Male hypogonadism: a review
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ABSTRACT

This article contains a systematic review of the main
developments that have occurred in the area of
male hypogonadism between the publication of the
Endocrine Society Guidelines of 2010 and 2018 and
after 2018.

INTRODUCTION

One of the first cases of hypogonadism success-
fully treated with testosterone (T) was published
in 1937. The patient was a medical student aged
27 years with a history of measles before age
15 whose body was described as a ‘prepuberal
castrate with a feminine emphasis in the wide
hips, genu valgum, girdle distribution of fat,
protruding mammae and retarded development
of larynx, genitalia and hair’." The patient was
given T acetate 40 mg, 3 injections per week, for
a period of 1 month. Within 60 hours from the
first injection the patient experienced the first
erection of his life. After 2 weeks, the scrotum
became larger and rugose, after 3 weeks the
areolar tissue became more pigmented and by
the end of the month small hairs appeared on
the chest and above the pubis, while hot flashes
disappeared at once. This description exempli-
fies the remarkable response to T treatment (Tt)
in an undervirilized man unable to produce T
due to primary testicular pathology.

Over the years, the traditional policy of the
US Food and Drug Administration (FDA) has
been to require that T products raise low serum
T concentrations into the normal range in order
to be approved.? For this reason, clinical trials
showing improvement in signs or symptoms
of hypogonadism after Tt have been small and
short,’® and only recently larger studies’ ® of
men with T deficiency arising at an older age
(eg, men affected by late-onset hypogonadism
(LOH)) have been published. Nevertheless,
based on clinical experience since the 1940s and
small positive clinical studies,® * there has been
universal agreement that Tt is beneficial for men
affected by pathological hypogonadism (PH),
that is, the form of hypogonadism caused by
pathological impairment of the hypothalamic-
pituitary-testicular (HPT) axis that is associated
with severe T deficiency and a constellation of
typical signs and symptoms.” In March 2018,
the Endocrine Society (ES) published new
guidelines on Tt in men with androgen defi-
ciency.'” With a resurgence in publications
related to this topic during the 8years elapsed
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since the previous guidelines,'' new important
concepts and questions have been formu-
lated. The 2010 and 2018 guidelines propose
a rational approach supporting the use of Tt
‘only in men with symptoms and signs of T defi-
ciency, and unequivocally low serum T concen-
trations’. However, a paper published in 2015
by the FDA reported that between 2010 and
2013 the number of men with a prescription
claim for T from US retail pharmacies increased
from 1200000 to 2200000, indicating that at
a time in which national guidelines were trying
to rationalize the use of T and no new indica-
tions for its use had emerged, the number of
T prescriptions increased out of proportion
to clinical needs. Even more perplexing is the
report that during this time 28%—-40% of men
receiving Tt never had a serum T measured
before receiving a prescription,”'? implying that
Tt was prescribed without a proper work-up,
possibly to patients who were not hypogonadal.
Additionally, >80% of T users reported by
this paper were men between 40 and 74 years
of age,” suggesting that the majority of these
patients were affected by LOH, typically diag-
nosed in men older than 40 years, as opposed to
PH, which is usually diagnosed earlier.

In the following pages, we aim to analyze the
2018 guidelines, and to offer a critical review
of the most important developments that have
occurred between 2010 and 2018 and after
2018. We, like others,” endorse the opinion that
there are two distinct forms of hypogonadism,
the first is PH, that is due to HPT disease, severe
T deficiency and full-scale clinical presenta-
tion.” The second is LOH, a condition associ-
ated with advancing age, modest decrease in
serum T and a subtler clinical presentation.>™"
In this review, we also aim to discuss in detail
the results of the Testosterone Trials,” the first
large-scale study evaluating the effect of Tt in
patients affected by LOH, and the never-ending
controversies related to Tt, including those
related to the risk of developing cardiovascular
(CV) complications and prostate cancer (PCa).

CONTROL OF TESTOSTERONE PRODUCTION
AND RELEASE DURING FETAL
DEVELOPMENT, ADULT LIFE AND DISEASE
STATUS

The HPT axis

Hypothalamic GnRH neurons are the key hier-
archical element that integrates the reproductive
hormone axis with cues related to peripheral sex
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hormone levels and energy status. When these peripheral
signals are optimally integrated, puberty initiates with the
pulsatile secretion of GnRH into the hypothalamic-pituitary
portal circulation. GnRH interacts with the G protein-
coupled GnRH receptor located on the surface of the
pituitary gonadotrophs and induces the pulsatile release of
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH), which in turn stimulate the gonads to secrete sex
hormones and produce gametes. LH and FSH reach their
cognate receptors (LH-R and FSH-R) located on the plasma
membrane of testicular Leydig and Sertoli cells, respec-
tively. Interestingly, LH-R is activated by both LH released
by the pituitary and human chorionic gonadotropin (hCG),
released by the placenta; however, hCG plays an active role
only during the initial 3 months of fetal development. LH-R
and FSH-R are G protein-coupled receptors triggering a
cyclic AMP-protein kinase A-dependent signaling pathway.
Leydig cells have the capacity to synthesize cholesterol from
acetate or to take up this substrate for steroidogenesis from
circulating lipoproteins, and, typical of any steroid secreting
cell, they contain abundant smooth endoplasmic reticulum
and mitochondria. Activation of LH-R on the surface of
Leydig cells stimulates intracellular cholesterol translo-
cation into the mitochondria by increasing production of
the STAR protein'® followed by its cleavage into pregnen-
olone by the enzyme CYP1A1. Pregnenolone translocates
back into the cytoplasm and eventually is converted to T
by the enzymes P450C17, 38-HSD and 178-HSD, whose
upregulation is mediated by the activation of LH-R." On
the Sertoli cells, activation of FSH-R induces production
of a number of proteins including CYP19A1, the glycopro-
teins inhibin A and B and numerous growth factor proteins
that support spermatogenesis. Importantly, FSH does not
support spermatogenesis directly, but through the release of
these proteins from Sertoli cells and in collaboration with
the high intratesticular concentrations of T generated by
adjacent Leydig cells. In turn, sex hormones feed back to
the higher structures of the HPG axis (eg, the hypothalamus
and pituitary) and regulate their activity. It is clear that an
additional regulatory pathway is required to link steroid
hormone feedback mechanisms to GnRH secretion because
GnRH neurons lack the prerequisite steroid hormone recep-
tors.'® Two papers published in 2003 demonstrated that the
Kisspeptin-Kiss 1 receptor (Kp-Kiss1R) signaling pathway is
a powerful proximal regulator of GnRH and gonadotropins
secretion, as inactivating mutations of Kiss1R are associ-
ated with hypogonadotropic hypogonadism (HH) due to
lack of GnRH secretion."”” 2 Successive studies revealed
that Kp neurons are located in the infundibular nucleus
and pre-optic area of the hypothalamus, they interact with
Kiss1R-rich GnRH neurons by forming axo-somatic, axo-
dendritic and axo-axonal points of contact,”’ and normal
function of the Kp-Kiss1R axis is a necessary requirement
to induce pulsatile release of GnRH and normal initiation
of puberty. Approximately 75% of Kp neurons in the infun-
dibular nucleus are called KNDy neurons because they
coexpress kisspeptin (K), neurokinin B (N) and dynorphin
A (Dy).*? Neurokinin B (TAC3) stimulates while dynor-
phin A inhibits Kp release. These molecules are autocrine
factors that interact synergistically on the surface of KNDy
neurons with their own receptors known as neurokinin
3 and x-opioid receptor (TACR3 and k-OR), and induce

coordinated and pulsatile GnRH secretion by regulating the
release of Kp from KDNy cells. Patients with loss of func-
tion mutations in TAC3 or TAC3R fail to advance through
puberty,” however Kp infusion in these patients restores
GnRH pulsatility, suggesting that TAC3 is proximal to Kp
in the reproductive neuroendocrine cascade regulating
GnRH release, and acts as an autocrine modulator of its
secretion.”*

Sex steroid feedback on the hypothalamus and pituitary
The physiology of sex steroid feedback is challenging to
decipher because of difficulty obtaining human pituitary
and hypothalamic tissue for in vitro study and the multiple
components of the pituitary-hypothalamic microenviron-
ment: two sex steroids (T and E)), at least two steroid
hormone receptors (estrogen receptor (ER)a and androgen
receptor (AR)), and the enzyme CYP19A1 that converts T
into E,. Studies in GnRH-deficient men treated with GnRH
pulsatile therapy (to normalize the HPG axis) and keto-
conazole (to achieve medical castration) show that the nega-
tive feedback of T at the level of pituitary gonadotrophs
depends on its aromatization into EZ.ZS In agreement with
this model, LH concentration is unaffected in a transgenic
mouse line lacking the AR in the pituitary gland,*® while
it is elevated in E,-depleted men treated with aromatase
inhibitors?’” or affected by aromatase deficiency,”® and in an
estrogen-insensitive man affected by an inactivating muta-
tion of ERo..?’ Pituitary feedback control of FSH secretion
is mostly regulated by the glycoprotein inhibin B and by
E,, while T is active only after undergoing aromatization
into EZ,30 suggesting that at the pituitary level both gonad-
otropins are predominantly under the control of E,. The
situation is different in the hypothalamus, where KNDy
neurons express both ERot and AR,”" ** and both E, and
T are able to exert negative feedback on Kp release by
regulating neurokinin D and dynorphin A. Decreased avail-
ability of Kp is in turn followed by inhibition of GnRH
production/release.’

Taken together, these data show that sex steroids-
dependent control of the HPG axis takes place at two levels,
the hypothalamus, where both E, and T are active through
their receptors and modulate GnRH secretion through Kp,
and the pituitary gland, where negative feedback on gonad-
otropin release is exerted principally by E,, with T playing
a secondary role.”

Testosterone during fetal development and postnatal life
Two generations of Leydig cells* have been described
in eutherian mammals; a fetal Leydig cell population
producing T during gestational life and an adult Leydig cell
population responsible for the pubertal surge of T. Fetal
Leydig cells differentiate in the testis from mesenchymal-
like stem cells within the interstitial spaces at gestational
week (GW) 8.%° Between GW 8 and 12, T, which by this time
has reached concentrations close to normal adult level,*
drives the events associated with fetal virilization together
with two other testicular hormones: the anti-Miillerian
hormone, which causes regression of the Miillerian ducts,
and insulin-like 3 (INSL3), which contributes to testicular
descent into the scrotum. T production from fetal Leydig
cells during this critical phase of development is dependent
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on placental hCG and independent from LH, as demon-
strated by the observations that hCG is maximally produced
by the placenta between GW 8 and 12,%” *® normal fetal
sexual differentiation occurs in male carriers of inactivating
mutations of the LHB gene® or various forms of congen-
ital isolated HH (table 1) but not in carriers of inactivating
mutations of the LH receptor gene (LHR).*® After week
12, fetal T production continues despite a drop in hCG*’
thanks to the gradual increase of pituitary-derived LH and
FSH. Between GW 8 and 12, hCG-dependent T is respon-
sible for the virilization of the epididymis, vasa deferentia
and seminal vesicles from the Wolffian ducts, while the So
reduced T metabolite dihydrotestosterone (DHT) is the
ligand interacting with AR in the urogenital sinus to give rise
to the prostate and prostatic urethra, and in the urogenital
tubercle, swelling and folds to give rise to the glans, scrotum
and shaft of the penis, respectively.*! During the third
trimester, T secreted under the control of LH is responsible
for further phallic development and together with INSL3*
for the final phases of inguino-scrotal testicular descent. T
level remains high until late in the third trimester, when the
fetus is exposed to high concentrations of estrogens from
the placenta which inhibit serum LH, FSH and T level to
prepubertal concentrations.*® With the decline in estrogen
levels after birth, the HPT axis is released from negative
feedback suppression and this results in a postnatal surge
of gonadotropin that stimulates the Leydig cells to produce
T,* resulting in the phenomenon known as ‘minipuberty,’
which occurs during the first 6 months of life and has been
associated with additional penile* and testicular growth.*
Patients affected by congenital HH lack T during the third
trimester of fetal development and the initial 6 months of
postnatal life and as a consequence develop micropenis
(defined as stretched penile length <0.75 in) with or
without associated cryptorchidism.

Fractions of circulating testosterone

T circulates bound to sex hormone binding globulin
(SHBG) and albumin, and in smaller fractions to cortisol
binding protein (CBP) and orosomucoid.*® The presence
of binding globulins serves a number of physiological func-
tions, including acting as transport proteins, functioning
as T reservoir to minimize minute-to-minute fluctuations
in concentration, prolonging T biological half-life and
regulating tissue bioavailability.*® SHBG circulates as a
homodimer and each subunit contains one binding site
for T. Contrary to what was assumed for many years, the
interaction of T with the two homodimers is a complex,
dynamic and non-linear process where binding of T to the
first binding site causes a conformational change resulting
in different binding affinity with the second binding site.*’
SHBG-bound T represents ~44% of circulating T. Due to
the high affinity of binding between SHBG and T (asso-
ciation constant ~1x10°L/mol), SHBG-bound T is not
bioavailable (ie, does not reach AR in the target cell).
Approximately 54% of T is low affinity bound to albumin
(association constant of 2-4.1x10*L/mol). Due to this
low affinity, albumin-bound T is thought to dissociate in
the capillary bed of organs with long transit times and
to become biologically active. Unbound T, also known
as free T (FT), represents 1%-4% of circulating T. FT is

Table 1
Testosterone, low or

Congenital causes of central hypogonadism (low

inappropiately normal LH)

Isolated hypogonadotropic hypogonadism (IHH)

Anosmic form of IHH
(Kallmann syndrome
[Ks])

Normosmic form of IHH

Anosmic and
Normosmic forms
of IHH

Digenic Anosmic forms
of IHH

Digenic Normosmic
forms of IHH

IHH associated with
obesity

Leptin or leptin receptor
mutations

IHH associated with
Mental Retardation

Prader Willi Syndrome
(PWS)

IHH associated with
B-subunit mutations

Deficiencies of multiple
pituitary hormones

Acquired causes of secondar

Suppression of
gonadotropins release

Mutated Gene

ANOS1 formerly KAL1 (X-linked recessive)
SEMA3A (Autosomal Dominant)

SOX10 (Autosomal Dominant)

IL17RD (Autosomal Dominant)

FEZF1 (Autosomal Recessive)

Mutated Gene

KISS1R (Autosomal Recessive)

KISS1 (Autosomal Recessive)

GNRHR (Autosomal Recessive)

GNRH1 (Autosomal Recessive)

TAC3 and TAC3R (Autosomal Recessive)
Mutated Gene

PROK2 and PROKR2 (Autosomal Recessive)
FGF8 (Autosomal Dominant)

FGFR1 (Autosomal Dominant)

CHD7 (Autosomal Dominant)

HS6ST1 (Oligogenic Inheritance together with FGFR1 and
NSMF)

FGF17 (Oligogenic Inheritance together with IL17RD, DUSP6,

SPRY4, and FLRT3)

NSMF (Oligogenic Inheritance together with FGFR1 and
HS6S5T1)

DUSP6 (Oligogenic inheritance)
SPRY4 (Oligogenic inheritance with DUSP6 and FGFR1)

RFLT3 (Oligogenic inheritance with FGF17, HS6ST1, and
FGFR1)

WDR11(Oligogenic inheritance)
AXL (Oligogenic inheritance)
Mutated genes

Heterozygous mutation FGFR1 and Heterozygous deletion
NSMF

Mutated genes

Compound heterozygous mutation of GNRHR and
heterozygous mutation FGFR1

Mutated genes
LEP, LEPR
Genetic Abnormality

Loss of paternal copy of the PWS "critical region” on
chromosome 15q11.2-13

Genetic Abnormality

B-subunit of LH

B-subunit of FSH

Pituitary gland differentiation genes
LHX3, LHX4, HESX1, and PROP-1

y hypogonadism

Conditions leading to suppression of gonadotropin release
Hyperprolactinemia

Exogenous sex steroids

Opioid induced hypogonadism

Therapeutic use of GnRH agonists

Acute critical illness

Chronic illness (COPD, CHF, cirrhosis, AIDS, ESRD)

T2DM

Obesity

Anorexia nervosa

Chronic glucocorticoid treatment

Continued
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Table 1 Continued
Damage to Conditions leading to damage of gonadotrophs
gonadotrophs

Pituitary adenoma/cyst/carcinoma

Infiltrative diseases: Langerhans cell histiocytosis,
hemochromatosis, sarcoidosis

Infectious: meningitis, tubercolosis
Pituitary apoplexy
Head trauma, traumatic brain injury

Idiopathic

the fraction with direct access to the AR in the target cell
that results in androgenic effects. The three T fractions
(FT+TT+albumin-bound T) are measured together as
‘total T (TT). FT can be measured individually by equi-
librium dialysis, or together with albumin-bound T as
bioavailable T (BT).

The free hormone hypothesis

Multiple mechanisms have been hypothesized to explain
the cellular uptake and downstream signaling of T. The
most validated, the ‘free hormone hypothesis’, states that
FT diffuses across the plasma membrane, binds AR and trig-
gers its activation,”® hence the intracellular concentration
of T is related to the serum concentration of FT instead
of TT. The free hormone hypothesis was complemented by
the concept that, in addition to FT, albumin-bound T is also
active in target tissues due to the low affinity of binding of
albumin and T.* This model was confirmed in studies in
which the presence of SHBG inhibited FT diffusion across
the plasma membrane,’*? and clinically in a rare case
of siblings with SHBG deficiency where the male sibling
underwent normal puberty and development of secondary
sexual characteristics and fertility while having low serum
TT and normal FT.>® Further observations backing the free
hormone hypothesis and supporting the notion that FT is
the most important fraction of T comes from epidemiolog-
ical studies where androgen-dependent outcomes are better
associated with FT or BT (a surrogate of FT) than TT. Such
outcomes include bone mineral density, muscle strength and
fat mass.”* From the European Male Aging Study (EMAS),
men with low FT and normal TT concentrations had higher
LH levels, reported more sexual and physical symptoms
and had lower hemoglobin values and bone mineral density
than men with normal FT, regardless of whether the latter
had TT that was normal or low.”

It is important to remember that several conditions alter
SHBG concentrations and are associated with an increased
(or decreased) serum level of TT while the biologically active
fractions FT and BT remain unchanged (table 2). SHBG
and TT increase with aging, hyperthyroidism, chronic liver
disease and HIV. Drugs such as estrogens, phenytoin and
tamoxifen increase SHBG.>® Certain SHBG single nucle-
otide polymorphisms are associated with increased or
decreased SHBG level.”” SHBG and TT decrease in patients
affected by obesity, type 2 diabetes mellitus (T2DM), insulin
resistance, hypothyroidism, acromegaly, use of glucocor-
ticoid, progestins and androgenic steroids and nephrotic
syndrome (table 2).

Table 2 Conditions associated with changes in the
concentration of SHBG

Increased Decreased

Aging Obesity/diabetes mellitus/metabolic
Hyperthyroidism syndrome

Use of estrogens Nephrotic syndrome

Chronic liver diseases Hypothyroidism

HIV (+) status Acromegaly

Thiazolidinedione use Androgen, progestin, or glucocorticoid

Anticonvulsant use use
Smoking Polymorphisms in the SHBG gene
Polymorphisms in the SHBG gene

{ 1

TT, but not FT increased TT, but not FT decreased

Production of T

T is produced by the Leydig cells located in the intersti-
tial compartment between the seminiferous tubules. After
puberty, the Leydig cells secrete 7 mg/day of T on average.*®
Approximately 5% of the T pool is of adrenal deriva-
tion. Studies in patients with PCa reveal that the adrenal
glands release approximately 200 ug/day of T regardless
of whether the patient has intact testes or is castrated,’”
and an additional 200 ug of T is formed in the periphery
from the conversion of adrenal-derived androstenedione.’”
Lipophilic T passively diffuses across the plasma membrane
from the general circulation into the target cell. Inside the
target cell, T can be converted by the Sa reductase isoen-
zymes SRDSAT1 or 2 into the more active androgen DHT,
or, by CYP19, into E,. Both T and DHT bind with a unique
high affinity cytoplasmic AR protein. This interaction
is highly specific, and is ensured by the fact that normal
concentrations of circulating T are usually 10-fold above
the equilibrium binding affinity for AR. When sufficient
concentrations of T are not present, activation of AR can
still take place in certain target tissues due to the conversion
of T into DHT, a super-androgen with 4—10 times higher
affinity for AR than T.®° ¢! The presence of two ligands and
one receptor is a question that has fascinated generations
of endocrinologists. T is a weaker androgen than DHT by
a factor of 10°* due to a faster AR dissociation rate®® and
to differences in the way T interacts with the ligand binding
pocket of AR. At the time of fetal development, T is respon-
sible for the virilization of the Wolffian structures, while
DHT causes the virilization of the anlagen responsible for
the formation of the external genitals and prostate. Hence,
SRDS5A2 deficiency resulting in lack of DHT results at birth
in a characteristic phenotype of undervirilized external geni-
talia and prostate.*! Whether both T and DHT are required
in adulthood is unclear. Pharmacological inhibition of DHT
synthesis in men aged 18-50 years for 20 weeks demon-
strated that all androgen-dependent functions of postpu-
bertal males, including maintenance of muscle mass and
strength, sexual function, erythropoiesis, prostate volume,
prostate-specific antigen (PSA) levels and sebum produc-
tion are interchangeably served by T and DHT.®* Based on
this, one could argue that DHT is needed only during fetal
development, when SRDSA provides local amplification of
an androgenic signal leading to virilization of local struc-
tures, for instance of the urogenital sinus, without inducing
systemic hyperandrogenemia and virilization during critical
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times of sexual differentiation. Further supporting the
concept that T and DHT are interchangeable in adult indi-
viduals is the fact that the external genitalia of patients with
SRDS5A2 deficiency virilize at puberty, concomitant with
maximal T production.®®

Serum T levels with aging

Many investigators have attempted to establish if serum
T level decreases as a function of the age-related changes
occurring in the male genitourinary system. This associa-
tion is complex, in part because serum T drops as a conse-
quence of age and of certain comorbidities occurring more
frequently in older individuals, in part because old males
involved in healthy behavior or self-reporting excellent
health maintain a relatively stable serum T level into the
eighth decade.*®® Serum TT and FT reach maximum
concentrations at around 25-30 years of age and then
decline steadily by 0.4% and 1.2% per year, respectively,
as shown by the cross-sectional EMAS®® and Massachusetts
Male Aging Study (MMAS),”® while SHBG increases and
accounts for the faster age-related decrease of FT compared
with TT.”® Age-dependent decrease in TT and FT is more
significant in longitudinal compared with cross-sectional
studies because the health of elderly individuals recruited
to longitudinal studies is more likely to deteriorate during
the years long course of these investigations. As an example,
MMAS reported both cross-sectional”® and longitudinal”*
results. The longitudinal data showed a steeper decline of
TT and BT over 7-10 years than was seen in the cross-
sectional data. The longitudinal data showed a decrease in
TT of 1.6% per year, compared with 0.4% in the cross-
sectional study, and a decrease in BT of 2%-3% per year,
compared with 1.2% in the cross-sectional study. Another
study, reporting centiles of serum TT levels (from the 2.5th
to 97.5th percentile) in men aged 19-99 years from four
large US/European epidemiological investigations showed
that, between the 19-39 and 80-99 groups, serum TT
concentrations dropped by 31% in the 2.5th percentile.
This difference was only 11% at the 50th percentile, and
there was no difference at the 97.5th percentile level. These
data imply that the majority of age-related TT reduction
occurs at the lowest percentile of TT concentrations.”?

Age-related changes in the male reproductive system

Despite the maintenance of male fertility throughout adult
life, aging is associated with well-established changes of
the reproductive system. Testicular volume decreases from
16.5cm® between age 20 and 30 years to approximately
14cm’® between age 80 and 90 years.””> Another study
reported a mean testicular size among young and older
men of 29.7 vs 26.6cm’, respectively.”* T is produced by
the Leydig cells located in the interstitial compartment
between the seminiferous tubules. In younger men there
are 432 million Leydig cells, comprising 5% of testicular
volume, while in older men the number of Leydig cells
decreases by 44%.”° The morphology of Leydig cells remains
mostly normal during aging, but some undergo dediffer-
entiation and involution after acquisition of cytoplasmic
or intranuclear inclusions. This involution is thought to
be the consequence of decreased vascular supply deriving
from atherosclerosis of the testicular arteries.”® Aging has

a number of well-known effects also on semen parameters;
a study comparing men in the fourth versus sixth decade
reported a 3%-22% decline in semen volume, 3%-37% in
sperm motility and a 4%-18% in normal morphology.”’
Another investigation revealed that every 5 years semen
volume decreases by 0.22 mL and sperm motility by 1.206.”
Some studies have reported an increase in sperm concen-
tration®® 7® because semen volume decreases more than
sperm count. Changes in morphology of the aging semi-
niferous tubule include narrowing, thickening of the basal
membrane associated with fibrosis, reduction in the number
of spermatogenetic and Sertoli cells.”’ Sertoli cells decrease
from 500x 10° at age 2048 years to 300x 10° at age 50-85

years.®

Serum T and chronic diseases

In addition to age, serum T is independently reduced by
conditions such as diabetes,®! obesity,*” polypharmacy,®
cardiac,®® hepatic*® or renal failure,* chronic obstructive
lung disease,*® rheumatological conditions,®” 3% cancer,®
HIV positivity,”® myocardial infarction (MI),”" burns,”
inflammatory bowel disease,”® sepsis’* and intensive care
unit admission.”> Medications more frequently prescribed
to chronically ill patients such as opioids and glucocor-
ticoids also contribute to low T level by interfering with
the GnRH-LH axis.” * In this context, T production
is an indication of a man’s health,” and therefore should
not be measured in hospitalized or acutely sick patients.”®
Obesity is a frequent occurrence in men with LOH, and
is the chronic condition associated with the most signifi-
cant decline in serum T level. EMAS revealed that serum
T level is 30% lower in obese versus normal weight men
at any age, which is more than the whole age-dependent
decrease occurring between 40 and 80 years of age,”” and
that obesity is associated with a 13-fold increased risk of
LOH, whereas the presence of two or more other chronic
comorbidities increased LOH risk by 5.2-fold. From a clin-
ical point of view, identification of hypogonadism in men
with chronic diseases may be difficult because they present
symptoms and signs resulting from the underlying (non-
reproductive) disorder that overlap with those of androgen
deficiency. Interestingly, the form of LOH found in patients
with obesity and chronic illnesses is not associated with an
increase in gonadotropins.'* An important observation with
therapeutic implications is that serum T increases in indi-
viduals with obesity who lose weight, proportionally to the
amount of weight loss, '’ indicating that the suppression of
the HPG axis present in these individuals is functional and
reversible.

The role of E, on serum T in LOH

Adipose tissue-expressed aromatase could play a role in the
physiopathology of LOH in patients with obesity. An old
theory states that as obesity is associated with an expan-
sion of the adipose tissue, there is a concomitant increase
in aromatase expression/activity in the pre-adipocytes
resulting in amplification of the local aromatization of T
to E,. The increased serum E,, in turn, is responsible for
gonadotropin suppression and decreased serum T. This
hypothesis was supported in early papers published in the
1980s.'”" However, more recent studies measuring serum
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hormones by liquid chromatography-tandem mass spec-
trometry (LC/MS/MS) reveals a parallel decrease of E, and
FT in hypogonadal men with'**'® or without'®* diabetes,
while other investigations have demonstrated that hypogo-
nadal men express less aromatase mRNA in adipose tissue
concomitant with decreased serum E, concentrations.'?’

CONNECTIONS BETWEEN THE REPRODUCTIVE SYSTEM
AND OBESITY, DIABETES AND INFLAMMATORY STRESS
Obesity, diabetes (ie, the diabesity syndrome) and all condi-
tions associated with insulin resistance and inflammation
cause a decrease in SHBG and thus TT. Hence, the most
useful test for the correct biochemical diagnosis of hypogo-
nadism in these patients is FT, which is low in up to 40% of
obese men,*' 25%-40% of those affected by T2DM!% 17
and 50% of those affected by the two conditions simulta-
neously.®! Low FT is also common in T2DM men between
the ages of 18 and 35 years'® and obese teenagers between
14 and 20 years.'” In these patients, serum FT is indi-
rectly correlated with markers of unfavorable metabolic
health, such as increased inflammatory cytokines, HOMA-
IR, triglycerides and obesity,'” '* and LH and FSH are
inappropriately low/normal revealing that this is a form of
central HH. The physiopathology underlying HH in diabe-
sity and chronic conditions is not related to elevated blood
sugar, as FT levels are typically normal in patients with
type 1 diabetes mellitus,'"! but rather to obesity and insulin
resistance. Serum T increases when insulin resistance is
reduced by diet-induced weight loss, bariatric surgery or
pharmacological treatment with rosiglitazone,'® 12 113
The anatomical locus of the insulin resistance-induced
impairment in patients with diabesity and LOH remained
unidentified until five patients affected by this syndrome
were treated with Kp, the proximal regulator of GnRH
release.'' These patients experienced an increase in LH
and T as well as LH pulse frequency, confirming that the
HPG axis is functionally intact in the diabesity syndrome,
and that its reduced activity was caused by perturbed
afferent inputs acting at or proximal to the Kp-producing
neurons. This was confirmed by the observation that, in a
diabetic rat model, low Kp mRNA expression was associ-
ated with low levels of gonadotropins and sex steroids, and
administration of Kp corrects this defect.'”® Beyond obesity,
inflammatory stress, present in all chronic conditions listed
in the ‘Serum T and chronic diseases’ section, is associ-
ated with biochemical hypoandrogenemia and LOH. One
of the hallmarks of inflammation is an increase in serum
cytokines, and both inflammation''® and cytokines''” are
known to induce insulin resistance and decrease serum T
levels in human and animal models. Hence, insulin resis-
tance could be the unifying mechanism responsible for
LOH in males affected by the diabesity syndrome, inflam-
matory stress and various chronic conditions. In synthesis,
the fine mechanisms causing LOH in obesity, diabetes
and chronic diseases are not fully characterized, however
endocrine, metabolic and inflammatory signals generated
in the periphery of the body play an important role. In
an attempt to understand the mechanisms involved, in the
next sections we discuss how GnRH secretion is controlled
by a variety of molecules regulating homeostasis, inflam-
mation and metabolism.

Puberty and energy metabolism

The beginning of puberty and reproductive functions are
very sensitive to insufficient or excessive body energy
reserves, and sophisticated mechanisms have evolved to
cause their inhibition when energetic conditions are unfa-
vorable. Both calorically restricted states such as under-
nutrition, cachexia or strenuous exercise as well as states
of excess body energy storage such as obesity and meta-
bolic syndrome result in perturbations of puberty and
fertility.'"* 1% Based on the experiment showing reac-
tivation of the HPG axis with Kp in patients affected by
the diabesity syndrome,''* it is reasonable to consider the
hypothesis that the anatomical site that integrates periph-
eral signals of energy homeostasis and inflammation and
modulates GnRH secretion is represented by Kp neurons,
through the release of Kp. This possibility is supported by
the fact that these neurons express receptors for many mole-
cules important to energy homeostasis such as ghrelin,''
leptin'** and adiponectin,'** inflammatory cytokines such
as tumor necrosis factor-o. (TNF-0r)'** and sex steroids such
as E, and T > The mechanism whereby these molecules
affect Kp expression/release has not been formally eluci-
dated but could very well be through the AMP-activated
protein kinase AMPK. This protein is the master regulator
of energy balance in both the peripheral organs as well as
the central nervous system and the hypothalamus. Its activa-
tion occurs under conditions of perceived energy deficit, for
instance, during fasting, while under conditions of feeding
AMPK is inactive. Using a model of female puberty, Roa et
al uncovered a pathway where conditions of energy deficit
are associated with delayed puberty through the induction
of hypothalamic AMPK, which in turn causes reduction
of Kp expression in hypothalamic Kp neurons.'** Because
metabolic cues signaling energy deficit, for instance, the
orexigenic hormone ghrelin, activate AMPK,'* while
refeeding or anorectic factors (for instance the anorexi-
genic hormone leptin) are associated with AMPK inactiva-
tion,'?¢ it is plausible to hypothesize that these hormones
affect reproductive functions by directing changes in AMPK
activation status, which in turn could modulate Kp release.
In the next sections, we summarize available data on the
impact of peripheral metabolic, endocrine and inflamma-
tory cues on hypothalamic Kp neurons and on the HPG
axis as a whole.

Leptin

Leptin is coded by the lep gene, which is expressed in adipo-
cytes. Leptin acts via its receptor LepR, and signals the pres-
ence of body energy reserves to the brain, is involved in
the regulation of appetite, in increasing energy expenditure
and in the induction of puberty. Individuals with leptin
deficiency due to energy deficit or inactivation of the leptin
gene are affected by a form of HH that reverses on weight
gain,'”” which increases serum leptin, or leptin administra-
tion,'?® respectively. Despite the fact that obesity is associ-
ated with increased serum leptin concentration, leptin is not
anorexigenic in these subjects as they are affected by a status
of leptin resistance. Leptin is known to stimulate the HPG
axis by inducing expression of hypothalamic GnRH and
LH pulsatility,'"* however this effect is not direct because
LepR is not present in GnRH neurons.'*” One hypothesis
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is that leptin stimulates GnRH through the mediation of
Kp, as LepR is present in 40% of Kp neurons in the mouse
arcuate nucleus,"*® and this process occurs after inactivation
of AMPK."" This hypothesis is substantiated by the obser-
vation that intracerebroventricular leptin resumed Kp level
in a model of hypogonadotropic ewe.'** However, deletion
of LepR specifically in Kp neurons had no effect on puberty
or fertility in mice'*® and re-expression of leptin receptor
in Kp neurons did not alleviate lack of pubertal develop-
ment or infertility."** Hence, current knowledge does not
support that the target of leptin associated with the initia-
tion of puberty and reproductive functions is Kp, however,
given that a direct loop connecting leptin and Kp has been
described, it is still possible that leptin resistance may play a
role in the physiopathology of low T present in individuals
affected by obesity and chronic diseases.

Ghrelin

The orexigenic hormone ghrelin, which operates as a
signal of energy insufficiency and is a functional antag-
onist of leptin, is produced in the stomach, increases
during periods of fasting or negative energy balance such
as starvation or anorexia and is decreased after eating, in
obese individuals or in the presence of hyperglycemia. It
interacts with the growth hormone secretagogue receptor
expressed in various hypothalamic nuclei and in Kp-ex-
pressing neurons,'?' and influences food intake and repro-
ductive functions, including the beginning of puberty.'* 3¢
Increased serum ghrelin occurring during fasting or after
exogenous administration causes a reduction in the expres-
sion of Kp mRNA,'*! thereby inhibiting the HPG axis. In
keeping with its proposed role as a signal for energy deficit,
most of the reported actions of ghrelin on the reproductive
axis are inhibitory, suggesting that it may mediate at least
part of the suppressive effects of low body fuel stores and
energy insufficiency on puberty and fertility. The mecha-
nism used by ghrelin to reduce Kp expression may involve
activation of AMPK in hypothalamic neurons.

Insulin

Because insulin (I) is a metabolic regulator of reproduction
acting on both central and peripheral sections of the repro-
ductive axis"” and central and peripheral insulin resistance
are essential features of diabesity and inflammation,"® 1%
reproductive abnormalities observed in subjects affected
by diabesity may result from insulin resistance-mediated
abnormalities of the Insulin (I) insulin receptor (IR) (I-IR)
axis. Indeed, mice with a neuron-specific disruption of the
IR are a model of the diabesity syndrome because they are
obese, have central insulin resistance and hypothalamic
dysregulation of LH production and are infertile.'*’ Identi-
fying the population of neurons involved in the reproduc-
tive effects of insulin on GnRH secretion has not been easy.
As an example, mice with IR deletion in Kp neurons have
delayed onset of puberty without defects in adult repro-
ductive capacity,'*! indicating that I-IR signaling in these
neurons is important only for pubertal awakening of the
HPG axis, but is not a critical factor for the achievement
of other reproductive end points. Recent evidence suggests
that astrocytic IR may mediate insulin signaling and repro-
ductive abnormalities, as demonstrated by astrocytic IR

ablation leading to delayed puberty and HH'"? and to
decreased expression of astrocytic prostaglandin E synthase
2 (PGES2), the enzyme responsible for the conversion of
prostaglandin H2 to prostaglandin E2 (PGE2). Because
astrocytes deficient in PGE2 are unable to induce GnRH
release,'* PGE2 could very well be the candidate astrocytic
neurotransmitter linking insulin resistance to HH.

Adiponectin

Adiponectin is produced by fat cells and released in large
amounts in the general circulation. It regulates cellular
homeostasis by inducing fatty acid oxidation, insulin
sensitivity and energy expenditure. Conditions such as
obesity and diabetes are associated with decreased serum
adiponectin levels'** while fasting or weight reduction are
associated with increased serum adiponectin.'*® Due to its
demonstrated ability, together with leptin, to reverse insulin
resistance,'*® adiponectin may play a role in reproduction,
as demonstrated by its ability to decrease LH and GnRH
release!®” and by the presence of its receptor in hypotha-
lamic GnRH neurons."*® Although the precise role of
adiponectin in linking energy metabolism and reproduction
is not clearly understood, one possibility is that it is respon-
sible for the suppression of the HPG axis during fasting.'**

Inflammatory cytokines

It is logical to question whether inflammatory stress and in
particular the increased concentration of serum cytokines
associated with diabetes, obesity, metabolic syndrome and
various chronic conditions plays a role in LOH. The impor-
tance of inflammation and inflammatory cytokines affecting
the HPG axis is supported by a variety of experimental
models,"**°! the inverse relationship existing between
markers of inflammation and serum LH and T levels,'** '3
studies showing that infusion of interleukin (IL)-2 in eugo-
nadal men attenuates the feedforward effect of LH on T
secretion,””* and the observation that hypoandrogenic
states resolve as inflammation improves.”** The effect of
cytokines on reproductive function may take place directly
at the level of GnRH neurons, as they express various
cytokine receptors'®® and injection of IL-6b and TNF-o
or creation of a chronic inflammatory state by the induc-
tion of mild obesity results in impairment of GhnRH mRNA
expression and LH levels in various animal models.'>*%% In
agreement with this is the observation that one of the most
repressed genes in obesity, as established by genome-wide
analysis, is GnRH."’

MALE HYPOGONADISM

There are two forms of hypogonadism, PH and LOH. The
clinical presentation of hypogonadism is distinctive, and
the correct diagnosis of its extreme forms was possible
even before serum T measurement became available, for
instance, in the introductory case report.! However, based
on the 2010 and 2018 ES guidelines, there is general agree-
ment that the diagnosis of PH or LOH should be based on
a syndromic approach, that is, presence of typical clinical
manifestations and biochemical tests showing unequivocally
low T. When the syndromic approach is strictly applied,
epidemiological studies have measured the prevalence of
hypogonadism at 29,'™ 5.6%'°° and 6%.'' In contrast,
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Table 3 Causes of primary hypogonadism in males (low testosterone, high LH)

Congenital
46,XY/X0 mosaicism

LH receptor mutations
Uncorrected Cryptorchidism
Myotonic Dystrophy

Bilateral Congenital Anorchia
Testicular Adrenal Rest Tumors

Orchitis (infection, radiation)-
Testicular trauma/torsion

Acquired

Cryptorchidism
Radiation
Bilateral Orchiectomy

“TemPoNDo TO@RPON T

Klinefelter's syndrome and variants (47,XXY, 48XXXY, 49XXXXY, 46,XY and 47,XXY mosaicism)

Inactivating mutation of steroidogenic enzymes (STAR Protein, CYP11A1, HSD3B2, CYP17, HSD17B3, SRD5A2)

Polyglandular Autoimmune disease
Chemotherapy (suramin, alkylating agents)
Drugs (Ketoconazole, Spironolactone, Abiraterone, Alcohol)

Systemic Disorders (Cancer, Lymphoma, Amyloidosis)

when the diagnosis is (mistakenly) made using only the clin-
ical or biochemical approach, the prevalence is as high as
24% and 29%,"'* respectively. For didactic purposes, the
clinical presentation, diagnosis and treatment modalities of
PH and LOH are discussed individually.

PATHOLOGICAL HYPOGONADISM

PH derives from testicular inability to produce physiolog-
ical amount of T due to organic diseases of the HPG axis.
Reduced circulating T that is present in patients affected
by PH is associated with a constellation of symptoms and
a spectrum of phenotypic abnormalities combined with
decreased sperm production.

PH can be further classified according to the respective
level of failure of the HPT axis. Primary hypogonadism
results from a deficiency at the level of the testicles resulting
in low T and consequent elevated gonadotropins (FSH and
LH); central hypogonadism results from deficiency at the
level of the pituitary gland (secondary) or hypothalamus
(tertiary) resulting in low T and low or inappropriately
normal gonadotropins. We present lists of known causes of
primary and secondary PH in table 3 (causes of primary
hypogonadism in males) and 1 (congenital and acquired
causes of secondary hypogonadism). As a thorough review
of all these different entities is beyond the scope of this
paper, we will limit our discussion to the most frequent and
refer the reader to the many excellent monographs available
in the literature on each of these conditions

Presentation of primary hypogonadism

The clinical presentation of PH varies based on the time in
which T deficiency develops (eg, prenatal, prepubertal or
postpubertal) and whether the patient is affected by primary
or central hypogonadism (table 4).

Prenatal hypogonadism

Lack of T occurring during the initial 3 months of fetal
developmentin 46XY fetuses is associated with genital ambi-
guity proportional to the degree of T deficiency. The genital
organs present within a spectrum of complete (complete
lack of external male genitals, presence of gonadal dysgen-
esis), intermediate (posterior labial fusion, clitoromegaly,
labial fusion, micropenis, perineoscrotal hypospadias,

microphallus, or scrotal abnormalities such us bifid scrotum
or cryptorchidism) or mild (micropenis, ectopic urethral
meatus) undermasculinization. In many cases, ambiguous
genitalia are the results of genetic abnormalities causing
inactivation of gene responsible for T biosynthesis (table 3).
Mutations of AR are associated with the hypogonadal
phenotypes described in the context of the androgen insen-
sitivity syndromes, but technically these patients produce
normal quantities of T, hence are not affected by hypogo-
nadism. T deficiency occurring during the third trimester of
gestation or the first 6 months of postnatal life is usually due
to congenital forms of HH (table 1). These subjects undergo
normal fetal virilization as this phenomenon takes place
during the first trimester of gestation under the control of
placental hCG, but are affected by various developmental
abnormalities such as micropenis, testicular hypotrophy
(volume <2-4 mL) and/or cryptorchidism.

Prepubertal hypogonadism

For cases of hypogonadism occurring before puberty
(table 4), the most revealing clinical signs are eunuchoid
proportions with decreased peak bone mass, infantile geni-
talia, high pitched voice, increased subcutaneous fat, defi-
cient muscle development, gynecomastia, lack of temporal
recession of the hairline and lack of steroid dependent hair
growth. Eunuchoid proportions, defined as lower body
segment (floor to pubis) >2cm longer than upper body
segment (pubis to crown) and an arm span that is >5cm
longer than the vertical length, are due to delay in epiph-
ysial closure from T and, more importantly, E, deficiency.
These patients experience lack of libido, reduced sponta-
neous erections and are unable to ejaculate.

Postpubertal hypogonadism

If T deficiency occurs after puberty, the clinical presenta-
tion depends on the degree and duration of hypotestos-
teronemia (table 4). A classic scenario of abrupt lowering
of T occurs in patients undergoing androgen deprivation
therapy for PCa. Beside developing an immediate reduc-
tion of sexual function, these subjects also complain of low
energy, hot flashes, insomnia, depression, changes in body
composition with decreased lean and increased fat mass
and decreased bone mineral mass associated with increased
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Table 4  Signs and Symptoms of Hypogonadism: prenatal vs. pre-pubertal vs. post-pubertal, primary vs. secondary

Postpuberty

Prepuberty

3" Trimester gestational life, mini-

puberty

1°' Trimester Gestational

Life

Secondary Hypogonadism  Primary Hypogonadism  Secondary Hypogonadism

Primary Hypogonadism

Ambiguous genitalia

Micropenis, Small testes, cryptorchidism

Small Phallus
Small Testes

++

++

High Pitch Voice

Eunuchoid Proportion

Recession Scalp Hairline

Chest/Facial Hair
Gynecomastia

+-

+-

+-

+/-

+/-

+ o+ + o+

Low Muscle Mass
Low Libido

Low Energy

risk of fracture. The majority of patients of this age group
do not experience such a sudden and drastic decrease in
serum T, hence they develop a gradual decrease in energy,
libido and erectile function. Primary and secondary sexual
characteristics do not regress to prepubertal level; hence,
phallus, sexual hair, muscle mass, and bone mineral density
do not diminish significantly for several months to years.
Also, testicular size does not change significantly unless the
patient is affected by primary hypogonadism. However, as
T and its metabolite E, are essential for the acquisition and
maintenance of bone mass, osteoporosis eventually develops
and with it the risk of fragility fractures increases table 4.
Another clinical sign of long-term hypogonadism is the
appearance of fine facial wrinkling lateral to the mouth and
eyes secondary to lack of sebum production. Gynecomastia
is more frequent in patients with primary hypogonadism
because high gonadotropins increase the expression of
testicular aromatase. Other less specific symptoms include
low motivation, depression and poor concentration. As T
induces erythrocytosis via increased erythropoietin and
suppressed hepcidin, men with androgen deficiency may
have a mild hypoproliferative normocytic, normochromic
anemia.

Clinical manifestations reported by hypogonadal men
such as sarcopenia, low energy, depressed mood, fragility
fractures and low libido overlap with those seen in elderly,
obese or chronically ill patients, however, true hypogo-
nadism is associated with distinctive signs and symptoms of
androgen deficiency in the presence of low circulating T. A
synthesis of the clinical features of hypogonadism presented
according to age of appearance is available in table 4.

PH and fertility

The two physiological functions of the testes, T produc-
tion and spermatogenesis, are intertwined, and in patients
affected by primary hypogonadism, low T usually parallels
low sperm count. This is not a certainty, however, as there
are cases of infertility associated with normal Leydig cell
function. Successful treatment of infertility may require
procedures such as intracytoplasmic sperm injection in
the context of in vitro fertilization (IVF). The degree of
spermatogenesis impairment in men with secondary hypo-
gonadism depends on the degree of T deficiency. In these
patients, spermatogenesis can be achieved with medical
therapies that are based on hCG, hCG+human menopausal
gonadotropin (hMG) or GnRH (if the hypogonadism is of
hypothalamic origin), possibly followed by IVF.

Klinefelter syndrome

Among forms of congenital primary hypogonadism associ-
ated with chromosomal abnormalities (table 3), Klinefelter
syndrome (KS) is the most frequent and occurs prenatally
and neonatally in 1 every 500-700 males, while its prev-
alence among adults is 1 every 2500. KS is not associated
with increased risk of mortality, hence the lower prevalence
among adults implies that this condition is often ignored
or underdiagnosed.'®* ' KS is due to the presence of one
or more extra X chromosomes due to maternal or paternal
meiotic non-disjunction. Ninety per cent of men with KS
have a 47,XXY karyotype. Of the remaining 10%, some
are affected by mosaic KS (47,XXY/46,XY), and a minority

Marcelli M, Mediwala SN. / Investig Med 2020,68:335-356. doi:10.1136/jim-2019-001233 343

yBuAdos Aq pajoaloid 1sanb Aq y20g ‘8T |1dy UO /:3]1} WOy papeojumoq ‘020g Arenuer 2z uo ££2T00-6T0Z-WI9ETT 0T Se paysiiand 1s1y :paN Bsanu| ¢



have more than one extra X chromosome (eg, 48,XXXY,
49,XXXXY). The phenotype of men affected by mosa-
icism is usually milder and spermatogenesis is normal if the
testicular karyotype is 46,XY, while the presence of extra
X chromosomes in 48,XXXY and 49,XXXY individuals is
associated with more severe clinical presentations. Only a
minority of boys, usually with the most severely affected
phenotype, are correctly diagnosed before puberty. The
abnormal phenotype is more easily recognized at or after
puberty, as the testes remain small, usually <4 mL,'** and
undergo a progressive process of hyalinization/fibrosis,
leading to the principal physical abnormality: presence of
small, firm testes and infertility. As the process initially
affects the seminiferous compartment and Sertoli cells,
elevated FSH and undetectable inhibin B are early detect-
able hormonal abnormalities. T level increases at puberty,
but less than in normal individuals, and serum T decreases
over time to a clearly hypogonadal range. In mature KS
individuals, serum T levels vary considerably and the degree
of eunuchoidism, gynecomastia and penile size varies
widely among patients. FSH is disproportionately elevated
compared with LH, and both LH and FSH levels increase
as a function of failing testicular function. In addition to
phenotypic abnormalities of the reproductive system, KS
causes a 20-fold increased risk of breast cancer compared
with male controls,"” and of hypogonadism-unrelated
conditions such as increased risk for varicose veins, deep
vein thrombosis, pulmonary embolism, systemic lupus
erythematosus, rheumatoid arthritis, Sjogren’s syndrome,
non-Hodgkin’s lymphoma, T2DM and psychiatric/neuro-
cognitive conditions such as schizophrenia, depression,
attention deficit disorder, language impairments and social
dysfunction. The diagnosis is initially suspected on clinical
grounds, and confirmed by the typical hormonal profile and
karyotype.

Central hypogonadism

Central hypogonadism occurs in congenital and acquired
conditions. Among congenital forms, isolated hypogo-
nadotropic hypogonadism (IHH) is the consequence of
inactivating mutations of genes controlling the GnRH
pathway (normosmic forms of IHH, table 1). Mutations
of this pathway have been described for KISS1R, KISS1,
GNRHR, GNRH1, TAC3 and TAC3R. Mutations in
genes responsible for the parallel migration of olfactory
and GnRH-secreting neurons during embryogenesis have
been described for ANOS1 (previously known as KAL1),
SEMA3A, SOX10, IL17RD and FEZF1, and are typically
associated with anosmia and IHH, also known as Kall-
mann syndrome. Other rarer forms of IHH can present
with different degrees of anosmia or normosmia, and have
autosomal dominant, autosomal recessive, oligogenic or
digenic modes of inheritance (table 1). An important form
of THH associated with obesity and leptin deficiency led to
the understanding of the critical role played by the leptin
signaling pathway in the induction of puberty. Acquired
forms of central hypogonadism are more frequent and
are due to damage of the gonadotrophs occurring as a
consequence of radiation therapy, compression (from pitu-
itary masses, craniopharyngioma, meningioma or meta-
static lesions), infiltration (hemochromatosis, sarcoidosis,

Langerhans cell histiocytosis, hypophysitis), infectious
disorders (tuberculosis, syphilis, fungal infections), infarc-
tion, trauma or apoplexy of the pituitary gland. Functional
suppression of the HPT axis can occur with hyperprolactin-
emia, chronic use of exogenous androgenic steroids, gluco-
corticoids or opioids. Patients affected by chronic ailments
and organ failures such as chronic obstructive pulmonary
disease, chronic kidney disease, end-stage renal disease,
end-stage liver disease and congestive heart failure are also
frequently affected by central hypogonadism.

LATE-ONSET HYPOGONADISM

LOH is defined as a ‘clinical and biochemical syndrome
associated with advancing age and characterized by symp-
toms and a deficiency in serum T levels (below the young
healthy adult male reference range)’.'* Widespread interest
for LOH derives from the fact that the US population is
aging and there is a parallel between certain manifesta-
tions of aging and hypogonadism, such as changes in body
composition (decreased lean body mass and increase fat
mass), abnormal sexual function, anemia, decreased physical
function and bone mineral density and increased fracture
risk. The widespread interest for LOH among physicians
and the public derives from the fact that Tt is known to
improve body composition, sexual function, bone mineral
density and hemoglobin in men affected by PH, hence it is
reasonable to consider that this treatment may also benefit
patients with LOH as long as these organ systems maintain
T-responsiveness during older age.

Whether LOH should be treated with Tt is controversial,
as reflected by divergent recommendations by professional
societies. We agree with the 2018 US ES guidelines, where
clinicians are recommended to offer Tt on an individual-
ized basis after explicit discussion of the potential risks and
benefits ‘in men of 65 years or more who have symptoms or
conditions suggestive of testosterone deficiency (such as low
libido or unexplained anemia) and consistently and unequiv-
ocally low morning testosterone concentrations)’.'’ A posi-
tion statement by the ES of Australia does not recommend
use of Tt for these patients based on the limited evidence
showing an objective benefit.” In contrast, the Canadian
Men Health’s foundation has a more liberal approach and
recommends a therapeutic trial of T supplementation (of
perhaps 3 months) in the presence of a convincing clinical
picture despite uncertain laboratory results.'*®

LOH is a spectrum of three hypogonadal conditions

A careful analysis of the relationship between TT, FT and
LH in EMAS revealed that the majority of this cohort was
eugonadal (76.7%) while 23.3% was affected by three
different forms of LOH; 2% had primary hypogonadism
(low T and high LH), 9.5% compensated hypogonadism
(increased LH with normal T) and 11.8% secondary hypo-
gonadism (low T and low or inappropriately normal or low
LH).'™ Primary and compensated hypogonadism appeared
to be a spectrum of the same entity. Adult-onset primary
hypogonadism is attributed by EMAS to age-associated
Leydig cells exhaustion, probably related to the age-related
changes of the male urogenital system described in the Age-
related changes in the male reproductive system’ section.
Compensated primary hypogonadism may represent an
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earlier stage in which Leydig cells respond to elevated LH
by producing physiological concentrations of T, and are
believed to eventually develop full blown primary hypo-
gonadism. Until additional longitudinal data are acquired,
it will not be possible to understand with certainty what
causes the transition from compensated to primary hypogo-
nadism, and in particular if acquisition of additional chronic
comorbidities plays a role. The EMAS groups with primary
and compensated hypogonadism show the strongest direct
association with age. Patients with primary hypogonadism
show the most severely depleted level of serum T.'** Patients
affected by primary hypogonadism and secondary hypogo-
nadism were more likely to report sexual symptoms while
compensated hypogonadism was associated with physical
symptoms; all three conditions correlated with the presence
of chronic disease, although this association was stronger
among patients with primary hypogonadism. Due to its
unique biochemistry and clinical presentation consisting
exclusively in physical symptoms, the authors of EMAS
categorize compensated hypogonadism as an independent
clinical entity. Among EMAS men with secondary hypogo-
nadism, the single most powerful predictor of low T was
obesity with a relative risk ratio (RRR) of 8.74 followed by
the presence of comorbidities, while age did not play a role.
As stated, these men endorsed the presence of sexual but
not physical symptoms.

Symptoms of LOH

The most precise investigation of the connection between
T levels and symptoms in middle age or elderly men was
carried out by EMAS.® EMAS randomly sampled 3369
men, from 40 to 79 years of age, from eight European sites.
The men underwent physical and cognitive tests, completed
health questionnaires and had biochemical and hormonal
assessments. One morning blood sample was used to
measure TT by GC-MS and SHBG by immunoassay (IA)
and FT was calculated with the equation by Vermeulen et
al.**” The symptoms selected from the questionnaires were
dichotomized to define symptomatic and asymptomatic
men. Of the 32 symptoms that were assessed, for 9 symp-
toms the free and/or total T was significantly different
between the symptomatic and asymptomatic groups: 3
sexual symptoms, 3 physical symptoms and 3 psycholog-
ical symptoms. These nine symptoms were further assessed
to see if there was a definable threshold of free or total
T below which the probability of the symptom increased
above the background prevalence. All three assessed sexual
symptoms had thresholds. Frequency of morning erections
decreased as the measured TT fell below 317 ng/dL or FT
80.7 pg/mL. Erectile dysfunction increased below a TT of
244 ng/dL or FT 80.7 pg/mL. Frequency of sexual thoughts
decreased below a TT of 231 ng/dL or FT of 46.1pg/mL.
About a third of the subjects had sexual symptoms. Of the
variables assessing physical symptoms, a threshold was
only found for decreased vigorous activity, with symptom-
atic men being defined as those who answered that they
were limited (as opposed to limited, a little or not at all)
in running, lifting heavy objects or participating in stren-
uous sport. The odds for this answer increased with a TT
level below 375 ng/dL, but did not have any threshold with
free T. Of the psychological symptoms, fatigue and sadness

both had FT thresholds (below 46 pg/mL) but no total T
threshold.

The group further analyzed whether the symptoms clus-
tered with certain T parameters. The sexual symptoms clus-
tered with low T and low FT, with the absence of symptoms
clustering with normal T. This clustering suggests that the
occurrence of low T and sexual symptoms define a distinct
syndrome. No clustering was seen for the physical or
psychological symptoms that were assessed.®’

A study in the Chinese Han population assessed 1000
men between the ages of 40 and 79 years, of which 936 had
measured morning TT by immunoassay (IA) and 766 addi-
tionally had measured SHBG and calculated FT. Responses
to the Aging Males’ Symptoms (AMS) questionnaire'®’
were dichotomized into symptomatic (moderate, severe
or extremely severe) or asymptomatic (none or mild). Of
the 17 questions in the areas of physical, psychological and
sexual symptoms, only the response to sexual symptoms
had significant differences in T between symptomatic and
asymptomatic subjects. More than a third of the subjects
had sexual symptoms. Logistic regression identified a TT of
380ng/dL or calculated FT of 77.5 pg/mL as the threshold
below which all three sexual symptoms increased above
baseline.'®®

These studies illustrate several important points: 1) low
T is associated most specifically with an increase in sexual
symptoms, and with physical and psychological symptoms
and 2) sexual, physical and psychological symptoms are
non-specific, may have a high background prevalence and
do not, in isolation, identify the population with low T.
Indeed, questionnaires that have been developed to assess
symptoms of hypogonadism and aging have proven to have
low specificity in the identification of LOH.'® 7% As a
result, ES has recommended that symptoms alone are insuf-
ficient to make the diagnosis of hypogonadism, and labora-
tory assessment is also required.

LABORATORY DIAGNOSIS OF HYPOGONADISM (PH
AND LOH)

Screening for hypogonadism

The ES does not recommend screening for hypogonadism
in the general population, however, because available
screening tools (eg measurement of TT or administration
of questionnaires developed for androgen deficiency states)
are substandard, there is low quality evidence in support of
this statement. Epidemiological studies have demonstrated
that in the general population the prevalence of low TT
alone can be as high as 23.3%'%* or 24%,'*° of hypogo-
nadal symptoms alone 16%'%* or 299%,'*° while in the same
studies the percent of individuals with both biochemical
and symptomatic hypogonadism was dramatically lower, at
2.19%'" and 5.6%." This suggests that screening protocols
should not be based only on biochemistry or questionnaires,
but rather on both, and, as recommended by ES, the diag-
nosis of hypogonadism should be based on the presence of
unequivocal low T level and presence of classic symptoms. '
ES does not advocate screening strategies also because it is
not cost-effective and it is unclear whether prescribing Tt
is beneficial to individuals who do not seek medical atten-
tion for this problem.'® Yet, this statement is controversial,
because some studies have identified a relationship between
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Box 1 Conditions associated with high prevalence

of hypogonadism

» Diseases of the sella turcica (mass lesions, surgery,
radiation)

» Medication affecting testosterone production (high dose

glucocorticoids, opioids, androgen ablation therapy for

prostate cancer)

HIV-associated weight loss

End-stage renal disease and hemodialysis

Moderate to severe COPD

Infertility

Osteoporosis

Type 2 diabetes mellitus

Low libido or erectile dysfunction

Obesity

VVYVVVYVYYVYY

low T and increased all-cause mortality and death from CV
causes,’”"17% but evidence showing that these outcomes are
prevented by Tt is of low quality and is based on small'”* or
retrospective'”® studies.

ES recommends that patients affected by certain clinical
conditions where the prevalence of hypogonadism is high
should be screened for hypogonadism by measuring TT, or
FT if necessary. The conditions are listed in box 1.

Biochemistry of hypogonadism: measurement of serum T
Measurement of serum T presents several challenges due
to hourly and daily variations in its concentration, inade-
quacy of measurement technology, variability related to
age, health status, use of certain medications, body weight
and SHBG concentrations. In young men, T is secreted
according to a circadian pattern with a morning peak and
should be measured at around 08:00 hours. Despite the
fact that older men experience a blunting of the circadian
rhythm,'”® there is evidence that T should be measured
in the morning in this patient population.””” Diagnosis of
hypogonadism should not be entrusted to a single measure-
ment due to day-to-day variations in serum T concentra-
tions, and the observation that 30% of men with an initial T
in the hypogonadal range have a normal level on repeat.'””
It is also important to be aware of other vagaries related
to T measurement, for instance, interference may occur for
the presence of other metabolites of steroid hormones with
similar structure present in the bloodstream.

Testosterone assay methodology

Historically, IA platforms have been the technology of
choice for the measurement of serum TT. IA produces reli-
able results for normal or elevated levels of TT but lacks
sensitivity and specificity at lower concentrations, hence use
of IA in women, children and hypogonadal men remains
problematic.”#13% LC/MS/MS is the benchmark technology
for the measurement of T recommended by many experts.'
Compared with TA, LC/MS/MS is impractical because it
requires additional steps of extraction, is expensive, techni-
cally challenging and not widely available to hospital-based
diagnostic labs. The Clinical Reference Laboratory of the
Center for Disease Control (CDC) has made available a
program to develop a harmonized TT reference range by

measuring TT according to CDC gold standard procedures
in 100 serum samples obtained from four epidemiological
clinical trials.®” "8'=183 The results were then compared with
the original values obtained in the laboratories where the
studies took place to develop normalizing equations, which
were then applied to the entire cohort of patients of the
four studies to establish harmonized reference ranges.”>
According to these, in healthy men with no obesity between
19 and 39 years of age, normal TT is between 264 and
916ng/dL. This work has created a sense of urgency for
clinical labs to obtain CDC certification for their TT assay,
as clinicians can use the 264-916 ng/dL reference range for
all CDC-certified TT measurements.

Measurement of FT

Based on the free hormone hypothesis the androgenic effect
of T depends on its free fraction, so FT measurement has
great clinical significance. The most precise assay is equi-
librium dialysis, a technically challenging approach which
involves two steps. FT measurement by IA platforms that
do not involve a separation step is available but not recom-
mended by professional societies, as it underestimates FT
level when compared with equilibrium dialysis."" "** FT
can be calculated (cFT) based on TT, SHBG and albumin
level according to equations based on a linear model of T
binding to SHBG,' 8¢ however significant discrepancies
were identified when these cFTs were compared with dial-
ysis FT measurements, as the calculated values are derived
from the superseded linear model of T and SHBG inter-
actions. In contrast,”’ a computational algorithm based on
the allosteric model of SHBG and T interaction reported
similar FT levels to those obtained by equilibrium dialysis in
two clinical trials in both men and women. ' 188

Circulating T and target organ concentration

The question of whether measurement of circulating T
correlates with target organ concentration is important
because hormonal action takes place in the target organ,
not in the bloodstream, and clinical trials have reported
that changes in serum T or DHT concentration observed
after testosterone replacement therapy, castration or DHT
replacement were not associated with parallel changes in
the prostate.'®” ™! These data have important implications,
and additional studies are required to understand if serum T
levels are a reliable surrogate of tissue T levels.

Summary of testosterone measurement
The most important question in clinical andrology is what
fraction of T should be measured to correctly diagnose
hypogonadism in routine clinical practice. TT by IA is
considered a good screening test, but LC/MS/MS is the gold
standard and eventually should become available in every
laboratory. TA can still be used provided that the assay is
CDC-certified and manufactured by a reliable source. The
reference range for CDC-certified assays is 264-916 ng/dL.
Use of FT instead of TT is recommended in patients
affected by any of the conditions altering SHBG level, or
when TT levels are close to the lower limit of normal. The
most reliable method for the measurement of FT is equi-
librium dialysis followed by LC/MS/MS or IA. The refer-
ence range for FT measured by equilibrium dialysis is not
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established because the assay is not yet standardized, hence
until more data become available one should use the refer-
ence range offered by the preferred laboratory.

Measurement of gonadotropins: primary versus
secondary/tertiary hypogonadism

The distinction of primary versus central (secondary/
tertiary) hypogonadism is important because gonadotropins
or GnRH can be used to treat infertility in patients affected
by the latter. Although the physiopathology of secondary
versus tertiary hypogonadism is different (ie, in secondary
hypogonadism the disease process affects the pituitary gland
and in tertiary hypogonadism the hypothalamus), both
respond to the same treatments with Tt, or gonadotropins.
Secondary hypogonadism from an intrinsic problem of the
pituitary gland does not respond to GnRH, whereas tertiary
hypogonadism does.

Once a diagnosis of hypogonadism is obtained based on
clinical and biochemical criteria, measurement of serum
LH and FSH is necessary to understand if the patient is
affected by primary or secondary/tertiary hypogonadism.
LH and FSH are measured by IA and most of the commer-
cially available assays have the ability to differentiate
between low, normal and elevated levels. In most clin-
ical laboratories, normal FSH is 2-7 mIU/mL and normal
LH is 1-10 mIU/mL. The association of elevated gonad-
otropin with low/undetectable T is typical of primary
gonadal failure, while low/inappropriately normal gonad-
otropin and low/undetectable T is typical of central hypo-
gonadism. Rarely other combinations can be encountered,
for instance, elevated FSH with normal T and LH is seen
in cases of spermatogenic failure with preserved Leydig
cell function. Reports where patients have normal T and
LH but elevated FSH and normal spermatogenesis have
been occasionally described, and represent compensated
primary testicular disease with normal sperm counts and
preserved fertility.'”* Normal T, FSH and LH in the pres-
ence of azoospermia and reduced ejaculate volume is
typical of patients with obstructive azoospermia, whereas
elevated T, E,, LH and FSH is distinctive of androgen insen-
sitivity syndromes. Following the distinction of primary
versus central hypogonadism, the next step should be
guided by the time in which hypogonadism started (before
or after puberty) and the clinical presentation. Many cases
of primary hypogonadism are due to KS, cryptorchidism
or testicular trauma (table 3). Biochemistry suggestive
of central hypogonadism should direct attention to the
hypothalamic/pituitary unit as discussed in table 1. Men
with this condition should be evaluated for hemochro-
matosis by requesting iron studies and questioned about
chronic exposure to opioids, anabolic steroids or cortico-
steroids. The threshold to suspect the presence of other
pituitary hormone deficiencies or excesses should be low,
and ruled out by prolactin measurement, serum cortisol
level at 08:00 AM, thyroid-stimulating hormone, T4 and,
depending on clinical suspicion, insulin-like growth factor
1. All younger men with secondary/tertiary hypogonadism
should receive a pituitary MRI. Older men should have
a pituitary MRI if they have symptoms of tumor mass
effect (ie, visual impairment or new-onset headache) or
TT <150 ng/dL.""?

TREATMENT

A formal discussion on the therapy of hypogonadism and
on the different formulations of T available is beyond the
scope of this review. As stated above, once the diagnosis
of PH or LOH is made based on a careful assessment of
symptoms and biochemical abnormalities, we recommend
prescription of Tt to patients affected by PH to normalize
and maintain virilization and sexual function. In theory, Tt
in PH should be prescribed for years, targeting a serum TT
concentration in the mid/upper normal range. In the case of
LOH, we recommend prescription of Tt only to men whose
diagnosis is based on a syndromic approach (eg, presence
of symptoms and unequivocal low T). Because response to
Tt varies among LOH men, it should be administered on a
trial basis for approximately 6 months and continued only if
the patient reports subjective improvement of his symptoms
and no contraindications arise during treatment. Serum
TT concentration to target is in the mid-normal range for
patients with LOH.

Expected benefits from treatment of PH and LOH

A meta-analysis of randomized clinical trials of the effect
of Tt versus placebo in men with T <432 ng/dL on health-
related quality of life using the AMS scale reviewed four
studies that showed a significant improvement in AMS total
score with a mean difference of —2.96 (95% CI —4.21 to
—7.71, lower score indicates fewer symptoms) in favor of
treatment (range of possible points 17-85). Psychological,
somatic and sexual subscale scores also improved (mean
change in points, 95%CI and range of possible points:
psychological: —0.89 (—1.41 to —0.37), range 5-25,
somatic: —0.89 (—1.41 to —0.37), range 7-335, sexual:
—-1.29 (—=1.75 to —0.83), range 5-25).* Another meta-
analysis comprising four randomized controlled trials
(RCTs) (including 1779 patients) at low risk of bias found
that compared with placebo, Tt was associated with a signif-
icant increase in sexual desire or libido (standardized mean
difference (SMD): 0.17; 95% CI 0.01 to 0.34; n=1383),
erectile function (SMD: 0.16; 95%CI 0.06 to 0.27;
n=1344) and sexual satisfaction (SMD: 0.16; 95% CI 0.01
to 0.31; n=676), but had no effect on energy or mood.'”

The T trials

The landmark prospective trials evaluating the use of T
supplementation in elderly men with hypogonadism were
the Testosterone Trials. These were a set of 7 coordinated
trials designed to establish the effects of Tt on men =65
years with unequivocally low T. Men were recruited on the
basis of low morning values total T, with <275 ng/dL on
the first screen, <300ng/dL on the second and an average
of <275ng/dL. In addition, subjects were required to have
one or more symptoms related to the main three trials
(physical function, sexual function and vitality). Exclusion
criteria included a history of PCa or prostatic intraepithe-
lial neoplasia, a palpable prostate nodule by digital rectal
examination and a risk of any PCa >35% or high-grade
PCa >7% based on the PCa risk calculator.'”® Because
PSA is lower in older men with low T, the PSA used in the
risk calculator was adjusted to account for this. The PSA
value used was: measured PSA (in ng/mL)+((460—serum
testosterone  concentration)X0.00128).  Subjects with
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an International Prostate Symptom Score (IPSS) of >19
were also excluded, as were those with a hemoglobin of
>160g/L and diagnosed but untreated sleep apnea. Subjects
with a stroke or MI within the prior 3 months or systolic
blood pressure >160mm Hg or diastolic blood pressure
>100mm Hg were excluded. Recruits with a body mass
index (BMI) >37 were excluded."””’” Seven hundred eighty-
eight men were enrolled in the trial, and data were analyzed
for 376 men in the Tt arm and 374 men in the placebo
arm. The average age was 72 years, 88% were white, 5%
black and 6% other. Average BMI was 31, with 63% having
a BMI of >30kg/m2. Thirty-seven per cent had diabetes,
729% had hypertension, 15% had a history of MI, 4% had a
history of stroke and 19% had a history of sleep apnea. Of
the men who had a sufficiently low T at the initial screening
visit, 31% did not meet the criteria for low T at the second
screening visit.

The enrolled subjects had a baseline TT of 245*+64ng/
dL and FT 67.0+24.5pg/mL.” TT in the treatment arm
increased to the mid-normal young male range, with a
median TT of approximately 500ng/dL and FT 150pg/
mL. E, also increased to the mid-normal young adult range,
approximately 30 pg/mL, and DHT increased to approxi-
mately 100 ng/dL.”

Sexual function

The sexual function subtrial enrolled those men who met
the general enrollment criteria and also self-reported
a decrease in libido, had a score of <20 on the Dero-
gatis Interview for Sexual Function (DISF)-II Assessment
Sexual Desire Domain (DISF-M-II SR) questionnaire,'”®
a total of 459 subjects. Subjects with severe peripheral
vascular disease, any situation that would preclude sexual
activity and autonomic neuropathy were excluded. Tt
significantly increased sexual activity as measured by
the Psychosexual Daily Questionnaire (PDQ), libido as
measured by the DISF-M-II SR and erectile function as
measured by the International Index of Erectile Function
score (IIEF). The PDQ score also improved among all TT
participants.

Question 4 of the PDQ asks for subjects to indicate
which of the list of 12 activities a subject has experienced
or is experiencing on the day of the questionnaire. The
activities include sexual daydreams, anticipation of sex,
flirting, spontaneous erections, masturbation and inter-
course.”” Although this result showed a statistically signif-
icant improvement with Tt compared with placebo (mean
change from baseline of 0.58 (95% CI 0.38 to 0.78)), it was
below the suggested cut-off for clinically meaningful change
(=0.6). Similarly, a clinically meaningful change in sexual
desire, measured by the DISF-II-SDD, is =5.0and the mean
change from baseline of the treatment arm compared with
the placebo for this outcome was 2.93 (95% CI 2.13 to
3.74).

Nonetheless, the OR for a subject to achieve a clinically
significant improvement in sexual activity with T compared
with placebo was 3.00, and for desire was 4.35.2° T
increased sexual acts of any type by 4 times a week. After
adjustment for multiple comparisons, none of the base-
line subject characteristics tested (which included BMI,
smoking, diabetes, hypertension, history of MI, baseline

total T) impacted the effect of T supplementation on the
primary and secondary end points of the substudy.?"’

Physical function

The primary outcome of the physical function subtrial
was the proportion of men whose 6 min walk distance
increased by >50m. The subtrial enrolled men who both
self-reported difficulty walking a quarter mile or up a flight
of stairs and had a gait speed of <1.2 m/s on the 6 min walk
test. Three hundred eighty-seven men were enrolled in the
subtrial. There were no significant differences in the treat-
ment and placebo groups of the subtrial, but when all TT
participants were assessed, the differences were significant
(OR for a 50m improvement in 6 min walk test was 1.77;
p=0.003), possibly due to the increased power of the larger
sample. When all participants were included, there was also
a statistically significant increase in the treatment arm in
6 min walk distance and the proportion of participants who
had an increase of at least 8 points on the 10-item Physical
Functioning Scale.”

Vitality

Subjects were enrolled in the vitality subtrial if they self-
reported decreased energy and had a Functional Assessment
of Chronic Illness Therapy-Fatigue questionnaire (FACIT-
Fatigue) scale score of <40. The study failed to show an
improvement in its primary outcome, an increase of at least
4 points in the FACIT-Fatigue. There was a statistically
significant change in the numerical measures of several of
the scales used: the 36-Item Short Form Health Survey, the
Vitality Scale and the Positive and Negative Affect Schedule
(PANAS positive affect score and PANAS negative affect
score) and the Patient Health Questionnaire-9. The numer-
ical changes in these scores were generally less than the
published minimally important differences.'”® 202204

Cognitive function

The cognitive function trial enrolled 493 men (247 assigned
to T, 246 to placebo) who were determined to have age-
associated memory impairment based on subjective
complaints and an impairment in delayed paragraph recall
or visual memory as determined by the Wechsler Memory
Scale, Revised, Logical Memory II scale. Cognitive function
did not improve with T therapy.” **

Anemia

The anemia trial included subjects whose baseline hemo-
globin was 12.7g/dL or less. The primary analysis was for
the percentage of men with unexplained anemia whose
hemoglobin improved by at least 1.0g/dL. This occurred
in 54% of the Tt group, significantly higher than the 15%
rate in the placebo group. Even with known causes of
anemia, the Tt arm had a greater proportion of hemoglobin
improvement.**®

Cardiovascular

The cardiovascular trial was designed to assess the effect
of T therapy on coronary artery plaque progression as
measured by coronary CT angiography, not on clinical
outcomes. Tt was associated with a significantly greater
increase in non-calcified plaque volume from baseline to 12
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Box 2 Potential side effects of testosterone therapy

Erythrocytosis
Prostatic side effects
Thromboembolism
Gynecomastia
Cardiovascular
Secondary Exposure
Male Pattern Baldness
Sleep Apnea

Infertility

Decreased Testicular Size
Acne

Skin Reaction

Fluid Retention

Lipid profile

months compared with placebo. For the secondary outcome
of coronary artery calcium score, there was no association
of Tt with 12-month change.”"’

Bone

The bone trial excluded T-trial participants who were taking
medications known to affect bone (with the exception of
calcium and vitamin D, which all patients were instructed
to take at a dose of 600 mg elemental calcium and 400 units
of vitamin D, twice a day with meals), if they did not have
any lumbar vertebra that were evaluable, and if they had a
baseline Dual-energy X-ray absorptiometry (DEXA) T-score
at any site less than —3.0. The results showed a significant
increase in lumbar spine trabecular volumetric bone mineral
density (vBMD). The change in vBMD was associated with
the change in T in the treatment arm. Finite element anal-
ysis of quantitative CT data indicated an increase in esti-
mated bone strength at the hip and spine in the Tt group.*®

POTENTIAL ADVERSE EFFECTS OF TT

A list of potential side effects related to Tt is shown in
box 2. Some of these are a consequence of the possible local
aromatization of T in peripheral tissues (eg, gynecomastia
and breast tenderness) or to inhibition of the HPG axis that
occurs following administration of exogenous T (infertility,
decreased testicular size). Other side effects are a conse-
quence of a specific formulation of T, for instance, risk of
secondary exposure among relatives of subject treated with
transdermal gel formulations, or hepatotoxicity, which was
described for methyltestosterone, an old oral formulation.
Changes of the lipid profile (ie, high-density lipoprotein
(HDL), low-density lipoprotein (LDL) and total choles-
terol) have been studied extensively. A meta-analysis that
included data from 51 comparative trials showed a small
decrease in HDL cholesterol with no significant effect on
mortality or cardiovascular disease outcomes, while serum
LDL and total cholesterol changes did not reach statistical
significance.””” Some of these complications, for instance,
reduced fertility, smaller testicular size, gynecomastia or
breast tenderness, are inherent to treatment with exogenous
T and should be discussed beforehand with the patient.

Contraindications to the use of Tt

Tt is contraindicated in men affected by PCa, breast cancer,
severe lower urinary tract symptoms (LUTS), erythrocy-
tosis (hematocrit (HCT) >50%-52%) and congestive heart
failure. Untreated obstructive sleep apnea (OSA) may be
worsened by Tt,'" hence patients with a diagnosis of OSA
who are not receiving active treatment with continuous
positive airway pressure therapy should not be started on
Tt.

Prostatic diseases

During antenatal and postnatal life prostatic development
and growth is quintessentially androgen dependent, as
demonstrated by the fact that prostate development does
not occur or is rudimental in various disease models with
impaired androgen-AR axis, such as complete androgen
insensitivity>'® and SRDS5A2 deficiency,”!’ prostate size
regresses following long-term castration’'? and increases in
hypogonadal men receiving Tt.* Based on this, it is logical
to question whether Tt and the consequent increase in
serum T concentration is responsible for an exacerbation
of benign prostatic hyperplasia symptoms and/or rises the
risk of PCa.

Lower urinary tract symptoms/benign prostatic hyperplasia
Prostate size and serum PSA increase in hypogonadal men
treated with Tt, however this occurs only to the same extent
as in age-related men with normal gonadal function?"® and
is not associated with increased LUTS, as demonstrated
by meta-analysis'®® 2** and randomized placebo-controlled
trials.’”

Prostate cancer risk

There is no evidence that Tt is associated with increased
PCa risk. In particular, the concept that serum T concen-
tration is positively associated with PCa risk is unproven. If
serum T level were to play a role and increase PCa risk, one
would expect that higher T concentrations are associated
with increased risk and rapid growth of PCa, while low T is
protective and associated with its regression. In contrast to
this, studies have identified positive,>'**1® negative*'” "’ or
no correlation at all*** ?*! between serum T level and PCa
risk. Additionally, there is no difference in serum TT of FT
concentrations between black and white men despite the
increased epidemiological risk of PCa in black compared
with white men.?** Based on these observations, on meta-
analysis*” ?* and on insufficiently powered interventional
studies,” ® no evidence demonstrates that Tt increases the
risk of PCa in hypogonadal men. This important question
will be conclusively answered only once the Testosterone
ReplacementTherapy on the Incidence Of Major Adverse
Cardiovascular Events and Efficacy Measures in Hypogo-
nadal Men (TRAVERSE) trial, a large ongoing placebo-
controlled prospective study, is completed. Data from
a 2005 meta-analysis®* established that men receiving
Tt are at an increased risk of developing prostatic events
(defined as PCa, PSA levels >4 ng/mL or PSA increment
>1.5ng/mL, prostate biopsy and increase in IPSS scores).
The main contributor to this positive association was an
increased number of prostatic biopsies in patients receiving
Tt, however, none of the prostatic events considered was
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individually different between the placebo versus T-treated
groups. Despite the increased number of biopsies in men
receiving Tt, two meta-analysis derived from 19 and 51
studies found no association between Tt and increased
detection of PCa.?” 2%

Monitoring for prostatic diseases

In men of 50-69 years of age with at least 10 years of life
expectancy, ES recommends engaging the patient in the
decision making of monitoring for PCa. If monitoring is
chosen, routine DRE and PSA measurements should take
place at the onset of Tt and after 3 and 12 months. Patients
considering Tt who are between 40 and 69 years with an
increased risk of PCa because of African-Americans descent
or a first-degree relative diagnosed with PCa should be
offered monitoring options. Tt is not recommended without
further urological evaluation in patients with a palpable
prostate nodule or induration, or a PSA concentration of
4ng/mL, or 3ng/mL if at high risk. Furthermore, urological
consultation should be requested when serum PSA concen-
tration increases >1.4 ng/mL within any 12-month period
of Tt, or PSA velocity is >0.4ng/mL/year using the PSA
level obtained after 6 months of T administration as the
reference, or in the presence of American Urological Asso-
ciation (AUA)/IPSS prostate symptom score of >19. In men
over the age of 55 years, it is recommended to calculate the
PCa risk (http://deb.uthscsa.edu/URORiskCalc/Pages/calcs.
jsp). After 1year, monitoring should conform to standard
guidelines for PCa screening.

Erythrocytosis

Erythrocytosis is the most frequent adverse event occurring
in men receiving Tt compared with controls, as demon-
strated by three meta-analysis where the risk to increase
the HCT to >50%, >52%and>54% was increased to
3.69,2% 3.18%% and 8.14," respectively. HCT increases
in both young and old men, but more so in the latter.***
The increase is seen in patients receiving higher doses of
Tt through the intramuscular route and less in patients
treated with transdermal T.*** While the risk of venous
thromboembolism (VTE) increases in relation to HCT
according to epidemiological studies,”*® investigations eval-
uating the occurrence of VTE in men treated with Tt have
demonstrated that increased risk is present only in men
with pre-existent undiagnosed forms of thrombophilia-
hypofibrinolysis.**” When HCT exceeds 52%-549%, clinical
options include decreasing the dose, changing to a trans-
dermal formulation, discontinuing treatment or enrolling
the patient in a program of blood donation. Increased HCT
should also prompt evaluation for OSA.

CV complications

Whether Tt increases or not the risk of CV events is contro-
versial. Despite a substantial number of epidemiological
studies and meta-analysis which have reported an associa-
tion of low T concentrations with higher all-cause mortality
(particularly mortality due to CV disease),'”* 172 228230 e
will be able to conclusively answer this question only after
completion of the TRAVERSE trial, a randomized, blinded
study of topical T versus placebo in men 45-80 years of
age with low T, at least one symptom of hypogonadism and

CV disease or increased risk of CV disease. The primary
end point is the composite of CV death, non-fatal MI or
non-fatal stroke, and the expected follow-up is 60 months
(https://clinicaltrials.gov/ct2/show/NCT03518034). Avail-
able RCTs do not show an association between CV risk and
Tt,” ® however they are short and not powered to conclu-
sively address this issue.

One of the first papers that during the last decade raised
concerns about Tt and CV complications was the ‘Testos-
terone in Older Men with Mobility Limitations’ trial,>*' which
prospectively randomized men aged 65 years and older (mean
age 74 years) with low TT or FT levels to placebo or T gel and
achieved, in the treatment arm, a mean TT level of 574 ng/dL.
The subjects had a high prevalence of chronic conditions such
as coronary artery disease, diabetes, obesity and dyslipidemia.
The study was stopped early because of the finding of exces-
sive CV adverse events in the treatment group (23 out of 106
vs 5 out of 103 in the placebo arm).?*! These events included
acute coronary syndromes and MI, and peripheral edema,
elevated blood pressure and tachycardia that were considered
to be CV in nature by the safety monitoring board. Subse-
quently, two retrospective trials raised additional concern
about the risk of stroke, MI and death in men taking T. The
first study was done in the Veterans Affairs healthcare system,
which evaluated 8709 men who both had a T level checked
and underwent coronary angiography.”** The patients had a
high burden of comorbid disease, including 20% with history
of MI and 50% with diabetes. Fourteen per cent of patients
were initiated on T therapy. The two groups were significantly
different on multiple baseline characteristics, with the group
receiving T having a lower prevalence of cardiac and cerebro-
vascular disease. The unadjusted rate of death, MI and stroke
was lower in the group initiated on T therapy (21% in the
no-T group vs 10% in the treated group).*** Since the groups
were not randomized, however, stabilized inverse probability
of treatment weighting was used to adjust for treatment selec-
tion bias. After adjustment, the primary outcome, the time to
all-cause mortality or to hospitalization for MI or ischemic
stroke in the no-T versus T group was 19.9% vs 25.7%.%
That the statistically derived event rate was so different from
the absolute (unadjusted) event rate has been criticized. In
addition, it has been claimed that 1132 men who had an MI or
stroke and subsequently were treated with T were incorrectly
excluded from analysis, whereas they should have been clas-
sified as not-treated patients, which would have increased the
number of events in the non-T group by 71%, demonstrating
a reduction in mortality with Tt.>** The second trial was a
retrospective cohort study using a database of commercial
insurance and Medicare claims, which evaluated the relative
rate of MI in the 90 days following an initial prescription for
T compared with the 1year prior to the prescription. These
rates were compared with the same statistics preprescription
and postprescription for sildenafil and tadalafil. The MI rate
was increased after T prescription compared with sildenafil
and tadalafil in men aged 65 years and older, and in those
under the age of 65 years with pre-existing heart disease.”’
Important information was excluded: serum T level before and
after initiation of Tt was not reported, so whether the subjects
were indeed affected by hypogonadism and qualified for Tt
could not be determined, nor could it be determined whether
T normalized with treatment, and thus whether the reported
CV events were associated with normal or abnormal level of
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serum T. These two studies were cited by the FDA in their
31 January 2014 Safety Announcement indicating that the
safety of T products would be re-evaluated. In March 2015,
the FDA followed up with an update to the label of T prod-
ucts indicating that they possibly increase risk of heart attacks
and strokes.”® In contrast, the European Medicines Agency
concluded that there is no consistent evidence of an increased
risk of coronary heart disease associated with T therapy in
hypogonadal men. The studies raising CV concern and the
subsequent FDA communication raised controversy centered
around the reliability of non-randomized retrospective studies
in accurately determining the risk of Tt*> and the high profile
given to these studies despite the large number of subsequent
trials showing no increased risk>”*! or reduced risk.***>*
Among the studies that did not find an association between Tt
and CV risk, the most convincing included a series a retrospec-
tive cohort studies on the US veteran population by scientists
at the Kansas City VA Medical Center and the University of
Kansas Medical Center who evaluated outcomes in hypogo-
nadal veterans in the VA healthcare system. In 83 010 veterans
without history of MI or stroke, with documented low T, they
identified the timing of T replacement, and categorized the
included subjects based on whether follow-up T levels were
normalized on therapy or not. In addition, propensity score
inverse probability of treatment weighting was used to balance
the measured covariates between the groups. The all-cause
mortality, risk of MI and risk of stroke were all significantly
lower in the group of hypogonadal veterans who received
treatment with subsequent normalization of T compared with
those who were not treated (HR, 95%CI, respectively: all
cause mortality 0.44, 0.42 to 0.46; MI 0.76, 0.63 to 0.93;
stroke 0.64, 0.43 to 0.96). The subjects who were treated
but did not normalize serum T level saw no benefit.>” When
the group evaluated 18055 hypogonadal veterans of known
smoking status who received T therapy, the results showed
that the current smokers were at increased risk of all-cause
mortality, MI and stroke compared with the non-smokers,
and all-cause mortality, but not MI or stroke, was reduced in
the smokers whose T was normalized compared with those in
whom the T was not normalized.**® When the methodology
was applied to 71407 hypogonadal veterans without known
history of prior DVT, cancer or hypercoagulable state, there
was no significant difference in the DVT-free survival among
the men who were treated with T and normalized, treated but
not normalized or not treated.**’

In summary, while it is fair to state that this topic is conten-
tious, it also should be recognized that the evidence goes in
both directions. Hence, during daily practice we advise to
inform patients of the controversies existing on this topic,
and we do endorse the 2018 ES guidelines recommending
against Tt only in men with uncontrolled heart failure, MI
or stroke within the last 6 months. "’

Contributors Both authors contributed to writing paper.

Funding The authors have not declared a specific grant for this research from
any funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.
Patient consent for publication Not required.
Provenance and peer review Commissioned; internally peer reviewed.

ORCID iD
Marco Marcelli http://orcid.org/0000-0003-3935-4116

REFERENCES

1 Hamilton JB. Treatment of sexual UNDERDEVELOPMENT with synthetic male
hormone SUBSTANCE 1. Endocrinology 1937;21:649-54.

2 Nguyen CP, Hirsch MS, Moeny D, et al. Testosterone and "Age-Related
Hypogonadism” — FDA Concerns. N Engl J Med2015;373:689-91.

3 Snyder PJ, Peachey H, Berlin JA, et al. Effects of testosterone replacement in
hypogonadal men. J Clin Endocrinol Metab 2000;85:2670-7.

4 Katznelson L, Finkelstein JS, Schoenfeld DA, et al. Increase in bone density
and lean body mass during testosterone administration in men with acquired
hypogonadism. J Clin Endocrinol Metab 1996;81:4358-65.

5 Seftel AD, Mack RJ, Secrest AR, et al. Restorative increases in serum
testosterone levels are significantly correlated to improvements in sexual
functioning. J Androl 2004;25:963-72.

6 Paduch DA, Polzer PK, Ni X, et al. Testosterone replacement in androgen-
deficient men with ejaculatory dysfunction: a randomized controlled trial. /
Clin Endocrinol Metab 2015;100:2956—62.

7 Snyder PJ, Bhasin S, Cunningham GR, et al. Effects of testosterone treatment
in older men. N Engl J Med 2016;374:611-24.

8 Brock G, Heiselman D, Maggi M, et al. Effect of Testosterone Solution 2%
on Testosterone Concentration, Sex Drive and Energy in Hypogonadal Men:
Results of a Placebo Controlled Study. J Uro/ 2016;195:699-705.

9 Yeap BB, Grossmann M, McLachlan RI, et a/. Endocrine Society of Australia
position statement on male hypogonadism (Part 2): treatment and therapeutic
considerations. Med J Aust 2016;205:228-31.

10 Bhasin S, Brito JP, Cunningham GR, et al. Testosterone therapy in men with
hypogonadism: an endocrine Society* clinical practice guideline. J Clin
Endocrinol Metab 2018;103:1715-44.

11 Bhasin S, Cunningham GR, Hayes FJ, et a/. Testosterone therapy in men
with androgen deficiency syndromes: an endocrine Society clinical practice
guideline. J Clin Endocrinol Metab 2010;95:2536-59.

12 Layton JB, Li D, Meier CR, et a/. Testosterone lab testing and initiation in
the United Kingdom and the United States, 2000 to 2011.J Clin Endocrinol
Metab 2014;99:835-42.

13 Wang C, Nieschlag E, Swerdloff R, et al. Investigation, treatment
and monitoring of late-onset hypogonadism in males. Int J Androl
2009;32:1-10.

14 Huhtaniemi I. Late-Onset hypogonadism: current concepts and
controversies of pathogenesis, diagnosis and treatment. Asian J Androl
2014;16:192-202.

15 Khera M, Broderick GA, Carson CC, et al. Adult-Onset hypogonadism. Mayo
Clin Proc 2016;91:908-26.

16 Manna PR, Stocco DM. Regulation of the steroidogenic acute regulatory
protein expression: functional and physiological consequences. Curr Drug
Targets Immune Endocr Metabol Disord 2005;5:93-108.

17 Lejeune H, Sanchez P, Chuzel F, et a/. Time-Course effects of human
recombinant luteinizing hormone on porcine Leydig cell specific differentiated
functions. Mol Cell Endocrinol 1998;144:59-69.

18 Herbison AE, Theodosis DT. Immunocytochemical identification of oestrogen
receptors in preoptic neurones containing calcitonin gene-related peptide in
the male and female rat. Neuroendocrinology 1992;56:761-4.

19 Seminara SB, Messager S, Chatzidaki EE, et al. The GPR54 Gene as a
Regulator of Puberty. N £ngl J Med 2003;349:1614-27.

20 de Roux N, Genin E, Carel J-C, et al. Hypogonadotropic hypogonadism due to
loss of function of the KiSS1-derived peptide receptor GPR54. Proc Nat/ Acad
SciUSA 2003;100:10972-6.

21 Uenoyama Y, Inoue N, Pheng V, et al. Ultrastructural evidence of kisspeptin-
gonadotrophin-releasing hormone (GnRH) interaction in the median
eminence of female rats: implication of axo-axonal regulation of GnRH
release. / Neuroendocrinol 2011;23:863-70.

22 Lehman MN, Coolen LM, Goodman RL. Minireview: kisspeptin/neurokinin
B/dynorphin (KNDy) cells of the arcuate nucleus: a central node in the
control of gonadotropin-releasing hormone secretion. Endocrinology
2010;151:3479-89.

23 Topaloglu AK, Reimann F, Guclu M, et al. TAC3 and TACR3 mutations in
familial hypogonadotropic hypogonadism reveal a key role for neurokinin B in
the central control of reproduction. Nat Genet 2009;41:354-8.

24 Young J, George JT, Tello JA, et al. Kisspeptin restores pulsatile LH secretion
in patients with neurokinin B signaling deficiencies: physiological,
pathophysiological and therapeutic implications. Neuroendocrinology
2013;97:193-202.

25 Pitteloud N, Dwyer AA, DeCruz S, et a/. Inhibition of luteinizing hormone
secretion by testosterone in men requires aromatization for its pituitary but
not its hypothalamic effects: evidence from the tandem study of normal and
gonadotropin-releasing hormone-deficient men. J Clin Endocrinol Metab
2008;93:784-91.

Marcelli M, Mediwala SN. J Investig Med 2020;68:335-356. doi:10.1136/jim-2019-001233 351

yBuAdos Aq pajoaloid 1sanb Aq 20g ‘8T |1udy UO /:3]} WOy papeojumoq ‘020g Afenuer 2z uo ££2T00-6T0Z-WI9ETT 0T Se paysiiand 1s1y :paiN Busanu| ¢


http://orcid.org/0000-0003-3935-4116
http://dx.doi.org/10.1210/endo-21-5-649
http://dx.doi.org/10.1056/NEJMp1506632
http://dx.doi.org/10.1210/jc.85.8.2670
http://dx.doi.org/10.1002/j.1939-4640.2004.tb03169.x
http://dx.doi.org/10.1210/jc.2014-4434
http://dx.doi.org/10.1210/jc.2014-4434
http://dx.doi.org/10.1056/NEJMoa1506119
http://dx.doi.org/10.1016/j.juro.2015.10.083
http://dx.doi.org/10.5694/mja16.00448
http://dx.doi.org/10.1210/jc.2018-00229
http://dx.doi.org/10.1210/jc.2018-00229
http://dx.doi.org/10.1210/jc.2009-2354
http://dx.doi.org/10.1210/jc.2013-3570
http://dx.doi.org/10.1210/jc.2013-3570
http://dx.doi.org/10.1111/j.1365-2605.2008.00924.x
http://dx.doi.org/10.4103/1008-682X.122336
http://dx.doi.org/10.1016/j.mayocp.2016.04.022
http://dx.doi.org/10.1016/j.mayocp.2016.04.022
http://dx.doi.org/10.2174/1568008053174714
http://dx.doi.org/10.2174/1568008053174714
http://dx.doi.org/10.1016/S0303-7207(98)00153-1
http://dx.doi.org/10.1159/000126304
http://dx.doi.org/10.1056/NEJMoa035322
http://dx.doi.org/10.1073/pnas.1834399100
http://dx.doi.org/10.1073/pnas.1834399100
http://dx.doi.org/10.1111/j.1365-2826.2011.02199.x
http://dx.doi.org/10.1210/en.2010-0022
http://dx.doi.org/10.1038/ng.306
http://dx.doi.org/10.1159/000336376
http://dx.doi.org/10.1210/jc.2007-2156

26 Q'Hara L, Curley M, Tedim Ferreira M, et al. Pituitary androgen receptor 55 Antonio L, Wu FCW, O'Neill TW, et al. Low free testosterone is associated with
signalling regulates prolactin but not gonadotrophins in the male mouse. hypogonadal signs and symptoms in men with normal total testosterone. J
PLoS One 2015;10:0121657. Clin Endocrinol Metab 2016;101:2647-57.

27 Mauras N, O'Brien KO, Klein KO. Estrogen suppression in males: metabolic 56 Rosner W. The functions of corticosteroid-binding globulin and sex hormone-
effects. J Clin Endocrinol Metab 2000;85:2370-7. binding globulin: recent Advances*. Endocr Rev 1990;11:80-91.

28 Rochira V, Carani C. Aromatase deficiency in men: a clinical perspective. Nat 57 Wickham EP, Ewens KG, Legro RS, et al. Polymorphisms in the SHBG gene
Rev Endocrinol 2009;5:559-68. influence serum SHBG levels in women with polycystic ovary syndrome. J Clin

29 Smith EP, Boyd J, Frank GR, et a/. Estrogen resistance caused by a mutation in Endocrinol Metab 2011;96:E719-27.
the estrogen-receptor gene in a man. N Engl / Med 1994;331:1056-61. 58 Hammond GL, Ruokonen A, Kontturi M, et al. The simultaneous

30 Hayes FJ, DeCruz S, Seminara SB, et al. Differential regulation of gonadotropin radioimmunoassay of seven steroids in human spermatic and peripheral
secretion by testosterone in the human male: absence of a negative feedback venous blood. J Clin Endocrinol Metab 1977;45:16-24.
effect of testosterone on follicle-stimulating hormone secretion. J Clin 59 Sanford EJ, Paulson DF, Rohner TJ, et al. The effects of castration on
Endocrinol Metab 2001;86:53-8. adrenal testosterone secretion in men with prostatic carcinoma. J Urol

31 Marques P, Skorupskaite K, George JTFeingold KR, Anawalt B, Boyce A, et al, 1977;118:1019-21.
eds. Endotext. South Dartmouth (MA), 2018. 60 Bardin C, Catterall J. Testosterone: a major determinant of extragenital sexual

32 Smith JT, Cunningham MJ, Rissman EF, et al. Regulation of Kiss1 dimorphism. Science 1981;211:1285-94.

Gene Expression in the Brain of the Female Mouse. Endocrinology 61 Liao S, Liang T, Fang S, et al. Steroid structure and androgenic activity.
2005;146:3686-92. specificities involved in the receptor binding and nuclear retention of various

33 Navarro VM, Gottsch ML, Wu M, et al. Regulation of NKB pathways and androgens. J Biol Chem 1973;248:6154-62.
their roles in the control of KISS1 neurons in the arcuate nucleus of the male 62 Deslypere J-P, Young M, Wilson JD, et al. Testosterone and
mouse. Endocrinology 2011;152:4265-75. 5a-dihydrotestosterone interact differently with the androgen receptor to

34 Huhtaniemi IT, Warren DW, Catt KJ. Functional maturation of rat testis Leydig enhance transcription of the MMTV-CAT reporter gene. Mol Cell Endocrinol
cells. Ann N'Y Acad Sci 1984;438:283-303. 1992;88:15-22.

35 Huhtaniemi |, Pelliniemi LJ. Fetal Leydig cells: cellular origin, morphology, life 63 Grino PB, Griffin JE, Wilson JD. Testosterone at high concentrations interacts
span, and special functional features. Exp Biol Med 1992;201:125-40. with the human androgen receptor similarly to Dihydrotestosterone*.

36 Reyes Fl, Boroditsky RS, Winter JSD, et al. Studies on human sexual Endocrinology 1990;126:1165-72.
development. II. Fetal and maternal serum gonadotropin and sex steroid 64 Bhasin S, Travison TG, Storer TW, et al. Effect of testosterone
concentrations. J Clin Endocrinol Metab 1974;38:612-7. supplementation with and without a dual 5o-reductase inhibitor on

37 0'Shaughnessy PJ, Fowler PA. Endocrinology of the mammalian fetal testis. fat-free mass in men with suppressed testosterone production. JAMA
Reproduction 2011;141:37-46. 2012;307:931-9.

38 Mulchahey JJ, DiBLASIO AM, Martin MC, et al. Hormone production 65 Imperato-McGinley J, Zhu Y-S. Androgens and male physiology the syndrome
and peptide regulation of the human fetal pituitary Gland*. Endocr Rev of 5ai-reductase-2 deficiency. Mol Cell Endocrinol 2002;198:51-9.
1987;8:406-25. 66 Sartorius G, Spasevska S, Idan A, et al. Serum testosterone,

39 Weiss J, Axelrod L, Whitcomb RW, et al. Hypogonadism caused by a single dihydrotestosterone and estradiol concentrations in older men self-reporting
amino acid substitution in the B subunit of luteinizing hormone. N Engl J Med very good health: the healthy man study. Clin Endocrinol 2012;77:755-63.
1992;326:179-83. 67 Yeap BB, Aimeida OP, Hyde Z, et al. Healthier lifestyle predicts higher

40 Latronico AC, Arnhold 1JP. Inactivating mutations of LH and FSH receptors-- circulating testosterone in older men: the health in men study. Clin Endocrinol
from genotype to phenotype. Pediatr Endocrinol Rev 2006;4:28-31. 2009;70:455-63.

41 Wilson JD, Griffin JE, Russell DW. Steroid 5 alpha-reductase 2 deficiency. 68 Nieschlag E, Lammers U, Freischem CW, et al. Reproductive functions in
Endocr Rev 1993;14:577-93. young fathers and grandfathers. J Clin Endocrinol Metab 1982;55:676-81.

42 Bay K, Main KM, Toppari J, et al. Testicular descent: INSL3, testosterone, genes 69 Wu FCW, Tajar A, Beynon JM, et al. Identification of late-onset hypogonadism
and the intrauterine milieu. Nat Rev Urol 2011;8:187-96. in middle-aged and elderly men. N Engl J Med 2010;363:123-35.

43 Corbier P, Dehennin L, Castanier M, et al. Sex differences in serum luteinizing 70 Gray A, Feldman HA, McKinlay JB, et al. Age, disease, and changing sex
hormone and testosterone in the human neonate during the first few hours hormone levels in middle-aged men: results of the Massachusetts male aging
after Birth*. J Clin Endocrinol Metab 1990;71:1344-8. Study*. J Clin Endocrinol Metab 1991;73:1016-25.

44 Boas M, Boisen KA, Virtanen HE, et al. Postnatal penile length and growth 71 Feldman HA, Longcope C, Derby CA, et al. Age trends in the level of
rate correlate to serum testosterone levels: a longitudinal study of 1962 serum testosterone and other hormones in middle-aged men: longitudinal
normal boys. Eur J Endocrinol 2006;154:125-9. results from the Massachusetts male aging study. J Clin Endocrinol Metab

45 Kuijper EAM, van Kooten J, Verbeke JIML, et al. Ultrasonographically measured 2002;87:589-98.
testicular volumes in 0- to 6-year-old boys. Hum Reprod 2008;23:792-6. 72 Travison TG, Vesper HW, Orwoll E, et al. Harmonized reference ranges for

46 Goldman AL, Bhasin S, Wu FCW, et al. A reappraisal of testosterone’s circulating testosterone levels in men of four cohort studies in the United
binding in circulation: physiological and clinical implications. Endocr Rev States and Europe. J Clin Endocrinol Metab 2017;102:1161-73.
2017;38:302-24. 73 Well D, Yang H, Houseni M, et al. Age-Related structural and metabolic

47 Zakharov MN, Bhasin S, Travison TG, et a/. A multi-step, dynamic allosteric changes in the pelvic reproductive end organs. Semin Nucl Med
model of testosterone’s binding to sex hormone binding globulin. Mol Cell 2007;37:173-84.

Endocrinol 2015;399:190-200. 74 Mahmoud AM, Goemaere S, EI-Garem Y, et al. Testicular volume in relation to

48 Mendel CM. The free hormone hypothesis: a physiologically based hormonal indices of gonadal function in community-dwelling elderly men. J
mathematical Model™. Endocr Rev 1989;10:232-74. Clin Endocrinol Metab 2003;88:179-84.

49 Manni A, Pardridge WM, Cefalu W, et al. Bioavailability of albumin-bound 75 Neaves WB, Johnson L, Porter JC, et al. Leydig cell numbers, daily sperm
testosterone. J Clin Endocrinol Metab 1985;61:705-10. production, and serum gonadotropin levels in aging men. J Clin Endocrinol

50 Damassa DA, Lin TM, Sonnenschein C, et al. Biological effects of sex Metab 1984;59:756-63.
hormone-binding globulin on androgen-induced proliferation and androgen 76 Sasano N, Ichijo S. Vascular patterns of the human testis with special
metabolism in LNCaP prostate Cells*. Endocrinology 1991;129:75-84. reference to its senile changes. Tohoku J Exp Med 1969;99:269-80.

51 Giorgi EP, Stein WD. The transport of steroids into animal cells in culture. 77 Kidd SA, Eskenazi B, Wyrobek AJ. Effects of male age on semen quality and
Endocrinology 1981;108:688-97. fertility: a review of the literature. Fertil Steril 2001;75:237-48.

52 Lasnitzki I, Franklin HR. The influence of serum on uptake, conversion and 78 Begueria R, Garcia D, Obradors A, et al. Paternal age and assisted
action of testosterone in rat prostate glands in organ culture. J Endocrinol reproductive outcomes in ICSI donor oocytes: is there an effect of older
1972;54:333-NP. fathers? Hum Reprod 2014;29:2114-22.

53 Vos MJ, Mijnhout GS, Rondeel JMM, et al. Sex hormone binding globulin 79 Dakouane M, Bicchieray L, Bergere M, et al. A histomorphometric and
deficiency due to a homozygous missense mutation. J Clin Endocrinol Metab cytogenetic study of testis from men 29-102 years old. Fertil Steril
2014;99:E1798-802. 2005;83:923-8.

54 van den Beld AW, de Jong FH, Grobbee DE, et al. Measures of bioavailable 80 Johnson L, Petty CS, Neaves WB. Influence of age on sperm production and
serum testosterone and estradiol and their relationships with muscle strength, testicular weights in men. Reproduction 1984;70:211-8.
bone density, and body composition in elderly men. J Clin Endocrinol Metab 81 Dhindsa S, Miller MG, McWhirter CL, et al. Testosterone concentrations in
2000;85:3276-82. diabetic and nondiabetic obese men. Diabetes Care 2010;33:1186-92.

352 Marcelli M, Mediwala SN. / Investig Med 2020;68:335-356. doi:10.1136/jim-2019-001233

yBuAdos Aq pajoaloid 1sanb Aq 20g ‘8T |1udy UO /:3]} WOy papeojumoq ‘020g Afenuer 2z uo ££2T00-6T0Z-WI9ETT 0T Se paysiiand 1s1y :paiN Busanu| ¢


http://dx.doi.org/10.1371/journal.pone.0121657
http://dx.doi.org/10.1210/jc.85.7.2370
http://dx.doi.org/10.1038/nrendo.2009.176
http://dx.doi.org/10.1038/nrendo.2009.176
http://dx.doi.org/10.1056/NEJM199410203311604
http://dx.doi.org/10.1210/jcem.86.1.7101
http://dx.doi.org/10.1210/jcem.86.1.7101
http://dx.doi.org/10.1210/en.2005-0488
http://dx.doi.org/10.1210/en.2011-1143
http://dx.doi.org/10.1111/j.1749-6632.1984.tb38293.x
http://dx.doi.org/10.3181/00379727-201-43493
http://dx.doi.org/10.1210/jcem-38-4-612
http://dx.doi.org/10.1530/REP-10-0365
http://dx.doi.org/10.1210/edrv-8-4-406
http://dx.doi.org/10.1056/NEJM199201163260306
http://www.ncbi.nlm.nih.gov/pubmed/17021580
http://dx.doi.org/10.1210/er.14.5.577
http://dx.doi.org/10.1038/nrurol.2011.23
http://dx.doi.org/10.1210/jcem-71-5-1344
http://dx.doi.org/10.1530/eje.1.02066
http://dx.doi.org/10.1093/humrep/den021
http://dx.doi.org/10.1210/er.2017-00025
http://dx.doi.org/10.1016/j.mce.2014.09.001
http://dx.doi.org/10.1016/j.mce.2014.09.001
http://dx.doi.org/10.1210/edrv-10-3-232
http://dx.doi.org/10.1210/jcem-61-4-705
http://dx.doi.org/10.1210/endo-129-1-75
http://dx.doi.org/10.1210/endo-108-2-688
http://dx.doi.org/10.1677/joe.0.0540333
http://dx.doi.org/10.1210/jc.2014-2055
http://dx.doi.org/10.1210/jc.2015-4106
http://dx.doi.org/10.1210/jc.2015-4106
http://dx.doi.org/10.1210/edrv-11-1-80
http://dx.doi.org/10.1210/jc.2010-1842
http://dx.doi.org/10.1210/jc.2010-1842
http://dx.doi.org/10.1210/jcem-45-1-16
http://dx.doi.org/10.1016/S0022-5347(17)58283-X
http://dx.doi.org/10.1126/science.7010603
http://dx.doi.org/10.1016/0303-7207(92)90004-P
http://dx.doi.org/10.1210/endo-126-2-1165
http://dx.doi.org/10.1001/jama.2012.227
http://dx.doi.org/10.1016/S0303-7207(02)00368-4
http://dx.doi.org/10.1111/j.1365-2265.2012.04432.x
http://dx.doi.org/10.1111/j.1365-2265.2008.03372.x
http://dx.doi.org/10.1210/jcem-55-4-676
http://dx.doi.org/10.1056/NEJMoa0911101
http://dx.doi.org/10.1210/jcem-73-5-1016
http://dx.doi.org/10.1210/jcem.87.2.8201
http://dx.doi.org/10.1210/jc.2016-2935
http://dx.doi.org/10.1053/j.semnuclmed.2007.01.004
http://dx.doi.org/10.1210/jc.2002-020408
http://dx.doi.org/10.1210/jc.2002-020408
http://dx.doi.org/10.1210/jcem-59-4-756
http://dx.doi.org/10.1210/jcem-59-4-756
http://dx.doi.org/10.1620/tjem.99.269
http://dx.doi.org/10.1016/S0015-0282(00)01679-4
http://dx.doi.org/10.1093/humrep/deu189
http://dx.doi.org/10.1016/j.fertnstert.2004.12.005
http://dx.doi.org/10.1530/jrf.0.0700211
http://dx.doi.org/10.2337/dc09-1649

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Bawor M, Bami H, Dennis BB, et al. Testosterone suppression in opioid users:
a systematic review and meta-analysis. Drug Alcohol Depend 2015;149:1-9.
Malkin CJ, Channer KS, Jones TH. Testosterone and heart failure. Curr Opin
Endocrinol Diabetes Obes 2010;17:262-8.

Grossmann M, Hoermann R, Gani L, et al. Low testosterone levels as an
independent predictor of mortality in men with chronic liver disease. Clin
Endocrinol 2012;77:323-8.

Khurana KK, Navaneethan SD, Arrigain S, et al. Serum testosterone levels and
mortality in men with CKD stages 3-4. Am J Kidney Dis 2014;64:367-74.
Svartberg J. Androgens and chronic obstructive pulmonary disease. Curr Opin
Endocrinol Diabetes Obes 2010;17:257-61.

Pakpoor J, Goldacre R, Goldacre MJ. Associations between clinically
diagnosed testicular hypofunction and systemic lupus erythematosus: a record
linkage study. Clin Rheumatol 2018;37:559-62.

Koller MDet al. Pituitary function in patients with newly diagnosed untreated
systemic lupus erythematosus. Ann Rheum Dis 2004;63:1677-80.

Garcia JM, Li H, Mann D, et a/. Hypogonadism in male patients with cancer.
Cancer 2006;106:2583-91.

Mylonakis E, Koutkia P, Grinspoon S. Diagnosis and treatment of androgen
deficiency in human immunodeficiency Virus—Infected men and women. Clin
Infect Dis 2001;33:857-64.

Wang C, Chan V, Tse TF, et al. Effect of acute myocardial infarction on
pituitary-testicular function. Clin Endocrinol 1978;9:249-53.

Ring J, Heinelt M, Sharma S, et a/. Oxandrolone in the treatment of burn
injuries: a systematic review and meta-analysis. Journal of Burn Care Research
2019;154.

Ballinger AB, SAVAGE, AND MO, Sanderson IANR. Delayed puberty associated
with inflammatory bowel disease. Pediiatr Res 2003;53:205-10.

Nierman DM, Mechanick JI. Hypotestosteronemia in chronically critically ill
men. Crit Care Med 1999;27:2418-21.

Luppa P, Munker R, Nagel D, et al. Serum androgens in intensive-care
patients: correlations with clinical findings. Clin Endocrinol 1991;34:305-10.
Daniell HW, Lentz R, Mazer NA. Open-Label pilot study of testosterone

patch therapy in men with opioid-induced androgen deficiency. J Pain
2006;7:200-10.

van Staa TP, Leufkens HGM, Cooper C, et a/. The epidemiology of
corticosteroid-induced osteoporosis: a meta-analysis. Osteoporos Int
2002;13:777-817.

Dong Q, Hawker F, McWilliam D, et al. Circulating immunoreactive

inhibin and testosterone levels in men with critical illness. Clin Endocrinol
1992;36:399-404.

FCW, Tajar A, Pye SR, et al. Hypothalamic-Pituitary-Testicular axis disruptions
in older men are differentially linked to age and modifiable risk factors: the
European male aging study. J Clin Endocrinol Metab 2008;93:2737-45.
Grossmann M. Low testosterone in men with type 2 diabetes: significance
and treatment. J Clin Endocrinol Metab 2011;96:2341-53.

Stanik S, Dornfeld LP, Maxwell MH, et al. The effect of weight loss

on reproductive hormones in obese men. J Clin Endocrinol Metab
1981;53:828-32.

Dhindsa S, Furlanetto R, Vora M, et al. Low estradiol concentrations in men
with subnormal testosterone concentrations and type 2 diabetes. Diabetes
Care 2011;34:1854-9.

Yeap BB, Alfonso H, Chubb SAP, et al. Reference ranges and determinants of
testosterone, dihydrotestosterone, and estradiol levels measured using liquid
chromatography-tandem mass spectrometry in a population-based cohort of
older men. J Clin Endocrinol Metab 2012;97:4030-9.

Tajar A, Forti G, O'Neill TW, et al. Characteristics of secondary, primary, and
compensated hypogonadism in aging men: evidence from the European male
ageing study. J Clin Endocrinol Metab 2010;95:1810-8.

Ghanim H, Dhindsa S, Abuaysheh S, et al. Diminished androgen and estrogen
receptors and aromatase levels in hypogonadal diabetic men: reversal with
testosterone. Eur J Endocrinol 2018;62:277-83.

Grossmann M, Thomas MC, Panagiotopoulos S, et al. Low testosterone levels
are common and associated with insulin resistance in men with diabetes. J
Clin Endocrinol Metab 2008;93:1834—40.

Kapoor D, Aldred H, Clark S, et a/. Clinical and biochemical assessment of
hypogonadism in men with type 2 diabetes: correlations with bioavailable
testosterone and visceral adiposity. Diabetes Care 2007;30:911-7.

Chandel A, Dhindsa S, Topiwala S, et al. Testosterone concentration in young
patients with diabetes. Diabetes Care 2008;31:2013-7.

Mogri M, Dhindsa S, Quattrin T, et al. Testosterone concentrations in young
pubertal and post-pubertal obese males. Clin Endocrinol 2013;78:593-9.
Vandewalle S, Taes Y, Fiers T, et al. Sex steroids in relation to sexual and
skeletal maturation in obese male adolescents. / Clin Endocrinol Metab
2014;99:2977-85.

m

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Tomar R, Dhindsa S, Chaudhuri A, et a/. Contrasting testosterone

concentrations in type 1 and type 2 diabetes. Diabetes Care 2006;29:1120-2.

Escobar-Morreale HF, Santacruz E, Luque-Ramirez M, et al. Prevalence of
‘obesity-associated gonadal dysfunction” in severely obese men and women
and its resolution after bariatric surgery: a systematic review and meta-
analysis. Hum Reprod Update 2017;23:390-408.

Kapoor D, Channer KS, Jones TH. Rosiglitazone increases bioactive
testosterone and reduces waist circumference in hypogonadal men with type
2 diabetes. Diab Vasc Dis Res 2008;5:135-7.

George JT, Veldhuis JD, Tena-Sempere M, et al. Exploring the
pathophysiology of hypogonadism in men with type 2 diabetes:
Kisspeptin-10 stimulates serum testosterone and LH secretion in men
with type 2 diabetes and mild biochemical hypogonadism. Clin Endocrinol
2013;79:100-4.

Castellano JM, Navarro VM, Roa J, et al. Alterations in hypothalamic KiSS-1
system in experimental diabetes: early changes and functional consequences.
Endocrinology 2009;150:784-94.

Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin
Invest 2006;116:1793-801.

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature 2006;444:840-6.

Martos-Moreno G.A., Chowen JA, Argente J. Metabolic signals in

human puberty: effects of over and undernutrition. Mo/ Cell Endocrinol
2010;324:70-81.

Kaprara A, Huhtaniemi IT. The hypothalamus-pituitary-gonad axis: tales of
mice and men. Metabolism 2018;86:3—17.

Harter CJL, Kavanagh GS, Smith JT. The role of kisspeptin neurons in
reproduction and metabolism. J Endocrino/ 2018;238:R173-83.

Forbes S, Li XF, Kinsey-Jones J, et al. Effects of ghrelin on kisspeptin mRNA
expression in the hypothalamic medial preoptic area and pulsatile luteinising
hormone secretion in the female rat. Neurosci Lett 2009;460:143-7.
Wahab F, Atika B, Ullah F, et al. Metabolic impact on the hypothalamic
Kisspeptin-Kiss 1r signaling pathway. front Endocrinol 2018;9:123.
Sarchielli E, Comeglio P, Squecco R, et al. Tumor necrosis factor-o. impairs
kisspeptin signaling in human gonadotropin-releasing hormone primary
neurons. J Clin Endocrinol Metab 2017;102:46-56.

Roa J, Barroso A, Ruiz-Pino F, et al. Metabolic regulation of female puberty
via hypothalamic AMPK—kisspeptin signaling. Proc Natl Acad Sci U S A
2018;115:E10758-67.

Andersson U, Filipsson K, Abbott CR, et al. Amp-Activated protein kinase
plays a role in the control of food intake. J Biol Chem 2004;279:12005-8.
Minokoshi Y, Alquier T, Furukawa N, et al. Amp-Kinase regulates food intake
by responding to hormonal and nutrient signals in the hypothalamus. Nature
2004;428:569-74.

Wong HK, Hoermann R, Grossmann M. Reversible male hypogonadotropic
hypogonadism due to energy deficit. Clin Endocrinol 2019;52.

Faroogi IS, Matarese G, Lord GM, et al. Beneficial effects of leptin on obesity,
T cell hyporesponsiveness, and neuroendocrine/metabolic dysfunction of
human congenital leptin deficiency. J Clin Invest 2002;110:1093-103.
Quennell JH, Mulligan AC, Tups A, et al. Leptin indirectly regulates
gonadotropin-releasing hormone neuronal function. Endocrinology
2009;150:2805-12.

Smith JT, Acohido BV, Clifton DK, et al. Kiss-1 neurones are direct targets for
leptin in the ob/ob mouse. J Neuroendocrinol 2006;18:298-303.

Yang Y, Atasoy D, Su HH, et al. Hunger states switch a flip-flop memory
circuit via a synaptic AMPK-dependent positive feedback loop. Cel/
2011;146:992-1003.

Backholer K, Smith JT, Rao A, et al. Kisspeptin cells in the ewe brain respond
to leptin and communicate with neuropeptide Y and proopiomelanocortin
cells. Endocrinology 2010;151:2233-43.

Donato J, Frazéo R, Frazéo R, et al. Leptin’s effect on puberty in mice is
relayed by the ventral premammillary nucleus and does not require signaling
in Kiss1 neurons. J Clin Invest 2011;121:355-68.

Cravo RM, Frazao R, Perello M, et al. Leptin signaling in KISS1 neurons arises
after pubertal development. PLoS One 2013;8:e58698.

Pusztai P, Sarman B, Ruzicska E, et al. Ghrelin: a new peptide requlating

the neurohormonal system, energy homeostasis and glucose metabolism.
Diabetes Metab Res Rev 2008;24:343-52.

Tena-Sempere M, Ghrelin T-SM. Ghrelin, the gonadal axis and the onset of
puberty. Endocr Dev 2013;25:69-82.

Sliwowska JH, Fergani C, Gawatek M, et a/. Insulin: its role in the central
control of reproduction. Physiol Behav 2014;133:197-206.

Kullmann S, Heni M, Hallschmid M, et a/. Brain insulin resistance at the
crossroads of metabolic and cognitive disorders in humans. Physiol Rev
2016;96:1169-209.

Marcelli M, Mediwala SN. J Investig Med 2020;68:335-356. doi:10.1136/jim-2019-001233

353

yBuAdos Aq pajoaloid 1sanb Aq 20g ‘8T |1udy UO /:3]} WOy papeojumoq ‘020g Afenuer 2z uo ££2T00-6T0Z-WI9ETT 0T Se paysiiand 1s1y :paiN Busanu| ¢


http://dx.doi.org/10.1016/j.drugalcdep.2015.01.038
http://dx.doi.org/10.1097/MED.0b013e328339543e
http://dx.doi.org/10.1097/MED.0b013e328339543e
http://dx.doi.org/10.1111/j.1365-2265.2012.04347.x
http://dx.doi.org/10.1111/j.1365-2265.2012.04347.x
http://dx.doi.org/10.1053/j.ajkd.2014.03.010
http://dx.doi.org/10.1097/MED.0b013e3283369da6
http://dx.doi.org/10.1097/MED.0b013e3283369da6
http://dx.doi.org/10.1007/s10067-017-3873-5
http://dx.doi.org/10.1136/ard.2003.018325
http://dx.doi.org/10.1002/cncr.21889
http://dx.doi.org/10.1086/322695
http://dx.doi.org/10.1086/322695
http://dx.doi.org/10.1111/j.1365-2265.1978.tb02207.x
http://dx.doi.org/10.1093/jbcr/irz155
http://dx.doi.org/10.1203/00006450-200302000-00002
http://dx.doi.org/10.1097/00003246-199911000-00016
http://dx.doi.org/10.1111/j.1365-2265.1991.tb03771.x
http://dx.doi.org/10.1016/j.jpain.2005.10.009
http://dx.doi.org/10.1007/s001980200108
http://dx.doi.org/10.1111/j.1365-2265.1992.tb01466.x
http://dx.doi.org/10.1210/jc.2011-0118
http://dx.doi.org/10.1210/jcem-53-4-828
http://dx.doi.org/10.2337/dc11-0208
http://dx.doi.org/10.2337/dc11-0208
http://dx.doi.org/10.1210/jc.2012-2265
http://dx.doi.org/10.1210/jc.2009-1796
http://dx.doi.org/10.1530/EJE-17-0673
http://dx.doi.org/10.1210/jc.2007-2177
http://dx.doi.org/10.1210/jc.2007-2177
http://dx.doi.org/10.2337/dc06-1426
http://dx.doi.org/10.2337/dc08-0851
http://dx.doi.org/10.1111/cen.12018
http://dx.doi.org/10.1210/jc.2014-1452
http://dx.doi.org/10.2337/dc06-0197
http://dx.doi.org/10.1093/humupd/dmx012
http://dx.doi.org/10.3132/dvdr.2008.022
http://dx.doi.org/10.1111/cen.12103
http://dx.doi.org/10.1210/en.2008-0849
http://dx.doi.org/10.1172/JCI29069
http://dx.doi.org/10.1172/JCI29069
http://dx.doi.org/10.1038/nature05482
http://dx.doi.org/10.1016/j.mce.2009.12.017
http://dx.doi.org/10.1016/j.metabol.2017.11.018
http://dx.doi.org/10.1530/JOE-18-0108
http://dx.doi.org/10.1016/j.neulet.2009.05.060
http://dx.doi.org/10.3389/fendo.2018.00123
http://dx.doi.org/10.1210/jc.2016-2115
http://dx.doi.org/10.1073/pnas.1802053115
http://dx.doi.org/10.1074/jbc.C300557200
http://dx.doi.org/10.1038/nature02440
http://dx.doi.org/10.1111/cen.13973
http://dx.doi.org/10.1172/JCI0215693
http://dx.doi.org/10.1210/en.2008-1693
http://dx.doi.org/10.1111/j.1365-2826.2006.01417.x
http://dx.doi.org/10.1016/j.cell.2011.07.039
http://dx.doi.org/10.1210/en.2009-1190
http://dx.doi.org/10.1172/JCI45106
http://dx.doi.org/10.1371/journal.pone.0058698
http://dx.doi.org/10.1002/dmrr.830
http://dx.doi.org/10.1159/000346055
http://dx.doi.org/10.1016/j.physbeh.2014.05.021
http://dx.doi.org/10.1152/physrev.00032.2015

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Osborn O, Olefsky JM. The cellular and signaling networks linking the immune
system and metabolism in disease. Nat Med 2012;18:363-74.

Bruning JCet al. Role of brain insulin receptor in control of body weight and
reproduction. Science 2000;289:2122-5.

Qiu X, Dowling AR, Marino JS, et al. Delayed Puberty but Normal Fertility

in Mice With Selective Deletion of Insulin Receptors From Kiss? Cells.
Endocrinology 2013;154:1337-48.

Manaserh [H, Chikkamenahalli L, Ravi S, et al. Ablating astrocyte insulin
receptors leads to delayed puberty and hypogonadism in mice. PLoS Biol
2019;17:e3000189.

Clasadonte J, Poulain P, Hanchate NK, et al. Prostaglandin E2 release from
astrocytes triggers gonadotropin-releasing hormone (GnRH) neuron firing via
EP2 receptor activation. Proc Nat! Acad Sci U SA 2011;108:16104-9.

Achari AE, Jain SK, Adiponectin JSK. Adiponectin, a therapeutic target

for obesity, diabetes, and endothelial dysfunction. Int J Mol Sci 2017;18.
doi:10.3390/ijms18061321. [Epub ahead of print: 21 Jun 2017].

Kadowaki T, Yamauchi T, Okada-lwabu M, et al. Adiponectin and its receptors:
implications for obesity-associated diseases and longevity. Lancet Diabetes
Endocrinol 2014;2:8-9.

Yamauchi T, Kamon J, Waki H, et a/. The fat-derived hormone adiponectin
reverses insulin resistance associated with both lipoatrophy and obesity. Nat
Med 2001;7:941-6.

Wen J-P, Lv W-S, Yang J, et al. Globular adiponectin inhibits GnRH secretion
from GT1-7 hypothalamic GnRH neurons by induction of hyperpolarization of
membrane potential. Biochem Biophys Res Commun 2008;371:756-61.

Rak A, Mellouk N, Froment P, et a/. Adiponectin and resistin: potential
metabolic signals affecting hypothalamo-pituitary gonadal axis in females
and males of different species. Reproduction 2017;153:R215-26.

Turnbull AV, Rivier C. Inhibition of Gonadotropin-Induced Testosterone
Secretion by the Intracerebroventricular Injection of Interleukin-'@ in the Male
rat. Endocrinology 1997;138:1008—-13.

Tsigos C, Papanicolaou DA, Defensor R, et al. Dose effects of recombinant
human Interleukin-6 on pituitary hormone secretion and energy expenditure.
Neuroendocrinology 1997;66:54-62.

Igaz P, Salvi R, Rey J-P, et al. Effects of cytokines on gonadotropin-releasing
hormone (GnRH) gene expression in primary hypothalamic neurons and in
GnRH neurons immortalized conditionally. Endocrinology 2006;147:1037-43.
Nettleship J, Pugh P, Channer K, et al. Inverse relationship between serum
levels of interleukin-1( and testosterone in men with stable coronary artery
disease. Horm Metab Res 2007;39:366—71.

Bobjer J, Katrinaki M, Tsatsanis C, et al. Negative association between
testosterone concentration and inflammatory markers in young men: a nested
cross-sectional study. PLoS One 2013;8:e61466.

Veldhuis J, Yang R, Roelfsema F, et al. Proinflammatory cytokine infusion
attenuates LH's feedforward on testosterone secretion: modulation by age. J
Clin Endocrinol Metab 2016;101:539-49.

Jasoni CL, Todman MG, Han S-K, et al. Expression of mRNAs encoding
receptors that mediate stress signals in gonadotropin-releasing hormone
neurons of the mouse. Neuroendocrinology 2005;82:320-8.

Lainez NM, Jonak CR, Nair MG, et al. Diet-Induced obesity elicits macrophage
infiltration and reduction in spine density in the hypothalami of male but not
female mice. Front Immunol 1992;2018.

Watanobe H, Hayakawa Y. Hypothalamic interleukin-1f and tumor necrosis
factor-o., but not interleukin-6, mediate the endotoxin-induced suppression of
the reproductive axis in rats. Endocrinology 2003;144:4868-75.

Rivest S, Lee S, Attardi B, et al. The chronic intracerebroventricular infusion of
interleukin-1 beta alters the activity of the hypothalamic-pituitary-gonadal
axis of cycling rats. I. Effect on LHRH and gonadotropin biosynthesis and
secretion. Endocrinology 1993;133:2424-30.

Nam KN, Mounier A, Wolfe CM, et al. Effect of high fat diet on phenotype,
brain transcriptome and lipidome in Alzheimer's model mice. Sci Rep
2017;7:4307.

Araujo AB, Esche GR, Kupelian V, et a/. Prevalence of symptomatic androgen
deficiency in men. J Clin Endocrinol Metab 2007;92:4241-7.

Araujo AB, O'Donnell AB, Brambilla DJ, et al. Prevalence and incidence of
androgen deficiency in middle-aged and older men: estimates from the
Massachusetts male aging study. / Clin Endocrinol Metab 2004;89:5920-6.
Bojesen A, Juul S, Gravholt CH. Prenatal and postnatal prevalence of
Klinefelter syndrome: a national registry study. J Clin Endocrinol Metab
2003;88:622-6.

Morris JK, Alberman E, Scott C, et al. Is the prevalence of Klinefelter syndrome
increasing? Eur / Hum Genet 2008;16:163-70.

Boisen E. Testicular size and shape of 47,XYY and 47,XXY men in a
double-blind, double-matched population survey. Am J Hum Genet
1979;31:697-703.

165

166

167

168

169

170

17

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

Brinton LA, Carreon JD, Gierach GL, et al. Etiologic factors for male breast
cancer in the U.S. Veterans Affairs medical care system database. Breast
Cancer Res Treat 2010;119:185-92.

Morales A, Bebb RA, Manjoo P, et al. Diagnosis and management of
testosterone deficiency syndrome in men: clinical practice guideline. Can Med
Assoc J 2015;187:1369-77.

Heinemann LAJ, Zimmermann T, Vermeulen A, et al. A new "aging males’
symptoms’ rating scale. The Aging Male 1999;2:105-14.

Liu ZY, Zhou RY, Lu X, et al. Identification of late-onset hypogonadism in
middle-aged and elderly men from a community of China. Asian J Androl
2016;18:747-53.

Liu Z, Liu J, Shi X, et al. Comparing calculated free testosterone with total
testosterone for screening and diagnosing late-onset hypogonadism in aged
males: a cross-sectional study. J Clin Lab Anal 2017;31:¢22073.

Chueh K-S, Huang S-P, Lee Y-C, et al. The comparison of the aging male
symptoms (ams) scale and androgen deficiency in the aging male (ADAM)
questionnaire to detect androgen deficiency in middle-aged men. J Androl
2012;33:817-23.

Araujo AB, Dixon JM, Suarez EA, et al. Endogenous testosterone and mortality
in men: a systematic review and meta-analysis. J Clin Endocrinol Metab
2011;96:3007-19.

Haring R, Volzke H, Steveling A, et al. Low serum testosterone levels are
associated with increased risk of mortality in a population-based cohort of
men aged 20-79. Eur Heart J 2010;31:1494-501.

Laughlin GA, Barrett-Connor E, Bergstrom J. Low serum testosterone and
mortality in older men. J Clin Endocrinol Metab 2008;93:68—-75.
Muraleedharan V, Marsh H, Kapoor D, et al. Testosterone deficiency is
associated with increased risk of mortality and testosterone replacement
improves survival in men with type 2 diabetes. Eur J Endocrinol
2013;169:725-33.

Shores MM, Smith NL, Forsberg CW, et al. Testosterone treatment and
mortality in men with low testosterone levels. J Clin Endocrinol Metab
2012;97:2050-8.

Bremner WJ, Vitiello MV, Prinz PN. Loss of circadian rhythmicity in blood
testosterone levels with aging in normal Men*. J Clin Endocrinol Metab
1983;56:1278-81.

Brambilla DJ, O'Donnell AB, Matsumoto AM, et a/. Intraindividual variation in
levels of serum testosterone and other reproductive and adrenal hormones in
men. Clin Endocrinol 2007;67:853-62.

Sikaris K, McLachlan RI, Kazlauskas R, et al. Reproductive hormone reference
intervals for healthy fertile young men: evaluation of automated platform
assays. J Clin Endocrinol Metab 2005;90:5928-36.

Wang C, Catlin DH, Demers LM, et al. Measurement of Total Serum
Testosterone in Adult Men: Comparison of Current Laboratory Methods
Versus Liquid Chromatography-Tandem Mass Spectrometry. J Clin Endocrinol
Metab 2004;89:534-43.

Rosner W, Auchus RJ, Azziz R, et al. Utility, limitations, and pitfalls in
measuring testosterone: an endocrine Society position statement. J Clin
Endocrinol Metab 2007;92:405-13.

Orwoll E, Blank JB, Barrett-Connor E, et a/. Design and baseline characteristics
of the osteoporatic fractures in men (MROS) study — a large observational
study of the determinants of fracture in older men. Contemp Clin Trials
2005;26:569-85.

Bhasin S, Pencina M, Jasuja GK, et al. Reference ranges for testosterone in
men generated using liquid chromatography tandem mass spectrometry in a
community-based sample of healthy nonobese young men in the Framingham
heart study and applied to three geographically distinct cohorts. / Clin
Endocrinol Metab 2011;96:2430-9.

Lapauw BM, Taes Y, Bogaert V, et al. Serum estradiol is associated with
volumetric BMD and modulates the impact of physical activity on bone size
at the age of peak bone mass: a study in healthy male siblings. J Bone Miner
Res 2009;24:1075-85.

Morales A, Collier CP, Clark AF. A critical appraisal of accuracy and cost of
laboratory methodologies for the diagnosis of hypogonadism: the role of free
testosterone assays. Can J Urol 2012;19:6314-8.

Vermeulen A, Verdonck L, Kaufman JM. A critical evaluation of simple
methods for the estimation of free testosterone in serum. J Clin Endocrinol
Metab 1999;84:3666—72.

Sodergard R, Backstrom T, Shanbhag V, et al. Calculation of free and bound
fractions of testosterone and estradiol-17f3 to human plasma proteins at body
temperature. J Steroid Biochem 1982;16:801-10.

Huang G, Basaria S, Travison TG, et al. Testosterone dose-response
relationships in hysterectomized women with or without oophorectomy:
effects on sexual function, body composition, muscle performance and
physical function in a randomized trial. Menopause 2014;21:612-23.

354

Marcelli M, Mediwala SN. / Investig Med 2020;68:335-356. doi:10.1136/jim-2019-001233

yBuAdos Aq pajoaloid 1sanb Aq 20g ‘8T |1udy UO /:3]} WOy papeojumoq ‘020g Afenuer 2z uo ££2T00-6T0Z-WI9ETT 0T Se paysiiand 1s1y :paiN Busanu| ¢


http://dx.doi.org/10.1038/nm.2627
http://dx.doi.org/10.1126/science.289.5487.2122
http://dx.doi.org/10.1210/en.2012-2056
http://dx.doi.org/10.1371/journal.pbio.3000189
http://dx.doi.org/10.1073/pnas.1107533108
http://dx.doi.org/10.3390/ijms18061321
http://dx.doi.org/10.1016/S2213-8587(13)70120-7
http://dx.doi.org/10.1016/S2213-8587(13)70120-7
http://dx.doi.org/10.1038/90984
http://dx.doi.org/10.1038/90984
http://dx.doi.org/10.1016/j.bbrc.2008.04.146
http://dx.doi.org/10.1530/REP-17-0002
http://dx.doi.org/10.1210/endo.138.3.5019
http://dx.doi.org/10.1159/000127219
http://dx.doi.org/10.1210/en.2005-0729
http://dx.doi.org/10.1055/s-2007-976543
http://dx.doi.org/10.1371/journal.pone.0061466
http://dx.doi.org/10.1210/jc.2015-3611
http://dx.doi.org/10.1210/jc.2015-3611
http://dx.doi.org/10.1159/000093155
http://dx.doi.org/10.1210/en.2003-0644
http://dx.doi.org/10.1210/endo.133.6.8243260
http://dx.doi.org/10.1038/s41598-017-04412-2
http://dx.doi.org/10.1210/jc.2007-1245
http://dx.doi.org/10.1210/jc.2003-031719
http://dx.doi.org/10.1210/jc.2002-021491
http://dx.doi.org/10.1038/sj.ejhg.5201956
http://www.ncbi.nlm.nih.gov/pubmed/517519
http://dx.doi.org/10.1007/s10549-009-0379-0
http://dx.doi.org/10.1007/s10549-009-0379-0
http://dx.doi.org/10.1503/cmaj.150033
http://dx.doi.org/10.1503/cmaj.150033
http://dx.doi.org/10.3109/13685539909003173
http://dx.doi.org/10.1002/jcla.22073
http://dx.doi.org/10.2164/jandrol.111.015628
http://dx.doi.org/10.1210/jc.2011-1137
http://dx.doi.org/10.1093/eurheartj/ehq009
http://dx.doi.org/10.1210/jc.2007-1792
http://dx.doi.org/10.1530/EJE-13-0321
http://dx.doi.org/10.1210/jc.2011-2591
http://dx.doi.org/10.1210/jcem-56-6-1278
http://dx.doi.org/10.1111/j.1365-2265.2007.02976.x
http://dx.doi.org/10.1210/jc.2005-0962
http://dx.doi.org/10.1210/jc.2003-031287
http://dx.doi.org/10.1210/jc.2003-031287
http://dx.doi.org/10.1210/jc.2006-1864
http://dx.doi.org/10.1210/jc.2006-1864
http://dx.doi.org/10.1016/j.cct.2005.05.006
http://dx.doi.org/10.1210/jc.2010-3012
http://dx.doi.org/10.1210/jc.2010-3012
http://dx.doi.org/10.1359/jbmr.081260
http://dx.doi.org/10.1359/jbmr.081260
http://www.ncbi.nlm.nih.gov/pubmed/22704323
http://dx.doi.org/10.1210/jcem.84.10.6079
http://dx.doi.org/10.1210/jcem.84.10.6079
http://dx.doi.org/10.1016/0022-4731(82)90038-3

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

21

Spitzer M, Basaria S, Travison TG, et al. Effect of testosterone replacement on
response to sildenafil citrate in men with erectile dysfunction. Ann Intern Med
2012;157:681-91.

Marks LS, Mazer NA, Mostaghel E, et al. Effect of testosterone replacement
therapy on prostate tissue in men with late-onset hypogonadism. JAMA
2006;296:2351-61.

Page ST, Lin DW, Mostaghel EA, et a/. Persistent intraprostatic androgen
concentrations after medical castration in healthy men. J Clin of Metab
2006;91:3850-6.

Page ST, Lin DW, Mostaghel EA, et a/. Dihydrotestosterone administration
does not increase intraprostatic androgen concentrations or alter prostate
androgen action in healthy men: a randomized-controlled trial. J Clin
Endocrinol Metab 2011;96:430-7.

Karpas AE, Matsumoto AM, Paulsen CA, et al. Elevated serum follicle-
stimulating hormone levels in men with normal seminal fluid analyses. fertil
Steril 1983;39:333-6.

Dalvi M, Walker BR, Strachan MWJ, et al. The prevalence of structural
pituitary abnormalities by MRI scanning in men presenting with isolated
hypogonadotrophic hypogonadism. Clin Endocrinol 2016;84:858-61.

Nian Y, Ding M, Hu S, et al. Testosterone replacement therapy

improves health-related quality of life for patients with late-onset
hypogonadism: a meta-analysis of randomized controlled trials. Andrologia
2017;49:€12630.

Ponce 0J, Spencer-Bonilla G, Alvarez-Villalobos N, et al. The efficacy and
adverse events of testosterone replacement therapy in hypogonadal men: a
systematic review and meta-analysis of randomized, placebo-controlled trials.
J Clin Endocrinol Metab 2018;1754. doi:10.1210/jc.2018-00404

Thompson IMet al. Operating characteristics of prostate-specific antigen in
men with an initial PSA level of 3.0 ng/ml or lower. JAMA 2005;294:66-70.
Snyder PJ, Ellenberg SS, Cunningham GR, et a/. The testosterone trials: seven
coordinated trials of testosterone treatment in elderly men. Clinical Trials
2014;11:362-75.

Derogatis LR. The derogatis interview for sexual functioning (DISF/DISF-SR):
an introductory report. J Sex Marital Ther 1997;23:291-304.

Lee KK, Berman N, Alexander GM, et al. A simple self-report diary

for assessing psychosexual function in hypogonadal men. J Andro/
2003;24:688-98.

Wang C, Stephens-Shields AJ, DeRogatis LR, et a/. Validity and clinically
meaningful changes in the psychosexual daily questionnaire and Derogatis
interview for sexual function assessment: results from the testosterone trials. /
Sex Med 2018;15:997-1009.

Cunningham GR, Stephens-Shields AJ, Rosen RC, et al. Testosterone treatment
and sexual function in older men with low testosterone levels. J Clin
Endocrinol Metab 2016;101:3096—104.

Bjorner JB, Wallenstein GV, Martin MC, et al. Interpreting score differences
in the SF-36 vitality scale: using clinical conditions and functional

outcomes to define the minimally important difference. Curr Med Res Opin
2007;23:731-9.

L6we B, Unitzer J, Callahan CM, et al. Monitoring depression

treatment outcomes with the patient health questionnaire-9. Med Care
2004;42:1194-201.

Nordin Asa, Taft C, Lundgren-Nilsson Asa, et al. Minimal important differences
for fatigue patient reported outcome measures—a systematic review. BMC
Med Res Methodol 2016;16:62.

Resnick SM, Matsumoto AM, Stephens-Shields AJ. Cognitive function after
testosterone treatment. JAMA 2017;317:2335-6.

Roy CN, Snyder PJ, Stephens-Shields AJ, et al. Association of testosterone
levels with anemia in older men: a controlled clinical trial. JAMA Intern Med
2017;177:480-90.

Budoff MJ, Ellenberg SS, Lewis CE, et a/. Testosterone treatment and
coronary artery plaque volume in older men with low testosterone. JAMA
2017;317:708-16.

Snyder PJ, Kopperdahl DL, Stephens-Shields AJ, et al. Effect of testosterone
treatment on volumetric bone density and strength in older men with low
testosterone. JAMA Intern Med 2017;177:471-9.

Fernandez-Balsells MM, Murad MH, Lane M, et al. Adverse effects of
testosterone therapy in adult men: a systematic review and meta-analysis. /
Clin Endocrinol Metab 2010;95:2560—75.

Corbetta S, Muzza M, Avagliano L, et al. Gonadal structures in a fetus

with complete androgen insensitivity syndrome and persistent Millerian
derivatives: comparison with normal fetal development. Fertil Steril
2011;95:1119.e9-1114.

Imperato-McGinley J, Gautier T, Zirinsky K, et al. Prostate visualization studies
in males homozygous and heterozygous for 5 alpha-reductase deficiency.
Clin Endocrinol Metab 1992;75:1022—6.

2

2

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

Wilson JD, Roehrborn C. Long-Term consequences of castration in men:
lessons from the Skoptzy and the eunuchs of the Chinese and Ottoman
courts. J Clin Endocrinol Metab 1999;84:4324-31.

Behre HM, Bohmeyer J, Nieschlag E. Prostate volume in testosterone-treated
and untreated hypogonadal men in comparison to age-matched normal
controls. Clin Endocrinol 1994;40:341-9.

Shaneyfelt T, Husein R, Bubley G, et al. Hormonal predictors of prostate
cancer: a meta-analysis. JCO 2000;18:847-53.

Pierorazio PM, Ferrucci L, Kettermann A, et al. Serum testosterone is
associated with aggressive prostate cancer in older men: results from the
Baltimore longitudinal study of aging. BJU Int 2010;105:824-9.

Gann PH, Hennekens CH, Ma J, et al. Prospective study of sex hormone levels
and risk of prostate cancer. J Nat/ Cancer Inst 1996;88:1118-26.
Morgentaler A, Conners W. Testosterone therapy in men with prostate cancer:
literature review, clinical experience, and recommendations. Asian J Androl
2015;17:206-11.

Mearini L, Zucchi A, Nunzi E, et al. Low serum testosterone levels are
predictive of prostate cancer. World J Urol 2013;31:247-52.

Shin BS, Hwang EC, Im CM, et al. Is a decreased serum testosterone level a
risk factor for prostate cancer? a cohort study of Korean men. Korean J Urol
2010;51:819-23.

Roddam AW, Allen NE, Appleby P, et al. Endogenous sex hormones and
prostate cancer: a collaborative analysis of 18 prospective studies. J Nat/
Cancer Inst 2008;100:170-83.

Muller RL, Gerber L, Moreira DM, et al. Serum testosterone and
dihydrotestosterone and prostate cancer risk in the placebo arm of

the reduction by dutasteride of prostate cancer events trial. Eur Urol
2012;62:757-64.

Rohrmann S, Nelson WG, Rifai N, et al. Serum estrogen, but not testosterone,
levels differ between black and white men in a nationally representative
sample of Americans. J Clin Endocrinol Metab 2007;92:2519-25.

Calof OM, Singh AB, Lee ML, et a/. Adverse events associated with
testosterone replacement in middle-aged and older men: a meta-analysis

of randomized, placebo-controlled trials. J Gerontol A Biol Sci Med Sci
2005;60:1451-7.

Haddad RM, Kennedy CC, Caples SM, et al. Testosterone and cardiovascular
risk in men: a systematic review and meta-analysis of randomized placebo-
controlled trials. Mayo Clinic Proc 2007;82:29-39.

Dobs AS, Meikle AW, Arver S, et al. Efficacy, and safety of a permeation-
enhanced testosterone transdermal system in comparison with bi-weekly
injections of testosterone enanthate for the treatment of hypogonadal men. J
Clin Endocrinol Metab 1999;84:3469-78.

Braekkan SK, Mathiesen EB, Njolstad I, et al. Hematocrit and risk of venous
thromboembolism in a general population. The Tromso study. Haematologica
2010;95:270-5.

Glueck CJ, Prince M, Patel N, et al. Thrombophilia in 67 patients with
thrombotic events after starting testosterone therapy. Clin Appl Thromb
Hemost 2016;22:548-53.

Corona G, Rastrelli G, Monami M, et al. Hypogonadism as a risk factor for
cardiovascular mortality in men: a meta-analytic study. Eur J Endocrinol
2011;165:687-701.

Khaw KT, Dowsett M, Folkerd E, et al. Endogenous testosterone and mortality
due to all causes, cardiovascular disease, and cancer in men: European
prospective investigation into cancer in Norfolk (EPIC-Norfolk) prospective
population study. Circulation 2007;116:2694-701.

Corona G, Monami M, Boddi V, et al. Low testosterone is associated with an
increased risk of Mace lethality in subjects with erectile dysfunction. J Sex
Med 2010;7:1557-64.

Basaria S, Coviello AD, Travison TG, et al. Adverse events associated with
testosterone administration. N Engl / Med 2010;363:109-22.

Vigen R, O'Donnell Cl, Barén AE, et al. Association of testosterone therapy
with mortality, myocardial infarction, and stroke in men with low testosterone
levels. JAMA 2013;310:1829-36.

Morgentaler A, Lunenfeld B. Testosterone and cardiovascular risk: world's
experts take unprecedented action to correct misinformation. Aging Male
2014;17:63-5.

Morgentaler A, Traish A, Kacker R. Deaths and cardiovascular events in men
receiving testosterone. JAMA 2014;311:961-2.

Finkle WD, Greenland S, Ridgeway GK, et al. Increased risk of non-fatal
myocardial infarction following testosterone therapy prescription in men. PLoS
One 2014;9:85805.

Seftel AD. Re: Testosterone Products: Drug Safety Communication - FDA
Cautions about Using Testosterone Products for Low Testosterone due to
Aging; Requires Labeling Change to Inform of Possible Increased Risk of
Heart Attack and Stroke. J Urol 2015;194:759-60.

Marcelli M, Mediwala SN. J Investig Med 2020;68:335-356. doi:10.1136/jim-2019-001233 355

yBuAdos Aq pajoaloid 1sanb Aq 20g ‘8T |1udy UO /:3]} WOy papeojumoq ‘020g Afenuer 2z uo ££2T00-6T0Z-WI9ETT 0T Se paysiiand 1s1y :paiN Busanu| ¢


http://dx.doi.org/10.7326/0003-4819-157-10-201211200-00004
http://dx.doi.org/10.1001/jama.296.19.2351
http://dx.doi.org/10.1210/jc.2006-0968
http://dx.doi.org/10.1210/jc.2010-1865
http://dx.doi.org/10.1210/jc.2010-1865
http://dx.doi.org/10.1111/cen.13015
http://dx.doi.org/10.1111/and.12630
http://dx.doi.org/10.1210/jc.2018-00404
http://dx.doi.org/10.1001/jama.294.1.66
http://dx.doi.org/10.1177/1740774514524032
http://dx.doi.org/10.1080/00926239708403933
http://dx.doi.org/10.1002/j.1939-4640.2003.tb02728.x
http://dx.doi.org/10.1016/j.jsxm.2018.05.008
http://dx.doi.org/10.1016/j.jsxm.2018.05.008
http://dx.doi.org/10.1210/jc.2016-1645
http://dx.doi.org/10.1210/jc.2016-1645
http://dx.doi.org/10.1185/030079907X178757
http://dx.doi.org/10.1097/00005650-200412000-00006
http://dx.doi.org/10.1186/s12874-016-0167-6
http://dx.doi.org/10.1186/s12874-016-0167-6
http://dx.doi.org/10.1001/jama.2017.5245
http://dx.doi.org/10.1001/jamainternmed.2016.9540
http://dx.doi.org/10.1001/jama.2016.21043
http://dx.doi.org/10.1001/jamainternmed.2016.9539
http://dx.doi.org/10.1210/jc.2009-2575
http://dx.doi.org/10.1210/jc.2009-2575
http://dx.doi.org/10.1016/j.fertnstert.2010.09.028
http://dx.doi.org/10.1210/jcem.75.4.1400866
http://dx.doi.org/10.1210/jcem.75.4.1400866
http://dx.doi.org/10.1210/jcem.84.12.6206
http://dx.doi.org/10.1111/j.1365-2265.1994.tb03929.x
http://dx.doi.org/10.1200/JCO.2000.18.4.847
http://dx.doi.org/10.1111/j.1464-410X.2009.08853.x
http://dx.doi.org/10.1093/jnci/88.16.1118
http://dx.doi.org/10.4103/1008-682X.148067
http://dx.doi.org/10.1007/s00345-011-0793-x
http://dx.doi.org/10.4111/kju.2010.51.12.819
http://dx.doi.org/10.1093/jnci/djm323
http://dx.doi.org/10.1093/jnci/djm323
http://dx.doi.org/10.1016/j.eururo.2012.05.025
http://dx.doi.org/10.1210/jc.2007-0028
http://dx.doi.org/10.1093/gerona/60.11.1451
http://dx.doi.org/10.1016/S0025-6196(11)60964-6
http://dx.doi.org/10.3324/haematol.2009.008417
http://dx.doi.org/10.1177/1076029615619486
http://dx.doi.org/10.1177/1076029615619486
http://dx.doi.org/10.1530/EJE-11-0447
http://dx.doi.org/10.1111/j.1743-6109.2009.01690.x
http://dx.doi.org/10.1111/j.1743-6109.2009.01690.x
http://dx.doi.org/10.1056/NEJMoa1000485
http://dx.doi.org/10.1001/jama.2013.280386
http://dx.doi.org/10.3109/13685538.2014.913413
http://dx.doi.org/10.1001/jama.2014.392
http://dx.doi.org/10.1371/journal.pone.0085805
http://dx.doi.org/10.1371/journal.pone.0085805
http://dx.doi.org/10.1016/j.juro.2015.06.058

237

238

239

240

241

242

243

Sharma R, Oni OA, Gupta K, et a/. Normalization of testosterone level is
associated with reduced incidence of myocardial infarction and mortality in
men. Eur Heart J 2015;36:2706—15.

Eisenberg ML, Li S, Herder D, et al. Testosterone therapy and mortality risk. /nt
JImpot Res 2015;27:46-8.

Baillargeon J, Urban RJ, Kuo Y-F, et al. Risk of myocardial infarction in

older men receiving testosterone therapy. Annals of Pharmacotherapy
2014;48:1138-44.

Maggi M, Wu FCW, Jones TH, et al. Testosterone treatment is not associated
with increased risk of adverse cardiovascular events: results from the registry
of hypogonadism in men (RHYME). Int J Clin Pract 2016;70:843-52.
Alexander GG, lyer G, Lucas E, et al. Cardiovascular risks of exogenous
testosterone use among men: a systematic review and meta-analysis. Am J
Med 2017;130:293-305.

Anderson JL, May HT, Lappé DL, et al. Impact of testosterone replacement
therapy on myocardial infarction, stroke, and death in men with low
testosterone concentrations in an integrated health care system. Am J Cardiol
2016;117:794-9.

Corona G, Maseroli E, Rastrelli G, et al. Cardiovascular risk associated with
testosterone-boosting medications: a systematic review and meta-analysis.
Expert Opin Drug Saf 2014;13:1327-51.

244

245

246

247

248

249

Tan RS, Cook KR, Reilly WG. Myocardial infarction and stroke risk in

young healthy men treated with injectable testosterone. Int J Endocrinol
2015;2015:1-8.

Traish AM, Haider A, Haider KS, et al. Long-Term testosterone therapy
improves cardiometabolic function and reduces risk of cardiovascular disease
in men with hypogonadism: a real-life observational registry study setting
comparing treated and untreated (control) groups. J Cardiovasc Pharmacol
Ther 2017,22:414-33.

Wallis CJD, Lo K, Lee Y, et al. Survival and cardiovascular events in men
treated with testosterone replacement therapy: an intention-to-treat
observational cohort study. Lancet Diabetes Endocrinol 2016;4:498-506.
Cheetham TC, An J, Jacobsen SJ, et al. Association of testosterone
replacement with cardiovascular outcomes among men with androgen
deficiency. JAMA Intern Med 2017;177:491-9.

Oni OA, Sharma R, Chen G, et al. Normalization of testosterone levels after
testosterone replacement therapy is not associated with reduced myocardial
infarction in smokers. Mayo Clin Proc2017;1:57-66.

Sharma R, Oni OA, Chen G, et al. Association between testosterone
replacement therapy and the incidence of DVT and pulmonary embolism: a
retrospective cohort study of the Veterans administration database. Chest
2016;150:563-71.

356

Marcelli M, Mediwala SN. J Investig Med 2020;68:335-356. doi:10.1136/jim-2019-001233

‘yBuAdoo Ag palosloid 1senb Ag 20z ‘8T Iudy uo /i3l woly papeojumod ‘020 Arenuer /g Uo ££2T00-6T0Z-WIOETT 0T Se paysiignd 1siy :palA Busaaul ¢


http://dx.doi.org/10.1093/eurheartj/ehv346
http://dx.doi.org/10.1038/ijir.2014.29
http://dx.doi.org/10.1038/ijir.2014.29
http://dx.doi.org/10.1177/1060028014539918
http://dx.doi.org/10.1111/ijcp.12876
http://dx.doi.org/10.1016/j.amjmed.2016.09.017
http://dx.doi.org/10.1016/j.amjmed.2016.09.017
http://dx.doi.org/10.1016/j.amjcard.2015.11.063
http://dx.doi.org/10.1517/14740338.2014.950653
http://dx.doi.org/10.1155/2015/970750
http://dx.doi.org/10.1177/1074248417691136
http://dx.doi.org/10.1177/1074248417691136
http://dx.doi.org/10.1016/S2213-8587(16)00112-1
http://dx.doi.org/10.1001/jamainternmed.2016.9546
http://dx.doi.org/10.1016/j.mayocpiqo.2017.05.003

	Male hypogonadism: a review
	Abstract
	Introduction
	Control of testosterone production and release during fetal development, adult life and disease status
	The HPT axis
	Sex steroid feedback on the hypothalamus and pituitary
	Testosterone during fetal development and postnatal life
	Fractions of circulating testosterone
	The free hormone hypothesis
	Production of T
	Serum T levels with aging
	Age-related changes in the male reproductive system
	Serum T and chronic diseases
	The role of E﻿2﻿ on serum T in LOH

	Connections between the reproductive system and obesity, diabetes and inflammatory stress
	Puberty and energy metabolism
	Leptin
	Ghrelin
	Insulin
	Adiponectin
	Inflammatory cytokines

	Male hypogonadism
	Pathological hypogonadism
	Presentation of primary hypogonadism
	Prenatal hypogonadism
	Prepubertal hypogonadism
	Postpubertal hypogonadism

	PH and fertility
	Klinefelter syndrome
	Central hypogonadism

	Late-onset hypogonadism
	LOH is a spectrum of three hypogonadal conditions
	Symptoms of LOH

	Laboratory diagnosis of hypogonadism (PH and LOH)
	Screening for hypogonadism
	Biochemistry of hypogonadism: measurement of serum T
	Testosterone assay methodology
	Measurement of FT
	Circulating T and target organ concentration
	Summary of testosterone measurement
	Measurement of gonadotropins: primary versus secondary/tertiary hypogonadism

	Treatment
	Expected benefits from treatment of PH and LOH
	The T trials
	Sexual function
	Physical function
	Vitality
	Cognitive function
	Anemia
	Cardiovascular
	Bone



	Potential adverse effects of TT
	Contraindications to the use of Tt
	Prostatic diseases
	Lower urinary tract symptoms/benign prostatic hyperplasia
	Prostate cancer risk
	Monitoring for prostatic diseases

	Erythrocytosis
	CV complications

	References


