Thé role of urotensin-Il in
atherosclerosis and ischemic
cardiomyopathy

Nicolas Bousette
Department of Experimental Medicine
McGill University, Montreal, Quebec, Canada
January 2007

A thesis submitted to the faculty of graduate studies and research as partial
fulfillment of requirements for the degree of Doctor of Philosophy (Ph.D)

© Nicolas Bousette 2007



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-32295-6
Our file  Notre référence
ISBN: 978-0-494-32295-6
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian Conformément a la loi canadienne

Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Abstract

Atherosclerosis, a vascular disease which may lead to coronary artery occlusion
and consequent myocardial infarction is primarily caused by dyslipidemia.
Ischemic cardiomyopathy due to atherosclerosis is the leading cause of morbidity
and mortality in the western world today. Vasoactive factors are increasingly
being recognized not only as contributors to atherosclerotic plaque formation, but
also to cardiac function and remodeling following ischemic cardiac injury.
Urotensin Il (Ull) is one such vasoactive factor. Ull possesses a wide range of
cardiovascular effects, from contraction of the rat aorta to complete
cardiovascular collapse in cynomolgus monkeys. Ull binds a seven
transmembrane spanning G-protein coupled receptor termed UT. Expression of
Ull is significantly elevated in the hearts of patients with congestive heart failure
(CHF). Recent reports have also shown increased plasma levels of the peptide
in patients with CHF, and these levels correlated with the severity of the disease.
This project was designed to investigate the role of Ull and UT in both
atherosclerosis and CHF. To this end, Ull expression was evaluated both in a
model of CHF in the rat, and in human atherosclerosis of the carotid arteries and
aortae. Furthermore, the pathophysiological role of urotensin-Il in CHF was
investigated, with the use of a selective Ull antagonist, SB-611812. Finally,
genetically modified mice deficient in either ApoE, UT, or both genes, were
evaluated to study the role of UII/UT signaling in a model of atherosclerosis.

We found that Ull and its receptor, UT, were both significantly elevated in a

mode} of CHF induced by coronary artery ligation. Ull antagonism significantly



attenuated mortality, cardiac dysfunction, and hypertrophy. This was associated
with a significant decrease in cardiac fibrosis. We next went on to demonstrate
that Ull and UT were significantly elevated in human atherosclerotic carotid
arteries and aortae. Finally, we demonstrated that deletion of the UT gene in
mice deficient for ApoE exacerbates atherosclerosis of the aorta. Furthermore,
this was associated with significantly increased hyperlipidemia and organ
hypertrophy as well as significantly reduced body mass, liver mass, and hepatic
steatosis.

In conclusion we were the first to demonstrate a pathophysiological role
for Ull in cardiovascular diseases which may lead to a breakthrough in the
management of CHF and may also give more insight into the pathogenesis of

atherosclerosis.



Resume

Atherosclérose, une maladie vasculaire qui peut conduire a une obstruction de
I'artére coronaire, et, par conséquent, une infraction myocardite, est causée
principalement par des niveaux élevés de lipides. La cardiomyopathie
ischémique due a 'athérosclérose est la cause principale de I'état morbide et
mortalité dans les pays occidentaux d'aujourd’hui. Cependant, les facteurs
vasoactifs sont de plus en plus reconnus, non seulement comme contributeurs a
la formation de plaques d'athérosclérose, mais également un facteur de la
fonction cardiaque et a la reconstitution suivant une lésion cardiaque. Urotensin
ll(UIN) est I'un de ces facteurs vasoactifs. Ull possede une large variété d'effets
cardiovasculaires, depuis la contraction de l'aorte chez le rat jusqu'a
I'affaissement cardiovasculaire total chez le singe cynomolgus.

Ull s'associe avec le recepteur UT, qui est un récepteur du type serpentine.
L'existence de I'Ull est élevée de fagon signifiante dans le coeur des patients
souffrant de congestion insuffisance cardiaque. De récents rapports ont aussi
démontré un accroissement des niveaux de Ull dans le plasma chez les patients
ayant une défaillance cardiaque (DC), et, ces niveaux correspondent avec la
sévérité de la maladie. Ce projet était destine a la recherche du role de Ull et
I'UT dans les cas de I'athérosclérose et DC.

De ce fait, Ull expression fut évaluée a la fois dans un modele de DC chez le rat,
ainsi que l'athérosclérose des artéres carotides et aorte chez I'humain. De plus,
le réle pathophysiologique de 'urotensin-ll dans le DC fut le sujet d'une

investigation, avec l'utilisation d'un antagoniste selectif Ull, SB-611812,



Finalement, Les souris, modifiées génétiquement, déficientes en ApoE,
UT ou dans chacun des génes, furent évaluées afin d'étudier le réle de signal
UIVUT dans un modéle d'atherosclerose.

Nous avons découvert que Ull et son récepteur UT étaient tout deux élevés
dans un modele de DC occasionner par une ligature de l'artére coronaire.
L'antagonisme Ul a atténué de fagon signifiante la mortalité, mal fonction
cardiaque et d'hypertrophie. Ceci était associe a une diminution significative de
la fibrose cardiaque. Ensuite, nous avons démontré que Ull et UT étaient élevés
de facon significative dans l'athérosclérose des artéres carotides et aorte chez
'humain. Finalement, nous avons démontré que la suppression du géne UT
chez la souris ayant une déficience pour ApoE, augmente I'athérosclérose de
l'aorte. De plus,ceci était associe avec une augmentation significative lipides du
sang et d'hypertrophie d'organe ainsi que la réduction de la masse corporelle, le
volume du foie et la stéatoses hépatique.

En conclusion, Nous ete les premiers a montre que Uli joue un role
pathophysiologique dans le DC et I'athérosclérose. Ull peut-etre un objectif
intéressant dans le champ pharmaceutique pour le traitement de DC. De plus,
nous fournissons la premiere description de Ull et UT élevés dans
I'athérosclérose chez I' humain. Finalement, nous avons découvert que le fait de
bloquer le signal UIVUT par la disparition du géne UT accroit plutét que diminue [
athérosclérose chez la souris déficient pour ApoE. Alors, on a potentiellement

trouver un autre cle au mechanisme de athérosclérose.
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1.1 Background

1.1.1 Heart failure

Clinical heart failure has various etiologies including ischemic, idiopathic and
valvular cardiomyopathy. However, for purposes of brevity only ischemic
cardiomyopathy will be addressed here. Ischemic cardiomyopathy is the end
result of reduced or absent blood flow to the myocardium. The cause of this
is predominantly atherosclerosis of coronary arteries but can also occur as a
result of coronary vasospasm. With severe prolonged ischemia, myocardial
tissue undergoes cell death by both necrotic and apoptotic mechanisms.

The resulting myocardial infarct undergoes tissue repair processes in
which the infarcted tissue is replaced by fibrotic tissue. Although there is
evidence of adult human cardiac cell proliferation. Betrami etal. 2001 Tp;q
mechanism is obviously not adequate for total wound repair, hence the
rééultant formation of scar tissue following myocardial infarction.

In the early stages following coronary occlusion there is a large degree
of fibrin/fibrinogen deposition which forms a provisional matrix. This is
followed by mature scar formation in which the fibrin is replaced
predominantly by collagen. Pobaczewski etal2006 The matyre scar is constantly
being remodeled by matrix metalloproteases which in some instances of
severe infarction predispose the ventricular wall to aneurysm, 8a©n 1971

Although necessary to prevent ventricular aneurysm and rupture, this
fibrosis can expand beyond the infarct, leading to fibrillar collagen deposition

throughout the viable myocardium. Indeed, several studies have described



this reactive fibrosis as the increase in degree of collagen deposition in
regions remote from infarct scar. Frimm et al. 1996; Sun et al. 1998; Cittadini et al. 2002; See et al.
299 This remote fibrosis is disadvantageous in that it stiffens the heart and
thus decreases ventricular compliance and increases filling pressures. This,
in turn causes diastolic dysfunction which can lead to lung edema and
consequent cardiac dyspnea.

Of late, attention has been focused not only on the degree of collagen
accumulation within and remote from the myocardial infarct, but also on the
type of collagens expressed. Initially following myocardial infarction both
collagen type | and type Ill are increased. However, while high expression of
collagen type | persists, collagen type Il returns to normal levels much
earlier, “eutiens etal. 1995 1ndeed, Bishop et al. (1990) report that in both
ischemic and dilated cardiomyopathy there is an increase in absolute levels
of both type | and Ill collagen, however, there was a significant reduction in
the proportion of type Il collagen.

Collagen type | is more rigid while collagen type lil provides more
elasticity. Thus an increase in collagen type I:lll ratio is associated with a
decrease in myocardial compliance which may lead to diastolic dysfunction.
Mukherjee et al. 1950; Nishikawa et al. 2001 1 4qdition, the increase in fibrosis has been
shown to decrease oxygen diffusion in the myocardium, thus increasing the
hypoxia of an already ischemic tissue, SaPban etal. 1995
The necrosis of functional cardiomyocytes decreases the pumping

capacity of the heart. The heart compensates by at least two different



mechanisms. Firstly, the heart dilates thereby increasing end-diastolic

volume and maintaining stroke volume even in the face of reduced ejection
fraction. This is detrimental to the heart since chamber dilatation increases
chamber radius and thus increases wall stress as described by the Laplace

relationship.

Wall stress =P x R

2Th
P: Intrachamber pressure; R: Chamber radius; Th: Wall thickness

The increased wall stress increases the workload for the heart and
therefore increases oxygen demand. This compensatory mechanism thus
perpetuates cardiac dysfunction in ischemic cardiomyopathy.

The second mechanism that the heart uses to compensate for
reduced functional units following myocardial infarction is cardiac
hypertrophy. %3m0 #8193 That is, individual cardiac myocytes increase
protein content to form more contractile units. Cardiac hypertrophy has been
classified as either eccentric or concentric, in which, sarcomeres are added in
series or in parallel, respectively. 6°ssmanetal- 1975 The former is generally
stimulated by circulatory volume overload while the latter is generally
stimulated by pressure overload. Cardiac hypertrophy is also detrimental to
heart function for several reasons. For example, it decreases myocardial
compliance and thus increases filling pressures. In addition, cardiac

hypertrophy decreases the capillary-to-sarcomere ratio thus reducing oxygen



availability to working myocardium and thus increasing cardiac ischemia.
Tomanek etal. 1986 Although the heart has compensatory methods for maintaining
function in the short term these changes ultimately damage the heart
irreversibly resulting in end-stage heart failure.

Importantly, circulating vasoactive factors such as endothelin -1 are

McMurray et al. 1992 and have been

elevated in heart failure patients,
demonstrated to contribute to cardiac pathology. 'Wa9a etal. 1998 |hqaed the
inhibition of endothelin has shown therapeutic benefit, Monaeta. 199 pjqq
there is an enormous amount of data demonstrating the contribution of
angiotensin-Il (Angll) to cardiac pathology hence the development and
widespread use of ACE inhibitors and Angiotensin receptor blockers.
Another more recently described endothelial derived vasoactive peptide with

potential contribution to cardiac pathology is Urotensin-Il (Ull). Therefore,

studies evaluating the role of Ull in the cardiovascular field are warranted.

1.1.2 Atherosclerosis

Atherosclerdsis, is a vascular disease which involves mostly large conducting
and elastic arteries. Lesion formation is a process which can occur over a
period of decades in humans. Dyslipidemia, is the main contributing factor to
atherosclerotic disease. Indeed, populations with serum total cholesterol less
than 150 mg/dL have a very low incidence of atherosclerotic events even in if

other major risk factors are present. "°°°"s- 199 pyslinidemia is characterized



as either high plasma levels of very-low density and low density lipoproteins
(VLDL and LDL) and/or low plasma levels of high density lipoproteins (HDL).
Prone areas for lesion development include sites of curvature, such as
the aortic arch, as well as arterial branch points such as in the carotid artery.
In addition, coronary arteries including the left anterior descending coronary
artery are commonly afflicted with atherosclerotic lesions. Lesion
development is a dynamic process but for simplicity’s sake it will be
described here in steps. Initially, there may be the development of a
thickened intima, although this is not absolutely necessary for lesion
development. This thickened intima largely occurs where laminar blood flow
is disturbed such as at curvatures and branch points within arteries. S ét@-
1992 This thickened intima is predominantly the result of smooth muscle cell

(SMC) migration and proliferation, hence the importance of proliferative

~ effects of circulating vasoactive factors. These sites of thickened intima are

thought to provide “fertile soil” for lesion development, Scwarz etal. 1995

A prerequisite for lesion formation is the accumulation of extracellular
lipid, which is delivered to the intima via circulating lipoproteins. Following
lipoprotein entry into the intima it is believed to bind to negatively charged
proteoglycans. Gameioetal- 2002 The (g s gvidence that the extracellular matrix
(ECM) produced by proliferating SMCs has more affinity for lipoproteins than
does the ECM produced by quiescent SMCs. Cameio atal. 1993

The presence of intra-intimal lipids is believed to induce the secretion

of chemokines which attract monocytes. " ©ta- 199 jpon entering the



intimal space the lipids are taken up by specific lipoprotein receptors,
including the LDL receptor and the LDL like receptor protein (LRP), as well as
by scavenger receptors. The latter are important for foam cell formation
because they are not down-regulated by lipids. "t #3190 Therefore lipids
are taken up by these scavenger receptors until the monocyte derived
macrophages become lipid filled foam cells. Foams cells accumulate within
the intimal space, and develop into what are described histologically, as fatty
streaks. These fatty streaks have been demonstrated even in fetuses, NaPeli et
21997 however they are not raised and are not symptomatic. Continued
accumulation of intimal lipids ultimately causes foam cell death and release
of intracellular lipids. These lipids coalesce to form small pools of
extracellular lipid. At the same time fibrosis of the overlying intima
commences. This fibro-proliferative response continues until a necrotic fatty
core is covered by a fibrous cap, which is referred to as a fibroatheroma.

These lesions can remain clinically silent as long as they are not large
enough to cause significant stenosis of the coronary artery. However, these
lesions are also prone to vasospasm which can cause acute ischemic
attacks. Eventually, these lesions can become complicated by either
endothelial denudation and/or plaque rupture. The latter leads to thrombo-
embolic episodes which are believed to be the main cause of myocardial
infarction.

Therefore, the process of atherosclerotic lesion development starts

early in life and continues for decades ultimately causing coronary stenosis



with a fixed lesion or coronary occlusion via plaque rupture and subsequent
thrombosis. Alternatively the same pathology is observed in the cranial
vasculature in which ischemia leads to strokes of the brain. Together,
mortality ultimately due to atherosclerotic disease in either the brain or hean

account for the most deaths per annum in North America.
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1.2 Literature review

1.2.1 Urotensin-ll.

Urotensin-Il (Ull) is a small protein with pleiotropic effects; however it is
generally referred to as a vasoactive factor. Originally isolated from a
species of fish known as Gillichthys mirabilis in 1980, Pearson etal. 1980 j paq

since been cloned from frog, mice, rats, pigs, monkeys and man. Oshaeetal.

1986; Conlon et al., 1992; Coulouarn et al., 1998; Coulouarn et al., 1999; & Elshourbagy et al., 2002 It was first

described to be a somatostatin-like peptide based on structural homology

1 Pearson, 1980
H

with somatostatin- and has since been described as a paralogue

of somatostatin, arising from the same ancestral gene. ToStVint, 2006

Ull has been demonstrated to be the most potent vasoconstictor
identified to date. Indeed, being in the range of an order of magnitude more
potent than endothelin-1. Ames &tal- 1999 L \wever, it has also been shown to be
an endothelial dependent vasodilator. ©P5°™ 197 Thjs dual vasoactivity of Ull is
reminiscent of endothelin-1, a well known vasoactive peptide implicated in a
variety of cardiovascular diseases. However unlike endothelin-1 which binds
to at least two different receptors, Ull is specific for only one receptor. S2kurai et
al. 1992; Douglas etal. 2004 Thjs receptor was originally known as the orphan G-
protein coupled receptor GPR-14 or the sensory epithelium neuropeptide-like

receptor, but has now been termed UT, by The International Union of

Pharmacmogy (IUPHAR). Douglas et al. 2000



1.2.2 Physiological Ull expression

Ull was first isolated from the caudal neurosecretory region of the teleost fish
(Table 1) Pearsonetal. 1980 1 frogs, prepro UIl mRNA was shown to be
primarily expressed in the spinal cord, rhombencephalon, and

mesencephalon Coulouarn et al., 1998

. In mice and rats Ull is expressed most
abundantly in the central nervous system (CNS), specifically in the spinal
cord, cerebellum, and medulla oblongata, but also in the rat epididimis and
mouse thymus ©ovouam etal. 199 - pishaurbagy et al.?°? found that mouse
prepro-Ull mRNA was also prominently expressed in the hean, thoracic
aorta, skeletal muscle, kidney, spleen, and testis. In monkeys prepro-Ull
mRNA was found to be expressed in the heart, including both atria and
ventricles, the thoracic aorta, as well as kidney, liver, spleen, skeletal muscle
and of course in the spinal cord E'shouagy etal2002 15 hymans, dot blot"énalysis
showed that Ull mRNA expression was strongest in spinal cord but was also
evident in several other tissues including the kidneys, small intestine, thymus,
pituitary gland, and adrenal gland as well as the stomach, and liver c°ulouam et
al. 198 - Nothacker et al.'"® found that human prepro-Ull mRNA was
expressed at highest levels in human kidney with lower levels in spinal cord
and medulla oblongata. On the other hand, Ull protein was demonstrated
using immunohistochemical techniques in human vascular and endocardial
endothelium as well as the renal epithelium. Maguire et al, 2004; Shenouda et al. 2002
Endothelial cells of human renal capillaries exhibited moderate U-II

immunoreactivity, with little expression in the normal glomeruli, Shencuda etal.2002
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Table 1. Summary of species and organ specific expression of Ull and UT.

Fish & Mouse Rat Monkey Human
frogs
CNS Ull (Pearson et al. Ull (Coulouarn et al., UT (Gartlon et al. Ul {Coulouarn et al., UIl (Coulouarn et al.,
1980, Coulouarn et 1999) 2001) 2002) 1998)
al., 1998) UT (Etsourbagy et UT (Elshourbagy et Nothacker et al. 1999
al., 2002) al. 2002)
H rt Ul {Coulouarn et al., UT (Gartlon et al. Ul (Coulouain et al., UT (Matsushita et al.,
ea 2002) 2001, Gong et af. 2002) 2001)
2004) UT (Elshourbagy et
al. 2002, Ames et al.
1999)
UH (Coulouarn et al., UT (Nothacker et Ul (Coulouarn et al.,
Aorta 2002)

UT (Elsourbagy et
al., 2002)

al.1999)

2002)
UT (Elshourbagy et
al. 2002)

Skeletal Muscle

Ull (Coulouarn et al.,
2002)

Ul {Coulouarn et al.,
2002)

K- d Ul (Coulouarn et al., UT {Song et al. 2006) | UM (Coulouarn et al., Ul {Coulouarn et al.,

idney 2002) 2002) 1998)
Nothacker et al. 1999
Shenouda et al.,2002
UT (Matsushita et al.,
2001)

Uil {Coutouarn et al., Ul (Coulouarn et al.,
Spleen 2002) 2002)
H Ull {Coulouarn et al., Ull (Coulouarn et ai.,
Liver 2002) 1908)
H Ul (Coulouarn et at.,
Testis

2002)

Small intestine

Uil (Coulouarn et al.,
1998)

Stom ach %Iggoulouarn etal,
Adrenal gland l1JSI’I9(8(;oulouarn etal.,
Pancreas UT (Elsourbagy et UT (Ames et al, 1999

al., 2002)
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In the Sprague-Dawley rat kidneys immunoreactive Ull was more intense in
the proximal rather than distal convoluted tubules, with negligible expression
in either glomeruli or arterioles,S°9 ¢t al- 2006

Ull is also found circulating in the plasma suggesting it may have
endocrine effects. In a study investigating the source of circulating UlII,
Charles et al. ® found that there were arteriovenous gradients in Ull levels

across the heart, liver and kidneys in normal anesthetized sheep indicating

these organs as sources of circulating Ull.

1.2.3 Physiological UT expression
UT was discovered to be the cognate receptor for Ull by three separate

9 Nothacker et al., 1999; Mori et al., 1999; Liu et al., 1999. In mice, uUT

groups in late 199
prepro-mRNA was demonstrated to be abundantly expressed in the heart
followed by lesser expression in the thoracic aorta, bladder, and pancreas
Elsourbagy etal., 2002 - Nothacker et al.'®® found that UT is expressed in rat heart,
pulmonary artery and thoracic aorta. While, Gartlon et al. 2°°' found that UT
mRNA was abundantly expressed in the rat brain but highest expression was
in the heart. Using immunohistochemical techniques Gong et al. 2°* showed
that UT was expressed only in cardiomyocytes of the left ventricle, but not in
the right ventricle or atria of normal rats. In the kidney, UT is expressed in
both glomerular arterioles as well as the inner medullary collecting ducts and

ascending thin loops of Henle of the rat S°"9 #tal- 2006
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In the monkey prepro-UT mRNA was most abundantly expressed in
the thoracic aorta, with less but still prominent expression in the ventricles of
the heart and in the spinal cord. Interestingly Ames et al.'®° demonstrated
that UT was most prominently expressed in the heart and pancreas of
humans. Using RT-PCR Ames et al.'®® revealed expression in human
cardiac and aortic tissue, as well as in endothelial cells and smooth muscle
cells from coronary arteries. Although, others still, have found that UT mRNA

was abundantly, yet equally expressed in both human cardiovascular and

Matsushita et al., 2001 I 2005

renal tissues . In support of this Aiyar et a and Disa et
al.?%%® demonstrated UT mRNA expression in the cat kidney and Ul

radioligand binding in the rat kidney, respectively.

1.2.4 Ull Synthesis and Structure

In mice Ull is synthesized from a gene with four exons and three introns that
spans 4799 nucleotides Fishourbagy etal. 2002 - £ this a 371 nucleotide mRNA
transcript is spliced, which in turn encodes a 123 amino acid prepropeptide.
This prepropeptide is ultimately cleaved to form a mature 14 amino acid
peptide in mice. In humans Ull is first synthesized as a 124 amino acid
prepropeptide which is then cleaved at a dibasic site to form an 11 amino
acid mature peptide (Figure 1) Coulovametal. 1998 - Anajysis of the prepropeptide

Chartrel et al., 2004

indicates several mono/polybasic cleavage sites, that would

produce Ull of 11, 16 and/or 19 amino acids long.
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Figure 1. Schematic of mature Ull protein from several species with the

conserved cyclic hexapeptide in black (adapted from Douglas et al. 2004)

Pig U-IA . : Rat U-N
TRENGS in Phasmacoigpes Sogrens
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Therefore perhaps Ul circulates as a peptide of varying lengths, although
there has been no published observation for either the 16 or 19 AA long Ul|
peptide. Analysis of cDNAs for Ull from various species demonstrates large
differences in the amino terminal region of the proprotein, yet all species
have a conserved cyclic hexapeptide at the C-terminus of the gene. The
sequence of this hexapeptide is CFWKYC and is cyclic because of the
disulphide bridge formed between the two cysteine resides. Human
preproUll has a predicted molecular weight of 13.9 KDa, while its mature
form in humans is quite small at 1.3 KDa. Several species express more
than 1 prepro-Ull transcript believed to be the result of alternative splicing,
however mature forms are conserved,Mor &t . 1999; Ohsako et al., 1986

The maturation of human Ull from the prepropeptide is catalyzed by
an as of yet unknown enzyme. However both calcium dependent furin and
aprotonin sensitive trypsin have shown urotensin converting enzyme activity
in cell based and plasma based assays, respectively,fussell etal. 2004

Sugo et al. *°® discovered urotensin related peptide (URP). An 8
amino acid peptide (ACFWKYCV) with the conserved cyclic hexapaptide yet
transcribed from a distinct gene from that of Ull in both humans and rats.
The physiological significance of this Ull-like peptide remains to be
elucidated. URP has comparable binding affinity for UT and also

demonstrates identical in vivo effects as Ull, supporting the fact that it is the

cyclic hexapeptide that is required for Ull biological activity. Also, URP is
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expressed in the same tissues as Ull in rat and human but at lower levels. M"

et al. 2004

1.2.5 UT Synthesis and Structure

UT protein (Figure 2), on the other hand, is synthesized from an intronless
gene with an open reading frame 1158 and 1167 nucleotides long which
produce proteins of 386 and 389 amino acids, in mouse and man,
respectively Flshourbagy etal. 1999 T hag 4 predicted molecular weight of ~42
KDa. However it has several potential glycosylation sites and as such has

been shown to have a molecular weight ~60KDa Beucard etal, 2003

1.2.6 UI/UT signaling

ull isopeptides originating from either mammalian, amphibian, or piscine
species were all equipotent agonists at recombinant UT receptors. Eishourbagy et
2l 2002 This is explained by the fact that biological activity is maintained in all
Ull isopeptides containing the cyclic hexapeptide. " et a- 1988 | tact structure
activity relationships in a calcium mobilization assay using UT traﬁsfected
CHO cells have demonstrated that the side chains of the residues Trp-7, Lys-
8, and Tyr-9 of Ull are most important for receptor binding and activation. ™™
etal. 2002 ||| has been shown to bind the fourth transmembrane domain
including specific interaction with methionine residues at positions 184 and
185, Boucardetal, 2003 1niracellularly, UT is believed to be coupled to the class of

G-proteins known as Gqq. The latter,
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Figure 2 UT Schematic.

Extracellular

y)
Q’@@

Say

EEETE®E

e

R RCECNGY

17



when activated, is known to activate phospholipase C, which in turn catalyzes
the production of diacylglycerol and inositol triphosphate. The former can
activate certain isoforms of PKC, while the latter can induce the release of
intracellular calcium from the endoplasmic reticulum. Indeed, Ull has been
shown to induce an increase in intracellular calcium in UT expressing cells.
Nothacker etal., 1999; Liu etal. 1999 \oreover, UIl induced phosphoinositide hydrolysis
and this effect was inhibited by an inhibitor of phospholipase C (NCDC).
Saetrum-Opgaard etal.2000 |y aqdition, several studies have provided evidence that
Ull induces the activation of ERK 1/2 and protein kinase C (PKC). B
Robaczewska et al. 2003; Tasaki et al.2004; Shi et al., 2005 ; Chen et al.2004 and Watanabe et al.2001

Ull signaling may also be mediated by phospholipase A, dependent
arachidonic‘acid production. Indeed, CHO cells transfected with rat UT were
induced to synthesize arachidonic acid metabolites upon administration of
UI1, Mortetal. 1999 15 addition, both Gray et al.2%*! and Gardiner et al.°* have
demonstrated inhibition of Ull mediated vasodilation with indomethacin, a
non-selective inhibitor of cyclooxygenase enzymes, which catalyzes the
formation of prostaglandins from the precursor arachidonic acid. Also, UlI
mediated contraction of guinea pig ileum was inhibited with the use of
indomethacin.Fome @ 2003 15 54 follow-up study Horie et al.2°®® demonstrated
attenuation of Ull induced contraction of guinea pig ileum with the use of a
phospholipase A, inhibitor.

Ligand/receptor mediated signaling cessation can occur by a variety of

mechanisms including ligand release, receptor desensitization, and/or
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receptor internalization. In fact, there are several established models for
receptor internalization including clathrin-coated pit endocytosis.

Ligand release is likely not the most efficient mechanism for signaling
termination since Ull has been described to have psuedo-irreversible binding
qualities. Indeed, similarly to endothelin-1, Ull was shown to be a pseudo-
irreversible ligand demonstrating significantly longer washout times
compared to other vasoactive compounds including angiotensin, serotonin,
and noradrenalin, Poudias etal. 2000

However, UT receptor internalization has been observed following
ligand binding in COS-7 cells."rou#tal- 2005 Thjg nrocess was shown to be
mediated at least in part by clathrin-coated pit endocytosis, and dependent
on phosphorylation of specific residues in the cytoplasmic tail. Of note is the
fact that the latter study showed that the UT containing endocytic vesicles
contained B-Arrestin-1 and B-Arrestin-2. Giebing et al. 209 demonstrated that
UlI binding to UT receptor induced recruitment of Arrestin-3 to the plasma
membrane but not arrestin-2. Furthermore, internalized receptors were
associated with early endosomal antigen and the transferrin receptor
indicating their localization to early and recycling endosomes. In fact, they
demonstrated that although 70% of UT receptors were internalized after 30
minutes exposure to Ull, these receptors were quantitatively recycled to the
membrane within 60 minutes. However, B-arrestin proteins were not
associated with these UT containing endosomes. In addition, UT

internalization was not hindered in cells lacking expression of either Arrestin
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2 or Arrestin-3, clearly demonstrating their independence from these
molecules for internalization. However, the latter study did not investigate
arrestin-1 and therefore these discrepant findings may be explained by

varying isoforms of arrestin being utilized in different cell types.

1.2.7 Vasoactivity

Ull was initially demonstrated to be a mammalian vasoactive factor in rats
using an aortic bio-assay. Specifically, Ull of fish origin induced endothelium
dependent vasorelaxation and endothelium independent vasoconstriction in

aortic strips Gibson, 1987

. In fact, rat aortic contraction is now commonly utilized
as an assay for Ull activity. Since then numerous studies describing the
varying nature of this vasoactive peptide have been published. The most
studied species, with regard to Ull vasoactivity, is the rat. Gibson %%
originally demonstrated that Ull induced vasorelaxation of the preconstricted
rat aorta at low doses (0.1-0.5nM), while higher doses (1-10nM) induced
vasoconstriction. Of note was that the low dose induced vasorelaxation only
occurred when the endothelium was intact. Indeed, upon denudation, Ul
only induced vasoconstriction of the rat aorta, &% 1987 O note, Ull had a
much stronger effect in the rat thoracic aorta compared to the abdominal
aorta "o"etal- 1988 - A jater study by Gendron et al.>°* demonstrated that
maximal contraction in aortae induced by Ull increases with age in both

Wistar-Kyoto rats as well as spontaneously hypertensive rats. Oddly,

Ishihata et al.?°® demonstrated that efficacy of Ull mediated contraction, with
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or without an intact endothelium, was reduced in aged (25-27 months)
Fischer 344 rats compared to young (2-3 months) rats, indicating strain
variablility.

The Ull induced aortic contraction of the rat aorta was found to be
mediated via the uptake of extracellular calcium and was sensitive to
pretreatment with nitredipine, a dihydropyridine receptor blocker,&Pson etal, 1988
A later study designed to elucidate the mechanism of Ull induced rat aortic
contraction showed that Ull vasoconstriction is mediated by the

Tasaki et al.2004 In

Ca(2+)/calmodulin/Myosin Light chain kinase system.
addition, they also demonstrated that Ull induced aortic contraction was
attenuated by inhibitors of PKC, p38MAPK, and ERK1/2, suggesting a
considerable degree of intracellular signaling crosstalk. This study is

.29°2 which demonstrated

complemented by the findings of Rossowski et a
that Ull induced aortic ring contractions were inhibited with calcium channel
blockers, as well as inhibitors of phospholipase C, PKC, Rho kinase, and
tyrosine kinase. This endothelium independent vasoconstriction indicates
that Ull has contractile effects on vascular smooth muscle cells (SMC).
Indeed, Sauzeau et al. 2®°' demonstrated that Ull induces cultured SMC
contraction and that this is mediated by RhoA and Rho-kinase.

Itoh et al.'%®

also showed that Ull had vasoconstrictive activity in the
carotid artery of the rat, while Maclean et al.?**® found UIl induced
vasoconstriction of rat main pulmonary arteries. The latter study showed that

the maximal vasoconstrictive effect was significantly enhanced in the
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presence of L-NAME (nitro-L-arginine methyl ester), and in vessels from
pulmonary hypertensive rats exposed to chronic hypoxia for 2 weeks.

In the rat coronary vasculature Ull vasoactivity appears to have a
strong endothelial component. For instance, 2 different groups demonstrated
that Ul (0.1nM) elicited a biphasic response of coronary flow, namely an
initial phase of vasoconstriction followed by sustained vasodilatation. & ¢t
al., 2000 & Gray etal., 2001 Thig piphasic vasoactivity is likely explained by
endothelial effects. Indeed when gray et al.?°°" administered L-NAME, an
inhibitor of endothelial nitric oxide synthase, or indomethacin, in addition to
the Ull in the perfusate of the isolated heart, the result was sustained
vasoconstriction lacking the later vasodilation.

.29 who demonstrated

Noteworthy, are the findings of Ishihata et a
that the Ull induced coronary vasodilation in perfused heart was mediated by
both NO and prostaglandins in young fisher 344 rats while it was mediated
primarily by prostaglandins in aged rats. Indeed, hearts from aged rats
released significantly less NO metabolites following Ull administration than
did hearts from young rats.

Remarkably, Bottrill et al.?°® found that Ull induced contraction in
“some” endothelium intact left anterior descending coronary arteries, while
endothelium removal significantly enhanced the vasoconstriction.

In other arteries of the rat Ull appears to have a strong vasodilatory

action. In fact, Zhang et al. 2°°® demonstrated vasodilation of isolated

endothelium intact small renal arteries of the rat. However, denuded vessels
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or vessels preincubated with L-NAME lacked vasoactivity. Therefore Ul
must induce vasodilation at least in part by induction of nitric oxide (NO)
synthesis in the endothelium. Another study demonstrated that Ull induced
calcium independent NO production in the rat aortic adventitia, and that this
was significantly attenuated with a specific inhibitor of inducible nitric oxide
synthase (iNOS). Hneta- 2094 However, this likely has a small physiological
impact since the main action of Ull on the aorta is vasoconstriction.
Importantly, Ull intravenous (IV) bolus injection in vivo induces a
decrease in mean arterial pressure in rats Gison etal. 1986; Gardiner etal., 2001 Hassan et
al.2003  This is characterized as a sustained mesenteric and hindquarter
vasodilation. This vasodilation can be inhibited with indomethacin and L-
NAME, indicating that Ull activates signaling pathways involving both
cyclooxygenase and eNOS enzymes. Gardiner et al., 2004; Abdelrahman et al., 2002 T1 4
effect of IV Ull in rats has also been described as biphasic, with an initial
decrease in MAP followed by a modest increase in blood pressure, Gdner etal.
2004 1n contrast, IV injection in conscious ewes induced a transient increase in
MAP followed by a sustained decrease in pressure, as well as a reflex
tachycardia. Vason €l 2003 Of note UIl mediated hypotensive effects were
significantly more pronounced in spontaneously hypertensive rats than their

normotensive counterparts, &endron etal2005 qqyq)y

in the latter study, the use of
neither L-NAME nor meclofenac, a non-selective inhibitor of cyclooxygenase,
had any effect on Ull mediated hypotension and yet sulfaphenazole and

phalloidin, a CYP2C9 inhibitor and a cytoskeletal fixation agent, respectively
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were able to attenuate the Ull mediated hypotension. Importantly, the latter
study did not indicate whether these substances were tested alone and
therefore effects independent from Ull cannot be ruled out.

The Ull mediated in vivo vasodilation is further supported in a study by
Ovcharenko et al.?°®® who demonstrated that Ull induced a significant
decrease in mean arterial pressure and renal vascular resistance in rats in
vivo. In this study the authors showed that this effect on renal vascular
resistance was significantly more pronounced in rats with congestive heart
failure (CHF) due to aortocaval shunting. Furthermore, while normal rats
showed a small yet insignificant decrease in glomerular filration rate (GFR)
following bolus Ull administration, CHF rats showed a significant increase in
GFR. Unfortunately, whether this increase in GFR was due to afferent
vasodilation or efferent vasoconstriction was not evaluated in this study.

However the most pronounced effect of Ull on the vasculature is in

. %% showed a decrease in mean arterial

Cynomolgus monkeys. Ames et a
pressure at low doses (3pM) but a drastic rise in total peripheral resistance
(TPR) leading to cardiovascular collapse and death at higher doses (300pM).
This cardiovascular collapse was associated with a small decrease in MAP
but a substantial decrease in cardiac contractility (dP/dt), stroke volume and
cardiac output. Also, left ventricular end-diastolic pressure (LVEDP) was
dose dependently increased. The authors attribute this massive increase in

TPR following bolus injection of Ull in the cynomolgus monkey to systemic

vasoconstriction. Indeed the authors also demonstrated extremely potent
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and consistent U-l induced contraction in all isolated arterial vessels of the
cynomolgus monkey, including both elastic and muscular arteries. Of note,
Ull exhibited potency 6-28-fold more than endothelin-1 (ET-1). However, the
Ull induced vasoconstriction was restricted to arteries, as veins showed no
vasoactivity to Ull. The decrease in cardiac function following UlI
administration was believed to be the result of myocardial ischemia from
intense coronary vasoconstriction. Indeed the authors observed ST segment
elevations, indicative of cardiac ischemia, in the electrocardiogram with the
highest dose.

The only other animal model that shows consistent vasoconstriction in
all arterial segments is the cat. 2™ €t 2004 | a0t gl feline isolated arteries
evaluated including the aorta, renal, femoral, and carotid arteries, as well as
both conduit and resistance mesenteric arteries exhibited Ull induced
vasoconstriction. Importantly, Ull did not significantly alter heart rate or
stroke volume; therefore since the pumping capacity of the heart was
unaltered both MAP as well as systemic vascular resistance increased
significantly following bolus 1V injection of Ull. This “true” hypertensive effect
is in contrast to the monkey whom developed arterial vasoconstriction but a
small decrease in MAP due to cardiac failure.

In humans, Stirrat et al.?®! found that Ull exhibited potent vasodilatory
activity on endothelium intact small pulmonary and abdominal arteries. In
contrast, Camarda et al.?®* showed that Ull induces potent, yet low

efficacious vasoconstriction in the human umbilical artery and vein. Similarly,
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in isolated human coronary, mammary, and radial arteries as well as
saphenous and umbilical veins, Ull demonstrated more potent yet less
efficacious vasoconstriction compared to endothelin-1. Magure etal, 2000 1, 5
interesting study by Maguire et al.”° UIl demonstrated potent
vasoconstriction of atherosclerotic epicardial arteries. Of note was the fact
that they revealed that small coronary arteries responded much more to Ull
with a significantly stronger constrictive response than the larger coronary
arteries and therefore may influence blood pressure by constricting
resistance arteries more so than conduit arteries. Although, a major caveat
of the latter studies was the fact that all isolated vessels were denuded of
endothelium, thereby eliminating endothelium mediated vasorelaxation.

A disparity was found when another study failed to demonstrate any
Ull vasoactivity in human small resistance arteries, mammary arteries, nor
veins. Hieretal. 2001 The yarying nature of UIl vasoactivity in human vessels is
underscored by a study which showed that only 38% of mammary arteries
tested and 66% of radial arteries tested were reactive to Ul|. Pavsant etal. 2001

Human in vivo studies, using normal volunteers have shown conflictihg

results as well, with one study showing brachial artery vasoconstriction 80" ¢t

al., 2002 Affolter et al., 2002; and Wilkinson et al.,

, and two other studies showing no effect

2002 " In contrast, two studies have shown that Ull induces vasodilation in the

microcirculation of normal volunteers while it induces vasoconstriction in

Lim et al., 2004

patients with either congestive heart failure or essential
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hypertension Sondermeiieretal. 2005 - gy oh paradoxical vasonconstriction is an

established phenomenon in diseased vessels, Huomer etal. 1986

1.2.8 Mitogenic effects
In addition to its well established vasoactivity Ull has also demonstrated
mitogenic effects in endothelial cells, smooth muscle cells and cell lines, as
well as hypertrophic effects in cardiomyocytes. In endothelial cells, Ull
induced dose dependent proliferation as well as dose dependent anti-
apoptotic effects.S" ¢ @ 2005 The guthors also demonstrated that Ull (10nM)
induced the phosphorylation of mitogen-activated protein kinase p42/44
(MAPKp42/44). Accordingly, the proliferation and anti-apoptotic effects were
shown to be dependent on MAPK p42/44, since pretreatment of cells with the
MEK inhibitor (PD98059, 10uM) prevented thié effect.

Several groups have demonstrated Ull mitogenic activity in smooth
muscle cells (SMCS).Chen et al.,, 2004; Sauzeau et al., 2001; Watanabe et al., 2001; & Tamura et al.,
2093 The mechanism of Ull induced SMC proliferation has not yet been

1.2904 and Watanabe et

completely delineated. For instance, both Chen et a
al.?®" demonstrate Ull induced proliferation is abolished with PKC and MAPK
inhibitors. However, Sauzeau et al.?®*' Showed that Ull induced RhoA and
Rho kinase and that inhibition of the latter two enzymes also inhibited UlI
mediated SMC proliferation. Therefore, once more there is evidence of a

great deal of intracellular cross talk following UT activation. This is further

exemplified by the fact that c-Src tyrosine kinase, calcineurin, and EGF
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receptor inhibitors also attenuated Ull induced SMC proliferation. “"e" et 2004;

& Watanabe etal., 2001 3¢ note, Tamura et al. 2% found that Ul failed to activate
ERK 1/2 in suspended cells, but did so in cells adhered to fibronectin,
suggesting a dependence on integrin signaling in the Ull cascade.

UlI’s widespread mitogenic role is further supported by the findings of
Matsushita et al. ?°*® whom demonstrated a mitogenic role for Ul in a renal
cell line. The latter study also showed that Ull induced proliferation exhibited
PKC, MAPK, and calcium dependency. Furthermore, Ull has also been
shown to induce proliferation of several tumor cell lines of varying origin.
Takahashi et al., 2003

In addition to its hyperplasic activity in several cell types, Ull has
exhibited hypertrophic activity as well. Ull induced cardiomyocyte
hypertrophy has been demonstrated by several groups. “o""s ¢t 2004; Onan etal,
2004; Tzanidis etal. 2003 Thg |atter has been shown in both neonatal rat
cardiomyocytes and in a cardiomyocyte cell line (H9¢c2 cells). Interestingly,
both cell types required up-regulation of the receptor via an adenoviral vector,
in order to demonstrate a hypertrophic response from Ull. Notably, Onan et
al 2°* demonstrated that the hypertrophic effect was dependent on the
MAPKs, ERK1/2 and p38, but also on the phosphorlylation of the EGF
receptor.

The necessity for receptor up-regulation to elicit the hypertrophic

response suggests that in the “normal” physiologic state Ull does not act as a

hypertrophic factor. Perhaps only following up-regulation of the receptor, as
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Tzanidis et al 2 demonstrated in the infarcted rat myocardium, does the
hypertrophic role become apparent.

The mechanism of Ull induced cardiomyocyte hypertrophy may
involve Calcineurin, a phosphatase believed to be integral factor in the
development of cardiac hypertrophy. Indeed, Li et al.?°® demonstrated that
Ull increased calcineurin activity significantly in human right ventricular

trabeculae from failed hearts.

1.2.9 Cardiac effects

In light of the relative abundant expression of UT in the heart of several
species it is not surprising that Ull may have some cardiac effects in the
basal state. In vivo cardiac response to intravenous (IV) bolus Ull includes a
sustained tachycardia in the rat, although this is likely a baroreceptor reflex
response to the decrease in mean arterial pressure (MAP) that occurs with IV
Ull injection in rats. However, a positive inotropic response has been
demonstrated with Ull in both human and rat cardiac preparations. "usse ¢t
2001; Gong etal, 2004. |nqaed, Russell et al. 2%°! demonstrated that Ull exerted a
potent, yet low efficacious inotropic effect on isolated right atrial trabeculae.
Similarly, Gong et al. ?®** also demonstrated increased contractile force in a
rat left ventricular papillary muscle preparation with Ull administration. In a

later study Russell et al. %%

investigated the mechanism of Ull inotropic
activity in cardiac tissue. Specifically, Ull induced an inotropic response in

atrial trabeculae which was associated with phosphorylation of myosin light
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chain regulatory protein (MLC-2), as well as PKC isoforms. Inhibition of PKC
with chelerythrine inhibited the inotropic response but did not affect the MLC-
2 phosphorylation, suggesting that Ull inotropy is mediated via PKC but MLC-
2 phosphorylation is not required.

In contrast, Hassan et al. 2°® found that Ull IV bolus administration to
rats led to a significant decrease in cardiac contractility. In this latter study
the authors observed a decrease in mean arterial pressure but no difference
in heart rate which conflicts with previous reports, GiPsen etal., 1986; Gardiner et al., 2001

Ull is an activator of eNOS production in the vascular endothelium
however, Ull reduced eNOS mRNA expression and activity in rat neonatal
cardiomyocytes, resulting in a reduction in cardiomyocyte NO production. ' !
al- 2002 Oqdly the same group followed up with a study in which adult male rat
hearts were perfused retrogradely with Ull, in a Lagendorff working heart
model, which led to a Ull induced increase in eNOS protein content in the
heart. These discrepant findings may be explained by the difference in
receptor density between neonatal and adult cardiomyocytes. Alternatively,

the difference may be attributable to the model used, i.e. cell culture vs. ex

vivo tissue study.

1.2.10 Central nervous system effects
Intracerebroventricular (ICV) administration of Ull in rats induced some
interesting behavioral and endocrine effects. For instance, ICV

administration of 3-10ug Ull in Sprague-Dawley rats increased rearing and
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grooming in these animals. @™o &4l 2001 1 5 qdition, plasma prolactin and
thyroid stimulating hormone levels were increased following ICV dosing. This
is supported by the findings of Matsumoto et al. 2°°* who showed that ICV
injection of Ull induced anxiogenic or stress related effects.

Injection of Ull into specific brain areas resulted in divergent
cardiovascular effects. ™ #2092 gpacifically, microinjection into brain area
A1 produced depressor response reducing systemic blood pressure (BP) and
decreasing heart rate (HR). Conversely, Ull (10pmol) injection into
paraventricular and arcuate nuclei resulted in a pressor response with
tachycardia. This study is supported by the findings of lin et al. 2°°® who
showed that ICV injection of Ull induced a significant increase in blood
pressure and heart rate in the rat. However, administration of pentolinium, a
ganglionic blocking agent, to the rats prior to Ull injection attenuated the
pressor and tachycardic response indicating that ICV injection of Ull activates
the sympathetic nervous system. Similarly to the mechanism of Ull action in
isolated blood vessels and cultured smooth muscle cells, when rats were
pretreated with either, the MEK inhibibitor, PD 98059, or the Rho kinase
inhibitor Y-27362, prior to ICV administration of Ull, rats exhibited an
attenuated pressor response. However, the tachycardic effect on the heart
was only slightly attenuated with PD 98059 or Y-27362 pretreatment and did
not reach statistical significance suggesting separate mechanisms for UlI

induced pressor and tachycardiac effects following ICV infusion.
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This pressor effect of ICV Ull injection was further evaluated in
spontaneously hypertensive rats. " @ 299 Remarkably, the Ul induced
pressor response was significantly exaggerated in these animals compared
to Wistar-Kyoto rats, while the tachycardic response was comparable
between rat strains.

Similarly in conscious ewes ICV injection led to a significant increase
in MAP, HR, and Cardiac output (CO), and cardiac contractility. "/atson etal. 2003
In this study the authors also observed significant increases in plasma
epinephrine, adrenocorticotropic hormone, as well as glucose following ICV
administration of Ull. In agreement with the notion that ICV injection of UlI
activates the sympathetic nervous system, prior administration of propanolol

to sheep prevented the cardiac responses due to ICV injection of UlI, ocdetal

2005

A study evaluating Ull signaling in choline acetyltransferase-positive
neurons demonstrated that Ull induces an increase in intracellular calcium
(Caq).Fipeanu etal, 2002 The increase in Ca; was due to calcium influx from the
extracellular space. PKC inhibition had no effect, but PKA inhibition
attenuated the rise in Ca; suggesting alternate signaling pathways utilized in
neuronal cells. Another study showed that Ull induces c-FOS, a
transcriptional regulator, in the rat brain following ICV injection suggesting UlI

may have an indirect role in gene induction in the brain, Gamion etal. 2004
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1.2.11 Antagonists

With the increasing reports of elevated levels of Ull in various diseases the
mechanistic pathways are inevitably sought. An important tool for such
research is a potent selective receptor blocker. Various compounds have
been investigated for their capacity to inhibit Ull signaling. Originally,
Somatostatin receptor antagonists were evaluated based on the structural
similarity of Ull and somatostatin, most of these, however, had only moderate
affinity for human and rat UT. Rossowskietal. 2002 popm ot al, 2902 fyrther
characterized a somatostatin antagonist, SB-710411. This compound
inhibited U-1l induced vasoconstriction in a competitive and surmountable
manner in a rat aortic bioassay. However SB-710411 also potentiated ET-1
mediated vasoconstriction, a characteristic common to somatostatin receptor
antagonists, and therefore was not suitable for study as a Ull antagonist.
Furthermore, in a later study, Behm et al.?°** showed that SB-710411 had
potent agonist effects in monkeys inducing strong vasoconstriction while it
maintained relatively potent antagonistic activity in rat aortic bioassay. Thus,
concluding it is a species dependent effector.

Next, [Orn(8)]U-Il was developed by replacing the Lysine residue at
position 8 of Ull with an ornithine residue, “@madaetal. 2002 Thjs compound
acted as competitive and selective antagonist in the rat aortic bioassay
however it was a full agonist in HEK293 cells expressing recombinant human
and rat UT. The divergent effects of this compound in the two assays were

ascribed to differences in receptor density.
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The Neuromedin B receptor antagonist BIM-23127, was then assayed
for its capacity for UT antagonism because of its structural similarity to the
somatostatin antagonist SB-710411.7er0ld¢tal2003 B1n1.53127 exhibited potent
and competitive antagonistic activity in both UT expressing cell lines (calcium
mobilization assays) and in the rat aortic bioassay. In addition, Johns et
al.*®®* demonstrated that Ull induced cardiomyocyte hypertrophy was
significantly attenuated with the use of this compound. However based on
the fact that it was a somatostatin antagonist it could not be used specifically
for UT antagonism studies. Although, it may be exploited as a lead
compound for the development of more specific UT antagonists.

Urantide was next to be evaluated and it was found to be a very potent
and highly selective antagonist in a rat aortic bioassay and therefore may be
suitable for the study of Ull mechanistic pathways. Patecchini etal. 2003 q\yeyer,
a later study by Camarda et al. ?°* found while urantide acted as a specific
antagonist in the rat aortic bioassay; it showed potent agonistic effects in a
calcium mobilaization assay using CHO cells expressing recombinant UT.
The authors attribute the divergent effects to the degree of receptor density
with the high receptor number in the cell assay exaggerating the effect of
urantide. Another caveat is that urantide is a peptidic compound and as such
is not suitable for in vivo studies in which it is absorbed via the
gastrointestinal tract due to its susceptibility to degradation by endogenous

peptidases.
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The first non-peptidic antagonist developed specifically for Ul
antagonism was ACT-058362; 1-[2-(4-benzyl-4-hydroxy-piperidin-1-yl)-ethyl]-
3-(2-methyl-quinolin-4-yl)-urea sulfate salt), also referred to as Palosuran.
This compound antagonizes binding of (125)I-labeled U-l on cells
endogenously expressing human UT and cells carrying the recombinant
human UT receptor with a high affinity in the low nanomolar range. Of note is
the fact that Palosuran has 10 fold less affinity for rat recombinant UT
receptors compared to human UT receptors. ACT-058362 inhibits U-II-
induced calcium mobilization and mitogen-activated protein kinase
phosphorylation. This compound proved efficacious in a kidney ischemia
reperfusion model which demonstrated attenuated ischemia induced acute
renal failure and decreased histologically apparent kidney lesions with
pretreatment of ACT-058362.C10z! et al. 2004

The next non-peptidic antagonist to be characterized was SB-
706375.Povdas etal 2005 Thig compound potently inhibited [(221]hU-1I binding to
cells expressing rodent, feline and monkey recombinant UT receptors and
SJRH30 cells expressing 'native’ UT receptors. SB-706375 was a potent,
competitive U-1l antagonist in rat isolated aorta (inhibition of contraction). It
also demonstrated 100-fold selectivity for the human UT receptor compared
to 86 distinct receptors, ion channels, enzymes, transporters and nuclear
hormones. In addition, vasoconstriction induced in isolated aortae by KClI,
phenylephrine, angiotensin Il and endothelin-1 were unaffected by SB-

706375. Therefore, SB-706375 is a high-affinity, selective, reversible
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antagonist that may be utilized in animal models to delineate

pathophysiological roles for UII.

1.3 Urotensin-ll in disease

1.3.1 Heart failure

Although Ull is most prominently expressed in the CNS of most species in
the non-diseased state, its expression is up-regulated substantially in the
heart in the presence of cardiac disease. This increased expression of Ul
and UT in the heart due to heart failure was originally evaluated in humans by
Douglas et al.”°* Ull immunoreactivity was found to be significantly elevated
in patients with end-stage CHF due to either dilated or ischemic
cardiomyopathy. Importantly, this study showed that Ull levels were
significantly correlated with left ventricular end-diastolic dimension and
inversely correlated with ejection fraction. In addition, to the significantly
elevated Ull protein expression, they also found that Ull binding sites, a
surrogate marker to UT levels, was significantly increased in end stage CHF
tissue independent of the etiology of cardiac disease.

This landmark study was followed up with studies using animal models
of heart failure. Tzanidis et al. 2°®° used a rat heart failure model in which
ligation of the left anterior coronary artery induced elevated expression of
both Ull and UT in the heart. This study showed that Ull peptide and UT
mMRNA were increased in both infarcted and non-infarcted portions of the LV.

Notably, these authors also demonstrated that Ull had a hypertrophic effect
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on cardiomyocytes, although the hypentrophic effect could only be
established after adenovirus mediated up-regulation of the receptor in
cultured neonatal cardiomyocytes. The latter finding underscores the low
expression levels of UT in the non-diseased state. In addition to
demonstrating the hypertrophic effect Tzanidis et al. also showed that Ull
acted as a fibrotic factor, inducing the synthesis of pro-collagens type | and IlI
as well as fibronectin mRNA in cardiac fibroblasts. Interestingly He et al. 2°*
also demonstrated Ull induced collagen type | mRNA synthesis in fibroblasts,
while Wang et al. 2°** demonstrated similar effects in an endothelial cell
culture.

Similarly to Tzanidis et al. 2*® a study by Johns et al. 2°%
demonstrated in an identical model that both Ull and UT mRNA was
significantly elevated following coronary ligation. The latter group also
showed that Ull induced the production of IL-6, an inflammatory cytokine in
cultured cardiomyocytes, indicating Ull may have pro inflammatory effects in
heart failure. In addition, this study also demonstrated Ull mediated
cardiomyocyte hypertrophy following adenovirus mediated up-regulation of
UT in H9c2 bardiomyocytes.

In a model of hypoxia induced pulmonary hypertension, Zhang et
al.?%? found that Ul was significantly elevated by 97% in the right ventricle
and by 33% in the left ventricle. In addition, radioligand binding studies
showed that UT expression was also increased significantly in both the right

and left ventricle following 4 weeks of hypoxia.
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The increased expression of Ull and UT in failing hearts is further
supported by several studies demonstrating increased plasma levels of Ull in

adult human heart failure.Ng et al., 2002; Richards et al., 2002; Russell et al., 2003; Lapp et al., 2004;

Gruson etal. 2005 55 well as in children with congenital heart disease, Smpson etal

2005

Ull is believed to be secreted prominently by the heart because of the
plasma gradient in Ull levels between the pulmonary artery and aortic root
described by Russell et al. 2°%, although the lungs cannot be excluded as the
source of increased UIL.

Lapp et al.?°® demonstrated significantly increased Ull plasma levels
in patients with ischemic cardiomyopathy and these levels correlated
significantly with LVEDP, brain natriuretic peptide (BNP) levels, and New
York heart association (NYHA) functional class and tended to correlate
inversely with ejection fraction. Similarly, Gruson et al.?°®® demonstrated that
the Ull levels in CHF patients correlated negatively with ejection fraction and
positively with neurohormonal factors including endothelin-1 and BNP.

Conversely, both Dschietzig et al?®? and Kruger et al. 2°® found no
difference in Ull plasma and tissue levels in patients with CHF compared to
normal controls. The reason for this discrepancy is unknown. Conceivably,
these differences may be attributed to different assays or patient populations
used.

The functional significance of elevated Ull levels in heart failure is

presently unknown and may simply represent an indirect effect. However,
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the demonstration that patients with CHF exhibit microcirculatory
vasoconstriction, while normal volunteers reveal vasodilation following Ul
administration, suggests that increased Ull plasma levels may contribute to
vascular tone, especially in the diseased state.t'™ et 2004

The profibrotic effect observed by Tzanidis et al. 2°® has been further
supported by Kompa et al. 2004, who showed that chronic infusion of Ull in
the rat for 2 weeks led to a 40% increase in left ventricular end-diastolic
pressure (LVEDP) which is indicative of increased myocardial stiffness.
Indeed they went on to show that the 40% increase in LVEDP was
associated with a significant increase in fibrosis as determined by an
increased collagen type Ll ratio. Ull has also shown fibrotic effects in an
endothelial cell culture, inducing collagen Type | expression as well as

inhibiting matrix metalloproteinase (MMP)-1 activity.Va"s 82004 Thig fibrotic

effect was also shown to be ERK 1/2 dependent.
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1.3.2 Systemic and Pulmonary Hypertension

Although Ull induced vasoactivity in humans may be variable at best, its
potent nature has prompted some research in hypertensive patients. Ull was
significantly elevated in hypertensive patients compared to normotensive
controls, and the increase in Ull plasma levels in these patients were

Cheung et al. 2004 In addition
. ?

correlated with systolic blood pressure and age
Rdzanek et al.?*® found that Ull plasma levels were significantly elevated in
post Ml survivors with hypertension compared to post Ml survivors without
hypertension following exercise stress. Another study which evaluated Ull
levels in the cerebrospinal fluid demonstrated that Ull levels positively
correlated with MAP in a cohort of patients undergoing surgery for non-
cardiovascular causes, °mPson etal. 2003 Thg aggaciation of increased plasma
levels of Ull in hypertension seems to be widespread. Indeed, Balat et al.
2005 found significantly increased Ull plasma levels in patients with
preeclampsia, a condition in which pregnant females present with new onset
systemic hypertension. Another study which also compared Ull plasma
levels between preeclamptic and normotensive pregnant women found no
difference in plasma samples. " #ta- 2005 Tha inconsistency between the
findings of Balat et al. > who showed significantly elevated Ull plasma

levels in preeclamptic patients vs. the findings of Cowley et al. 20%

may be
due to the effect of sample size. Indeed Balat et al. recruited 60 patients

while Cowley et al. only evaluated 20 patients.
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The Ull plasma level difference observed in hypertensive vs. normal
controls was found to potentially have a pathophysiological relevance in a
study which showed that patients with idiopathic hypertension exhibited
vasoconstriction, while a normal control cohort exhibited vasodilation,
following Ul injection into the microcirculation, Sendemeier etal, 2005

Qi et al.?®® demonstrated in a model of pulmonary hypertension
induced by aorto-caval shunting that Ull up-regulation was associated with
muscularization of the pulmonary arteries. Another study evaluating the
effects in pulmonary arterial SMCs showed that Ull induced the expression of
NADPH oxidase. Diordievic etal. 2004 g aifically Ul induced the protein
expression of subunits p22phox and NOX4 and increased the levels of
reactive oxygen species in pulmonary arterial SMCs. This was associated
with an increase in the phosphorylated forms of ERK1/2, p38MAPK, JNK,

and Akt, again demonstrating a considerable degree of intracellular signaling

cross-talk.

1.3.3 Atherosclerosis

Atherosclerosis, the primary cause of ischemic cardiomyopathy and
ultimately the major contributing factor to death in the Western world today is
obviously an enormous burden on society and as such is the focus of a
considerable amount of research. In light of the vasoactive properties of Ull,
its role in atherosclerosis has been investigated. Hassan et al.?%%®

demonstrated that Ull protein and mRNA levels were significantly increased
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in arteries of patients with coronary atherosclerosis compared to normal
coronary arteries. Greatest expression of U-ll was observed in endothelial
cells of lesions, especially inflammatory lesions or those with a fibrofatty core.
Myointimal cells, smooth muscle cells and foam cells also expressed U-II.
Thus, these findings suggested a potential role for U-Il in the pathogenesis of
coronary atherosclerosis.

Furthermore, Maguire et al.?®** found prominent Ull immunoreactivity
in atherosclerotic plaques of coronary arteries as well as in the thickened
intima of failed saphenous vein grafts of explanted human hearts. Notably,
CD68+ macrophages showed a similar distribution pattern in adjacent
sections suggesting a macrophage origin of Ull in atherosclerotic lesions. In
addition to increased Ull levels in atherosclerotic lesions, increased Ull levels
in plasma of patients with atherosclerotic disease has also been
demonstrated, Heringlake etal. 2004, Lapp etal. 2004 g o ifically, Heringlake et al. 2%
found that patients with documented coronary artery disease (CAD) had
significantly elevated Ull plasma levels compared to normal volunteers, and
that the levels increased with severity of CAD. In addition, they also
demonstrated that Ull plasma levels correlated significantly with pulmonary
capillary wedge pressure (PCWP), a surrogate marker for left ventricular
filling pressures, and inversely with left ventricular ejection fraction. The
demonstration of increased Ull levels in patients with atherosclerotic disease

| 2006

is in sharp contrast to the findings of Joyal et a who showed that in

patients with acute coronary events, Ull levels were significantly lower
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compared to patients with stable coronary artery disease and normal
controls. Furthermore, Ull levels correlated inversely with systemic arterial
pressure in these patients. This latter report is supported by a study which
evaluated fatal and non-fatal cardiovascular events in a cohort of patients
with end-stage renal disease.?°°@ €2 2006 The cohort exhibited double the
plasma levels of Ull compared to normal volunteers. However, the patients
within this cohort who experienced cardiovascular events had significantly
reduced Ull plasma levels compared to the patients who did not have any
cardiovascular events. Although this issue of decreased levels in the face of
acute events is as of yet unresolved, one could speculate that there is a
sudden increase in receptor expression and therefore a sequestration of Ull
from plasma, especially since Ull is a pseudo-irreversible ligand. However
further studies are warranted.

UT mRNA was shown to be significantly up-regulated in the aortae of
ApoE KO mice, an established animal model for the study of atherosclerosis.
Wang etal. 2005 This was complemented by the demonstration of significantly
increased Ul radioligand binding in these same aortae. Therefore, Ull and
UT are increased in atherosclerotic vessels of both mice and humans.

Intimal thickening is one earliest stages of the atherosclerotic process.
Indeed, it is these sites of increased intimal thickening that have the greatest
predilection for atherosclerotic plaque formation. Intima-media thickness has
been shown to correlate with unfavourable levels of established

cardiovascular risk factors. Salonenetal- 1991 Aq gich, smooth muscle cell
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proliferation is integral to the patho-physiology of atherosclerosis. SMCs
migrate into the intima and proliferate producing the thickened neointima, an
early characteristic of atherosclerotic lesions. As mentioned before, Ull has

shown proliferative effects in cultured vascular smooth muscle cells. ©"" eta-

2004; Sauzeau et al., 2001; & Watanabe et al., 2001 I 2001

In addition, Watanabe et a
demonstrated a synergistic effect of Ull on proliferation of SMCs when
administered with either serotonin or oxidized LDL. In support of the latter
study lysophosphatidylcholine, an oxidized phospholipid, also synergistically
enhanced Ull mediated SMC proliferation, VVaianabe etal. 2002 Thig hag potentially
serious pathological implications since oxidized lipids are a major contributor
to atherosclerotic lesion formation. This synergistic activity may explain the
observed associations between Ull plasma levels and clinical atherosclerotic
disease.

The mitogenic role of Ull in SMCs is supported by a study which
showed significantly increased Ull expression in the neointima of a rat carotid
artery restenosis, fawkowski etal. 2005 g sifically, balloon mediated injury in the
carotid artery of the rat led to a substantial increase in intima:media thickness
ratio and this was associated with significantly increased Ull expression.
Treatment of rats subjected to angioplasty with a Ull antagonist, SB-611812,
led to significantly reduced neointimal formation as evidenced by reduced
intima:media ratio compared to rats receiving placebo. Thus Ull may actively
participate in atherosclerosis progression by inducing the proliferation of

vascular smooth muscle cells.
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Macrophages are also important contributors in the pathophysiology of
atherosclerosis. In fact they are present in the earliest form of atherosclerotic
lesions termed fatty streaks. Macrophages take up low density lipoprotein
(LDL) and oxidized LDL via scavenger receptors and ultimately become foam
cells. These foam cells accumulate initially forming fatty streaks but with time
contribute to the formation of the necrotic fibrofatty core of large
atherosclerotic lesions. Ull has been shown to promote the formation of
foam cells. Specifically monocyte derived macrophages demonstrated
significantly increased Acyl CoA: Cholesterol Acyl Transferase (ACAT)
activity and expression following incubation with 25nM UIl. This effect was
completely inhibited by urantide, a selective UT receptor antagonist; rottlerin,
a PKC inhibitor; PD98059 a MEK inhibitor; Y27632, a Rho kinase (ROCK)
inhibitor; PP2, a c-Src protein tyrosine kinase inhibitor; and GDP-beta-S, a G-
protein inactivator. This demonstrates that there is substantial degree of
intracellular signaling crosstalk in the monocyte/macrophage population as
well. The latter study also showed that this increase in ACAT activity and
expression was associated with a significant increase in acetylated LDL
induced cholesterol uptake.

The liver is integral to serum lipid homeostasis and as such potentially
affects the development of atherosclerotic disease. This is especially
interesting in light of the finding that Ull induces triglyceride lipase activity and
lipid mobilization from the coho salmon liverSheridan eta., 1986 tq\ayer whether

this effect is extrapolated to humans is as of yet still unknown.
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Circulating lipoproteins are known to cross the endothelium and enter
the intima often binding reversibly to negatively charged proteoglycans of the
extracellular matrix. Thus any factor that increases endothelial permeability
presumably may increase lipid entry into the intima and therefore increase
susceptibility to intravascular lesion formation. Ull has been shown to
increase plasma extravasation in rat aortag, 84N et 2004 Thg |atter study is
supported by the findings of Vergura et al.?°®* who demonstrated increased
plasma extravasation in several tissues in mice following 1V injection of
10pM-10nM UII. Ull induced plasma extravasation was significantly

attenuated in this study with pre-injection of [Orn(8)]U-Il, a UT antagonist.

1.4 Rationale
Ull, a small protein with vasoactive proberties was first isolated from the
caudal neurosecretory region of the teleost fish. In most species Ull is most
predominant in the central nervous system, while UT is predominant in heart
and kidneys. UT is a seven transmembrane spanning G-protein coupled
receptor which associates with the Ggq protein. Ull binds UT in a pseudo-
irreversible manner and elicits activation of a broad spectrum of intracellular
signaling molecules including PKC and ERK 1/2.

Ull is a vasoactive factor inducing vasoconstriction of some arteries
such as the rat aorta, while inducing endothelial mediated vasodilation of
other vessels. Ull induces proliferation of endothelial cells, and smooth

muscle cells, as well as hypertrophy of cardiac myocytes. Furthermore, UlI
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elicits inotropic responses in ex vivo heart preparations. IV injection of Ull
results in a decrease in mean arterial blood pressure with reflexive
tachycardia in the rat while it causes cardiovascular collapse in monkeys. On
the other hand, intracerebral injection of Ull causes a pressor response and
tachycardia in both rats and sheep. Physiological functions of Ull are
summarized in table below.

Ull expression is increased in failing human hearts as well as in
plasma of patients with heart failure and hypertension. Similarly, Ull is
increased in plasma of patients with documented coronary atherosclerosis.
Ull and UT are up-regulated in atherosclerotic arteries of humans, in arteries
of rats with balloon angioplasty mediated arterial injury, and in aortae of
hypercholesterolemic mice. Also Ull induces SMC proliferation alone and in
a synergistic fashion with oxidized LDL, a major contributor to
atherosclerosis. In addition, Ull promotes foam cell formation and finally
increases vessel wall permeability potentially increasing lipid accumulation in
the intimal space. Thus Ull is widely expressed in cardiovascular disease

and therefore may have a pathophysiological role.
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Table 2. Physiological effects of Ull in various organs.

Organ

Physiological effects

Heart

N~

Cardiac inotropic effects.
Cardiomyocyte hypertrophy.
Cardiac fibroblast mediated
collagen and fibronectin
synthesis.

4. Coronary vasoactivity.

Vasculature

—

no

. Endothelial cell dependent

vasodilator.

Endothelial cell independent
vasoconstrictor.

Smooth muscle cell mitogen.
Endothelial cell mitogen.
Foam cell inducer.

Plasma extravasation.

Kidneys

e R w

May increase or decrease GFR.

Liver

—

. Induces Depot Lipase activity

thereby channeling glucose into
free fatty acid synthesis.”

CNS

—

. Anxiogenic effects.

Induces the release of
Epinephrine, ACTH, Glucose, &
prolcatin.

* Only demonstrated in Coho salmon.
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1.5 Hypothesis and Aims

=
Elevated levels of Ull in cardiovascular diseases is well documented.
However, the role Ull plays in these diseases is presently unknown.
Moreover, are the elevated levels a cause or effect of cardiovascular
pathologies? Therefore, the objectives of the following study were to
evaluate the degree of Ull expression in atherosclerosis and ischemic
cardiomyopathy. Furthermore we aimed to evaluate the mechanistic role of
Ull in the latter diseases with both pharmacological and genetic approaches.
Specifically, the aims of the present study were as follows:

(1) To evaluate Ull and UT expression in a rat model of congestive
heart failure and to elucidate a mechanistic role for this system
using a selective Ull receptor antagonist.

S

(2) To assess the degree of Ull and UT expression in human carotid
and aortic atherosclerosis.

(3) To evaluate the role of UII/UT signaling via UT gene deletion in a
well established model of atherosclerosis using ApoE knockout
mice.

TN

49



N

Chapter I
Urotensin-II receptor blockade with the non-peptide antagonist SB-611812

improves cardiac function and remodeling in experimental heart failure
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2.1 Preface

This chapter presents our findings of Ull and UT expression in a rat model of
heart failure. We also demonstrate the effects of Ull antagonism with SB-
611812, on cardiac function and remodeling. SB-611812, a non-peptidic Ull
receptor antagonist, is a parent compound of the SB-706375 described in the
literature review. This is the first in vivo study published demonstrating the
efficacy of UT blockade in an experimental model of CHF using a selective
non-peptidic UT receptor antagonist. The results presented here demonstrate
a beneficial effect with the use of this compound and hence proposes Ull as
a possible target for cardiovascular therapy. The work presented in this
chapter resulted in two manuscripts published in the Journal of Molecular and
Cellular Cardiology and Peptides. The following text is taken from the two

published manuscripts.
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2.2 Abstract

Background: Expression of urotensin Il (Ull) is significantly elevated in the
hearts of patients with congestive heart failure (CHF). Recent reports have
also shown increased plasma levels of Ull in patients with CHF, and these
levels correlated with the severity of disease. We therefore hypothesized that
blockade of Ull signaling would improve cardiac function and remodeling.
Methods and results: CHF was induced in rats by ligating the left coronary
artery. Animals were then administered a specific UT receptor antagonist,
SB-611812, or vehicle for 8 weeks (30mg/kg/day, UID by gavage). We
measured cardiac function and evaluated the levels of mRNA expression for
mediators of CHF. In addition, we evaluated Ull, UT, collagen type | and type
Il levels using Western blotting. Cardiomyocyte hypertrophy was evaluated
by measuring cardiomyocyte cross-sectional area. Cardiac fibrosis was
analyzed histologically using Masson’s Trichrome stain while collagen
deposition was analyzed with Picrosirius red staining. Finally, cardiac
fibroblast proliferation was evaluated. Animals with CHF showed increased
Ull and UT expression as evidenced by immunohistochemistry and Western
blotting. Treatment with SB-611812 significantly reduced overall mortality,
left ventricular end-diastolic pressure by 72%, lung edema by 71%, right
ventricular systolic pressure by 92%, central venous pressure by 59%, and
cardiomyocyte hypertrophy by 54% (P<0.05). SB-611812 also significantly
reduced collagen type [:lll ratio (P<0.01) compared to the vehicle group.

Treatment also led to a significant reduction in fibrosis in the viable left
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ventricle and collagen deposition in the viable endocardium. 1nM Ull induced
proliferation of cardiac fibroblasts and this mitogenic effect was significantly
inhibited with 1uM of SB-611812 (P<0.05).

Conclusion: Blockade of the Ull receptor reduced mortality, improved
cardiac function and cardiac remodeling associated with this model of
myocardial infarction and CHF, suggesting an important role for Ull in the

pathogenesis of these diseased conditions.
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2.3 Introduction

Urotensin-Il (Ull) a relatively novel peptide, originally isolated from fish spinal
cords, has prompted some substantial interest in the field of cardiovascular
medicine. Ull is an 11 amino acid peptide in humans and has an
intramolecular ring structure connected by two cysteine residues.ceicvam etal.
1998 The cyclic portion is essential for Ull activity. Ky etal 2002 Accordingly, it
is conserved throughout all species. Ceulouam etal. 1998 & Coulouam et al. 1999 1| pindg
to a 389 amino acid G-protein coupled receptor termed UT. Ames etal- 199 g
G-protein associated with the UT receptor is of the Gq class, which is the
same class of G-proteins that bind to angiotensin, endothelin and a-
adrenoceptors. Ull induced both endothelium-independent vasoconstriction
and endothelium-dependent vasorelaxation, the order and magnitude of
which was dependent on the species tested and anatomical location. P°u9/2s et
al., 2000; Camarda et al., 2002; Bohm et al., 2002 Ull induced vasoconstriction of the
coronary vasculature in a variety of animals including rat, dog, monkey as
well as in man, Ames et al. 1999; Bottril et al, 2000; Douglas etal., 2000 Notably Bottrill et
al,?®® demonstrated that Ul induced vasoconstriction of the rat coronary
vasculature was enhanced with removal of the endothelium which is
especially interesting in light of the endothelial dysfunction that commonly
accompanies CHF. This is supported by the findings of Lim et al,?°** who
demonstrated that Ull induced vasodilation in the microvasculature of normal

subjects while it induced vasoconstriction in the microvasculature of patients

with CHF. Ull also exerted inotropic effects on the isolated human atrial
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Russell et al., 2001 Sauzeau et al.,

trabeculea, mitogenic effects on smooth muscle cells,

2001 & Watanabe etal, 2001 and induced collagen and fibronectin synthesis by
cardiac fibroblasts. T2 €tal. 2003 The |atter study also showed that Ul
induced hypertrophy of rat neonatal cardiomyocytes, as does both

endothelin-1 (ET-1) and angiotensin-Il (Ang-1l). Sadoshima etal., 1993 & Bogoyevitch et al.

1994 Bolus injection of Ull into cynomolgus monkeys resulted in the

development of cardiovascular collapse. A™es ¢l 1999
The heart is one of the tissues with the highest degree of UT

expression, further supporting its role in cardiovascular physiology. Ames ¢t -

1999 Indeed, UT mRNA was found in both atrial and ventricular tissue. ['2°l]
U-II binding sites were noted in human left ventricle using quantitative

Maguire et al., 2000

receptor autoradiography, and mRNA transcripts for the

receptor were also shown in the heart using in situ hybridization. 1 & 8l 1999
We have previously demonstrated increased _myocardial expression of Ull in
CHF patients, and this increase was significantly correlated with the increase
in left ventricular end-diastolic dimension (LVEDD). Povdias etal, 2002
findings were followed by several reports of increased plasma levels of Ull in
CHF, Richaras etal, 2002 & Ngetal. 2002 3 note, is the finding of increased plasma
levels of Ull which correlated with left ventricular end-diastolic pressure. 2P ¢
al., 2004

Recently, Johns et al, 2°** demonstrated in a model of CHF in the rat,

that cardiac ventricular mRNA expression of U-Il and UT receptor were

increased, and that this increase was associated with increased expression
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of the cytokines interleukin-1 (IL-1) and IL-6 in a time dependent manner. In
addition this study demonstrated that a competitive peptidic UT receptor
antagonist, BIM-23127, inhibited U-ll-induced hypertrophy in H9¢c2
cardiomyocytes.

Fibrosis, a fundamental characteristic of cardiac remodeling following
infarction, increases myocardial stiffness in large part by interstitial collagen
deposition. Ull, has been previously shown to have a pro-fibrotic effects. For
example, Tzanidis et al. ?°® demonstrated that Ull induced collagen type I,
collagen type lll, and fibronectin mRNA expression in rat neonatal cardiac
fibroblasts. Furthermore, Wang et al. ?°* demonstrated that Ull induced
collagen type | mMRNA and protein while decreasing expression and activity of
matrix metalloproteinase-1 (MMP-1) in endothelial cells.

Based on the cardiovascular actions of Ull and our own findings in
CHF patients, we hypothesized that Ull is up-regulated in an experimental
CHF model of myocardial infarction, and that UT receptor antagonism may
lead to improvement in cardiac function and structure. Thus, a non-peptidic
selective UT antagonist SB-611812, that has been shown to effectively to
block the vasoconstrictive effects of U-Il in renal arteries, was administered to
rats prior and after coronary artery ligation; and evaluated for its effects on

mortality, infarct size, hemodynamics, and gene/ protein expression.
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2.4 Methods

2.4.1 Details of SB-611812

SB-611812, an arylsulfonamide UT antagonist (2,6-dichloro-N-(4-chloro-3-
{[2-(dimethylamino)ethyl]loxy}phenyl)-4-(trifluoromethyl)benzenesulfonamide),
was synthesized at GlaxoSmithKline, King of Prussia, PA. Dhanaketal. 2001 gp_
611812, potently binds the rat recombinant UT receptor (Ki 121nM) and
antagonizes Ull in both isolated vascular tissue (rat aortic contraction) and
cell based (inhibition of [Ca2+]-mobilization in rat UT-HEK293 cells) assays
(pA2s of 6.59 and 6.60, respectively). SB-611812 has approximately 100%
bioavailability, and has a 4-5h half life in the rat by oral gavage. Specificity of
SB-611812 was demonstrated by the fact that pretreatment of the rat isolated
aorta with 10 uM SB-611812 (which is 40-fold higher concentration than the
pA, of this compound in the aortic vasoactivity bioassay) did not inhibit the
contraction induced by KCI, Phenylephrine, Endothelin-l, or Angiotensin-II. In
a separate study, we found that 1nM exogenous Ull induced a significant
increase in renal vascular resistance which was 90% inhibited with the dose
utilized in the present study (30mg/kg/day) (data not shown). Dosing
experiments in healthy animals showed no acute or chronic effects for the

drug on hemodynamics or cardiac function.
2.4.2 Surgical methodology
Throughout the study male Lewis rats weighing ~250 grams obtained from

Charles River laboratories were used. Animals were initially divided into a
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sham group (n=9) and a myocardial infarction (MI) group. The MI group was
further subdivided randomly into 5 groups including: MI only group (n=22),
an MI + treatment group (Day 0) in which treatment was administered by
gavage (30 mg/kg/day; once a day) 30 minutes prior to surgery (n=22); Mi +
vehicle group (day 0) in which the drug vehicle (0.1% methylcellulose) was
administered by gavage 30 minutes prior to surgery (n=28); Ml + treatment
group (Day 10) in which treatment was administered by gavage 10 days after
surgery (n=12); Ml + vehicle group (Day 10) in which the drug vehicle (0.1%
methylcellulose) was administered by gavage 10 days after surgery (n=15).
Animals were administered either SB-611812, or vehicle once a day for the
duration (8 weeks) of the study period.

All animals receiving a coronary ligation underwent a left thoracotomy
followed by dissection of the pericardial sac and exposure of the left anterior
ventricular free wall. The left anterior descending coronary artery (LAD) was
then visualized and a suture was placed in the myocardium surrounding the
LAD and the suture was ligated. Pallor of the anterior free wall was verified
before wound closure.

The sham group underwent the same procedure except the suture
was not ligated but was cut at both ends at the epicardial border. Following
surgical intervention rats were allowed to recover for 8 weeks before
sacrifice.

Just prior to sacrifice, animals were subjected to measurements of

hemodynamics and cardiac functions. Experiments were performed in
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accordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication 86 to 23, revised 1996), and with
approval of the Animal Care Committee of the McGill University Health

Center.

2.4.3 Hemodynamic and cardiac function measurements.

Rats were catheterized via the carotid artery. The polyethylene tubing (PE50
from Intramedic, Montreal, Canada) catheter (0.58mm), which was connected
to a pressure transducer measured systolic arterial pressure (Psyst.),
diastolic arterial pressure (Pdiast.), and mean arterial pressure (MAP). The
catheter was then passed into the left ventricle for measurements of left
ventricular end-systolic pressure (LVESP), left ventricular end-diastolic
pressure (LVEDP), +dP/dt (the first derivative of the rate in positive pressure
change in the ventricle), and -dP/dt (the first derivative of the rate in negative
pressure change in the ventricle). Using a jugular vein approach, central
venous pressure and right ventricular systolic pressure (RVSP) was
determined by insertion of the catheter into the right atrium and ventric;le,

respectively.

2.4.4 Tissue collection
Animals were sacrificed by exsanguination, and the hearts were collected
and snap frozen in liquid nitrogen and stored at -80°C, or fixed in 4%

paraformaldehyde and embedded in paraffin for histological and
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immunohistochemical analysis. Lungs were also harvested and weighed.
They were allowed to dry in a 40°C oven for 1 week and weighed again until
there were three consecutive identical weights. These values were then

used to calculate the lung wet/dry weight ratio.

2.4.5 Infarct analysis

Heart tissue embedded in paraffin was cut at 5um slices and stained with the
histological stain, Masson’s trichrome which allowed one to discern infarct
from non-infarcted myocardial tissue. Following this, pictures were taken of
the sections and downloaded into an image analysis program for infarct size
analysis, (Image ProPlus, Media Cybernetics, CA, USA). All sections were

examined in a blinded fashion.

2.4.6 Assessment of cardiomyocyte hypertrophy

Myocyte cross sectional area analysis was carried out by taking
photomicrographs of the endocardial region of heart sections stained with
hematoxylin & eosin (at 400X magnification). These photomicrographs
(4/animal; sham n=6, vehicle n=8, and treatment n=8) were then analyzed by
the image analysis program, Image ProPlus. The latter enables the users to

demarcate individual myocytes and quantify their area using arbitrary units.

60



2.4.7 Immunohistochemistry

Immunohistochemical staining for Ull and UT was performed using the
avidin-biotin peroxidase method. Paraffin sections were dewaxed in toluene
for 20 minutes, and rehydrated through 100%, 90%, 70%, and 50% alcohol
for two minutes each. All sections were then immersed in PBS solution for
five minutes and then 3% hydrogen peroxide solution to block endogenous
peroxidase activity for 30 minutes. The sections were then washed three
times in PBS solution for five minutes. The sections were permeabilized in
0.2% Triton in 0.1M PBS (pH 7.4) for 30 minutes and washed three times in
PBS for five minutes. Sections were then incubated in 10% normal goat
serum (NGS) for 30 minutes at room temperature after which they were
incubated overnight at 4°C with the primary antibody. The sections were
washed three times in PBS for five minutes following the cold storage, and
incubated for 45 minutes with biotinylated goat-anti rabbit-IgG (1:200) at
room temperature. They were then washed three times again in PBS for five
minutes, and incubated with the avidin-biotin-peroxidase complex (Vectastain
Elite Kit, Vector Laboratories, Burlingame, CA, U.S.A.) for 45 minutes at room
temperature. Sections were then washed three times in PBS solution for five
minutes. Following this, sections were incubated in 3'3 diaminobenzidene
solution (0.025%) for 2 minutes for chromogenesis. Sections were covered
using permount (Fischer Scientific, New Jersey, USA) and glass coverslips
and were allowed to dry. Negative control sections were incubated with the

antisera:antigens mixture or a normal serum only. The antibody against Ul
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utilized in this study has been previously described, Peudlas etal- 2002 g
antibodies against UT were raised in rabbit using epitopes from the 1%

1% intracellular, and 2" extracellular loops.

extracellular,
2.4.8 Real Time RT-PCR

Left ventricular myocardial samples (for n values see Table 2) were retrieved
from storage for RNA extraction using Trizol (Invitrogen, Ontario, Canada)
and performed as per the manufacturer’s instructions. RNA integrity was
then verified for all samples by evaluating the clarity of the 28S and 18S
bands and verifying that the bands were 285>18S by gel electrophoresis.
Following this, 2 ug of each RNA sample was reverse transcribed to
synthesize cDNA using the Omniscript reverse transcriptase kit from Qiagen
(Ontario, Canada). From this, 1 ul of cDNA was used to amplify target genes
using specific primers (Table 3). Genes were amplified individually in the
LightCycler (Roche, Montreal, Canada) using Quantitect SYBR Green
reagent (Qiagen, Ontario, Canada) with the following amplification conditions:
DNA polymerase activation, 15 minutes at 95 ° C followed by 40 cycles of
denaturation, annealing and extension for 15 seconds at 94 ° C, 20 seconds
at 50-60 ° C (depending on primer T,,) and 20-30 seconds at 72° C
(depending on amplicon size), respectively. Primers were designed using
PrimerQuest biotool [www.idtdna.com] (Table 3). All values for mRNA
expression determined by RT-PCR are expressed as the ratio of the copy

number of the mRNA transcript of interest to the copy number of the mRNA
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transcript of the housekeeping gene RPL32. A homogeneous amplification of
the products was rechecked by analyzing the melting curves of the amplified

products.

2.4.9 Western Blotting

Protein samples were assayed with specific antibodies against Ull, UT,
collagen type |, collagen type llI, (Santa-Cruz Biotechnology, California).
Briefly, protein samples were extracted from left ventricular tissue using an
extraction buffer containing 50mM Tris/HCI, pH 7.2; 150mM NaCl; 1% (v/v)
Triton X-100; 1mM sodium orthovanadate; 50 mM sodium pyrophosphate;
100 mM sodium fluoride; and a complete protease inhibitor cocktail tablet
(Roche, Montreal, Canada; 1 tablet /50 ml buffer). The extracted protein was
then snap frozen in liquid nitrogen and stored at —80°C. Protein
concentrations were determined using the Bio-Rad modified Bradford protein
assay. 50ug of protein were then diluted 1:2 with Laemmli sample buffer
(Bio-Rad, CA, USA) and electrophoresed on a 6% or 10% SDS-PAGE gel at
120 volts (V) for 1 hour. Following this, proteins were transferred to a PVDF
membrane at 100 V for 90 minutes. The membrane was then blocked with
5% skim milk powder in Tris-buffered saline (TTBS; 0.05M Tris, 0.15M NacCl;
pH 7.6) with 0.1% Tween-20 for 90 minutes. This was followed by an
overnight incubation with the primary antibody. The following day, the
membrane was then washed with TTBS and incubated with secondary

antibody-conjugated to horse radish peroxidase for 60 minutes. The
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membrane was then washed in TTBS and then incubated with Lumi-Light
chemiluminescent substrate (Roche, Montreal, Canada) for 5 minutes and
then exposed on radiographic film. Protein bands were then quantified using
arbitrary units (AU) with the image analysis program, Image ProPlus (Media

Cybernetics, CA. USA).

2.4.10 Histological and morphological analysis.
All hearts were sectioned across the ventricles for histological, morphological,
and immunohistochemical analyses. The extent of fibrosis in both the viable
left ventricle and infarcted region was quantified by analysis of Masson’s
Trichome stained heart sections (cut in transverse fashion). Specifically, for
analysis of fibrosis in the viable left ventricle, 6 random photomicrograghs
were taken in the viable left ventricular myocardium at 400X magnification for
each animal (sham n=6, vehicle n=9, and treatment n=9). The amount of
fibrosis in these photomicrographs were then quantified by Image ProPlus.
For analysis of fibrosis within the infarcted region three photomicrographs
from each animal were taken and blue staining was quantified. Histological
assessment of fibrillar collagen deposition was carried out using picrosirius
red staining. The latter was evaluated (in both viable myocardium and in the
infarct region) in same fashion as the fibrosis analysis with Masson’s
trichrome stained heart sections described above.

LV chamber area analysis was carried out by determining the intra

chamber area of the LV from histological sections cut in the transverse plane.
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Using the latter sections we also measured wall thicknesses in both viable

and non-viable regions of hearts with Image ProPlus.

2.4.11 Fibroblast culture and proliferation assay

The effect of SB-611218 on Ull stimulated ventricular fibroblast proliferation
was investigated on neonatal rat cardiac fibroblasts that were purchased from
Cell applications (CA, USA). Initially, cardiac fibroblasts from passage 5
were plated at an equal density of 10* cells /well in a 96 well plate in DMEM
with 10% bovine serum (with 50 U/ml penicillin, 50 ug/ml streptomycin) for 48
hours (37°C) followed by serum starvation in DMEM/0.01% bovine serum
albumin (BSA) (with 50 U/ml penicillin, 50 ng/ml streptomycin) for 48 hours.
Following this cells were incubated with either DMEM/10% serum media,
DMEM/0.01% BSA media, DMEM/0.01% BSA media with either 1pM, 1nM,
100 nM Ull (peptide institute, Osaka, Japan), or DMEM/0.01% BSA media
with 100nM UIl + 1uM SB-611812, for 48 hours. Proliferation was quantified
using the colorimetric BrDU ELISA proliferation assay from Roche (Montreal,

Canada). Protocol was carried out as per manufacturer’s instructions.

2.4.12 Statistical analysis

All parameters were evaluated using either one-way ANOVA test (with the
Tukey post-hoc test), student’s t-test (for two group comparisons), or Kaplan-
Meier analysis for mortality, with the aid of the statistical program SPSS 11.5.

A P value of <0.05 was considered statistically significant.

65



-

2.5 Results

2.5.1 Characteristics of the MI/CHF Model

Several anatomical and functional parameters were evaluated in the CHF
model including hemodynamics, cardiac function, heart and lung weights and
also mRNA and protein expression of markers and mediators of CHF.
Specifically, there was a significant increase in LVEDP (165%), RVSP (19%),
CVP (98%), and a significant decrease in +dP/dt (32%) in vehicle-treated MI
rats compared to sham rats (Table 1). There was a significant increase in the
heart weight to body weight ratio (36%; P<0.05) (Table 1), cardiomyocyte
hypertrophy (61%; P<0.005), LV chamber size/body weight (110%; P<0.001),
as well as the lung wet-to-dry weight ratio in the vehicle group compared to
the sham group (11%; P<0.001) (Table 1). LVSP was decreased (15%)
compared to the sham group but this did not reach statistical significance
(Table 1). There was no significant difference in systolic and diastolic blood
pressure, mean arterial pressure and heart rate between the two groups
(Table 1). Also, left ventricular wall thicknesses were measured in both scar
and non-scar regions although no statistically significant differences were
observed. To verify the lack of effect by the drug vehicle we inciuded a group
of animals in which Ml was induced but there was no administration of either
drug or vehicle. Accordingly parameters were virtually indistinguishable
between the group of animals which were subjected to Ml and administered
drug vehicle compared to those in which Ml was induced without

administration of either drug or vehicle (data not shown).
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The mRNA expression of both BNP and AT-1 were significantly
increased in the vehicle-treated Ml group compared to the sham group (9%
and 8%, respectively; P<0.05) (Table 2). Conversely, cardiac troponin |
(cTnl) levels were significantly decreased in the vehicle-treated MI group
compared to the sham group (7%; P<0.005) (Table 2). The mRNA levels for
factors believed to be integral to the fibrotic process of CHF including the
extracellular proteins collagen type |, collagen type lll, and fibronectin were
determined. The mRNA levels of all three extracellular matrix (ECM) proteins
evaluated were significantly increased in the vehicle group compared to the
sham group (10%, 11%, and 7% respectively; P<0.01) (Table 2). Also, the
mMRNA expression of TIMP-1 was significantly elevated in the vehicle group
compared to the sham group (8%; P<0.01) (Table 2). Together, these data

confirm the presence of CHF secondary to Ml in this animal model.

2.5.2 Increased Myocardial Expression of Ull in heart failure
Immunohistochemistry revealed the presence of little to no Ull expression in
cardiomyocytes and only weak Ull expression in intramyocardial vascular
smooth muscle cells of normal hearts (Figure 1A). Also, no Ull expression
was observed in endothelial cells of the myocardial vasculature. In contrast,
there was strong expression of Ull in CHF animals. Especially in the
surviving cardiomyocytes and myofibroblasts of the infarcted left ventricular
endocardium (Figure 1B-C). Immunoreactivity was strong in the viable left

ventricle, particularly at the peri-infarct border zone (Figure 1D-E). Also,
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there was abundant expression of Ull in intramyocardial vessels of the left
ventricle (Figure 1F). In the right ventricle of CHF animals, moderate
expression of Ull in cardiomyocytes and intramyocardial smooth muscle cells
was observed (Figure 1G). The ventricular septa only showed weak Uli
expression. All negative control sections showed no immunoreactivity for Ull
(Figure 1H).

Ull protein content was also quantified using Western blot analysis.
Here we show that the level of Ull protein expression is significantly
increased in the heatrts, specifically, the left ventricles of CHF animals
compared to sham operated controls (1705 + 103 Arbitrary Units (AU) vs.
1346 + 96 AU; P<0.05) (Figure 2). Rat prepro-Ull consists of 123 amino acid
residues with a predicted molecular weight of 13.7 KDa. In accordance with
this, the Western blot shows a band corresponding to protein with a

molecular weight of approximately 14 KDa.

2.5.3 Increased Myocardial Expression of UT in heart failure

There was moderate diffuse UT immunoreactivity in the normal control hearts
(Figure 3A). Specifically, UT immunoreactivity was seen in cardiomyocytes,
vascular and endocardial endothelial cells, and in vascular smooth muscle
cells. In animals with myocardial infarction, like Ull, UT protein expression
was much more pronounced in the viable cardiomyocytes within the infarct
region although perhaps to a slightly lesser degree compared to Ull (Figure

3B-D). In addition, pronounced immunoreactivity was observed in the
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endocardial endothelium, especially in the infarct region (Figure 3B-D).

There was marked and intense UT immunoreactivity in the myocardial
vasculature, both in the infarcted and non-infarcted zones (Figure 3E-F). The
vascular UT immunoreactivity was stronger in small vessels. The
interventricular septum showed diffuse immunoreactivity though it was less
intense than the right ventricle of CHF animals which showed diffuse, yet
pronounced immunoreactivity (Figure 3G). Right ventricular vasculature also
exhibited UT immunoreactivty although this was less intense than in the
infarcted LV. There was ho detectable immunoreactivity in negative control
sections in which the primary anti-sera was omitted or preabsorbed with the

antigen (Figure 3H).

Western blot analysis was also performed to determine UT protein
content. Of note, the band corresponding to UT at 60 KDa was comparable
between normal and CHF hearts (Figure 4). However there were two bands
at approximately 150 and 200 KDa which were significantly increased in the
CHF hearts compared to the normal controls. Specifically, the band at ~200
KDa was significantly increased [1241 + 164 AU vs. 356 + 56 AU; P<0.001] in
CHF hearts compared to normal hearts. The band at ~150 KDa was virtually
nonexistent in normal hearts while it was quite prominent in CHF hearts. This
indicates that UT forms either a hetero- or homo-oligomeric complex in heart

failure. The specificity for UT was verified by the presence of these bands
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using three different antibodies raised against three different epitopes of UT
(data not shown).

Subsequently, we quantified UT mRNA levels by RT-PCR in the left
and right ventricles of control and CHF animals (Table 2). UT mRNA was
increased in the left ventricle of the CHF compared to control animals,
however it did not reach statistical significance. UT mRNA was significantly
increased in the right ventricle of CHF animals compared to that of control

animals (P<0.05).

2.5.4 Effect of Ull Antagonist on Mortality, Cardiac morphology and
function

Treatment with the UT receptor antagonist starting on day 0 significantly
reduced overall (O hr-8 weeks) mortality compared to the vehicle-treated Ml
group (P=0.024; Figure 5). Infarct analysis demonstrated a small, non-
significant, decrease in infarct size in the treatment group compared to the
vehicle group (P = 0.14). However, treatment (starting on day 0) led to a
significant (54%) reduction in cardiomyocyte hypertrophy (P < 0.01) (Table 1)
and ventricular dilatation (79%; Fig. 6; P < 0.001). Early treatment with SB-
611812 also significantly improved cardiac function and reduced lung edema
(Fig. 7 and Table 1). Specifically, the treatment group had a significantly
reduced LVEDP (72%; P < 0.001) and RVSP (92%; P < 0.05) compared to
the vehicle group. CVP was also significantly reduced in the treatment

compared to the vehicle group (58%; P < 0.05). The Ull receptor antagonist
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also significantly improved the degree of lung edema as determined by the
wet-to-dry weight ratio of the lungs (71%, P < 0.001). Heart weight to body
weight ratio was also improved by treatment but this did not reach statistical
significance (P = 0.099). Cardiac contractility indices +dP/dt showed
improvement compared to vehicle but this did not reach statistical
significance (Table 1). There was no notable effect for the drug on either
systolic, diastolic or mean arterial pressure, nor was there a difference in

heart rate in the treatment group compared to the vehicle group.

2.5.5 Fibrosis analysis
In addition to the marked improvement observed for the hemodynamic and
cardiac functional parameters we also observed a significant difference in
protein and gene expression. Specifically, analysis of the protein levels for
collagen types | and |l indicated a significant reduction (83%) in the collagen
type L:lI ratio in the treatment group compared to the vehicle group (P<0.05)
(Figure 8A, D). This significant decrease in collagen I:lli ratio was the result
of a significant decrease in collagen type | in treated animals compared to
untreated (P<0.05) (Figure 8B), and a non-significant decrease in collagen
type Il protein levels (Figure 8C).

Masson’s trichrome analysis demonstrated significantly increased
interstitial fibrosis in the non-infarct zone of the left ventricle of vehicle
compared to sham animals (113,640 + 4,615 vs 52,747 + 3,737; P<0.001).

In the same zone, the SB-611812 group had significantly reduced interstitial
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fibrosis compared to vehicle (86,928 + 6,031 vs. 113,640 + 4,615; P=0.004)
(figure 9). In the infarct zone, there was no difference in the extent of fibrosis
between vehicle and treatment groups (265,851 + 11,749 vs. 267,511 =
9,277).

Analysis of picrosirius red staining demonstrated that the non-infarct
zone of the left ventricle of vehicle group exhibited significantly increased
collagen deposition compared to sham animals (152,416 + 32,426 vs. 29,702
+ 3,765; P=0.003). In the same region, the treatment group exhibited
significantly reduced picrosirius red staining compared to the vehicle group
(74,398 + 9,141 vs. 152,416 + 32,426; P=0.03) (Figure 10). Picrosirius red
staining in the infarct region was comparable between vehicle and treatment

groups (521,311 = 18,690 vs. 495,798 + 24,481).

2.5.6 Fibroblast proliferation assay

Ull demonstrated potent low efficacy mitogenic effects on cardiac fibroblasts
as it significantly induced proliferation of these cells at 1InM Ull and 100nM
Ull following incubation for 48 hours (P<0.05; Figure 11). The potency of Ull
is underscored by the fact that it tended to induce proliferation even at 1pM
Ull, although this did not reach statistical significance (P=0.076).
Administration of the Ull antagonist SB-611812 at a concentration of 1 uM
completely inhibited the 100nM Ull-induced neonatal cardiac fibroblast

proliferation (P<0.01; Figure 11).
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2.5.7 Sub-study: effect of delayed treatment

Two additional groups, which were given either the antagonist or vehicle
starting on day 10 post-MI were also evaluated. Similarly to the group in
which treatment was administered on day 0, delayed SB-611812
administration was also able to afford a significant reduction in LVEDP (10.38
+ 1.65 mmHg vs. 21.5 + 72.31 mmHg; P<0.01). Also, both RVSP and CVP
were significantly reduced in the delayed treatment group compared to the
vehicle group (22.37 + 3.33 mmHg vs. 35.43 = 2.43 mmHg and 3.87 + 0.515
mmHg vs. 6.86 + 0.705 mmHg, respectively; P<0.05). Finally, treatment
started on day 10 led to a significant reduction in lung wet-to-dry weight ratio
(4.77 £ 0.067 vs. 5.03 + 0.093; P<0.05). There was no significant difference
between treatment and vehicle (started on day 10) for other parameters
including LVSP, + dP/dt, MAP nor heart weight to body weight ratio. Infarct
sizes were slightly smaller in treatment group compared to vehicle group,
however this was not statistically significant (38.2 £ 2.7 vs. 32.1 £ 2.7;
P=0.15). Finally, although delayed treatment led to a decrease in mortality
compared to vehicle group, this did not reach statistical significance by
Kaplan-Meier analyses (P=0.29). Based on these findings, it is evident that
there was no detrimental effect of early treatment and thus the delayed

treatment study arm was not pursued further.
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2.6 Discussion

The present study demonstrated increased expression of Ull and UT in the
myocardium of rats with CHF secondary to myocardial infarction. Hence
based on these findings, the efficacy of Ull blockade using a specific UT
antagonist, SB-611812 was evaluated in the rat CHF model. This is the first
in vivo study demonstrating the efficacy of UT blockade in an experimental
model of CHF using a selective nonpeptidic UT receptor antagonist, SB-
611812. This antagonist is highly selective for the UT receptor and is devoid
of any agonist activity, which has been a hindrance with previous UT
antagonists described in the literature. "™ €@ 2004 1mnortantly, SB-611812
led to a decrease in mortality. However, due to the small number of animals
in this study, we must use caution when interpreting the survival benefit of
this drug. In addition to the reduced mortality, treatment showed an
improvement in CHF as evidenced by significantly reduced LVEDP, lung
edema, RVSP, and CVP when compared to the control group receiving only
the drug vehicle, methylcellulose. Furthermore, our data showed that the
improvement in cardiac function observed with SB-611812 treatment was the
result of attenuated cardiac remodeling following infarction. Indeed, we have
demonstrated here that blockade of Ull with SB-611812 led to a significant
decrease in myocardial and endocardial fibrosis as well as a reduction in
collagen deposition. In addition, we show that Ull has a mitogenic effect of
cardiac fibroblasts which may contribute to myocardial fibrosis post-coronary

ligation. These findings demonstrate an important role for Ull in
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cardiovascular function and structure, and suggest a potential therapeutic
significance for selective UT antagonism in the treatment of CHF.

Comparison of SB-611812 with other receptor antagonists in similar
models indicates a large therapeutic potential for this antagonist. Of note,
endothelin receptor antagonists have actually shown increased mortality and
adverse ventricular remodeling following coronary ligation in the rat when
administered early after infarction however, delayed administration of the
antagonists significantly improved cardiac function and survival Nouen etal. 1998
& Mulder etal. 1997 |nterestingly, our study demonstrates that the;re is no
detrimental effect of early UT antagonism following myocardial infarction.

On the other hand, the use of angiotensin converting enzyme (ACE)
inhibitors showed an improvement in cardiac function similar to the one
reported here for the UT antagonist SB-611812 Pfefferetal. 1991 Jain etal. 1994; Lapointe
etal 2002 Although drug efficacies cannot be directly compared in such a
manner because of variations in study parameters it can still be appreciated
that SB-611812 improves cardiac dysfunction associated with coronary artery

ligation in a manner that is comparable to other therapeutic modalities

including ACE inhibition which is a mainstay in cardiovascular therapy today.

The loss of functional contractile units following Ml causes a
reduction in pumping capacity of the heart. As a compensatory mechanism,
the heart dilates to increase stroke volume. Here we show that treatment led

to a significant reduction in ventricular dilatation compared to vehicle treated
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animals. Ventricular dilatation increases wall stress and the heart
compensates by increasing cardiomyocyte size. Indeed, cardiac hypertrophy
is an important prognostic determinant in heart disease and thus its
attenuation is an important therapeutic mechanism. This study demonstrates
that CHF in the rat is associated with a significant increase in cardiac
hypertrophy and that treatment with SB-611812 significantly attenuated this
hypertrophy. This finding is supported by others who showed that Ull

induced cardiomyocyte hypertrophy Tzanidis et al., 2003 & Johns et al., 2004. Recently,

Johns et al, 2°%

showed that the Ull-induced cardiomyocyte hypertrophy was
inhibited with the administration of a competitive peptidic UT receptor

antagonist, BIM-23127.

Previous studies have suggested that Ull does not have a spare

receptor reserve, Douglas et al., 2004

therefore Ull activity is regulated, at least in
part, by altering the Ull receptor expression. Therefore in addition to
demonstrating increased Ull expression in heart failure which is well
established in a variety of cardiovascular diseases, we also sought to
evaluate if UT is differentially expressed in heart failure. We demonstrated
that UT protein expression is significantly increased using
immunohistochemistry and Western blotting. Rat UT has a molecular weight
(MW) of 42.7 KDa. However this protein has several glycosylation sites and
Boucard et al., 2003

as such has been demonstrated to have a MW ~60KDa.

Interestingly, we found using western blotting, that the bands corresponding
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to ~60KDa proteins were comparable between normal and CHF hearts.
However there were two bands corresponding to proteins of MW of ~150
KDA and ~200 KDa that were significantly increased in CHF hearts.
Interestingly, these same bands were seen with all three different antibodies
raised against three different UT epitopes. Therefore the high molecular
weight proteins are likely homo or hetero protein oligomers. Oligomerization
of G-protein coupled receptors (GPCR) is actually quite a prominent
phenomenon and is now known to affect receptor specificity, pharmacology
and trafficking. Pinster tal. 2005 Tharefore the high MW bands that are
significantly increased in CHF hearts demonstrated in the present study are
likely to demonstrate receptor homo- or hetero oligmerization with GPCRs.
There is evidence that collagen type | is more rigid while collagen type
Il has more elastic properties Marianowskietal. 1995 Tharefore an increase in the
ratio of collagen type L:lll, as occurs in heart failure, Hua9 et al. 2004; Wei et al. 2004
would increase the rigid type collagen to the elastic type collagen thus
explaining the increased myocardial stiffness observed in CHF. In fact

Nishikawa et al.?%"!

showed that a decrease in LVEDP, following amlodipine
administration was associated with a decrease in the collagen type 11l ratio.
Interestingly, Kompa et al. 2°** demonstrated that chronic infusion of Ull in the
rat led to a 40% increase in LVEDP and that this was associated with a

significant increase in the collagen type I:lll ratio. Here, we show that the

treatment with the UT receptor antagonist SB-611812 led to a significant
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decrease in LVEDP and the collagen type I:lll ratio. This difference in ratio
was due to a significant decrease in collagen type |

protein levels and a non-significant decrease in collagen type Il protein levels
in the treatment compared to the vehicle group.

These findings are further supported by the demonstration of reduced
reactive fibrosis in the viable myocardium as determined by Masson’s
trichrome staining as well as reduced endocardial collagen deposition as
evidenced by reduced picrosirius red staining in the treatment group
compared to the vehicle group. The mechanism of SB-611812 mediated
inhibition of collagen type | synthesis will require further studies. In addition, it
is of interest that coilagen type | and fibronectin mRNA levels of the treatment -
group were not significantly different from the control sham group.

Myocardial fibrosis, a prominent characteristic of ventricular
remodeling in CHF, is the result of increased deposition of extracellular
matrix (ECM) proteins including collagens and fibronectin. "¢ ¢@- 2000 Notaply,
Tzanidis et al. 2°°® have demonstrated Ull induced collagen production from

cardiac fibroblasts. Also Wang et al. 2°%

utilizing an endothelial cell culture,
found that Ull increased expression of collagen type | mRNA and protein and
conversely decreased the expression of MMP-1mRNA and protein as well as
decreased the activity of MMP-1. Ull activity in cardiac fibroblasts was further
substantiated by He et al. 2°* who demonstrated Ull induced proliferation of

cardiac fibroblasts. We also sought to determine if Ull possessed mitogenic

activity in neonatal cardiac fibroblasts. To this end, we show that Ull induced
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cardiac fibroblast proliferation. Furthermore, we complemented these findings
by demonstrating that Ull induced proliferation of rat cardiac fibroblasts was
inhibited with the use of the UT antagonist SB-611812.

In conclusion, we have demonstrated, in a rat model of CHF induced
by coronary ligation, up-regulation of myocardial Ull and UT, and that
blocking the UT receptor pathway with the specific UT antagonist SB-611812
leads to decreased mortality and improved parameters of cardiac function
including decreased LVEDP, lung edema, RVSP and CVP, and reduces
cardiac remodeling. These findings suggest that SB-611812 shows
substantial therapeutic potential for the treatment of myocardial infarction and

CHF.
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Figure 1. Representative photomicrographs of Ull
immunohistochemistry. Panel A demonstrates weak diffuse Ul
immunoreactivity of left ventricular myocardium of normal rats (200X
magnification). Panel B shows intense Ull immunoreactivity in surviving
cardiomyocytes (thin arrow) in the endocardial region of the left ventricle of
an infarcted (thick arrow) myocardium (200X magnification). Panel C is a
greater magnification of the same section as panel B (thin arrow indicating
surviving cardiomyocyte; 400X magnification). Panel D demonstrates intense
immunoreactivity in the viable cardiomyocytes (thin arrow) in the border zone
of the peri-infarct region of the left ventricle of CHF animals (thick arrow
indicates scar region; 200X magnification). Panel E is greater magnification
of panel D (thin arrow indicating viable myocardium and thick arrow indicating
infarcted tissue; 400X magnification). Panel F shows strong UlI
immunoreactivity of the microvasculature (dashed arrows) in the infarcted
myocardium (400X magnification). Panel G demonstrates moderate diffuse
Ull immunoreactivity in the right ventricle of CHF animals (300X
magnification). Panel H is a negative control demonstrating no -
immunoreactivity of the same section as panel D (thin arrow indicating viable
myocardium and thick arrow indicating scar tissue) when the primary serum
is omitted. All sections were counterstained with hematoxylin. Scale bars

represent 75 pm.
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Figure 2. Prepro-Ull protein quantification. Representative Western blot
demonstrating prepro-Ull protein levels with a molecular weight of 13.7 KDa

from left ventricular protein homogenates of normal and CHF hearts.
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Figure 3. Representative photomicrographs of UT
immunohistochemistry. Panel A demonstrates moderate diffuse UT
immunoreactivity of left ventricular myocardium of normal rats (300X
magnification). Panel B shows strong UT immunoreactivity in the endocardial
region of the left ventricle of a CHF animal, with staining in the endocardial
endothelium (short arrows), and viable cardiomyocytes (long thin arrow, thick
arrow indicates infarct scar; 200X magnification). Panel C is a greater
magnification of the same section as panel B demonstrating strong UT
immunoreactivity in both the endocardial endothelial cells (short arrows) and
the surviving cardiomyocytes (long thin arrows) in the endocardial region of
the left ventricle (thick arrow indicates infarct scar; 400X magnification).
Panel D demonstrates intense immunoreactivity in the viable cardiomyocytes
(long thin arrow), endothelial cells (short arrow), and microvasculature
(dashed arrow) in the infarct zone of the left ventricle of a CHF animal (400X
magnification). Panels E & F show intense UT immunoreactivity in the
microvasculature (dashed arrows) of both the infarct and peri-infarct zone
respectively (400X magnification). Panel G demonstrates moderate to strong
diffuse UT immunoreactivity in the right ventricle of CHF animals (300X
magnification). Panel H is a negative control demonstrating no
immunoreactivity of the same section as panel D (thin arrow indicating viable
myocardium and dashed arrow indicating myocardial vessel) when the
primary serum is omitted. All sections were counterstained with hematoxylin.

Scale bars represent 75 um.
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Figure 4. UT quantification

Representative Western blot demonstrating UT protein levels from left
ventricular protein homogenates of normal and CHF hearts. Bands represent
proteins with molecular weights of ~30KDa ~60KDa ~100KDa ~150KDa

~200KDa.
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Figure 5. Kaplan-Meier Survival plots.
Figure shows survival plot in which overall mortality is significantly reduced

(P=0.0244).
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Figure 6. Analysis of left ventricular chamber size.

Representative photomicrographs of transversely cut hearts from sham (A),
vehicle (B), and treatment (C) groups stained with Masson’s trichrome. D,
Graph representing quantification left ventricular chamber area in sham
(N=6), Vehicle (N=9), and treatment (N=9) groups. * indicates P<0.001 vs.

sham; # indicates P<0.001 vs.vehicle.
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Figure 7. Effect of UT receptor blockade on cardiac function and lung
edema. Panel A demonstrates a significant reduction in LVEDP in the
treatment compared to the vehicle group. Similarly, panels B and C show a
significant reduction in RVSP and CVP, respectively in the treatment
compared to the vehicle group. Panel D shows a significant reduction in lung
wet-to-dry weight ratio in the treatment compared to the vehicle group. *

indicates P< 0.05 vs; sham # indicates P< 0.05 vs. vehicle.

92



Figure 7

25
3 40 - %
20 4 35 1
) ~ 301
I 5 -
£ 15 I 25 ]
E E
a E 20
| o
5 10 & 15
] T
T 10
5 i
5 J
0 . 0 .
Sham Vehicle SB611812 Sham Vehicle SB611812
9 4 *
8 ‘
. o 5.4 4 %
. T 52
27 £
E 5 .% 5 4
Z 4. =
% 4 T = 4.8 4
o 3 S 46 —T
24 2
o 4.4
1A c
3
0 . , - 42 :
Sham Vehicle SB611812 Sham Vehicle SB611812

93



Figure 8. Effect of SB-611812 of collagen protein expression. Panel A,
representative Western blots demonstrating collagen type | and type lli
protein levels in the sham, vehicle and SB-611812 treatment groups. Panel
B, a graph demonstrating the quantification of collagen type | protein levels in
the sham (n=6), vehicle (n=8) and SB-611812 (n=9) treatment groups.

Panel C, a graph demonstrating quantification of collagen type Ill protein
levels in the sham (n=6), vehicle (n=8) and SB-611812 (n=9) treatment
groups. Panel D, a graph demonstrating collagen type | to type lll ratio in the
sham (n=6), vehicle (n=8) and SB-611812 (n=9) treatment groups. *

indicates P< 0.05 vs. sham; # indicates P< 0.05 vs. vehicle.
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Figure 9. Analysis of interstitial fibrosis.

Representative photomicrographs of viable left ventricle from sham (A),
vehicle (B), and treatment (C) groups stained with Mason’s trichrome. Short
arrow indicates interstitial fibrosis (stained blue). Dashed long arrow
indicates viable cardiomyocytes (stained red). D, Grap'h representing
quantification of interstitial fibrosis in sham (N=6), Vehicle (N=9), and
treatment (N=9) groups. * indicates P<0.001 vs. sham; # indicates P=0.004

vs. vehicle.
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Figure 10. Analysis of collagen deposition.

Representative photomicrographs of viable endocardial left ventricle from
sham (A), vehicle (B), and treatment (C) groups stained with picrosirius red.
Short arrow indicates endocardial collagen deposition (stained red). Dashed
long arrow indicates viable cardiomyocytes (stained yellow). D, Graph
representing quantification of collagen deposition in sham (N=6), vehicle
(N=9), and treatment (N=9) groups. * indicates P=0.003 vs. sham; #

indicates P<0.037 vs. vehicle.
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Figure 11. Urotensin-il induced rat fibroblast proliferation is inhibited by
SB-611812. Dose-response curve demonstrating that Ull acted as a potent,
low efficacious mitogen for rat cardiac fibroblasts, which significantly
increased proliferation at 1nM and 100 nM UIl. Antagonism with 1uM SB-
611812 inhibited this effect at the highest Ull concentration. * indicates

P<0.05 vs serum-free media, # indicates P<0.01 vs 100 nM UILI.
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Table 1. Hemodynamic parameters, cardiac function, heart weight and
lung edema for the three study groups.

Parameters Sham (n=9) Vehicle (n=16) SB611812 (n=17)
LVEDP {mmHg) 7.18+ 0.91 19.0+1.06* 10.6+1.10 #
RVSP (mmHg) 27.3+£0.78 32.6x£0.79"* 27.7£1.50 #
CVP (mmHg) 3.78+0.28 7.47 +£0.56* 5.31 +0.62 #
+dP/dt 4050 + 273 2765 + 241* 3162+ 184 *
-dP/dt 4210.0 £ 258.1 2870+ 249" 3183 + 206 *
LVSP (mmHg) 108.1 £ 4.59 91.8+4.89 92.1+4.48
Psystolic (mmHg) 103.9+4.54 95.1 £ 5.76 98.8+4.85
Pdiastolic (mmHg) 65.89 + 4.48 70.7 £5.59 72.9+4.53
MAP (mmHg) 78.4+3.85 78.8+5.60 81.5+4.29
HW/BW % (g/g) 0.241 £ 0.008 0.300 £ 0.016 * 0.267+ 0.005
Lung wet/dry ratio 4.62 +0.055 5.13+0.064 4.77 + 0.066 #
Infarct size N/A 38.2% 2.2 33.06% = 1.7
CM Area AU 199977 + 8324 321897 + 10390 * 256382 = 7705 #
Chamber size 308+ 4.9 821+62* 484 +49 #
LV WT (non-scar; AU) 606 + 39 636 + 32 622 + 32
LV WT (scar; AU) N/A 235 £ 67 279 £ 63

LVSP (Left Ventricular Systolic Pressure), Psystolic (Systolic blood pressure),
Pdiastolic (Diastolic blood pressure), MAP (Mean Arterial Pressure), LVEDP
(Left Ventricular End-Diastolic Pressure), RVSP (Right Ventricular Systolic
Pressure), CVP (Central Venous Pressure), +dP/dt (the first derivative of the
rate in positive pressure change in the ventricle), -dP/dt (the first derivative of
the rate in negative pressure change in the ventricle), HW/BW (heart weight
to body weight ratio),lung wet:dry weight ratio, infarct size, CM Area AU
(cardiomyocyte area in arbitrary units), LV WT (left ventricular wall
thicknesses (non-scar and scar regions);. * indicates P<0.05 vs. sham; #
indicates P<0.05 vs vehicle.
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Table 2. Relative expression of genes determined by RT-PCR.

Genes Sham (n=8) Vehicle (n=12) SB611812 (n=8)
RPL32 (1/Cy) 0.059 + 0.09 0.060 £ 0.09 0.060 £ 0.14
Ut Lv 0.519+£0.217 0.591 £ 0.028 N/A
UT RV 0.525 + 0.024 0.563+0.016 * N/A
BNP 0.938 + 0.014 1.021 +0.008 * 1.022 £ 0.011 *
AT-1 0.522 £ 0.009 0.560 £ 0.008 * 0.576 £ 0.015*
cTnl 1.21 £ 0.02 1.13+0.03* 1.16 £ 0.06
Collagen Type 1 0.864 + 0.012 0.948+0.014 "~ 0.927 £ 0.025
Collagen Type Ill 0.910 £ 0.007 1.013+£0.015* 0.994 £ 0.021 *
Fibronectin 0.782 £ 0.004 0.837 £ 0.011 * 0.820 £ 0.014
MMP-2 0.383 £ 0.005 0.395 + 0.006 0.392 + 0.007
MMP-9 0.493 £ 0.007 0.529 £ 0.013 0.536 £ 0.019
MMP-14 0.674 + 0.004 0.691 + 0.008 0.681 +£0.010
TIMP-1 0.695 + 0.005 0.748 £ 0.007 * 0.739+£0.012*
TIMP-2 0.884 + 0.004 0.919 + 0.006 0.901 +0.008
TIMP-3 0.804 + 0.005 0.799 + 0.008 0.786 £ 0.012

RPL32 (Ribosomal protein L32); Ct (threshold cycle); UT (urotensin-II
receptor), LV (left ventricle), RV (right ventricle), BNP (brain natriuretic
peptide), AT-1 (angiotensin type 1 receptor), cTnl (cardiac troponin ), MMP
(matrix metalloproteinase), TIMP (tissue inhibitor of MMP). * indicates

P<0.05 vs. sham.
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Table 3. Primer sequences for RT-PCR mRNA expression analysis.

Genes Primer sequences

AT-1F: 5 CCGTGACTGTGAATTTGC TG &
AT-1R: 5 GGA ATG TATTTC AGAAGC TGGAG 3
BNP F: 5 ACA GCT CTC AAAGGACCA Z

BNP R: 5 ATCCGG TCTATCTICTGC 3

Collagen type | F:
Collagen type | R:

Collagen type Il F:
Collagen type Il R:

cTnlF:

cTnl R:
Fibronectin F:
Fibronectin R:
MMP-2 F:
MMP-2 R:
MMP-9 F:
MMP-9 R:
MMP-14 F:
MMP-14 R:
RPL32 F:
RPL32 R:
TIMP-1 F:
TIMP-1 R:
TIMP-2 F:
TIMP-2 R:
TIMP-3 F:
TIMP-3 R:
UT F:

UT R:

5 GCA ACA GTC GAT TCACCT ACAGCA 3
5 AAT GTC CAA GGG AGC CAC ATC 3

5 AGA AGT CTCTGAAGC TGATGG 3

5 GCT CCATTC ACC AGT TGT &

5 CTG ACC CAG AAG ATCTATGAC T

5 TCCTTCTTCACCTGCTTIGAJZ

5 CAG TGG CAG AAAGAG TATCTC G 3
5 GTATACTGG TTG TAG GTG TGG 3

5 GGG TCT ATT CTG CCAGCACTC &

5 CTC CAG AACTTG TCTCCTGCAA 3

5 TCT CGA ATC ACG GAG GAA 3

5 TTT GCG CCC AGA GAAGAA T

5 GAT TGATGC AGC TCTCTT CTG 3’

5 CCT TCC CAG ACTTTG ATG &

5 ATC CTG ATG CCC AAC ATT GGT TAC 3
5 GTT GCA CAT CAG CAG CACTTCCAG ¥
5 GTA AAG ACC TAT AGT GCT GGC TG 3’
5 GAG GAT CTGATC TGT CCACAA T

5 GGT CAC AGA GAA GAG CATCAATG &
5 GTC CTC GAT GTC AAG AAACTC 3’

5 GAT CAAGTCCTGCTACTACTTGC &
5 CGT AGT GTT TGG ACT GAT AGC &

5 GGG CAT GGT GGG AAATGTAZ

5" AGA CGT ACATGG AGG CCGAG 3

AT-1, Angiotensin type 1 receptor; BNP, brain natriuretic peptide; cTnl,

cardiac troponin-I; MMP, matrix metalloprotease; RPL32, ribosomal protein

L32; and TIMP, tissue inhibitors of MMPs.
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Chapter Hll
Increased Expression of Urotensin Il and its Cognate Receptor, UT, in Atherosclerotic

Lesions of the Human Aorta.
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3.1 Preface

In the previous chapter we investigated the role of Uli in a model of heart failure
in the rat. We found that Ull is increased in heart failure and that blockade of Ull
signaling could ameliorate cardiac function and remodeling. Thus here we aimed
at determining whether this factor is increased in human atherosclerosis, the
most prominent cause of ischemic cardiomyopathy and hence heart failure in
North America. This work resulted in a manuscript published in the joumnal
Atherosclerosis, which was the first published report of increased Ull and UT

expression in human atherosclerosis.
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3.2 Abstract

Urotensin Il (UIl), a novel vasoactive peptide, possesses a wide range of
cardiovascular effects. Ull binds a seven transmembrane spanning G-protein
coupled receptor termed UT. In the present study, we have characterized Ull
expression in both carotid and aortic atherosclerotic plaques. Using
immunohistochemistry, we demonstrated Ull immunoreactivity in endothelial,
smooth muscle and inflammatory cells of both carotid and aortic plaques, with a
clear propensity for intimal staining. Using quantitative real-time RT-PCR we
observed both increased Ull and UT mRNA expression in tissue extracts from
abdominal aortic aneurysms. We also extended our PCR analysis to include
leukocyte expression of Ull and UT. We found that lymphocytes were by far the
largest producers of Ull mMRNA. In contrast monocytes and macrophages were
the largest producers of UT mRNA, with relatively little expression in foam cells,
lymphocytes, and platelets. Our findings qualitatively and quantitatively
demonstrate increased expression of Ull in atherosclerosis with a large degree of
inflammatory cell involvement. These findings suggest a possible role for Ull in

the pathophysiology of atherosclerosis.
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3.3 Introduction

Atherosclerosis, the leading cause of myocardial infarction and stroke, generally
affects muscular and elastic arteries. Of these, carotid arteries and aortae are
common targets. Many vasoactive factors are now known to play an important
role in the pathophysiology of atherosclerosis. A novel vasoactive peptide,

termed Urotensin-II (Ull), has been shown to have many properties reminiscent

Coulouam etal., 1998

of endothelin-1. Human Ull is an 11 amino acid peptide , with a

8 Matsushita et al. 2001

molecular weight of ~138 . Expression of U-Il has been shown

throughout the cardiovascular, nervous and urogenital systems /Ames et 8. 199; Maguire
et al. 2000; Douglas et al. 2002; & Shenouda et al. 2002. We have recently shown increased
myocardial expression of Ul in patients with congestive heart failure Pov92s eta-
2002 Others have reported expression of Ull in the heart and aorta of man,
monkeys and mice Matsushita et al. 2001;& Elshourbagy et al. 2002. Pharmacologic studies
have shown that Ull is the most potent vasoconstrictor peptide isolated to date,
however the vasoactive properties of Ull depend on the anatomical site and the
type of speci es Ames et al. 1999; Maguire et al. 2000 ;& Elshourbagy et al.. 2002. In addition to its
marked vasoactivity, there is substantial evidence suggesting a role for this factor
in atherosclerosis. Ull has also shown potent mitogenic effects on smooth

Sauzeau et al. 2001

muscle cells , with synergistic effects observed when combined with

mildly oxidized low-density lipoprotein (moxLDL), as well as with 5-HT (serotonin)

Watanabe etal. 2001~ Of note is the finding that Ull stimulates hyperlipidemia in fish by

enhancing depot lipase activity, and it channels glucose to free fatty acid

| 2001

synthesis Sherdanetal- 1986 e rastingly, Matsushita et al.>®" observed increased
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urinary levels of Ull in patients with hypertensive renal glomerular disease
compared to normotensive glomerular disease. They attributed the increase to
glomerular arteriosclerosis, a vascular disorder very closely related to
atherosclerosis.

The cognate receptor of Ull is known to be UT, a seven transmembrane
spanning G-protein coupled receptor Mo etal 1999 &Luetal. 1999 - Ay ndant
expression of the receptor was reported in the heart and pancreas of humans.
Ames etal 1999 Specifically it was found in the atria and ventricles of the heart, as
well as in endothelial cells and smooth muscle cells of the aortae and coronary
arteries Ames et al. 1999 i

The biological activity of Ull in the cardiovascular system led us to
hypothesize that there is an up-regulation of Ull in atherosclerosis. To test this,
we qualitatively examined the expression of Ul using immunohistochemistry in
two common pathologies of atherosclerosis including carotid arterial stenosis and
abdominal aortic atherosclerosis. We also quantitatively examined the
expression, using real- time PCR, of both prepro-Ull and it's cognate receptor UT
in tissue samples obtained from patients who had surgery for either abdominal
aortic aneurysms or carotid endarterectomies. Finally, we examined the profile of

Ull and UT expression in the leukocyte sub-populations.
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3.4 Methods

3.4.1 Tissue samples

Samples were retrieved from male subjects with an age range of 60-80 years.
Tissue samples used for immunohistochemistry were retrieved either at autopsy
[carotid arteries (n=5), and abdominal aortae (n=4)], or freshly during surgery for
carotid endarterectomy (n=3) or abdominal aortic aneurysymal repair (n=4).
Samples from autopsy cases were collected a maximum of 8 hours after death.
Samples were fixed in formalin, embedded in paraffin, and then cut using a
microtome (5um thick). Tissue samples used for RT-PCR were collected freshly
at surgery (Guys and St. Thomas Hospital, London, England) for carotid
endarterectomy (n=17), or abdominal aortic aneurysms repair (n=8). Normal
human aortae (n=7) were obtained from the Anatomic Gift Foundation (White
Oak, GA; USA). Samples were snap frozen in liquid nitrogen and stored at -80°C

until further use.

3.4.2 Immunohistochemistry

Immunohistochemical staining for Ull, Von Willebrand factor'and smooth muscle
cell actin was performed using the avidin-biotin peroxidase method. Paraffin
sections were dewaxed in toluene for 20 minutes, and rehydrated through 100%,
90%, 70%, and 50% alcohol for two minutes each. All sections were then
immersed in PBS solution for five minutes and then 3% hydrogen peroxide
solution to block endogenous peroxidase activity for 30 minutes. The sections

were then washed three times in PBS solution for five minutes. The sections
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were permeabilized in 0.2% Triton in 0.1M PBS (pH 7.4) for 30 minutes and
washed three times in PBS for five minutes. Sections were then incubated in
10% normal goat serum (NGS) for 30 minutes at room temperature after which
they were incubated overnight at 4°C with the primary antibody. The sections
were washed three times in PBS for five minutes following the cold storage, and
incubated for 45 minutes with biotinylated goat-anti mouse-lgG (1:200) at room
temperature. They were then washed three times again in PBS for five minutes,
and incubated with the avidin-biotin-peroxidase complex (Vectastain Elite Kit,
Vector Laboratories, Burlingame, CA, U.S.A.) for 45 minutes at room
temperature. The sections were then washed in PBS for five minutes. Sites of
immunostaining were visualized by developing sections in 0.025%
diaminobenzidine and 0.03% peroxide for two to three minutes. The sections
were then returned to the PBS solution and were then dehydrated through 50%,
70%, 90%, and 100% ethanol for two minutes each, and then cleared in toluene.
Finally, the sections were mounted with Permount and glass cover slips and
allowed to dry. The specificity of the immunostaining was confirmed using
negative control experiments in which primary antibodies were substituted with

NGS or pre-absorbed with Ull antigen.

3.4.3 Isolation of human leukocytes
Human leukocytes were isolated from whole blood taken from healthy volunteers
as previously described P2 eta- 2001 - gpecifically ~100 million cells from ~180 mi

of whole blood. Monocytes were isolated from the leukocyte harvest using the
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Graziani-Bowering et al. 2%

method. For monocyte-macrophage differentiation,
monocytes were resuspended in RPMI 1640 (+10% human serum; type AB,
sigma) culture medium at a density of 2.5 x 10%ml and seeded into 12-well tissue
culture plates; medium was changed every 48 hours. For the generation of foam
cells, macrophages were incubated in the presence of 100ug/ml oxLDL (Intracel)

Patel et al. 2001

for a further three days . Platelets were isolated using a counter

current centrifugal elutriation method modified for platelet isolation by eluting

platelets from the buffy coat at a flow rate of 9ml/min Pbs etal 197,

3.4.4 PCR analysis

Total RNA was extracted from human tissues and cells using Trizol reagent
(Gibco BRL) according to the manufacturer's instructions. cDNA was reverse
transcribed from DNAse | (Gibco BRL) treated total RNA using Superscript Il
reverse transcriptase (Gibco BRL) as previously described P2 €3-2001 A negative
control reaction omitting the reverse transcriptase (-RT) was also performed for
each DNase-treated RNA sample. 1 pl of each cDNA sample were analyzed for
human preproU-Hl, human UT, and human GAPDH expression by real-time
quantitative RT-PCR using the fluorescent TagMan® 5'-nuclease assay as
previously described P! @201 primers and probes utilized in this study have
been described previously PoU9s &tal- 2002 - y/a1yes for the leukocyte RT-PCR

analysis are means of triplicate assays.
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3.4.5 Statistical analysis
Data are presented as mean + S.E. Individual groups were compared using one-
way ANOVA with the Tukey post-Hoc test with the aid of a commercial software

program (SPSS 11.5). A P value <0.05 was considered significant.
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3.5 Results

3.5.1 Immunohistochemical analysis

Histological examination of the carotid arteries obtained at autopsies revealed the
presence of a distinct immunoreactivity for U-Il in the hyperplasic intima and in
endothelial cells (figure. 1A). There was an intense U-Il immunostaining in tissue
samples obtained from carotid endarterectomies. Specifically, there was
abundant staining in the myointimal cells of the hyperplasic intima, with less in
the media (figure 1B). Also there was apparent immunoreactivity in the carotid
endothelium. Furthermore, we observed Ull staining was less abundant but still
apparent in medial layers of all carotid artery samples.

In the normal aorta, there was an apparent U-ll immunoreactivity only in
endothelial cells (figure 1C). We also examined U-Il immunoreactivity in
atherosclerotic aortae collected at autopsy. In these samples, there was a large
degree of inflammatory cell immunoreactivity in addition to specific endothelial
cell staining, and some apparent medial immunoreactivity as well (figure 1D).
Moreover, in tissue samples obtained from repair of abdominal aortic aneurysms,
besides endothelial cells, we found a marked expression of U-1l immunoreactivity
in inflammatory cells (figure 1E).

In order to determine cellular phenotypes of cells immunoreactive for Ull
we performed colocalization studies using established cellular markers.
Specifically we performed immunohistochemistry on serial sections with
antibodies against Von Willebrand factor, a marker of endothelial cells, and with

anti-a actin antibody a marker of smooth muscle cells and myofibroblasts and
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compared these to serial sections immunoreactive for Ull. From the serial
sections we noted the co-existence of immunoreactivity for a-actin with that of
UlI, thus indicating Ull expression in cells with the smooth muscle cell phenotype
(figure 1G-H). We also demonstrated co-localization of Von Willebrand factor
and Ull in similar cells indicating Ull expression in cells expressing an endothelial
cell phenotype. Negative control sections showed no non-specific

immunoreactivity (figure 1F).

3.5.2 RT-PCR analysis

3.5.2.1 Plaque analysis

Using real-time RT-PCR, it was possible to quantify the mRNA levels of both Ul
and UT in tissue samples from abdominal aortic aneurysms. These levels were
expressed as the ratio of the copy number of the gene of interest to the copy
number of the housekeeping gene, GAPDH. Ull mRNA expression was
increased in abdominal aortic aneurysms (0.22 + 0.086) over normal aortae
(0.019 £ 0.0063, p= 0.036, figure 2). UT mRNA was also significantly increased
in abdominal aortic aneurysm samples compared to normal aortae (0.064 +
0.023 vs. 0.0045 + 0.0009; p= 0.031, figure 3).

We also evaluated the degree of Ull and UT expression in tissue samples
from carotid endarterectomies. However, since we did not have normal carotid
arteries with which to compare these, conclusions may be suspect. Nevertheless
assuming that normal aortic tissue samples have equivalent levels of Ull and UT

as normal carotid arteries, it was observed that Ull mRNA expression was
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increased in carotid endarterectomies (0.089 + 0.031) compared to normal aortic
tissue (0.019 + 0.0063), but this increase was not significant. Again UT mRNA
expression was also increased in carotid endarterectomies (0.025 + 0.0092)
compared to normal aortic tissue (0.0045 + 0.0009), and again the increase was

not significant.

3.5.2.2 Expression of Ull and UT in human Leukocytes
Using real-time quantitative RT-PCR we evaluated the amount of Ull and UT
MRNA expression in human leukocyte sub-populations. Values are expressed
as the ratio of the copy number of the gene of interest to the copy number of the
GAPDH gene. The highest levels of Ull mMRNA were seen in the sub-population
of lymphocytes (0.194 £ 0.030) when compared with monocytes (0.0255 +
0.010), macrophages (0.00341 £ 0.0022), foam cells (0.00536 + 0.0008), and
platelets (0.0113 + 0.0065; figure 4).

In contrast, UT mRNA levels were highest in the monocyte (0.00289 +
0.00015) and macrophage (0.00181 + 0.00014) populations but low in the
lymphocyte (0.000142 + 0.00007), and foam cell (0.000188 + 0.00017) sub-

populations (figure 5). UT mRNA was undetectable in the platelet fraction.
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3.6 Discussion

Recent findings of UMl activity in the cardiovascular system prompted us to
determine if Ull is up-regulated in atherosclerosis, the most prominent of
cardiovascular disorders. Firstly, we examined the expression of Ull in
atherosclerotic lesions of both carotid arteries and of abdominal aortae. To do
this we performed immunohistochemistry using anti-Ull antibodies. We were
able to demonstrate a large degree of Ull immunoreactivity in atherosclerotic
vessels of both carotid and aortic origin. In both types of vessels Ull was most
prominent in the hyperplasic intima of the lesion, often with a clear separation
between intima and media. However, medial Ull immunoreactivity was also
observed in both carotids and aortae. Interestingly, we noted that normal
segments of otherwise diseased vessels also exhibited Ull immunoreactivity.
This indicated that there may be a diffuse up-regulation of Ull in the diseased
state. To the best of our knowledge this is the first depiction of Ull
immunoreactivity in atherosclerotic plaques of carotid arteries and aortae.
Importantly, the most prominent staining was found in the lesion, indicating a
direct up-regulation in association with atherosclerotic plaques.

With these findings we then proceeded to determine quantitative
measurements of Ull, as well as, it's cognate receptor UT in tissue samples
harvested from patients undergoing carotid endarterectomies and abdominal
aortic aneurysm repair. We found that Ul mRNA expression was significantly
increased in abdominal aortic aneurysm tissue samples. Importantly, we found

that UT mRNA was also significantly elevated in abdominal aortic aneurysms.

117



As noted, both Ull and UT mRNA levels were also elevated in carotid
endarterectomies compared to normal aorta. However, this did not reach
statistical significance. Also, the biological significance of this is questionable at
best since we were unable to compare the mRNA levels for either Ull or UT from
the diseased carotid endarterectomy tissue samples with the mRNA levels of
normal carotid arteries. Nevertheless, the RT-PCR data on Ull does reinforce
the qualitative data observed with immunohistochemistry. In agreement with our

findings, others have also demonstrated UT mRNA expression in human aortic

Ames et al. 1999 & Matsushita et al. 2001 I 2000

tissue . In addition, Maguire et a showed the
presence of UT receptors in the aorta by Ull radioligand binding activity.

The large degree of inflammatory cell staining observed by
immunohistochemistry led us to quantitatively determine the levels of both Uli
and UT in the leukocyte sub-populations. We found that lymphocytes were by far
the largest producers of Ull, which is quite interesting in light of the fact that the
role of lymphocytes in atherosclerosis is becoming increasingly more important
Pindersk et al. 2002 & Daugherty etal. 2002 1y contrast, monocytes and macrophages were
the largest producers of UT, with relatively little expression in either foam cells,
lymphocytes, or platelets. These findings suggest that Ull may act in an
autocrine or paracrine fashion in the setting of atherosclerosis.

It has recently been demonstrated that Ull binding to UT activates Rho

kinase Sauzeau et al. 2001

and that Rho kinase in monocytes is involved in the
regulation of plasminogen activator inhibitor-1 (PAI-1) synthesis 'shashietal. 2002 - 1,

addition to this, Rho activation has been implicated as the mediator in thrombin
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induced suppression of endothelial nitric oxide synthase (eNOS) and the up-

Etoetal. 2001 1t js tempting to

regulation of endothelin converting enzyme (ECE-1)
speculate that Ull may promote atherogenesis in part by down-regulation of
eNOS and up-regulation of ECE-1 and PAI-1 via Rho kinase activation.

Ull has been demonstrated as the most potent vasoconstrictor to date
Ames etal. 1999 " Therefore up-regulation of this factor has the potential to lead to
vasospasm. In addition to its marked vasoactivity Ull has been shown to act as a

Sauzeau et al. 2001 & Watanabe et al. 2001 Hence
. b2

mitogenic factor for smooth muscle cells
the up-regulation of Ull in carotid and aortic atherosclerotic plaques may affect
either the vessels vasoactivity or it may act primarily as a mitogenic factor or
both. Studies aimed at using a selective UT antagonist will be needed to
address the physiological significance of increased Ull and UT expression in
atherosclerotic carotids and aortae.

To conclude, here we have demonstrated a quantitative and qualitative
increase in Ull expression in both atherosclerotic carotid arteries and aortae. We
also showed that Ull expression was highest in lymphocytes whereas UT
expression was most prominent in the monocyte/macrophage population. These

findings suggest a possible role for Ull and UT in the pathophysiology of

atherosclerosis.
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Figure Legends:

Figure 1: Ull immunoreactivity in both carotid and aortic tissue samples (large
arrows indicate endothelium and asterisks indicate intimal layer). (A), Shown
here is a non-lesioned carotid artery collected at autopsy showing diffuse Ull
immunoreactivity within the thickened intimal layer (100X magnification). (B) Ul
immunoreactivity in endothelial cells and myointimal cells in the hyperplastic
intima of a carotid endarterectomy sample (100X magnification). (C), Normal
aorta with distinct endothelial Ull immunoreactivity (200X magnification). (D),
Diseased aortic segment obtained at time of autopsy showing intense Ull
immunoreactivity in endothelial and inflammatory cells (400X magnification). (E),
Diseased aortic sample retrieved during abdominal aortic aneurysmal repair
showing marked inflammatory cell infiltration with intense Ull immunoreactivity
(400X magnification). (F), A section of diseased aorta collected at autopsy
incubated without primary antibody as negative control section (100X
magnification). Consecutive sections of a carotid artery segment showing Ui
immunoreactivity (G, small arrows indicate identical cells in serial sections), and
a-actin immunoreactivity (H), in smooth muscle cells of the hyperplasic intima

(400X magnification).
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Figure 2: Relative levels of prepro-Ull mRNA in normal aortic samples (n=7)
compared with tissue samples retrieved from abdominal aortic aneurysm (AAA,
n=8) and carotid endarterectomies (CE, n=17), normalized to GAPDH. The
graph demonstrates that Ul is significantly elevated in tissue samples from

abdominal aortic aneurysms compared to nomal aortae. (* indicates p<0.05).
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Figure 3: Relative levels of UT mRNA in normal aortic samples (n=7) compared
with tissue samples retrieved from abdominal aortic aneurysm (AAA, n=8) and
carotid endarterectomies (CE, n=17), normalized to GAPDH. The graph
demonstrates that UT is significantly elevated in tissue samples from abdominal

aortic aneurysms compared to normal aortic samples (* indicates p<0.05).
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Figure 4. Relative levels of Prepro-Ull mRNA in leukocyte sub-populations
nomalized to GAPDH. This graph demonstrates that Ull levels are highest in

lymphocytes.

126



Figure 4

0.25 4

- w0
=] =}

VNHW HAdVD/IIN ohel uespy

2
0.15

1o101€]d

apfooydwA|

1180 weo)

abeydosoew

a1Aoouow

Cell Types

127



Figure 5: Relative levels of UT mRNA in leukocyte sub-populations normalized
to GAPDH. This graph demonstrates that UT mRNA is most abundant in the

Monocyte/Macrophage population.
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Figure 5
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Chapter IV
Urotensin-ll Receptor Knockout Increases Plasma Lipids and Atherosclerosis in

ApoE Knockout Mice.
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4.1 Preface

In the previous chapter we investigated the degree of Ull and UT expression in
human carotid and aortic atherosclerosis. We found that Ull and UT mRNA
levels were significantly increased in human atherosclerotic aortae. Thus here
we aimed at determining whether UII/UT signaling has an effect in the
pathophysiology of atherosclerosis by evaluating the effect of UT knockout in a
well established mouse model of atherosclerosis. This work resulted in a

manuscript submitted to the Journal of Clinical Investigation.
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4.2 Abstract

Obijective: Urotensin-ll (Ull) is a vasoactive peptide whose levels are elevated
in cardiovascular disease. Based on our recent studies which demonstrated
increased expression of Ull and its receptor, UT, in human atherosclerosis, we
sought to determine the effect of UT gene deletion in a mouse model of
atherosclerosis.

Methods & Results: UT knockout (KO) mice were crossed with ApoE KO mice
to develop UT/ ApoE double knockout (DKO) mice. At 6 weeks of age wild-type
(WT), UT KO, ApoE KO, and DKO mice were placed on a high fat western type
diet for 12 weeks. We evaluated the degree of atherosclerosis via an en face
aortic presentation, and the quality of lesions via aortic plaque histology. In
addition, serum total cholesterol and triglycerides were analyzed. Liver histology
was also evaluated. Negligible atherosclerosis was observed in either WT or UT
KO mice. ApoE KO mice showed apparent aortic atherosclerosis and hepatic
steatosis. However, DKO mice exhibited significantly increased atherosclerosis
compared to ApoE KO mice (P<0.05). This was associated with a significant
increase in total serum cholesterol (P<0.001), serum triglycerides (P<0.001) and
decrease in hepatic steatosis (P<0.001). Furthermore we carried out real time
RT-PCR analysis on lipid uptake receptors, as well as the nuclear receptors
involved in lipid metabolism. We found that ABCA1, SR-A1, SR-B1,as well as,
LXR-a, PPAR-§, and PPAR-y were all significantly decreased in DKO mice
compared to ApoE KO mice. Finally we performed Western blot analysis on

LXR-a protein levels. Indeed, we found that DKO animals had significantly
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reduced LXR-a protein levels compared to ApoE KO mice. DKO mice also
exhibited hypertrophy of heart, kidneys, and spleen (P<0.01).

Conclusions: We demonstrate that UT gene deletion exacerbates
hyperlipidemia in a mouse model of atherosclerosis leading to increased aortic
lesion formation as well as exacerbation of other atherosclerotic disease
sequelae. We propose that UT KO in an ApoE deficient background suppresses
lipid uptake in the liver via the down regulation of nuclear receptor expression,
which in turn attenuates lipid uptake receptor expression and therefore lipid
uptake in the liver. Consequently this leads to an increase in hyperlipidemia and

atherosclerotic lesion formation.
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4.3 Introduction

Atherosclerosis, the primary cause of ischemic cardiomyopathy and ultimately a
major contributing factor to death in the Western World today is obviously a huge
burden on society and as such is the focus of a considerable amount of research.
Urotensin-1l (Ull) is emerging as a prominent vasoactive factor in a variety of
cardiovascular diseases including atherosclerosis. This was first suggested by
Ames et al. 1** who described Ull immunoreactivity in human coronary atheroma.

1.29°" a5 well as Watanabe et al.?®®' demonstrated

In addition, both Sauzeau et a
that Ull induced smooth muscle cell proliferation, an integral step in the early
development of atherosclerotic plaques. Interestingly, Watanabe et al.?*’
demonstrated a synergistic effect of Ull on proliferation of SMCs when
administered with oxidized LDL. This has potentially serious pathological
implications since oxidized lipids are a major contributor to atherosclerotic lesion
formation.

Ull was found to be elevated in atherosclerotic arteries of human origin. In
fact we were the first to show increased mRNA and protein levels of Ull in
atherosclerotic human aortae. Bousette etal. 2004 £, thermore, we demonstrated that
UT mRNA levels were also increased in diseased human aortae. Interestingly,
Hassan et al.?°® demonstrated that Ull protein and mRNA levels were
significantly increased in arteries of patients with coronary atherosclerosis

compared to normal coronary arteries. Thus, these findings suggest a potential

role for U-1l in the pathogenesis of coronary atherosclerosis.
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Our findings are supported by Maguire et al.*®®* who found prominent Ull
immunoreactivity in atherosclerotic plaques of coronary arteries as well as in the
thickened intima of failed saphenous vein grafts of explanted human hearts. In
addition to increased Ull levels in atherosclerotic lesions, reports have
demonstrated increased Ull levels in plasma of patients with atherosclerotic
disease Heringlake et al. 2004 & Lapp et al. 2004

Interestingly, UT mRNA was shown to be significantly up-regulated in the
aortae of ApoE KO mice, an established model for the study of atherosclerosis.
Wang etal. 20052 | addition they also demonstrated significantly increased Ul
radioligand binding in these same aortae.

Thus, both Ull and UT are up-regulated in atherosclerotic arteries of
humans, and in aortae of ApoE KO mice. Also Ull induces SMC proliferation
alone and in a synergistic fashion with oxidized LDL, a major contributor to
atherosclerosis. These data support the role of Ull in atherosclerotic
pathophysiology. Therefore based on these data we hypothesized that UT gene

deletion would attenuate atherosclerotic burden in ApoE KO mice, a well

established model of atherosclerosis.
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4.4 Methods

4.4.1 Animals

The study utilized 4 strains including WT (C57BL6/J; ApoE * *, UT* *; n=54), UT
KO (ApoE *'*, UT 7; n=35), ApoE KO (ApoE 7, UT **; n=11), and UT/ApoE
double knockout mice (DKO, ApoE +UT n=20). The generation of UT KO
was previously described. Be"™ et 2003 Briefly gene targeting was performed in
murine E14.1 ES cells, replacing the single coding exon of the UT receptor locus
with a positive selection cassette containing the neomycin phosphotransferase
gene driven by the phosphoglycerate kinase | promoter. The KO strategy
resulted in the deletion of the whole UT open reading frame. These animals
were backcrossed at least 10 times to the C57BL6/J background and then bred
to homozygosity. The UT KO mice were then crossed with the ApoE KO to
generate DKO mice. The ApoE KO mice were ordered from Taconic (B6.129P2-
Apoe™U"N11). Genotypes were verified by PCR and gel electrophoresis

(Table 1 and Figure 1).

4.4.2 Study design

Mice were bred and allowed to mature to 6 weeks of age at which point male
mice were weighed and put on a high fat diet for a period of 12 weeks. The high
fat diet (TD-88137, Harlan Teklad) consisted of 42% calories from fat with 0.15%
cholesterol content, Kuhlencordtetal. 2001 At the conclusion of the study period mice
were fasted for 4 hours, weighed, and then sacrificed by exsanguination under

anesthesia. We then harvested serum, the heart, the aorta, lungs, liver, kidneys,
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and spleen. Each organ was weighed and then fixed in 10% formalin or flash

frozen in liquid nitrogen and stored at —80 ° C.

4.4.3 Tissue Histology

Formalin fixed aortae were surgically cleaned of all adventitial fat and extraneous
tissue. These aortae were then stained with sudan IV and pinned to a rubber
surface for presentation. Flash frozen aortae were embedded in OCT freezing
media for sectioning via the cryostat (10 um thickness). Formalin fixed livers
were embedded in paraffin, and cut (5pm). Sections were then stained with
hematoxylin & eosin. For the liver 5 random photomicrographs were taken (100X
magnification) from each animal. These photomicrographs were then
downloaded into an image analysis program, Image ProPlus, which allowed for

the quantification of hepatic steatosis in the livers.

4.4.4 Serum Lipids

Fasting blood samples were harvested at the time of sacrifice. Serum was then
collected and stored at —20 ° C. These serum samples were then analyzed for
serum total cholesterol using a cholesterol assay kit (BioVision, CA, USA)
according to the manufacturer’s instructions. Similarly, serum total glycerol (a
surrogate for triglyceride levels) was determined using a triglyceride analysis kit
(Sigma, St-Louis; Misouri). Protocol was carried out as per manufacturer’s

instructions.
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4.4.5 Real Time RT-PCR analysis

Liver samples were retrieved from storage at -80 ° for RNA extraction using
Trizol (Invitrogen, Ontario, Canada) and performed as per the manufacturer’s
instructions. RNA integrity was then verified for all samples by evaluating the
clarity of the 28S and 18S bands and verifying that the bands were 28S>18S by
gel electrophoresis. Following this, 2 pg of each RNA sample was reverse
transcribed to synthesize cDNA using the Omniscript reverse transcriptase kit
from Qiagen (Ontario, Canada). From this, 1 pl of cDNA was used to amplify
target genes using specific primers (Table 1). Genes were amplified individually
in the LightCycler (Roche, Montreal, Canada) using Quantitect SYBR Green
reagent (Qiagen, Ontario, Canada) with the following amplification conditions:
DNA polymerase activation, 15 minutes at 95 ° C followed by 40 cycles of
denaturation, annealing and extension for 15 seconds at 94 ° C, 20 seconds at
50-60 ° C (depending on primer Ty,) and 20-30 seconds at 72 ° C (depending on
amplicon size), respectively. Primers were designed using PrimerQuest biotool
[www.idtdna.com] (Table 1). All values for mMRNA expression determined by RT-
PCR are expressed as the ratio of the copy number of the mRNA transcript of
interest to the copy number of the mRNA transcript of the housekeeping gene
GAPDH. The copy number of mRNA transcript is determined by the threshold
cycle of the PCR reaction for each sample. A homogeneous amplification of the
products was rechecked by analyzing the melting curves of the amplified

products.
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4.4.6 Western Blotting

Western blotting was performed as previously described 52" e @ 2002

, with goat
polyclonal anti-LXR-a antibody (1:300 dilution) and bovine anti-goat secondary
antibody conjugated to horse peroxidase (1:5000 dilution). LXR-a levels were
normalized to the housekeeping gene Histone H1 as previously described 'a™ova ¢t
al. 2006 protein bands were then quantified using arbitrary units (AU) with the

image analysis program, /mage J.

4.4.7 Statistical analyses

Multi-group comparisons were analyzed using ANOVA with the Tukey post-hoc
test. Direct two group comparisons were carried out using the student’s t-Test.
A P value <0.05 was considered statistically significant. All statistical analyses

were carried out using SPSS version 11.5.
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4.5 Results

4.5.1 Lesion area fraction

Wild type C57BL/6 mice demonstrated negligible atherosclerosis following
exposure to a high fat diet for 12 weeks (Figure 2A). Interestingly, UT KO
animals also demonstrated negligible lesion formation. Conversely, ApoE KO
mice exhibited apparent atherosclerosis especially in the aortic arch with few
small lesions in the thoracic and abdominal aorta. Remarkably, DKO mice
exhibited a significant 54% increase in lesion area fraction compared to ApoE KO
mice (4.23 £ 0.41 % vs. 6.59 + 0.59 %, P<0.001) (Figure 2B). Of note, two of
eleven aortae analyzed from the DKO mice developed abdominal aortic
aneurysms which was not observed in any other strain (Figure 3). The first of
had such extensive atherosclerosis that >85% of the aorta was diseased. The
second was not quite so extensively diseased but nonetheless ~20% of the aorta

was encompassed with atherosclerotic lesions.

4.5.2 Lesion histology

As expected from the en face aortic analysis, lesions were absent from WT and
UT KO aortic arches (Figure 4A-D). On the other hand ApoE KO and DKO
animals both presented with lesions or varying sizes. Atherosclerotic plaques
varied from Type 1 lesions exhibiting intimal thickening to type V lesions bearing
large fatty cores with an overlying fibrous cap (Figure 4 E-H). All lesions had

pronounced inflammatory infiltrates. No major histological differences in lesions
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were noted between ApoE KO and DKO animals, however, the largest lesions

were found in DKO animals.

4.5.3 Serum Lipids

Serum total cholesterol and serum triglycerides were measured. UT KO mice
exhibited serum total cholesterol levels comparable to WT mice. As expected
ApoE KO mice demonstrated a very significant increase in serum total

cholesterol compared to wild type and UT KO animals (P<0.001) (Figure 5A),
which is in accordance with levels reported by others. Stkovichetal 1998 pamarkably,
DKO had even greater serum total cholesterol levels, which were significantly
increased compared to all other strains including ApoE KO mice (P=0.001).
Serum triglyceride analysis revealed that UT KO mice exhibited a small but
significant increase in serum triglycerides compared to WT mice (P<0.01) (Figure |
5B). Again, ApoE KO mice showed a very significant increase in serum
triglycerides compared to WT and UT KO mice (P<0.001). Finally, DKO mice
demonstrated triglyceride levels greater than all other strains including ApoE KO

(P=0.001) (Figure 5B).

4.5.4 Gross anatomy

We measured body weight at the beginning and end of the 12-week study period.
Interestingly, we found that UT KO mice had a significant reduction in body
weight gain compared to WT mice (P<0.001) (Table 2) (Figure 6A). Of note,

DKO mice experienced the least weight gain of all the strains. Specifically, DKO
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mice had significantly lesser weight gain compared to WT mice and ApoE KO
mice (P<0.05), but not compared to UT KO mice (Table 2) (Figure 6A).

We also measured organ weights at time of sacrifice. The organs
included heart, right and left lungs, liver, right and left kidneys, and spleen.
Interestingly, UT KO mice exhibited significantly reduced liver mass compared to
WT mice (P<0.01) (Table 2) (Figure 6B), however, all other organs had
comparable weights. Similarly to UT KO mice, DKO mice also had decreased
liver weights, which was significant when compared to both WT and ApoE KO
mice (P<0.05) (Table 2) (Figure 6B). Of note, DKO mice had significantly
increased heart, right kidney, left kidney, and spleen weights compared to all
other strains (P<0.05) (Table 2). This latter data is especiailly remarkable in light

of the fact that these DKO mice had the least body weight gain.

4.5.5 Liver histology

The significant reduction in liver size in both UT KO and DKO mice led us to
analyze liver histology. Analysis of H & E stained liver demonstrated that WT, UT
KO, and ApoE KO mice had apparent hepatic steatosis (Figure 7A-C). In
contrast, DKO mice had significantly reduced hepatic steatosis compared to all

other strains (P<0.001) (Figure 7D-E).

4.5.6 Liver mRNA and Nuclear Protein Analysis:
The marked reduction in hepatic steatosis suggested that there may be an

alteration in the expression of lipid uptake receptors. Therefore, we analyzed
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mRNA levels from liver tissue of the 4 strains of mice. Specifically, we analyzed
the mRNA levels of the LDL receptor (LDLR), the LDLR-related protein (LRP),
the ATP binding cassette-A1 (ABCA1), scavenger receptor-A1 (SR-A1), and SR-
B1. Expectedly, LRP, ABC-A1, SR-A1, and SR-B1 were all significantly elevated
in ApoE KO mice (P<0.05) compared to both WT and UT KO mice (Table 3). Of
note, LRP levels were also significantly elevated in DKO mice compared to WT
and UT KO mice (Table 3). However, mRNA levels for ABC-A1, SR-A1, and SR-
B1 were significantly reduced in DKO mice compared to ApoE KO mice (P<0.05)
(Figure 8A-C) (Table 3). Although mRNA levels for these lipid uptake receptors
were consistently reduced in the UT KO compared to WT mice, these values did
not reach statistical significance (Table 3).

These lipid uptake receptors are believed to be transcriptionally regulated
by a group of nuclear receptors including liver X receptor-a (LXR-a), as well as
the peroxisome proliferator activated receptors (PPARS) o, 8, and y. Therefore
mRNA analysis on the latter receptors was evaluated. The results indicate that
both LXR-a and PPAR-6 mRNA expression levels were significantly increased in
ApoE KO mice compared to WT and UT KO mice (P<0.01). Importantly, there
was a significant attenuation of the expression of LXR-a, PPAR-§, and yin DKO
mice compared to ApoE KO mice (Figure 8D-F)(P<0.01).

The significant reduction in LXR-a mRNA levels prompted us to evaluate
LXR protein levels. Therefore we performed western blotting analysis for LXR
protein expression on nuclear protein extracts from livers of the 4 mouse strains.

We found that while WT and UT KO LXR-a levels were comparable yet
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significantly less than in ApoE KO mice, DKO mice also had significantly reduced

levels compared to ApoE KO mice (P<0.05) (Figure 9).
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4.6 Discussion

This study demonstrates that UT gene deletion leads to increased atherosclerotic
lesion formation only when on an ApoE KO genetic background. Indeed, UT KO
alone in mice demonstrated negligible lesion formation following the
administration of a high fat diet for 12 weeks. Interestingly, UT KO mice
consistently presented with livers of lesser mass, whether on a WT or ApoE KO
genetic background. In addition, while WT, UT KO and ApoE KO mice all
exhibited apparent hepatic steatosis, this sequela of a high fat diet was
significantly reduced in DKO mice. The substantial reduction in hepatic steatosis
in DKO mice led us to investigate whether it affected serum lipid levels. Indeed,
we found that DKO mice show exaggerated serum total cholesterol and serum
triglycerides compared to ApoE KO mice. This observation is supported by the
finding of a small but significant increase in serum triglycerides in UT KO mice
compared to WT mice. The significantly elevated serum lipids in DKO animals
may explain the significant increase in atherosclerotic burden compared to ApoE
KO mice.

The liver is an integral organ in the regulation of lipid metabolism.
Therefore it was of great interest to find that DKO mice exhibited significantly
reduced liver mass and hepatic steatosis. Mice with UT KO alone did not have
altered hepatic steatosis but did have significantly decreased liver size. This
suggests that these phenomena may not be linked. Thus, the reduced steatosis
only manifests itself in the absence of apolipoprotein E. The decreased steatosis

is likely due to either a reduction in liver uptake of lipids or an increase in lipid
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oxidation or export. However, if the decreased hepatic steatosis was a result of
increased liver oxidation one would not expect to observe the exaggerated serum
dyslipidemia as well as the multiple organ hypertrophy.

In order to determine if the decreased steatosis and associated
hyperlipidemia was in fact a result of reduced lipid uptake we analyzed the
mRNA expression of lipid transporters including the LDL receptor, LRP, ABCA1,
SR-A1, and SR-B1. Interestingly, we found significant reductions in the mRNA
levels of ABCA1, SR-A1, and SR-B1 in DKO mice. This is supported by several
studies which show that scavenger receptor deficiency increases plasma
cholesterol and aggravates atherosclerosis in hyperlipidemic mice. Moot etal. 1997:
Braun et al. 2002; de Winther et al. 1999 ) rthermore, overexpression of SR-B1 led to a
significant decrease in plasma HDL and non-HDL cholesterol levels, Yed ¢t al- 1999
Therefore these latter studies support the present hypothesis in which
attenuation of lipid uptake receptors, including the scavenger receptors SR-A1
and SR-B1, causes an increase in hyperlipidemia and exacerbates
atherosclerosis in ApoE deficient mice.

To investigate whether the effect of UT deficiency plays a role upstream of
the lipid uptake receptors we analyzed the expression of nuclear receptors
known to regulate the transcriptional expression of the former. Of note, we found
that the mRNA levels for LXR-a, PPAR-3, and PPAR-y were all significantly
decreased in DKO mice compared to ApoE KO mice. Furthermore, we went on

to demonstrate that protein levels for LXR-a were also significantly decreased in

DKO mice compared to ApoE KO mice. Therefore the reduced levels of these
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nuclear receptors involved in transcriptional regulation of lipid uptake receptors
leads to the reduced expression of the latter, which in turn would account for
reduced liver uptake of lipids and hence reduced hepatic steatosis. This is
supported by a study which demonstrated that liver specific disruption of PPAR-y
attenuated hepatic steatosis. Matsusueetal. 2003 Thg fact that hepatic steatosis was
not altered in UT KO mice can be easily explained by the fact that these mice still
express ApoE and therefore lipid uptake can still be mediated through this ligand.

Atherosclerosis is a multifactorial and multi organ disease. This fact is
reiterated by the present study which shows that increased atherosclerosis in
DKO mice is associated with hypertrophy of the heart, kidneys, and spleen. Itis
unlikely that the enlargement of all these organs in DKO mice is a direct effect of
UT gene deletion, since UT KO mice have comparable organ weights to WT
mice, save for the liver which is significantly smaller. Therefore the increase in
serum lipids is a likely culprit. Indeed, ApoE KO mice have been shown to
progressively develop endothelial dysfunction and hypertension which in turn
induced cardiac hypertrophy.Y2"9 et 1999 - Als6 aged, but not young, ApoE KO
mice also exhibited significantly elevated aortic stiffness and this was associated
with cardiac hypertrophy. a9t 20050 Hange the increased serum lipids in DKO
mice could exacerbate endothelial dysfunction, vascular stiffness, and
hypertension in these animals and thus cause the pronounced cardiac
hypertrophy.

Of note was the unexpected finding of reduced body weight gain in both

UT KO vs. WT animals; as well as in DKO mice vs. ApoE KO mice. Therefore,
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UT gene deletion decreases body weight gain. Whether these alterations are
due to reduced growth, appetite, and/or decreased fat deposition was not
evaluated in this study. In light of this finding it is interesting to note that Bernard
et al. °® recently demonstrated that a single nucleotide polymorphism in the Ul
promoter was associated with % body fat in a population of Hong Kong Chinese.

In conclusion, in the present study we show that UT gene deletion leads to
a decreased body weight gain and liver size in mice with a wild-type genetic
background fed a high fat diet. While UT deletion in an ApoE KO genetic
background leads to significantly increased atherosclerotic lesion formation,
serum lipids, and organ masses, as well as, a significant decrease in body weight
gain, liver mass and hepatic steatosis. Furthermore we also demonstrated that
DKO mice have significantly reduced expression of liver nuclear receptors,
including LXR-a, PPAR-9, and PPAR-y, which in turn reduced the mRNA
expression of liver lipid uptake receptors including SR-A1, and SR-B1.

These findings indicate that UII-UT signaling regulates genes involved in
lipid metabolism in the liver, either directly or indirectly via an as of yet undefined

peripheral factor.
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Figure 1. Genotyping analysis.

DNA was isolated from WT mice (lanes 1-5), UT KO mice (lanes 6-10), ApoE KO
mice (lanes 11-15), and DKO mice (lanes 16-20). This DNA was subjected to
polymerase chain reaction (PCR) to amplify specific DNA segments with
appropriate primers (Table 1). Amplicons were gel electrophoresed to verify
appropriate amplicon sizes. Lanes 1,6,11,16: DNA Ladder: bands
demonstrating amplicons of 500, 400, and 300 BP from the top. Lanes 2,7,12,17:
Presence of band (155bp) indicates an ApoE (+/+) genotype. Lanes 3, 8, 13, 18:
Presence of band (250bp) indicates ApoE (-/-), since forward primer recognizes
sequence in ApoE gene while reverse primer recognizes sequence in NEO gene.
Lanes 4, 9, 14, 19: Presence of band (199bp) indicates NEO (+/+), which is
gene used to replace both knockout genes (i.e. ApoE and UT). Lanes 5, 10, 15,

20: Presence of band (138bp) indicates UT (+/+).
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Figure 2. Aortic atherosclerosis. A, Representative photographs of aortae
stained with Sudan IV. B, Graph demonstrating lesion area quantification.
N=10,10, 6, and 9 for WT, UT KO, ApoE KO and DKO, respectively. * indicates

P<0.05 vs. WT and UT KO; # indicates P<0.05 vs. ApoE KO.
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Figure 2A
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Figure 3. Aortic aneurysms. Representative photographs of two aortae from

DKO mice exhibiting aortic aneurysms (red arrow).
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Figure 3
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Figure 4. Aortic histology. Representative photomicrographs of Aortic cross-
sections. Panel A demonstrates a WT aorta (100X magnification). Panel B is
greater magnification of WT aorta (400X magnification). Panel C demonstrates a
UT KO aorta (100X magnification). Panel D is greater magnification of UT KO
aorta (400X magnification). Panel E demonstrates an ApoE KO aorta with type V
lesion (100X magnification). Panel F is greater magnification of ApoE KO lesion
clearly demonstrating a fatty core with overlying fibrous cap (200X magnification).
Panel G demonstrates a DKO aorta with large type V lesions (100X
magnification). Panel H is greater magnification of DKO lesion clearly

demonstrating a fatty core with overlying fibrous cap (200X magnification).
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Figure 5. Serum lipid analysis. A, Graph demonstrating significantly elevated
serum total cholesterol in ApoE KO mice (* indicates P<0.001 vs. WT and UT KO
mice). Furthermore, DKO mice exhibited significantly elevated serum total
cholesterol compared to all other strains (# indicates P<0.001). B, Graph
demonstrating significantly elevated serum glycerol levels in UT KO vs WT (+
indicates P<0.01), ApoE KO vs. WT and UT KO (* indicates P<0.001) and DKO

vs. all strains (# indicates P<0.001).
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Figure 5A
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Figure 6. Body weight gain and liver weight analysis. A, Graph
demonstrating significantly reduced body weight gain in UT KO mice and DKO
mice compared to WT mice (* indicates P<0.001) and ApoE KO (# indicates
P<0.05) mice, respectively. B, Graph demonstrating significantly reduced liver
mass in UT KO mice and DKO mice compared to WT mice (* indicates P=0.001)

and ApoE KO (# indicates P<0.05) mice, respectively.
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Figure 6A
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Figure 7. Liver steatosis. Representative photomicrographs of livers stained
with hematoxylin & eosin demonstrating hepatic steatosis from (A), WT; (B), UT
KO; (C), ApoE KO; and (D), DKO mice (100X magnification). E, Graph
demonstrating significantly reduced hepatic steatosis in DKO mice compared to

all other strains (* indicates P<0.001).
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Figure 8. mRNA analysis Graphs demonstrating mRNA levels (normalized to
GAPDH) for (A), ABCA1; (B), SR-A1; (C), SR-B1; (D),LXR-q; (E), PPAR-3; and
(F), PPAR-y. (* indicates P<0.05 vs. WT and UTKO, # indicates P<0.05 vs.

ApoE KO).

163



Figure 8
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Figure 9. LXR-a Western blotting. Representative Western blot for LXR-a and
Histone H1 for mice groups. Graph demonstrating quantification of LXR-a blots
normalized to nuclear housekeeping gene Histone H1. (* indicates P<0.05 vs.

WT and UTKO, # indicates P<0.05 vs. ApoE KO)
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Figure 9.
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Table 1; Genotyping and liver mRNA anlysis primers.

Gene Primer Sequence
ApoE-F (WT) GCCTAGCCGAGGGAGAGCCG
ApoE-R (WT) TGTGACTTGGGAGCTCTGCAGC
ApoE-F (KO) TTGGTGACCGCATCCGAGG
ApoE-R (KO) GCCTCGTCCTGCAGTTCATTCA
NEO-F CCATTCGACCACCAAGCGAAACA
NEO-R CCATGATATTCGGCAAGCAGGCA
UT-F CTCTTCTGGGCATGCTTTCTGC
UT-R GATGCAGCTGTTGCCGTAAGTG
LDLR-F AAT GAG GAG CAG CCA CAT GGT A
LDLR-R TGTTGATGT TCT TCA GCC GCC A
LRP-F AGG AGC AGGTTGTTAGTCAGCA
LRP-R ACT CGC CGC TTATAC CAG AAC A
ABC-A1-F TGA AGC CTG TCC AGG AGT TC
ABC-A1-R ATG ACA AGG AGG ATG GAA GC
SR-A1-F AAG AAC AAG CGC ACG TGG AA
SR-A1-R ACC AGT TTG TCC AGT AAG C
SR-B1-F TGC AGCTGAGCCTCTACATCAA
SR-B1-R AAC CAC AGC AACGGC AGAACTA
LXR-F TGACTTTGC CAAACAGCTC
LXR-R AGC ATG ACT CGATTG CAG AG
PPAR-a-F AATTTG CTG TGG AGATCG G
PPAR-a-R AGG TGT CAT CTG GAT GGT TGC
PPAR-5-F AGC CCAAGT TCG AGT TTG CTG
PPAR-5-R ACA GAATGATGG CCGCGATGAA
PPAR-y-F AGG ACA TCC AAG ACAACC TGC
PPAR-y-R TCT GCCTGA GGT CTG TCATC
GAPDH-F AAG AAG GTG GTG AAG CAG GCA
GAPDH-R AGT TGC TGT TGA AGT CGC AGG A
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Table 2, Body and Organ weights.

wWT UT KO ApoE KO DKO
BW Gain 24.2 + 0.46 20.9 + 0.56 * 22.8 +0.58 18.9 £ 1.05 * #
HV(\? )(g) 0.138+.002 0.135+ .0025 0.146 + .0045 0.180x .0045* #
RLW (g) 0.112 +.0017 0.105 +.0017 0.117 +.0043 0.125 +.0033 *
LLW (g) 0.052 +.0008 0.050 + .0009 0.056 + .002 0.060 = .002*
LW (g) 4.10+.106 3.38 =.162* 3.51 +.231 2.63 +.192* #
RKW (g) 0.174 £ .002 0.171 +.003 0.187 +.0058 0.201 +.0057 * #
LKW (g) 0.168+.0025 0.166 + .003 0.178+.0038 0.202x .0021* #
SW (g) 0.128 +.0039 0.122 +.0043 0.151 +.0036 0.189 = .0128* #
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Table: Liver mRNA analysis

Genes WT (n=8) UT KO (n=8) | ApoE KO DKO (n=9)
(n=7)

LDLR 0.66 + 0.007 0.65 + 0.008 0.67 + 0.007 0.65 = 0.009
LRP 0.76 = 0.005 0.77 + 0.006 0.81 +0.003* 0.80 + 0.006 *
ABC-A1 0.64 + 0.008 0.63 + 0.009 0.69 +0.005* | 0.64+0.009 #
SR-A1 0.61 + 0.007 0.59 + 0.007 0.66 £0.006 * | 0.61+0.008 #
SR-B1 0.70 £ 0.005 0.69 + 0.007 0.73+£0.004* | 0.70 +0.006 #
LXR 0.66 + 0.008 0.65 + 0.006 0.69 + 0.004 * 0.66 + 0.005 #
PPAR-a 0.80 + 0.006 0.79 0.005 0.82 + 0.004 0.80 + 0.005
PPAR-3 0.57 + 0.004 0.56 + 0.005 0.60 +0.003* | 0.58+0.005 #
PPAR-y 0.68 + 0.006 0.67 + 0.005 0.68 + 0.008 0.65 + 0.004 #

(mRNA levels are normalized to GAPDH mRNA. LXR: Liver X Receptor; PPAR:
Peroxisome Proliferator Activated Receptor; LDLR: Low Density Lipoprotein
Receptor; LRP: Low Density Lipoprotein Receptor Related Peptide; ABC: ATP
Binding Cassette transporter; SR: Scavenger Receptor. * indicates P<0.05 vs.

WT & UT KO, # indicates P< 0.05 vs. ApoE KO)
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5.0 General Discussion

The latter studies provide strong evidence of a pathophysiological role for
urotensin-ll in cardiovascular disease. Indeed, we showed that blockade of
Ull signaling with a selective Ull receptor antagonist significantly attenuated
mortality, cardiac dysfunction and hypertrophy in a Well established model of
CHF. Furthermore, treatment with the Ull receptor antagonist was

associated with a significant reduction in cardiac fibrosis. We proceeded to
investigate the role of Ull in atherosclerosis, the main underlying cause of
ischemic cardiomyopathy. We showed that Ull and UT expression was
significantly elevated in human atherosclerosis of the carotid arteries and
aortae. Following this we evaluated the effect of UT deficiency in a mouse
model of atherosclerosis. We showed that UT gene deletion in an ApoE
deficient genetic background exacerbated atherosclerosis of the mouse aorta.
This was associated with significant increases in serum lipids as well as heart,
kidney, and spleen hypertrophy, in addition to a significant reduction in body
mass, liver mass, and hepatic steatosis.

The prominent effect of Ull blockade on animals with CHF suggests it
could be an important pharmacological target. Indeed, CHF amelioration with
SB-611812 was comparable with previous studies using either endothelin
receptor antagonists or angiotensin-converting enzyme inhibitors. Nguyen etal.
1998; Mulder et al. 1997; Pfeffer et al. 1991; Jain et al. 1994; Lapointe et al. 2002

In addition to a substantial attenuation of cardiac dysfunction, Ull

blockade also attenuated cardiac hypertrophy, an important characteristic of
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CHF. Indeed we showed that Ull receptor antagonism significantly reduced
cardiomyocyte size and LV chamber dilatation. This finding is supported by
other studies demonstrating hypertrophic effects of Ull on cardiomyocytes in
culture. Tzanidis et al., 2003 & Johns et al., 2004
The most significant improvements in cardiac dysfunction noted with
the use of the Ull receptor blocker were in diastolic parameters, specifically a
reduction in LVEDP, RVSP, CVP and lung edema. It is increasingly being
appreciated that diastolic dysfunction is associated not only with an increase
in matrix deposition, most prominently collagen, but also on the type of
collagens being produced. Several studies demonstrate that collagen type |
is the major collagen type in cardiac fibrosis, as such there is an increase in

the collagen type | to Ill ratio in disease Marijianowski et al. 1995; Huang et al. 2004; Wei et al.

2004
Therefore, it is noteworthy that our findings show that, not only is

fibrosis and collagen deposition attenuated with the use of the UlI receptor

antagonist, but the collagen type | to type Ill ratio was also decreased with

1. 29 who

treatment. This is supported by an interesting study by Kompa et a
demonstrate that chronic infusion of Ull in the rat led to a significant increase
in LVEDP and in collagen type | to type Ill ratio. Our findings are further
supported by the demonstration of Ull induced expression of collagen type |,
collagen type lll, and fibronectin mRNA in cardiac fibroblasts, T2amds etal. 2003
Here we present strong evidence of Ull's role in cardiac

pathophysiology in CHF following coronary artery ligation. Ull is thus poised
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to be an important pharmacological target for the attenuation not only of
cardiac dysfunction following an ischemic injury but also for the reduction in
cardiac hypertrophy and fibrosis.

The leading cause of ischemic cardiomyopathy is atherosclerosis. As
such we aimed to determine if Ull expression is altered in human
atherosclerosis and whether Ull signaling plays a pathophysiological role in
this disease. Indeed, we were the first to show that Ull was increased in
human atherosclerosis. Since then, several studies have been published
supporting the evidence that Ull is elevated in atherosclerosis. Specifically,
several groups, including our own, have shown increased expression of Ull in

diseased coronary arteries, Hassan et al. 2005; Maguire et al. 2004

and in plasma of
patients with coronary artery disease, "emnglake etal. 2004 T i a150 elevated in
aortae of hyperlipidemic mice. Wangetal 2005 £y thermore, UIl has been shown
to induce the activity and expression of acyl-CoA Cholesterol acyltransferase,
an enzyme believed to play an important role in the accumulation of
cholesterol in atherosclerotic plaques, ‘Vatanabe etal. 2005

The latter finding of elevated Ull expression in human atherosclerosis
led us to hypothesize that elevation of Ull may promote this disease.
Therefore, we aimed at determining the role Ull plays in atherosclerosis by
evaluating the effect of UT gene deletion in a mouse model of atherosclerosis.
Surprisingly, we found that UT gene deletion led to an increase in

atherosclerotic burden in ApoE deficient mice. Noteworthy, is the fact that

this increase in disease was only noted in double knockout (DKO) mice, but
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not in mice with UT KO alone. The increased atherosclerosis in these DKO
mice was especially dramatic in two animals which developed aortic
aneurysms.

In addition to the increase in atherosclerosis in mice deficient in both
UT and ApoE we found that the livers in these animals had significantly
reduced mass. This prompted the histological evaluation of these livers.
Interestingly, we found that hepatic steatosis, a characteristic feature of mice
fed a high fat diet, was significantly reduced in DKO mice. In addition, we
also found that serum total cholesterol and serum triglycerides were
significantly elevated in DKO mice. Analysis of lipid uptake receptor
expression demonstrated that mRNA levels for scavenger receptor A1, and
B1 were significantly reduced in DKO mice livers. Furthermore, we found
that expression of liver transcriptional regulators, including LXR-a, PPAR-§,
and PPAR-y, were also significantly attenuated in DKO mice. Therefore we
propose that the mechanism of increased atherosclerosis in DKO mice is a
result of attenuated lipid uptake and metabolism in the liver due to reduced
lipid uptake receptor expression. This in turn led to increased plasma lipids,
which in turn aggravated atherosclerosis.

Even in light of this data, it is still unknown whether or not Ull signaling
is vasculoprotective. This is because we cannot discern whether the altered
disease levels in DKO mice were due to the lack of “protective” Ull signaling
or whether it was due to the elevated plasma lipids. However, one must

consider that if in fact Ull is vasculo-protective, why then, was there no
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disease aggravation in the UT single KO mice. We, and others, have shown
that Ull and UT is elevated in atherosclerosis, however, whether this
increased expression has a counter-regulatory role such as BNP in heart
failure, or whether it is truly a modulator of atherosclerotic disease will need
to be elucidated in future studies.

Noeworthy , is a study by Weisberg et al.?*®® who demonstrated
attenuated hepatic steatosis and adiposity in a mouse model lacking the
CCR2 gene. This is especially interesting in light of the fact that DKO mice
also had significantly reduced body mass. Furthermore, CCR2 deficiency
also led to significantly elevated plasma triglycerides, which was similarly
noted in our DKO mice. However, atherosclerosis was not evaluated in the
study by Weisberg et al. Nonetheless, deficiency of CCR2, a chemokine
receptor produced some similar results as those found in our study and
therefore investigation into functional similarities between these receptors
may be warranted.

Of note is the fact that both body mass and liver masses were
significantly decreased in mice with UT KO alone, yet there was no increase
in atherosclerosis or organ hypertrophy. This suggests that the resultant
increase in atherosclerosis and organ hypertrophy in DKO is due to the
exaggerated hyperlipidemia. Indeed previous studies have demonstrated

organ hypertrophy due to hyperlipidemia. Yang et al., 1999; Wang et al. 2005; Wellman et al.,

1971; Kasiske et al., 1990
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Here we provide initial evidence of altered lipid storage in the liver,
thus making the liver an important research target for this mouse model.
Alternatively, one must bear in mind that this may also be only a species
specific development and may not be reproduced in humans. The ApoE KO
mouse is merely a model of human atherosclerosis and not an exact replica
of the disease. Indeed, mice do not normally express cholesterol ester
transfer protein, a plasma glycoprotein believed to be integral to plasma lipid
metabolism in humans. Therefore, deletion of the UT gene in mice may have
unforeseen ramifications in the mouse model that are not duplicated in
humans due to genomic differences.

To summarize, we have demonstrated that Ull is elevated in human
atherosclerosis, however we failed to show that deletion of the UT receptor is
athero-protective. Although a mechanism was put forth regarding the cause
of increased disease in DKO mice, it does not completely exclude the
possibility that Ull signaling is athero-protective. In contrast, we do
conclusively demonstrate that Ull antagonism is cardio-protective in a rat
model of CHF.

Future studies should investigate which specific signaling pathways
are activated in the heart by Ull and how these converge to produce the
pathophysiological sequelae associated with congestive heart failure
including cardiac hypertrophy and fibrosis. Further studies with specific
antagonists are also essential for the validation of Ull as a pharmacological

target. Furthermore, studies are needed to delineate the true vascular effect
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of Ull in atherosclerosis. Firstly the evaluation of lipid uptake in the periphery
needs to be evaluated. Also it will be interesting to evaluate whether the UT
upregulation in a transgenic model would demonstrate the reverse effect, i.e.
decreased atherosclerosis. Future studies in this field are warranted.

In conclusion, we were the first to demonstrate a pathophysiological
role for Ull in cardiovascular diseases which may lead to a breakthrough in
the management of CHF and may also give more insight into the

pathogenesis of atherosclerosis.
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Abstract

Expression of urotensin II (Ul) is significantly elevated in the hearts of patients with congestive heart failure (CHF). Recent reports have also
shown increased plasma levels of Ull in patients with CHF, and these levels correlated with the severity of disease. We therefore hypothesized that
blockade of Ul signaling would improve cardiac function in a rat model of CHF. CHF was induced in rats by ligating the left coronary artery.
Animals were randomized to either treatment with a specific UT receptor antagonist, SB-611812 (30 mg/kg/day, UID by gavage), or vehicle,
starting either 30' min prior to coronary ligation (early treatment) or 10 days after ligation (delayed treatment). Treatment drug or vehicle wa
administered daily thereafter for 8 weeks. We measured cardiac function and evaluated the levels of mRNA expression for mediators of CHF. In
addition, we evaluated UII and UT protein levels using immunohistochemistry and Western blotting. Cardiomyocyte hypertrophy was evaluated
by measuring cardiomyocyte cross-sectional area. Animals with CHF showed increased UIl and UT expression as evidenced by
immunohistochemistry and Western blotting. Treatment with the SB-611812 significantly reduced overall mortality, left ventricular end-diastolic
pressure by 72%, lung edema by 71%, right ventricular systolic pressure by 92%, central venous pressure by 59%, cardiomyocyte hypertrophy by
54%, and ventricular dilatation by 79% (P < 0.05). Therefore, blockade of the UT receptor reduced mortality and improved cardiac function in this

model of myocardial infarction and CHF, suggesting an important role for Ull in the pathogenesis of this condition.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Myocardial infarction; Hemodynamics; Receptors; SB-611812

1. Introduction

Urotensin-II (UIl) a relatively novel peptide, originally
isolated from fish spinal cords, has prompted some substantial
interest in the field of cardiovascular medicine. In humans, Ul
binds to a 389 amino acid G-protein coupled receptor termed
UT {1]. The G-protein associated with the UT receptor is of the
Gq class, which is the same class of G-proteins that bind to
angiotensin, endothelin, and a-adrenoceptors. Ull induced both
endothelium-independent vasoconstriction and endothelium-
dependent vasorelaxation, the order and magnitude of which
were dependent on the species tested and anatomical location
[2—4]. UII also exerted inotropic effects on the isolated human

* Corresponding author. Fax: +1 514 934 8448.
E-mail address: adel.giaid@mcgill.ca (A. Giaid).

0022-2828/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/.yjmcc.2006.05.008

atrial trabeculea [5], mitogenic effects on smooth muscle cells
{6,71, and induced collagen and fibronectin synthesis by cardiac
fibroblasts [8]. In fact, the latter study also showed that UIl
induced hypertrophy of rat neonatal cardiomyocytes. Bolus
mjection of UIl into cynomolgus monkeys resulted in the
development of cardiovascular collapse [1].

The heart is one of the tissues with the highest degree of
UT expression, further supporting its role in cardiovascular
physiology [1]. We have previously demonstrated increased
myocardial expression of Ul in CHF patients, and this increase
was significantly correlated with the increase in left ventri-
cular end-diastolic dimension (LVEDD) [9]. Our findings were
followed by several reports of increased plasma levels of UIl in
CHF [10,11]. Of note, 1s the finding of increased plasma leve?
of UIl which correlated with left ventricular end-diastolic
pressure [11]. Recently, Johns et al. demonstrated in a model of
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CHEF in the rat that cardiac ventricular mRNA expression of U-

fand UT receptor was increased [12]. In addition, this study
demonstrated that a competitive peptidic UT receptor antago-
nist, BIM-23127, inhibited U-Il-induced hypertrophy in H9¢2
cardiomyocytes.

Based on the cardiovascular actions of UIl and our own
findings in CHF patients, we hypothesized that UII is up-
regulated in an experimental CHF medel of myocardial
infarction, and that UT receptor antagonism may lead to
improvement in cardiac function and structure. Thus, we utilized
a nonpeptidic selective UT antagonist SB-611812 to block UIl/
UT signaling. We have previously demonstrated the effective-
ness of this antagonist in attenuating UII induced neointimal
hyperplasia in a rat model of balloon angioplasty-mediated
restenosis [13]. In the following study, SB-611812 was adminis-
tered to rats prior and after coronary artery ligation; and evaluated
for its effects on mortality, infarct size, hemodynamics, and gene
expression.

2. Methods
2.1. Details of SB-611812

SB-611812, an arylsulfonamide UT antagonist (2,6-dichloro-
N-(4-chloro-3-{[2-(dimethylamino)ethyljoxy}phenyl)-4-
(trifluoromethyl)benzenesulfonamide), was synthesized at
TlaxoSmithKline, King of Prussia, PA [14]. SB-611812,
sotently binds the rat recombinant UT receptor (K; 121 nM)
and antagonizes UlI in both isolated vascular tissue (rat aortic
contraction) and cell-based (inhibition of [Ca2+];-mobilization in
rat UT-HEK293 cells) assays (pA2s of 6.59 and 6.60,
respectively). SB-611812 has approximately 100% bioavailabil-
ity and has 4--5 h half life in the rat by oral gavage. Specificity of
SB-611812 was demonstrated by the fact that pretreatment of the
rat isolated aorta with 10 puM SB-611812 (which is 40-fold higher
concentration than the pA, of this compound in the aortic
vasoactivity bioassay) did not inhibit the contraction induced
by KCl, Phenylephrine, Endothelin-I, or Angiotensin-IL. In a
separate study, we found that 1 nM exogenous UII induced a
significant increase in renal vascular resistance which was 90%
inhibited with the dose utilized in the present study (30 mg/kg/
day) (data not shown). Dosing experiments in healthy animals
showed no acute or chronic effects for the drug on either
hemodynamics or cardiac function. This compound was a gen-
erous gift from GlaxoSmithKline.

2.2. Study groups

Throughout the study, male Lewis rats weighing ~250 g
obtained from Charles River laboratories were used. Animals
were initially divided into a sham group (n = 9) and a
myocardial infarction (MI) group. The MI group was further

abdivided randomly into 5 groups including: MJ only group
(n = 22), an MI + treatment group (day 0) in which treatment
was administered by gavage (30 mg/kg/day; once a day) 30 min
prior to surgery (n = 22); MI + vehicle group (day 0) in which
the drug vehicle (0.1% methylcellulose) was administered by

gavage 30 min prior to surgery (n = 28); MI + treatment group
(day 10) in which treatment was administered by gavage
10 days after surgery (n = 12); MI + vehicle group (day 10) in
which the drug vehicle (0.1% methylcellulose) was adminis-
tered by gavage 10 days after surgery (n = 15). Animals were
administered either drug, SB-611812, or vehicle once a day for
the duration (8 weeks) of the study period.

All animals receiving a coronary ligation underwent a left
thoracotomy followed by dissection of the pericardial sac and
exposure of the left anterior ventricular free wall. The left
anterior descending coronary artery (LAD) was then visualized
and a suture was placed in the myocardium surrounding the
LAD and the suture was ligated. Pallor of the anterior free wall
was verified before wound closure. The sham group
underwent the same procedure except the suture was not
ligated but was cut at both ends at the epicardial border. Eight
weeks after surgery, animals were anesthetized and cardiac
function and hemodynamic measurements were recorded.
Expeniments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (National
Institutes of Health Publication 86 to 23, revised 1996), and
with approval of the Animal Care Committee of the McGill
University Health Center.

2.3. Hemodynamic and cardiac function measurements

Rats were catheterized via the carotid artery. The polyethy-
lene tubing (PESO from Intramedic, Montreal, Canada) catheter
(0.58 mm), which was connected to a pressure transducer
measured systolic arterial pressure (Psyst.), diastolic arterial
pressure (Pdiast.), and mean arterial pressure (MAP). The
catheter was then passed into the left ventricle for measurements
of left ventricular end-systolic pressure (LVESP), left ventricular
end-diastolic pressure (LVEDP), +dP/dt (the first derivative of
the rate in positive pressure change in the ventricle), and —dP/dt
(the first derivative of the rate in negative pressure change in the
ventricle). The latter may not be accurately reflected using the
fluid-filled catheter system employed here. Central venous
pressure and right ventricular systolic pressure (RVSP) were
determined by inserting a catheter into the right atrium and
ventricle through the jugular vein.

2.4. Tissue collection

Animals were sacrificed by exsanguination, and the hearts
were collected and snap frozen in liquid nitrogen and stored
at —80 °C, or fixed in 4% paraformaldehyde and embedded in
paraftin for histological and immunohistochemical analysis.
Lungs were also harvested and weighed. They were allowed
to dry in a 40 °C oven for | week and weighed again until
there were three consecutive identical weights. These values
were then used to calculate the lung wet/dry weight ratio.

2.5. Infarct analysis

Heart tissue embedded in paraffin was cut at 5 um slices and
stained with the histological stain, Masson’s trichrome which
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allowed one to discern infarct from noninfarcted myocardial
tissue. Following this, pictures were taken of the sections and
downloaded into an image analysis program for infarct size
analysis (Image ProPlus, Media Cybernetics, CA, USA). Infarct
size was documented as percentage of infarct area compared to
total left ventricular area in representative sections. All sections
were examined in a blinded fashion.

2.6. Assessment of cardiomyocyte hypertrophy and ventricular
dilatation

Myocyte cross-sectional area analysis was carried out by
taking photomicrographs of the endocardial region of heart
sections stained with hematoxylin and eosin (at 400x
magnification). These photomicrographs (4/animal; sham
n =6, vehicle n = §, and treatment n = 8) were then analyzed
by the image analysis program, Image ProPlus. The latter
enables the users to demarcate individual myocytes and
quantify their area using arbitrary units. Ventricular dilatation
was expressed as LV chamber area. Analysis was carried out by
determining the intrachamber area of the LV from histological
sections cut in the transverse plane using Image ProPlus.

2.7. Immunohistochemistry

Immunohistochemical staining for UIl and UT was
performed using the avidin—biotin peroxidase method as
previously described [15]. The rabbit polyclonal anti-rat UII
antibody utilized in this study has been previously described
in detail {9]. The rabbit polyclonal anti-rathuman UT
antibodies were developed at Covance research products
Inc. (Denver, PA). We utilized 1/400 dilutions of sera for both
anti-Ull and anti-UT antibodies. Negative control sections
were incubated with the antisera:antigens mixture or a normal
serum only.

2.8. Real-time RT-PCR

Left ventricular myocardial samples (for n values see
Table 2) were retrieved from storage for RNA extraction
using Trizol (Invitrogen, Ontario, Canada) and performed as
per the manufacturer’s instructions. RNA integrity was then
verified for all samples by evaluating the clarty of the 28S
and 18S bands and verifying that the bands were 28S > 18S
by gel electrophoresis. Following this, 2 pg of each RNA
sample was reverse transcribed to synthesize cDNA using the
Omniscript reverse transcriptase kit from Qiagen (Ontario,
Canada). From this, | pl of cDNA was used to amplify
target genes using specific primers (Table 1). Genes were
amplified individually in the LightCycler (Roche, Montreal,
Canada) using Quantitect SYBR Green reagent (Qiagen,
Ontario, Canada) with the following amplification conditions:
DNA polymerase activation, 15 min at 95 °C followed by 40
cycles of denaturation, annealing and extension for 15 s at
94 °C, 20 s at 50-60 °C (depending on primer T,), and 20—
30 s at 72 °C (depending on amplicon size), respectively.
Primers were designed using PrimerQuest biotool [http://

Table 1

Primer sequences "
Primer sequences

AT-1 F: 5" CCG TGA CTG TGA ATT TGC TG 3/

AT-1 R: 5" GGA ATG TAT TTC AGA AGC TGG AG 3/

BNP F: 5" ACA GCT CTC AAAGGACCA ¥

BNP R: 5" ATC CGG TCT ATC TTC TGC ¥’

c¢Tal F: 5’ CTG ACC CAG AAG ATC TAT GAC ¥’

c¢Tal R: 5" TCC TTC TTC ACC TGC TTG A 3’

RPL32 F: 5" ATC CTG ATG CCC AAC ATT GGT TAC 3’

RPL32 R: 5 GTT GCA CAT CAG CAG CACTTC CAG 3/

UTF: 5" GGG CAT GGT GGG AAATGTA 3/

UTR: 5" AGA CGT ACATGG AGG CCG AG 3/

AT-1, angiotensin type | receptor; BNP, brain natriuretic peptide; cTnl, cardiac
troponin-I; RPL32, ribosomal protein L.32; UT, UII Receptor.

www.idtdna.com] (Table 1). All values for mRNA expression
determined by RT-PCR are expressed as the ratio of the copy
number of the mRNA transcript of interest to the copy
number of the mRNA transcript of the housekeeping gene
RPL32. The copy number of mRNA transcript is determined
by the threshold cycle of the PCR reaction for each sample.
This threshold cycle is the cycle at which cDNA replication
begins to amplify exponentially, and is therefore an indicator
of the levels of starting template. RPL32 levels are expressed
as the inverse of threshold cycle. A homogeneous amplifi-
cation of the products was rechecked by analyzing the
melting curves of the amplified products.

2.9. Western blotting

Western blotting was performed as previously described
[16], with rabbit polyclonal anti-rat UIl antibody (1:400
dilution); or with rabbit polyclonal anti-rathuman UT anti-
bodies (1:400 dilution). The UT Western blot was repeated three
times with three different rabbit anti-rat/human UT antibodies
raised against three different UT epitopes. Equal protein loading
conditions were utilized. Protein concentrations were deter-
mined using the Bio-Rad modified Bradford protein assay.
Protein bands were then quantified using arbitrary units (AU)
with the image analysis program, Image ProPlus (Media
Cybermnetics, CA, USA). o

2.10. Statistical analysis

All parameters were evaluated using either one-way
ANOVA test (with the Tukey post hpc" test), Student’s ¢ test
(for two group comparisons), or Kaplan-Meier analysis for
mortality, with the aid of the statistical program SPSS 11.5. A
P value of <0.05 was considered statistically significant.

3. Results
3.1. Characteristics of the MI/CHF model el
Several anatomical and functional parameters were evalu-

ated in the CHF model including hemodynamics, cardiac
function, heart and lung weights, and also mRNA expression
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of markers and mediators of CHF. There was no difference

etween the MI only and the MI + vehicle groups in all
hemodynamic and structural parameters investigated, suggest-
ing no effect of vehicle on any of these parameters. There was
a significant increase in LVEDP (165%), RVSP (19%), CVP
(98%), and a significant decrease in +dP/dt (32%) in vehicle-
treated MI rats compared to sham rats (Table 3). There was a
significant increase in the heart weight to body weight ratio
(36%; P < 0.05) (Table 3), cardiomyocyte hypertrophy (61%;
P < 0.005), ventricular dilatation (110%; P < 0.001), as well as
the lung wet-to-dry weight ratio in the vehicle group compared
to the sham group (11%; P < 0.001) (Table 3). LVSP was
decreased (15%) compared to the sham group but this did not
reach statistical significance (Table 3). There was no
significant difference in systolic and diastolic blood pressure,
mean arterial pressure, and heart rate between the two groups
(Table 3). .

The mRNA expression of both BNP and AT-1 was
significantly increased in the vehicle-treated MI group com-
pared to the sham group (9% and 8%, respectively; P < 0.05)
(Table 2). Conversely, cardiac troponin I (cTnl) levels were
significantly decreased in the vehicle-treated MI group
compared to the sham group (7%; P < 0.005) (Table 2).

3.2. Increased myocardial expression of Ul in heart failure

Immunohistochemistry revealed the presence of little to no
JII expression in cardiomyocytes and only weak UIl expression
in intramyocardial vascular smooth muscle cells of normal
hearts (Fig. 1A). Also, no UIl expression was observed in
endothelial cells of the myocardial vasculature. In contrast,
there was strong expression of UIl in CHF animals. Especially
in the surviving cardiomyocytes and myofibroblasts of the
endocardial region of the infarcted left ventricle (Figs. 1B-C).
Immunoreactivity was strong in the viable left ventricle,
particularly at the peri-infarct border zone (Figs. ID-E). Also,
there was abundant expression of UII in intramyocardial vessels
of the left ventricle (Fig. 1F). In the right ventricle of CHF
animals, moderate expression of Ull in cardiomyocytes and
intramyocardial smooth muscle cells was observed (Fig. 1G).
The ventricular septa only showed weak UII expression. All
negative control sections showed no immunoreactivity for UII
(Fig. 1H).

Table 2
Relative expression of UT, BNP, AT-1, and cTnl to RPL32 in the study groups

Genes Sham (n = 8) Vehicle (n =12)  SB611812 (n =8)
RPL32 (1/C)  0.059 +0.09 0.060 = 0.09 0.060 + 0.14

UT LV 05190217 0591 +0.028 N/A

UT RV 0.525+£0.024  0.563 +0.016* N/A

BNP 0.938 £+ 0.014  1.021 +0.008" 1.022  0.011°
AT-1 0.522+0.009  0.560 + 0.008* 0.576 + 0.015°
Inl 1.21£0.02 113 £0.03* 1.16 £ 0.06

RPL32 (ribosomal protein L32); Ct (threshold cycle); UT (urotensin-II
receptor), LV (left ventricle), RV (right ventricle), BNP (brain natriuretic
peptide), AT-1 (angiotensin type | receptor), cTnl (cardiac troponin I).

* Indicates £ < 0.05 vs. sham.

UII protein level was quantified using Western blot analysis.
Here we show that the level of UIl protein expression is
significantly increased in the hearts, specifically, the left
ventricles of CHF animals compared to sham operated controls
(1705 + 103 Arbitrary Units (AU) vs. 1346 £ 96 AU; P < 0.05)
(Figs. 2A-B). Rat prepro-UIl consists of 123 amino acid
residues with a predicted molecular weight of 13.7 kDa. In
accordance with this, the Western blot shows a band
corresponding to protein with a molecular weight of approx-
imately 14 kDa.

3.3. Increased myocardial expression of UT in heart failure

There was moderate diffuse UT immunoreactivity in the
normal control hearts (Fig. 3A). Specifically, UT immunoreac-
tivity was seen in cardiomyocytes, vascular and endocardial
endothelial cells, and in vascular smooth muscle cells. In
animals with myocardial infarction, like UII, UT protein
expression was much more pronounced in the viable cardio-
myocytes within the infarct region although perhaps to a
slightly lesser degree compared to UIl (Figs. 3B-D). In
addition, pronounced immunoreactivity was observed in the
endocardial endothelium, especially in the infarct region (Figs.
3B-D). Interestingly, there was marked and intense UT
immunoreactivity in the myocardial vasculature, both in the
infarcted and noninfarcted zones (Figs. 3E-F). The vascular UT
immunoreactivity was stronger in small vessels. The interven-
tricular septum showed diffuse immunoreactivity though it was
less intense than the right ventricle of CHF animals which
showed diffuse, yet pronounced immunoreactivity (Fig. 3G).
Right ventricular vasculature also exhibited UT immunoreac-
tivity although this was less intense than in the infarcted LV.
There was no detectable immunoreactivity in negative control
sections in which the primary anti-sera were omitted or
preabsorbed with the antigen (Fig. 3H).

Western blot analysis was also performed to determine UT
protein content. Interestingly, the band corresponding to UT at
60 kDa was comparable between normal and CHF hearts
(Figs. 2C-D). However, there were two bands at approximately
150 and 200 kDa which were significantly increased in the CHF
hearts compared to the normal controls. Specifically, the band at
~200 kDa was significantly increased [1241 + 164 AU vs.
356 £ 56 AU; P < 0.001] in CHF hearts compared to normal
hearts. Interestingly, the band at ~150 kDa was virtually
nonexistent in normal hearts while it was quite prominent in
CHF hearts. This indicates that UT forms either a hetero- or
homo-oligomeric complex in heart failure. The specificity for
UT was verified by the presence of these bands using three
different antibodies raised against three different epitopes of UT
(data not shown). .

Subsequently, we quantified UT mRNA content by RT-PCR
in the left and right ventricles of control and CHF animals
(Table 2). UT mRNA was increased in the left ventricle of the
CHF compared to the control animals; however, it did not reach
statistical significance. UT mRNA was significantly increased
in the right ventricle of CHF animals compared to that of control
animals (P < 0.05).
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Fig. 1. Representative photomicrographs of Ull immunohistochemistry. Panel A demonstrates weak diffuse UIl immunoreactivity of left ventricular myocardium of
nommal rats (200x magnification). Panel B shows intense Ull immunoreactivity in surviving cardiomyocytes (thin arrow) in the endocardial region of the left
ventricle of an infarcted (thick arrow) myocardium (200% magnification). Panel C is a greater magnification of the same section as panel B (thin arrow indicating
surviving cardiomyocyte; 400x magnification). Panel D demonstrates intense immunoreactivity in the viable cardiomyocytes (thin arrow) in the border zone of the
peri-infarct region of the left ventricle of CHF animals (thick arrow indicates scar region; 200% magnification). Panel E is greater magnification of panel D (thi

arrow indicating viable myocardium and thick arrow indicating infarcted tissue; 400x magnification). Panel F shows strong UIl immunoreactivity of the
microvasculature (dashed arrows) in the infarcted myocardium (400% magnification). Panel G demonstrates moderate diffuse UIl immunoreactivity in the right
ventricle of CHF animals (300% magnification). Panel H is a negative control demonstrating no immunoreactivity of the same section as panel D (thin arrow
indicating viable myocardium and thick arrow indicating scar tissue) when the primary serum is omitted. All sections were counterstained with hematoxylin. Scale

bars represent 75 pm.
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Fig. 2. Prepro-Ull and UT protein quantification. (A) Representative Western blot demonstrating prepro-UII protein levels with a molecular weight of 13.7 kDa from
left ventricular protein homogenates of normal and CHF hearts. (B) Graph demonstrating quantification of UII Western blot. * indicates P < 0.03. (C) Representative
Western blot demonstrating UT protein levels from left ventricular protein homogenates of normal and CHF hearts. Bands represent proteins with molecular weights of
~30 kDa, ~60 kDa, ~100 kDa, ~150 kDa, ~200 kDa. (D) Graph demonstrating quantification of UT Western blot. * indicates P < 0.05.

3.4. Effect of UT receptor antagonist: early treatment (day 0)

Early treatment with SB-611812, in which the drug was
administered 30 min prior to coronary ligation, significantly
reduced overall (0 h—8 weeks) mortality compared to the
vehicle-treated MI group (P = 0.024; Fig. 4). Infarct analysis

smonstrated a small, nonsignificant, decrease in infarct size
in the treatment group compared to the vehicle group
(£ = 0.14). However, treatment (starting on day 0) led to a
significant (54%) reduction in cardiomyocyte hypertrophy
(P < 0.01) (Table 3) and ventricular dilatation (79%; Fig. 5;

P < 0.001). Early treatment with SB-611812 also significantly
improved cardiac function and reduced lung edema (Fig. 6 and
Table 3). Specifically, the treatment group: had a significantly
reduced LVEDP (72%; P < 0.001) and RVSP (92%; P < 0.05)
compared to the vehicle group. CVP was also significantly
reduced in the treatment compared to the vehicle group (58%;
P < 0.05). The UT receptor antagonist also significantly
improved the degree of lung edema as determined by the wet-
to-dry weight ratio of the tungs (71%, P < 0.001). Heart
weight to body weight ratio was also improved by treatment
but this did not reach statistical significance (P = 0.099).
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Cardiac contractility indices *dP/dt showed improvement  drug on either systolic or diastolic or mean arterial pressure.
compared to vehicle but this did not reach statistical  nor was there a difference in heart rate in the treatment grou,
significance (Table 3). There was no notable effect for the compared to the vehicle group.

Fig. 3. Representative photomicrographs of UT immunohistochemistry. Panel A demonstrates moderate diffuse UT immunoreactivity of left ventricular myocardium
of normal rats (300x magnification). Panel B shows strong UT immunoreactivity in the endocardial region of the left ventricle of a CHF animal, with staining in the
endocardial endothelium (short arrows), and viable cardiomyocytes (long thin arrow, thick arrow indicates infarct scar; 200x magnification). Panel C is a greater
magnification of the same section as panel B demoustrating strong UT immunoreactivity in both the endocardial endothelial cells (short arrows) and the surviving
cardiomyocytes (long thin arrows) in the endocardial region of the left ventricle (thick arrow indicates infarct scar; 400% magnification). Panel D demonstrates inten
immunoreactivity in the viable cardiomyocytes (long thin arrow), endothelial cells (short acrow), and microvasculature (dashed arrow) in the infarct zone of the lete
ventricle of a CHF animal (400 magnification). Panels E and F show intense UT immunoreactivity in the microvasculature (dashed arrows) of both the infarct and
pert-infarct zone respectively (400x magnification). Panel G demonstrates moderate to strong diffuse UT immunoreactivity in the right ventricle of CHF animals (300x
magnification). Panel H is a negative control demonstrating no immunoreactivity of the same section as panel D (thin arrow indicating viable myocardium and dashed
arrow indicating myocardial vessel) when the primary serum is omitted. All sections were counterstained with hematoxylin. Scale bars represent 75 pm.
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Fig. 4. Kaplan~Meier survival plot. A survival plot demonstrating a significant reduction in overall mortality in only the SB-611812 group in which treatment started
on day 0 (2/22), compared to vehicle-treated animals (10/28) started at the same time as the treatment group (P = 0.024).

3.5. Sub-study: effect of delayed treatment (day 10)

Two additional groups, which were given either the anta-
gonist or vehicle starting on day 10 post-MI were also evalu-
ated. Similarly to the group in which treatment was
administered on day 0, delayed SB-611812 administration
sulted in a significant reduction in LVEDP (10.38 + 1.65 mm
.ag vs. 19.4 £ 2.25 mm Hg; P < 0.01). Also, both RVSP and
CVP were significantly reduced in the treatment group
compared to the vehicle group (22.37+3.33 mm Hg vs.

Table 3
Hemodynamic parameters, cardiac function, heart weight, and lung edema for
the three study groups

Parameters Sham (n = 9) Vehicle (n = 16)  SB611812
(n=17)
LVEDP (mm Hg) "7.18 £0.91 19.0 + 1.06 106 £ 1.10°
RVSP (mm Hg) 273 +0.78 326+ 0.79 27.7 % 1.50°
CVP (mm Hg) 3.78 £ 0.28 7.47 +0.56 531 +0.62°
+dP/dt 4050 + 273 2765 + 2417 3162 + 184°
~dP/dt 4210.0 + 258.1 2870 + 249* 3183 +206*
LVSP (mm Hg) 108.1 + 4.59 91.8 +4.89 92.1 £4.48
Psystolic (mm Hg) 1039+ 4.54 95.1 +5.76 98.8 +4.85
Pdiastolic (mm Hg) 65.89 + 4.48 70.7 £ 5.59 72.9 +4.53
MAP (mm Hg) 78.4 £3.85 78.8 £ 5.60 81.5+4.29
HW/BW% (g/g) 0.241 £0.008  0.300 +0.016" 0.267 + 0.005
Lung wet/dry ratio 4.62 +0.055 5.13 £ 0.064° 4.77 + 0.066°
Infarct size N/A 38.2%+2.2 33.06% + 1.7
CM Area (AU) 199,977 £ 8324 321,897 + 10,390 256,382 + 7705°
Chamber area (AU)/ 398 +4.9 82.1 +6.2° 484 +4.9°

body weight (g)

LVSP (left ventricular systolic pressure), Psystolic (systolic blood pressure),
Pdiastolic (diastolic blood pressure), MAP (mean arterial pressure), LVEDP (left
ventricular end-diastolic pressure), RVSP (right ventricular systolic pressure),
CVP (central venous pressure), +dP/dt (the first derivative of the rate in positive

2ssure change in the ventricle), —dP/dt (the first derivative of the rate in
Jegative pressure change in the ventricle), HW/BW (heart weight to body
weight ratio), lung wet:dry weight ratio, infarct size, CM Area AU
(cardiomyocyte area in arbitrary units).

* Indicates P < 0.05 vs. sham.

® Indicates P < 0.05 vs. vehicle.

33.67 + 2.23 mm Hg and 3.87 4 0.515 mm Hg vs. 7.11 +
0.655 mm Hg, respectively; P < 0.05). Furthermore, there was
a significant reduction in lung wet-to-dry weight ratio
4.77 + 0.067 vs. 5.01 = 0.072; P < 0.05). There was no
significant difference between treatment and vehicle (started on
day 10) for other parameters including LVSP, £dP/dt, MAP, or
heart weight to body weight ratio. Infarct sizes were slightly
smaller in treatment group compared to vehicle group; however,
this was not statistically significant (38.2 £ 2.7 vs. 32.1 + 2.7;
P=0.15).

4. Discussion

The present study demonstrated increased expression of UII
and UT in the myocardium of rats with CHF secondary to
myocardial infarction. Hence based on these findings, the
efficacy of UII blockade using a specific UT antagonist, SB-
611812 was evaluated in the rat CHF model. This is the first in
vivo study demonstrating the efficacy of UT blockade in an
experimental model of CHF using a selective nonpeptidic UT
receptor antagonist, SB-611812. This antagonist is highly
selective for the UT receptor and is devoid of any agonist
activity, which has been a hindrance with previous UT
antagonists described in the literature [17].. Importantly, SB-
611812 led to a decrease in mortality. However, due to the small
number of animals in this study, we must use caution when
interpreting the survival benefit of this drug. In addition to the
reduced mortality, treatment showed an improvement in CHF as
evidenced by significantly reduced LVEDP, lung edema, RVSP,
and CVP when compared to the control group receiving only
the drug vehicle, methyicellulose. These findings demonstrate
an important role for Ull in cardiovascular function and
structure, and suggest a potential therapeutic significance for
selective UT antagonism in the treatment of CHF.

Comparison of SB-611812 with other receptor antagonists in
similar models indicates a large therapeutic potential for this
antagonist. Of note, endothelin receptor antagonists have
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Fig. 5. Analysis of left ventricular chamber area. Representative photomicrographs of transversely cut hearts from sham (A), vehicle (B), and SB-611812 (started on
day 0) (C) groups stained with Mason’s trichrome. (D) Graph representing quantification left ventricular chamber area/body weight ratio in sham (n = 6), Vehicle
(n =9), and treatment (1 = 9) groups. * indicates P < 0.05 vs. sham; * indicates P < 0.05 vs. vehicle.

actually shown increased mortality and adverse ventricular
remodeling following coronary ligation in the rat when
administered early after infarction; however, delayed adminis-
tration of the antagonists significantly improved cardiac
function and survival [18,19]. Interestingly, our study demon-
strates that there is no detrimental effect of early UT antagonism
following myocardial infarction.

On the other hand, the use of angiotensin converting enzyme
(ACE) inhibitors showed an improvement in cardiac function
similar to the one reported here for the UT antagonist SB-
611812 [20-22]. Although drug efficacies cannot be directly
compared in such a manner because of varations in study
parameters, it can still be appreciated that SB-611812 improves
cardiac dysfunction associated with coronary artery ligation in a
manner that is comparable to other therapeutic modalities
including ACE inhibition which is a mainstay in cardiovascular
therapy today. '

The loss of functional contractile units following MI causes
a reduction in pumping capacity of the heart. As a
compensatory mechanism, the heart dilates to increase stroke
volume. Here we show that treatment led to a significant
reduction in ventricular dilatation compared to vehicle treated
animals. Ventricular dilatation increases wall stress and the
heart compensates by increasing cardiomyocyte size. Indeed,

cardiac hypertrophy is an important prognostic determinant in
heart disease and thus its attenuation is an important
therapeutic mechanism. This study demonstrates that CHF in
the rat i1s associated with a significant increase in cardiac
hypertrophy and that treatment with SB-611812 significantly
attenuated this hypertrophy. This finding is supported by
others who showed that UII induced cardiomyocyte hypertro-
phy [8,12]. Recently, Johns et al. showed that the Ull-induced
cardiomyocyte hypertrophy was inhibited with the adminis-
tration of a competitive peptidic UT receptor antagonist, BIM-
23127 [12].

Previous studies have suggested that UIl does not have a
spare receptor reserve {23], therefore UII activity is regulated, at
least in part, by altering the UII receptor expression. Therefore,
in addition to demonstrating increased UII expression in heart
failure which is well established in a variety of cardiovascular
diseases, we also sought to evaluate .if UT is differentially
expressed in CHF. We demonstrated that UT protein expression
1s significantly increased using immunohistochemistry and
Western blotting. Rat UT has a molecular weight (MW) «
42.7 kDa. However, this protein has several glycosylation sites
and as such has been demonstrated to have a MW ~60 kDa
[24]. Interestingly, we found using Western blotting, that the
bands corresponding to ~60 kDa proteins were comparable
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Fig. 6. Effect of UT receptor blockade on cardiac function and lung edema. Panel A demonstrates a significant reduction in LVEDP in the treatment (started on day 0)
npared to the vehicle group. Similarly, panels B and C show a significant reduction in RVSP and CVP, respectively, in the treatment (started on day 0) compared to
i€ vehicle group. Panel D shows a significant reduction in lung wet-to-dry weight ratio in the treatment (started on day 0) compared to the vehicle group. * indicates

P < 0.05 vs. sham; * indicates P < 0.05 vs. vehicle.

between normal and CHF hearts. However, there were two
bands corresponding to proteins of MW of ~150 kDa and
~200 kDa that were significantly increased in CHF hearts.
Notably, these same bands were seen with all three different
antibodies raised against three different UT epitopes indicating
UT specificity. Therefore, the high molecular weight proteins
are likely homo- or hetero-protein oligomers. Oligomerization
of G-protein coupled receptors is actually quite a prominent
phenomenon and is now known to affect receptor specificity,
pharmacology, and trafficking [25].

In conclusion, we have demonstrated, in a rat model of
CHF induced by coronary ligation, up-regulation of myocar-
dial Ul and UT, and that blocking the UT receptor pathway
with the specific UT antagonist SB-611812 leads to decreased
mortality and improved parameters of cardiac function
including decreased LVEDP, lung edema, RVSP and CVP,
and reduces cardiac hypertrophy and dilatation. These
findings suggest that SB-611812 shows substantial therapeu-
tic potential for the treatment of myocardial infarction and
CHF.
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Itis now well established that urotensin-II (Ull) levels are increased in several cardiovascular
diseases. We previously demonstrated that Ull and the Ull receptor (UT) protein levels are
significantly increased in the hearts of both humans and rats with congestive heart failure
(CHF). We have also recently demonstrated that Ull blockade, with a selective Ull antagonist,
improves heart function in a rat model of ischemic CHF. Here, we evaluated the attenuation
of cardiac remodeling associated with UII antagonism in the same rat model of ischemic
CHF. Animals were administered a specific UT receptor antagonist, SB-611812 (30 mg/kg/
day, gavage), or vehicle 30 min prior to coronary artery ligation followed by daily treatment
for 8 weeks. Myocardial interstitial fibrosis was analyzed by Masson’'s trichrome and
picrosirius red staining. RT-PCR analysis was utilized for mRNA expression studies. We
used Western blotting to assess levels of collagen types I and III. Mitogenic activity of Ull on
cultured neonatal cardiac fibroblasts was also evaluated. Following coronary ligation, SB-
611812 significantly attenuated both myocardial and endocardial interstitial fibrosis, and
reduced collagen type LIl ratio (P < 0.01). Ull induced proliferation of cardiac fibroblasts and
this mitogenic effect was significantly inhibited with 1 .M of $B-611218 (P < 0.05). We
demonstrate here that selective blockade of UT reduces diastolic dysfunction by decreasing
myocardial fibrosis post-coronary ligation in vivo, and inhibits Ull-mediated fibroblast
proliferation in vitro.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

out the body particularly in the cardiovascular system [1,5]. We
have previously demonstrated increased expression of Ull and

Urotensin-II is a small peptide with pleiotropic effects remi- UT in the heart of patients with end-stage congestive heart
niscent of endothelin-1. Ull binds a G-protein coupled receptor failure due to either dilated or ischemic cardiomyopathy [4]. In
which activates a variety of intracellular signaling molecules the same study we showed that UlI levels were significantly
[16,18]. UIl and its receptor, UT, are widely expressed through- correlated with left ventricular end-diastolic dimension and

* Corresponding author. Tel.: +1 514 934 1934x43841; fax: +1 514 934 8344.
E-mail address: adel.giaid@mcgill.ca (A. Giaid).
0196-9781/$ ~ see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.peptides.2006.06.011
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inversely correlated with ejection fraction. In addition to the
significantly elevated Ull protein expression we also found that
Ull binding sites, a surrogate marker to UT levels, was
significantly increased in end stage heart failure tissue
independent of the etiology of cardiac disease. The increased
expression of Ull and UT in failing hearts is further supported by
several studies demonstrating increased plasma levels of Ull in
patients with CHF [9,11,14,15].

In addition, we have recently demonstrated that both Ull
and UT were significantly up-regulated in a model of
congestive heart failure following coronary ligation in the
rat. Blockade of UIl signaling using a selective Ull antagonist,
SB-611812 improved heart function and attenuated cardiac
hypertrophy and ventricular dilatation [2].

The most notable improvement in cardiac function was
related to diastolic parameters including an attenuation of left
ventricular end diastolic pressure, lungedema, right ventricular
systolic pressure and central venous pressure. This suggested
that Ull blockade resulted in reduced myocardial stiffness.

Fibrosis, a fundamental characteristic of cardiac remodeling
followinginfarction, increases myocardial stiffness in large part
by interstitial collagen deposition. Interestingly Ull, has been
previously shown to have a pro-fibrotic effects. For example,
Tzanidis et al. demonstrated that Ull induced collagen type I,
collagen type III, and fibronectin mRNA expression in rat
neonatal cardiac fibroblasts [19]. Furthermore, Wang et al.
demonstrated that UIl induced collagen type I mRNA and
protein while decreasing expression and activity of matrix
metalloptroteinase-1 (MMP-1) in endothelial cells [20].

Thus, Ullis elevated in heart failure and has been shown to
induce extracellular matrix protein expression in vitro,
however, the effects of UIl on cardiac fibroblast growth
remains to be elucidated. Therefore, the aim of the present
study was to evaluate the effect of UT blockade on myocardial
fibrosis in our previously established rat model of CHF and on
neonatal cardiac fibroblast growth in culture.

2, Methods
2.1.  Details of SB-611812

SB-611812, an arylsulfonamide UT antagonist (2,6-dichloro-N-
(4-chloro-3-{[2-(dimethylamino)ethyl]oxy}phenyl)-4-(trifluoro-
methyl)benzenesulfonamide), was synthesized at GlaxoSmi-
thKline, King of Prussia, PA [3]. Selectivity and characteristics of
this small molecule have been previously described [2,13].

2.2. Ml protocol

Throughout the study male Lewis rats weighing ~250g
obtained from Charles River laboratories were used. Animals
were divided into three groups including a sham group (n =9),
an MI + treatment group (n=17), and an MI + vehicle group
{n = 16). Animals were blindly randomized to either treatment
or vehicle administration.

Under general anesthesia animals were subjected to
ligation of the left anterior descending (LAD) coronary artery
or sham operation as previously described [2]. The treatment
group received the first dose of the UT antagonist, SB-611812

(30 mg/kg/day; by gavage), 30 min prior to coronary ligation
and then daily subsequently [2]. The vehicle group underwent
the same protocol as the treatment group except that they
received just the drug vehicle (0.1% methylcellulose) instead of
the treatment drug. Daily administration of either drug or
vehicle was carried out for the duration of the study (8 weeks).
Analyses of hemodynamic, cardiac function, and lung edema
were carried out as previously described [2]. Experiments were
performed in accordance with the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health Publica-
tion 86 to 23, revised 1996), and with approval of the Animal
Care Committee of the McGill University Health Center.

2.3. Tissue collection

Eight weeks after surgery, animals were anaesthetized before
exsanguination. The hearts were harvested and dissected in
which a transverse slice of approximately 2-3 mm was taken
in the center of the infarction or in the midline between the
base of the heart and the apex for sham rats. This slice was
fixed in 4% paraformaldehyde and embedded in paraffin for
histological analysis. The rest of the myocardium was
dissected to separate the left ventricle, interventricular
septum, right ventricle and atria. These myocardial specimens
were then snap frozen in liquid nitrogen and stored at —80 °C.

2.4.  Histology

All hearts were sectioned across the ventricles (cut in
transverse fashion) for histological analyses. The extent of
fibrosis in both the viable left ventricle and infarcted region
was quantified using Masson'’s trichome stained heart sec-
tions. Specifically, for analysis of fibrosis in the viable left
ventricle, six random photomicrograghs were taken in the
viable left ventricular myocardium at 400x magnification for
each animal. The extent of fibrosis in these photomicrographs
was then quantified by Image ProPlus in a blinded manner. For
analysis of fibrosis within the infarcted region, three photo-
micrographs from each animal were taken and blue staining
was quantified. Histological assessment of fibrillar collagen
deposition using picrosirius red staining was also carried out.
The latter was evaluated (in both viable myocardium and in
the infarct region) in same fashion as with that of the Masson'’s
trichrome stained heart sections described above.

2.5.  Western blotting

Protein samples were assayed with specific antibodies against
collagen type I, collagen type Il (Santa-Cruz Biotechnology,
CA), as previously described {17]. Sample protein concentra-
tion was determined using the modified Bradford assay (Bio-
Rad, Ont., Canada) and equal protein loading conditions were
utilized. Protein bands were then quantified using arbitrary
units (AU) with the image analysis program, Image ProPlus
(Media Cybernetics, CA, USA).

2.6. Real time RT-PCR

Left ventricular myocardial samples (for n values see Table 1)
were retrieved from storage for RNA extraction using Trizol
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Table 1 - Relative expression of genes associated with CHF determined by RT-PCR

Genes Sham (n=28) Vehicle (n = 12) SB-611812 (n=8)
Collagen type I 0.864 + 0.012 0.948 + 0.014 0.927 +0.025
Collagen type III 0.910 + 0.007 1.013 £ 0.015° 0.994 + 0.021°
Fibronectin 0.782 + 0.004 0.837 +0.011° 0.820 + 0.014
MMP-2 0.383 + 0.005 0.395 + 0.006 0.392 + 0.007
MMP-9 0.493 + 0.007 0.529 + 0.013 0.536 + 0.019
MMP-14 0.674 + 0.004 0.691 + 0.008 0.681 + 0.010
TIMP-1 0.695 + 0.005 0.748 + 0.007’ 0.739 +0.012°
TIMP-2 0.884 + 0.004 0.919 + 0.006 0.901 + 0.008
TIMP-3 0.804 =+ 0.005 0.799 + 0.008 0.786 -+ 0.012

MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP.
* Indicates P < 0.05 vs. sham.

(Invitrogen, Ont., Canada) and performed as per the manu-
facturer’s instructions. PCR methodology was previously
described [2]. Primers were designed using PrimerQuest
biotool [www.idtdna.com] (Table 2). All values for mRNA
expression determined by RT-PCR are expressed as the ratio of
the copy number of the mRNA transcript of interest to the copy
number of the mRNA transcript of the housekeeping gene

Table 2 - Primer sequences

Collagen type I F 5'-GCA ACA GTC GAT TCA CCT

ACA GCA-3'

Collagen type IR 5'-AAT GTC CAA GGG AGC CAC
ATC-¥

Collagen type Il F 5'-AGA AGT CTC TGA AGC TGA
TGG-3

5-GCT CCA TTC ACC AGT TGT-3
5'-CAG TGG CAG AAA GAG TAT

Collagen type III R
Fibronectin F

CTC G-3'

Fibronectin R 5'-GTA TAC TGG TTG TAG GTG
TGG-3'

MMP-2 F 5'-GGG TCT ATT CTG CCA GCA
CTC-3'

MMP-2 R 5’-CTC CAG AAC TTG TCT CCT
GCA A-3

MMP-9 F 5'-TCT CGA ATC ACG GAG GAA-3'

MMP-9 R 5'-TTT GCG CCC AGA GAA GAA-3'

MMP-14 F 5-GAT TGA TGC AGC TCT CTT
CTG-3

MMP-14 R 5-CCT TCC CAG ACT TTG ATG-3'

RPL32 F 5'-ATC CTG ATG CCC AAC ATT
GGT TAC-3

RPL32 R 5'-GTT GCA CAT CAG CAG CAC
TTC CAG-3'

TIMP-1 F 5'-GTA AAG ACC TAT AGT GCT
GGC TG-3'

TIMP-1 R 5'-GAG GAT CTG ATC TGT CCA
CAA-3

TIMP-2 F 5'-GGT CAC AGA GAA GAG CAT
CAA TG-3

TIMP-2 R 5-GTC CTC GAT GTC AAG AAA
CTC-3'

TIMP-3 F 5'-GAT CAA GTC CTG CTA CTA
CTT GC-3'

TIMP-3 R 5-CGT AGT GTT TGG ACT GAT
AGC-3'

MMP, matrix metalloprotease; RPL32, ribosomal protein L32; TIMP,
tissue inhibitors of MMPs.

RPL32. A homogeneous amplification of the products was
verified by melting curve analysis of the amplified products.

2.7.  Fibroblast culture and proliferation assay

The effect of SB-611218 on Ull-stimulated ventricular fibro-
blast proliferation was investigated in rat cardiac fibroblasts
that were purchased from Cell applications (CA, USA). Initially,
cardiac fibroblasts from passage 5 were plated at an equal
density of 10* cells/well in a 96 well plate in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% bovine serum media
(with 50 U/ml penicillin, 50 pg/ml streptomycin) for 48h
(37 °C) followed by serum starvation in DMEM/0.01% bovine
serum albumin (BSA) media (with 50 U/ml penicillin, 50 pg/ml
streptomycin) for 48 h. Following this, cells were incubated
with either DMEM/10% serum media, DMEM/0.01% BSA media,
DMEM/0.01% BSA media with either 1 pM, 1 nM, 100 nM rat Ull
(Peptide Institute, Osaka, Japan), or DMEM/0.01% BSA media
with 100 nM Ull + 1 uM SB-611812, for 48 h. Proliferation was
quantified using the colorimetric BrDU ELISA proliferation
assay from Roche (Montreal, Canada). Protocol was carried out
as per manufacturer’s instructions.

2.8.  Statistical analysis

All parameters were evaluated using either one-way ANOVA
test (with the Tukey post hoc test) or Student'’s t-test (for two
group comparisons) with the aid of the statistical program SPSS
11.5. A P value of <0.05 was considered statistically significant.

3. Results

Cardiac function and hemodynamic data for the three study
groups are presented in Table 3. Histological evaluation of
hearts from rats treated with the UIl antagonist, SB-611812
showed a significant attenuation in cardiac fibrosis. Specifi-
cally, Mason’s trichrome analysis demonstrated significantly
increased interstitial fibrosis in the non-infarct zone of the left
ventricle of vehicle compared to sham animals (113,640 + 4615
versus 52,747 + 3737 arbitrary units; P < 0.001). In the same
zone, the SB-611812-treated group had significantly reduced
interstitial fibrosis compared to the vehicle group

(86,928 + 6031 versus 113,640 + 4615; P = 0.004) (Fig. 1). In the
infarct zone, there was no difference in the extent of fibrosis
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Table 3 - Cardiac function and hemodynamic parameters for the three study groups
Parameters Sham (n=9) Vehicle (n=16) SB-611812 (n = 17)
LVEDP (mmHg) 7.24091 19.0 + 1.06" 10.6 + 1.10*
RVSP (mmHg) 27.3+0.78 32,6 + 079 27.7 +1.50*
CVP (mmHg) 3.78+0.28 7.47 +£0.56 5.31 + 0.62¢
+dP/dt 4050 + 273 2765 + 241 3162 + 184
—dP/dt 4210 + 258 2870 + 249" 3183 + 206
LVSP (mmHg) 108.1 & 4.59 91.8 + 4.89 92.1:+4.48
Paystolic (MmHg) 103.9 + 4.5 95.1+5.7 98.8 + 4.8
Piastolic {MmMHg) 65.9+ 4.4 70.7 £55 729+ 4.5
MAP (mmHg) 784+ 3.8 788+ 5.6 81.5+4.3
Lung edema 4.62 £ 0.05 5.13 £ 0.06° 4.77 £ 0.07*

LVEDP, left ventricular end-diastolic pressure; RVSP, right ventricular systolic pressure; CVP, central venous pressure; +dP/dt, the first
derivative of the rate in positive pressure change in the ventricle; —dP/dt, the first derivative of the rate in negative pressure change in the
ventricle; LVSP, left ventricular systolic pressure; Pgyeeolic, Systolic blood pressure; Pajastolic; diastolic blood pressure; MAP, mean arterial
pressure; lung edema was determined from lung wet-to-dry weight ratio.

* indicates P < 0.05 vs. sham.

# indicates P < 0.05 vs. vehicle.

between vehicle and SB-611812 treated groups (265,851 =+ region was comparable between vehicle and treatment groups

11,749 versus 267,511 + 9277). (521,311 + 18,690 versus 495,798 + 24,481).

Similarly, analysis of picrosirius red staining demonstrated The marked attenuation of cardiac fibrosis in SB-611812
that the non-infarct zone of the left ventricle of vehicle group treated rats led us to quantify specific collagen types. Analysis
exhibited significantly increased collagen deposition com- of the protein levels for collagen types I and III indicated a

pared to sham animals (152,416 + 32,426 versus 29,702 + 3765; significant reduction (83%) in the collagen type I'lll ratio in the
P =0.003). In the same region, the SB-611812 treated group S$B-611812 treated group compared to the vehicle group
exhibited significantly reduced picrosirius red staining com- (P < 0.05) (Fig. 3A and D). This significant decrease in collagen
pared to the vehicle group (74,398 & 9141 versus 152,416 + LIl ratio was the result of a significant decrease in collagen
32,426; P = 0.03) (Fig. 2). Picrosirius red staining in the infarct type 1 in treated animals compared to untreated (P < 0.05)

b

140000 - *

Fibrosi

4]
D Sham (n=6)  Vehicle (n=9) $B-611812 (n=9)

Fig. 1 - Analysis of interstitial fibrosis. Representative photomicrographs of viable left ventricle from sham (A), vehicle (B),
and treatment (C) groups stained with Mason’s trichrome. Short arrow indicates interstitial fibrosis (stained blue). Dashed
long arrow indicates viable cardiomyocytes (stained red). (D) Graph representing quantification of interstitial fibrosis in
sham (N = 6), Vehicle (N = 9), and treatment (N = 9) groups. (%) Indicates P < 0.001 vs. sham; (#) indicates P = 0.004 vs. vehicle.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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o Picrosirius red staining

Sham (n=B) Vehicle (n=8) $B.611812 (n=8)

Fig. 2 - Analysis of collagen deposition. Representative photomicrographs of viable left ventricle from sham (A), vehicle (B),
and treatment (C) groups stained with picrosirius red. Short arrow indicates endocardial collagen deposition (stained red).
Dashed long arrow indicates viable cardiomyocytes (stained yellow). (D) Graph representing quantification of collagen
deposition in sham (N = 6), vehicle (N = 9), and treatment (N = 9) groups. (*) Indicates P = 0.003 vs. sham; (#) indicates

P = 0.037 vs. vehicle. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

(Fig. 3B), and a non-significant decrease in collagen type III
protein levels (Fig. 3C).

We also evaluated mRNA expression levels for the extra-
cellular matrix proteins collagen type I, collagen type III and
fibronectin. Interestingly, collagen type I and fibronectin mRNA
levels were reduced in the treatment group however this did not
reach statistical significance (Table 1). We also evaluated the
mRNA levels for matrix metalloproteinases (MMP) and tissue
inhibitors of MMPs (TIMPs). Selective blockade of UT with SB-
611812 had no effect on the levels of these factors (Table 1).

3.1.  Fibroblast proliferation assay

Ull demonstrated potent low efficacy mitogenic effects on
cardiac fibroblasts as it significantly induced proliferation of
these cells at 1 nM UlI and 100 nM UlI following incubation for
48 h (P < 0.05) (Fig. 4). The potency of Ull is underscored by the
fact that it tended to induce proliferation even at 1pM UI,
although this did not reach statistical significance (P = 0.076).
Administration of the UT antagonist SB-611812 at a concen-
tration of 1 uM completely inhibited the 100 nM Ull-induced
neonatal cardiac fibroblast proliferation (P < 0.01).

4. Discussion

It is now well established that the urotensin system is widely
expressed in the myocardium, and it can modulate the

physiologic and pathologic states of this system. Here, we
sought to determine some of the mechanism involved in our
recent findings of improved myocardial function in a rat model
of ischemic CHF. Our data showed that the improvement in
cardiac function observed with SB-611812 treatment was the
result of attenuated cardiac remodeling following infarction.
Indeed, we have demonstrated here that blockade of UIl with
SB-611812 led to a significant decrease in myocardial and
endocardial fibrosis as well as a reduction in collagen
deposition. Furthermore, we show that UIl has a mitogenic
effect of cardiac fibroblasts which may contribute to myo-
cardial fibrosis post-coronary ligation.

There is evidence that collagen type I is more rigid while
collagen type Il has more elastic properties [10]. Therefore an
increase in the ratio of collagen type LI, as occurs in heart
failure {7,21], would increase the rigid type collagen to the
elastic type collagen thus explaining the increased myocardial
stiffness observed in CHF. In fact Nishikawa et al. showed that
adecrease in LVEDP, following amlodipine administration was
associated with a decrease in the collagen type LIII ratio [12].
Interestingly, Kompa et al. demonstrated that chronic infusion
of Ullin the rat led to a 40% increase in LVEDP and that this was
associated with a significant increase in the collagen type ILlll
ratio [8]. Here, we show that the treatment with the UT
receptor antagonist SB-611812 led to a significant decrease in
LVEDP (Table 3) and the collagen type L:lll ratio. This difference
in ratio was due to a significant decrease in collagen type I
protein levels and a non-significant decrease in collagen type
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Fig. 3 - Effect of SB-611812 of collagen protein expression. Panel A, representative Western blots demonstrating collagen
types 1 and Il protein levels in the sham, vehicle and SB-611812 treatment groups. Panel B, a graph demonstrating the
quantification of collagen type I protein levels in the sham (n = 6), vehicle (n = 8) and $B-611812 (n = 9) treatment groups.
Panel C, a graph demonstrating quantification of collagen type III protein levels in the sham (n = 6), vehicle (n = 8) and SB-
611812 (n = 9) treatment groups. Panel D, a graph demonstrating collagen type LIII ratio in the sham (n = 6), vehicle (n = 8)
and SB-611812 (n = 9) treatment groups. (#) Indicates P < 0.05 vs. vehicle; (') indicates P < 0.05 vs. sham.
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Fig. 4 - Urotensin-II induced rat fibroblast proliferation is
inhibited by SB-611812. Dose-response graph
demonstrating that UII acted as a potent, low efficacious,
mitogen for rat neonatal cardiac fibroblasts, which
significantly increased proliferation at 1 nM and 100 nM
UIIL. Antagonism with 1 pM $B-611812 inhibited this effect
at the highest Ull concentration. (") Indicates P <0.05 vs.
serum-free media; (#) indicates P < 0.01 vs. 100 nM UIL

III protein levels in the treatment compared to the vehicle
group.

These findings are further supported by the demonstration
of reduced reactive fibrosis in the viable myocardium as
determined by Masson'’s trichrome staining as well as reduced
endocardial collagen deposition as evidenced by reduced
picrosirius red staining in the treatment group compared to
the vehicle group. The mechanism of SB-611812 mediated
inhibition of collagen type I synthesis will require further
studies. In addition, it is of interest that collagen type I and
fibronectin mRNA levels of the treatment group were not
significantly different from the control sham group.

Myocardial fibrosis, a prominent characteristic of ventri-
cular remodeling in CHF, is the result of increased deposition
of extracellular matrix (ECM) proteins including collagens
and fibronectin [21]. Notably, Tzanidis et al. have demon-
strated Ull induced collagen production from cardiac fibro-
blasts [19]. Also Wang et al. utilizing an endothelial cell
culture, found that Ull increased expression of collagen type
mRNA and protein and conversely decreased the expression
of MMP-1 mRNA and protein as well as decreased the activity
of MMP-1 [20]. UII activity in cardiac fibroblasts was further
substantiated by He et al. who demonstrated UlIl induced
proliferation of cardiac fibroblasts [6]. We also sought to
determine if Ull possessed mitogenic activity in neonatal
cardiac fibroblasts. To this end, we show that Ull induced
cardiac fibroblast proliferation. Furthermore, we complimen-
ted these findings by demonstrating that Ull induced
proliferation of rat cardiac fibroblasts was inhibited with
the use of the UT antagonist SB-611812.

In summary, we have unraveled here some of the
mechanism involved in the improvement in cardiac dysfunc-
tion in ischemic heart disease. Specifically, selective UT
antagonism with SB-611812 reduced myocardial fibrosis and
collagen deposition in vivo, and reduced myocardial fibroblast
proliferation in vitro. These findings suggest an important
therapeutic role for UT antagonists in cardiac remodeling and
fibrosis.
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Abstract

Urotensin II (U-II), a novel vasoactive peptide, possesses a wide range of cardiovascular effects. U-II binds a seven transmembrane spanning
G-protein coupled receptor termed GPR 14. In the present study, we have characterized U-II expression in both carotid and aortic atherosclerotic
plaques. Using immunohistochemistry we demonstrated U-II immunoreactivity in endothelial, smooth muscle and inflammatory cells of both
carotid and aortic plaques, with a clear propensity for intimal staining. Using quantitative real-time RT-PCR we observed both increased U-II
and GPR14 mRNA expression in tissue extracts from abdominal aortic aneurysms. We also extended our PCR analysis to include leukocyte
expression of U-II and GPR14. We found that lymphocytes were by far the largest producers of U-II mRNA. In contrast monocytes and
macrophages were the largest producers of GPR14 mRNA, with relatively little expression in foam cells, lymphocytes, and platelets. Our
findings qualitatively and quantitatively demonstrate increased expression of U-II in atherosclerosis with a large degree of inflammatory cell

involvement. These findings suggest a possible role for U-1I in the pathophysiology of atherosclerosis.

© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Endothelial cells; Inflammatory cells; RT-PCR; Immunohistochemistry

1. Introduction

Atherosclerosis, the leading cause of myocardial infarc-
tion and stroke, generally affects muscular and elastic arter-
ies. Of these, carotid arteries and aortac are common targets.
Many vasoactive factors are now known to play an important
role in the pathophysiology of atherosclerosis. A novel va-
soactive peptide, termed Urotensin-II (U-II), has been shown
to have many properties reminiscent of endothelin-1. Hu-
man U-II is an 11 amino acid peptide {1], with a molecular
weight of ~1388 [2]. Expression of U-II has been shown
throughout the cardiovascular, nervous and urogenital sys-
tems [3-6]. We have recently shown increased myocardial
expression of U-II in patients with congestive heart failure
[5]. Others have reported expression of U-II in the heart and
aorta of man, monkeys and mice [2,7]. Pharmacologic stud-

* Corresponding author. Tel.: +1 514 934 1934x43841;
fax: +1 514 934 8448,
E-mail address: adel.giaid@mcgill.ca (A. Giaid).

ies have shown that U-II is the most potent vasoconstric-
tor peptide isolated to date, however the vasoactive proper-
ties of U-II depend on the anatomical site and the type of
species [3,4,7]. In addition to its marked vasoactivity, there
is substantial evidence suggesting a role for this factor in
atherosclerosis. U-II has also shown potent mitogenic effects
on smooth muscle cells, with synergistic effects observed
when combined with mildly oxidized low-density lipopro-
tein (moxLDL), as well as with 5-HT (serotonin) [8-10].
Of note is the finding that U-II stimulates hyperlipidemia
in fish by enhancing depot lipase activity, and it channels
glucose to free fatty acid synthesis [11]. Interestingly Mat-
sushita et al. observed increased urinary levels of U-II in pa-
tients with hypertensive renal glomerular disease compared
to normotensive glomerular disease [2]. They attributed the
increase to glomerular arteriosclerosis, a vascular disorder
very closely related to atherosclerosis.

The cognate receptor of U-II is known to be GPR 14,
a seven transmembrane spanning G-protein coupled re-
ceptor [12,13]. Abundant expression of the receptor was

0021-9150/$ - see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.
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reported in the heart and pancreas of humans [3]. Specifi-
cally it was found in the atria and ventricles of the heart,
as well as in endothelial cells and smooth muscle cells of
the aortae and coronary arteries [3]. The biological activity
of U-II in the cardiovascular system led us to hypothesize
that there is an up-regulation of U-II in atherosclerosis.
To test this, we qualitatively examined the expression of
U-II using immunohistochemistry in two common patholo-
gies of atherosclerosis including carotid arterial stenosis
and abdominal aortic atherosclerosis. We also quantita-
tively examined the expression, using real-time PCR, of
both prepro-U-II and it’s cognate receptor GPR14 in tis-
sue samples obtained from patients who had surgery for
cither abdominal aortic ancurysms or carotid endarterec-
tomies. Finally, we examined the profile of U-II and GPR14
expression in the leukocyte sub-populations.

2. Materials and methods
2.1. Tissue samples

Samples were retrieved from male subjects with an age
range of 60-80 years.

Tissue samples used for immunohistochemistry were
retrieved either at autopsy [carotid arteries (n = 5), and ab-
dominal aortae (n = 4)], or freshly during surgery for carotid
endarterectomy (n = 3) or abdominal aortic aneurysymal
repair (n = 4). Samples from autopsy cases were collected
a maximum of 8 h after death. Samples were fixed in forma-
lin, embedded in paraffin, and then cut using a microtome
(5 pm thick). Tissue samples used for RT-PCR were col-
lected freshly at surgery (Guys and St. Thomas Hospital,
London, England) for carotid endarterectomy (n = 17),
or abdominal aortic aneurysms repair (n = 8). Normal
human aortac (n = 7) were obtained from the Anatomic
Gift Foundation (White Oak, GA, USA). Samples were
snap frozen in liquid nitrogen and stored at —80 °C until
further use.

2.2. Immunohistochemistry

Immunohistochemical staining for U-II, Von Willebrand
factor and smooth muscle cell actin was performed using
the avidin-biotin peroxidase method [14]. Paraffin sections
were dewaxed in toluene for 20 min, and rehydrated through
100, 90, 70, and 50% alcohol for 2 min each. All sections
were then immersed in PBS solution for 5 min and then 2%
hydrogen peroxide solution to block endogenous peroxidase
activity for 30 min. The sections were then washed three
times in PBS solution for 5 min. The sections were perme-
abilized in 0.2% Triton in 0.1 M PBS (pH 7.4) for 30 min
and washed three times in PBS for 5 min. Sections were then
incubated in 10% normal goat serum (NGS) for 30 min at
room temperature after which they were incubated overnight
at 4 °C with the primary antibody. The sections were washed

three times in PBS for 5 min following the cold storage, and
incubated for 45 min with biotinylated goat-anti mouse-IgG
(1:200) at room temperature. They were then washed three
times again in PBS for five minutes, and incubated with
the avidin-biotin-peroxidase complex (Vectastain Elite Kit,
Vector Laboratories, Burlingame, CA, USA) for 45 min at
room temperature. The sections were then washed in PBS
for 5 min. Sites of immunostaining were visualized by de-
veloping sections in 0.025% diaminobenzidine and 0.03%
peroxide for 2-3min. The sections were then returned to
the PBS solution and subsequently immersed in cold run-
ning tap water for S min. The sections were then dehydrated
through 50, 70, 90, and 100% ethanol for 2 min each, and
then cleared in toluene. Finally, the sections were mounted
with Permount and glass cover slips and allowed to dry.
The specificity of the immunostaining was confirmed us-
ing negative control experiments in which primary antibod-
ies were substituted with NGS or pre-absorbed with U-II
antigen.

2.3. Isolation of human leukocytes

Human leukocytes were isolated from whole blood
taken from healthy volunteers as previously described
[15]). Specifically ~100 million cells from ~180ml of
whole blood. Monocytes were isolated from the leuko-
cyte harvest using the Graziani-Bowering method [16].
For monocyte-macrophage differentiation, monocytes were
resuspended in RPMI 1640 (+10% human serum; type
AB, sigma) culture medium at a density of 2.5 x 10%/ml
and seeded into 12-well tissue culture plates; medium
was changed every 48 h. For the generation of foam cells,
macrophages were incubated in the presence of 100 pg/ml
oxLDL (Intracel) for a further 3 days [15]. Platelets were
isolated using a counter current centrifugal elutriation
method modified for platelet isolation by eluting platelets
from the buffy coat at a flow rate of 9 ml/min [17].

2.4. Tagman analysis

Total RNA was extracted from human tissues and
cells using Trizol reagent (Gibco BRL) according to the
manufacturer’s instructions. cDNA was reverse transcribed
from DNAse I (Gibco BRL) treated total RNA using Su-
perscript II reverse transcriptase (Gibco BRL) as previ-
ously described [15]. A negative control reaction omitting
the reverse transcriptase (—RT) was also performed for
each DNase-treated RNA sample. One microgram of each
c¢DNA sample were analyzed for human preproU-II, human
GPR14, and human GAPDH expression by real-time quan-
titative RT-PCR using the fluorescent TagMan® 5'-nuclease
assay as previously described [15]. Primers and probes
utilized in this study have been described previously [5].
Values for the leukocyte RT-PCR analysis are means of
triplicate assays.
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Fig. 1. U-Il immunoreactivity in both carotid and aortic tissue samples (large arrows indicate endothelium and asterisks indicate intimal layer). (A)
Shown here is a moderately atherosclerotic carotid artery collected at autopsy showing diffuse U-1I immunoreactivity within the thickened intimal layer
(100x magnification). (B) U-II immunoreactivity in endothelial cells and myointimal cells in the hyperplastic intima of a carotid endarterectomy sample
(100x magnification). (C) Normal aorta with distinct endothelial U-II immunoreactivity (200x magnification). (D) Diseased aortic segment obtained at
time of autopsy showing intense U-II immunoreactivity in endothelial and inflammatory cells (400x magnification). (E) Diseased aortic sample retrieved
during abdominal aortic aneurismal repair showing marked inflammatory cell infiltration with intense U-II immunoreactivity (400x magnification). (F) A
section of diseased aorta collected at autopsy incubated without primary antibody as negative control section (100x magnification). Consecutive sections
of a carotid artery segment showing U-1I immunoreactivity. (G, Small arrows indicate identical cells in serial sections), and a-actin immunoreactivity
(H), in smooth muscle cells of the hyperplasic intima (400x magnification).
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2.5. Statistical analysis

Data are presented as mean =+ S.E. Individual groups were
compared using one-way Anova with the aid of a commer-
cial software program (SPSS 11.5). A P value <0.05 was
considered significant.

3. Results
3.1. Immunohistochemical analysis

Histological examination of the carotid arteries obtained
at autopsies revealed the presence of a distinct immunore-
activity for U-II in the hyperplasic intima and in endothelial
cells (Fig. 1A). There was an intense U-II immunostaining
in tissue samples obtained from carotid endarterectomies.
Specifically, there was abundant staining in the myointi-
mal cells of the hyperplasic intima, with less in the media
(Fig. 1B). Also there was apparent immunoreactivity in the
carotid endothelium. We observed U-II staining was less
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abundant but still apparent in medial layers of all carotid
artery samples.

In the normal aorta, there was an apparent U-II im-
munoreactivity only in endothelial cells (Fig. 1C). We have
also examined U-II immunoreactivity in atherosclerotic aor-
tae collected at autopsy. In these samples, there was a large
degree of inflammatory cell immunoreactivity in addition to
specific endothelial cell staining, and some apparent medial
immunoreactivity as well (Fig. 1D). Moreover, in tissue sam-
ples obtained from repair of abdominal aortic aneurysms,
beside endothelial cells, we found a marked expression of
U-II immunoreactivity in inflammatory cells (Fig. 1E).

In order to determine cellular phenotypes of cells im-
munoreactive for U-II we performed colocalization stud-
ies using established cellular markers. Specifically we
performed immunohistochemistry on serial sections with
antibodies against Von Willebrand factor, a marker of en-
dothelial cells, and with anti-a actin antibody a marker of
smooth muscle cells and myofibroblasts and compared these
to serial sections immunoreactive for U-II. From the serial
sections we noted the co-existance of immunoreactivity for

AAA CE

Study Groups

*

AAA CE

Study Groups

Fig. 2. Relative levels of prepro-U-II (A) and GPR 14 (B) in normal aortic samples (n = 7) compared with tissue samples retrieved from abdominal
aortic ancurysm (AAA, n = 8) and carotid endarterectomies (CE, n = 17), normalized to GAPDH. The graph demonstrates that U-II is significantly
elevated in tissue samples from abdominal aortic aneurysm compared to normal aortae. Also it demonstrates that GPR 14 is significantly elevated in
tissue samples from abdominal aortic aneurismal repair compared to normal aortic samples. The symbol (*) indicates P < 0.05.
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a-actin with that of U-II, thus indicating U-II expression in
cells with the smooth muscle cell phenotype (Fig. 1G-H).
We also demonstrated co-localization of Von Willebrand
factor and U-II in similar cells indicating U-II expression
in cells expressing an endothelial cell phenotype. Negative
control sections showed no non-specific immunoreactivity
(Fig. 1F).

3.2. RT-PCR analysis

3.2.1. Plaque analysis

Using real-time RT-PCR, it was possible to quantify the
mRNA levels of both U-II and GPR14 in tissue samples
from abdominal aortic aneurysms. These levels were ex-
pressed as the ratio of the copy number of the gene of inter-
est to the copy number of the housekeeping gene, GAPDH.

.2
0.25 A)

o
]

Mean ratio UIVGAPDH
o
o

g
=

0.05

U-II mRNA expression was increased in abdominal aor-
tic aneurysms over normal aortae (P = 0.036, Fig. 2A).
GPR14 was also significantly increased in abdominal aortic
aneurysm samples compared to normal aortae (P = 0.031,
Fig. 2B). We also evaluated the degree of U-II and GPR14
expression in tissue samples from carotid endarterectomies.
However, since we did not have normal carotid arteries with
which to compare these, conclusions may be suspect. Nev-
ertheless assuming that normal aortic tissue samples have
equivalent levels of U-II and GPR14 as normal carotid ar-
teries, it was observed that U-II mRNA expression was in-
creased in carotid endarterectomies compared to normal aor-
tic tissue, but this increase was not significant. Again GPR14
mRNA expression was also increased in carotid endarterec-
tomies compared to normal aortic tissue, and again the in-
crease was not significant.
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Fig. 3. Relative levels of Prepro-U-II mRNA (A) and GPR 14 mRNA (B) in leukocyte sub-populations normalized to GAPDH. This graph demonstrates
that U-II levels are highest in lymphocytes whereas GPR14 is most abundant in the monocyte/macrophage population.
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3.2.2. Expression of U-Il and GPR14 in human leukocytes

Using real-time quantitative RT-PCR we evaluated the
amount of U-II and GPR14 mRNA expression in human
leukocyte sub-populations. Values are expressed as the ra-
tio of the copy number of the gene of interest to the copy
number of the GAPDH gene. The highest levels of U-II
mRNA were seen in the sub-population of lymphocytes
when compared with monocytes, macrophages, foam cells,
and platelets (Fig. 3A). In contrast, GPR14 mRNA levels
were highest in the monocyte and macrophage populations
but low in the lymphocyte, and foam cell sub-populations
(Fig. 3B). GPR14 mRNA was undetectable in the platelet
fraction.

4. Discussion

Recent findings of U-II activity in the cardiovascular
system prompted us to determine if U-II is up-regulated
in atherosclerosis, the most prominent of cardiovascular
disorders. Firstly, we examined the expression of U-II in
atherosclerotic lesions of both carotid arteries and of abdom-
inal aortae. To do this we performed immunohistochemistry
using anti-U-II antibodies. We were able to demonstrate
a large degree of U-II immunoreactivity in atherosclerotic
vessels of both carotid and aortic origin. In both types of
vessels U-II was most prominent in the hyperplasic intima
of the lesion, often with a clear separation between intima
and media. Though, medial U-II immunoreactivity was also
observed in both carotids and aortae. Interestingly, we noted
that normal segments of otherwise diseased vessels also
exhibited U-II immunoreactivity. This indicated that there
may be a diffuse up-regulation of U-II in the diseased state.
To the best of our knowledge this is the first depiction of
U-II immunoreactivity in atherosclerotic plaques of carotid
arteries and aortae. Importantly, the most prominent staining
was found in the lesion, indicating a direct up-regulation in
association with atherosclerotic plagues.

With these findings we then proceeded to determine quan-
titative measurements of U-1I, as well as it’s cognate receptor
GPR14 in tissue samples harvested from patients undergo-
ing carotid endarterectomies and abdominal aortic aneurysm
repair. We found that U-II mRNA expression was signifi-
cantly increased in abdominal aortic aneurysm tissue sam-
ples. Importantly, we found that GPR14 mRNA was also
significantly elevated in abdominal aortic aneurysms. As
noted, both U-II and GPR14 mRNA levels were also ele-
vated in carotid endarterectomies compared to normal aorta.
However, this did not reach statistical significance. Also, the
biological significance of this is questionable at best since
we were unable to compare the mRNA levels for either
U-II or GPR14 from the diseased carotid endarterectomy
tissue samples with the mRNA levels of normal carotid ar-
teries. Nevertheless, the RT-PCR data on U-II does reinforce
the qualitative data observed with immunohistochemistry. In
agreement with our findings, others have also demonstrated

GPR14 mRNA expression in human aortic tissue [2,3]. In
addition, Maguire et al. showed the presence of GPR14 re-
ceptors in the aorta by U-II radioligand binding activity [4].

The large degree of inflammatory cell staining observed
by immunohistochemistry led us to quantitatively deter-
mine the levels of both U-II and GPR14 in the leukocyte
sub-populations. We found that lymphocytes were by far the
largest producers of U-II, which is quite interesting in light
of the fact that the role of lymphocytes in atherosclerosis is
becoming increasingly more important [18,19]. In contrast
monocytes and macrophages were the largest producers of
GPR14, with relatively little expression in either foam cells,
lymphocytes, and platelets. These findings suggest that U-II
may act in an autocrine or paracrine fashion in the setting
of atherosclerosis.

In addition to its marked vasoactivity U-II has been
shown to act as a mitogenic factor for smooth muscle cells
[8-10]. Hence, the up-regulation of U-II in carotid and
aortic atherosclerotic plaques may affect either the vessels
vasoactivity or it may act primarily as a mitogenic factor or
both. Studies aimed at using a selective GPR14 antagonist
will be needed to address the physiological significance
of increased U-II and GPR14 expression in atherosclerotic
carotids and aortae.

To conclude, here we have demonstrated both a quan-
titative and qualitative increase in U-II expression in both
atherosclerotic carotid arteries and aortae. We also showed
that U-II expression was highest in lymphocytes whereas
GPR 14 expression was most prominent in the mono-
cyte/macrophage population. These findings suggest a pos-
sible role for U-II and GPR14 in the pathophysiology of
atherosclerosis.
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