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Abstract

Microvascular obstruction (MVO) and leakage (MVL) forms a pivotal part of microvascular damage following cardiac
ischemia—reperfusion (IR). We tested the effect of relaxin therapy on MVO and MVL in mice following cardiac IR injury
including severity of MVO and MVL, opening capillaries, infarct size, regional inflammation, cardiac function and remodel-
ling, and permeability of cultured endothelial monolayer. Compared to vehicle group, relaxin treatment (50 pg/kg) reduced
no-reflow area by 38% and the content of Evans blue as a permeability tracer by 56% in jeopardized myocardium (both
P <0.05), effects associated with increased opening capillaries. Relaxin also decreased leukocyte density, gene expression
of cytokines, and mitigated IR-induced decrease in protein content of VE-cadherin and relaxin receptor. Infarct size was
comparable between the two groups. At 2 weeks post-IR, relaxin treatment partially preserved cardiac contractile function
and limited chamber dilatation versus untreated controls by echocardiography. Endothelial cell permeability assay demon-
strated that relaxin attenuated leakage induced by hypoxia-reoxygenation, H,O,, or cytokines, action that was independent
of nitric oxide but associated with the preservation of VE-cadherin. In conclusion, relaxin therapy attenuates IR-induced
MVO and MVL and endothelial leakage. This protection was associated with reduced regional inflammatory responses and
consequently led to alleviated adverse cardiac remodeling.

Keywords Microvascular obstruction - Microvascular leakage - Microvascular damage - Ischemia-reperfusion - Relaxin -
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00395-019-0739-9) contains
supplementary material, which is available to authorized users.

Microvascular damage represents a pivotal part of myocar-
dial ischemia—reperfusion (IR) injury that may limit over-
all therapeutic efficacy for myocardial preservation. Mani-
festation of microvascular damage consists of two aspects
likely with distinct consequences, microvascular obstruc-
tion (MVO) also known as “no-reflow” and microvascular
leakage (MVL) [13, 16, 31]. Clinical studies using angio-

M Xiao-Ming Gao
xiaoming.gao @baker.edu.au

P4 Xiao-Jun Du
xiao-jun.du@baker.edu.au

Experimental Cardiology Laboratory, Baker Heart
and Diabetes Institute, 75 Commercial Road, Melbourne,
VIC 3004, Australia

State Key Laboratory of Pathogenesis, Prevention
z}nd Treatment of High Incidence Diseases in Central Asia,
Uriimgqi, China

Xinjiang Key Laboratory of Medical Animal Model
Research, Clinical Medical Research Institute of Xinjiang
Medical University, Uriimgi, China

Department of Surgery, Central Clinical School, Monash
University, Melbourne, Australia

gram (TIMI score) or cardiac magnetic resonance (CMR)
imaging have shown that MVO occurs in approximately
30-60% patients with acute myocardial infarction (MI)
received reperfusion therapy including primary percutane-
ous coronary intervention (PCI) [20, 26]. Patients with signs
of no-reflow post-PCI exhibit a four—sixfold increase in the
risk for major adverse cardiovascular events [36]. Current
understanding on the mechanism of microvascular damage is
limited but several factors are regarded as important includ-
ing endothelial cell swelling, platelet activation, formation
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of microthrombi, inflammatory cell adhesion and external
compression of capillaries due to regional oedema [5, 31].

While MVO has received intense investigation, MVL, has
been much less studied. A strict and selective microvascular
permeability is critical to tissue health [29]. Recent clinical
CMR studies have documented the presence of intra-myo-
cardial oedema and haemorrhage, which is regarded as a
consequence of loss of microvascular integrity [8]. Increased
vascular permeability could promote regional inflammatory
infiltration and oedema with the latter further reduces blood
perfusion of the jeopardised myocardium [13, 20, 36]. Fac-
tors such as intracellular signalling evoked by inflammatory
and endothelial cell—cell interaction, oxidative stress, altera-
tion of endothelial junction molecules, detachment of peri-
cytes from microvasculature could all contribute to micro-
vascular hyper-permeability [31, 45]. Unfortunately, there
has been no effective therapy for microvascular damage.

Relaxin, a peptide hormone, is important in reproduc-
tive physiology [30]. During the last decades, broader
protective actions of relaxin to different organs have been
documented in a variety of pathological settings including
oxidative stress, inflammation, diabetes, anaphylaxis and
post-injury organ fibrosis [14, 15]. Cardiac protection by
relaxin treatment against myocardial damage following I/R
has also been reported [3, 46], albeit microvascular damage
was not studied. Relaxin’s actions on vascular endothelial
cells involve upregulation of nitric oxide (NO) production
[1, 10], anti-inflammation [4] and anti-platelet activity [2].
Thus, the pleiotropic actions of relaxin are expected to work
synergistically in limiting microvascular damage following
cardiac IR injury. In this study, we tested in mouse IR model,
the therapeutic effect of relaxin on cardiac microvascular
damage and explored potential mechanisms.

Materials and methods
Animals, surgery and relaxin treatment

Male C57B1/6 mice at 12-14 weeks of age were used.
All experimental procedures were approved by Alfred and
Monash Research Education Precinct (AMREP) Animal
Ethics Committee complied with the National Health and
Medical Research Council of Australia Code for the Care
and Use of Animals for Scientific Purposes (8th edition).
Following our previous report and the recently published
guideline papers [6, 23, 33], open-chest surgery was per-
formed to occlude the left coronary artery for a designated
period (e.g. 1 h or 4 h) followed by release of the occlusion
for reperfusion for varying periods [6, 23, 33]. Detailed
experimental protocols are shown in Fig. 1.

To determine in vivo dosage of relaxin, human recom-
binant relaxin peptide (provided by Novartis AG), we
conducted a pilot experiment testing effect of different
dosages of relaxin on MVL. Mice were subjected to 1 h
ischemia followed by reperfusion to 24 h. Relaxin was
administered as a bolus i.p. (15, 50, 150 pg/kg) immedi-
ately after coronary artery occlusion. Considering a short
half-life of relaxin (approximately 2 h), relaxin was admin-
istered intraperitoneally after coronary artery occlusion
as a bolus followed by continuously delivery of relaxin
at 15, 50, 150 pg/kg/day, respectively, through osmotic
minipump (Alzet, USA) subcutaneously implanted before
reperfusion [42]. The 50 pg/kg of relaxin treatment was
shown to reach the maximal reduction of Evans blue leak-
age in the LV (Supplementary Fig. 1), therefore, this dose
was chosen for the in vivo study.
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Measurement of microvascular obstruction

Effect of relaxin therapy on MVO was determined using the
dual-staining method as previously described [23, 41]. In
brief, at the end of IR (4 h/24 h), mice were anesthetized and
ventilated. The chest was re-opened and a ligation suture was
re-positioned at the same occlusion site of the left coronary
artery. Then a fluorescent dye, thioflavin-S (4%, 0.1 ml in
bolus), was injected via the inferior vena cava immediately
followed by re-occlusion of the coronary artery. Evans blue
(3%, 0.15 ml) was then injected via an aortic cannula to stain
the non-ischemic myocardium. The heart was harvested and
washed to remove excessive Evans blue dye. The LV was
isolated, frozen on dry ice and cut into 7-8 slices (0.8 mm
in thickness). LV sections were mounted on glass slides and
exposed to UV light (302 nm) using a UV transilluminator
for digital imaging. Area at risk (AAR, absence of Evans
blue staining) and areas with MVO (attenuated or absence
of thioflavin-S fluorescence) were determined using ImageJ
software. MVO area was expressed as percentage of AAR.

Histological measurement of microvascular leakage

Evans blue (20 mg/kg, Sigma) as a tracer of microvascular
permeability was given via a tail vein before termination.
Evans blue in the left ventricle (LV) was extracted and meas-
ured as described in the following section [22, 23]. The size
and the severity of MVL were determined using the methods
as we previously described [23]. Following IR (1 h/24 h),
and at 3 h before termination of the experiment, Evans blue
dye (20 mg/kg, about 0.1 ml per animal) was injected intra-
venously allowing the blue dye permeated into the intersti-
tial space of the ischemic myocardium through the leaking
microvessels. At the end, the chest was opened and the aorta
cannulated. Saline (approximately 2 ml) was slowly flushed
through the coronary vasculature to remove blood contain-
ing Evans blue until effluent become colourless. The heart
was then excised, frozen on dry ice, transversely sliced into
7-8 sections at 0.8—1 mm in the thickness, and compressed
between two glass slides for digital photography. The entire
blue-stained area (total MVL) or dark and light blue-stained
areas (severe or mild MVL) at each section were measured
using Image-Pro Analyzer 7.0.1 (Media Cybernetics, Inc.
USA) and ImagelJ software and were expressed as the per-
centage of the LV, respectively.

Chromatographic quantification microvascular
leakage

Tissue content of Evans blue was determined as we pre-
viously described [22, 23]. In brief, after photography of
LV serial sections, blue-stained myocardium was separated
from non-stained tissues under a dissecting microscope

and weighed. The blue stained myocardium was minced,
digested in 50% trichloroacetic acid (Sigma) and homog-
enized with an assistance of metal beads to fully dissolve
the blue dye. The supernatant was removed to a fresh tube
after centrifugation and 100 pl of each sample was added
to a 96-well plate in duplicates. Content of Evans blue was
determined using a Bio-Rad microplate spectrophotometer.
Absorbance at 620 nm filter was measured and calculated
against the Evans blue standard. Evans blue in the sample
was normalized by tissue wet weight (pg/mg).

Measurement of lumen-opening capillaries
in the border zone

The number of lumen-opening capillaries was determined
by immunohistochemistry using fresh frozen LV sections
after IR (1 h/24 h). Briefly, LV sections were incubated
with protein block solution (DAKO protein block serum-
free) and then incubated with Alexa Fluor® 568 isolectin
GS-IB, conjugate (1:10 dilution, Invitrogen, Aust.) at 4 °C
overnight to stain endothelial cells. After PBS wash, sec-
tions were incubated with WGA-FITC solution (1:50 dilu-
tion) to stain myocyte membrane for 2 h and then mounted
with anti-fade mounting media. Using an Olympus BX61
fluorescence microscope, 8—10 independent images (20 X
magnification) from each LV section were acquired from
the border zone of the infarct area. Under microscope, non-
infarct zone (NIZ) and the infarct zone (IZ) can be clearly
differentiated by signs such as muscle fiber disarray and
presence of gaps between muscle fibres. We select areas
between the IZ and the NIZ as the border zone for capil-
lary analysis. This is because microstructures are better pre-
served within the border zone compared to the central IZ.
Determination of lumen-open or lumen-close capillaries was
judged by the visibility of the lumen of a capillary in blinded
fashion. The number of lumen-open or -closed capillaries
were manually counted, normalized to the cross-section tis-
sue area of each image and expressed as the percentage of
lumen-opening capillaries in total number of capillaries per
high-magnification-filed.

Determination of regional inflammation
Immunohistochemistry for density of leukocytes

This assay was performed using hearts of mice with IR
(1 h/48 h). Regional density of infiltrated leukocytes was
measured in fresh frozen LVs by immunofluorescent staining
for CD45 cells (leukocytes). Briefly, LV sections (5 pm in
thickness) were incubated with rat anti-mouse CD45 (1:50,
BD Biosciences) as primary antibody, followed by second-
ary antibody Alexa Fluor® 546 goat anti-rat IgG (1:500 red
florescence, Life Technologies). ProLong® Gold antifade
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reagent with nuclear acid dye DAPI (blue fluorescence, Inv-
itrogen) was added to each sample to stain for nuclei. Co-
localisation of the two fluorescence colours turned to purple
colour identifying CD45™ cells. Images were acquired using
an Olympus BX61 fluorescence microscope and leukocyte
density was analysed, in a blinded fashion, using Image-Pro
Analyzer software and expressed as average cell number per

mm?, as we described previously [22, 50].

Enzyme-linked immunosorbent assay

Blood was collected through the cardiac puncture with hepa-
rin as the anticoagulant at the termination. Plasma levels of
IL-1p, IL-6 and TNF-a were measured by Enzyme-linked
immunosorbent assay (ELISA), in duplicates, using com-
mercial mouse Duoset ELISA Kkits (all products of R&D
System), according to the manufacture’s instructions [21,
22, 50].

Gene expression by real-time PCR

RNA was extracted from LV tissue using Trizol® Reagent
(Sigma). RNA (1 pg) was used for cDNA synthesis and
quantitative PCR was performed using SYBR Green Master
Mix gPCR (Roche, Germany) and target primers (Sigma).
Gene expression level was normalized to that of GAPDH or
TATA-Box Binding Protein Associated Factor 8 using the
method of 2744t and presented relative to that of control
value. Expression of the following genes were determined:
interleukin-1p (IL-1p), IL-6, tumor necrosis factor-a (TNF-
a), monocyte chemotactic protein 1 (MCP-1), vascular
endothelial growth factor (VEGF) and relaxin family peptide
receptor 1 (RXFP1) by quantitative real-time PCR (qPCR)
using Applied Biosystems 7500 fast real-time PCR system.
Results were normalised to house-keeping genes (18s or
GAPDH), as previously described [22, 50].

Quantitative histological analysis of infarct size
and fibrosis

Infarct size measurement

Infarct size was determined by a dual-staining method as we
described previously [21]. Following IR (1 h/24 h), animals
were anesthetized and the chest was opened. After aortic
cannulation, saline was flushed through coronary vessels
to wash away the blood. The left coronary artery was re-
occluded at the original ligation position and 3% Evans blue
(0.1 ml) was retrogradely injected through the ascending
aorta to stain the non-ischemic myocardium, which differs
from MVL determination using Evans blue dye as a tracer
of microvascular permeability. After Evans blue injection,
the LV was harvested immediately, frozen on dry ice and
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transversely cut into 67 sections. LV sections were incu-
bated with 1.5% triphenyltetrazolium chloride (TTC) for
45 min to identify ischemic but viable myocardium (red)
and dead myocardium (pale). LV sections were compressed
between two glass slides and digital photos were acquired.
The blue stained area (non-ischemic myocardium) and
areas stained red and pale were measured using Imagel
software. The following formulas were used for the calcula-
tion of (1) area at risk (AAR)=(red area+ pale area)/(blue
area+red area+ pale area); and (2) infarct size = pale area/
(red area + pale area).

Assessment of cardiac fibrosis

The LV from mice with IR (1 h/4 weeks) was collected,
paraffin embedded and serially cut into 7—8 sections (5 pm)
from the apex to the base per sample at the interval of
0.8 mm. Picrosirius Red staining was performed to identify
myocardial fibrosis. Digital images (10 X magnification)
were acquired and red stained areas (indicating collagen
deposition) in each LV sections were measured using Image-
Pro Analyzer software and expressed as percentage of total
LV area [50].

Echocardiography

At the end of IR (1 h/2 week), mice were anesthetized using
1.7% isoflurane. Transthoracic echocardiography was per-
formed using the Vevo 2100 ultrasound system (Visualson-
ics, Toronto, Canada) equipped with a 40 MHz linear-array
transducer. A long axis view of the LV was obtained, as we
previously described [23]. To assess cardiac remodeling and
dysfunction, LV cross-sectional area at end-systole or end-
diastole (LVESA, LVEDA) and LV volumes at end-systole
or end-diastole (LVESYV, LVEDV) were measured from 2D
long-axis images and fractional area change (FAC%) and
ejection fractional (EF%) was calculated by the Vevo echo
software. Images were analysed by a single investigator in a
blinded fashion and double checked by another experienced
researcher.

Cell culture model for endothelial cell permeability
assay

Endothelial cells from the mouse heart immortalized
endothelial cells line (H5V) [24] were cultured in DMEM
with serum and glucose in the upper-chamber for 7 days to
confluence. Permeability across endothelial cell monolayer
was measured in transwell units (with polycarbonate filter,
0.4 um pore; Corning Costar) under following conditions
in the presence or absence of relaxin (100 ng/ml): (1) 6 h
hypoxia, (2) 6 h hypoxia followed by re-oxygenation for
1 h, 6 h or 24 h, respectively, (3) H,O, (500 uM) for 15 h,
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(4) IL-1PB (10 ng/ml) for 15 h or (5) microphage migration
inhibitory factor (MIF, 5 ng/ml) for 15 h. FITC-dextran
(0.5 mg/ml, average molecular mass 40,000; Sigma) as a
fluorescent indicator was added into the upper-chamber
for 2 h before the end of the 15 h period. The amount of
FITC-dextran appeared in the lower chamber was deter-
mined for the assessment of endothelial cell leakage. At the
indicated time points, 100 pl sample was taken from the
lower-chamber and the fluorescence of FITC-dextran was
measured (485/535 nm, absorption/emission wavelengths)
on EnSpire™ Multimode Reader to reflect the permeability
of endothelial cell layer.

For hypoxia experiments, the transwell unit with endothe-
lial monolayer was incubated in serum-free and glucose-
free DMEM and placed in a hypoxic chamber (Modular
Incubator chamber MIC-101, QNA International Pty Ltd,
Australia) saturated with a 5% CO,, 95% N, gaseous mix.
The chamber was kept in an incubator with humid condition
and warmed at 37 °C [40]. At the end of 6 h hypoxia, the
cells were reoxygenated for various durations by incubation
in normoxic conditions in glucose-containing, serum-free
DMEM. Control normoxic cultures were also prepared.

In another set of cell experiment, nitric oxide (NO)-
dependency of relaxin’s endothelial protection was tested.
Using the same transwell system, cultured endothelial cells
were subjected to hypoxia for 6 h or stimulated with MIF for
15 h together with addition of NO scavenger, hydroxocobala-
min (HXC, 100 pM). Then 100 pl sample was taken from the
lower-chamber and the fluorescence of FITC-dextran was
measured.

Immunoblotting

Expression levels of VE-cadherin and RXFP1 were meas-
ured by immunoblotting in H5V endothelial cells (6 h
hypoxia) and also in the ischemic myocardium (IR 1 h/24 h).
Proteins enriched with membrane fractions were extracted
as previously described [35]. Heart tissue and cells were
lysed in an SDS buffer (0.125 M Tris—Cl, 15% glycerine, 4%
SDS), homogenised and sonicated. Lysates were then cen-
trifuged at 12,000g for 8 min to remove cellular debris. The
supernatant was extracted to determine total protein concen-
tration by BCA method (Thermo Scientific). 50-100 pg of
proteins were separated by 4—-15% mini-PROTEAN TGX-
Stain free gels (Bio-Rad) and blotted onto a PVDF mem-
brane (Millipore). Membranes were blocked with blocking
buffer (5% dried milk, 0.05% gelatine, 1% bovine serum
albumin, 0.1% Tween-20, 1 X Tris-buffered saline solution)
at room temperature for 2 h and then incubated at 4 °C over-
night with primary anti-bodies against VE-cadherin (1:1000,
Affymetrix eBioscience) or RXFP1 (1:1000, IMGENEX).
Secondary antibodies such as goat anti-rabbit IgG-HRP
(1:3000, Bio-Rad); goat anti-rat IgG HRP (1:5000, Santa

Cruz) or goat anti-mouse IgG-HRP (1:3000, Santa Cruz
for p-actin) were applied subsequently. Membranes from
both heart tissues and cells were developed with SuperSig-
nal West Pico Plus Chemiluminescent substrate (Thermo
Scientific), acquired with ChemiDoc Touch (Bio-Rad) and
analyzed using Image Lab software (Bio-Rad). p-Actin was
used for loading control of cell VE-cadherin expression and
total proteins were used for loading control of VE-cadherin
and RXFP1 expression from heart tissues [9, 37].

Immunofluorescent staining for VE-cadherin
expression

The LV from sham-operated, IR (1 h/24 h) alone and
IR +relaxin treated mice was collected, embedded in OCT
and frozen at — 80 °C. Fresh-frozen LVs were cut into
5 pm sections, placed on glass slides and then fixed with
4% paraformaldehyde for 20 min. After 3 times washes
with PBS, tissue sections were blocked in 10% normal goat
serum (ZSGB-BIO) and then incubated with primary anti-
body against VE-cadherin (1:500, Abcam) for 2 h at room
temperature. LV sections were then incubated with Alexa
Fluor 488-conjugated secondary antibody (1:300, Abcam)
for 1 h. A laser scanning confocal microscope (Leica TCS
SP8) was used for image acquisition. At least 6—8 images
from the ischemic area under 20 X magnification per LV
were acquired. VE-cadherin positive stained area was meas-
ured using Image-Pro Plus software (Media Cybernetics)
and expressed as percentage of VE-cadherin positive stained
area in per high magnification area of the LV.

Statistical analysis

All data were expressed as mean +SEM unless specified oth-
erwise. Graphpad Prism (version 6.02) was used for analysis.
One-way and two-way ANOVA were used for overall sig-
nificance followed by Bonferroni’s multiple comparison post
hoc test. P <0.05 was considered statistically significant. All
data acquisition and analyses were in a blind fashion.

Results

Relaxin therapy attenuated MVO but had
no influence on infarct size

We initially conducted a pilot experiment to define exper-
imental conditions by which MVO could be more read-
ily detected. Mice (n =5-6 per group) were operated to
induce ischemia with various durations (1 h, 2 h and 4 h)
followed by reperfusion. Based on thioflavin-S fluores-
cence images (Supplemental Fig. 2), 4 h ischemia induced
more severe MVO determined by the presence of sizable
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no-reflow zone within the AAR comparedto 1 hand 2 h
ischemia following by reperfusion. We, therefore, elected
the 4 h/24 h IR protocol for the MVO study. Relaxin
was given at 50 mg/kg. Contour analysis of LV sections
demonstrated a significantly smaller low- or no-reflow
area (by 38%) in relaxin versus vehicle treated groups
(P <0.05, Fig. 2a), indicating a reduced extent of MVO.

In another batch of mice subjected to 1 h/24 h IR,
histological analysis from dually stained (Evans blue
and TTC staining) LV sections revealed lack of effect
by relaxin therapy on infarct size as percentage of AAR
(Fig. 2c) with the size of AAR comparable between the
two groups.

Relaxin therapy increased lumen-opening
capillaries in the ischemic myocardium

Fluorescent histological staining was used to visualize
lumen-open and lumen-close capillaries in the border
zone of the infarct myocardium and one representative
image demonstrated the capillary lumen changes in the
non-infarct zone, the border zone and the infarct zone
(Supplementary Fig. 3). Quantitative data demonstrated
that IR (1 h/24 h) injury markedly reduced capillary
lumen-opening rate, whilst relaxin therapy increased
the count of lumen-opened capillaries by 29% (P < 0.05,
Fig. 3).

Fig.2 Effect of relaxin treat- A
ment on no-reflow size or

Relaxin therapy reduced MVL in the ischemic
myocardium

Next, we investigated if relaxin treatment also simultane-
ously mitigated IR-induced MVL. Mice subjected to IR
(1 h/24 h) were treated with vehicle (saline) or relaxin
(50 pg/kg). IR resulted in leakage of Evans blue into the
ischemic myocardium in a massive quantity (Fig. 4a). Com-
pared with the vehicle group, relaxin treated mice had 56%
reduction of Evans blue content in the ischemic myocardium
by chromatography (P =0.0003, Fig. 4a). This effect was
further confirmed by histological image analysis showing
that the area of total MVL (i.e. dark- and light-Evans blue
stained areas) was significantly smaller in relaxin than vehi-
cle treated groups, which was largely attributable to reduced
area with severe MVL (i.e. dark-Evans blue stained area,
P <0.05, Fig. 4b, ¢), implying an attenuated MVL. The area
with mild leakage (i.e. light-Evans blue staining) was com-
parable between the two groups.

Relaxin therapy inhibited inflammatory responses

The severity of inflammation in response to IR was
determined by immunohistochemical detection of the
density of inflammatory cells in hearts, plasma lev-
els of inflammatory cytokines, and by gene expression
of inflammatory cytokines in hearts with IR (1 h/48 h).
CD45 + leukocytes in the ischemic area were identified
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Fig. 3 Influence of relaxin therapy on lumen-open capillaries in the
ischemic myocardium. Representative immunohistochemical images
showing capillaries in normal myocardium or within the border
zone of the infarct area. Mice were subjected to sham-operation or
ischemia—reperfusion (IR, 1 h/24 h). An image (IR) depicts abnormal
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Fig.4 Effect of relaxin therapy on ischemia—reperfusion (IR)-induced
microvascular leakage (MVL). a IR (1 h/24 h) resulted in a massive
leakage of Evans blue (EB), which was quantified chromatographi-
cally after EB extraction from the ischemic myocardium. n=5 for
sham, 25 for vehicle (Veh)- and 18 for relaxin (Rlx)-treated group.
*P<0.05 vs. sham, 7P<0.05 vs. IR+ Veh. b Representative cross-
sectional images of the left ventricle (LV) from sham-operated mice

with immunofluorescent staining of frozen LV sections.
There was a robust increase in the density of leukocytes
in vehicle-treated group, and relaxin therapy reduced the
density by approximately 30% (P <0.01, Fig. 5a). Follow-
ing IR, mRNA levels of IL-1f, IL-6, TNFa and MCP-1
by qPCR were increased by 14-, 53-, 35- and 67-folds,
respectively, over the sham values. Relaxin treatment sig-
nificantly downregulated expression of IL-1f, IL-6 and
MCP-1 by 55-60% without effect on TNFa expression
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structures of the infarct region. Open arrows: lumen-open capillar-
ies; solid arrows: lumen-close capillaries. Group data are expressed
as percentage of lumen-opening capillaries in total counted number
of capillaries (X 20 magnification). Rlx relaxin, Veh vehicle. n="7-8/
group, scare bar 50 um. *P <0.05 vs. sham
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and mice with IR. Relaxin treated heart exhibited a reduced extent of
EB staining in the ischemic myocardium relative to vehicle-treated
heart. ¢ Severity of MVL was also assessed by contour analysis of
regions with dark blue staining (severe leakage) or light blue stain-
ing (mild leakage), separately and expressed as percentage of total LV
sectional area. n =6-8/group

versus vehicle treated group (Fig. 5b). Further, selected
inflammatory biomarkers were measured by ELISA using
plasma samples collected from the same batch of mice.
Levels of IL-1p and IL-6, but not TNFa were elevated
after IR injury, relaxin treatment reduced the level of
IL-1p and had a trend to a decreased IL-6, but had no
effect on TNFa (Fig. 5¢). As VEGF is a key factor deter-
mining vascular permeability [18, 47], its expression at
the mRNA level was also determined. Compared to sham
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Fig.5 Effect of relaxin therapy on inflammatory response in the heart
subjected to ischemia-reperfusion (IR, 1 h/48 h). a Representative
histological images showing CD45 + leukocytes (arrows, CD45 stain-
ing as purple colour and blue DAPI staining indicates nuclei) in the
ischemic myocardium and grouped data from quantitative analysis.
n=6/group. Rilx relaxin, Veh vehicle. b Changes in gene expression

values, IR was associated with a 70% reduction of VEGF
expression, relaxin did not reverse such change (Fig. 5b).

Relaxin therapy alleviated chronic cardiac
remodelling

To study the influence of relaxin therapy on chronic
cardiac remodeling, animals were subjected to IR
(1 h/2 weeks), relaxin was delivered via an implanted
minipump (50 pg/kg) for 2 weeks. Echocardiography was
performed at the baseline and 2 weeks after IR. Mice with
IR exhibited LV dilatation evidenced by increased LV
areas and volumes at end-systole and end-diastole, which
was associated with significant decline in EF (Table 1, all
P <0.05 vs. baseline). In mice treated with relaxin, LV
areas and volumes at end-systole and end-diastole were
slightly increased compared to baseline values but these
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of inflammatory cytokines in the ischemic myocardium by quantita-
tive real-time PCR. Interleukins (IL-1p, IL-6), tumor necrosis factor
a (TNFa), monocyte chemoattractant protein-1 (MCP1) and vas-
cular endothelial growth factor (VEGF). n=8/group. ¢ Changes in
plasma levels of inflammatory cytokines following I/R. n=8/group.
#P <0.05 vs. sham, TP <0.05 vs. IR + Veh group

changes were statistically insignificant. Comparison with
untreated mice, relaxin treated mice had a significantly
better EF and a trend for a smaller LV area or volume at
the end-systole (Table 1).

To assess effect of relaxin on organ weight and car-
diac fibrosis, after 2-week echocardiography, these mice
were terminated at 4 weeks and the heart and lungs were
harvested and weighed. In vehicle treated IR group, tibia-
normalized weights of the heart and lung were increased
(Table 2). Weights of the LV and right ventricle, but not
atria or lungs, were reduced by relaxin treatment (Table 2,
P <0.05 vs. vehicle group). Histological analysis showed
a comparable collagen content (scar tissue) in the myocar-
dium of both vehicle and relaxin treated groups 4 weeks
after IR (14.2+1.3% vs. 12.8 £0.9%, P=NS, Supplemen-
tary Fig. 4).
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Table 1 Echocardiographic
analysis at 2 weeks after

Variables

Baseline (n=13)

IR-vehicle (n=9) IR-relaxin (n=28)

ischemia—reperfusion (IR) Long-axis 2D image

Heart rate (bpm) 427 +8 514+ 8% 546+ 15%
LVESA (mm?) 19.0+1.2 24.5+1.6% 19.8+1.7
LVEDA (mm?) 27.7+1.1 32.0+2.0% 28.3+1.6
FAC (%) 174412 143+1.4 157+1.1
LVESV (ul) 45.4+4.1 71.0+8.1% 50.4+6.9
LVEDV (ul) 80.9+5.8 107.5+10.9% 88.5+8.0
EF (%) 479425 34.1+2.6% 44.6+3.6

Data are mean+SE

LVESA and LVEDA left ventricular end-systolic or end-diastolic area, FAC fractional area change, LVESV
and LVEDV LV end-systolic or end-diastolic volume, EF ejection fraction

*P <0.05 vs. baseline, TP <0.05 vs. IR-vehicle group

Table 2 Effect of relaxin on organ weights after 4-week ischemia—reperfusion (IR) injury

Groups BW (g) TL (mm) LV/TL (mg/mm) RV/TL (mg/mm) Atria/TL (mg/mm) Lung/TL (mg/mm)
Sham (12) 31.5+0.6 18.0+0.2 4.92+0.25 1.28+0.08 0.83+0.05 8.23+0.24
IR-vehicle (9) 32.7+0.5 18.4+0.1% 6.70+0.24* 1.50+0.06* 0.87+0.04* 8.46+0.21*
IR-relaxin (8) 30.4+0.7° 18.1+0.17 5.85+0.29%" 1.33+0.10° 0.80+0.11 8.45+0.30*

Data are mean + SE
BW body weight, TL tibial length, LV left ventricle, RV right ventricle

Numbers in parentheses indicate the group size. Sham group combined vehicle and relaxin treated mice due to no difference between these inter-
ventions under this condition. *P <0.035 vs. sham group, "P <0.05 vs. IR-vehicle group

Relaxin reduced hyper-permeability of endothelial
cells under simulated IR

IR is associated with hypoxia/re-oxygenation, enhanced
oxidative stress and regional accumulation of inflamma-
tory cytokines [16]. To directly assess effect of relaxin on
hyper-permeability of endothelial cells under simulated
ischemic conditions, we conducted experiments using
transwell device to grow H5V cells into a monolayer.
Cells were subjected to 6 h hypoxia or 6 h hypoxia fol-
lowing by re-oxygenation of 1 h, 6 h or 24 h, respectively,
in the absence or presence of relaxin (100 ng/ml). Under
normoxia conditions, addition of relaxin per se had no
effect on the permeability measured by FITC-dextran.
Hypoxia for 6 h or 6 h hypoxia following re-oxygenation
(for 1 h, 6 h and 24 h, respectively) increased permeabil-
ity of endothelial monolayer by 40-75% over the control
value, while addition of relaxin reduced the permeability
by 16-31% under these conditions (all P <0.05, Fig. 6a).
When cells were stimulated with H,O,, IL-1p or MIF,
the permeability of endothelial cells was increased by
20%, 13% and 16%, respectively, which was abolished by
relaxin treatment (all P <0.05, Fig. 6b).

Inhibition of endothelial monolayer leakage

by relaxin is NO-independent but associated

with better preservation of VE-cadherin and relaxin
receptor, RXFP1

As endothelial cell-derived NO plays a critical role in regu-
lating vascular function and endothelial nitric oxide synthase
(eNOS) is known to be activated by relaxin [1, 17], we inves-
tigated whether protection against endothelial hyper-perme-
ability by relaxin is NO dependent. Endothelial cells were
subjected to hypoxia (6 h) or stimulated with cytokine MIF
(15 h). Then a NO scavenger, hydroxocobalamin (HXC) or
combination of HXC plus relaxin, was added to the system.
Addition of HXC had minimal effect on the hyper-permea-
bility induced by hypoxia or MIF (Fig. 6¢, d). Addition of
relaxin abolished FITC-dextran leakage under both condi-
tions (Fig. 6¢, d), suggesting that the protection exerted by
relaxin is NO-independent.

Next, we examined influence of relaxin treatment on the
expression of VE-cadherin, which is an endothelial specific
adhesion molecule critical for vascular permeability [48].
Using the same cell culture model with hypoxia (6 h) or
ischemic myocardium from in vivo IR model (1 h/24 h),
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Fig.6 Influence of relaxin on endothelial cell hyper-permeability
induced by pathological stimuli. The cartoon depicts the transwell
system used for the cell experiments on cultured endothelial cells
forming a monolayer. a Endothelial monolayer was subjected to 6 h
hypoxia, or hypoxia followed by re-oxygenation (re-O,) for 1 h, 6 h
and 24 h, respectively. Changes in the permeability was detected by
measuring the fluorescence of indicator, FITC-dextran, in the lower
chamber. *P<0.05 vs. controls, "P<0.05 relaxin (RIx) vs. vehicle
(Veh) group. b Hyper-permeability of endothelial monolayer by 15 h
stimulation with hydrogen peroxide (H,O,, 500 pum), interleukin-1f

we observed a significant reduction of VE-cadherin pro-
tein expression by 20% and 67%, respectively (Fig. 7a, c).
Immunofluorescent staining also detected a 43% reduction
in VE-cadherin expression from hearts subjected to IR
(1 h/24 h) versus sham hearts (Fig. 7b). Treatment of relaxin
in cultured cells or mice with IR partially but significantly
preserved VE-cadherin protein expression by both immu-
noblotting and immunofluorescent staining (Fig. 7a—c, all
P <0.05). Further, we observed in the ischemic myocardium
a significant reduction in the protein expression of RXFP1,
which was partially prevented by relaxin therapy (66% vs.
49%, Fig. 7c, P <0.05). Meanwhile, RXFP1 gene expression
in IR hearts was found to be dramatically downregulated,
which was not affected by relaxin treatment (Fig. 7d), indi-
cating that a higher level of RXFP1 was due to preservation
of existing protein rather than by de novo protein synthesis.
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(IL-1p, 10 ng/ml) or macrophage migration inhibitory factor (MIF,
5 ng/ml), with or without addition of relaxin (Rlx, 100 ng/ml).
Results are expressed as the fold changes over the control values.
*P<0.05 vs. control, TP<0.05 vs. individual stimulus. Effect of
nitric oxide (NO) scavenger, hydroxocobalamin (HXC, 100 uM) on
endothelial leakage was tested under conditions of hypoxia (6 h, ¢)
or treatment with macrophage migration inhibitory factor (MIF 5 ng/
ml, for 15 h, d). Relaxin was at 100 ng/ml for all data sets, n=3 per
condition. *P <0.05 vs. respective control

Discussion

In the present study, we investigated the effect of relaxin
on microvascular damage (MVO and MVL), in particular
MVL both in vivo and ex vivo. A few key findings have
been made. First, in murine IR model, relaxin therapy sig-
nificantly reduced MVL, evidenced by reduced myocardial
content of Evans blue as a permeability tracer and the size
of the LV exhibiting severe Evans blue staining relative to
controls. Second, the ischemic region showing no-reflow
was reduced while the percentage of lumen-opening capil-
laries was higher in relaxin treated hearts. Third, the pro-
tective effect of relaxin was associated with suppressed
regional inflammatory responses and modestly mitigated LV
remodeling. Finally, in endothelial cell monolayer model,
relaxin was protective against endothelial leakage evoked by
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Fig.7 Effect of relaxin therapy on expression of VE-cadherin and
relaxin receptor, RXFP1, in vitro and in vivo. a In cultured endothe-
lial cells, 6 h hypoxia reduced VE-cadherin abundance by 20%, which
was reversed by relaxin (RIx). n=3-4/group, *P <0.05. vs. control.
b VE-cadherin expression in hearts with I/R (1 h/24 h) by immu-
nofluorescence staining of VE-cadherin (arrows) was decreased by
43%, which was partially prevented by relaxin. n=>5/group. *P <0.05
vs. sham, TP <0.05 vs. IR + vehicle (Veh). ¢ In the in vivo model of
ischemia—reperfusion (IR, 1 h/24 h), VE-cadherin expression, ana-

hypoxia, oxidative stress or inflammatory cytokines, effect
that is independent of NO but associated with preservation
of protein abundance of VE-cadherin and RXFP1.

Timely restoration of blood flow to the ischemic myo-
cardium by different means is the primary measure to res-
cue jeopardized myocardium. However, IR injury occurs
not only to cardiomyocytes, but also to various myocardial
components including microvasculatures [13]. Being well
documented by pre-clinical and clinical studies, no-reflow is
a key consequence of microvascular damage commonly seen
post-IR [31]. Numerous pre-clinical studies have shown car-
dioprotective effects of relaxin in different disease settings
including IR occurring to the heart or other organs [15].
However, to the best of our knowledge, MVO and MVL
have not been investigated in these studies. We examined

lysed by immunoblotting and normalized by total protein signal, was
reduced by 66%, and relaxin therapy partially restored VE-cadherin
level. n=3-5/group. *P<0.05. vs. sham, "P<0.05 vs. IR+ Veh.
Protein expression of RXFP1 in IR hearts was reduced by 67% deter-
mined by immunoblotting, which was alleviated by relaxin therapy.
n=3-5/group. *P<0.05. vs. sham, TP <0.05 vs. IR+ Veh. d mRNA
level of RXFP1 examined by real-time PCR in hearts of mice sub-
jected to sham-operation or IR (1 h/24 h) with or without relaxin
treatment. n=>5-8/group. *P <0.05 vs. sham

whether relaxin offers protection against IR-induced micro-
vascular damage using several independent techniques: con-
tour analysis of areas of Evans blue stained myocardium
(for MVL) or area absence of thioflavin-S fluorescence (for
MVO), chemical assay of tissue content of Evans blue (for
MVL), and percentage of lumen-opaque/closed capillaries
(for MVO). Data from these measures consistently showed
that relaxin therapy protects against microvascular damage
with reduction in the size of MVO or the severity of MVL.
Importantly, relaxin not only mitigates MVO, but also limits
microvascular hyper-permeability i.e. MVL. As far as we are
aware, this is the first study to show simultaneous reduction
of MVO and MVL by a therapeutic intervention.

The underlying mechanism responsible for this micro-
vascular protection was further explored. IR induced a
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marked influx of leukocytes into the ischemic myocardium
that is controlled by staged events of regional accumula-
tion of chemokines, traffic signals and adhesion molecules
that mediate leukocyte rolling, adhesion and extravasation
[16, 49]. We observed for the first time a substantial lumen-
opaque/closed capillaries in the jeopardized myocardium
following IR (1 h/24 h) injury, which is likely due to aggre-
gated leukocytes and platelets. Relaxin treatment partially
but significantly reduced the proportion of lumen-opaque/
closed capillaries, which may be attributable to its anti-
inflammation and anti-platelet activities [2, 7, 12]. Indeed,
in relaxin treated hearts with IR (1 h/48 h), regional leuko-
cytes infiltration was suppressed by over 30%. Furthermore,
expression and production of selected pro-inflammatory
cytokines were also reduced by relaxin. Collectively, these
findings indicate the anti-inflammatory property of relaxin,
which is a likely key mechanism to mitigate MVO in IR
injured heart. Indeed, no-reflow area was reduced by 30%
observed in relaxin treated mice subjected to IR with severe
ischemic insult (i.e. 4 h ischemia).

We observed, in the same IR model, that relaxin treat-
ment failed in limiting the infarct size. There is inconsist-
ency regarding changes in infarct size and MVO in response
to therapeutic interventions including ischemic pre- or post-
conditioning or drug interventions such as relaxin. We previ-
ously reported that when expressed as percentage of AAR,
the size of MVO is much smaller than that of the infarct
(35% vs. 47%) [23]. The cardiac magnetic resonance imag-
ing study in patients with MI by Mewton et al. also revealed
the same difference (18% vs. 88%) [34]. This appears to
indicate that MVO is a consequence of infarct. A number
of studies have indicated dissociation between the changes
in infarct size and no-reflow size after interventions [11, 25,
441], the causality between MVO and cardiomyocyte death
remains unresolved. Our results suggest that microvascular
damage, while being independent of infarct size based on
the present study, might be related to other components of
the myocardium that are damaged by IR and hence form
drug target. Our findings also provide an insight for the sig-
nificance of IR injury to non-cardiomyocyte components in
determining the extent of ultimate cardiac remodeling and
dysfunction.

While the significance of MVO has been appreciated
clinically, post-IR MVL has only been characterized recently
[23]. In the mouse IR model, we showed that the severity
of MVL is dependent on the ischemic duration and that the
mass of the myocardium exhibiting MVL is significantly
greater than that of no-reflow or the infarct size [23]. Despite
the knowledge that vascular cells express relaxin receptors
and that relaxin possesses anti-inflammatory property [2,
7, 10, 43], it remains unknown whether MVL is a target of
relaxin therapy. We showed that relaxin therapy following
IR effectively reduced the severity of MVL determined by
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histological and biochemical means. This in vivo finding
is novel and potentially important by extending relaxin’s
myocardial protection in the setting of IR to microvascu-
latures. To study influence of simulated IR conditions on
endothelial cell permeability, we measured permeability of
endothelial monolayer under conditions of hypoxia, hypoxia-
reoxygenation, oxidative stress (H,0,) or stimulation with
selected cytokines (IL-1p, MIF). These pathological stimuli
induced a significant increase in the endothelial permeability
measured by FITC-dextran leakage. Microvascular hyper-
permeability has been implicated by studies in other models
in facilitating inflammatory cell adhesion and extravascular
infiltration [49]. Under these conditions, addition of relaxin
largely or partially inhibited the degree of hyper-permeabil-
ity. Our ex vivo findings complement to the in vivo observa-
tion of alleviated MVL and highlight that such protection
is achieved by the pleotropic actions, in particular anti-
inflammatory and anti-oxidative properties of relaxin [10,
15, 43]. By facilitating inflammatory infiltration, haemor-
rhage, oedema and liquid retention in the interstitial space,
MVL per se is expected to worsen MVO via heightened
external compression of microvasculature.
Endothelial-derived NO plays a critical role in regulating
vascular function. Altered myocardial NO balance during IR
is associated with endothelial dysfunction contributing to
the progression of cardiac IR injury and heart failure [19].
We tested whether endothelial protection exerted by relaxin
is NO-dependent using a NO scavenger, hydroxocobalamin
(HXC). Addition of HXC did not exacerbate hyper-per-
meability of endothelial monolayer induced by hypoxia or
MIF stimulation, nor to abolish relaxin-mediated protection
against hyper-permeability. Thus, relaxin exerted protection
in endothelial permeability appears to be NO-independent,
although further experiments are required to confirm this,
given that the NO-dependent mechanism has been impli-
cated in relaxin’s protection in other disease settings [15].
VE-cadherin, an endothelial-specific junctional adhe-
sion molecule, is vital in the maintenance and control of
vascular permeability and leukocyte extravasation [48, 49].
We elected to examine in cultured endothelial cells whether
hypoxia influences VE-cadherin expression. We observed
significant reduction in VE-cadherin protein expression,
which was reversed by relaxin treatment. This ex vivo find-
ing was replicated in the IR model in vivo by immunoblot-
ting and immunofluorescent staining showing a markedly
reduced VE-cadherin protein expression. Once again, this
was partially restored by relaxin treatment. These findings
indicate that relaxin prevents endothelial leakage at least in
part through preservation of VE-cadherin expression. Inter-
estingly, a significant reduction of RXFP1 expression was
observed in the ischemic myocardium, which was also par-
tially restored by relaxin therapy, implying a role of RXFP
in mediating relaxin’s protective signalling. It is well known
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that the activation of RXFP1 activates a variety of signaling
pathways including cAMP, cGMP and MAPKs as well as
by altering gene expression of TGF-, MMPs, angiogenic
growth factors and endothelin receptors [43]. The preserva-
tion of RXFP1 by relaxin is not due to de novo RXFP1 gene
expression since relaxin therapy had no effect on RXFP1
mRNA level, which was profoundly reduced in IR heart.
Relaxin regimen in our experimental conditions (1 h/24 h
IR) failed in limiting infarct size, a finding that differs from
previous reports [3, 46]. Very few studies have investigated
effect of relaxin on fibrotic healing post-MI by permanent
coronary occlusion. We previously reported in mice with MI
that relaxin therapy at 0.5 mg/kg for 4 weeks did not alter the
scar size but reduced scar density [42]. The reason remains
unclear but might be related to differences in the ischemic
duration. Several studies have reported reduction in infarct
size by relaxin therapy in vivo [3, 38, 39, 46]. These stud-
ies adopted an IR protocol with 30-min ischemia, shorter
than that in the current study (1 h), which might suggest
that relaxin’s infarct size-limiting effect was attenuated with
prolonged ischemic duration. The anti-fibrotic property of
relaxin has been reported in numerous pre-clinical studies,
mainly in models of non-ischemic heart diseases [14, 32].
We extend relaxin treatment up to 2 weeks of reperfusion.
By echocardiography, a better preserved LV contractile
function and limited chamber dilatation were observed in
relaxin treated mice with a significantly better EF and a trend
of reduced chamber size at the end-systole than untreated
mice. By week-4 post-IR, relaxin treated group showed a
reduced heart weight. These findings suggest potential long-
term benefits of relaxin therapy via alleviating microvascular
damage. This effect is achieved without change in either
infarct size or fibrotic size by relaxin therapy. Similar dis-
sociation between therapeutic benefits and lack of change in
the infarct size has been reported in some [11, 25, 44], but
not in other studies [34, 51, 52]. These observations may
indicate the independency of these two pathological phe-
nomena at some stage of IR injury albeit ultimately they
will contribute to each other with the course of disease pro-
gression. As pointed out in the recent reviews [27, 28], the
causality between MVO and cardiomyocyte death remains
unresolved. Our current results suggest that microvascular
damage, while being independent of infarct size, might be
related to the overall myocardial injury and hence forms a
drug target. Our findings highlight the significance of IR
injury to non-cardiomyocyte components in determining the
extent of ultimate cardiac remodeling and dysfunction [13].
One factor should be pointed out is the variation of the area
at risk (extent of ischemic injury), which may potentially
influence the therapeutic effect of relaxin on MVO, MVL
and myocardial necrosis [6, 23, 33]. Consistency of the area
at risk between groups with different interventions is criti-
cal for these assessments. The similarity of the area at risk

between relaxin treated and untreated groups in our study
minimized this potential variability (Fig. 2).

In summary, relaxin therapy attenuated myocardial
microvascular damage, specifically MVO and MVL, follow-
ing cardiac IR injury as well as cultured cell model. This
protection is not associated with limitation of infarct size,
but accompanied with suppressed regional inflammatory
response. A potential mechanism responsible for this pro-
tection is partially through preservation of VE-cadherin and
relaxin receptor in endothelial cells, but is NO-independent.
Our findings indicate the therapeutic potential of relaxin tar-
geting on IR-induced microvascular damage, complementing
to current clinical management of acute MI.
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