3
(1.5–3.5)

Concentration (mil/mL),
median (IQR)

25.0
(20.0–45.0)

29.0
(22.0–49.0)

28.0
(22.0–50.0)

32.0
(24.0–51.0)

Progressive motility (%),
median (IQR)

8.0
(2.0–12.00)

9.0
(2.0–14.00)

7.0
(3.0–15.00)

20.0 *
(5.0–28.00)

Normal forms (%),
median (IQR)

8.0
(6.0–14.0)

10.0
(7.0–16.0)

7.0
(5.0–14.0)

11.0
(7.0–18.0)

Leucocytes (mil/mL),
median (IQR)

0.4
(0.3–0.8)

0.5
(0.3–0.8)

0.5
(0.2–0.8)

0.3
(0.1–0.6)

Legend: Values of two seminal evaluations before and after pharmacological treatment. DM1 (a) LAC 500 mg
tablets every 8 h every day for 4 months. DM (b) LAC 500 mg tablets every 8 h and LC 2 g oral solution only once a
day for 4 months. * p < 0.05 compared to DM1 (a).

7. Discussion

The results of the present study showed that the administration of LAC (1.5 g daily for 4 months)—a
treatment currently adopted in the andrological clinical practice to improve sperm motility [8] is
not effective for the treatment of asthenozoospermia in DM1 patients. By contrast, the concomitant
administration of LAC plus LC (2 g daily) to age-matched DM1 patients was shown to be efficacious in
improving progressive sperm motility. After the 4-month-long administration, both groups showed a
slight but no significant decrease in HbA1c levels.

Carnitine is a short-chain non-protein amino acid. It is a carrier of fatty acids, allowing mitochondria
to use them for the production of Adenosin triphospfate. The fatty acids must be activated within
the cytosol before being degraded. Their complete degradation then occurs in the mitochondria
instead. The activated fatty acids are found in the form of acyl-CoA, a fatty acid linked to a molecule of
coenzyme A. However, acyl-CoA is not able to cross the mitochondrial membrane due to the presence
of its acyl portion. The acyl portion is then transferred to a carnitine molecule, forming acylcarnitine [8].

Carnitines display its positive effects on human general health, particularly in LC formulation,
which is derived from endogenous synthesis and food intake. LC acts as a transporter for long-chain
fatty acids into the mitochondria, in turn facilitating energy and LAC production. The latter is
synthetized by the L-carnitine acetyltransferase, which is responsible for mitochondrial coenzyme A
(CoA) and acyl-CoA concentrations [13–15].

The presence of a relationship between carnitine and DM has been established. Subjects of more
debate are concerned with lower carnitine serum levels, their possible predictive role in the diagnosis
of DM1, and efficacy in the treatment of diabetic neuropathy. In particular, several studies have
highlighted decreased carnitine levels in DM1 and DM2 patients, and the reasons for this are unclear.
Possible explanations may be lower absorption capacity, an unbalanced diet, or increased excretion
through urine [12]. Recently, a meta-analysis carried out on four different global studies, including 284
patients, evaluated the efficacy of LC administration in DM2 patients, reporting an improvement of
glycemia, total cholesterol, low-density-lipoprotein (LDL) cholesterol, B100, and A1 apolipoproteins,
with a 2–3 daily administration [16]. Carnitine deficiency can hinder the entry of fatty acids into
the mitochondrial membrane, leading to weight increase, low muscular tone, increased cytosolic
concentration of triglycerides, excessive appetite, and glycemic fluctuations [16].

Concerning DM1, the results are promising despite the low quantities of evidence. Accordingly,
carnitine deficiency in the first few days of neonatal life has been addressed as a possible cause of the
development of DM1 [11]. Indeed, molecules belonging to the carnitine family remove autoreactive
immune cells responsible for the disease. In summary, low carnitine levels during neonatal life may
cause predisposition to DM1 [11].
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Mamoulakis and colleagues (2004) highlighted the decreased total and free carnitine levels in 47
DM1 patients compared to controls, and showed a relationship with disease duration, suggesting a
correlation with the complications of the disease [12].

Several lines of evidence have highlighted the neurotrophic and analgesic effects of LAC in the
treatment of diabetic neuropathy. Hence, LAC is currently prescribed in the clinical practice for the
treatment of this complication [17].

No data are available concerning the possible beneficial effects of carnitine in DM patients with
sperm parameter abnormalities. On the contrary, a number of studies confirm carnitine pro-kinetic
and antioxidant activity in male idiopathic infertility [8]. A recent meta-analysis confirms this effect
while underlining two aspects: (a) limited evidence regarding pregnancy and live birth rate; (b) the
controversial methodological aspects of the analyzed studies (Omar et al., 2019). Overall, the quality
of the studies and the efficacy of carnitine for the treatment of idiopathic male infertility should be
considered moderate.

Moncada and colleagues reported a significant improvement of sperm motility in 20 patients with
idiopathic oligoasthenoteratozoospermia after the 60-day-long administration of LAC at a daily dose
of 4 g [18]. In the studies by Costa et al. [19] and Vitali et al. [20] the 3 g daily administration of LC
for 3–4 months was effective in ameliorating sperm motility [19,20]. Subsequently, several studies
have been carried out using a combination of LC and LAC at a daily dosage of 2 and 1 g, respectively,
for 3 months, or at the same dosage for six months. Finally, Balercia and colleagues (2005) adopted a
therapeutic scheme of 3 g daily administration of LAC and LC for 6 months [21].

The interpretation of the results of the present study is not unique. High carnitine concentrations
occur at the epididymal level. LC is actively transported into the epididymis through specific
transporters known as carnitine/organic cation transporters (OCTNs). The OCTN isoform 1 (OCTN1)
shows a low specificity for carnitine. On the contrary, OCTN2 has a high specificity for carnitine at
the epididymal level [13–15]. No data have currently been reported on the expression of OCTNs in
epididymal spermatozoa in DM, neither in animal models nor in humans. This topic deserves further
investigation. It will be necessary to evaluate the existence of a selective deficit of this category to
understand the differences in the efficacy of LC plus LAC compared to LAC alone on progressive
sperm motility in DM1 patients.

At the same time, the LC and LAC dosage adopted in this study as well as the treatment duration
may be considered insufficient when compared with previous reports of the literature [8].

Finally, further studies should be performed to investigate mitochondrial function in DM patients
before starting the treatment to assess whether a low mitochondrial membrane potential may influence
the effectiveness of carnitine and, in turn, the dosage to be prescribed. We have previously shown that
an alteration of this parameter promotes asthenozoospermia in DM1 patients [6].

Similar considerations should also be applied to the epididymal US feature, since signs of
inflammation or neuropathy on US have been revealed to promote the diagnosis [3,5].

8. Study Limitations

The main limitations of this study are the low sample size, the unavailability of biofunctional
sperm parameters (mitochondrial function and α1-glycosidases levels, the latter being a marker of
epididymal secretory function) as well as of the epididymal ultrasound characteristics. Another
limitation concerns the lack of a true control arm (placebo) and, also, the possibility that more frequent
sampling in a more extended protocol might be of interest. According to the current guidelines [22],
DM1 patients are not considered at risk for infertility. Therefore, information derived from their
sperm quality is important for a better understanding of biochemical mechanisms and possible future
clinical applications.
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Abstract: Pediatric varicocele has an overall prevalence of 15%, being more frequent as puberty
begins. It can damage testicular function, interfering with Sertoli cell proliferation and hormone
secretion, testicular growth and spermatogenesis. Proper management has a pivotal role for future
fertility preservation. The aim of this review was to discuss the diagnosis, management and treatment
of childhood and adolescent varicocele from an endocrinologic perspective, illustrating the current
evidence of the European Society of Pediatric Urology (ESPU), the European Association of Urology
(EAU), the American Urological Association (AUA) and the American Society for Reproductive
Medicine (ASRM) scientific societies. According to the ASRM/ESPU/AUA practice committee, the
treatment of adolescent varicocele is indicated in the case of decreased testicular volume or sperm
abnormalities, while it is contraindicated in subclinical varicocele. The recent EAS/ESPU meta-analysis
reports that moderate evidence exists on the benefits of varicocele treatment in children and adolescents
in terms of testicular volume and sperm concentration increase. No specific phenotype in terms of
testicular volume cut-off or peak retrograde flow (PRF) is indicated. Based on current evidence, we
suggest that conservative management may be suggested in patients with PRF < 30 cm/s, testicular
asymmetry < 10% and no evidence of sperm and hormonal abnormalities. In patients with 10–20%
testicular volume asymmetry or 30 < PRF ≤ 38 cm/s or sperm abnormalities, careful follow-up may
ensue. In the case of absent catch-up growth or sperm recovery, varicocele repair should be suggested.
Finally, treatment can be proposed at the initial consultation in painful varicocele, testicular volume
asymmetry ≥ 20%, PRF > 38 cm/s, infertility and failure of testicular development.

Keywords: pediatric varicocele; testicular volume asymmetry; peak retrograde flow; varicocele repair

1. Introduction

Testicular varicocele is defined by the abnormal dilation and tortuosity of the pampiniform plexus
draining the testes. The prevalence of varicocele is a debated issue since it depends on the selected
population (infertile, fertile, age of patients) or the methods used to make the diagnosis (clinical
examination and/or Doppler ultrasound). Most of the early epidemiological studies reported that the
prevalence of varicocele in the general male adult population is approximately 15%, despite more
recent studies suggesting the occurrence of an age-related prevalence or that it is inversely correlated
with the body mass index. The prevalence of varicocele also seems to differ among fertile and infertile
men or in those with primary or secondary infertility [1].

The prevalence in childhood and adolescence mirrors that in adulthood. Recently, a European
study carried out in 7000 young men (median age: 19 years) reported the occurrence of varicocele in
15.7% of cases [2]. In a cohort of 4052 Turkish children and adolescents, its prevalence was 0.8% in

J. Clin. Med. 2019, 8, 1410; doi:10.3390/jcm8091410 www.mdpi.com/journal/jcm101



J. Clin. Med. 2019, 8, 1410

2–6-year-old boys, 1% in 7–10-year-old boys, 7.8 in 11–14-year-old boys, and 14.1% in 15–19-year-old
boys [3], indicating an increasing prevalence as puberty begins.

Several data, mainly obtained from the adult population, suggest that varicocele has a negative
role on testicular function. Accordingly, poorer semen quality and pregnancy outcomes have been
reported in patients with varicocele compared to healthy controls [4–6]. In agreement, varicocele repair
has been shown to improve both conventional (sperm concentration, progressive motility and normal
forms) and bio-functional sperm parameters (percentage of spermatozoa with low mitochondrial
membrane potential, phosphatidylserine externalization, abnormal chromatin compactness and DNA
fragmentation) [4,6] and the outcome of assisted reproductive techniques (ARTs) [5]. In particular, the
best quality of evidence comes from a meta-analysis provided by the American Society for Reproductive
Medicine (ASRM) performed on 1241 patients with oligozoospermia or azoospermia and a history of
varicocele undergoing ART. Pregnancy, live birth and sperm extraction rates were assessed following
varicocele repair. Treatment led to improvement in pregnancy and live birth rates in oligozoospermic
(odds ratio (OR) 1.699 and 2.366) and combined oligospermic/azoospermic patients (OR 1.761 and
1.760) compared to untreated patients. In addition, the live birth rate was higher in patients undergoing
intra-uterine insemination (IUI) (OR 8.36). Similarly, the sperm retrieval rate increased after varicocele
repair in azoospermic patients (OR 2.509). Based on such evidence, varicocele repair should be
considered as a treatment option in oligozoospermic or azoospermic patients before they undergo
ART [5]. Interestingly, the negative impact of varicocele on testicular function might also be extended
to the Leydig cells. Indeed, according to meta-analytic data, its repair resulted in an increase in
testosterone levels by 97.48 ng/dL [7].

The consequences of varicocele on testicular function in childhood and adolescence have been
investigated to a lesser extent. In the last decade, a consensus was reached on the conditions requiring
varicocele repair in adulthood [8]. On the contrary, several aspects of the management and treatment
of varicocele in childhood and adolescence are poorly defined and still debated.

Adolescents with varicocele are highly heterogeneous, due to rapid changes in hormone levels
and the stage of pubertal development [9]. This makes a standard approach more difficult. The current
challenge is to establish which patient should be treated, when and what type of treatment should be
preferred [10].

The aim of this review was to discuss the impact of varicocele on testicular function in childhood
and adolescence from an endocrinological perspective and to highlight the best practice in diagnosis,
management and treatment, according to the established guidelines by the European Society of Pediatric
Urology (ESPU), European Association of Urology (EAU), the American Urological Association (AUA)
and the ASRM.

To accomplish this, an extensive search in PubMed, Embase and Cochrane Library was performed
by two independent authors (RC and RAC) using the following key-words: “varicocele”, “childhood”,
“adolescent”, “diagnosis”, “management”, “treatment”, “sperm analysis”, “testicular volume”, “AMH”,
“Inhibin B”, “nutcracker”. Only English language studies published from each database inception
up to 30 July 2019 have been included. In addition, reference lists form articles were searched. No
restriction on study design was used.

2. Pathogenesis of Testicular Damage

The evidence collected in children and adolescents suggests a negative impact of varicocele on
testicular function, including sperm abnormalities, testicular hypotrophy and hormone alterations.

In more detail, varicocele is able to alter the conventional semen parameters in youth. A
meta-analysis carried out in 357 patients with varicocele aged 15–24 years reported a statistically
significant decrease in sperm concentration (−24 million/mL), motility (−7.5%) and morphology (−1.7%)
compared to 427 age-matched controls [11]. Reflecting the findings in adulthood [4–6], its repair
led to a significant improvement in sperm concentration and motility by 14.6 × 106/mL (95% CI
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(7.1–22.1 106/mL)) and 6.6% (95% CI (2.1–11.2%)), respectively, as shown by the same meta-analysis,
suggesting a role of varicocele in the pathogenesis of sperm abnormalities [11].

Other data support these findings and indicate a role for varicocele-induced testicular hypotrophy
in the establishment of sperm abnormalities. A study carried out in 57 Tanner stage V adolescent males
at 14 to 20 years found that patients with testicular volume asymmetry greater than 10% had lower
sperm concentrations and total motile sperm counts compared to those with asymmetry lower than
10%. A greater decrease was found in patients with a differential greater than 20% [12]. Precisely, total
motile sperm counts of 64, 32 and 10 million in patients with 10%, 15% and 20% testicular asymmetry
have been reported [12].

Large epidemiologic data on 7035 young men with a median age of 19 years showed that the
sperm concentration halved in patients with grade III varicocele compared with healthy controls.
Interestingly, patients with varicocele had higher serum levels of follicle-stimulating hormone (FSH),
lower inhibin B and higher levels of luteinizing hormone (LH) compared to controls [2]. Accordingly,
a study carried out in 31 pre-pubertal patients with left and nine with bilateral varicocele with an
average age of 12.55 years found an increase in inhibin B levels 12 and 26 weeks after varicocele repair
and a negative correlation between inhibin B and FSH serum levels [13]. Taken together, these findings
suggest the occurrence of a Sertoli cell dysfunction in adolescent patients with varicocele, since inhibin
B is secreted by these cells. This information is of particular interest for the assessment of testicular
function in young patients, when sperm parameters cannot be evaluated.

The exact mechanisms by which varicocele can damage testicular function are not entirely clear.
Several theories have been suggested so far.

Varicocele causes scrotal hyperthermia, which has a deleterious effect on spermatogenesis.
Genetic factors play a role in the pathogenesis of varicocele, as it has a higher prevalence in first-degree
relatives of men with known varicocele compared to controls [14] and also seems to be involved in
the predisposition of varicocele-induced testicular damage. Accordingly, the genetically decreased
expression of the heat-shock-proteins (HSPs) can contribute to heat stress, which, in turn, is associated
with the markers of oxidative stress (OS) and apoptosis [15]. Transient exposure to high temperatures
can reduce testis weight by interfering with spermatogenesis. In addition, blood stasis in varicose veins
promotes leucocyte trapping, reactive oxygen species (ROS) overproduction and can cause testicular
hypoxia. Low anti-apoptotic and increased pro-apoptotic gene expression (HSP, Metallothireonin-1,
BCL-2, BAX, PHUDA1, PRM2, and CCIN) may confer susceptibility to OS and thermogenic damage,
thus explaining the reason why high-degree varicocele does not always cause testicular damage [15].

Testes mainly consist of immature Sertoli cells which undergo proliferation and secrete the
anti-Müllerian hormone (AMH) in childhood. In this phase, testicular volume reflects Sertoli cell
proliferation. When puberty starts, Sertoli cells move from an immature to a mature state and lose
the ability to proliferate. The final number of Sertoli cells reached at puberty will condition the
spermatogenetic potential, since each Sertoli cell can support a defined number of germ cells [16].

Any event able to interfere with Sertoli cell proliferation in childhood may potentially impair
testicular volume and the spermatogenetic potential in adolescence and adulthood. Importantly, a
high temperature is able to affect Sertoli cell proliferation [17]. As a consequence, varicocele may
hypothetically impact on the final Sertoli cell number in childhood (at least in some cases), thus
inducing damage that cannot be reverted later in life. This highlights the importance of proper
management and treatment in childhood/adolescence.

3. Evaluation

Adolescent varicocele is more frequently asymptomatic, despite chronic fullness or swelling in
the scrotum or the inguinal area can be reported by the patient [10]. It is more frequently left sided,
mainly due to the anatomical differences between left and right venous drainage. Testicular venous
drainage enters the left renal vein at a sharp 90◦ angle. By contrast, it directly enters into the inferior
vena cava in the right side. Also, the route of the left spermatic vein is longer than that of the right side.
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Furthermore, the left renal vein is compressed through the angle between the abdominal aorta and the
superior mesenteric artery, when flowing into the inferior vena cava. These factors cause increased
pressure in the left scrotum vein, leading to varicose veins occurrence [18]. A total of 3% are bilaterally
palpable [10,19].

In most cases, adolescent varicocele is diagnosed during routine medical examination for school
or sports or by testicular self-examination. Physical examination is the first step for the diagnosis of
varicocele. It must be performed in the supine position for scrotum and genital inspection and for
the palpation of testes, epididymis and deferent ducts. Testicular consistence must be appreciated,
and the volume should be evaluated by Prader’s orchidometer, taking into consideration that it can
overestimate the real value. The patient has to be asked to perform a Valsalva’s maneuver in the
standing position. Varicocele usually presents as a plexus of veins with the consistency of a “bag of
worms”. Clinical stadiation can be performed using the Dubin and Amelar system: grade 0 identifies
subclinical varicocele (not clinically detectable, hence identified by ultrasound); grade I, which is
palpable only during the Valsalva maneuver; grade II, appreciable also without the Valsalva maneuver;
grade III, detected at inspection [20].

Scrotal ultrasound precisely evaluates testicular volume, the value of which is important when
deciding whether varicocele repair is needed. It can be computed using the ellipsoid formula (length ×
width × thickness × 0.52), as described elsewhere [21]. Doppler ultrasound efficaciously indicates the
varicocele grade, providing information on the maximum vein diameter and on the peak retrograde
flow (PRF). In particular, varicocele is defined by the presence of multiple veins greater than 3.0–3.5 mm
with concomitant retrograde blood flow. Reflux is classified as grade I (brief) when it lasts less than
1 s; grade II (intermediate) for 1–2 s and decreasing during the Valsalva maneuver and completely
disappearing before the end of the maneuver; grade III (permanent) for reflux lasting more than 2 s
and exhibiting a plateau aspect during the Valsalva maneuver [6]. Several scales are currently available
to estimate the severity of varicocele. The most adopted ones are those developed by Sarteschi and by
Dubin. The first, made of five different degrees, requires the patient to be lying down and standing.
The Dubin scale includes three stages and is performed in the supine position [22]. These classifications
are summarized in Table 1.

Table 1. Ultrasound varicocele degree classifications.

Scale Degree Description

Sarteschi

I Reflux detected only during the Valsalva maneuver, in the absence of
evident scrotal varicosity during US study.

II
Small posterior varicosity that extends to the superior pole of the testes.
Their diameter increases and the reflux becomes detectable in the
supratesticular region only during the Valsalva maneuver.

III
Vessels appear enlarged in the superior pole only in the standing position.
No enlargement can be detected in the supine position. Reflux is
observed only during the Valsalva maneuver.

IV Vessels appear enlarged in the supine position. Dilatation is more marked
during the Valsalva maneuver.

V Venus ectasia is detected in the prone and supine position. Reflux occurs
at rest and it does not increase during the Valsalva maneuver.

Dubin

0 Moderate and transient venous reflux during the Valsalva maneuver.

I Persistent venous reflux that ends before the Valsalva maneuver is
completed.

II Persistent venous reflux through the entire Valsalva maneuver.

III Venous reflux is basally detected and does not change during the Valsalva
manuever
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Patients exhibiting abnormally high venous velocity ratios should be evaluated for the nutcracker
phenomenon (NcP) by Doppler ultrasound of renal vessels. The NcP is defined by compression of the
left renal vein between the aorta and the mesentery artery. This causes renal venous hypertension
and the dilatation of collateral veins, thus predisposing to varicocele. Recently, ultrasound criteria
suggestive for the NcP have been proposed. These include a reduced aortic/superior mesenteric artery
angle (normal values: 38–65 degrees), left renal vein compression at the origin of the aorta and superior
mesenteric artery, increased flow velocity at the left renal vein, and left-sided varicocele with a vein
lumen diameter > 3 mm [23]. Few studies have been developed on the NcP in youth. According to
recent data, the NcP seems common among adolescents. In a cohort of 182 adolescents with clinical
varicocele, the NcP was diagnosed in 77 patients (56.2%) who experienced higher velocity ratios than
those without. In this cohort, the NcP has not been found to influence testicular asymmetry and initial
or re-operative surgery [24].

Elastosonography is a non-invasive technique assessing testicular elasticity. It has already been
used in undescended pediatric testes or adult varicocele. The prognostic value of elastosonography in
adolescent varicocele has been recently investigated. Among a cohort of 30 patients with a clinically left
varicocele, a significant change in testicular elasticity was found only in the case of volume asymmetry
> 20% [25]. Currently, this technique is not routinely used in adolescents with varicocele.

Sperm analysis is an exam of pivotal importance. It has to be requested taking into account
that the first ejaculation usually occurs 1.5 years after the onset of puberty [26]. Worryingly, it is
not widely requested by pediatrics. A 2016 survey reported that only 13% of American pediatric
urologists routinely evaluated sperm analysis in adolescent patients with varicocele. A total of 50%
of them had some degree of discomfort in requesting this exam and discussing semen collection
with patients so young [27]. This is alarming considering that several data confirm the negative
impact of varicocele on sperm parameters in adolescence. Accordingly, a decreased total sperm count
was found in 17–20-year-old patients with left varicocele and testicular ipsilateral hypotrophy [28].
Reduced sperm motility, vitality and morphology has also been reported in patients of 17–19 years with
varicocele compared to age-matched controls [29]. Furthermore, sperm motility was profoundly more
affected as basal blood flow velocity, maximal blood flow velocity, and pampiniform vein diameter
increase [29]. In addition, a study carried out on 57 Tanner V patients (14–20 years old) reported lower
sperm concentrations and total motile sperm counts in patients with a testicular differential > 10%
compared to those with a differential < 10%. This was even more evident where the asymmetry > 20%,
showing this group had a total motile sperm count < 10 million [12].

Despite the lack of consensus, the hormone profile may be useful for the workup of adolescent
varicocele, since higher levels of FSH and LH and lower levels of inhibin B have been reported [2].
Other evidence confirmed the decrease in inhibin B levels, but not gonadotropin alteration [30]. AMH
and inhibin B may be of particular utility when puberty is not already started and sperm analysis
cannot be performed, especially when gonadotropin and testosterone levels are still not indicative.
The testes have been considered silent in childhood for long. However, they secrete AMH and inhibin
B in this phase. Particularly, serum AMH and inhibin B levels have already been suggested as markers
of testicular function in pre-pubertal age [15]. Accordingly, impaired AMH and inhibin B levels have
been reported in prepubertal and pubertal boys with varicocele [13,31].

4. Management

The management of childhood and adolescent varicocele is still controversial since no clear
consensus has been reached so far. Spontaneous catch-up growth and sperm recovery has been
observed in patients with varicocele, thus suggesting that its repair is not always necessary, but
conservative management consisting of monitoring and follow-up can be suggested in selected cases.
The challenge is to identify accurate predictive markers which can help to select those patients who
will benefit from varicocele repair.
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Conservative management has been suggested in Tanner V patients with no painful varicocele
and normal testicular volume. A retrospective analysis of data from 216 patients with these clinical
features showed a decreased total motile sperm count (< 20 million) in 45% of cases, with a spontaneous
recovery in approximately 50% of patients with poor sperm parameters at baseline [32]. Overall, this
indicates a lack of sperm recovery in 22.5% of cases with no painful varicocele and normal testicular
volume. No additional marker was used in this study to characterize these patients [32].

Testicular asymmetry is one parameter that has been included in the decisional flowchart.
Patients with values higher than 15%–20% have historically been treated with surgery. However,
in 85% of adolescents with a > 15% testicular asymmetry catch-up, growth occurs without any
intervention [33]. Hence, 2–3 testicular volume measurements at different follow-up times should be
reasonably performed prior to deciding on varicocele repair [33], which may be suggested in the case
of failure of testicular catch-up growth.

Another important parameter is the PRF, which has been suggested as a predictor of persistent
or worsening testicular asymmetry in adolescent varicocele. After a 13.2 month-long follow-up, a
study carried out in a cohort of 77 patients (age range: 9 to 20 years) revealed progressive asymmetry
on follow-up examination in those with ≥ 20% asymmetry or PRF ≥ 38 cm/s. On this basis, patients
presenting with these parameters should undergo varicocele repair after the initial consultation. On
the contrary, those with PRF < 30 cm/s are less likely to require surgery and should be carefully
monitored [34]. To raise the accuracy of predictive prognostic markers, a pilot study combining testicular
volume asymmetry with PRF values showed that future worsening asymmetry was associated with
≥ 20% asymmetry and PRF > 38 cm/s (the so called “20/38 harbinger”). Accordingly, 94% of patients
with the 20/38 harbinger did not have catch-up growth after a 15.5 month surveillance. Hence,
intervention and not surveillance should be required in this set of patients [35,36]. In patients with
borderline asymmetry or PRF, intervention has been suggested in the case of the abnormality of sperm
parameters [37].

To summarize, “at-risk” patients deserving consideration for intervention are those presenting
the following signs and symptoms [19]: (a) persistent abnormal sperm parameters with no evidence
of recovery after surveillance; (b) pain; (c) persistently altered testicular volume asymmetry with a
difference > 15–20% with no evidence of catch-up growth after surveillance; (d) PRF > 38 cm/s; (e)
failure of testicular development; (f) 20/38 harbinger (which can also be considered to 15/38). Decreased
AMH levels in children with varicocele may need careful surveillance due to the likely occurrence of
Sertoli cell dysfunction. Prospective studies are needed to confirm this.

5. Treatment Options

Several treatment options are available for varicocele repair, including surgical (e.g., open
inguinal-Ivanissevich, high retroperitoneal-Palomo, subinguinal, high inguinal, microsurgical-inguinal
and subinguinal, laparoscopic) and radiological (sclerotherapy, embolization, antegrade vs.
retrograde) approaches.

Overall, four meta-analyses have evaluated the effects of varicocele repair in childhood and
adolescence so far [11,38–40]. Zhou and collaborators [38] reported an improvement in the bilateral
testicular volume following varicocelectomy compared with observation, although no benefit on sperm
parameters was found. By contrast, Nork and colleagues [11] observed a moderate improvement
in sperm parameters. In greater detail, data collected from 357 patients with varicocele and 427
controls showed the presence of a significantly lower sperm concentration, motility and morphology.
Studies where varicocele repair was performed by “Palomo” (open or laparoscopic) technique (n = 5),
scleroembolization (n = 1), inguinal or sub-inguinal intervention with magnification (n = 4) were
included to evaluate the effect of the treatment. Varicocele repair improved sperm concentration and
motility. Each technique was effective in ameliorating the sperm outcome, despite scleroembolization
only being used in a single study [11].
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However, the above-mentioned meta-analyses [11,38] were biased by the inclusion of
non-randomized comparative studies (NCTs), thus affecting the level of evidence. Locke and
colleagues [39] compared testicular volume and sperm parameters in children and adolescents (up
to 21 years old) with varicocele receiving surgical or radiological intervention with those receiving
no treatment. By the inclusion of only randomized comparative studies (RCTs), they showed an
improvement in testicular volume (mean difference 3.18 mL) and sperm count (mean difference
25.54 × 106/mL) in treated patients compared with those undergoing conservative management.
Overall, these data suggest the benefit of varicocele repair in childhood and adolescence. Nevertheless,
this study [39] did not provide any information concerning a comparison of treatment options, surgical
success, hydrocele formation, complication rates and paternity in the long term.

The best quality of evidence is offered by the latest systematic review and meta-analysis provided
by the EAS/ESPU societies [40], including 12 RCTs (which were meta-analyzed), 47 NCTs (seven
prospective and 40 retrospective) and 39 case series (which were qualitatively reviewed), for a total of
16,130 children and adolescents ≤ 21 years of age. The outcomes assessed were a short-term cure or
success (evaluated < 9 months), testicular catch-up growth, pain resolution, sperm parameters and
paternity (evaluated > 12 months) for benefits, complications such as testicular atrophy, hydrocele,
wound infection, and failure rate for harms.

The success rate (disappearance of varicocele) was between 87% and 100% among RCTs. No
difference was found neither between open and laparoscopic technique [41] nor between subinguinal
and high inguinal varicocelectomy [42]. Similarly, the success rates were between 88.2% and 100% in
the included NCTs and between 85.1% and 100% in the case series. Due to the lack of comparative
data, no conclusion could be made concerning the type of treatment among these kinds of studies [40].

The available RCTs have assessed testicular catch-up growth in treated vs. untreated
patients [43–46]. The majority of them compared inguinal and high inguinal varicocelectomy vs.
observation. Only one RCT evaluated scleroembolization vs. observation [43]. Testicular volumes
were significantly higher in the treated vs. untreated group (OR 1.52). NCTs report a testicular catch-up
growth rate between 86 and 100% following embolization and between 62.8% and 97.1% following
open varicocelectomy [40].

Data on sperm parameters coming from two RCTs [43,46] showed a significantly higher sperm
concentration (mean difference 25.54 × 106/mL) in treated vs. untreated groups, in the absence of any
difference in sperm motility and morphology [40]. Overall, NCTs report an improvement in sperm
parameters following surgical treatment, with a follow-up ranging between 17.6 months and 10.6 years.
Similar data were reported in case series [40].

Although paternity rate is one of the most important outcomes, it is rarely reported due to the
necessity of long-term follow-up. The study by Cayan and colleagues [47] assessed 286 patients and
122 controls. Patients were treated by microsurgical varicocelectomy. The paternity rate was 77.3% vs.
48.4% (treated vs. untreated) leading the authors to conclude the benefit of treatment in adolescent
varicocele. By contrast, the study by Bogaert et al. [48], carried out in 661 boys (12 to 17 years old) with
varicocele, showed no efficacy of sclerotherapy on change in paternity as adults. Accordingly, among
the 361 respondents, 158 (43%) searched for paternity, which was achieved in 85% of the conservatively
followed group and 78% of the active treatment group (p > 0.05).

The available evidence on the onset of harms coming from RCTs suggests a resolution of pain or
recurrence of pain after treatment (laparoscopic varicocelectomy), despite only two RCTs mentioning
this outcome [41,42], being diminished in up to 100% of patients [42]. Post-operative (both surgical
and radiological) pain resolution rates reported in NCTs were 92.9% and 100% [40]. The most common
complication reported was hydrocele, and atrophy, wound infection, hematomas, scrotal emphysema
and shoulder pain were observed to a lesser extent. The rate of hydrocele formation 6–85 months
post-varicocelectomy was 0–12%, being the lymphatic sparing surgery associated with a lower risk
compared to the non-sparing one (OR 0.08) [40].
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Generally, there is moderate evidence on the benefits of varicocele repair in children and
adolescents, especially in those with high-grade varicocele, low left testicular volume, pain and poor
sperm parameters. However, the superiority of a specific treatment approach cannot be identified [40].
Notably, while a radiological approach represents a valid technique, the long-term risk of radiation
exposure in pediatric and adolescent population following percutaneous embolization procedure
should be considered.

Finally, alternative strategies (e.g., anastomosis of the proximal part of the spermatic vein with the
inferior epigastric vein) could be considered in the NcP [49].

6. Established Guidelines and Societies’ Positions

No guideline specifically deals with the management and treatment of childhood and adolescent
varicocele. Current knowledge is extrapolated from guidelines endorsing the management of male
infertility. Specifically, the ASRM/SMRU/AUA practice committee [50] suggests that varicocele
diagnosis is made by th Dubin and Amelar clinical classification and to perform Doppler ultrasound
only in case it is inconclusive. The treatment of adolescent varicocele is indicated in the case of
decreased testicular volume or sperm abnormalities, while it is contraindicated in subclinical varicocele.
The cut-off of testicular volume to suggest varicocele repair is not indicated and no specific treatment
is recommended. Finally, these guidelines indicate to follow-up at least annually.

The EAU guidelines on male infertility [51] accordingly suggest using the Dubin and Amelar
clinical grading classification and scrotal ultrasound to confirm the clinical findings. Worryingly,
despite the authors stating that adolescent varicocele is often overtreated, no specific indication
for the management and treatment of adolescent varicocele is provided. In contrast to the EAU
guidelines, the EAS/ESPU meta-analysis [40] reported moderate evidence on the benefits of varicocele
treatment in children and adolescents in terms of testicular volume and sperm concentration recovery.
Accordingly, an ASRM society meta-analysis supports the efficacy of varicocele repair in youth on
sperm concentration and motility [11].

7. Conclusions and Authors’ Recommendations

Varicocele evaluation has to be clinically performed using the Dubin and Amelar scale at first.
Scrotal ultrasound should be requested to precisely define testicular asymmetry and PRF. Hormone
detection (including AMH and inhibin B in childhood and LH, FSH and total testosterone in adolescence)
should be carried out for a comprehensive evaluation of testicular function. Importantly, sperm analysis
is of pivotal importance and it may be requested at least 1.5 years after the onset of puberty. Doppler
ultrasound of renal vessels should be performed in selected cases (e.g., left-sided varicocele with a
vein lumen diameter > 3 mm, hematuria, proteinuria, left-sided flank/lower abdominal pain, varicose
veins, urinary frequency) [23].

Current evidence clearly indicates the impact of childhood and adolescent varicocele in testicular
growth and sperm output. Spontaneous testicular catch-up growth can be observed in some cases.
Some markers may be used to select patients who will benefit from varicocele repair. These mainly
include testicular volume asymmetry and PRF. Therefore, we suggest that conservative management
could be pursued in patients with PRF < 30 cm/s, testicular asymmetry < 10% and no evidence of
sperm and hormonal abnormalities. In patients with 10–20% testicular volume asymmetry or 30 < PRF
≤ 38 cm/s or sperm abnormalities, careful follow-up is advisable. In the case of absent catch-up growth
or sperm recovery, varicocele repair should be suggested. Finally, treatment can be proposed at the
initial consultation in painful varicocele, testicular volume asymmetry ≥ 20%, PRF > 38 cm/s, infertility
and failure of testicular development. On the basis of the current evidence, either radiological or
surgical intervention may be prescribed (Figure 1).
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Figure 1. Management of childhood and adolescent varicocele.
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Abstract: The male transitional phase is of fundamental importance for future fertility. This aspect is
largely neglected in clinical practice. This opinion aims to shed light on these issues. The children
frequently complete the transition phase with a slight reduction of testicular volume. The system of
detecting testicular volume is often inadequate. These patients evidently complete puberty in an
incomplete way because they do not reach an adequate testicular volume, albeit in the presence of
adequate height and regular secondary sexual characteristics.
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Male infertility is constantly growing [1], with an estimated prevalence of approximately 15% of
couples of childbearing age in industrialized countries [2]. The male factor, alone or in combination
with the female one, contributes in about half of the cases of couple infertility [1]. Worryingly,
meta-regression analysis recently showed a substantial decrease of sperm concentration and total
count in the last 40 years, whose causes have not yet been identified [3]. Therefore, further studies
aimed at understanding the etiology of such decline as well as the adoption of prevention strategies
are urgently needed.

The main interest has been mainly focused on secondary prevention strategies, mostly consisting
in the treatment of the main diseases able to alter sperm quality (e.g., varicocele, urogenital infections,
and endocrine disorders) [1,4,5]. Nevertheless, the evaluation of testicular function in prepubertal and
transitional age would help in the early identification of testicular hypotrophy and signs of isolated
tubulopathy and Sertoli cell (SC) dysfunction, thus timely recognizing a population at risk for male
infertility. Accordingly, data from an epidemiological survey carried out in Italy by the Italian Society
of Andrology and Medicine of Sexuality (SIAMS), revealed that 23% of 18 years old boys had low
testicular volume (<12 mL) in a screening visit [6]. This evidence points to the importance of the
adoption of measures aiming at evaluating testicular volume and function during the regular pediatric
clinical practice. In this regard, the main concerns are when and how such investigation should be
accomplished and which studies should be carried out to cover the limits of the current knowledge.

To allow a timely identification of isolated tubulopathy and SC dysfunction, the investigation
should start in the prepubertal age and the transition phase. The latter is the moment of transition from
the pediatrician to the family doctor [7]. It usually occurs around the age of 14 and is characterized
by the following steps: (1) Increase of testicular volume (>4 mL at orchidometry); (2) Tanner II pubic
hair; (3) growth spurt; (4) presence of spermatozoa in first morning urine; (5) Tanner V pubic hair [7].
Commonly, the lack of growth spurt and of secondary sexual characters appearance (both signs of
insufficient testosterone production) are easily detectable, the failure to achieve an adequate testicular
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volume, a parameter closely associated with the fertility potential [8], is not frequently reported,
apart from patients with significant testicular hypotrophy [7]. However, its detection is important for
the primary prevention of male infertility (Figure 1).

 
Figure 1. Primary prevention of male infertility. The importance of the testicular volume.

The normal testicular volume in adulthood ranges between 12 and 25 mL [8]. In the clinical
practice, a slight testicular volume decrease (e.g., 8–12 mL) of unknown origin occurs more frequently
than severe testicular hypotrophy. Testicular volume measurement is usually done by orchidometry
which overestimates it compared to ultrasound evaluation. Despite the latter is much more accurate,
it cannot be proposed to all patients [7,9,10]. Therefore, an electronic calculator has recently been
developed from the Research Institute at Nationwide Children’s Hospital to match ultrasound values.
It requires the width of the testis, which may easily be obtained with a centimeter (cm) ruler at the
physical examination, matched with the genital stage of development (G1 to G5) to elaborate a volume
corresponding to each different phase of pubertal development [11]. Testicular volume nomogram and
volume variations occurring in the transition through each stage of puberty in boys with normal and
with delayed puberty have been described in a longitudinal study from a Danish cohort [12]. Testicular
volumes expected according to the Tanner stage are reported in Table 1 [11].
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Table 1. Testicular volume values according to the Tanner stage. Legend: The testicular volume is
reported as median value [11].

Tanner Stage Testicular Volume (mL)

I 0.71
II 3.62
III 6.42
IV 10.85
V 17.32

Beyond the testicular volume, the evaluation of SC function deserves further attention.
The hypothalamic-pituitary-gonadal axis is almost quiescent by definition in the prepubertal phase [13].
This make gonadotropins not representative of testicular dysfunction at this age. By contrast,
gonadotropins are commonly adopted in the clinical practice to diagnose hypogonadism in adulthood.
Therefore, additional markers are needed.

The quiescence of the hypothalamic-pituitary-gonadal axis before puberty does not implicate a
lack of endocrine testicular function. Indeed, the testis is mainly made of immature SCs in childhood.
These are nurse cells displaying a pivotal role in spermatogenesis. Accordingly, they provide functional
support to germ cells, their nourishment and defense, through both SC-based blood-testis-barrier and
the secretion of immunomodulatory factors. Before puberty, immature SCs actively proliferate and
secrete large amounts of antimüllerian hormone (AMH), whose extent reflect the maturation degree of
SCs. When puberty starts, SCs move from a proliferative and immature phase to a quiescent and mature
one and start to express the androgen receptor. Concomitantly, AMH levels decrease. SCs secrete also
inhibin B, whose production depends on follicle-stimulating hormone (FSH)-stimulation. Therefore,
inhibin B serum levels physiologically increase after puberty [7].

Both AMH and inhibin B could be adopted for the evaluation of SC function in prepubertal and
transitional phase.

Low AMH levels in childhood reflect a SC dysfunction. Indeed, AMH levels depend on SC number
and integrity. Low levels have been found in primary testicular disorders, such as cryptorchidism.
In greater detail, low AMH levels have been found in 75% of children with bilateral cryptorchidism
and nonpalpable testis and in 35% of those with inguinal testis [14]. Furthermore, the failure to have
low AMH levels in the final stages of puberty expresses a condition of Sertolian functional immaturity,
which possibly reflects decreased testosterone intratubular concentrations. The careful observation
of the evolution of AMH levels in the course of pubertal development would allow us to receive the
following information: (1) Adequate biological action of FSH; (2) adequate Sertolian proliferation;
(3) appropriate expression of the androgen receptor by the SCs (functional maturity index); (4) adequate
intratesticular biological action of testosterone [7]. These considerations highlight the importance of
AMH measurement in prepubertal and transitional phase to timely identify any sign of SC dysfunction,
responsible for primary testicular tubulopathy.

Noteworthy are also the results coming from a study carried out on male patients with central
hypogonadism, where FSH stimulation resulted in an increase of AMH levels [15]. These findings
suggest that an increase of AMH levels after FSH administration occurs in the presence of normal SC
function (which is typical in central hypogonadism). Therefore, a stimulation test (after standardization
and identification of cut-off levels) might be proposed in childhood when SC dysfunction is suspected.

The limits of AMH measurements should, however, be taken into account. Currently, it is
performed by chemoluminescence. The specificity and sensitivity of the determination must be
improved due to the absence of international reference standard, lack of comparability with the results
of previous kit, and doubts about stability during the sample storage. Nonetheless, there are several
evidences that allow us to know the normal values and the expected variations during puberty [16].

The significance of inhibin B levels have been also investigated in prepubertal and transition
phase [17,18]. Low levels mainly reflect a defective FSH secretion and are useful in the differential
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diagnosis between congenital central hypogonadism and pubertal delay [19,20]. As far as its role
in the early detection of a primary tubular dysfunction, low levels have been described in children
with monolateral cryptorchidism compared to healthy ones [21,22], as well as in those with vanishing
testis [22]. Therefore, they might represent a marker of SC integrity.

The possible role of insulin-like growth factor 1 (IGF1) for the achievement of testicular volume
and function has been reported in experimental animals [23], but it requires further investigation in
human being, especially in the light of the observed IGF1-induced SC proliferation in prepubertal
animals [24].

Definitely, there is still the need to improve the reliability of testicular function parameters in
prepubertal times, able to anticipate the diagnosis of testicular suffering, in particular the inadequate
Sertolian function.

Further limits of the current practice deserving investigation regard the individuation of children
at risk for the development of primary testicular tubulopathy. These include cryptorchidism, occurring
in 2–4% of full-term and in 20–30% of premature births [25,26]; micropenis (which may hide
partial androgen insensitivity syndrome even when present in isolated form) [27] and protracted
hypoglycemia (pituitary disorders) [28]. Another less discussed topic concerns the possible cases of
deficiency of minipuberty (physiological window of transient activation of the testicular pituitary
gland in the neonatal period) characterized by increased levels of gonadotropins and testosterone [29].
The determination of INSL-3 (testicular hormone involved in the descent of the testicle in the fetal
age) in children with cryptorchidism would allow us to have a marker that anticipates the decline of
testosterone levels [30]. In addition, the offspring of mothers with gestational diabetes may be at risk
for testicular tubulopathy predisposing to the development of cryptorchidism. Accordingly, a recent
meta-analysis confirms an increased risk of cryptorchidism in births of mothers with gestational
diabetes. The possible mechanism may be related to the decreased serum concentrations of sex
hormone-binding globulin (SHBG) which cause the increase of free 17ß-estradiol and, in turn, undercut
the production of INSL-3 [31].

More than 42 million overweight children were reported in 2014, with the prevalence doubling
from 1980 to 2014 [32]. Whether obesity or hyperinsulinemia, both being widespread conditions in
the pediatric population, especially in low- and middle-income countries [33], may affect SC function
deserve to be investigated.

Prepubertal male obesity in Tanner stage II already causes a decreased Leydig cell function [34].
Insulin has direct effects on spermatozoa where it finds adequate presence of glucose transporters and
where it favors the availability of lactate within the SC for the production of energy. In particular,
the expression of MCT4 (lactate transporter from the SC to the intratubular space for subsequent
internalization within the germ cells) is under the control of insulin [35]. Insulin resistance is increased
in patients with unexplained infertility [36,37]. Interestingly, inhibin B levels have been found to
decline with increasing obesity in young men [38]. Furthermore, AMH and inhibin B levels have
been found lower in obese adolescents with insulin resistance compared to normal weight controls.
Therefore, obesity and insulin resistance may impact on SC function in prepubertal boys [39].

In summary, the evaluation of testicular volume and of markers of SC function in prepubertal
and transitional age are of importance for the precocious identification of signs of primary testicular
tubulopathy. A flowchart that may be used in the clinical practice is showed in Figure 2. Children at
risk for testicular tubulopathy, including those with testicular hypotrophy, should undergo to AMH
and inhibin B serum measurement. In case of normal values, the testicular volume should be measured
at least every six months and should be framed in the context of the other auxological parameters
till a sperm analysis can be requested (1.5 years after the onset of puberty [40]). In case of abnormal
AMH or inhibin B values, a stimulation test with FSH might be proposed in the future after proper
standardization [15]. The lack of response might represent indication for treatment with FSH since the
vast majority of cases with testicular tubulopathy have FSH serum levels within the normal range [41].

116



J. Clin. Med. 2019, 8, 636

Figure 2. Flowchart proposed to help identify early testicular primary testicular tubulopathy in
prepubertal and transitional age. * [42]; ** [15].
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