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Background: Luteinizing hormone-releasing hormone (LH-RH) plays a central
role in the vertebrate reproduction by regulating gonadal activity. Based on
its binding to pituitary LH-RH receptors, as well as to LH-RH receptors
expressed on cancer cells, LH-RH agonists and antagonists have been devel-
oped for different therapeutic applications. Objective/method: Here we give
an overview of the most relevant LH-RH antagonists and their therapeutic
applications. Recently patented compounds as well as drug formulations and
dosage are presented. Conclusion: LH-RH antagonists have found clinical
applications in in vitro fertilization, benign prostatic hyperplasia, endometri-
osis and in the treatment of hormone-dependent tumors. Work in progress is
focused on further development of both peptidic. and orally active
non-peptidic LH-RH antagonists.
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1. Introduction

The hypothalamic decapeptide luteinizing hormone-releasing hormone (LH-RH;
Glp-HisTrp-Ser-Tyr=Gly-Leu-Arg-Pro-Gly-NH,), also called gonadotropin-releas-
ing hormone (GnRH), was discovered in 1971 by Andrew V. Schally and his
colleagues [11. (Schally’s group was the first to accomplish its isolation, elucidation of
structure and synthesis:) The primary biological function of LH-RH is the regulation
of the gonadal activity by releasing gonadotropic hormones, luteinizing hormone
(LH) and follicle stimulating hormone (FSH), from the anterior pituitary gland, that
act on the female and male gonads to trigger the gametogenesis, as well as the synthesis
and release of sex-steroids. Therefore, this neurohormone plays a central role in
vertebrate reproduction [2. LH-RH is secreted in a pulsatile fashion by the hypo-
thalamic neurons [3] and it has a short half-life 7% vivo of 2 — 5 min [4]. Continuous
exposure to LH-RH results in the suppression of gonadotropin and sex-steroid
secretion due to the desensitization of gonadotropic cells and the downregulation of
pituitary LH-RH receptors (LH-RH-Rs) [5]. The observed chemical castration is a
medical approach to therapy of hormone-dependent tumors such as prostate and
breast tumors, benign prostatic hyperplasia, endometriosis and female infertility (6.
Since the discovery of LH-RH, 23 natural isoforms have been identified (7], several
thousand synthetic agonists and antagonists have been developed and some of them
have found therapeutic applications (e.g., buserelin, goserelin, triptorelin and
leuprolide as superagonists; cetrorelix, abarelix and ganirelix as antagonists) [8].

2. LH-RH antagonists versus agonists

By modifying the Gly® and Gly'® in mammalian LH-RH (LH-RH-I), superagonist
derivatives can be produced. Gly® is replaced by D-amino acid derivatives with bulky
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Figure 1. Effect of LH-RH agonists (A) and antagonists (B) on serum hormone levels (e.g., LH, FSH, testosterone, estradiol

levels).

BPH: Benign prostatic hyperplasia; IVF: In vitro fertilization; LH-RH: Luteinizing hormone-releasing hormone.

apolaric side chain (Leu, Trp, Ser(‘Bu), His(Bzl)), while Pro’-
Gly'%-NH, is modified as Pro-NHEt or Pro-Azgly-NH, (.
Compared to the natural LH-RH, five or more substitutions
of the amino acids in positions 1 — 3, 6, 10, (5, 8) are required
for the preparation of antagonists [10].

The main difference between LH-RH antagonists and
agonists is represented by their mode of action on the release
of gonadotropins. After an initial stimulatory effect, the
agonists lead to the desensitization of gonadotropic cells
and to a decrease in the number of LH-RH-R on the cell
membrane (downregulation), followed by the reduction of LH
and FSH release [10,11]. The blockade of the production of
gonadotropins results in the inhibition of sex-steroid produc-
tion. The complete inhibition can be reached in 15 — 20 days,
causing a subsequent delay in the therapeutic benefit
(Figure 1A) [12]. The temporary increase of sex-steroids (e.g.,
testosterone surge) can exacerbate the hormone-sensitive can-
cers and may cause catastrophic flare events such as spinal-cord
compression and urinary-tract obstruction. This clinical flare
should be avoided especially in the case of cancer metasta-
sis [13]. The application of LH-RH antagonists results in an
immediate decrease of LH and FSH levels by a rapid, but
reversible blockade of LH-RH-Rs without any flare
(Figure 1B). However, many of the first and second generation
antagonists showed anaphylactic reactions due to the hista-
mine release, which prevented their application in clinical
trials [10,14]. This side effect was greatly reduced in the third
generation LH-RH antagonists (e.g., cetrorelix, ganirelix).
Some of these antagonists are currently on the market and
others are in clinical trials.

3. LH-RH antagonists

The most promising third and fourth generation LH-RH
antagonists contain Ac-D-Nal-D-Cpa-D-Pal in the N-terminal
part and D-Ala in position 10. In positions 5, 6 and 8, a large

variety of amino acid derivatives have been substituted
(Figure 2). At present, cetrorelix (Aterna Zentaris), abarelix
(Preacis) and ganirelix (Organon, Inc.) are on the market,
while antarelix/teverelix (Ardana), degarelix (Ferring Pharma-
ceutical), ozarelix (£terna Zentaris), ornirelix (Oakwood Lab-
oratories), iturelix (Ares Serono), azaline B and acyline
(NICHD/Salk Institute) are in clinical trials (Table 1) [15-26].

The main areas where LH-RH antagonists are or could be
recommended are the in vitro fertilization (IVF), benign
prostatic hyperplasia (BPH), endometriosis and cancer ther-
apy [10,26-28]. The administration of LH-RH antagonists leads
to a reduction of serum hormone levels in a dose-dependent
manner. Since the hormone level required for various ther-
apeutic applications is different (Figure 1B), the dose of LH-
RH antagonists must be carefully chosen. In the case of IVF,
the complete hormonal withdrawal should be avoided, while
chemical castration is needed for efficient tumor therapy. The
attainment of a low, but not completely reduced hormone
level in BPH and endometriosis is also recommended [12].
Some of the LH-RH antagonists such as cetrorelix and
ganirelix are efficient in IVF and employed for assisted
reproduction technology (ART) treatment [(11. However,
abarelix is not suitable for this application, but it is effective
in tumor therapy [29]. At present, abarelix is the only LH-RH
antagonist clinically used as an antineoplastic agent. The
studies with cetrorelix indicate that the dosage of the LH-
RH antagonist might influence the therapeutic application [12].
A low dose for IVF (clinical application) [11,12], a medium dose
for BPH (Phase III clinical trial) [12,29] and a high dose for the
prostate cancer treatment (Phase I clinical trial) are neces-
sary (12]. However, the high dose might cause unwanted side
effects due to the fact that cetrorelix has higher histamine-
releasing properties than other LH-RH antagonists such as
abarelix, ganirelix and degarelix (301. Therefore, in addition to
new compounds (e.g., degarelix [31], ozarelix [32], non-peptidic
antagonists [33]), most of the recent patents are focused on the
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Figure 2. Chemical structures of LH-RH antagonists.

6Anic: 6-Aminonicotinoyl; Aph: 4-Aminophenylalanine; Atz: 5’~(3’-Amino-1H-1’,2’,4’-triazolyl); Cit: Citruline; Cba: Carbamoyl; Cpa: 4-Chlorophenylalanine; Et: Ethyl;
hArg: Homoarginine; hCit: Homocitruline; Hor: L-Hydroorotyl; iPr: Isopropyl; LH-RH: Luteinizing hormone-releasing hormone; Nal: 2-Naphtylalanine; Nic: Nicotinoyl;

Nle: Norleucine; Pal: 3-Pyridylalanine; Pic: Picoloyl.

development of drug formulations [3435], dosage [36] and a
more convenient route of administration [37,38].

4. LH-RH antagonists for in vitro fertilization

The in vitro fertilization process involves controlled ovarian
stimulation (COS) to stimulate the follicular growth. In fact,
high LH levels have a negative role in the IVF; therefore, the
reduction of bioactive LH in the blood is required [11].
Nowadays, gonadotropins are administered in order to
induce multiple follicular development, whereas LH-RH
analogs are used for the prevention of premature LH
surges in the IVF [10]. Without the application of LH-RH
analogs, LH surges occur in ~ 20% of the stimulated IVF

patients [39.40]. Both LH-RH agonists and antagonists are
used in ovarian stimulation for IVF. Due to their different
mechanisms of action, the antagonists have several advantages
in comparison with the agonists [10.41]. In contrast to LH-RH
agonists, the increase of the premature LH can be prevented
easier and faster by antagonists (within a few hours instead of
7 — 10 days). No hot flushes in patients are observed during
the administration of LH-RH antagonists and the duration
of ovarian stimulation protocols is shortened. However, in
the meta-analysis of Phase III randomized comparative trials
with LH-RH analogs, the induction of clinical pregnancy was
about 3.3% higher in the case of LH-RH agonists [42.43].
Considering these data, there is a general resistance in the
clinic to further explore the use of LH-RH antagonists.
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Figure 2. Chemical structures of LH-H antagonists. (continued).

6Anic: 6-Aminonicotinoyl; Aph: 4-Aminophenylalanine; Atz: 5~(3’-Amino-1H-1",2,4’-triazolyl); Cit: Citruline; Cba: Carbamoyl; Cpa: 4-Chlorophenylalanine; Et: Ethyl;
hArg: Homoarginine; hCit: Homocitruline; Hor: L-Hydroorotyl; iPr: Isopropyl; LH-RH: Luteinizing hormone-releasing hormone; Nal: 2-Naphtylalanine; Nic: Nicotinoyl;

Nle: Norleucine; Pal: 3-Pyridylalanine; Pic: Picoloyl.

Nevertheless, it is believed that the lower efficiency of the
antagonists results from the non-optimal way of comparison.
The authors of that study suggest that the long fixed
antagonist regimen might be better in comparison with
the short or flexible LH-RH antagonist treatment protocols.
Further optimization of the treatment with LH-RH antago-
nists, as well as more (larger) randomized controlled trials are
required in order to evaluate the differences in the pregnancy
rates [11,41]. The

optimization of the antagonist

administration for the treatment of fertility disorders is
the main topic of patent applications in this area [44].

5. LH-RH antagonists in tumor therapy

The application of LH-RH derivatives leads to tumor growth
inhibition in two different ways [45]. First, the indirect effect is
caused by blocking the LH-RH-Rs in the pituitary gland,
followed by the inhibition of gonadotropin and sex-steroid
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Table 1. Chemical structures of clinically used third and fourth generation LH-RH antagonists.

Mez6 & Manea

Compound Amino-acid sequence Ref.
Cetrorelix Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH, [15]
Abarelix Ac-D-Nal-D-Cpa-D-Pal-Ser-N-MeTyr-D-Asn-Leu-Lys(iPr)-Pro-D-Ala-NH, [16]
Ganirelix Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D-hArg(Et),-Leu-hArg(Et),-Pro-D-Ala-NH, [17]
Degarelix Ac-D-Nal-D-Cpa-D-Pal-Ser-Aph(Hor)-D-Aph(Cba)-Leu-Lys(iPr)-Pro-D-Ala-NH, [18]
Teverelix* Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D-hCit-Leu-Lys(iPr)-Pro-D-Ala-NH- [19]
Ozarelix Ac-D-Nal-D-Cpa-D-Pal-Ser-N-MeTyr-D-hCit-Nle-Arg-Pro-D-Ala-NH, [20]
Ornirelix* Ac-D-Nal-D-Cpa-D-Pal-Ser-Lys(Pic)-D-Orn(6Anic)-Leu-Lys(iPr)-Pro-D-Ala-NH, [21]
Iturelix® Ac-D-Nal-D-Cpa-D-Pal-Ser-Lys(Nic)-D-Lys(Nic)-Leu-Lys(iPr)-Pro-D-Ala-NH, [22]
Acyline Ac-D-Nal-D-Cpa-D-Pal-Ser-Aph(Ac)-D-Aph(Ac)-Leu-Lys(iPr)-Pro-D-Ala-NH, [23]
Azaline B Ac-D-Nal-D-Cpa-D-Pal-Ser-Aph(Atz)-D-Aph(Atz)-Leu-Lys(iPr)-Pro-D-Ala-NH, [24]
*Antarelix.

*Orntide.

*Antide or Nal-Lys.

6Anic: 6-Aminonicotinoyl; Aph: 4-Aminophenylalanine; Atz: 5-(3’-Amino-1H-1",2",4’-triazolyl); Cit: Citruline; Cba: Carbamoyl; Cpa: 4-Chlorophenylalanine;
Et: Ethyl; hArg: Homoarginine; hCit: Homocitruline; Hor: L-Hydroorotyl; iPr: Isopropyl; LH-RH: Luteinizing hormone-releasing hormone; Nal: 2-Naphtylalanine;

Nic: Nicotinoyl; Nle: Norleucine; Pal: 3-Pyridylalanine; Pic: Picoloyl.

secretion. Due to the immediate suppression of the gonadal
steroids secretion by LH-RH antagonists, they might be better
candidates for hormonal tumor therapy than LH-RH ago-
nists (46]. Second, the tumor growth can be inhibited by LH-
RH derivatives acting directly on the LH-RH-Rs expressed on
many types of tumors [47.48] (ligand-receptor interactions
induce intracellular signaling pathways). The signal transduc-
tion mechanisms mediated by LH-RH-R on tumor cells differ
from the classical LH-RH-R signals known to operate in the
pituitary 49,501 In the pituitary gland, LH-RH-IRs are pos-
itively coupled to heterotrimeric Gy/11 proteins that activate
the phospholipase C, with consequent Ca** mobilization and
activation of protein kinase C isozymes [51,52]. In cancer cells,
LH-RH-IR couples to multiple G proteins, and the antipro-
liferative signal transduction is mainly mediated through G
protein o [53.54]. On LH-RH-R positive cancer cells, most of
the LH-RH antagonists induce a time- and dose-dependent
inhibition of proliferation indicating that LH-RH antagonists
might act like agonists in tumor cells.

Besides LH-RH-IRs, the presence of an additional receptor
(probably a functional receptor that recognizes LH-RH-II
(Glp-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly-NH,) ora splice
variant of LH-RH-IIR) was indicated in several types of tumor
cells. After the knockout of LH-RH-IR in endometrial and
ovarian cancer cells, the antiproliferative effect of LH-RH
agonist triptorelin was abrogated, while the growth-inhibitory
effect of LH-RH antagonist cetrorelix and LH-RH-II per-
sisted [55]. Therefore, LH-RH-II antagonist peptides (Ac-D-
Nal-D-Cpa-D-Pal-Ser-His-D-Lys-Trp-Tyr-Pro-D-Ala-NH,,
Ac-D-Nal-D-Cpa-D-Pal-Ser-His-D-Lys-Trp-Leu-Pro-D-Ala-
NH,) that have antitumor activity iz vive without side effects
mightbe good candidates for tumor therapy [56]. The synergism
of indirect and direct antitumor activity of LH-RH derivatives
on hormone-dependent tumors has not been studied in detail

yet. However, in the case of steroid hormone-independent
tumors LH-RH agonists and antagonists potentially act only
directly via tumor LH-RH-Rs.

Based on their binding to receptors, LH-RH derivatives can
also be used in targeted tumor therapy. The hormone peptides
are employed as targeting moieties to which cytotoxic drugs are
attached. Currently, only one LH-RH derivative-drug conju-
gate developed in Schally’s group is in Phase I clinical trial. This
compound (AN-152) consists of doxorubicin attached through
aglutaric acid spacer to [D-Lys®]-LH-RH [57,58. Recent patents
claimed LH-RH derivatives including antagonists for the
development of conjugates with disorazoles that have cytotoxic
effect on human tumor cell lines 59). However, only the agonist
[D-Lys’]-LH-RH was mentioned as an example. Targeted
tumor therapy based on LH-RH derivatives opens a new
way for the efficient and selective treatment of cancer. However,
it is still not clear whether LH-RH derivatives with or without
endocrine effect would be preferred for targeting anticancer
drugs [45.60].

6. Cetrorelix (CET)

Cetrorelix, as a third generation LH-RH antagonist, was
developed by S. Bajusz in A. V. Schally’s laboratory in
1988, when he realized that the presence of D-Arg in position
6 of Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D-Arg-Leu-Arg-Pro-
D-Ala-NH, antagonistic LH-RH analog might be responsible
for the oedematogenic effects. The D-isomer of citrulline was
incorporated instead of D-Arg® into the LH-RH antago-
nist [15]. This modification resulted in Ac-D-Nal-D-Cpa-D-
Pal-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH, (SB-75) named
cetrorelix, which did not show any oedematous reaction in rats
at a dose of 1.5 mg/kg. Furthermore, it was completely free of
other toxic effects, such as cyanosis and respiratory depression

1775



Luteinizing hormone-releasing hormone antagonists

leading to death, that were observed in rats after administra-
tion of Ac-D-Nal-D-Cpa-D-Trp-Ser-Tyr-D-Arg-Leu-Arg-
Pro-D-Ala-NH, and other related antagonists. In preclinical
trials, no systemic side effects were found in dogs in both
pharmacological and long-term toxicological safety studies [12].
The synthesis and the important pharmacological actions of
CET provided a basis for the application of LH-RH antago-
nists as therapeutic agents [61]. Cetrorelix (Cetrotide®; ASTA
Medica AG, Frankfurt, Germany) was approved in Europe in
1999 and it was the first LH-RH antagonist to be marketed
worldwide. At present, cetrorelix is approved in > 80 countries
including the USA and Japan for the prevention of the
premature LH surge in COS. Other indications of CET
are sex steroid-dependent benign and malignant conditions,
such as uterine leiyomyoma, endometriosis, benign prostatic
hyperplasia, prostate and ovarian cancers (in these fields CET
still has to be considered as an experimental treatment modal-
ity and it should only be used within clinical studies). In all
countries except Japan, cetrorelix is marketed by Merck
Serono as Cetrotide for use in IVF (in Japan it is marketed
by Shionogi and Nippon Kayaku). Aterna Zentaris (Zentaris
was established in 2001 as a carve out of ASTA Medica AG
and later on it was sold to Aterna Laboratories) receives
royalties on these sales and retains rights to develop cetrorelix
for other indications.

Cetrorelix was found to be stable in aqueous solutions (pH
7.0) at RT for a period of 21 days and to be resistant to
proteolytic degradation by various enzymes, such as chymo-
trypsin, pronase and nargase for up to 50 h at 37°C (2.
However, the tendency for aggregation and gel formation, as
well as adsorption phenomena in general, had to be reduced.
Lyophilization from a propetly acidified aqueous solution
could prevent these problems. CET could be administered
in its acetate form as the physiologically acceptable salt form,
as a reconstitute of a lyophilisate [63]. Alternatively, it could be
applied as a slightly soluble pamoate microparticle formula-
tion, pamoate salt or pamoate suspension, the latter being the
most preferred one [64]. The acidic polyamino acids, poly-
glutamic acid and polyaspartic acid, were used for complex-
ation with CET resulting in a long acting depot system of the
antagonist [65]. It was indicated that a prolonged effect might
also require good solubility of the LH-RH antagonists. In a
recent patent, a new preparation of an injectable solution of
cetrorelix and other antagonists was described (38]. In this
mixture, the aggregation of the antagonists was prevented even
at high peptide concentrations. The application of organic,
physiologically tolerated acids, was preferred for the prepara-
tion of such solutions. Gluconic acid in combination
with surfactants such as Tween clearly improved the solubility
of LH-RH antagonists (e.g., 500 mg CET, 2 g Tween 80,
2.4 g &-lactone of gluconic acid and 95 g of mannitol were
mixed with water for injection purposes to form 2 | of a
homogeneous solution).

Cetrorelix, which bound to LH-RH membrane receptors
on pituitary cells, had a binding affinity ~ 20 times higher than

the native LH-RH and twice that of the superagonist Buserelin
or another investigated antagonist derivative, iturelix. The
usefulness of CET in controlled ovarian stimulation for
assisted reproductive techniques (COS/ART) was based on
the effective suppression of endogenous LH at a low hormone
antagonist concentration, while the suppression of FSH level
was not so pronounced [66]. High LH serum concentration
might have deleterious effects on the quality of oocytes and
reduce pregnancy rates by increasing the progesterone con-
centration. The minimal effective dose of CET that could
prevent premature LH surges and necessary to obtain a good
quality of oocytes was 0.25 mg/day using s.c. administration
(starting on day 5 or 6 of ovarian stimulation with gonado-
tropins). In case of a single-dose regimen, 3 mg dose was
necessary for efficiency (on day 7) [10,67). The optimization of
the treatment was patented [44]. No significant difference in
preventing the premature LH surge was observed using either
multiple-dose or single-dose regimens. The single-dose regi-
men had the advantage of simplicity; however, an estradiol
(E2) decrease was detected in some patients.

Cetrorelix has been tested in various diseases of reproduc-
tive organs like uterine myoma, benign prostatic hyperplasia,
ovarian and prostatic cancers. CET (5 mg twice daily for the
first 2 days, thereafter 0.8 mg twice daily for 3 months) led to
an effective reduction in size and vascularity of the uterus in a
shorter treatment period in comparison with LH-RH agonists.
The shrinkage of the myoma (uterine volume changed from
395.4 £ 69.2 t0 230.8 = 52.6 ml in an average of 16 patients)
without complete suppression of E2 (>50 pg/ml) was
obtained after a 4-week treatment period in a clinical trial
using CET depot formulation [68].

To avoid hormone-withdrawal symptoms such as hot
flushes and impotence, incomplete testosterone suppression
might be sufficient in BPH. The application of CET with a
short-term treatment could be effective in this case, as well. In
a trial using s.c injections of 1 mg/day CET for 4 weeks, a
shrinkage of the prostate and a major improvement of urine
flow were observed; nevertheless, the serum concentration of
testosterone was lowered only by ~ 50% [69). The improve-
ment of BPH symptoms lasted for several months and it was
independent on the prostate size at the study entry. CET is
currently undergoing an extensive Phase III clinical trial for
the treatment of symptoms associated with BPH.

Cetrorelix, at a dose of 10 mg/day s.c., was shown to be more
active on patients with ovarian cancer than an agonistic com-
pound (Phase I/II clinical trial). About half of the patients
having progressive disease showed a partial remission or stabi-
lization of their disease [10]. The results were very encouraging
and the treatment was further optimized. It was indicated that
CET had not only indirect antitumor effect on ovarian cancer
cells by suppressing the gonadotropins, but also showed direct
antiproliferative activity on them. It was reported that LH-RH
receptors were expressed in ~ 80% of ovarian cancer cells.
Furthermore, experimental data showed that the growth of
these receptor positive cells could be inhibited by LH-RH
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analogs. LH-RH antagonists might also act in tumor cells as
agonists either through an additional receptor that recognizes
LH-RH derivatives or by a different signal transduction path-
way induced by type-I LH-RH receptor [54,55]. The results of
antiproliferative studies on LH-RH-IR knockout cells suggested
that the antiproliferative effects of CET were not or not only
mediated through the LH-RH-IR. However, the elucidation of
the mechanism of action requires further investigations.

In the case of patients with biopsy-proven prostatic cancer,
a dose of 0.5 mg CET s.c. twice daily for 6 weeks was
administered. The testosterone level decreased immediately
to subnormal concentrations, reaching a nadir after 6 — 12 h
and after 6 weeks of therapy the total serum testosterone level
was below the castration concentration (2 nM). Better results
and faster achievement of the castration concentration was
obtained using a dose of 10 mg daily for 2 — 5 days followed by
a daily dose of 1 — 2 mg to maintain the castration concen-
tration of testosterone. During the treatment, fast improve-
ment (in about 1 week) of disease-related symptoms (bone
pain, paraeshesia and paraplegia relief of urinary flow obstruc-
tion) was observed. A progressive decrease in the prostate
volume was obtained after the second week of treatment [12].
Other treatment protocols have been developed and patented.
For example, a treatment scheme comprised the following
steps: i) the administration of an initial dose of LH-RH
analogs over a first period, this dose being sufficient to achieve
hormonal castration; ii) the administration of a maintenance
dose of an LH-RH antagonist over a second period; and iii)
optionally, the repetition of steps i) and ii) [36].

The advantage of CET in comparison with LH-RH ago-
nists is that no co-medication with anti-androgens is required.
Consequently, the cost difference between the treatments with
the more expensive CET and LH-RH agonists decreases.

Recently, it has been demonstrated that cetrorelix affected
brain function and it was able to correct the impairment of the
memory consolidation caused by the B-amyloid 25 — 35 (7).
CET also elicited anxiolytic and antidepressive action, but it
did not influence the open-field activity. Further experimental
work with cetrorelix is necessary; however, these patented
results suggest that the inhibition of gonadotropins could
represent a new target for the therapeutic intervention in
anxiety, depression and Alzheimer’s disease [71].

7. Abarelix

Abarelix  (Ac-D-Nal-D-Cpa-D-Pal-Ser-N-MeTyr-D-Asn-
Leu-Lys(iPr)-Pro-D-Ala-NH,) differs from cetrorelix in posi-
tions 5, 6 and 8, where Tyr” is replaced by N-MeTyr, D-Cit®
by D-Asn and Arg8 by Lys(iPr) [16]. Abarelix efficiently
decreases not only the LH but also the FSH secretion, effect
which is significantly higher than that caused by cetrorelix.
This effect prevents the application of abarelix in COS/ART
procedure in which the decrease of FSH is not preferred.

It was shown that FSH could stimulate the proliferation of
human androgen-resistant prostate cancer iz vitro (72). This

Mez6 & Manea

observation suggested that LH-RH antagonists having not
only LH but also significant FSH suppression effect might
have clinical implications in cancer therapy [26,29]. Methods for
treating FSH-related conditions (e.g., prostatic intraepithelial
neoplasia, prostate-, testicular-, ovarian-, and breast cancers,
benign prostatic hypertrophy, endometriosis, uterine fibroids,
premenstrual syndrome, polycystic ovary syndrome, pituitary
gonadotropin tumors) by LH-RH antagonists suitable for
in vivo use have been recently patented [73]. Abarelix was
very efficient for the treatment of prostate cancer and it was the
only LH-RH antagonist introduced into the market as an
antineoplastic agent.

In comparison with the LH-RH agonists (e.g., leuprolide),
the administration of abarelix resulted in an immediate
decrease of LH, testosterone (T), dihydrotestosterone
(DHT) and prostate-specific antigens (PSA) levels. By day 8
after abarelix administration, ~ 75% of the patients reached the
castrate levels of testosterone (<5 ng/ml) without testosterone
surge compared with 0% of LH-RH agonist-treated
patients [74]. Abarelix given as a 50 pg/kg/day s.c. infusion
over 3 months was sufficient to produce clinically significant
effects [75]. Furthermore, the depot formulation of abarelix led
to the elevation of its bioavability. The comparison between a
single dose of 15 mg/kg abarelix injectable solution and 100 mg
abarelix depot showed the advantages of the depot formula-
tion [76]. The half life of abarelix was 5.3 h at the single injection
and 13.2 days at abarelix depot administration. In the first case,
the mean inhibition of T, DHT, LH and FSH was 76.5, 65.2,
76.5 and 33.6%, respectively. Significantly higher inhibition of
these biomarkers (especially FSH) was detected using the depot
form of abarelix (93.6, 88.5, 94.6 and 71.2%, respectively) [771.

Compared to LH-RH agonists, abarelix showed clear ben-
efits such as the absence of flare, rapid downregulation, the
avoidance of combination therapy with anti-androgens (e.g.,
flutamide, bicalutamide), that improved compliance,
decreased side effects and lowered the costs. Abarelix was
well tolerated in both injectable solution and depot form; no
antibody production was detected and no significant hista-
mine release was observed during the treatments. However,
some disadvantages limited its clinical use. The most fre-
quently reported adverse events were decreased libido or
symptoms of upper respiratory tract disorders (bronchitis),
fever, headaches and hot flushes. Due to these side effects, in
2003 FDA approved the application of abarelix (Plenaxix®)
only for patients with advanced, symptomatic prostate cancer
who could not have or who refused other treatments. The
administration of abarelix could also be associated with an
acute systemic allergic reaction (1.1% of the treated patients)
occurring within 8 min after injection [26,78]. Therefore, in
2005 Praecis Pharmaceuticals voluntarily discontinued the use
of abarelix in the US and abarelix was not applied for cancer
therapy any longer. In the same year, abarelix was approved in
Germany under the license of Speciality European Pharma.

Some of the side effects derived from the androgen decline,
suppression or abrogation might be reduced by applying a
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composition consisting of a selective androgen receptor
modulator (SARM) and an LH-RH antagonist [79].

8. Ganirelix

In the early 1990s, J. Nestor and his colleagues prepared
various LH-RH antagonists with the aim of generating com-
pounds that had not only decreased mast cell degranulation
potency resulting in lower histamine release and allergic side
effects, but also increased antiovulatory potency [17]. This dual
activity was needed because of the fact that previous LH-RH
antagonists required substantially higher doses (5 — 20 mg/
day) than those of agonists (< 1 mg/day) in their paradoxical,
antifertility applications. The work of Nestor e a/. led to the
identification of ganirelix (Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-
D-hArg(Et),-Leu-hArg(Et),-Pro-D-Ala-NH,),  compound
which had the above-mentioned properties and underwent
advanced pharmacological studies.

Ganirelix acetate acted by competitively blocking the LH-
RH-Rs on the pituitary gonadotroph and subsequent trans-
duction pathway. It induced a rapid, reversible suppression of
gonadotropin secretion (LH was more pronounced than
ESH). The administration of ganirelix acetate did not result
in an initial release of endogenous gonadotropins, indicating
an antagonistic effect. Upon discontinuation of ganirelix
acetate, pituitary LH and FSH levels were fully recovered
within 48 h. The effective dose of ganirelix acetate was 250 pg/
day using s.c. injection [65].

The elimination half-life of ganirelix after single dose
administration was about 13 h, which was longer than that
of cetrorelix (between 5 and 10 h). However, both compounds
seemed to be equipotent regarding gonadotropin suppression,
being fully effective within 4 — 8 h after administration [80].
Ganirelix is marketed by Organon International as Antagon®
and primarily used in assisted reproduction to control
ovulation.

During the last years, the main research direction with
ganirelix was to optimize its use in clinical treatments.
Recently, it has been indicated that without some cycle
programming methods such as oral contraceptive (OC) pre-
treatment, the timing of oocyte retrieval or intrauterine
insemination (IUI) was dependent on the onset of the men-
strual cycle, making antagonist regimens less attractive for
programs and patients who needed the flexibility of scheduling
of these procedures. Unfortunately, OC pretreatment com-
bined with a full dose of antagonist (250 pg/day) caused a
marked suppression of LH levels, and in some women
increased early pregnancy loss [81]. Although supplementing
LH might apparently counteract these adverse effects (s2], the
addition of another medication would complicate the con-
trolled ovarian hyperstimulation procedure. Meldrum et al.
suggested that OC pretreatment with half of the usual dose of
ganirelix (125 pg/day) could be an excellent choice for patient-
friendly reduced stimulation IVF or for IUI cycles where
flexibility was required for scheduling (s3].

In order to be suitable for IUT, further studies of the optimal
starting dose of FSH and/or a later onset of stimulation
following cessation of OC are necessary.

9. LH-RH antagonists: new candidates for
clinical applications

The development of new LH-RH antagonists is mainly
focused on the improvement of the duration of action.
Azaline B and acyline that differ from abarelix in positions
5 and 6 (Table 1) are among the most potent long-acting
derivatives; however, their relatively low solubility prevents the
effective use in clinically acceptable volumes (s.c. administra-
tion) in order to achieve the inhibition of gonadotropins for 4
weeks. There is an inverse relationship between the concen-
tration and the bioavailability in the case of these com-
pounds (84]. Further improvement of LH-RH antagonists
has to be focused on the increase of the solubility of the
long-acting compounds.

One of the most potent LH-RH antagonists as a candidate
for future clinical use is degarelix developed by Jiang e# a/. [18].
They introduced urea and carbamoyl functionalities in posi-
tions 5 and 6 (~ 40 new derivatives were prepared), which
prevented the formation of B-structures that were shown to be
responsible for gel formation [85]. Some of these compounds
had solubilities as high as 50 mg/ml, and they commonly
might be used as 5 — 10 mg/ml solutions at pH 5.4. Studies of
administrations suggested that 2.5 mg/ml parenterally and
1 mg/ml s.c. administration in appropriate solutions could be
used without the danger of gelling at the point of injection (86].
It was found that degarelix was not only more soluble than the
above-mentioned antagonists but also its activity lasted much
longer. It was also hypothesized that the ability of the new
compounds to form hydrogen bonds increased both their
solubility and the intermolecular structure stabilization
between the peptide and its receptor. Nevertheless, the affinity
of degarelix for the LH-RH-R was not significantly different
from that of ganirelix, abarelix, cetrorelix, etc., meaning that
the receptor affinity was not responsible for the increase in the
duration of action [18,30]. Using a dose of 2 mg degarelix/kg
body weight s.c. abolished the plasma testosterone level (below
the castration level) till the day 50. Furthermore, in contrast to
cetrorelix and similarly to abarelix, degarelix had only weak
histamine-releasing properties in vizro (ECsq values for cetror-
elix, ganirelix, azaline B, abarelix, degarelix was 1.3, 11, 19,
100, 170 pg/ml, respectively).

In the last years, the dose of degarelix was optimized in
various clinical trials for prostate cancer [87]. Evidence accu-
mulated to date indicated that an initial dose of 240 mg with a
maintenance dose of 80 and 160 mg degarelix every 4 weeks
was the optimal dose to achieve clinically relevant testosterone
suppression. The recent large, randomized Phase III study
in patients with prostate cancer provided preliminary evi-
dence for the potential advantages of degarelix over LH-RH
agonists [88,89]. Despite the disadvantage that degarelix is
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Figure 3. Chemical structures of various classes of non-peptidic luteinizing hormone-releasing hormone antagonists.

currently available only as an 1-month formulation, it has
been approved by the FDA for the treatment of advanced
prostate cancer in December 2008 and its approval by the
European Medicines Agency has been recommended [90].
A lot of effort was undertaken to increase the efficacy,
solubility and enzymatic stability of degarelix. In a recent
study, 31 degarelix analogs were prepared; however, none of
them was better than degarelix itself [91]. Nine new azaline B
analogs (azaline B differs from degarelix in the substitution of
Aph derivatives in positions 5 and 6) were also synthesized;
however, they did not provide better results either [92].
Based on the study of the structure—activity relationship of
cetrorelix analogs (linear, branched and cyclic peptides),
ozarelix as a highly water soluble LH-RH antagonist was
also prepared [20]. Ozarelix had similar binding affinity and
antagonistic potency to LH-RH-R as cetrorelix. However,
high binding affinity and antagonistic potency in vitro were
no guarantee for long duration of testosterone suppression
in vivo. The serum testosterone concentration increased from
the castration level up to the normal level in 4 days in the case
of ozarelix and in 15 days in the case of cetrorelix. This
difference could be explained by the pharmacokinetics of the
compounds. Peptides like cetrorelix injected subcutaneously
formed a local depot and small amounts of antagonist were
continuously released. In contrast to cetrorelix, ozarelix was
not detected in rat serum after 24 h using 0.4 mg/kg s.c.
Thus, solubility in aqueous buffers is one important factor for
peptide bioavailability (the solubility of these peptides in

aqueous buffers was quite different: 0.002 mg/ml for cetror-
elix and 0.75 mg/ml for ozarelix). In a patent on the
preparation of injectable solutions it was mentioned that
50 ml clear solution could be prepared from 500 mg
ozarelix [39].

Ozarelix might be very effective for the treatment of BPH
and it is in Phase II clinical trial as lead compound of Aterna
Zentaris [93]. Patented results indicated that ozarelix was well
tolerated and had statistically significant as well as clinically
meaningful efficacy in the treatment of lower urinary tract
symptoms secondary to BPH [94].

10. Orally active non-peptidic antagonists of
LH-RH receptors

Peptidic LH-RH antagonists are usually administered by s.c.
or i.m. injection or by a sustained delivery system. However,
in the last years intensive research were undertaken to
develop small organic molecules that could antagonize
the LH-RH receptors and had the potental to be orally
bioavailable.

The oral route of administration represents the easiest way of
treatment and the most convenient one for the patients.
Furthermore, the oral administration provides a level of control
over the degree of pituitary suppression that is simply not
available with the down-regulating agonists or one-size-fits-all
antagonist depot. The major reason for the development of

non-peptidic LH-RH antagonists is that both peptidic
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superagonists and antagonists of LH-RH have poor
pharmacokinetic and bioavailability properties when taken
orally [95].

Recently, different chemical classes of non-peptidic LH-
RH antagonists have been described. A detailed list of the
compounds as well as the corresponding references and 31
patents have been presented in a recent publication [96].
Thienopyrimidinediones, thienopyridinones, quinolinones,
indoles, furamides, uracils, benzimidazoles, piperazinylbenzi-
midazoles, etc. were found as effective LH-RH receptor blockers
in nM and pM range [95-97). The activity of these structurally
diverse compounds (Figure 3) on a single receptor might be
explained by their binding to different subregions of the receptor
active site. Due to the structural diversity of these compounds,
their selectivity that might be much lower than in the case of
peptides should be carefully studied. Despite the broad chemical
diversity of high affinity ligands to human LH-RH-R, very few

have led to drug candidates and entered clinical trials so far. One

reason might be that small molecule association with LH-RH-R
can be species selective. Therefore, many compounds may
require preclinical studies in expensive monkey models.

Neurocrine Biosciences, Inc., reported on elagolix (Sodium
R-(+)-4-{2-[5-(2-Fluoro-3-methoxyphenyl)-3-(2-fluoro-
6-[trifluoromethyl]-benzyl)-4-methyl-2,6-dioxo-3,6-dihydro-
2H-pyrimidin-1-yl]-1-phenylethylamino}butyrate) (Figure 4)
which is currently in Phase II clinical trial in women with
endometriosis [9899]. The first reported results showed that
elagolix was well tolerated and bioavailable after oral admin-
istration. Serum gonadotropins declined rapidly without any
flare. Daily (50 — 200 mg) or twice-daily (100 mg) admin-
istration for 7 days maintained low estradiol levels (17 £ 3 to
68 + 46 pg/ml) in most subjects during late follicular phase.
Furthermore, the effects of the compound were rapidly
reversed after discontinuation [100].

Preclinical and clinical studies that are in progress will reveal
in the future whether the non-peptidic LH-RH antagonists are
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more advantageous than the peptide based therapy of IVF,
BPH, and cancer.

11. Expert opinion

The hormone-dependent tumors such as breast, prostate and
endometrial cancers are widespread especially in developed
countries and are a major cause of mortality in many cases.
The hormone therapy alone or in combination with surgery,
irradiation or chemotherapy represents a main treatment modal-
ity. Hormone therapy is also beneficial in treating benign pros-
tatic hyperplasia and endometriosis, as well as in in vigro
fertilization, events that depend either directly on the gonado-
tropin hormones or on their influence on the sex-steroid hor-
mones. Therefore, the treatments are based on the reduction of
the gonadotropin level in the blood. The evidence that LH-RH
agonists and antagonists influence the gonadotropin secretion
makes these compounds lead structures for the development of
therapeutic agents. The advantages of antagonists over agonists
are clearly due to the avoidance of the ‘flare-up effect’ caused by
the agonists. However, some drawbacks of the antagonists such as
allergic side reactions, low solubility and unclear treatment
schedules make the agonists still more attractive for various
clinical applications. The development of effective LH-RH
antagonists and consequently the patent claims in this area are
focused on minimizing the histamine release and allergic side
reactionsaswell ason increasing their solubility. Furthermore, the
optimization of the treatment schedules is an important issue.

Mez6 & Manea

Up to now, 10 — 15 third and fourth generation LH-RH
antagonists selected from hundreds of compounds are on the
market (cetrorelix, ganirelix and abarelix) or in clinical trials.
These compounds differ mainly in the amino acid derivatives in
positions 5 — 8. It seems that it is more and more difficult to
design better compounds than the ones currently in clinical use,
without modifying the essential parts (sequences 1 — 4 and
9 — 10) of the antagonists. Cetrorelix and ganirelix are very
efficientin IVF. However, in tumor therapy in which high doses
should be applied, the insolubility of the compounds as well as
the increased histamine release might limit their efficacy with-
out finding a good formulation for ‘patient friendly’ treatment.
The example of abarelix which was withdrawn in the USA
because of allergic side reactions warn us that only compounds
without significant side effects might be good drug candidates.
Degarelix and ozarelix have increased solubility and have less
effect on histamine release; thus, these two compounds might be
the most potent analogs in the future.

The fact that LH-RH analogs have direct antiproliferative
effect on cancer cells, which is mediated through the LH-RH-
Rs, has open a new direction in the therapeutic applications of
LH-RH derivatives. The synergism of indirect and direct
antitumor activity of LH-RH derivatives, as well as the
combination of compounds that have indirect and direct
effect on tumor cells, should be studied in detail in order
to increase their efficacy.

Recently, numerous non-peptidic LH-RH antagonists have
been developed, but only a few of them are currently in clinical
trials. The results of these studies will show whether they are
suitable for the treatment of reproductive disorders. However, it
is evident that peptides are usually more selective than the small
organic compounds. Nevertheless, the attractive choice of oral
administration suggests the merit of further development of
orally active non-peptidic LH-RH-R blockers.
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