Received: 28 October 2024

Revised: 30 December 2024

W) Check for updates

Accepted: 14 January 2025

DOI: 10.1111/andr.13843

REVIEW ARTICLE

ANDROLOGY

Kisspeptin as a test of hypothalamic dysfunction in pubertal
and reproductive disorders

Aureliane C. S. Pierret? I
Alexander N. Comninos'-2

1Section of Endocrinology and Investigative
Medicine, Imperial College London, London,
UK

2Department of Endocrinology, Imperial
College Healthcare Trust, London, UK

Correspondence

Ali Abbara, Department of Investigative
Medicine, 6th Floor, Commonwealth Bldg,
Hammersmith Hospital, Du Cane Rd, London,
W12 ONN, UK.

Email: ali.abbara@imperial.ac.uk

Funding information

National Institute of Health Research (NIHR);
NIHR/Wellcome Trust Imperial Clinical
Research Facility; NIHR Imperial Biomedical
Research Centre; Medical Research Council
(MRC); Biotechnology and Biological Sciences
Research Council (BBSRC), NIHR; NIHR
Biomedical Research Centre (BRC); NIHR
Academic Clinical Fellowships; NHS; NIHR
Research Professorship, Grant/Award
Number: NIHR-RP-2014-05-001; NIHR Senior
Investigator Award; NIHR Clinician Scientist
Award, Grant/Award Number:
CS-2018-18-ST2-002

1 | INTRODUCTION

Aaran H. Patel’ | Elisabeth Daniels! |
| Waljit S. Dhillo*? | Ali Abbara®?
Abstract

The hypothalamic-pituitary-gonadal axis is regulated by the gonadotropin-releasing
hormone pulse generator in the hypothalamus. This is comprised of neurons that
secrete kisspeptin in a pulsatile manner to stimulate the release of GnRH, and, in turn,
downstream gonadotropins from the pituitary gland, and subsequently sex steroids
and gametogenesis from the gonads. Many reproductive disorders in both males and
females are characterized by hypothalamic dysfunction, including functional disorders
(such as age-related hypogonadism, obesity-related secondary hypogonadism, hyper-
prolactinemia, functional hypothalamic amenorrhea and polycystic ovary syndrome),
structural pathologies (such as craniopharyngiomas or radiation or surgery-related
hypothalamic dysfunction), and pubertal disorders (constitutional delay of growth and
puberty and congenital hypogonadotropic hypogonadism). However, in many of these
conditions, the relative contribution of hypothalamic dysfunction to the observed
hypogonadism is unclear; as to date, there is no direct method of evaluating hypotha-
lamic reproductive function in humans. Indeed, it is not possible to directly measure
gonadotropin-releasing hormone levels in the hypothalamo-pituitary portal vessels,
such that secondary (i.e., pituitary dysfunction) and tertiary (i.e., hypothalamic dys-
function) hypogonadism are often conflated as one entity. In this review, we examine
the evidence for the use of kisspeptin as a method of directly evaluating hypothalamic
reproductive dysfunction, and deliberate its potential future role in the evaluation of
pubertal and reproductive disorders.
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that is, luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) from gonadotroph cells in the anterior pituitary gland.? These

Reproductive function is controlled by the hypothalamic-pituitary-
gonadal (HPG) axis in both males and females. The hypothala-
mus secretes gonadotropin-releasing hormone (GnRH) in a pulsatile

manner, which, in turn, stimulates the release of gonadotropins,

gonadotropins act on the ovaries in women to regulate folliculogenesis,
ovulation, and secretion of female sex steroids (estrogen and proges-
terone), and in the testes in men to regulate spermatogenesis and the

secretion of male sex steroids (testosterone).2
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Pulsatility of GnRH release is essential for stimulation of the repro-
ductive axis, as evidenced by pulsatile but not continuous infusions
of GnRH being able to restore gonadotropin secretion in rhesus
monkeys with hypothalamic lesions.® GnRH secretion is regulated by a
neurohumoral network termed the “GnRH pulse generator,”® primarily
composed of a population of neurons co-expressing “kisspeptin (KP),
neurokinin B (NKB), and dynorphin” (KNDy) in the arcuate nucleus
(ARC) of rodents (analogous to the infundibular nucleus of humans).*>
Kisspeptins are peptides encoded by the KISS1 gene in humans; the
likely native form is kisspeptin-54 (KP54) comprised of 54 amino
acids, which can be further cleaved to shorter kisspeptins of 14, 13,
or 10 amino acids.® These act on the kisspeptin receptor encoded
by the KISS1R gene, located on GnRH neurons where they stimulate
GnRH release.®” KP54 has a longer half-life than KP10 (32 vs. 4 min),
and stimulates a more potent and sustained LH response than KP10
after bolus administration.8 KP54, unlike KP10, also appears to cross
the blood-brain barrier and thus be able to act on GnRH neuronal
cell bodies as well as nerve terminals at the median eminence.® The
importance of kisspeptin in stimulating the HPG axis and normal repro-
ductive function is demonstrated by loss of function variants in KISS1R
and KISS1 genes resulting in congenital hypogonadotropic hypogo-
nadism (CHH),?~11 whilst gain-of-function variants in KISS1R result in
precocious puberty because of premature activation of the HPG axis.!2

Hypothalamic dysfunctionis central to many reproductive disorders
in both men and women. Some of these disorders are functional, that
is,do not have a clear structural/organic basis: for example, age-related
hypogonadism?2; obesity-related hypogonadism*1°; hypothalamic
hypogonadism (including functional hypothalamic amenorrhea [FHA]
in women and the equivalent condition in men, relative energy defi-
ciency syndrome [RED-S] in athletes,'®1” hyperprolactinemia, and
drug-induced causes such as hypogonadism induced by opiate use);
and pubertal disorders such as constitutional delay of growth and
puberty (CDGP).18 In addition, there are organic/structural causes
of hypothalamic hypogonadism: such as post-radiation or cranio-
pharyngioma, and CHH.'8? Polycystic ovary syndrome (PCOS), a
common cause of anovulation and oligomenorrhea causing reproduc-
tive dysfunction in women, is not characterized by hypogonadism as
estradiol (E2) levels are typically preserved, especially in the context of
oligomenorrhea; however, it is associated with abnormally increased
hypothalamic function and anovulation.2°

There is currently no direct method of evaluating hypothalamic
reproductive function in humans, and thus of determining the con-
tribution of hypothalamic dysfunction in reproductive disorders.t3
This is due to the inability to directly measure GnRH levels from the
hypothalamo-pituitary portal vessels. As an indirect measure, the
response to graded titration of a GnRH receptor antagonist has been
used in a research context.2! Recently, kisspeptin has emerged as a
direct specific stimulus of hypothalamic GnRH secretion. In this review,
we examine the potential for kisspeptin as a method of directly eval-
uating hypothalamic function in reproductive and pubertal disorders

associated with perturbed hypothalamic function.
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2 | CONGENITAL HYPOGONADOTROPIC
HYPOGONADISM AND DELAYED PUBERTY

2.1 | Congenital hypogonadotropic hypogonadism

CHH is a rare condition characterized by a failure of development of
pulsatile GnRH secretion resulting in a lack of initiation of puberty with
subsequent infertility.? When CHH is combined with anosmia (as it is
in approximately half of cases), it is termed Kallmann’ syndrome, which
results from impaired embryonic migration of GnRH-secreting neu-
rons, or impaired GnRH secretion.'?22 Variants in over 30 genes have
been identified as causes of CHH, although up to half of cases do not
have an identified genetic basis identified to date.!? Affected genes are
involved in GnRH neuron fate specification, migration, neuroendocrine
secretion and homeostasis; or cause gonadotroph defects.!? Up to
one fifth of patients can have abnormalities in multiple genes called
oligogenicity. Loss-of-function variants in KISS1R and KISS1 genes have
been found to be causes of CHH.?"11 Indeed, the reproductive impact
of kisspeptin was first discovered in a family with CHH harboring an
inactivating variant in KISS1R.1° Notably, most patients with CHH have
a markedly reduced/absent LH and FSH response to stimulation with
an |V bolus of kisspeptin, and thus kisspeptin could have clinical utility
to identify patients with CHH.23

By contrast, many patients with CHH can still respond to stimu-
lation with GnRH, and thus the gonadotropin response to kisspeptin
is more specific and accurate at identifying CHH than GnRH. Indeed,
the LH response to KP54 was shown to fully discriminate between
adult men with CHH (n = 21) and healthy eugonadal men (n = 21) with
an area under the receiver operating characteristic curve (AUROC)
of 1.0 (95% Cl: 1.0-1.0), whereas the response to GnRH was less
discriminatory (AUROC = 0.88, 95% Cl: 0.76-0.99).2 Additionally,
patients with CHH with anosmia and/or pathological genetic variants
had lower LH responses to kisspeptin compared to men with CHH
with variants of uncertain significance or with no genetic abnormality
identified.2* This suggests a correlation between phenotype severity
and response to kisspeptin. Notably, up to one fifth of patients with
CHH can undergo reversal.2>2¢ To detect this, typically it involves
withdrawing hormonal replacements periodically and evaluating for
evidence of spontaneous re-emergence of HPG activity. In some
centers, frequent blood sampling to assess LH pulsatility is conducted
to assess for reversal; however, LH pulses can be found in patients
with CHH even in the absence of reversal, and clear criteria for
“normal pulsatility” to indicate reversal in this setting is lacking. Of
note, patients with CHH who undergo reversal, regain their ability
to respond to kisspeptin (confirming re-emergence of functional
hypothalamic GnRH neurons).2” Importantly, the ability to respond
to kisspeptin did not depend on whether sex steroid replacement
was withdrawn or not,28 suggesting that kisspeptin administration
could be a useful and efficient test for identification of CHH for
diagnosis, and for assessment of current hypothalamic state during

monitoring.
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2.2 | Constitutional delay of growth and puberty

Initiation of puberty follows a normal distribution and can be regarded
as “delayed” if it does not commence by the expected age according
to population norms, typically by 14 years in boys. The commonest
cause is CDGP,172? which is a self-limiting condition where puberty
is delayed but progresses spontaneously.2? An important differential
is CHH, whereby puberty does not commence spontaneously by the
age of 18 years. Differentiating CHH and CDGP at time of first pre-
sentation can be challenging because of similar clinical presentations,
especially in the absence of “red flag” features associated with CHH
such as anosmia or synkinesia.'81%2% |n addition, the genetic basis
of CDGP and CHH have some shared genetic architecture, although
they are generally distinct, with CDGP predominantly being polygenic
whereas CHH is more typically monogenic or oligogenic.2?-3! Families
and the affected child may experience significant distress because of
the uncertainty of whether puberty will commence spontaneously.

At present, CHH is confirmed if puberty has not commenced spon-
taneously by the age of 18 years, but it is possible that reliable early
identification of CHH could direct differential treatment than in CDGP,
such as consideration of GnRH pump therapy or use of gonadotropins
to safeguard future fertility.22 Unfortunately, biochemical tests to
date have demonstrated insufficient sensitivity and specificity to
distinguish the two.'82? Basal gonadotropin levels, as well as GnRH
stimulation tests (with measurements of stimulated gonadotropin
levels) have limited specificity. Whilst patients with CHH typically
have lower LH responses to GnRH than in CDGP (as their pituitary
glands have not previously been exposed to endogenous GnRH and
been primed), in up to 30% of CHH patients, peak LH responses may
be indistinguishable from those in CDGP.1832 Several GnRH receptor
agonists, which have increased potency and induced more prolonged
stimulation have been studied; however, they still lacked specificity
with overlapping responses.832 Inhibin B, which is released by Sertoli
cells of the testes in response to gonadotropins, and is a marker
of Sertoli cell number and function, is also typically lower in CHH
compared to CDGP because of lack of minipuberty in CHH, but again
it does not fully discriminate the two.1?

The ability of the response to KP as a predictive tool to deter-
mine if children with delayed puberty have either underlying CDGP
or CHH was recently evaluated in a study of 16 children with delayed
puberty.2? The children were first “primed” with pulsatile GnRH ther-
apy to ensure pituitary sensitivity, and then the LH response to
kisspeptin-10 was found to be 100% sensitive and specific as a marker
for eventual spontaneous progression through puberty during a 4-year
follow-up.2? By comparison, this study found that neither basal, nor
GnRH-stimulated, gonadotropin secretion, nor inhibin B levels in boys,
nor genetic testing of pathogenic variants in 30 CHH genes, could accu-
rately predict eventual progression through puberty.2? This finding is
consistent with the key role of the hypothalamus in initiating puberty
and the ability of kisspeptin to evaluate hypothalamic function. Whilst
this study’s findings are promising, larger scale investigation of the abil-
ity of KP to act as a discriminator between CHH and CDGP is required.

PIERRET ET AL.

Given that a bolus of KP54 induces a larger LH rise than an equimo-
lar bolus of KP10,8 KP54 could theoretically better differentiate CHH
and CDGP than KP10; however, further study is required. Overall,
kisspeptin likely represents a useful probe of hypothalamic GnRH neu-
ronal function and has utility in the identification of CHH, monitoring
for reversal of CHH, and in differentiating CHH from CDGP in patients
with delayed puberty.

3 | WOMEN WITH ANOVULATORY DISORDERS
3.1 | Polycystic ovary syndrome

PCOS is the commonest endocrine disorder in women, affecting 10%-
13% of those of reproductive age.3® Clinical diagnosis by updated
Rotterdam criteria requires two of the following three features: oligo-
anovulation, clinical or biochemical hyperandrogenism, and polycystic
ovarian morphology (PCOM).3* Notably, diagnosis of PCOS is often
delayed and most women do not receive a diagnosis within 6 months
of presentation to a healthcare professional.>®> The pathophysiology of
PCOS entails not only ovarian, but neuroendocrine dysfunction; GnRH
pulse frequency is approximately 40% higher in women with PCOS
compared to controls.3¢-38 High-frequency GnRH pulse secretion
preferentially stimulates pituitary LH secretion while suppressing
FSH secretion through upregulation of co-repressors.%? Elevated LH
stimulates excessive androgen synthesis in ovarian thecal cells,*®
which in combination with relative FSH deficiency, induces follicular
arrest, accumulation of antral follicles, and PCOM.*!

Diminished sensitivity to negative feedback of E2 and progesterone
on GnRH pulsatility has been identified in women with,*243 and animal
models of,** PCOS. This effect is androgen-dependent as evidenced by
flutamide-mediated androgen receptor (AR) blockade re-establishing
normal suppression of LH by sex steroids in women with PCOS.4°
GnRH neurons do not express the AR, progesterone receptor (PR),
or estradiol receptor-alpha (ERa).*¢ Impaired sex steroid feedback on
GnRH pulsatility in PCOS is likely mediated by neuropeptidergic inputs
from ARC KNDy neurons, which express these receptors.*”#8 Indeed,
enhanced ARC kisspeptin immunoreactivity and Kiss1 expression have
been identified in rodents*? and greater KNDy soma size was observed
in a PCOS model in sheep®® induced by prenatal androgenization. Fur-
thermore, targeted inhibition of ARC kisspeptin-expressing neurons
in a mouse model of PCOS lowered LH pulse frequency and restored
normal androgen concentrations.’? In addition, circulating kisspeptin
concentrations are consistently higher in PCOS compared to healthy
controls; however, the source of this kisspeptin is unclear and may
not necessarily be hypothalamic as kisspeptin could be produced from
other tissues such as adipose tissue.>2

The response to kisspeptin in women with PCOS has yet to be
described in the literature. Existing data regarding hypothalamic
Kiss1R expression in animal models of PCOS are scarce. Gonadotropin
responses to KP appear to be preserved in rodent models of PCOS;

subcutaneous boluses of KP54 induced comparable LH and FSH
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responses in PCOS-like and control rats.>® In contrast, data suggest
preserved LH, but not FSH, responses to 7-h IV infusion of KP10,°4 and
21-day subcutaneous administration of KP10 in women in PCOS.>3

3.2 | Functional hypothalamic amenorrhea

FHA is second commonest cause of anovulation characterized by an
acquired suppression of the physiological pulsatile GnRH secretion, in
the absence of an identifiable anatomical or organic cause.>®> Endocrine
evaluation in FHA characteristically reveals hypogonadotropic hypog-
onadism, typically with low LH, preserved or low FSH, and low E2 levels
less than 50 pg/mL.>>¢ Suppression of the HPG axis in FHA can be
attributed to stressors including reduced energy availability because
of disordered eating, weight loss, excessive exercise, and psychological
stress.>®> Hypothalamic KP neurons represent a common final path-
way for mechanisms mediating the suppression of GnRH pulsatility
in FHA.>” Psychosocial, metabolic, or immune/inflammatory stres-
sors contribute to development of FHA®® through activation of the
hypothalamic-pituitary-adrenal (HPA) axis.’? Corticotropin-releasing
hormone (CRH) is secreted largely by hypothalamic hypophysiotropic
neurons in the paraventricular nucleus (PVN) and acts on CRH recep-
tors (CRHR)®° to increase adrenocorticotropic hormone (ACTH)
secretion from the anterior pituitary, which in turn drives glucocor-
ticoid synthesis and secretion from the adrenal zona fasciculata.®®
Activation of the HPA axis is associated with suppression of GnRH
pulsatility; women with FHA have hypercortisolemia,®%62 and the
magnitude of cortisol elevation correlates with the degree of GnRH
and LH pulse frequency suppression.>? Intravenous infusion of CRH
reduces gonadotropin levels in women without affecting the response
to GnRH stimulation.®® However, GnRH neurons do not express
CRHRs,%4%5 again consistent with an indirect upstream mediation of
this effect. Indeed, CRH and glucocorticoid receptors are expressed
on ARC Kiss1 neurons, and these neurons could act as an intermediary
between the HPA and HPG axes.® Supporting this, exposure of
female mice to psychosocial, metabolic, and immune stress reduces
hypothalamic Kiss1 expression®” and ARC Kiss1 neuron activation,®®
as does administration of CRH or corticosterone.®” In women with
FHA, there is a negative correlation between serum cortisol and the
pulse frequency of kisspeptin.?? Thus, hypercortisolemia secondary
to various stressors in FHA leads to suppression of hypothalamic
kisspeptin secretion and downstream HPG axis activation.

From an evolutionary perspective, metabolic status is thought
to regulate reproductive function given the energy cost of
reproduction.®® Acute caloric restriction in healthy women increases
HPA axis activity and reduces LH pulsatility.”%’1 Chronic caloric
restriction, as occurs in women with anorexia nervosa (AN), also
leads to an abnormal LH secretion pattern.”273 LH pulse frequency
decreases once energy availability falls below a threshold of 30 kcal/kg
lean body mass (LBM) per day; restriction to 20 or 10 kcal/kg LBM
suppressed LH pulse frequency by 16% and 39%, respectively.”* The
threshold of energy availability at which menstrual disturbance occurs

is more variable, likely reflective of differential genetic predisposition

WILEY -

in affected individuals.”> Women with FHA have lower fasting circulat-

ing leptin levels, and an absence of the normal diurnal leptin variation
compared to weight- and body-composition-matched controls.”¢””
Administering recombinant leptin to women with FHA increased LH
pulsatility and restored ovarian activity in some women, suggesting
that leptin can restore pulsatile GnRH secretion.”® Ghrelin is an orex-
igenic peptide secreted by the stomach and is also reflective of energy
status.”® Ghrelin levels were significantly elevated in FHA compared to
normally menstruating women (648.4 + 92.0vs. 596.7 + 79.0 pg/mL).”?
Furthermore, ghrelin administration to healthy women reduces
gonadotropin secretion, suggesting that elevated ghrelin could be
contributing to suppression of GnRH pulsatility observed in FHA.8°
Women with FHA had significantly lower circulating kisspeptin lev-
els than healthy controls.8! They also demonstrate a four-fold greater
LH response to acute administration of 6.4 nmol/kg IV KP54 compared
to healthy women in the follicular phase of menstrual cycle (mean
AUROC of LH secretion at 4 h following kisspeptin injection 40.2 vs.
9.8 h.iU/L, p < 0.01).8283 This may be because of increased hypotha-
lamic sensitivity to kisspeptin secondary to Kiss1r upregulation, as has
been demonstrated in fasting rats.8* This differential response opens
the potential for using a KP stimulation test to aid in the identification
of FHA,; this is pertinent given the difficulty in differentiating FHA and

PCOS, which are the commonest diagnoses in oligomenorrheic women.

4 | FUNCTIONAL HYPOGONADAL
HYPOGONADISM IN MEN

Men appear more resistant to disruption of the HPG axis from
physiologic stressors than women.8> Studies have shown reduced
serum testosterone levels in response to exercise®¢-87 and to caloric
restriction,”2-92 although with levels remaining within the normal
range, and inconsistent reports with regards to reduction in LH con-
centration and pulsatility.24-8? As gonadotropin concentrations are
not increased in response to a low testosterone, that is, secondary
hypogonadism, this suggests hypothalamic/pituitary dysfunction. In
male rats, fasting reduces serum testosterone concentrations and
circulating LH; however, testicular responses to human chorionic
gonadotropin (hCG) and pituitary responses to GnRH were unaf-
fected, in keeping with a hypothalamic etiology.”®> Consistent with
this, pulsatile IV GnRH infusion in young men prevents the fasting-
induced decline in LH secretion, whilst also restoring serum total

and free testosterone concentrations,”*

consistent with overcoming
hypothalamic deficiency.

Although the male reproductive axis is more robustly defended in
the face of insufficient energy availability, case series have described
functional hypogonadotropic hypogonadism (FHH) with symptomatic
hypogonadism (decreased libido, reduced frequency of morning
erections, and erectile dysfunction).?>?¢ FHH is analogous to FHA in
women, and includes people with relative energy deficiency in sport
(RED-S), a condition seen in athletes where a negative energy balance
suppresses reproductive function.”” A more recent study looking at 10

men with FHH found no difference in LH pulse frequency compared to
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a control group but significantly lower LH pulse amplitude.®® A longi-

tudinal study of men with FHH showed some reversibility of their HPG
axis suppression upon restoring a more physiologic energy/caloric
balance in a similar manner to women with FHA.8> Given the paucity
of data regarding the neuroendocrine features of FHH in men, further
studies are warranted to confirm the mechanisms involved.

Low leptin levels may be implicated in the pathophysiology of male
FHH in a similar fashion to female FHA, leading to HPG axis suppres-
sion. Leptin administration attenuates the reduction in LH pulsatility
and serum testosterone seen in fasting men.?® Ghrelin administration
to healthy men suppressed LH pulse frequency and amplitude,’® as in
female FHA. A study of low energy availability in six men, defined as low
caloric intake relative to exercise-induced energy expenditure, showed
a significant reduction in leptin and insulin, but did not impact ghrelin
or testosterone levels.1%° Hypercortisolemia is evident in patients
with low calorific intake and overtraining, as in FHA, and increased
HPA axis activity may suppress the male HPG axis.191-103 The concept
that thresholds of bodyweight below which gonadal axis function is
impacted in humans has been largely explored in women, but with more
limited evidence in men.193 Hypothetically, stimulated LH responses to
kisspeptin in men with FHH could be increased (analogous to increased

responses in FHA),82 but data investigating this are awaited.

5 | LATE-ONSET HYPOGONADISM

Circulating testosterone levels decline with increasing age in men.
Historical population-based studies identified decreases in serum
testosterone of 1%-2% per year after the third decade onwards. 104105
However, large aggregate datasets from Europe and Australia
have since estimated a smaller decline of approximately 0.5% per
year.106107 The onset of this effect may also occur later than previ-
ously believed; a recent meta-analysis of 4075 men demonstrated
minimal changes in testosterone between the ages of 17 and 70 years,
but a significant annual decrease from the age of 70 years onwards.108
While circulating testosterone levels remain within the normal range

in most older men, 07

some develop a mild deficiency. The combination
of biochemical hypoandrogenism with clinical signs or symptoms of
hypogonadism, including sexual, or erectile dysfunction, decreased
bone mass, muscle weakness, cognitive decline and low mood, is
defined as late-onset hypogonadism (LOH).10?

The pathophysiology of LOH remains incompletely understood.
Existing evidence implicates diminished Leydig cell mass and function
in older men. Leydig cell mass in men of age 50-76 years was 44%
lower than in those of age 20-48 years.!10 Aged Leydig cells display
defective LH-stimulated steroidogenesis in vitro.!! Furthermore,
testosterone responses to pulsatile infusion of recombinant LH follow-
ing suppression of endogenous GnRH are lower in older men than in
young controls.112-115 Taken together, these data suggest that primary
gonadal failure plays a significant role in the pathogenesis of LOH.

However, subtle compensatory but insufficient elevations in LH
levels with aging have been identified in population-based studies

suggesting hypothalamo-pituitary dysfunction.1¢107  Ppatterns of

PIERRET ET AL.

LH release differ between healthy, non-obese older men and young
controls; older men exhibit LH pulses of higher frequency,!1>11¢
lower amplitude,1>117 and greater disorganization.!1>11¢ Given that
GnRH administration dose-dependently evokes comparable pituitary
LH responses in older men and young controls,'1® the LH release
patterns seen in older men likely reflect abnormal hypothalamic GhnRH
secretion into the hypophyseal-portal circulation. Administration of
graded ganirelix (a competitive GnRH receptor antagonist) was used
to indirectly assess endogenous GnRH tone and indirectly reflect
hypothalamic function. A two-fold greater suppression of LH pulses
117 implying

greater availability of GnRH receptors and thus, inferentially, a relative

was demonstrated in older men than in young controls,

paucity of GnRH secretion in the older cohort. An ensemble model
integrating ganirelix responses with LH and testosterone pulsatility
data from 18 healthy men aged 50-75 years identified deficits not
only in Leydig cell responses to LH, but GnRH release and sensitivity
to androgen feedback, highlighting the multiple complex reproductive
changes during healthy aging.11” Indeed, aging men displayed aberrant
LH responses to disruption of androgen feedback; ketoconazole-
induced suppression of androgenesis led to blunted increases in LH
pulse amplitude in older men compared to healthy young men.11¢
Furthermore, the restorative effects of transdermal testosterone
repletion on LH pulse regularity in androgen-suppressed men dimin-
ishes with age, and was abolished by GnRH bolus administration,*?
implying that impaired testosterone feedback occurs at the hypotha-
lamus rather than the pituitary. Testosterone exerts its effects directly,
via AR and, following local aromatization to E2, via ERa.12° While
GnRH neurons express neither AR nor ERe, 2! upstream ARC KNDy
neurons highly co-express these receptors,’?2 and transcriptional
activity of KNDy neurons is inhibited by testosterone.1?2 Interestingly,
there are decreases in AR expression, but not ERa expression, in the
ARC of aged rhesus macaques.'2® Thus, age-related changes in KNDy
neuron receptor expression and stimulation by androgens could result
in the dysregulated GnRH pulse generation observed in older men,
contributing to age-related hypogonadism.

Kisspeptin offers the opportunity to interrogate hypothalamic
function in older men. Comparable LH responses to bolus adminis-
tration of KP10 (1 pg/kg) and low-dose (0.1 and 0.3 nmol/kg/h) KP54
infusion have been observed in older men and young controls.13124 |n
contrast, higher dose KP54 infusion (1.0 nmol/kg/h) elicited greater
LH secretion in men over 50 years old.!3 While disparities in isoform,
half-life, duration of post-intervention observation, and sampling
frequency preclude direct comparison of these studies, the differ-
ential LH responses observed at KP54 doses of 1.0 nmol/kg/h likely
represent near-maximal stimulation of GnRH neurons. Exaggerated
responses to this dose in older men could reflect age-related decline
in endogenous hypothalamic KP and corresponding upregulation of
Kiss1R on hypothalamic GnRH neurons. Thus, altered LH responsiv-
ity to KP in older men corroborates existing data indicating mixed
gonadal and hypothalamic deficits in aging men. Future studies
investigating responses to KP in older men, both with and without
obesity, may shed further light on the hypothalamic component of
LOH.
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6 | OBESITY-RELATED SECONDARY
HYPOGONADISM

Obesity is an important risk factor for hypogonadism in both men
and women.'?>126 Similarly to age-related hypogonadism, obesity
likely has both a primary effect on the testes by negatively impact-
ing Leydig cell function, as well as a secondary effect on the HPG
axis.’?” Male obesity-related secondary hypogonadism (MOSH) is
relatively well characterized,'®> and evidence suggests that a similar
non-PCOS female obesity-related secondary hypogonadism (FOSH)
also exists.2* Visceral adiposity, leptin resistance, and insulin resis-
tance are proposed pathophysiological factors in obesity-related HPG
axis dysfunction.128

A study of eight men with obesity showed a reduction in LH pulse
amplitude, but no change in LH frequency compared to normal weight
controls.}2? Increased adiposity is associated with an increase in E2
levels in MOSH, owing to greater adipose tissue aromatase activity,
which is proposed to suppress GnRH and LH concentrations through
negative feedback at the hypothalamus and pituitary.13%131 Corre-
spondingly, treating MOSH men with the aromatase inhibitor letrozole
normalizes serum testosterone, which could in part reflect reduced
aromatization of testosterone to estrogen leaving more substrate.3°
However, this hypothesis has been challenged by other data that
showed lower circulating E2 levels in men with MOSH.132

In FOSH, androgen concentrations are increased,33 with a positive
association between free testosterone levels and visceral adipose

134 There is increased conversion of androstenedione to

tissue.
testosterone via 178-hydroxysteroid dehydrogenase 5 (also known
as aldo-keto reductase family 1 member C3, AKR1C3) in subcu-
taneous fat, with expression of the enzyme positively correlating
with BMI (r = 0.506), albeit this enzyme has a preference for the
alternative rather than classic pathway of androgen synthesis.23> In
female rats, testosterone administration reduced serum LH levels
and suppressed hypothalamic KP mRNA expression.’3¢ In humans,
6-h IV administration of testosterone to supraphysiological levels in
lean healthy women reduced both LH pulse frequency and amplitude
above a certain threshold (421 ng/dL); this effect appeared to be
independent of aromatization to estrogen.?3” A further study showed
that increasing testosterone levels by three-fold over a 12-h period in
healthy women (to 120 ng/dL) resulted in approximately 50% increase
in LH pulsatile secretion, but when testosterone levels were raised
by six-fold (to 245 ng/dL), mean LH fell by 22% because of a fall in
basal LH.138 Thus, small increases in androgens may be stimulatory to
GnRH pulsatility in women without PCOS, but higher levels above a
threshold could contribute to a reduction in the LH levels.'82 Leptin
indirectly stimulates hypothalamic GnRH secretion through upstream
hypothalamic KP neurons to regulate the reproductive axis in normal
conditions.23? Individuals with obesity demonstrate hyperleptinemia
but also leptin resistance,24? which results in hypogonadism through
reduction of kisspeptin neurons and in turn GnRH neurons.'*! Sev-
eral mechanisms are thought to contribute to leptin resistance in
states of hyperleptinemia: saturated leptin transport through the
blood-brain barrier,#2 activation of feedback circuits in the presence
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of chronic overstimulation of LepR inhibiting downstream signaling

pathways, '3 impaired leptin receptor trafficking, saturation of leptin
signaling pathways, and endoplasmic reticulum stress.'#* Male mouse
models of diet-induced obesity demonstrate reduced plasma LH and
testosterone levels alongside reduced hypothalamic expression of
GnRH, Kiss1, Kiss1R, and LepR.14> This suggests that leptin resistance
mediates hypothalamic dysregulation of the reproductive axis through
suppression of kisspeptin signaling.

Insulin resistance causing hyperinsulinemia is observed in
obesity.!2> Mice with neuron-specific deletion of insulin recep-
tors have increased body mass and hypogonadotropic hypogonadism,
confirming the importance of insulin signaling in the brain for normal
reproductive axis activity.2#¢ Insulin resistance is thought to impair
hypothalamic KP neuronal function and downstream reproductive
axis activity.!> Streptozotocin-induced diabetic rats with hypoinsu-
linemia have reduced GnRH secretion'47148 and reduced ARC Kiss1
mRNA expression.'*? However, GnRH-specific and KP-specific insulin
receptor knockout models both have preserved oestrus cyclicity and

fertility,1°0-152

suggesting that insulin does not directly modulate
reproductive function through these neurons. Low circulating testos-
terone levels are associated with insulin resistance in MOSH.'2> In
females, hyperinsulinemia resulting from insulin resistance is linked
to increased androgen levels!>?; insulin stimulates both ovarian®*
and adipocyte androgen production,’®> whilst decreasing hepatic
synthesis of sex hormone-binding globulin (SHBG),1°¢ leading to
increased circulating free androgens.

Pro-inflammatory cytokines released by adipocytes also suppress
KP signaling. Rabbits fed a high-fat diet showed increased hypothala-
mic IL-6 expression and reduced Kiss1R expression.'>” Further, in vitro
evidence from human fetal hypothalamic cell lines showed that TNF-a
reduced GnRH secretion, Kiss1R expression, and kisspeptin-induced
depolarizing effect.1>8

Thus, suppression of hypothalamic KP signaling appears to have a
fundamental role in the pathophysiology of obesity-related secondary
hypogonadism. This has been demonstrated by administering IV KP10
to obese hypogonadal men, resulting in increased serum LH and testos-
terone levels as well as increased LH pulsatility, thereby overriding the
hypothalamic deficit in KP signaling.2>? In male rats with streptozocin-
induced diabetes, the LH response to kisspeptin was significantly

higher than control animals, 160

suggesting possible increased sensitiv-
ity. It would be interesting to evaluate if this augmented LH response
to kisspeptin translated to obesity-related secondary hypogonadism in
men with obesity. Further studies examining the response to kisspeptin
in patients with obesity could help determine the contribution of

hypothalamic dysfunction in obesity-related hypogonadism.

7 | HYPERPROLACTINEMIA

Prolactin is a pleiotropic peptide hormone secreted by the lac-
totroph cells of the anterior pituitary gland, 6! with effects
on lactogenesis, the stress response, energy expenditure, and

reproduction.’®2  Prolactin autoregulates its release through a
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feedback loop with tubero-infundibular dopaminergic (TIDA) neu-
rons of the hypothalamus; binding of prolactin to its receptor on
TIDA neurons stimulates dopamine release into the hypophyseal-
portal circulation, activation of dopamine-2 receptors (D2R) on
the lactotroph cell membrane, and suppression of intracellular pro-
lactin synthesis.161163 Hyperprolactinemia may be physiological or
pathological. Physiological hyperprolactinemia arises from adaptive
processes such as lactation?®3; in contrast, pathological hyperpro-
lactinemia occurs secondary to autonomous prolactin secretion or
disruption of auto-feedback.1631¢4 Prolactin-secreting pituitary
adenomas (prolactinomas) represent the commonest cause of patho-
logical hyperprolactinemia, accounting for 40% of all presentations.¢>
Other causes include: “disconnection” hyperprolactinemia, in which
pituitary stalk compression by a non-functioning pituitary adenoma or
hypothalamic craniopharyngioma interrupts dopaminergic inhibition
of prolactin synthesis!®®: dopaminergic neuronal damage following
infiltration or irradiation of the hypothalamus; systemic diseases
affecting dopaminergic tone; and pharmacological modulation of
dopamine activity.1” Clinically, hyperprolactinemia is characterized
by a hypogonadotropic hypogonadism associated with erectile dys-
function and reduced libido in men, oligo-amenorrhea in women, and
infertility and loss of bone mass in both sexes.16%

Prolactin exerts suppressive effects on pulsatile LH secretion.
Exogenous prolactin dose-dependently reduces LH pulse frequency

168 and female®?170 rats.

and amplitude in gonadectomized male
Similarly, observational studies of hyperprolactinemic men and
women have reported absent or low-frequency LH pulse secretion,
which was reversed by restoration of normal prolactin levels.}71-173
Comparable LH responses to exogenous GnRH observed in hyper-
prolactinemic women and controls indicate preserved sensitivity and
secretory function of pituitary gonadotrophs.”3174 |n contrast, rats
bearing prolactin-secreting pituitary allografts displayed decreased
hypophyseal-portal GnRH concentrations'’> and a diminished post-
castration rise in hypothalamic GhnRH mRNA expression’¢ compared
to normoprolactinemic controls. Furthermore, subcutaneous GnRH
replacement can re-establish follicular development in women with
hyperprolactinemic amenorrhea.’’! Under 5% of GnRH neurons
express the prolactin receptor!’?; therefore, prolactin likely inhibits
hypothalamic GnRH release through an intermediate mechanism.
Hypothalamic KP neurons of the ARC and rostral periventricular
area of the third ventricle (RPV3) have emerged as putative inter-
mediaries for prolactin’s suppressive effects on GnRH release. Both
neuronal populations abundantly express the prolactin receptor,177:178
and exhibit “responsivity” to exogenous prolactin.’’%17? Reduced Kiss1
mRNA expression and kisspeptin immunoreactivity have been demon-
strated in the ARC, and to a lesser extent the RPV3, of ovariectomized
rodents receiving exogenous prolactinl’%180 and lactating dams!8!
compared to normoprolactinemic controls. Consistent with an under-
lying deficit in hypothalamic kisspeptin secretion, daily intraperitoneal
injections of KP10 restored normal serum LH levels and ovarian
cyclicity in prolactin-treated mice.'89 Similarly, both continuous and
pulsatile infusion of KP10 increased mean serum LH and pulse fre-

quency in hyperprolactinemic women.182.183 Apolition of prolactin’s
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suppressive effects on LH pulsatility following conditional knockout
of its receptor in the mouse ARC!8* suggests that ARC KP neurons
represent the principal target for prolactin’s effects on the HPG
axis. Interestingly, E2 may modulate prolactin’s effects on ARC-KP
neurons; E2 itself downregulates Kiss1 expression in the ARC*® and
potentiates prolactin’s effects on LH pulse frequency and amplitude in
ovariectomized rats.'7° Collectively, these data suggest that prolactin
exerts partially E2-dependent effects on ARC-KP neurons to suppress
kisspeptin, and ultimately downstream GnRH release.

Gonadotropin responses to kisspeptin may offer further insight
into the functional status of GhnRH and KNDy neurons in hyperpro-
lactinemia. Prolactin-mediated suppression of ARC KP release may
result in upregulation of hypothalamic KISS1R expression; hypo-
thetically, this should result in augmented gonadotropin responses
to KP. To date, no studies in humans have quantified gonadotropin
responses to KP in both hyper- and normoprolactinemic patients,
although studies have shown that women with hyperprolactinemia
still respond to a kisspeptin-10 infusion.'8> In rats, 10-fold higher
integrated LH responses to kisspeptin infusion have been observed
during lactation than in dioestrus.'8¢ Furthermore, greater hypotha-
lamic KISSIR expression has been demonstrated in adult male rats
with PTU-induced hypothyroidism and consequent hyperprolactine-

mia than in controls.8”

However, intrinsic damage sustained by
hypothalamic GnRH neurons or pituitary gonadotrophs because of
common etiologies of hyperprolactinemia, such as invasive pituitary

188 may attenuate or abrogate gonadotropin

and hypothalamic tumors,
responses to kisspeptin in these conditions. Thus, combined dynamic
testing with kisspeptin and GnRH may illuminate the functional
status of hypothalamic KNDy and GnRH neurons, as well as pituitary

gonadotrophs, in hyperprolactinemia.'88

8 | STRUCTURAL BRAIN PATHOLOGY

Structural brain pathology such as tumors, or treatments such as
surgery or irradiation, may cause damage to the hypothalamus,
pituitary, or both, leading to secondary hypogonadism. Whilst some
conditions disproportionately affect hypothalamic function, such as

hamartomas and germinomas,8?

others can affect both the hypotha-
lamus and pituitary, such as craniopharyngiomas (CPs). CPs are rare
tumors with a bimodal age distribution at presentation, with peaks
in childhood and in older age.2?° CPs often affect the HPG axis: LH
and FSH deficiencies are seen in 40%-50% of cases at diagnosis,??
and secondary hypogonadism leads to absent puberty in up to 70% of
children with CP.1%2 Both surgical resection and radiotherapy for CPs
cause significant morbidity because of damage to the hypothalamus
and/or pituitary gland, with long-term consequences including hypopi-
tuitarism, hypothalamic obesity, vision loss, and motor deficits.1?3
Radiotherapy is particularly a risk factor for central hypogonadism at
doses above 50 Gy.192

CPs were previously described as “suprasellar” because of the
presence of calcification visible above the sella turcica on skull

radiographs.'?° The resulting compression on the pituitary was thus
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presumed to be the cause of central hypogonadism, and the hypotha-
lamus was assumed to be spared. However, more recently, MRI has
demonstrated that approximately half of CPs are in fact located within
the regions containing the hypothalamus, at the level of the third
ventricle, and thus termed “hypothalamic CPs (Hy-CPs).”1?# Although
hypogonadotropic hypogonadism secondary to CP has traditionally
been presumed to be pituitary in origin,'?° following the discovery of
Hy-CPs, Pascual et al. postulated that they may cause three different
syndromes of clinical manifestations: (i) pan-hypopituitarism because
of blockage of hypothalamic releasing hormones including GnRH at
the level of the portal vessels; (ii) infundibulo-tuberal syndrome caused
by damage to the median eminence; and (iii) hypothalamic syndrome
(HS) from damage to hypothalamic structures along the third ventricle
wall.2%% Thus, hypogonadotropic hypogonadism seen in CP may be
because of pituitary and/or hypothalamic damage; however, these
two groups cannot be differentiated based on basal or stimulated
pituitary hormone profiles. Imaging can be useful to help determine
the extent of hypothalamic involvement of a CP and the amount
of damage sustained during resection,’?41%7 and van Santen et al.
developed a diagnostic tool incorporating clinical signs and symptoms,
endocrine dysfunction, and MRI findings to determine the presence of
HS in children, including those with tumors such as CPs.1?8 However,
imaging is unable to determine hypothalamic and pituitary endocrine
function, nor differentiate these two causes of hypogonadism.

Kisspeptin could be used to interrogate hypothalamic function
in patients with structural brain pathology and hypogonadotropic
hypogonadism. In parallel, the response to GnRH would elicit any
associated pituitary involvement. However, to date, no studies have
been carried out to this end. This may be useful to monitor any change
in hypothalamic reproductive function over time, given that the inci-
dence of central hypogonadism increases for years following cranial
irradiation for brain malignancies, whilst conversely there could be
recovery of hypothalamic function after an insult.1?%:200

9 | CONCLUSION

In conclusion, kisspeptin offers a potential novel diagnostic avenue for
elucidating the relative hypothalamic contribution to many different
reproductive disorders in males and females. In age- and obesity-
related hypogonadism, the hypothalamic (secondary) component
is postulated to lead to increased sensitivity to kisspeptin and thus
greater gonadotropin response, allowing differentiation from the
testicular (primary) component. Similarly, comparing gonadotropin
responses to kisspeptin and gonadotropin-releasing hormone stimula-
tion could help distinguish hypothalamic from pituitary involvement in
structural brain pathology, as well as determine the specific abnormal-
ity in the different causes of hyperprolactinemia. Kisspeptin could also
enable clinicians to distinguish congenital hypogonadotropic hypog-
onadism from constitutional delay of growth and puberty in children
with delayed puberty. Finally, in functional hypogonadotropic hypogo-
nadism, including functional hypothalamic amenorrhea in women and

relative energy deficiency syndrome in both sexes, kisspeptin could

WILEY -

identify reduced hypothalamic function as the final common pathway

in the pathophysiology of these conditions. It could also potentially
help differentiate these conditions from differential diagnoses such
as polycystic ovary syndrome, as a prompt and accurate diagnosis has
implications for clinical management and improved patient care.

To date, there are multiple avenues that remain under-explored
regarding the potential use of kisspeptin in interrogating hypotha-
lamic dysfunction in both pubertal and reproductive disorders. For
example, data on the response to kisspeptin in men with functional
hypothalamic hypogonadism such as relative energy deficiency syn-
drome, or in patients with structural brain pathology would be of
interest. Additionally, work investigating whether the response to
kisspeptin could reveal differential underlying hypothalamic dysfunc-
tion in women with distinct causes of menstrual disturbance would
also be of value given the significant diagnostic challenge in current
clinical practice. A limitation of the use of kisspeptin is that it relies
on a functional pituitary gland to enable a readout with respect to
gonadotropin secretion, as gonadotropin-releasing hormone levels
cannot be measured directly. In future, kisspeptin could be used in
practice as a routine test of hypothalamic function, just as we currently
regard gonadotropin-releasing hormone as a standard test of pituitary
function. The ability to interrogate hypothalamic dysfunction is likely
to reveal novel insights in several reproductive disorders given its

central role in integrating metabolic and reproductive health.

AUTHOR CONTRIBUTIONS

Aureliane C. S. Pierret, Aaran H. Patel and Elisabeth Daniels: Per-
formed the literature review and wrote the paper. Ali Abbara, Waljit
S. Dhillo and Alexander N. Comninos: Edited the manuscript and
provided supervision.

ACKNOWLEDGMENTS

National Institute of Health Research (NIHR); NIHR/Wellcome Trust
Imperial Clinical Research Facility; NIHR Imperial Biomedical Research
Centre; Medical Research Council (MRC), Biotechnology and Bio-
logical Sciences Research Council (BBSRC), NIHR; NIHR Biomedical
Research Centre (BRC); NIHR Academic Clinical Fellowships; NHS;
NIHR Research Professorship NIHR-RP-2014-05-001; NIHR Senior
Investigator Award; NIHR Clinician Scientist Award CS-2018-18-ST2-
002.

CONFLICT OF INTEREST STATEMENT
Ali Abbara and Waljit S. Dhillo have consulted for Myovant Sciences
Ltd. Waljit S. Dhillo has consulted for KaNDy therapeutics.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

DISCLOSURE

The views expressed are those of the authors and not necessarily rep-
resent those of the MRC, the NHS, the NIHR, or the Department of
Health.

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z



0 | WILEY

ANDROLOGY

ORCID

Aureliane C.S. Pierret

https://orcid.org/0000-0003-3125-6423

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Knobil E, Plant TM, Wildt L, Belchetz PE, Marshall G. Con-
trol of the rhesus monkey menstrual cycle: permissive role of
hypothalamic gonadotropin-releasing hormone. Science (1979).
1980;207(4437):1371-1373.doi: 10.1126/science.6766566

. Burger LL, Haisenleder DJ, Dalkin AC, Marshall JC. Regulation

of gonadotropin subunit gene transcription. J Mol Endocrinol.
2004;33(3):559-584.d0i:10.1677/jme.1.01600

. Belchetz PE, Plant TM, Nakai Y, Keogh EJ, Knobil E. Hypophysial

responses to continuous and intermittent delivery of hypotha-
lamic  gonadotropin-releasing  hormone.  Science  (1979).
1978;202(4368):631-633.d0i:10.1126/science.100883

. Lehman MN, Hileman SM, Goodman RL. Neuroanatomy of the

kisspeptin signaling system in mammals: comparative and develop-
mental aspects. Adv Exp Med Biol. 2013;784:27-62.d0i:10.1007/978-
1-4614-6199-9_3

. Hrabovszky E, Ciofi P, Vida B, et al. The kisspeptin system of

the human hypothalamus: sexual dimorphism and relationship with
gonadotropin-releasing hormone and neurokinin B neurons. Eur J
Neurosci. 2010;31(11):1984-1998. doi:10.1111/j.1460-9568.2010.
07239.x

. Kotani M, Detheux M, Vandenbogaerde A, et al. The metastasis

suppressor gene KiSS-1 encodes kisspeptins, the natural ligands
of the orphan G protein-coupled receptor GPR54. J Biol Chem.
2001;276(37):34631-34636.d0i:10.1074/jbc.M104847200

. Messager S, Chatzidaki EE, Ma D, et al. Kisspeptin directly stimu-

lates gonadotropin-releasing hormone release via G protein-coupled
receptor 54. Proc Natl Acad Sci USA. 2005;102(5):1761-1766. doi: 10.
1073/pnas.0409330102

. d’Anglemont de Tassigny X, Jayasena C, Murphy KG, Dhillo WS,

Colledge WH. Mechanistic insights into the more potent effect of
KP-54 compared to KP10 in vivo. PLoS One. 2017;12(5):e0176821.
doi:10.1371/journal.pone.0176821

. Seminara SB, Messager S, Chatzidaki EE, et al. The GPR54 gene as a

regulator of puberty. N Engl J Med. 2003;349(17):1614-1627.doi:10.
1056/NEJM0a035322

de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom
E. Hypogonadotropic hypogonadism due to loss of function of the
KiSS1-derived peptide receptor GPR54. Proc Natl Acad Sci USA.
2003;100(19):10972-10976.d0i:10.1073/pnas.1834399100
Topaloglu AK, Tello JA, Kotan LD, et al. Inactivating KISS1
mutation and hypogonadotropic hypogonadism. N Engl J Med.
2012;366(7):629-635.doi:10.1056/NEJM0a1111184

Teles MG, Bianco SDC, Brito VN, et al. A GPR54-activating muta-
tion in a patient with central precocious puberty. N Engl J Med.
2008;358(7):709-715. doi: 10.1056/NEJM0a073443

Abbara A, Narayanaswamy S, lzzi-Engbeaya C, et al. Hypothalamic
response to kisspeptin-54 and pituitary response to gonadotropin-
releasing hormone are preserved in healthy older men. Neuroen-
docrinology. 2018;106(4):401-410. doi:10.1159/000488452

Eng PC, Phylactou M, Qayum A, et al. Obesity-related hypogonadism
in women. Endocr Rev. 2024,;45(2):171-189. doi:10.1210/endrev/
bnad027

Fernandez CJ, Chacko EC, Pappachan JM. Male obesity-related sec-
ondary hypogonadism—pathophysiology, clinical implications and
management. Eur Endocrinol. 2019;15(2):83-90. doi:10.17925/EE.
2019.15.2.83

Angelidi AM, Stefanakis K, Chou SH, et al. Relative energy deficiency
in sport (REDs): endocrine manifestations, pathophysiology and
treatments. Endocr Rev. 2024;45(5):676-708. doi:10.1210/endrev/
bnae011

NDROLOGY

PIERRET ET AL.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Santoro N, Filicori M, Crowley WF. Hypogonadotropic disorders in
men and women: diagnosis and therapy with pulsatile gonadotropin-
releasing hormone. Endocr Rev. 1986;7(1):11-23. doi:10.1210/edrv-
7-1-11

Koysombat K, Dhillo WS, Abbara A. Assessing hypothalamic
pituitary gonadal function in reproductive disorders. Clin Sci.
2023;137(11):863-879.d0i:10.1042/CS20220146

Young J, Xu C, Papadakis GE, et al. Clinical management of congenital
hypogonadotropic hypogonadism. Endocr Rev. 2019;40(2):669-710.
doi:10.1210/er.2018-00116

Gaspar JM. Is polycystic ovary syndrome a hypothalamic disease?
EBioMedicine. 2023;92:104598. d0i:10.1016/j.ebiom.2023.104598
Takahashi PY, Liu PY, Roebuck PD, Iranmanesh A, Veldhuis JD.
Graded inhibition of pulsatile luteinizing hormone secretion by a
selective gonadotropin-releasing hormone (GnRH)-receptor antag-
onist in healthy men: evidence that age attenuates hypothala-
mic GnRH outflow. J Clin Endocrinol Metab. 2005;90(5):2768-2774.
doi:10.1210/jc.2004-2521

Boehm U, Bouloux PM, Dattani MT, et al. Expert consensus
document: European Consensus Statement on congenital hypogo-
nadotropic hypogonadism—pathogenesis, diagnosis and treatment.
Nat Rev Endocrinol. 2015;11(9):547-564. doi:10.1038/nrendo.2015.
112

Chan YM, Lippincott MF, Butler JP, et al. Exogenous kisspeptin
administration as a probe of GnRH neuronal function in patients with
idiopathic hypogonadotropic hypogonadism. J Clin Endocrinol Metab.
2014;99(12):E2762-2771.d0i:10.1210/jc.2014-2233

Abbara A, Eng PC, Phylactou M, et al. Kisspeptin-54 accurately
identifies hypothalamic gonadotropin-releasing hormone neuronal
dysfunction in men with congenital hypogonadotropic hypogo-
nadism. Neuroendocrinology. 2021;111(12):1176-1186.doi:10.1159/
000513248

Dwyer AA, McDonald IR, Cangiano B, et al. Classes and predic-
tors of reversal in male patients with congenital hypogonadotropic
hypogonadism: a cross-sectional study of six international refer-
ral centres. Lancet Diabetes Endocrinol. 2024;12(4):257-266. doi: 10.
1016/52213-8587(24)00028-7

Sidhoum VF, Chan YM, Lippincott MF, et al. Reversal and relapse
of hypogonadotropic hypogonadism: resilience and fragility of
the reproductive neuroendocrine system. J Clin Endocrinol Metab.
2014;99(3):861-870. doi:10.1210/jc.2013-2809

Lippincott MF, Chan YM, Delaney A, Rivera-Morales D, Butler
JP, Seminara SB. Kisspeptin responsiveness signals emergence of
reproductive endocrine activity: implications for human puberty.
J Clin Endocrinol Metab. 2016;101(8):3061-3069. doi:10.1210/jc.
2016-1545

Lippincott MF, Nguyen K, Delaney A, Chan YM, Seminara SB. Assess-
ing sex steroid influence on kisspeptin responsiveness in idiopathic
hypogonadotropic hypogonadism. J Endocr Soc. 2018;2(11):1293-
1305.d0i:10.1210/j5.2018-00183

Chan YM, Lippincott MF, Sales Barroso P, et al. Using kisspeptin
to predict pubertal outcomes for youth with pubertal delay. J Clin
Endocrinol Metab. 2020;105(8):e2717-e2725. doi:10.1210/clinem/
dgaalé2

Festa A, Umano GR, Miraglia del Giudice E, Grandone A. Genetic
evaluation of patients with delayed puberty and congenital hypog-
onadotropic hypogonadism: is it worthy of consideration? Front
Endocrinol  (Lausanne). 2020;11:253. doi:10.3389/fendo.2020
.00253

Wang Y, Qin M, Fan L, Gong C. Correlation analysis of genotypes
and phenotypes in chinese male pediatric patients with congen-
ital hypogonadotropic hypogonadism. Front Endocrinol (Lausanne).
2022;13:846801. doi:10.3389/fendo0.2022.846801

Harrington J, Palmert MR. Distinguishing constitutional delay of
growth and puberty from isolated hypogonadotropic hypogonadism:

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://orcid.org/0000-0003-3125-6423
https://orcid.org/0000-0003-3125-6423
https://doi.org/10.1126/science.6766566
https://doi.org/10.1677/jme.1.01600
https://doi.org/10.1126/science.100883
https://doi.org/10.1007/978-1-4614-6199-9_3
https://doi.org/10.1007/978-1-4614-6199-9_3
https://doi.org/10.1111/j.1460-9568.2010.07239.x
https://doi.org/10.1111/j.1460-9568.2010.07239.x
https://doi.org/10.1074/jbc.M104847200
https://doi.org/10.1073/pnas.0409330102
https://doi.org/10.1073/pnas.0409330102
https://doi.org/10.1371/journal.pone.0176821
https://doi.org/10.1056/NEJMoa035322
https://doi.org/10.1056/NEJMoa035322
https://doi.org/10.1073/pnas.1834399100
https://doi.org/10.1056/NEJMoa1111184
https://doi.org/10.1056/NEJMoa073443
https://doi.org/10.1159/000488452
https://doi.org/10.1210/endrev/bnad027
https://doi.org/10.1210/endrev/bnad027
https://doi.org/10.17925/EE.2019.15.2.83
https://doi.org/10.17925/EE.2019.15.2.83
https://doi.org/10.1210/endrev/bnae011
https://doi.org/10.1210/endrev/bnae011
https://doi.org/10.1210/edrv-7-1-11
https://doi.org/10.1210/edrv-7-1-11
https://doi.org/10.1042/CS20220146
https://doi.org/10.1210/er.2018-00116
https://doi.org/10.1016/j.ebiom.2023.104598
https://doi.org/10.1210/jc.2004-2521
https://doi.org/10.1038/nrendo.2015.112
https://doi.org/10.1038/nrendo.2015.112
https://doi.org/10.1210/jc.2014-2233
https://doi.org/10.1159/000513248
https://doi.org/10.1159/000513248
https://doi.org/10.1016/S2213-8587(24)00028-7
https://doi.org/10.1016/S2213-8587(24)00028-7
https://doi.org/10.1210/jc.2013-2809
https://doi.org/10.1210/jc.2016-1545
https://doi.org/10.1210/jc.2016-1545
https://doi.org/10.1210/js.2018-00183
https://doi.org/10.1210/clinem/dgaa162
https://doi.org/10.1210/clinem/dgaa162
https://doi.org/10.3389/fendo.2020.00253
https://doi.org/10.3389/fendo.2020.00253
https://doi.org/10.3389/fendo.2022.846801

PIERRET ET AL.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

critical appraisal of available diagnostic tests. J Clin Endocrinol Metab.
2012;97(9):3056-3067.d0i:10.1210/jc.2012-1598

Norman RJ, Dewailly D, Legro RS, Hickey TE. Polycystic ovary
syndrome. Lancet. 2007;370(9588):685-697. doi:10.1016/50140-
6736(07)61345-2

Teede HJ, Tay CT, Laven JJE, et al. Recommendations from the
2023 international evidence-based guideline for the assessment and
management of polycystic ovary syndrome. J Clin Endocrinol Metab.
2023;108(10):2447-2469. doi:10.1210/clinem/dgad463

Hillman SC, Bryce C, Caleyachetty R, Dale J. Women’s expe-
riences of diagnosis and management of polycystic ovary syn-
drome: a mixed-methods study in general practice. Br J Gen Pract.
2020;70(694):e322-e329. doi:10.3399/bjgp20x708881

Taylor AE, McCourt B, Martin KA, et al. Determinants of abnormal
gonadotropin secretion in clinically defined women with polycys-
tic ovary syndrome. J Clin Endocrinol Metab. 1997;82(7):2248-2256.
doi:10.1210/jcem.82.7.4105

Morales AJ, Laughlin GA, Biitzow T, Maheshwari H, Baumann G,
Yen SS. Insulin, somatotropic, and luteinizing hormone axes in lean
and obese women with polycystic ovary syndrome: common and dis-
tinct features. J Clin Endocrinol Metab. 1996;81(8):2854-2864. doi: 10.
1210/jcem.81.8.8768842

Hsu MI, Liou TH, Liang SJ, Su HW, Wu CH, Hsu CS. Inappro-
priate gonadotropin secretion in polycystic ovary syndrome. Fer-
til Steril. 2009;91(4):1168-1174. doi:10.1016/jfertnstert.2008.01
.036

Mistry DS, Tsutsumi R, Fernandez M, et al. Gonadotropin-releasing
hormone pulse sensitivity of follicle-stimulating hormone-beta gene
is mediated by differential expression of positive regulatory activator
protein 1 factors and corepressors SKIL and TGIF1. Mol Endocrinol.
2011;25(8):1387-1403.d0i:10.1210/me.2011-0032

Jozkowiak M, Piotrowska-Kempisty H, Kobylarek D, et al. Endocrine
disrupting chemicals in polycystic ovary syndrome: the relevant role
of the theca and granulosa cells in the pathogenesis of the ovarian
dysfunction. Cells. 2022;12(1):174. doi:10.3390/cells12010174
Abbott DH, Barnett DK, Bruns CM, Dumesic DA. Androgen excess
fetal programming of female reproduction: a developmental
aetiology for polycystic ovary syndrome? Hum Reprod Update.
2005;11(4):357-374.d0i:10.1093/humupd/dmi013

Daniels TL, Berga SL. Resistance of gonadotropin releasing hormone
drive to sex steroid-induced suppression in hyperandrogenic anovu-
lation. J Clin Endocrinol Metab. 1997;82(12):4179-4183.doi:10.1210/
jcem.82.12.4402

Pastor CL, Griffin-Korf ML, Aloi JA, Evans WS, Marshall JC. Poly-
cystic ovary syndrome: evidence for reduced sensitivity of the
gonadotropin-releasing hormone pulse generator to inhibition by
estradiol and progesterone. J Clin Endocrinol Metab. 1998;83(2):582-
590.d0i:10.1210/jcem.83.2.4604

Moore AM, Prescott M, Campbell RE. Estradiol negative and positive
feedback in a prenatal androgen-induced mouse model of polycys-
tic ovarian syndrome. Endocrinology. 2013;154(2):796-806. doi:10.
1210/en.2012-1954

Eagleson CA, Gingrich MB, Pastor CL, et al. Polycystic ovar-
ian syndrome: evidence that flutamide restores sensitivity of
the gonadotropin-releasing hormone pulse generator to inhi-
bition by estradiol and progesterone. J Clin Endocrinol Metab.
2000;85(11):4047-4052.d0i:10.1210/jcem.85.11.6992

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(5):761-764.doi:10.1159/000126304

Smith JT, Popa SM, Clifton DK, Hoffman GE, Steiner RA. Kiss1
neurons in the forebrain as central processors for generating the pre-
ovulatory luteinizing hormone surge. J Neurosci. 2006;26(25):6687-
6694.d0i:10.1523/JNEUROSCI.1618-06.2006

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

60.

61.

62.

63.

64.

€
NDROLOGY

WILEY- "

Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA. Reg-
ulation of Kiss1 gene expression in the brain of the female mouse.
Endocrinology. 2005;146(9):3686-3692. doi:10.1210/en.2005-0488
Esparza LA, Schafer D, Ho BS, Thackray VG, Kauffman AS. Hyper-
active LH pulses and elevated kisspeptin and NKB gene expression
in the arcuate nucleus of a PCOS mouse model. Endocrinology.
2020;161(4):bgaa018. doi:10.1210/endocr/bgaa018

Cernea M, Padmanabhan V, Goodman RL, Coolen LM, Lehman MN.
Prenatal testosterone treatment leads to changes in the morphol-
ogy of KNDy neurons, their inputs, and projections to GnRH cells in
female sheep. Endocrinology. 2015;156(9):3277-3291. doi:10.1210/
en.2014-1609

Coutinho EA, Esparza LA, Rodriguez J, Yang J, Schafer D, Kauffman
AS. Targeted inhibition of kisspeptin neurons reverses hyperan-
drogenemia and abnormal hyperactive LH secretion in a pre-
clinical mouse model of polycystic ovary syndrome. Hum Reprod.
2024;39(9):2089-2103. d0i:10.1093/humrep/deae153

Varikasuvu SR, Prasad VS, Vamshika V, Satyanarayana M, Panga
JR. Circulatory metastin/kisspeptin-1 in polycystic ovary syndrome:
a systematic review and meta-analysis with diagnostic test accu-
racy. Reprod Biomed Online. 2019;39(4):685-697.doi:10.1016/j.rbmo.
2019.04.018

Romero-Ruiz A, Skorupskaite K, Gaytan F, et al. Kisspeptin treatment
induces gonadotropic responses and rescues ovulation in a subset of
preclinical models and women with polycystic ovary syndrome. Hum
Reprod. 2019;34(12):2495-2512. doi:10.1093/humrep/dez205
Skorupskaite K, George JT, Veldhuis JD, Millar RP, Anderson RA.
Kisspeptin and neurokinin B interactions in modulating gonadotropin
secretion in women with polycystic ovary syndrome. Hum Reprod.
2020;35(6):1421-1431.d0i:10.1093/humrep/deaal04

Gordon CM, Ackerman KE, Berga SL, et al. Functional hypothala-
mic amenorrhea: an endocrine society clinical practice guideline.
J Clin Endocrinol Metab. 2017;102(5):1413-1439. doi:10.1210/jc.
2017-00131

Morrison AE, Fleming S, Levy MJ. A review of the pathophysiology of
functional hypothalamic amenorrhoea in women subject to psycho-
logical stress, disordered eating, excessive exercise or a combination
of these factors. Clin Endocrinol (Oxf). 2021;95(2):229-238. doi:10.
1111/cen.14399

Patel AH, Koysombat K, Pierret A, et al. Kisspeptin in functional
hypothalamic amenorrhea: pathophysiology and therapeutic poten-
tial. Ann N Y Acad Sci. 2024;1540(1):21-46.doi:10.1111/nyas.15220
McCosh RB, O’'Bryne KT, Karsch FJ, Breen KM. Regulation of the
gonadotropin-releasing hormone neuron during stress. J Neuroen-
docrinol. 2022;34(5):€13098. doi:10.1111/jne.13098

. Berga SL, Mortola JF, Girton L, et al. Neuroendocrine aberrations in

women with functional hypothalamic amenorrhea. J Clin Endocrinol
Metab. 1989;68(2):301-308. doi:10.1210/jcem-68-2-301
Phumsatitpong C, Wagenmaker ER, Moenter SM. Neuroendocrine
interactions of the stress and reproductive axes. Front Neuroen-
docrinol. 2021;63:100928. d0i:10.1016/j.yfrne.2021.100928

Berga S, Daniels T, Giles DE. Women with functional hypothalamic
amenorrhea but not other forms of anovulation display amplified
cortisol concentrations. Fertil Steril. 1997;67(6):1024-1030.

Biller BMK, Federoff HJ, Koenig JI, Klibanski A. Abnormal cor-
tisol secretion and responses to corticotropin-releasing hormone
in women with hypothalamic amenorrhea. J Clin Endocrinol Metab.
1990;70(2):311-317.d0i:10.1210/jcem-70-2-311

Barbarino A, Marinis LDE, Tofani A, et al. Corticotropin-releasing
hormone inhibition of gonadotropin release and the effect of opioid
blockade. J Clin Endocrinol Metab. 1989;68(3):523-528. doi:10.1210/
jcem-68-3-523

Hahn JD, Kalamatianos T, Coen CW. Studies on the neu-
roanatomical basis for stress-induced oestrogen-potentiated
suppression of reproductive function: evidence against direct

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://doi.org/10.1210/jc.2012-1598
https://doi.org/10.1016/S0140-6736(07)61345-2
https://doi.org/10.1016/S0140-6736(07)61345-2
https://doi.org/10.1210/clinem/dgad463
https://doi.org/10.3399/bjgp20x708881
https://doi.org/10.1210/jcem.82.7.4105
https://doi.org/10.1210/jcem.81.8.8768842
https://doi.org/10.1210/jcem.81.8.8768842
https://doi.org/10.1016/j.fertnstert.2008.01.036
https://doi.org/10.1016/j.fertnstert.2008.01.036
https://doi.org/10.1210/me.2011-0032
https://doi.org/10.3390/cells12010174
https://doi.org/10.1093/humupd/dmi013
https://doi.org/10.1210/jcem.82.12.4402
https://doi.org/10.1210/jcem.82.12.4402
https://doi.org/10.1210/jcem.83.2.4604
https://doi.org/10.1210/en.2012-1954
https://doi.org/10.1210/en.2012-1954
https://doi.org/10.1210/jcem.85.11.6992
https://doi.org/10.1159/000126304
https://doi.org/10.1523/JNEUROSCI.1618-06.2006
https://doi.org/10.1210/en.2005-0488
https://doi.org/10.1210/endocr/bqaa018
https://doi.org/10.1210/en.2014-1609
https://doi.org/10.1210/en.2014-1609
https://doi.org/10.1093/humrep/deae153
https://doi.org/10.1016/j.rbmo.2019.04.018
https://doi.org/10.1016/j.rbmo.2019.04.018
https://doi.org/10.1093/humrep/dez205
https://doi.org/10.1093/humrep/deaa104
https://doi.org/10.1210/jc.2017-00131
https://doi.org/10.1210/jc.2017-00131
https://doi.org/10.1111/cen.14399
https://doi.org/10.1111/cen.14399
https://doi.org/10.1111/nyas.15220
https://doi.org/10.1111/jne.13098
https://doi.org/10.1210/jcem-68-2-301
https://doi.org/10.1016/j.yfrne.2021.100928
https://doi.org/10.1210/jcem-70-2-311
https://doi.org/10.1210/jcem-68-3-523
https://doi.org/10.1210/jcem-68-3-523

2 | WILEY

65.
66.

67.

68.
69.

70.

71.

72.
73.
74.

75.

76.

77.
78.
79.

80.

ANDROLOGY

NDROLOGY

corticotropin-releasing hormone projections to the vicinity of
luteinizing hormone-releasing hormone cell bodies in female
rats. J Neuroendocrinol. 2003;15(8):732-742. doi:10.1046/j.1365-
2826.2003.01056.x

Raftogianni A, Roth LC, Garcia-Gonzalez D, et al. Deciphering the
contributions of CRH receptors in the brain and pituitary to stress-
induced inhibition of the reproductive axis. Front Mol Neurosci.
2018;11:305.

Ozawa H. Kisspeptin neurons as an integration center of reproduc-
tive regulation: observation of reproductive function based on a new
concept of reproductive regulatory nervous system. Reprod Med Biol.
2021;21(1):€12419.d0i:10.1002/rmb2.12419

Kinsey-Jones JS, Li XF, Knox AMI, et al. Down-regulation of hypotha-
lamic kisspeptin and its receptor, Kiss1r, nRNA expression is associ-
ated with stress-induced suppression of luteinising hormone secre-
tion in the female rat. J Neuroendocrinol. 2009;21(1):20-29. doi:10.
1111/j.1365-2826.2008.01807.x

Yang JA, Song Cl, Hughes JK, et al. Acute psychosocial stress
inhibits LH pulsatility and kiss1 neuronal activation in female mice.
Endocrinology. 2017;158(11):3716-3723. doi:10.1210/en.2017-
00301

Podfigurna A, Maciejewska-Jeske M, Meczekalski B, Genazzani AD.
Kisspeptin and LH pulsatility in patients with functional hypotha-
lamic amenorrhea. Endocrine. 2020;70(3):635-643. doi:10.1007/
s12020-020-02481-4

Olson BR, Cartledge T, Sebring N, Defensor R, Nieman L. Short-
term fasting affects luteinizing hormone secretory dynamics but
not reproductive function in normal-weight sedentary women. J
Clin Endocrinol Metab. 1995;80(4):1187-1193. doi:10.1210/jcem.80.
4.7714088

Loucks AB, Heath EM. Dietary restriction reduces luteinizing hor-
mone (LH) pulse frequency during waking hours and increases
LH pulse amplitude during sleep in young menstruating women. J
Clin Endocrinol Metab. 1994;78(4):910-915. doi:10.1210/jcem.78.4.
8157720

Boyar RM, Katz J, Finkelstein JW, et al. Anorexia nervosa—
immaturity of the 24-hour luteinizing hormone secretory
pattern. N Engl J Med. 1974;291(17):861-865. doi:10.1056/
NEJM197410242911701

Travaglini P, Beck-Peccoz P, Ferrari C, et al. Some aspects of
hypothalamic-pituitary function in patients with anorexia nervosa.
Acta Endocrinologica (Norway). 1976;81(2):252-262. doi:10.1530/
acta.0.0810252

Loucks AB, Thuma JR. Luteinizing hormone pulsatility is disrupted at
a threshold of energy availability in regularly menstruating women.
J Clin Endocrinol Metab. 2003;88(1):297-311. doi:10.1210/jc.2002-
020369

Lieberman JAYL, de Souza MJ, Wagstaff DA, Williams NI. Men-
strual disruption with exercise is not linked to an energy availability
threshold. Med Sci Sports Exerc. 2018;50(3):551-561.

Miller KK, Parulekar MS, Schoenfeld E, et al. Decreased leptin levels
in normal weight women with hypothalamic amenorrhea: the effects
of body composition and nutritional intake. J Clin Endocrinol Metab.
1998;83(7):2309-2312. doi:10.1210/jcem.83.7.4975

Laughlin GA, Yen SSC. Hypoleptinemia in women athletes: absence
of a diurnal rhythm with amenorrhea. J Clin Endocrinol Metab.
1997;82(1):318-321.d0i:10.1210/jcem.82.1.3840

Welt CK, Chan JL, Bullen J, et al. Recombinant human leptininwomen
with hypothalamic amenorrhea. N Engl J Med. 2004;351(10):987-
997.

Schneider LF, Warren MP. Functional hypothalamic amenorrhea is
associated with elevated ghrelin and disordered eating. Fertil Steril.
2006;86(6):1744-1749.doi:10.1016/j.fertnstert.2006.05.051

Kluge M, Schissler P, Schmidt D, Uhr M, Steiger A. Ghrelin sup-
presses secretion of luteinizing hormone (LH) and follicle-stimulating

PIERRET ET AL.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

hormone (FSH) in women. J Clin Endocrinol Metab. 2012;97(3):E448-
E451.doi:10.1210/jc.2011-2607

Podfigurna A, Szeliga A, Meczekalski B. Serum kisspeptin and
corticotropin-releasing hormone levels in patients with func-
tional hypothalamic amenorrhea. Gynecol Reprod Endocrinol Metab.
2020;1(1):37-42.

Jayasena CN, Nijher GMK, Chaudhri OB, et al. Subcutaneous injec-
tion of kisspeptin-54 acutely stimulates gonadotropin secretion in
women with hypothalamic amenorrhea, but chronic administration
causes tachyphylaxis. J Clin Endocrinol Metab. 2009;94(11):4315-
4323.d0i:10.1210/jc.2009-0406

Dhillo WS, Chaudhri OB, Thompson EL, et al. Kisspeptin-54 stimu-
lates gonadotropin release most potently during the preovulatory
phase of the menstrual cycle in women. J Clin Endocrinol Metab.
2007;92(10):3958-3966. d0i:10.1210/jc.2007-1116

Castellano JM, Navarro VM, Fernandez-Fernandez R, et al. Changes
in hypothalamic KiSS-1 system and restoration of pubertal acti-
vation of the reproductive axis by kisspeptin in undernutrition.
Endocrinology. 2005;146(9):3917-3925. doi:10.1210/en.2005-0337
Dwyer AA, Chavan NR, Lewkowitz-Shpuntoff H, et al. Func-
tional hypogonadotropic hypogonadism in men: underlying neuroen-
docrine mechanisms and natural history. J Clin Endocrinol Metab.
2019;104(8):3403-3414.d0i:10.1210/jc.2018-02697

Hackney AC, Fahrner CL, Gulledge TP. Basal reproductive hormonal
profiles are altered in endurance trained men. J Sports Med Phys
Fitness. 1998;38(2):138-141.

Mccoll EM, Wheeler GD, Gomes P, Bhambhani Y, Cumming DC. The
effects of acute exercise on pulsatile LH release in high-mileage male
runners. Clin Endocrinol (Oxf). 1989;31(5):617-622. doi:10.1111/j.
1365-2265.1989.th01286.x

Wheeler GD, Wall SR, Belcastro AN, Cumming DC. Reduced serum
testosterone and prolactin levels in male distance runners. JAMA.
1984;252(4):514-516.d0i:10.1001/jama.1984.03350040044020
MacConnie SE, Barkan A, Lampman RM, Schork MA, Beitins 1Z.
Decreased hypothalamic gonadotropin-releasing hormone secretion
in male marathon runners. N Engl J Med. 1986;315(7):411-417.
doi:10.1056/NEJM198608143150702

Strauss RH, Lanese RR, Malarkey WB. Weight loss in ama-
teur wrestlers and its effect on serum testosterone levels.
JAMA. 1985;254(23):3337-3338. doi:10.1001/jama.1985.
03360230069025

Bergendahl M, Aloi JA, Iranmanesh A, Mulligan TM, Veldhuis JD.
Fasting suppresses pulsatile luteinizing hormone (LH) secretion and
enhances orderliness of LH release in young but not older men. J
Clin Endocrinol Metab. 1998;83(6):1967-1975. doi:10.1210/jcem.83.
6.4856

Klibanski A, Beitins 1Z, Badger T, Little R, Mcarthur JW. Repro-
ductive function during fasting in men. J Clin Endocrinol Metab.
1981;53(2):258-263.d0i:10.1210/jcem-53-2-258

Badger TM, Lynch EA, Fox PH. Effects of fasting on luteinizing hor-
mone dynamics in the male rat. J Nutr. 1985;115(6):788-797. doi:10.
1093/jn/115.6.788

Aloi JA, Bergendahl M, Iranmanesh A, Veldhuis JD. Pulsatile
intravenous  gonadotropin-releasing hormone administration
averts fasting-induced hypogonadotropism and hypoandro-
genemia in healthy, normal weight men. J Clin Endocrinol Metab.
1997;82(5):1543-1548.doi:10.1210/jcem.82.5.3947

Burge MR, Lanzi RA, Skarda ST, Philip Eaton R. Idiopathic hypogo-
nadotropic hypogonadismin a male runner is reversed by clomiphene
citrate. Fertil Steril. 1997;67(4):783-785.

Shemesh A, Endevelt R, Levy Y. Reversible nutritional hypogonadism
in a 22-year-old man. Am J Med. 2011;124(12):e1-e2. doi:10.1016/j.

amjmed.2011.04.021
Spaziani M, Carlomagno F, Tarantino C, Angelini F,
Vincenzi L, Gianfrilli D. New perspectives in functional

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://doi.org/10.1046/j.1365-2826.2003.01056.x
https://doi.org/10.1046/j.1365-2826.2003.01056.x
https://doi.org/10.1002/rmb2.12419
https://doi.org/10.1111/j.1365-2826.2008.01807.x
https://doi.org/10.1111/j.1365-2826.2008.01807.x
https://doi.org/10.1210/en.2017-00301
https://doi.org/10.1210/en.2017-00301
https://doi.org/10.1007/s12020-020-02481-4
https://doi.org/10.1007/s12020-020-02481-4
https://doi.org/10.1210/jcem.80.4.7714088
https://doi.org/10.1210/jcem.80.4.7714088
https://doi.org/10.1210/jcem.78.4.8157720
https://doi.org/10.1210/jcem.78.4.8157720
https://doi.org/10.1056/NEJM197410242911701
https://doi.org/10.1056/NEJM197410242911701
https://doi.org/10.1530/acta.0.0810252
https://doi.org/10.1530/acta.0.0810252
https://doi.org/10.1210/jc.2002-020369
https://doi.org/10.1210/jc.2002-020369
https://doi.org/10.1210/jcem.83.7.4975
https://doi.org/10.1210/jcem.82.1.3840
https://doi.org/10.1016/j.fertnstert.2006.05.051
https://doi.org/10.1210/jc.2011-2607
https://doi.org/10.1210/jc.2009-0406
https://doi.org/10.1210/jc.2007-1116
https://doi.org/10.1210/en.2005-0337
https://doi.org/10.1210/jc.2018-02697
https://doi.org/10.1111/j.1365-2265.1989.tb01286.x
https://doi.org/10.1111/j.1365-2265.1989.tb01286.x
https://doi.org/10.1001/jama.1984.03350040044020
https://doi.org/10.1056/NEJM198608143150702
https://doi.org/10.1001/jama.1985.03360230069025
https://doi.org/10.1001/jama.1985.03360230069025
https://doi.org/10.1210/jcem.83.6.4856
https://doi.org/10.1210/jcem.83.6.4856
https://doi.org/10.1210/jcem-53-2-258
https://doi.org/10.1093/jn/115.6.788
https://doi.org/10.1093/jn/115.6.788
https://doi.org/10.1210/jcem.82.5.3947
https://doi.org/10.1016/j.amjmed.2011.04.021
https://doi.org/10.1016/j.amjmed.2011.04.021

PIERRET ET AL.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

late onset hypog-
2023;14:1184530.

hypogonadotropic hypogonadism: beyond
onadism.  Front  Endocrinol  (Lausanne).
doi:10.3389/fend0.2023.1184530

Chan JL, Heist K, DePaoli AM, Veldhuis JD, Mantzoros CS. The
role of falling leptin levels in the neuroendocrine and metabolic
adaptation to short-term starvation in healthy men. J Clin Invest.
2003;111(9):1409-1421.d0i:10.1172/JC117490

Kluge M, Schissler P, Uhr M, Yassouridis A, Steiger A. Ghrelin sup-
presses secretion of luteinizing hormone in humans. J Clin Endocrinol
Metab. 2007;92(8):3202-3205. doi:10.1210/jc.2007-0593

Koehler K, Hoerner NR, Gibbs JC, et al. Low energy availability
in exercising men is associated with reduced leptin and insulin
but not with changes in other metabolic hormones. J Sports Sci.
2016;34(20):1921-1929. doi:10.1080/02640414.2016.1142109
McCosh RB, Breen KM, Kauffman AS. Neural and endocrine mech-
anisms underlying stress-induced suppression of pulsatile LH secre-
tion. Mol Cell Endocrinol. 2019;498:110579. doi:10.1016/j.mce.2019.
110579

Misra M, Klibanski A. Endocrine consequences of anorexia nervosa.
Lancet Diabetes Endocrinol. 2014;2(7):581-592. d0i:10.1016/52213-
8587(13)70180-3

Wong HK, Hoermann R, Grossmann M. Reversible male hypogo-
nadotropic hypogonadism due to energy deficit. Clin Endocrinol (Oxf).
2019;91(1):3-9.d0i:10.1111/cen.13973

Araujo AB, O’Donnell AB, Brambilla DJ, et al. Prevalence and inci-
dence of androgen deficiency in middle-aged and older men: esti-
mates from the massachusetts male aging study. J Clin Endocrinol
Metab. 2004;89(12):5920-5926. doi:10.1210/jc.2003-031719
Harman SM, Metter EJ, Tobin JD, Pearson J, Blackman MR. Longi-
tudinal effects of aging on serum total and free testosterone levels
in healthy men. J Clin Endocrinol Metab. 2001;86(2):724-731. doi:10.
1210/jcem.86.2.7219

Handelsman DJ, Yeap B, Flicker L, Martin S, Wittert GA, Ly LP.
Age-specific population centiles for androgen status in men. Eur J
Endocrinol. 2015;173(6):809-817. doi: 10.1530/EJE-15-0380

Wu FCW, Tajar A, Pye SR, et al. Hypothalamic-pituitary-testicular
axis disruptions in older men are differentially linked to age and mod-
ifiable risk factors: the European Male Aging Study. J Clin Endocrinol
Metab. 2008;93(7):2737-2745. doi:10.1210/jc.2007- 1972

Marriott RJ, Murray K, Adams RJ, et al. Factors associated with
circulating sex hormones in men : individual participant data meta-
analyses. Ann Intern Med. 2023;176(9):1221-1234. doi:10.7326/
M23-0342

Bhasin S, Brito JP, Cunningham GR, et al. Testosterone therapy in
men with hypogonadism: an endocrine society clinical practice guide-
line. J Clin Endocrinol Metab. 2018;103(5):1715-1744.doi:10.1210/jc.
2018-00229

Neaves WB, Johnson L, Porter JC, Parker CR, Petty CS. Leydig cell
numbers, daily sperm production, and serum gonadotropin levels
in aging men. J Clin Endocrinol Metab. 1984;59(4):756-763. doi:10.
1210/jcem-59-4-756

Luo L, Chen H, Zirkin BR. Temporal relationships among testosterone
production, steroidogenic acute regulatory protein (StAR), and P450
side-chain cleavage enzyme (P450scc) during Leydig cell aging. J
Androl. 2005;26(1):25-31.

Mulligan T, Iranmanesh A, Veldhuis JD. Pulsatile iv infusion of recom-
binant human LH in leuprolide-suppressed men unmasks impover-
ished Leydig-cell secretory responsiveness to midphysiological LH
drive in the aging male. J Clin Endocrinol Metab. 2001;86(11):5547-
5553.d0i:10.1210/jcem.86.11.8004

Takahashi PY, Votruba P, Abu-Rub M, Mielke K, Veldhuis JD.
Age attenuates testosterone secretion driven by amplitude-varying
pulses of recombinant human luteinizing hormone during acute
gonadotrope inhibition in healthy men. J Clin Endocrinol Metab.
2007;92(9):3626-3632.d0i:10.1210/jc.2006-2704

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

€
NDROLOGY

WILEY-

Veldhuis JD, Veldhuis NJD, Keenan DM, Iranmanesh A. Age dimin-
ishes the testicular steroidogenic response to repeated intravenous
pulses of recombinant human LH during acute GnRH-receptor block-
ade in healthy men. Am J Physiol Endocrinol Metab. 2005;288(4):E775-
81.doi:10.1152/ajpendo.00410.2004

Mulligan T, Iranmanesh A, Kerzner R, Demers LW, Veldhuis JD. Two-
week pulsatile gonadotropin releasing hormone infusion unmasks
dual (hypothalamic and Leydig cell) defects in the healthy aging male
gonadotropic axis. Eur J Endocrinol. 1999;141(3):257-266. doi:10.
1530/€je.0.1410257

Veldhuis JD, Zwart A, Mulligan T, Iranmanesh A. Muting of androgen
negative feedback unveils impoverished gonadotropin-releasing hor-
mone/luteinizing hormone secretory reactivity in healthy older men.
J Clin Endocrinol Metab. 2001;86(2):529-535. d0i:10.1210/jcem.86.2.
7200

Keenan DM, Takahashi PY, Liu PY, et al. An ensemble model of the
male gonadal axis: illustrative application in aging men. Endocrinology.
2006;147(6):2817-2828.d0i:10.1210/en.2005- 1356

Iranmanesh A, Mulligan T, Veldhuis JD. Age in men does not deter-
mine gonadotropin-releasing hormone’s dose-dependent stimula-
tion of luteinizing hormone secretion under an exogenous testos-
terone clamp. J Clin Endocrinol Metab. 2010;95(6):2877-2884. doi: 10.
1210/jc.2009-2581

Liu PY, Takahashi PY, Roebuck PD, Veldhuis JD. Age or factors asso-
ciated with aging attenuate testosterone’s concentration-dependent
enhancement of the regularity of luteinizing hormone secretion in
healthy men. J Clin Endocrinol Metab. 2006;91(10):4077-4084. doi: 10.
1210/jc.2005-2811

Mhaouty-Kodja S. Role of the androgen receptor in the central ner-
vous system. Mol Cell Endocrinol. 2018;465:103-112. doi:10.1016/j.
mce.2017.08.001

Herbison AE, Skinner DC, Robinson JE, King IS. Androgen receptor-
immunoreactive cells in ram hypothalamus: distribution and
co-localization patterns with gonadotropin-releasing hormone,
somatostatin  and tyrosine hydroxylase. Neuroendocrinology.
1996;63(2):120-131. doi:10.1159/000126948

Smith JT, Dungan HM, Stoll EA, et al. Differential regulation of KiSS-
1 mRNA expression by sex steroids in the brain of the male mouse.
Endocrinology. 2005;146(7):2976-2984. doi:10.1210/en.2005-0323
Eghlidi DH, Garyfallou VT, Kohama SG, Urbanski HF. Age-associated
gene expression changes in the arcuate nucleus of male rhesus
macaques. J Mol Endocrinol. 2017;59(2):141-149. doi:10.1530/JME-
17-0094

Ullah H, Nabi G, Zubair H, Ullah R, Shahab M. Age-dependent changes
in the reproductive axis responsiveness to kisspeptin-10 adminis-
tration in healthy men. Andrologia. 2019;51(4):e13219. doi:10.1111/
and.13219

Calderdén B, Gémez-Martin JM, Vega-Pifiero B, et al. Prevalence of
male secondary hypogonadism in moderate to severe obesity and its
relationship with insulin resistance and excess body weight. androl.
2016;4(1):62-67.doi:10.1111/andr.12135

Rich-Edwards JW, Spiegelman D, Garland M, et al. Physical activity,
body mass index, and ovulatory disorder infertility. Epidemiol-
ogy. 2002;13(2):184-190. doi:10.1097/00001648-200203000-
00013

Mah PM, Wittert GA. Obesity and testicular function. Mol Cell
Endocrinol. 2010;316(2):180-186. doi: 10.1016/j.mce.2009.06.007
Carrageta DF, Oliveira PF, Alves MG, Monteiro MP. Obesity and male
hypogonadism: tales of a vicious cycle. Obes Rev. 2019;20(8):1148-
1158.d0i:10.1111/0br.12863

Vermeulen A, Kaufman JM, Deslypere JP, Thomas G. Attenuated
luteinizing hormone (LH) pulse amplitude but normal LH pulse fre-
quency, and its relation to plasma androgens in hypogonadism of
obese men. J Clin Endocrinol Metab. 1993;76(5):1140-1146. doi:10.
1210/jcem.76.5.8496304

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://doi.org/10.3389/fendo.2023.1184530
https://doi.org/10.1172/JCI17490
https://doi.org/10.1210/jc.2007-0593
https://doi.org/10.1080/02640414.2016.1142109
https://doi.org/10.1016/j.mce.2019.110579
https://doi.org/10.1016/j.mce.2019.110579
https://doi.org/10.1016/S2213-8587(13)70180-3
https://doi.org/10.1016/S2213-8587(13)70180-3
https://doi.org/10.1111/cen.13973
https://doi.org/10.1210/jc.2003-031719
https://doi.org/10.1210/jcem.86.2.7219
https://doi.org/10.1210/jcem.86.2.7219
https://doi.org/10.1530/EJE-15-0380
https://doi.org/10.1210/jc.2007-1972
https://doi.org/10.7326/M23-0342
https://doi.org/10.7326/M23-0342
https://doi.org/10.1210/jc.2018-00229
https://doi.org/10.1210/jc.2018-00229
https://doi.org/10.1210/jcem-59-4-756
https://doi.org/10.1210/jcem-59-4-756
https://doi.org/10.1210/jcem.86.11.8004
https://doi.org/10.1210/jc.2006-2704
https://doi.org/10.1152/ajpendo.00410.2004
https://doi.org/10.1530/eje.0.1410257
https://doi.org/10.1530/eje.0.1410257
https://doi.org/10.1210/jcem.86.2.7200
https://doi.org/10.1210/jcem.86.2.7200
https://doi.org/10.1210/en.2005-1356
https://doi.org/10.1210/jc.2009-2581
https://doi.org/10.1210/jc.2009-2581
https://doi.org/10.1210/jc.2005-2811
https://doi.org/10.1210/jc.2005-2811
https://doi.org/10.1016/j.mce.2017.08.001
https://doi.org/10.1016/j.mce.2017.08.001
https://doi.org/10.1159/000126948
https://doi.org/10.1210/en.2005-0323
https://doi.org/10.1530/JME-17-0094
https://doi.org/10.1530/JME-17-0094
https://doi.org/10.1111/and.13219
https://doi.org/10.1111/and.13219
https://doi.org/10.1111/andr.12135
https://doi.org/10.1097/00001648-200203000-00013
https://doi.org/10.1097/00001648-200203000-00013
https://doi.org/10.1016/j.mce.2009.06.007
https://doi.org/10.1111/obr.12863
https://doi.org/10.1210/jcem.76.5.8496304
https://doi.org/10.1210/jcem.76.5.8496304

% | WILEY

130.
131
132.
133.
134.
135.

136.

137.
138.
139.

140.

141.
142.
143.

144.

145.

ANDROLOGY

NDROLOGY

Loves S, Ruinemans-Koerts J, de Boer H. Letrozole once a week
normalizes serum testosterone in obesity-related male hypogo-
nadism. Eur J Endocrinol. 2008;158(5):741-747.doi:10.1530/EJE-07-
0663

Rubinow KB. Estrogens and body weight regulation in men. In:
Mauvais-Jarvis F, ed. Sex and Gender Factors Affecting Metabolic
Homeostasis, Diabetes and Obesity. Springer International Publishing;
2017:285-313.d0i:10.1007/978-3-319-70178-3_14

Dhindsa S, Furlanetto R, Vora M, Ghanim H, Chaudhuri A, Dandona
P. Low estradiol concentrations in men with subnormal testosterone
concentrations and type 2 diabetes. Diabetes Care. 2011;34(8):1854-
1859. doi:10.2337/dc11-0208

Valderhaug TG, Hertel JK, Nordstrand N, Dale PO, Hofsg D,
Hjelmesaeth J. The association between hyperandrogenemia and the
metabolic syndrome in morbidly obese women. Diabetol Metab Syndr.
2015;7(1):46.d0i:10.1186/513098-015-0040-5

Janssen |, Powell LH, Kazlauskaite R, Dugan SA. Testosterone and
visceral fat in midlife women: the Study of Women’s Health Across
the Nation (SWAN) Fat Patterning Study. obes. 2010;18(3):604-610.
doi:10.1038/0by.2009.251

Seidell JC, Cigolini M, Charzewska J, et al. Androgenicity in relation
to body fat distribution and metabolism in 38-year-old women--the
European fat distribution study. J Clin Epidemiol. 1990;43(1):21-34.
doi:10.1016/0895-4356(90)90052-Q

lwasa T, Matsuzaki T, Yano K, Yanagihara R, Mayila Y, Irahara
M. The effects of chronic testosterone administration on
hypothalamic ~ gonadotropin-releasing  hormone  regulatory
factors (Kiss1, NKB, pDyn and RFRP) and their recep-
tors in female rats. Gynecol Endocrinol. 2018;34(5):437-441.
doi:10.1080/09513590.2017.1409709

Serafini P, Silva PD, Paulson RJ, Elkind-Hirsch K, Hernandez M,
Lobo RA. Acute modulation of the hypothalamic-pituitary axis by
intravenous testosterone in normal women. Am J Obstet Gynecol.
1986;155(6):1288-1292. doi:10.1016/0002-9378(86)90161-4
Ropelato MG, Garcia Rudaz MC, Escobar ME, et al. Acute effects
of testosterone infusion on the serum luteinizing hormone pro-
file in eumenorrheic and polycystic ovary syndrome adolescents. J
Clin Endocrinol Metab. 2009;94(9):3602-3610. doi:10.1210/jc.2009-
0402

Quennell JH, Mulligan AC, Tups A, et al. Leptin indirectly regulates
gonadotropin-releasing hormone neuronal function. Endocrinology.
2009;150(6):2805-2812.d0i:10.1210/en.2008- 1693

Harris RBS. Direct and indirect effects of leptin on adipocyte
metabolism. Biochim Biophys Acta. 2014;1842(3):414-423. doi:10.
1016/j.bbadis.2013.05.009

Isidori AM, Caprio M, Strollo F, et al. Leptin and androgens in male
obesity: evidence for leptin contribution to reduced androgen levels.
J Clin Endocrinol Metab. 1999;84(10):3673-3680. doi:10.1210/jcem.
84.10.6082

Moreira BP, Monteiro MP, Sousa M, Oliveira PF, Alves MG.
Insights into leptin signaling and male reproductive health: the
missing link between overweight and subfertility? Biochem J.
2018;475(22):3535-3560. doi:10.1042/BCJ20180631

Dunn SL, Bjérnholm M, Bates SH, Chen Z, Seifert M, Myers MG Jr.
Feedback inhibition of leptin receptor/Jak2 signaling via Tyr1138
of the leptin receptor and suppressor of cytokine signaling 3. Mol
Endocrinol. 2005;19(4):925-938. d0i:10.1210/me.2004-0353

Moon HS, Dalamaga M, Kim SY, et al. Leptin’s role in lipodystrophic
and nonlipodystrophic insulin-resistant and diabetic individuals.
Endocr Rev. 2013;34(3):377-412.d0i:10.1210/er.2012-1053

Zhai L, Zhao J, Zhu Y, et al. Downregulation of leptin receptor and
kisspeptin/GPR54 in the murine hypothalamus contributes to male
hypogonadism caused by high-fat diet-induced obesity. Endocrine.
2018;62(1):195-206.d0i:10.1007/512020-018-1646-9

PIERRET ET AL.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Briining JC, Gautam D, Burks DJ, et al. Role of brain insulin recep-
tor in control of body weight and reproduction. Science (1979).
2000;289(5487):2122-2125.d0i:10.1126/science.289.5487.2122
Kienast SG, Fadden C, Steger RW. Streptozotocin-induced diabetes
blocks the positive feedback release of luteinizing hormone in the
female rat. Brain Res Bull. 1993;32(4):399-405. doi:10.1016/0361-
9230(93)90207-R

Katayama S, Brownscheidle CM, Wootten V, Lee JB, Shimaoka K.
Absent or delayed preovulatory luteinizing hormone surge in exper-
imental diabetes mellitus. Diabetes. 1984;33(4):324-327. doi:10.
2337/diab.33.4.324

Enomoto H, lwata K, Matsumoto K, Otsuka M, Morita A, Ozawa H.
Hypothalamic KNDy neuron expression in streptozotocin-induced
diabetic female rats. J Endocrinol. 2022;253(1):39-51. doi:10.1530/
JOE-21-0169

DiVall SA, Williams TR, Carver SE, et al. Divergent roles of growth
factors in the GnRH regulation of puberty in mice. J Clin Investig.
2010;120(8):2900-2909. doi:10.1172/JCI141069

Evans MC, Rizwan M, Mayer C, Boehm U, Anderson GM. Evi-
dence thatinsulin signalling in gonadotrophin-releasing hormone and
kisspeptin neurones does not play an essential role in metabolic reg-
ulation of fertility in mice. J Neuroendocrinol. 2014;26(7):468-479.
doi:10.1111/jne.12166

Qiu X, Dao H, Wang M, et al. Insulin and leptin signaling interact in
the mouse Kiss1 neuron during the peripubertal period. PLoS One.
2015;10(5):e0121974.doi:10.1371/journal.pone.0121974
Rosenfield RL, Ehrmann DA. The pathogenesis of polycystic ovary
syndrome (PCOS): the hypothesis of PCOS as functional ovar-
ian hyperandrogenism revisited. Endocr Rev. 2016;37(5):467-520.
doi:10.1210/er.2015-1104

Nestler JE, Jakubowicz DJ, Falcon de Vargas A, Brik C, Quintero
N, Medina F. Insulin stimulates testosterone biosynthesis by human
thecal cells from women with polycystic ovary syndrome by activat-
ing its own receptor and using inositolglycan mediators as the signal
transduction system. J Clin Endocrinol Metab. 1998;83(6):2001-2005.
doi:10.1210/jcem.83.6.4886

Paulukinas RD, Mesaros CA, Penning TM. Conversion of classical and
11-oxygenated androgens by insulin-induced AKR1C3 in a model
of human PCOS adipocytes. Endocrinology. 2022;163(7):bgqac068.
doi:10.1210/endocr/bgac068

Weaver JU, Holly JMP, Kopelman PG, et al. Decreased sex hor-
mone binding globulin (SHBG) and insulin-like growth factor bind-
ing protein (IGFBP-1) in extreme obesity. Clin Endocrinol (Oxf).
1990;33(3):415-422.d0i:10.1111/j.1365-2265.1990.tb00507.x
Morelli A, Sarchielli E, Comeglio P, et al. Metabolic syndrome induces
inflammation and impairs gonadotropin-releasing hormone neu-
rons in the preoptic area of the hypothalamus in rabbits. Mol Cell
Endocrinol. 2014;382(1):107-119. doi:10.1016/j.mce.2013.09.017
Sarchielli E, Comeglio P, Squecco R, et al. Tumor necrosis factor-a
impairs kisspeptin signaling in human gonadotropin-releasing hor-
mone primary neurons. J Clin Endocrinol Metab. 2017;102(1):46-56.
doi:10.1210/jc.2016-2115

George JT, Veldhuis JD, Tena-Sempere M, Millar RP, Anderson RA.
Exploring the pathophysiology of hypogonadism in men with type 2
diabetes: kisspeptin-10 stimulates serum testosterone and LH secre-
tionin men with type 2 diabetes and mild biochemical hypogonadism.
Clin Endocrinol (Oxf). 2013;79(1):100-104. doi:10.1111/cen.12103
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(2):784-794. doi:10.1210/en.
2008-0849

Freeman ME, Kanyicska B, Lerant A, Nagy G. Prolactin: structure,
function, and regulation of secretion. Physiol Rev. 2000;80(4):1523-
1631.doi:10.1152/physrev.2000.80.4.1523

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://doi.org/10.1530/EJE-07-0663
https://doi.org/10.1530/EJE-07-0663
https://doi.org/10.1007/978-3-319-70178-3_14
https://doi.org/10.2337/dc11-0208
https://doi.org/10.1186/s13098-015-0040-5
https://doi.org/10.1038/oby.2009.251
https://doi.org/10.1016/0895-4356(90)90052-Q
https://doi.org/10.1080/09513590.2017.1409709
https://doi.org/10.1016/0002-9378(86)90161-4
https://doi.org/10.1210/jc.2009-0402
https://doi.org/10.1210/jc.2009-0402
https://doi.org/10.1210/en.2008-1693
https://doi.org/10.1016/j.bbadis.2013.05.009
https://doi.org/10.1016/j.bbadis.2013.05.009
https://doi.org/10.1210/jcem.84.10.6082
https://doi.org/10.1210/jcem.84.10.6082
https://doi.org/10.1042/BCJ20180631
https://doi.org/10.1210/me.2004-0353
https://doi.org/10.1210/er.2012-1053
https://doi.org/10.1007/s12020-018-1646-9
https://doi.org/10.1126/science.289.5487.2122
https://doi.org/10.1016/0361-9230(93)90207-R
https://doi.org/10.1016/0361-9230(93)90207-R
https://doi.org/10.2337/diab.33.4.324
https://doi.org/10.2337/diab.33.4.324
https://doi.org/10.1530/JOE-21-0169
https://doi.org/10.1530/JOE-21-0169
https://doi.org/10.1172/JCI41069
https://doi.org/10.1111/jne.12166
https://doi.org/10.1371/journal.pone.0121974
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1210/jcem.83.6.4886
https://doi.org/10.1210/endocr/bqac068
https://doi.org/10.1111/j.1365-2265.1990.tb00507.x
https://doi.org/10.1016/j.mce.2013.09.017
https://doi.org/10.1210/jc.2016-2115
https://doi.org/10.1111/cen.12103
https://doi.org/10.1210/en.2008-0849
https://doi.org/10.1210/en.2008-0849
https://doi.org/10.1152/physrev.2000.80.4.1523

PIERRET ET AL.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Karayazi Atici O, Govindrajan N, Lopetegui-Gonzalez |, Shemanko
CS. Prolactin: a hormone with diverse functions from mammary
gland development to cancer metastasis. Semin Cell Dev Biol.
2021;114:159-170.d0i:10.1016/j.semcdb.2020.10.005

Grattan DR. 60 Years of neuroendocrinology: the hypothalamo-
prolactin axis. J Endocrinol. 2015;226(2):T101-T122. doi:10.1530/
JOE-15-0213

Melmed S, Casanueva FF, Hoffman AR, et al. Diagnosis and treat-
ment of hyperprolactinemia: an Endocrine Society clinical practice
guideline. J Clin Endocrinol Metab. 2011;96(2):273-288. doi:10.1210/
jc.2010-1692

Vilar L, Freitas MC, Naves LA, et al. Diagnosis and management
of hyperprolactinemia: results of a Brazilian multicenter study with
1234 patients. J Endocrinol Invest. 2008;31(5):436-444. doi:10.1007/
BF03346388

Majumdar A, Mangal NS. Hyperprolactinemia. J Hum Reprod Sci.
2013;6(3):168-175.d0i:10.4103/0974-1208.121400

Bernard V, Young J, Chanson P, Binart N. New insights in prolactin:
pathological implications. Nat Rev Endocrinol. 2015;11(5):265-275.
doi:10.1038/nrendo.2015.36

Park SK, Keenan MW, Selmanoff M. Graded hyperprolactinemia first
suppresses LH pulse frequency and then pulse amplitude in cas-
trated male rats. Neuroendocrinology. 1993;58(4):448-453. doi:10.
1159/000126575

Cohen-Becker IR, Selmanoff M, Wise PM. Hyperprolactinemia alters
the frequency and amplitude of pulsatile luteinizing hormone secre-
tion in the ovariectomized rat. Neuroendocrinology. 1986;42(4):328-
333.d0i:10.1159/000124459

Silva JF, Henriques PC, Campideli-Santana AC, et al. Estradiol
potentiates but is not essential for prolactin-induced suppres-
sion of luteinizing hormone pulses in female rats. Endocrinology.
2020;161(4):bgaa022. doi:10.1210/endocr/bgaa022

Matsuzaki T, Azuma K, Irahara M, Yasui T, Aono T. Mechanism
of anovulation in hyperprolactinemic amenorrhea determined by
pulsatile gonadotropin-releasing hormone injection combined with
human chorionic gonadotropin. Fertil Steril. 1994;62(6):1143-1149.
doi:10.1016/s0015-0282(16)57176-3

Sartorio A, Pizzocaro A, Liberati D, De Nicolao G, Veldhuis
JD, Faglia G. Abnormal LH pulsatility in women with hyper-
prolactinaemic amenorrhoea normalizes after bromocriptine
treatment: deconvolution-based assessment. Clin Endocrinol (Oxf).
2000;52(6):703-712.d0i:10.1046/j.1365-2265.2000.00987.x
Sauder SE, Frager M, Case GD, Kelch RP, Marshall JC. Abnormal
patterns of pulsatile luteinizing hormone secretion in women with
hyperprolactinemia and amenorrhea: responses to bromocriptine. J
Clin Endocrinol Metab. 1984;59(5):941-948. d0i:10.1210/jcem-59-5-
941

Spellacy WN, Cantor B, Kalra PS, Buhi WC, Birk SA. The effect
of varying prolactin levels on pituitary luteinizing hormone and
follicle-stimulating hormone response to gonadotropin-releasing
hormone. Am J Obstet Gynecol. 1978;132(2):157-164. doi:10.1016/
0002-9378(78)90918-3

Weber RF, de Greef WJ, de Koning J, Vreeburg JT. LH-RH
and dopamine levels in hypophysial stalk plasma and their rela-
tionship to plasma gonadotrophins and prolactin levels in male
rats bearing a prolactin- and adrenocorticotrophin-secreting pitu-
itary tumor. Neuroendocrinology. 1983;36(3):205-210. doi:10.1159/
000123457

Selmanoff M, Shu C, Petersen SL, Barraclough CA, Zoeller RT.
Single cell levels of hypothalamic messenger ribonucleic acid encod-
ing luteinizing hormone-releasing hormone in intact, castrated, and
hyperprolactinemic male rats. Endocrinology. 1991;128(1):459-466.
doi:10.1210/endo-128-1-459

Kokay IC, Petersen SL, Grattan DR. Identification of prolactin-
sensitive GABA and kisspeptin neurons in regions of the rat

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

€
NDROLOGY

WILEY-

hypothalamus involved in the control of fertility. Endocrinology.
2011;152(2):526-535.d0i:10.1210/en.2010-0668

Araujo-Lopes R, Crampton JR, Aquino NSS, et al. Prolactin regulates
kisspeptin neurons in the arcuate nucleus to suppress LH secretion in
female rats. Endocrinology. 2014;155(3):1010-1020. doi: 10.1210/en.
2013-1889

Brown RSE, Herbison AE, Grattan DR. Prolactin regulation of
kisspeptin neurones in the mouse brain and its role in the lactation-
induced suppression of kisspeptin expression. J Neuroendocrinol.
2014;26(12):898-908.doi:10.1111/jne.12223

Sonigo C, Bouilly J, Carré N, et al. Hyperprolactinemia-induced ovar-
ian acyclicity is reversed by kisspeptin administration. J Clin Invest.
2012;122(10):3791-3795.d0i:10.1172/JCI163937

Liu X, Brown RSE, Herbison AE, Grattan DR. Lactational anovu-
lation in mice results from a selective loss of kisspeptin input to
GnRH neurons. Endocrinology. 2014;155(1):193-203. doi:10.1210/
en.2013-1621

Hoskova K, Kayton Bryant N, Chen ME, et al. Kisspeptin overcomes
GnRH neuronal suppression secondary to hyperprolactinemia in
humans. J Clin Endocrinol Metab. 2022;107(8):e3515-e3525. doi:10.
1210/clinem/dgac166

Millar RP, Sonigo C, Anderson RA, et al. Hypothalamic-pituitary-
ovarian axis reactivation by kisspeptin-10 in hyperprolactinemic
women with chronic amenorrhea. J Endocr Soc. 2017;1(11):1362-
1371.d0i:10.1210/j5.2017-00328

Brown RSE, Khant Aung Z, Phillipps HR, et al. Acute suppression of
LH secretion by prolactin in female mice is mediated by kisspeptin
neurons in the arcuate nucleus. Endocrinology. 2019;160(5):1323-
1332.d0i:10.1210/en.2019-00038

Millar RP, Sonigo C, Anderson RA, et al. Hypothalamic-pituitary-
ovarian axis reactivation by kisspeptin-10 in hyperprolactinemic
women with chronic amenorrhea. J Endocr Soc. 2017;1(11):1362-
1371.doi:10.1210/j5.2017-00328

Roa J, Vigo E, Castellano JM, et al. Hypothalamic expression of
KiSS-1 system and gonadotropin-releasing effects of kisspeptin
in different reproductive states of the female Rat. Endocrinology.
2006;147(6):2864-2878.d0i:10.1210/en.2005- 1463

Santos LC, Dos Anjos Cordeiro JM, da Silva Santana L, et al.
Kisspeptin treatment reverses high prolactin levels and
improves gonadal function in hypothyroid male rats. Sci Rep.
2023;13(1):16819. doi:10.1038/s41598-023-44056-2

Serioli S, Doglietto F, Fiorindi A, et al. Pituitary adenomas and
invasiveness from anatomo-surgical, radiological, and histologi-
cal perspectives: a systematic literature review. Cancers (Basel).
2019;11(12). doi:10.3390/cancers11121936

Huguet I, Clayton R. Pituitary-Hypothalamic Tumor Syndromes: Adults.
Endotext; 2015.

Pascual JM, Prieto R, Rosdolsky M. Craniopharyngiomas primarily
affecting the hypothalamus. Handb Clin Neurol. 2021;181:75-115.
doi:10.1016/B978-0-12-820683-6.00007-5

Gan HW, Morillon P, Albanese A, et al. National UK guidelines
for the management of paediatric craniopharyngioma. Lancet Dia-
betes Endocrinol. 2023;11(9):694-706. doi:10.1016/52213-8587(23)
00162-6

Rosimont M, Kariyawasam D, Samara-Boustani D, et al. Assess-
ment of puberty and hypothalamic-pituitary-gonadal axis function
after childhood brain tumor treatment. J Clin Endocrinol Metab.
2023;108(9):e823-e831. doi:10.1210/clinem/dgad097

Ravindra VM, Okcu MF, Ruggieri L, et al. Comparison of multimodal
surgical and radiation treatment methods for pediatric craniopharyn-
gioma: long-term analysis of progression-free survival and morbid-
ity. J Neurosurg Pediatr. 2021;28(2):152-159. doi:10.3171/2020.11.
PEDS20803

Pascual JM, Prieto R, Carrasco R. Infundibulo-tuberal or not
strictly intraventricular craniopharyngioma: evidence for a major

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://doi.org/10.1016/j.semcdb.2020.10.005
https://doi.org/10.1530/JOE-15-0213
https://doi.org/10.1530/JOE-15-0213
https://doi.org/10.1210/jc.2010-1692
https://doi.org/10.1210/jc.2010-1692
https://doi.org/10.1007/BF03346388
https://doi.org/10.1007/BF03346388
https://doi.org/10.4103/0974-1208.121400
https://doi.org/10.1038/nrendo.2015.36
https://doi.org/10.1159/000126575
https://doi.org/10.1159/000126575
https://doi.org/10.1159/000124459
https://doi.org/10.1210/endocr/bqaa022
https://doi.org/10.1016/s0015-0282(16)57176-3
https://doi.org/10.1046/j.1365-2265.2000.00987.x
https://doi.org/10.1210/jcem-59-5-941
https://doi.org/10.1210/jcem-59-5-941
https://doi.org/10.1016/0002-9378(78)90918-3
https://doi.org/10.1016/0002-9378(78)90918-3
https://doi.org/10.1159/000123457
https://doi.org/10.1159/000123457
https://doi.org/10.1210/endo-128-1-459
https://doi.org/10.1210/en.2010-0668
https://doi.org/10.1210/en.2013-1889
https://doi.org/10.1210/en.2013-1889
https://doi.org/10.1111/jne.12223
https://doi.org/10.1172/JCI63937
https://doi.org/10.1210/en.2013-1621
https://doi.org/10.1210/en.2013-1621
https://doi.org/10.1210/clinem/dgac166
https://doi.org/10.1210/clinem/dgac166
https://doi.org/10.1210/js.2017-00328
https://doi.org/10.1210/en.2019-00038
https://doi.org/10.1210/js.2017-00328
https://doi.org/10.1210/en.2005-1463
https://doi.org/10.1038/s41598-023-44056-z
https://doi.org/10.3390/cancers11121936
https://doi.org/10.1016/B978-0-12-820683-6.00007-5
https://doi.org/10.1016/S2213-8587(23)00162-6
https://doi.org/10.1016/S2213-8587(23)00162-6
https://doi.org/10.1210/clinem/dgad097
https://doi.org/10.3171/2020.11.PEDS20803
https://doi.org/10.3171/2020.11.PEDS20803

LERVEE ANDROLOGY @ ==

195.

196.

197.

198.

199.

topographical category. Acta Neurochir (Wien). 2011;153(12):2403-
2425; discussion 2426. doi:10.1007/s00701-011-1149-4

Zhou Z, Zhang S, Hu F. Endocrine disorder in patients with cran-
iopharyngioma. Front Neurol. 2021;12:737743. doi:10.3389/fneur.
2021.737743

Pascual JM, Prieto R, Carrasco R, Barrios L. Displacement of mam-
millary bodies by craniopharyngiomas involving the third ventricle:
surgical-MRI correlation and use in topographical diagnosis. J Neuro-
surg. 2013;119(2):381-405.d0i:10.3171/2013.1.JNS111722
Erfurth EM. Diagnosis, background, and treatment of hypothala-
mic damage in craniopharyngioma. Neuroendocrinology. 2020;110(9-
10):767-779.doi:10.1159/000509616

van Santen HM, van Schaik J, van Roessel IMAA, Beckhaus J,
Boekhoff S, Miller HL. Diagnostic criteria for the hypothalamic syn-
drome in childhood. Eur J Endocrinol. 2023;188(2):214-225. doi:10.
1093/ejendo/lvad009

Chemaitilly W, Li Z, Huang S, et al. Anterior hypopituitarism
in adult survivors of childhood cancers treated with cranial

PIERRET ET AL.

radiotherapy: a report from the St Jude Lifetime Cohort study. J
Clin Oncol. 2015;33(5):492-500. doi: 10.1200/JC0.2014.56.7933

200. Vatner RE, Niemierko A, Misra M, et al. Endocrine deficiency as

a function of radiation dose to the hypothalamus and pituitary in
pediatric and young adult patients with brain tumors. J Clin Oncol.
2018;36(28):2854-2862.d0i:10.1200/JC0.2018.78.1492

How to cite this article: Pierret ACS, Patel AH, Daniels E,
Comninos AN, Dhillo WS, Abbara A. Kisspeptin as a test of
hypothalamic dysfunction in pubertal and reproductive
disorders. Andrology. 2026;14:1002-1016.
https://doi.org/10.1111/andr.13843

95UB0 1 SUOWILIOD BRI 3[01 ddke U} Ad PauRAC 8.2 SOoILE O ‘95N J0 S| J0j ATeJgIT 8UIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATRJGIPUIUO//ST1IY) SUOIIPUOD) PUE SWLS | 8U) 95 *[9202/70/0T ] Uo Aeiqi18u1iuo Aa|1m ‘Uopuo a6s|[00 [euadu] Aq EYBET IPUB/TTTT 'OT/I0p/W0Y" S| ARG [pUIIUO//STNY WOI POpEOUMOQ ‘7 ‘9207 ‘L Z62L70Z


https://doi.org/10.1007/s00701-011-1149-4
https://doi.org/10.3389/fneur.2021.737743
https://doi.org/10.3389/fneur.2021.737743
https://doi.org/10.3171/2013.1.JNS111722
https://doi.org/10.1159/000509616
https://doi.org/10.1093/ejendo/lvad009
https://doi.org/10.1093/ejendo/lvad009
https://doi.org/10.1200/JCO.2014.56.7933
https://doi.org/10.1200/JCO.2018.78.1492
https://doi.org/10.1111/andr.13843

	Kisspeptin as a test of hypothalamic dysfunction in pubertal and reproductive disorders
	Abstract
	1 | INTRODUCTION
	2 | CONGENITAL HYPOGONADOTROPIC HYPOGONADISM AND DELAYED PUBERTY
	2.1 | Congenital hypogonadotropic hypogonadism
	2.2 | Constitutional delay of growth and puberty

	3 | WOMEN WITH ANOVULATORY DISORDERS
	3.1 | Polycystic ovary syndrome
	3.2 | Functional hypothalamic amenorrhea

	4 | FUNCTIONAL HYPOGONADAL HYPOGONADISM IN MEN
	5 | LATE-ONSET HYPOGONADISM
	6 | OBESITY-RELATED SECONDARY HYPOGONADISM
	7 | HYPERPROLACTINEMIA
	8 | STRUCTURAL BRAIN PATHOLOGY
	9 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	DISCLOSURE
	ORCID
	REFERENCES


