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Abstract

Fibrosis is associated with accumulation of excess fibrillar collagen, leading to tissue dysfunction. 

Numerous processes, including inflammation, myofibroblast activation, and endothelial-to-

mesenchymal transition, play a role in the establishment and progression of fibrosis. Relaxin is a 

peptide hormone with well-known antifibrotic properties that result from its action on numerous 

cellular targets to reduce fibrosis. Relaxin activates multiple signal transduction pathways as a 

mechanism to suppress inflammation and myofibroblast activation in fibrosis. In this review, the 

general mechanisms underlying fibrotic diseases are described, along with the current state of 

knowledge regarding cellular targets of relaxin. Finally, an overview is presented summarizing the 

signaling pathways activated by relaxin and other relaxin family peptide receptor agonists to 

suppress fibrosis.

1. Introduction

Throughout its history, the hormone relaxin has been closely associated with the process of 

extracellular matrix (ECM) remodeling. Indeed, the first description of the effects of relaxin 

by Hisaw in 1926, was of the softening and lengthening of the pubic ligament (Hisaw, 

1926). This effect involved a dramatic change in the structure of collagen in the pubic 

ligament and other reproductive organs, including a decreased density of the collagen fibre 

Corresponding Author: Robert G. Bennett, VA Nebraska-Western Iowa Health Care System, Research Service (151), 4101 Woolworth 
Avenue, Omaha, NE 68105. rgbennet@unmc.edu.
#These authors contributed equally to this work.
*These authors contributed equally to this work.

Conflict of interest statement: The authors declare that they have no conflict of interest.

U.S. Department of Veterans Affairs
Public Access Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2020 July 27.

Published in final edited form as:
Mol Cell Endocrinol. 2019 May 01; 487: 59–65. doi:10.1016/j.mce.2019.01.015.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



bundles (Zhao et al., 2000), which in turn reduced the rigidity of the ligament whilst 

increasing its ability to expand and widen. Other early studies suggested that relaxin reduced 

fibrillar collagen in nonreproductive tissues, including the skin, leading to clinical studies 

using relaxin to target scleroderma, a painful disorder characterized by fibrosis of the skin 

and connective tissue (Casten and Boucek, 1958; Evans, 1959). These studies, using 

partially purified porcine relaxin, generally involved small numbers of subjects, and reported 

variable degrees of success. Progress on clinical studies of relaxin in fibrotic diseases was 

hampered until the availability of recombinant human relaxin (now known as serelaxin), 

leading to a more recent clinical trial of serelaxin for the treatment of scleroderma (Seibold 

et al., 2000). While this trial was largely unsuccessful, interest remains in targeting the 

various signaling pathways that are activated by relaxin as a therapeutic approach for the 

treatment of fibrotic diseases.

Much of what is known about the antifibrotic effects of relaxin (predominantly involving the 

use of serelaxin) is the result of cell culture studies. Relaxin was shown to decrease 

pathological collagen production by inhibiting its synthesis and secretion from 

myofibroblasts (activated fibroblasts that are key fibrosis-producing cells) derived from 

numerous organs (Bennett et al., 2003; Samuel et al., 2004a; Unemori and Amento, 1990; 

Unemori et al., 1996). At the same time, relaxin is able to promote the expression and 

activity of matrix metalloproteinases (MMPs), and/or decrease the levels of their 

endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) to facilitate the 

degradation of aberrant collagen accumulation (Bennett et al., 2003; Heeg et al., 2005; 

Masterson et al., 2004; Samuel et al., 2004a; Unemori et al., 1996). Similar effects were 

observed using rodent models of renal, pulmonary, cardiac, and hepatic fibrosis (Bennett et 

al., 2014; Fallowfield et al., 2014; Garber et al., 2001; Samuel et al., 2004a; Unemori et al., 

1996). Finally, mice deficient in either endogenous relaxin or the relaxin receptor, RXFP1, 

develop age-related fibrosis in numerous organs (Du et al., 2003; Hewitson et al., 2012; 

Krajnc-Franken et al., 2004; Samuel et al., 2009; Samuel et al., 2003; Samuel et al., 2005; 

Samuel et al., 2004b). Therefore, there is considerable in vitro and in vivo evidence that 

relaxin is an important factor in the progression and treatment of fibrosis. In addition, there 

is emerging evidence that additional relaxin family peptides, such as relaxin-3, may also 

play a role in fibrosis (Hossain et al., 2011; Zhang et al., 2018).

Early studies of the signaling pathways activated by relaxin were hampered by the fact that, 

until 2002, relaxin was an orphan hormone without an identified cognate receptor. However, 

it was known early that cellular cAMP and nitric oxide levels were increased in response to 

relaxin administration in some tissues (Braddon, 1978; Masini et al., 1994). Finally, the 

discovery in 2002 of the first two receptors capable of activation by relaxin family peptide 

members began the rapid elucidation of signaling pathways activated by relaxin (Hsu et al., 

2002). It is now well-established that there are four relaxin family peptide receptors 

(RXFPs) that are differentially activated by relaxin family peptides, and often have complex 

signaling mechanisms (Bathgate et al., 2013).

The purpose of this minireview is to present the current state of knowledge regarding the 

mechanism of the anti-fibrotic effects of relaxin, and the signaling pathways triggered by 

relaxin family peptides. The review begins with an overview of the general mechanisms 
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common to the development and progression of fibrosis. This is followed by a summary of 

the mechanisms by which relaxin acts on the cellular and tissue level to impede fibrotic 

processes. The final section focuses on the established and emerging signaling pathways 

triggered by relaxin family peptides that may be involved in mediating their antifibrotic 

effects.

2. General processes underlying fibrosis

2.1. Inflammation and fibrogenesis

Fibrosis is characterized by an accumulation of ECM proteins and increased collagen 

deposition in various organs, as a result of fibrogenesis, whereby a normal wound healing 

process is overactive in response to tissue injury in order to preserve the native tissue 

morphological and functional integrity (Lee and Kalluri, 2010; Wynn, 2008). Fibrosis can 

affect many tissue and organ systems, where it is most apparent in liver cirrhosis, 

atherosclerosis, scleroderma, vascular dysfunction, lung, kidney and heart diseases. 

Initiation of the fibrotic process is highly complex, which involves a vast array of 

stimulatory and inhibitory factors that are pivotal in modulating cells that are involved in 

regulating fibrosis. In the initial step, the affected organ is in an inflamed state where there is 

recruitment and activation of immune cells such as macrophages, eosinophils, CD8+ T cells, 

lymphocytes CD4+, mast cells and fibroblasts (Gieseck et al., 2018), leading to the secretion 

of growth factors, proteolytic enzymes and cytokines by these immune cells within the site 

of injury. These inflammatory products are responsible in the formation of connective tissues 

that replace normal physiological ones. Major fibrogenic mediators secreted during this 

process include transforming growth factor-β1 (TGF-β1), connective tissue growth factor 

(CTGF) and platelet-derived growth factor (PDGF) (Wynn, 2008). TGF-β1 is considered the 

central mediator of fibrosis to regulate cellular processes and ECM proteins such as 

collagen, elastin and fibronectin. It is well known that TGF-β1 signaling pathway is 

upregulated in cardiac (Yue et al., 2017), liver (Katz et al., 2016), kidney (Chen et al., 2018) 

and lung fibrosis (Eser and Janne, 2018), through both canonical (Smad-dependent) and 

non-canonical (Smad-independent) pathways. These signaling pathways lead to the 

activation or recruitment of myofibroblasts and overproduction of ECM proteins, as well as 

impeding the degradation of ECM components (Meng et al., 2016).

2.2. Myofibroblast activation and matrix remodeling

The primary culprit in all fibrotic diseases is the activation of myofibroblasts (Hinz et al., 

2012). Myofibroblasts are the main matrix-producing cells that generate ECM proteins such 

as fibronectin and collagen type I, III and IV (Kisseleva and Brenner, 2008), and remodel the 

neo-ECM components by producing contractile forces in response to the surroundings of the 

cells. Myofibroblasts are thought to be formed from a heterogeneous population derived 

from resident fibroblasts, as well as endothelial cells, epithelial cells, mesothelial cells, and 

circulating fibrocytes of bone marrow origin (Davis and Molkentin, 2014). Several cellular 

mechanisms have been proposed to describe the fibroblast-myofibroblast transdifferentiation 

process. Upon activation of the process, fibroblasts migrate into the site of injury and attain a 

myofibroblast phenotype. Activated myofibroblasts are capable of producing substantial 

amounts of ECM proteins to trigger collagen accumulation. As discussed above, fibrogenic 
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mediators such as TGF-β1 and PDGF produced by activated myofibroblasts and 

inflammatory cells, as well as angiotensin II (Ang II), which is derived from activation of 

the renin-angiotensin system (Bataller et al., 2005; Suzuki et al., 2003; Weber et al., 1993), 

further stimulate the proliferation of myofibroblasts and the production of collagen and 

fibronectin. The ECM serves as an important scaffold for cells and growth factors, and also 

provides biomechanical clues that guide myofibroblast activation and activity. The MMPs 

belong to a multi-gene family of zinc and calcium-dependent endopeptidases secreted by 

connective tissue cells and inflammatory phagocytes that play pivotal roles in ECM 

remodeling due to their ability to degrade many matrix components, growth factors and 

cytokines (Nagase and Woessner, 1999). Under physiological conditions, proteolytic 

activities of MMPs are tightly controlled by their endogenous protein inhibitors, TIMPs 

(Gomez et al., 1997). However, under fibrotic conditions, there is an imbalance between 

MMPs and TIMPs, with suppression of MMP activity and increased TIMP expression, 

resulting in the protection of ECM and decreased proteolysis. During this period, the 

synthesis of new collagen from myofibroblasts exceeds its degradation rate following the 

inflammatory cytokine-driven events at the site of injury (Van Linthout et al., 2014), thus 

resulting in aberrant collagen deposition over time. This cascade of events will eventually 

lead to a significant deposition of ECM proteins that outpaces its degradation, resulting in 

fibrosis and pathological remodeling of target organs.

2.3. Endothelial-to-mesenchymal transition

In addition to directly stimulating the differentiation of fibroblasts into myofibroblasts, TGF-

β1 can stimulate epithelial and endothelial cells to acquire a mesenchymal phenotype in 

which they de-differentiate, migrate and subsequently re-differentiate into myofibroblasts to 

secrete large amounts of matrix proteins to promote wound healing; commonly known as 

epithelial-to-mesenchymal cell transition (EMT) and endothelial cell-to-mesenchymal cell 

transition (EndMT), respectively (Barnes and Gorin, 2011; Du et al., 2012; Klahr and 

Morrissey, 2002). During an aberrant wound healing process, however, these transitioned 

epithelial and endothelial cells remain as myofibroblasts and continue to produce ECM 

components such as collagen and fibronectin. In the murine kidney, it was shown that 10% 

of endothelial cells undergo EndMT and 5% of epithelial cells undergo EMT, contributing to 

myofibroblast-induced renal fibrosis (LeBleu et al., 2013). Moreover, in a murine model of 

cardiac fibrosis, it was revealed that 27–33% of all cardiac fibroblasts were of endothelial 

origin using a Cre-recombinase genetic marking system to identify cells that express Tie1 

(an endothelial marker) (Zeisberg et al., 2007). Furthermore in EndMT, phenotypes of 

endothelial cells, such as CD31 and vascular endothelial (VE)-cadherin expression are often 

replaced by specific properties of mesenchymal cells like vimentin and α-smooth muscle 

actin (α-SMA) expression (Kovacic et al., 2012). These studies collectively demonstrated 

that EndMT plays a critical role in regulating the pathological processes leading to fibrosis.

3. The antifibrotic effects of relaxin

3.1. Relaxin effects on inflammation and fibrogenesis

Several studies have shown that relaxin inhibits the infiltration of various immune cells into 

injured/damaged organs, which produce various pro-inflammatory and pro-fibrotic factors to 
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initiate the wound healing response to injury, but which over prolonged periods contribute to 

the stimulation of excess ECM secretion (Wynn, 2008). Unresolved inflammation, followed 

by dysregulated wound healing, can lead to fibrosis-induced organ failure. Serelaxin and/or 

porcine relaxin has been shown to reduce the infiltration of inflammatory cells within 

several tissues including neutrophils, basophils, mast cells, endothelial cells and 

macrophages (Bani et al., 1997; Bani et al., 2002; Beiert et al., 2018; Garber et al., 2001; 

Nistri et al., 2003; Nistri et al., 2008), the latter being a source of TGF-β1 production. 

Furthermore, relaxin decreases granule exocytosis and mast cell degranulation to reduce pro-

inflammatory and allergic cytokines such as histamine, leukotrienes and serotonin (Masini et 

al., 1997). Relaxin can also inhibit the endothelial adhesiveness to neutrophils and the 

infiltration of macrophages which are crucial for the recruitment and migration of 

inflammatory cells to the site of injury (Hewitson et al., 2007; Martin et al., 2018; Nistri et 

al., 2003), inhibit toll-like receptor-4 signaling, and promote tissue-repairing M2 

macrophage polarization (Chen et al., 2017). Moreover, relaxin inhibits NLRP3 

inflammasome activity, which is known to increase interleukin (IL)-1β activity (Raleigh et 

al., 2017), and also plays a role in inhibiting NFkB signaling, a crucial transcription factor 

that regulates many inflammatory genes (Martin et al., 2018). Aside from its effects on 

inflammatory cell infiltration, relaxin has been shown to reduce the pro-fibrotic influence of 

cytokines or mediators such as TGF-β1 (Bennett et al., 2014; Heeg et al., 2005; Kocan et al., 

2017; Mookerjee et al., 2009; Samuel et al., 2004a; Unemori and Amento, 1990; Unemori et 

al., 1996; Wang et al., 2016; Wang et al., 2017), IL-1β (Beiert et al., 2017; Pini et al., 2016; 

Unemori and Amento, 1990), IL-6 (Beiert et al., 2018; Beiert et al., 2017; Wang et al., 2017; 

Yoshida et al., 2014), monocyte chemoattractant protein-1 (Brecht et al., 2011; Wang et al., 

2017), and tumor necrosis factor-α (Brecht et al., 2011; Yoshida et al., 2014; Yoshida et al., 

2013), amongst others.

3.2. Relaxin effects on myofibroblast activation and matrix remodeling

Serelaxin has been found to consistently inhibit TGF-β1, IL-1β and/or angiotensin (Ang) II-

mediated fibroblast proliferation and/or differentiation into myofibroblasts, regardless of 

etiology (Bennett et al., 2003; Fallowfield et al., 2014; Heeg et al., 2005; Hewitson et al., 

2010; Huuskes et al., 2015; Lekgabe et al., 2005; Mookerjee et al., 2009; Samuel et al., 

2011; Samuel et al., 2004a; Sassoli et al., 2013; Unemori and Amento, 1990; Unemori et al., 

1996). Furthermore, serelaxin also inhibited myofibroblast contractility as part of its anti-

fibrotic actions (Huang et al., 2011). These combined actions of serelaxin led to reduced 

myofibroblast-induced ECM (primarily collagen and fibronectin) synthesis and deposition 

(Bennett et al., 2003; Cernaro et al., 2017; Heeg et al., 2005; Hewitson et al., 2010; Lee et 

al., 2011; Lekgabe et al., 2005; Royce et al., 2015; Samuel et al., 2011; Samuel et al., 2004a; 

Sassoli et al., 2013; Unemori and Amento, 1990; Unemori et al., 1996). Furthermore, 

serelaxin promoted MMP expression and activity and/or inhibited TIMP activity to induce 

the degradation of aberrant ECM protein accumulation (Heeg et al., 2005; Hewitson et al., 

2010; Huuskes et al., 2015; Kang et al., 2017; Lekgabe et al., 2005; Royce et al., 2015; 

Samuel et al., 2011; Sassoli et al., 2013; Unemori and Amento, 1990; Unemori et al., 1996; 

Williams et al., 2001).
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Mechanistically, serelaxin has been shown to signal through RXFP1 on myofibroblasts to 

suppress TGF-β1 signal transduction and activity at the level of Smad2 phosphorylation 

(Chow et al., 2014; Kocan et al., 2017; Mookerjee et al., 2009; Sarwar et al., 2015; Wang et 

al., 2016). This then resulted in a decrease in TGF-β1-induced myofibroblast differentiation 

and hence, myofibroblast-mediated ECM/collagen synthesis; a decrease in TGF-β1-induced 

suppression of MMP (MMP-2, MMP-9, MMP-1/−13) activity (Chow et al., 2012); and a 

decrease in TGF-β1-induced TIMP activity and inhibition of ECM degradation. In cardiac 

myofibroblasts, serelaxin signaled through Notch-1 and suppressed Smad3 phosphorylation 

to inhibit the pro-fibrotic actions of TGF-β1 (Kocan et al., 2017; Sassoli et al., 2013).

3.3. Relaxin effects on endothelial-to-mesenchymal transition

Recent studies showed that serelaxin inhibits EndMT within the heart and kidney of 

isoprenaline-induced cardiomyopathy in rodents (Cai et al., 2017; Zheng et al., 2017). Zhou 

et al. found that serelaxin improves cardiac function in rats with myocardial fibrosis, by 

reducing EndMT and interstitial collagens I and III, while increasing the microvascular 

density of the heart (Zhou et al., 2015). Similar to cardiac myofibroblasts, serelaxin also 

inhibited TGF-β1-induced mobility of endothelial cells through a Notch-1-dependent 

pathway, and increased expression of CD31 while decreasing vimentin content of human 

umbilical vein endothelial cells (HUVECs) in vitro (Zhou et al., 2015). In a separate study, 

serelaxin was capable of reducing cardiac fibrosis in vivo via the inhibition of EndMT, and 

by increasing VE-cadherin and CD31 levels while suppressing vimentin and α-SMA levels 

in HUVECs in vitro (Cai et al., 2017). While these combined findings suggest that relaxin 

inhibits myofibroblast-mediated aberrant ECM synthesis and deposition at multiple levels, 

further studies are required to fully understand the detailed mechanisms underlying its 

potent antifibrotic actions in various tissues and organs for future therapeutic applications.

4. Relaxin family peptide signaling in fibrosis

4.1. Relaxin family peptides and receptors

The peptides of the relaxin/insulin-like super family exhibit a variety of functions, including 

antifibrotic activity in diverse organs, e.g. kidney, heart, lung and liver (Samuel et al., 2017). 

These peptides bind to the G-protein coupled receptors RXFP1–4, which induce diverse 

signaling cascades (Bathgate et al., 2013). The most well-studied pathways activated by 

these receptors involve modulation of cAMP production. For example, RXFP1 and RXFP2 

activation initially leads to Gs stimulation and thereby enhanced cAMP synthesis. 

Depending on the cell type, RXFP1 can also couple to Go and Gi to promote a biphasic 

pattern of cAMP production. In contrast, RXFP3 and 4 are coupled to Gi/o, leading to a 

reduction in cAMP levels. Of the receptors, only RXFP1 has thus far demonstrated 

antifibrotic effects. However, as discussed below, most of the signaling pathways that have 

been tied to antifibrotic effects involve different signaling pathways (summarized in Table 

1).

4.2. RXFP1 signaling through the nitric oxide-cGMP and ERK pathways

The most important receptor for the suppression of fibrosis in different organs is RXFP1. 

The physiological ligands that bind to this receptor are relaxin-2, its human recombinant 
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form serelaxin, and relaxin-1 (in other species). In myofibroblasts, (se)relaxin binding to 

RXFP1 stimulates Gs and GOB proteins (Mookerjee et al., 2009), and through an 

extracellular signal-regulated kinase phosphorylation (p-ERK1/2) and neuronal NO synthase 

(nNOS)-mediated NO-soluble guanylate cyclase (sGC)-cyclic guanosine monophosphate 

(cGMP)-dependent pathway to suppress TGF-β1 signal transduction and activity at the level 

of Smad2 phosphorylation (Chow et al., 2014; Kocan et al., 2017; Mookerjee et al., 2009; 

Sarwar et al., 2015; Wang et al., 2016) (Figure 1). Relaxin also directly stimulated cGMP 

synthesis independent of ERK1/2 activation (Kocan et al., 2017). Furthermore, it was 

established that signaling via cGMP and the cGMP-activated protein kinase-1 (PKG1) 

mediates the suppressive effects of serelaxin in unilateral ureter obstruction (UUO)-induced 

interstitial renal fibrosis (Wetzl et al., 2016). In this model, serelaxin treatment strongly 

enhanced plasma cGMP. Using PKG1-deficient mice, it was observed that the reduction in 

pSmad2 and pERK1 in response to serelaxin treatment was dependent on PKG1 (Wetzl et 

al., 2016). In comparison, the phosphodiesterase-5 (PDE5) inhibitor, zaprinast, acts as an 

antifibrotic agent via suppression of ERK1/2 signaling, but this effect was independent from 

PKG1. The combination of serelaxin with this PDE5 inhibitor does not reveal additional 

benefits against kidney fibrosis (Wetzl et al., 2017).

In summary, the diverse effects of relaxin peptides on signaling systems upon cAMP, cGMP, 

ERK1/2 and Smad2/3 are important parameters to elucidate their (patho)physiological 

functions. Interestingly, these effects are also time-dependent. The level of cAMP can be 

enhanced upon short exposure with relaxin via GS signaling, but it is reduced upon chronic 

exposure via activation of GOB (Halls et al., 2006). These differential effects can be also 

observed in the ERK1/2-system which is activated in the short term to enhance NO and 

thereby cGMP synthesis (Chow et al., 2012). However, ERK1/2 phosphorylation is reduced 

by serelaxin upon chronic treatment which might be important inter alia for suppression of 

kidney fibrosis (Schinner et al., 2017).

4.3. Crosstalk and heterodimerization between RXFP1 and AT2R

Many of the signal transduction pathways activated by serelaxin in myofibroblasts require 

the presence of the Ang II type 2 receptor (AT2R), which appears to occur through an 

interaction between RXFP1 and the AT2R (Chow et al., 2014). As a result of this interaction, 

the anti-fibrotic effects of serelaxin can be abrogated by co-administration of an AT2R 

antagonist (PD123319) or when serelaxin is administered to AT2R knockout mice (Chow et 

al., 2014). As the AT2R can inhibit both the expression and activation of the AT1R, serelaxin 

may also signal through the RXFP1:AT2R axis to indirectly inhibit the pro-fibrotic effects of 

Ang II via the Ang II–AT1R–TGF-β1 interaction (Nakajima et al., 1995; Yang et al., 2012).

4.4. Emerging potential relaxin-based antifibrotic therapies

There is evidence that other relaxin family peptides may also have antifibrotic effects. 

Human relaxin-3 (also known as H3 relaxin) reduced the fibrotic properties of rat ventricular 

fibroblasts, acting through RXFP1, and decreased collagen expression in a mouse model of 

cardiomyopathy (Hossain et al., 2011). Relaxin-3 treatment in cardiac fibroblasts also 

inhibited reactive oxygen species- and inflammasome-mediated collagen synthesis under 

high glucose conditions, and there was evidence of both RXFP1 and RXFP3 expression in 
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cardiac tissue in a rat model of diabetic cardiomyopathy (Zhang et al., 2018; Zhang et al., 

2017). Hence, relaxin-3 (acting via RXFP1, and possibly via RXFP3) might be 

therapeutically relevant for the treatment of diabetic cardiomyopathy. A recent study showed 

that mice lacking insulin-like peptide 6 (Insl6), a member of the relaxin family, exhibit 

cardiac dysfunction and enhanced cardiac fibrosis, suggesting the role of Insl6 in 

suppressing cardiac fibrosis and its potential to be used for the treatment of heart failure 

(Maruyama et al., 2018). Further studies are needed to determine if relaxin-3 or Insl6 can be 

used to treat established models of tissue fibrosis.

In addition to the endogenous ligands of RXFP1, a recently identified non-peptide agonist of 

the human relaxin receptor, ML290, shows promising effects in ameliorating fibrosis in cell 

culture studies. For example, ML290 treatment induces profound antifibrotic effects in 

human hepatic stellate cell line, LX-2, by down-regulating the gene expression of collagens, 

α-SMA, PDGF, and up-regulating MMP1 (McBride et al., 2017). In human cardiac 

fibroblasts, ML290 effectively suppresses TGF-β1-induced myofibroblast activation through 

a reduction in Smad2/3 phosphorylation and up-regulation of MMP2 (Kocan et al., 2017). 

The biased signaling of ML290 compared to relaxin might be a powerful tool to evaluate the 

specific antifibrotic properties of relaxin. Another RXFP1 agonist, B7–33, is a peptide 

analogue of the B-chain of relaxin which reduces fibrosis in heart and kidney of rodent 

models (Hossain et al., 2016; Praveen et al., 2017). Its affinity for RXFP1 is lower, but its 

specificity for RXFP1 is higher than that of (se)relaxin. The peptide mimetic B7–33 acts via 

preferential activation of pERK1/2 and cGMP in (myo)fibroblast cells compared to cAMP 

activation (Hossain et al., 2016; Praveen et al., 2017).

One critical requirement for the development of new relaxin analogues/agonists is high 

throughput bioassay systems for screening potential compounds. One important readout for 

the activity of candidate compounds is cAMP measurement. Bioluminescence resonance 

energy transfer (BRET) biosensors provide dynamic real-time measurement of cAMP levels. 

One such system, the CAMYEL assay (cAMP sensor using YFP-Epac.Rlu) has been 

validated as an assay for all RXFPs in HEK cells (Valkovic et al., 2018). In addition, cGMP 

sensor mice might be valuable for cGMP measurements and for screening in vivo (Paolillo 

et al., 2018); the latter which is more relevant for investigating the anti-fibrotic effects of 

(se)relaxin in myofibroblasts.

5. Conclusion

Since the development of the relaxin and RXFP1 knockout mice, it has become clear that 

endogenous relaxin plays a critical role in the protection of organs from age-related fibrosis. 

As the cellular mechanisms and signaling pathways by which (se)relaxin exerts its 

antifibrotic effects become clearer, additional therapeutic options are expected to emerge. 

Furthermore, numerous studies utilizing preclinical in vivo models are underway that 

support the use of (se)relaxin and relaxin mimetics for the treatment of fibrotic diseases. 

However, clinical trials using (se)relaxin or mimetics are needed to determine if this 

pathway can be exploited to treat human fibrotic disease.
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Figure 1: Scheme for antifibrotic signaling of relaxin-2.
Relaxin-2 activates RXFP1, which stimulates NO/cGMP/PKG1 signaling. Activation of the 

relaxin-RXFP1 axis subsequently leads to the inhibition of pERK1/2 and pSmad2/3, which 

ultimately suppresses TGFβ-induced fibrosis.

PKG1 – cGMP-dependent protein kinase 1, sGC – soluble guanylyl cyclase, cGMP – cyclic 

guanosine monophosphate, ERK – extracellular-signal regulated kinase, GMP – guanosine 

monophosphate, NOS – nitric oxide synthase, PDE5 – phosphodiesterase 5, RXFP1 – 

relaxin family peptide receptor 1, Smad – small mothers against decapentaplegic protein, 

TGFβ – transforming growth factor-β
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Table 1:

Selected Signaling Pathways Activated by Relaxin Family Peptides and Their Receptors in Fibrosis

Agonist Receptor Cells/Disease Model Signaling 
Pathway Targets Reference

Serelaxin
RXFP1
RXFP1/
AT2R

Renal, cardiac, dermal 
fibroblasts,

Renal fibrosis

pERK1/2-
nNOS-NO-sGC-

cGMP-PKG1

TGFβ
pSmads
SMA

Collagen
Fibronectin

MMPs
TIMPs

(Chow et al., 2012; Chow et al., 
2014; Mookerjee et al., 2009; 

Sarwar et al., 2015; Wang et al., 
2016; Wetzl et al., 2017; Wetzl et 

al., 2016)

ML290 RXFP1 Cardiac and hepatic 
myofibroblasts

NOS-NO-sGC-
cGMP

TGFβ
pSmads
SMA

MMPs

(Kocan et al., 2017)

B7–33 RXFP1 Renal myofibroblasts 
Cardiac and lung fibrosis pERK1/2

pSmads
Collagen
MMPs

(Hossain et al., 2016; Praveen et al., 
2017)

Relaxin-3 RXFP1,
RXFP3? Cardiac fibrosis unknown

NLRP3-inflammasome
Collagen
MMPs

(Hossain et al., 2011; Zhang et al., 
2018; Zhang et al., 2017)

InsL6 unknown Cardiac fibrosis unknown TGFβ
collagen (Maruyama et al., 2018)
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