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BACKGROUND AND PURPOSE
In the RELAX-AHF trial, a 48 h i.v. serelaxin infusion reduced systemic vascular resistance in patients with acute heart failure.
Consistent with preclinical studies, serelaxin augments endothelial vasodilator function in rat mesenteric arteries. Little is known
about the contribution of endothelium-derived relaxing factors after a longer duration of continuous serelaxin treatment. Here we
have assessed vascular reactivity and mechanistic pathways in mesenteric arteries and veins and the aorta after 48 or 72 h
continuous i.v. infusion of serelaxin.

EXPERIMENTAL APPROACH
Male rats were infused with either placebo or serelaxin (13.3 μg·kg�1·h�1) via the jugular vein using osmotic minipumps. Vascular
function was assessed using wire myography. Changes in gene and protein expression and 6-keto PGF1α levels were determined
by quantitative PCR, Western blot and ELISA respectively.

KEY RESULTS
Continuous i.v. serelaxin infusion augmented endothelium-dependent relaxation in arteries (mesenteric and aorta) but not in
mesenteric veins. In mesenteric arteries, 48 h i.v. serelaxin infusion increased basal NOS activity, associated with increased
endothelial NOS (eNOS) expression. Interestingly, phosphorylated-eNOSSer1177, eNOS and basal NOS activity were reduced in
mesenteric arteries following 72 h serelaxin treatment. At 72 h, serelaxin treatment improved bradykinin-mediated relaxation
through COX2-derived PGI2 production.

CONCLUSIONS AND IMPLICATIONS
Continuous i.v. serelaxin infusion enhanced endothelial vasodilator function in arteries but not in veins. The underlying mediator
at 48 h was NO but there was a transition to PGI2 by 72 h. Activation of the PGI2-dependent pathway is key to the prolonged
vascular response to serelaxin treatment.
Abbreviations
BK, bradykinin; EDH, endothelium-derived hyperpolarization; eNOS, endothelial NOS; iNOS, inducible NOS; KPSS, K+

physiological saline solution; L-NAME, NΩ-nitro-L-arginine methyl ester hydrochloride; pEC50, logarithm of the half
maximal effective concentration; Rmax, maximum relaxation; RXFP1, relaxin/insulin-like family peptide receptor 1; SNP,
sodium nitroprusside
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Introduction
The 6 kDa peptide hormone relaxin and its cognate receptor
(RXFP1) are expressed in a variety of blood vessels, including
mesenteric, renal, uterine arteries and the aorta (Novak et al.,
2006; Vodstrcil et al., 2012; Jelinic et al., 2014), suggesting that
relaxin has a role in modulating vascular tone. In small resis-
tance arteries, this is mediated by endothelium-derived
hyperpolarization (EDH), nitric oxide (NO) and prostacyclin
(PGI2). Intravenous infusion of serelaxin (the recombinant
form of human relaxin-2) in patients with acute heart failure
reduced systemic vascular resistance, which is sustained once
the infusion ceases (Ponikowski et al., 2014). Similarly, treat-
ment of rodents with serelaxin decreases myogenic reactivity
and enhances endothelium-dependent relaxation in small
renal and mesenteric arteries (Novak et al., 2002; Jelinic
et al., 2014). A single i.v. tail vein injection of serelaxin
enhances basal NOS activity and bradykinin (BK)-evoked
endothelium-dependent relaxation in mesenteric arteries
just 3 h after injection. This augmented vasodilation is medi-
ated by intermediate-conductance calcium-activated potas-
sium (KCa3.1) channel-dependent EDH (Leo et al., 2014b).
Interestingly, augmentation of BK-mediated relaxation is
sustained at least 24 h after a single i.v. injection of serelaxin.
The mediator responsible for these changes is likely to be the
vasodilator prostanoid PGI2 (Leo et al., 2014b).

In contrast to acute i.v. injection, s.c. infusion of serelaxin
for 5 days increased endothelial vasodilator function in the
mesenteric arteries but this effect was entirely mediated by
NO (van Drongelen et al., 2011, 2012, 2013; Jelinic et al.,
2014). Similarly, in small renal arteries, the same treatment
elicits an endothelium-derived NO-dependent reduction in
myogenic reactivity (Novak et al., 2002; Jeyabalan et al.,
2003). Ex vivo studies on rat aortic rings treated in vitro with
TNF-α demonstrated that co-incubation with serelaxin for
48 h reversed endothelial dysfunction and counteracts
1006 British Journal of Pharmacology (2016) 173 1005–1017
reactive oxygen species and arginase II generation caused by
TNF-α (Dschietzig et al., 2012). Serelaxin treatment also
induces an increase in endothelial NOS (eNOS) phosphoryla-
tion and activity. However, it is unknown if in vivo serelaxin
treatment produces similar effects in the aorta.

The beneficial effects of serelaxin treatment on vascular
function are not observed in all systemic blood vessels. Thus,
s.c. serelaxin infusion (3–5 days) has no effect on endothelial
vasodilator function in mesenteric veins, saphenous arteries
and veins (Li et al., 2005; Jelinic et al., 2014). Taken together,
all these studies demonstrate that there is heterogeneity in
response to serelaxin, dependent on the vascular bed-studied.
We have also demonstrated that acute i.v. serelaxin augments
endothelial function in resistance arteries through a combi-
nation of NO, EDH and/or PGI2. However, no studies have
investigated if the route of serelaxin treatment (s.c. vs. i.v.)
and/or duration of treatment (hours vs. days) influences the
vasodilator pathways that are stimulated to augment endo-
thelial function and whether these effects vary between vas-
cular beds.

A phase III clinical trial (RELAX-AHF) demonstrated that a
continuous 48 h i.v. infusion of serelaxin to acute heart fail-
ure patients improved dyspnoea relief, reduced in-hospital
worsening of acute heart failure and decreased cardiovascular
and all-cause mortality at 180 days (Teerlink et al., 2013).
These effects of serelaxin were, in part attributed to the rapid
and short-term reduction in systemic vascular resistance,
most likely to be due to arterial vasodilation (Ponikowski
et al., 2014). The mechanism(s) of vasodilation evoked by
48 h or longer of serelaxin treatment via continuous i.v. infu-
sion are not known as most preclinical studies treat animals
with serelaxin via s.c. administration for 5 days. Therefore,
the aims of the present study were to investigate changes in
endothelial vasodilator function of systemic blood vessels
following a 48 h continuous i.v. infusion of serelaxin and,
importantly, to determine whether or not NO, EDH or PGI2
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is involved at this critical time point. We also sought to
investigate if i.v. serelaxin treatment beyond 48 h caused
time-dependent and region-dependent changes in the
contribution of endothelial-derived factors.
Methods

Animal welfare and ethical statement
All animal care and experimental procedures complied with
the National Health and Medical Research Council of Austra-
lia code of practice for the care and use of animals for scien-
tific purposes and were approved by the Faculty of Science,
The University of Melbourne Animal Experimentation Ethics
Committee (AEC# 1212410.1). Animal studies are reported as
recommended by the ARRIVE guidelines (McGrath and Lilley,
2015). All rats were maintained on an automated time cycle
of 12 h light/dark at 20°C, with standard food pellets
(Barastock, Vic., Australia) and water available ad libitum.

Serelaxin treatment in animals
MaleWistar rats (~300–350 g; Animal Resource Centre, Perth,
WA, Australia) were randomly divided into three groups: (i)
controls (consisting of placebo-treated rats pooled from 48
and 72 h time points, n = 33), (ii) 48 h (n = 23) and (iii) 72 h
(n = 22) serelaxin treatment. For continuous i.v. infusion of
serelaxin, all animals were anaesthetised with 2% isoflurane
(Univentor 400, Agnthos, AB, Lidingö, Sweden) in oxygen
via inhalation. Once anaesthetised, rats were chronically
instrumented with a silicone catheter (Cat No: 0007710,
Bioscientific, Gymea, NSW, Australia) implanted in the right
jugular vein with the tip located at the junction of the ante-
rior vena cava and right atrium. The catheter was attached
to a 3 day Alzet osmotic minipump (Model 1003D, Bioscien-
tific) to infuse either serelaxin (13.3 μg·kg�1·h�1) or placebo
(20 mmol·L�1 sodium acetate, pH 5.0) into the jugular vein.
The dose of serelaxin (13.3 μg·kg�1·h�1) was equivalent to
the standard infusion rate of 4 μg·h�1 (Jelinic et al., 2014).
Either 48 or 72 h post-onset of serelaxin infusion, blood
samples were obtained from the left ventricle via cardiac
puncture under 2% isoflurane anaesthesia. Plasma concentra-
tions of serelaxin (n = 8–10 per group) were measured in
duplicate using the Human Relaxin-2 Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN, USA) following the manu-
facturer’s protocol. The limit of detection of detection was
15.6 pg·mL, and the intra- and inter-coefficients of variation
were 2.3–4.7% and 5.5–10.2% respectively.

Isolation of mesenteric arteries, veins and
aortae
Following blood collection, the animals were killed via cervi-
cal dislocation under anaesthesia. The mesenteric arcade and
aorta were isolated and immediately placed in ice cold Krebs
bicarbonate solution (mmol·L�1: 120 NaCl, 5 KCl, 1.2
MgSO4, 1.2 KH2PO4, 25 NaHCO3, 11.1 D-glucose and 2.5
CaCl2). Small mesenteric arteries and veins (third-order
branch of the superior mesenteric artery, internal diameter
~300 μm) and abdominal aortae were cleared of fat and loose
connective tissue, cut into rings of 2 mm in length and
mounted on a Mulvany–Halpern wire myograph (model
610 M, Danish Myo Technology, Aarhus, Denmark). The
remaining arteries were snap frozen in liquid nitrogen and
stored at �80°C for further analysis. After the mesenteric
arteries and veins were mounted on the myograph, they were
allowed to stabilize at zero tension for 15 min before normal-
ization, as described previously (Leo et al., 2011c, 2012; Jelinic
et al., 2014). All experiments were performed at 37°C in the
presence of 95% O2 and 5% CO2.

Assessment of vascular reactivity
Vascular reactivity experiment was performed as previously
described (Leo et al., 2012, 2014b) with the following modifi-
cations. Briefly, vessels were maximally contracted with high
K+ physiological saline solution (KPSS, 100 mmol·L�1), and
the integrity of the endothelium was determined. This was
achieved by pre-contracting the blood vessels to 70–80%
KPSS using phenylephrine (0.1–3 μmol·L�1). ACh-induced
(10 μmol·L�1) relaxation was >95% of the pre-contracted
tone. To assess endothelial and vascular smooth muscle func-
tion, blood vessels were pre-contracted to a similar level
(70–80% of KPSS contraction) using phenylephrine (0.1–3
μmol·L�1), followed by cumulative concentration–response
curves to the endothelium-dependent agonists, BK (0.1
nmol·L�1 to 1 μmol·L�1, for mesenteric arteries and veins)
or ACh (1 nmol·L�1 to 10 μmol·L�1, for aorta), and the
endothelium-independent agonist, sodium nitroprusside
(SNP, 0.01 nmol·L�1 to 10 μmol·L�1). Previous studies from
our laboratory (Jelinic et al., 2014; Leo et al., 2014b) demon-
strated that serelaxin treatment selectively enhances BK-
evoked but not ACh-evoked endothelium-dependent relaxa-
tion in the mesenteric arteries. Thus, in the current study,
we did not assess ACh-induced relaxation in the mesenteric
arteries. Furthermore, our preliminary experiments revealed
that BK failed to evoke endothelium-dependent in the abdomi-
nal aorta relaxation (data not shown); thus, ACh was used to
evaluate endothelial function. In addition, responses to BK or
ACh were examined after 20 min incubation with different
combinations of pharmacological blockers including L-NAME
(200 μmol·L�1), the COX inhibitor indomethacin (Indo, 1
μmol·L�1), selective COX-1 inhibitor SC560 (1 μmol·L�1),
selective COX-2 inhibitor NS398 (1 μmol·L�1), the KCa3.1
channel inhibitor TRAM34 (1 μmol·L�1), the inhibitor of
small-conductance calcium-activated potassium (KCa2.x)
channels, apamin (1 μmol·L�1) and the prostacyclin synthase
(PGI2S) inhibitor U51605 (1 μmol·L�1).

Assessment of basal NOS activity
In a separate set of experiments, the effects of serelaxin
treatment on basal NO activity were examined through the
addition of L-NAME (200 μmol·L�1) in endothelium-intact
rings sub-maximally contracted with phenylephrine
(10–100 nmol·L�1) to ~20% of KPSS contraction. Under these
conditions, a contractile response to L-NAME was considered
to reflect the level of basal NOS activity (Leo et al., 2011b).

Western blotting
Western blots were performed as described previously (Leo
et al., 2011a) with the following modifications. Frozen
endothelium-intact mesenteric arteries or aortae were placed
British Journal of Pharmacology (2016) 173 1005–1017 1007
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in a pre-chilled Wig-L-Bug® capsule with a metal ball and
pulverized with a Digital Wig-L-Bug amalgamator (Dentsply
Ltd., York, PA, USA). The samples were dissolved in 300 μL of
ice-cold lysis buffer (100 mmol·L�1 NaCl, 10 mmol·L�1 Tris,
2 mmol·L�1 EDTA, 0.5% w/v sodium deoxycholate, 1% v/v
Triton X-100, pH 7.4) with protease and phosphatase inhibi-
tor cocktails according to the manufacturers’ instructions
(Roche, Sydney, NSW, Australia). Total protein concentration
of the samples was quantified using a BCA protein assay
kit (ThermoScientific, Rockford, IL, USA). Equal amounts
(20 μg) of protein homogenate were subjected to SDS-PAGE
(10% for RXFP1 and 7.5% for NOS) and Western blot analysis
with mouse/rabbit primary antibodies (all 1:1000, overnight,
4°C) against RXFP1 (gift from Prof. David Sherwood), induc-
ible NOS (iNOS), phospho-Ser1177 eNOS (all BD Transduction
Laboratories, Lexington, KY, USA) and eNOS (Cell Signalling,
Danvers, MA, USA). The rabbit RXFP1 antibody has been
previously validated to be selective only for RXFP1 but not
for RXFP2 (Jelinic et al., 2014). To normalize for the amount
of protein, membranes were reprobed with a loading control
antibody (actin). All proteins were detected by enhanced
chemiluminescence (Amersham, GE Healthcare Life
Sciences, Sydney, NSW, Australia) after incubation with
anti-mouse/rabbit secondary antibody (Millipore, Billerica,
MA, USA) for 1 h at room temperature (1:2000). All protein
bands were quantified by densitometry (Biorad Chemidoc,
Sydney, NSW, Australia) and expressed as a ratio of the
loading control.
RNA extraction and quantitative PCR
Frozen blood vessels were pulverized as described (Leo et al.,
2014a). Pulverized tissues were resuspended in 1 mL
TriReagent (Ambion Inc., Scoresby, Vic., Australia), and total
RNA was then extracted according to the manufacturer’s
instructions. RNA pellets were resuspended in 15–20 μL
RNA Secure™ (Ambion). Quality and quantity of RNA were
analysed using the NanoDrop ND1000 Spectrophotometer
(Thermo Fisher Scientific Australia Pty Ltd., Scoresby, Vic.,
Australia) with A260 : A280 ratios >1.8 indicating sufficient
quality for quantitative PCR (qPCR) analysis. First strand
cDNA synthesis used 1 μg of total RNA in a 20 μL reaction
containing random hexamers (50 ng·μL�1) and 200 units of
Superscript™ III (Invitrogen, Mulgrave, Vic., Australia). The
comparative cycle threshold (2�ΔCt) method of quantitative
real-time PCR (qPCR) was used to analyse COX1 (Ptgs1) and
COX2 (Ptgs2) and PGI2S (Ptgis) gene expression in serelaxin
(48 and 72 h) and placebo-treated rats. Rat-specific
forward/reverse primers and 6-carboxyl fluorescein-labelled
TaqMan probes were designed and purchased from Biosearch
Technologies (Novato, CA, USA). Primers were designed to
span intron/exon boundaries. qPCR was performed on the
Applied Biosystems ViiA7 PCR machine (Life Technologies,
Mulgrave, Vic., Australia) using 96-well plates with 10 μL
volume reactions in triplicate containing SensiMix (Bioline)
and 10 μmol·L�1 of primers and 6-carboxyl fluorescein-
labelled probe. Ribosomal 18S (Rn18s) was used as the
reference gene. Negative template controls substituting
cDNA with water or RT negative controls substituting the
reverse transcriptase in the cDNA synthesis were included
on each plate. For each sample, the mean Rn18s CT triplicate
1008 British Journal of Pharmacology (2016) 173 1005–1017
value was subtracted from the mean gene of interest triplicate
CT value and normalized to the reference gene. These normal-
ized data (ΔCt) were then presented as a relative value (mean
± SEM).

6-Keto PGF1α assay
In order to measure the release of 6-keto PGF1α (metabolite of
PGI2), segments of mesenteric arteries (~5 branches) were
placed in 0.5 mL of Krebs-HEPES buffer at 37°C. The
equilibration time was 1 h during which the buffer was
changed every 15 min. At the end of the incubation period,
BK (1 μmol·L�1) was applied for 10 min. The mesenteric
segments were removed, and the buffer was collected and
snap-frozen in liquid nitrogen and stored at �80°C for further
analysis. The arteries were dried overnight, and dry tissue weight
was measured. 6-keto PGF1α was measured using EIA kits from
Cayman Chemical (Ann Arbor, MI, USA) as described in the
manufacturer’s procedure booklet. The buffer was diluted 1:50
and used for the measurement of 6-keto PGF1α. The absorbance
counts were normalized to dry tissue weight.

Data analyses
All results are expressed as the mean ± SEM; n represents the
number of animals per group or the number of assays when
tissues from animals were pooled. Concentration–response
curves were computer fitted to a sigmoidal curve using
nonlinear regression (Prism version 5.0, GraphPad Software,
San Diego, CA, USA) to calculate the sensitivity of each
agonist (pEC50). Maximum relaxation (Rmax) to vasodilators
was measured as a percentage of pre-contraction to phenyl-
ephrine. Group pEC50 and Rmax values were compared via
one-way ANOVA with post hoc analysis using Dunnett’s test,
Tukey’s test or Student’s unpaired t-test as appropriate. Post
hoc analysis was only performed when the F-value was signif-
icant and there was no variance in homogeneity. P< 0.05 was
considered statistically significant.

Materials
All drugs were purchased from Sigma-Aldrich (St. Louis, MO,
USA), except for BK (Auspep, Tullamarine, Vic., Australia),
U51605, SC560 and NS398 (Cayman Chemical). All drugs
were dissolved in distilled water, with the exception of indo-
methacin, which was dissolved in sodium carbonate (0.1
mol·L�1), and SC560 and NS398, which were dissolved in
100% DMSO. U51605 was dissolved in 100% EtOH.
Results

Effects of 48 and 72 h continuous i.v. serelaxin
treatment on endothelial function in the
mesenteric artery
Serelaxin was detected in the plasma of treated rats. Plasma
serelaxin concentrations did not differ significantly between
48 h (mean: 69.86 ± 6.96 ng·mL�1) and 72 h (mean: 53.91 ±
9.75 ng·mL�1) of continuous i.v. infusion. Continuous i.v.
serelaxin treatment for 48 h (P < 0.01) and 72 h (P < 0.001)
significantly increased the sensitivity but not Rmax to BK
when compared with responses from placebo-treated rats
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(Figure 1A and E). There was no difference in the responses to
BK between the 48 and 72 h treatment groups. In contrast,
neither 48 nor 72 h continuous i.v. infusion of serelaxin had
a significant effect on the sensitivity and Rmax to SNP
(Figure 1F).

To explore which endothelial factors were associated with
the enhanced BK-induced relaxation after serelaxin treat-
ment, vascular reactivity to BK was evaluated in the presence
of L-NAME alone or in combination with Indo. In the pres-
ence of L-NAME, the sensitivity to BK was still significantly
(P < 0.05) increased in arteries at 72 h but not at 48 h of
serelaxin infusion compared with arteries from placebo-
treated rats (Figure 1B and E). In the presence of Indo and
Figure 1
Concentration–response curves to BK in the absence (A, control) or presenc
and NOS) and Indo + L-NAME + TRAM34 + apamin (D, inhibitors of COX,
arteries of rats treated with placebo, 48 h or 72 h of continuous i.v. infusion
48 or 72 h after continuous i.v. infusion of serelaxin. Concentration–respon
treated with placebo, 48 h or 72 h of continuous i.v. infusion of serelaxin
placebo; one-way ANOVA, Dunnett’s post hoc test.
L-NAME, the sensitivity to BK was not significantly different
between serelaxin and placebo-treated rats (Figure 1C and
E), indicating that serelaxin had no effect on BK-dependent
EDH-type relaxation. The relaxation evoked by BK was
abolished in both placebo-treated and serelaxin-treated
mesenteric arteries with the blockade of COX, NOS and
EDH (Figure 1D).

In order to investigate NO-mediated relaxation,
BK-induced relaxation was evaluated after the inhibition of
COX and EDH. The sensitivity to BK was significantly
increased in the mesenteric arteries from 48 h (pEC50: 7.86 ±
0.17, n = 7, P < 0.05) but not 72 h (pEC50: 7.67 ± 0.15,
n = 7, P = 0.09) serelaxin-infused rats compared with
e of L-NAME (B, NOS inhibitor), Indo + L-NAME (C, inhibitors of COX
NOS, KCa3.1 and KCa2.x channels) in endothelium-intact mesenteric
of serelaxin. Mesenteric artery sensitivity (E, pEC50) to BK in placebo,
se curves to SNP (F) in endothelium-intact mesenteric arteries of rats
. n = 7–11 per group. * P < 0.05; pEC50 significantly different from
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placebo-treated rats (pEC50: 7.34 ± 0.11, n = 9) (Figure 2A).
Furthermore, the Rmax to BK was significantly increased in
the mesenteric arteries from 48 h (Rmax: 78 ± 4%, n = 7,
P < 0.05) to 72 h (Rmax: 82 ± 4%, n = 7) serelaxin-infused rats
compared with placebo-treated rats (Rmax: 57 ± 7%, n = 9)
(Figure 2A). There was no difference in the responses to BK
between the 48 and 72 h treatment groups (Figure 2A).
L-NAME-induced contraction was significantly greater in
arteries from 48 h continuous i.v. serelaxin-infused rats
Figure 2
Concentration–response curves to BK in the presence of Indo + TRAM34 + ap
lium-intact mesenteric arteries of rats treated with placebo, 48 h or 72 h of c
activity in endothelium-intact mesenteric arteries of rats treated with placeb
experiments, mesenteric arteries were pre-contracted with phenylephrine t
NAME (200 μmol·L�1), n = 8 per group. Western blot analysis of total eNOS (
sion in mesenteric arteries of rats treated with placebo, 48 h or 72 h of conti
their respective panels. n are shown in parentheses. * P < 0.05; significantly
serelaxin treatment: one-way ANOVA, Tukey’s post hoc test.

1010 British Journal of Pharmacology (2016) 173 1005–1017
compared with those of placebo-treated rats (Figure 2B),
indicating that basal NOS activity was increased. This effect
was absent in arteries from 72 h serelaxin-treated rats com-
pared with those of 48 h serelaxin-treated rats (Figure 2B).
Consistent with basal NOS activity, with 48 h i.v. serelaxin
infusion, there was significant up-regulation of total eNOS
expression in the mesenteric arteries compared with those
from placebo-treated rats (Figure 2C). Phosphorylation of
eNOSser1177 (Figure 2D) was also increased in arteries from
amin (A, inhibitors of COX, KCa3.1 and KCa2.x channels) in endothe-
ontinuous i.v. infusion of serelaxin. n = 7–10 per group. (B) Basal NOS
o, 48 or 72 h of continuous i.v. infusion of serelaxin. In each group of
o a similar level (~20% of KPSS contraction) before the addition of L-
C), phospho-eNOSser1177 (D), iNOS (E) and RXFP1 (F) protein expres-
nuous i.v. infusion of serelaxin. Representative blots are shown above
different from placebo: # P < 0.05; significantly different from 48 h
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48 h serelaxin-treated rats, but it did not reach significance
(P = 0.06). Furthermore, total eNOS expression (Figure 2C)
and phosphorylation of eNOSser1177 (Figure 2D) were signif-
icantly decreased in arteries from 72 h serelaxin-treated rats
compared to 48 h serelaxin-treated rats and were not
significantly different to placebo rats. Serelaxin treatment
at either time point had no significant effect on iNOS
protein expression (Figure 2E). RXFP1 protein expression in
the mesenteric arteries was comparable between all
treatment groups (Figure 2F).

The sensitivity to BK was not affected by the presence of
Indo inmesenteric arteries fromplacebo-treated rats (Figure 3A)
and 48 h serelaxin-treated rats (Figure 3B), indicating no
involvement of COX-derived prostanoids. The involvement
Figure 3
Concentration–response curves to BK in endothelium-intact mesenteric arte
i.v. infusion of serelaxin. Responses to BK (A–C) were evaluated either in the a
COX inhibitor), U51605 (1 μmol·L�1, PGI2S inhibitor), SC560 (1 μmol·L�1,
artery sensitivity (D, pEC50) to BK following 72 h of serelaxin treatment. Le
mesenteric arteries of rats treated with placebo, 48 h (E) or 72 h (F) of c
pEC50 significantly different from control; one-way ANOVA, Dunnett’s post ho
dent’s t-test.
of COX-derived PGI2 as the vasodilator prostanoid responsi-
ble for the improvement of BK-mediated relaxation at 72 h
after serelaxin infusion was elucidated using the PGI2S
inhibitor, U51605. The sensitivity to BK was significantly
(P < 0.001) reduced in the presence of Indo or U51605 in
mesenteric arteries from 72 h serelaxin-treated rats (Figure 3C
and D). In the presence of the selective COX2 inhibitor
NS398, but not the selective COX1 inhibitor SC560, the
sensitivity to BK was also significantly (P < 0.01) reduced at
this time point (Figure 3C and D). Furthermore, upon
stimulation with BK, the release of 6-keto PGF1α (metabo-
lite of PGI2) was significantly (t10 = 3.27, P = 0.009) higher
in the incubation buffer of mesenteric arteries from 72 h,
but not 48 h serelaxin-treated rats as compared with
ries of rats treated with placebo (A), 48 h (B) or 72 h (C) of continuous
bsence (control) or in the presence of Indo (1 μmol·L�1, non-selective
COX1 inhibitor) or NS398 (1 μmol·L�1, COX2 inhibitor). Mesenteric
vels of BK (1 μmol·L�1)-induced 6-keto PGF1α in endothelium-intact
ontinuous i.v. infusion of serelaxin. n = 5–9 per group. * P < 0.05;
c test. # P < 0.05; significantly different from placebo; unpaired Stu-
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placebo-treated rats (Figure 3E and F). Similarly, expression
of Pgts2 was significantly increased in the mesenteric
arteries from 72 h serelaxin-treated rats compared with
placebo-treated or 48 h serelaxin-treated rats (Figure 4B).
There was no effect of serelaxin on Pgts1 or Ptgis (Figure 4A
and C) expression in mesenteric arteries at either time
points.

Effects of 48 and 72 h continuous i.v. serelaxin
treatment on endothelial function in the
abdominal aorta
Continuous i.v. serelaxin treatment for 48 h (P < 0.05) but
not 72 h significantly increased the sensitivity but not Rmax

to ACh (Figure 5A and B). The relaxation to ACh was almost
abolished by the presence of L-NAME in all groups, and these
responses did not significantly differ between placebo and
serelaxin treatments (Figure 5C). This suggests that continu-
ous i.v. serelaxin treatment for 48 h did not augment endo-
thelial function via a NOS-independent pathway. Neither 48
nor 72 h continuous i.v. infusion of serelaxin had a signifi-
cant effect on the sensitivity and Rmax to SNP (Figure 5D).
L-NAME-induced contraction was significantly (P < 0.05)
increased in aortae from 48 h, but not 72 h serelaxin-treated
rats compared with those of placebo-treated rats (Figure 5E),
indicating that basal NOS activity was increased at 48 h of
serelaxin treatment.

In the aorta, phosphorylation of eNOS-Ser1177 (Figure 6A)
appeared to have increased (P = 0.07, n = 7–8) in 48 h
serelaxin-treated rats, and to a lesser extent in 72 h
serelaxin-treated rats; however, this failed to reach statistical
significance. Total eNOS expression (Figure 6B) was unaf-
fected by 48 or 72 h of serelaxin treatment. Similarly, serelaxin
treatment had no effect on iNOS expression (Figure 6C) or
RXFP1 expression (Figure 6D) in the aorta.

Effects of 48 h continuous i.v. serelaxin
treatment on endothelial function in mesenteric
veins
Serelaxin treatment for 48 h had no effect on the sensitiv-
ity and Rmax to BK in the mesenteric veins (Figure 7A).
Similarly, following inhibition of NOS alone (Figure 7B) or
the combination of NOS and COX (Figure 7C), the
responses to BK were comparable between mesenteric veins
from placebo-treated and serelaxin-treated rats. The addi-
tion of L-NAME to the mesenteric veins caused a spontane-
ous contraction, which is considered to reflect the basal
level of NOS activity (Figure 7D). The L-NAME-induced
contraction was comparable between placebo-treated and
serelaxin-treated rat mesenteric veins, indicating that basal
NOS activity was not affected by serelaxin treatment
(Figure 7D).
Figure 4
Quantitative analysis of Ptgs1 (A), Ptgs2 (B) and Ptgis (C) mRNA
expression in mesenteric arteries of rats treated with placebo, 48 or
72 h of continuous i.v. infusion of serelaxin. n = 8–9 per group.
Values are 2�ΔCt (means ± SEM). * P < 0.05; significantly different
from placebo: # P < 0.05; significantly different from 48 h serelaxin
treatment; one-way ANOVA, Tukey’s post hoc test.
Discussion
This study demonstrates that continuous i.v. serelaxin infu-
sion augmented endothelial vasodilator function in arteries
(mesenteric and aorta) but not in the mesenteric veins of
healthy rats. Although circulating levels of serelaxin did not
differ between 48 and 72 h post-infusion, the potentiated
1012 British Journal of Pharmacology (2016) 173 1005–1017



Figure 5
Concentration–response curves to ACh in the absence (A, control) or presence of L-NAME (C, NOS inhibitor) and aortic sensitivity to ACh (B).
Concentration–response curves to SNP (D) in endothelium-intact aorta of rats treated with placebo, 48 h or 72 h of continuous i.v. infusion of
serelaxin. (E) Basal NOS activity in endothelium-intact aorta of rats treated with placebo, 48 or 72 h of continuous i.v. infusion of serelaxin. In each
group of experiments, aortae were pre-contracted with phenylephrine to a similar level (~20% of KPSS contraction) before the addition of
L-NAME (200 μmol·L�1). n = 5–7 per group. * P < 0.05; significantly different from placebo; one-way ANOVA, Tukey’s post hoc test.

Mechanism of serelaxin action in arteries BJP
vasodilator effects of BK in mesenteric arteries were mediated
by activation of different endothelium-derived relaxing
factor pathways. Specifically, 48 h i.v. serelaxin infusion
increased basal NOS activity, and potentiated BK-evoked
NO-mediated relaxation, which was associated with an
up-regulation of total eNOS expression. A 72 h i.v. serelaxin
treatment also enhanced BK-mediated relaxation that
involved NO and COX2-derived PGI2. Interestingly, after a
prolonged period of i.v. serelaxin infusion (72 h), basal NOS
activity, eNOS phosphorylation at Ser1177 and total eNOS
protein expression in mesenteric arteries returned to levels
comparable with those from placebo-treated rats. In contrast
to mesenteric arteries, continuous i.v. serelaxin infusion only
augmented endothelial function at 48 h in the aorta, and this
was mediated by NO.
Continuous i.v. serelaxin treatment for 48 and
72 h augmented endothelial function in the
mesenteric artery: involvement of NO and PGI2
A number of previous studies report that the direct vasodila-
tor action of serelaxin in resistance arteries is primarily attrib-
uted to endothelium-derived NO (Jeyabalan et al., 2003,
2007; McGuane et al., 2011a,b). Consistent with previous
findings in resistance arteries (Jelinic et al., 2014; Leo et al.,
2014b), we demonstrated that continuous i.v. infusion of
serelaxin, both 48 and 72 h, selectively improved endothelial
function in the mesenteric arteries. Specifically, serelaxin
augmented BK-mediated endothelium-dependent relaxa-
tion, without affecting endothelium-independent, smooth
muscle relaxation. We further investigated the mechanisms
underlying the augmentation of BK-mediated endothelium-
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Figure 6
Western blot analysis of phospho-eNOSser1177 (A), total eNOS (B), iNOS (C) and RXFP1 (D) protein expression in aorta of rats treated with placebo,
48 or 72 h of continuous i.v. infusion of serelaxin. Representative blots are shown above their respective panels. n are shown in parentheses.
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dependent relaxation 48 and 72 h after continuous i.v.
infusion of serelaxin. Consistent with earlier observations
(Conrad, 2010; Jelinic et al., 2014; Leo et al., 2014b), the aug-
mentation of BK-mediated relaxation was normalized by the
NOS inhibitor, L-NAME at 48 h, but not 72 h post-infusion
of serelaxin. This suggests that the augmentation of BK-
mediated relaxation at 48 h serelaxin treatment is mediated
entirely by NO. Indeed, we demonstrated that serelaxin treat-
ment at 48 h increased basal NOS activity, which is associated
with the up-regulation of total eNOS expression/activity.
Interestingly, basal NOS activity, phosphorylation of eNOS
at Ser1177 and total eNOS expression/activity were down-
regulated at 72 h of serelaxin treatment to levels similar to
placebo-treated animals. It was well established that
prolonged nitrovasodilator treatment increases superoxide
production and arginase expression, contributing to eNOS
uncoupling and endothelial dysfunction (Münzel et al.,
2005, 2011; Khong et al., 2012). Thus, it is possible that after
prolonged NO activation, there may be compensatory
down-regulation of NO production or bioavailability via mul-
tiple pathways including increased superoxide production
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and arginase expression, and eNOS uncoupling. The exact
mechanisms underlying the down-regulation of eNOS
phosphorylation and expression remain to be investigated.
Interestingly, endothelial function remained enhanced at 72
h, suggesting that there is possible involvement of an
NOS-independent factor at this time point, which serves to
prolong the enhancement of endothelial function beyond
48 h. In contrast to other studies in which serelaxin was in-
fused for 24 h or less (Collino et al., 2013; Leo et al., 2014b),
iNOS expression was not up-regulated in this study, suggest-
ing that the activation of iNOS expression may be a rapid
response (24 h or less) to synthesize NO.

Although we previously reported that acute i.v. serelaxin
injection augments EDH-type relaxation (Leo et al., 2014b),
in this study, our data demonstrated that 72 h continuous i.
v. infusion of serelaxin had no effect on EDH-type relaxation
in the mesenteric arteries. Thus, we proposed that the effect
of serelaxin on the EDH component is a rapid effect and that
the contribution of EDH is not apparent with the longer dura-
tion of serelaxin treatment. Therefore, in 72 h serelaxin-
treated mesenteric arteries, there was possible involvement



Figure 7
Concentration–response curves to BK in the absence (A, control) or presence of L-NAME (B, NOS inhibitor) or Indo + L-NAME (C, inhibitors of COX
and NOS) in endothelium-intact mesenteric veins of rats treated with placebo or 48 h of continuous i.v. infusion of serelaxin. (D) Basal NOS ac-
tivity in endothelium-intact mesenteric veins of rats treated with placebo or 48 h of continuous i.v. infusion of serelaxin. n = 5 per group. In each
group of experiments, mesenteric veins spontaneously contracted with the addition of L-NAME (200 μmol·L�1).

Mechanism of serelaxin action in arteries BJP
of a vasodilator prostanoid, likely PGI2 that contributed to
enhancement of BK-mediated relaxation. The synthesis of
PGI2 involves a cascade of enzymes such as COX1, COX2
and PGI2S. PGI2 stimulates smooth muscle PGI2 receptors
leading to accumulation of cAMP and vasodilation (Moncada
et al., 1976; Narumiya et al., 1999). Our data indicated that
following 72 h, but not after 48 h, of serelaxin infusion, the
enhanced response to BK was significantly reduced by block-
ade of COX and PGI2S, suggesting up-regulation of COX-
derived PGI2 at 72 h of serelaxin treatment. Consistent with
our functional data, 72 h but not 48 h of serelaxin treatment
significantly increased the production of 6-keto PGF1α (me-
tabolite for PGI2) when mesenteric arteries were stimulated
with BK, reflecting the increased production of PGI2. The
contribution of COX1 and COX2 in the responses evoked
by serelaxin treatment was elucidated using pharmacological
inhibition. The selective COX1 inhibitor SC560 had no effect
on BK response, whereas the selective COX2 inhibitor NS398
significantly reduced BK-evoked relaxation at 72 h of
serelaxin infusion. Furthermore, there was an up-regulation
of COX2 but not COX1 and PGI2S mRNA expression after
72 h of serelaxin infusion. These findings indicate that the
up-regulation of BK-evoked PGI2-mediated relaxation is de-
pendent on COX2 but not on COX1 activity. Consistent with
this, serelaxin treatment for 24 h has been shown to increase
expression of COX2 in normal human endometrial stromal
cells (Unemori et al., 2001). Taken together, we propose that
the prolonged effect of serelaxin on endothelial function is
underpinned by COX2-derived PGI2 production and this
occurs at a time when eNOS expression/activity has returned
to baseline levels.
Continuous i.v. serelaxin treatment for 48 h
but not 72 h augmented endothelial function in
the abdominal aorta: involvement of NO
In contrast to the findings in mesenteric arteries, ACh-
mediated endothelium-dependent relaxation in the rat aorta
was enhanced at 48 h, but not 72 h of serelaxin infusion.
There is relatively limited information on the effects of
serelaxin treatment on endothelial function in conduit ves-
sels such as the aorta. In rat aortic rings treated in vitro with
TNF-α, co-incubation with serelaxin for 48 h improved ACh-
mediated relaxation (Dschietzig et al., 2012). This was associ-
ated with enhanced eNOS phosphorylation at Ser1177 and
Ser633 and dephosphorylation at Thr495 without affecting to-
tal eNOS expression (Dschietzig et al., 2012). Furthermore, a
recent study demonstrated reduced basal NOS activity in
the aorta of relaxin-deficient mice (Ng et al., 2015). In our
study, we also demonstrated that 48 h of i.v. serelaxin infu-
sion increased basal NOS activity and this was independent
of changes in total eNOS and iNOS expression. Previous stud-
ies demonstrated that serelaxin treatment increased eNOS
phosphorylation at Ser1177 (McGuane et al., 2011b;
Dschietzig et al., 2012), and although our study is consistent
with this, we found that the difference did not reach
statistical significance. Thus, it is also possible that 48 h of
continuous i.v. serelaxin infusion enhanced NOS activity
and NO-mediated relaxation in the aorta through eNOS
phosphorylation at Ser633 and dephosphorylation at Thr495

(Dschietzig et al., 2012). Interestingly, activation of the NO
pathway by serelaxin was not prolonged to 72 h in the aorta
as we did not observe augmentation to ACh-mediated relaxa-
tion and basal NOS activity. Our functional data also indicate
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that relaxation to the endothelium-independent agonist,
SNP that targets soluble guanylate cyclase within the vascular
smooth muscle cells, was not affected by prolonged (72 h)
serelaxin treatment. This rules out the possible down-
regulation of pathways within the vascular smooth muscle
cells for the loss of serelaxin’s vascular action after 72 h.
Another possible explanation for this phenomenon is the
down-regulation of the receptors for serelaxin, RXFP1, after
prolonged exposure to the agonist. However, our Western
data indicate that RXFP1 expression was not altered after
serelaxin infusion. Furthermore, molecular investigation of
the RXFP1 signalling pathway also revealed that RXFP1 lacks
of the capacity to recruit β-arrestins to the cell surface, a key
process for the internalization of GPCRs to terminate its
receptor activation, which accounts for the prolonged activa-
tion of RXFP1 (Callander et al., 2009). Taken together, we
propose that with prolonged infusion (>48 h) of serelaxin
under physiological conditions, it is likely that there are
compensatory mechanisms within endothelial cells to coun-
ter for the activation/overproduction of NO in the aorta.
Continuous i.v. serelaxin treatment for 48 h
had no effect on endothelial function in the
mesenteric veins
RXFP1s are localized to endothelial cells and vascular smooth
muscle cells of mesenteric veins (Jelinic et al., 2014).
However, in the present study, 48 h serelaxin treatment had
no effect on endothelial function in the mesenteric veins.
Consistent with our data, previous studies also demonstrated
that s.c. serelaxin treatment for 5 days had no effect on endo-
thelial function (Jelinic et al., 2014) in mesenteric veins.
Although we did not assess endothelial function in the mes-
enteric veins after 72 h of serelaxin treatment, we predict that
endothelial function will not be altered. A recent study
revealed that increasing concentrations of serelaxin caused
cGMP and cAMP accumulation in human umbilical vein
endothelial cells (Sarwar et al., 2015). However, serelaxin-
induced cGMP and cAMP accumulation were not concentra-
tion dependent because serelaxin had a bell-shaped rather
than a sigmoidal concentration–response curve (Sarwar
et al., 2015). These findings suggest that the activation of
signalling mechanisms by serelaxin in veins does not occur
when the concentration of serelaxin is either too low or too
high. In our study, the plasma concentration of serelaxin after
48 h of continuous i.v. infusion was reported in the range of
high nanomolar concentration. Thus, it is possible that the
concentrations of serelaxin achieved in vivo in our study
and possibly others (Li et al., 2005; Jelinic et al., 2014) are
too high so that activation of vasodilator signalling pathways
in veins does not occur.

In conclusion, continuous i.v. infusion of serelaxin
activated a number of endothelial vasodilator pathways that
were differentially up-regulated, depending on the duration
of treatment (48 or 72 h) and the type of vasculature. Contin-
uous i.v. infusion for 48 h, which mimics the treatment
duration for the phase III RELAX-AHF clinical trial (Teerlink
et al., 2013), augmented endothelial function through a
NO-dependent pathway in both mesenteric arteries and
aortae. When treatment duration was extended to 72 h, the
NO pathway was down-regulated, and there was an
1016 British Journal of Pharmacology (2016) 173 1005–1017
up-regulation of COX2-derived PGI2 production, which
sustained augmentation of endothelial function in the
mesenteric arteries. This suggests that serelaxin has
prolonged vasodilator effects in mesenteric arteries, which
may be, at least in part, a mechanism by which serelaxin
regulates peripheral resistance in either physiological or
(patho)physiological settings.
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