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Abstract: Fibrosis is one of the parameters of lung tissue remodeling in asthma. Relaxin has emerged
as a natural suppressor of fibrosis, showing efficacy in the prevention of a multiple models of fi-
brosis. Therefore, the aim of this study was to analyze the aptitudes of relaxin, in the context of
its immunomodulatory properties, in the development of airway remodeling. WI-38 and HFL1
fibroblasts, as well as epithelial cells (NHBE), were incubated with relaxin. Additionally, remodel-
ing conditions were induced with two serotypes of rhinovirus (HRV). The expression of the genes
contributing to airway remodeling were determined. Moreover, NF-κB, c-Myc, and STAT3 were
knocked down to analyze the pathways involved in airway remodeling. Relaxin decreased the
mRNA expression of collagen I and TGF-β and increased the expression of MMP-9 (p < 0.05). Re-
laxin also decreased HRV-induced expression of collagen I and α-SMA (p < 0.05). Moreover, all
the analyzed transcription factors—NF-κB, c-Myc, and STAT3—have shown its influence on the
pathways connected with relaxin action. Though relaxin requires further study, our results suggest
that this natural compound offers great potential for inhibition of the development, or even reversing,
of factors related to airway remodeling. The presented contribution of the investigated transcrip-
tion factors in this process additionally increases its potential possibilities through a variety of its
activity pathways.
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1. Introduction

Airway remodeling is the most typical pathological feature of asthma, and it includes
subepithelial fibrosis, with increased deposition of extracellular matrix proteins (ECMs),
smooth muscle hyperplasia, goblet cell metaplasia, and neovascularization. These changes
are involved in persistent airflow limitation and collectively lead to a thickened airway
wall that exacerbates airway hyperresponsiveness (AHR), resulting in fixed airway obstruc-
tion. The mechanisms controlling the pathogenesis of airway remodeling remain poorly
understood. Nevertheless, it is well-known that repeated episodes of airway inflammation
may be associated with airway remodeling. Moreover, the remodeling process progresses
independently of inflammation and occurs early in the airway disease development [1–4].

Airway infections caused by viruses (e.g., rhinovirus), which are also the trigger
of exacerbations, may also have severe adverse outcomes in patients with established
asthma [5–7].

The degree of fibrosis developing in tissues depends on the balance between produc-
tion and degradation of the extracellular matrix. In the airway wall, collagen degradation
is regulated by matrix metalloproteases (MMPs) and tissue MMP inhibitors (TIMPs); col-
lagen production by myofibroblasts occurs in response to pro-fibrotic cytokines, such as
TGF-β1 [4,8]. Kuo et al., demonstrated that rhinoviruses contribute to airway remodeling
by promoting ECM deposition and induction of ECM gene expression [9]. Furthermore,
data suggest that viral infection-induced cytopathic effects may reduce the cell proliferation
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rate in bronchial epithelium, which results in an impaired repair process. Skevaki et al.,
suggested that rhinoviruses contribute to the fibrotic component of airway remodeling.
Moreover, fibroblast growth factor is induced by rhinoviruses in the airway epithelium [10].

Human Relaxin-2 is a dimeric peptide, pleiotropic hormone with recognized antifi-
brotic properties. It also plays key roles in both reproductive and non-reproductive pro-
cesses [11,12]. Relaxin treatment has been demonstrated to inhibit fibrosis in a bleomycin-
induced model of lung fibrosis by hindering TGFβ-induced matrix protein production
and increasing the expression of the collagen-degrading enzymes and matrix metallo-
proteinases [13]. Furthermore, relaxin administration has been reported to prevent the
development of collagen deposition associated with airway inflammation in ovalbumin
(OVA)-sensitized guinea pigs and OVA-sensitized challenged BALB/c mice, highlight-
ing the antifibrotic potential of exogenous relaxin therapy [13,14]. Relaxin has also been
shown to reverse fibrosis in an OVA model and play tissue-specific roles in regulating ECM
deposition in organs such as the kidney, heart, liver, and lung [15].

RXFP1 (relaxin/insulin-like family peptide receptor 1) is the only relaxin receptor
known to be expressed in the lung, and its natural ligand is relaxin (RLN2) [16]. RXFP1
is expressed at very low levels and is not secreted from cells. In bronchial asthma, RXFP1
expression is reduced, as in idiopathic pulmonary fibrosis, suggesting its significant role in
respiratory diseases, among others [17,18]. Apart from the anti-fibrotic properties, relaxin
has been shown to present anti-inflammatory effects by reducing the influx of neutrophils
and mast cells into injured organs or inhibiting histamine release by mast cells [19,20].

Though the exact role of NF-κB in airway remodeling remains unclear, this transcrip-
tion factor has been implicated in the pathogenesis of asthma. Tully et al., demonstrated
the importance of NF-κB activation within the bronchiolar epithelium in dust mite-induced
inflammation and fibrotic airway remodeling [21]. Moreover, NF-κB activation has been
suggested to be necessary for neutrophil elastase-induced secretion of TGFβ-1 from smooth
muscle cells, and it is involved in epithelial-mesenchymal transition in the mouse model
of asthma, showing an alleged role of NF-κB activation in smooth muscle cells in AHR
and remodeling [22]. STAT3 has been demonstrated to be involved in even more processes
connected to airway remodeling, such as smooth muscle cell proliferation, repair of ep-
ithelium, and fibroblast migration. Moreover, MAPKs and STAT3 signaling have been
suggested to be integrated into a network, which would be pivotal for airway remodeling
development [23]

The aim of this study was to analyze relaxin influence on remodeling-related gene
expression in an airway remodeling model induced by rhinovirus (HRV-2 and HRV-16);
we also analyzed the contribution of chosen transcriptions (NF-κB, c-myc, and STAT3) in
relaxin action.

2. Results

Stimulation with relaxin caused a significant increase in the mRNA expression of the
MMP-9 gene (234% and 306% for fibroblasts (WI-38 and HFL1) and 210% for epithelial
cells, p < 0.05, Figure 1A).

Interestingly, relaxin significantly decreased the expression of TGF-β1 (91%), COL I
(86%), and α-SMA (45%) mRNA (Figure 1B,C,H), and only in the case of TGF-β1, this effect
appeared in all cell types tested (91% for WI-38, 87% for HFL1, and 80% for NHBE). In
the case of collagen I, relaxin was effective only in WI-38 fibroblasts –47% decrease). For
α-SMA, the decreasing effect of relaxin occurred in fibroblasts (WI-38–49% decrease and
HFL1–55% decrease). There was no effect of relaxin on the expression of ADAM33, YKL-40,
and LTC4S genes (p > 0.05, Figure 1D,E,G).
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Figure 1. qPCR analysis showing the effect of relaxin (R) on airway remodeling-involved genes.
Human Rhinovirus (HRV-2 or HRV-16) induced the expression of all genes analyzed, except for the
RXFP1 (Relaxin Family Peptide Receptor 1) gene. Relaxin induced mRNA expression of MMP-9
(matrix metalloproteinase-9, (A)), but reduced the expression of TGF-β (Transforming growth factor,
(B)) and collagen I (C). It also induced mRNA expression of RXFP1 (Relaxin Family Peptide Receptor
1, (F)); no effect of relaxin was observed in ADAM33 (ADAM Metallopeptidase Domain 33), YKL-40
(Chitinase-3-like protein 1), and LTC4S (leukotriene C4 synthase) mRNA expression (D,E,G). Finally,
relaxin inhibited HRV-induced expressions of collagen I (C) and α-SMA (α-smooth muscle actin, (H).
There were also no differences between the specimens when relaxin was added to HRV-infected cells
or prior to the HRV infection: H16R, H2R—rhinovirus 16 and 2 added first, followed by relaxin—after
24 h, as well as RH16, RH2—relaxin added first, followed by rhinovirus-16 and 2—added after 24 h.
* p < 0.05, in comparison to the control sample, and + p < 0.05 in comparison to the rhinovirus sample
(HRV-2 or HRV-16, respectively); C is the control sample with medium only. N = 6, error bars—SEM.
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The infections with Rhinovirus-2 and -16 caused an increase in mRNA expression in
all experiments. Interestingly, RXFP1 mRNA expression (Figure 1F) only increased, after
rhinovirus infection, in epithelial cells (for 276%). In this set of experiments, we observed
that relaxin also significantly increased the expression of the relaxin receptor RXFP1 mRNA
(251% in fibroblasts and 430% in epithelial cells) in the presence of both serotypes of
rhinoviruses (>200% p < 0.05), although in fibroblasts, the virus itself did not affect the
expression of this gene. RXFP1 expression, after relaxin was added to HRV-infected cells
(both serotypes used), was even greater than after relaxin alone (increase of 115% in WI-38
and 146% in HFL1). No significant differences were observed between the experiments.
Relaxin was added to previously infected cells, and in the experiments, relaxin was added
prior to infection.

The study of protein expression has only shown statistical significance in the case of
collagen I in fibroblasts (Figure 2). COLI expressions after the rhinoviruses were greater
than the control sample (216% p < 0.05). Relaxin caused a significant reduction in the
HRV-2-induced expression of collagen I but only when added to an existing infection (42%
decrease, p < 0.05); Relaxin not only reversed, but also prevented, the upregulation of
collagen 1. All other changes in protein expression were statistically insignificant (p > 0.05).

Figure 2. Immunoblot confirmation of relaxin effects. The results are from the HFL1 fibroblast cell
line, presenting relaxin (R) influence on collagen I protein expression. Collagen type I (COL1) consists
of two α1 (COL1A1) chains and one α2 chain (COL1A2, presented here, 110 kDa), which is a hallmark
of fibrosis. The results mirror the expression obtained on the mRNA level. OD (Odds Ratio for
H16 = 84 vs. OD for H16R = 72, + p < 0.05 in comparison to the rhinovirus sample (HRV-2 or HRV-16,
respectively)); C—control sample with medium only. N = 3, β-actin (42 kDa) was an endogenous
control. H16R, H2R—rhinovirus 16 and 2 added first, followed by relaxin—after 24 h, as well as
RH16, RH2—relaxin added first, followed by rhinovirus 16 and 2—added after 24 h.

siRNA silencing of transcription factors, when silencing the NF-κB transcription factor,
showed no significant changes in mRNA expression of the MMP-9, and COL I genes were
noted (Figure 3A,C), which suggests that this transcription factor has a significant impact
on the expression of the above genes. Similar effects appeared in the study of α-SMA
mRNA expression (Figure 3H). Nevertheless, the silencing of NF-κB only affected fibroblast
cells. RQ values after relaxin, in epithelial cells, remained unchanged in comparison to the
basal experiments (i.e., in comparison to Figure 1).

Silencing the transcription factor, c-Myc, caused an interesting change in the mRNA
expression of the α-SMA gene (Figure 4H); despite the lack of a significant effect of relaxin
itself, it decreased α-SMA expression induced by viruses (143% decrease for WI-38 and
HRV-16; 309% decrease for WI-38 and HRV-2). Silencing of c-Myc also resulted in the lack
of the previously observed effect: increasing MMP-9 mRNA expression in all tested cells
(Figure 4A). Intriguing results were reported from experiments showing the mRNA expres-
sion of the RXFP1 gene: WI-38 fibroblasts (but not HFL1) showed increased expression
of this gene under conditions of HRV infection (361% for HRV-16 and 338% for HRV-2,
p < 0.05) with relaxin. Although alone, none of these factors induced a significant effect.
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Figure 3. Effects of relaxin (R) in the NF-κB knockout conditions. Knockout of NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) resulted in a lack of changes in MMP-9 (Matrix
metalloproteinase 9) mRNA expression, either after relaxin or after HRV-2 (Human Rhinovirus) and
HRV-16 treatment (A). Additionally, rhinovirus infections did not result in changes in the expression
of MMP-9 (Matrix metalloproteinase 9, (A)), and TGF-β (Transforming growth factor beta, (B)) mRNA
expression. Similarly, no significant effects of relaxin were observed in the mRNA expression of
collagen I (C). No effects of relaxin have been observed in ADAM33 (D), and YKL-40 (Chitinase-
3-like protein 1, (E)) mRNA expression, while relaxin increased mRNA expression of RXFP1 (F).
In case of LTC4S (G) and α-SMA (α-smooth muscle actin, (H)), relaxin did not cause significant
change of mRNA expression. No difference has been observed between the specimens when relaxin
was added to HRV infected cells or prior to the HRV infection. H16R, H2R—rhinovirus 16 and
2 added first, followed by relaxin—after 24 h, as well as RH16, RH2—relaxin added first, followed by
rhinovirus 16 and 2—added after 24 h. The data presented are normalized to the samples treated with
control siRNA. * p < 0.05 in comparison to the control sample, and + p < 0.05 in comparison to the
rhinovirus sample (HRV-2 or HRV-16, respectively); C is the control sample with medium only. n = 6,
error bars—SEM.
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Figure 4. siRNA c-Myc knockout effect on Relaxin (R) in rhinovirus-infected cells. c-Myc transcription
factor knockout inverted the relaxin (R) effect of a decrease in MMP-9 (Matrix metalloproteinase 9,
(A)) expression. TGF-β (B), and collagen I (C) mRNA expression was significantly decreased by
relaxin. Under the conditions used, no effect of relaxin or rhinoviruses were observed in aDAM33 (D),
YKL-40(Chitinase-3-like protein 1) (E) and LTC4S (G) expression. Relaxin changed the expression of
RXFP1 in epithelial cells (F), and in fibroblasts in α-SMA (H). No difference was noticed between the
specimens when relaxin was added to HRV (Human Rhinovirus)-infected cells (H16R, H2R) or prior
to the HRV infection. H16R, H2R—rhinovirus 16 and 2 added first, followed by relaxin—after 24 h,
as well as RH16, RH2—relaxin added first, followed by rhinovirus 16 and 2—added after 24 h. The
data presented are normalized to the samples treated with control siRNA. * p < 0.05 in comparison
to the control sample, and + p < 0.05 in comparison to the rhinovirus sample (HRV-2 or HRV-16,
respectively); C is the control sample with medium only. N = 6, error bars—SEM.

siRNA silencing of STAT3 transcription factor abolished all changes previously ob-
served in TGF-β1 mRNA expression (Figure 5B). With both relaxin and two rhinovirus
serotypes stimulation, no significant change in gene expression was noted (without si-
lencing, these changes were significant). A similar effect was observed for the expression
of collagen I, while the expression of MMP-9 mRNA after relaxin was also not changed,
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despite its clear stimulating effect in experiments without gene silencing (Figure 5A). STAT3
siRNA silencing did not cause any changes in RXFP mRNA expression in comparison to
the basal experiments (Figure 5F, p > 0.05).

Figure 5. Real-time PCR results presenting the effect of relaxin on the genes contributing airway
remodeling after STAT3 siRNA silencing. The knockdown of STAT3 reversed relaxin’s (R) ability to
influence MMP-9 (Matrix metalloproteinase 9, (A)), TGF-β (Transforming growth factor beta, (B)),
COL I (collagen I, (C)), and α-SMA (α-smooth muscle actin, (H)) mRNA expression. The knockout
did not change levels of ADAM33 (ADAM Metallopeptidase Domain 33, (D)), YKL-40 (E) and LTC4S
(leukotriene C4 synthase, (G)) mRNA expression in comparison to cells expressing STAT3. Relaxin
increased mRNA expression of RXFP1 (F). Moreover, no difference were observed between the
specimens when relaxin was added to cells infected with rhinovirus-16 (H16) and rhinovirus-2 (H2)
or prior to the HRV infection. H16R, H2R—rhinovirus 16 and 2 added first, followed by relaxin—after
24 h, as well as RH16, RH2—relaxin added first, followed by rhinovirus 16 and 2—added after
24 h. The data presented are normalized to the samples treated with control siRNA. * p < 0.05 in
comparison to the control sample, and + p < 0.05 in comparison to the rhinovirus sample (HRV-2 or
HRV-16, respectively); C is the control sample with medium only. N = 6, error bars—SEM.
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Protein expression analysis showed no statistically significant changes in this set of
experiments (p < 0.05)

3. Discussion

It has been postulated that the development of subepithelial fibrosis in human asthma
can drive remodeling processes, including airway epithelial thickening [24]. Mediators that
regulate fibrosis in bronchial asthma are disrupted, which results in imbalanced production
and degradation of ECM [25].

In this study, infections with two serotypes of rhinoviruses were used—HRV-16 and
HRV-2—and resulted in increased mRNA expression of the genes analyzed (Figure 1A–H).
These results stay in agreement with our previous study [26–28] and the literature, as it
has been reported that infections caused by rhinoviruses are associated with an increase in
airway remodeling mediators, e.g., TGF-α, TIMP-2, HGF, MMP-10, LIGHT, IL-1β, GF-1,
PDGF, endothelin, and TGF-β [3,10,29]. Our aim was to analyze the effect of relaxin on
the expression of airway-remodeling genes, depending on whether it was added before or
after rhinovirus infection.

The mechanisms by which relaxin mediates its antifibrotic effects have not been fully
identified. The most important physiologic function of relaxin appears to be the remod-
eling of ECM in both reproductive and non-reproductive tissues. In our study, relaxin
induced MMP-9 mRNA expression. Nevertheless, relaxin did not influence MMP-9 mRNA
expression in the conditions of rhinovirus infection. MMP-9 leads to the degradation of
collagen, which induces infiltration of inflammatory cells through the basement membrane
and ECM. These processes, along with accelerating collagen deposition, induce airway
remodeling [30,31]. These processes induce airway remodeling [30,31]. Notably, silencing
two of the analyzed transcription factors—NF-κB and STAT3—changed the mRNA expres-
sion levels of MMP-9 after rhinovirus infection (Figures 1A, 2 and 4A). Rhinovirus acts, at
least in part, via NF-κB. Moreover, NF-κB-DNA binding activity was rapidly induced in
RV-infected cells [32]. The NF-κB family of transcription factors regulates several of the
tissue-remodeling genes, including MMP-9 [33,34]. It has been previously suggested that
relaxin-induced tissue remodeling, with increasing MMP-9 expression, depends on NF-κB
activation [33]. A recently published analysis of upstream antiviral response regulation
revealed that the highest-ranking candidate transcription factors driving anti-rhinoviral
response were NF-κB, STAT1, STAT3, and interferon regulatory factor 7 [35]. Furthermore,
Xuan et al., have proved that activation of STAT3 adjusts and controls MMP-9 expres-
sion. Additionally, MMP-9 production induced by ceramide occurs via activation of the
JAK2/STAT3 pathway [36,37]. MMP-9 is an important factor in airway remodeling and
is closely related to an equally important cytokine in this phenomenon: TGF-β. TGF-β
and growth factors also serve as inflammatory cytokines in the MMP-9 secretion and
production. Moreover, knockdown of TGF-β1 expression from cells affects MMP-9 gene
expression [2,38,39], and MMP-9 may induce TGF-β1 production in the airway epithelium
through the cleavage of EGF and EGF-like ligands, as well as activating EGFR [40]. The
above evidence suggests the existence of a feedback loop. TGF-β activates ERK-1/2 and
p38 MAPK, which leads to the upregulation of matrix metalloproteinase MMP-9. There is
lack of studies assessing the protein levels or activity of pro-fibrotic markers induced by
rhinovirus. Nevertheless, Skevaki et al., demonstrated that rhinovirus infection induces
bFGF release by airway epithelium, and it stimulates stroma cell proliferation, contributing
to airway remodeling in asthma, and Mehta et al., identified three molecules that contribute
to fibrosis and lung tissue remodeling—LIGHT, IL-1β, and TGF-β—which are induced by
Rhinovirus [10,29].

In our study, relaxin decreased mRNA expression of TGF-β (Figure 1B), and these
results remained unchanged despite NF-κB and c-Myc knockout (Figures 3B and 4B). On
the contrary, significance of the relaxin effect had been abolished when STAT3 was silenced
with siRNA, which indicates the importance of this transcription factor in the pathway
responsible for TGF-β expression (Figure 5B).
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The majority of data demonstrate that STAT3 is frequently activated in many fibrotic
systems and that TGF-β1 signaling induces phosphorylation and the activation of kinases
that are known to activate STAT3. This signaling further suggests that STAT3 progressively
modulates fibrosis by different mechanisms [41–43]. Unemori et al., showed that relaxin
decreased TGF-β expression in fibroblasts. TGF-β1 is associated with, but also stored in,
ECM. Apart from attenuating TGF-β1 expression, relaxin may also indirectly stimulate the
synthesis of ECM by the protease-mediated release of TGF-β1 [44].

Royce et al., previously showed that relaxin inhibits the effects of TGF-β on the
proliferation and differentiation of ECM-producing myofibroblasts [4]. By inhibiting TGF-β
expression, relaxin seems to demonstrate a modulatory potential in a remodeling process [4],
which was confirmed by our study. We also proved that relaxin increased the mRNA
expression of MMP-9 but decreased collagen I expression (Figure 1A,C), which corresponds
to the research results, showing that relaxin promotes MMP-induced collagen degradation
as part of its collagen remodeling effects [45,46]. Relaxin decreased the secretion of collagen
by untreated fibroblasts. However, it was also able to control collagen synthesis markedly
in the conditions of significant collagen overexpression [47]. Importantly, in our study,
relaxin also had a significant down-regulatory effect on the secretion of collagen. The effect
of relaxin on the expression of rhinovirus-induced mRNA collagen was significant only in
fibroblasts, not in epithelial cells (Figure 1C). This phenomenon might be connected with
the fact that the subepithelial layer, which contains airway fibroblasts, might be activated
by profibrotic cytokines, including the TGF-β1, for phenotypic shifts into highly contractile
myofibroblasts (FMT-fibroblast-to-myofibroblast transition) [48]. Nevertheless, this is an
important result, confirmed by a Western blot analysis (Figure 2), which shows the impact
of relaxin on the significant factor of airway remodeling process. These results stay in
agreement with the literature, as relaxin has been shown to decrease the production of
pathological collagen through inhibition of its synthesis and secretion from myofibroblasts
in different organs [44,49,50]. Moreover, data published, as well as the results of this work,
suggest that relaxin is able to promote the expression of matrix metalloproteinase to enable
the degradation of collagen accumulation [44,47,51–53]. These properties confirm the useful
antifibrotic action of relaxin.

An important issue in this study is the different responses to relaxin of different cell
types. Each of them specifically coordinates the control of the airway microenvironment
during lung pathophysiological processes. Anatomical and functional interactions be-
tween fibroblasts and airway epithelial cells are known as the epithelial-mesenchymal
trophic unit (EMTU), which is important in airway remodeling. Our study suggest that
fibroblasts react stronger to the relaxin treatment than epithelial cells. These findings may
suggest that the subepithelial fibrosis may contribute to remodeling changes to a greater
extent compared to epithelium, thereby supporting the idea that fibroblast-derived colla-
gen deposition may subsequently promote epithelial remodeling changes that exacerbate
airway hyperreactivity.

In the present study, we demonstrate that the knockdown of NF-κB and STAT3 (but
not c-Myc) abolished the effects caused by relaxin. Although it must be kept in mind that
NF-κB and STAT3 pathways are not exclusively connected with either airway remodeling or
the fibrosis process, and their actions have to be analyzed in a broader context. According
to the literature, STAT3 is required for the increased COL1A2 expression observed in
fibroblasts [54,55]. This transcription factor also operates at the post-transcriptional as well
as the transcriptional level. Furthermore, Han et al., demonstrated that rhinovirus-induced
inflammasome activation occurs in vivo, and that activation of inflammasome plays a
pivotal role in rhinovirus-induced airway inflammation and hyperresponsiveness [56].
While activation of NLRP3 is crucial for host defense, its activation has also been associated
with many other chronic diseases, including fibrosis [57]. The inhibitory effect of NF-κb
silencing on relaxin activity may also be related to the fact that this protein is responsible
for the transcription of the NF-κb inhibitor IκBα [58] (Figure 6). Inhibition of NF-KB, in
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turn, suppresses the action of NOS, which is necessary for the relaxin signaling pathway,
and thus, its action becomes limited or inhibited.

Figure 6. A schematic illustration of the proposed relaxin signaling at the cellular level.

NF-κB mediates induced collagen I expression and NALP3 inflammasome, which
contributes to the development of bleomycin-induced pulmonary fibrosis and is also
involved in this pathway [59]. On the other hand, relaxin was proven to inhibit NLRP3
inflammasome activity, which, apart from increasing interleukin-1β activity, plays a role in
inhibiting NF-κB signaling: a crucial transcription factor that regulates many inflammatory
genes. Therefore, relaxin action may be considered indirect in some circumstances [47,60,61].

Surprisingly, no effect of relaxin has been found in mRNA expression of ADAM33,
YKL-40, and LTC4S (Figure 1D,E,G and Figure 4D,E,G). ADAM33 has been identified
as an asthma susceptibility gene [62,63]. YKL-40 has also been suggested to contribute
to asthma and tissue remodeling [64–66]. LTC4 synthase was used, in the study, as an
inflammation marker. These data may be connected with the fact that the relaxin treatment
lasted 24 h, which might be too short for some genes to react to relaxin action. Nevertheless,
no data regarding such a connection may be found in the literature. Therefore we are the
first researchers to confirm a lack of relaxin influence on these two airway-remodeling
connected genes.

The relaxin activity of net matrix remodeling, within target tissues, is possibly deter-
mined by the levels of its receptors and downstream signaling initiated by the activation of
receptors through the binding with hormone ligands [67]. RXFP1 signaling involves multi-
ple pathways—which depend on the cell type—in fibrotic diseases. The relaxin/RXFP1 axis
is dysregulated [68,69]. Relaxin-2 has been shown to signal, via RXFP1, myofibroblasts by
suppressing TGF-β1 signal transduction and activity, which occurred at the level of Smad2
phosphorylation. Subsequently, it resulted in a decrease in myofibroblast differentiation in-
duced by TGF-β1 and, further, myofibroblast-mediated ECM/collagen synthesis [47,70,71].
Our study shows that the effects of relaxin were stronger in epithelial cells than in fibrob-
lasts (Figure 1F). Relaxin alone not only increased the mRNA expression of RXFP1 but it
also increased the expression even more when added to HRV-infected cells. Interestingly,
rhinovirus alone enhanced the expression of RXFP1 only in epithelial cells. A recent study
showed that, in endothelial cells, relaxin administration may increase its own receptor
expression (RXFP1) through epigenetic regulation, in the form of histone modifications,
by attenuating TGFβ-pSMAD2/3 signaling in endothelial cells [72]. Royce et al., stress
that the main site of expression of RXFP1 is the bronchial epithelium. Epithelial cells are
highly secretory, which means that they may influence the underlying fibroblasts and
myofibroblasts via cytokines and growth factors [73,74]. The data presented in this paper
show that knockdown of NF-κB and STAT3 diminished the changes in the RXFP1 values
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between epithelial cells and fibroblasts (Figures 3F and 5F), while c-Myc knockdown did
not influence those RQ values (Figure 4F), suggesting differences in expression regulation
between different cell types.

The research of both in vitro and in vivo models indicates that airway fibrosis may lead
to further changes of airway remodeling, including those affecting the epithelium [1,75–78].
In lung diseases characterized by fibrosis, RXFP1 gene and protein expression was found
to be reduced, and in biopsy samples taken from asthma patients RXFP1 was found to be
lower [17,79].

α-SMA, has long been recognized as a surrogate marker of activated fibroblasts [80];
indeed all myofibroblasts express α-SMA, which well-characterized protein used for the as-
sessment of activated fibroblasts in lungs and other tissues [81–83]. Studies using fibroblast-
populated collagen lattices indicate that α-SMA expression increases the contractile activity
of fibroblasts [84]. Our study shows that relaxin significantly decreased the mRNA ex-
pression of the α-SMA gene in fibroblasts, it also decreased rhinovirus-induced mRNA
expression of this gene (Figure 1H). This situation remained similar in the conditions of
c-Myc knockdown (Figure 3H). c-Myc/Max heterodimer may inhibit ERK1/2, which is
thought to play a role in relaxin pathway (Figure 6). Possibly there may be some additional
unknown pathway involved. In kidneys, c-Myc promotes tubulointerstitial fibrosis by
upregulating integrin αv (ITGAV). This leads to TGF-β activation (whcn induces α-SMA
COL I production) and increased extracellular matrix production [85]. On the other hand,
according to Rosch and colleagues’ study, which was conducted in hernia patients, sig-
nificant increase in c-myc expression correlated to the decreased collagen I/III ratios [86]
and, in the recent study of Shen et al., demonstrated that c-Myc siRNA inhibited the Ang
II–induced accumulation of ECM renal proteins, including fibronectin, collagen I, and
α-SMA [85]. Possibly, in airway cells, the mechanism may be similar; however, little data is
available regarding this issue.

siRNA silencing of NF-κB and STAT3 eliminated the changes observed in basal ex-
periments (Figures 3H and 5H). These data may suggest that relaxin might have more
molecular aptitudes but also that modulation of transcription factors may influence some
elements of the airway re-modeling process.

Fibroblasts are dynamic cells, and it must be kept in mind that the interpretation of the
findings, derived from different cell models, requires understanding of the diverse features
of fibroblasts in each model. This may possibly explain the different relaxin results in the
two fibroblast cell lines used. Recently published data suggest that α-SMA-overexpressing
cells display reduced contraction, which may be connected with weakened proliferative
activity [87]. These effects are consistent with the known physiological role of relaxin in
matrix remodeling, showing the decrease in α-SMA expression and suggesting that relaxin
can down-regulate the activity of these matrix-producing cells [80]. Recently published
data suggest that HRV infection may contribute the remodeling process by the release
of chemoattractants that can stimulate directed migration of airway smooth muscle cells
(ASMCs) [88]. Our results show that the different serotypes used in the study have similar
efficacy in inducing the expression of genes related to airway remodeling. This may be
related to the fact that both serotypes used enter airway cells via ICAM-1, a member of
the immunoglobulin superfamily. To date, no data have been published demonstrating
differences between HRV serotypes in airway remodeling participation. However, it is
possible that, despite the differences in the initial phase of virus action/entry, its subsequent
effect on airway remodeling may be similar despite the different serotypes, though this
issue requires deeper research.

The aim of the study was not to analyze the effect of relaxin in the context of its use
for therapeutic purposes but only to evaluate its effects as a form of recognizing the area
of its action and the possibility of modulating certain processes by means of relaxin. We
are aware of the limitations of our study, which was conducted utilizing cell lines and
with narrow time for relaxin. Moreover, the lack of confirmation of the HRV infection—
and only partial confirmation of the results on the protein level—are also drawbacks of
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the work. Additionally, strong effects of relaxin application under basal conditions may
suggest that application of relaxin can be associated with potent side effects, including
destabilization of the airway structure. This issue requires further investigation, as studies
show that the lower dose of relaxin (25 µg/kg/day) induces skin thickness and benefits in
other lung parameters. Nevertheless, at the dose of 100 µg/kg/day, no benefits of relaxin
were observed [89]. No data showing airway structure destabilization are now available.
Therefore, the interpretation of our study should also be considered with caution.

Relaxin-2 assembles to RXFP1 and acts via ERK1/2 kinase and, subsequently, NOS/NO-
dependent signaling, leading to the activation of guanylate cyclase and cGMP produc-
tion [70]. ERK1/2 is known to stabilize c-Myc [90], which is responsible for the expression
of collagen I or Iκβ–NF-κB inhibitor. On the other hand, c-Myc/Max heterodimer inhibits
phosphorylated ERK1/2 [91]. Nitric oxide synthase might be inhibited by the knock-
out of NF- κB [92] but stimulated by STAT3, which, in turn, is an important factor for
TGF-β [93,94]. STAT3 is a transcription factor for fibrotic genes such as collagen I and
α-SMA [42,54]. cGMP is generated as a result of relaxin activity, and its signaling path-
way may inhibit NF- κB activation in innate immunity [95]. cGMP is cyclic guanosine
monophosphate, ERK1/2 is extracellular-signal regulated kinase 1/2, NOS is nitric oxide
synthase, RXFP1 is relaxin family peptide receptor 1, and TGFβ is transforming growth
factor-β.

4. Materials and Methods
4.1. Cell Cultures

WI-38 and HFL1—fibroblast cell lines—were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The cells were grown in EMEM medium (WI-38) and HAM’s12 medium (HFL1)
with an addition of 10% fetal bovine serum, 2 mM of L-glutamine, 1% of non-essential
amino acids, and standard Penicillin Streptomycin solution (Sigma-Aldrich, St. Louis, MO,
USA). The epithelial cell line—NHBE—was purchased from Lonza (Lonza Walkersville
Inc. Walkersville, MD, USA) and cultured in BEGM Bronchial Epithelial Cell Growth
Medium BulletKit (Lonza Walkersville Inc. Walkersville, MD, USA). The experiments
(n = 6) were performed after reaching 80–90% confluence (passage three to eight) by the
cells. The viability of the cells was assessed using Presto Blue (BD Pharmingen, Franklin
Lakes, NJ, USA) and measuring the absorbance at 570 nm.

4.2. Virus Preparation and Cell Infection

Human rhinovirus (HRV) 16 and HRV-2 were purchased from the European Collection
of Authenticated Cell Cultures (ECACC, Salisbury, UK). Ohio HeLa cells were infected
until cytopathic effects were observed (multiplicity of infection (MOI) of 1 for both HRV
serotypes). Approximately 0.5 mL of HRV was inoculated into subconfluent H1-HeLa
monolayer cells in a T-182 flask. Upon adsorption (1 h at room temperature with rocking),
50 mL of HRV infection medium was added (MEM supplemented with 2% FBS, 20 mM
HEPES, 1×non-essential amino acids, 10 mM MgCl2), and the infection was allowed to
proceed at 33 ◦C in a 95% CO2 awaiting the monolayer that appeared to be completely
involved with the cytopathic effect (CPE) one to three days post-infection). Afterwards,
cells and supernatants were harvested after three cycles of freezing/thawing in order to
rupture all membranes, which were then clarified by centrifugation, aliquoted, and stored
at −70 ◦C. Both serotypes were titrated by making a logarithmic dilution and inoculating
Ohio HeLa cells in 96-well plates. The highest dilution at which a CPE was detected, in at
least half of the wells, was defined as the end-point titre. Inactivaton of HRVs in specimens
were performed by exposing them to a temperature of 58 ◦C for one hour (Bossios et al.,
Clin Exp Allergy 2008), which was subsequently confirmed by a lack of HRV replication.
The target fibroblast and epithelial cells were infected by an addition of 50 µL vehicle
(medium) or HRV-16/HRV-2 (MOI = 1). The cells were incubated for 24 h (33 ◦C, 5% CO2).
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4.3. Experimental Procedure

The cultures were exposed to both serotypes of rhinovirus—HRV-2 (minor) and HRV-
16 (major)—for 24 h (33 ◦C, 5% CO2). Before or after infection, the cells were incubated
with relaxin (100 ng/mL) for 24 h (37 ◦C, 5% CO2). The controls were treated with the
medium. All the experiments were performed three times in duplicate (passages 3 to 9).
The time-point of the relaxin effect was chosen out of three (6, 12, and 24 h, data not
shown), consistent with the literature [96–100]. The time point of 24 h was the one causing the
strongest response, which was visible in the analyzed genes expressions (viability—Figure S2).

4.4. RNA Isolation and cDNA Synthesis

Total RNA was isolated from the cells by utilizing a Total RNA mini kit (A&A Biotech-
nology, Gdynia, Poland). The RNA was then purified and stored at −80 ◦C, and reverse
transcription (1 µg of total RNA) was performed using a High Capacity cDNA kit (Ap-
plied Biosystems, Foster City, CA, USA). The procedures were performed according to the
manufacturer’s protocols.

4.5. Gene Expression Analysis

The expression of collagen I, MMP-9, ADAM33, TGF-β1, YKL-40, LTC4S, RXFP1
and α-SMA were assessed with qPCR technique. TaqMan gene expression assays were
used for the selected genes—collagen I—Hs00164004_m1, MMP-9—Hs00957562_m1, ADAM33—
Hs00905552_m1, TGF-β1—Hs00998133_m1, YKL-40—Hs01072228_m1, LTC4S—Hs01073145_m1,
RXFP1—Hs01073145_m1, α-SMA—Hs05005339_m1, and β-actin—Hs99999903_m1 (Life
Technologies, Carlsbad, CA). Each sample was measured in triplicate, and the gene expres-
sion was used with the 2−∆∆Ct method. The results were normalized to an endogenous
reference gene (β-actin—Hs99999903_m1). LTC4 synthase was evaluated as an inflam-
mation marker and α-SMA as a fibroblast-myofibroblasts transformation marker. By
comparing RQ (relative quantification, 2−∆∆Ct), the fold change in mRNA expression
was calculated.

4.6. Protein Isolation and Immunoblotting

The protein extraction was conducted with the RIPA protein extraction buffer (Sigma-
Aldrich, St. Louis, MO, USA), supplemented with a protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA), and determined by the BCA Protein Assay Kit (Pierce Thermo
Scientific, USA). The electrophoresis was performed utilizing 10 µg of protein in denaturing
polyacrylamide 4–20% NuPage gel (Invitrogen, Carlsbad, CA, USA) for 60 min (140 V
and 110 mA). Then, the specimens were transferred into a nitrocellulose membrane with
the eBlot Protein Transfer System (Genscript, Piscataway, NJ, USA). The membrane was
incubated for one hour at room temperature, with 5% nonfat milk dissolved in TBST and
incubated with primary mouse antibodies for 12 h at 4 ◦C (TGF-βa sc-130348, 1:1000, MMP-
9 sc-393589 1:1000, COL I sc-393573, 1:500, ADAM33 sc-514055 1:500, YKL-40 sc-393590
1:500, α-SMA sc-53142 1:2000, ACTB sc-47778 1:1000 (Santa Cruz Biotechnology, Dallas,
CA, USA), LTC4 MOB-2181z 1:500 (Creative Biolabs, New York, NY, USA), RXFP1 MAB8898
1:1000 (Biotechne, Minneapolis MN, USA) and then, with goat secondary anti-mouse
IgG antibodies, conjugated with alkaline phosphatase for 90 min at room temperature.
The antibodies were purchased from Santa Cruz Biotechnology, Dallas, USA. The bands
on the membrane were developed using a BCIP/NBT alkaline phosphatase substrate
(Merck Millipore, Darmstadt, Germany), and after that, they were analyzed with Image
J 1.49 software (Wayne Rasband, National Institutes of Health, Bethesda, Washington,
MD, USA).

4.7. siRNA Silencing of Transcription Factors

Silencer siRNA Transfection Kit (Thermo Fisher Scientific, Waltham, MA, USA) was
used for the knockdown of selected genes (NF-κB, c-Myc and STAT3), according to the
manufacturer’s instructions (Figure S1). The transcription factors were selected according
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to the literature, as the factors involved in the process of airway remodeling, but also as sug-
gested elements of the relaxin pathway in this process [23,101–105]. The cells were treated
with 20 nM siRNA mixture against NF-κB (NCBI accession no. NM_001145138.1), c-Myc
(NCBI accession no. NM_002467.4) and STAT3 mRNA (NCBI accession no. NM_003150.3),
(Thermo Fisher Scientific, Waltham, MA USA) for 48 h. The same concentration of scram-
bled siRNAs was used as the negative control. The knockdown efficiency was evaluated
after 48 h of transfection. The measurement of gene knockdown was analyzed according to
the manufacturer’s protocol by qPCR. The data presented are normalized to the samples
treated with control siRNA.

4.8. Statistical Analyses

The results were analyzed with Statistica software (StatSoft, Tulsa, OK, USA). The
Shapiro-Wilk test and Levene’s test were, respectively, used to check the distribution of
data, as well as the equality of variances. Significant changes were calculated using the
one-way ANOVA test with TukeyHSD (Tukey’s Honestly-Significant Difference) post-hoc
test. p values < 0.05 were considered to be statistically significant. Data are presented as RQ
(for qPCR experiments) or OD (odds ratio, for immunoblot experiments); Figures 3 and 4
show that comparisons are made within groups, to control sample or to rhinovirus (2 or 16)
sample. Details are included in the figure legends.

5. Conclusions

Airway remodeling is a very complex process, and it is impossible to require relaxin
to stop the process, but this study was an attempt to point out some directions that may be
useful for further research.

In conclusion, our results confirm and extend the knowledge regarding relaxin as a
promising therapeutic agent in fibrotic diseases. As shown in this study, relaxin might
protect, and even reverse, some changes that lead to airway remodeling. Moreover, the
analysis of the influence of selected transcription factors on the effect of relaxin indicates
new pathways that may be useful in the process of considering the potential therapeutic
aptitudes of relaxin.
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myofibroblast transition in bronchial asthma. Cell. Mol. Life Sci. 2018, 75, 3943–3961. [CrossRef]

49. Unemori, E.N.; Amento, E.P. Relaxin modulates synthesis and secretion of procollagenase and collagen by human dermal
fibroblasts. J. Biol. Chem. 1990, 265, 10681–10685. [CrossRef]

50. Bennett, R.G.; Kharbanda, K.K.; Tuma, D.J. Inhibition of markers of hepatic stellate cell activation by the hormone relaxin. Biochem.
Pharmacol. 2003, 66, 867–874. [CrossRef]

51. Naqvi, T.; Duong, T.T.; Hashem, G.; Shiga, M.; Zhang, Q.; Kapila, S. Relaxin’s induction of metalloproteinases is associated with
the loss of collagen and glycosaminoglycans in synovial joint fibrocartilaginous explants. Arthritis Res. Ther. 2005, 7, R1–R11.
[CrossRef]

52. Williams, E.J.; Benyon, R.C.; Trim, N.; Hadwin, R.; Grove, B.H.; Arthur, M.J.P.; Unemori, E.N.; Iredale, J.P. Relaxin inhibits effective
collagen deposition by cultured hepatic stellate cells and decreases rat liver fibrosis in vivo. Gut 2001, 49, 577–583. [CrossRef]

53. Unemori, E.N.; Beck, L.S.; Lee, W.P.; Xu, Y.; Siegel, M.; Keller, G.; Liggitt, H.D.; Bauer, E.A.; Amento, E.P. Human relaxin decreases
collagen accumulation in vivo in two rodent models of fibrosis. J. Investig. Dermatol. 1993, 101, 280–285. [CrossRef]

54. Papaioannou, I.; Xu, S.; Denton, C.P.; Abraham, D.J.; Ponticos, M. STAT3 controls COL1A2 enhancer activation cooperatively
with JunB, regulates type I collagen synthesis posttranscriptionally, and is essential for lung myofibroblast differentiation. Mol.
Biol. Cell. 2018, 29, 84–95. [CrossRef]

http://doi.org/10.1111/all.13390
http://doi.org/10.3892/mmr.2017.6413
http://doi.org/10.1002/jcp.22993
http://www.ncbi.nlm.nih.gov/pubmed/21898400
http://doi.org/10.1152/ajplung.1997.273.4.L814
http://www.ncbi.nlm.nih.gov/pubmed/9357857
http://doi.org/10.1189/jlb.0906556
http://www.ncbi.nlm.nih.gov/pubmed/17289798
http://doi.org/10.1038/nri1703
http://www.ncbi.nlm.nih.gov/pubmed/16175180
http://doi.org/10.1186/s12864-016-2405-z
http://www.ncbi.nlm.nih.gov/pubmed/26810609
http://doi.org/10.1186/s12944-020-01373-w
http://doi.org/10.1021/acssensors.8b01672
http://doi.org/10.1038/s41598-017-09062-y
http://doi.org/10.1038/s41390-018-0239-x
http://doi.org/10.1016/j.lfs.2011.06.008
http://doi.org/10.1093/rheumatology/kex347
http://doi.org/10.3390/ijms19082299
http://doi.org/10.1513/pats.201201-007AW
http://doi.org/10.1172/JCI119099
http://doi.org/10.1016/j.knee.2019.01.010
http://doi.org/10.1016/j.mce.2012.07.006
http://doi.org/10.1016/j.mce.2019.01.015
http://doi.org/10.1007/s00018-018-2899-4
http://doi.org/10.1016/S0021-9258(18)87000-4
http://doi.org/10.1016/S0006-2952(03)00403-9
http://doi.org/10.1186/ar1451
http://doi.org/10.1136/gut.49.4.577
http://doi.org/10.1111/1523-1747.ep12365206
http://doi.org/10.1091/mbc.E17-06-0342


Int. J. Mol. Sci. 2022, 23, 8413 17 of 19

55. Jin, A.; Tang, X.; Zhai, W.; Li, Y.; Sun, Q.; Liu, L.; Yang, X.; Ren, H.; Lu, S. TSLP-induced collagen type-I synthesis through STAT3
and PRMT1 is sensitive to calcitriol in human lung fibroblasts. Biochim. Biophys. Acta Mol. Cell. Res. 2021, 1868, 119083. [CrossRef]

56. Han, M.; Bentley, J.K.; Rajput, C.; Lei, J.; Ishikawa, T.; Jarman, C.R.; Lee, J.; Goldsmith, A.M.; Jackson, W.T.; Hoenerhoff, M.J.; et al.
Inflammasome activation is required for human rhinovirus-induced airway inflammation in naive and allergen-sensitized mice.
Mucosal. Immunol. 2019, 12, 958–968. [CrossRef]

57. Gasse, P.; Riteau, N.; Pétrilli, V.; Tschopp, J.; Lagente, V.; Quesniaux, V.F.J.; Ryffel, B.; Couillin, I. Uric acid is a danger signal
activating NALP3 inflammasome in lung injury inflammation and fibrosis. Am. J. Respir. Crit. Care Med. 2009, 179, 903–913.
[CrossRef]

58. Oeckinghaus, A.; Ghosh, S. The NFk B Family of Transcription Factors and Its Regulation. Cold Spring Harb Perspect. Biol. 2009,
1, a000034. [CrossRef]

59. Kuang, J.; Xie, M.; Wei, X. The NALP3 inflammasome is required for collagen synthesis via the NFkappaB pathway. Int. J. Mol.
Med. 2018, 41, 2279–2287.

60. Martin, B.; Gabris-Weber, B.A.; Reddy, R.; Romero, G.; Chattopadhyay, A.; Salama, G. Relaxin reverses inflammatory and immune
signals in aged hearts. PLoS ONE 2018, 13, e0190935. [CrossRef]

61. Valle Raleigh, J.; Mauro, A.G.; Devarakonda, T.; Marchetti, C.; He, J.; Kim, E.; Filippone, S.; Das, A.; Toldo, S.; Abbate, A.; et al.
Reperfusion therapy with recombinant human relaxin-2 (Serelaxin) attenuates myocardial infarct size and NLRP3 inflammasome
following ischemia/reperfusion injury via eNOS-dependent mechanism. Cardiovasc. Res. 2017, 113, 609–619. [CrossRef] [PubMed]

62. Van Eerdewegh, P.; Little, R.D.; Dupuis, J.; Del Mastro, R.G.; Falls, K.; Simon, J.; Torrey, D.; Pandit, S.; McKenny, J.; Braunschweiger, K.; et al.
Association of the ADAM33 gene with asthma and bronchial hyperresponsiveness. Nature 2002, 418, 426–430. [CrossRef]
[PubMed]

63. Howard, T.D.; Postma, D.S.; Jongepier, H.; Moore, W.C.; Koppelman, G.H.; Zheng, S.L.; Xu, J.; Bleecker, E.R.; Meyers, D.A.
Association of a disintegrin and metalloprotease 33 (ADAM33) gene with asthma in ethnically diverse populations. J. Allergy Clin.
Immunol. 2003, 112, 717–722. [CrossRef]

64. Konradsen, J.R.; James, A.; Nordlund, B.; Reinius, L.E.; Söderhäll, C.; Melén, E.; Wheelock, A.M.; Lödrup Carlsen, K.C.;
Lidegran, M.; Verhoek, M.; et al. The chitinase-like protein YKL-40, a possible biomarker of inflammation and airway remodeling
in severe pediatric asthma. J. Allergy Clin. Immunol. 2013, 132, 328–335.e5. [CrossRef]

65. Bara, I.; Ozier, A.; Girodet, P.-O.; Carvalho, G.; Cattiaux, J.; Begueret, H.; Thumerel, M.; Ousova, O.; Kolbeck, R.; Coyle, A.J.; et al.
Role of YKL-40 in bronchial smooth muscle remodeling in asthma. Am. J. Respir. Crit. Care Med. 2012, 185, 715–722. [CrossRef]

66. Furuhashi, K.; Suda, T.; Nakamura, Y.; Inui, N.; Hashimoto, D.; Miwa, S.; Hayakawa, H.; Kusagaya, H.; Nakano, Y.; Nakamura, H.; et al.
Increased expression of YKL-40, a chitinase-like protein, in serum and lung of patients with idiopathic pulmonary fibrosis. Respir.
Med. 2010, 104, 1204–1210. [CrossRef]

67. Corallo, C.; Pinto, A.M.; Renieri, A.; Cheleschi, S.; Fioravanti, A.; Cutolo, M.; Soldano, S.; Nuti, R.; Giordano, N. Altered expression
of RXFP1 receptor contributes to the inefficacy of relaxin-based anti-fibrotic treatments in systemic sclerosis. Clin. Exp. Rheumatol.
2019, 37 (Suppl. 119), 69–75.

68. Chen, T.Y.; Li, X.; Goobie, G.C.; Hung, C.-H.; Hung, T.-K.; Hamilton, K.; Bahudhanapati, H.; Tan, J.; Kass, D.J.; Zhang, Y.
Identification of a distal RXFP1 gene enhancer with differential activity in fibrotic lung fibroblasts involving AP-1. PLoS ONE
2021, 16, e0254466. [CrossRef]

69. Chen, T.X.; Li, X.; Hung, C.; Bahudhanapati, H.; Tan, J.; Kass, D.J.; Zhang, Y. The relaxin family peptide receptor 1 (RXFP1): An
emerging player in human health and disease. Mol. Genet. Genom. Med. 2020, 8, e1194. [CrossRef]

70. Chow, B.S.; Chew, E.G.; Zhao, C.; Bathgate, R.A.; Hewitson, T.D.; Samuel, C.S. Relaxin signals through a RXFP1-pERK-nNOS-
NO-cGMP-dependent pathway to up-regulate matrix metalloproteinases: The additional involvement of iNOS. PLoS ONE 2012,
7, e42714. [CrossRef]

71. Mookerjee, I.; Hewitson, T.D.; Halls, M.L.; Summers, R.J.; Mathai, M.L.; Bathgate, R.A.; Tregear, G.W.; Samuel, C.S. Relaxin
inhibits renal myofibroblast differentiation via RXFP1, the nitric oxide pathway, and Smad2. FASEB J. 2009, 23, 1219–1229.
[CrossRef]

72. Wilhelmi, T.; Xu, X.; Tan, X.; Hulshoff, M.S.; Maamari, S.; Sossalla, S.; Zeisberg, M.; Zeisberg, E.M. Serelaxin alleviates cardiac
fibrosis through inhibiting endothelial-to-mesenchymal transition via RXFP1. Theranostics 2020, 10, 3905–3924. [CrossRef]

73. Royce, S.G.; Bathgate, R.A.D.; Samuel, C.S. Promise and Limitations of Relaxin-based Therapies in Chronic Fibrotic Lung Diseases.
Am. J. Respir. Crit. Care Med. 2016, 194, 1434–1435. [CrossRef]

74. Royce, S.G.; Sedjahtera, A.; Samuel, C.S.; Tang, M.L.K. Combination therapy with relaxin and methylprednisolone augments the
effects of either treatment alone in inhibiting subepithelial fibrosis in an experimental model of allergic airways disease. Clin. Sci.
2013, 124, 41–51. [CrossRef]

75. Tang, M.L.K.; Samuel, C.S.; Royce, S. Role of relaxin in regulation of fibrosis in the lung. Ann. N. Y. Acad. Sci. 2009, 1160, 342–347.
[CrossRef]

76. Herro, R.; Miki, H.; Sethi, G.S.; Mills, D.; Mehta, A.K.; Nguyen, X.-X.; Feghali-Bostwick, C.; Miller, M.; Broide, D.H.; Soloff, R.; et al.
TL1A Promotes Lung Tissue Fibrosis and Airway Remodeling. J. Immunol. 2020, 205, 2414–2422. [CrossRef]

http://doi.org/10.1016/j.bbamcr.2021.119083
http://doi.org/10.1038/s41385-019-0172-2
http://doi.org/10.1164/rccm.200808-1274OC
http://doi.org/10.1101/cshperspect.a000034
http://doi.org/10.1371/journal.pone.0190935
http://doi.org/10.1093/cvr/cvw246
http://www.ncbi.nlm.nih.gov/pubmed/28073832
http://doi.org/10.1038/nature00878
http://www.ncbi.nlm.nih.gov/pubmed/12110844
http://doi.org/10.1016/S0091-6749(03)01939-0
http://doi.org/10.1016/j.jaci.2013.03.003
http://doi.org/10.1164/rccm.201105-0915OC
http://doi.org/10.1016/j.rmed.2010.02.026
http://doi.org/10.1371/journal.pone.0254466
http://doi.org/10.1002/mgg3.1194
http://doi.org/10.1371/journal.pone.0042714
http://doi.org/10.1096/fj.08-120857
http://doi.org/10.7150/thno.38640
http://doi.org/10.1164/rccm.201606-1256LE
http://doi.org/10.1042/CS20120024
http://doi.org/10.1111/j.1749-6632.2008.03825.x
http://doi.org/10.4049/jimmunol.2000665


Int. J. Mol. Sci. 2022, 23, 8413 18 of 19

77. O’Dwyer, D.N.; Moore, B.B. The role of periostin in lung fibrosis and airway remodeling. Cell. Mol. Life Sci. 2017, 74, 4305–4314.
[CrossRef]

78. Royce, S.G.; Cheng, V.; Samuel, C.S.; Tang, M.L. The regulation of fibrosis in airway remodeling in asthma. Mol. Cell. Endocrinol.
2012, 351, 167–175. [CrossRef]

79. Lam, M.; Royce, S.G.; Samuel, C.S.; Bourke, J.E. Serelaxin as a novel therapeutic opposing fibrosis and contraction in lung diseases.
Pharmacol. Ther. 2018, 187, 61–70. [CrossRef]

80. Masterson, R.; Hewitson, T.D.; Kelynack, K.; Martic, M.; Parry, L.; Bathgate, R.; Darby, I.; Becker, G. Relaxin down-regulates renal
fibroblast function and promotes matrix remodelling in vitro. Nephrol. Dial. Transplant. 2004, 19, 544–552. [CrossRef]

81. Nielsen, S.H.; Willumsen, N.; Leeming, D.J.; Daniels, S.J.; Brix, S.; Karsdal, M.A.; Genovese, F.; Nielsen, M.J. Serological
Assessment of Activated Fibroblasts by alpha-Smooth Muscle Actin (alpha-SMA): A Noninvasive Biomarker of Activated
Fibroblasts in Lung Disorders. Transl. Oncol. 2019, 12, 368–374. [CrossRef] [PubMed]

82. Zhang, H.Y.; Gharaee-Kermani, M.; Zhang, K.; Karmiol, S.; Phan, S.H. Lung fibroblast alpha-smooth muscle actin expression and
contractile phenotype in bleomycin-induced pulmonary fibrosis. Am. J. Pathol. 1996, 148, 527–537. [PubMed]

83. Ina, K.; Kitamura, H.; Tatsukawa, S.; Fujikura, Y. Significance of alpha-SMA in myofibroblasts emerging in renal tubulointerstitial
fibrosis. Histol. Histopathol. 2011, 26, 855–866. [PubMed]

84. Hinz, B.; Celetta, G.; Tomasek, J.J.; Gabbiani, G.; Chaponnier, C. Alpha-smooth muscle actin expression upregulates fibroblast
contractile activity. Mol. Biol. Cell. 2001, 12, 2730–2741. [CrossRef]

85. Shen, Y.; Miao, N.; Wang, B.; Xu, J.; Gan, X.; Xu, D.; Zhou, L.; Xue, H.; Zhang, W.; Yang, L.; et al. c-Myc promotes renal fibrosis by
inducing integrin alphav-mediated transforming growth factor-beta signaling. Kidney Int. 2017, 92, 888–899. [CrossRef]

86. Rosch, R.; Binnebösel, M.; Junge, K.; Lynen-Jansen, P.; Mertens, P.R.; Klinge, U.; Schumpelick, V. Analysis of c-myc, PAI-1 and
uPAR in patients with incisional hernias. Hernia 2008, 12, 285–288. [CrossRef]

87. Shinde, A.V.; Humeres, C.; Frangogiannis, N.G. The role of alpha-smooth muscle actin in fibroblast-mediated matrix contraction
and remodeling. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 298–309. [CrossRef]

88. Shariff, S.; Shelfoon, C.; Holden, N.S.; Traves, S.L.; Wiehler, S.; Kooi, C.; Proud, D.; Leigh, R. Human Rhinovirus Infection of
Epithelial Cells Modulates Airway Smooth Muscle Migration. Am. J. Respir. Cell Mol. Biol. 2017, 56, 796–803. [CrossRef]

89. Bennett, R.G. Relaxin and its role in the development and treatment of fibrosis. Transl. Res. 2009, 154, 1–6. [CrossRef]
90. Wang, Z.; Ge, L.; Wang, M.; Carr, B.I. Phosphorylation regulates Myc expression via prolonged activation of the mitogen-activated

protein kinase pathway. J. Cell. Physiol. 2006, 208, 133–140. [CrossRef]
91. Yoshida, G.J. Emerging roles of Myc in stem cell biology and novel tumor therapies. J. Exp. Clin. Cancer Res. 2018, 37, 173.

[CrossRef]
92. De las Heras, B.; Navarro, A.; Díaz-Guerra, M.J.; Bermejo, P.; Castrillo, A.; Boscá, L.; Villar, A. Inhibition of NOS-2 expression in

macrophages through the inactivation of NF-kappaB by andalusol. Br. J. Pharmacol. 1999, 128, 605–612. [CrossRef]
93. Tang, L.Y.; Heller, M.; Meng, Z.; Yu, L.R.; Tang, Y.; Zhou, M.; Zhang, Y.E. Transforming Growth Factor-beta (TGF-beta) Directly

Activates the JAK1-STAT3 Axis to Induce Hepatic Fibrosis in Coordination with the SMAD Pathway. J. Biol. Chem. 2017, 292,
4302–4312. [CrossRef]

94. Liu, R.Y.; Zeng, Y.; Lei, Z.; Wang, L.; Yang, H.; Liu, Z.; Zhao, J.; Zhang, H.T. JAK/STAT3 signaling is required for TGF-beta-induced
epithelial-mesenchymal transition in lung cancer cells. Int. J. Oncol. 2014, 44, 1643–1651. [CrossRef]

95. Kanoh, H.; Iwashita, S.; Kuraishi, T.; Goto, A.; Fuse, N.; Ueno, H.; Nimura, M.; Oyama, T.; Tang, C.; Watanabe, R.; et al. cGMP
signaling pathway that modulates NF-kappaB activation in innate immune responses. iScience 2021, 24, 103473. [CrossRef]

96. Luu, V.V.; Hanatate, K.; Tanihara, F.; Sato, Y.; Do, L.T.; Taniguchi, M.; Otoi, T. The effect of relaxin supplementation of in vitro
maturation medium on the development of cat oocytes obtained from ovaries stored at 4 degrees C. Reprod. Biol. 2013, 13, 122–126.
[CrossRef]

97. Tanaka, M.; Osanai, T.; Murakami, R.; Sasaki, S.; Tomita, H.; Maeda, N.; Satoh, K.; Magota, K.; Okumura, K. Effect of vaso-
constrictor coupling factor 6 on gene expression profile in human vascular endothelial cells: Enhanced release of asymmetric
dimethylarginine. J. Hypertens. 2006, 24, 489–497. [CrossRef]

98. Nistri, S.; Mannelli, L.D.C.; Ghelardini, C.; Zanardelli, M.; Bani, D.; Failli, P. Pretreatment with Relaxin Does Not Restore
NO-Mediated Modulation of Calcium Signal in Coronary Endothelial Cells Isolated from Spontaneously Hypertensive Rats.
Molecules 2015, 20, 9524–9535. [CrossRef]

99. Feiteng, C.; Lei, C.; Deng, L.; Chaoliang, X.; Zijie, X.; Yi, S.; Minglei, S. Relaxin inhibits renal fibrosis and the epithelial-to-
mesenchymal transition via the Wnt/beta-catenin signaling pathway. Ren Fail. 2022, 44, 513–524. [CrossRef]

100. Radestock, Y.; Hoang-Vu, C.; Hombach-Klonisch, S. Relaxin reduces xenograft tumour growth of human MDA-MB-231 breast
cancer cells. Breast Cancer Res. 2008, 10, R71. [CrossRef]

101. Tian, B.; Patrikeev, I.; Ochoa, L.; Vargas, G.; Belanger, K.K.; Litvinov, J.; Boldogh, I.; Ameredes, B.T.; Motamedi, M.; Brasier, A.R.
NF-kappaB Mediates Mesenchymal Transition, Remodeling, and Pulmonary Fibrosis in Response to Chronic Inflammation by
Viral RNA Patterns. Am. J. Respir. Cell. Mol. Biol. 2017, 56, 506–520. [CrossRef] [PubMed]

102. Schuliga, M. NF-kappaB Signaling in Chronic Inflammatory Airway Disease. Biomolecules 2015, 5, 1266–1283. [CrossRef]
[PubMed]

http://doi.org/10.1007/s00018-017-2649-z
http://doi.org/10.1016/j.mce.2012.01.007
http://doi.org/10.1016/j.pharmthera.2018.02.004
http://doi.org/10.1093/ndt/gfg598
http://doi.org/10.1016/j.tranon.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30504086
http://www.ncbi.nlm.nih.gov/pubmed/8579115
http://www.ncbi.nlm.nih.gov/pubmed/21630215
http://doi.org/10.1091/mbc.12.9.2730
http://doi.org/10.1016/j.kint.2017.03.006
http://doi.org/10.1007/s10029-007-0311-7
http://doi.org/10.1016/j.bbadis.2016.11.006
http://doi.org/10.1165/rcmb.2016-0252OC
http://doi.org/10.1016/j.trsl.2009.03.007
http://doi.org/10.1002/jcp.20649
http://doi.org/10.1186/s13046-018-0835-y
http://doi.org/10.1038/sj.bjp.0702844
http://doi.org/10.1074/jbc.M116.773085
http://doi.org/10.3892/ijo.2014.2310
http://doi.org/10.1016/j.isci.2021.103473
http://doi.org/10.1016/j.repbio.2013.04.002
http://doi.org/10.1097/01.hjh.0000209985.66853.1e
http://doi.org/10.3390/molecules20069524
http://doi.org/10.1080/0886022X.2022.2044351
http://doi.org/10.1186/bcr2136
http://doi.org/10.1165/rcmb.2016-0259OC
http://www.ncbi.nlm.nih.gov/pubmed/27911568
http://doi.org/10.3390/biom5031266
http://www.ncbi.nlm.nih.gov/pubmed/26131974


Int. J. Mol. Sci. 2022, 23, 8413 19 of 19

103. Li, P.; Zhao, G.; Chen, F.; Ding, Y.; Wang, T.; Liu, S.; Lu, W.; Xu, W.; Flores, J.; Ocak, U.; et al. Rh-relaxin-2 attenuates degranulation
of mast cells by inhibiting NF-kappaB through PI3K-AKT/TNFAIP3 pathway in an experimental germinal matrix hemorrhage
rat model. J. Neuroinflamm. 2020, 17, 250. [CrossRef] [PubMed]

104. Ho, T.Y.; Santora, K.; Chen, J.C.; Frankshun, A.L.; Bagnell, C.A. Effects of relaxin and estrogens on bone remodeling markers,
receptor activator of NF-kB ligand (RANKL) and osteoprotegerin (OPG), in rat adjuvant-induced arthritis. Bone 2011, 48,
1346–1353. [CrossRef]

105. Yuan, Y.; Zhang, Y.; Han, X.; Li, Y.; Zhao, X.; Sheng, L.; Li, Y. Relaxin alleviates TGFbeta1-induced cardiac fibrosis via inhibition of
Stat3-dependent autophagy. Biochem. Biophys. Res. Commun. 2017, 493, 1601–1607. [CrossRef]

http://doi.org/10.1186/s12974-020-01926-x
http://www.ncbi.nlm.nih.gov/pubmed/32859236
http://doi.org/10.1016/j.bone.2011.03.684
http://doi.org/10.1016/j.bbrc.2017.09.110

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Cell Cultures 
	Virus Preparation and Cell Infection 
	Experimental Procedure 
	RNA Isolation and cDNA Synthesis 
	Gene Expression Analysis 
	Protein Isolation and Immunoblotting 
	siRNA Silencing of Transcription Factors 
	Statistical Analyses 

	Conclusions 
	References

