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BACKGROUND AND PURPOSE
Blockade of the actions of urotensin-II (U-II) mediated by the urotensin (UT) receptor should improve cardiac function and
prevent cardiac remodelling in cardiovascular disease. Here, we have evaluated the pharmacological properties of the recently
identified UT receptor antagonist, 2-(6,7-dichloro-3-oxo-2H-benzo[b][1,4]oxazin-4(3H)-yl)-N-methyl-N-(2-(pyrrolidin-1-yl)-1-
(4-(thiophen-3-yl)phenyl) ethyl)acetamide (KR36676).

EXPERIMENTAL APPROACH
Pharmacological properties of KR36676 were studied in a range of in vitro assays (receptor binding, calcium mobilization,
stress fibre formation, cellular hypertrophy) and in vivo animal models such as cardiac hypertrophy induced by transverse
aortic constriction (TAC) or myocardial infarction (MI).

KEY RESULTS
KR36676 displayed high binding affinity for the UT receptor (Ki: 0.7 nM), similar to that of U-II (0.4 nM), and was a potent
antagonist at that receptor (IC50: 4.0 nM). U-II-induced stress fibre formation and cellular hypertrophy were significantly
inhibited with low concentrations of KR36676 (≥0.01 μM). Oral administration of KR36676 (30 mg·kg−1) in a TAC model in
mice attenuated cardiac hypertrophy and myocardial fibrosis. Moreover, KR36676 restored cardiac function and myocyte size
in rats with MI-induced cardiac hypertrophy.

CONCLUSIONS AND IMPLICATIONS
A highly potent UT receptor antagonist exerted anti-hypertrophic effects not only in infarcted rat hearts but also in
pressure-overloaded mouse hearts. KR36676 could be a valuable pharmacological tool in elucidating the complicated
physiological role of U-II and UT receptors in cardiac hypertrophy.

Abbreviations
H9c2UT, H9c2 cells stably expressing human urotensin-II receptor; KR36676,
2-(6,7-dichloro-3-oxo-2H-benzo[b][1,4]oxazin-4(3H)-yl)-N-methyl-N-(2-(pyrrolidin-1-yl)-1-(4-(thiophen-3-yl)phenyl)
ethyl)acetamide; LV, left ventricular; SB657510, 2-bromo-N-[4-chloro-3-[[(3R)-1-methylpyrrolidin-3-yl]oxy]
phenyl]-4,5-dimethoxybenzenesulfonamide, HCl); SD, Sprague-Dawley; U-II, urotensin-II; UT, urotensin
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Introduction

Urotensin-II (U-II) is a neuropeptide and endogenous ligand
of the GPCR first known as the orphan GPR14 and now
as the urotensin (UT) receptor (Ames et al., 1999). U-II is the
most potent endogenous vasoconstrictor currently known
(Douglas and Ohlstein, 2000). In normal myocardium, the
expression of UT receptors is low or undetectable. However,
plasma U-II concentrations as well as tissue expression levels
of U-II and UT receptors are up-regulated in various cardio-
vascular diseases including myocardial infarction (MI), pul-
monary hypertension and heart failure (Bousette and Giaid,
2006; Ross et al., 2010). Thus, the UT system is considered a
promising pharmacological target in such conditions and,
accordingly, a number of UT receptor antagonists have been
developed (Tsoukas et al., 2011).

Cardiac hypertrophy is an adaptive response to pressure
overload that aims to maintain cardiac function. However,
persistent stresses (i.e. chronic pressure overload) cause it to
become a maladaptive response, leading to complications,
such as inflammation, fibrosis and ventricular hypertrophy,
which ultimately can contribute to cardiac dysfunction, and
subsequent heart failure (McKinsey and Olson, 2005; Heineke
and Molkentin, 2006). Recent studies have shown that the
UT system is critically involved in the pathology of cardiac
hypertrophy. U-II-mediated hypertrophy has been found in
rat neonatal cardiomyocytes and the H9c2 rat cardiomyoblast
cell line expresses high levels of UT receptor (Tzanidis et al.,
2003; Johns et al., 2004; Onan et al., 2004). Furthermore, an
infusion of U-II into rats potentiated isoprenaline-induced
fibrosis and cardiac hypertrophy (Zhang et al., 2007). Several
mechanisms underlying the U-II and UT receptor-mediated
cardiac hypertrophy have been suggested, including
up-regulation of inflammatory cytokines and reactive oxygen
species (Johns et al., 2004; Liu et al., 2009), and activation of
signalling pathways such as Gαq- and Ras-dependent, MAPKs,
and the Akt/GSK-3β signalling pathways (Tzanidis et al.,
2003; Onan et al., 2004; Gruson et al., 2010). Most recently, a
deleterious elevation of the UT system has been found in the
metabolic syndrome, which is a critical risk factor for cardio-
vascular diseases (Barrette and Schwertani, 2012; You et al.,
2012; Li et al., 2014). These results raise the possibility that
U-II and UT receptors are involved in the pathogenesis of
cardiac remodelling.

There were several experimental studies of the effects of
UT receptor antagonists in cardiac hypertrophy. Peptidic UT
receptor antagonists, BIM-23127 (Johns et al., 2004) and
urantide (Gruson et al., 2010), inhibited U-II-induced
hypertrophy in cardiomyocytes. In a rat model of coronary
artery ligation, the non-peptide UT receptor antagonist,
SB611812, attenuated cardiac dysfunction while reducing
heart weight (HW; Bousette et al., 2006). However, the anti-
hypertrophic effects of urantide and SB657510 (2-bromo-N-
[4-chloro-3-[[(3R)-1-methylpyrrolidin-3-yl]oxy] phenyl]-4,5-
dimethoxybenzenesulfonamide, HCl)), another non-peptide
UT receptor antagonist, was absent in hearts with pressure
overloaded by aortic constriction (Kompa et al., 2010;
Esposito et al., 2011). Thus, the effects of UT receptor antago-
nism on cardiac hypertrophy in pathological conditions
are still not clear and require additional study for clarifica-
tion. Hence, the identification of UT receptor antagonists
with high potency and selectivity is an important require-
ment in order to define the role of the UT system in cardiac
hypertrophy.

In the search for effective UT receptor antagonists, we
recently identified 2-(6,7-dichloro-3-oxo-2H-benzo[b][1,4]
oxazin-4(3H)-yl)-N-methyl-N-(2-(pyrrolidin-1-yl)-1-(4-
(thiophen-3-yl)phenyl) ethyl)acetamide (KR36676) as a novel
and potent UT receptor antagonist. The present study aimed
to detail the pharmacological characteristics of KR36676 by
investigating (i) its UT receptor affinity, selectivity and
antagonistic activity, (ii) the beneficial inhibitory effects on
U-II-mediated cellular events such as stress fibre formation
and cellular hypertrophy, (iii) the in vivo efficacy on U-II-
induced ear flushing, and (iv) the anti-hypertrophic activity
and cardiac function in the mouse model of pressure-
overload hypertrophy and the rat model of MI-induced
cardiac hypertrophy.

Methods

Animals
All animal care and experimental procedures were reviewed
and approved by the Institutional Animal Care and Use Com-
mittee of the Korea Research Institute of Chemical Technol-
ogy (KRICT). All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
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ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 198 animals were used in the experi-
ments described here. Male C57BL/6 mice and Sprague-
Dawley (SD) rats were purchased from Orient Bio Inc.
(Sungnam, Gyeonggi, Korea). Animals were conditioned for 1
week at 22.0 ± 2°C with a constant humidity of 55 ± 5%, a
cycle of 12 h light/dark, and free access to food and tap water.

Cell culture
For the cellular functional assay, aequorin parental cells were
grown in Eagle’s minimum essential medium supplemented
with 10% FBS, penicillin (100 IU·mL−1), streptomycin
(100 μg·mL−1) and zeocin (10 μg·mL−1). To establish a stable
aequorin cell line for the human UT (hUT) receptor, the
cDNA for the this receptor (UTR2/GPR14, GenBank Acc#
NM_018949 except C51T) in pcDNA 3.1+ was transfected to
the aequorin parental cell line (HEK293-aeq, ES-000-A30)
with Lipofectamine 2000. During the clonal selection for the
search of maximum calcium responses by U-II in transfected
cells, the concentration of G418 was kept at 400 mg·mL−1.
Cells were discarded after 2–3 months of continuous growth
with splitting, and new cells were prepared from a frozen
stock to maintain the stability of agonist signals.

For the cell-based phenotype assay, rat heart-derived H9c2
cells (ATCC, Rockville, MD, USA) were maintained at 1 ×
106 cells·mL−1 in DMEM supplemented with 10% FBS,
L-glutamine (2 mM) and antibiotics. Stable cells expressing
the hUT receptor were obtained by transfection of cDNA into
H9c2 cells. In a cell-based phenotype assay, cells were starved
in serum-free media for 24 h and then stimulated with
0.1 μM U-II in the presence of KR36676 or SB657510 for the
indicated periods. The maximum concentration of stock solu-
tion (dimethyl sulfoxide) in experimental media was kept at
0.1%. Cells were cultured in 16-well chamber slides (for
immunofluorescent staining) or in 6-well plates (for cellular
hypertrophy).

Radioligand receptor binding assay for
hUT receptors
The UT binding affinity was determined by radio-ligand
binding assay in Eurofins Panlabs (Test No.: AB22313; Taipei,
Taiwan). Briefly, to evaluate Ki values of investigating ligands,
a hUT receptor binding assay was performed with 0.1 nM
[125I] U-II for 2 h at 37°C in 20 mM Tris-HCl, pH 7.4, supple-
mented with 5 mM MgCl2, and 0.5% bovine serum albumin.
The human recombinant UT receptor membrane was used
(UT/CHO-K1 membrane). KD values of ligand and Bmax of
receptor were 0.2 nM and 0.42 pmol·mg−1 respectively.
Non-specific binding was defined in the presence of 1 μM
U-II. Ligand binding was determined by filtration of
the assay mixture over GF/C Whatman filters. After washing
the filters, liquid scintillation counting was used to quantify
radioactivity.

Cell-based functional assay for hUT
receptor activity
A functional assay based on the luminescence of mitochon-
drial aequorin. Cells collected from the culture plates were
resuspended (1 × 106 cells·mL−1) in the assay buffer (DMEM/
HAM’s F12 without phenol red, with L-glutamine, 15 mM

HEPES, pH 7.0 and 0.1% BSA). Then, the cells were incubated
overnight at room temperature in the dark with 5 μM of
coelenterazine with constant agitation. After loading the coe-
lenterazine, the cells were diluted with assay buffer (1 ×
105 cells·mL−1) and incubated for 60 min. To measure antago-
nist activity, cells were treated with KR36676 or SB657510 at
the indicated dilutions and incubated for 15 min. Then,
50 μL of U-II (0.1 μM) was added and the light emission was
recorded to determine cell activation using a Mithras LB 940
Multilabel Reader (Berthold Technologies, Bad Wildbad,
Germany) and results were expressed in relative lumines-
cence units.

Immunofluorescent staining for F-actin stress
fibre formation
For immunofluorescent staining, H9c2UT cells were plated on
a 16-well chamber slide (Thermo Fisher Scientific, Rochester,
NY, USA) at a density of 5 × 103 cells·mL−1. After pre-
incubation with KR36676 or SB657510 (0.001–0.1 μM) for
2 h, the cells were treated with U-II (0.1 μM) for 2 h, fixed
with 4% paraformaldehyde for 20 min, incubated with 0.5%
Triton X-100 for 10 min, and then blocked with 1% BSA for
30 min. Cells were then probed with Alexa Fluor 586 Phal-
loidin (Invitrogen, Carlsbad, CA, USA; diluted 1:1000) for
30 min at room temperature in the dark, washed with PBS,
and stained with Hoechst 33342. The fluorescent images were
examined with a fluorescence microscope at a magnification
of 400× (Nikon, Tokyo, Japan).

Measurement of cellular hypertrophy
For measurement of cellular hypertrophy, H9c2UT cells were
seeded at a density of 5 × 103 cells·mL−1 on an 8-well chamber
slide (Thermo Fisher Scientific). After 2 days, the cells were
maintained in serum-free medium overnight. After pretreat-
ment with KR36676 or SB657510 (0.001–0.1 μM) for 2 h, cells
were treated with U-II (0.1 μM) in serum-free medium with a
fresh supply of KR36676 or SB657510 for 24 h to induce a
hypertrophic response. After inducing cellular hypertrophy,
adherent cells were fixed with 1% glutaraldehyde for 30 min
and stained with 0.1% Crystal Violet dye for 1 h. Four
random photographs were taken from each sample, and at
least 140 individual cells were examined in each group. Cell
size was analysed using Image-Pro PLUS software (Media
Cybernetics, Silver Spring, MD, USA).

Measurement of U-II-induced ear flushing
The U-II-induced ear flushing model accompanied by
increase of ear temperature has been used to determine
whether a UT receptor antagonist could block an U-II-
mediated effect in vivo (Qi et al., 2007). Briefly, SD rats (380–
420 g) were acclimatized to 22 ± 0.5°C for at least 2 h before
the experiment. The ear pinna temperature was measured
using a non-contact infrared thermometer (Optris LaserSight,
Optirs GmbH, Germany) in conscious animals. After meas-
urement of baseline temperature, each group received either
an i.p. injection of KR36676 (1, 3 or 10 mg·kg−1), SB657510 (3,
10 or 30 mg·kg−1) or vehicle (polyethylene glycol 400) at
5 min prior to U-II injection. To further test oral efficacy,
KR36676, SB657510 or vehicle (0.5% carboxymethyl
cellulose) was orally administered 30 min prior to U-II injec-
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tion. U-II (10 nmol·kg−1·mL−1) was injected s.c. in the mid-
scapular region (0 min time point). The ear pinna
temperature was subsequently measured at every 3 min for a
period of up to 45 min.

Transverse aortic constriction (TAC) in mice
The TAC model was performed to induce pressure-overload
hypertrophy as described previously (deAlmeida et al., 2010).
Briefly, male C57BL/6 mice (20–24 g) were anaesthetized with
an i.p. injection of Zoletil (30 mg·kg−1) and Rompun
(10 mg·kg−1). Body temperature was maintained at 37°C with
a heating pad. Mice were orally intubated and ventilated with
room air using a small animal ventilator (SAR-830/P; CWE,
Inc., Ardmore, PA, USA). After midline sternotomy, the trans-
verse aortic arch between the innominate and left common
carotid artery was ligated with a 26-gauge needle using 6-0
silk suture, and then the needle was quickly removed. Mice
were allowed to recover from surgery in a warm incubator
until fully awake. Sham-operated mice were subjected to
the same surgical procedure without constricting the aorta.
The first dose of KR36676 (10 or 30 mg·kg−1), captopril
(30 mg·kg−1; Sigma-Aldrich) or vehicle (0.5% carboxymethyl
cellulose) was given by oral gavage 1 h prior to surgery. Then,
all treatments were administered once a day for 2 weeks
following surgery. The dosage of KR36676 was chosen based
on the results of the ear flushing study. Captopril, an ACE
inhibitor, was used to compare the in vivo effects of KR36676.
At 2 weeks after TAC, left ventricular (LV) haemodynamics
was assessed under anaesthesia (Zoletil/Rompun). The right
carotid artery was cannulated with a 1.0 F Mikro-Tip pressure
transducer (SPR-1000; Millar Instruments, Houston, TX,
USA). After advancing the catheter into the LV cavity, the
heart rate and LV systolic pressure (LVSP) were recorded using
the MPVS-400 system (Millar Instruments). At the end of the
haemodynamic measurements, the hearts were dissected and
weighed to determined cardiac hypertrophy.

MI in rats
The left anterior descending coronary artery (LAD) was
occluded as described previously (Oh et al., 2009). Male SD
rats (260–300 g) were anaesthetized with sodium pentobarbi-
tal (60 mg·kg−1, i.p.) and ventilated with room air. After left
thoracotomy, LAD artery was either ligated or left untied
using 5-0 silk suture. The rats were classified into three
groups: sham, MI + vehicle and MI + KR36676 (30 mg·kg−1,
p.o.). At 4 weeks after MI, cardiac function was assessed. The
right carotid artery was cannulated with a 2F micro-tip
pressure-volume catheter transducer (SPR-838; Millar Instru-
ments). After advancing the catheter into the LV cavity, LVSP,
end-diastolic pressure and heart rate were recorded. The rates
of maximum positive and negative LV pressure development
(+dP/dtmax and −dP/dtmax) were also examined. To determine
stroke volume, cardiac output and stroke work, a pressure–
volume loop was generated by simultaneously recording the
LV pressure and volume in the working heart. Data were
analysed with Millar’s PVAN software (version 3.3).

Histology and immunohistochemistry
After measuring heart weight , the left ventricles with the
septum were fixed with 10% formalin and embedded in

paraffin. The transverse sections (5 μm) were stained with
hematoxylin and eosin for overall morphology, and Picro-
sirius Red (ScyTek Laboratories, Logan, UT, USA) and Mas-
son’s trichrome (Diagnostic BioSystems, Pleasanton, CA,
USA) for detection of fibrosis. At least 150 cells per heart were
measured to determine the average of myocyte cross-
sectional area. The interstitial fibrosis was determined by
measuring Picrosirius Red-stained area in 10 random, non-
overlapped microscopic fields (magnification ×200) per tissue
from the mid ventricle to the endocardium excluding
perivascular areas, and expressed as percentage of fibrous
tissue areas in the entire visual fields. After Masson’s tri-
chrome staining, the perivascular fibrosis was determined as
the ratio of the area of collagen fibres surrounding the vessel
to the area of vascular wall. The infarct size was calculated
from Masson’s trichrome-stained rat hearts as the percentage
of total infarcted epicardial and endocardial lengths to total
LV circumferences (Fishbein et al., 1978). The expansion
index was calculated with the formula: expansion index = (LV
cavity area/total LV area) × (septal thickness/scar thickness;
Alhaddad et al., 1995). Additional rat heart sections were
immunostained to evaluate the expression of U-II and UT
receptors in the peri-infarct zone. The sections were incu-
bated with primary antibodies (Alpha Diagnostic Interna-
tional, San Antonio, TX, USA): anti-rat U-II IgG (1:1000) or
GPR14 IgG (1:100), followed by incubation with secondary
antibodies. The sections were then incubated with ABC
solution (Vector Laboratories, Burlingame, CA, USA) and
developed using the diaminobenzidine substrate with
haematoxylin counterstain. The images of the infarct border
zone were captured and examined.

Western blot
Equal amounts of protein (30 μg) from LV tissues were loaded
in SDS-PAGE and transferred to nitrocellulose membranes.
After blocking, membranes were incubated overnight with
primary antibodies (Cell Signaling Technology, Beverly, MA,
USA; 1:1000) against total or phosphorylated form of ERK1/2,
p38 and JNK. After incubation with HRP-conjugated second-
ary antibodies, immunoreactive bands were detected by the
LumiGLO kit (New England Biolabs, Ipswich, MA, USA).
Values for phosphorylated ERK1/2, p38, and JNK protein
were normalized to the total ERK1/2, p38 and JNK protein
respectively.

Measurement of receptor selectivity
The receptor selectivity of KR36676 at the concentration of
10 or 1 μM were determined by Safety Screen panel services in
Eurofins Panlabs (Test No.: AB22557, AB22314) using radio-
ligand binding assays for 86 distinct mammalian receptors,
ion channels, transporter such as the adenosine A1, A2A recep-
tors ; α1A, 1B, 1D, 2A, 2B; β1, 2 adrenoceptors; androgen; angiotensin
AT1; bradykinin B2; N, L-type calcium channel; cannabinoid
CB1, 2; chemokine CCR1, 2 receptors; cholecystokinin CCK1, 2

receptors; dopamine D1, 2L, 2s receptors; endothelin ETA; oes-
trogen ERα; GABAA, B1A receptor; glucocorticoid; glutamate
AMPA, kainate, mGlu5; glycine; NMDA receptor; histamine
H1, 2; LT T1, melanocortin MC1, 4; muscarinic M1, 2, 3, 4; neuro-
peptide Y1; nicotinic ACh; nicotinic ACh α1; opioid δ1, κ, μ;
platelet activating factor; ATP-sensitive potassium channel;
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PPARγ; progesterone PR-B; serotonin 5-HT1A, 1B, 2A, 2B, 2C, 3;
sodium channel site 2; tachykinin NK1; adenosine trans-
porter; dopamine transporter; GABA transporter; noradrena-
line transporter; 5-HT) transporter; vasopressin V1A receptors
and several enzymes including ATPase; cholinesterase;
COX-1, -2; MAO-A, MAO-B; ACE; CTSG peptidase; PDE3, 4;
non-selective PKC; insulin receptor kinase; protein TK LCK.

Pharmacokinetic study
The plasma concentration of KR36676 was measured in SD
rats (260–300 g) following intravenous or oral administration
at 10 mg·kg−1. The plasma was collected at 0.03, 0.08, 0.17,
0.33, 0.5, 1, 2, 4, 6, 8 and 24 h after dosing, and the plasma
levels of KR36676 were measured using HPLC.

Data analysis
All values were expressed as mean ± SEM. Concentration-
response curves were analysed by non-linear regression using
PRISM version 5.0 (GraphPad Software Inc., La Jolla, CA,
USA), and the IC50 value of KR36676 or SB657510 (the con-
centration required to reduce the radio-isotope [125I] count or
the aequorin luminescence count to 50% of the positive
control) was calculated. The ID50 values of KR36676 or
SB657510 (the concentration required to reduce an area
under the curve to 50% of the vehicle-treated group) in U-II-
induced ear flushing study was calculated. Data were ana-
lysed by Student’s t-test or one-way ANOVA, followed by
Dunnett’s test for multiple comparisons (Sigma Stat, Jandel
Co., San Rafael, CA, USA). In all comparisons, P-<0.05 indi-
cated statistical significance.

Materials
Human recombinant U-II and SB657510 (Douglas et al.,
2005), a UT receptor antagonist, was purchased from Sigma-
Aldrich (St. Louis, MO, USA). KR36676 was synthesized in the
Korea Research Institute of Chemical Technology (KRICT,
Daejeon, Korea). The aequorin parental cell line (ES-000-A30)
was licensed from PerkinElmer Life and Analytical Sciences
(Boston, MA, USA). DMEM, FBS and antibiotics were pur-
chased from GIBCO BRL (Grand Island, NY, USA). All other
reagents were from Sigma-Aldrich.

Results

Radioligand receptor binding affinity
KR36676 exhibited marked affinity with a Ki value of 0.70 ±
0.05 nM for the UT receptor (Figure 1A), which was lower
than that for SB657510 (23.9 ± 7.9 nM) and similar to U-II
(0.44 ± 0.07 nM).

Functional antagonism with
calcium mobilization
The antagonistic activity of KR36676 was assessed by meas-
uring calcium mobilization in HEK293-aeq/hUT cells.
KR36676 inhibited the responses to U-II in a concentration-
dependent manner (Figure 1B). The IC50 value of KR36676 at
0.1 μM U-II was 4.0 ± 0.4 nM. SB657510, the reference

antagonist for the UT receptor, was less potent (IC50 value:
18.9 ± 2.3 nM) than KR36676.

Actin stress fibre formation induced by U-II
in H9c2UT cells
The actin stress fibre formation assay was performed using rat
heart-derived H9c2 cells that overexpressed the hUT receptor.
As shown in Figure 2A, treatment with U-II (0.1 μM) alone for
2 h increased the formation of actin stress fibres by approxi-
mately 56%, which was significantly inhibited with KR36676
(≥0.003 μM). Suppression of actin stress fibre formation was
also observed with SB657510 (0.1 μM).

Cellular hypertrophy induced by U-II in
H9c2UT cells
In control H9c2UT cells treated with U-II (0.1 μM) for 24 h, cell
size was significantly increased by approximately 46%

Figure 1
(A) Concentration-response curves of KR36676, U-II and SB657510
for the [125I]-based binding assay for UT receptor. Binding affinity for
UT receptors was determined by competitive binding with 0.1 nM
[125I] U-II. (B) Antagonist activity of KR36676 and SB657510 for UT
receptors. Inhibition of cell-based functional responses by KR36676
and SB657510 were determined by the change of agonist-induced
intracellular calcium concentration in HEK293-aeq/hUT cells. Data
were expressed as mean ± SEM (n = 3).
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(Figure 2B), which was significantly inhibited by KR36676 at
concentrations below 0.01 μM. Similar inhibitory effects on
cellular hypertrophy were also observed with 0.1 μM of
SB657510.

Inhibitory effects of KR36676 on U-II-induced
ear flushing
Administration of U-II increased ear pinna temperature in
conscious rats. As shown in Figure 3, ear pinna temperature
(basal temperature: 26.2 ± 0.1°C) was augmented by U-II
(10 nmol·kg−1, s.c.) and peaked at 15–21 min (maximum
increase: 6.0 ± 0.2°C). Such U-II-induced increases of ear
pinna temperature were inhibited by the i.p. injection of

KR36676 or SB657510 (ID50 values: 1.6 or 5.5 mg·kg−1, respec-
tively) in a dose-dependent manner (Figure 3A and B). The
inhibitory effects of KR36676 or SB657510 on U-II-induced
ear flushing response were also observed after oral adminis-
tration (ID50 values: 1.6 or 10.3 mg·kg−1, respectively;
Figure 3C and D).

Effects of KR36676 on cardiac hypertrophy
and ventricular performance after
pressure-overload in mice
In order to study the anti-hypertrophic effect of KR36676 in
pathological cardiac remodelling conditions, we used the
pressure-overload cardiac hypertrophy model induced

Figure 2
(A) Immunofluorescent staining for actin stress fibre formation in H9c2UT cells. Cells were pretreated with KR36676 and SB657510 at the indicated
concentrations for 2 h, and then stimulated with 0.1 μM U-II for 2 h. Actin stress fibre formation was visualized using Alexa Fluor 586 Phalloidin
dye. The same fields were counter-stained with Hoeschst 33342 dye to locate the nuclei. The relative red intensities were expressed as mean ±
SEM (n = 11–15). (B) Anti-hypertrophic effects of KR36676 and SB657510 in H9c2UT cells. After inducing cellular hypertrophy with 0.1 μM U-II,
adherent cells were fixed and stained to obtain images for analysis. Targeted cell size was analysed using Image-Pro PLUS software, and the relative
cell sizes were expressed as mean ± SEM (n = 10). Scale bar, 100 μm. *P < 0.05, significantly different from negative control, Con (−): #P < 0.05,
significantly different from positive control, Con (+), stimulated with 0.1 μM U-II.
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by TAC in wild-type C57BL/6 mice. Two weeks post-
operatively, the vehicle-treated group exhibited a markedly
higher ratio of LVW/TL (mg·mm−1; Figure 4A) and HW/TL
(Figure 4B) compared with the sham-operated group. Con-
sistent with the in vitro results, oral administration of
KR36676 (10 or 30 mg·kg−1) decreased the development of
cardiac hypertrophy (43.1 and 62.3% for % decrease in
LVW, respectively, P < 0.05, Figure 4). This anti-hypertrophic
effect was comparable with that in the captopril-treated
group.

Histological analysis demonstrated that TAC caused a sig-
nificant increase in myocyte cross-sectional area (Figure 5A)
compared with the sham-operated group. The TAC-induced
increases in myocyte hypertrophy were significantly inhib-

ited with KR36676. In the mechanisms study involving
cardiac hypertrophy, the phosphorylation of p38 and ERK1/2
were notably higher in the TAC group compared with the
sham group (Figure 5B and C). However, TAC did not induce
activation of JNK (Figure 5D). The increased phosphorylation
of ERK1/2 was attenuated by KR36676 (30 mg·kg−1;
Figure 5B), but phosphorylation of p38 was not decreased
(Figure 5C). The TAC-induced fibrosis was observed both in
interstitial (Figure 6A) and perivascular regions (Figure 6B)
and was decreased by KR36676 (Figure 6). At 2 weeks after
TAC, the vehicle-treated group showed significantly higher
LVSP and +dP/dtmax than the sham-operated group and these
haemodynamic changes were prevented by KR36676
(30 mg·kg−1) (Table 1).

Figure 3
The inhibitory effects of KR36676 and SB657510 on U-II-induced increase in ear pinna surface temperature. Five minutes prior to U-II
(10 nmol·kg−1; s.c.) injection, KR36676 (A), SB657510 (B) or vehicle (polyethylene glycol 400) were given i.p.. For oral administration, KR36676
(C), SB657510 (D) or vehicle (0.5% carboxymethyl cellulose) was given 30 min before the U-II injection. Changes of ear temperature are expressed
as mean ± SEM (n = 4–5).
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Effects of KR36676 on cardiac hypertrophy
and function after MI in rats
Anti-hypertrophic effect of KR36676 was confirmed in
another animal model, cardiac remodelling following MI in
rats. Although there are no differences in LV mass between
the groups, myocyte cross-sectional area was significantly
increased compared with the sham group at 4 weeks after MI
(Figure 7). This MI-induced cardiomyocyte hypertrophy was
significantly reduced by KR36676 (30 mg·kg−1). Although the
infarct size was not different between each group, the infarct
expansion index was lower after KR36676 treatment
(Table 2). Haemodynamic data are summarized in Table 2. At
4 weeks after MI, the vehicle-treated group had worse ejection
fraction, cardiac output and stroke volume than the sham
group and KR36676 preserved cardiac function (Table 2).
Although only little or weak immunoreactivity for U-II and
UT receptors (brown colour) was observed in heart tissue
from the sham group, the immunoreactivity for these
markers was much stronger in the peri-infarct zone both of
vehicle and KR36676-treated group (Figure 7).

Receptor selectivity profiling
As shown in Table 3, 1 μM KR36676 showed in appreciable
interactions (>90% inhibition) with opioid κ, μ receptors. In
addition, KR36676 also showed lower affinities (60–80% inhi-
bition) for other receptors including the site 2 sodium
channel, dopamine and noradrenaline transporters. Other
than those targets, less than 50% inhibition was seen at 1 or
10 μM KR36676.

Pharmacokinetic study
The primary pharmacokinetic parameters and plasma profiles
for KR36676 are summarized (see Supporting Information
Table S1). The AUC∞ were 0.9 ± 0.1 and 0.4 ± 0.2 μg·h·mL−1

after i.v. injection and oral administration at 10 mg·kg−1

respectively, demonstrating almost 50% bioavailability. The t1/2

values were 5.7 ± 0.7 and 42.1 ± 24.2 h after i.v. injection and
oral administration respectively. In tissue distribution studies,
the concentration of KR36676 in whole blood was three times
higher than that in plasma. Moreover, the concentrations of
KR36676 in liver, heart and kidney was 55, 48 and 88 times
higher respectively (see Supporting Information Table S2).

Discussion and conclusions

In this study, we have presented data to show that an orally
active UT receptor antagonist, KR36676, exerted anti-
hypertrophic effects in the heart both in vitro and in vivo.

Recently, we have identified KR36676 as a novel UT recep-
tor antagonist. The receptor binding results indicated that
KR36676 had marked affinity for the UT receptor (Ki value:
0.70 nM), which is similar to U-II (0.44 nM). Furthermore,
KR36676 possessed 5- to 1000-fold greater UT receptor binding
activity than for 86 other distinct mammalian GPCRs, ion
channels and neurotransmitter uptake targets. In terms of
functional antagonism, KR36676 inhibited the U-II-evoked
calcium mobilization with an IC50 value of 4.0 nM, which was
more potent than that of SB657510 (IC50 value: 18.9 nM). This

Figure 4
Effects of KR36676 on cardiac hypertrophy in TAC-induced cardiac
hypertrophy in mice. (A) LV weight to tibia length ratio and (B) heart
weight to tibia length ratio was determined 2 weeks after TAC
or sham surgery. Values are mean percentage ± SEM (n = 17–18). *P
< 0.05, significantly different from the sham-operated group; #P <
0.05, significantly different from the vehicle-treated group.
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in vitro functional assay based on the calcium-sensitive photo-
protein, aequorin, is well established as an efficient system for
the characterization of GPCRs (Le Poul et al., 2002; Gilchrist
et al., 2008).

Inappropriate regulation of actin stress fibre formation is
directly involved in numerous pathological situations includ-
ing cardiovascular diseases and cancer (Chaponnier and
Gabbiani, 2004). Although the mechanism responsible for
the regulation of stress fibre formation remains to be eluci-
dated, the pro-fibrogenic effects of U-II are well known and
U-II can induce actin stress fibre formation and arterial
smooth muscle contraction through the activation of the
small GTPase RhoA and its downstream effector Rho-kinase
(Sauzeau et al., 2001; Matsusaka and Wakabayashi, 2006). In
our study, KR36676 markedly suppressed the formation of
actin stress fibres induced by U-II in H9c2UT cells, suggesting

that KR36676 blocked the pathophysiological actions of U-II
related to inappropriate actin stress fibre formation, through
its antagonism of UT receptor.

Increasing evidence has suggested that U-II may be an
important determinant of cardiac hypertrophy in conditions
characterized by UT receptor up-regulation (Tzanidis et al.,
2003; Zhang et al., 2007). In the cellular hypertrophy study
with H9c2UT cells, U-II increased H9c2UT cell size by 46%. This
cellular change was inhibited by KR36676 in a concentration-
dependent manner, suggesting that KR36676 has potent anti-
hypertrophic effects in H9c2UT cells by targeting the UT
receptor.

Next, we examined whether KR36676 is able to block
U-II-mediated physiological effects in vivo. First, the acute
response to KR36676 was evaluated in a U-II-induced ear
flushing model. Recently, it has been reported that U-II

Figure 5
Effects of KR36676 (30 mg·kg−1) on myocyte hypertrophy and MAPK activation in TAC-induced cardiac hypertrophy in mice. Left upper
photographs: representative examples of sections stained with haematoxylin and eosin (H&E) in LV wall of each group. (A) Cardiomyocyte
cross-sectional area (μm2) (n = 17) and (B–D) comparison of MAPK activation (n = 3–4) were determined 2 weeks after TAC or sham surgery. Values
are mean percentage ± SEM. *P < 0.05, significantly different from the sham-operated group: #P < 0.05, significantly different from the
vehicle-treated group.
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induces ear flushing in conscious rats by specifically activat-
ing peripheral UT receptors, an effect that can be readily
quantified by serial measurements of ear surface temperature
(Qi et al., 2007). From this acute and reproducible experimen-
tal model, in vivo efficacy of UT receptor antagonists can be
easily estimated before applying to long-term heart failure

studies on animals (Luci et al., 2007; Qi et al., 2007; Lawson
et al., 2009). In the ear flushing study, oral administration of
KR36676 clearly prevented U-II-induced elevation of surface
temperature on the ear pinna in a dose-dependent manner.
Together with pharmacokinetic data, our results strongly
suggest that KR36676 could be an orally effective and potent

Figure 6
Effects of KR36676 (30 mg·kg−1) on myocardial fibrosis in TAC-induced cardiac hypertrophy in mice. Micrographs are representative of sections
stained with Picrosirius Red and Masson’s trichrome in LV wall of each group. (A) Interstitial fibrosis (%) and (B) perivascular fibrosis ratio were
determined 2 weeks after TAC or sham surgery. Values are mean percentage ± SEM (n = 17). *P < 0.05, significantly different from the
sham-operated group; #P < 0.05, significantly different from the vehicle-treated group.

Table 1
Morphometric and haemodynamic parameters 2 weeks after TAC or sham surgery

Sham Vehicle

KR36676 Captopril

10 mg·kg−1 30 mg·kg−1 30 mg·kg−1

n 17 18 17 17 17

Body weight (g) 23.7 ± 0.4 22.9 ± 0.4 23.5 ± 22.8 22.8 ± 0.3 23.4 ± 0.3

Heart weight (mg) 96.3 ± 1.7 127.8 ± 5.1* 115.1 ± 3.1# 108.6 ± 2.4# 108.1 ± 2.9#

Ventricular weight (mg) 92.1 ± 1.7 122.3 ± 4.9* 110.1 ± 3.0# 103.6 ± 2.5# 103.0 ± 2.6#

Atrial weight (mg) 4.2 ± 0.5 5.5 ± 0.5 4.9 ± 0.3 5.0 ± 0.3 5.1 ± 0.4

Lung weight (mg) 114.2 ± 1.4 117.9 ± 5.5 114.2 ± 2.7 113.8 ± 1.8 113.6 ± 4.8

n 10 6 7 7 6

HR (beats per min) 371.4 ± 13.9 398.5 ± 37.8 365.9 ± 17.6 361.0 ± 8.4 413.2 ± 13.5

LVSP (mmHg) 105.4 ± 4.1 180.0 ± 4.7* 149.7 ± 4.5# 141.9 ± 6.1# 137.8 ± 10.9#

LVEDP (mmHg) 6.2 ± 2.9 6.5 ± 4.3 6.7 ± 4.8 6.6 ± 3.1 6.2 ± 2.8

LV +dP/dtmax (mmHg·s−1) 6484 ± 234 8315 ± 275* 6442 ± 255# 6732 ± 203# 6861 ± 636#

LV −dP/dtmax (mmHg·s−1) −6255 ± 172 −8305 ± 313* −7202 ± 330 −7439 ± 441 −6301 ± 539#

HR, heart rate; LV dP/dtmax, positive (+dP/dt) and negative (−dP/dt) maximum rate of pressure in left ventricle; LVSP, left ventricular systolic
pressure. Data were expressed as mean ± SEM. *P < 0.05, significantly different from the sham group. #P < 0.05, significantly different from
the vehicle-treated group.
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Figure 7
Effects of KR36676 (30 mg·kg−1) on cardiac hypertrophy and cardiac function in rats with MI-induced cardiac hypertrophy. Representative
examples of sections stained with Masson’s trichrome, haematoxylin and eosin, and immunoreactivity of U-II and UT receptor in the peri-infarct
zone of each group. Cardiomyocyte cross-sectional area (μm2) was determined 4 weeks after MI. Values are mean percentage ± SEM (n = 15–16).
*P < 0.05, significantly different from the sham-operated group and #P < 0.05, significantly different from the vehicle-treated group.
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UT receptor antagonist that can delineate the physiological
actions of U-II in vivo.

Finally, we evaluated the effects of KR36676 in two
animal models of cardiac hypertrophy. Consistent with the
in vitro results of cellular hypertrophy, oral administration
of KR36676 (10 or 30 mg·kg−1) significantly reduced the
development of LV hypertrophy and cardiac fibrosis
induced by TAC. The activation of MAPK has been shown
to play an important role in the development of cardiac
hypertrophy induced by TAC (Heineke and Molkentin,
2006) and U-II increases cardiomyocyte hypertrophy via
MAPK (Onan et al., 2004). In the TAC study after 2 weeks,
ERK1/2 and p38 have been reported to significantly contrib-
ute to the induction of cardiac hypertrophy (Si et al., 2014).
When KR36676 was used in our TAC model, the TAC-
induced phosphorylation of ERK1/2 was markedly reduced,
suggesting that the anti-hypertrophic effects of KR36676 via
antagonism of UT receptors also involved inhibition of
ERK1/2 phosphorylation. Furthermore, administration of
KR36676 (30 mg·kg−1) prevented the cardiomyocyte enlarge-
ment and ameliorated cardiac dysfunction in MI-induced
cardiac remodelling in rats. In an earlier report, the critical
role of U-II and the UT receptor in the development of
cardiac hypertrophy has been described (Papadopoulos

et al., 2008). However, there are only a few studies reporting
the positive effects of UT receptor antagonists in an animal
model of ventricular hypertrophy. Here, our results intro-
duce, for the first time, a novel non-peptide UT receptor
antagonist possessing potent anti-hypertrophic effects both
in infarcted and pressure-overloaded rodent hearts. In this
study, some characteristic pathophysiological features of
heart failure were not assessed because our experiments
were conducted during the relatively early stages of both
the TAC and MI models. Therefore, further studies are
needed to evaluate cardio-protective effects of KR36676 in
long-term heart failure animal models.

In summary, the present studies demonstrated that
KR36676 is a UT receptor antagonist having both a high
affinity and potency for the receptor. In the rat heart-derived
H9c2UT cell, KR36676 blocked U-II-induced stress fibre forma-
tion and cellular hypertrophy. Notably, the oral administra-
tion of KR36676 in animal models of pressure overload and
MI significantly reduced LV hypertrophy and cardiac dys-
function with a good oral bioavailability. Based on these
findings, we suggest that KR36676 could be developed as an
effective UT receptor antagonist for clinical application and
that this compound will also be a useful tool for defining the
role of UT receptors in the field of cardiac hypertrophy.

Table 2
Morphometric and haemodynamic parameters 4 weeks after LAD ligation or sham surgery

Sham Vehicle KR36676 (30 mg·kg−1)

n 15 16 15

BW (before, g) 273.1 ± 4.5 265.4 ± 3.9 268.3 ± 4.5

BW (after, g) 435.6 ± 8.5 408.2 ± 7.3 392.3 ± 6.1

RA/BW (mg·g−1) 0.068 ± 0.003 0.085 ± 0.006 0.082 ± 0.005

LA/BW (mg·g−1) 0.071 ± 0.003 0.076 ± 0.003 0.071 ± 0.004

RV/BW (mg·g−1) 0.491 ± 0.011 0.507 ± 0.012 0.528 ± 0.012

(LV+S)/BW (mg·g−1) 1.792 ± 0.031 1.992 ± 0.041 2.010 ± 0.046

Lung/BW (mg·g−1) 2.638 ± 0.053 2.725 ± 0.046 2.724 ± 0.063

Infarct size (%) 0 ± 0 27.9 ± 4.3 21.3 ± 4.3

Expansion index 0 ± 0 0.778 ± 0.118 0.471 ± 0.087#

HR (beats·per min) 416.1 ± 7.2 422.2 ± 7.8 447.7 ± 8.4

LVSP (mmHg) 133.9 ± 1.9 130.1 ± 2.9 145.0 ± 3.7

LVEDP (mmHg) 7.4 ± 0.6 7.8 ± 0.6 7.3 ± 0.4

SV (μL) 104.8 ± 5.1 79.8 ± 8.2 91.1 ± 10.0

CO (mL·min−1) 43.5 ± 2.1 33.7 ± 3.5 41.0 ± 4.7

EF (%) 59.3 ± 4.2 36.5 ± 3.7* 43.2 ± 6.0

SW (mmHg·mL) 9.7 ± 0.5 6.9 ± 0.8* 8.3 ± 0.8

+dP/dtmax (mmHg·s−1) 9539.8 ± 284.4 8706.3 ± 333.7 10 154.6 ± 5 559.4#

−dP/dtmax (mmHg·s−1) −11 406.7 ± 539.3 −9001.4 ± 502.9* −11 197.7 ± 717.7#

BW, body weight; CO, cardiac output; EF, ejection fraction; HR, heart rate; LA, left atrium; LV dP/dtmax, positive (+dP/dt) and negative (−dP/dt)
maximum rate of pressure in left ventricle; LV+S, left ventricle plus septum; LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular
systolic pressure; RA, right atrium; RV, right ventricle; SV, stroke volume; SW, stroke work. Data were expressed as mean ± SEM. *P < 0.05,
significantly different from the sham group. #P < 0.05, significantly different from the vehicle-treated group.
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