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ABSTRACT: The relaxin family peptide receptors have been implicated in numerous physiological processes including energy 
homeostasis, cardiac function, wound healing, and reproductive function.  Two family members, RXFP3 and RXFP4, are class A 
GPCRs with endogenous peptide ligands (relaxin-3 and insulin-like peptide 5 (INSL5), respectively).  Polymorphisms in relaxin-3 
and RXFP3 have been associated with obesity, diabetes, and hypercholesterolemia.  Moreover, central administration of relaxin-3 in 
rats has been shown to increase food intake, leading to body weight gain.  Reported RXFP3 and RXFP4 ligands have been restricted 
to peptides (both endogenous and synthetic) as well as a low molecular weight positive allosteric modulator requiring a non-
endogenous orthosteric ligand.  Described here is the discovery of the first potent low molecular weight dual agonists of RXFP3/4.  
The scaffold identified is competitive with a chimeric relaxin-3/INSL5 peptide for RXFP3 binding, elicits similar downstream 
signaling as relaxin-3, and increases food intake in rats following acute central administration.  This is the first report of small 
molecule RXFP3/4 agonism.   

     The relaxin family peptide receptors (RXFPs) are G protein-coupled receptors with peptide ligands that play roles in diverse 
physiological processes, including those controlled by central nervous, cardiovascular, reproductive, and metabolic systems.1 This 
array of associated activities makes the RXFPs potential therapeutic targets for neuroscience, cardiovascular, and metabolic 
indications.  Among these receptors, RXFP3 has been linked to appetite regulation,2,3 arousal, stress responses, anxiety,4 memory,5 
and depression.6  RXFP4, the most closely related family member to RXFP3, has been linked to insulin secretion and appetite.7,8  The 
endogenous peptide ligands of RXFP3 and RXFP4 are relaxin-3 and insulin-like peptide 5 (INSL5), respectively.  These complex 
peptides, which contain two amino acid chains linked by both inter- and intra-chain disulfide bridges, have been used extensively to 
establish the involvement of RXFP3 and RXFP4 in the various physiological processes detailed above.9,10     
     Despite the attractiveness of RXFP3 and RXFP4 as therapeutic targets, ligands of these receptors have been limited to the 
endogenous peptides or their analogs.11,12,13  In the case of RXFP3, a positive allosteric modulator requiring a non-endogenous relaxin-
3 analog for function has also been reported.14  Whereas significant progress has been made in the understanding of structure activity 
relationships of relaxin-3 and INSL5 as well as the design of simplified agonist and antagonist peptide analogs (with varying degrees 
of RXFP3/4 selectivity), there remains a need to identify small molecule ligands for these targets.  Such chemical matter could 
potentially improve access to specific tissues of interest, diversify routes of administration, improve pharmacokinetic properties, and 
simplify synthetic access relative to peptide ligands.  Toward this end, a high throughput screen was initiated to identify low molecular 
weight compounds capable of phenocopying relaxin-3 both in vitro and in vivo.  Detailed herein is the identification of a hit scaffold 
capable of agonizing both RXFP3 and RXFP4 in vitro as well as the discovery of a potent compound showing a relaxin-3-like 
signaling profile in vitro that also increases food intake in rats following acute intracerebroventricular (ICV) administration. 



  
Figure 1.  Low molecular weight RXFP3/4 ligands with their corresponding EC50 values for cAMP assays in RXFP3 and RXFP4-
overexpressing cells, respectively.  For the RXFP3 assay, n = 26 (compound 1), n = 3 (compound 2), n = 2 (compound 3), and n = 11 
(compound 4).  For the RXFP4 assay, n = 10 (compound 1), n = 2 (compound 2), n = 1 (compound 3), and n = 2 (compound 4).  EC50 values 
represent an average of separate experiments when n > 1.  

     Compound 1 (figure 1)15 was identified from a 70 thousand compound screen using a homogeneous time resolved fluorescence 
(HTRF) assay of inhibition of forskolin-stimulated cAMP accumulation in RXFP3-overexpressing CHO-K1 cells (for 1, RXFP3 EC50 
= 2.7 M, Emax = 97% of relaxin-3).  Subsequently, compound 1 was found to bind competitively with [125I]-R3/I5 (a chimeric peptide 
consisting of the relaxin-3 B-chain and the INSL5 A-chain)16 to RXFP3 with a Ki value of 1.7 µM (figure 2).  This ability to compete 
with [125I]-R3/I5 for RXFP3 binding is shared by relaxin-3 (figure 2).  Additional testing revealed that 1 was capable of inhibiting 
cAMP accumulation in RXFP4-overexpressing CHO-K1 cells (EC50 = 58 nM, Emax = 99% of relaxin-3), indicating that this scaffold 
is capable of RXFP3/4 dual agonism.  RXFP3- and RXFP4-overexpressing cells were shown to have comparable receptor expression 
levels (see supplemental table 1 in the supporting information).
     Medicinal chemistry optimization was undertaken to improve the potency of 1 for expanded in vitro and in vivo validation using 
relaxin-3 as a positive control.  This optimization identified the indole 5 position as tunable for both RXFP3 and RXFP4 potency, as 
evidenced by 5-hydroxy indole-containing compound 2 (figure 1).  Replacement of the dichlorophenethyl amine of 1 with a 4-
chlorophenethyl amine (compound 3, figure 1) was also well tolerated.  Finally, installation of an ethyl group at the indole 7 position 
in combination with the modifications shown in compounds 2 and 3 provided the potent compound 4, which had average cAMP 
inhibition EC50 values of 82 nM for RXFP3 (Emax = 105% of relaxin-3) and 2 nM for RXFP4 (Emax = 100% of relaxin-3). 

Figure 2.  Dose responsive competitive displacement of [125I]-R3/I5 from RXFP3-expressing cell membranes by both relaxin-3 and 
compound 1.

     Given that the RXFP3 and RXFP4 cAMP EC50 values shown in figure 1 represent averages of separate cellular experiments (n 
values shown in the figure 1 caption), the potencies of compound 1, compound 4, and relaxin-3 were compared directly in the same 
experiment.  In the case of RXFP3 (figure 3A), compound 4 (EC50 = 12.8 nM) was 273-fold more potent than compound 1 (EC50 = 
3.5 M).  These values are compared to relaxin-3, which had an EC50 = 0.2 nM.  For RXFP4 (figure 3B), compound 4 (EC50 = 1.6 
nM) was 9-fold more potent than compound 1 (EC50 = 14.6 nM).  These values are compared to relaxin-3, which had an RXFP4 EC50 
= 0.7 nM.  This data further supports the improved cAMP potency of compound 4 relative to compound 1 that was observed in the 
aggregate data shown in figure 1 (on average, ~30-fold potency improvement was observed for compound 4 versus compound 1 in 
both the RXFP3 and RXFP4 cAMP assays).  



  

Figure 3. Direct comparison of inhibition of forskolin-stimulated cAMP accumulation by relaxin-3, compound 1, and compound 4 in 
CHO-K1 cells stably over-expressing RXFP3 (A) and RXFP4 (B).
     
     The observed selectivity of 4 favoring RXFP4 over RXFP3 was confirmed by [35S]GTPS binding experiments using membranes 
from CHO-K1 cells overexpressing either RXFP3 or RXFP4 (figure 4).  GTPS binding EC50 values were 119 nM for RXFP3 (figure 
4A) and 11 nM for RXFP4 (figure 4B), consistent with the trend observed in the cAMP EC50 values.  4 also induced -arrestin 
recruitment (EC50 = 4.9 M relative to an EC50 of 83 nM for relaxin-3) in an RXFP3 overexpressing U2OS cell line (figure 5A).  
These results indicate that 4 engages both G protein-mediated cAMP signaling and G protein-independent -arrestin recruitment, a 
profile shared by relaxin-3. 



  

Figure 4. Dose-responsive GTPS binding induced by both relaxin-3 and compound 4 to CHO-K1 membranes overexpressing RXFP3 
(A) or RXFP4 (B).

    The activation of MAPKs (ERK1/2, JNK1, and p38-MAPK) was examined following addition of relaxin-3 (100 nM) and 4 (5 M) 
to assess functional selectivity of 4.  Relaxin-3 and 4 activated ERK1/2 and JNK (figure 5B), but not p38MAPK (data not shown) in 
RXFP3-overexpressing CHO-K1 cells.  Maximal activation of ERK1/2 and JNK with relaxin-3 and 4 occurred at 2 minutes after 
addition.  No ERK1/2 or JNK1/2 responses were detected in parental CHO-K1 cells treated with relaxin-3 or 4 (data not shown).  
Western blots confirmed that the total JNK or ERK1/2 in treated and untreated RXFP3-overexpressing CHO-K1 cells was not altered.  
Based on these results, 4 displays a similar signaling fingerprint compared to relaxin-3.     

Figure 5.  (A) Comparison of the ability of relaxin-3 and compound 4 to induce -arrestin recruitment activity in U2OS cells stably expressing 
human RXFP3. (B) Comparison of the time-course of ERK and JNK phosphorylation following treatment of CHO-K1 cells expressing 
human RXFP3 with relaxin-3 (100 nM) or compound 4 (5 M).    

     Central administration of relaxin-3 has been shown to stimulate food intake in satiated rats.2  To determine if 4 would elicit a 
similar effect on food intake, 1 mol of 4 was administered ICV to satiated rats (figure 6).  Between 0 and 2 hours post-administration, 
relaxin-3 (figure 6A) and 4 (figure 6B) both elicited an increase in food intake (2.9 ± 0.7 grams for relaxin-3 versus 0.8 ± 0.3 grams 
for artificial cerebrospinal fluid (aCSF)-treated rats; 3.5 ± 0.6 grams for 4 versus 1.7 ± 0.5 grams for 75% DMSO/25% aCSF-treated 
rats).  This increase was still observed at 4 hours post-administration of relaxin-3 (4.6 ± 0.9 grams versus 1.7 ± 0.4 grams for aCSF-
treated rats (figure 6A)).  For 4, the increase in food intake was still observed at both 4 (7.1 ± 1.1 grams versus 2.5 ± 0.6 grams for 
75% DMSO/25% aCSF-treated rats) and 24 (35.3 ± 2.0 grams versus 24.1 ± 2.7 grams for 75% DMSO/25% aCSF-treated rats) hours 
post-administration (figure 6B). 



  

 
Figure 6.  Effects of relaxin-3 (A) and compound 4 (B) on food intake in Sprague-Dawley rats following ICV administration; *p < 
0.05, **p < 0.01. 

     The synthesis of 4 is shown in scheme 1.  Installation of the ethyl group onto 1-methoxy-4-nitrobenzene 5 was followed by 
treatment with vinylmagnesium bromide to form indole 7.  Next, Vilsmeier-Haack chemistry was used for installation of the indole 
3-position aldehyde to form 8.  Removal of the methyl group from the 5-methoxy moiety was then followed by installation of 
aminoguanidine 10 (see supporting information for synthesis details) to complete the synthesis of 4.

Scheme 1.  Synthesis of compound 4.

     
     In summary, high throughput screening efforts identified the 
first known low molecular weight, R3/I5-competitive RXFP3 
agonist scaffold capable of inhibiting forskolin-stimulated 
cAMP production in both RXFP3- and RXFP4- overexpressing 
CHO-K1 cells.  The potency of this scaffold was optimized to 
provide a tool compound 4 that had a downstream signaling 
profile consistent with the endogenous RXFP3 ligand relaxin-3.  
Moreover, 4 was capable of stimulating food intake following 
ICV administration in rats.  This orexigenic effect is consistent 
with that observed with relaxin-3 both in this study and 
previously.2,3  Compound 4 represents a scaffold that could be 
used for further mechanistic studies or target validation around 

RXFP3/4 and as a starting point for additional medicinal chemistry.  
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