IntechOpen

Testosterone

Functions, Uses, Deficiencies, and Substitution

Edited by Hivokazu Doi







Testosterone - Functions,
Uses, Deficiencies, and

Substitution
Edited by Hirokazu Doi

Published in London, United Kingdom




Testosterone - Functions, Uses, Deficiencies, and Substitution
http:/dx.doi.org/10.5772/intechopen. 102212
Edited by Hirokazu Doi

Contributors

Hirokazu Doi, Zied Kaabia, Oyovwi Mega Obukohwo, Nwangwa Eze Kingsley, Ovuakporaye Irikefe Simon,
Emojevwe Victor, Okoro Ogheneyebrorue Godswill, Rotu Arientare Rume, Ben-Azu Benneth, Onome
Bright Oghenetega, Patrick Godwin Okwute, FalajikiY. Faith, KennethW.K. Ho, NidiaN. Gomez,
Verdénica S. Biaggio, Eloy Salinas, Maria Verénica Pérez Chaca, Maria Eugenia Ciminari, Silvina Ménica
Alvarez, SilvanaN. Piquillem

© The Editor(s) and the Author(s) 2023

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED .
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
@)y |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged . If soindicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Testosterone - Functions, Uses, Deficiencies, and Substitution
Edited by Hirokazu Doi

p.cm.

Print ISBN 978-1-83969-975-7

Online ISBN 978-1-83969-976-4

eBook (PDF) ISBN 978-1-83969-977-1



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

65(D®+ 176,000+ 190M+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






Meet the editor

Hirokazu Doi is an Associate Professor of Information and
Management Systems Engineering at Nagaoka University of
Technology, Japan, and a specially appointed associate profes-
sor in the Data Science and Al Innovation Research Promotion
Center, Shiga University, Japan. His main research topics include
cognitive and neural mechanisms of human social perception
and decision-making. He is also engaged in the development

of supplementary diagnostics systems for psychiatric conditions and data-driven
analysis of neural activation patterns.







Contents

Preface

Section1
Basics of Testosterone

Chapter1
Introductory Chapter: Broad Impact of Testosterone Research
by Hirokazu Doi

Chapter2

Testosterone: The Male Sex Hormone

by Oyovwi Mega Obukohwo, Ben-Azu Benneth, Ovuakporaye Irikefe Simon,
Onome Bright Oghenetega, Emojevwe Victor, Falajiki Y. Faith,

Patrick Godwin Okwute, Rotu Arientare Rume, Okoro Ogheneyebrorue Godswill
and Nwangwa Eze Kingsley

Section 2
Functions and Uses of Testosterone

Chapter 3
Testosterone Misuse
by Zied Kaabia

Chapter 4

Evolutionary Theory of an Association between Testosterone and
Attractiveness Perception in Humans

by Hirokazu Doi

Section 3
Deficiencies and Substitution of Testosterone

Chapter5
Lung Health and Hypoandrogenism
by Nidia N. Gomez, Veronica S. Biaggio, Eloy Salinas, Silvana N. Piguillem,

Mavria Eugenia Ciminari, Maria Veronica Pérez Chaca and Silvina Monica Alvarez

XI

29

31

53

71

73



Chapter 6
Benefits of Testosterone Replacement and Methods of Substitution
by Kenneth W.K. Ho

XII

89



Preface

Testosterone exerts varying effects on the physiological function and morphology
of biological organisms at multiple stages of life. Thus, elucidation of mechanisms
underlying development and sexual differentiation in many species, including
humans, requires in-depth knowledge about the functions of testosterone. Research
into testosterone leads to novel insights in medical and natural sciences as well as
social sciences. By utilizing the knowledge from basic research on testosterone func-
tion, researchers can also develop novel ways to exploit its potential for therapeutic
purposes. This book includes contributions from interdisciplinary fields, including
internal medicine, molecular biology, veterinary medicine, and evolutionary psy-
chology. It describes what is currently known about the androgenic function and its
underlying mechanisms using state-of-the-art analytical techniques. Some chapters
deal with the ethical and safety issues surrounding the clinical and practical applica-
tion of achievements in testosterone research. I hope that readers will gain broad
perspectives on the biology and function of testosterone and understand the diversity
of academic fields impacted by incorporating insights from testosterone research.

Hirokazu Doi

Department of Information and Management Systems Engineering,
Nagaoka University of Technology,

Nagaoka City, Niigata Prefecture, Japan
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Chapter1

Introductory Chapter: Broad
Impact of Testosterone Research

Hirokazu Doi

1. Introduction

Physiological functions in animals and humans undergo many developmental
changes throughout their lifespans. During the fetal period, functional structures of
organs are formed, and they undergo maturational changes at multiple developmental
stages after birth.

The effects of androgens are broadly classified as organizational and activational
affects [1, 2]. Organizational effects refer to the function of androgens in the forma-
tion and sexual differentiation of organs, mainly during the prenatal period and
puberty. Biologically available androgens exert phasic effects on physiological func-
tions through their activational effect. Organizational effects partly determine the
sensitivity of tissues to androgens. Thus, the organizational and activational effects
of androgens interact to influence an organism’ bodily functions and behavioral
patterns.

Testosterone significantly contributes to maturational changes in physiological
functions and is the primary determinant of sexually dimorphic traits. Thus, it is
crucial in describing the functions and behaviors of organisms to understand how
testosterone functions at each stage of development. Considering this, it is natural
that testosterone has been and will continue to be the focus of interest for scholars in
many academic fields. Here are some examples of disciplines that benefit from the
knowledge of testosterone functionality.

1. Owing to the diversity of androgenic functions, deficiency or excess testosterone
leads to various malfunctions. The highly prevalent conditions of osteoporosis
[3], reduced libido, erectile dysfunction [4], and depression [5] have been linked
to testosterone deficiency. Therefore, ameliorating the symptoms derived from
hypergonadism or hypogonadism is an important theme in many branches of
medical research.

2. Androgens facilitate sexual differentiation and modulate the central nervous sys-
tem functions. Behavioral endocrinology studies have consistently revealed the
role of testosterone in controlling mating and parenting behaviors in wide range
of species, including rodents, avians, and humans [6]. In addition, psychologists
have revealed an association between peripheral testosterone levels and indi-
vidual differences in personality and psychological traits such as aggression and
impulsivity [7]. Several researchers have argued that the degree of masculiniza-
tion induced by prenatal exposure to androgens partly determines the cognitive
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style and can cause autism spectrum disorders [8]. Thus, in addition to medical
and natural sciences, studies on androgenic functions have implications for
humanity and the social sciences as well.

2. Relevance of investigation into androgenic function
to many research fields

It is difficult to elucidate the functionality of testosterone and the precise
mechanism by which it exerts its effects on testosterone. There are several reasons
for the difficulties in studying androgen function and its underlying mechanisms.
Testosterone modulates and controls physiological functions in combination with
other hormones. Therefore, researchers must carefully exclude confounding variables
to avoid spurious associations between the phenotype of interest and androgens.
Second, there are multiple pathways through which androgens influence target
tissues. For example, testosterone and its metabolite, dihydrotestosterone, bind to
the androgen receptor, thereby inducing genomic effect on target cell function [9].
Alternatively, testosterone influences cell function indirectly through aromatization
to estradiol [10]. Such complexity in an androgenic pathway makes it even more dif-
ficult for researchers to narrow down the critical steps to implement effective clinical
and practical interventions targeting androgenic functions.

A large amount of knowledge has accumulated about androgenic function, and its
underlying mechanisms, and analytical techniques. It should not be overlooked either
to consider how to implement regulatory systems that oversee the ethical and safety
issues surrounding the practical application of the findings from basic research.

It is beneficial for researchers and practitioners alike in various fields such as
internal medicine, molecular biology, veterinary medicine, and evolutionary psy-
chology to gain broad perspectives on the biology and function of testosterone and
understand the diversity of academic fields impacted by incorporating insights from
testosterone research.

Author details

Hirokazu Doi

Department of Information and Management Systems Engineering, Nagaoka
University of Technology, Nagaoka City, Niigata Prefecture, Japan

*Address all correspondence to: hdoi_0407@yahoo.co.jp
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Chapter?2

Testosterone: The Male Sex
Hormone

Oyovwi Mega Obukohwo, Ben-Azu Benneth,

Ovuakporaye Irikefe Simon, Onome Bright Oghenetega,
Emojevwe Victor, FalajikiY. Faith, Patrick Godwin Okwute,
Rotu Arientare Rume, Okoro Ogheneyebrorue Godswill

and Nwangwa Eze Kingsley

Abstract

Males primarily use testosterone as a sex hormone. Through its effects on the
androgen receptor, it is released by the interstitial cells of the testes and is in charge
of the male external genitalia development as well as the internal reproductive glands
and ducts during adolescence and maturity. Additionally, testosterone is required for
the descent of testes via the inguinal canal in the last 2 months of fetal development.
When aY chromosome and consequently the SRY gene are missing from an embryo,
ovaries form. The Wolffian ducts do not mature because the fetal ovaries do not
release enough testosterone. It is mostly used to treat male hypogonadism. Notably,
this chapter addresses the following context: historical view of testosterone research,
biosynthesis, secretion, metabolism, transport mechanism, biological actions, health
benefit of testosterone, factors that promote and inhibit testosterone secretion,
therapeutic implication as well as pathophysiology of testosterone secretion.

Keywords: testosterone, Leydig cell, sex hormone-binding globulin, GnRH, aromatase,
cytochrome P450, 5-alpha reductase

1. Introduction

Testosterone as one of the major male hormone, is in charge of governing the devel-
opment of male sex traits, spermatogenesis, and fertility [1]. The fetus first experi-
ences the effects of testosterone. The initial 6 weeks of development result in identical
male and female reproductive tissues. The Y chromosomes SRY (sex-related gene)
drives the development of the testicles during week 7 of pregnancy. From sertoli cells
in the testis cords, seminiferous tubules are produced (fetal testicles). The upper part
of the vaginal canal, uterus, and fallopian tubes all regress as a result of a Miillerain
inhibitory substance (MIS) secreted by the Sertoli cells (Miillerian structures normally
present in women).
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2. Historical view of testosterone research

Scientists of Ancient days knew that removal of the testicle would take away the
vitality and aggression of men and beast. Historically, castration (removal of testes)
was performed on male slaves who guarded Muslim harems. It was also used on some
male singers during boyhood to preserve a high pitched voice. The testicles are male
gonads, or sex gland, that produces sperm and secret androgens. The production of
androgens by the testes is controlled by certain pituitary hormones called gonado-
tropins. Testosterone, or the male sex hormone, is the most significant and active
hormone. Testosterone is mostly produced in the testes, although it is also produced in
minor amounts in the adrenal glands and the female ovaries.

According to Freeman et al. [2], testosterone’s origins and effects have been
understood throughout human history.

In 1934, David et al. [3] was the first to isolate testosterone molecule and its
structure and this won him a Noble Prize in 1935.

In 1938, the beneficial effect of testosterone on impaired glucose tolerance was
discovered by Kenyon [4].

In 1939, a famous Scientist called Heinrich Schumann found it to improve intermittent
claudication and reduce angina pectoris, as well as confirming it to cure gangrene [5].

In 1945, another scientist called Waldman [6] showed its function to stop angina
pectoris.

Hamwi [7] demonstrated in 1951 that testosterone can enhance nitrogen balance
and boost lean muscle hypertrophy.

In 1960s, another scientist discovered it can lower cholesterol as confirmed by
Hartgens and Kuipers [8].

In 1962, scientists called Katz and Katz [9] normalized the abnormal electrocar-
diograms of 2000 cardiac patients with synthetic testosterone.

It can help with diabetic retinopathy, according to a 1963 research by Lawrence
etal. [10].

According to Kim et al. [11], scientists first discovered that testosterone can reduce
diabetic patients’ need for insulin and their body fat percentage in 1964.

The Columbia University Department of Medicine stated in May 1994 that low
levels of free testosterone are a risk factor and directly correspond with the severity of
coronary artery disease in men [12].

2.1 Biosynthesis of testosterone

The 500 million Leydig cells, which account for about 5% of the mature testis’ vol-
ume and are situated in the interstitial region of the testis between the seminiferous
tubules, use an enzymatic process to convert cholesterol into testosterone. The most
common method is the de novo synthesis of cholesterol from acetate, but preformed
cholesterol can also be received from an external source, including circulating low-
density lipoproteins, or intracellular cholesterol ester storage [13].

Two multifunctional cytochrome P450 complexes are required for the production
of 17-hydroxylase/17,20 lyase (CYP17A1 or P450c17, which hydroxylates the C17 and
C18 side chains) and cholesterol side-chain cleavage (CYP11A1 or P450scc, which
produces C20 and C22 hydroxylation and C20,22 lyase activity) [13]. The regula-
tion of 17,20 lyase activity, which is active in the gonads but inactive in the adrenals
and is independent of 17-hydroxylase activity, is tissue-specific and a critical fork
in the steroidogenic pathways. The enzyme cofactors that have the greatest impact
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on the directionality of the route flux are cytochrome b5 and the membrane-bound
flavoprotein P450 oxidoreductase (POR), which serves a variety of functions as a
reductase. One protein with several functions houses both functions [14]. Adrenal
androgens do, however, make a far bigger proportionate contribution to the circulat-
ing testosterone in women than it does to the testosterone circulating in men [15].
Additionally, it has been reported that the weak adrenal androgen precursor DHEA
can be used to produce some extragonadal testosterone and dihydrotestosterone [16].
In the mitochondria of Leydig cells, LH regulates the rate-limiting conversion of
cholesterol to pregnenolone, which in turn regulates the release of testicular testos-
terone. The inner mitochondrial membrane is home to the cytochrome P450 cho-
lesterol side-chain cleavage enzyme complex, which mediates this process. Proteins
like sterol carrier protein 2 [17] control the transfer of cholesterol to mitochondrial
steroidogenic enzymes. This facilitates the transfer of cholesterol from the cyto-
plasm to the mitochondria along with steroidogenic acute regulatory protein [18]
and translocator protein [19], which control cholesterol transport across the mito-
chondrial membrane. The following enzyme activity is present in the endoplasmic
reticulum of the Leydig cell. Despite the fact that the precise physical process that
leads to such high intratesticular testosterone and related steroid concentrations in
the testis is still unknown, the high testicular testosterone production rate produces
both high local concentrations of testosterone (up to 1 g/g tissue, which is roughly
100 times higher than blood concentrations) and rapid turnover of testosterone (200
times per day) [20].

2.2 Secretion of testosterone

In order to maintain male virilization, testosterone is secreted intermittently dur-
ing the first trimester of intrauterine life (coinciding with the differentiation of the
masculine genital tract), as the perinatal androgen surge (with as-yet-undetermined
physiologic significance), and continuously after puberty. The sudden increases in
testosterone output from the testicles, which rise roughly 30-fold over levels found in
prepubertal toddlers, women, or castrate men, are what caused the dramatic physical
changes associated with male puberty. After middle age, circulating testosterone lev-
els gradually decline and gonadotrophin and sex hormone-binding globulin (SHBG)
levels rise [21], with these tendencies being missing until late old age in men who
remain in great health [22], but exaggerated by the presence of chronic illness [23].
Additionally, there are temporal trends, such as an increase in obesity prevalence [24]
and variations in testosterone immunoassays due to artifactual methods that differ
from standard mass spectrometry-based assessments [25].

Leydig cell attrition and malfunction, as well as atherosclerosis of testicular arter-
ies, are all functionally responsible for these age-related alterations brought on by
the chronic disease accumulation [26]. Meanwhile, the ageing of the hypothalamic-
pituitary-testicular complex gradually functions abnormally on several levels,
which together cause men to age with reduced levels of circulating testosterone
[26]. Testosterone leaves the testis by diffusing into the bloodstream across cell
membranes, similar to other lipophilic steroids synthesized by steroidogenic tissues.
Smaller amounts also get to the fluid in the tubules and lymphatics. After puberty,
males synthesize over 95% of the testosterone found in their blood by testicular
secretion; the remaining 5% is created through extragonadal conversion of precur-
sors such dehydroepiandrosterone and androstenedione, which have relatively low
intrinsic androgenic potencies. The liver, kidney, muscle, and adipose tissue are only a
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few extragonadal tissues that can convert these weak androgens, which are primarily
produced by the adrenal cortex, into bioactive sex steroids.

Endogenous adrenal androgens play a much smaller role in men’s direct viriliza-
tion than they do in women. Moreover, androgen-sensitive prostate cancer is not
significantly affected biologically by remaining androgens in the blood and tissues
following pharmacological or surgical castration. Although peripheral interconver-
sion of adrenal androgen precursors and direct gonadal secretion account for roughly
equal amounts of blood testosterone, adrenal androgens are proportionally more
responsible for the significantly lower levels of circulating testosterone (5% of men)
in children and women [15]. Exogenous dehydroepiandrosterone cannot produce
enough blood testosterone to replace male androgens at physiologic replacement
dosages of 50 mg/day when supplied orally to humans [27]. It also does not elicit dose-
dependent increases in circulating estradiol in males.

Calculating the pace at which hormones are produced can be done using the
metabolic clearance rate, mean blood levels of testosterone, testicular arteriovenous
differences, and testicular blood flow rate (from bolus injection or steady-state isotope
infusion utilizing high-specific-activity tracers). These methods accurately estimate a
testosterone production rate of 3-10 mg/day under steady-state settings using tritiated
[28] or non-radioactive deuterated [29] tracers with interconversion rates of around
4% to dihydrotestosterone (DHT) [28] and 0.2% to estradiol (hours to days). The
factors that these methods, which are oversimplified and focus on steady-state condi-
tions, ignore include postural influences on hepatic blood flow, episodic variability in
circulating testosterone levels over shorter time periods (minutes to hours), pulsatile
LH secretion, and diurnal periodicity [30]. The primary elements that are known to
affect the metabolic clearance rate of testosterone are circulating SHBG concentration,
diurnal rhythm, and postural effects on hepatic blood flow [29]. Significant genetic
[31] and environmental [29] factors have been proven to have an impact on testoster-
one levels. Variations in SHBG reduce the severity of these effects.

3. Mechanism of testosterone secretion

During puberty, the hypothalamic-pituitary-gonadal axis controls gonadotropin
levels and gonad function. LH and follicle-stimulating hormone are also secreted by
the anterior pituitary, which receives GnRH from the brain via the hypothalamohy-
pophyseal portal system (FSH). Two gonadotropic hormones called LH and FSH act
on gonad receptors while moving through the bloodstream. Through its effects on
the Leydig cells, LH in particular promotes the generation of testosterone. By using
negative feedback, testosterone controls its own secretion. High blood testosterone
concentrations impair the anterior pituitary’s ability to respond to GnRH stimuli
and reduce hypothalamic GnRH release [1]. Throughout the reproductive lifetimes
of males, the hypothalamus pulses GnRH every 1-3 h. From the onset of puberty,
when levels start to rise, until the third decade of life, when levels peak and gradually
start to fall, average plasma levels of FSH and LH stay largely constant in spite of this
pulsatile release. Poor testosterone levels prior to puberty are an indication of low
gonadotropin and GnRH production. The production of GnRH increases noticeably
throughout puberty as a result of changes in the neuronal input to the hypothalamus
and changes in brain activity.

Cholesterol is transformed into testosterone by Leydig cells in the testes. LH
regulates the initial stage of this process. In this mechanism, androstenedione and
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dehydroepiandrosterone (DHEA) are two crucial intermediates. Androstenedione
turns into testosterone thanks to the enzyme 17-beta-hydroxysteroid dehydrogenase.
Blood plasma proteins like albumin and sex hormone binding globulin, as well as

a large portion of the testosterone present, are bonded to one another. This major
source of protein-bound testosterone provides the body with an overabundance

of testosterone hormones. Low blood levels of free testosterone cause tissue-level
responses in the seminal vesicles, bone, muscle, and prostate gland. By converting
testosterone, the enzyme 5-alpha-reductase produces dihydrotestosterone in cells.
Both testosterone and dihydrotestosterone can interact with cell receptors and control
how proteins are expressed. In the zona reticularis of the adrenal gland, both men
and women produce androgens with weak effects. One example of a weak-acting
androgen is dehydroepiandrosterone. Despite having a lesser affinity for testosterone
receptors, if produced in high amounts, they can be converted to testosterone in the
peripheral tissues [32].

3.1 Transport of testosterone

Because it binds to moving plasma proteins, the amount of testosterone that cir-
culates in blood is higher than its solubility in water. Albumin, corticosteroid binding
globulin, and 1 acid glycoprotein are low affinity proteins, whereas SHBG, a protein
with high affinity but low capacity, is the most important binding protein. The
circulating SHBG, a homodimer comprising two 373 amino acid long glycoprotein
subunits, readily binds testosterone [33]. It has one highly-affinity steroid binding
site, two N-linked and one O-linked glycosylation sites, and three glycosylation sites.
The homodimer’ two binding sites exhibit cooperative, dynamic binding affini-
ties with subsequent androgen binding [34]. Although genetic variants can change
SHBGs capacity to bind testosterone, acquired liver illness has little impact on this
feature [35]. It is yet unclear if pregnancy or other long-term illnesses have an impact
on it (when circulating levels increase). Humans but not rodents secrete SHBG into
the circulation through the liver. Rodent Sertoli cells release testicular androgen-
binding protein, or SHBG, into the seminiferous tubules of the testis [36]. Not the
least of which is that the placenta may influence the increase in blood SHBG levels
during pregnancy. The levels of circulating SHBG, a byproduct of hepatic secretion
and a first-pass liver effect of oral medicines, including sex steroids, are significantly
influenced by these effects. The levels of circulating SHBG (and consequently total
testosterone) are typically increased (androgens, glucocorticoids) or decreased (first
pass effects) as a result of producing supraphysiologic hormone concentrations at the
liver, such as those caused by oral administration (first pass effects) or by high-dose
parenteral androgen injections (estrogens, thyroxine).

Transdermal, depot implants, and parenteral (non-oral) distribution, which
essentially maintain physiological circulating hormone concentrations, have no effect
on blood SHBG levels [29], whereas endogenous sex steroids and these techniques
do. Acute or chronic liver disease, androgen deficit, obesity, diseases that cause
protein loss, non-alcoholic fatty liver disease, and, in rare circumstances, hereditary
SHBG insufficiency, all have an impact on the level of SHBG in the blood [37, 38]. In
a healthy state, SHBG binds 60-70% of the circulating testosterone, leaving 1-2%
unbound or linked to lower affinity, high-capacity binding sites for the remainder
(albumin, 1 acid glycoprotein, corticosteroid binding protein).

The physicochemical partitioning between the hydrophobic protein binding sites
on circulating binding proteins, the hydrophilic aqueous extracellular fluid, and the
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lipophilic cellular plasma membranes is the basis for the hypothesis that the transport
of hydrophobic steroids into tissues occurs passively. The most physiologically active
component of testosterone is thought to be the fraction that is weakly protein-bound
but still mobile [39], whereas the majority of the moiety that is strongly coupled to
SHBG just serves as an inert storage [34].

The free hormone hypothesis is based on the now-outdated pharmacological
theory that drug-drug interactions result from the displacement of mutual protein
binding. However, in molecular pharmacology, well-established physiological mecha-
nisms like the activation of the drug transporter, the stimulation of the cytochrome
P450 enzyme, and other mechanisms unrelated to binding to circulating proteins have
long since supplanted this theory. The free fractions may alternatively be viewed of
as the least active and transitory since they would have easier access to regions where
testosterone is inactivated by degradative metabolism, ultimately stopping androgen
action. This would undermine the assumption of the free hormone hypothesis.

So far, it has not been possible to determine the free or bioavailable fractions’
overall biological significance. Additionally, evidence from experiments suggests that
SHBG actively participates in cellular testosterone uptake through a number of SHBG
membrane receptors, uptake processes, and signaling via G protein and cyclic AMP
[40]. This is in contrast to the conventional view that SHBG is biologically inert. By
facilitating receptor-mediated cellular uptake of SHBG laden with testosterone via
endocytosis on cell surface membranes, megalin, a multivalent low-density lipo-
protein endocytic receptor, may change tissue androgen activity. Due to its lack of a
physiological basis and the scant and speculative empirical data backing it [41], the
free hormone hypothesis [42] is thus refuted by broad, prospective clinical inquiry.

Therefore, the biological importance of fractionating circulating testosterone
into these derived forms is unknown, and their therapeutic use may be deceptive.
The time-consuming, manual techniques necessary for the direct estimation of free
testosterone are also only available in research or specialist pathology institutions.
They are expensive and lack any external quality control procedures or established
reference ranges when they are given.

3.2 Metabolism of testosterone

A very little amount of released testosterone is activated to two bioactive metabo-
lites, estradiol and DHT, by hepatic phase I and II metabolism, whereas the bulk is
inactivated to inactive oxidized and conjugated metabolites for urine and/or biliary
clearance [43]. The amplification pathway transforms 4% of the blood’s testoster-
one into DHT, a more potent, pure androgen. When transactivating the androgen
receptor, DHT has a higher binding affinity and a 3-10 times greater molar potency
than testosterone [44]. The most potent natural androgen, DHT, is produced by the
5-reductase enzyme, which is derived from two distinct genes (I and II).

Type 15'-reductase is located in the liver, kidney, skin, and brain, whereas type 2
5'-reductase is typically strongly expressed in the prostate but also found in the skin
(hair follicles) and liver at smaller levels.

Puberty causes marked virilization, including phallic growth, normal testis
development and spermatogenesis, bone density, and, in rare cases, masculine gender
reorientation, despite the fact that undermasculinization and congenital 5-reductase
deficiency cause genetic males who may be raised as females to experience a specific
type of genital ambiguity [1]. While the prostate is still developing, the usual prostate
condition is sparse body hair without baldness [45]. The anomalous natural history
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makes it evident that high levels of 5-reductase expression are necessary as a local
androgen amplification mechanism for correct development of the tissues derived
from the urogenital sinus. The development of azasteroid 5-reductase inhibitors was
based on this mechanism of enhanced androgen activity [46].

Blocking the type 2 5’'-reductase enzyme limits the inhibition of testosterone
action to the prostate (and other urogenital sinus tissue derivatives) without obstruct-
ing extra-prostatic androgen action because it converts over 95% of testosterone
entering the prostate into the more potent androgen DHT. However, type 2 5'-reduc-
tase mutations result in abnormalities of urogenital sinus derived tissues in both men
and mice, whereas genetic inactivation of type 1 5'-reductase has no male phenotype
in mice and no mutations of the human type 1 enzyme have been observed [47].
Whether this denotes an unanticipated type 1 enzyme phenotype or a critical role that
has persisted throughout evolution, it is unknown.

Through the androgen action diversification pathway, the enzyme aromatase
converts testosterone into estradiol to activate estrogen receptors [1]. Although
aromatization only contributes 0.2% to testosterone output, because to the increased
molar potency of estradiol, it may represent a significant mechanism for diversifying
androgen effect in tissues where aromatase is expressed (approximately 100 times
higher than testosterone). The diversification route is regulated by the cytochrome
P450 enzyme CYP19 aromatase [48]. Extratesticular aromatization is responsible for
producing around 80% of the estradiol that is present in eugonadal men.

Beginning in the 1970s, it was shown that the local conversion of testosterone to
estradiol inside neural tissues played a key role in mediating testosterone action on the
brain, including negative feedback as well as activational and organizational effects
[49]. As a result, the biological importance of aromatization in male physiology was
acknowledged for the first time [50]. Recent studies have demonstrated the impor-
tance of local aromatization in testosterone action by demonstrating that hereditary
aromatase inactivation, which results in a complete lack of estrogen, produces
substantial developmental abnormalities in the bone and other tissues of men and
mice [51]. This illness and genetic changes in mice and men that inactivate ER share a
number of commonalities [52]. Additionally, exogenous estrogen or other estrogen-
like medicines significantly accelerated bone development in patients with aromatase
insufficiency.

Male mice are unaffected by ER genetic inactivation, and no modifications in
humans have been seen [53]. The expression of aromatases, which affects local tissue-
specific androgen activity via aromatization in tissues like bone [54] and the brain [52],
may have an impact on development and function. A mature liver and muscle are two
more tissues that exhibit minimal to no aromatase expression. Despite the importance
of aromatization in the physiology of male bones, recent research shows that androgens
acting through androgen receptors have significant extra direct effects on bone.

Despite having lower levels of circulating estradiol than young women, men have
higher bone density than young women [55], non-aromatizable androgens increase
bone density in estrogen-deficient women [56], and androgen insensitive rats with
non-functional androgen receptors do not maintain normal male bone density [57].
The effects of testosterone on bone and the brain cannot be fully described as a pro-
hormone for local estradiol synthesis (and/or action via estrogen receptors and/or).
Androgen receptor-mediated actions must be present for testosterone’s entire range of
effects on the brain and bone to be observed. Regarding the need for aromatization to
offset testosterone’s effects on male sexual function, conflicting information is avail-
able. Male sexual activity was not necessary for aromatization, according to a study
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that generated estrogen deficiency using DHT and found [58]; however, a different
study that produced estrogen deficiency using aromatase inhibitors showed partial
dependence.

Therefore, more research is needed to completely understand how aromatization
contributes to the maintenance of androgen activity in mature male animals. Notably,
testosterone is metabolized to inactive metabolites in the liver, kidney, stomach,
muscle, and adipose tissue. Phase I metabolism involves the majority of oxygen
moieties being oxidized by hepatic oxidases, particularly those in the cytochrome
P450 3A family. Hepatic conjugation to glucuronides during phase II metabolism
produces compounds that are sufficiently hydrophilic for renal excretion. The UDP
glucuronosyl transferase (UGT) enzymes UGT2B7, UGT2B15, and UGT2B17 catalyze
the majority of the phase II metabolism (glucuronidation) of testosterone, with
2B17 being quantitatively the most important. A functional polymorphism of UGT
2B17, a deletion mutation that is several times more common in Asian than European
populations, accounts for the concordant population difference in the testosterone to
epitestosterone (T/E) ratio in a World AntiDoping Agency-approved urine screening
test for testosterone doping in sport, which constitutes an ethnic differential, false
negative in surveillance for exogenous testosterone doping [59].

Furthermore, increased blood levels of SHBG, decreased hepatic blood flow (from,
for example, posture), or both can slow down the metabolic clearance rate of testos-
terone. The metabolic inactivation of testosterone could theoretically be impacted by
medications that alter hepatic oxidase activity, however there aren’t many empirical
instances with a big enough effect on clinical practice. The brief duration of action
and low oral bioavailability of testosterone when taken parenterally are both brought
on by the liver’s quick metabolic inactivation. Because of these limitations, oral
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Figure 1.
The metabolism of testosterone. Desmolase activity converts cholesterol into the steroid hormone
testosterone [60].
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administration methods including buccal, sublingual, and gut lymphatic must either
prevent hepatic portal absorption or use synthetic androgens with substituents that
prevent them from being inactivated by first pass hepatic metabolism [60] (Figure1).

4. Biological actions of testosterone

The basic sexual processes of spermatogenesis, testicular descent, penis and testes
enlargement, and heightened libido are all mediated by testosterone [1]. Around 7
months during the pregnancy, the testes begin to move into the scrotum and begin
secreting enough testosterone. Testosterone injections can assist the testes descend via
the inguinal canals in male neonates who are born with normal, undescended testes
that do not descend by the time they are 4-6 months old. Additionally, testosterone
controls the secondary characteristics of males that define their masculinity. Male
hair patterns, vocal changes, and voice deepening are examples of secondary sex
characteristics in men, in addition to anabolic effects like puberty growth spurts
(testosterone increases tissue growth at the epiphyseal plate early on and eventually
causes plate closure later in puberty) and skeletal muscle growth (testosterone stimu-
lates protein synthesis) [32]. In addition to increasing erythropoiesis, testosterone
causes men to have a greater hematocrit than women. As men age, their testicular size
decreases, their libido declines, their muscular mass declines, their production of fat
increases, and their erythropoiesis decreases, all of which may contribute to anemia.
The biological actions of testosterone could be splitted into two pathway:

4.1 Non-genomic pathway of testosterone

Steroid hormones’ non-genomic effects are those steroid-mediated processes that
are quick to respond, utilize second messengers, and do not directly involve gene
transcription (as seen by their susceptibility to transcriptional and protein synthesis
inhibitors) (within seconds to minutes). Non-genomic actions are distinct from
genomic mechanisms in that they bind the steroid to an androgen receptor on the cell
membrane or establish a connection with a plasma membrane receptor connected to
a Pertussis toxin (PTX)-sensitive G protein rather than the more typical androgen
receptor found in the cell’s cytoplasm before being translocated into the nucleus. In
contrast to genomic effects, non-genomic actions of steroid hormones call for the
hormone to be present continually. The non-genomic effects will diminish as soon as
the hormone leaves the tissue [61-64].

* The most consistent non-genomic consequence of androgen exposure is a fast
shift in [Ca2+], despite the fact that the evidence for non-genomic androgen
action is sparse. It has been assumed that in order to trigger calcium modula-
tion, which happens within seconds to minutes, the androgen must attach to a
receptor on the cell’s surface. It’s interesting to note that not all cell types that
show a rapid androgen Numerous cell types, including osteoblasts, macrophages,
T-lymphocytes, endothelial cells, breast cancer cells, prostate cancer cells, andro-
gens’ ability to quickly modify the function of ion channels and [Ca2+]i has been
noted [61-63].

* Androgens may mediate a range of non-genomic actions through their struc-
tural characteristics, independent of receptors, channels, or second messenger
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pathways. It has been discovered that androgen metabolites can pick up extra
charges from sulfate residues, which enables them to enter the lipid/protein
complex of the cell membrane and reduce membrane flexibility. This in turn
affects how ATP hydrolysis-related enzymes behave [62]. As well as other second
messenger pathways, testosterone has been shown to quickly activate calcium
pathways. Further proving that androgens are to blame for the downregula-
tion of G activity, testosterone has been shown to decrease potassium input

in Xenopus oocytes overexpressing G-protein inward rectifying potassium
channels. Interestingly, the effects of T on potassium channel function were
prevented by RNA interference-mediated downregulation of AR expression at
low but not high T dosages [62].

Androgens have instantaneous effects on biological systems, as is well docu-
mented. The neuroendocrine control of gonadotropin-releasing hormone is one
area in particular where androgens and the reproductive system interact inti-
mately (GnRH). It has long been understood that androgens inhibit the anterior
pituitary’s ability to secrete luteinizing hormone, which is directly controlled by
the brain’s release of GnRH. Despite the fact that androgens are known to affect
the pituitary’s sensitivity to GnRH, a new study strongly suggests a neuronal
mechanism [1, 32].

Despite the fact that the specific mechanism of action of androgen treatment is
yet unknown, it has been shown that animal behavior changes swiftly in reaction
to it. Researchers have shown that utilizing the female lordosis reflex as the end
goal, androgens can quickly modify a female rodent’s sexual receptivity. Rodents’
sexual receptivity is found to be terminated by dihydrotestosterone and 3-Diol,
and this effect is shown even when the hormone isn’t operating [62].

Androgens’ impact on the central nervous system can be neurotoxic or neuropro-
tective. It has been determined that dihydrotestosterone can influence cellular
development, differentiation, survival, or death through both genomic and non-
genomic signaling pathways. When employed in culture, androgens such as T
and DHT can protect neurons from damage brought on by beta-amyloid toxicity,
kainic acid toxicity, and serum deprivation [62].

It is clear that testosterone has a negative impact on the cardiovascular system
since men are more likely than premenopausal women to have cardiovascular dis-
ease. However, numerous clinical and epidemiological studies did find a contro-
versial connection between testosterone and cardiovascular disease. Additionally,
an increasing amount of evidence points to the possibility that testosterone may
exert its vasorelaxing properties immediately via non-genomic routes. These
actions do not require the endothelium, but some studies do indicate an endothe-
lial function. This has a major impact on the vascular smooth muscle [65, 66].

4.2 Genomic pathway of testosterone

The ligand activated receptor is a crucial transcription factor in the genomic route
that controls the expression of genes involved in cell division, proliferation, metabo-
lism, and apoptosis. However, the following highlights could be made of testosterone’s
genomic effects:
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Figure 2.
Depicted the effects of testosterone on both genes and non-genes. Free bioactive testosterone interacts with the
cytoplasmic androgen receptor (AR).

* Vascular calcification is the abnormal mineral deposition in the vascular system.
Vascular calcification can be controlled. It can occur in the heart’s valves and
takes on a variety of shapes, such as medial and intimal calcification. Males who
had low or high testosterone levels had a higher chance of developing vascular
calcification [67].

* Maintaining healthy renal and heart function. A common symptom of Fabry
disease, which is brought on by a lack of the lysosomal enzyme—galactosidase A,
is cardiac and renal hypertrophy [68].

* Preservation of erectile abilities. It is important to highlight that decreased
testosterone expression may, in turn, contribute to the ED vascular phenotype
(Figure 2) [68].

5. Health benefits of high testosterone

Men with high testosterone levels have been shown to have longer, healthier lives
as well as to preserve their sexual potency [69, 70]. Beyond fostering aggression, body
and facial hair, and even pattern baldness, testosterone has many other functions
as well. Additionally, studies have demonstrated that testosterone protects against
autoimmune disease. Since testosterone is an anabolic, it encourages the development
of new muscle. One of the main aspects of aging in both men and women is the loss of
lean body mass. This loss is made up by testosterone [70]. The most significant study
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about the link between high levels of testosterone and lowered risk of cardiovascular
disease was published in May 1994 and found that low levels of free testosterone are a
risk factor and directly correlate with the severity of coronary artery disease.

Lower levels of testosterone have been seen in males with dementia in several
studies, which has prompted speculation that testosterone deficiency may contribute
to the onset of dementia. However, other research has demonstrated that there is no
distinction in testosterone levels between men with dementia and those without it.
There is yet no conclusive proof that testosterone levels are correlated with a lower
incidence of dementia. Therefore, it is doubtful that using testosterone can help lower
your risk of developing dementia. In addition, there are dangers associated with
hormone use that must be weighed against your own health.

5.1 Factors that promote and inhibit testosterone secretion

Certain elements can either increase or decrease testosterone levels. Since the
building block for male sex hormones is the cholesterol molecule, a low-fat diet
restricts the creation of testosterone. Additionally, testosterone is increased by
rigorous exercise, but it can be decreased by overtraining [71]. Although severe stress
or sadness can suppress testosterone, sexual activity also increases it. While many
elderly men can still bear children, their sperm counts may be lower.

5.2 Therapeutics implications of testosterone

Male hypogonadism is mostly treated with androgen replacement therapy, which is
the principal application of testosterone. The testosterone injectable preparation called
testosterone undecanoate allows for injections every 12 weeks as opposed to every
2-3 weeks as is the case with testosterone esters like testosterone cypionate or enantate.
This testosterone injectable preparation also delivers the most consistent blood levels
of testosterone, within the physiological range. Short-acting medications lessen the
possibility of mood swings or emotional instability by limiting variations in blood
concentrations [72]. To administer the hormone, testosterone undecanoate can also be
administered orally. Additionally, a patch or gel can be used to apply it transdermally.

Additionally, testosterone is used in the treatment of breast cancer in combination
with an aromatase inhibitor to restrict estrogen conversion since it directly inhibits
the development of mammary cells via the androgen receptor [73]. Despite the fact
that oral administration of testosterone effectively increases absorption, gastrointes-
tinal metabolism and significant first-pass hepatic metabolism make roughly 98% of
the hormone inert [74]. When taken with food, testosterone undecanoate molecules
are absorbed into chylomicrons, significantly bypassing the liver. The substance then
travels through the intestinal lymphatic system and enters the peripheral circulation.
However, pills with an oily testosterone composition.

Since low-fat meals have poor testosterone undecanoate absorption, the amount
of fat in the meal has an impact [74]. Men who received four intramuscular injections
of testosterone undecanoate at intervals of 6 weeks had serum testosterone levels
that were consistently at or above the lower physiological limit; the upper physiologi-
cal limit was only briefly surpassed after the third and fourth doses. The half-life
and Cmax of testosterone under prolonged therapy were 70.2 days and 32.0 nmol/l,
respectively. To achieve physiological values of serum testosterone in nearly all men,
it appears that a 12-week injection interval following initial loading doses of testoster-
one undecanoate at 0 and 6 weeks is sufficient [72].
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6. Pathophysiology of testosterone secretion

Overproduction, underproduction, receptor insensitivity, or poor testosterone
metabolism are all examples of pathology connected to testosterone [75]. The more
typical and extensively studied testosterone diseases include the ones listed below.
The following disorders, such as polycystic ovarian syndrome (PCOS) [76], adrenal
virilization/adrenal tumors, ovarian or testicular tumors, Cushing syndrome, and as a
result of exogenous steroid use, can cause an overproduction of androgens. It’s crucial
to grasp the variations between testosterone and dehydroepiandrosterone (DHEA),
in order to properly comprehend some of these illnesses. The ovaries, testes, and
adrenals all create DHEA, which is a relatively mild androgen. DHEA is a precursor of
anumber of hormones, including estrogen and testosterone. The adrenal glands only
contain DHEA in its sulfated form, or DHEAS. Unusual gonadotropin-releasing hor-
mone (GnRH) secreted during polycystic ovarian syndrome increases LH secretion
(PCOS). Women with PCOS who take LH have increased androgen produced by their
ovarian theca cells, which results in hirsutism, a masculine escutcheon, acne, and
androgenic alopecia. Usually, ovarian and adrenal tumors are accompanied by rapidly
worsening androgenic symptoms (hirsutism, virilization). An ovarian tumor is most
likely to be to blame when DHEAS is normal and testosterone levels are elevated.

When DHEAS is elevated and testosterone levels are typically normal, an adrenal
tumor is most likely the cause. Age, some drugs, chemotherapy, problems with the
hypothalamus-pituitary axis, intrinsic hypogonadism, cryptorchidism, orchitis, and
genetic illnesses including Klinefelter and Kallmann syndrome can all cause reduced
testosterone production [77]. The congenital disorder that results in primary hypo-
gonadism most frequently is Klinefelter syndrome. In Klinefelter, inhibin levels fall
and FSH levels rise as a result of seminiferous tubule dysgenesis and Sertoli cell loss.
Aromatase is upregulated by FSH, which speeds up the process of turning androgens
into estrogens [78]. Because there is no negative feedback when Leydig cells die in
Klinefelter, testosterone levels fall and LH levels rise. The Kallmann syndrome, which
is characterized by the inability of GnRH-producing neurons to migrate, manifests
asalack of GnRH [78]. LH, FSH, testosterone, and sperm levels fall as a result of
low GnRH levels. Compared to other types of hypogonadotropic hypogonadism,
Kallmann syndrome is the only one to have defects in the sense of smell (hyposmia
or anosmia). Dihydrotestosterone is created from testosterone by an enzyme known
as 5-alpha reductase [65]. Due to a shortage of dihydrotestosterone, males with
5-alpha reductase insufficiency may be born with ambiguous genitalia or with typical
female or male genitalia. The internal male urogenital tract is present in these folks
(anti-Mullerian hormone is still present). Teenagers with this enzyme deficit, who
may have been raised as girls due to a lack of secondary male characteristics, begin to
develop secondary male sex characteristics and experience primary amenorrhea at
puberty [79]. Less DHT and a higher testosterone to DHT ratio will be present in these
people, who will also have normal levels of LH and testosterone.

Patients with androgen insensitivity, as opposed to those with insufficient levels
of the enzyme 5-alpha reductase, are less virilized due to the absence of functional
androgen receptors. Similar to those who have a 5-alpha reductase impairment, these
patients exhibit a 46 XY karyotype [66]. On the other hand, these patients have typical
undescended testes and healthy external genitalia. During adolescence, they experience
primary amenorrhea and the development of their breasts, but not the vocal changes or
pubic or axillary hair growth associated with puberty. They will have a defective inter-
nal reproductive system and a blind vaginal pouch as a result of the Mullerian inhibitory
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factor being created. These people will have very high levels of LH and testosterone.
Several types of congenital adrenal hyperplasia (CAH) may have impaired testosterone
metabolism as a secondary consequence [80]. In 95% of instances with typical CAH,
which is caused by a lack of 21 hydroxylase, neonates first display ambiguous genitalia.
Later, they experience vomiting, hypotension, acidosis, salt deficiency, and other symp-
toms. Hyperandrogenism results from a significant increase in 17-hydroxyprogesterone
being diverted to adrenal androgen production. By dramatically raising GnRH produc-
tion, which boosts LH and FSH levels, hyperandrogenism decreases the hypothalamic
sensitivity to progesterone. The generation of gonadal steroids increases when LH and
FSH levels rise (17-hydroxyprogesterone, DHEA, testosterone, LH, and FSH). The
diagnosis is made by the adrenocorticotropic hormone stimulation test, which displays
an excessive 17-hydroxyprogesterone response.

7. Concluding remarks

Both men and women produce testosterone, which is one of the most significant
sex hormones. Leydig cells from men’s testicles create the majority of it. In males, the
adrenal cortex also releases it. The development of secondary sexual traits in males,
such as increased muscle, bone mass, and body and facial hair, is widely acknowl-
edged to be heavily influenced by testosterone. Maintaining sexual potency, on the
other hand, is critical. Furthermore, testosterone has been found in studies to protect
against autoimmune disorders.
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Chapter 3

Testosterone Misuse

Zied Kaabia

Abstract

Testosterone is a key compound of the anabolic androgenic steroids (AAS) family.
It has largely been misused in human and animal doping targeting a muscle tissue
growth and an enhancement of performances. Such practices constitute a violation
against ethical values, food safety, and animal welfare. Consequently, the use of
such substance is regulated by WADA and International committees for some animal
species such as equine and bovine. Although efficient, the detection of testosterone
misuse remains challenging in some cases due to its endogenous origin and its inter-
and intra-individual level fluctuation in biological fluids. Novel analytical strategies
have been developed and are continuously evolving in order to tackle this issue and to
provide a better control of testosterone misuse.

Keywords: anti-doping control, analytical chemistry, mass spectrometry, regulation,
anabolic androgenic steroids

1. Introduction

“Doping” as a term has usually been correlated to fraudulent practices undertaken
by dishonest athletes to improve their sporting results. However, the use of this term
overpasses the boundaries of human sport field to cover the field of sports and food-
producing animals such as horses and bovine. Androgenic anabolic steroids (AAS)
misuse, in particular, represents one of the hottest and most challenging topics in this
context.

Testosterone belongs to androgenic anabolic steroids (AAS) family, which is
a group of derivatives originating from the cholesterol biosynthesis in mammals
or issued from synthetic chemical reactions. These compounds are reported to be
masculinizing agents (androgenic) and promoting skeletal muscle building (ana-
bolic) [1, 2]. The interesting anabolic properties were demonstrated for the first time
by Brown-Sequard [3], who reported an improvement in strength and force upon an
injection of an extract of dog and guinea pig testicles. Based on its beneficial effects,
testosterone has originally been used as therapeutical agent for clinical treatments
such as the treatment of hypogonadism or anemia. Consequently, the availability of
testosterone increased, and its use was diverted from their original purpose.

In addition to their unethical use to enhance performances and produce higher
volume of muscle carcasses, these doping practices pop out as a major concern and a
threat for human and animal health and welfare.

In food-producing animals, testosterone is often used by unscrupulous cattle
breeders in order to stimulate bovine muscle growth and make a higher profit
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with regard to the consequent gain in weight over a short period of time [4]. The
worldwide debate about the use of such practices has existed since the discovery

of their misuse. Several international projects such as the “Transatlantic Trade and
Investment Partnership” tend to harmonize the laws regarding the use of AAS in

the world. These projects are mainly bringing together for negotiating process the
European Union countries, which are imposing a strict regulation system regarding
the AAS misuse and the USA, regulations of which offer some permissions for the use
of some AAS such as estradiol and stanozolol.

The strict regulation toward AAS misuse in food-producing animals adopted by
the European Union countries originates from the various scandals that stroke the
region due to the misuse of these substances. One of the biggest high-profile scan-
dals occurred in the 1980s in Italy with the discovery of diethylstilbestrol, a growth
hormone promoter, in baby food. Consequently, several measures have been taken by
the European Union [5, 6]. According to these directives, adequate analytical methods
had to be developed and implemented in the different accredited control laboratories
in order to guarantee the consumer’s security toward these active chemicals [7]. The
analytical methods are mainly based on chromatography coupled to mass spectrome-
try techniques permitting the detection of residues in biological matrices. The system
revealed to be efficient for detecting a large spectrum of anabolic strategies. However,
some particular cases remain challenging with regard to the current methodologies
adopted by reference laboratories. The use of “hormone cocktails” is among these
particular issues [8] and consists of the administration of different anabolic agents
such as testosterone, each occurring at low concentration levels. These low quantities
of anabolic agents cannot be detected with regard to the detectability limitations of
the analytical methods. The use of “Designer Drugs” constitutes another issue for
control laboratories. Indeed, “Designers” are exclusively xenobiotic substances not
listed among prohibited substances. Considering the lack of knowledge on their exact
chemical structure, they cannot be detected by the classical targeted analytical strate-
gies. Finally, the use of natural steroids such as testosterone constitutes a challenge for
control laboratories with regard to the similar structures exhibited by these adminis-
tered substances and their corresponding endogenous analogs.

In the equestrian world, “doping” has been in existence since the ancient Roman
era where horses were fed with a “magic potion” called “Hydromel,” a mixture of milk
and honey, in order to improve their physical performances in the Arena. In the twen-
tieth century, administering alkaloids such as cocaine or strytchine to horses emerged
as a new doping treatment permitting to minimize the feeling of physical tiredness.
The fraudulent use of these exciting substances increased simultaneously with the
appearance of horserace bets, which generated important financial gains. In addition,
the use of AAS spread considering their power to enhance physical performances. In
order to tackle this issue threatening the equestrian world as a whole in terms of ethi-
cal values and animal welfare and with the hope to avoid a tarnished image of horse
racing competitions, the International Federation of Horseracing Authorities (IFHA)
put into practice a strict control system similar to the one regulating athletes doping
implemented by the World Anti-Doping Agency (WADA). This control system, “the
racing code,” forbids the use of any medication during horseracing competitions and
bans in particular the use of AAS in horses during training sessions, pre-competition
or competition periods. Targeting an efficient application of this control system,
IFHA reference laboratories are committed to developing analytical methods mainly
based on chromatography coupled to mass spectrometry techniques allowing the
identification and quantification of residues in biological matrices. Although being
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highly efficient, these methods highlighted, similarly to the official analytical meth-
ods adopted in food-producing animal field, some limitations for detecting naturally
occurring steroids misuse.

2. Structure and pharmacology of steroid hormones

Anabolic-androgenic steroid hormones share the same substructure based on a
sterane nucleus (Figure 1). The different families of steroid hormones result from the
existence of minor modifications occurring at the sterane nucleus. Progestagens such
as progesterone, corticosteroids such as cortisone and aldosterone, estrogens such as
estradiol, and androgens such as testosterone are some example of these families.

All of these steroids are derived from cholesterol, which is mainly biosynthesized
after dietary intake. This steroid biosynthetic pathway begins with an oxidation
of the side chain of the cholesterol to form the androgens prior to the formation of
estrogens. This oxidation reaction, catalyzed by the Cytochrome P450, generates
pregnenolone, which whether can be biotransformed into progesterone through
the enzyme 3p-HSD initiating the creation of the progestagen family or into
17a-hydroxypregnenolone through an oxidation by CPy7,. The latter compound is
subsequently metabolized into DHEA and then to 4-androstenedione, precursor of
testosterone.

Estrogens are formed during the reaction of aromatization occurring under the
action of CP450. The aromatization consists of the oxidation of the methyl group at
position C19 and the consecutive elimination of this newly formed to form estrogens
such as estrone and estradiol. This reaction results in the creation of secondary prod-
ucts such as nandrolone. All these transformations are summarized in Figure 2.

The secretion of naturally occurring hormones is enhanced by the Luteinizing
Hormone (LH), which activates the biotransformation of cholesterol into preg-
nenolone and the Follicle-Stimulating Hormone (FSH), which participates in the
aromatization of testosterone into estradiols. The secretion of two latter hormones is
regulated by the Gonadotropin-Releasing Hormone (GnRH) according to the occur-
ring plasmatic concentration levels of steroid hormones.

The steroid hormones are subsequently submitted to phase I biotransformations
(oxidations, reductions, epimerizations, etc.) and phase II biostransformations
(mainly sulfo and glucuruno conjugation) in order to be eliminated predominantly
through urine.

12

17

Figure 1.
Structure of a cyclopentanoperhydrophenantrene nucleus or stevane.
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Figure 2.
Global overview of the metabolization products deriving from cholesterol and the occurving biotransformations
generating the different steroid families.

The nature of these biotransformations is essentially correlated to the steroid
nature and the occurring enzymatic system in the organism. Therefore, the steroids
biotransformations present some differences depending on the species. For instance,
phase II steroid biotransformations consist mainly of sulfoconjugation reactions in
equine species while they consist of glucurunoconjugation reactions in humans and
bovine species.

While the previously described steroid hormones such as testosterone occur
naturally in the organism, some other steroids are exclusively synthetic. They usu-
ally exhibit minor modifications to their endogenous analogues such as methyltes-
tosterone. They can also be part of a new category of steroids called “Designers.”
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These steroids are unmarketed compounds exhibiting a chemical structure based on
marketed substances presenting minor modifications. They are usually synthesized
as part of the pharmaceutical industry for medical use. With regard to their inexis-
tence in the list of WADA banned substances, their detection using classical targeted
analytical methods becomes problematic. Estra-4,9-diene-3,17-dione [9] and tetrahy-
drogestrinone [10] are some examples of this category of synthetic compounds.

3. Use of steroid hormones

The use of anabolic steroids in food-producing and sport animals has been
flourishing with regard to their capacity to increase zootechnic performances
[11, 12]. Testosterone has been one of the main steroids used in this context. Typical
quantities of administered steroids to human, bovine, and equine for doping pur-
poses range between hundreds of micrograms and few milligrams per kilogram.
The administration of these steroids may be performed orally, through parenteral or
alternative pathways:

Oral pathway: minor chemical modifications to the structure of natural anabolic
steroids have to be performed prior to an oral administration. These modifications
protect the steroid from a submission to a quick metabolization through the hepatic
pathway. These modifications consist mainly of an alkylation or an esterification. One
example of such steroids is the methyl testosterone, efficiency of which is four times
higher than testosterone when administered orally.

Parenteral pathway: this relates to any administration occurring on a different way
than the digestive one. When the steroid is administered under its free form through
this pathway, it undergoes a quick metabolization leading to its degradation and
elimination. Therefore, a step of esterification of the steroid is necessary to provide
the desired effect on an extended period of time. The intramuscular administration
of the steroid ester is immediately followed by an enzymatic hydrolysis in blood [13].
Prior to hydrolysis, the steroid ester migrates gradually from its lipophilic excipient
toward blood stream [14]. This gradual liberation results in a longer effect of the
doping substance. The effect is even longer when the steroid ester presents a longer
lipophilic side chain [15]. Once the active steroid is formed, it is transferred through
the blood stream to the corresponding hormonal receptor.

The administration of the anabolic steroid could be also performed through an
intravenous pathway or through solid implants.

Alternative pathways: the transdermal application of steroids is also a possible way
for administration with regard to the lipophilic nature of the skin. Anabolic steroids
are usually administered through the application of spray or “pour-on” [16]. These
pathways have the advantage not to submit the steroids to the first hepatic transition
caused by the liver. However, a frequent application is necessary with regard to the
low biodisponibility of the steroids using this pathway.

3.1 Transport of steroid hormones

Hormone steroids are rarely present in the blood under their free form. Instead,
they are carried in the bloodstream bound to serum carrier proteins [17]. There are
two categories of binding proteins:

Non-specific binding carrier proteins: albumin is one example of these binding
proteins, and it is characterized by a high capacity of transport but a low affinity with

35



Testosterone — Functions, Uses, Deficiencies, and Substitution

steroids. It is found at a relatively high concentration in blood. Its main function is to
ensure the transport of steroids to their corresponding hormonal receptors.

Specific binding carrier proteins: SHBG (Sex Hormones Binding Globulin) is an
example of this class of proteins [18]. They are characterized by a high affinity with
steroids but a low capacity of transport.

The bioavailability of the endogenous steroids is ensured by these proteins. These
proteins play indeed the role of a reservoir of steroids regulating the concentration
levels of steroid hormones in the metabolism. Moreover, these proteins protect the
transported steroids by preventing their biotransformation and subsequent diffusion
and elimination [19].

3.2 Protein production activation

When the steroids reach the target cell, they penetrate through the phospholipidic
membrane of the cell by passive diffusion. This passage is guaranteed with regard to
the fat-soluble nature of the hormonal steroids. Once inside the cell, the steroids bind
to their specific androgenic receptor located in cytoplasm [20]. This binding results in
the formation of a steroid-receptor complex, which infiltrates the nucleus to bind to a
specific receptor located on chromatine. Consequently, the production of RNA mes-
senger (mRNA) is initiated [21]. These mRNAs are then transported to the cytoplasm
for further proteins synthesis.

3.3 Biological effects

The AAS are well-known to enhance muscle growth (anabolic effect) and to
promote masculinization (androgenic effect). In addition, the use of these substances
may lead to harmful effects such as hypogonadism and cardiovascular risks [22].
These effects are mainly caused by the disturbance occurring through the administra-
tion of exogenous steroids, which results in a negative feedback on the secretion of
natural steroid hormones. Furthermore, the increase in steroids concentration leads
to a higher synthesis of proteins and subsequent higher amount of muscular tissue,
which needs, as a consequence, a higher volume of blood irrigating it and finally
causing cardiovascular problems. High blood pressure could be observed also due to a
regular administration of testosterone. In fact, such an administration causes a reduc-
tion in the secretion of HDL (High-Density Lipoproteins) resulting in an imbalance
between HDL and LDL amounts leading to hypertension troubles. Other effects could
be observed for female subjects submitted to a regular intake of AAS on hormonal
cycle (ovulation and menstruation). The abuse affects also the psychological aspect
and could lead to an aggressive attitude and even to depression.

4. Regulation
4.1Bovine

The use of anabolic steroids as growth promoters in food-producing animals is
prohibited in the European Union according to the EU Directive [5]. Different EU
Directives have been issued to date in order to avoid any misuse of these substances
in food-producing animals. The main purpose of these directives is to guarantee the
security of the consumer toward these active chemicals [7].
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The harmonization of the regulation concerning the use of these growth pro-
moters in bovine, mainly between the European Union and the United States, has
been problematic. The problem became even greater with the increase in the trade
flows of bovine meat all over the world. While the use of anabolic steroids in the
European Union is strictly banned in food-producing animals, the use of implants
of 17p-testosterone, la 17p-estradiol, progesterone, trenbolone, or zeranol in cattle
is still legal outside the European Union. As a consequence of the important posi-
tion of the European Union in the bovine meat trade market, the bovine field in
the United States witnessed a gradual decrease in the use of growth promoters.
Although several arrangements have recently been taken in order to meet the differ-
ent expectations of the different parties (MOU) (WT/DS26/28, September 30, 2009,
74 Federal Register), the problem is still persisting. In June 2013, talks between the
European Union and the United States have been taken over in order to find a solution
to this recurring issue. In July 2013, the TTIP “Transatlantic Trade and Investment
Partnership,” a project aiming to set a transatlantic market based on a liberal model
ruled by a free circulation of goods and investments, was created. This project will
also cover the agriculture field and would affect the regulation put into practice for
the control of agricultural products such as bovine meat quality.

The recognized reference laboratories are submitted to the identification criteria
established by the European Decisions 2002/657, which defines mainly the tolerated
relative retention time and abundances percentual errors depending on the per-
formed analytical technique.

4.2 Equine

The use of anabolic steroids is strictly banned in equestrian sports. Unlike WADA,
where the list of prohibited substances for athletes is classified according to their
respective pharmacological families, the IFHA has classified the doping substances
for horses with regard to their respective target system of the organism. For instance,
article 6 of IFHA “International Agreement on Breeding, Racing and Wagering” high-
lights the ban of substances that affect the nervous, the cardiovascular, the respira-
tory, the digestive, the urinary, the reproductive, the musculoskeletal, the blood, the
immune, or the endocrine system.

The control of the use of these substances protects the integrity of horse races.
This control can be conducted at any time of the year on a large panel of biological
matrices.

With regard to the natural occurrence of some anabolic steroids such as nan-
drolone, the International Equestrian Federation put into practice in March 1988
an advisory committee formed of analysts and veterinarians, whose duty is to
establish concentration or ratio thresholds of certain prohibited substances when it
is necessary. Consequently, different confirmation thresholds have been approved
by IFHA for natural occurring anabolic steroids misuse. For instance, boldenone
urinary concentration should not overpass 15 ng/mL in entire male horses, testos-
terone urinary concentration should be inferior to 20 ng/mL in gelded horses and
less than 55 ng/mL in mares and fillies. Finally, Sa-estrane-3p,17a-diol, one of the
main recognized biomarkers of nandrolone administration, urinary concentration
should be lower than 45 ng/mL in entire male horses [23]. In addition to the latter
criterion, a complementary threshold consisting of a ratio of the urinary con-
centration of 5a-estrane-3p,17a-diol and 5(10)-estrene-3p,17a-diol of 1 has been
supplemented [23].
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The reference IFHA laboratories are submitted to the identification criteria estab-
lished by AORC (Association of Official Racing Chemists), which defines mainly the
tolerated retention time and relative abundances percentual errors depending on the
analytical technique adopted [24].

5. The detection of steroid abuse in bovine and equine species

With regard to the high number of analysis performed by control laboratories,
high-throughput screening analytical methods are required in order to offer a first
discrimination between negative and suspicious samples. Once the sample is consid-
ered suspicious, it is subsequently submitted to confirmatory methods.

5.1 Screening

Screening methods require a dual compromising aspect by being high throughput
and multi-residue but at the same time showing a high efficiency and low costs. These
methods allow the detection or the concentration level estimation of a certain group of
prohibited doping agents. Consequently, they affect a suspicious or a compliant status
to the biological sample. These methods should present an as low as possible of “false
positive” results and especially minimize the rate of “false negative” results (Decision
2002/657/EEC). These analytical techniques can either be immunological or based on
chromatography coupled to mass spectrometry. The following synthesis review will
highlight additionally novel analytical techniques, “omics” techniques, aiming at an
indirect screening of prohibited substances, in particular natural occurring steroids.

5.1.1 Immunochemical techniques

Immunochemical techniques are based on an antigen-antibody interaction. There
are two main techniques used: Radioimmunoassay (RIA), which is based on a radio
element, and enzyme-linked immunosorbent assay (ELISA), which is based on an
enzymatic system. These techniques permit the quantification of steroid hormones
through the bindings established between their corresponding tracers, an analog of
antigen, and the antibodies occurring in the biological sample. They classify hence
the sample as compliant or suspicious. RIA needs a prior purification of the biologi-
cal sample and offers several advantages, mainly the possibility to analyze different
substances at once and to denature the sex hormone binding globulin (SHBG), which
is transporting and bound to these substances. However, this tool requires large
sample volumes especially when the substance is present at low concentration levels.
It could also lead to erroneous results due to the reactivity of the antibody [25]. As
for ELISA, it permits to measure the antigen through an enzymatic pathway. ELISA
represented the reference tool for screening steroids abuse before the emergence of
mass spectrometry tools. The main advantage of ELISA, in comparison with RIA, lies
in the absence of a radio element tracer. However, ELISA exhibits lower specificity as
compared with what can offer mass spectrometry.

5.1.2 Chromatography coupled to mass spectrometry

The analytical methods based on this technique allow identifying the admin-
istered substances or the markers resulting from such an administration. As far as
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endogenous AAS are concerned, this technique permits to give an idea about their
concentration levels in the biological matrix in order to compare it with the settled
thresholds. Two main branches of chromatography have been widely used for screen-
ing purposes: Gas Chromatography and Liquid Chromatography coupled to mass
spectrometry.

5.1.2.1 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS remains the most widespread technique used for screening analysis of
steroid hormones in the anti-doping control laboratories [26, 27]. A sample prepa-
ration step consisting of a hydrolysis, extraction, concentration, and purification
of the analytes is necessary in order to detect trace levels of substances of interest
in the biological matrix. This technique usually requires a prior derivatization of
the compounds with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA),
PentaFluoroBenzaldehyde (PFB), or PentaFluoroPropionic Anhydride (PFPA) to
enable their analysis on GC-MS. 5MS columns (5% phenyl and 95% of methylpo-
lysiloxane) are usually used for chromatographic separation. Negative Chemical
Ionization (NCI) and Electron Impact (EI) ionization modes are frequently used for
analyses. Different analyzers have been used: ion trap [28], simple and triple quadri-
pole [27, 29]. High-Resolution Mass spectrometry (HRMS) analyzers have also been
used such as Time of Flight and Electromagnetic sector [29, 30].

The GC-MS techniques permit to obtain a better chromatographic separation
than when operating with a Liquid Chromatography-Mass Spectrometry (LC-MS),
even with the emergence of Ultra Performance Liquid Chromatography (UPLC).
The main advantage of GC-MS, in comparison with LC-MS, is the absence of ion
suppression effects.

GC-MS was in particular used for testosterone screening in equine species [31]. In
bovine, GC-MS was used to figure out some potential biomarkers and thresholds for
natural occurring steroids misuse. For instance, Sa-pregnane-3f,17a-diol was sug-
gested as a biomarker for progesterone misuse, 5p-androstane-3a,17p-diol for testos-
terone misuse, 17B-androst-1-ene-3-one for boldenone misuse, and 17a-estradiol for
estradiol misuse [32, 33].

New bidimensional separative techniques (GC x GC) have recently been reported
in the anti-doping field [34]. The chromatographic separation on these systems is per-
formed through two capillary columns placed in series permitting to obtain a higher
separation power in comparison with unidimensional GC technique. In addition, the
bidimensional gas chromatography results in a simplification of the sample prepara-
tion step by eliminating the purification process [35].

5.1.2.2 Liquid Chromatography-Mass Spectrometry (LC-MS)

LC-MS use in the anti-doping field as a screening technique has greatly increased
with regard to the performance allowed [36]. LC-MS process results in a drastic gain
of time in comparison with GC-MS technique regarding the lack of a derivatization
step. Moreover, it enables the study of the conjugated form of the steroid in addition
to its free form and therefore requires no hydrolysis step. This capacity allows a better
understanding of the global metabolism of the steroids.

The ionization modes frequently used when dealing with AAS analyses in LC-MS
are Atmospheric Pressure Chemical Ionization (APCI), Atmospheric Pressure Photo-
Ionization (APPI), and Electrospray Ionization (ESI) [37]. The ionization type and
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mode depend strongly on the nature of the steroid. For instance, conjugated steroids
are usually ionized in ESI" or ESI" modes [38] and free steroid uniquely in ESI" mode.

In addition to the mass analyzers described previously for GC-MS analyses, LC
offers the possibility to be coupled with other types of high-resolution mass analyz-
ers such as Orbitrap or Fourier Transform Ion Cyclotron Resonance (FT-ICR) [39].
All of these analyzers offer the possibility to work with a high throughput, which is
extremely important criterion for screening analyses [40, 41].

LC-MS was performed for screening purposes of more than 50 doping agents
including testosterone, estradiol, boldenone, and norandrostenedione in porcine and
bovine species [42]. It also detects fraudulent use of boldenone in bovine through the
detection of the sulfoconjugated form [43]. In addition, it was performed in equine to
detect testosterone, nandrolone, and boldenone misuse in entire male horses through
the quantification of sulfoconjugated forms [44].

The emergence of UPLC permitted to improve the separation power of steroids
and considerably reduced the analysis time. Different studies used this technique for
AAS analysis and screening [45].

5.1.3 “Omic” techniques

“Omic” strategies have been applied in different scientific research fields mainly
for biological applications. The “omic” techniques aim to study the recorded varia-
tions at different biological levels ranging from gene sequencing to metabolites
expression [46]. It generates consequently a large amount of data permitting to
understand the biological functioning of the organism as a whole. In the present
context, the main objective of these approaches would be to determine biomark-
ers capable of characterizing the administration of a particular anabolic agent or a
particular family of those agents [47]. These techniques have already shown their
relevance in the anti-doping field, particularly, dealing with the issue of natural
occurring steroids misuse. “Genomics” and “transcriptomics,” “proteomics,” and
“metabolomics” have in particular been investigated to reveal candidate biomarkers
that would serve screening purposes. Most of reported transcriptomic studies in
the anti-doping field dealt with the influence of peptide hormones such as human
Growth Hormone (hGH), Erythropoietin EPO and Insulin-like growth factor (IGF),
and anabolic steroid hormones on the Deoxyribonucleic Acid (DNA) transcription
[48-50]. These studies permitted to highlight some gene biomarkers.

The second strategy of interest in the cascade of “omics” (Figure 3) is “pro-
teomics,” which sheds the light on the proteome investigation. This approach is of
high importance in the anti-doping field since permitting a profiling of the proteins
concentration variations following the administration of anabolic substances [51].
Proteomics study may either be performed in an untargeted way or more targeted,
focusing on a limited number of proteins of interest, a-priori selected. The untargeted
proteomic study is usually performed in three main steps: first, the proteins are sepa-
rated based on two-dimensional electrophoresis (2-DE) or multidimensional chro-
matography, then the analysis of the separated proteins is made by Matrix-Assisted
Laser Desorption Ionization-Time Of Flight (MALDI-TOF) or MALDI-TOF/TOF, and
finally, the proteins are identified. Very few untargeted proteomics works are reported
in the field. However, several studies reported the use of targeted proteomics. For
instance, Mooney confirmed the decrease of binding capacity of SHBG globulins
in bovine following an administration of AAS [52]. In another study, Cacciatore
demonstrated the variations occurring in concentration levels of IGF1, inhibins, and
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1 Genotype

Phenotype

Steroidomics

Figure 3.
“Omics ” cascade.

osteocalcin after administration of estradiol and nandrolone [53]. In equine, Nagata
confirmed a decrease in Luteinizing Hormone (LH) and inhibins concentration levels
after an administration of nandrolone in stallions [54].

“Metabolomics” is the third family of interest in this “omics” family cascade. It
focuses on the metabolome that is formed by the whole group of low-molecular-
weight molecules. Sugar, organic acids, amino acids, vitamins, and steroids are part
of the molecules included in metabolomic studies. Metabolomics consists of the
study of the disturbance resulting from a genetic tampering of the organism or from
a toxicological exposition or a treatment. The main objective of metabolomics is to
shed light on compounds of interest potentially used to detect biological disturbance
encountered by the organism. Many studies in the anti-doping field have evaluated
this strategy, namely in human [55, 56], equine [57], or bovine [58, 59] species. These
studies confirmed the feasibility and the efficiency of such an approach in this field.
The different steps encountered for a metabolomic study are represented in Figure 4.

“Steroidomics,” a subfamily of “Metabolomics,” focuses on the study of the ste-
roidome, the whole group of steroids in the organism. Steroidomics exhibits a similar
analytical workflow as the one performed in metabolomics except that it focuses,
through sample preparation and acquisition mode, on steroids monitoring [60]. It
may be of interest in the anti-doping field, to study the variations of steroid con-
centration. This monitoring enables a better understanding of the consequences of
anabolic steroids administration on AAS secretions in the organism. Consequently, a
more accurate identification of doping cases with natural occurring steroids and an
identification of potential candidate biomarkers are realized. This multidimensional
approach mixing analytical and statistical tools requires an adequate sample prepara-
tion step and a specific detection method. Once the steroid profiles are obtained,
they are submitted to a multivariate statistical processing to offer a first general view
of the data distribution and the generated discrimination. Principal Components
Analysis (PCA) and Orthogonal Partial Least Squares (OPLS) are two examples of,
respectively, non-supervised and supervised statistical multivariate analysis tools.
While PCA models permit to obtain a first overview of the sample distribution
without any a priori instruction regarding their status, OPLS models are character-
ized by an incremented Y variable indicating the status of the sample and affecting
a supervised nature to the model. Before proceeding to the statistical process of the
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The different steps of a metabolomic study.

data, the latter is normalized in order to decrease the statistical dominance of very
intense peaks over less intense but interesting peaks. Finally, quality control samples,
consisting of pools of the different samples of the study, should be injected all along
the analyzed batches to assess the analytical robustness of the whole process and
guarantee accurate analytical findings. Steroidomics can be divided in three main
categories: non-targeted steroidomics, semi-targeted steroidomics, and targeted
steroidomics. Non-targeted steroidomics requires a minimal sample preparation to
avoid the loss of any steroid of interest. Rijk tested this technique to evidence many
phase I and II steroid hormones biomarkers following testosterone precursors,
DeHydroEpiAndrosterone (DHEA) and pregnenolone, administration in bovine
[61]. Semi-targeted steroidomics consist of the assessment and monitoring of a
specific fragment characterizing a group or a family of steroids. This approach has
been used by Thevis, who discovered new synthetic steroids based on fragments
atm/z 77,91, and 105 corresponding respectively to fragments of steroids A ring
and phenol group of estrogens [62]. In another study, Anizan selected fragment
ions at m/z 97 and 113 to identify new sulfo and glucuruno-conjugated steroids
attesting of an illegal administration of testosterone precursor, androstenedione, to
bovine [63]. Finally, targeted steroidomics consists of the quantitative profiling of a
selected set of steroids in order to study their concentration levels occurring varia-
tions following an anabolic treatment. Such a strategy was for example performed
in order to establish suspicion thresholds and identify new biomarkers for DHEA,
DiHydroTestosterone (DHT), and testosterone administration in men [64], to
discriminate estradiol-treated bovine from the control group [65] and nandrolone-
treated equine from control group [66] and served to evidence the evolution of
steroid concentrations with regard to the seasonality [67].
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5.2 Confirmatory strategies

The confirmation step is performed once the sample is declared suspicious fol-
lowing the screening process. The following part will review two main analytical
approaches implemented to confirm natural AAS misuse.

5.2.1 Steroid esters detection

Steroid esters are synthetic compounds composed of a steroid moiety (the active
part of the substance) and a side chain, which can be located on carbon 3 or more often
on carbon 17 of the steroid. Since steroid esters are widely used in bovine and equine,
several analytical strategies have already been developed to detect their misuse.

With regard to their lipophilic nature, the steroid esters cannot be detected in
hydrophilic matrices such as urine. However, they can be detected in tissues [68], fat
[69], hair [70], and blood [71].

While tissues and fat can only be collected at the slaughterhouse, hair and blood
may be collected unambiguously from bovine and equine. Regarding hair, substances
are actually transmitted to the hair through the hair follicle from blood stream or
from sweat to the hair shaft. Hair can consequently provide a historical background
on the steroid esters misuse. However, hair is a relatively complex matrix, and the
analytical process adopted to extract substances from it is quite challenging. In fact,
using harsh analytical conditions such as strong acidic or basic digestion of the hair
can lead to the degradation of the ester. Instead, the use of soft analytical conditions
such as methanolic extraction will result in a very low extraction recovery of the ester.

Taking into account these drawbacks, blood appears to be an interesting matrix
with regard to its containment in steroid esters and the relatively easy analytical
process to perform for extraction. The esters are transported through this matrix to
the target cells and are usually bound to some blood proteins such as albumin [72] and
SHBG [73]. These esters are gradually hydrolyzed in the blood stream by enzymatic
esterase and are consequently found at trace levels (dozens to hundreds of pg/mL)
[74]. Therefore, very sensitive analytical methods have been developed in order to
detect them in blood [75] using some specific derivatization reactions in order to
optimize the sensitivity [76, 77].

5.2.2 Isotopic approach

This approach consists of calculating isotopic ratios of different chemical elements
such as *C/"C. This ratio can be expressed as an isotopic deviation following the
application of the equation below:

(13C/12 C)mmple _(130/12 C)

(13C /12 C) standard ><103 (1)

513C[%0] =

standard

This ratio is measured based on a reference compound, the isotopic deviation of
which is fixed at zero may be used for the purpose (e.g., Vienna Pee Dee Belemite
(VPDB)).

In the anti-doping field, the purpose of this technique is to differentiate endog-
enous and exogenous anabolic steroids according to their enrichment in *C. The first

43



Testosterone — Functions, Uses, Deficiencies, and Substitution

applications involving the use of a GC-C-IRMS permitted to different anti-doping
laboratories to identify exogenous testosterone in human [78-80]. This technique
covered thereafter the animal anti-doping field and different studies using GC-C-
IRMS focused on problematic issues related to the administration of natural steroids
to equine [81] and bovine [82].

The small differences between endogenous and exogenous anabolic steroids
isotopic deviations are one of the main difficulties encountered when applying the
GC-Isotope Ratio Mass Spectrometry (IRMS) technique. In fact, the endogenous iso-
topic deviation of anabolic steroids depends mainly on the diet [83, 84]. Depending
on the type of food consumed, the isotopic deviation of ingested cholesterol, and
hence deriving anabolic steroids, will not be the same. Some plants called “C3 plants”
such as wheat, rice, and soya exhibit low endogenous isotopic deviations in compa-
rable ranges with those exhibited by synthetic steroids, mainly synthesized starting
from C3 plants. However, the “C4 plants” such as maize and sugar cane generate a
high endogenous isotopic deviation, which in this case of food-based diet permits to
identify unambiguously exogenous administration of anabolic steroids.

6. Conclusion and perspectives

While the classical analytical methods, targeting a single or a large panel of
anabolic substances, as currently implemented in the anti-doping and control labora-
tories are efficient to detect abuse with a large set of prohibited compounds, they have
been showing some limits to detect abuse in some specific cases related to androgenic
anabolic steroids misuse in racing and food producing animals. The difficulty has
become even greater with the application of new doping methodologies aiming at
bypassing the current analytical methods detection limits. The administrations of
anabolic steroids cocktails, designer steroids, or natural occurring steroids are some
examples of these new doping methodologies, which permit to escape control.

The use of natural occurring steroids such as testosterone appears to be one of the
most challenging and problematic issues for doping control laboratories. With regard
to their natural occurrence in the metabolism, the differentiation between their
endogenous and exogenous origin becomes problematic. Moreover, the concentration
levels of these steroid hormones vary between the different subjects part of the same
species introducing inter-variability factors. Furthermore, these levels vary in the
same subject at different time points due to different parameters such as seasonality,
mating, and diet, which define the intra-variability factors. These two factors render
the settling of a decision limit for a natural occurring steroid misuse difficult.

Testosterone in particular is among these steroids a problematic one for control
laboratories since it has been shown to occur naturally in equine and bovine species
while its administration under synthetic form is known to be very potent. Therefore,
analytical strategies allowing to point out the exogenous administration are more than
expected by the scientific community.

While confirmatory strategies seem to enable tackling the natural hormones issue
and fulfill corresponding requirements, an additional effort appears necessary to
validate the developed screening approach based on steroidomic profiling.

With regard to the general issue of natural steroids misuse in equine, more
research work is needed in order to investigate minor metabolites of such administra-
tions, which can reinforce the current international criteria. A stronger collaboration
between the different reference laboratories worldwide is essential in order to settle
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population reference ranges of endogenous AAS and hence obtain a repository for
future steroid doping challenges. A deeper investigation of the biosynthetic and
physiological system of horses is also very important in order to have a better under-
standing of the biosynthetic pathway of endogenous steroids and hence generating a
higher efficiency in tackling the issue.

Furthermore, other “upstream” omics techniques such as “genomic” and “tran-
scriptomic” have been reported to be efficient for detecting natural steroids misuse
and collaboration between these different fields would offer a mass global approach.
For instance, Cannizzo developed a method based on DNA microarray data analysis
[85] showing a large set of differentially expressed genes between controls and pred-
nisolone treated bovine. Moreover, genomic instability and DNA damage were proven
after nandrolone decanoate administration to rats [86]. However, such genotyping is
costly in addition to the uneasiness of its application in the context of doping control.
Many studies reported the possibility of generating information about the genotype
starting from the phenotype and specifically steroid profiles [87-89]. These reported
findings would offer a general overview of different organism levels and would be of
a great help to evidence several challenging doping cases.
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Chapter 4

Evolutionary Theory of an
Association between Testosterone
and Attractiveness Perception in
Humans

Hirokazu Doi

Abstract

Literature on psychological function of testosterone in humans has emphasized
its association with such traits as aggressiveness and impulsivity. In addition, increas-
ing number of studies have shown the linkage between testosterone level and indi-
vidual difference in the strength of preference for other’s sexually dimorphic traits.
According to theorists in the field of evolutionary psychology, the preference pattern
for sexual dimorphisms had evolved as an adaptive mechanism to increase the odds
of reproductive success. But, so far, there are few systematic syntheses of literatures
to validate such evolutionary explanation from the perspective of androgenic func-
tion. This chapter aims to give an overview of the existing findings on the association
between testosterone and preference pattern in humans and discuss their implications
for evolutionary explanation of human attractiveness perception.

Keywords: testosterone, preference, face, voice, evolutionary psychology

1. Introduction

Numerous functions of the central nervous system, perception, motor control,
emotion, homeostatic balance, and so on, are discussed in the literature on psychol-
ogy. The neurophysiological machinery for many of these psychological and cognitive
functions has probably evolved as an adaptive mechanism—or at least as a by-product
of adaptive mechanisms—to meet the demands of survival in a given environment.

The endocrinological function is tightly intertwined with neural—and hence,
psychological—and cognitive functions. For example, in the cascade of fear response,
the amygdala initiates a cascade process in the hypothalamic—pituitary-adrenal (HPA)
axis, leading to the secretion of glucocorticoids in the adrenal gland, thereby enhanc-
ing energy consumption [1, 2]. An important implication of this is that individual
differences within the endocrinological function are possibly linked to diversity in
psychological traits and responses.

In addition to its physiological actions, testosterone has long been associated
with psychological traits such as aggressiveness [3, 4] and impulsivity [5], especially
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in males. Empirical studies using a pen-and-pencil questionnaire or well-tested
paradigms of behavioral measurement have shown that people with high circulating
testosterone levels tend to show more aggressive [3, 4] and dominant behavior [6].
Several earlier studies have identified a positive relationship between testosterone
levels and trait impulsivity. At the same time, even when using a similar behavioral
paradigm, studies have often reported mixed results as for the association between
impulsivity and testosterone level, which indicates intrinsic complexity in androgenic
influences on human behavior. For example, our study [7] found sex differences in
the association between salivary testosterone levels and impulsivity in financial deci-
sion making, which indicates non-linearity in the pattern of influence of testosterone
on a few domains of cognitive function (see also [8, 9]).

Attractiveness is among the primary attributes that determine first impressions,
and attractive people make good impressions in job interviews [10, 11], receive
priority in promotion [12]—possibly through a halo effect ([13, 14] but see [15])—
and, importantly, in the context of this chapter, are more likely to have many sexual
partners [16, 17].

In contrast to the common sense that beauty and attractiveness are defined by cul-
tural standards, studies in the past three decades have shown the possibility that some
physical traits are universally perceived to be attractive and that hormones, including
testosterone, play pivotal roles in shaping attractive features and determining the
strength of one’s preference for them. This chapter aims to give a brief overview of
the previous findings on the link between testosterone and human attractiveness
perception and discuss the validity of evolutionary explanations for the observed
associations.

2. Androgenic regulation of reproductive behavior

Reproduction is, in a sense, the ultimate goal of living organisms—both as individ-
uals and as members of one’s own species. In addition to other hormones, testosterone
and its metabolites are integrated into the complex web of the neuroendocrine system
that controls the reproductive process.

Testosterone plays a pivotal role in the regulation of the male reproductive system;
it controls male masculinization in body morphology and physiology [18-20] and
sexual behavior [21] in variety of species. The concentration of androgen is much
higher in the testes than in the bloodstream, and spermatogenesis is highly dependent
on this high level of testicular testosterone [22].

There are a few controversies regarding the role of testosterone in the female
reproductive process. However, at least in vitro, several studies have shown
that testosterone and its metabolites promote the early stages of ovarian fol-
licular maturation [23] directly as well as via conversion to estrogen through
aromatization.

In addition to these physiological effects, several studies have shown that tes-
tosterone can modulate the function of the central nervous system, resulting in
multiple aspects of reproductive behavior. Circulating testosterone levels are posi-
tively associated with male aggression, intra-sex competitiveness, and sexual desire
in non-human species [21], which increases the success rate of winning and sexual
intercourse with female conspecifics. In accordance with these observations, human
studies have also supported the relationship between sexual desire and testosterone
levels in both males [24] and females [25].
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Maintaining a higher social status leads to an increased likelihood of reproductive
success. Testosterone levels have been suggested to modulate the higher-order cogni-
tive process of status seeking behavior. Eisenberger reported that men administered
with testosterone make fairer offers in economic bargaining than placebo [26] and are
more likely to punish those who make unfair offers [27]; both behaviors are beneficial
for elevating one’s social status. Likewise, exogenous testosterone administration
increases generosity when the audience is observing one’s behavior [28], which prob-
ably contributes to keeping good reputation.

Recent studies have shown that, in addition to its association with sexual behavior,
testosterone levels modulate paternal investment. A longitudinal study [29] showed a
reduction in testosterone levels in males after the delivery of their first child, similar
to the findings in marmosets. Moreover, the time spent on care-taking was negatively
correlated with testosterone levels. In a laboratory study [30], new fathers with low
serum testosterone levels showed empathic responses more strongly to the sounds of
the infant’s cry. These studies indicate a suppressive effect of circulating testosterone
on paternal investment.

3. Evolutionary theory of attractiveness

Mainly two types of explanations can be distinguished [31, 32] for certain behav-
iors or behavioral tendencies observed in animals: proximate and ultimate. The first
refers to the description of biological mechanisms underlying animal behavior, such
as neural functions and physiological responses. In the case of attractiveness percep-
tion, viewing attractive others activates the neural network of the reward system
and induces pleasure [33]. This hedonic state is considered to promote the favorable
treatment of physically attractive people.

The ultimate explanation of a behavior answers such questions as what kind of
adaptive benefit and costs the behavior of interest incurs and how the behavior has
evolved. The possession of eye-catching ornaments in certain species, such as the
long tail in peacocks, has been a puzzle for evolutionary theorists. Conspicuous tails
of peacocks are almost useless in themselves and could jeopardize the survival of a
peacock by making it easily detectable by predators. Why did this phenotype evolve
in the first place? This question explains the evolutionary roots of sexually dimorphic
traits in peacocks.

The costly signaling theory (or good-genes handicap principle) claims that pos-
session of extravagant ornaments functions as an “honest signal” of an individual’s
health and reproductive prowess [34, 35]. Production and sustainment of the long tail
in peacocks is energy consuming and, as mentioned above, has the potential to lower
the odds of survival. This indicates that a male with a long tail is healthy and strong
enough to survive despite such a large handicap. In this line of reasoning, it follows
that it is an adaptive strategy for peahens in bearing offsprings with “good genes”
by mating with peacocks with long tails, because a long tail is an honest signal of
biological quality. Though controversial, some ethological and experimental studies
obtained several pieces of supporting evidence that males with seemingly maladap-
tive morphological traits achieve higher reproductive success [36-38].

The role of testosterone in the perception of attractiveness is often explained
based on its value of signaling. Given the association between androgen and the male
reproductive function [18-22, 37, 38], morphological traits linked to high levels of
testosterone can serve as a signal of high reproductivity.
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Another type of testosterone signaling function has also been suggested, based
on the observation that testosterone suppresses the immune response to stressors.
Based on this observation, a high level of testosterone can be deemed a handicap in
the survival of an organism. Thus, the immunocompetence handicap theory [39, 40]
of testosterone claims that morphological traits indicative of high testosterone levels
advertise high immunocompetence and higher function of the immunological system
because only individuals with strong immunity can survive despite the immunosup-
pressive effect of testosterone.

These hypotheses claim that masculine morphological traits function as an honest
signal of biological quality and fitness of an individual and thus indicate the signal-
ing quality of these traits as an ultimate explanation of why females are attracted to
masculine traits in males. Females who are attracted to masculine males mate with a
high-quality male, which probably increases the odds of offspring survival. Through
sexual selection, traits indicative of high androgen levels have been consolidated in
male sexual dimorphism, and the female neural system has evolved to be predisposed
to seek males with these traits as mating partners.

4. Association between testosterone and attractiveness perception

To evaluate the validity of these evolutionary theories of attractive phenotypes, a
good starting point is the examination of existing findings on human attractiveness
perception. Over the past three decades, scores of studies have been published on the
characteristics of sensory signals that young adult males and females find attractive;
many of these studies have dealt with the attractiveness perception of sexual dimor-
phism in face and voice. These studies generally indicate that certain facial and vocal
traits are universally perceived as attractive. Additionally, in line with the proverb
“beauty lies in the eyes of the beholder,” there is notable intra- and inter-individual
differences in the strength of preference depending on the hormonal state. According
to several researchers, the pattern of attractiveness perception and findings on the
endocrinological basis of individual differences in attractiveness perception provide
at least partial support for evolutionary theory of attractiveness perception.

4.1 Faces

The face is among the most prominent sources of social information, and the
human visual system is equipped to extract various kinds of information from others’
faces. When female faces are presented side by side, infants as young as two months
old spend more time looking at female faces that are evaluated to be more beautiful by
adults [41]. Although the ability to capture attention is an inherently different concept
from attractiveness, this finding indicates that facial attractiveness may comprise
a collection of low-level perceptual features that can be processed by an immature
brain.

Studies of young adults have identified facial asymmetry as a strong determinant
of perceived facial attractiveness. Fluctuating asymmetry is a random deviation from
perfect symmetry in the body and is presumed to reflect an organism’s susceptibility
to stressors; thus, the lower the fluctuating asymmetry an individual exhibits, the
more physically fit he/she is. Previous studies have generally agreed that a low level of
fluctuating asymmetry is perceived to be attractive regardless of the face model and
evaluator’s sex [42, 43] (but see [44]).
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Another type of morphological feature that is universally perceived as attractive is
the so-called baby schema (“Kindchenschema” [45]). Infants of many species share
a collection of similar morphological traits such as large eyes, round contours, and
small noses. Baby schema is asserted to function as a releaser of caretaking behaviors
of adult conspecifics [46]. Glocker et al. [47] showed that a computer-synthesized
infant face with its “baby schema” exaggerated activates the reward region more
vigorously than the original image. Attractiveness perception in baby schema is
seemingly influenced by the endocrinological function. Hahn et al. [48] revealed that
intra-individual fluctuation in rewarding value one finds in a baby’s face is dependent
on testosterone levels. Testosterone works in concert with oxytocin to modulate the
responses of infants’ faces. A behavioral study [49] revealed that nulliparous women
with high testosterone levels are slower in detecting infant faces than those with low
testosterone levels. However, the reaction time to infant face was accelerated by exog-
enous administration of oxytocin, most prominently in women with high testosterone
levels.

Certain adults strongly exhibit baby schemas on their faces. Studies in the field of
social psychology have revealed that people implicitly project infant-like traits such
as innocence and incompetence [50, 51]. In our study [52], which investigated neural
substrates linked to this over-generalization of baby schema to adult faces, part of the
ventral striatum was more strongly activated to babyish than the mature version of an
identical face. Part of the inter-individual variance in this activation was explained by
the oxytocin level; however, in contrast to the case of infant face, testosterone was not
identified as a determinant of reward system activation to faces of baby-faced adults.

In contrast to the case of low fluctuating asymmetry and baby schema that are
almost universally perceived to be attractive [42, 43, 46, 52], the attractiveness
perception of sexual dimorphisms in the human face is dependent on both the model’s
and the rater’s sex. Sexual dimorphism refers to morphological features exaggerated
in one sex. In the case of the human face, sexual dimorphisms in prototypical male
faces include masculine features, such as large jawbones, protruded eyebrows, angular
facial contours, and thinner lips, whereas feminine features are characterized by
morphological features exaggerated in the opposite direction.

As can be intuitively understood, females with more feminine faces are perceived
as more attractive than masculine ones [53] (but see [54]). If feminine features
in female faces are exploited as signals of fecundity, it follows that preference for
feminine faces is particularly prominent in male viewers compared to female viewers.
This conjecture is supported in many studies [53, 55, 56], but some argue that there is
considerable variation among males in the strength of preference for feminine female
faces depending on self-perceived attractiveness and mating strategy [57, 58].

Another line of study found a positive association between circulating testoster-
one levels and the degree of male preference for femininity in female faces [59]. The
results of correlational studies are further bolstered by the finding of a causal rela-
tionship between testosterone levels and perceived attractiveness in feminine mor-
phological features. Welling et al. showed that winning in competition enhances male
preference for female faces’ femininity [60]. Although they did not directly measure
testosterone concentration, this finding hints at the possibility that testosterone
level is causally linked to the attractiveness perception of female sexual dimorphism
in males because winning in competition is known to result in phasic testosterone
increase [61]. More direct evidence for causal linkage comes from testosterone admin-
istration studies that the administration of a testosterone patch increases preference
for feminine faces [62]. At the same time, another administration study reported a
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contradictory result that exogenous administration of testosterone decreases prefer-
ence for femininity in female faces in a long-term relationship context [63].

The observed pattern of attractiveness perception of masculine facial features
was somewhat complicated. In contrast to feminine female faces, which are judged
to be attractive by both males and females alike [53], masculine male faces are not
unequivocally perceived to be more attractive than less-masculine faces [64, 65]. One
plausible reason for this observation is that masculine features are coupled with the
impressions of dominance and untrustworthiness [53].

Sex hormones engender variations in females’ perceptions of attractiveness in
masculine male faces at both inter- and intra-individual levels. One correlational
study has reported that females with high estradiol level show stronger preference
for male faces with high testosterone [66]. A seminal study by Penton-Voak et al. [67]
revealed cyclic fluctuations in the preference for masculine and feminine versions
of a male face across the menstrual cycle. More specifically, during late follicular
and ovulatory phase with high conception risk, females preferred masculine over
feminine versions of identical male faces for partner of short-term relationship more
than during the luteal phase with low conception risk. Several later studies success-
fully replicated this “ovulatory shift” pattern in females’ perceptions of attractiveness
in masculine facial features [66, 68, 69]. One interpretation of the ovulatory shift is
that fluctuations in facial preference across the menstrual cycle are dependent on the
mating strategy [66]. During the late follicular to ovulatory phase, females seek to
find sexual partner with “good genes” to bear offspring with the greatest chance of
survival, which makes them prefer masculine features. Testosterone levels are often
linked to poor parental investment in fathers [29, 30]. Thus, it is a good strategy for
females to mate with males with feminine morphology, from whom they can expect
greater effort in parenting during the luteal phase. Partial support for the association
between mating strategy and masculinity preference in females is obtained in several
studies. For example, Roney et al. [70] reported that females rated male faces with
high interest in children and those with high masculinity more attractive as long- and
short-term partners, respectively (see also [71]). Menstrual cycle is accompanied by
cyclic change in levels of multiple hormones. Consistently, several studies found a
relationship between facial masculinity preference and estradiol [66] and progester-
one [69] (but see [72, 73]). Testosterone level also fluctuates during menstrual cycle
[74, 75]. This observation raises the possibility that facial masculinity preferences is
also linked to testosterone level in females, but previous studies reported mixed find-
ings as for this conjecture [71, 76, 77].

It should be noted that the phenomenon of cyclic shift in facial masculinity prefer-
ence and its “mating strategy” interpretation are far from established in its current
state. Many methodological problems have been pointed out in the studies on cyclic
shift in face preference [78]. Several empirical studies reported no difference in mas-
culinity preference between high and low conception risk phases during menstrual
cycle [73] or lack of association between hormonal status and masculinity preference
[72] (see [78] for a brief review). One study even reported that females preferred
faces of males with relatively low level of serum testosterone during the fertile phase
of menstrual cycle [79] in direct contradiction to the widespread interpretation.

4.2 Voices

Prominent sexual dimorphisms in human voices become clearly observable after
puberty, during which the morphology of the vocal tract undergoes maturational
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changes [80] under hormonal influences [81]. Sexual dimorphism in voice expresses
itself through two main aspects: fundamental frequency and formant dispersion
[82, 83]. The fundamental frequency of a voice is the frequency at which the vocal
fold vibrates, and its perceptual correlation is the pitch. Formant refers to the local
zenith in the frequency in power distribution, where the power within specific
frequency ranges is amplified by resonance in the vocal tract. The combination of
formant frequencies determines the perceived vowel category.

Fundamental frequency is lower in males than in females [82]. Similarly,
formant dispersion, which is the frequency distance between neighboring for-
mants, is narrower in males [84], and spacing between formants is related to body
size in macaques [85] though the relationship is relatively weak in humans [86].
Based on these observations, many experimental studies have focused on the
association between these vocal features and voice impressions. As in the case of
facial masculinity, voices with muscular features, low fundamental frequency, and
narrow formant dispersion give an impression of dominance [87]. A male’s voice
with a low fundamental and formant frequency is evaluated as more attractive by
females than that with a high frequency [88, 89]. Likewise, males prefer female
voices with high fundamental frequency and wide formant dispersion [90]. One
explanation for such pattern of preference is that acoustic characteristics of voice
reflect body size and physical function of speakers; females prefer males with voice
indicative of a large body size [91, 92] and physical strength [93]. A recent study
[83] has identified a curvilinear relationship between perceived attractiveness
and fundamental/formant frequency: overall, male voices with low fundamental
frequency tended to be rated higher in attractiveness. Interestingly, this effect
was particularly pronounced when female raters evaluated voice attractiveness
in a short-term rather than in a long-term context, closely replicating the pattern
observed in face attractiveness studies [94]. Outside of the laboratory, it has been
shown that males—but not females—with a low-pitched voice succeed in bearing a
greater number of children [95].

Relatively less research has been conducted on whether hormonal status modulates
the attractiveness perception of sexually dimorphic traits in voices, and we are yet to
obtain a coherent picture regarding this issue. A few studies found cyclic variation in
masculine traits in male’s voice across menstrual cycle [84, 96], especially in females
with low trait estradiol level [84]. Pisanski et al. [97] have linked intra-individual
fluctuation in females’ preference for masculine traits in men’s voice to female’s
salivary level of estradiol rather than progesterone or testosterone. In males, Kandrik
etal. [98] failed to find any association between attractiveness perception in feminine
voices and testosterone levels.

5. Signal value of sexual dimorphisms

Although still equivocal, previous research has found some pieces of evidence
supporting evolutionary theory of attractiveness perception. Another important
aspect to be considered in validating the signaling hypothesis is whether attractive
traits actually signal qualities advantageous for reproduction and offspring survival.
Although this number is disproportionally small compared to purely psychological
and observational studies that address the pattern and mechanism of attractiveness
perception, researchers have made progress in empirically validating the signal value
of attractive features.
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The activational effect of androgens has been shown to contribute to cranial growth
[99] and vocal apparatus maturation [80]. Consistently, previous studies have revealed
an association between the expression of masculine traits and testosterone levels in
facial morphology [100] and acoustic features of voice [83, 101]. However, linking
muscular features and reproductive processes in males is not straightforward. Few stud-
ies have empirically investigated the relationship between reproductive function and
masculine traits. A pioneering study by Soler et al. [102] reported a positive association
between facial attractiveness and semen quality, as assessed by sperm motility and
morphology. However, later studies failed to replicate the predicted association between
semen quality, attractiveness, and masculinity in the face [103] and voice [104].

The immunocompetence handicap theory of testosterone asserts that men with
high testosterone levels possess strong immune functions and thus physical health
[39, 40]. Studies have tested this conjecture by investigating the association between
face evaluations and actual health records [42, 105, 106]. Several pieces of supporting
evidence were obtained from these studies. For example, facial masculinity and asym-
metry have been linked to actual health status, indexed by antibiotic use and a history
of respiratory disease [42]. However, the association between ratings of masculinity
and attractiveness and actual health status was modest or absent [105]. Thus, it is
possible that sexual dimorphism reflects actual health status, but people are not good
at exploiting this information to its full extent, which indicates limited signaling value
of sexual dimorphisms. Kalick et al. [106] observed that perceived facial attractive-
ness mitigated the association between perceived and actual health. More specifically,
participants were good at predicting health status based on facial information for
moderately attractive faces but not for extremely attractive or unattractive faces. This
finding indicates that the signal value of sexual dimorphism was degraded by the halo
effect of perceived attractiveness.

Another line of research has directly investigated the association between mascu-
line traits and the strength of the immune response. A comprehensive study [107] on
multiple aspects of the immune response, including both humoral and cell-mediated
immunity and serum levels of free testosterone, dihydrotestosterone (DHT), and
dehydroepiandrosterone, identified a positive association between the strength of the
immune response to influenza vaccination and free testosterone and DHT; however,
many of the pairwise correlations were null. Another study [40] investigated the
association between facial attractiveness, testosterone levels, and immune response to
hepatitis B vaccination. The results revealed that males with high testosterone levels
showed stronger immune responses, and males with stronger immune responses were
rated more attractive by females than those with weak immune responses, giving
strong support to the immunocompetence handicap theory. These associations were
particularly prominent in males with low glucocorticoid levels. Thus, existing studies
provide some support for the immunocompetence handicap theory [39, 40] but at
the same time reveal the need for further modification of this theory by integrating
multiple measures of immune response and hormonal status.

6. Potential explanations for failure to find signal value of sexually
dimorphic features

Many attractiveness perception studies in humans rely on the assumption that
attractive features function as signals of, and advertise, the biological quality of an
individual to the opposite sex. This assumption has garnered some support from
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behavioral studies on the human attractiveness perception of faces [46, 66-70] and
voices [88-90, 93, 95]. Several of these studies show that people prefer sexually dimor-
phic traits indicative of high reproductivity [62, 66-70] and immunocompetence [108]
and a low level of fluctuating asymmetry that reflects robustness against biological
harm [42, 43]. However, it is currently difficult to assume that evolutionary theory of
attractive perception has been unanimously supported by empirical studies.

There are several pieces of evidence indicating the association between sexually
dimorphic traits, such as low-pitched voice, facial masculinity, and testosterone level
[83, 100, 101]. However, there are few studies on the link between these masculine
features, actual health records, reproductive prowess indexed by semen quality, and
immunocompetence.

The reason for the lack of clear evidence for the signal value of sexual dimor-
phism is yet to be clarified. One reason, of course, is that the attractiveness of sexual
dimorphism, including sexual dimorphism and the neural machinery to perceive
sexual dimorphism as attractive, has evolved for reasons other than its signal value.
The Fisherian runaway hypothesis [109] proposes that sexually dimorphic features,
such as the grandiose ornament of the peacock’s tail, can evolve even when they do
not signal biological fitness. First, certain features emerge in one sex either as a signal
of biological quality or as a result of perceptual bias. If the feature sexually attracts
the opposite sex, individuals with this feature achieve greater reproductive success.
Thus, this is an adaptive strategy for the other sex to mate with individuals with this
feature. Through generations, the development of this feature and preference for it in
individuals of the opposite sex reinforce each other in a positive feedback loop with
no regard to the actual signal value. In this case, there is only loose or no association
between the sexually selected feature and biological quality.

Another reason is that most existing studies have focused on the attractiveness
perception of features that reflect biological fitness at the trait level, and a relatively
small number of studies have dealt with the attractiveness perception of features that
fluctuate within an individual depending on one’s physical state [108]. The prob-
ability of bearing offspring with “good gene” depends on the mating partner’s current
health status as well as the baseline level of reproductivity and biological quality.
Sexual dimorphism in the face and voice is a stable marker of trait-level biological
quality, and current health status is more sensitively reflected in features such as skin
texture [110], adiposity [108, 111], and subtle timbral features of jitter and simmer
in voice [112]. Several studies have raised the possibility that these state markers are
more tightly linked to health status and exert stronger influences on attractiveness
perception [108, 110, 111] and mating strategy than features reflecting unchanging
trait-level biological fitness. Scott et al. [110] reported that skin coloration is pri-
oritized over facial masculinity in the evaluation of health status and attractiveness
from facial information. Likewise, Rantala et al. [108] revealed a stronger association
between circulating testosterone and adiposity than between circulating testosterone
and masculinity in the face and body. Furthermore, the link between facial attractive-
ness and the strength of the immune response to hepatitis B vaccination is mediated
by adiposity and not by masculinity.

7. Conclusion

Several behavioral studies have found supporting evidence for the assertion that
attractive features have been sexually selected; however, this pattern is not necessarily
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unequivocal. Furthermore, there is limited evidence for a link between sexually
dimorphic traits and biological traits, such as immunocompetence and reproductivity.
In its current state, existing studies mainly focus on attractiveness perception of phe-
notypes that are supposed to reflect trait-level fitness and health status. Furthermore,
a few studies have incorporated the measurement of multiple hormones, failing to
appreciate a potential interaction between sex steroids and other endocrinologi-

cal factors influencing attractiveness perception. Moreover, as most studies have
adopted a correlational design, their ability to identify the causality of the observed
associations is limited. More comprehensive studies on the perception of attractive-
ness, incorporating experimental manipulation of sex-steroid administration, would
enrich the knowledge in this field of research and provide a more solid basis to discuss
the validity of the evolutionary roots of human attractiveness perception.
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Abstract

Epidemiological reports offer evidence that gender differences mediate respiratory
diseases. Male sex is a major risk factor for respiratory distress syndrome and bron-
chopulmonary dysplasia in neonates. An imbalance between oxidants/antioxidants
leads to stress, which has been implicated in airway disease development. It is known
that androgens deficiency induces oxidative stress and lipid peroxidation in the lung,
synchronically with changes in the expression of cytoprotective markers. Additionally,
males are more susceptible to acute and chronic inflammation after toxicant exposure.
Besides, nutrition is an important factor, given that lipids are the main blocks for sur-
factant production and for testosterone synthesis. Also, an adequate amount of Zn in
the diet prevents inflammation and is necessary for testosterone and androgen receptor
structure and function. This chapter focuses on understanding the effect and clinical
implications of testosterone deficiency on lung tissue as well as exploring the role of
lipids and zinc in the outcome of several respiratory diseases.

Keywords: androgens, lung, male, inflammation, respiratory diseases

1. Introduction
1.1 Lung structure and sex differences

Biological sex mediates differences in lung disease incidence and pathophysiology,
which emerge from sex variations in lung structure and function itself and also in
the lung immune cells that are recruited during inflammation [1]. In healthy women,
large conducting airways are 30% smaller than in healthy men and sex variations in
the airway luminal area persist even after matching for lung size. Larger conducting
airways are the main site of airway resistance, linking anatomy to analyzed sex differ-
ences in pulmonary physiology [2]. The female lung during intrauterine development
has several structural advantages over the male lung. Even if surfactant is produced
earlier, the female lung is smaller whereas it has a larger amount of alveoli per unit
area. Lung maturation, therefore, is faster in females than in male fetuses. Also,
neonatal females have higher expiratory flow rates than males. Regarding respira-
tory distress syndrome development, bronchopulmonary dysplasia in neonates, and
asthma, males present superior risk factors than women during childhood [3].
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In this chapter, we also review sex differences in the structure and function of
healthy lungs as well as lungs in pathological conditions that depend on the sex
hormones’ action. Testosterone deficiency (TD) is very common in older men and is
related to different signs and symptoms, such as diminished libido, reduced sexual
function, and decreased mobility and energy; which could greatly affect the aging
process and quality of life [4, 5]. Androgen receptor (AR) is the intermediary of
testosterone effects which is subjected to its sensitivity [6].

Several studies support interdependent sex and endogenous sex hormones effects on
lung growth and airways responsiveness that might explain asthma status from puberty
to middle age. Puberty is a dynamic process regulated by hormonal signals from the
central nervous system that results in sexual maturation. Assessment of the pubertal
stage development is different in boys from girls. In boys, androgen production gradu-
ally increases both from the testes producing testosterone and from the adrenal glands
producing weaker androgens—ultimately leading to puberty. Girls experience increases
in estrogen production from the ovaries (driving thelarche and ultimately menarche)
and androgens such as androstenedione and DHEA-S from the adrenal glands (driving
puberty). In children, pubertal maturation and asthma status may also be affected by
corticosteroid treatments [7]. Androgen surge during puberty is capable of conferring
protective influences on lung growth in both males and females whereas estrogens
could well have deleterious effects in females extending into adult development.

2. Androgen receptor

The androgen receptor (AR) belongs to the steroid and nuclear receptor superfamily.
Among this large family of proteins, only five vertebrate steroid receptors are known:
androgen, estrogen, progesterone, glucocorticoid, and mineralocorticoid receptors
[8-10]. Two subtypes of estrogen receptors have been identified: a and p. Like other
steroid receptors, AR is a soluble protein that operates as an intracellular transcriptional
factor. AR function is regulated by androgen binding, which initiates sequential con-
formational receptor changes that affect both receptor-protein and DNA interactions.
AR-regulated gene expression is reliable for male sexual differentiation and pubertal
changes. The known AR ligands can be classified as steroidal or non-steroidal based on
their structure either as agonist or antagonist, based on their ability to activate or inhibit
target genes’ transcription [8, 9]. AR is mainly expressed in androgen target tissues, such
as the prostate, skeletal muscle, liver, lung, and central nervous system (CNS). The high-
est expression levels are observed in the prostate, adrenal gland, and epididymis as deter-
mined by real-time polymerase chain reaction (PCR). AR can be activated by endogenous
androgens merging, including testosterone and 5R-dihydrotestosterone (SR-DHT).

Physiologically, functional AR is reliable for male sexual distinction in the uterus
and for male pubertal changes. In adult males, androgen is mainly responsible for
maintaining libido, spermatogenesis, muscle mass and force, bone mineral density,
and also erythropoiesis. Androgens are regularly dispersed all over the entire organ-
ism, especially in the lungs.

3. Immune system

Many immune cells in the lungs express ARs and are susceptible to androgens, like
ARs on myeloid immune cells (monocytes and macrophages) as they are associated
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with healthiness and illness. Particularly, we point out androgen influences on lung
diseases, such as asthma, chronic obstructive pulmonary disease (COPD), and lung
fibrosis.

Immune response differs between males and females because its type and magni-
tude are influenced by biological sex and age. Genetic (chromosomal) sex differences
and those mediated by the action of sex hormones engendered sex differences in
the immune system function. Female hormones, mainly estrogens, have been well
studied in their numerous functions, while androgen as modulators of the immune
system has not been investigated so extensively [8, 9].

Myeloid cell response in the lung is modulated by androgens, which results in the
outcome of different lung diseases. Incidence and pathophysiology of lung diseases
are mediated by biological sex. These variations emerge from sex differences in the
lung structure and function, and also in the immune cells that populate the lung and
are recruited to it during inflammation. Before birth, the female lung has several
structural advantages over the male lung, as stated in the first paragraph.

Despite lung contribution to structural dissimilarities between the sexes, those
differences in lung function and diseases are also influenced by sex hormones.
Testosterone and estrogen affect lung macrophage functions [11]; therefore, this
may contribute to particular lung disease development. The amount of AR cellular
expression and hormone concentration regulates testosterone’s immunoregulatory
characteristics.

In fact, when we refer to the physiological function of the lung, alveolar macro-
phages (AM) are the most abundant cell type of the immune system and one of the
first cells in contact with the allergenic stimulus. During the inflammatory process,
Th2 immune response polarizes AM to an M2 phenotype [12] and the accumulation of
M2-polarized AM in the lung correlates with asthma severity [13]. AM (M2) secretes
cytokines that recruit eosinophils during allergic lung inflammation [14].

Keselman et al. [15] analyzed the effect of estrogen on macrophage polariza-
tion, suggesting an enhanced M2 polarization, which indicates a long-lasting effect
on lung inflammation. On the other side, Becerra Diaz et al. [11] evaluated the role
of androgens in lung inflammation, particularly AM polarization in allergic lung
inflammation, finding out that AM1 expression was restored to control values with
androgen-replacement therapy. Both experiments contribute to explaining the sex
differences observed in asthma.

4, Surfactant

Pneumocytes are alveolar cells found on the alveoli surface in the lungs. There
are two types of cells that cover the alveoli: type I and type II pneumocytes (PTI
and PTII, respectively). They are present in a ratio of 1:2. PTI cells form the major-
ity of the epithelium while PTII cells account for only about 15% of peripheral lung
cells [16]. Type I pneumocytes are thin squamous cells that cover almost 95% of the
alveolar surface. Pneumocytes are connected to each other by tight junctions. The
adjacent PTI cells are connected by tight or occluding junctions that prevent leakage
of fluid into the alveolar space. During inspiration and expiration, the flat extensions
overlap each other. The type I cells are involved in the gaseous exchange between the
alveoli and capillaries.

Type II pneumocytes are cubic in shape and they are characterized by microvilli
on their surface. The major functions of the type II cells include the secretion of
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surfactant to reduce surface tension. PTII can convert into PTI cells and regener-

ate the alveolar surface at the time of injury. The coating of these lipids in alveoli is
relevant, without which the alveoli may collapse. The surfactant is secreted by secre-
tory granules called lamellar bodies. These tension active are made up of 70-80% of
phospholipids and small proteins called surfactant proteins (sp). Surfactant proteins
start to be secreted at about 25 weeks of gestation.

Surfactant is produced in fetal life, and, glucocorticoid receptor (GR) is essential
in promoting differentiation and maturation of PTII cells during embryonic life
[9, 10, 17]. Antenatal glucocorticoid administration accelerates lung maturation
in infants at risk of preterm delivery, largely through increased surfactant protein
expression.

Ojeda et al. have shown that testosterone absence alters surfactant phospholipid
composition, mainly increasing phosphatidylcholine content [18], and leading to
damage in the lung parenchyma. Thus, the male sex is a major risk factor for the
development of respiratory distress syndrome, bronchopulmonary dysplasia in
neonates [9, 10, 17, 18], and asthma in childhood [9, 17]. Androgen receptor (AR)
mediates the effects of male sex steroids in a variety of reproductive and non-repro-
ductive tissues both in males and females under physiological and pathophysiological
conditions [9, 10, 17, 18].

5. Androgen deficiency and oxidative stress

It is known that redox balance is important in the airways because it is the first
contact with environmental contaminants, particles, cigarette smoke (CS), and
pathogens.

Chemically, oxidation is a reaction where a substance loses electrons and is oxi-
dized, which can occur by mechanisms that enhance the production of free radicals
(unstable substances with unpaired electrons), developing chain reactions. These
reactions are uncontrollable as long as they have sufficient substrate to continue
developing and can cause damage to the different components of the cells, especially
those of a lipid nature. Antioxidants end the reaction by interacting with intermediate
compounds and preventing their spread [19].

Therefore, an imbalance between oxidants/antioxidants induces stress, which has
been implicated in the development of airway diseases. Several antioxidant enzymes
are critical for maintaining cellular homeostasis and preventing cellular damage [20].

Oxidative stress causes an imbalance in the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) and their relationship with the antioxi-
dant defense system of lung cells [21]. Some ROS and RNS responsible for oxidative
stress such as superoxide, ozone, hydrogen peroxide, hydroxyl radical, nitrate,
nitrosyl, and nitrosothiol [22] are produced as by-products of metabolic processes in
cells [23] and play a vital role in regulating various biological phenomena, some of
which are associated with proinflammatory processes [24].

ROS have a dual involvement in the cell, taking part in different cellular functions,
such as defense against infectious agents and signaling systems. On the contrary, its
accumulation in biological systems produces oxidative stress, representing an altera-
tion in the pro-oxidant/antioxidant balance, with the ability to oxidize biomolecules
(lipids, proteins, DNA), and inhibit their normal structure and function.

One of the indicators of oxidative damage in the lung is lipid peroxidation which
causes a considerable amount of DNA-malondialdehyde (MDA) adducts [25]. Lipid
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peroxidation affects all cell membranes inducing numerous injuries and loss of
functions. On the other hand, ferroptosis is a form of cell death characterized by
iron-dependent lipid peroxidation, which induces cell death. During ferroptosis, an
accumulation of polyunsaturated fatty acids (PUFAs) occurs. This involves PUFA-
driven lipid peroxidation that increases cell membrane permeability making the cell
more sensitive to oxidation [26]. Enzymatic antioxidants and non-enzymatic antioxi-
dants act together to detoxify the effects of oxidative stress and lipid peroxidation.
This synergistic action can be measured using total antioxidant capacity (TAC) [27].

Additionally, males are susceptible to acute neutrophilic inflammation after
a single exposure to toxicants, as well as chronic monocytic inflammation after
repeated exposures to them. Exposure to ozone has numerous negative effects on
lung health and innate pulmonary host defense. Sex differences in lung histology and
BAL measurements of lung injury and inflammation were found. Females showed
increased damage compared to males, and the expression of inflammatory mediators
also varied with sex under basal conditions and following exposure to ozone. This
situation indicated a potential sexual dimorphism in the mechanisms associated with
the inflammatory response to this air pollutant. Understanding how differentially
expressed genes regulate the response to environmental insults may provide the
bases to identify sex-specific targets for therapy against acute lung inflammation and
injury [28].

There is abundant evidence revealing the action of heat shock proteins (HSPs),
mainly in inflammatory conditions. At 30 days after castration, we have shown [20]
an increase in oxidative stress markers such as TBARS and antioxidant enzymes
expression such as glutathione peroxidase (GPx). During the period of testosterone
supplementation, the expression of cytoprotective markers as HSP70i increased,
compared to the control group. Additionally, we have observed a decreased HSP27
expression in the testosterone-deprived group. This situation suggests an absence or
decrease in cytoprotective properties, which would correlate with the increased level
of TBARS found in the lung.

On the other hand, it has been found that a higher expression of Hsp70 reduces the
production of nitric oxide (NO) [29], so the higher immunostaining of HSP70 would
explain the absence of variations in the concentration of NO in BAL of castrated rats.
Therefore, the expression of these proteins would probably play a protective role
against androgen deficiency [20].

Besides, sexual hormones play an important role in airway-related diseases and
the immune response, leading to pulmonary injuries [30]. Several studies have shown
that sex hormones can affect airway tone and inflammation, and exert effects on dif-
ferent lung cell types, including airway smooth muscle [31] and immune cells. These
include lung macrophages, neutrophils, dendritic cells, and eosinophils [32, 33].

Testosterone deficiency is commonly observed in male patients with COPD, which
is characterized by chronic inflammation of the airways and pulmonary emphysema
[34]. As it was previously mentioned, testosterone affects lung macrophage function
and this may contribute to the outcome of particular lung diseases. Low levels of
endogenous testosterone have been found in men suffering from pathologies such as
asthma, COPD, or tuberculosis.

In experimental situations, when testosterone was administered in castrated rats,
oxidative stress parameters were modified. For example, TBARS, catalase (CAT), and
GPx activities went back to normal values. The same happened with NADPH oxidase
(NOX) and GPx expression which were increased in castrated rats and showed a
decrease to control values in rats supplemented with testosterone [20, 35].
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Epigenetic events cause hyper-methylation (via the promoter) of GSTP1 and Nrf2,
which reduces their expression and severely decreases cellular antioxidant capac-
ity. The excessive production of ROS, due to metabolic alterations, and/or extrinsic
environmental factors such as pulmonary inflammation along with androgen receptor
activation favor oxidative stress state [36]. It is important to highlight that oxidative
stress can modify the activity of nuclear and mitochondrial DNA, generating hyper-
methylation and mutations [24].

COPD is associated with an abnormal inflammatory response of the airways, alve-
oli, and microvasculature. Testosterone deficiency also exacerbates COPD symptoms
through direct impact on respiratory muscles or decrease exercise capacity. The main
cause of the inflammatory process is cigarette smoke [37]. The inflammatory response
in COPD progression involves both innate and adaptive immunity [38], which are
mediated by multiple immune cell types, including macrophages, T cells, B cells, and
neutrophils, as well as epithelial cells [39]. The insufficient control of inflammatory
responses to tissue damaging in COPD may be liked to low testosterone.

Overactive tissue and wound healing responses dysregulation in the lung could be
used to describe the Th2 response in allergic asthma [3]. Allergic asthma is a chronic
disease, which occurs with an altered inflammatory immune response. In the alveolar
space of normal lungs, alveolar macrophages are the most abundant immune cells and
are the first to come into contact with allergic stimuli. In allergic asthma, Th2 polar-
izes AM to the M2 phenotype, and the increase of this phenotype is directly related to
the severity of pathology. Androgens increase the polarization of AM to M2, although
they suppress all other effects of allergic inflammation. These results underscore a
little-known role of androgens as modulators of the immune response [3].

Airway epithelial cells are activated to produce inflammatory mediators, including
tumor necrosis factor-o (TNF-a), interleukin-1p (IL-1p), granulocyte-macrophage
colony-stimulating factor, interleukin-8 (IL-8), and interleukin-6 (IL-6). Nuclear
factor kp (NF-kp) is crucial for inflammatory pathologies, regulating the transcrip-
tion of the cytokines TNF-a, IL-1b, and IL-6 [40]. Moreover, androgen deficiency
increases inflammation by increasing levels of IL-6, TNF-a, and C-reactive protein
[40, 41]. Wang and colleagues [40] found that male castration increased both inflam-
matory cell recruitment and TNF-« and IL-6 expression. Similar results were found
in clinical reports, where higher levels of IL-6, IL-1b, and TNF-« in men with low
testosterone levels (hypogonadism) were found [40-42].

In many cases, impaired testicular function and subfertility are associated with
obesity, which is a chronic disease associated with metabolic disorders and comorbid-
ity. In this situation, the production of ROS and the release of hormones can affect the
hypothalamus-pituitary-testicle axis. Androgen deficiency could further accelerate
the increase in adipose tissue and induce a vicious cycle. In individuals where adipose
tissue dysfunction and male hypogonadism occur together, a multifactorial pathology
of difficult resolution are produced at the pulmonary level [42].

6. Zn deficiency and testosterone

In 1992, Hunt et al. showed that Zn depletion induced a decrease in serum testos-
terone concentrations in men. Hamdi et al. (1997) also showed a direct action of Zn
on testicular steroidogenesis, supporting the idea that Zn deficiency induced hypogo-
nadism mainly from changes in testicular steroidogenesis or indirectly from Leydig
cell failure [43, 44].
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Omu et al. [45] proved Zn deficiency to be associated with impaired spermatogen-
esis due to reduced testosterone production, increased oxidative stress, and apoptosis.
They showed an obvious reduction of testicular volume, together with increased
apoptosis of the testicular cell population. It is known that the zinc transporter (ZnT)
family, SLC30a, is involved in the maintenance of Zn homeostasis and in mediating
intracellular signaling events.

Zn deficiency has been demonstrated to cause Leydig cells to appear smaller
and show endoplasmic reticulum abnormalities when examined under an electron
microscope [46, 47]. Chu et al. [48] showed that Zn-deficient (ZnD) Leydig cells
were capable of taking up cholesterol and neutral lipids, which are the precursors of
sex steroids; however, they could not convert them into sex steroids, thus leading to
fertilization impairment due to spermatogenesis arrest.

Two Zn-transporter families regulate Zn homeostasis: Zrt- and Irt-like proteins
(ZIPs; SLC39a) and another Zn transporter (ZnT) proteins (SLC30a). ZIPs are
responsible for the influx of Zn into the cytoplasm from the cell exterior or from
intracellular compartments whereas ZnTs are responsible for Zn efflux to the cells
outside or to intracellular organelles [48].

Chu et al. [48] were the first to demonstrate that Znt7 is involved in testosterone
synthesis in the mouse testis. The mechanism underlying this process may involve
the modulation of the expression levels of testosterone-related factors as well as the
expression of the enzymes involved in testosterone synthesis.

On the other hand, according to the crystal structure of the AR DNA binding
domain (DBD), each DBD monomer has a core composed of two zinc fingers, each
of which consists of four cysteine residues that coordinate a zinc ion. AR, just like
other steroid receptors, works as a dimer that binds to the respective response element
in the DNA promoter consisting of two equal sites: hexamers sites (5'-AGAACA-3')
separated by a 3 base-pair spacer (IR3). Therefore, this could be another site that
could be affected by Zn deficiency, leading to different diseases or deficiencies [49].

Furthermore, in our laboratory we have studied the effect of Zn deficiency in the
lung, finding that it induces nitrosative and oxidative stress together with inflammation
and alteration in the expression of matrix extracellular proteins [50]. It also increases
the expression of apoptosis markers such as Bax and Bad, suggesting that together with
the reduced levels of testosterone induced by the same Zn deficiency, the impact on the
lung and the risk for chronic and aggressive diseases could be much higher.

7. COVID and testosterone

It has been shown that male individuals are more susceptible to the infection of
SARS-CoV-2 than females, and have a higher death rate regardless of age [51].

The explanation for this finding could be: (a) androgens per se are poorly protec-
tive over the immune response in males, whereas estrogens (and progesterone) can
provide adequate protection to females, stimulating the humoral response to viral
infections [52] as a consequence, T levels could not elicit an effective counteracting
response to the inflammatory and immunological outcome resulting from a viral
infection; (b) a background condition of chronic low T levels—which is estimated to
characterize up to 20% of middle-aged/elderly men—may facilitate overall greater
incidence and higher severity in men compared to women; and (c) SARS-CoV-2 needs
androgen-regulated proteins to invade host cells, including TMPRSS?2 for S priming
and ACE2 for viral entry, which is expressed in multiple tissues [53].
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8. Lung cancer

Lung cancer is the most diagnosed cancer worldwide. Sex hormone concentrations
decline as men age, together with increased cancer incidence. For instance, T, DHT,
and estrogen (E) were measured in community-dwelling older men and the results
revealed that higher levels of androgen were associated with elevated frequency of
lung cancer, while they are not associated with the incidence of prostate and colorec-
tal cancer [58]. Therefore, sex hormones may play a role in lung cancer pathophysi-
ology and patient development even if it is not considered as a hormone-sensitive
malignancy. An interesting study performed in Canada [59], using a retrospective
cohort design, provides further evidence that sex hormones may play a role in lung
cancer pathophysiology, and that androgens in particular may have a greater role than
previously thought. Male patients, after they were diagnosed with lung cancer, were
exposed to androgen pathway manipulation (APM) where most of them received
5-alpha reductase inhibitors and they significantly had better survival when com-
pared to the not exposed ones. Thus, APM utilization in specific lung cancer popula-
tions has the potential to be a simple, widely available, and cost-effective treatment
for this disease.

It is important to remember that there are two types of lung cancer, non-small cell
lung carcinoma (NSCLC) and small cell lung carcinoma, which correspond to 85 and
15% of all lung cancer, respectively. Regarding NSCLC, it is classified into three types:
adenocarcinoma, squamous-cell carcinoma, and large-cell carcinoma [54]. The most
common is adenocarcinoma that arises from small epithelial type II alveolar cells that
produce mucus among other substances [55]. It usually occurs in the lung periphery.
When compared to other lung cancers, adenocarcinoma is a slow grower and is
usually found before spreading outside the lungs. Squamous-cell carcinoma emerges
from early versions of squamous cells from airway epithelial cells in the bronchial
tubes in the lungs center.

Large cell carcinoma accounts for 5-10% of lung cancers. This cancer does not
show evidence of squamous or glandular maturation therefore it is usually diagnosed
by default, excluding other possibilities. It often begins in the central part of the
lungs, nearby lymph nodes and into the chest wall [56]. This kind of cancer and
tumors are strongly associated with smoking [57].

Female patients generally show better survival rates at any stage of the disease.
Histological subtypes of the disease in women include proportionally more adenocar-
cinoma and less squamous cell carcinoma than in men. Apparently, men have a higher
rate of fatal outcomes in lung cancer, but surprisingly, they tend to be less vulnerable
to tobacco than women.

9. The analysis of biomarkers

Nowadays, novel therapeutic approaches for the management or monitoring of dif-
ferent lung illnesses are needed. The use of biomarkers and the measurement of their
levels as a control for the risk and disease prognosis are considered an encouraging
approach. Many types of biomarkers have been identified, which include blood pro-
tein biomarkers, cellular biomarkers, and protease enzymes. They have been isolated
from different biological sources including sputum, bronchoalveolar fluid, exhaled
air, and blood. Sputum samples from patients have been proposed as easily obtained
samples that allow complementary diagnostic techniques or alternatives to PCR.
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By real-time PCR, reactive oxygen species can be diagnosed from fresh sputum. ROS
in sputum could be employed to monitor patients with pathologies such as asthma and
COPD. Other modern bioanalytical techniques detect levels of ROS and were used
during the COVID-19 pandemic to show oxidative status, at all times [58-61].

Also, higher plasma androgens, particularly DHT, would represent a potential
biomarker for lung cancer incidence in older men.

10. Conclusion

We have shown that considerable advances have been made in the understanding
of the pathophysiology of lung diseases. It is obvious that the absence of androgens
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Figure 1.

The different cell functions altered by testosterone deficiency (A). There is an increase in oxidative stress due
mainly to a decreased function of antioxidant enzymes. Nitrosative stress is also incveased, due to the increased
production of NO by iNOS. Inflammation under testosterone deficiency induces a Tha vesponse. This also induces
a decrease in cytoprotective markers, ending in increased apoptosis. Taking together all these effects induces severe
histological damage in the lung, making it weaker and more susceptible to diseases, which could end up in COPD,
severe prognosis in COVID-19; lung cancer, asthma, and tuberculosis. The histological damage induced by the
absence of testosterone after 1 month of treatment (B). (1) Control rat lung. The lung tissue appears normal

and the alveoli ave homogeneously distributed. The interalveolar septa show typical development of the normal
lung. (2) Surgically castrated rat lung. The pulmonary parenchyma presents numerous large spaces caused by the
rupture of the interalveolar septa. In other regions, the fibrous connective tissue has increased.
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induces oxidative stress and lipid peroxidation in the lung, together with changes in
the expression of cytoprotective markers, leading to important alterations in the his-
toarchitecture of this organ (Figure 1). This would lead to a weaker lung, susceptible
to undergo several respiratory diseases.

The fact that testosterone levels decrease in elderly men explains the high preva-
lence of these diseases when compared to women of the same age. All these should
be considered to better understand the etiology of respiratory diseases and propose
therapies for these patients.
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Chapter 6

Benetits of Testosterone Replacement
and Methods of Substitution

Kenneth W.K. Ho

Abstract

Testosterone substitution and replacement therapy is effective for managing
testosterone deficiency. Traditional routes of administration include oral, nasal,
transdermal, and intramuscular. Scrotal application of testosterone cream has been
made recently available. Physician’s choice of one preparation over another is based on
testosterone bioavailability, side effect profile and ability to achieve therapeutic levels.
Patient’s choice is influenced by comfort, ease of use and product acceptability. This is
important for compliance and achievement of good outcomes. Testosterone substitu-
tion can be overused and associated with adverse effects. Individuals at risk are older,
obese with chronic cardiorespiratory disorders, and lower urinary tract symptoms.
Therapeutic monitoring is vital and is achieved through measuring serum total
testosterone levels and clinical follow-up. Decision on therapy outcomes should be
individualised, based on symptom control and testosterone effects on organ function.
Supra-therapeutic testosterone levels should be avoided as adverse outcomes such as
worsening obstructive sleep apnoea, polycythaemia, and prostatic growth stimula-
tion are more likely.

Keywords: routes of administration, monitoring of efficacy, adverse effects,
individualised therapy, non-testosterone options

1. Introduction

In males, testosterone production occurs under the control of the hypothalamic-
pituitary-testicular (HPT) axis. The gonadotropin pulse generator awakens in the lead
up to puberty, driving the development of the testes, with the follicular stimulating
hormone (FSH) responsible for the development of the seminiferous tubules and the
luteinising hormone (LH), the production of testosterone from testicular Leydig cells.
The release of gonadotropins results in enlargement of the testes, and a pair of 4 ml
testes signals the start of puberty. The surge in testosterone that follows puberty is
responsible for the eventual male phenotype characterised by voice deepening, body
hair development, muscular and skeletal growth. Other secondary sexual character-
istics include lengthening of the penis, pubic and scrotal hair. Testosterone primes
the skeletal response to growth hormone (GH) stimulation and results in the growth
spurt that follows puberty. Spermatogenesis arises from FSH stimulating spermatogo-
nia development and spermatozoa production. Testosterone production is regulated
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via the hypothalamus-pituitary-testicular axis. Regulation of gonadotropin secretion
from the gonadotroph cells in the anterior pituitary occurs through stimulation by
gonadotropin-releasing hormone (GnRH) from the hypothalamus. The gonadotroph
cells have testosterone (T) and estrogen (E2) receptors that receive negative inhibi-
tion from testosterone and oestradiol respectively [1].

Understanding this feedback response pathway allows the clinician to determine
the cause of testicular failure. In primary testicular failure, testicular hypofunction
results in the fall of testosterone levels and the consequent reduction of feedback
inhibition of the hypothalamus and pituitary, result in a corresponding rise of LH
and FSH. The causes of testicular hypofunction include destruction of testes through
mumps, testicular cancer, alkylating chemotherapeutic agents, and orchidectomies.
In secondary testicular failure, disruption of the HPT axis occurs at the hypothalamus
and/or pituitary level. Some examples are large sellar tumours that compress on
the pituitary, causing irreparable damage to the gonadotroph cells or damage to the
pituitary after debulking of large sellar tumours. In such situations, the reduction
of LH leads to very low testosterone levels. It is uncommon for direct hypothalamic
injury to cause secondary testicular failure. More commonly, secondary testicular
failure occurs when supraphysiological doses of testosterone are administered for
prolonged periods, resulting in suppression of gonadotropins. When the supraphysi-
ological testosterone doses are stopped, LH and FSH levels remain very low and may
take months to recover.

Testosterone has an anabolic effect on cell growth and is important for skeletal
and muscular development. Once biosynthesised and released by the testes, testos-
terone is transported in the blood, bound to sex hormone binding globulin (SHBG)
with a small unbound portion (2%), as free testosterone. Around 95% of circulating
testosterone reaches the target cells and exerts its effects by entering the cytoplasm
and binding to the androgen receptors (ARs). The AR is widely distributed among
reproductive and nonreproductive tissues, including the prostate, and seminal vesi-
cles, external genitalia, skin, testes, cartilage, sebaceous glands, hair follicles, sweat
glands, cardiac muscle, skeletal muscle and smooth muscle, gastrointestinal vesicular
cells, thyroid follicular cells, adrenal cortex, liver, pineal and many cortical and
subcortical regions, including spinal motor neurons [2]. The testosterone-AR com-
plex results in rapid cellular signalling cascades via SRC/MAPK/ERK pathways that
lead to cell proliferation and survival or enter the nucleus and bind to AR elements
on target genes to increase gene expression. About 10% of testosterone is converted
to dihydrotestosterone (DHT) via 5 a-reductase activity in the genitals, prostate, and
skin. DHT is several times more potent than testosterone and is vital for the sexual
differentiation of male genitalia during embryonic development [3]. Approximately
0.1% of testosterone is converted into estrogens by aromatase (CYP19A1) activity
in bone, fat, or brain, where testosterone exerts its anabolic activity via the estrogen
receptor (ER). All these hormones (testosterone, DHT and estrogens) exert negative
feedback on the HPT axis [4].

In men, testosterone levels can vary widely, from very low levels late at night to
peak levels in late morning. This is because the pituitary releases LH in a pulsatile
manner, dependent upon periods of light and sleep. Normal ranges in healthy eugo-
nadal men vary widely. This may be dependent on ethnic, genetic, and geographical
factors. It is also affected by acute and chronic ill health. Total testosterone was
determined in a reference sample of 456 healthy young men, (19-40 years), using
Liquid Chromatography Tandem Mass Spectrometry, demonstrating that the 2.5 per-
centile cut-off was 12.1 nmol/l (348.3 ng/dl) and the 97.5 percentile was 41.5 nmol/l
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(1196.6 ng/dl). In very healthy men aged 70-89 years, the reference interval using
mass spectrometry was 6.4-25.7 nmol/l (184.6-741.2 ng/dL) [5]. Men who describe
hypogonadal symptoms but have testosterone levels at the lower limit of the normal
eugonadal range, are thought to have functional hypogonadism. They may also have
chronic disease or are obese. Clinical testosterone deficiency syndrome, or hypo-
gonadism, refers to a spectrum of symptoms that include physical, psychological,
and sexual. Hypogonadal men may report significant fatigue, and muscle weakness,
as well as feelings of reduced motivation, and low mood. More commonly, sexual
symptoms predominate, such as reduced libido, or disinterest in sexual relations, and
poor erections. Hypogonadism is often associated with obesity in a bi-directional
causal relationship. Chronically low testosterone levels may predispose to muscle
atrophy and fat gain, whilst obesity is thought to exert an inhibitory effect on the
gonadotrophs in the anterior pituitary and on the GnRH cells in the hypothalamus.
The associations of fatigue with chronically low testosterone are multifactorial and
include psychological aspects such as depression and low motivation, but also that of
chronic normocytic anaemia, due to reduced erythropoiesis.

When there is clear evidence of primary or secondary testicular dysfunction, i.e.,
hypogonadal symptoms, associated with persistently low testosterone levels, tes-
tosterone replacement or substitution is wholly justified, as hypogonadal symptoms
should respond well to intervention. However, where hypogonadal symptoms occur
outside these situations, there are differences of opinion as to when testosterone
therapy is initiated. An international survey of adult endocrinologists in 2015 indi-
cated that in men with hypogonadal symptoms, 42.4% of endocrinologists surveyed
would treat with testosterone replacement [6]. A placebo controlled double blinded
randomised controlled trial (RCT) in >65-year-old hypogonadal men with total
testosterone level below 9.5 nmol/l (275 ng/dl) showed that raising the total testoster-
one level to that of mid-normal range for 19-40-year-old men, significantly improved
sexual function, and mood, but not vitality or walking distance [7]. Therefore, hypo-
gonadal men with testosterone levels below 9.5 nmol/l (275 ng/dl) may be considered
acceptable for testosterone therapy in the absence of correctable lifestyle factors.

2. Effects of testosterone substitution or replacement therapy

Previous observational studies have suggested that testosterone replacement
therapy (TRT) may lead to increased cardiovascular risks, but recent prospective
studies have not found this to be so. In contrast these studies have suggested that
TRT may be beneficial in reducing the metabolic derangements associated with type
2 diabetes. In a prospective treatment study, 178 such patients with normal baseline
testosterone of 12 nmol/l (346.1 ng/dl), were given testosterone undecanoate (TU)
and compared with similar patients who did not choose to receive TRT. The TRT
group had shown reductions in HbAlc, fasted insulin, fasted glucose levels compared
to the matched group who did not receive therapy [8]. Such findings were supported
in the recently published T4ADM study, which had randomised obese men with the
metabolic syndrome to TU depot injection compared to placebo over 6 months and
found significant reductions in fasted glucose, reduced abdominal fat mass, and
increased muscle mass [9].

Hypogonadal men report reduction in libido and erections, energy, strength and
endurance, enjoyment of life, mood, mental concentration, and work performance. TRT
is associated with improvement in these areas. The Androgen Deficiency in Ageing Males
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(ADAM) [10] is a research tool developed by the St. Louis University to assess hypogonad-
ism. The International Index of Erectile Function (IIEF-5) evaluate erectile dysfunction
(ED) through measures in erectile function, orgasmic function, sexual desire, intercourse
satisfaction and overall sexual function [11]. Studies have shown reduction of ADAM
scores and improvement in IIEF-5 scores in hypogonadal men who receive TRT.

Hypogonadal men experience significant changes to their body composition.
Administration of androgen deprivation therapy for prostate cancer leads to sustained
muscle loss and fat gain, most profound in the first 12 months [12]. The effects can be
reversed with testosterone replacement [13], with dual energy X-ray absorptiometry
(DEXA) showing reduction in fat mass and increased muscle mass. Loss of lean
muscle mass is associated with ageing in men. TRT in men with sarcopenia has been
associated with increase in lean muscle mass but the effects on strength and overall
quality of life have been inconsistent [14]. Hypogonadal men have a significant risk
of secondary osteoporosis [15]. It has been shown that in men who received androgen
deprivation therapy, there is increased bone turnover and 2.5% decrease in bone
mineral density annually [16]. In a subsequent sub-study of the TADM, the T4Bone
study had shown that TRT may be associated with significantly increased volumetric
bone mineral density in cortical bone in obese metabolic men.

Testosterone activates the amygdala enhancing its emotional activity and its
resistance to pre-frontal restraining control [17]. Aggressive behaviour arises through
interaction between the amygdala and the hypothalamus which brings about emo-
tions which the prefontal cognitive centres then modulate and control. Testosterone
is important for psychological maturation of the brain during puberty, which results
in anatomical and organisational changes in the male brain. Hypogonadal men often
report lack of motivation and often feel low in mood. These symptoms may be due
to the physical effects of low testosterone on muscle and bone function. Testosterone
replacement can exert profound psychological effects. Testosterone replacement for
51 hypogonadal men (age 22-60 years) with baseline level <8.3 nmol/l (250 ng/dl)
over 60 days led to significantly decreases in anger, sadness, irritability, tiredness,
nervousness, and improvement in energy, friendliness, and sense of well-being [18].
The levels of testosterone and DHT correlated with improvement on initial treatment,
but once therapeutic level was achieved, further escalation of testosterone no longer
correlated with improvement.

3. Methods of testosterone substitution

In ancient times, ingested animal testicular extracts were known to bestow
improved vitality and to act as an aphrodisiac [19]. In the early 1900s, injected tes-
ticular transplants from goats, ram, deer, boar and bulls were used and even testicles
of executed criminals were used to substitute for males with sexual dysfunction [19].
From 1935, synthesis of testosterone from cholesterol became possible and led to the
award of the Nobel Prize for Chemistry in 1939 [19]. Testosterone was first trialled
as oral administration, but because of extensive first pass metabolism by the liver, it
became necessary to alkylate the 17-hydroxy position, giving rise to androgens that
are more resistant to hepatic metabolism. 17a-methyl-testosterone was introduced
in 1939 by Foss and became extensively used for its androgenic and protein anabolic
effects. It can be ingested orally or administered via trans buccal route [20]. After
several decades of use however, it was found to cause cholestatic jaundice, reversible
hepatotoxicity, and some cases of death, ending its use in the 1980s [21].
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3.1 Intramuscular injections

With the problems encountered from first pass metabolism and hepatotoxicity,
other alterations were made to the testosterone molecule to make testosterone admin-
istration more effective and safer. Adding an ester moiety to the 17-hydroxy position
of synthetic testosterone made it hydrophobic, so it may be stored in oil and injected
intramuscularly [22]. Intramuscular injections have been used from early and are
currently still one of the most popular modes of administering testosterone. It results
in an effective rise in testosterone levels with suppression of gonadotropins, resulting
in symptomatic response. Examples are testosterone propionate, testosterone cypi-
onate, testosterone enanthate, and TU. There are significant differences in elimination
half-lives, with testosterone propionate being the shortest at 0.8 days, testosterone
enanthate 4.5 days, and TU 33.9 days [23]. Testosterone propionate was first used in
1939. Administration of a single dose of 50 mg testosterone propionate led to a supra-
physiological peak of 40.2 nmol/l (1159.4 ng/dL) 14 hours later, but quickly returned
to below baseline on day 3 (57 hours) after injection, with the troughs between 3-7
nmol/L (86.5-201.9 ng/dL) [24]. Therefore, based on the pharmacokinetics of a single
dose, testosterone propionate will have to be injected intramuscularly every 3rd day
i.e. twice a week, which would not be practical for long term substitution. In addition,
it is associated with peaks as high as 45 nmol/l (1297.9 ng/dL) and troughs of 3 nmol/l
(86.5 ng/dL) [23]. It is now administered in a mixture of esters (propionate, phenyl-
propionate, isocaproate, and decanoate) marketed as Sustanon. However, it became
superseded by the longer-acting testosterone enanthate.

Testosterone enanthate was first manufactured in the mid 1950s [25], and is still
commonly used, popular among body builders. Snyder et al [26]. tested the efficacy
of testosterone enanthate for treating male primary hypogonadism and determined
that the regimens most practical in terms of injection interval and yet effective in sup-
pressing LH to normal levels, were 200 mg every 2 weeks or 300 mg every 3 weeks.
Salmimies et al administered fortnightly injections of testosterone enanthate in a
range of doses from 50 to 250 mg, to hypogonadal males with a variety of aetiologies
such as testicular, pituitary, or hypothalamic failure. They documented their sexual
behaviour via questionnaires. In general, improvements in sexual desire, erectile
frequencies and ejaculations were dose dependent. However, the treatment threshold
below which hypogonadal symptoms were to occur was wide, from 6.9 nmol/l (200
ng/dL) to 15.6 nmol/l (450 ng/dL) [27]. Testosterone cypionate has a similar phar-
macokinetic profile to testosterone enanthate. Intramuscular injection of 200 mg
testosterone cypionate leads to a peak of 38.5 + 15.3 nmol/l (1108 + 440 ng/dl) from 2
to 3 days and progressively decline from day 5 to pre-injection baseline at 14 days [28].
There is a corresponding peak and decline in free testosterone and oestradiol levels.
The frequency of injections every 2-3 weeks for both testosterone esters and the wide
testosterone fluctuations makes it less than ideal for long term use.

TU was synthesised in the 1970s by adding the undecyclic acid to the C17f posi-
tion of testosterone. When administered orally, it is absorbed via gut lymphatics
and therefore by-passes the liver. After reaching the blood circulation, it undergoes
de-esterification, releasing the unmodified testosterone [29]. It was first used orally
and provided a safe non-injected method of administering testosterone that by-
passed the liver and circumvented the issues of liver toxicity [30]. In 1980s, the World
Health Organisation sponsored a Special Programme of Research, Development
and Research Training in Human Reproduction which developed an injectable TU
prepared in tea seed oil and introduced in the late 1990s. When administered as a
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500 or 1000 mg dose, it resulted in a peak of 47.8 + 10.1 nmol/l (1379 + 291 ng/dL)
and 54.2 + 4.8 nmol/l (1563 + 138 ng/dL) at the end of 7 days and declined to baseline
by 6-8 weeks, showing an elimination half-life of 18.3 + 2.3 days and 23.7 + 2.7 days
respectively [31]. It was first trialled in China with repeated 500 mg in 4 ml injections
every 6-8 weeks. A newer more concentrated formulation was later developed by
Jenapharm/Schering, in which 1000 mg of TU was completely dissolved in benzyl
benzoate, diluted in 4 ml of refined castor oil and delivered in a vial [32].

In the initial pharmacokinetics studies carried out at Munster, Germany, a single
injection of 1000 mg of TU resulted in peak testosterone level of 22.2 + 2.0 nmol/l
(640 + 57.7 ng/dL) at 7-14 days, with levels >10 nmol/l (288 ng/dL) for up to 8 weeks.
When 1000 mg was given every 6 weeks for 5 months, there was steady accumulation of
testosterone to 40.8 + 3.8 mmol/l (1177 + 109.6 ng/dL) at 6 months. There was a signifi-
cant slow and steady rise of DHT and oestradiol levels and slight decline in SHBG levels.
FSH and LH were suppressed at the end of the 6-month study. There was a significant
slight increase in prostate volume, but it remained low [33]. Therefore, the optimal regi-
men of administrating TU is to give the first two injections 6 weeks apart and thereafter,
the injection interval could be 10-14 weeks depending on the trough testosterone levels
[32, 33]. It was first marketed at the end of 2003 in Europe, Latin America, and in Asia
as Nebido (Bayer) and in Spain and Australia as Reandron 1000 (Bayer). It is available
in a 4 ml vial with a concentration of 250 mg/ml formulation. Another TU injectable
formulation Aveed (Endo Pharmaceuticals Solutions Inc.) was launched in the USA in
2010 as a single 3 ml ampoule containing 750 mg of TU. The 3 ml injection was given
at baseline, 4 weeks later and then maintained at 10 weeks intervals. During a multi-
centre US based study the on-treatment troughs through a 64 week duration ranged
from 10.8 to 13.5 nmol/l (309.6-389.8 ng/dl), and free testosterone, SHBG, DHT and
oestradiol remained constant, while LH and FSH were suppressed [34].

3.2 Testosterone implants

Subdermal implant techniques were originally developed in the late 1930s and
were first used to deliver testosterone pellets made up of compressed testosterone and
cholesterol in the early 1950s. It has been in clinical use for >50 years, but its popu-
larity waxed and waned during the 1980s into the 21st century. The technique and
follow up procedures have been well described by Handelsman et al [35]. Implants are
administered under sterile conditions by an experienced operator with an assistant, in
aroutine office setting using stainless steel wide-bore trocar (7.5 French gauge, 5 mm
ID, 7 cm length), cannula and obturator set. Implants are placed subdermally in the
lower abdominal wall lateral to or just about the level of the umbilicus. The supine
patient’s abdominal skin is prepped anti-septically and draped. Following a local
anaesthetic injection, a small incision is made (0.5-1.0 cm) at least 5 cm from the
midline, to allow introduction of the trocar. This permits the insertion of four 200 mg
testosterone pellets radiating subdermally from the initial incision site, expelled from
the trocar by the obturator at 5-10 cm from the puncture site. The puncture wound is
closed without suture using adhesive sterile strips and covered by a clear, waterproof
adhesive dressing, left in place for 5-7 days and removed by the patient. Subsequent
implantations are usually scheduled every 4-6 months, but patients are generally
reviewed in-between with or without testosterone levels. Most patients have no side
effects and there is a high continuation rate of >90% over a decade. Main adverse
events are minor infections, and oozing or minor bleeding, and extrusion of pellets as
aresult. The risk predictors for adverse events are increased physical activity at work,
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number of pellets inserted, and thinness of patients, who make the technique more
difficult because of reduced subcutaneous fat.

Jockenhovel studied the pharmacokinetics of a single subdermal implantation of
T-pellets in 14 hypogonadal men with baseline testosterone level below 3.6 nmol/l
(103.8 ng/dL) [36]. Following implantation, there was a rapid rise of testosterone
level to about 49 nmol/1 (1413.3 ng/dL) within 2 days, followed by a plateau phase for
amonth, and a gradual decline to baseline by 12 months. Mean serum testosterone
was below 10 nmol/l (288.4 ng/dL), after 6 months. Rise in serum DHT correlated
with the initial rise of serum testosterone levels, but the DHT/testosterone ratio
decreased after the implantation and was significantly below baseline from day 21
to 189. SHBG demonstrated a rapid decline in response to T-pellets but returned to
baseline by day 300. Both LH and FSH were rapidly and markedly suppressed by
testosterone pellet implantation, recovering towards their baseline by 6 months.
Again, the adverse events are low, and relatively minor, and most men are happy to
continue. A potential disadvantage is the rapid and extreme peak of testosterone after
implantation and its implications on prostate growth. The other consideration isa
degree of training and experience is needed for the procedure. However, the pellets
are relatively inexpensive.

3.3 Oral administration

Current versions are available as TU administered in softgel capsules. There are
several trade names, Andriol, Jatenza, and Tlando. Clinical studies have suggested
oral preparations to be effective. Serum testosterone levels have increased by more
than 50% after several months of daily use. This was associated with improvement in
ADAM questionnaire scores and AMS scale, but not SF-36 scale [37]. Oral TU rely on
absorption via gut lymphatics and should be administered twice or thrice with meal,
preferably with some fat content. Gut absorption can therefore be subjective and
contributes to testosterone level fluctuations. However, it is generally a safe option for
use in older men, especially if prostate specific antigen (PSA) needs to be carefully
followed.

Other oral preparations include administration of 30 mg testosterone via a sus-
tained and controlled transbuccal route [38]. This involves the application of a small
tablet pressed firmly onto the gums of the upper incisors for about 30 seconds, twice
daily. The adhered tablet absorbs saliva to form a gel and is subsequently absorbed
into the mucosa. It leads to a steady rise of testosterone levels to between 10 nmol/L
(288.4 ng/dL) and 20 nmol/l (576.8 ng/dL). Upon cessation of therapy, baseline levels
are returned after 14 days. Adherence to therapy is reasonably good, with >60%
compliance. However, it is not a popular mode of replacement and is not widely avail-
able in many countries except in North America. Common issues are gum mucosa
irritation.

3.4 Transdermal applications

There are several methods whereby testosterone can be administered topically.
These can be done transdermally via scrotal (Testoderm), or non-scrotal skin patches
(Androderm) or by transdermal hydroalcoholic gel (AndroGel or Testogel), or by
creams (AndroForte). Transdermal patches were first used on the scrotal skin in
1987 [39]. It was a logical choice as the scrotal skin has the thinnest stratum cor-
neum, which would allow easy penetration. However subsequent issues with poor
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adhesiveness, and the need for regular shaving and excessive DHT levels, made it an
unpopular choice among clinicians and patients. Non-scrotal patches were trialled
[40-42], and but required an effective alcohol-based excipient to allow adequate
permeation of the testosterone through the thicker stratum corneum. This resulted in
frequent skin irritation and often burn-like reactions [43]. It too fell out of favour.

In 2010, the FDA had approved a unique product containing 2% w/v testoster-
one dissolved in a solvent mixture of ethanol and isopropanol. The testosterone
solution was provided in a bottle with a metered dose pump and a detachable appli-
cator. A metered dose delivers 1.5 ml (equivalent to 30 mg of testosterone) into the
applicator, which the patient then uses to rub the solution onto the axilla, and then
allow the solution to evaporate after 3 minutes. The procedure is then repeated on
the other axilla. The testosterone solution also contains octisalate which aids in the
permeability of transdermal testosterone. This product was effective in restoring
total testosterone levels to the normal range after 15 days in most individuals, with
improvement in hypogonadal symptoms, through two metered doses (60 mg) daily
[44]. The men were instructed to avoid having their partners or children touch their
axillary areas as traces of testosterone can be recovered after application. However,
for unspecified reasons, this product was removed from the market in 2017.

Testosterone transdermal gels were introduced in the early 2000s. Over the last
10 years, the product was marketed as a hydroalcoholic gel containing 1% (10 mg/g)
of testosterone, delivered via metered actuations each containing 12.5 mg of testos-
terone. The standard daily dose was four to eight actuations (50-100 mg), with the
starting dose at 50 mg, and increased as needed in consultation with their doctors,
up to 100 mg daily. Bodily sites where the patients could apply the gel include the
shoulders, upper arms, chest, and upper torso areas. The gel was applied in the morn-
ing, after a shower if needed, and the applied areas allowed to dry thoroughly (within
minutes) and covered with clothing appropriately to prevent inadvertent transference
to others. Testosterone levels were elevated into the eugonadal range with appropriate
suppression of gonadotropins and was associated with improvements in mood, sexual
function, satisfaction, and body composition. Adverse events were acceptably low,
at 5.5%, and were mainly from mild skin erythema [43]. Testogel has been a highly
marketed product and enjoys popularity world-wide.

Testosterone is also available as a 5% (50 mg/ml) alcohol-free topical testosterone
cream (AndroForte 5). The T cream was supplied with a dose measuring applica-
tor graduated in 0.5 ml increments. Patients can start with 2 ml (100 mg) witha
maximum dose of 4 ml (200 mg) of cream massaged evenly over the skin of the torso
daily. The dose can be adjusted over 3 months with consultation of their doctors.

The treatment is effective in raising testosterone levels into the eugonadal range with
appropriate lowering of gonadotropins. It is comparable to the use of Testogel with no
difference in adverse events between the two products [45]. AndroForte 5 may also be
administered as a scrotal skin application. Iyer et al. have shown effective elevation of
testosterone levels with just a low dose of 12.5 mg (0.25 ml) and is comparable to that
of 100 mg (2 ml) applied onto the abdominal skin [46]. This suggests that an eight-
fold increase in bioavailability is attained via the scrotal skin route, which as discussed,
has a thin stratum corneum and also has a high concentration of 5a reductase levels,
which converts testosterone to DHT levels. Patients generally start with 0.5 ml (25 mg)
massaged into the scrotum daily. There is no need to remove scrotal hair as the cream
is well absorbed into the scrotum. The daily dose can be increased by 0.25 ml up to
0.75 ml if needed over 3-6 months in consultation with medical practitioners. This
therefore provides an economical yet effective way of testosterone substitution.

926



Benefits of Testosterone Replacement and Methods of Substitution
DOI: http://dx.doi.org/10.5772/intechopen.109345

3.5 Nasal delivery

Another method of delivery that has been generally available in North America
since 2015 is that of nasal testosterone gel. Natesto is a 4.5% testosterone thixotropic
gel applied intranasally by delivering 5.5 mg via a metered dose pump, into each
nostril two or three times a day. In an open-label dose titration study, that included
overweight men (mean age 54 years) with late-onset (functional) hypogonadism,
306 were randomly assigned to either twice or thrice daily regimens [47]. Patient
responses were quantified using the IIEF and the Positive and Negative Effect
Schedule (PANAS) at baseline and at 30-day intervals for 3 months. Regardless of
the baseline total testosterone levels, which can range from <3.4 nmol/l (<100 ng/

dl) to 27.3 nmol/l (800 ng/dl), administration of Natesto led to a rapid rise of total
testosterone to about 24.4-27.3 nmol/l1 (700-800 ng/dl) after an hour but returns to
baseline after 6 hours. At day 90 of treatment, there were corresponding rises in IIEF
scores of about 40%, irrespective of the baseline pre-treatment total testosterone
levels and an increase in positive PANAS and decrease in negative PANAS scores. Ina
dose titration study, patients were started with a divided daily dose of 22 mg but may
be titrated to 33 mg depending on symptoms at day 90. The majority stayed on 22 mg
daily, whilst a third of patients preferred the 33 mg daily dose [48]. Symptoms were
recorded using the qADAM, and patient satisfaction was documented at baseline, and
at 30 day intervals up to 120 days. It has been generally well accepted with most citing
convenience and ease of use, effectiveness, travel friendliness, but also listing nasal
drip as a potential deterrent to using it [48].

4. Testosterone substitution in sports

Testosterone’s potent anabolic effects on musculoskeletal and bone marrow
quickly led to widespread illicit use in sports [49, 50]. Testosterone propionate’s
half-life of 2-3 weeks makes it popular as an ideal anabolic steroid to enhance athletic
performance. It became implicated in illicit steroid use and doping scandals in sport
use [51]. The advent of mandatory and sophisticated drug testing at international
competitions have not eliminated the illicit use of testosterone rather, anabolic steroid
use have found themselves into other lesser competitive sporting events such as in
high schools and clubs [52]. Individuals have reportedly used testosterone and other
anabolic steroids in a pre-specified period leading up to the competition. Giorgi et
al have shown that testosterone enanthate administered at supraphysiologic doses at
3.5 mg/kg/week over 12 weeks (approximately 300 mg/week) was associated with
improved physical conditioning, doubling of muscle strength and increased weight
over placebo. However, upon withdrawal of testosterone injections, the enhancements
did not continue, and subjects would return to their baseline 12 weeks after cessation,
despite ongoing training [53]. Concerningly, youths are turning to anabolic steroids to
enhance not only their physical performance but also their physical appearance [54].

5. Opioid induced androgen deficiency

Individuals who use opioids for long term are at risk of developing hypogonadism
[55]. Activation of p-receptors in the hypothalamic pituitary axis can result in suppres-
sion of the gonadal axis. The prevalence of opioid induced androgen deficiency varies
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from 19% to 86% depending on the testosterone threshold for defining hypogonadism.
The true incidence is likely to be higher than reported as the association is under-
recognised by clinicians. The risk is higher in chronic opioid users, with a Morphine
Equivalent Dose of greater than 60 mg, but shorter use duration with the more potent
and long-acting opioids such as fentanyl are at higher risk. On the hand, opioids with par-
tial p-receptor agonism such as buprenorphine or tapentadol have lower risks. Affected
individuals report sexual dysfunction, depression, reduced fertility, reduced bone health,
increased weight, and elevated cardiovascular risks. Testosterone replacement can be
achieved via topical or parenteral routes, with benefits in reduction of pain perception,
and opioid dosing, improvement in libido, body composition, and bone density.

6. Testosterone for male transgender (transmen) management

Testosterone is the key hormone for adult individuals with Gender Dysphoria, who
want to transition from being a female to male. Transmen who receive testosterone
substitution develop amenorrhoea, increased muscle mass and strength, male pattern
body hair and deepening of voice. The US Endocrine Society recommends main-
taining serum testosterone within the normal male range of 11.1-34.7 nmol/l (320-
1000 ng/dl) [56]. Testosterone substitution methods have included oral, transdermal,
and parenteral routes. Pelusi et al [57]. studied testosterone substitution in 45 trans-
men over a year and randomised them to combined T. propionate/enanthate esters
intramuscular injections every 10 days, or daily testosterone gel application or T.
undecanoate depot 12 weekly deep intramuscular injections. All three groups report
amenorrhoea by the first year of treatment and increased lean mass and reduced fat
mass. There were significant changes in lipid profiles without cardiovascular out-
comes. All study subjects reported general life satisfaction at 1 year but over time, all
of study subjects moved over to maintenance TU treatment. A retrospective 5-year
review of 50 transmen between 21 and 42 years of age comparing T undecanoate
1000 mg IMI every 12 weeks with T enanthate 250 mg IMI every 3-4 weeks showed
similar results in metabolic and anthropometric parameters. Serum testosterone rose
from1.4 + 0.6 (40.4 + 173 ng/dL) to 1.9 + 0.8 nmol/l (54.8 + 23.1 ng/dL) at baseline
to range between 12.1 + 3.8 nmol/L (350.0 + 109.6 ng/dL) and 20.8 + 11.4 nmol/l
(599.9 + 328.8 ng/dL) over the 5 years. There were consistent reports of improved life
satisfaction through attainment of their desired male phenotype. Though there were
significantly deranged lipid profiles, there are no reports of increased cardiovascular
mortality in transmen within two decades of therapy [58].

7. Testosterone substitution pitfalls and monitoring requirements

With improved testosterone assays, the challenge of testosterone therapy is to find
substitution routes that not only ensure a consistent testosterone delivery but also
allow safe therapeutic monitoring and prevent transference to others. Currently the
options are oral administration via the oro-gastric route, trans-buccal, transdermal
gels, transdermal patches, deep intramuscular injections, and subcutaneous dermal
implants. WHO recommendations for the ideal TRT preparation are that it must be
safe, effective in correcting symptoms and consequences of T deficiency, inexpensive,
of easy administration, with good release profile, ensuring reproducible circulating
levels of T and prolonged duration of action, flexible dosing and able to maintain
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normal physiologic levels of testosterone. Side effects relate to the excessive peaks and
troughs. They include acne, injection pain, and nerve injury. Other unintended con-
sequences are potentially reducing male fertility, worsening sleep apnoea, increased
haematocrit and precipitation of polycythaemia, prostatic hyperplasia, un-masking
of undiagnosed prostatic cancer and breast cancer, the rare pulmonary oil micro-
embolism (POME), and anaphylaxis.

Careful attention should be given to older men, those with prostate hypertrophy,
obese men who are at risk of sleep apnoea, or unstable coronary artery disease.
Testosterone therapy may unmask sleep apnoea, and if untreated, may precipitate
polycythaemia. It is recommended to keep haematocrit <54%. Prostatic hyperplasia
during testosterone therapy is usually not a problem if done carefully. It is prudent to
start with short-acting preparations such as testosterone gels or short-acting testos-
terone enanthate in men with moderate risk. Consider digital rectal examination in
at-risk men, for example those with family history of prostate cancer, between 55 and
69 years of age. PSA must be measured at baseline, prior to starting and 6 monthly
during TRT. However, after initial 12 months of documented safety, PSA may be
monitored once every 12 months. Younger or pre-pubertal males are particularly
sensitive to the psychological and sexualising effects of testosterone, so it is prudent
to start with low doses and to increase slowly [59]. Testosterone therapy is also
contraindicated in males with hepatocyte tumours because of its stimulatory effects
on Cyclin E kinase activity potentially driving carcinogenesis [60].

Patients should be counselled on the risks versus benefits of testosterone therapy.
Testosterone therapy can be done effectively and safely. The various options are dis-
cussed with the patient, and the most suitable route of administration decided, based
on the effectiveness, safety of monitoring, drug access, cost, and patient acceptability.
Patients should be reviewed at 3-6 monthly intervals. Assessment of efficacy and side
effects along with therapeutic monitoring should be done at each visit. This involves
assessing testosterone levels, LH, FSH, and PSA levels. Testosterone levels often cor-
relate with symptom improvement, but maintenance of low normal trough testoster-
one levels maybe important for prevention of over treatment and drug toxicity. It is
particularly pertinent in long acting (depot) preparations such as intramuscular TU.

8. Non-testosterone substitution options
8.1 Tribulus terrestris

Non-testosterone herbal extracts may have a role in treating ED and male
hypoactive sexual desire disorder (HSDD). Tribulus terrestris or commonly known
as Puncture Vine, have been used for thousands of years in Asiatic cultures as an
aphrodisiac. The plant contains steroidal saponins, flavonoids, flavanol glycosides,
alkaloids, and tannins in varying quantities and proportions. These chemicals are
thought to be physiologically active and are used in traditional communities for their
medicinal properties. Mechanisms of action are not well understood, and may be
mediated by changes in hormones, cytokines, and growth factors release, binding and
action [61]. It may induce relaxation of the corpus cavernosum and therefore improve
erectile function. It is proposed that saponins like dioscine, diosgenin, and protodi-
oscin can have beneficial effects on libido [62].

Few studies have properly assessed the role of Tribulus terrestris in treating
ED and HSDD in men, amid anecdotal claims of varying efficacy. A randomised
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double-blind, placebo-controlled trial was reported in 2016 across multiple sites in
Bulgaria [63]. Patients were recruited from andrology, endocrinology and urology
clinics and included males with ages >18 and <65 years, with mild to moderate ED,
as defined by the IEFF score. Excluded patients were those with severe ED, spinal
cord injury, primary HSDD, hyperprolactinaemia < two times upper limit, total
testosterone < 8 mmol/I (230.7 ng/dl), uncontrolled major psychiatric disorders,
chronic alcohol overuse, poorly controlled diabetes with HbAlc >7.0%, hyperten-
sion, unstable cardiovascular disease, stage 4 chronic kidney disease, elevated liver
function tests > three times upper limit normal, prostate hypertrophy or cancer, or
receiving androgen treatment. 180 patients were randomised to active group or a
placebo-matched group. The active drug contained two tablets (500 mg) Tribestan
administered orally three times daily after meals for 12 weeks. Tribestan (Sopharma
AD) is a herbal medicinal product of Bulgaria origin, standardised with respect to
furostanol saponins, calculated against protodioscin. Each tablet contains the active
substance TT herba extractum siccum (35-45:1) 250 mg. The control group received
identical tablet in colour and taste.

Patients were monitored monthly, with their sexual function assessed by the IIEF
psychometric tool and the Global Efficacy Question (GEQ) log. Blood testing were
performed at the start and end of the study and adverse events were carefully noted
throughout and post study. The study showed that patients receiving Tribulus terrestris
reported higher IIEF scores 2.70 OR (1.40-4.01) CI, and GEQ 4.55 OR (2.35-8.93) CI.
These patients reported significantly improved erectile function, intercourse satisfac-
tion, orgasmic function, sexual desire, and overall satisfaction. Over the course of treat-
ment, patients receiving Tribulus terrestris did not exhibit differences in lipids, blood
pressure, hormones such as total testosterone, free testosterone, SHBG, and dehydro-
epiandrosterone sulphate (DHEAS). Therefore, individuals with mild to moderate ED,
may benefit from Tribulus terrestris without significant changes in lipids, and BP.

8.2 Selective androgen receptor modulators

As mentioned, testosterone exerts its main actions by binding to the AR, trig-
gering important cellular signalling processes and gene transcriptions. It also has
important secondary effects via aromatisation to estrogens, impacting on androgenic
alopecia, bone re-modelling and by converting to DHT via 5a-reductase, exert-
ing potent stimulatory effects on prostate growth. Since the 1990s, the concept of
Selective Androgen Receptor Modulators (SARMs) as molecules that selectively
activate ARs in targeted tissues without aromatisation to estrogens or undergoing
5a-reductase conversion to DHT is appealing [64]. SARMs can be engineered to spe-
cifically target AR in certain tissues while minimizing off-target effects. For example,
SARMs would activate AR in muscle and bone, whilst sparing other tissues such as
prostate, heart and liver. There is minimal variation in the AR structure, but the regu-
latory milieu of each tissue allows SARMs to possess relative tissue specificity. Upon
entering the cell, SARMs bind to the AR in the cytosol, which dissociates from heat
shock proteins and enters the nucleus, where the ligand-AR complex then binds with
AR responsive peptides (co-activators or co-repressors) specific to certain tissues.
This will influence how the SARM-AR complex may bind specific DNA sequences
and lead to transcriptional regulation of androgen-responsive genes. Several experi-
mental SARMs were available since 1998, with pre-clinical studies demonstrating
positive effects on osteoporosis, cancer cachexia, and detrusor urinary incontinence.
However, to date, they have not demonstrated enough efficacy or safety to pass the
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clinical trials [64]. Therefore at present, SARMs cannot be a substitute for managing
androgen deficiency.

8.3 Estrogen antagonism

As mentioned afore, regulation of gonadotropin secretion occurs through
stimulation by GnRH from the hypothalamus, and negative inhibition of the
gonadotroph cells from testosterone and estrogens respectively. Selective Estrogen
Receptor Modulators (SERM) work by selectively antagonising E2 receptors on
the gonadotroph cells, abolishing the inhibition on gonadotropin release, and
therefore elevate gonadotropins and testosterone levels. Likewise, by preventing
the conversion of testosterone to oestradiol, aromatase inhibitors (Als) block the
inhibitory effect of oestradiol on hypothalamus and pituitary, thereby increas-
ing LH-stimulated testosterone production. Estrogen antagonism is effective in
normalising testosterone levels in men with functional hypogonadism [65-70],
and both SERMs and Als increase the testosterone/estrogen ratio with the latter,
significantly more so.

The use of clomiphene citrate a SERM, was studied in obese males (<40 years)
with total testosterone 10.4 nmol/l (<300 ng/dl) in a randomised double-blind
placebo-controlled trial over 12 weeks. That showed positive findings with signifi-
cantly improved erectile function, lean and muscle mass [71]. Use of SERMs may
have beneficial effects on male fertility. Obese men aged 18-60 years with functional
hypogonadism were randomised to receive enclomiphene, testosterone gel or placebo
in a randomised double-blind double-dummy placebo-controlled trial over 16 weeks.
Enclomiphene is a trans-isomer of clomiphene with consistent estrogen antagonism.
As expected, there is a similar doubling of total testosterone levels in both treat-
ment arms from a baseline of 7.0 nmol/l (203 ng/dl) but elevation of both FSH and
LH levels in enclomiphene users and suppression in testosterone gel users. This was
associated with a significant 80% increase in sperm concentration in men receiving
enclomiphene, whilst the testosterone users showed 50% reduction [72]. An early
study also suggested the possible benefit of addition of 400 mg daily vitamin E (an
antioxidant) to clomiphene, in an RCT, which resulted in significant near-doubling
of sperm counts and resulted in near tripling of pregnancies compared to placebo by
6 months [73].

The effect of anastrozole, a popular AI was compared with testosterone gel and
placebo in older (>70 years) overweight men with functional hypogonadism using
a12-month RCT [68]. Both Al and T improved proximal muscle strength but not
hand grip strength compared with placebo. Only the T group increased gait speed.
There were increases in lean body mass and reduction in fat mass in the intervention
groups (Al and T) but they were not statistically significant. An earlier 12-month RCT
in 2009 comparing anastrozole and placebo did not observe significantly improved
strength or muscle mass in older hypogonadal men receiving anastrozole. However,
it may have resulted in improvement in quality of life as there was a documented
reduction in ADAM scores, although the statistical significance was not reported [74].
There are variable effects and conflicting reports on sperm count and motility. It is
possible that some level of estrogenic activity may be necessary for FSH stimulation
and therefore sperm production [75]. Unfortunately, an RCT comparing clomiphene
and anastrozole in obese younger males (mean age 32-33 years) failed to find any
significance in improved quality of life outcomes using ADAM or IIEF scores, or
improved sperm characteristics [70].
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Risk of venous thromboembolism (VTE) taking SERMs is 0.12% per year in the
normal population but likely at least three times elevated in patients with cancer. The
risks of VTE in Als are considerably less than SERMs and may be similar to that of
the general population [70]. However, the overall risk may be increased in the elderly
and those with cardiovascular risk factors [76]. Use of anastrozole in older men
has been associated with statistically reduced lumbar spine bone density of >80%
after 12 months, whilst those on testosterone gel have preserved bone density [68].
SERMs are known to increase bone mineral density [67]. An advantage of estrogen
antagonists such as SERMs and Als is that they tend to be safer in estrogen-sensitive
cancers such as hepatocellular, and prostate cancers, and are often used for male
breast cancer treatment. Burnett-Bowie et al. found that the PSA levels in older men
receiving anastrozole were not different to placebo, despite the substantial increase in
testosterone levels. It is possible the reduction of intra-prostate estrogen levels offer
protection [74].

9. Conclusion

Testosterone substitution or replacement therapy is effective for managing tes-
tosterone deficiency. Popular routes of administration include oral, transdermal, and
intramuscular. Scrotal application of testosterone cream is recently made available.
Physician’s choice of one preparation over another is based on testosterone bioavail-
ability, side effect profile and ability to achieve therapeutic levels. Patient’s choice is
influenced by comfort, ease of use and product acceptability. This is important for
compliance and achievement of good outcomes. Testosterone replacement can be
overused and associated with adverse effects. Individuals at risk are older, obese with
chronic cardiorespiratory disorders, and lower urinary tract symptoms. Therapeutic
monitoring is vital and is achieved through measuring serum testosterone levels and
clinical follow-up. Decision on therapy outcomes should be individualised, based
on symptom control and testosterone effects on organ function. Supra-therapeutic
testosterone levels should be avoided as adverse outcomes such as worsening obstruc-
tive sleep apnoea, polycythaemia, and prostatic growth stimulation are more likely.
Assessment of symptomatic improvement is important to justify the risks versus
benefits of ongoing testosterone therapy. Dose adjustment should be individualised,
accounting for the patients’ co-morbidity profile, testosterone levels, haematocrit,
and PSA levels. Assessment of osteoporosis with baseline bone mineral density is
important, and a progress bone mineral density assessment in 12-24 months may be
useful to document benefit or lack thereof. Above all, patients must always be coun-
selled on holistic and self-care management, and include healthy lifestyle measures,
such as smoking cessation, and weight management. Non-testosterone substitution
options offer alternatives to testosterone therapy, and may have some positive benefit,
but are not generally considered as mainstream therapy at the moment.
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