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Background: Relaxin (RLX) can prevent cardiac fibrosis. We aimed to investigate the possible
mechanism and signal transduction pathway of RLX inhibiting cardiac fibrosis.

Methods: I[soproterenol (5 mg-kg™'-d™') was used to establish the cardiac fibrosis model in rats,
which were administered RLX. The cardiac function, related targets of cardiac fibrosis, and
endothelial-mesenchymal transition (EndMT) were measured. Transforming growth factor 3
(TGF-B) was used to induce EndMT in human umbilical vein endothelial cells, which were
pretreated with RLX, 200 ng-mL~", then with the inhibitor of Notch. Transwell cell migration
was used to evaluate cell migration. CD31 and vimentin content was determined by immuno-
fluorescence staining and Western blot analysis. Notch protein level was examined by Western
blot analysis.

Results: RLX improved cardiac function in rats with cardiac fibrosis; it reduced the content
of collagen I and III, increased the microvascular density of the myocardium, and suppressed
the EndMT in heart tissue. In vitro, RLX decreased the mobility of human umbilical vein
endothelial cells induced by TGF-p, increased the expression of endothelial CD31, and
decreased vimentin content. Compared to TGF-§ and RLX co-culture alone, TGF-f + RLX +
Notch inhibitor increased cell mobility and the EndMT, but decreased the levels of Notch-1,
HES-1, and Jagged-1 proteins.

Conclusion: RLX may inhibit the cardiac fibrosis via EndMT by Notch-mediated signaling.
Keywords: relaxin, endothelial to mesenchymal transition, transforming growth factor f,
myocardial fibrosis, Notch

Introduction

Cardiac fibrosis, associated with a decreased extent of microvasculature and disrupted
normal myocardial structures, results from excessive deposition of extracellular cell
matrix mediated by recruitment of fibroblasts and endothelial dysfunction, but its
contribution to these conditions is unclear.!

Endothelial-mesenchymal transition (EndMT) is a complex biological process
whereby endothelial cells lose their specific markers and acquire a mesenchymal or
myofibroblastic phenotype and express mesenchymal cell products such as a-smooth
muscle actin (.-SMA) and type I collagen.? EndMT was originally observed during
heart development, and recent studies have suggested its role in pathological settings
such as cancer and fibrosis. Zeisberg et al first showed that cardiac fibrosis is associ-
ated with the emergence of fibroblasts originating from endothelial cells, suggesting
an EndMT similar to events that occur during formation of the atrioventricular cushion
in the embryonic heart.’ Then it has also been reported that endothelial cell-derived
endothelin-1 promoted cardiac fibrosis via the EndMT in a streptozotocin-induced
diabetic mouse model.* In the high-fat-fed apolipoprotein E knockout mice model,
it was demonstrated that inflammatory stress exacerbates the progression of cardiac
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fibrosis via EndMT.? In acute viral myocarditis, EndMT has
also been proved to be involved in cardiac fibrosis.® Accord-
ing to these findings, we speculated that inhibition of EndMT
may be a new target of anti-fibrosis of heart.

The naturally occurring hormone relaxin (RLX) is
now regarded as a rapidly occurring antifibrotic that pre-
vents and reduces aberrant collagen deposition and fibrosis
progression in various experimental models, regardless of
pathogenesis.” '° Furthermore, it has been reported that RLX
may regulate extracellular cell matrix remodeling, such as
in the heart,' liver,'? kidney,'>'* and lungs.'> Male, but not
female, RLX-null mice showed increased left ventricular
(LV) collagen content and collagen type I expression with
aging, which was reversed with exogenous RLX treatment.!!
RLX has also shown efficacy in treating experimentally
induced cardiac fibrosis. Recent Phase Il clinical trials have
successfully evaluated the vasodilatory properties of sere-
laxin (a recombinant form of human gene-2 RLX, which is
the major stored and circulating form of RLX in humans) in
acute heart failure.!® The antifibrotic efficacy of serelaxin,
which is bioactive in mice, has also been demonstrated
experimentally.'!!>17:18

Despite the therapeutic potential of RLX as an antifibrotic
agent, the mechanism of its antifibrotic effect in the heart was
still unclear. So the aim of our study is to investigate whether
EndMT maybe the possible mechanism of RLX preventing
the cardiac fibrosis.

Notch signaling has been implicated in cardiac
morphogenesis'®?® and plays a crucial role in regulating the
EndMT in the primary heart tube during septation and forma-
tion of the valves.?'??> Notch-1 is the main receptor subtype
found in the endocardial layer in the outflow tract of the
developing heart.”* Then, the role of Notch in the postnatal
heart was revealed. Furthermore, the use of cardiac hypertro-
phy models revealed that components of the Notch pathway
are upregulated in the hypertrophic heart.* Nowadays, it has
been reported that the Notch signaling pathway is involved in
the epithelial to mesenchymal transition or EndMT process
of the organs or cancers such as corneal cancer;? atrioven-
tricular canal,?® and foramen ovale closure.?’” And what about
the relationship between the Notch and RLX? Boccalini et
al concluded that Notch was involved in the protection of
cardiac muscle cells from hypoxia/reoxygenation injury by
RLX?® and that Notch signaling was involved in the cardiac
fibroblast to myofibroblast transition induced by transforming
growth factor B (TGF-3) and activated by RLX.?’ Accord-
ingly, this paper examines whether RLX inhibits the EndMT
and exerts its anti-fibrotic effects via Notch-1 signaling.

Materials and methods

Rat model of cardiac fibrosis

In total, 40 male Sprague Dawley rats (200220 g; approxi-
mately 6 weeks old) were supplied by the Wenzhou Medical
University Laboratory Animal Centre (Wenzhou, People’s
Republic of China). The animals were housed individually
in cages under hygienic conditions with 12-hour light/dark
cycle at 22°C+3°C and 45%=10% humidity for 7 days before
experiments. The animals were allowed free access to a
standard commercial diet and tap water.

Rats were randomly divided into five groups (ten per
group) for treatment: control; myocardial fibrosis (isopro-
terenol [Iso]); and low-, middle-, and high-dose RLX (0.2,
2, and 20 pg-kg'-day!, respectively. For Iso-model, on
days 1-6, Iso (5 mg-kg™'-d™'; Sigma-Aldrich Co., St Louis,
MO, USA) was injected subcutaneously in the rats. In the
therapeutic groups, Iso administration was the same as in the
Iso-model group, and RLX at different concentrations (0.2,
2.0, and 20 pg-kg'-day') were injected at the same time as
Iso injection and lasted for 6 days, then RLX injection was
continued for another 8 days. The same volume of saline was
injected for controls.

Animal welfare and ethics statement

The procedures we used were as humane as possible. The
study was evaluated and approved by the Wen Zhou Medical
University Animal Care And Use Ethics Committee (permis-
sion number wydw2013-0054).

Measurement of hemodynamics

Rats were weighed and anesthetized with 1% pentobarbital
sodium (40 mg-kg™) by intraperitoneal injection. Rats were
fixed, the right carotid artery was separated, and a catheter
filled with 0.05% heparin was inserted into the left ventricle.
The other end of the catheter was connected with a pressure-
transducer input signal recorder for recording the LV mean
systolic pressure, LV end diastolic pressure, and maximum
rate of change in LV pressure (+dp/dtmax, —dp/dtmax).

Hematoxylin and eosin staining

Hematoxylin and eosin (HE) staining was performed to eval-
uate pathological and morphological changes of myocardial
tissue. The myocardium sample (approximately 5 mm thick)
was placed in 4% paraformaldehyde at 4°C for 72 hours for
fixation, then routine paraffin embedding was performed
and 4 um thick slices were taken. Sections were deparaf-
finized with xylene, hydrated through a graded ethanol series,
stained with HE, dehydrated through a graded ethanol series,
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cleared in xylene, and finally mounted in neutral resin. Patho-
logical and morphological changes were observed under an
optical microscope.

Masson’s trichrome staining

Masson’s trichrome staining was performed to assess myo-
cardial fibrosis. Rat myocardial tissue specimens were fixed
in 4% paraformaldehyde, routinely paraffin-embedded,
and sliced into 4 um thick sections, then deparaffinized in
water, stained with Harris hematoxylin for 3 minutes, and
rinsed with running water. Sections were differentiated in
1% hydrochloric acid alcohol solution for 3—5 seconds,
rinsed with running water, placed in water for bluing for
1 minute, and washed with running water, then stained in
warm Ponceau-acid fuchsin solution for 3 minutes, washed
with distilled water, and differentiated in a 1% phosphomo-
lybdic acid solution for 1 minute. After the phosphomolybdic
acid residue was wiped from slides, sections were stained
in 2% aniline blue solution for 1 minute, rinsed with 95%
alcohol, dehydrated in 95% alcohol and anhydrous alcohol,
dried with cold air, and mounted in neutral resin. The sections
were examined using light microscopy, and photographs
were taken at X200 magnification. Five non-repeating visual
fields were randomly selected, myocardial collagen areas
were measured using Image-Pro Plus (Media Cybernetics,
Inc., Rockville, MD, USA), and the areas were averaged.

ELISA of collagen | and Ill content,

fibrotic protein, in myocardial tissue

A piece of the LV myocardium (100 mg) was cut into smaller
pieces, added to 1 mL phosphate buffered saline (PBS)
(pH 7.4), and vortexed on ice. After centrifugation at 3,000 rpm
for 20 minutes, the supernatant was separated and content of
types I and III collagen was measured by use of an ELISA
kit (Shanghai Boyun Biotech, Shanghai, People’s Republic
of China).

Immunohistochemistry of microvascular
density

Von Willebrand factor was used as a marker of vascular
endothelial cells to indicate blood vessels. Endogenous
peroxidase activity was blocked with 3% methanol-H,O,.
Nonspecific sites were blocked with 5%—10% goat serum
before incubation with anti-Von Willebrand factor antibody
(Abcam, Cambridge, UK; 1:600) in 0.1 M PBS overnight at
4°C. After washing, reagents 1 and 2 of the Polymer HRP
Detection System for rabbit primary antibodies (Zhongshan
Jingiao, Beijing, People’s Republic of China) were added,

washed sequentially, and developed with horseradish peroxi-
dase and diaminobenzidine chromogen (Zhongshan Jingiao).
Blood vessels were observed at X100 and X400 magnifica-
tions under a microscope before being imaged and counted
at X200 magnification. Stained single cells or cell clusters
clearly separate from surrounding vessels, cardiomyocytes,
and other tissues were considered microvessels. The number
of microvessels was calculated as the mean microvascular
density (MVD) in five randomly selected non-repeating
visual fields.

Immunofluorescence staining

For single immunofluorescence staining, tissue sections were
incubated with the antibodies for anti-vimentin (1:100), anti-
CD31 (1:1,600), and anti-o-SMA (1:1,000) at 4°C overnight,
washed with PBS three times, 5 minutes per wash, incubated
with DyLight 488/DyLight 594 antibodies (1:300; EarthOX,
Millbrae, CA, USA) for 1 hour, then incubated with 1 pg/mL
Hoechst 33342 (Sigma-Aldrich Co.) for 20 minutes to stain
nuclei. Sections incubated with the appropriate isotype
control primary antibodies, and fluorescently labeled sec-
ondary antibodies were negative controls. The results were
analyzed by fluorescence microscopy (Nikon Corporation,
Tokyo, Japan) and processed with Image-Pro Plus (Media
Cybernetics, Inc.).

For dual immunofluorescence staining, sections were co-
incubated with the antibodies anti-CD31 and anti-vimentin
in vitro and anti-CD31 and anti-o.-SMA in vivo, then pro-
cessed as for single immunofluorescence staining.

Cell culture and treatments

Human umbilical vein endothelial cells (HUVECSs) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum, penicillin
(100 U-mL™), and streptomycin (100 U-mL™") (Sigma, Milan,
Italy) at 37°C in a humidified atmosphere of 5% CO,. At
the start of the study, cells were randomly divided into five
groups for treatment; blank control; negative control which is
treated with Notch inhibitor N-[N-(3,5-difluorophenacetyl)-
1-alanyl]-S-Phenylglycine t-butyl ester (DAPT); TGF-$3
induction; TGF-B + RLX (200 ng'-mL™"); TGF-Bf + RLX
(200 ng'mL™") + DAPT.

Transwell assay of cell migration

DMEM/high-glucose medium containing 10% fetal bovine
serum was added to the lower chamber of the Transwell system
and cell suspension with RLX or negative control was added to
the upper chamber for 48 hours. After incubation at 37°C with
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5% CO, for 12-18 hours, the lower chamber was observed by use
of an inverted microscope. Incubation was terminated when cells
passed into the lower chamber. The inside of the upper chamber
was cleaned with a cotton swab, then the chamber was immersed
and washed with PBS, fixed with 4% paraformaldehyde, stained
with 0.1% crystal violet, washed three times with running water,
and photographed, and cell numbers were counted.

Western blot analysis

Cells were resuspended in an appropriate volume of ice-cold
cell extraction buffer. After centrifugation at 12,000x g for
10 minutes at 4°C, the supernatant was collected. Total
protein content was quantified by use of the Pierce BCA
Protein Assay Kit according to its manufacturer (Pierce
Biotechnology, Waltham, MA, USA). In total, 400 pg total
protein was electrophoresed on 7% gel (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA; 200 V, 40 minutes)
and blotted onto polyvinylidene difluoride membrane (Beyo-
time Institute of Biotechnology, Haimen, People’s Republic
of China; 30 V, 1 hour), which was blocked with blocking
solution for 30 minutes at room temperature on a rotary
shaker and incubated overnight at 4°C with the antibodies
rabbit polyclonal anti-vimentin (1:1,000), mouse polyclonal
anti-CD31 (1:1,000), anti-Notch-1 (1:1,000, Cell Signaling
Technology, Danvers, MA, USA), anti-Hes-1 (1:1,000,
Abcam), and anti-Jagged-1 (1:1,000, Abcam). The house-
keeping protein glyceraldehyde 3-phosphate dehydrogenase
and B-actin (Bioworld Technology, Nanjing, People’s
Republic of China; 1:5,000) were used as loading controls.
Immunoreactive bands were detected by use of Chemilumi-
nescent HRP Substrate (Applygen Technologies, Beijing,
People’s Republic of China), and scans were obtained by use
of the Bio-Rad gel image analysis system (BioRad, Hercules,
CA, USA) and processed by use of Image-Pro Plus.

Statistical analysis

Data are expressed as mean = SEM. Statistical analyses
involved use of SPSS v16.0 (SPSS Inc., Chicago, IL, USA)
by Student’s #-test for comparing the two groups or one-way
ANOVA. P<0.05 was considered statistically significant.

Results

RLX improved the cardiac function

of rats with cardiac fibrosis

As compared with controls, Iso-induced cardiac fibrosis affected
cardiac function L vs P (108.8£11.6 vs 138.8+11.7 mmHg™),
LV end diastolic pressure (21.5948.55 vs —7.04+7.37 mmHg ™),
+dp/dtmax (3,070.3+£1,099.7 vs 9,778.6+2,110.7 mmHg s ™)
and —dp/dtmax (—3,095.31+1,249.2 vs —8,524.44+2,678.4

mmHg™"-s™"), P<0.01]. RLX administration could improve
cardiac function dose-dependently, for low-, middle-,
and high-dose RLX, compared to Iso alone for LV mean
systolic pressure, LV-end diastolic pressure, +dp/dtmax,
and —dp/dtmax (Figure 1).

RLX attenuated fibrosis of the rat heart
From HE staining, myocardial cells from the control group
were neatly arranged, with clear cross-striations. However, with
Iso, myocardial cells showed an irregular morphology, and
were disorganized with considerable fibrous tissue hyperplasia.
With RLX treatment, myocardial cells were slightly disorganized
and tissue was fibrous as compared with controls. Compared
with Iso alone, RLX produced relatively neat myocardial cells,
and the degree of fibrous hyperplasia was significantly reduced
(Figure 2A). Under normal circumstances, Masson’s trichrome
staining produces red myocardium but blue collagen-content fibers.
We found that Iso produced a large area of blue-stained collagen
fiber between myocardial cells, with fewer blue-stained collagen
fibers in controls and with RLX treatment (P<<0.01, Figure 2B
and C). Therefore, heart failure was accompanied by myocar-
dial fibrosis, and RLX could significantly reduce myocardial
fibrosis.

As compared with controls, Iso increased the protein
levels of type I and III collagen (P<<0.01) (Figure 2D). As
compared with Iso treatment, RLX reduced type I and I1I col-
lagen protein content (P<<0.01). Therefore, RLX could inhibit
the Iso-induced expression of type I and III collagen.

RLX upregulated the microvascular
density and inhibited the EndMT of the

fibrotic heart

Iso decreased the MVD in rat hearts as compared with controls
(P<0.01). However, RLX increased the MVD of hearts as com-
pared with Iso (P<<0.01) (Figure 3). Therefore, the fibrotic heart
may show EndMT, and EndMT could be attenuated by RLX.
For further study of EndMT in the heart, we examined CD31
content, an endothelial marker and o-SMA, a fibrotic marker, by
immunofluorescence. With Iso, green fluorescence was greater
than for controls, so the expression of a-SMA was upregulated,
whereas red fluorescence was reduced, so the expression of
CD31 was downregulated. As compared with Iso, with increas-
ing RLX dose, we found increased expression of CD31 but
reduced expression of a-SMA (P<<0.01) (Figure 4).

RLX inhibits cell migration stimulated by
TGF-B in HUVECs

Cell migration ability was analyzed by Transwell assay
48 hours after RLX treatment. The number of cells migrating
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Figure | Effect of RLX on cardiac function index in an isoproterenol (Iso)-induced myocardial fibrosis rat model.
Notes: All experiments were performed in three repetitions. Data are mean + SEM. **P<<0.01 vs control, #P<0.05, #P<<0.01 vs Iso. Iso, 5 mg-kg™'-d"'; low-, middle-, and

high-dose RLX at concentrations of 0.2, 2, and 20 ug-kg™'-day™!, respectively.

Abbreviations: RLX, relaxin; LVSP, left-ventricular mean systolic pressure; LVEDP, left-ventricular end diastolic pressure; NS, normal saline; SEM, standard error of the
mean; +dp/dtmax, the maximum pressure rise rate of left ventricle; -dp/dtmax, the maximum pressure drop rate of left ventricle.

was lower with TGF-3 +200 ng RLX than with TGF-f3 alone
in HUVECs (P<0.05). However, after co-culture with the
Notch inhibitor DAPT, the number of migrating cells was
increased as compared with TGF-B + RLX (P<<0.05). There-
fore, RLX could inhibit HUVEC cell migration stimulated by
TGF-f, and DAPT could abrogate the effect (Figure 5).

RLX inhibits the EndMT in vitro with

TGF-B stimulation

CD31* cells were used as a marker of HUVECs and
vimentin® cells as a marker of mesenchymal cells. On
immunofluorescence staining, vimentin* cells were higher
with TGF-f than negative induction (P<<0.05), but the CD31*
cells were lower (P<<0.05). CD31* cells were higher, but
vimentin® cells were lower with TGF-f3 + RLX than TGF-3
alone. With TGF- + RLX + DAPT, the fluorescence of

CD31 was attenuated and that of vimentin was increased as
compared with TGF-f + RLX (P<0.05) (Figure 6). Dual
immunofluorescence staining produced the same results,
so RLX could inhibit the EndMT of HUVECsS induced by
TGF-B and, as expected, treatment with DAPT abrogated
the inhibitory effect of RLX on TGF-B-induced EndMT
(Figure 7).

Inhibition of EndMT by Notch-I with
RLX in HUVECs

RLX strongly reduced the phenotypical changes induced by
TGF-P. The protein level of CD31 was higher with TGF-§ +
RLX than TGF-f alone (P<<0.05) but that of vimentin, a
marker of mesenchymal cells, was lower (P<<0.05). Con-
versely, the addition of the Notch-1 inhibitor DAPT to TGF-
B-stimulated cells increased the level of vimentin, decreased
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Figure 2 Effect of RLX on fibrosis of the rat heart.

Notes: (A) Hematoxylin and eosin staining of the LV myocardium. (B, C) Myocardial collagen areas by Masson staining. (D) Quantification of protein content of types | and Il
collagen. All experiments were performed in three repetitions. Data are mean * SEM, **P<0.01 vs control, #P<0.01 vs Iso; #P<0.01 vs Iso.

Abbreviations: RLX, relaxin; NS, normal saline; Iso, isoproterenol; LV, left ventricular; SEM, standard error of the mean.

Figure 3 Effect of RLX on mean MVD in rat heart.

Notes: Von Willebrand factor was used as a marker and blood vessels were counted at x200 magnification. The number of microvessels was calculated as the MVD in five
randomly selected non-repeating visual fields. Data are mean = SEM. **P<<0.01, #P<0.05, #P<<0.01 vs Iso. All experiments were performed in three repetitions.
Abbreviations: MVD, microvascular density; RLX, relaxin; NS, normal saline; Iso, isoproterenol; SEM, standard error of the mean.
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Figure 4 Effect of RLX on endothelial to EndMT in rat heart.

Notes: Immunofluorescence staining of c—smooth muscle actin (0.-SMA) and CD31 to evaluate the EndMT in the fibrotic heart. Green fluorescence represents a-SMA; red
fluorescence represents CD3 1. Data are mean £ SEM. ¥¥P<<0.01, #P<<0.01 vs Iso. All experiments were performed in three repetitions.

Abbreviations: EndMT, endothelial-mesenchymal transition; RLX, relaxin; NS, normal saline; Iso, isoproterenol; SEM, standard error of the mean.
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Figure 5 Transwell assay of migration of HUVECs.

Notes: Cells in five unrepeated visual fields were counted. All experiments were performed in three repetitions. Data are mean £ SEM. *P<<0.05 vs control, *P<<0.05 vs
TGF-B, £P<0.05 vs TGF-B + RLX (200 ng-mL™").

Abbreviations: HUVECs, human umbilical vein endothelial cells; TGF-f, transforming growth factor ; RLX, relaxin; DAPT, N-[N-(3,5-difluorophenacetyl)- | -alanyl]-S-
Phenylglycine t-butyl ester; SEM, standard error of the mean.
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Figure 6 Immunofluorescence staining of CD31 and vimentin to evaluate the EndMT in HUVECs.

Notes: (A) Green fluorescence represented CD31 (magnification x400). (B) Green fluorescence represents vimentin. Blue fluorescence represented the nucleus of the cells
(magnification x200). All experiments were performed in three repetitions. (C) and (D) show the mean density of CD31| and vimentin, respectively. Data are mean + SEM.

*P<0.05, **P<0.01 vs control, *P<0.05, #P<<0.01 vs TGF-B, P<0.05 vs TGF-B + RLX (200 ng-mL"").
Abbreviations: EndMT, endothelia-mesenchymal transition; HUVECs, human umbilical vein endothelial cells; TGF-B, transform

N-[N-(3,5-difluorophenacetyl)- I -alanyl]-S-Phenylglycine t-butyl ester; SEM, standard error of the mean.
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Figure 7 Dual immunofluorescence staining of CD31 and vimentin to evaluate the EndMT in HUVECs.

Notes: CD3| demonstrated red fluorescence and vimentin demonstrated green fluorescence (magnification x400). All experiments were performed in three repetitions.

Data are mean + SEM. **P<0.01 vs control, #P<<0.01 vs TGF-B, £P<<0.01 vs TGF-$ + RLX (200 ng-mL™").
Abbreviations: RLX, relaxin; TGF-B, transforming growth factor §; HUVECs, human umbilical vein endothelial cells; EndMT,
N-[N-(3,5-difluorophenacetyl)- I -alanyl]-S-Phenylglycine t-butyl ester; SEM, standard error of the mean.
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Figure 8 Western blot analysis of the expression of CD31 and vimentin in HUVECs.

Notes: All experiments were performed in three repetitions. Data are mean + SEM. **P<0.0l vs control, #P<0.05, #P<<0.01 vs TGF-B, £P<0.05 vs TGF-f + RLX

(200 ng-mL™").

Abbreviations: HUVECs, human umbilical vein endothelial cells; RLX, relaxin; TGF-, transforming growth factor ; DAPT, N-[N-(3,5-difluorophenacetyl)- | -alanyl]-S-

Phenylglycine t-butyl ester; SEM, standard error of the mean.

that of CD31, and prevented the inhibitory effects of RLX
(P<<0.05) (Figure 8).

Notch-| pathway is involved in RLX-

mediated inhibition of EndMT

The Notch-1 and its downstream proteins HES-1 and Jagged-1
were detected in HUVECs. In vitro, TGF-f produced
lower protein expression of Notch-1 than control treatment
(0.27£0.011 vs 0.61£0.018, P<<0.01), but the protein level
of Notch-1 was higher with TGF-8 + RLX than TGF-J3 alone
(0.434£0.033 vs 0.2740.011, P<<0.01). With Notch-1 inhibitor
added to HUVECsS, the addition of RLX downregulated the
expression of Notch-1 as compared with TGF-f + RLX
treatment (0.24£0.031 vs 0.43£0.033, P<<0.01). Further-
more, TGF-B decreased the protein expression of HES-1
than control treatment (0.25+0.020 vs 0.45+0.023, P<<0.01),
but the protein level was higher with TGF-f + RLX than
TGF-B alone (0.41£0.010 vs 0.25£0.020, P<<0.01). When the
Notch-1 inhibitor was employed into HUVECs, the addition
of RLX downregulated the expression of HES-1 as compared

with TGF- + RLX treatment (0.22+0.021 vs 0.41£0.010,
P<0.01). For detecting the expression of Jagged-1, it showed
that DAPT could also decrease the expression of Jagged-1.
TGF-B group had lower expression level of Jagged-1 than
the control (0.27+0.005 vs 0.424+0.016, P<<0.01) while
TGF-B + RLX could increase the Jagged-1 compared to the
TGF- group (0.27+0.005 vs 0.43£0.021, P<<0.01). Added
the DAPT to the TGF-P + RLX group, it demonstrated that
Jagged-1 was inhibited compared to the TGF-B + RLX group
(0.2540.020 vs 0.43£0.021, P<<0.01) (Figure 9).

Discussion

In our study, we confirmed that RLX can improve the cardiac
function of rats; it attenuated the degree of fibrous hyperpla-
sia and downregulated the expression of collagen I and III,
which defined the fibrosis as previously research showed.
But furthermore, we found that RLX improved the cardiac
function and inhibited the fibrosis of heart dose-dependently.
Also, in this paper we indicated that RLX could increase the
microvascular density which has not been reported before.
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Figure 9 Western blot analysis of Notch cell signaling pathway.

Jagged-1/GAPDH optical

Notes: The expression of Notch-| and its downstream proteins HES-| and Jagged-| were examined, and the inhibitor of Notch-I DAPT was added. Blank control; negative
control (DAPT); TGF-B-induced group; TGF-f + RLX (200 ng-mL™"); TGF-B + RLX (200 ng:mL"') + DAPT; all experiments were performed in three repetitions. Data are
mean + SEM. *¥P<<0.01 vs control, #P<0.01 vs TGF-f, #4P<<0.01 vs TGF-B + RLX (200 ng:-mL™").

Abbreviations: RLX, relaxin; TGF-B, transforming growth factor 8; DAPT, N-[N-(3,5-difluorophenacetyl)- | -alanyl]-S-Phenylglycine t-butyl ester; GAPDH, glyceraldehyde-

3-phosphate dehydrogenase; SEM, standard error of the mean.

It implied that the microvascular density of the heart may
be involved in the mechanism of the anti-fibrotic effect
of RLX.

Furthermore, this research is aimed at investigating
the possible mechanism of inhibition of cardiac fibrosis of
RLX. As we mentioned earlier, Zeisberg et al first showed
that EndMT contributed to the pressure overload-induced
progression of cardiac fibrosis.* While in our Iso-induced
fibrotic rat hearts, the protein expression of o-SMA was
upregulated and that of CD31 was downregulated which
were not reported before. Although several papers have
convincingly documented that EndMT is not the predominant
source of new fibroblasts in cardiac fibrosis,** the model of
cardiac fibrosis they used was the pressure overload-induced
cardiac fibrosis. However, our research used injection of iso-
proterenol to set up the cardiac fibrosis model. As we know,
the mechanism of isoproterenol-induced cardiac fibrosis is

ischemia related. According to our results, we supposed that
EndMT may be the predominant mechanism of ischemia-
induced fibrosis.

Anti-fibrotic effects of RLX of the heart to inhibit cardiac
remodeling and improve cardiac function has been definitely
documented.'"'¢!%3! Indeed, RLX treatment of primary rat
atrial and ventricular fibroblasts caused alterations in fibrotic
markers, including decreased content of collagen types I
and III, the fibroblast to myofibroblast transition, and cell
proliferation.! In the Iso-induced cardiac ischemia model,
RLX reduced interstitial collagen accumulation and cardiac
hypertrophy.*> However, in our paper, after administration
of RLX, it was first found that the level of a-SMA protein
decreased and that of the endothelial cell marker, CD31,
increased in the fibrotic heart of mice. The results partly
indicated that RLX could prevent cardiac fibrosis via EndMT
in ischemic-associated cardiac fibrosis.
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TGF-P has long been shown to induce EndMT in many
normal or malignant cells. Some studies demonstrated that
TGF-B treatment of endothelial cells induced the expression
of mesenchymal cell markers, including o.-SMA, vimentin,
transgelin, and calponin, and reduced that of the endothelial
cell marker claudin 5, CD31.33 TGF-f induced EndMT in pri-
mary cultures of murine pulmonary endothelial cells.** Along
these lines, we used TGF-f to induce EndMT in HUVECs.
The results of this paper showed that RLX decreased the
expression of vimentin but increased that of CD31, showing
endothelial cells, as compared with TGF-3 alone. It repre-
sented that RLX may inhibit the EndMT of HUVECs which
has not been demonstrated before. Sassoli et al have examined
that RLX inhibited TGF-B-induced fibroblast-myofibroblast
transition in neonatal cardiac stromal cells. The conclusion of
their paper may provide another possibility of the role of RLX
in the cardiac fibrosis.”” However, it will be better if they had
an in vivo model to prove their conclusion. And the cell line
they used in the research was stromal cells which presented
the mesenchyme cells only. Compared to the study mentioned
earlier, our data showed that RLX may inhibit the cardiac
fibrosis via EndMT in vivo and the cell line that we used was
endothelial cell line. The results in vitro definitely showed that
RLX could inhibit the TGF-B-induced EndMT.

TGF-f signals through trans-membrane receptors,
which activate Smad2/3 phosphorylation; in turn, pSmad2/3
complex translocates into the nucleus, where it induces
the expression of pro-fibrotic target genes.*>*¢ Several
distinct mechanisms have been postulated or demonstrated
to be involved in RLX-mediated inhibition of the TGF-
B-Smad axis including the PI3K-Akt and NOS-NO-cGMP
cascades.’’° Notch protein is a part of a highly conserved
signaling pathway that mediates key cell fate decisions during
development and in differentiated tissues. Notch signaling
has been recently shown to be involved in tissue fibrosis.
TGF-B limits Notch-1 activation in mouse fibroblasts by
inducing the expression of ADAM12,** a member of the
metalloprotease-disintegrin family, which can cleave Notch
ectodomain after ligand-receptor interaction. In transgenic
mice overexpressing the Notch ligand Jagged-1, Notch
inhibited the development of cardiomyocyte hypertrophy and
TGF-B/connective TGF-mediated cardiac fibrosis.*! More-
over, in vitro study revealed that Notch signaling influenced
the differentiation of fibroblasts into myofibroblasts.*** In
contrast, RLX prevented cardiac fibroblast-myofibroblast
transition via Notch-mediated inhibition of TGF-f signal-
ing.?® Our results expand the list of possible mechanisms
underlying the anti-fibrotic action of RLX, demonstrating that

this hormone also acts through Notch-1 and its downstream
proteins HES-1, Jagged-1 upregulation. We inferred that
RLX treatment of TGF-B-induced EndMT downregulated
multiple processes involved in inhibiting the EndMT but
upregulating the expression of Notch protein. Furthermore,
DAPT, a y-secretase-specific inhibitor, as well as silencing of
Notch-1 ligand, showed the RLX—Notch-EndMT signaling
pathway. Indeed, DAPT prevented the reduced migration of
HUEVCs induced by RLX, and the pharmacological inhi-
bition of endogenous Notch-1 signaling by DAPT blocked
the effect of RLX on inhibition of the EndMT, the reduced
CD31 levels, and the upregulation of vimentin in response
to TGF- stimulation.

In a word, one of the probable mechanisms of RLX inhib-
iting fibrosis of the heart may be its inhibition of EndMT in
the fibrotic heart. The Notch signal pathway may mediate
the process. However, our study has limitations. First, it
should be noted that our study in vivo has only examined the
expression of CD31 and o-SMA, which do not adequately
represent EndMT. The increased expression of CD31 and
decreased expression of -SMA can only indicate that
RLX can inhibit the fibrosis while improve the endothelial
expression. Unfortunately, we cannot determine EndMT
definitely from this data. However, these problems could be
solved if we consider more specific marker in the fibrotic
heart in future. Second, the anti-fibrotic effect of RLX was
dose-dependent, but high-dose RLX is expensive. As a result,
drug combinations are needed. Further studies assessing how
Notch pathways are interlinked and cooperate to mediate the
effects of RLX on the EndMT and whether another pathway
mediates the effects will be required to further clarify the
mechanism of the anti-fibrotic action of RLX. Our findings
may provide promising prospects for the treatment of myo-
cardial fibrosis with RLX.
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