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Relaxin family peptide receptors are a recently de-orphanized group of G-protein coupled
receptors with great potential as therapeutic targets for the treatment of anxiety,
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The relaxin family peptides have distinct expression profiles and
physiological functions. Several of them are the cognate ligands for 4 G-
protein-coupled relaxin family peptide receptors (RXFPs; formerly LGR7,
LGRS, GPCR135, GPCR142). The relaxin/RXFP1 system has roles in
reproductive physiology but is also involved in fibrosis, wound healing
and responses to infarction. Relaxin has a potential use in congestive heart
failure where fibrosis plays an important role in organ failure. The INSL3/
RXFP2 system has biological roles in reproductive biology that may have
limited therapeutic potential. However, the recently characterized relaxin-
3/RXFP3 system is important in stress/anxiety and body composition.
RXFP3 receptor antagonists are potentially novel anti-anxiety and anti-
obesity drugs.

Relaxin is a hormone that was discovered in 1926 as a substance influencing the function of the
reproductive tract [1]. Subsequently it was discovered to be a peptide with a two chain structure
very similar to insulin [2], although relaxin diverged from insulin early in vertebrate evolution to
form the separate relaxin peptide family [3,4]. This peptide family is encoded by seven genes in
humans, the relaxin genes RLN1, RLN2 and RLN3 and the insulin-like (INSL) peptide genes INSL3,
INSL4, INSL5 and INSL6. Although these peptides display relatively low primary amino acid
sequence homology, phylogenetic analysis indicates that they all evolved from a RLN3 ancestral
gene [4], but subsequently many have been shown to have distinct expression profiles and
biological functions. The receptors for relaxin [5], relaxin-3 [6,7], INSL3 [5,8,9] and INSLS [10]
have all been recently ‘de-orphanized’. It was originally thought, on the basis of the close

Corresponding author: Summers, RJ. (Roger.Summers@med.monash.edu.au)
8These authors contributed equally to the writing of this manuscript.

EMMA T. VAN DER
WESTHUIZEN
completed her Bachelor of
Science degree with |stclass
honours (pharmacology)

at the University of
Melbourne. In 2004, she
received a National Health
and Medical Research
Council of Australia Dora Lush (biomedical)
post-graduate scholarship to conduct her PhD
research at Monash University. She has been a finalist
for ASCEPT student prizes at two meetings
(runner-up in 2005) and in 2007 won the ASCEPT oral
prize for the best student oral presentation at the
2007 Molecular Pharmacology of G Protein-Coupled

Receptors Symposium. Emma will complete her PhD
in 2008, and will continue her studies on G
protein-coupled receptor signalling as a post-doctoral
fellow in the Institute for Research in Immunology and
Cancer, University of Montreal.

MICHELLE L. HALLS
completed her Bachelor of
Biomedical Science degree
with st class honours at
Monash University in 2002,
during which she was
awarded the Biomedical

Science 2nd Year Prize, the
Sir John Monash Award, the
Geoff Bentley Prize and the Alan Boura Prize. During
her PhD she was supported by an Australian
Postgraduate Award and a Postgraduate Excellence
Award from the Faculty of Medicine, Nursing and
Health Sciences. Michelle was awarded the ASCEPT
Oral Prize in 2005 and in 2007, the British
Pharmacological Society Oral Prize and the Drug
Discovery Biology Initiative Student Poster Prize.
Since receiving her PhD, Michelle has received an
Australian National Health and Medical Research
Council Overseas Biomedical Fellowship and the
Mollie Holman Medal for the best PhD from the
Faculty in 2007. She will continue her postdoctoral
studies at the University of Cambridge in 2008.

640 www.drugdiscoverytoday.com

1359-6446/06/$ - see front matter © 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2008.04.002


mailto:Roger.Summers@med.monash.edu.au
http://dx.doi.org/10.1016/j.drudis.2008.04.002

Drug Discovery Today * Volume 13, Numbers 15/16 * August 2008 REVIEWS

() }\}é\?‘/\% (
R &

b)

Drug Discovery Today

Structural comparison of relaxin, relaxin-3 and INSL3. The structure of relaxin (A) from X-ray diffraction studies and of relaxin-3 (B; PDB code 2FHW) and INSL3 (C;
PDB code 2H8B) using NMR were modelled using PyMOL software. For all peptides the A-chain is shown in orange and the B-chain in blue; di-sulphide bonds are
shown in green; the relaxin receptor binding motif (Arg, Arg, lle) is shown in red, and the tryptophan essential for INSL3 receptor binding shown in cream.

resemblance between relaxin and insulin that the receptors for tive tissues [11,12] and cell lines [13]. It is now known that, in spite
relaxin and INSL3 were likely to be related to the known insulin of their structural similarity, relaxin and insulin family peptides
(tyrosine kinase) receptors. This did not, however, sit comfortably have quite distinct signalling mechanisms: the relaxin family
with evidence that relaxin caused increases in cAMP in reproduc- peptides activate the G protein-coupled relaxin family peptide
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Schematic diagram of a type C LGR. RXFP1 and RXFP2 are classified as type C LGRs. These receptors have a large and distinctive ectodomain encompassing an
LDLa module at the extreme N-terminus (green line), followed by 10 LRR (LRR domain; coloured orange), a unique hinge region leading into the transmembrane
domain (seven transmembrane helices coloured blue), and an intracellular C-terminal tail. Inset - structure of the RXFP1 LDLa module. The NMR solution structure
of the RXFP1 LDLa module (PDB code 2JM4) modelled using PyMOL software. The basic chain structure is shown in green, with cysteine residues highlighted in
red, and the calcium ion required for correct structure shown in blue. The module runs from N-terminus (left side) to the C-terminal region around the calcium ion.
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receptors (RXFP) 1-4, whereas the insulin group activates tyrosine
kinases [14]. There is now increasing interest in the RXFP recep-
tors, a group of four receptors comprising the leucine-rich repeat-
containing RXFP1 and RXFP2, and the small peptide-like RXFP3
and RXFP4 [15]. The interest stems largely from the increasing
realisation that the relaxin family peptides and their receptors
have important roles in a wide variety of physiological processes
(Figures 1-4).

Relaxin family peptides

The relaxin family peptides are a sub-group of the relaxin-insulin
peptide family. All peptides within this family have a uniform two-
chain structure, with two inter-chain and one intra-chain disul-
phide bond. In the human there are seven relaxin family peptides:
the human gene 1 (H1-relaxin), human gene 2 (H2-relaxin, com-
monly referred to as relaxin and equivalent to other species’
relaxin-1) and human gene 3 (H3-relaxin), and the insulin/
relaxin-like peptides INSL3, INSL4, INSLS and INSL6. Relaxins
(including H1, H2 and H3-relaxin) are distinguished by the relaxin
receptor-binding motif Arg®'?, Arg®'’, 11e®*® located within the B
chain [16,17].

There is a relatively limited, but ever-expanding, knowledge
base for this peptide sub-family. Only a limited number of these
peptides currently have defined physiological roles. Although
relaxin was initially identified for its influence on parturition in
guinea pigs [1], it now has recognized roles in a number of
physiological systems including the cardiovascular, renal and
reproductive systems, and also in fibrosis and allergic responses
[2,18-23]. Relaxin-3 is principally a brain peptide modulating
stress and body composition; and INSL3 is responsible for devel-
opment of the gubernaculum during testis descent and has roles in
both male and female germ cell function. Currently, only four of
the peptides have identified receptors, although there is a degree of
cross-reactivity between peptides and receptors.

The relaxins: relaxin and relaxin-3

In humans, unlike many other species, the levels of circulating
relaxin peak during implantation and, thus, the peptide is unlikely
to have a major role in childbirth. Relaxin is expressed in a wide
variety of human tissues [15] and is considered to be the main
circulating relaxin. Relaxin and its receptor are often involved in
pathologies that are considered to be age-related, such as fibrosis,
wound healing and responses to infarction and are, therefore,
likely to represent important pharmacological targets for the
treatment of those diseases that may be more prevalent in the
elderly [24].

A role for relaxin in protecting several organs from the progres-
sion of fibrosis has received strong support from studies with the
relaxin knockout mouse that displays a number of changes includ-
ing: increased lung, renal and ventricular collagen deposition
(fibrosis) with age in males [25-28]; increased pulmonary and
dermal fibrosis leading to skin thickening in ageing males and
females [27,28]; increased lung collagen in a model of allergic
airway disease [29]; cardiac hypertrophy and airway fibrosis [30]
and increased collagen accumulation in a model of tubulointer-
stitial fibrosis, a hallmark of progressive renal disease [31]. Thus,
the increased degree of fibrosis associated with relaxin knockout
mice in all of these experimental models suggests that the receptor

for relaxin has therapeutic potential as a target for agents focussed
against fibrosis associated with a broad range of diseases.

Although relaxin-3 is the most recently identified relaxin family
peptide [32], phylogeny of the relaxin peptide family suggests that
it is the ancestral relaxin peptide [3,32]. Relaxin-3 is predomi-
nantly localized in the neurones of the nucleus incertus (NI)
[32,33]. The role of relaxin-3 is currently defined by the regional
distribution of RXFP3 receptors (see below) and data from rat
models. In rat forced swim tests, there is increased relaxin-3 mRNA
transcription 6 h following the stress [33] suggesting a role for
relaxin-3 in stress and anxiety. In addition, injection of relaxin-3
into the paraventricular nucleus increases feeding in satiated rats,
suggesting a role for relaxin-3 in appetite regulation [34]. Thus,
RXFP3 receptors have significant therapeutic potential as a target
for the design of anti-anxiety or anti-obesity agents.

The insulin-like peptides: INSL3 and INSL5
INSL3 was confirmed as the ligand for RXFP2 after the observation
that both INSL3 and RXFP2 male knockout animals exhibited
cryptorchidism [8,35,36]. INSL3 influences oocyte maturation in
females and male germ cell survival [37]. Thus, RXFP2 has ther-
apeutic potential as a target, not only as a treatment for cryptorch-
idism but also, as a male contraceptive, or to enhance fertility.
INSLS was identified in a human colon ¢cDNA library [38], but is
a non-functional pseudo-gene in dogs and rats [39]. Although
INSLS is expressed in human colon and uterus [3,38], the function
of this peptide remains unknown.

Relaxin family peptide receptors (RXFPs)

RXFP1 and RXFP2

RXFP1 (LGR7) and RXFP2 (LGRS) are class C leucine-rich repeat-
containing G protein-coupled receptors (LGRs), which share 60%
amino acid sequence identity [5]. Both receptors possess the
typical seven transmembrane spanning regions of GPCRs, and a
unique ectodomain containing 10 leucine rich repeats (LRRs) and
an LDL class A (LDLa) module at the extreme N-terminus. The
LDLa module distinguishes RXFP1 and RXFP2 from other LGR
receptors and indeed all other GPCRs.

RXFP1 receptors from human, rat and mouse all bind relaxin
and relaxin-3 peptides with high affinity [40]. This high affinity
binding involves the Arg-X-X-X-Arg-X-X-Ile/Val motif in the B
chain of the peptides [16,17]. INSL3, INSLS and INSL6 lack this
specific motif and have a very poor affinity for RXFP1. INSL3 is a
high affinity agonist at RXFP2 receptors from human, rat and
mouse [41] and again, high affinity binding is mediated by specific
residues in the B chain of the peptide. Arg-B16 and Trp-B27 are,
however, the most important contributors to the binding energy
with His-B12, Arg-B20 and Val-B19 all making minor contribu-
tions [42]. Relaxin peptides from some species are high affinity
RXFP2 agonists, as they contain the critical Arg-B16 and Trp-B27
residues, whereas rodent and rhesus monkey relaxin that lack Trp-
B27 have a very poor affinity for RXFP2 [41,43].

Binding and activation of RXFP1 and RXFP2 by relaxin and
INSL3 occurs via a three-step mechanism [16,43-45]. Primary
ligand binding is between the critical B chain residues of the
peptides and the LRRs of the ectodomain [46]. There is a secondary
lower affinity binding site in the transmembrane exoloops [43,45],
which potentially involves residues in the A chain of the peptide.
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Signalling pathways activated by RXFP1 (A). Relaxin, relaxin-1 and relaxin-3 can all bind to RXFP1. Activation of the receptor allows coupling to Ga,s and Gag that
activate and inhibit adenylate cyclase respectively, to cause an overall accumulation of cCAMP. With time, RXFP1 recruits coupling to Gaz to increase cAMP
accumulation further via GBy-PI3K-PKC{. Although the precise mechanisms are as yet undefined, the receptor may also signal via nitric oxide (NO), ERK1/2,
tyrosine kinase (TK), phosphodiesterase (PDE) inhibition, or even through direct peptide-induced activation of the glucocorticoid receptor (GR). Signalling
pathways activated by RXFP2 (B). INSL3 and relaxin can bind to RXFP2 to activate the receptor and allow coupling to Gas and Gaeg in much the same manner as
RXFP1. In HEK293 cells the overall effect is cCAMP accumulation but in contrast to RXFP1 there is no delayed coupling of RXFP2 to Gas. Signalling pathways
activated by RXFP3 and RXFP4 (C). Relaxin-3 can bind to RXFP3, with relaxin-3 acting as an agonist and inhibiting cAMP production via Gai/,. INSL5 acts as an
antagonist of the relaxin-3 inhibition of cAMP production. Internalisation or movement into lipid-rich signalling complexes likely occurs since RXFP3 can activate
two pathways leading to phosphorylation of ERK1/2 via Raf and MEK: a major pathway via PKC, and a minor pathway via PI3K and Src. Both relaxin-3 and INSL5 can
bind to RXFP4, and this receptor inhibits CAMP accumulation via Gaj/o.
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Tissue localisation of relaxin family peptides and their receptors with their known functions. Relaxin-3 (H3 relaxin in humans) is predominantly expressed in the
brain where it acts on RXFP3 receptors in the brain to increase food intake. mRNA levels of relaxin-3 are increased in stressed rats suggesting a role in behavioural
responses to stress. Relaxin (H2 relaxin in humans) is mainly produced by the ovary, where it is secreted into the circulation to act on RXFP1 receptors located at
many sites in the body. One of the major general actions of activation of RXFP1 receptors is to decrease fibrosis in many tissues. INSL3 is produced by the Leydig
cells of the testis, and is also secreted into the circulation. It acts on RXFP2 receptors in the gubernaculum to facilitate testicular descent into the scrotum. INSL5
and RXFP4 receptor mRNA expression has been determined by RTPCR, and shows high concentrations in kidney, colon and lympohocytes with more modest
amounts in brain, prostate, ovary, thyroid and placenta, spleen and pituitary. Receptor protein expression at these sites remains to be confirmed as are the

functions of INSL5 acting at RXFP4.

Finally, receptor activation is dependent on the LDLa module, as
receptors lacking the LDLa module bind relaxin peptides, but do
not generate a CAMP signal [47].

The primary ligand binding sites in RXFP1 and RXFP2 have
recently been defined. The high affinity RXFP1 binding site exists
at an angle of 45° to five of the parallel pleated sheets of the LRRs,
as determined by molecular modelling [16]. Binding to the recep-

tor occurs through generation of a hydrogen-bonding network
between the receptor and two residues of the relaxin peptide-
binding motif, which is stabilized by a hydrophobic interaction
between the third residue of the relaxin peptide binding motif (Ile-
B20) and a cluster of residues from neighbouring LRRs in the
receptor. Molecular modelling and mutagenesis has also been
used to demonstrate the residues in the RXFP2 LRRs that interact
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with the key INSL3 B chain residues [46]. RXFP2 Asp-227 is crucial
for binding INSL3 Arg-B16, whereas RXFP2 Phe-131 and GIn-133
are involved in INSL3 Trp-B27 binding. Additionally, INSL3 His-
B12 probably interacts with RXFP2 Trp-177, INSL3 Val-B19 with
RXFP2 Ile-179, and INSL3 Arg-B20 with RXFP2 Asp-181 and Glu-
229. Importantly, INSL3 binds to the RXFP2 LRRs in a manner
similar to relaxin binding to the RXFP1 LRRs. It is likely that subtle
differences in both peptide and receptor structure define ligand-
receptor specificities.

The exact position of the secondary binding site in both RXFP1
and RXFP2 is currently unknown. Studies with chimeric RXFP1/
RXFP2 receptors, however, suggest that this binding resides in
exoloop 2 [43,45]. Importantly, mimicking primary binding alone
is not sufficient to activate the receptors. B chain only analogues of
INSL3 bind to RXFP2 but act as receptor antagonists [48]. These
peptide antagonists are useful research tools and additionally
block testis function in vivo [48]. Both primary and secondary
binding are necessary for receptor activation and it is likely that
compounds that bind to the secondary binding site alone will also
be receptor antagonists.

The mode by which the LDLa module directs ligand-activated
cAMP signalling is unknown. It is likely, however, that it involves
specific side chain interactions. An RXFP1 receptor mutant, with
the LDLa module substituted by the LDLa module from the
second ligand binding domain of the LDL receptor LB2, binds
relaxin normally but does not cause cAMP accumulation [49].
Additionally, mutation of specific residues predicted from the
NMR structure of the RXFP1 LDLa module causes perturbation of
cAMP signalling [49]. The LDLa module may act as a tethered
ligand of the RXFP1-relaxin receptor complex and mimicking
this interaction may produce a receptor agonist. Although iso-
lated LDLa modules do not rescue the function of RXFP1 recep-
tors lacking the LDLa module, they do act as RXFP1 antagonists
[47]. Therefore, ligand activation of RXFP1 and RXFP2 is a com-
plex process and production of small molecule agonists may
require novel approaches that target the transmembrane G-pro-
tein interaction directly or produce conformational changes in
receptor structure to cause or enhance signalling by allosteric
mechanisms.

RXFP3 and RXFP4

RXFP3 (GPCR135; SALPR) and RXFP4 (GPCR142; GPR100) are
activated by relaxin-3 and INSLS, respectively. They are G pro-
tein-coupled receptors of ~400 amino acid residues that lack the
LRR and LDLa module present in RXFP1 and RXFP2. Structurally,
these receptors are homologous with small peptide receptors that
respond to somatostatin or angiotensin II. RXFP3 and RXFP4 are
both encoded by a single exon, and have distinct expression
profiles. RXFP3 is most strongly expressed in the brain [50],
whereas RXFP4 shows a widespread distribution, with mRNA
detected in the colon, thyroid, salivary gland, prostate, placenta,
thymus, testis, brain and kidney [6]. The amino acid sequence of
RXFP3 is highly conserved between many different species, how-
ever, RXFP4 is only present in some species and, like the cognate
ligand INSLS, is a pseudogene in rats and dogs [3]. While RXFP3
has important central roles, particularly in modulating beha-
vioural responses to stress [33] and in appetite regulation
[34,51], the role of RXFP4 remains to be identified. RXFP3 binds

exclusively to relaxin-3 and the B-chain monomer of relaxin-3 [7],
whereas RXFP4 binds relaxin-3, the relaxin-3 B-chain and INSL5
[6,52]. The receptor regions and specific residues involved in
ligand binding, however, remain to be identified for these recep-
tors.

RXFP signalling

RXFP1 and RXFP2 couple to stimulatory and inhibitory
G-proteins

Constitutively active mutants of RXFP1 and RXFP2 (Asp 637 Tyr)
cause cCAMP accumulation [5,14]. Recent studies of cAMP accu-
mulation have revealed distinct patterns of G-protein coupling
and cAMP signalling for RXFP1 and RXFP2 [53]. Both receptors
initially couple to Ga, to increase and Ga,p to modulate negatively
cAMP production [53]. Only RXFP1, however, can recruit coupling
to Ga;z with time, and activates a GBy-PI3K-PKC{ pathway to cause
a further surge in cAMP accumulation [53-535].

Evidence for activation of these pathways occurs in cells endo-
genously expressing the receptors: activation of the delayed Gays
pathway and relaxin-stimulated translocation of PKC{ occurs in
THP-1, MCF-7, pregnant human myometrial and mouse mesan-
gial cells, all of which endogenously express RXFP1 [54]. Increases
in cAMP accumulation are important for relaxin-mediated myo-
metrial inhibition in the rat, and decidualisation of human endo-
metrial stromal cells [56]. In a rat model of myocardial infarction,
pertussis toxin (PTX; Gi/Go inhibitor) inhibited relaxin-induced
cAMP accumulation and chronotropic and inotropic responses in
atria [57], suggesting a functional and potential therapeutic rele-
vance for these signalling pathways in vivo. With regard to the
RXFP2 receptor, gubernacular cells (which endogenously express
RXFP2) increase cAMP accumulation in response to INSL3 [9],
whereas in testicular germ cells and oocytes (both of which endo-
genously express RXFP2) a decrease in cAMP accumulation occurs
in a PTX-sensitive manner [37].

RXFP1 also activates a number of other therapeutically relevant
pathways. A number of cells that endogenously express RXFP1
show rapid activation of ERK1/2, including human endometrial
stromal cells, THP-1 cells and primary cultures of human coronary
artery and pulmonary artery smooth muscle cells [58]. A recent
study has linked increases in ERK1/2 phosphorylation in response
to relaxin, with a protective decrease in apoptosis in cardiac
myocytes following apoptosis-inducing treatment with hydrogen
peroxide [59]. Relaxin also increases nitric oxide in both an acute
and chronic manner [60], and a number of studies have linked this
to therapeutically relevant outcomes [61-70]. Relaxin reduces
infarct size in a rat model of stroke, in a nitric oxide-dependent
manner [71]. Relaxin-induced nitric oxide production was also
found to decrease the recruitment of leukocytes to areas of inflam-
mation.

RXFP3 and RXFP4 couple to inhibitory G-proteins

RXFP3 and RXFP4 receptors both couple to inhibitory G-proteins
and inhibit forskolin-stimulated cAMP production [6,7]. A func-
tional role for inhibition of cAMP production in regions of the
brain that express RXFP3 has not been shown. RXFP3 is, however,
also strongly coupled to ERK1/2 activation in recombinant cell
systems and a neuronal cell line [72]. Activation of ERK1/2 is
important in mediating obesity and stress signals in the brain,
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suggesting a physiologically-relevant mechanism for the effects of
relaxin-3 detailed above [73,74]. ERK signalling is also important
in other areas of the brain that express RXFP3 receptors, such as the
amygdala where it has a role in long-term potentiation and in the
formation of long term memories in rats [75]. ERK1/2 activation
also has a role in the amygdala and visual cortex in mediating
signals for pain perception [76] and light stimulation. The con-
sequences of cCAMP inhibition in the regions that express RXFP4
receptors, has also been little investigated, although, decreases in
cAMP may be associated with decreased secretion of calcitonin
from C cells of the thyroid [77].

Tissue distribution and function of relaxin family
peptides and their receptors

Reproductive system

For many years, attention rested on relaxin as a reproductive
hormone that acted on the pubic symphysis, cervix, uterus,
nipples and mammary glands with an emphasis that varied with
species. In many species, including humans, there is growth and
an increase in elasticity of pubic joint cartilage during pregnancy
[22] but, while it has been demonstrated that relaxins can
promote ripening of the cervix, clinical trials of topically applied
peptide failed, possibly owing to poor pharmacokinetic proper-
ties of the preparation. Relaxin inhibits uterine contractility in
rats, mice and pigs, but not in sheep, cows or humans [15,22].
Relaxin is important in the development of the mammary nipple
and mammary gland and binding sites are present in the mam-
mary glands of a number of species, including humans [78,79].
In humans and other primates there is increasing evidence that
relaxin prepares the endometrium for implantation. Relaxin is
associated with endometrial angiogenesis, thickening and bleed-
ing [80,81] and plasma levels of relaxin are highest in the first
trimester, at the time corresponding to embryo implantation.
The role of relaxin, however, is probably facilitatory, rather than
mandatory, for implantation, since this still can occur in
humans and other primates that have had ovaries removed
[82]. Relaxin is also produced in the male reproductive tract,
is present in semen, and increases sperm motility and penetra-
tion into oocytes [83]. As well as having a potential function in
males, it is also tempting to speculate that relaxin in semen
targets the female reproductive tract to prepare the endome-
trium for implantation.

Studies of the INSL3/RXFP2 system are less extensive, but in
humans, RXFP2 mRNA is found in the uterus and testis [5].
RXFP2 epitopes are found in spermatocytes, spermatids and
Leydig cells from the human testis, and in the epididymal
epithelium [84]. INSL3 acts on RXFP2 receptors located on
the gubernaculum [9] to facilitate testis descent reflected by
the finding that both INSL3 and RXFP2 male knockout mice
display bilateral cryptorchidism [8,35,36]. Although both RXFP3
and RXFP4 mRNA are found in human testis [6,7] and RXFP4 is
found in placenta and prostate their functions in these tissues
are unknown.

Brain

It is now clear that relaxin family peptides influence many
physiological systems in addition to the reproductive system.
RXFP1 receptor distribution in the brain includes the circum-

ventricular organs (subfornical organ — SFO; and organum vas-
culosum of the lamina terminalis - OVLT) and the
neurosecretory magnocellular hypothalamic nuclei (i.e. para-
ventricular and supraoptic nuclei) [85,86] where they control
plasma osmolality [87,88]. RXFP1 mRNA has been demonstrated
in human brain using RT-PCR [5]; RXFP2 mRNA is expressed in
the rat brain [89]; RXFP3 is predominantly expressed in the
brain, whereas RXFP4 is expressed in various tissues, including
the brain [6]. RXFP3 mRNA is present in human brain and in rat
brain, where it is found in areas such as the supraoptic and
paraventricular nucleus [6,7]. Recently, a chimeric peptide,
relaxin-3 B-chain/INSL5 A-chain, was shown to be a selective,
high affinity ligand for RXFP3 and RXFP4. In the rat [22], relaxin-
3/INSLS labels RXFP3 receptors in the cerebral cortex, olfactory
bulb and superior colliculus [50].

Cardiovascular system

Relaxin has important roles in the increased plasma volume,
cardiac output and heart rate associated with pregnancy, and also
decreases blood pressure and vascular resistance. In pregnant rats,
glomerular filtration rate and effective renal plasma flow increase,
while vascular resistance decreases in parallel with increases in
plasma levels of relaxin [90]. In both female and male rats, admin-
istration of relaxin increases renal plasma flow and glomerular
filtration rate and also causes the classical reduction in plasma
osmolality associated with pregnancy [91]. The mechanism sug-
gested to explain the actions of relaxin on the kidney involves the
induction of vascular gelatinase that cleaves big endothelin (ET) to
yield ET;_s3;, that acts on the ETy receptor to increase production of
the vasodilator NO [23].

Vasodilation in response to relaxin is common in arterioles,
capillaries and venules in reproductive tissues, heart, liver and
caecum. The mechanisms suggested for the vasodilator actions
of relaxin are activation of NOSIII via cAMP, induction of NOSII
[60] and modification of the extracellular matrix of the vessel
walls [23]. While the relevance of these cardiovascular actions in
humans is yet to be fully determined, the experimental findings
reported to date suggest that relaxin may take part in the
cardiovascular adjustments of pregnant women, directed to
increasing cardiac output, upregulation of organ and
decidual perfusion and optimisation of body fluid homeostasis
[20,21].

While the heart is clearly a target organ for relaxin in rodents
and contains binding sites for relaxin, RXFP1 RNA, and clear
positive inotropic and chronotropic actions, corresponding evi-
dence in humans is far from convincing. Relaxin has no positive
inotropic effect in human atria (Summers & Castro, unpublished
observations) and radiolabelled relaxin does not bind to human
atria (Tan and Summers, unpublished observations). mRNA for
RXFP2 has been demonstrated in human [5] and rat [92] kidney as
has RXFP4 [6] but there are no known functional correlates for
these expression patterns to date.

Connective tissue homeostasis

Relaxin has established physiological roles in inhibition of col-
lagen biosynthesis and promotion of collagen breakdown in
reproductive tissues, but it is also becoming clear that it has
similar effects in non-reproductive tissues, leading to the sugges-

646 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 13, Numbers 15/16 * August 2008

REVIEWS

tion that relaxin has potential as an anti-fibrotic agent. Relaxin
acts directly on TGF-B-stimulated human dermal fibroblasts [93],
lung fibroblasts [94] and cardiac fibroblasts [95] to promote a
decrease in type I and type III collagen synthesis, together with an
increase in matrix metalloproteinase (MMP) expression and acti-
vation. It has been used successfully to modify the extracellular
matrix in the dermis [96], lung [94], liver and kidney [97]. Inter-
estingly, in all of these experimental paradigms, relaxin only
affects aberrant collagen deposition, induced by pro-fibrotic sti-
muli, surgery or chemical means, but has little effect on normal
collagen levels.

Insights from knockout animals

Studies with the relaxin knockout mouse demonstrate that the
peptide is an endogenous mediator of collagen turnover in non-
reproductive tissues. Increased interstitial collagen is found in
heart [25], lung [27], kidney [26] and skin [28]. The effect is
particularly prevalent in older male mice and associated with
abnormal function of these organs. In the heart, there is atrial
hypertrophy and impaired left ventricular (LV) diastolic filling
and venous return, associated with increased LV collagen con-
tent and ventricular chamber stiffness [25]. In the lung, there is
increased weight (total mass) and collagen and structural
changes associated with altered peak expiratory flow and lung
recoil [27]. Increased kidney collagen in male relaxin knockout
mice is associated with focal interstitial fibrosis and a more
general diffuse increase in glomerulosclerosis, from 6-months
of age onwards [26], leading to impaired renal function with
increased serum creatinine and urinary protein [26]. Collagen
levels also increased in the dermis of relaxin-deficient animals
[28,98]. Treatment of relaxin knockout mice with recombinant
relaxin in the early and developed stages of fibrosis causes a
reversal of collagen deposition in the lung [27], heart [95]
and kidney [26], consistent with an anti-fibrotic action for this
peptide.

With regard to reproduction, RXFP1 knockout female mice
show normal fertility and litter size [99], but a small proportion
are incapable of delivering their litters, with approximately 15% of
the pups found dead soon after birth and all pups dead within 24—
48 h. The phenotype is similar to relaxin knockout female mice
[100], further supporting the hypothesis that relaxin facilitates
birth by promoting growth of and softening the cervix [22]. Those
pups that survive delivery die later because relaxin is also required
for nipple development [101], and pups are unable to grasp the
small nipples of mice lacking either relaxin or RXFP1 receptors
[99,100]. In relaxin [102] and RXFP1 knockout males [99] fertility
is markedly diminished with disrupted spermatogenesis associated
with an increased rate of apoptosis of meiotic spermatocytes [99].
The testis and epididymidis weights are lower than in wild-type
controls. In tissues other than reproductive tissues, recent studies
in the RXFP1 knockout mouse have demonstrated an increase in
interstitial collagen in the lung [103], while other organs have yet
to be examined.

In the RXFP2 or INSL3 knockout male mouse, the testes fail to
descend into the scrotum, the mouse is sterile and in both cases the
effect is attributable to failure of the gubernacular ligament to
develop [8,35,36]. INSL3 acts directly on RXFP2 in the guberna-
culum [9] and this has a dramatic effect in transgenic female mice

overexpressing INSL3 during embryonic development, where the
ovaries descend [104]. While RXFP2 knockout female mice are
fertile [8], approximately 20% of INSL3-deficient female mice are
infertile [36].

The phenotypes of neither RXFP3 nor RXFP4 knockout mice
have been reported. It remains to be shown whether deletion or
overexpression of relaxin-3, RXFP3 and/or RXFP4 will show a
significant phenotype.

Possible therapeutic applications for drugs that target
RXFP1

Update on clinical trials using relaxin

Since the 1980s, recombinant human relaxin has been developed
by three companies, Genentech, Connetics and BAS Medical.
During that time, over 500 human subjects have been treated
with relaxin for indications including cervical ripening, sclero-
derma, fibromyalgia and orthodontics. Although the scleroderma
trial showed a decreased modified Rodnan Skin Score (phase II),
increased predicted creatine clearance (phase II and phase III) and
a moderate but not clinically meaningful reduction in diastolic
blood pressure (phase II and phase III) [105], these past trials have
failed to show a definitive clinical use for relaxin, but were invalu-
able in demonstrating specific biological activities of this hormone
in humans. The following sections provide a brief update on the
status of trials currently being conducted or recently completed.

Cervical ripening

Evidence for the ability of relaxin to ripen the cervix in several
mammalian species, including the pig and the rat, is overwhelm-
ing. The ability of relaxin to cause similar changes in women was
initially tested by Genentech in the early 1990s in three multi-
national Phase II clinical trials. These trials employed topical
application of relaxin (intra-vaginal) in women with post-date
pregnancies [106]. These studies failed to show that relaxin
ripened the cervix, but pharmacokinetic data indicated that a
contributing factor may have been the failure of penetration of
relaxin into the cervical tissue.

More recently, BAS Medical tested relaxin for its ability to ripen
the cervix following 24 h intravenous administration. Using this
route, there was no doubt that relaxin was systemically available, a
fact confirmed by periodic sampling of plasma from the women in
the trial. Despite the clear bioavailability of relaxin, cervical
changes measured by the Bishop score were not different between
the relaxin- and placebo-treated groups. Small decreases in blood
pressure and improvements in markers of renal function, however,
were observed and were consistent with effects of relaxin observed
in previously conducted trials [107].

Congestive heart failure

Congestive heart failure (CHF) is a condition in which the heart fails
to pump blood adequately to the organs of the body. Frequently, this
inability is associated with sympathetic nervous system overactivity,
decreased cardiac output and systemic vasoconstriction. Part of the
biology of relaxin during human pregnancy involves a decrease in
systemic vascular resistance, which falls by about 30% during the
first trimester of pregnancy [108], when relaxin levels are at their
peak [109]. Previous clinical trials also suggested that exogenously
administered relaxin is associated with systemic vasodilation.
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Chronic administration of relaxin in the scleroderma trials was
accompanied by consistent, small decreases in systolic blood pres-
sure of a magnitude similar to that seen during pregnancy (5 mmHg)
[107]. In aretrospective analysis, it was also observed that a subset of
hypertensive subjects (systolic blood pressure >140 mm Hg at base-
line) responded to relaxin with larger decreases (15-20 mmHg) in
systolic blood pressure over the 6-month dosing period.

Declining renal function in patients with CHF is highly corre-
lated with mortality, suggesting that a therapeutic agent that can
improve or preserve renal function could have a very large impact
on this patient population. One of the most consistently observed
findings in the scleroderma trials was that relaxin improved pre-
dicted creatinine clearance [107]. These data are consistent with
preclinical studies also demonstrating that relaxin improves renal
function [91], and with the view that relaxin contributes to the
natural improvement in renal function of pregnant women, lead-
ing to the suggestion that exogenously administered relaxin may
improve renal function in patients with CHF.

A small, pilot clinical trial of the effects of short-term relaxin
infusion on haemodynamics and renal function in subjects with
stable CHF was recently conducted by Drs Thomas Dschietzig
and Christoph Richter at the Charité Hospital in Berlin, Ger-
many. Although the study was not placebo-controlled, improve-
ments during dosing in hemodynamic parameters, including
increased cardiac output and decreased systemic vascular resis-
tance and pulmonary capillary wedge pressure, were demon-
strated [110]. Markers of renal function, including serum
creatinine, BUN, and uric acid, showed decreases in all subjects
during relaxin administration, consistent with improved renal
function. These results suggest that relaxin infusion may be able
to help alleviate the vasoconstriction and renal dysfunction in
patients with HF. These data were used to support initiation
of a 330-patient, randomized placebo-controlled trial of
relaxin treatment in patients with acute HF in approximately
50 sites internationally. The endpoints in this study are
improvements in symptoms of HF, including breathing diffi-
culty, and in renal function. The study is expected to be
completed late in 2008.

Pre-eclampsia

Pre-eclampsia is a disorder that occurs only in pregnant women
and is believed to be the result of profound systemic vasoconstric-
tion, leading to hypertension, and dysfunction of organs, includ-
ing the kidney. Renal dysfunction in women with pre-eclampsiais
reflected by elevated serum uric acid and proteinuria. Recently,
studies have suggested that the vasoconstriction associated with
this disorder may be owing to the inhibition of vasoactive/angio-
genic factors, such as vascular endothelial growth factor (VEGF),
by soluble receptors (s-flt1) that competitively inhibit binding of
the factors to their cell-associated receptors [111]. Ironically,
these inhibitory factors may be elaborated by the placenta in
response to poor blood flow that results from impaired tropho-
blast invasion.

Preclinical evidence that relaxin plays a role in the development
and maintenance of the endometrial vasculature dates back to the
1950s when investigators observed remarkable histological changes
in the endometrium following administration of a relatively crude
preparation of relaxin to monkeys [112]. In previous clinical trials of

relaxin, frequent reports of menorrhagia and metrorrhagia by
women during infusion of relaxin also suggested that increased
blood flow to the human endometrium occurs following exogenous
relaxin administration; an effect potentially mediated via its inhi-
bitory actions on platelet aggregation [113,114] For this reason, and
because relaxin specifically upregulates VEGF in endometrial cells
[115] and improves renal function via increased blood flow [91], the
peptide is currently being tested in the US in a small trial of women
with severe pre-eclampsia. Renal function, uterine and umbilical
blood flow, as well as clinical signs and symptoms in mother and
baby, are being monitored in this study. Itis suggested that if relaxin
is able to increase blood flow to the endometrium/placenta, it may
be able to break the cycle of ischaemia at that site, and result in a
decrease in the elaboration of anti-angiogenic/vasodilatory factors
by the placenta.

Possible therapeutic applications for drugs that target
RXFP3

Since RXFP3 has only recently been shown to be the relaxin-3
receptor, RXFP3 modulators have yet to be tested in humans. The
therapeutic potential of RXFP3 agonists/antagonists can currently
only be presumed, based on anatomical, physiological and phar-
macological experiments performed in lower species. Studies pub-
lished so far indicate potential therapeutic uses of RXFP3
modulators to treat stress/anxiety and metabolic disease.

Parallel evolution of relaxin/insulin superfamily ligands with
their cognate receptors [3] combined with sequence conservation
of both ligands and receptors in various species suggests that these
ligand/receptor systems modulate basic functions. A phylogenetic
analysis of the relaxins and their co-evolved receptors further
suggests the RXFP3/relaxin-3 and RXFP4/INSLS ligands/receptors
are the most ancient ligand/receptor pairs.

Because of the nature of afferent and efferent projections of the
nucleusincertus, the predominant source of relaxin-3 in therat, it
has been proposed that this nucleus is central to a midline beha-
viour control network of the brainstem [50,116]. The nucleus
incertus, also known as the nucleus O or ventromedial dorsal
tegmental nucleus, has extensive projections to areas rich in
relaxin-3 binding sites revealed using the RXFP3-specific tracer
125T_relaxin-3/INSL5 [50]. The strongest autoradiographic locali-
sation of RXFP3 bindingsitesin theratisin the superior colliculus,
a nucleus best known for the control of saccadic eye movements
that combines inputs from the various senses to promote adaptive
motor responses. Areas that are rich in RXFP3, such as the olfac-
tory bulb/nucleus, sensory cortex, amygdala, thalamus and spinal
trigeminal tract are consistent with a role for relaxin-3 in neu-
roendocrine, sensory and emotional processing [50]. A potential
role for relaxin-3 in stress and anxiety was recognized early since
the nucleus incertus also expresses CRF-R1 [117]. In fact, essen-
tially all relaxin-3 neurons in the nucleus incertus also express
CRF-R1 [117] and most show glutamic acid decarboxylase-65-like
immunoreactivity, suggesting that these cells also produce GABA
[116]. Afew areas known for nucleusincertus projections also bind
relaxin [86], suggesting that relaxin-3 could act through RXFP1 as
well as RXFP3: i.v. or i.c.v. injections of relaxin cause responses
attributable to RXFP1 activation, such as fluid intake [22]. A subset
of efferents from the nucleus incertus terminate in areas asso-
ciated with memory processing [118] and the nucleus incertus has
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been shown to contribute to the generation of hippocampal theta
rhythms. Inputs to the nucleus incertus suggest that this nucleus
integrates information related to hippocampal function (learning
and memory), habenular processing (cognition and vulnerability
to stress) and behavioural planning. In summary, the neuroanat-
omy of relaxin-3 and RXFP3 is consistent with roles in mnemonic
processing and behavioural activation related to metabolic and
stressful cues.

Physiological and pharmacological data also support a role for
RXFP3 in the stress response. Relaxin-3 neurons in the nucleus
incertus (nearly all of which co-express CRF-R1) respond to forced
swim stress or i.c.v. CRF with increased expression of C-Fos and
relaxin-3 [33]. While data published thus far has been predomi-
nantly from rodents, recent work confirms that relaxin-3-like
immunoreactivity in the macaque is consistent with comparable
observations in the rat [119]. In addition, CRF levels are elevated in
human post-traumatic stress disorder subjects [120]. These data
suggest the potential therapeutic use of RXFP3 antagonists to treat
anxiety and perhaps post-traumatic stress disorder.

Recent data also support potential uses for RXFP3 modulators
in metabolic disease. As mentioned above, the afferent and effer-
ent projections of the nucleus incertus in the rat involve hypotha-
lamic and sensory areas where RXFP3 mRNA and binding sites are
found. Some of the arguments suggesting that RXFP3 is involved
in stress responses are also consistent with a role in feeding
behaviour that also involves hypothalamic, sensory and memory
systems. Bolus injections of relaxin-3 into the third ventricle
cause dose-related increases in feeding behaviour of satiated
Wistar rats, while similar injections of human relaxin do not
affect feeding behaviour [51]. Since RXFP3 lacks affinity for
relaxin-1 and relaxin [7,121], this hyperphagic effect has been
ascribed to RXFP3. Attribution of the hyperphagic effect of
relaxin-3 to RXFP3 is also supported by i.c.v. injection of the
selective RXFP3 agonist relaxin-3/INSLS, which causes hyperpha-
gia in satiated rats, and is blocked by prior injection of the
selective RXFP3 antagonist relaxin-3(BA23-27)R/INSL5” [122].
Tissue injections of relaxin-3 to hypothalamic nuclei expressing
RXFP3 mRNA and binding sites have the same hyperphagic effect.
Chronic dosing of rats with relaxin-3, given either twice daily via
iPVN injection [123] or i.c.v. using Alzet minipumps [34], shows
that the hyperphagic effect of RXFP3 agonists and corresponding
increased body weight growth are sustained through 2 weeks of
chronic dosing. These effects are reflected in increased blood
leptin levels, greater epididymal fat pad masses and increased
blood insulin levels [34]. Additional studies are necessary to test
the potential of RXFP3 antagonists, given alone, to reduce feeding
behaviour and body weight growth, as well as to investigate the
impact of changes in diet composition. These results suggest
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Conclusions

The past five years have seen major advances in our understanding
of relaxin family peptides, their receptors and signalling mechan-
isms. Over this time a group of structurally related insulin-like
peptides have been defined and four of them, relaxin, relaxin-3,
INSL3 and INSLS have been shown to be the cognate ligands for
the four relaxin family peptide receptors (RXFP1-4). Of these, the
peptide/receptor pairing of relaxin/RXFP1 has been the most
studied. Although the track record of relaxin as a therapeutic agent
has been disappointing, with failures of clinical trials investigating
its utility for cervical ripening, scleroderma and orthodontics,
there is still considerable interest in its experimentally well-estab-
lished anti-fibrotic properties. Most interesting is the current trial
of the potential of relaxin to treat congestive heart failure. INSL3/
RXFP2 have highly specialized roles in reproduction in mammals.
However, INSL3 may have potential for the treatment of certain
types of cryptorchidism and the role of the system in germ cell
maturation in males and females may indicate a possible use for
the control of fertility. The therapeutic potential for relaxin-3/
RXFP3 is much clearer and although this is at a relatively early
stage of development, the role of this neuropeptide/receptor sys-
tem in stress and anxiety and in control of body composition has
been clearly demonstrated. The discrete localisation of the relaxin-
3/RXFP3 system in the brain holds out the promise of highly
selective antagonists that can modulate anxiety and reduce body
weight. What is clear at present is that a better understanding of
the biological roles of the relaxin family peptides and their recep-
tors will advance their utility as therapeutic targets.
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