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Soluble guanylate cyclase stimulation fosters
angiogenesis and blunts myofibroblast-like features
of systemic sclerosis endothelial cells

Eloisa Romano1,*, Irene Rosa2,*, Bianca Saveria Fioretto1,2, Dilia Giuggioli3,
Mirko Manetti 2,† and Marco Matucci-Cerinic1,4,†

Abstract
Objectives. In SSc, angiogenesis impairment advances in parallel with the development of fibrosis orchestrated by
myofibroblasts originating from different sources, including endothelial-to-mesenchymal transition (EndoMT). Soluble
guanylate cyclase (sGC) stimulation has shown antifibrotic effects in SSc skin fibroblasts and mouse models. Here,
we investigated the effects of pharmacological sGC stimulation on impaired angiogenesis and myofibroblast-like
features of SSc dermal microvascular endothelial cells (SSc-MVECs).
Methods. To determine whether sGC stimulation affected cell viability/proliferation, SSc-MVECs and healthy dermal
MVECs (H-MVECs) were challenged with the sGC stimulator (sGCS) MK-2947 and assayed by annexin V/propidium
iodide flow cytometry and the water-soluble tetrazolium salt (WST-1) assay. To study angiogenesis and EndoMT,
MK-2947-treated SSc-MVECs were subjected to wound healing and capillary morphogenesis assays and analysed
for the expression of endothelial/myofibroblast markers and contractile ability.
Results. MK-2947 treatment did not affect H-MVEC viability/proliferation, while it significantly increased SSc-MVEC
proliferation, wound healing capability and angiogenic performance. After MK-2947 treatment, SSc-MVECs exhibited
significantly increased proangiogenic MMP9 and decreased antiangiogenic MMP12 and PTX3 gene expression.
A significant increase in the expression of CD31 and vascular endothelial cadherin paralleled by a decrease in a-smooth
muscle actin, S100A4, type I collagen and Snail1 mesenchymal markers was also found in MK-2947-treated SSc-MVECs.
Furthermore, stimulation of sGC with MK-2947 significantly counteracted the intrinsic ability of SSc-MVECs to contract
collagen gels and reduced phosphorylated-extracellular signal-regulated kinases 1 and 2 protein levels.
Conclusion. These findings demonstrate for the first time that pharmacological sGC stimulation effectively ameliorates
the angiogenic performance and blunts the myofibroblast-like profibrotic phenotype of SSc-MVECs, thus providing new
evidence for repurposing sGCSs for SSc.
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Rheumatology key messages

. Soluble guanylate cyclase stimulation ameliorates the impaired angiogenic performance of SSc dermal
microvascular endothelial cells.

. Soluble guanylate cyclase stimulation blunts the myofibroblast-like profibrotic behaviour of SSc dermal
microvascular endothelial cells.

. Soluble guanylate cyclase stimulation protects healthy endothelial cells against TGFb- and SSc serum-induced
endothelial-to-mesenchymal transition.
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Introduction

SSc is a connective tissue disease characterized by
microvascular damage, immune activation, and skin and
internal organ fibrosis [1–3]. Peripheral microvascular
abnormalities are the earliest SSc manifestations, with
the endothelium representing one of the major disease
targets and, possibly, a trigger for the subsequent devel-
opment of vascular and tissue fibrosis accompanied by
progressive capillary rarefaction due to the lack of com-
pensatory angiogenesis [1–3]. Indeed, it has been shown
that dermal microvascular endothelial cells (MVECs) from
the involved skin of patients with diffuse cutaneous SSc
(SSc-MVECs) exhibit an impaired angiogenic potential
[3–6] and can transdifferentiate into profibrotic myofibro-
blasts through endothelial-to-mesenchymal transition
(EndoMT) [7], thus taking an active part in both SSc-
related fibroproliferative/destructive vasculopathy and tis-
sue fibrosis [8, 9].

Soluble guanylate cyclase (sGC) catalyses the produc-
tion of cyclic guanosine monophosphate (cGMP) upon
binding of nitric oxide (NO) to its prosthetic haem group
[10]. Once released, cGMP can act as second messen-
ger to activate different downstream targets regulating
physiological processes including cell growth/prolifer-
ation, vascular tone and remodelling, and immune
responses [10–11]. Two different types of pharmaceutical
molecules have been developed to enhance sGC activ-
ity, namely sGC activators and sGC stimulators (sGCSs)
[12]. The former bind to the oxidized, haem-free and NO-
unresponsive form of sGC [13], while sGCSs stimulate
the reduced, haem-containing native form of the enzyme
independently of NO, being also able to sensitize sGC to
low levels of NO by stabilizing NO–sGC binding [10, 12].
The therapeutic potential effect of augmenting cGMP
production has been reported in several studies. Indeed,
the increase in sGC activity has been shown to lower
blood pressure and to exert anti-inflammatory and antifi-
brotic effects in experimental models of various diseases
[10, 13]. In particular, the administration of the sGC acti-
vator BAY 60-277 attenuated liver fibrosis in different rat
models [14, 15], while treatment with the sGCS BAY
41-2272 decreased experimental hepatic, peritoneal and
cardiac fibrosis [16–18] and significantly lessened
TGFb-induced fibroblast proliferation and fibroblast-to-
myofibroblast differentiation [19, 20]. As for SSc, treat-
ment with BAY 41-2272 was reported to inhibit colla-
gen release in dermal fibroblasts by interfering with a
non-canonical TGFb cascade and to rest the develop-
ment of skin fibrosis in both the bleomycin-induced
and Tsk-1 mouse models of SSc [21, 22]. Another
sGCS, named riociguat, was also effective in decreas-
ing collagen deposition, skin thickening and myofibro-
blast accumulation in the same experimental SSc
murine models [23]. Moreover, riociguat was shown to
ameliorate oesophageal and intestinal profibrotic re-
sponse in the bleomycin-induced mouse model [24].
Clinically, the pharmacological use of sGCS com-
pounds has been proved to ameliorate both

symptomatic chronic heart failure [12, 25] and different
forms of pulmonary hypertension [10, 12, 26, 27].
Specifically, riociguat demonstrated vasodilatory, anti-
proliferative, vascular remodelling, antifibrotic and anti-
inflammatory effects in several preclinical studies [23,
28–30], and was effective for the treatment of patients
with different forms of pulmonary hypertension, includ-
ing SSc-related pulmonary arterial hypertension (PAH)
[31–33]. Riociguat efficacy was also investigated in
patients with diffuse cutaneous SSc in a placebo-
controlled phase 2 study in which a tendency towards
a reduction of Raynaud’s phenomenon symptoms and
attack frequency after treatment was observed [34]. In
another multicentre trial on SSc patients with active or
painful digital ulcers (DUs), riociguat was not able to
reduce the number of DUs when compared with pla-
cebo, but a trend towards DU healing was reported
after longer treatment, suggesting that extended dur-
ation of treatment with such compounds should be
investigated in further clinical trials [26].

On these premises, the aim of our in vitro research
was to unravel whether sGC stimulation could modulate
the angiogenic performance and the intrinsic
myofibroblast-like profibrotic behaviour of SSc-MVECs
explanted from the clinically affected skin of patients
with the early diffuse cutaneous form of the disease.

Methods

See Supplementary Data S1, available at Rheumatology
online, for detailed methodology.

Patients and serum samples

Serum samples and forearm skin biopsies were obtained
from five patients with early diffuse cutaneous SSc (dis-
ease duration <2 years from first non-Raynaud symptom)
fulfilling the ACR/EULAR 2013 classification criteria [35]
and recruited from the Division of Rheumatology,
Azienda Ospedaliero-Universitaria Careggi, Florence,
Italy. The study was conducted in accordance with the
Declaration of Helsinki, and approved by the Comitato
Etico Regionale per la Sperimentazione Clinica della
Toscana—sezione AREA VASTA CENTRO, Florence,
Italy (approval number: 18559/bio; approval date: 13
April 2021). Participants gave written informed consent
before taking part in the study. Demographic and clinical
features of SSc patients are shown in Supplementary
Table S1, available at Rheumatology online.

Cell culture and reagents

Five lines of adult human dermal MVECs (H-MVECs)
were purchased from Lonza, while primary cultures of
SSc-MVECs were obtained from skin biopsies of SSc
patients (n¼ 5). Cells were administered with the sGCS
MK-2947 (Merck Sharp & Dohme, Kenilworth, NJ,
USA) 1 mM or 10 mM before being assayed. In selected
experiments, H-MVECs were treated with recombinant
human TGFb (10 ng/ml; PeproTech, Rocky Hill, NJ,
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USA) or 10% serum from SSc patients (n¼5) for 48 h,
or preincubated for 2 h with MK-2947 10 mM before
being challenged with TGFb or SSc sera. For more
details, see Supplementary Data S1, available at
Rheumatology online.

Annexin V/propidium iodide flow cytometry assay

H-MVECs and SSc-MVECs were challenged with MK-
2947 1 mM or 10 mM for 48 h and assayed for annexin
V/propidium iodide (PI) staining by flow cytometry
assay as detailed in Supplementary Data S1, available
at Rheumatology online.

Cell proliferation assay

H-MVECs and SSc-MVECs were stimulated with MK-
2947 1 mM or 10 mM for 48 h and assayed by water-
soluble tetrazolium salt (WST-1) assay as detailed in
Supplementary Data S1, available at Rheumatology
online.

In vitro wound healing assay

A wound healing assay was performed on confluent
SSc-MVECs incubated with MK-2947 1 mM or 10mM and
H-MVECs stimulated with MK-2947 10mM for 24 and
48 h as described in Supplementary Data S1, available at
Rheumatology online. Wound healing capacity was
assessed by capturing phase-contrast images of the
wounded area under a Leica inverted microscope (Leica
Microsystems, Mannheim, Germany). Images at 0 and
48 h for each experimental point were compared to
quantify the migration rate of the cells after wounding.

In vitro capillary-like tube formation assay

In vitro angiogenesis was performed on SSc-MVECs
challenged with MK-2947 1mM or 10mM and H-MVECs
stimulated with MK-2947 10 mM. Angiogenesis was
assessed with the angiogenesis analyser tool of ImageJ
software (NIH, Bethesda, MD, USA). For more details,
see Supplementary Data S1, available at Rheumatology
online.

RNA purification, cDNA synthesis and quantitative
real-time PCR

SSc-MVECs were stimulated with MK-2947 1 mM or
10 mM for 48 h before RNA purification. RNA was also
purified from H-MVECs treated with TGFb (10 ng/ml) or
10% SSc serum for 48 h, or preincubated for 2 h with
MK-2947 10 mM before being challenged with TGFb or
SSc sera. Predesigned oligonucleotide primer pairs for
VEGF, MMP9, MMP12, PTX3, CD31, CDH5, ACTA2,
S100A4, COL1A1, COL1A2, SNAI1 and RRN18S were
obtained from Qiagen (Qiagen, Milan, Italy). For
more details, see Supplementary Data S1, available at
Rheumatology online.

Immunoblotting

H-MVECs were challenged with MK-2947 10mM, while
SSc-MVECs were stimulated with MK-2947 1 mM or
10mM for 72 h before preparation of whole cell protein
lysates according to previously published procedures [6].
Primary antibodies against CD31, vascular endothelial
(VE)-cadherin, a-smooth muscle actin (a-SMA), S100A4/
fibroblast-specific protein-1, type I collagen, Snail1,
extracellular signal-regulated kinases 1 and 2 (ERK1/2),
phosphorylated-ERK1/2, Ki67, a-tubulin and glyceralde-
hyde 3-phosphate dehydrogenase were employed.
Further details are provided in Supplementary Data S1,
available at Rheumatology online.

Immunofluorescence

SSc-MVECs were seeded onto glass coverslips and
treated with MK-2947 1 mM or 10mM for 72 h. Cells were
fixed and incubated with primary antibodies against
CD31, VE-cadherin, a-SMA, S100A4, type I collagen or
Snail1 as detailed in Supplementary Data S1, available at
Rheumatology online. Immunostained cells were exam-
ined with a Leica DM4000 B microscope (Leica
Microsystems) and fluorescence images were captured
with a Leica DFC310 FX 1.4-megapixel digital colour
camera equipped with the Leica software application
suite LAS V3.8 (Leica Microsystems).

Collagen gel contraction assay

Collagen gel contraction assays were performed using
the CytoSelect 24-Well Cell Contraction Assay Kit
(Cell Biolabs, San Diego, CA, USA) as detailed in
Supplementary Data S1, available at Rheumatology
online. SSc-MVECs were treated with MK-2947 1 mM
or 10 mM for 48 h before the assay. After 24 h, the cul-
ture dish was scanned and the area of each collagen
gel was measured by ImageJ software (NIH).

Statistical analysis

Statistical analysis was performed using the SPSS
Statistics for Windows, version 27.0 (IBM Corp, Armonk,
NY, USA). Data are expressed as mean 6 (S.E.M.). One-
way ANOVA with post hoc Tukey’s test was used for
statistical analyses. P< 0.05 was considered statistically
significant.

Results

Treatment with the sGCS MK-2947 does not induce
MVEC apoptosis/necrosis and fosters SSc-MVEC
proliferation

We first investigated whether sGC stimulation could
boost the proliferation of SSc-MVECs, whose impairment
is known to contribute to defective angiogenesis [6]. To
inspect for any possible side effects of treatment with
the sGCS MK-2947 (1 and 10 lM), cell viability and pro-
liferation of both H-MVECs and SSc-MVECs were
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determined by annexin V/PI flow cytometry and WST-1,
respectively. Indeed, the annexin V/PI assay is used to
determine whether cells are viable, apoptotic or necrotic
through differences in plasma membrane integrity and
permeability, while the WST-1 assay allows evaluation of
proliferation by measuring cell metabolism. In H-MVECs,
treatment with MK-2947 at both concentrations did not
alter cell viability (Fig. 1A). Moreover, treatment with MK-
2947 did not influence proliferation of H-MVECs

(Fig. 1B). As far as SSc-MVECs are concerned, cell via-
bility was not different between cells treated with MK-
2947 1 mM or 10mM and untreated cells (Fig. 1C), while
stimulation with the sGCS resulted in a significant in-
crease in cell proliferation at both concentrations com-
pared with untreated cells, reaching a maximum at
10 lM (P< 0.01 for MK-2947 1 lM and P<0.001 for
MK-2947 10 lM, Fig. 1D). Of note, stimulation of SSc-
MVECs with MK-2947 10mM was not able to fully

FIG. 1 Soluble guanylate cyclase stimulation does not induce endothelial cell apoptosis or necrosis and fosters SSc-
MVEC proliferation

(A–D) Cell viability and proliferation were assessed at basal condition and after treatment with MK-2947 1mM or
10mM. (A, C) Representative annexin V/PI plots of H-MVECs (n¼5) (A) and SSc-MVECs (n¼5) (C). The mean (S.E.M.)
percentage of viable cells is reported. (B, D) Proliferation of H-MVECs (B) and SSc-MVECs (D) assessed by WST-1
assay. Basal cell proliferation was set to 100%. Bars represent the mean (S.E.M.) of triplicate determinations. One-way
ANOVA with post hoc Tukey’s test was used for statistical analysis; **P< 0.01 and ***P< 0.001 vs basal, #P< 0.05 vs
MK-2947 1 mM. H-MVEC: healthy MVEC; MVEC: microvascular endothelial cell; PI: propidium iodide; WST-1: water-
soluble tetrazolium salt.
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restore cell proliferation rate to that of basal H-MVECs
(Supplementary Fig. S1A, available at Rheumatology on-
line). Consistent with these findings, when we investi-
gated if MK-2947 administration could modulate Ki67
expression, we found that protein levels of this prolifera-
tive marker were significantly higher in MK-2947 10 mM-
treated SSc-MVECs with respect to untreated SSc cells,
but without reaching those of basal H-MVECs
(Supplementary Fig. S1B, available at Rheumatology
online).

MK-2947 increases the wound healing capacity of
SSc-MVECs

The wound healing capacity of SSc-MVECs is known to
be profoundly compromised as a result of defective cell
migration and proliferation [6]. As shown in Fig. 2, the
ability of SSc-MVECs to restore the monolayer integrity
at 48 h after scratching was significantly ameliorated in a
dose-dependent manner when cells were treated with
MK-2947 (P<0.05 for MK-2947 1 lM and P< 0.001 for
MK-2947 10 lM vs basal; P<0.001 for MK-2947 10 lM
vs MK-2947 1 lM). However, stimulation of SSc-MVECs

with the higher dose of MK-2947 was not able to com-
pletely restore wound healing ability to the level of basal
H-MVECs (Supplementary Fig. S2, available at
Rheumatology online).

Treatment with MK-2947 ameliorates capillary-like
tube formation and modulates the expression of
angiogenic regulators in SSc-MVECs

In vitro angiogenesis was assayed by seeding H-MVECs
and SSc-MVECs on Geltrex matrix in the presence of
MK-2947 1 mM or 10 mM. Capillary-like tube formation
was examined after 24 h by quantifying the number of
nodes (pixels with three neighbours), segments (tubes
delimited by two junctions), meshes (regions enclosed
by segments) and junctions (branching points).
Compared with their basal condition, in which in vitro
angiogenesis was severely impaired, the number of
nodes, segments and junctions formed by SSc-MVECs
significantly increased in the presence of MK-2947 at
both 1 mM and 10 mM, while the number of meshes was
significantly higher only with MK-2947 10mM (Fig. 3A). A
statistically significant difference between MK-2947 1 mM

FIG. 2 Soluble guanylate cyclase stimulation increases wound healing capacity of SSc-MVECs

Wound healing assay was performed on SSc-MVECs (n¼ 5) at basal condition and after stimulation with MK-2947
1 mM or 10 mM. Representative phase-contrast images of the wound at 0, 24 and 48 h after scratching are shown;
dashed lines represent wound margins. Scale bar¼200mm. Bar graph represents quantitative analysis of the percent-
age of healing after 48 h. Bars represent the mean (S.E.M.) of triplicate determinations. One-way ANOVA with post hoc
Tukey’s test was used for statistical analysis; *P<0.05 and ***P< 0.001 vs basal, ###P< 0.001 vs MK-2947 1 mM.
MVEC: microvascular endothelial cell.
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and 10 mM was found exclusively when considering the
number of junctions (Fig. 3A). Notably, when treated with
MK-2947 10mM, SSc-MVECs showed an increase in the
number of segments, meshes and junctions at levels
similar to those of basal H-MVECs (Supplementary Fig.
S3, available at Rheumatology online). Collectively, these
data indicated that sGC stimulation was able to improve
the angiogenic performance of SSc-MVECs.

To further investigate if stimulation with the sGCS could
modulate the production of proangiogenic and antiangio-
genic molecules known to be impaired in SSc [3], we per-
formed gene expression analysis by quantitative real-time
PCR. Treatment of SSc-MVECs with the higher concen-
tration of the sGCS significantly augmented the expres-
sion levels of MMP9 gene, while decreasing gene
expression of both antiangiogenic MMP12 and PTX3
(Fig. 3B). Stimulation with MK-2947 1mM was able to de-
crease only PTX3 mRNA levels (Fig. 3B).

Treatment with MK-2947 attenuates the
myofibroblast-like phenotype of SSc-MVECs

Previous studies demonstrated that cultured SSc-
MVECs co-express endothelial and myofibroblast
markers and display a myofibroblast-like profibrotic and
contractile phenotype [7, 36]. Indeed, at variance with
H-MVECs, SSc-MVECs synthesize elevated amounts of
type I collagen and express high levels of a-SMA
assembled into stress fibres, which makes them cap-
able of contracting extracellular matrix [7]. To evaluate
whether sGCS treatment could modify these intrinsic
EndoMT features, SSc-MVECs challenged with MK-
2947 1 lM or 10 lM were assayed for the expression of
endothelial- and mesenchymal/myofibroblast-specific
markers and for the ability to contract collagen gels.
Quantitative real-time PCR analysis performed on SSc-
MVECs challenged with MK-2947 10 mM revealed a

FIG. 3 Soluble guanylate cyclase stimulation ameliorates the angiogenic performance and modulates the expression of
angiogenic regulators in SSc-MVECs

Experiments were performed on SSc-MVECs (n¼5) at basal condition and after treatment with MK-2947 1mM or 10mM.
(A) In vitro capillary-like tube formation. VEGF stimulation was performed as positive control. Representative phase-con-
trast images after 24 h are shown. Scale bar¼200mm. Bar graphs show the quantification of nodes, segments, meshes
and junctions. (B) Gene expression of VEGF, MMP9, PTX3 and MMP12 assessed by quantitative real-time PCR. The
basal level of each gene expression was set to 1. 18S rRNA was used as reference gene. Bars represent the mean
(S.E.M.) of triplicate determinations. One-way ANOVA with post hoc Tukey’s test was used for statistical analysis;
*P< 0.05, **P<0.01 and ***P< 0.001 vs basal, #P< 0.05 vs MK-2947 1mM. MVEC: microvascular endothelial cell.
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FIG. 4 Soluble guanylate cyclase stimulation attenuates the myofibroblast-like gene expression profile of SSc-MVECs

Gene expression of endothelial (CD31 and CDH5) and mesenchymal/myofibroblast (ACTA2, S100A4, COL1A1,
COL1A2 and SNAI1) markers in SSc-MVECs (n¼ 5) at basal condition and after stimulation with MK-2947 1 mM or
10mM was assessed by quantitative real-time PCR. The basal level of each gene expression was set to 1. 18S rRNA
was used as reference gene. Bars represent the mean (S.E.M.) of triplicate determinations. One-way ANOVA with post
hoc Tukey’s test was used for statistical analysis; *P< 0.05, **P< 0.01 and ***P< 0.001 vs basal, ##P< 0.01 vs MK-
2947 1 mM. MVEC: microvascular endothelial cell.
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significant increase in the expression of CD31 and
CDH5 (gene encoding VE-cadherin) endothelial genes
and a parallel decrease in the expression of ACTA2
(gene encoding a-SMA), S100A4, COL1A1, COL1A2
and SNAI1 (gene encoding the transcription factor
Snail1) mesenchymal genes (Fig. 4). Treatment of SSc-
MVECs with MK-2947 1 lM was able to induce CDH5
and to reduce ACTA2, S100A4, COL1A1 and COL1A2
mRNA (Fig. 4).

As far as protein expression is concerned, both CD31
and VE-cadherin were significantly increased in SSc-
MVECs challenged with MK-2947 10mM (Fig. 5A, B). VE-
cadherin protein expression was also augmented after
challenging with MK-2947 1mM (Fig. 5B). Significantly
lower protein levels of a-SMA, S100A4 and type I collagen
were detected in SSc-MVECs after stimulation with MK-
2947 at both 1mM and 10mM (Fig. 5C–E). Instead, Snail1
protein expression was significantly decreased only after
treatment with MK-2947 10mM (Fig. 5F). Similar findings
were observed after immunofluorescence staining of SSc-
MVECs for the same endothelial/myofibroblast markers
(Fig. 5G). Treatment with the sGCS was also able to sig-
nificantly counteract the intrinsic myofibroblast-like ability
of SSc-MVECs to contract collagen gels (P<0.001 for
both MK-2947 concentrations vs basal, Fig. 5H).

Since it has previously been demonstrated that sGC
stimulation may inhibit the profibrotic phenotype of SSc
fibroblasts by blocking non-canonical ERK-dependent
TGFb signalling [21, 22], we assessed the effect of MK-
2947 administration on ERK1/2 phosphorylation in SSc-
MVECs. Treatment of SSc-MVECs with MK-2947 10 mM
effectively reduced phosphorylated-ERK1/2 protein levels
with respect to basal cells (Fig. 5I).

Administration of MK-2947 protects H-MVECs from
EndoMT induced by treatment with TGFb or SSc
serum

We finally verified whether the sGCS could modulate the
pro-EndoMT effects exerted on H-MVECs by recombin-
ant human TGFb or serum from SSc patients [7]. As dis-
played in Fig. 6, quantitative real-time PCR revealed
significant reduction of CDH5 and induction of ACTA2,
S100A4, COL1A1, COL1A2 and SNAI1 gene expression
in cells treated with TGFb or SSc sera. Such pro-
EndoMT effects were significantly blunted when H-
MVECs were preincubated with MK-2947 (Fig. 6).

Discussion

This is to our knowledge the first study investigating the
possible effects of pharmacological stimulation of sGC in
modulating key pathological features of SSc-MVECs. Our
data clearly demonstrated that treatment with the sGCS
MK-2947 can ameliorate SSc-MVEC proliferative/migra-
tory abilities, overall improving their scarce aptitude to
perform angiogenesis. Moreover, MK-2947 was effective
in attenuating the intrinsic myofibroblast-like phenotype of
SSc-MVECs through the inhibition of non-canonical ERK-

dependent TGFb signalling. Of note, MK-2947 treatment
also demonstrated efficacy in counteracting both TGFb-
and SSc serum-induced EndoMT in H-MVECs.

Since the early stages of SSc, microvascular abnormal-
ities represent important pathological events that progres-
sively stimulate the fibrotic process and can result in
severe vascular complications, such as refractory ischaemic
DUs and PAH [1–3]. Increasing evidence has demonstrated
that SSc-MVECs are characterized by abnormal activation
and the phenotypical switch towards profibrotic myofibro-
blasts known as EndoMT, becoming unable to perform
angiogenesis and making an important contribution to both
microvascular dysfunction and tissue fibrosis [7–9, 36–38].
Currently, few putative therapeutic options have been pro-
posed to promote effective angiogenesis and counteract in
parallel the EndoMT process in SSc [8, 9].

In this context our data demonstrated that sGC stimula-
tion exerts pro-proliferative and pro-migratory effects on
SSc-MVECs in a dose-dependent manner, and that it is
able to ameliorate SSc-MVEC angiogenic properties by
increasing their capability to form capillary-like tubular
structures. These results are in line with previous studies
reporting that sGC activation can promote different steps
of the angiogenic process, such as endothelial cell prolif-
eration, migration and tube formation [39–41]. Indeed,
sGC activation was reported to stimulate new vessel for-
mation in the chicken chorioallantoic membrane angiogen-
esis model [39]. Moreover, treatment of human umbilical
vein endothelial cells (HUVECs) with the sGCS BAY 41-
2272 led to an increase in cell proliferation and migration,
while stimulation with a selective sGC inhibitor resulted in
the formation of fewer capillary-like structures [40, 41].
Additionally, overexpression of sGC in HUVECs was
shown to increase the proliferation rate, migratory capabil-
ity and organization of cells into networks, thus mirroring
the effects obtained using the pharmacological activation
of the enzyme [39]. In another study, sGC inhibition with
NS-2028 attenuated VEGF-induced proliferation and mi-
gration of HUVECs, and blocked VEGF-triggered micro-
vessel formation in rat aortic ring explants [40]. In the
same study, in vivo experiments on rabbits receiving NS-
2028 showed a significant reduction of VEGF-induced
new vessel formation in the avascular cornea [40].
Furthermore, circulating endothelial progenitor cells (EPCs)
from patients with chronic thromboembolic pulmonary
hypertension (CTEPH) and treated with riociguat exhibited
enhanced angiogenic abilities compared with cells from
untreated patients [41]. Co-culture of human pulmonary
MVECs with EPCs from the riociguat group of patients
resulted in increased cell migration and tube formation,
suggesting that sGC stimulation may improve pulmonary
neovascularization in CTEPH patients [41]. Finally, in a rat
model of chronic pulmonary embolism, riociguat strongly
increased pulmonary angiogenesis and ameliorated car-
diac deficiencies [42], whereas in a mouse model of hind-
limb ischaemia it increased capillary density [43]. Of note,
in the present study we also found that SSc-MVECs chal-
lenged with MK-2947 showed an increase in gene expres-
sion of proangiogenic molecules and a decrease in
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FIG. 5 Soluble guanylate cyclase stimulation attenuates the myofibroblast-like profibrotic and contractile phenotype of
SSc-MVECs and effectively reduces ERK1/2 signalling

Experiments were performed on SSc-MVECs (n¼ 5) at basal condition and after treatment with MK-2947 1mM or
10mM. (A–F) Protein expression of CD31, VE-cadherin, a-SMA, S100A4, type I collagen and Snail1 assessed by im-
munoblotting, using a-tubulin (A, C and F) or GAPDH (B, D and E) as loading controls. Representative immunoblots
are shown. Molecular mass values (kDa) are indicated. The densitometric analysis of the bands is reported in the bar
graphs. Data are mean (S.E.M.) of optical density in arbitrary units (a.u.). (G) Representative fluorescence microphoto-
graphs of SSc-MVECs immunolabelled for CD31, VE-cadherin, a-SMA, S100A4, type I collagen and Snail1. Nuclei are
counterstained with DAPI (blue). Scale bar¼50 mm. (H) Collagen gel contraction assay. Gels without cells were
included as negative controls. Each experimental point was performed in triplicate. Bar graphs represent mean (S.E.M.)
of gel size expressed as percentage of that observed in gel without cells. (I) Protein expression of p-ERK1/2 and total
ERK1/2 assessed by immunoblotting. Representative immunoblots are shown. Molecular mass values (kDa) are indi-
cated. The densitometric analysis of p-ERK1/2 bands normalized to total ERK1/2 is reported in the bar graphs. Data
are mean (S.E.M.) of optical density in a.u. One-way ANOVA with post hoc Tukey’s test was used for statistical analysis;
*P< 0.05, **P<0.01 and ***P<0.001 vs basal. a-SMA: a-smooth muscle actin; DAPI: 40,6-diamidino-2-phenylindole;
ERK1/2, extracellular signal-regulated kinases 1 and 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MVEC:
microvascular endothelial cell; VE-cadherin: vascular endothelial cadherin.
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angiostatic factors, a result in accordance with previous
reports showing that cGMP pathway activation may in-
duce the synthesis of proangiogenic molecules including
VEGF and MMP-9 [44–47].

The evidence that treatment with MK-2947 can efficient-
ly blunt the profibrotic phenotype of SSc-MVECs also
deserves in-depth discussion. Indeed, it is now recognized
that endothelial cells may undergo EndoMT, thus repre-
senting an important source of myofibroblasts with patho-
genic implications in both SSc-related microvascular
dysfunction and fibrosis [7–9, 36]. Hence, depending on
the type of affected microvessels, EndoMT may contribute
either to fibroproliferative, occlusive vascular lesions or to
decreased capillary density paralleling tissue fibrogenesis
[8, 9]. Strikingly, an increase in cGMP following sGC stimu-
lation/activation was shown to inhibit TGFb-induced myofi-
broblast differentiation in human prostatic stromal cells
and dermal and lung fibroblasts [19–22]. Moreover, rioci-
guat was found to inhibit epithelial-to-mesenchymal transi-
tion in experimental renal fibrosis [13]. A strong antifibrotic
effect of cGMP pathway activation was also reported in
SSc both in vitro and in preclinical studies, where sGC
stimulation inhibited fibroblast activation and blocked the
development of skin fibrosis in SSc murine models [21–
23]. Here, we have shown for the first time that the sGCS
MK-2947 is able to counteract EndoMT not only in SSc-

MVECs, but also in H-MVECs challenged with the principal
EndoMT trigger, namely TGFb. Moreover, in H-MVECs
MK-2947 was also effective in counteracting the previously
demonstrated pro-EndoMT effects of SSc sera [7].
Interestingly, we found that the MK-2947-mediated coun-
teraction of SSc-MVEC profibrotic features was attributable
to a reduction in phosphorylated-ERK1/2 protein levels, a
finding fully consistent with previous evidence that
pharmacological sGC stimulation is effective in inhibiting
non-canonical, ERK-dependent TGFb signalling both in
dermal fibroblasts and in SSc experimental models [22,
23]. In perspective, further powerful deep-sequencing tech-
nologies, such as RNA-seq, might help to comprehensively
decipher the transcriptional profile underlying changes in
the myofibroblast-like phenotype and angiogenic potential
of SSc-MVECs upon treatment with MK-2947.

Clinically, at present riociguat has demonstrated thera-
peutic efficacy in the treatment of SSc-related PAH [32,
48], a severe complication in whose pathogenesis
EndoMT has remarkably been implicated [8, 49].
However, clinical trials performed so far on SSc patients
did not reach their primary endpoints as far as improve-
ment of skin involvement and DU healing are concerned
[26, 34]. Nonetheless, it is worth considering that, when
extending treatment duration, the same investigators
reported potential efficacy signals, thus underlying the

FIG. 6 Soluble guanylate cyclase stimulation counteracts SSc serum-induced EndoMT in H-MVECs

Gene expression of CDH5, ACTA2, S100A4, COL1A1, COL1A2 and SNAI1 was assessed by quantitative real-time
PCR in H-MVECs (n¼ 5) at basal condition and after challenging with SSc sera (n¼5) or recombinant human TGFb
(positive control of EndoMT) preceded or not by treatment with MK-2947 10 mM. The basal level of each gene expres-
sion was set to 1. 18S rRNA was used as reference gene. Bars represent the mean (S.E.M.) of triplicate determinations.
One-way ANOVA with post hoc Tukey’s test was used for statistical analysis; *P<0.05, **P<0.01 and ***P< 0.001 vs
SSc serum alone, #P< 0.05, ##P< 0.01 and ###P<0.001 vs TGFb alone. EndoMT: endothelial-to-mesenchymal transi-
tion; H-MVEC: healthy MVEC; MVEC: microvascular endothelial cell.
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need to investigate the effects of sGC stimulation for
longer periods in additional clinical trials [26, 34]. In such
a context, we believe that our promising in vitro findings
not only provide new insights into the understanding of
sGC stimulation’s action on key pathogenetic mecha-
nisms underlying SSc endothelial dysfunction, but also
present new evidence for repurposing sGCSs for the
treatment of SSc-related skin fibrosis and peripheral vas-
cular manifestations.
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