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ARTICLE INFO ABSTRACT

Keywords: Gonadotropin-Releasing Hormone (GnRH) is a decapeptide responsible for the control of the reproductive
GnRH functions. It shows C- and N-terminal aminoacid modifications and two other distinct isoforms have been so far
Pimitary gonagotropes identified. The biological effects of GnRH are mediated by binding to high-affinity G-protein couple receptors
EEEE :ﬁg';;m (GnRHR), showing characteristic very short C tail. In mammals, including humans, GnRH-producing neurons
Noii-pegtide GRH:antagoists originate in the embryonic nasaT] cum;gartment and during early Embl'}fﬂgl:il'lESIE they ‘undergf} rapid mlgram:tn
towards the hypothalamus; the increasing knowledge of such mechanisms improved diagnostic and therapeutic
approaches to infertility. The pharmacological use of GnRH, or its synthetic peptide and non-peptide agonists or

antagonists, provides a valid tool for reproductive disorders and assisted reproduction technology (ART).
The presence of GnRHR in several organs and tissues indicates additional functions of the peptide. The
identification of a GnRH/GnRHR system in the human endometrium, ovary, and prostate has extended the
functions of the peptide to the physiology and tumor transformation of such tissues. Likely, the activity of a
GnRH/GnRHR system at the level of the hippocampus, as well as its decreased expression in mice brain aging,
raised interest in its possible involvement in neurogenesis and neuronal functions, In conclusion, GnRH/GnRHR

appears to be a fascinating biological system that exerts several possibly integrated pleiotropic actions in the

complex control of reproductive functions, tumor growth, neurogenesis, and neuroprotection.
This review aims to provide an overview of the physiology of GnRH and the pharmacological applications of
its synthetic analogs in the management of reproductive and non-reproductive diseases.

1. Introduction

Gonadotropin-Releasing Hormone (GnRH, formerly known as
Luteinizing-Hormone-Releasing Hormone, LHRH) was isolated and
sequenced in 1971 by Andrew Schally | 1 |, then awarded the Nobel Prize
for Medicine in 1977 together with Roger Guillemin and Rosalyn Yalow.

GnRH is a hypothalamic factor belonging to the hypothalamic-
releasing hormones family, and it is functionally similar to corticotrophin-
releasing hormone, growth hormone-releasing hormone, and
thyrotrophin-releasing hormone. Chemically, GnRH is a decapeptide; it
is released from a limited number of hypothalamic neurons scattered in
the mediobasal hypothalamus and exerts the role of the main central
regulator of reproductive functions as part of the so-called Hypothal-
amo-Pituitary-Gonadal (HPG) axis [2,3] (Fig. 1).

Intricate time and space scales characterize the function of the HPG
axis. The physiological processes characterizing the HPG axis occur in

millisecond (neuronal) timescale as well as circannual rhythmicity and
spacing from molecules to organs. From this point of view, the signals
from the internal and external environment, elaborated by high brain
centers, are integrated at the hypothalamic level in the neuronal circuits
forming the ‘GnRH system’. GnRH-producing neurons project and
ramify into numerous terminals that appose to hypothalamic blood
capillaries creating the hypophyseal portal system and releasing GnRH
directly into the bloodstream addressed to the anterior pituitary [4].

A low and high-frequency GnRH pulsatile secretion forwards the
instructions to the pituitary gland to generate alternative responses. At
the pituitary level, these signals are once more integrated through the
activation of specific GnRH receptors (GnRHR) [5] with consequent
differential production and release of Follicle Stimulating Hormone
(FSH) and Luteinizing Hormone (LH), which, in turn, induce the
response of the gonads (effectors), ovary or testis, with the activation of
specific processes, like folliculogenesis, spermatogenesis and
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steroidogenesis.

The gonadal responses generate further information flows by sex
steroid (estrogens and progesterone, or androgens) and polypeptidic (e.
g., inhibits, activins, follistatin) hormones that feedback in negative and
positive modalities at the different integrative centers. Gonadal steroids
also exert their imprinting actions on sex phenotype, sexual/reproduc-
tive behavior, and other non-reproductive functions [6].

Differential regulatory effects of the ovarian steroids on GnRH
secretion and pulsatility have been assessed in many mammals and
women: progesterone exerts an inhibitory action while estradiol can
have both stimulatory and inhibitory effects, depending upon the stage
of the menstrual cycle [7]. In contrast, androgens exert only a negative
regulation on gonadotropin secretion.

An impaired development and function of GnRH neurons is the
leading cause of central hypogonadotropic hypogonadism (CHH, also
classified as idiopathic central hypogonadism, ICH) [£]; CHH is a rare
disease (1:8000 males and 1:40 000 females) with a complex patho-
genesis; it may be either congenital or acquired and secondary to hy-
pothalamic or pituitary lesions. It is caused by insufficient GnRH
stimulation (GnRH deficiency) of an otherwise normal pituitar-
y—gonadal axis, which leads to infertility. The disease is characterized by
low levels of sex steroids (testosterone or estradiol) in the presence of
low/normal levels of gonadotrophins (LH and FSH) and can be associ-
ated with a normal or a defective sense of smell, which identify,
respectively, normosmic CHH or Kallmann syndrome (KS).
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Although GnRH isoforms have been identified, this review will
mainly deal with the first recognized GnRH form due to its well-
established use in the clinical pharmacology of its analogs.

1.1. GnRH, gene, and distribution

In humans, the GnRH gene is located as a single copy on the short
arm of chromosome 8 (8pl11.2-p21); it contains three introns and four
exons |9] for a total of 5,783 nucleotides (Fiz. 2).

The gene encodes for a 92- amino acids (AA) proGnRH that un-
dergoes post-translational processing by enzymatic cleavage and further
modifications at the level of the secretory granules. The prohormone is
organized into a) a 23-AA signal peptide involved in intracellular traf-
ficking and secretion, b) the GnRH peptide, ¢) a proteolytic processing
site, and d) a secreted 56-AA peptide (GnRH-associated peptide, GAP),
with still unclear functions (Fig. 2) [2].

Chemically, GnRH is a decapeptide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-
Arg-Pro-Gly-NH2) presenting a cyclized glutamine (pyroGlu) at the N-
terminal and a glycine-amide residue at C-terminal that confer some
resistance to terminal peptidases (Table 1) [10]. GnRH can be cleaved in
three major sites, namely PyroGlu'-His®, Tyr’- Gly® and Pro”-Gly'® by
pyroglutamate aminopeptidase, endopeptidase, and post-proline-
cleaving enzyme (I'ig. 2) [11]. The N-terminal (pGlu-His-Trp-Ser) and
C-terminal (Pro-Gly-NH2) AA sequences are involved in receptor bind-
ing and activation (Fig. 2) [10].
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Fig. 1. Schematic representation of the hypothalamo-pituitary-gonadal (HPG) axis. The decapeptide GnRH produced by hypothalamic neurons exerts direct control
on gonadotropin (LH and FSH) synthesis and secretion. These, in turn, stimulate the gonads to carry out their reproductive and endocrine functions. Short and long

feedback effects regulate the secretion of GnRH itself,
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Fig. 2. Schematic representation of the GnRH gene (A) and GnRH peptide (B). A) The gene encodes for a 92- amino acid (AA) proGnRH mainly organized into a 23-
AA signal peptide (signal), the GnRH decapeptide (GnEH) and a secreted 56-AA peptide (GnRH-associated peptide, GAP). B) The amino acid sequences of mature
GnRH; the AA residues involved in receptor binging and activation as well as the major bonds cleaved by peptidase are indicated.

Table 1
Amino acid sequences of natural GnRH isoforms.

GnRH (also GnRH-1)

pGlu'-His*-Trp*-Ser*-Tyr -Gly®*-Leu’-Arg®-Pro’-Gly'"-NH,

GnRH-II

pGlu'-His*-Trp*-Ser*-His*-Gly*-Trp - Tyr*-Pro’-Gly'"- NH;

GnRH-III (lamprey)

pGlu'-His*-Trp -Ser*-His™-Asp®-Trp’-Lys*-Pro”-Gly'"- NH;

In red the modified amino acid residues with respect to GnRH-1.
1.2. GnRH isoforms

In addition to the first characterized GnRH form (named GnRH-I),
two other distinct natural GnRH isoforms have been identified and
named GnRH-II and GnRH-III (Table 1) [12], Because of this, the first
identified GnRH may also be indicated as GnRH-I. The three GnRH
isoforms are supposed to be evolved from two rounds of genome-wide
duplication [12]. All share the AA sequences for receptor binding and
activation (Table 1 and Fig. 2).

The GnRH-II isoform has been identified in vertebrates and is
commonly referred to “chicken GnRH-II" or GnRH-II; it is highly
conserved from fish to mammals, including humans [10] where it is
encoded by a gene located on chromosome 20 [14]. It shows a 70% of
homology with GnRH-I and differs from it for the His®, Trp’, and Tyr"
residues | 15 . Studies in primates (Macaca mulatta) show that GnRH-IT is
expressed in cell populations different from those expressing GnRH-I
[16]; in particular, it is produced in specific nuclei of the central ner-
vous system (CNS) like supraoptic, paraventricular and suprachiasmatic
nuclei. GnRH-II shows different effects from those exerted by GnRH-I,
acting as a neuromodulator of the sexual behavior |10]; however, it
may also exert a permissive regulation of female reproductive behavior
based on body energy status and an effect on food intake [17].

Although this isoform may also be expressed in the mediobasal hy-
pothalamus, and reach pituitary gonadotrope cells [10], it is unlikely it
could play a role as the primary regulator of gonadotropin release in
primates. In fact, even though it has been observed that GnRH-II may

stimulate gonadotropin secretion through type I GnRHR, it has also been
reported that GnRH-II and GnRH-I producing neurons show different
responsiveness to estradiol leading to stimulation of GnRH-I1 and inhi-
bition of GnRH-I gene expression. The possible different but coordinated
action of the two distinct GnRH neuronal subpopulations in the control
of fertility has been hypothesized [15.19].

GnRH-II was also detected in peripherical organs, like the endome-
trium, ovary, and placenta [20.21]. In such structures, GnRH-I and I1
show similar functions in regulating cell proliferation and mediating
ovary and placenta hormonal secretion as autocrine/paracrine factors.

However, since GnRH-II is more potent than GnRH-I in peripheral
tissue, but less potent in gonadotropin release, the ‘ligand-induced se-
lective signaling” (LiSS) theory has been proposed. This hypothesize that
the two peptides may stabilize different conformations of the type |
GnRHR receptor leading to its differential coupling with intracellular
pathways [22].

In 1993, a third form of GnRH (GnRH-III) has been isolated from the
sea lamprey brain (Petromyzon marinus); it shows a 60% of homology
with GnRH-I and an additional substitution (Asp6) respect to GnRH-II
(Table 1) [23]. In the lamprey, GnRH-III plays a crucial role in con-
trolling gametogenesis and steroidogenesis [24]. In human GnRH-III is
not expressed, but it may specifically bind to GnRH-I receptors on
human cancer cells, exerting a significant anticancer effect on different
tumors, but it shows negligible activity on gonadotropin secretion [ 25].



L. Casati et al

1.3. GnRH receptors (GnRHRs)

The GnRHR was cloned from pituitary cells from several species. The
human pituitary GnRHR (also named type I GnRHR) present on gona-
dotrope cells is encoded by a gene located on chromosome 4 (4ql3),
composed of three exons and two introns [26] and translated in a 328-
AA protein. It belongs to the family of rhodopsin-like G protein-
coupled receptors (GPCR) with the classical seven transmembrane do-
mains and an extracellular amino-terminal domain (35 AA) with two
putative glycosylation sites [27]|. The receptor is characterized by the
presence of a very short carboxy-terminal cytoplasmic tail (C-tail, 1-2
AA), a region involved in desensitization and internalization of G
protein-coupled receptors; consequently, the short C-tail confers to
GnRHRs an absent desensitization, a slow internalization, and a lack of
agonist-induced phosphorylation or binding to beta-arrestin [28-33].

Pituitary GnRHRs are canonically coupled to the ag/11 (Gagr11) sub-
unit of G protein, but they may also activate o (Gs camp) subunit, sug-
gesting a possible interaction between the two signaling pathways in the
complex control of the production of pituitary gonadotropins |34 ]. The
initial response of gonadotropes to GnRH, or its analogs, seems to
involve the Gg.amp pathway, providing the transmission of GnRHR
signals to the nucleus with the consequent cell activation [35].

However, the GnRH-induced dissociation of Gyg/11 activates the
phospholipase Cp (PLCp), leading to intracellular accumulation of
diacylglycerol (DAG), with stimulation of the protein kinase C (PKC),
and inositol 1,4,5-triphosphate (IP3), that triggers the release of Ca*"
from intracellular stores, to activate gonadotropin synthesis and secre-
tion. Moreover, the Guq1 signal undergoes rapid desensitization.
Recent results from selective gene knockdown in mice confirm that G/
11 is mainly involved in gonadotropin production, while Gg/camp
signaling could be involved in the enhancement of GnRH secretion
occurring during the ovarian cycle or after gonadectomy |24/,

GnRHR may also activate downstream signaling pathways involving
the mitogen-activated protein kinase (MAPK) cascades, including ERK,
p38 MAPK, and JNK; the subsequent activation of phospholipases D and
A2 leads to an additional and prolonged action of PKC [36].

The efficient activation of pituitary GnRHRs requires a pulsatile
stimulation by GnRH; on the contrary, continuous exposure to GnRH
leads to desensitization of GnRH-stimulated gonadotropin secretion; this
is associated with receptor down-regulation and internalization [37 - 29]
that does not account for the magnitude of reduced response of gona-
dotrope cells [40]. In fact, these receptors do show agonist-induced
internalization, but this is much slower [28-33],

Therefore, the desensitization of gonadotrope cells to the GnRH
signal could reflect downstream adaptive responses, even in the absence
of receptor desensitization. For instance, in vitro studies have shown that
sustained stimulation of gonadotrope cells with GnRH causes the rela-
tively rapid desensitization of Ca®" responses that can reflect a reduction
in the efficiency of IP3 to mobilize Ca®" from these stores [41,42]. On
the other hand, long-term treatment of gonadotrope cells with GnRH-
agonist (GnRH-a) and GnRH-antagonist (GnRH-ant) similarly caused a
marked inhibition of GnRHR mRNA expression (43|, gonadotrophin
synthesis and depletion of releasable gonadotrophin pools [44]. Thus, it
has been proposed that the type 1 GnRHR differs from other G protein-
coupled receptors for a novel form of post-receptor desensitization
'42]. From a pathological point of view, mutations of GnRHR were
found to be associated with CHH |45].

The demonstration of a specific receptor for GnRH-II (a ‘type II'
GnRHR) was first provided in non-human primates [46]. It belongs to
the GPCR receptors family but, unlike type I GnRHR, has an intracellular
tail carrying several potential phosphorylation sites involved in the
rapid internalization and desensitization processes | 46,47 |. The gene for
the putative human type II GnRHR shows a frameshift in coding exon 1
and a premature internal stop codon in the sequence corresponding to
the extracellular loop, suggesting the absence of a functional full-length
type II GnRHR in humans | 10.48]. In fact, the effects exerted by GnRH-
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[I, or its agonists, on the pituitary or peripheral tissues (e.g., anti-
proliferative/antimotility effects on uterine endometrium and prostate),
are mediated by the activation of the type-I GnRHR [49]. Likewise, also
the effects of GnRH-III on human cells occur through the activation of
type I GnRHR [50.51].

1.4. GnRH neuron development and distribution

Most vertebrates have not only multiple GnRH genes but also
different GnRH neurons. The best-studied GnRH neuron development is
referred to as mammalian GnRH-I neurons [12]. These neurons are not
organized in discrete brain nuclei but are instead distributed throughout
the mediobasal hypothalamic region.

GnRH neurons emerge in the embryonic frontonasal mesenchyme
(nasal placode), a region that also gives rise to olfactory sensory neu-
rons, and take on a peculiar long-distance migration along a path
composed of putative vomeronasal/terminal nerve fibers to enter the
brain and reach their final destination in the preoptic area of the hy-
pothalamus [12].

In mice, GnRH-I neurons start invading the brain around embryonic
day (E) 12.5 and conclude their migration to the basal forebrain around
E 16.5 [521; in adults, about 1,500 GnRH expressing neurons populate
the hypothalamic region.

In humans, GnRH-I neurons start their migratory journey around the
gestational week (GW) 5 and 6, and at GW 11-12 the majority of them
are approaching the hypothalamic region. The overall number of GnRH
immunoreactive neurons in humans is significantly higher than in ro-
dents; about 10,000 GnRH neurons are present in the whole human
brain during fetal life, with about 2,000 neurons located in the hypo-
thalamus and 8,000 neurons distributed in widespread brain areas that
may account for the non-reproductive functions of GnRH [53].

At the destination, the GnRH-I neurons project-specific contacts with
the capillaries of the vascular pituitary portal system undertaking syn-
aptic connections with several neuronal networks; its activity is fine-
tuned by crosstalk of neurotransmitters, glial-derived growth factors,
neuropeptides, genetic and/or epigenetic factors, and by the hormonal
milieu [54,55].

An altered migration of GnRH neurons was first observed to be
associated with mutations of ANOS1 gene in the X-linked form of Kall-
mann’s syndrome (KS) [56,57]. Studies on the etiopathogenesis of KS,
and other CHH, led to the identification of several genes/factors
involved in the development of GnRH neurons. In fact, mutations found
to be linked with defects in the emergence of GnRH neurons from the
nasal placode were found in fibroblast growth factor 8 (FGF8) and FGF
receptor 1 (FGFR1) genes, the so-called “Fgf8 synexpression genes”, as
well as in Paired Box gene 6 (Pax6), and the in chromodomain helicase
DNA binding protein 7 (CHD7) gene. In particular, FGF8 and its receptor
FGFR1 are important for specifying GnRH neurons [ 12]. The second set
of mutations identified in CHH includes genes involved in cell adhesion,
neuronal pathfinding, and cell migration, such as anosmin-1, nasal
embryonic LHRH factor NELF), Semaphorin 7A (SEMA7A), CHD7,
SEMAZ3A, and SRY-Box Transcription Factor 10 (SOX10) [12,58]. The
third set of mutations involves genes related to the migration of GnRH
neurons and includes Neuron-derived neurotrophic factor (NDNF),
stromal cell-derived factor 1 (SDF1)/chemokine receptor (CXCR-4),
GABA, Hepatocyte growth factor (HGF)/Met receptor, PlexinBl, and
Cholecystokinin (CCK) |12]|. However, an overall assessment of the
complex interactions between these factors is still to be clarified. The
application of new techniques of gene sequencing (Whole Exome
Sequencing and Next Generation Sequencing), applied to genotype/
phenotype correlation, will contribute elucidating the roles of the reg-
ulators of GnRH neuron developmental program in cell fate specifica-
tion, migration, survival, and function [59.60].
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2. GnRH secretion and actions
2.1, GnRH secretion

The release of GnRH into the hypothalamic-hypophyseal portal
vessels must occur in a pulsatile manner to induce a synchronized go-
nadotropins secretion [61-63],

In primates, including humans, the GnRH neuronal network
responsible for peptide release is fully active during late fetal maturation
and in the early neonatal period; it becomes quiescent during childhood
until it will be fully reactivated at puberty to induce the onset and the
maintenance of reproductive functions through life [2].

The release of GnRH is under the control of a complex neuronal
network, involving hypothalamic and extra-hypothalamic inputs, and of
peripheral generated signals [64]. The central and peripheral signals
involved in the modulation of GnRH secretion have been extensively
investigated and different stimulatory (e.g., kisspeptin, norepinephrine,
and neuropeptide Y, estrogens), or inhibitory (e.g., endogenous opioids,
interleukin-1, estrogens, progesterone, androgens) factors have been
identified in humans. Finally, GnRH itself may regulate its own secretion
through an ultra-short feedback loop on hypothalamic neurons [65].

Although in animal models GnRH can be assayed in the blood of
pituitary portal vessels, in humans it can be only measured in peripheral
blood, but it does not accurately reflect hypothalamic peptide secretion
due to its short half-life; however, since the serum fluctuation of
glycoprotein free a-subunit (FAS) of LH reflects GnRH pulse generator
activity |66, what follows as GnRH pulses in humans refers to plasma
LH or FAS measurement.

In the human adult male, GnRH pulses occur approximately every
120 min; more complicated is the pattern of pulsatile GnRH release in a
woman since it shows variations both during the different reproductive
stages and the ovulatory cycle; in healthy women the pulse frequency
range from approximately 95 min, in the early follicular phase, to 60-70
min in the periovulatory period [67].

2.2. Action of GnRH on pituitary gonadotropes

Although GnRH acts as a releasing hormone for the two gonadotro-
pins, they are differentially regulated according to the capacity of pi-
tuitary gonadotrope cells to decode the GnRH signals. As cited above, a
pulsatile release of GnRH is mandatory for efficient activation of gona-
dotrope cells, in fact, a continuous infusion of GnRH induces a rapid, but
reversible, shutdown of the reproductive axis by suppression of both LH
and FSH release |65, This dual effect may involve GnRHRs modulation;
a short-term pulsatile treatment with GnRH results in pituitary GnRHRs
up-regulation, whereas a prolonged high-dose treatment induces a rapid
uncoupling of the GnRHR from its intracellular signaling molecules and
a slow-down-regulation of the receptors [69,70].

The rhythmic stimulation of pituitary GnRHR may activate the
different G protein subunits with which it is coupled, providing the basis
for the decodification of GnRH signals of different frequencies and
amplitudes.

Under a pulsatile GnRH regimen, the G,; cAMP mediated-signaling is
early activated together with that of Guq11, but the latter undergoes
rapid desensitization, suggesting that G, and the G,/ pathways might
mediate an adaptive and a desensitization response, respectively, to
pulses of GnRH [71]. In vitro studies have shown that several intracel-
lular signal cascades (MAPKs; see above), as well as transcription fac-
tors, are involved in driving the gonadotrope-specific expression of LH
and FSH genes [62]. LH expression is induced by high-frequency GnRH
pulses with the consequent activation of steroidogenic factor 1 (SF1) and
early growth response 1 (EGR1) [72]. On the contrary, FSH expression is
induced by low-frequency GnRH pulses which activate EGR1 to a lesser
extent, leading to a prevalent action of co-repressors for LH promoter
and activating AP-1 transcription factor family members (c-fos, c-jun)
[73].
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Because of such mechanisms, it is evident that efficient therapeutic
application of GnRH to restore gonadal functions requires an intermit-
tent GnRH delivery [74.75]; conversely, a continuous administration of
GnRH leads to the so-called ‘medical castration’. Of pharmacological
interest are the mechanisms of down-regulation of the GnRH signaling
induced by continuous tonic exposure to the peptide or its analogs [761.
In fact, with continuous GnRH exposure, the early activated Gs/camp
pathway undergoes to a quick deactivation; contrary to what has been
described in response to pulsatile administration, Gyq,11 pathway does
not desensitize but remains constantly activated, altering the fine-tuning
control of gonadotropin synthesis and release [35].

2.3. Effects of GnRH on extra pituitary tissues

First demonstrated in the human placenta, GnRHR were found to be
expressed, at the mRNA and protein level, in normal and pathological
female (ovary and endometrium) and male (prostate) reproductive
system [3,77.78]. Prostatic GnRHRs appear to be different from the
pituitary ones showing a lower binding affinity for GnRH and its analogs
[79,80]; however, GnRHR with high affinity for GnRH have been
described in the endometrium and ovary [81,82].

Likely, GnRH-I was found to be expressed and immunodetected in
these tissues and GnRH-II peptide is also present in placenta, ovary and
prostate [53]. Finally, functional studies confirm the presence of a
GnRH/GnRHR system suggesting a possible autocrine/paracrine action
of the decapeptide in many structures of the reproductive system
| 2,77.78], Of interest, GnRH analogs acting as antagonists on the pitu-
itary receptors, show an agonist-like biological effect in tumors of the
reproductive tissues [54,55]. Pituitary and peripheral GnRHR also differ
in terms of intracellular signaling pathways. GnRHR in tumoral repro-
ductive tissue has been found to be coupled to the G, pathway, whose
activation leads to a reduction of intracellular cAMP levels with the
consequent activation of a signaling cascade, including MAPK,
phosphatidylinositol-3-kinase (PI3K), and phosphotyrosine phosphatase
[22]. This pathway is involved in antitumoral effects of GnRH analogs
found in several cancer cell lines [86,87 |. However, the different action
of GnRH and its analogs in peripheral tissues is still an open question and
the LiSS theory may still be evoked [22].

It is possible that in exira pituitary cells GnRHR might assume
different conformations due to alternative post-translational processing
and that GnRH analogs might bind such receptors in a different way,
triggering alternative intracellular signaling pathways and, conse-
quently, biological effects |3 ].

3. Pharmacology of GnRH and its analogs

From a historical point of view, a major advance in GnRH pharma-
cology emerged from the work of Knobil and coworkers who first
highlighted that continuous, rather than pulsatile, administration of
exogenous GnRH induced a loss of response of pituitary gonadotrope
cells (Fig. 3) [68] suggesting its use to both stimulate or inhibit the HPG
axis.

In addition to the pulse frequency, appropriate dosages and routes of
administration of GnRH are pivotal for the successful outcome of the
treatment. For instance, sub-cutaneous (s.c.) administration can be
considered even though it requires higher doses than the intravenous (i.
v.) route.

The GnRH pulse frequency measured during the menstrual cycle was
taken as a reference protocol to stimulate the HPG axis [88]. Various
studies have shown that after 1 pg i.v. pulse, GnRH will reach a peak of
serum concentration between 200 and 260 pg/mL within 4 min [8Y], in
the range of the physiological concentration found in pituitary portal
blood (40-2000 pg/mL) [20].

The administration of 1 pg GnRH iv. every 90 min in the early
follicular phase, and every 60 min in the periovulatory period, was
found to induce a significant rise of plasma GnRH/gonadotropins and a
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4

Fig. 3. Schematic representation of the response, in term of gonadotropin serum levels, to different regimens of GnRH and GnRH-a administration. A) Pulsatile i.v.
administration is able to induce efficient episodic releases of FSH and LH; B) continuous (i.m. or s.c., daily or depot) administration induces an intense reduction of
serum gonadotropin levels and a reproductive axis shutdown. The administration of GnRH superagonists may produce an initial intense stimulation of the pituitary
GnRH receptor and the characteristic transient serum gonadotropin burst (flare effect).

final high outcome rate in terms of ovulation (more than 90%), preg-
nancy as well as puberty induction [91-94], If the interpulse period is
increased to 120 min, the ovulation rate drops to 70% [91 |.

In the early nineties, the hormonal effects of i.v. pulse dosages at
optimal time intervals were more clearly defined [67]. In a 50 kg pa-
tient, a low dosage of GnRH (25 ng/kg, 1.25 pg/pulse) induced a peak of
estradiol, the corpus luteum function, and an ovulatory rate lower than
normal. At 75 ng/kg (3.75 pg/pulse for the same 50 kg patient), the
above parameters were almost normal; meanwhile, at 100 ng/kg (5 pg/
pulse for a 50 kg patient), the ovulatory rates were maintained (93%),
but estradiol and progesterone levels were higher than in the ovulatory
cycle,

It appears so clear that, pulsatile therapy with natural GnRH must be
accurately evaluated regarding the physiopathology of infertility.

Native GnRH is efficiently absorbed after i.v., s.c., intramuscular (i.
m.), nasal, or sublingual administration [95], but while the i.v. route is
able to induce efficient episodic releases of FSH and LH, s.c. adminis-
tration results in a slower rise of the two gonadotropins but, above all,
without a normal pulsatile pattern.

GnRH is promptly degraded in the peripheral circulation, with a half-
life of 2-8 min [26], mostly due to the degradation of the glyci-
ne-leucine bond between AA® and AA’.

All these data also indicate that a pharmacological intervention using
native GnRH needs an accurate pharmacokinetic approach.

3.1. GnRH agonists

The short half-life of native GnRH led to the development of peptide
agonists (GnRH-a) (Table 2). In order to preserve the capacity of these
analogs to interact with the receptor, the sequence of the N-terminal and
the C-terminal domains were kept as similar as possible to GnRH
decapeptide [97]. Synthetic GnRH-a have been designed with a modi-
fication of Gly®, which is replaced with a D-AA, that increases plasma
half-life compared to GnRH. An increased affinity for GnRHRs was

Table 2
Amino acid sequences of GnRH agonists and antagonists.

GnRH pGlu'-His®-Trp*-Ser*-Tyr’-Gly®-Leu”-Arg™-Pro”-Gly'"- NH.

Agonists

Buserelin pGlu'-His*-Trp*-Ser*-Tyr’-D-Ser(tBu) ®-Leu’-Arg"-Pro” —
NHEt

Goserelin pGlu'-His*-Trp*-Ser’-Tyr”-D-Ser(tBu) ®-Leu”-Arg®-Pro®
AzaGly'%- NH,

Leuprolide pGlu'-His®-Trp*-Ser*-Tyr"-D-Leu®-Leu’-Arg"-Pro®- NHEt

Triptorelin pGlu'-His*-Trp*-Ser*-Tyr*-D-Trp®-Leu’ -Arg®-Pro”-Gly' "-NH,

Deslorelin pGlu'-His*-Trp-Ser*-Tyr"-D-Trp®-Leu’-Arg®-Pro”-NHEt

Mafarelin pGlu'-His®- Trp™-Ser*-Tyr*-D-Nal®- Leu”-Arg®-Pro”-Gly'"-
NH.

Histrelin pGlu'-His*-Trp”-Ser"-Tyr -D-His(Bzl)® -Leu”-Arg”-Pro”
NHEt

GnRH-11-a pGlu'-His*-Trp*-Ser*-His®-D-Lys®-Trp”-Tyr®-Pro”-Gly'"- NH.

Antagonists

Abarelix Ac-D-Ala'-D-Cpa®-D-Ala®-Ser*-Tyr®-D-Asp®-Leu’-Lys(iPr) -
Pro”-D-Ala'®-NH;

Cetrorelix Ac-D-Nal'-D-Cpa®-D-Pal®-Ser®-Tyr’-D-Cit®-Leu”-Arg™-Pro”-
D-Ala'"-NH,

Ramorelix Ac-D-Nal'-D-Cpa®-D-Trp®-Ser’-Tyr’-D-Ser{Rha)®-Leu’-
Arg®-Pro®-AzaGly'%-NH.

Degarelix Ac-D-Nal'-D-Cpa®-D-Pal®-Ser*-Aph(Hor)*-D-Aph(Cba)®-
Lnu?-Lys[iPr]H—Fmg—D—Ma'"—HH-;_

Ganirelix Ac-D-Nal'-D-Cpa®-D-Pal®-Ser*-Tyr’-D-hArg(Et)5-Leu’ -

Trptorelix (GnRH-II-

ant)

hArg(Et)3-Pro”-D-Ala'%-NH,
Ae-D-Nal'-D-Cpa®-D-Pal®-Ser*-Tyr -D-Cit®-Trp - Tyr®-Pro”-
D-Ala'®-NH,

Abbreviations: tBu: tert-butyl; Et: ethylamide; AzaGly: aza-glycine; Bzl: 1 benzyl;
Ac: acetyl; Cpa: chlorophenylalanine; Pal: 3-pyridylalanine; Cit: citrulline; Aph:
4-aminophenylalanine; Hor: L-hydroorotyl; Cba: carbamoyl; iPr: isopropyl: Nal:
2-naphtylamine; hARg: homoarginine; D-Ser(Rha): O-(6-deoxi-u- L-mannopyr-
anosyl) -D-serine. In bold the modified residues with respect to mammalian
GnRH.
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instead obtained with the deletion of Gly'-amide and the addition of an
ethylamide residue to Pro”, [98]. Buserelin, goserelin, leuprolide, and
triptorelin are the most representative GnRH-a; all of them present a
substitution of Gl}rﬁ respectively with D-Ser (tBu), D-Ser (tBu), D-Leu,
and D-Trp residues (Table 2).

The first three compounds are nonapeptides and have, respectively,
Aza-GlyNH: and N-ethylamide substitutions at C-terminal, whereas
triptorelin is a decapeptide with the original Gly'°NH, residue. Other
agonists become then available, such as deslorelin {D-Trpf' and a final N-
ethylamide), nafarelin [D-E-naphtﬂamineﬁ}, and histrelin (D-His-1-
benzyl® and final N-ethylamide) [99].

The agonist analogs of GnRH are characterized by high potency (up
to 200 times that of the native GnRH and so-termed ‘superactive’),
prolonged action, and low toxicity.

Generally, GnRH-a are mainly indicated for continuous administra-
tion when the repression of the HPG axis is requested (i.e., precocious
puberty, endometriosis, procedures of in vitro fertilization, prostatic
carcinoma).

It is worth mentioning that GnRH-a has been recommended as an
initial treatment for adolescents diagnosed with gender dysphoria
(1001, By irreversibly blocking pubertal development, GnRH-a may
avoid distress caused by unwanted pubertal changes and give the child
and their family more time in which to explore the possibility of dealing
with gender-affirming hormone therapy. Nevertheless, this prescription
is currently debated and under a deeper investigation [101,102].

However, due to their stability and high potencies, the administra-
tion of GnRH-a induces an initial transient intense stimulation of the
pituitary GnRHR with an increase of gonadotropin secretion that char-
acterizes the so-called flare-up response (also referred to as flare effect)
(Fig. 3); this response is followed by GnRHR desensitization and
reproductive axis shutdown with consequent reversible medical
castration [103],

3.1.1. Pharmacokinetic and pharmacodynamic of GnRH and its agonists

For reference, the pharmacokinetic parameters of buserelin, trip-
torelin, goserelin, and leuprolide are reported in Table 3. For a better
comparison, the data of s.c. treatments, as the most used, are reported
[104-111].

A very important aspect of the bioactivity of superagonists is their
resistance to enzymatic degradation due to the absence of suitable
cleavage sites present in these molecules.

After i.v. administration of native GnRH, or GnRH-a, a biphasic
plasma concentration kinetic with a rapid (related to the distribution
phase) and a slow (related to the elimination phase) component,
consistent with a two-compartment model, was observed [112].

The first compartment is vascular and rapidly exchangeable
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extravascular fluid, whereas the second compartment, with a slower
clearance, cannot be identified with a particular organ, but it may
incorporate a group of tissues that exchange at the same speed with
plasma as demonstrated through radiolabel compounds; the main site of
incorporation of radiolabeled buserelin are muscle, skin, blood, liver,
and bowel [113].

The serum binding capacity of the GnRH is low and comparable to its
agonists except for nafarelin that is about 4 times higher (80%) [99]. As
expected, agonists show a higher half-life and a lower metabolic clear-
ance than native GnRH [112].

An important aspect that may affect the pharmacokinetics of GnRH-a
is the route of administration. For instance, after s.c. administration, the
t1/2 distribution phase of triptorelin is tenfold higher, and the metabolic
clearance rate 1s threefold lower with respect to i.v. infusion, as a
consequence of the progressive release of the analog from the injection
site [99]. Concerning bioavailability, s.c. route ranges between 66 and
90% (vs. i.v. 100%), whereas inhalator administration can achieve a
bicavailability of 28% and the sublingual route of only 2% [5%].

Some depot formulations containing embonate o pamoate salts have
been designed to increase the time of release [115]. Conjugation with
polyethylene glycol (PEGylation) is an alternative method to increase
the circulating half-life of a peptide/protein-based drug. PEGylation
reduces peptide renal clearance, and proteolytic degradation, increasing
its stability. For instance, PEGylation of leuprolide increases its half-life
from 0.43 h to 0.53 h for PEG2k-Leu, or to 1.51 h for PEG5k-Leu [116].

GnRH-a are de facto superagonists; indeed, a single injection of 1 pg
keg/bw of buserelin or triptorelin, or other GnRH-a, induces roughly a
10-fold release of LH, compared to the same dosage of native GnRH
[99].

When large pharmacologic doses (50-500 pg s.c./day or 300-1200
ug i.m./day) of buserelin is administered for periods greater than 1 to 3
months, a clinical inhibition of gonadotropin release with the subse-
quent suppression of testosterone, or estradiol, production is obtained.

The high capacity of GnRH-a to induce a super response (at least
10-15 folds higher release of LH) seems due to different factors, among
them the binding to the receptors that is markedly higher than that of
native GnRH [117,118], Considering receptor affinity, triptorelin, leu-
prolide and goserelin bind GnRHR with higher affinity (2 to 14 folds
lower Kd, depending on the assay) than GnRH; buserelin shows a Kd
from 5 to 70 folds lower respect to native peptide [119-121].

The most common adverse reactions of GnRH-a include headache,
loss of libido in patients with prostate cancer and endometriosis, hot
flashes, hypermenorrhea, flatulence, impotence, vaginal dryness, back
pain, skeletal pain, nasal mucosa irritation, diarrhea, nausea, loss of
appetite, insomnia, depression, vertigo and dizziness, palpitation,
vaginal dryness, acne, tiredness. Buserelin was found to induce an early,

TABLE 3
Pharmacokinetic data of some GnRH agonists.
Generic Name Dose Ab Cmax vd (1) PB % T1/2 (days) CLR (1/hr) References
Buserelin 200 pg s.c, bolus 1 hr 28 ug/l 44 15 0.04 41" DE: DB0O6719
[104,108,110]
Triptorelin 11.25 mg s.c. bolus 4.5 hr 17.17 ug/1 30-33 0 0.1 3.5 EMA: CVMP/382140
DB: DBO6BZS,
FDA: 20-715
(105,111
Goserelin 250 ug s.c. bolus 1 hr 7.79 ug/l 44 20-28 0.2 2 DBE: DBOOO14
FDA:
19-726 5-018
(106,107
Leuprolide 7.5 mg s.c. 4-5 hr 4.6-212 ug/1 27 43-49 0.1 8 DB: DBOO0DOD7
(0.1-2 ug/1 after 1 month) FDA: 019,943
EMA: 397,961

[109,105,114]

Dose, dose of administration; Ab, absorption peak; Cmax, plasma peak serum concentration; Vd, Volume of distribution; PB, protein binding; T1/2, half-life; CLR, renal

clearance,
" Data from pig. DB: DRUGBANK.
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transient increase of serum gonadal steroids (testosterone or estradiol)
which can lead to the exacerbation of signs and symptoms when used for
the treatment of metastatic prostate cancer or endometriosis.

A GnRH-II agonist with a D-Lys® substitution ([D-Lys®] GnRH-II) has
also been synthesized for experimental use [122] (Table 2).

3.2. GnRH antagonists

The need for GnRH analogs that might block the pituitary—gonadal
axis without triggering the unwanted flare-up response led to the design
and development of GnRH-ant (Table 2).

GnRH-ant was initially produced to obtain stable analogs that bind
GnRHR without its activation. Indeed, they had extensive modifications
in the first three AA (the region needed for receptor activation) and a D-
AA in position 6 to make them resistant to endopeptidases. The early
prototypes underwent a sort of redesign since the first antagonists were
unsuitable for clinical applications due to the undesirable induction of a
high level of histamine release, with edematogenic effects and other
anaphylactic reactions [122]. In the following generation of GnRH-ant
such as cetrorelix, ganirelix, abarelix, and degarelix, this side effect
was resolved by replacing the D-Arg® with more complex residues (D-
ureidoalkyl AA) [124,125],

These compounds share a very low AA similarity with the GnRH
decapeptide, and typically, the most used molecules contain Ac-D-Nal-
D-Cpa-D-Pal motif in the N-terminal region of the peptide and D-Ala
in position 10; moreover, they may also present AA substitutions in
positions 5, 6, and 8 [126-128].

GnRH-ant bind human GnRHR with high affinity, in the nM range,
that may be up to 20 times higher than the native GnRH [129].

Cetrorelix, degarelix, and ganirelix show the highest efficacy in
blocking GnRHR. Abarelix is also highly active, but reports of possible
immediate-onset systemic allergic reactions after its administration
restricted its marketing [ 130].

Generally, GnRH-ant have been designed to block the effects of
endogenous GnRH on reproductive functions, but different effects were
found in peripheral tissues. GnRH analogs showing antagonistic activity
on the pituitary GnRHR may behave as agonists in peripheral tissues and
exert a GnRH-like antiproliferative activity on tumor cells [84 85,1211,
The mechanism of this paradoxical effect is still unclear. However, some
hypotheses have been postulated. One of these takes into account the
molecular differences (i.e. post-translational modifications like glyco-
sylation and phosphorylation) between central versus peripheral GnRHR
1321321, Another involves the possibility that GnRHR might assume
different conformations, according to the cell type in which they are
expressed or to the interacting ligand, thus activating different intra-
cellular signaling pathways |22]; this makes the LiSS hypothesis appli-
cable also for GnRH-antagonists.

Cetrorelix was used as a template to develop the first experimental
GnRH-II antagonist (Trptorelix-1) by substitution of the AA7 and 8 with
Trp and Tyr residues present in GnRH-II [122],
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3.2.1. Pharmacokinetic and pharmacodynamic of the GnRH antagonists

The pharmacokinetic parameters of Abarelix, Cetrorelix, Degarelix
and Ganirelix are summarized in Table 4,

Cetrorelix and ganirelix show similar characteristics. Both are
rapidly absorbed following subcutaneous injection, with a mean abso-
lute bioavailability in healthy female subjects of 85% and 91%,
respectively. Cetrorelix was found stable against phase I- and phase II-
metabolism; however, only unchanged cetrorelix is detected in urine
[134-137].

Cetrorelix and ganirelix dose-dependently inhibit the secretion of LH
and FSH from the pituitary gland. The onset of suppression is immediate
and is maintained by continuous treatment. The two antagonists are
therefore indicated, at 0.25 mg s.c. once daily (q.d.) during the ovarian
cycle’s early- to mid-follicular phase, for the inhibition of premature LH
surges in women undergoing controlled ovarian hyperstimulation and
for the treatment of infertility. According to what is planned for the
development of GnRH-ant, and unlike GnRH-a, which causes an initial
increase in gonadotropin levels, these molecules do not cause a flare-up
effect before premature LH surge inhibition. They are also considered
experimental treatments in clinical studies for sex steroid-dependent
benign and malignant conditions (e.g., endometriosis, prostate, and
ovarian cancer).

Abarelix and degarelix are also similarly indicated for the palliative
treatment of advanced prostate cancer. Degarelix is administered s.c. in
the abdominal region and forms a depot at the injection site with a slow
drug release. It is used at a starting dose of 240 mg followed by a
maintenance dose of 80 mg every 28 days; this therapeutic protocol
allows to achieve and maintain the suppression of testosterone serum
levels under those obtained after medical castration in 97% of patients
for at least one year.

Abarelix is also absorbed slowly; following the recommended dose of
100 mg im. administration, it shows a mean peak concentration
approximately 3 days after the injection. Abarelix quickly drops circu-
lating levels of testosterone (35% at 2 days and 98% at 28 days)
[138,139]. Men with symptomatic prostate cancer treated with abarelix
showed improvements in pain and disease-related symptoms [140].
However, while degarelix does not seem to induce known systemic
allergic reactions [141,142], these have been reported for abarelix
[140],

In general, the most common adverse reactions of GnRH-ant include
hot flashes, sleep disturbances, breast enlargement or pain, nipple
tenderness, diarrhea or constipation, stomach pain, nausea, vomiting,
swelling of extremities, nausea, dizziness, headache, fatigue, difficulty
urinating, urinary tract infection or upper respiratory tract infection,
pain during breathing, feeling short of breath (especially when lying
down), rapid heart rate. Sometimes it can induce redness, bruising,
itching, pain, erythema, swelling, or induration at the site of injection.
An increase in serum levels of transaminases and gamma-
glutamyltransferase (GGT) was found after degarelix treatments.

Table 4
Pharmacokinetic data of some GnRH antagonists.
Generic Name Dose Ab Cmax vd (1) PB % T1/2 (days) CLR (1l/hr) References
Abarelix 50 ug/ke/day continuous s.c. infusion 28 days 56,1 ug/l 4040 96-99 13.2 0.6 FDA: 021,320
| 137}
Cetrorelix 1 mg s.c. bolus 1 hr 20 ug/1 81.2 86 2.61 5.4 FDA: 021,197
(134
Degarelix 2 mg/kg s.c. bolus 6 hr 330 ug/l 40.9 90 53 9 FDA: 022201; EMA:533396
[135]
Ganirelix (.25 mg s.c. bolus 1 hr 11.2 ug/l 43.7 81.9 0.53 2.4 FDA: 021,057

[136

Dose, dose of administration; Ab, absorption peak; Cmax, plasma peak serum concentration; Vd, Volume of distribution; PB, protein binding; T1/2, half-life; CLR, renal

clearance.
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3.3. Orally active non-peptide GnRH modulators

Therapies employing peptide GnRHR modulators require s.c. or i.m.
injection and depot preparations. Therefore, the interest in developing
potentially orally active GnRHR agents has always been very high. Oral
administration ensures better patient compliance and rapid and dose-
dependent control of the HPG axis functions not achievable with non-
customized systemic administration GnRH analogs |143,144]. Since
the discovery in 1989 of the weak antagonistic activity against GnRHR
held by the orally bioavailable antifungal drug ketoconazole, a wide
range of non-peptide chemical structures binding the GnRHR were
identified [144,145].

In particular, at least three compounds have recently entered clinical
use; an uracil-based analogs substituted at positions 1,3,5 and 6, and
with a stereocenter in (R)-configuration (elagolix), a thieno[2,3-b]
pyrimidine-2,4-one derivative (relugolix) and a 2,4-dioxo-1,2,3,4-tet-
rahydrothieno[3,4-d]  pyrimidine-5-carboxylic  acid  derivative
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(linzagolix) (Fig. 4A).

These orally bioavailable GnRH antagonists bind competitively and
specifically to human pituitary GnRHR inducing a stable and reversible
suppression of gonadotropin production |146-148]. The results of in
viiro studies on more than a hundred different membrane receptors, ion
channels, enzymes, and transporters, suggest that elagolix, relugolix,
and linzagolix have a low risk for off-target pharmacological effects
(FDA: 210450; EMA: 13882).

In general, these compounds have been so far used for the manage-
ment of hormone-dependent diseases; they are well-tolerated and show
the same classical side effects of HPG axis blockers as hot flushes and
bone mineral decrease, that in case of long-term administration and/or
high dosages, can be mitigated through an add-back hormonal therapy
(e.g., estradiol and norethindrone acetate) [149-153]. However, this
new class of GnRH modulators lacks the histamine-releasing effect
shown by the peptide GnRH-ant [154].

Oral non-peptide GnRH-ant thus represents an innovative class of

Elagolix

Relugolix

Linzagolix

A

d6

Fig. 4. Non-peptide GnRH modulators. A) Strucutre of non-peptide antagonists; the region involved in molecule activity (arm2) is indicated; B) structure of the first

reported non-peptide GnRH agonist.
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drugs for the management of sex-hormone dependent diseases; they are
characterized by a fast onset and offset of the therapeutic effect, better
patient compliance, and a safety profile superior to peptide GnRH ana-
logs and selective progesterone receptor modulators. Even today, the
interest in developing new non-peptide GnRHR modulators with better
and better pharmacokinetic and pharmacodynamic properties remains
very high. In 2020 [155], Bayer researchers discovered spiroindolines as
potent GnRH-ant which, differently by elagolix, relugolix and linzagolix,
show similar activities in vitro and in vivo at both the human and the rat
GnRH receptor. This feature will benefit the use of the rat model in the
drug optimization process. More recently, was developed a molecular
generative model (LS-MolGen) for the design of new orally active
GnRHR-ant [156], merging the knowledge about the human GnRHR
157 and the structures of the already-known active compounds.

Of definite interest is the discovery of the first non-peptide GnRHR
modulators with agonist activity published in 2022 [157]; the hit
compound (6d) contains a tetrasubstituted thiophene core (I'ig. 4B) and
displayed an ECsy of 1.59 pM for inositol phosphate accumulation in
cells transfected with human GnRHR.

3.3.1. Studies on the interactions of non-peptide modulators with GnRHR

The high species-specificity of non-peptide GnRH antagonists to
human GnRH has led to an attempt to elucidate this peculiarity. In the
early 2000 s two different groups investigated through systematic
mutagenesis experiments the observed dog/human [158] and rat/
human [ 152| GnRHR specificity differences for non-peptide antagonists,
never reported for peptide GnRH analogs. Phe*'® was found to be of
crucial importance in the selectivity difference between dog and human
GnRHR. In contrast, the N-terminal domain was imputable for the dif-
ference between rat and human GnRHR. These results pointed out that
non-peptide ligands do not entirely overlap the binding site of peptide
analogs. The subsequent mapping of the human GnRHR residues
involved in the binding of peptide GnRH analogs and non-peptide
molecules having GnRH antagonistic activity led to the findings that
orthosteric non-peptide antagonists occupy distinct partially over-
lapping subregions within the much larger binding site occupied by
peptide analogs but also to the identification of the first example of an
allosteric interaction of non-peptide GnRH-ant with GnRHR [160,161 |,
In 2020, the crystal structure of human GnRHR bound to elagolix was
reported [ 157]; it evidenced the shallow non-peptide antagonist binding
site and the interactions required for ligand recognition. The study made
it possible to recognize the pyrimidine ring, the benzyl group at position
1 of the uracil moiety, and the phenyl groups of elagolix as a key region
to interact with the GnRHR.

It was also found that the residue in position 3 of the uracil core
(termed arm2) of elagolix (Fig. 4A) points a large cavity to the extra-
cellular surface of the receptor that allows the recognition of different
modifications of this part of the molecule by GnRHR. In addition, by
molecular docking simulations, conformational rearrangements of some
portions of the binding pocket to better accommodate the more volu-
minous arm2 of relugolix and sufugolix were observed, suggesting a
plasticity of the orthosteric binding pocket concerning different ligands.
More recent studies, employing Molecular Dynamics simulations have
shown that the binding between non-peptide antagonist and human
GnRHR induces a conformational change of TM6 that is moved outward,
a well-known activation feature of class A GPCRs [162].

3.3.2. Pharmacokinetic and pharmacodynamic of the non-peptide GnRH
antagonists

The non-peptide GnRH-ant bind reversibly with very high affinity to
the human GnRHR. Elagolix shows very high affinity to GnRHR (Kd =
54 pM) and inhibits GnRH action in vitro with Ki values in the low nM
range (1.5 to 2.8 nM) [163].

It is rapidly absorbed from the gastrointestinal tract (relative
bioavailability 52% in human) with an absorption C,.x 0ccurring at one
hour. The compound causes dose-dependent suppression of LH, FSH,
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estradiol, and progesterone. At 150 mg q.d. and 200 mg twice a day (b.i.
d.) resulted in an ovulation rate of approximately 50% and 32%,
respectively. Reduction of estradiol to approximately 12 pg/mL was
observed following treatment with 200 mg b.i.d. It has an elimination
half-life shorter than other GnRH analogs, ensuring rapid reversibility of
its action. This fact is relevant for patients experiencing adverse events
since the drug is eliminated within a week. Elagolix is extensively
metabolized in the liver, primarily by CYP3A4, to a lesser extent by
CYP2D6, and minor metabolism by CYP2CS8. 90% of the excretion of
elagolix and its metabolites occurs in the feces.

Relugolix binds human and monkey GnRHR with high affinity and
shows estimated ICsg value of 0.12-0.15 nM in inhibiting GnRH-a
binding | 164].

It is rapidly absorbed from the gastrointestinal tract (absolute and
relative bioavailability of about 12 and 62%, respectively). In the blood,
relugolix is 68.2% to 70.8% bound plasma proteins, primarily to albu-
min and to a lesser extent to «l-acid glycoprotein.

In healthy men, after administration of a single 360 mg dose of
relugolix, mean serum concentrations of LH and FSH decrease rapidly
within 2 h, reaching a nadir of LH concentrations within 24 h. Mean
serum testosterone concentrations also decline rapidly within 4 h of
administration and reach castration levels (testosterone < 50 ng/dL)
within 12-24 h. With multiple doses of 120 mg q.d., testosterone con-
centrations were maintained consistently at castration levels during
treatment. In women, mean estradiol 30.2 pg/mL concentration was
observed at 24 h for the 40 mg dose.

Relugolix is mainly metabolized in the liver, primarily by CYP3A
and, to a lesser extent, by CYP2C8 and other minor unidentified path-
ways. Approximately 81% of relugolix was excreted in the feces.

Linzagolix also behaves as a highly potent and selective antagonist of
the human GnRHR (Ki = 27.4 nM) able to dose-dependently inhibit
GnRH-stimulated Ca®" flux with an ICsq value (36.7 nM) comparable to
that of the active control cetrorelix (EMA: 266814) [148.165]. A rapid
reduction of estradiol to the levels required to treat hormone-dependent
diseases such as uterine fibroids and endometriosis is achieved with 100
mg and 200 mg doses. The effects of linzagolix can be quickly reversed,
and ovarian activity (estradiol minimal values =40 pg/mL) tends to
resume within 2 weeks from the end of treatment | 166]. Linzagolix is
rapidly absorbed, with a high oral bioavailability (80%) [165]; it
strongly binds plasma proteins (greater than 99%) [165], and it is
mainly excreted in urine as unchanged drug [ 165].

Median serum values of linzagolix range between 3250 and 4750 ng/
mL after a 100 mg dose and between 6700 ng/mL and 11700 ng/mL
after a 200 mg dose [167].

The pharmacokinetic data of these compounds are summarized in
Table 5,

The non-peptide GnRH-ant are mainly used for the management of
moderate to severe pain associated with endometriosis (elagolix)
[168,169], prostate cancer (relugolix) [170], and #e uterine fibroids,
(elagolix, relugolix, and linzagolix) [165,171]. Currently, clinical phase
I11 trials are ongoing for the treatment of endometriosis-associated pain
with relugolix [172] and linzagolix, as announced by ObsEva (CH).
More recently, marketing authorization for the use of linzagolix for the
treatment of prostate cancer was recommended (EMA:145519). In
comparison to elagolix and relugolix, linzagolix could provide more
flexible-dose regimens for managing endometriosis-associated pain and
uterine fibroids [ 169].

4. Clinical use of GnRH analogues
4.1. Diseases of the reproductive axis and organs

The characterization of the physiological role of native GnRH has
restricted its initial use to ovulation induction in women with repro-

ductive defects due to inadequate peptide secretion. Since early’80, a
therapeutic regimen of pulsatile native GnRH has been used to induce
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Table 5
Pharmacokinetic data of non-peptide GnRH antagonists.
Generic Name Dose Ab Cmax vd (1) PB % T1/2 (hr) CLR References
(1/hr)
Elagolix 150 mg p.o. 1 hr 574 ng/ml 1674 B0% 4-6 123 FDA: 210450; EMA:318437
200 mg p.o. 774 ng/ml BE1 144 [163
Relugolix 80 mg p.o. 1-2 hr 35 ng/ml 19000" 68-71% 36 7.6 FDA: 214621; EMA:145519
[164]
Linzagolix 100 or 200 mg p.o. 2 hr 145 ug/ml ~11 ==99% 15-18 0.5 EMA:266814

[165,148]

Dose, dose of administration; Ab, absorption peak, Cmax, plasma peak serum concentration; Vd, volume of distribution; PB, protein binding; T1,/2, half-life; CL,

clearance;

* derived from the absolute bioavailability study after intravenous administration.

ovulation in women with polycystic ovary syndrome (PCOS), hyper-
androgenic anovulation, and late-onset congenital adrenal hyperplasia
195,173]. Since women affected either by CHH (primary GnRH defi-
ciency) or hypothalamic amenorrhea (decreased GnRH release in the
presence of an intact hypothalamus) show a higher response rate to the
pulsatile administration of GnRH, a GnRH-a therapy should be accu-
rately evaluated in the diagnostic framework of infertility.

The ability of pulsatile GnRH administration to stimulate ovulation
led to consideration of its use in ART; a 10 pg GnRH-a pulse can induce
the development of multiple (2-5) ovarian follicles [67,174]. GnRH-a
induces a more physiological LH and FSH surge and, therefore, a bet-
ter oocyte quality and a reduced risk of ovarian hyperstimulation syn-
drome (OHSS), compared to direct ovarian stimulation by
administration of gonadotropins (FSH plus human Chorionic Gonado-
tropin) [175-177]. GnRH-ant has also been indicated in reproductive
medicine, gynecology, as well as in ART before gonadotropin stimula-
tion to suppress the endogenous LH surge without an initial stimulatory
effect [178].

Another application of GnRH analogs concerns the reversible sup-
pression of the HPG axis. In particular, GnRH-a is considered an effective
treatment to restore adult stature, with a concomitant regimen with
growth hormone, of girls (up to age 6) with central precocious puberty
[179]. The common side effects of such a suppressive regimen may
include sex hormone deficiency and menopausal-like symptoms (vaginal
dryness and hot flushes). GnRH-a treatment should be generally limited
to 6 months due to osteoporosis unless a concomitant estrogen
replacement therapy | 180].

The HPG-suppressing capacity of GnRH analogs made them appli-
cable for treating several hormone-dependent diseases | 1581 |. Long-term
administration of leuprolide or of goserelin is proposed as second-line
therapy (after surgery) of endometriosis, a common gynecological
condition characterized by the dissemination of endometrial tissue
(glands and stroma) to ectopic sites, because, by inducing a hypogonadal
state, it deprives ectopic endometrial tissue of estrogen support
1182,183].

As stated above, GnRHRs are also expressed in peripheral tissues,
mainly in female reproductive tissues, where they may exert autocrine/
paracrine actions in both physiological and pathological conditions
1 132,184], The finding of locally expressed GnRHRs in human eutopic
and ectopic endometrium suggested an additional possible direct action
of GnRH-a on endometriotic cells. It has actually been proved that
GnRH-a significantly reduces cell proliferation and inflammation, and
angiogenesis in endometriotic tissues by decreasing the secretion of pro-
mitogenic cytokines [ 185.186].

4.2. Cancers

Several cancers, including endometrial, ovarian, urinary bladder,
and prostate carcinoma, express GnRH and its receptor as part of an
autocrine system regulating cell proliferation/metastasis [187]. In
addition, breast and non-reproductive cancers (such as pancreatic can-
cer and glioblastoma) also expressed GnRH/GnRHR system.
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The finding of GnRHR in tumor cells has proposed the use of thera-
peutic strategies based on GnRH analogs for these diseases, and several
tumors have been proved to have beneficial effects from the adminis-
tration of such molecules [187].

Endometrial and ovarian carcinoma are hormone-dependent tumors
expressing both estrogen and progesterone (PR) receptors [ 188,189, in
addition, they can benefit from the suppressive GnRH therapy that re-
duces the production of sex steroids. Nevertheless, GnRH-a (e.g., trip-
torelin, leuprorelin, goserelin, buserelin) were found to exert a
significant antiproliferative effect on endometrial and ovarian cancer
cell lines [131,190.191]. The proliferation of such cells is also inhibited
by GnRH-ant [54,131] confirming that these compounds may behave as
agonists at the level of tumoral GnRHRs. After discovering the expres-
sion of GnRH-II in the reproductive tract, its possible role in the control
of tumor growth was investigated. GnRH-II analogs have also been
found to exert a significant antiproliferative effect on human ovarian
and endometrial cells by activating the classical form (type 1) of the
GnRHR [192,193].

Prostate cancer is the most aggressive tumor and the second most
frequent cause of tumor-related deaths among men in western countries
| 194]. The growth of cancer may be dependent on androgens; therefore,
patients may benefit from androgen-deprivation therapy (i.e., chemical
castration) with GnRH-a, often in combination with drugs altering the
androgen receptor signaling (e.g., antiandrogens, inhibitors of androgen
synthesis). Several pieces of evidence from in vivo studies indicate that
GnRH-a may exert significant antiproliferative/ proapoptotic, anti-
metastatic, and antiangiogenic activities on prostate cancer cells [195].
Some clinical trials have analyzed the use of GnRH-ant to induce med-
ical castration in men with advanced or metastatic prostate cancer; the
results do not report significant overall survival or cancer-specific sur-
vival by comparing GnRH-ant to standard androgen suppression therapy
[196,197]. Therefore, the therapy with GnBRH-a remains the preferred
option for the treatment of prostate cancer.

Suppressive GnRH-a therapy, resulting in decreased estrogen circu-
lating levels, has also been successfully used to reduce the growth and
recurrence of hormonal responsive breast tumors. Once more, GnRH-a
may also exert direct action on breast cancer, reducing cell growth
and invasion. GnRH-a (triptorelin, buserelin and goserelin) and antag-
onist (cetrorelix), non-peptide GnRH-ant, as well as GnRH-II analogs and
cytotoxic analogs of GnRH, have been tested as novel adjuvant therapies
in breast cancer and the data suggest that the GnRH/GnRHR system may
be a promising target for pharmacological approach in the treatment of
advanced states of such tumor [ 198]. An interesting aspect lies in the
observation that GnRH-II-ant may have a direct effect on malignant
tumors, inducing cell death via the apoptotic process | 1 99 ]. On the other
hand, in cellular models of human breast carcinoma such as MCF-7, the
administration of [Ac-D2Nall, D-4Cpa2, D-3Pal3,6, Leu8, D-Alal0]-
GnRH-II induced the activation of apoptosis and significant inhibition of
tumor growth [ 193,1958],

The effects of GnRH analogs in pancreatic tumors and glioblastoma
are limited to preclinical investigation [200,201],

The higher expression of GnRHR in cancer cells than in other tissues,
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also raised the hypothesis to use GnRH analogs as carriers for targeted
chemotherapy of tumors [202-204], This was achieved by linking a
traditional anticancer drug to a GnRH analog and designed to increase
the selectivity of cytotoxic drugs to GnRHR expressing cells, decreasing
the peripheral toxicity of chemotherapy [205]. After the binding to
GnRHR, the bioconjugates are internalized by endocytosis and before
being degraded in lysosomes they release the free anticancer drug that
can exert its cytotoxic effect. Currently, the most used compound is the
analog [D-L}fsf'] -GnRH linked to doxorubicin through the g-amino group
of D-Lys (AEZS-108). Clinical trials demonstrate that AESZ-108 exerts
significant anti-tumor activity, with low toxicity, in women with
advanced or recurrent GnRHR positive gynecological cancers [202].

In conclusion, the data on the effects of GnRH analogs in tumors are
promising; new evidence also suggests that GnRH-based cytotoxic bio-
conjugates offer a new strategy in treating GnRHR expressing tumors,
even in their aggressive phase.

4.3. Fertility preservation in female patients undergoing chemotherapy

Chemotherapy and radiation therapy are still the main treatments for
many cancer diseases. When applied to young women, chemothera-
peutic drugs may cause apoptotic death in oocytes. On the other hand,
radiotherapy also induces ovarian failure and endometrial insufficiency,
resulting in adverse reproduction outcomes. Exposure to chemothera-
peutic drugs kills the developing ovarian follicles, thus accelerating
primordial/primary follicles activation, resulting in a “burnout™ effect
| 206 with consequent exhaustion of the follicles. Effective strategies to
minimize gonadal damage, and preserve ovarian function and fertility,
have become of increasing interest |207,208],

Existing strategies, like ovarian tissue cryopreservation, oocyte
cryopreservation, in vitro fertilization followed by cryopreservation of
the embryos, may require the postposition of chemotherapy for several
days, do not guarantee future fertility and the opportunities for
conception largely depend on the number of cryopreserved oocytes/
embryos [207,209].

A pharmacological approach (ferto-protective adjuvant therapy) has
been introduced to minimize the gonadotoxic effects of chemotherapy
and prevent premature ovarian failure. This approach is based on the
administration of GnRH-a during or before chemotherapy [210,211].
GnRH-a reduces the activity of the HPG axis and the activation of pri-
mordial ovarian follicles, preventing burnout and ovarian failure. In
addition, they may decrease ovarian perfusion, may exert a direct
antitumor activity (based on the tumor expression of GnRHR), and
protect the ovarian germinative stem cells [208,210]. Nevertheless, the
efficacy of GnRH-a in preserving ovarian function and fertility in young
patients undergoing chemotherapy needs definitive confirmations
[211].

4.4. Possible applications in neurological diseases

Recent observations indicated a wide expression of GnRHR/GnRH
system in the CNS, mainly in the hippocampus and amygdala, two re-
gions implicated in cognitive and sexual behavior. In these areas, GnRH,
acting as a neuromodulator, might play specific functions not depicted
yet, but that may be correlated to some neurological disease.

For instance, more than 50 million people suffer from dementia, and
two-thirds of these are diagnosed as Alzheimer’s disease (AD).

The higher prevalence of Alzheimer’s disease in women than in men
| 212] was linked to a decrease of circulating levels of estrogens, which,
as widely reported in rodents and in vifro models, may exert neuro-
protective effects [ 213.214]. Likely, during menopause (physiological or
surgically induced), there is a dramatic decrease in estrogen levels in the
brain, making neurons more vulnerable to degeneration. It is now well
known that hippocampal synaptic spine density depends on estradiol
and testosterone, either originating from the gonads or locally synthe-
sized in the hippocampus. Women taking estrogen supplements or that
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underwent menopause later in life had a significantly decreased risk of
developing AD | 213]. On the other hand, the observed greatest increase
of gonadotropin levels due to the lack of estrogen negative feedback, is
suggestive to the exposure of aged women brain to higher levels of GnRH
than man counterpart and GnRH was found to affect rat hippocampal
dendritic spine density changes occurring during the estrus cycle
through the local regulation of aromatase activity and therefore to
estradiol synthesis [215].

However, in estrogen-depleted animal models, the administration of
GnRH-a leuprolide acetate induces a cognitive improvement, such as the
Morris water maze and Y-maze tests.

These effects were not found to be due to modification of local es-
trogen production and provide evidence that estrogen- and leuprolide-
induced cognitive enhancement may be driven by independent molec-
ular mechanisms [216]. However, further studies indicated that leu-
prolide does not exert significant effects on AD outcomes in three
clinical trials so far conducted (NCT00076440, NCT00063310,
NCT00231946,); in a fourth ongoing study, scheduled to be completed
in 2026, GnRH-a and cholinesterase inhibitors are administered in
combination (NCT03649724), assuming that better results could be
obtained than a single administration.

Leuprolide has also been recently proposed for other neurological
diseases. For instance, long-term treatment with the leuprolide acetate
(up to 84 months trial UMINOO0000474) shows to delay the functional
decline and suppress the incidence of pneumonia and death in in-
dividuals affected by spinal and bulbar muscular atrophy (SBMA) [217],
a genetic X-linked recessive neuromuscular disease |21 5], Further trials
found that this GnRH-a may be effective in improving the swallowing
capacity of the patients [219] and another trial on leuprolide in SBMA
(NCT03555578) is ongoing.

Spinal cord injury (SCI) could also benefit from GnRH-a treatment;
experimental evidence obtained using a compression model of SCI in
rats, indicate that 5 weeks of administration of leuprolide induced a
higher locomotor activity recovery (up to 38%) than untreated rats (7%)
and a greater preservation of white and gray matter in the spinal cord of
the injured rat [220]. A similar preclinical study, performed in SCI
ovariectomized rats, indicated that leuprolide was able to induce a
significant improvement of the neurogenic colon [ 221 |. In other studies,
patients with chronic SCI who underwent leuprolide administration
once a month for six months have shown an improvement of sensory
scores, motor activity, and level of independence [222].

Finally, the treatment of experimental autoimmune encephalomy-
elitis rats with leuprolide was found to exerts a neurotrophic action with
a decreased severity of clinical signs of locomotion, a greater body
weight gain and expression of disease-affected proteins, suggesting the
potential therapeutic application in neurological inflammatory diseases
such as multiple sclerosis (MS) [223]. In contrast, it has also been re-
ported that in MS affected women underwent to ART, the use of GnRH
analogs seems to correlate with an increase in disease activity [224];
moreover, neurological deficits suggesting MS exacerbation were re-
ported in a case of a woman treated with leuprolide for uterine fibroids
1225],

Considering the involvement of estrogens in neurological disorders
[226] and that pregnancy and delivery may affect MS activity [227],
further studies are necessary to elucidate how GnRH analog-induced
hormonal changes might affect MS course.

5. Conclusions

GnRH analogs (agonists and antagonists) are used in consolidated
therapeutic protocols to restore GnRH insufficiency or suppress fertility
in men and women. GnRH analogs have since emerged as a powerful
tool for treating several diseases not only related to the reproductive
organs but also cancer and neurological disorders. Although many ef-
forts are directed toward developing new non-peptide analogs to ensure
better patient compliance, more in-depth studies and further



L. Casati et al

characterization of the new pharmacological properties and delivery
protocols of the GnRH analogs will enable increasingly efficient use of
these drugs.
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