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Abstract

Functional hypothalamic amenorrhea (FHA) is one of the most common causes of both primary and secondary amenorrhea
in women of reproductive age. It is characterized by chronic anovulation and the absence of menses that appear as a result of
stressors such as eating disorders, excessive exercise, or psychological distress. FHA is presumed to be a functional
disruption in the pulsatile secretion of hypothalamic gonadotropin-releasing hormone, which in turn impairs the release of
gonadotropin. Hypoestrogenism is observed due to the absence of ovarian follicle recruitment. Numerous neurotransmitters
have been identified which play an important role in the regulation of the hypothalamic-pituitary-ovarian axis and of which
the impairment would contribute to developing FHA. In this review we summarize the most recent advances in the

identification of contributing neuroendocrine disturbances and relevant contributors to the development of FHA.
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Introduction

Functional hypothalamic amenorrhea (FHA) is a common
cause of both primary and secondary amenorrhea among
women of reproductive age. It is characterized by chronic
anovulation and the absence of menstruation due to inade-
quate secretion of hypothalamic gonadotropin-releasing
hormone (GnRH), which subsequently impairs the release
of pituitary gonadotropin and gonadal steroids. Factors such
as stress, low weight, and excessive energy expenditure or
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physical exercise are associated with anovulation in
FHA [1]. The prolonged deficiency of estrogen resulting
from amenorrhea in reproductive-aged women can have
long-term health implications, including bone loss,
increased fracture risk, impaired fertility, dyslipidemia,
endothelial dysfunction, and an elevated risk of cardiovas-
cular disease [2—4]. Furthermore, women experiencing
extended periods of amenorrhea, spanning several months
or years, have reported higher rates of sexual dysfunction,
depression, and anxiety compared to eumenorrheic women
[5]. A comprehensive clinical evaluation is crucial for
patients with FHA to identify the underlying causal factors
and tailor appropriate interventions. Since stressors can vary
significantly among individuals while inducing similar
amenorrheic condition, treatment options should be perso-
nalized. It is essential to address nutritional and psychoso-
cial stress to restore spontaneous pulsatile release of GnRH
and subsequently restore the normal functioning of the
hypothalamic-pituitary-ovarian (HPO) axis [6].

Epidemiology
FHA is the most common cause of primary and secondary

amenorrhea in adolescent girls [7]. After pregnancy, FHA
and polycystic ovarian syndrome (PCOS) are the most
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common causes of secondary amenorrhea [9, 10] with FHA
being responsible for approximately 25-35% of all cases of
secondary amenorrhea [8]. Although many stressors will
often compound and lead a patient to develop FHA, caloric
restriction is the most prevalent. It is typically accompanied
by decreased body fat and circulating leptin levels,
increased cortisol and ghrelin levels and a reduction of
kisspeptin as well [4, 11-13]. In addition to the well
documented contributory lifestyle factors, it has been sug-
gested that the increased susceptibility of some individuals
to the effect of stressors on the HPO axis may have a
genetic basis [14—16]. Rare or polymorphic variants in
genes controlling the development and/or function of GnRH
neurons have been recognized in both idiopathic HH and
FHA women. Genes which are associated with congenital
hypogonadotropic hypogonadism include : the Fibroblast
Growth Factor receptor 1 gene (FGFR), prokineticin
receptor 2 gene (PROKR2), GNRH receptor gene
(GNRHR) and the Kallmann syndrome 1(KAL1) sequence
gene (also known as ANOS-1) [17]. Epigenetic changes
have been identified which act on pathways of the HPO axis
and therefore may be participatory in FHA and may confer
on a person a predisposition for anovulation [18].

In a European population study, the prevalence of eating
disorders among adolescent and young adult women was
reported to be between 0.2 and 4% [19]. Excessive exercise
and/or inadequate caloric intake amounting to a relative
energy deficiency at the critical time of early development
has been shown to delay menarche [4, 7]. Although ame-
norrhea is no longer a required diagnostic criterion for
anorexia nervosa per the Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-5) [20], FHA can
have a very similar presentation and significant overlap
exists between the two conditions. The female athlete triad
as a manifestation of FHA imbricates both populations and
its etiology. Ultimately, these two conditions are very
similar with comparable long-term risks and treatment
[21, 22].

Ethiopathogenesis of FHA

In patients with FHA, the primary cause of anovulation is a
functional reduction in GnRH drive and secretion of lutei-
nizing hormone (LH) [23-26]. The reduction in GnRH
drive results in impairment of pulsatile LH secretion while
follicle-stimulating hormone (FSH) levels become insuffi-
cient to maintain full folliculogenesis and ovulatory func-
tion [4, 27].

Stressors,  regardless of  type, activate the
hypothalamic—pituitary—adrenal (HPA) axis and autonomic
nervous system. This results in a constellation of neu-
roendocrine, metabolic, and hormonal alterations which

@ Springer

ultimately impair pulsatile GnRH release [28]. Changes in
thyroid hormone levels is commonly observed, as a con-
sequence of HPA axis activation. Patients with FHA tend to
have low thyrotropin-releasing hormone, normal/low TSH,
and decreased triiodothyronine (T3) and thyroxine T4. This
pattern indicates increased negative feedback of thyroid
hormones at the hypothalamus and reduced thyroid
responsivity to TSH, as a way to conserve and divert energy
expenditure [28-31].

HPA axis activation also increases secretion of
corticotrophin-releasing factor (CRH) and finally the
endogenous opioid peptide, endorphin and cortisol. The
neurotransmitter y-aminobutyric acid (GABA) has also
been linked to suppression of GnRH [26, 30]. Changes in
thyroid hormone levels are commonly observed. Patients
with FHA tend to have lower total triiodothyronine (T3),
classically defined as “low T3 syndrome” and total thyr-
oxine (T4) concentrations compared to eumenorrheic con-
trols [31-33]. Decreased leptin [25, 34-36], increased
fasting peptide YY [33, 34], and increased fasting ghrelin
are all observed in these patients [35, 36]. Kisspeptins are a
group of polypeptides that play a key role in the regulation
of the reproductive axis by influencing GnRH release.
Kisspeptin neurons are found in the hypothalamus, basal
ganglia, and periventricular nucleus [37, 38]. Kisspeptin is
believed to closely influence the negative and positive
feedback of estrogen as a positive correlation has been
observed between kisspeptin and LH secretory pulses
[18, 39]. The impact of prolonged periods of hypogonadism
and changes in serum cortisol, leptin, and peptide YY
(PYY) may have on neurocognitive status, emotion, and
mood is of particular concern. Such changes pose additional
challenges for patients at an age when emotional lability is
already strong [6, 40].

Diagnosis

FHA is a form of chronic anovulation, without any identi-
fiable organic cause that could disrupt the normal frequency
of GnRH pulses [13]. The term “functional” implies that
restoring ovulatory ovarian function is possible through the
correction or improvement of underlying behavioral factors
causing the condition [19, 28].

The diagnosis of FHA can be established when ame-
norrhea occurs alongside low or low-normal LH, normal
FSH concentrations, and reduced levels of estradiol (E2)
and progesterone. The acute gonadotropin response to
GnRH stimulation remains intact [28].

However, specific cutoff values for gonadotropins and
estradiol levels, as well as definitive biomarkers or diag-
nostic tools for FHA diagnosis, have not been determined.
The pattern of hormone levels holds greater importance
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than absolute values. E2 measurements are often of lim-
ited value since they reflect a single time point, and a
single E2 value alone cannot confirm a diagnosis of FHA.
Clinicians should adhere to the Endocrine Society
guidelines to assure assay validity and reliability when
assessing E2 levels [28].

Amenorrhea persisting for six months or longer is typi-
cally observed in adolesceents and young women with
FHA. In adolescents, diagnosing FHA poses a challenge
due to the immaturity of the HPO axis during the early
postmenarchal years. Menstrual status can vary from sub-
clinical menstrual dysfunction to outright oligo-amenorrhea.
However, even in the early postmenarchal years, more than
90 percent of reported menstrual cycles in adolescents do
not exceed 45 days, making irregular or absent menses a
cause for concern [41, 42]. A clinical history must be
gathered and particular attention devoted to alterations of
the menstrual cycle, time and type of amenorrhea, psy-
chogenic stressors, dieting, exercise patterns, and weight
loss [4, 14, 42]. Patterns of disordered eating can include
avoidance of certain foods (typically foods high in fat,
sugar, and calories), restricting and/or purging (self-induced
vomiting, laxative use, or compensatory physical activity).
A comprehensive list of medications should be obtained
(including non-prescription supplements or additives), and
previous or current treatments with chemotherapy or
radiation should be noted. Medications such as anti-
depressants, antipsychotics, and hormonal contraception are
known to alter menstruation. Additionally, the chronic use
of illicit or controlled substances, such as cocaine and
opioids, often accompanies a state of stress and malnutrition
[28]. Obtaining a sexual history is crucial, including infor-
mation on contraceptive use. Furthermore, a thorough
family history, including menstrual history of the patient’s
biological mother, holds significance [1].

Clinical presentation

A comprehensive clinical examination, which includes
both external and bimanual gynecological examination, is
essential as part of the diagnostic work-up, allowing for the
evaluation of a wide range of potential differential diag-
nosis [28]. The physical exam should begin with a general
inspection of the patient’s well-being. Biometric data such
as the patient’s height and weight should be measured and
plotted using an appropriate growth chart and BMI (kg/m2)
should be calculated. Vital signs should include blood
pressure and heart rate. Measuring body fat percentage
using a bioelectrical impedance protocol can help stratify
women who exercise intensely or maintain a restrictive diet
and who may have an abnormally low body fat percentage
despite a normal BMI (a state which is itself associated

with ovulatory dysfunction and amenorrhea) [43, 44].
Complete Tanner staging should be assessed to document
pubertal development [45]. The presence of signs indicat-
ing androgen excess (e.g. acne, hirsutism, male pattern
alopecia, clitoromegaly) and hyperinsulinism (such as
acanthosis nigricans and skin tags) should raise concerns
about PCOS or other potential causes of androgen excess,
including nonclassic CAH and virilizing ovarian and
adrenal tumors [28]. Additionally, signs of galactorrhea
and thyromegaly should be also assessed [28]. A pelvic
ultrasound can be helpful in identifying the presence of a
uterus and ovaries, and to rule out an adnexal mass. In
cases where a Miillerian anomaly is suspected, magnetic
resonance imaging (MRI) of the pelvis, or a further 3D
transvaginal ultrasound may be indicated to better char-
acterize the specific anomaly [46]. Head imaging using
computed tomography (CT) or MRI is not typically
required unless galactorrhea is observed in an adolescent
patient (4/— hyperprolactinemia), or headaches and visual
field changes suggest a possible intracranial lesion [4, 47].
The risk of osteopenia and osteoporosis associated with
hypoestrogenism is well documented. Women who
experience amenorrhea for six months or more, and parti-
cularly those with a history of severe nutritional deficiency,
other energy deficit states, and/or skeletal fragility, should
undergo baseline assessment of their bone mineral density
(BMD) [28, 38]. It is recommended to measure BMD using
dual-energy X-ray absorptiometry (DEXA/DXA) scans and
lateral spine radiographs to detect asymptomatic vertebral
fractures [38-53].

Hormonal presentation

When evaluating a patient with amenorrhea, it is crucial to
include a beta subunit of human chorionic gonadotropin
(B-HCG) test in the initial blood work-up, regardless of their
disclosed sexual history, to exclude the possibility of
pregnancy. Additionally, as part of the initial endocrine
evaluation, it is recommended to routinely measure serum
concentrations of FSH, LH, estradiol, Anti-Mullerian hor-
mone (AMH), prolactin, thyroid stimulating hormone
(TSH), and free T4 [32]. If physical examination reveals
signs of hyperandrogenism a comprehensive androgen
panel should be ordered including total testosterone, dehy-
droepiandrosterone sulfate (DHEA-S) and 17-hydro-
xyprogesterone, preferably collected in the early morning, if
there is clinical suspicion of late-onset Congenital Adrenal
Hyperplasia (CAH) [4]. To assess for chronic estrogen
exposure and to ensure outflow tract integrity, a progestin
challenge can be performed to induce withdrawal bleeding
[23]. In cases where necessary, additional assessment of
serum and urine cortisol may be warranted based on pre-
senting features. The increased secretion of CRH results in
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increased secretion of adrenocorticotrophin (ACTH) from
the pituitary and cortisol from the adrenal glands. These
phenomena are associated with a diminished GnRH drive.
Moreover, patients with FHA often experience disruptions
in the hypothalamic—pituitary—thyroid axis, commonly
presenting as “low FT3 syndrome” in the presence of sig-
nificant caloric deficit [3]. If the patient’s history raises
concerns for inflammatory conditions such as inflammatory
bowel disease or celiac disease which can manifest as
hypogonadism, additional laboratory testing should be
considered. This may include a complete blood cell count,
chemistry panel, liver panel, erythrocyte sedimentation rate,
and/or C-reactive protein. The necessity to add a celiac
panel should be considered as well [33]. An elevated ran-
dom or fasting glucose level should prompt assessment of
hemoglobin A1C. Elevated sedimentation rate and/or
C-reactive protein levels suggest the presence of chronic
inflammatory conditions. Studies have demonstrated that
liver function tests are often altered in adolescent and young
women with severe energy restrictions [28].

Kisspeptin neurons as a primary driver of
GnRH control

Neuroendocrine control over regular menstrual cycles is
regulated by the secretion of gonadotropin releasing hor-
mone from the arcuate nucleus of the hypothalamus, this
stimulates the pulsatile release of luteinizing hormone and
follicle stimulating hormone. FSH and LH both stimulate
follicular growth and development in the ovary leading to
the production of estrogen and progesterone [54].

The hypothalamic nuclei release GnRH in an episodic
manner. This pulsatile secretion is essential for optimal
gonadotropin release and its cadence is maintained by the
stimulating or inhibiting action of neurotransmitters and/or
neuromodulators [55]. Both psychological and metabolic
stressors can induce hormonal changes which impair the
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secretion of GnRH at the hypothalamic level. This disrup-
tion results in abnormal pituitary production of FSH and LH
[55, 56].

The pulse frequency itself has a differential effect on LH
and FSH secretion, with low-frequency pulses of GnRH
preferentially stimulating FSH secretion while high-
frequency GnRH secretion stimulates production and
release of LH [57, 58].

GnRH pulsatility and subsequent FSH and LH discharge
is regulated by kisspeptin/neurokinin B/dynorphin (KNDy)
secreting neurons located in the arcuate nucleus (ARC) [59]
(Fig. 1).

Kisspeptin(Kp) is also produced by a second group of
neurons located in the rostral periventricular area of the
third ventricle corresponding to the anteroventral periven-
tricular nucleus (AVPV) of the hypothalamus. These neu-
rons were demonstrated in a rodent model to be devoid of
neurokinin-B or dynorphin production and mediate positive
feedback from estrogens [60].

Several studies conducted on autopsy samples have
shown that in humans, kisspeptin neurons are primarily
located in the infundibular nucleus, which is the homolog of
the ARC in rodents, as well as in the rostral preoptic area
(POA) [61].

Kp is a hormone encoded by the KISS1 gene located on
chromosome 1q32. It plays a crucial role in stimulating,
releasing, and amplifying GnRH pulses [62, 63]. KNDy
neurons express receptors for Neurokinin B (NKB),
dynorphin (DYN), as well as estradiol (ERa) and proges-
terone (PR) [64].

Through these receptors, NKB stimulates the secretion of
kisspeptin from KNDy neurons. By the same pathway,
dynorphin inhibits kisspeptin and suppresses GnRH pulse
frequency [65].

GnRh secretion occurs in two distinct modes: surge and
the pulsatile modes [66].

Pulsatile secretion of GnRH promotes follicle maturation
and triggers the release of gonadotropins during the
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menstrual cycle, ultimately leading to sex hormone pro-
duction. Importantly, Kp neurons in the ARC are tonically
suppressed by estrogen signals. As a result, elevated levels
of sex steroid hormones inhibit or modulate kisspeptin
secretion in KNDy neurons, consequently influencing the
pulsatile release of GnRH [67].

The surge mode of GnRH secretion occurs in adult
females during the mid-cycle, wherein high concentrations
of circulating estradiol, produced by the dominant ovarian
follicles, stimulate GnRH neurons [68].

In animal models, this surge has been found to depend on
the involvement of kisspeptin neurons in the AVPV in
mediating the positive feedback of sex steroids on GnRH
during the preovulatory period [69, 70]. In the presence of
low serum estradiol and progesterone, Kisspeptin neurons
located in the AVPV and activated, leading to an increased
production of kisspeptin [71, 72].

In humans, there is no direct homologous area corre-
sponding to the AVPV in rodents. Instead, Kp neurons,
predominantly located in the infundibular nucleus and the
POA of the hypothalamus, are likely responsible for the
positive feedback of sex steroids, as previously suggested
[73] (Fig. 1).

Kp acts as a ligand to the G protein-coupled receptor 54
(GPR54 or KISSIR), which is highly expressed in the
hypothalamus, midbrain, pons, medulla, thalamus, hippo-
campus, amygdala, cortex, frontal cortex, striatum and also
in the pituitary, placenta, pancreas, and spinal cord [74].
Lower concentrations of expression can also be found in the
heart, muscle, kidney, liver, intestine, thymus, lungs and
testis [75]. Kp acts directly on GnRH neurons (via GPR54)
to modulate the pulsatile release of GnRH [76].

During a physiological ovarian cycle, FSH rises during
transition from the luteal to follicular phase, and is neces-
sary for follicular recruitment and growth. This rise in FSH
and subsequent increase in Kp is directly linked to activa-
tion of KNDy neurons triggered by low serum estradiol and
progesterone. Positive feedback is the driving force behind
this process. Kp increases the amplitude of GnRH pulses
while DYN simultaneously decreases GnRH pulse fre-
quency resulting in the promotion of FSH release and
overall increasing its serum concentration.

As ovarian follicles grow under the influence of FSH, E2
levels increase and downregulate KNDy secretion of Kp,
NKB, and DYN. The subsequent reduction of GnRH
amplitude with simultaneous increase in pulsatility leads to
a reduction in gonadotrophin levels. The follicle with the
largest number of FSH receptors continues its development
as dominant follicle leading to a progressive increase of E2
[77].

High levels of estrogens restore and upregulate kis-
speptin expression in the neurons of the AVPV and induce
high amplitude GnRH pulses. At the same time, decreased

dynorphin secretion from KNDy neurons in the ARC also
promote an increase in GnRH pulse frequency leading to
the preovulatory LH surge.

Neurons of the AVPV also receive afferent fibers from
the suprachiasmatic nucleus, the neuronal origin of the
circadian clock, which coordinates and provides precise
timing for the LH surge. This surge leads to rupture of the
dominant follicle, releasing the secondary oocyte and sti-
mulating transformation of the remaining follicle structure
(granulosa and theca interna cells) to form the corpus
luteum which produces progesterone among other sex
hormones.

The internalization of GPR54 from the surface of GnRH
neurons after kisspeptin mediated activation terminates the
LH surge. LH levels slowly decrease as a result of
decreasing GnRH amplitude.

This decrease in LH plasma levels is responsible for
involution of the corpus luteum followed by menstruation
and subsequent luteal—follicular transition if the egg was not
fertilized [78, 79].

Kisspeptin and pubertal development

Kp plays an crucial role during puberty by stimulating
GnRH secretion which in turn induces pituitary gona-
dotropin secretion [80]. Sexual immaturity observed in
mice and humans resulting from the inactivation of
GPR54 underscores the importance of Kp in the initiation
of puberty [81]. It is noteworthy that mutations in genes
such as KISS1, KISSIR and chromodomain DNA-
binding helicase protein (CHD7), the latter of which is
involved in the control of GnRH neurons, are associated
with  Congenital hypogonadotropic hypogonadism
(CHH). CHH is a rare condition characterized by low
serum levels of sex steroid hormones alongside low or
normal plasma levels of gonadotropins. Typically, the
remaining hypothalamic—pituitary function is unaffected,
and the condition manifests as delayed pubertal devel-
opment [82].

Furthermore, in 2008 Teles, M.G. et al. discovered a
novel activating mutation of KISSIR in a girl with central
precocious puberty, further emphasizing the significance of
this neuropeptide in the physiology and pathology of pub-
erty [83].

Metabolic status also plays a significant role in pubertal
development. Adipose tissue is a primary source of leptin,
which increases with the onset of puberty and subsequently
triggers the release of kisspeptin from KNDy neurons [84].
Pubertal maturation coincides with a physiological increase
in insulin resistance, suggesting that insulin may contribute
body mass increase and overall organ development in ways
that have previously been underestimated [85, 86].

@ Springer



774

Endocrine (2024) 84:769-785

Fig. 2 Many signals affect
kisspeptin secretion, both
positively and negatively. In
cases of negative energy balance
(either due to excess energy
expenditure and/or deficit in
caloric intake) the energy
discrepancy activates a
preservation mechanism halt
reproductive function. This

intervention is achieved by J LEPTIN
modulating the production of J KISSPEPTIN
factors which affect J IGF-1
hypothalamic GnRH secreting 4 GnRH

neurons and thus blocking 4 LH

reproductive ability through the J=FSH

reduction of LH secretion J» ESTROGEN
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Kisspeptin and the metabolic control of
reproduction

Precision in the regulation of energy balance is important
for maintaining fertility. A negative energy balance (when
energy expenditure outpaces fuel intake) in metabolism is
known to promote signaling which inhibits the reproductive
axis. Kisspeptin neurons are the link between energy status
and fertility and have been studied in numerous animal
models. It has been demonstrated that negative energy
balance reduces endogenous expression of KiSS-1 [87, 88].
These findings have raised further questions as to the spe-
cific metabolic signals which drive this process.

It is generally hypothesized that a combination of var-
ious signals may result in regulation of kisspeptin secretion
and subsequent fertility, thus supporting the important role
of peptide molecules such as leptin, insulin, and ghrelin.
Hunger hormones may serve as the critical link between the
altered energetic balance which occurs in eating disorders
and the development of functional hypothalamic amenor-
rhea. Leptin secretion is proportional to corporal fat stores
and acts within the brain to signal adequate energy store
and satiety [89]. In their pioneering study, Andrico et al.
[90]. demonstrated that leptin levels in women with FHA
were significantly decreased compared to controls. A
chronic negative energy balance, or metabolic deficit will
lead to chronic hypoleptinemia and to a compensatory
downregulation of reproductive function [91]. In an animal
model of food-restricted rats, administering leptin had a
positive effect on infertility. Exogenous leptin was shown
to promote ovulation and reverse the suppressive effect of
energy deprivation on menstruation [92]. A subsequently
conducted human treatment study, in which metreleptin
was administered in women with FHA, yielded results
paralleling those in the rat model with restoration of regular
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menses and an increase in estradiol and progesterone
levels. Although adequate leptin concentration is essential
for normal functioning of the reproductive axis, the neu-
roanatomical pathway linking leptin signaling to GnRH
neurons is not yet fully understood as GnRH neurons do
not possess a signaling isoform of the leptin receptor [93].
It has been suggested that leptin may stimulate KISS1
expression in AVPV neurons but these possible direct or
indirect effects on ARC neurons continues to be heavily
debated [93] (Fig. 2).

Insulin is produced by pancreatic p-cells and is essential
not only for the control of carbohydrate and fat metabolism
but also acts directly on the hypothalamus regulating energy
balance [94, 95]. A recent study involving food-restricted
ewes has shown that the restoration of pulsatile LH secre-
tion via return to normal feeding was preceded by an
increase in circulating serum insulin and has backed the
hypothesis that LH pulses are closely linked to energy
availability and insulin [96] (Fig. 3).

Ghrelin is another promising candidate involved in
metabolic signaling and in the central dysregulation of
reproductive function in FHA. Ghrelin is an orthorexic
peptide hormone secreted by specialized cells of the gas-
trointestinal tract and who’s secretion closely correlates
with hunger. Although ghrelin acts on the same neuro-
hormonal pathways as leptin, changes in ghrelin levels are
closely tied to eating patterns and can be a marker of eating
disorders. Schneider et al. [97] demonstrated that FHA is
associated with elevated ghrelin and abnormal dietary
behaviors. They also concluded that ghrelin likely con-
tributes to delayed restoration of the menstrual cycle in
women who are recovering from FHA. Intracerebroven-
tricular administration of ghrelin in rats suppressed the
pulsatile secretion of luteinizing hormone, providing further
supporting evidence linking ghrelin to suppression of a
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normal menstrual cycle [98]. The precise mechanisms
through which central ghrelin inhibits the reproductive
system, however, remains unclear although it is believed
that kisspeptin neurons in the hypothalamus may be central
to this process.

Neuropeptide Y is one of the most potent orexigenic
peptides identified in the brain to date. It has additional
pleiotropic effects on metabolism, immune function, and
reproduction. NPY has been shown to exert stimulatory
effects on reproduction at multiple levels of the
hypothalamic-pituitary-gonadal axis. Studies have shown
that NPY is directly associated with gonadotropin release.
NPY promotes secretion of luteinizing hormone releasing
hormone (LHRH) and the resulting LH surge is correlated
with increases in NPY levels [99]. Corio et al. [100]
investigated NPY levels in female athletes with and without
menstrual cyclicity. They found that NPY levels were sig-
nificantly higher in subjects with normal cycling than in
amenorrheic athletes, a finding which hints at a possible
protective role of NPY in the maintenance of menstrual
cycles. A complementary study by Meczeklaski et al., in
which NPY levels were studied in patients with weight loss-
related amenorrhea, found that basal serum NPY levels
were lower in amenorrheic patients compared to menstru-
ating women [101].

Recent evidence has suggested that together, leptin,
insulin, and ghrelin modulate Kisspeptin producing neurons
indirectly through the action of neuropeptide Y (NPY) and
agouti-related peptide (AgRP) neurons as well as pro-
opiomelanocortin  (POMC)/cocaine and amphetamine-
regulated transcript (CART) neurons located in the ARC
[102]. Kisspeptin appears to be an essential link between
energy balance and reproductive function.
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It is becoming increasingly apparent that hunger hor-
mones provide an additional level of communication
between adipose tissue, the state of energy balance, and the
functional integrity of the reproductive axis in humans.

Functional Hypothalamic Amenorrhea as a
form of stress induced reproductive
impairment

Functional hypothalamic amenorrhea is a multifactorial
condition characterized primarily by a decrease in hypo-
thalamic gonadotropin-releasing hormone and chronic
anovulation [103]. Sustained energy deficiency, such as is
seen in participants of elite sports, excessive exercise, or in
women with eating disorders can lead to reproductive
dysfunction. This responsive dysfunction is considered a
physiological safeguard to conserve energy during a sus-
tained state of starvation by suspending the function of an
energy-intensive process considered least essential to sur-
vival [104].

The pulsatile pattern of LH observed in patients with
FHA is often that of either low amplitude pulses or night-
time erratic pulses with an increased pulse amplitude
resembling an early pubertal pattern [105-107].

As a consequence, ovarian function is impaired as
estrogen production is reduced and ovulation does not
occur. Progesterone is also very low or absent as it is pro-
duced primarily by the corpus luteum following luteiniza-
tion of granulosa cells of the ovulating follicle. The
menstrual cycle progressively becomes more irregular,
deregulated, and over time is completely absent [28].
Nevertheless, in patients exhibiting FHA, initial follicle
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recruitment is preserved and AMH levels remain similar to
those observed in healthy women [108].

FHA is frequently associated with endocrine impair-
ments involving the thyroid and/or adrenal glands. How-
ever, it 1is also characterized by neuroendocrine
dysfunctions, as evidenced by altered synthesis and release
of several neurotransmitters, including serotonin, acet-
ylcholine, dopamine and norepinephrine [55, 109, 110].

As a consequence of energy deficiency, either as sub-
optimal nourishment or excessive energy expenditure, a
cascade of energy-conservation mechanisms is unleashed
which include the reduction of leptin, glucose, insulin,
insulin-like growth factor (IGF-1), kisspeptin (Kp), and
elevation of ghrelin, growth hormone (GH), neuropeptide
Y, and beta-endorphin [111-114].

Patients with FHA are typically characterized by lower
serum kisspeptin and high serum CRH when compared to
healthy individuals [115]. CRH levels in the elevated range
are often found in patients with stress-related amenorrhea
where it can directly inhibit pulsatile secretion of GnRH.
Recent studies have found glucocorticoid and CRH recep-
tors on KNDy neurons, suggesting that these neurons may
play a bridging role between the hypothalamic-pituitary-
adrenal (HPA) and the hypothalamic-pituitary-gonadal
(HPG) axes [116, 117]. These findings link stress induced
hormonal changes with the impairment of fertility in
patients such as those with FHA.

A correlation is observed between serum Kp and LH
secretion both in eumenorrheic healthy women and in
patients with FHA [118—-120]. Both hormones were found
to exhibit a pulsatile pattern of release with corresponding
peaks [118]. These findings demonstrate that the repro-
ductive axis, even under pathophysiological conditions such
as FHA, relies on kisspeptin to drive release of GnRH.
Temporal coupling between kisspeptin and LH secretion is
shown to be preserved in patients with FHA as well as in
eumenorrheic patients with PCOS who have normal meta-
bolic indices such as leptin and insulin. This Kp-LH cou-
pling, however, disappears in oligomenorrheic patients with
PCOS in whom higher levels of both insulin and leptin are
observed [106, 107]. It is believed that metabolic signals
may be responsible for this interference directly and/or
indirectly.

A negative correlation has been observed between per-
ipheral Kp levels and body mass index (BMI) as well as
physical activity. This observation may imply that Kp
reduction could act as a compensatory mechanism in
anorectic individuals to prevent excessive physical activity
and extreme BMI reduction [121, 122].

Ghrelin and IGF-1 have also been found to act as mes-
sengers between kisspeptin and the metabolic system. IGF-
1 has been shown to stimulate KiSS-1 mRNA expression
within AVPV neurons in female rats. This is in contrast to
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Ghrelin which acts as a suppressor of hypothalamic
expression of KiSS-1 mRNA [123, 124] (Fig. 3).

FHA is often referred to as a proverbial “perfect storm”
of endocrine and neuroendocrine impairment as many other
pituitary hormones are independently affected by stress
triggers. For example, TSH decreases under the influence of
stress, as do fT4 and fT3 concentrations. Conversion of fT4
to its active metabolite fT3 is impaired and is instead con-
verted to a biologically inactive reverse-T3.

In response to chronic stress, the hypothalamic pituitary
adrenal axis is activated resulting in chronically elevated
cortisol levels. After a temporaneous rise, plasma prolactin
levels in women with FHA who endure chronic stress have
been shown to drop. Pituitary PRL release in these patients
also has a higher pulse frequency and lower pulse amplitude
compared to healthy women [125].

Plasma levels of Brain-derived neurotrophic factor
(BDNF), which plays an important role in the growth,
development, maintenance, and function of several neuronal
systems, is reduced in patients with FHA. The exact role of
BDNF in the pathogenesis of FHA, however, is not yet fully
understood [126].

The role of Kisspeptin is central to the regulation of
GnRH secretion, its importance is evidenced by the close
interaction it maintains with metabolic and psychological
stress. The important response it demonstrates in FHA is a
specific adaptive and defensive mechanism to avoid moving
into a substantially more energy-inessive gestative state
following ovulation. A recent study by Jayasena, C.N. et al.
[119], in which a continuous IV infusion of kisspeptin-54
was administered in women with FHA, has demonstrated
the ability to temporarily increase LH pulsatility. This work
has pointed the way for potential kisspeptin-based therapies
for use in women with secondary amenorrhea, a powerful
tool to be used alongside rectification of metabolic
impairment and/or chronic stressors in these patients [119].

Neuroendocrine imbalances in FHA:
norepinephrine, GABA, allopregnanolone,
neuropeptide Y, melatonin, beta-endorphin
and others

Functional hypothalamic amenorrhea has three primary
causes, each being associated with an energy deficient state.
Reduced energy intake, excess physical exercise, and stress
are known to propagate neuroendocrine disturbances by
acting on the pulsatile release of Gonadotropin-releasing
hormone [127]. Oftentimes the causal driver leading to
functional hypothalamic amenorrhea is a combination of all
three factors [55]. As any of these coinciding conditions
may lead to the development or further progression of FHA,
a comprehensive approach needs to be used in its
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assessment. Numerous neuroendocrine regulating factors
need to be considered when discussing the possible clinical
manifestations and prognoses of FHA. There is a well-
established link in women between stress level and the
incidence of FHA. Neuroendocrine factors which are
involved in regulating the hypothalamic-pituitary-adrenal
axis (CRH, ACTH, and cortisol all of which dictate the
severity of stress reactions) therefore have significant
potential in affecting the incidence and evolution of FHA in
women [128].

Neuropeptide Y, a neuroendocrine transmitter with
widespread systemic functionality plays a central role in
managing physiological stress reactions. NPY stimulates
the release of GnRH [129], it also down-regulates cortico-
tropin-releasing hormone and reduces circulating cortisol
levels. This, in turn, has an anxiolytic effect. This interac-
tion is fully reciprocal in that CRH has the ability to sup-
press the release of NPY [130].

Melatonin primarily regulates circadian rhythm but also
has a functional influence on the HPG axis and modulation
of stress reaction. Disturbance in sleep patterns - which can
be both a result of, or result in, a decrease in melatonin
levels - have been shown to lead to increased secretion of
corticosteroids [131]. A decrease in melatonin levels can
not only promote activation of the HPA axis but also
negatively affect ovarian function. This association is not
entirely surprising, seeing as high concentrations of mela-
tonin have been found locally in follicular fluid of the
ovaries [132].

Allopregnanolone is another regulator of stress allevia-
tion. It is a natural product of progesterone metabolism and
modulates the function of y-Aminobutyric acid type A
(GABA,) receptor by allosteric binding [133].

Gamma-aminobutyric acid (GABA) functions as the
primary inhibitory neurotransmitter in the human brain
[134]. GABAergic pathways, alongside input from gluta-
matergic neurons is involved in GnRH regulation via acti-
vation of KND neurons [28]. Allopregnanolone also has the
ability to down-regulate activity in the HPA axis and in so
doing reduces the severity of a stress reaction. It has been
shown to provide a neuroprotective effect in conditions of
prolonged stress and anxiety such as major depressive dis-
order or postpartum depression [133, 135].

In a similar fashion, beta-endorphins act as peptide
agonists of the opioid receptor, are secreted systemically
and found to ameliorate stress reactions. They function at a
higher level in restoring homeostasis following exposure to
stressors. The analgesic and immunity-boosting properties
of endorphins, however, have led to suggest that they are
limited to playing an alleviatory role in situations of acute
stress as opposed to chronic exposure to stressors [136].

In contrast to neurons of GABAergic pathways which
lead to activation and pulsatile release of GnRH,

norepinephrine expressing neurons have been found to
inhibit its secretion [137].

Energy supply, and disturbances therein, play such a
crucial role in the development and progression of FHA that
many neurohormones which regulate food intake such as
insulin, leptin, and ghrelin are also tied into modulating
GnRH release [28].

Stress as etiology to hypothalamic
amenorrhea: the influences of CRH, the
hypothalamic-pituitary-adrenal axis, beta-
endorphin, and Gonadotropin-Inhibitory
Hormone (RF amide related peptide)

Hungarian-Canadian endocrinologist Hans Selye was a
pioneer in the study of the biological basis for human stress
response [138]. His groundbreaking work was first pub-
lished in the late 1930’s and the decade that followed
welcomed numerous studies focused on the interplay of the
stress response mechanism and its influence on
reproduction.

Stress was found to influence a wide range of factors,
including reproductive function. So strong is this effect, that
stress-related FHA is regarded as the main type of func-
tional hypothalamic amenorrhea. Stress is at present the
most significant factor responsible for the impairment of
reproductive function [139].

Hypothalamic amenorrhea, when stress related, is the
product of a complex interplay between the hypothalamic-
pituitary-adrenal axis and the hypothalamic-pituitary-
gonadal axis [28], with corticotropin releasing hormone as
the common factor. In situations of stress, increased levels
of CRH leads to the direct inhibition of pulsatile GnRH
secretion, which further causes inhibition of the
hypothalamic-pituitary-gonadal axis [140]. Additionally,
when under stress CRH stimulates the release of beta-
endorphin which in turn also impairs the pulsatile release of
GnRH. Hypercortisolemia is a direct consequence of stress-
induced CRH release. Increased levels of cortisol have been
shown to exert an inhibitory effect on the release of GnRH
and gonadotropin [141]. Administering CRH in healthy
female volunteers was shown to inhibit pulsatile GnRH
release [142]. On the other hand, administering a CRH
antagonist stimulated the same pulsatile GnRH secretion
[143].

A study by Podfigurna et al. reported that patients with
FHA had lower serum kisspeptin levels and higher serum
CRH levels when compared to healthy controls [144].

Meczekalski et al. [145] studied patients with stress-
related FHA with normal body weight. They evaluated the
response of ACTH, allopregnanolone, and cortisol to a
CRH challenge in both patients with FHA and in healthy
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women. It was found that beyond high serum ACTH and
cortisol levels, women with stress-related FHA also had low
allopregnanolone levels at baseline. This was determined to
be a result of impairment in both adrenal and ovarian
synthesis. The blunted response of ACTH, allopregnano-
lone, and cortisol to CRH indicates a reduced sensitivity
and expression of CRH receptors in hypothalamic
amenorrhea.

Kisspeptin is a relatively novel factor found acting
between the hypothalamic-pituitary-adrenal axis and
hypothalamic-pituitary-gonadal axis. It is involved in the
interplay between CRH and GnRH [146]. Increased CRH
(when in stressful conditions) can directly inhibit GnRH
secretion. Recent studies have revealed that CRH receptors
and glucocorticoid receptors (both of which are involved in
the stress response) are not expressed by GnRH neurons but
rather are expressed by kisspeptin neurons. CRH receptors
are expressed in both the anteroventral periventricular
nucleus and the arcuate kisspeptin neurons. Glucocorticoid
receptors are expressed only in AVPV kisspeptin neurons
but not in ARC kisspeptin neurons [146].

These findings suggest that kisspeptin neurons may
play a role as key communicators between the HPA axis
(as a stress response system) and HPG axis (reproductive
regulatory system). Beyond their direct action, kisspeptin
neurons have been found to mediate the inhibition of
reproductive function by hyperprolactinemia as well
[146]. These mechanisms seem to be even more compli-
cated initially thought. Gonadotropin-inhibitory hormone
(GnIH), which in mammals is also called RFamide-related
peptide 3 (RFRP), is a potent inhibitory regulator of
gonadotropin-releasing hormone (GnRH) and subse-
quently of gonadotropins [147]. Recent evidence suggests
that RFRP is involved in stress-induced reproductive
dysfunction [148]. Increased cortisol can stimulate RFRP
activity which in turn inhibits GnRH/LH secretion. Kis-
speptin is also involved in this cascade, where it acts
upstream to RFRP [148]. The decrease in kisspeptin
which is seen when under the influence of stress leads to
an increase in RFRP and subsequent activation of the
HPA axis, this in turn leads to inhibition of the HPG axis
[148]. It is becoming increasingly clear that kisspeptin
and GnIH/RFRP together play a central role in stress-
induced disruption of the HPG axis.

Potential role of neuropeptides in the
diagnosis and treatment of FHA (CRH,
Kisspeptin, Leptin, NKB native hormones, or
analogs use in treatment)

As FHA diagnosis in some patients is posing a challenge,
neuropepties may prove instrumental in our future approach
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managing patients with FHA. FHA women are character-
ized with lower serum leptin concentrations, elevated
ghrelin levels, high NPY levels and high-frequency LH
pulses. Conceivably some of the neuropeptides described
above will play a significant role in FHA diagnosis.

The recommended first line treatment for FHA is lifestyle
modification. This involves the elimination of causative
factors responsible for FHA in order to restore the body’s
physiological balances. When simple lifestyle interventions
prove ineffective, hormonal replacement therapy is imple-
mented. This strategy, however, often does not adequately
address issues of infertility, bone loss, and many other
associated neuroendocrine abnormalities. It is this con-
stellation of other abnormalities which form a starting point
for investigating novel hormonal pathways as potential
targets for treating FHA.

In a randomized trial where women with FHA were
administered metreleptin, Chou et al. [149]. Demonstrated
the potential for pursuing this line of investigation. They
found that administering human recombinant leptin (metre-
leptin) in physiological doses over 36 weeks led to the
restoration of menstruation, increased serum estradiol and
progesterone levels, and a decreased serum cortisol level.
Moreover, markers of bone resorption were also reduced,
suggesting that continued use of metreleptin over a longer
time frame may have a beneficial effect on bone metabolism.
Complementary studies later confirmed the positive influ-
ence of leptin therapy on skeletal health by showing an
increase in osteoblast proliferation and a decrease in osteo-
clastogenesis during treatment [150]. Correlative results
were reported by Welt et al. [151] who observed that leptin
administration resulted in follicular growth and ovulation as
well as significantly increased levels of LH, estradiol, IGF-1,
thyroid hormone, and bone-formation markers. These find-
ings suggest that administering leptin in replacement doses
may be a safe and effective therapy for women with FHA
and can help shorten the time to recovery in this group over
the use of lifestyle modification alone.

In 2009, Jayasena et al. [152] reported on their ground-
breaking human trial in which kisspeptin injections were
used for the first time in women with hypothalamic ame-
norrhea. They concluded that acute administration of
kisspeptin-54 increased serum gonadotropin levels but
repeat injections lead to a desensitization effect. Despite
observing instances of tachyphylaxis during chronic
administration, this study provided a basis for the potential
use of kisspeptin therapy in the treatment of FHA. In the
years following their initial work, subsequent studies were
led by Jayasena et al. to establish an effective protocol for
kisspeptin treatment. During this endeavor it was demon-
strated for the first time that treatment with kisspeptin-54
restores basal and pulsatile LH secretion in women with HA
[153].
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A second major turning point in the study of kisspeptin
was a report published by Abbara et al. [154] in which the
effects of a KISS1R agonist MVT-602 was studied in healthy
women and in women suffering from reproductive disorders.
The authors compared the action of MVT-602 with native
kisspeptin-54 observing a more rapid increase in serum LH
level after administration of the KissR agonist in women with
FHA than it did in healthy women and women with PCOS.
Additionally MVT-602 was shown to have a greater potency
and longer duration of action than did native kisspeptin-54. It
was concluded that the KissR would have significant potential
as a future alternative kisspeptin treatment. Despite promising
data, the practicality of kisspeptin treatment in women with
FHA remains a significant challenge for the future.

NKB plays a crucial role in regulation of the repro-
ductive axis as complex relationships between ovarian sex
steroids and neurokinin B were confirmed. Studies have
shown the importance of the NKB system in modulating
kisspeptin and GnRH secretion [155]. More recently,
Matsuzaki et al. investigated NK3R agonist usage and
concluded that stimulation of NKB signaling could recover
suppressed LH secretion under acute fasting condition in
male rodents [156]. As hypothalamic amenorrhea is asso-
ciated with low GnRH pulse frequency and a subsequent
decrease in LH production, restoring baseline LH secretion
may potentially be achieved by treating with NKB ago-
nists. These results are promising under the aspect of future
NKB agonist application in FHA therapy.

In many cases, reproductive dysfunction is induced by
everyday life stress and subsequent activation of the
hypothalamic-pituitary-adrenal axis. As such, studies have
postulated that CRH, the principal regulator of the HPA axis,
could be leveraged as a target for innovative therapies.
Matsuwaki et al. [157] have studied the relationship between
HA and CRH. Using melanocortin-2 receptor deficient mice,
the authors demonstrated that not only glucocorticoids, but
also CRH itself is capable of disrupting estrous cyclicity.
Moreover, they demonstrated that treatment using a CRHR1
antagonist restored the suppression of pulsatile LH secretion
which was initially caused by acute stress. In a similar ani-
mal study using female macaques, treatment using a CRH-1
antagonist (antalarmin) was shown to restore LH pulse fre-
quency following stress exposure. Further studies are still
required, however, in order to establish the full effect these
receptor antagonists have on the HPG axis [158]. These
studies have established the groundwork for the develop-
ment of future antiamenorrheic therapy.

Research gaps and directions for the future

Despite the multi-directional approach to FHA pathophy-
siology, diagnosis and treatment there are still many areas not

covered by previous research. Better understanding of
underlying neurohormonal mechanisms may allow the crea-
tion of markers that will facilitate FHA diagnosis. Low BMI,
estradiol, LH and LH:FSH ratio are well known FHA char-
acteristics that distinguish women with FHA for overall
population yet many patients still experience delays in the
diagnosis. Creation of an extended neurohormonal profile,
including decreased serum NKB concentrations, reduced
kisspeptin levels, decreased leptin, elevated ghrelin and
decreased NPY, may not only improve FHA detection but
also enable to isolate group of women in high risk of hypo-
thalamic amenorrhea development which require greater
attention. Moreover, as mentioned above, these neuro-
hormones can constitute potential new therapeutic targets.
Additional studies with larger sample sizes are needed to
determine clinical utility of metreleptin, kisspeptin, NKB
agonists and CRHR1 antagonist in novel, targeted treatment
of functional hypothalamic amenorrhea. Initial studies appear
to be promising, although further research is needed before
they can be fully incorporated in clinical practice.

Conclusions

Functional hypothalamic amenorrhea is the most common
cause of secondary amenorrhea in women of reproductive
age and as such its clinical significance cannot be over-
stated. Although we understand FHA to be the result of
impaired GnRH secretion, the underlying pathophysiology
is very complex and remains only partially understood. We
know that numerous neuropeptids, neurosteroids, and neu-
rotransmitters are involved in the progression of FHA, and
work continues to fully classify their function. With recent
advances in identifying and describing the role of an ever-
growing number of hypothalamic and extrahypothalamic
substances, hope remains strong for their use in the diag-
nosis and treatment of FHA. Efficient and accurate diag-
nosis, treatment, and monitoring of FHA will help to protect
young women from the most severe complications of
hypoestrogenism.

Funding No funding was received to assist with the preparation of this
manuscript. The authors have no relevant financial or non-financial
interests to disclose.

Compliance with ethical standards
Conflict of interest The authors declare no competing interests.

Publisher’'s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as

@ Springer



780

Endocrine (2024) 84:769-785

long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.

10.

11.

12.

13.

M.E.S. Gibson, N. Fleming, C. Zuijdwijk, T. Dumont, “Where
have the periods gone? The evaluation and management of
functional hypothalamic amenorrhea,”. JCRPE J. Clin. Res.
Pediatr. Endocrinol. 12(no. Suppl 1), 18-27 (2020). https://doi.
org/10.4274/jcrpe.galenos.2019.2019.50178.

. A.J. Vincent, J.S. Laven, Early menopause/premature ovarian

insufficiency. Semin Reprod. Med. 38(4-05), 235-236 (2020).
https://doi.org/10.1055/s-0041-1722924.

. B. Meczekalski, K. Katulski, A. Czyzyk, A. Podfigurna-Stopa,

and M. Maclejewska-Jeske, “Functional hypothalamic amenor-
rhea and its influence on women’s health,” Acad. Psych. 2014.
https://doi.org/10.1007/s40618-014-0169-3.

. C.M. Gordon et al., “Functional hypothalamic amenorrhea: An

endocrine society clinical practice guideline,” J. Clin. Endocri-
nol. Metab., 2017, https://doi.org/10.1210/jc.2017-00131.

. C. Baskaran, P. Kumar, F. Plessow, S. Nimmala, K.E. Acker-

man, K.T. Eddy, D.A. Pizzagalli, M. Misra, Depressive and
anxiety symptoms, and neural correlates of reward and punish-
ment anticipation in female athletes with amenorrhea. Front
Endocrinol. (Lausanne) 18(14), 976050 (2023). https://doi.org/
10.3389/fend0.2023.976050.

. E.Ng, S. Sztal-Mazer, and S.R. Davis, “Functional hypothalamic

amenorrhoea: a diagnosis of exclusion,” Med. J. Aust., 2022,
https://doi.org/10.5694/mja2.51376.

. J. Kerns, K. Itriyeva, M. Fisher, Etiology and management of

amenorrhea in adolescent and young adult women. Curr. Probl.
Pediatr. Adolesc. Health Care. 52(5), 101184 (2022). https://doi.
org/10.1016/j.cppeds.2022.101184.

. R.E. Roberts, L. Farahani, L. Webber, C. Jayasena, Current

understanding of hypothalamic amenorrhoea. Ther. Adv. Endo-
crinol. Metab. 11, 1-12 (2020). https://doi.org/10.1177/
2042018820945854.

. S.L. Berga, “Functional hypothalamic amenorrhea,” in Ency-

clopedia of Endocrine Diseases, 2018.

N.I. Williams, S.L. Berga, and J.L. Cameron, “Synergism
between psychosocial and metabolic stressors: Impact on
reproductive function in cynomolgus monkeys,” Am. J. Physiol.
- Endocrinol. Metab., 2007, https://doi.org/10.1152/ajpendo.
00108.2007.

A. Tranoulis, A. Soldatou, D. Georgiou, D. Mavrogianni, D.
Loutradis, and L. Michala, “Adolescents and young women with
functional hypothalamic amenorrhoea: is it time to move beyond
the hormonal profile?,” Arch. Gynecol. Obstet., 2020, https://doi.
org/10.1007/s00404-020-05499-1.

J.C. Prior, “Adaptive, reversible, hypothalamic reproductive
suppression: More than functional hypothalamic amenorrhea,”.
Front. Endocrinol. (Lausanne). 13, 1-12 (2022). https://doi.org/
10.3389/fend0.2022.893889.

A. Lania, L. Gianotti, I. Gagliardi, M. Bondanelli, W. Vena, M.R.
Ambrosio, “Functional hypothalamic and drug-induced

@ Springer

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

amenorrhea: an overview. ” J. Endocrinol. Invest. 42(9),
1001-1010 (2019). https://doi.org/10.1007/s40618-019-01013-w.
A. Stockman, A genetic basis for functional hypothalamic
amenorrhea, Yearb. Pediatr., 2012, https://doi.org/10.1016/j.
yped.2011.06.033.

L.M. Caronia et al., A genetic basis for functional hypothalamic
amenorrhea,” N. Engl. J. Med., 2011, https://doi.org/10.1056/
nejmoa0911064.

J. Young, Does genetic susceptibility of the gonadotropic axis
explain the variable impact of stressors causing functional
hypothalamic amenorrhea. J. Clin. Endocrinol. Metab. 106(3),
E1473-E1475 (2021). https://doi.org/10.1210/clinem/dgaa677.
A. Keski-Rahkonen and L. Mustelin, Epidemiology of eating
disorders in Europe: Prevalence, incidence, comorbidity, course,
consequences, and risk factors. Curr. Opin. Psych. 2016. https://
doi.org/10.1097/YC0O.0000000000000278.

. AE. Morrison, S. Fleming, M.J. Levy, A review of the patho-

physiology of functional hypothalamic amenorrhoea in women
subject to psychological stress, disordered eating, excessive
exercise or a combination of these factors. Clin. Endocrinol.
(Oxf.). 95(2), 229-238 (2021). https://doi.org/10.1111/cen.
14399.

E. Garzia, A.M. Marconi, A. Lania, M.R. Miozzo, E. Vegni, A.
Priori, Editorial: Functional hypothalamic amenorrhea seen from
different perspectives. Front Endocrinol. (Lausanne) 14,
1167668 (2023). https://doi.org/10.3389/fendo.2023.1167668.
D.A. Regier, E.A. Kuhl, and D.J. Kupfer, The DSM-5: Classi-
fication and criteria changes. World Psych. 2013. https://doi.org/
10.1002/wps.20050.

C. Gross and E. Joy, Female athlete triad. Curr. Phys. Med.
Rehab. Rep. 2020. https://doi.org/10.1007/s40141-020-00263-7.
A. Kussman and A. Nattiv, “The female athlete triad,” in Mental
Health in the Athlete: Modern Perspectives and Novel Chal-
lenges for the Sports Medicine Provider, 2020.

B. Meczekalski, A. Podfigurna-Stopa, A. Warenik-Szymankie-
wicz, and A.R. Genazzani, Functional hypothalamic amenorrhea:
Current view on neuroendocrine aberrations. Gynecol. Endocri-
nol. 2008, https://doi.org/10.1080/09513590701807381.

A. Podfigurna and B. Meczekalski, Functional hypothalamic
amenorrhea: a stress-based disease. Endocrines. 2021. https:/
doi.org/10.3390/endocrines2030020.

M. Hager, J. Ott, J. Marschalek et al. Basal and dynamic rela-
tionships between serum anti-Miillerian hormone and gonado-
tropins in patients with functional hypothalamic amenorrhea,
with or without polycystic ovarian morphology. Reprod. Biol.
Endocrinol. 20, 98 (2022). https://doi.org/10.1186/s12958-022-
00961-y.

B. Meczekalski et al., Hypothalamic amenorrhea with normal
body weight: ACTH, allopregnanolone and cortisol responses to
corticotropin-releasing hormone test. Eur. J. Endocrinol. 2000.
https://doi.org/10.1530/eje.0.1420280.

A.E. Morrison, S. Fleming, and M.J. Levy, A review of the
pathophysiology of functional hypothalamic amenorrhoea in
women subject to psychological stress, disordered eating,
excessive exercise or a combination of these factors. Clin.
Endocrinol. 2021. https://doi.org/10.1111/cen.14399.

C.M. Gordon, K.E. Ackerman, S.L. Berga, J.R. Kaplan, G.
Mastorakos, M. Misra et al. Functional hypothalamic amenor-
rhea: an endocrine society clinical practice guideline. J. Clin.
Endocrinol. Metab. 102(5), 1413-1439 (2017).

A. Ruiz-Zambrana, S.L. Berga, A clinician’s guide to functional
hypothalamic amenorrhea. Clin. Obstet. Gynecol. 63(4), 706-719
(2020). https://doi.org/10.1097/GRF.0000000000000573.

M. Phylactou. et al. Clinical and biochemical discriminants
between functional hypothalamic amenorrhoea (FHA) and


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4274/jcrpe.galenos.2019.2019.S0178
https://doi.org/10.4274/jcrpe.galenos.2019.2019.S0178
https://doi.org/10.1055/s-0041-1722924
https://doi.org/10.1007/s40618-014-0169-3
https://doi.org/10.1210/jc.2017-00131
https://doi.org/10.3389/fendo.2023.976050
https://doi.org/10.3389/fendo.2023.976050
https://doi.org/10.5694/mja2.51376
https://doi.org/10.1016/j.cppeds.2022.101184
https://doi.org/10.1016/j.cppeds.2022.101184
https://doi.org/10.1177/2042018820945854
https://doi.org/10.1177/2042018820945854
https://doi.org/10.1152/ajpendo.00108.2007
https://doi.org/10.1152/ajpendo.00108.2007
https://doi.org/10.1007/s00404-020-05499-1
https://doi.org/10.1007/s00404-020-05499-1
https://doi.org/10.3389/fendo.2022.893889
https://doi.org/10.3389/fendo.2022.893889
https://doi.org/10.1007/s40618-019-01013-w
https://doi.org/10.1016/j.yped.2011.06.033
https://doi.org/10.1016/j.yped.2011.06.033
https://doi.org/10.1056/nejmoa0911064
https://doi.org/10.1056/nejmoa0911064
https://doi.org/10.1210/clinem/dgaa677
https://doi.org/10.1097/YCO.0000000000000278
https://doi.org/10.1097/YCO.0000000000000278
https://doi.org/10.1111/cen.14399
https://doi.org/10.1111/cen.14399
https://doi.org/10.3389/fendo.2023.1167668
https://doi.org/10.1002/wps.20050
https://doi.org/10.1002/wps.20050
https://doi.org/10.1007/s40141-020-00263-7
https://doi.org/10.1080/09513590701807381
https://doi.org/10.3390/endocrines2030020
https://doi.org/10.3390/endocrines2030020
https://doi.org/10.1186/s12958-022-00961-y
https://doi.org/10.1186/s12958-022-00961-y
https://doi.org/10.1530/eje.0.1420280
https://doi.org/10.1111/cen.14399
https://doi.org/10.1097/GRF.0000000000000573

Endocrine (2024) 84:769-785

781

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

polycystic ovary syndrome (PCOS. Clin. Endocrinol. (Oxf).
95(no. 2), 239-252 (2021).

C.E. Dominguez, G.A. Laughlin, J.C. Nelson, and S.S.C. Yen,
“Altered binding of serum thyroid hormone to thyroxine-binding
globulin in women with functional hypothalamic amenorrhea,”
Fertil. Steril., 1997, https://doi.org/10.1016/S0015-0282(97)
00393-2.

V. Bruni, M. Dei, C. Morelli, M.T. Schettino, D. Balzi, and D.
Nuvolone, “Body composition variables and leptin levels in
functional hypothalamic amenorrhea and amenorrhea related to
eating disorders,” J. Pediatr. Adolesc. Gynecol. 2011. https://doi.
org/10.1016/j.jpag.2011.06.004.

K. Huhmann, Menses requires energy: a review of how dis-
ordered eating, excessive exercise, and high stress lead to men-
strual irregularities. Clin. Ther. 42(3), 401-407 (2020). https:/
doi.org/10.1016/j.clinthera.2020.01.016.

G.V. Childs, A.K. Odle, M.C. MacNicol, and A.M. MacNicol,
The Importance of Leptin to Reproduction. Endocrinology
(United States). 2021, https://doi.org/10.1210/endocr/bqaa204.
M. Phylactou, S.A. Clarke, B. Patel, C. Baggaley, C.N. Jayasena,
T.W. Kelsey, A.N. Comninos, W.S. Dhillo, A. Abbara, Clinical
and biochemical discriminants between functional hypothalamic
amenorrhoea (FHA) and polycystic ovary syndrome (PCOS).
Clin. Endocrinol. (Oxf.). 95(2), 239-252 (2021). https://doi.org/
10.1111/cen.14402.

W.L. Dees, J.K. Hiney, and V.K. Srivastava, “IGF-1 Influences
Gonadotropin-Releasing Hormone Regulation of Puberty,”
Neuroendocrinology, 2021, https://doi.org/10.1159/000514217.
E. Hrabovszky, S. Takics, E. Rumpler, and K. Skrapits, “The
human hypothalamic kisspeptin system: Functional neuroa-
natomy and clinical perspectives,” in Handbook of Clinical
Neurology, 2021.

C.C. Pedreira, J. Maya, and M. Misra, “Functional hypothalamic
amenorrhea: Impact on bone and neuropsychiatric outcomes,”
Front. Endocrinol. (Lausanne)., 13, 1-16, 2022. https://doi.org/
10.3389/fendo.2022.953180.

A. Podfigurna, M. Maciejewska-Jeske, B. Meczekalski, and A.D.
Genazzani, “Kisspeptin and LH pulsatility in patients with
functional hypothalamic amenorrhea,” Endocrine, 2020, https://
doi.org/10.1007/s12020-020-02481-4.

E.A. Lawson et al., Appetite-regulating hormones cortisol and
peptide YY are associated with disordered eating psycho-
pathology, independent of body mass index. Eur. J. Endocrinol.
2011. https://doi.org/10.1530/EJE-10-0523.

M. Bomba et al., Psychopathological traits of adolescents with
functional hypothalamic amenorrhea: A comparison with anor-
exia nervosa. Eat. Weight Disord. 2014. https://doi.org/10.1007/
s40519-013-0056-5.

E. Sowinska-Przepiera et al., Functional hypothalamic amenor-
rhoea - diagnostic challenges, monitoring, and treatment.
Endokrynol. Pol. 2015.

R.L. Rosenfield, Adolescent anovulation: Maturational
mechanisms and implications. J. Clin. Endocrinol. Metab., 2013,
https://doi.org/10.1210/jc.2013-1770.

P. Chaikali, I. Kontele, M.G. Grammatikopoulou, E. Oikono-
mou, T.N. Sergentanis, Vassilakou T. Body Composition, Eating
Habits, and Disordered Eating Behaviors among Adolescent
Classical Ballet Dancers and Controls. Child. (Basel) 10(2), 379
(2023). https://doi.org/10.3390/children10020379.

A.B. Sopher, S.E. Oberfield, and S.F. Witchel, Disorders of
Puberty in Girls. Semin. Reprod. Med. 2022. https://doi.org/10.
1055/5-0041-1735892.

K. Jayaprakasan and K. Ojha, Diagnosis of congenital uterine
abnormalities: practical considerations. J. Clin. Med. 2022.
https://doi.org/10.3390/jcm11051251.

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

. M. Matalliotakis, I. Koliarakis, C. Matalliotaki, A. Trivli, and E.
Hatzidaki, Clinical manifestations, evaluation and management
of hyperprolactinemia in adolescent and young girls: A brief
review. Acta Biomedica. 2019. https://doi.org/10.23750/abm.
v90i1.8142.

T. Iwasa, T. Matsuzaki, K. Yano, Y. Mayila, and M. Irahara, The
roles of kisspeptin and gonadotropin inhibitory hormone in
stress-induced reproductive disorders. Endocrine J. 2018. https://
doi.org/10.1507/endocrj.EJ18-0026.

B. Meczekalski and A. Podfigurna-stopa, Neuroendocrine and
metabolic aspects of functional hypothalamic amenorrhea. Arch.
Perinatal Med. 2012.

M.P. Lopes et al. Associations between bone mineral density,
body composition and amenorrhoea in females with eating
disorders: a systematic review and meta-analysis. ~ J. Eat.
Disord. 10(1), 1-28 (2022). https://doi.org/10.1186/s40337-
022-00694-8.

N.J. Crabtree et al., Dual-energy x-ray absorptiometry inter-
pretation and reporting in children and adolescents: The revised
2013 ISCD pediatric official positions. J. Clin. Densitom. 2014.
https://doi.org/10.1016/j.jocd.2014.01.003.

D.A. Klein, S.L. Paradise, and R.M. Reeder, Amenorrhea: A
systematic approach to diagnosis and management. Am. Fam.
Phys. 2019. https://doi.org/10.2310/0bg.19117.

E. Knobil, The Wisdom of the Body Revisited. N. Physiol. Sci.
14, 1-11 (1999).

A.D. Genazzani, M. Gastaldi, A. Volpe, F. Petraglia, A.R.
Genazzani, Spontaneous episodic release of adenohypophyseal
hormones in hypothalamic amenorrhea. Gynecol. Endocrinol.
9(4), 325-334 (1995).

K. Ryterska, A. Kordek, P. Zalgska, Has menstruation dis-
appeared? Functional hypothalamic amenorrhea—What is this
story about. Nutrients 13(8), 1-15 (2021). https://doi.org/10.
3390/nu13082827.

F. Bonazza, G. Politi, D. Leone, E. Vegni, L. Borghi, Psycho-
logical factors in functional hypothalamic amenorrhea: A sys-
tematic review and meta-analysis. Front Endocrinol. (Lausanne)
14, 981491 (2023). https://doi.org/10.3389/fend0.2023.981491.
U.B. Kaiser, A. Jakubowiak, A. Steinberger, W.W. Chin, Dif-
ferential effects of gonadotropin-releasing hormone (GnRH)
pulse frequency on gonadotropin subunit and GnRH receptor
messenger ribonucleic acid levels in vitro. Endocrinology
138(3), 1224-1231 (1997).

L. Wildt, A. Héusler, G. Marshall, J.S. Hutchison, T.M. Plant,
P.E. Belchetz et al. Frequency and amplitude of gonadotropin-
releasing hormone stimulation and gonadotropin secretion in the
rhesus monkey. Endocrinology 109(2), 376-385 (1981).

A.M. Moore, L.M. Coolen, M.N. Lehman, Kisspeptin/Neuroki-
nin B/Dynorphin (KNDy) cells as integrators of diverse internal
and external cues: evidence from viral-based monosynaptic tract-
tracing in mice. Sci. Rep. 9(1), 14768 (2019).

Z. Javed, U. Qamar, T. Sathyapalan, The role of kisspeptin
signalling in the hypothalamic-pituitary-gonadal axis—current
perspective. Endokrynol. Pol. 66(6), 534-547 (2015). https://doi.
org/10.5603/EP.2015.0066.

E. Terasawa, K.A. Guerriero, T.M. Plant, Kisspeptin and puberty
in mammals. Adv. Exp. Med Biol. 784, 253-273 (2013). https://
doi.org/10.1007/978-1-4614-6199-9_12.

T. Ohtaki, Y. Shintani, S. Honda, H. Matsumoto, A. Hori, K.
Kanehashi et al. Metastasis suppressor gene KiSS-1 encodes
peptide ligand of a G-protein-coupled receptor. Nature
411(6837), 613-617 (2001).

B. Meczekalski, O. Niwczyk, G. Bala, A. Szeliga, Stress, kis-
speptin, and functional hypothalamic amenorrhea. Curr. Opin.
Pharm. 67, 102288 (2022).

@ Springer


https://doi.org/10.1016/S0015-0282(97)00393-2
https://doi.org/10.1016/S0015-0282(97)00393-2
https://doi.org/10.1016/j.jpag.2011.06.004
https://doi.org/10.1016/j.jpag.2011.06.004
https://doi.org/10.1016/j.clinthera.2020.01.016
https://doi.org/10.1016/j.clinthera.2020.01.016
https://doi.org/10.1210/endocr/bqaa204
https://doi.org/10.1111/cen.14402
https://doi.org/10.1111/cen.14402
https://doi.org/10.1159/000514217
https://doi.org/10.3389/fendo.2022.953180
https://doi.org/10.3389/fendo.2022.953180
https://doi.org/10.1007/s12020-020-02481-4
https://doi.org/10.1007/s12020-020-02481-4
https://doi.org/10.1530/EJE-10-0523
https://doi.org/10.1007/s40519-013-0056-5
https://doi.org/10.1007/s40519-013-0056-5
https://doi.org/10.1210/jc.2013-1770
https://doi.org/10.3390/children10020379
https://doi.org/10.1055/s-0041-1735892
https://doi.org/10.1055/s-0041-1735892
https://doi.org/10.3390/jcm11051251
https://doi.org/10.23750/abm.v90i1.8142
https://doi.org/10.23750/abm.v90i1.8142
https://doi.org/10.1507/endocrj.EJ18-0026
https://doi.org/10.1507/endocrj.EJ18-0026
https://doi.org/10.1186/s40337-022-00694-8
https://doi.org/10.1186/s40337-022-00694-8
https://doi.org/10.1016/j.jocd.2014.01.003
https://doi.org/10.2310/obg.19117
https://doi.org/10.3390/nu13082827
https://doi.org/10.3390/nu13082827
https://doi.org/10.3389/fendo.2023.981491
https://doi.org/10.5603/EP.2015.0066
https://doi.org/10.5603/EP.2015.0066
https://doi.org/10.1007/978-1-4614-6199-9_12
https://doi.org/10.1007/978-1-4614-6199-9_12

782

Endocrine (2024) 84:769-785

64

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

. K. Skorupskaite, J.T. George, R.A. Anderson, The kisspeptin-
GnRH pathway in human reproductive health and disease. Hum.
Reprod. Update 20(4), 485-500 (2014).

V.M. Navarro, Metabolic regulation of kisspeptin — the link
between energy balance and reproduction. Nat. Rev. Endocrinol.
16(8), 407-420 (2020).

H. Okamura, H. Tsukamura, S. Ohkura, Y. Uenoyama, Y.
Wakabayashi, Maeda K. Kisspeptin and GnRH pulse generation.
Adv. Exp. Med Biol. 784, 297-323 (2013). https://doi.org/10.
1007/978-1-4614-6199-9_14.

K.L. Hu, Z. Chen, X. Li, E. Cai, H. Yang, Y. Chen, C. Wang, L.
Ju, W. Deng, L. Mu, Advances in clinical applications of
kisspeptin-GnRH pathway in female reproduction. Reprod. Biol.
Endocrinol. 20(1), 81 (2022). https://doi.org/10.1186/s12958-
022-00953-y.

D. Garcia-Galiano, L. Pinilla, M. Tena-Sempere, Sex steroids
and the control of the Kissl system: developmental roles and
major regulatory actions. J. Neuroendocrinol. 24(1), 22-33
(2012). https://doi.org/10.1111/j.1365-2826.2011.02230.x.

J.T. Smith, M.J. Cunningham, E.F. Rissman, D.K. Clifton, R.A.
Steiner, Regulation of Kissl gene expression in the brain of the
female mouse. Endocrinology 146(9), 3686-3692 (2005). https://
doi.org/10.1210/en.2005-0488.

R. Pineda, D. Garcia-Galiano, A. Roseweir, M. Romero, M.A.
Sanchez-Garrido, F. Ruiz-Pino, K. Morgan, L. Pinilla, R.P.
Millar, M. Tena-Sempere, Critical roles of kisspeptins in female
puberty and preovulatory gonadotropin surges as revealed by a
novel antagonist. Endocrinology 151(2), 722-730 (2010).
https://doi.org/10.1210/en.2009-0803.

K.A. Walters, R.B. Gilchrist, W.L. Ledger, H.J. Teede, D.J.
Handelsman, R.E. Campbell, New Perspectives on the Patho-
genesis of PCOS: Neuroendocrine Origins. Trends Endocrinol.
Metab. 29(12), 841-852 (2018).

B. Meczekalski, A. Podfigurna-Stopa, A.R. Genazzani, Why
kisspeptin is such important for reproduction? Gynecol. Endo-
crinol. 27(1), 8-13 (2011).

S. de Croft, R. Piet, C. Mayer, O. Mai, U. Boehm, A.E. Herbi-
son, Spontaneous kisspeptin neuron firing in the adult mouse
reveals marked sex and brain region differences but no support
for a direct role in negative feedback. Endocrinology 153(11),
5384-5393 (2012). https://doi.org/10.1210/en.2012-1616.

E.L. Thompson, K.G. Murphy, Modulation of the hypothalamic-
pituitary-gonadal axis by selective ligands of the KISS1R. Curr.
Opin. Investig. Drugs 11(4), 432-439 (2010).

D.K. Lee, T. Nguyen, G.P. O’Neill, R. Cheng, Y. Liu, A.D.
Howard et al. Discovery of a receptor related to the galanin
receptors. FEBS Lett. 446(1), 103—-107 (1999).

G. Cheng, L.M. Coolen, V. Padmanabhan, R.L. Goodman, M.N.
Lehman, The Kisspeptin/Neurokinin B/Dynorphin (KNDy) Cell
Population of the Arcuate Nucleus: Sex Differences and Effects
of Prenatal Testosterone in Sheep. Endocrinology 151(1),
301-311 (2010).

B. Lunenfeld, The ovary—control from above and within. Aust.
N. Z. J. Obstet. Gynaecol. 34(3), 265-268 (1994).

B. Lunenfeld, K. Biihler, The neurocontrol of the ovarain cycle —
a hypothesis. Gynecol. Endocrinol. 34(4), 278-282 (2018).

R. Piet, Circadian and kisspeptin regulation of the preovulatory
surge. Peptides 163, 170981 (2023). https://doi.org/10.1016/.
peptides.2023.170981.

Y. Uenoyama, N. Inoue, S. Nakamura, H. Tsukamura, Central
Mechanism Controlling Pubertal Onset in Mammals: A Trig-
gering Role of Kisspeptin. Front Endocrinol. (Lausanne) 10, 312
(2019). https://doi.org/10.3389/fend0.2019.00312.

S.B. Seminara, S. Messager, E.E. Chatzidaki, R.R. Thresher, J.S.
Acierno, J.K. Shagoury et al. The GPR54 gene as a regulator of
puberty. N. Engl. J. Med 349(17), 1614-1627 (2003).

@ Springer

82

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

. R. Cannarella, C. Gusmano, R.A. Condorelli, A. Bernini, J.
Kaftalli, P.E. Maltese, S. Paolacci, A. Dautaj, G. Marceddu, M.
Bertelli, S. La Vignera, A.E. Calogero, Genetic analysis of
patients with congenital hypogonadotropic hypogonadism: a
case series. Int J. Mol. Sci. 24(8), 7428 (2023). https://doi.org/10.
3390/ijms24087428.

M.G. Teles, S.D.C. Bianco, V.N. Brito, E.B. Trarbach, W.
Kuohung, S. Xu et al. A GPR54-activating mutation in a patient
with central precocious puberty. N. Engl. J. Med 358(7),
709-715 (2008).

K.P. Tolson, P.E. Chappell, The changes they are a-timed:
metabolism, endogenous clocks, and the timing of puberty. Front
Endocrinol. (Lausanne) 3, 45 (2012).

S.K. Han, M.L. Gottsch, K.J. Lee, S.M. Popa, J.T. Smith, S.K.
Jakawich et al. Activation of gonadotropin-releasing hormone
neurons by kisspeptin as a neuroendocrine switch for the onset of
puberty. J. Neurosci. 25(49), 11349-11356 (2005).

JM. Castellano, V.M. Navarro, R. Fernandez-Ferniandez, R.
Nogueiras, S. Tovar, J. Roa et al. Changes in hypothalamic
KiSS-1 system and restoration of pubertal activation of the
reproductive axis by kisspeptin in undernutrition. Endocrinology
146(9), 3917-3925 (2005).

L. Zhai, J. Zhao, Y. Zhu, Q. Liu, W. Niu, C. Liu, Y. Wang,
Downregulation of leptin receptor and kisspeptin/GPR54 in the
murine hypothalamus contributes to male hypogonadism caused
by high-fat diet-induced obesity. Endocrine 62(1), 195-206
(2018). https://doi.org/10.1007/s12020-018-1646-9.

J.L. Halaas, K.S. Gajiwala, M. Maffei, S.L. Cohen, B.T. Chait,
D. Rabinowitz et al. Weight-Reducing Effects of the Plasma
Protein Encoded by the obese Gene. Science 269(5223),
543-546 (1995).

S. Andrico, A. Gambera, C. Specchia, C. Pellegrini, L. Falsetti,
E. Sartori, Leptin in functional hypothalamic amenorrhoea. Hum.
Reprod. ume 17(8), 2043-2048 (2002). https://doi.org/10.1093/
humrep/17.8.2043.

M. Kyriakidis, L. Caetano, N. Anastasiadou, T. Karasu, H.
Lashen, Functional hypothalamic amenorrhoea: leptin treatment,
dietary intervention and counselling as alternatives to traditional
practice - systematic review. Eur. J. Obstet. Gynecol. Reprod.
Biol. 198, 131-137 (2016). https://doi.org/10.1016/j.ejogrb.
2016.01.018.

E.A. Roman, A.G. Ricci, A.G. Faletti, Leptin enhances ovulation
and attenuates the effects produced by food restriction. Mol. Cell
Endocrinol. 242(1-2), 33-41 (2005). https://doi.org/10.1016/j.
mce.2005.07.007.

J.H. Quennell, A.C. Mulligan, A. Tups, X. Liu, S.J. Phipps, C.J.
Kemp et al. Leptin Indirectly Regulates Gonadotropin-Releasing
Hormone Neuronal Function. Endocrinology 150(6), 2805-2812
(2009).

J.A.P. De Bond, J.T. Smith, Kisspeptin and energy balance in
reproduction. Reproduction 147(3), R53-R63 (2014).

S.A. DiVall, T.R. Williams, S.E. Carver, L. Koch, J.C. Briining,
C.R. Kahn et al. Divergent roles of growth factors in the GnRH
regulation of puberty in mice. J. Clin. Invest 120(8), 2900-2909
(2010).

M.W. Schwartz, D.P. Figlewicz, D.G. Baskin, S.C. Woods, D.
Porte, Insulin in the brain: a hormonal regulator of energy bal-
ance. Endocr. Rev. 13(3), 387-414 (1992).

J.D. Johnson, E. Bernal-Mizrachi, E.U. Alejandro, Z. Han, T.B.
Kalynyak, H. Li et al. Insulin protects islets from apoptosis via
Pdx1 and specific changes in the human islet proteome. Proc.
Natl Acad. Sci. USA 103(51), 19575-19580 (2006).

L.F. Schneider, M.P. Warren, Functional hypothalamic ame-
norrhea is associated with elevated ghrelin and disordered eating.
Fertil. Steril. 86(6), 1744—1749 (2006). https://doi.org/10.1016/].
fertnstert.2006.05.051.


https://doi.org/10.1007/978-1-4614-6199-9_14
https://doi.org/10.1007/978-1-4614-6199-9_14
https://doi.org/10.1186/s12958-022-00953-y
https://doi.org/10.1186/s12958-022-00953-y
https://doi.org/10.1111/j.1365-2826.2011.02230.x
https://doi.org/10.1210/en.2005-0488
https://doi.org/10.1210/en.2005-0488
https://doi.org/10.1210/en.2009-0803
https://doi.org/10.1210/en.2012-1616
https://doi.org/10.1016/j.peptides.2023.170981
https://doi.org/10.1016/j.peptides.2023.170981
https://doi.org/10.3389/fendo.2019.00312
https://doi.org/10.3390/ijms24087428
https://doi.org/10.3390/ijms24087428
https://doi.org/10.1007/s12020-018-1646-9
https://doi.org/10.1093/humrep/17.8.2043
https://doi.org/10.1093/humrep/17.8.2043
https://doi.org/10.1016/j.ejogrb.2016.01.018
https://doi.org/10.1016/j.ejogrb.2016.01.018
https://doi.org/10.1016/j.mce.2005.07.007
https://doi.org/10.1016/j.mce.2005.07.007
https://doi.org/10.1016/j.fertnstert.2006.05.051
https://doi.org/10.1016/j.fertnstert.2006.05.051

Endocrine (2024) 84:769-785

783

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

M. Furuta, T. Funabashi, F. Kimura, Intracerebroventricular
administration of ghrelin rapidly suppresses pulsatile luteinizing
hormone secretion in ovariectomized rats. Biochem Biophys.
Res Commun. 288(4), 780-785 (2001). https://doi.org/10.1006/
bbrc.2001.5854.

G.F. Turi, Z. Liposits, S.M. Moenter, C. Fekete, E. Hrabovszky,
Origin of Neuropeptide Y-Containing  Afferents to
Gonadotropin-Releasing Hormone Neurons in Male Mice.
Endocrinology ume 144(11), 4967-4974 (2003). https://doi.org/
10.1210/en.2003-0470.

V. Coiro, P. Chiodera, A. Melani, G. Manfredi, G. Saccani Jotti,
A. Casti, Different plasma neuropeptide Y concentrations in
women athletes with and without menstrual cyclicity. Fertil.
Steril. 85(3), 767-769 (2006). https://doi.org/10.1016/j.fertnstert.
2005.08.041.

B. Meczekalski, A.R. Genazzani, A.D. Genazzani, A. Warenik-
Szymankiewicz, M. Luisi, Clinical evaluation of patients with
weight loss-related amenorrhea: neuropeptide Y and luteinizing
hormone pulsatility. Gynecol. Endocrinol. 22(5), 239-243
(2006). https://doi.org/10.1080/14767050600761992.

M. Perello, M.M. Scott, 1. Sakata, C.E. Lee, J.C. Chuang, S.
Osborne-Lawrence et al. Functional implications of limited lep-
tin receptor and ghrelin receptor coexpression in the brain. J.
Comp. Neurol. 520(2), 281-294 (2012).

S.L. Berga, J.F. Mortola, L. Girton, B. Suh, G. Laughlin, P.
Pham et al. Neuroendocrine aberrations in women with func-
tional hypothalamic amenorrhea. J. Clin. Endocrinol. Metab.
68(2), 301-308 (1989).

G.N. Wade, J.E. Schneider, H.Y. Li, Control of fertility by
metabolic cues. Am. J. Physiol. 270(1 Pt 1), E1-E19 (1996).
A.B. Loucks, J.F. Mortola, L. Girton, S.S. Yen, Alterations in the
hypothalamic-pituitary-ovarian and the hypothalamic-pituitary-
adrenal axes in athletic women. J. Clin. Endocrinol. Metab.
68(2), 402411 (1989).

A.D. Genazzani, F. Petraglia, G. Fabbri, A. Monzani, V. Mon-
tanini, A.R. Genazzani, Evidence of luteinizing hormone secre-
tion in hypothalamic amenorrhea associated with weight loss.
Fertil. Steril. 54(2), 222-226 (1990).

A.D. Genazzani, F. Petraglia, R. Benatti, V. Montanini, I. Algeri,
A. Volpe et al. Luteinizing hormone (LH) secretory burst dura-
tion is independent from LH, prolactin, or gonadal steroid plasma
levels in amenorrheic women. J. Clin. Endocrinol. Metab. 72(6),
1220-1225 (1991).

A. La Marca, M. Pati, R. Orvieto, G. Stabile, A. Carducci
Artenisio, A. Volpe, Serum anti-miillerian hormone levels in
women with secondary amenorrhea. Fertil. Steril. 85(5),
1547-1549 (2006).

Z. Amin, T. Canli, C.N. Epperson, Effect of estrogen-serotonin
interactions on mood and cognition. Behav. Cogn. Neurosci.
Rev. 4(1), 43-58 (2005). https://doi.org/10.1177/
1534582305277152.

C.C. Pedreira, J. Maya, M. Misra, Functional hypothalamic
amenorrhea: Impact on bone and neuropsychiatric outcomes.
Front Endocrinol. (Lausanne) 13, 953180 (2022). https://doi.org/
10.3389/fendo.2022.953180.

G.A. Laughlin, C.E. Dominguez, S.S. Yen, Nutritional and
endocrine-metabolic aberrations in women with functional
hypothalamic amenorrhea. J. Clin. Endocrinol. Metab. 83(1),
25-32 (1998).

E. Knobil, T.M. Plant, L. Wildt, P.E. Belchetz, G. Marshall,
Control of the rhesus monkey menstrual cycle: permissive role of
hypothalamic ~ gonadotropin-releasing  hormone.  Science
207(4437), 1371-1373 (1980).

E. Sowinska-Przepiera, E. Andrysiak-Mamos, G. Jarzabek-Bie-
lecka, A. Walkowiak, L. Osowicz-Korolonek, M. Syrenicz et al.
Functional hypothalamic amenorrhoea — diagnostic challenges,

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

monitoring, and treatment. Endokrynol. Pol. 66(3), 252-260
(2015).

H.C.M. Allaway, E.A. Southmayd, M.J. De Souza, The phy-
siology of functional hypothalamic amenorrhea associated with
energy deficiency in exercising women and in women with
anorexia nervosa. Horm. Mol. Biol. Clin. Investig. 25(2), 91-119
(2016).

Serum kisspeptin and corticotropin-releasing hormone levels in
patients with functional hypothalamic amenorrhea [Internet].
Gynecological and Reproductive Endocrinology & Metabolism.
[cited 2022 Oct 28]. Available from: https://gremjournal.com/
journal/01-2020/serum-kisspeptin-and-corticotropin-releasing-
hormone-levels-in-patients-with-functional-hypothalamic-a
menorrhea/.

H. Ozawa, Kisspeptin neurons as an integration center of
reproductive regulation: Observation of reproductive function
based on a new concept of reproductive regulatory nervous
system. Reprod. Med. Biol. 21(1), e12419 (2022).

B. Meczekalski, A. Tonetti, P. Monteleone, F. Bernardi, S. Luisi,
M. Stomati et al. Hypothalamic amenorrhea with normal body
weight: ACTH, allopregnanolone and cortisol responses to
corticotropin-releasing hormone test. Eur. J. Endocrinol. 142(3),
280-285 (2000).

A. Podfigurna, M. Maciejewska-Jeske, B. Meczekalski, A.D.
Genazzani, Kisspeptin and LH pulsatility in patients with func-
tional hypothalamic amenorrhea. Endocrine 70(3), 635-643
(2020).

C.N. Jayasena, A. Abbara, J.D. Veldhuis, A.N. Comninos, R.
Ratnasabapathy, A. De Silva et al. Increasing LH pulsatility in
women with hypothalamic amenorrhoea using intravenous
infusion of Kisspeptin-54. J. Clin. Endocrinol. Metab. 99(6),
E953-E961 (2014).

A.D. Genazzani, A. Podfigurna, A. Szeliga, B. Meczekalski,
Kisspeptin in female reproduction: from physiology to patho-
physiology. Gynecological and Reproductive. Endocrinol.
Metab. 13, 148-155 (2021).

T. Hofmann, U. Elbelt, V. Haas, A. Ahnis, B.F. Klapp, M. Rose
et al. Plasma kisspeptin and ghrelin levels are independently
correlated with physical activity in patients with anorexia ner-
vosa. Appetite 108, 141-150 (2017).

F. Bacopoulou, G.I. Lambrou, M.E. Rodanaki, E. Stergioti, V.
Efthymiou, E. Deligeoroglou et al. Serum kisspeptin concentra-
tions are negatively correlated with body mass index in adoles-
cents with anorexia nervosa and amenorrhea. Hormones 16(1),
3341 (2017).

V.M. Navarro, M. Tena-Sempere, Neuroendocrine control by
kisspeptins: role in metabolic regulation of fertility. Nat. Rev.
Endocrinol. 8(1), 40-53 (2012).

B.J. Todd, G.S. Fraley, A.C. Peck, G.J. Schwartz, A.M. Etgen,
Central Insulin-Like Growth Factor 1 Receptors Play Distinct
Roles in the Control of Reproduction, Food Intake, and Body
Weight in Female Ratsl. Biol. Reprod. 77(3), 492-503 (2007).
A.D. Genazzani, F. Petraglia, L. Sgarbi, O. Gamba, A. Volpe, N.
Surico et al. Chronobiological derangement of pituitary hor-
mones in hypothalamic amenorrhea. Gynecol. Endocrinol.
10(sup4), 38—41 (1996).

A. Podfigurna-Stopa, E. Casarosa, M. Luisi, A. Czyzyk, B.
Meczekalski, A.R. Genazzani, Decreased plasma concentrations
of brain-derived neurotrophic factor (BDNF) in patients with
functional hypothalamic amenorrhea. Gynecol. Endocrinol.
29(9), 817-820 (2013).

D. Garg, S.L. Berga, Neuroendocrine mechanisms of reproduc-
tion. Handb. Clin. Neurol. 171, 3-23 (2020). https://doi.org/10.
1016/B978-0-444-64239-4.00001-1.

C. Pruneti, S. Guidotti, Cognition, Behavior, Sexuality, and
Autonomic Responses of Women with Hypothalamic

@ Springer


https://doi.org/10.1006/bbrc.2001.5854
https://doi.org/10.1006/bbrc.2001.5854
https://doi.org/10.1210/en.2003-0470
https://doi.org/10.1210/en.2003-0470
https://doi.org/10.1016/j.fertnstert.2005.08.041
https://doi.org/10.1016/j.fertnstert.2005.08.041
https://doi.org/10.1080/14767050600761992
https://doi.org/10.1177/1534582305277152
https://doi.org/10.1177/1534582305277152
https://doi.org/10.3389/fendo.2022.953180
https://doi.org/10.3389/fendo.2022.953180
https://gremjournal.com/journal/01-2020/serum-kisspeptin-and-corticotropin-releasing-hormone-levels-in-patients-with-functional-hypothalamic-amenorrhea/
https://gremjournal.com/journal/01-2020/serum-kisspeptin-and-corticotropin-releasing-hormone-levels-in-patients-with-functional-hypothalamic-amenorrhea/
https://gremjournal.com/journal/01-2020/serum-kisspeptin-and-corticotropin-releasing-hormone-levels-in-patients-with-functional-hypothalamic-amenorrhea/
https://gremjournal.com/journal/01-2020/serum-kisspeptin-and-corticotropin-releasing-hormone-levels-in-patients-with-functional-hypothalamic-amenorrhea/
https://doi.org/10.1016/B978-0-444-64239-4.00001-1
https://doi.org/10.1016/B978-0-444-64239-4.00001-1

784

Endocrine (2024) 84:769-785

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Amenorrhea. Brain Sci. 12(11), 1448 (2022). https://doi.org/10.
3390/brainscil2111448.

A.E. Morrison, S. Fleming, M.J. Levy, A review of the patho-
physiology of functional hypothalamic amenorrhoea in women
subject to psychological stress, disordered eating, excessive
exercise or a combination of these factors. Clin. Endocrinol.
(Oxf.) 95(2), 229-238 (2021). https://doi.org/10.1111/cen.14399.
L. Fontana, E. Garzia, G. Marfia, V. Galiano, M. Miozzo, Epi-
genetics of functional hypothalamic amenorrhea. Front Endo-
crinol. (Lausanne) 13, 953431 (2022). https://doi.org/10.3389/
fendo.2022.953431.

O.M. Lateef, M.O. Akintubosun, Sleep and Reproductive Health.
J. Circadian Rhythms 18, 1 (2020). https://doi.org/10.5334/jcr.
190. Mar 23PMID: 32256630; PMCID: PMC7101004.

A. Brzezinski, S. Rai, A. Purohit, S.R. Pandi-Perumal, Melato-
nin, Clock Genes, and Mammalian Reproduction: What Is the
Link? Int J. Mol. Sci. 22(24), 13240 (2021). https://doi.org/10.
3390/ijms222413240.

S. Diviccaro, L. Cioffi, E. Falvo, S. Giatti, R.C. Melcangi,
Allopregnanolone: An overview on its synthesis and effects. J.
Neuroendocrinol. 34(2), €12996 (2022). https://doi.org/10.1111/
jne.12996.

Jewett B.E., Sharma S. Physiology, GABA. 2022 Jul 25. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing;
2022 Jan—. PMID: 30020683.

F.B. Almeida, G. Pinna, HM.T. Barros, The Role of HPA Axis
and Allopregnanolone on the Neurobiology of Major Depressive
Disorders and PTSD. Int J. Mol. Sci. 22(11), 5495 (2021).
https://doi.org/10.3390/ijms22115495.

A. Pilozzi, C. Carro, X. Huang, Roles of B-Endorphin in Stress,
Behavior, Neuroinflammation, and Brain Energy Metabolism.
Int J. Mol. Sci. 22(1), 338 (2020). https://doi.org/10.3390/
ijms22010338.

R.B. McCosh, K.T. O’Bryne, F.J. Karsch, K.M. Breen, Reg-
ulation of the gonadotropin-releasing hormone neuron during
stress. J. Neuroendocrinol. 34(5), €13098 (2022). https://doi.org/
10.1111/jne.13098.

H. Selye, The effect of adaptation to various damaging agents on
the female sex organs in rats. Endocrinology 25, 615-624
(1939).

D.A. Lovejoy, D. Barsyte. Sex, Stress and Reproductive Success.
(Wiley, Chichester), 2011).

Kazakou P., Nicolaides N.C., Chrousos G.P..Basic concepts and
hormonal regulators of stress system. Horm Res Paediatr. 2022.
C. Rivier, J. Rivier, W. Vale, Stress-induced inhibition of
reproductive functions: role of endogenous corticotropin-
releasing factor. Science 231(4738), 607-609 (1986). https://
doi.org/10.1126/science.3003907.

A. Barbarino, L. De Marinis, G. Folli, A. Tofani, S. Della Casa,
C. D'Amico, A. Mancini, S.M. Corsello, P. Sambo, A. Barini,
Corticotropin-releasing hormone inhibition of gonadotropin
secretion during the menstrual cycle. Metabolism 38(6), 504-506
(1989). https://doi.org/10.1016/0026-0495(89)90208-4.

K.E. Nikolarakis, O.F. Almeida, A. Herz, Hypothalamic opioid
receptors mediate the inhibitory actions of corticotropin-releasing
hormone on luteinizing hormone release: further evidence from a
morphine-tolerant animal model. Brain Res 450(1-2), 360-363
(1988). https://doi.org/10.1016/0006-8993(88)91575-2.

A. Podfigurna, A. Szeliga, B. Meczekalski, Serum levels of
kisspeptin and corticotropin releasing hormone levels in patients
with functional hypothalamic amenorrhea. GREM, Gynecologi-
cal and Reproductive. Endocrinol. Metab. 1, 27-42 (2020).

B. Meczekalski, A. Tonetti, P. Monteleone, F. Bernardi, S. Luisi,
M. Stomati, M. Luisi, F. Petraglia, A.R. Genazzani, Hypotha-
lamic amenorrhea with normal body weight: ACTH, allo-
pregnanolone and cortisol responses to corticotropin-releasing

@ Springer

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

hormone test. Eur. J. Endocrinol. 142(3), 280-285 (2000).
https://doi.org/10.1530/eje.0.1420280.

H. Ozawa, Kisspeptin neurons as an integration center of
reproductive regulation: Observation of reproductive function
based on a new concept of reproductive regulatory nervous
system. Reprod. Med Biol. 21(1), e12419 (2021). https://doi.org/
10.1002/rmb2.12419.

T. Iwasa, T. Matsuzaki, K. Yano, M. Irahara, Gonadotropin-
inhibitory hormone plays roles in stress-induced reproductive
dysfunction. Front Endocrinol. (Lausanne) 8, 62 (2017). https:/
doi.org/10.3389/fend0.2017.00062.

T. Iwasa, T. Matsuzaki, K. Yano, Y. Mayila, M. Irahara, The
roles of kisspeptin and gonadotropin inhibitory hormone in
stress-induced reproductive disorders. Endocr. J. 65(2), 133-140
(2018). https://doi.org/10.1507/endocrj.EJ18-0026.

S.H. Chou, J.P. Chamberland, X. Liu, G. Matarese, C. Gao, R.
Stefanakis, M.T. Brinkoetter, H. Gong, K. Arampatzi, C.S.
Mantzoros, Leptin is an effective treatment for hypothalamic
amenorrhea. Proc. Natl Acad. Sci. USA 108(16), 6585-6590
(2011). https://doi.org/10.1073/pnas.1015674108.

K. Mulligan, H. Khatami, J.M. Schwarz, G.K. Sakkas, A.M.
DePaoli, V.W. Tai, M.J. Wen, G.A. Lee, C. Grunfeld, M.
Schambelan, The effects of recombinant human leptin on visc-
eral fat, dyslipidemia, and insulin resistance in patients with
human immunodeficiency virus-associated lipoatrophy and
hypoleptinemia. J. Clin. Endocrinol. Metab. 94(4), 1137-1144
(2009). https://doi.org/10.1210/jc.2008-1588.

C.K. Welt, J.L. Chan, J. Bullen, R. Murphy, P. Smith, A.M.
DePaoli, A. Karalis, C.S. Mantzoros, Recombinant human
leptin in women with hypothalamic amenorrhea. N. Engl. J.
Med 351(10), 987-997 (2004). https://doi.org/10.1056/
NEJMo0a040388.

C.N. Jayasena, G.M. Nijher, O.B. Chaudhri, K.G. Murphy, A.
Ranger, A. Lim, D. Patel, A. Mehta, C. Todd, R. Ramachandran,
V. Salem, G.W. Stamp, M. Donaldson, M.A. Ghatei, S.R.
Bloom, W.S. Dhillo, Subcutaneous injection of kisspeptin-54
acutely stimulates gonadotropin secretion in women with hypo-
thalamic amenorrhea, but chronic administration causes tachy-
phylaxis. J. Clin. Endocrinol. Metab. 94(11), 4315-4323 (2009).
https://doi.org/10.1210/jc.2009-0406.

C.N. Jayasena, A. Abbara, J.D. Veldhuis, A.N. Comninos, R.
Ratnasabapathy, A. De Silva, G.M. Nijher, Z. Ganiyu-Dada, A.
Mehta, C. Todd, M.A. Ghatei, S.R. Bloom, W.S. Dhillo,
Increasing L.H. pulsatility in women with hypothalamic ame-
norrhoea using intravenous infusion of Kisspeptin-54. J. Clin.
Endocrinol. Metab. 99(6), E953-E961 (2014). https://doi.org/10.
1210/jc.2013-1569.

A. Abbara, P.C. Eng, M. Phylactou, S.A. Clarke, R. Richardson,
C.M. Sykes, C. Phumsatitpong, E. Mills, M. Modi, C. Izzi-
Engbeaya, D. Papadopoulou, K. Purugganan, C.N. Jayasena, L.
Webber, R. Salim, B. Owen, P. Bech, A.N. Comninos, C.A.
McArdle, M. Voliotis, K. Tsaneva-Atanasova, S. Moenter, A.
Hanyaloglu, W.S. Dhillo, Kisspeptin receptor agonist has ther-
apeutic potential for female reproductive disorders. J. Clin.
Invest. 130(12), 6739-6753 (2020). https://doi.org/10.1172/
JCI139681.

R.A. Anderson, R.P. Millar, The roles of kisspeptin and neuro-
kinin B in GnRH pulse generation in humans, and their potential
clinical application. J. Neuroendocrinol. 34(5), e13081 (2022).
https://doi.org/10.1111/jne.13081.

T. Matsuzaki, A. Tungalagsuvd, M. Munkhzaya, T. Iwasa, K.
Yano, Y. Mayila, T. Tokui, R. Yanagihara, S. Matsui, T. Kato,
A. Kuwahara, M. Irahara, Neurokinin B receptor agonist and
Dynorphin receptor antagonist stimulated luteinizing hormone
secretion in fasted male rodents. Endocr. J. 65(4), 485-492
(2018). https://doi.org/10.1507/endocrj.EJ17-0136.


https://doi.org/10.3390/brainsci12111448
https://doi.org/10.3390/brainsci12111448
https://doi.org/10.1111/cen.14399
https://doi.org/10.3389/fendo.2022.953431
https://doi.org/10.3389/fendo.2022.953431
https://doi.org/10.5334/jcr.190
https://doi.org/10.5334/jcr.190
https://doi.org/10.3390/ijms222413240
https://doi.org/10.3390/ijms222413240
https://doi.org/10.1111/jne.12996
https://doi.org/10.1111/jne.12996
https://doi.org/10.3390/ijms22115495
https://doi.org/10.3390/ijms22010338
https://doi.org/10.3390/ijms22010338
https://doi.org/10.1111/jne.13098
https://doi.org/10.1111/jne.13098
https://doi.org/10.1126/science.3003907
https://doi.org/10.1126/science.3003907
https://doi.org/10.1016/0026-0495(89)90208-4
https://doi.org/10.1016/0006-8993(88)91575-2
https://doi.org/10.1530/eje.0.1420280
https://doi.org/10.1002/rmb2.12419
https://doi.org/10.1002/rmb2.12419
https://doi.org/10.3389/fendo.2017.00062
https://doi.org/10.3389/fendo.2017.00062
https://doi.org/10.1507/endocrj.EJ18-0026
https://doi.org/10.1073/pnas.1015674108
https://doi.org/10.1210/jc.2008-1588
https://doi.org/10.1056/NEJMoa040388
https://doi.org/10.1056/NEJMoa040388
https://doi.org/10.1210/jc.2009-0406
https://doi.org/10.1210/jc.2013-1569
https://doi.org/10.1210/jc.2013-1569
https://doi.org/10.1172/JCI139681
https://doi.org/10.1172/JCI139681
https://doi.org/10.1111/jne.13081
https://doi.org/10.1507/endocrj.EJ17-0136

Endocrine (2024) 84:769-785 785

157. T. Matsuwaki, M. Nishihara, T. Sato, T. Yoda, Y. Iwakura, D. 158. S.M. Herod, C.R. Pohl, J.L. Cameron, Treatment with a CRH-R1

Chida, Functional Hypothalamic Amenorrhea Due to Increased antagonist prevents stress-induced suppression of the central
CRH Tone in Melanocortin Receptor 2-Deficient Mice. Endo- neural drive to the reproductive axis in female macaques. Am. J.
crinology ume 151(11), 5489-5496 (2010). https://doi.org/10. Physiol. Endocrinol. Metab. 300(1), E19-E27 (2011). https://doi.
1210/en.2010-0687. org/10.1152/ajpendo.00224.2010.

@ Springer


https://doi.org/10.1210/en.2010-0687
https://doi.org/10.1210/en.2010-0687
https://doi.org/10.1152/ajpendo.00224.2010
https://doi.org/10.1152/ajpendo.00224.2010

	Neuroendocrine disturbances in women with functional hypothalamic amenorrhea: an update and future directions
	Abstract
	Introduction
	Epidemiology
	Ethiopathogenesis�of FHA
	Diagnosis
	Clinical presentation
	Hormonal presentation

	Kisspeptin neurons as a primary driver of GnRH control
	Kisspeptin and pubertal development
	Kisspeptin and the metabolic control of reproduction
	Functional Hypothalamic Amenorrhea as a form of stress induced reproductive impairment
	Neuroendocrine imbalances in FHA: norepinephrine, GABA, allopregnanolone, neuropeptide Y, melatonin, beta-endorphin and�others
	Stress as etiology to hypothalamic amenorrhea: the influences of CRH, the hypothalamic-pituitary-adrenal axis, beta-endorphin, and Gonadotropin-Inhibitory Hormone (RF amide related peptide)
	Potential role of neuropeptides in the diagnosis and treatment of FHA (CRH, Kisspeptin, Leptin, NKB native hormones, or analogs use in treatment)
	Research gaps and directions for the�future
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




