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ABSTRACT

Effects of angiotensin II type 1 receptor (AT;R) antagonists candesartan (CAN) and
losartan on functional recovery after ischemia-reperfusion (IR) and angiotensin II type 2
receptor (AT»R) protein modulation were studied in isolated rat hearts. In the
Langendorff system, CAN pretreatment for 40 min improved functional recovery after IR
(30 min of ischemia; 40 min of reperfusion) and increased AT->R protein without any
detectable change in apoptosis.

In isolated working hearts, CAN for 40 min before and during ischemia (25 min)
also improved post-ischemic functional recovery. Although losartan did not significantly
improved in post-ischemic contractile recovery, both losartan and CAN, increased AT>-R
protein content, myocardial cGMP content and PKC. protein. The AT>R antagonist
PD123319, when co-administered with CAN attenuated the observed functional and
molecular effects of CAN.

Cumulatively, these data suggest that CAN-induced cardioprotection is associated

with unopposed AT,R activation and that AT,R-mediated cardioprotection involves

c¢GMP increase and PKC; activation.
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INTRODUCTION

Angiotensin II (Ang II) is an octapeptide that has been a subject of a great deal of
interest, and the list of its biochemical, physiological and pathophysiological actions are
extensive and still growing. The ongoing history and progression of our understanding of
the renin-angiotensin system (RAS) has been one of the most fascinating aspects of
modern biology and medicine. It was in 1898 that Tigerstedt and Bergmann * isolated a
pressor substance from renal extracts, which marked the beginning of research on this
previously unidentified system. However, it was not until 1934 that Goldblatt * confirmed
the source of pressor substance by constricting one of the renal arteries. These
observations, in addition to other studies *, led to the identification of RAS and
subsequent implication in the reno-vascular hypertension. Later, when the importance of
Ang II (Figure 1) in the control of mineralocorticoid metabolism and thirst became
clarified, it became evident that the renal RAS plays an integral role in the maintenance
of fluid and electrolyte homeostasis throughout the body °.

The past decade has witnessed the emergence of a new role for the RAS in
directly controlling cardiac function. The heart is among a number of organs that have
their own intrinsic RAS. Due to the potential implications of the local synthesis and
actions of Ang II in the heart, a great deal of interest and enthusiasm has been generated
throughout the scientific community to elucidate the very nature of the intracardiac tissue
RAS.

Today, it is widely recognized that persistent activation of the Ang II-mediated

pathway precipitates various cardiovascular pathologies. Ailments such as hypertension,
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coronary artery disease, myocarditis, congestive heart failure and myocardial infarction

involve Ang II action at both the local vascular and myocardial tissue levels L

Angiotensin IT in the Heart

The RAS has been traditionally viewed as an endocrine system, where Ang II circulates
in the blood and exerts its effects via Ang II receptors at different sites throughout the
body (Table 1). Among its various actions, Ang II also mediates vascular smooth muscle
constriction and thereby regulates vascular tone in conjunction with other vascular
factors. However, during essential hypertension, the level of plasma Ang II is increased,
precipitating a persistent constrictive state in the vasculature. To counteract this effect,
angiotensin converting enzyme inhibitors (ACEI) were used as potential vasodilators,
acting via inhibition of Ang I formation. Surprisingly, ACEI in contrast to other
vasodilators, prevented and reversed the cardiac hypertrophy associated with
hypertension, suggesting a trophic role of Ang II in the heart 38 Further studies have
showed that subpressor doses of an ACEI, which do not reduce blood pressure or
afterload, were able to regress cardiac hypertrophy 78 Cumulative studies suggest that
Ang I directly influence pathological cardiac hypertrophy, independent of a systemic
effect.

In addition to the reduction of cardiac hypertrophy with subpressor doses in
animals, patients receiving ACEI also showed some additional therapeutic benefits. In the
acute stage of heart failure, reduction in cardiac output and increase in filling pressure
result in the elevation of plasma renin activity, Ang II and aldosterone levels. This

increase is, in turn, associated with vasoconstriction and sodium retention. However,

Page 2



these circulating neurohumoral responses return to normal during the compensated stage
of heart failure, as plasma volume and cardiac stroke volume increase. A similar
normaiization of plasma neurohumoral activity is also observed in mild and stable forms
of myocardial infarction ° and in animal models of compensated heart failure (ie.,
coronary-ligated rats or subacute stage of canine rapid ventricular pacing) 1011 Under
these pathological conditions of normal Ang II levels, long-term treatment with ACEI
elicits salutary responses in patients and animal models, stabilizing cardiac recovery and
decreasing overall morbidity and mortality 12-14 These observations led to the hypothesis
that perhaps locally but not systemically produced Ang II causes trophic effects on the
heart. Subsequent studies designed to characterize local RAS led to the isolation of
angiotensinogen 5 renin '® and angiotensin converting enzyme'’ in various
compartments of the heart. In addition, these factors are increased in different
pathologies, thereby establishing the role of local Ang II in cardiac diseases 18

Detailed analysis showed that locally produced Ang II induces its trophic effects
on the myocardium by activating immediate-early genes. These factors act on the
promoter regions of mRNA of various proteins to precipitate hypertrophy in cardiac
myocytes and hyperplasia in fibroblasts !9 Furthermore, Ang II also mediates activation
and release of other factors (such as endothelin 20, transforming growth factor 3, 21, and
matrix metalloproteinase 22) which cumulatively, affect the architecture of the heart.

Despite the multitude of the actions displayed by Ang II, it seems to exert most of its

effect by angiotensin II type 1 receptors.
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Angiotensin II Type 1 Receptors (AT;R)

Recent years saw a surge in concerted efforts to characterize the AT R. Since angiotensin
II type 2 receptors (AT-Rs) are not highly expressed in adult tissues (and thus none of the
Ang II functions were originally attributed to it), initial experiments concentrated on and
were geared towards identifying and isolating ATiR. As a result of this research, a great
deal of knowledge has been accumulated over the past decade. This has led to the
development of selective, non-peptidic, orally effective antagonists of the ATR, which
enabled the biochemical, physiological and pathophysiological aspects of this receptor to
be defined and researched. The new knowledge has provided key insights about the role
of Ang II in the pathophysiology associated with various cardiovascular diseases.
However, further analysis of AT|R properties is needed in order to determine its potential

role in various cardiomyopathies.

Molecular Biology and Regulation of AT R
Existence of the AT R subtype was confirmed pharmacologically in 1989 **_ However, it
was the successful cloning of the AT(R in 1991 that greatly facilitated further research on
the structure and function of AT;R >>7° (Figure 2). AT|Rs are distributed abundantly and
ubiquitously throughout the heart, kidney, adrenal gland, liver, brain, lung and vascular
tissues . AT;R mediates all the classical actions of Ang II including fluid volume
homeostasis, regulation of vascular tone and release of other hormones. Recently AT Rs
have also been implicated in pathogenesis of various cardiac diseases 4.

AT|R belongs to a superfamily of G-protein coupled receptors that have seven

transmembrane domains. AT R is a 359 amino acid protein with a calculated molecular
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weight of the functional receptor as high as 79 kD %% Only a single gene encoding the
AT)R has been identified in humans, rabbits, and cows. Rodents, in contrast, have two
highly homologous ATR genes that encode the receptor isotypes termed ATia and ATg
(95% amino acid identity). While there are tissue-dependent differences in the expression
pattern of the rodent AT, isotypes, both receptors bind Ang II and have intracellular
signal transduction pathways that are identical 7,

Studies examining ATR regulation suggests modulation by three distinct
pathways:

A) Internalization: Internalization is a process in which a receptor, engulfed by the cells,

is recycled and this process, in this context, is initiated by binding of Ang II but not with
available antagonists. Mutagenesis studies have shown that a carboxyl tail region of the
rat AT;4sR is the major internalization determinant as its deletion completely abolishes
the internalization of bound 'I-angiotensin I 8 Subsequent studies suggested that
AT|R internalization occurs via clathrin-coated pits, like the other G-protein coupled
receptors 2931

B) Signal transduction molecules: AT;R mRNA can be regulated by a variety of signal
transduction molecules, including cyclic adenosine monophosphate (cAMP). Infact,
cAMP downregulates AT\R mRNA, which is surprising considering that PKC, another
important signal transduction molecule present downstream of AT|R, does not have any
effect.

C) Transcription factors: The 5’ flanking region of AT,R also hosts binding sites for

various immediate-early genes including cyclic AMP-responsive element (CRE),

glucocorticoid-responsive element (GRE), activating protein 1 (AP1), and nuclear factor-
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kappa B (NFxB)) all of which, upon binding, increase AT\R mRNA expression 3132
These factors are implicated in potential increase in AT;R population in cardiac

hypertrophy > and therefore might involve direct transcriptional increase in AT R.

AT|R Signaling

The AT)R belongs to the G-protein superfamily of receptors, and is coupled to one of two
heterotrimeric G-proteins: Gq and G;. Binding of Ang II to AT|R results in release of the
o subunits of the G-protein, which stimulates phospholipase C and thus generates 1,4,5
inositol trisphosphate (IP3) and diacylglycerol (DAG). IP; releases calcium ions (Caz*')
from intracellular stores and DAG stimulates PKC, leading to an influx of extracellular
Ca® from T-type calcium channels. These events cumulatively result in increased
intracellular Ca2*, which induces vasoconstriction *>.

Ang II also triggers mitogenic activity via AT|R. PKC, as well as elevated
intracellular Ca®* levels, can promote the expression of growth-related inducible
transcription factors such as c-fos, c-myc and c-jun 3537 Stimulation of AT;R has been
associated with the phosphorylation of a tyrosine residue on Janus Kinase 2 (Jak2) and
tyrosine kinase 2 (Tyk2), which subsequently activates signal transducer and activators of
transcription (STAT). This Jak-STAT pathway is responsible for transcripitional
activation of early growth responses 3839 " Other mitogen kinases such as mitogen
activating protein kinase (MAPK) are also responsible for similar effects mediated by
AT R “. Recent studies have added a new twist to the understanding of AT;R signaling.

4142
L

Studies done by Zou et a have identified the molecular mechanisms by which Ang I

displayed its hypertrophic and hyperplastic effects on cardiac myocytes and fibroblasts,

Page 6



respectively. That study showed that in cardiac .nyocytes, where ATR couples to Gq,
PKC (but not Ras) induces Raf-1-mediated MAPK activation. On the other hand, in
cardiac fibroblasts in which AT R couples to Gi;, Ras (but not PKC) activates MAPK.
These results collectively suggest that when AT Rs of different cell types are activated by
the same agonist (Ang II), distinct signal transduction pathways downstream from the
receptors are activated (PKC or Ras), producing increased activity of the same effector
molecule (MAPK). This study highlights one of the key characteristics of ATR;
diversity of signal transduction pathways associated with the receptor even though the
end-effector is identical. However, in situations. of a persistently activated angiotensin
system, increased Ang II precipitates uncontrolled mitogenesis, a pathophysiological

feature of elevated Ang Il levels.

Role of AT R in Pathophysiology of Cardiovasceilar Diseases
A great deal of evidence has established that Ang II causes hypertrophy of neonatal

¥ and adult cardiac myocytes 3, Ang II directly induces the fetal

cardiac myocytes
phenotype of gene expression, such as B-MHC, skeletal a-actin, and atrial naturetic
factor (ANF) in neonatal rat cardiac myocytes, in-dicating the direct involvement of AT|R
in cardiac gene reprogramming in vitro. Furthermore, Ang II also stimulates the
expression of immediate-early genes, including ¢ -fos, c-jun, jun B, Egr-1 and c-myc ' in
cardiac myocytes. Induction of these fetal programs result in an abnormal growth of
cardiac myocytes. Histologically, side-to-side slippage of myocytes has indicated early

occurrence of myocyte hypertrophy, which progressively leads to increased ventricular

volume and wall thickness in non-infarcted myocardium. This sets up a vicious cycle of
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increased ventricular wall stress that, over time, fosters increased ventricular hypertrophy
44.

Similarly, Ang II also increases mRNA levels for c-fos, c-jun, jun B, Egr-1 and
c-myc in cardiac fibroblasts. These effects also occur via AT |R. Furthermore, Ang I also
increases collagen, as well as mRINA expression and protein secretion of fibronectin and
transforming growth factor B, respectively 3547 Cumulatively, these events result in a
phenomenon referred to as fibrosis, which is characterized by an increase in cardiac
fibroblast cell number and concomitant increase in collagen deposition. A continued
accumulation of fibroblasts with collagen impairs diastolic activity and compromises
systolic mechanics '®. Over time, myocardial stiffness develops, which predisposes the
heart to ventricular dysfunction. Collectively, fibrosis and cardiac hypertrophy change the
morphology of the heart, an event often referred to as cardiac remodeling 8

In other pathologies such as hypertension, left ventricular mRINA levels for
skeletal o-actin, ANF and collagen type I and II are increased, while o-MHC mRNA
levels are decreased in spontaneously hypertensive rats. However, treatment with AT,R
antagonists normalizes these phenotypic responses, implicating ATR in the
pathophysiology of hypertension %A similar hypertrophic phenotype also occurs during
myocardial infarction (except for the lack of any change in o-MHC mRNA).
Administration of AT;R antagonists to coronary ligated rat hearts significantly suppresses
cardiac hypertrophy, which is reflected by the corresponding prevention of collagen I and
III mRNA increases at 1 and 4 weeks, respectively *°. Moreover, recent studies have

implicated Ang II in cardiomyopathy observed in diabetes *'~2,
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Therefore, AT|R plays an instrumental role in pathophysiology of various cardiac
diseases. By virtue of its presence in different cell types and its connection with different
second messenger systems, AT|R can mediate a diverse array of responses ranging from

vasoconstriction to a total remodeling of the heart.

Angiotensin II Type 2 Receptors (AT:R)

Although the role of AT|R has been thoroughly investigated, the roles of AT2R both in
normal and in various cardiac pathologies remain unclear. There is increasing evidence
suggesting a cardioprotective role for AT:R, thus implicating AT>R as a potential
therapeutic target for medical intervention. These findings have fueled a great deal of
research into its biochemical, physiological and pathophysiological properties.

AT-R is ubiquitously expressed throughout fetal tissue, suggesting a possible role
of this receptor in fetal development and organ morphogenesis. AT>R expression
decreases rapidly after birth, and in the adult, expression of this receptor is limited mainly
to the uterus, ovary, heart, adrenal medulla and certain brain nuclei B33 However, recent
studies have demonstrated a re-expression of AT>R in various cardiac pathologies, where
in some cases, AT-R becomes the dominant receptor subtype for Ang II in the

myocardium 3,

Molecular Biology and Regulation of AT>R

Preliminary findings suggested that AT>R was not a seven transmembrane receptor
(Figure 3), given that its ligand binding affinity was not reduced by stable GTPYS

analogs, and it did not show agonist-induced internalization (features normally seen only
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in seven transmembrane G-protein coupled receptors). However, subsequent expression
cloning of cDNA isolated from PC12W cells 8 and rat fetus ¥ encoded a 363 amino acid
protein with seven transmembrane domains, suggesting the possibility of AT>R being
coupled to a G-protein. This was confirmed by Zhang and Pratt, who reported the
immunoprecipitation of AT>R with Gije2 and Gigs 8

AT,R represents a special class of G-protein coupled receptors, as only a few of

the seven transmembrane domain receptors have been reported to be GTPYS insensitive 3

(others are somatostatin >° and dopamine D; 37y, Besides GTPYyS-insensitivity, AT:R,
somatostatin and dopamine D3 share a common, well-conserved third cytosolic loop as a
major site for G-protein interaction 5+56 AT.R is unique in that it activates certain
phosphotyrosine phosphatases (PTP), which is in contrast to somatostatin and D3
receptors which inhibits PTP 859 Overall, AT:R is a unique receptor, occupying a
distinct position among the seven transmembrane domain family of receptors.

AT:R is modulated by a variety of neurohumoral, cellular, and pharmacological
factors. It is downregulated by gluocorticoids, growth factors, phorbol esters, calcium
ionophores, Gg-coupled receptor stimulation, norepinephrine and cAMP. In contrast,
insulin, insulin-like growth factor and cytokines upregulate AT>R protein expression.
Among these, calcium ionophores and norepinephrine represent some of the most the
potent regulators of AT.R expression 2. Although most of the above mentioned factors
regulate AT>R post-transcriptionally, glucocorticoids and cAMP analogs can regulate
AT-R at the gene transcription level 2. Recent evidence also suggests that Ang II-AT>R
binding enhances AT-R levels in R3T3 cells % The study suggests that when ligands

bind to AT»R, it forms a stable complex such that degradation of AT,R is inhibited. This
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phenomenon has been observed with different cell culture studies. However, the pathway

involved in this phenomenon has not been explored yet.

AT5R Signaling

Before the structure of AT-R was determined, numerous attempts were made to elucidate
the signal transduction pathways associated with this receptor subtype. Cell lines such as
pheochromcytoma (PC12W), neuroblastoma (NG108-15, NIE-115) and fibroblast
(R3T3), as well as primary cultures of neurons and cardiac myocytes, were used as
models for signaling studies, which sometimes led to disparate theories 233 However,

recent studies have unraveled some of the pathways behind AT2R signaling 3,

Inhibition of Mitogenesis

Stimulation of AT-R activates PTP, which inhibits cell proliferation and differentiation
662 This AT,R-mediated PTP activation has been shown to inhibit AT|R-mediated cell
growth in myocytes and fibroblasts isolated from neonatal rat hearts 63 | cardiomyopathic
hamster hearts ® and mouse hearts overexpressing AT>R. The mechanism of AT:R
participation in anti-growth might also be associated with reduced MAPK activity caused
by the activation of MAPK phosphatases-1 (MKP-1). However, other PTPs are also
involved 7. Nevertheless, an inhibitory effect on mitogenesis by AT2R is achieved.
Besides, its role in inhibition of MAPK, MKP-1 has also been implicated in cellular

apoptosis.
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Apoptosis
Apoptosis is a morphologically distinct mode of cell death whereby a cell commits
suicide . Apoptosis is a cell autonomous mechanism to eliminate injured or unwanted
cells without inducing an inflammatory response. This is in contrast to necrosis, another
mode of cell death, which results from an externally derived insult and which has a
tendency to precipitate inflammation. Although apoptosis is a physiological process,
excessive apoptosis has been linked to organ atrophy and failure 0 Of relevance to the
cardiovascular system, this excessive apoptosis has been implicated in myocardial
infarction, heart failure, atherosclerosis (as reviewed by Haunstetter and Izumo 70) and
recently in IR n,

Among the potential factors that induce apoptosis (such as atrial naturetic factor
and hypoxia), Ang II has been implicated with apoptosis in cardiovascular diseases .
Studies looking at AT:R transfected VSMCs showed that selective AT,R stimulation
enhanced apoptosis after serum starvation ! In addition, it has been demonstrated that
AT>R exerts a proapoptotic effect in neonatal cardiomyocytes, PC12W cells, and R3T3

66.7L.72  Furthermore, Li er al. demonstrated that Ang II induces

mouse fibroblasts
apoptosis in skin fibroblasts of the mouse embryo but not in those prepared from AT2R
knockout mice, thereby implicating AT>R as an inducer of apoptosis 7, Some of the
mechanisms proposed for AT,R-induced apoptosis includes MKP-1-mediated
dephosphorylation and subsequent inactivation of antiapoptotic factor, Bcly, increase
expression of proapoptotic factor, bax and stimulation of de novo ceramide (a factor

involved in inducing apoptosis) production 3373
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In contrast, evidence also suggests that AT|R might also be an inducer of
apoptosis. Kajstura and colleagues " have reported that Ang II induced apoptosis in
cultured rat neonatal ventricular myocytes through AT;R-mediated PKC activation, an
effect blocked by the AT|R antagonist, losartan. Furthermore, pS3, a gene associated with
DNA-damaging agents, has been shown to increase angiotensinogen and AT|R mRNA
expression, which has been suggested to increase the susceptibility of cardiomyocytes to
undergo apoptosis & *2. Although, little additional evidence in support of AT;R-induced
apoptosis exists, further research is clearly warranted to resolve the issue of which
receptor subtype and to what extent each receptor subtype contributes to apoptosis in

specific cell types.

AT-R Mediated Vasodilation

Studies in microvessels from canine coronary arteries 7 rat aortic strips 80, rat kidneys 81
and rat hearts %> have shown that AT-R activation results in formation of kinins and
elevation of cGMP. Specifically, studies in blood vessels have shown that AT2R
activation directly increases nitric oxide (NO) as indicated by increase in nitrite and
nitrate levels. This increase in NO was abolished by a bradykinin B> receptor, antagonist
signifying bradykinin plays a role upstream of NO " Subsequent studies showed that
AT>R activation resulted in an increased cGMP level which was abolished by a B:
antagonist as well as by a nitric oxide synthase (NOS) inhibitor 82 Taken together,
evidence suggests that when AT,R is stimulated, kinin is produced which subsequently

leads to NO-mediated increased cGMP levels.
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Recent investigations have partially outlined the cause behind the observed
increase in kinin levels, cGMP, and nitrite levels by AT>R 7> 1! Tsutumi et al.*® showed
that AT>R stimulation causes intracellular acidosis through the inhibition of Na*/H"
exchanger, resulting in enhancement of kininogenase activity in VSMCs. This in turn
generates bradykinin, which acts on the endothelial bradykinin receptor in a paracrine
manner to cause endothelium-dependent NO release. This leads to increased cGMP
content and associated vasodilation.

Beside cGMP-dependent vasodilation, recent evidence also suggested AT:R
mediates cytochrome P450 dependent vasodilation (independent of cGMP). This study
showed that activation of the AT-R in afferent arterioles causes endothelium-dependent
vasodilation via the cytochrome P-450 pathway, possibly by epoxyeicoatrienoic acids ¥

Studies with avian cardiomyocytes have shown that AT,R contributes to the
activation of IP; * and PKC ¥. However, the avian origin of the tissue restricts the
extrapolation of the findings to mammalian tissues. AT2R is also involved in activation of
phosphotideinositol-3 kinase (PI3K), Na’/HCO; and release of arachidonic acid,
although, the confirmation of these AT>R functions is still necessary °l_ AT3R has been
reported to elicit stimulation of outward 92 and delayed rectifier potassium current % as
well as inhibition of T-type calcium current 9,

Thus, efforts to investigate of the role of AT>R subtype in Ang II-mediated effects
have been hampered by lack of knowledge concerning the properties of AT2R. The
development of selective agonists and antagonists has enabled scientists to delineate

some of the signaling pathways of AT-R. However, the role of these second messenger
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systems in physiological and pathophysiological settings clearly warrants further

research.

Role of AT,R in Pathophysiology of Cardiovascular Diseases
Earlier studies showed that AT-R is expressed in neonatal hearts as well as in diseased
hearts. Cellular localization of AT>R in the human heart showed that AT>R is located
primarily in fibroblasts. Furthermore, expression of AT:R in the heart increases
concomitantly with the progression of intersitial fibrosis implicating AT>R expression
increase during cardiac remodeling in human hearts 9.9  AT,R expression is also
increased in failing hearts, although the precise mechanism of AT>R expression and its
role in diseased state has not yet been clarified 7 It has been postulated that perhaps IL-
1B causes the re-expression of AT>R by binding to the promoter region of its sequence 7.

Functionally, AT-R may play a role in various cardiac pathologies. ATR
blockade may shift cardiac Ang I towards AT>R causing growth inhibition as observed
in proliferating rat coronary endothelial cells %8 transfected vascular smooth muscle cells
(VSMCs) #° and in hypertensive rats 10l 1t was postulated that the antigrowth effects
mediated by AT.R might involve an increase in apoptosis 33, However, activating
apoptosis may also have detrimental consequences as excessive apoptosis has been
implicated in organ atrophy and failure % On the other end of the spectrum, scientists
have also suggested protective effects with AT>R 76. 100

AT.R increases kinins and thereby increases NO biosynthesis. Some of the

cardioprotective actions attributed to AT2R activation might include NO-induced cGMP

mediated myocardial actions. These include (1) modulation of sarcolemmal Ca®* influx,

Page 15



(2) reduction in myofilament Ca>* sensitivity, (3) altered SR function, (4) changes in the
action potential, (5) modulation of cell volume, and (6) reduction in oxygen consumption
120

Recently, another downstream pathway of NO has been elucidated. Ping er al. 58
has shown that isoform-selective activation of protein kinase C-epsilon (PKCg) is
responsible for NO-mediated development of late preconditioning. To that end, they
found that L-NA, a NO synthase (NOS) inhibitor, blocks the cardioprotective effect
associated with late preconditioning with the simultaneous reduction in PKC.
translocation. Furthermore, when preconditioning was mimicked by two structurally
distinct NO donors, chelerythrine, a PKC; inhibitor, blocked the NO donor-mediated
cardioprotection. This suggests perhaps that in delayed ischemic preconditioning, PKCe
is the downstream effector of NO. Hence, under various cardiac pathologies, it is possible
that protective effects attributed to AT2R might involve NO-mediated PKC:; activation to
some extent. However, current support of this pathway is lacking.

Thus, delineation of AT>R-mediated events in various pathophysiological states
might give researchers a new tool to develop strategies against various cardiovascular
diseases. Especially elucidation of these events will be beneficial in ischemia-reperfusion
where activation or increase in factors such as kinins '°2, NO %1% ¢GMP '% and PKC,

have been implicated in acute cardioprotective effects.

Ischemia-Reperfusion Injury
Prompt reopening of the occluded vessel, either by thrombolytic therapy or angioplasty,

prevents progression of cell necrosis in ischemic myocardium, a process often referred as
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reperfusion. It has been clearly shown that although timely reperfusion is the most
effective means of preventing ischemic damage, reperfusion may not be entirely
beneficial. In this regard, studies have shown that untimely reperfusion triggers
pathophysiological pathways that counteract some beneficial effects of the restoration of
coronary flow 107 These deleterious events during ischemia and reperfusion, collectively
characterize ischemia-reperfusion (IR) injury.

Two of the major determinants of IR injury are the duration of myocardial
ischemia and degree of perfusion in the ischemic myocardium. Limited duration of
myocardial ischemia (less than 20 min) followed by reperfusion is accompanied by
complete or partial functional recovery without structural or biochemical evidence of
tissue injury '°®. In this instance, the myocardium may be characterized functionally by
depressed myocardial contractility (myocardial stunning); however, recovery from this
type of damage can be complete. Paradoxically, reperfusion of ischemic myocardium
after extended periods of ischemia (> 20 min) can lead to an extension of the injury
beyond that due to the ischemic insult itself. As such, instituting reperfusion, may trigger
irreversible myocardial injury, characterized by cellular damage and cell death 198 via

19 Since these events have varied clinical implications, both in

necrosis and apoptosis
pathological (myocardial stunning and infarction) and surgical settings (percutaneous
transluminal coronary angioplasty (PTCA), cardiac surgery, cardiac transplantation etc)
(Table 2), understanding the underlying pathophysiological events in IR are essential to,
Over the years, many potential pathways leading to IR injury have been

determined. However, the sequence of biochemical events whereby transient myocardial

ischemia leads to functional and structural damage remains to be elucidated. Some of the
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underlying events of IR injury includes (1) coronary endothelial dysfunction; (2)
adherence of neutrophils to the endothelium, transendothelial migration, and the release
of mediators; (3) acute diastolic dysfunction; (4) transient impairment of left ventricular
systolic contractile function or myocardial stunning and; (5) arrhythmias tot (Figure 4).

Of these events, myocardial stunning perhaps received the most attention both in

experimental and clinical settings.

Myocardial Stunning

Myocardial stunning was a term coined in 1982, and is defined as “the mechanical
dysfunction that persists after reperfusion despite the absence of irreversible damage and
despite restoration of normal or near-normal coronary flow” L3 ¢ occurs when a brief
period of ischemia followed by reperfusion resulted in postischemic dysfunction '*.
Initially, the phenomenon was regarded largely as a laboratory curiosity. Subsequently, it
gained attention among both experimentalists and clinicians. This was primarily because
of two reasons. First, coronary reperfusion, by means of either thrombolytic therapy,
PTCA or coronary artery bypass graft (CABG) surgery, has become a standard procedure
for acute ischemic syndromes in patients with coronary artery disease. Second, several
studies have demonstrated that many patients experience spontaneous reperfusion
because of lysis of coronary thrombi. Thus, it has become increasingly evident that
postischemic myocardial stunning is an essential part of the diagnosis of various diseases
and post-operative assessment and is associated with significant morbidity and mortality

in the patient population ',
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To date, a number of factors such as oxygen radicals, sarcoplasmic reticulum
dysfunction, Ca®* overload and reduced Ca>* sensitivity have been implicated in the
pathogenesis of myocardial stunning. The complex interplay between these pathways and
its consequences is illustrated in Figure 4. Generation of oxygen-derived free radicals and
disturbances in Ca®>* homeostasis are responsible for the postischemic contractile
dysfunction 107 These events are primarily triggered by activated neutrophils, impaired
metabolism, catecholamine release and release of other vasoactive factors such as
endothelins and metabolites of arachidonic acid '*°. Recently, Ang I has also been added
to the list of these potential mediators 102, 119, 121123

Current experimental 124 and clinical studies '*> have hypothesized that acute
myocardial ischemia is accompanied by activation of the RAS. This activation results in
the formation of Ang II, which has deleterious consequences on ischemic tissue and
ultimately contributes to the injury associated with acute myocardial infarction (MI).
Recent studies have shown that during acute ischemia, the level of Ang II is increased in

. . . g - - - - 2
cardiac tissue, hence providing some evidence in support of prior speculations 126,

Potential Mechanisms of Ang II Cardiotoxicity

Ang II may activate several pathways in IR injury. Being a potent vasoconstrictor t24,
Ang I can exacerbate ischemia-induced injury by decreasing coronary flow.
Furthermore, Ang II increases sympathetic activation, which can result in cardiac
arrhythmias because of the increase in norepinephrine 127 Ang II receptors are coupled to

phospholipase C, which stimulates DAG production and PKC activation, resulting in

. . 2 . - . 2 . .
increased intracellular Ca>* levels. During IR, such an increase in Ca™" is detrimental, as
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elevated Ca>* levels activate various enzymes and kinases, which collectively contribute
to the impairment of postischemic recovery '*%. Recently, Ang II has been implicated in
neutrophil recruitment, which by virtue of their activation, releases various

proinflammatory substances that contribute to IR injury 179. 180

Ang II Therapies against IR Injury

Initially, because they were already being used for hypertension therapy, ACEI were also
used to treat IR injury. Several lines of evidence suggest that the therapeutic effect of
ACEI in IR is primarily due to blood vessel vasodilation, blunting of sympathetic
activation and inhibition of bradykinin breakdown 125 The inhibition of bradykinin
breakdown is a major contributor to salutary responses of ACEI because bradykinin has
been implicated in increasing NO and prostacyclin levels, and in reducing platelet

25 12 initi i 1
125. 129 However, these initial studies with

aggregation, events that are cardioprotective
ACEI met with disappointments, as it was later discovered that Ang II could still be
synthesized via alternative pathways 139 Furthermore, side-effects such as a persistent
annoying cough and angioneurotic edema became associated with the use of ACEI,
which led to reduced patient compliance with the prescribed drug regimen 2. These
problems led to the development of AT R antagonists. This was especially helpful in
light of current evidence, which suggests that neutrophils initially recruited by Ang II
have the tendency to synthesize local Ang II, thereby augmenting the local Ang II pool
significantly during IR 131

The successful development of AT|R antagonists in 1991 has provided

researchers with a powerful tool to investigate the direct effects of Ang II in IR,
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independent of its formation route. Preliminary experimentation with AT|R antagonists
showed some promising results. The AT;R blocker 1-158,338 attenuates the
development of acidosis during 20 min of ischemia in isolated rat hearts, signifying that
in experimental studies AT|R can modulate ischemia-related metabolic alterations s
Furthermore, the AT;R antagonist, losartan, decreases the incidence of ischemia-induced
arrhythmia and attenuates the prolongation of transmural conduction time during 15 min
of global ischemia in isolated guinea pig hearts. During the subsequent reperfusion, the
duration of ventricular tachycardia and the incidence of ventricular premature beats were
also decreased ''° with AT|R blockade.

However, subsequent studies in isolated-perfused rat heasts with AT;R
antagonists have ignited controversy. Pretreatment with the AT|R blockers, L-158,338
and losartan, increases coronary flow and cardiac output after 20 min of global ischemia
in isolated working rat hearts ''”. When added to the perfusate in isolated rat hearts,
losartan also increases coronary flow, the maximum of the first derivative of left
ventricular pressure (LV dp/dtmax), and peak systolic pressure following 60 min of global
ischemia ''®. In contrast, our laboratory showed that losartan in an isolated working rat
heart model, when added 5 min prior to ischemia, worsens the recovery of left ventricular

13

work after 30 min of global ischemia 2 133 1n another study, losartan did not improve

functional recovery of isolated guinea pig hearts after 15 min of global ischemia 1,
Apart from the different concentrations, the time of application and thes model used, no

obvious explanation exists for these apparent discrepancies in results, indicating the need

for further studies.

Page 21



Adding to the controversy, when myocardial infarct size was used as one of the
end-points in various animal models after IR, losartan (a surmountable antagonist)
showed no significant reduction in infarct size when compared to control 134 This finding
was further extended by various authors who found no change in infarct size under
different IR protocols in different species 135137 On the other hand, candesartan (CAN,
an insurmountable antagonist), showed a cardioprotective effect in various pathological
conditions such as IR '*!" '*® and myocardial infarction 1% This beneficial effect might be
attributed to different pharmacodynamic properties of the drugs, as they might
differentially affect the recovery of the heart from pathological insults 138 Despite the
preliminary results of cardioprotection, the salutary effects of AT\R blockade are not
fully established.

Studies on the effects of AT;R blockade in IR and analysis of other end-points
such as infarct size, have further fueled to the controversy related to the effects of AT|R
blockade. In addition, recent evidence of different effects caused by AT;R blockers with
different pharmacodynamic properties further obscures our understanding of the precise
effects of AT|R blockade during IR 138 Furthermore, recent concern over the increased
plasma Ang I levels during AT|R blockade and consequent end-organ damage, have
further questioned the use of AT|R blockers in IR ! Because of the negative effects of
ACEI and AT;R blockers, a low dose of combination of the two types of drugs as a

potential therapy has been explored g
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Combination Therapy of ACEI and AT R Antagonism

Use of ACEI and AT;R blockade provides an attractive concept for therapy as the use of
low doses of both drugs might additively increase the protective effect of therapies while
reducing side-effects associated with larger dosages of individual treatments. Recent in
vivo animal studies compared the effects of combined AT R antagonists and ACEI (over
a wide range of doses) with their individual counterparts 13 Combination therapy proved
beneficial over a wide range of functional and morphological recoveries. Specifically,
reductions in blood pressure, left ventricular body weight, cardiac hypertrophy and Ang
II levels were observed in SHR. Unfortunately, the negative effects still persisted 139,
Hence, despite the recent strides made in elucidating the mechanisms of Ang Il in various

pathologies and development of therapies against Ang II, problems with the

overactivation of this octapeptide still exists.

Purpose of the Study

Recent studies have elucidated a new mechanism by which augmentation of the
therapeutic effect of AT|R blocker can be achieved. Basic research has highlighted the
importance of AT,R. Studies in vasculature in vitro suggest that during AT|R blockade,
increased Ang II availability might stimulate AT,R, triggering signal transduction
pathways resulting in production of NO and cGMP 79-82.85.100. 10l This increase was also
systematically attenuated in the presence of AT>R blockade. This suggests that activation
of AT>R causes increases in NO and cGMP production, which have been shown
cardioprotective in nature 82. 100 Hence, a cocktail of an AT R blocker and an AT2R

agonist could be foreseen as a new therapeutic strategy against Ang II-mediated cardiac
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pathologies. However, most of the studies, which have identified, isolated and
characterized AT>R were performed in cell culture and vascular tissues.

In this context, the goal was to examine the effects of AT;R blockade and its
AT,R modulation in cardiac tissues, specifically, in the setting of IR. The specific
objectives of this research project were:

1. To analyze if AT>R content can be modulated by AT R blockade.

2. To determine if AT R blockade activates AT>R.

3. To assess if any signal transduction pathways such as apoptosis, PKC; translocation
and cGMP production are activated by AT>R.

To achieve these objectives, experiments were carried out in two different isolated
rat heart models. The first set of studies was performed in Langendorff perfused rat
hearts. The underlying principle in this system is to perfuse the coronary vasculature with
an oxygenated fluid (for our purposes at 70 mmHg pressure) through a cannula inserted
in the aorta. In doing so, the coronary arteries are perfused, thus enabling the heart to
work against the balloon inserted in the ventricle. This balloon is in turn attached to a
pressure transducer, which records myocardial functional parameters. Another parameter,
coronary flow, was determined by the flow rate of the effluent from the heart chamber.
The reason for choosing this approach was because numerous studies published in the

102, 120-123 o amined the effects of AT;R blockade using this model and found a

literature
cardioprotective effect. Since previous studies published from this laboratory showed no
such effect of AT|R blockade in isolated working rat heart 132. 133, Langendorff perfused

hearts were chosen to determine whether the difference in results with the ATR

antagonist might be due differences in the model.
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After the first set of studies was completed, the second set of studies was
transferred to the isolated working rat heart model. The isolated working rat heart is
closer to the in vivo setting. In this model, the hearts are perfused at a physiological
preload and afterload. The work output of working rat hearts is similar to in vivo values
and considerably higher than in the non-working (Langendorff) heart 140 As the name of
the model suggests, the heart works or pumps the perfusate against the preset afterload. In
doing so, the hearts i) perform external work by ejecting against the set hydrostatic
pressure, or afterload, ii) perfuse their own coronary circulation, and iii) generates ATP
from the oxidation of fatty acid (palmitate) present in the perfusate (which is unique to
this setting). The presence of fatty acids in the perfusate of working hearts, in addition to
glucose and insulin, is critical because i) high fatty acid levels are clinically relevant in
most acute coronary syndromes and ii) fatty acid oxidation is the major source of ATP
during aerobic metabolism and during postischemic reperfusion 141. 192 Thus, the isolated
working rat heart reflects the setting quite close to in vivo conditions found in patients.

Cardioprotection was used as a primary end-point for both sets of experiments.
Classically, cardioprotection has been defined as ‘“‘all mechanisms and means that
contribute to the preservation of the heart by reducing or even preventing myocardial
damage” '**. This damage can be manifest by increased dysrhythmias, increased infarct
size and/or decreased post-ischemic recovery. Since experiments described in this thesis
involve a myocardial stunning model (no dysrhythmia was detected during the course of
experimentation), post-ischemic recovery of mechanical contractile function was the
primary end-point. Therefore, cardioprotection, for our purposes, was defined as the

extent of the post-ischemic recovery observed in hearts subjected to IR, as assessed by
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left ventricular developed pressure (LVDP) in Langendorff-perfused rat hearts and LV
work in isolated working rat hearts. Hence, these indices were the primary end-points
used to assess the effectiveness of AT;R antagonists on the functional recovery of rat
hearts subjected to IR.

Moreover, using these two models, the effects of ATR blockade in relation to
AT,R protein, and apoptosis were assessed in Langendorff perfused hearts. Studies were
extended to the analysis of AT>R activation and its consequent effects on various signal

transduction molecules (cGMP, PKC) in the isolated working rat heart preparation.
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Table 2. Clinical settings which are associated with ischemia-reperfusion and their

experimental equivalents.

Experimental Setting Clinical Setting
Regional ischemia
Completely reversible ischemic episode PTCA

coronary occlusion < 20 min)

Partly irrevesible ischemic episode
(subendocardial infarction, coronary
occlusion > 20 min, < 2 hours)

Exercise-induced ischemia in presence

of coronary stenosis

Global Ischemia

Cardioplegic arrest

Exercise-induced ischemia in

hypertrophic hearts

Unstable angina
Variant angina
Acute myocardial infarction with early

reperfusion

Exercise-induced ischemia in presence of

coronary stenosis

Cardiac surgery

Cardiac transplantation

Cardiac arrest

Exercise-induced ischemia in hypertrophic

hearts

Modified and adapted from Bolli et al '
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METHODS

Animals

All experiments were performed in accordance with the guidelines of the Canadian Council
on Animal Care and the American Physiological Society and were approved locally by the
Health Sciences Laboratory Animal Welfare Committee of the University of Alberta. After
acclimatization for 1 week, pathogen-free male Sprague-Dawley rats were randomly
assigned to various groups according to the perfusion protocols. The rats were weighed and
anesthetized with sodium pentobarbital (120 mg/kg, ip.). Thereafter, a standardized
surgical procedure, which results in a very low rate of technical failure and increases
stability of heart preparations, was used 132.133. 1% Briefly, after induction of anesthesia, as
judged by loss of pedal and palpebral reflex responses, the abdomen was opened and an
incision was made in the chest exposing the thoracic cavity and the heart. Subsequently, the
hearts were excised and mounted on perfusion apparatus for either Langendorff or working

mode perfusion.

Preparation of Hearts for Langendorff Perfusion

In this set-up, hearts were perfused under a constant-pressure (70 mmHg), non-
recirculating Langendorff mode, using a modified Krebs-Henseleit (KH) solution that
contained, in mM: NaCl 118, NaHCO; 25, KCl1 4.7, KH,PO, 1.2, MgSO4 1.66, CaCl, 1.5
and glucose 10. This solution was filtered through 0.45 pm nitrocellulose filters and then
gassed continuously with a mixture of 95% O / 5% CO-. This resulted in a solution with a

pH of 7.4 to 7.45, and a free ionized Ca** of 1.25 mM, as previously described 1 During

Page 33



the experiments, the temperature of the perfusate was continuously monitored by a
scanning thermocouple analyzer (model 692-8010, Barnant Co., Barrington, IL, USA)
and the perfusate reservoir and the solution in the heart chamber were maintained at 37.7°
+0.1°C and 36.7° £ 0.1°C, respectively.

After each heart was mounted on the perfusion apparatus, extraneous tissue such as
lungs, thymus and atria were excised. A polyethylene balloon 145 (volume 0.52-0.90 cm),
that was filled with degassed distilled water, was inserted into the left ventricle (LV)
through the mitral valve. The sino-atrial node was mechanically obliterated and the heart
was artificially paced at 5 Hz (Grass S88 stimulator, Grass Instruments Co., Quincey,

MA, USA) throughout the experiment.

Assessment of Mechanical Function in Langendorff-perfused Hearts

For monitoring the indices of cardiac mechanical function, LV end-diastolic pressure
(LVEDP) was measured by a transducer connected to the polyethylene balloon present in
the LV. LVEDP was adjusted to 4-6 mmHg at the beginning of each experiment and the
volume of the balloon was kept constant throughout the remainder of the experiment.
Functional parameters (LV systolic pressure (LVSP, mmHg), LV developed pressure
(LVDP, mmHg), heart rate (HR, bpm) and LVEDP (mmHg) were recorded via a
computer-based system (Digi-Med™ Heart Performance Analyzer, Micro-Med Inc.,
Lousville, KY, USA). Coronary flow (CF) rate was monitored throughout the experiments
by 2N transonic flow probes attached to a T206 transonic flow meter (Transonic Systems
Inc., Ithaca, NY, USA) which in turn was connected to the Digi-Med™ analog signal

analyzer via the voltage output from the transonic system.
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Perfusion Protocols

A. Preparation of CAN solutions

Initial experiments with candesartan (CAN) showed the need of resetting stock pH. It was
found that resetting CAN solution from 8-8.5 to pH 7.4 (n=3) resulted in an improved
postischemic LVDP recovery when compared to non-resetted pH of CAN solution (n=3)
and the matched controls (n=7) (Figure 5; p<0.05). Therefore, subsequent experiments
were carried out using CAN that was dissolved in 0.9% physiological saline, in
combination with sodium carbonate (adding 100 ! (1 M) in 2 ml of stock solution), with

resetting of pH to 7.4.

B. Concentration-Response Relationship for CAN

To determine the effective concentration of CAN, the ability of increasing concentrations
of CAN (1, 10, 100 nM) to reverse Ang II-induced coronary vasoconstriction was
assessed. After an equilibration period of 30 min, administration of Ang IT (0.1 pM) over
3 min elicited a 30% decrease in coronary flow. Subsequent perfusion with CAN (1, 10,
100 nM, n=4 for each group) for 40 min revealed that 1 nM of CAN had a marginal
effect on the Ang HI-induced decrease in coronary flow, while 10 nM and 100 nM of
CAN similarly abrogated the response, suggesting that a plateau of inhibiton was reached
with 10 nM of CAN. We therefore used 10 nM of CAN, as done by other investigators

124 . ;
113.124 in our subsequent experiments.

C. Duration of Exposure to CAN

Initial studies done to examine the effects of CAN on recovery of postischemic function
used a protocol, where CAN was administered 5 min before ischemia and in reperfusion.

With this treatment protocol, there was no significant difference in the recovery of LVDP
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between CAN and matched controls (29£10; n=6 versus 26+5 mmHg; n=13), although
later analysis with TUNEL assay showed a significant reduction in apoptosis in CAN
treated hearts (Figure 6; p<0.05). Subsequent review of the literature suggested that CAN
might be more effective when present for at least 30 min before the ischemic insult. Thus,
a new protocol, in which CAN was present for 40 min prior to the onset of ischemia, was
evaluated.

D. IR and Aerobic Protocols

Under this protocol, ‘untreated hearts’ were subjected to 50 min of baseline aerobic
perfusion followed by 30 min of global no-flow ischemia and 40 min of aerobic
reperfusion (n=6). In the treated group, CAN was added after 10 min of baseline
perfusion and remained throughout the remaining 40 min of baseline aerobic perfusion.
CAN was also present during no-flow global ischemia, however, no drug was present
during reperfusion. At the end of reperfusion in both groups, hearts were sliced and
preserved in formalin and liquid nitrogen for apoptotic and molecular studies,
respectively. Additional groups of hearts were preserved for analysis of AT|R/AT:R
proteins and apoptosis in the presence or absence of CAN, after i) perfusion for 50 min
(Pre-I, n=3), ii) perfusion for 50 min followed by 30 min of ischemia (End-1, n=3), or iii)
aerovic perfusion for 2 h (Aerobic, n=3) (Figure 7). These additional hearts were
perfused to determine if differences observed in biochemical indices between control and
CAN groups were due to CAN per se or the presence of CAN during specific condition

periods within the perfusion protocol.
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Preparation of Hearts for Working Mode Perfusion

The aorta was cannulated and Langendorff perfusion was initiated and performed for 10
min at a hydrostatic pressure of 60 mmHg with a modified KH solution of the following
composition (in mM): NaCl 118, NaHCOs; 25, KCl 4.7, KH-PO, 1.2, MgSO, 1.2, CaCl,
3.0, EDTA 0.5 and glucose 11 at pH 7.4. The solution was in contact with 95% of O/ 5%
CO-. During the initial Langendorff perfusion, extraneous tissue such as lungs and
thymus were excised and the left atrium was cannulated with subsequent switching of the
heart from Langendorff (by clamping off aortic inflow line) to working mode (by
unclamping left atrial inflow and aortic outflow lines) using Neely’s method 146 I
working mode, hearts were perfused under aerobic conditions with modified KH solution
containing, in addition to above constituents 0.5 mM of lactate, 100 pU/mL of insulin
and 1.2 mM of palmitate pre-bound to 3% bovine serum albumin. This perfusion was
carried out in a closed re-circulating system at 37° C in close contact with the 95% O,/
5% CO- mixture. The solution entered the left atrium at a preload of 11.5 mmHg and
ejected against a column height of 80 mmHg. Atrial pacing was applied at 5 Hz (Grass

S88 stimulator) after S min of initial aerobic working perfusion and after 5 min of aerobic

reperfusion. Hearts were not paced during ischemia.

Assessment of Mechanical Function in Isolated Working Rat Hear!s

Heart rate and systolic and diastolic pressures were recorded (Gould 2800S model
polygraph, Cleveland, OH, USA). Collection of data from working hearts was done by a
computer-based system (Digi-Med™ Blood Pressure Analyzer, Micro-Med Inc., Lousville,

KY, USA). Cardiac output and aortic flow were measured by 2N transonic flow probes
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attached to a T206 transonic meter which in turn was attached to the Digi-Med™ analog
signal analyzer. These probes were placed in left atrial inflow (cardiac output) and aortic
outflow (aortic flow) lines, respectively. Coronary flow (ml/min) was calculated as the
difference between cardiac output and aortic flow. LV work (Joules) was calculated as
the difference between systolic pressure and preload pressure times the cardiac output

times 0.133.

Working Heart Perfusion Protocols

We studied the effects of pretreatment of CAN (10 nM) on recovery of LV mechanical
function after IR (25 min ischemia and 40 min reperfusion). Effects of another ATR
antagonist (losartan; 1uM), an AT>R antagonist (PD 123,319; PD; 0.3 uM), and their
combination (PD+CAN) were assessed under the same protocol. Each drug was given
before, during and after ischemia (Figure 8). Furthermore, aerobic protocols were also
performed for each group (Figure 9) involving a 115 min of aerobic perfusion. The drugs
were administered 10 min into baseline perfusion and were present for the remainder of

105 min of aerobic perfusion.

Assessment of Myocardial Protein Content by Immunoblot Analysis

A. Content of AT|R and AT>R

Frozen LV tissue samples (10 mg) were pulverized, weighed and homogenized in 0.15

ml of homogenising buffer. The homogenates were sonicated at 4°C in homogenizing

buffer (2% SDS sodium dodecyl sulphate (SDS), 100 mM dithiothreitol, 60 nM Tris, pH
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6.8). The samples were tested for amount of protein present by the Bradford assay and
were subsequently normalized. After normalization, the samples were treated with blue
dye and were boiled at 100 °C. Samples were lcaded in different wells of 9% SDS
polyacrylamide gel with molecular markers on either side for comparison of molecular
weights. The gel was subjected to electrophoresis, which was followed by electrotransfer
to nitrocellulose membranes using a Mini-Trans blot electrophoretic transfer system (Bio-
Rad, Hercules, CA, USA) at 4°C. Non-specific binding of proteins on nitrocellulose
membranes was then blocked with phosphate-buffered saline (PBS) supplemented with
5% (wt/vol) of skimmed milk and 0.05% (vol/vol) of Tween 20 at room temperature.

Quantification of AT;R and AT>R Protein Contents

The membranes were incubated with affinity-purified rabbit anti-human AT;R antibody
at a dilution of 1:2000 for 2 hr at room temperature. The membranes were then washed 3
times with PBS-Tween 20 (0.05%, TPBS), incubated with goat anti-rabbit IgG antibody
and visualized using chemiluminescence detection. The intensities of the bands were
quantified by scanning densitometry using standard image analysis software (Sigma Gel,
SPSS Inc., Chicago, IL, USA) and images were aligned with intensity bars for
illustrations. For AT,R protein content, the same procedure as for AT, was used except
that incubations were performed with goat anti-human AT» antibody at a dilution of
1:500 and this was followed by incubation with donkey anti-goat JgG at a dilution of

1:4000.
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B. Content of PKC . Activity

Frozen LV tissue samples were powdered and weighed (~ 100 mg). Tissues were
homogenized in small glass on glass homogenizers in solution (0.10 ml) containing 150
mM NaCl, 40 mM NaF, 50 mM Tris pH 7.2, 1% Nondet P-40, EDTA 5 mM and EGTA
5 mM. The cytosolic and particulate portions of total cellular proteins were separated by
centrifugation at 15,000 g for 60 min. The supernatant was collected and reserved as a
cytosolic fraction. The resulting pellet was resuspended in high detergent solution
containing 1% Na deoxycholate and 1% SDS in addition to the above-mentioned
constituents 8. Protein concentration was assessed by the Bradford protein assay (Pierce,
Rockford, IL, USA). Western immunoblots were performed on both cytosolic and
particulate fractions in a manner identical to AT|R except that incubation with goat anti-
human nPKC; antibody at a dilution of 1:500 was followed by incubation with donkey
anti-goat IgG at a dilution of 1:4000. PKC, activity was determined by ratio of the

protein content in particulate to cytosolic fractions.

Determination of Myocardial cGMP Content

Frozen myocardial tissue (100 mg) was used for the determination of cGMP content.
After pulverization and solubilization in 6% (v/v) trichloroacetic acid containing 10 mM
HClI, a final concentration of 100 mg tissue in 1 ml solution was achieved. Centrifugation
at 2000 g for 15 min was carried out and the resulting supernatant was washed with
water-saturated diethylether to remove trichloroacetic acid. Subsequently, the cGMP-
containing liquid phase was lyophilized and cGMP content in the ventricular extract was

determined using a commercially available cGMP enzyme immunoassay kit. Protein was

Page 40



measured by microplate Bradford assay. LV cGMP contents were expressed as fmol/mg

protein 7.

Nuclear Morphology and TUNEL (Terminal Deoxynucleotidyl Transferase [Tdt]
Mediated dUTP Nick End Labeling) Assay

Fresh hearts were sectioned into S mm transverse slices and fixed in neutral formalin (4%
formaldehyde in 0.15 M phosphate buffer, pH 7.4). As described previously '**, up to 35
formalin-fixed sample hearts were embedded in paraffin, sectioned and analyzed
simultaneously in a systematic fashion. Samples of rat jejunum and spleen were used as
positive and negative controls, respectively. As reported by others 148 we confirmed that
Tdt-positive cells were detected mostly at the tip of the villi of the intestinal epithelium.
After dewaxing and rehydration, tissue sections (5 pm) were permeabilized with
methanol/acetone (1:1) for 10 min at room temperature, washed twice with phosphate-
buffered saline and incubated at 37°C with 50 mM proteinase K in 50 mM Tris/HCI (pH
7.5), 5 mM CaCl,, for 15 min. Slides were incubated at room temperature with 2% H,O»
for 5 min to inactivate endogenous peroxidase enzyme.

DNA fragmentation was assessed by using the ApopTag® kit, which utilizes TdT
for the addition of digoxigenin-dUTP to the 3°-OH ends of the DNA strand breaks 149 and
direct immunoperoxidase detection of the digoxigenin-labeled 3°-OH ends. For every
block, positive controls (by pretreating the tissue sections with 1U/mL DNAase I, for 15
min at 37° C) and negative controls (by omitting digoxigenin-dUTP or TdT) were run.
Slides were then mounted, counterstained with chloroform-purified methyl green (i.e. no

cytoplasmic counterstaining) and examined with a Nikon Labophot II (Nikon, Tokyo,
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Japan). A minimum of 3,000 nuclei/heart were carefully examined at a: magnification of
x1250 after methyl green counterstaining. All slides were coded and codes were only
broken after completion of microscopic analysis. Morphological analysis was used to
classify nuclear changes in each TUNEL-positive apoptotic cell into 4 categories as

144. 149 1y “carly” apoptosis, with intact nuclei or nuclei with meinimal chromatin

follows
condensation residing in intact myocytes; 2) condensed (pyknotic) nuclei without
fragmentation and myocytes with condensed cytoplasm; 3) nuclear fragrnents and usually
ruptured myocytes; 4) apoptotic bodies from ruptured myocytes (Figumre 14). Scattered
apoptotic bodies were not counted. TUNEL-positive nuclei with or without fragmentation
in categories 2, 3 and 4 were considered to represent “late” apoptosis. Photographs were
recorded (Zeiss microscope and Kodak Ektachrome reversible film) and scanned for
prints (Digital Science™ Photo CD software, Eastman Kodak Co., Rochiester, NY, USA).

Apoptotic index was expressed as percent TUNEL-positive cells, which is based on the

total number of apoptotic events detected per 1000 of nuclei counted.

Materials

Candesartan (CAN) (Astra Pharm Inc., Missisauga, ON, Canada) and! losartan (Merck
Frosst, Montreal, QB, Canada) were generous contributions fromn the respective
companies. PD123319 was purchased from RBI (Oakville, ON, Canada). Purified rabbit
anti-human AT;R antibody, goat anti-human AT, antibody and goat anti-human nPKC,
were purchased from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA. Donkey
anti-goat IgG was acquired from BioCan Scientific, Mississauga, ON', Canada. cGMP

enzyme immunoassay kit was bought from Amersham Pharmacia Biotech UK Limited,
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Buckinghamshire, England, UK. Chemiluminescence detection was acquired from ECL
Amersham, Piscataway, NJ, USA. Chemicals for assessment of apoptosis were purchased
from Sigma Chemical Co., St. Louis, MO, USA, and proteinase K and ApopTag® in situ

apoptosis detection kit was obtained from Oncor, Inc. Gaithersburg, MD, USA.

Statistics

Data were analyzed using one way analysis of variance (ANOVA) followed by pairwise
multiple comparisons (Student-Newman-Keuls Test) for the significance of differences
between the groups. Repeated measures ANOVA was used for comparing serial data
within groups. Values are shown as mean £ SEM. Differences were judged to be

significant when p<0.05.
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Figure 5 Effect of pH adjustment of candesartan (CAN) stock solution

on percent recovery of LVDP. *p<0.05 when compared to controls (Con).
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Figure 6 Effect of candesartan {CAN) on apoptosis in hearts after
ischemia-reperfusion. Percent TUNEL positive cells= number of TUNEL

positive cells among 1000 nuclei counted, expressed as percent. * p<0.05

when compared to controls (Con).
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RESULTS

A. EXPERIMENTS USING LANGENDORFF PREPARATION

Effects of CAN on Mechanical Functional in Langendorff-perfused Hearts

LV mechanical function, as judged by LVDP, LV +dp/dtmax, and CF, were stable in
untreated hearts during the first 5O min period of aerobic perfusion. When hearts were
subjected to global no-flow ischemia, mechanical function rapidly ceased (<1 min).
LVEDP increased gradually and, by the end of the 30 min period of ischemia, had
increased to 72+3 mmHg. Upon reperfusion, mechanical function resumed slowly and by
the end of reperfusion LVDP and LV +dp/dtmac had recovered to 11.7+4.9% (Figure
10A) and 10.7+3.7% (Figure 10B), respectively, of pre-ischemic values. LVEDP
declined slightly towards baseline values and after 40 min of reperfusion remained
elevated (59+4 mmHg) relative to the pre-ischemic value (4+1 mmHg) (Table 3). During
reperfusion CF recovered to 48.4+4.3% of the pre-ischemic value (Table 3).

CAN, when present only between 10 and 50 min of baseline aerobic perfusion
had no effect on mechanical function or CF in any of the four perfusion groups.
However, in the group of hearts that were subjected to IR, CAN pretreatment caused a
significant increase in recovery of LVDP (43.3£7.9%; Figure 10A; p<0.05) and LV
+dp/dtmy (34.7+6.4%; Figure 10B; p<0.05) at the end of the reperfusion. This CAN-
mediated increase in LVDP at the end of reperfusion was largely due to increase in LVSP

(91%3 versus 70+4 mm Hg; Table 3; p<0.05) as no difference in LVEDP (54+4 mmHg)
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was observed between groups at the end of reperfusion. Moreover, CAN pretreatment
had no effect on recovery of CF (65.0+5.9%) at the end of reperfusion (Table 3).

In the group of hearts subjected to prolonged aerobic perfusion without IR,
untreated hearts showed stable LVDP, LV +dp/dtg, and CF for the first 80 min,
thereafter a steady decline (~10%) in all of the functional parameters was observed
during the remaining of 40 min in reperfusion. Hearts that were pretreated with CAN also
showed a similar functional profile, that indicated that CAN pretreatment had no effect

on any of the parameters of mechanical function in Aerobic perfusion.

Effects of CAN on AT;R and AT:R Protein Content in Langendorff-perfused
Hearts

The protein contents of ATR, that were determined in tissue frozen at the end of each
perfusion protocol (IR, Pre-I, End-I and aerobic groups) were similar in untreated and
CAN pretreated groups (Figure 11A and 12A).

CAN significantly increased AT->R protein content at the end of the IR protocol
(Figure 12B; p<0.05). This CAN-mediated increase in AT,R protein content seems to
require ischemia as AT>R was also increased in hearts frozen at the end of ischemia
(End-I; Figure 11B; p<0.05). However, the protein contents of AT>R that were
determined in tissue frozen at the end of aerobic perfusion protocol (either Pre-I or

prolonged aerobic perfusion) were similar in untreated and CAN pretreated groups

(Figure 12B).
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Effects of CAN on Apoptosis in Langendorff-perfused Hearts.

The incidence of apoptosis, as indicated by TUNEL-assay, were low in untreated hearts
frozen prior to ischemia (Pre-I), at the end of ischemia (End-I), at the end of reperfusion
(IR; Figure 11) and at the end of prolonged aerobic perfusion (Aerobic). The incidences
of apoptosis were not affected by CAN-pretreatment. Detailed morphological analysis of
untreated and CAN pretreated hearts further confirmed the lack of effect in the early
(category 1) to late apoptosis (category 2,3 and 4) ratio (Table 4). Category 1, 2, 3, and 4

is illustrated in Figure 14.
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Figure 10 Effect of candesartan (CAN) on the recovery of left ventricular (LV) developed
pressure (A) and LV +dp/dt___(B) after 30 min of global ischemia in Langendorff
preparation. *p<0.01 to 0.001, comparing CAN to controls (Con) at corresponding

timepoints.
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Figure 11 Effect of candesartan (CAN) on angiotensin Il type 1 receptor
(AT4R) (panel A) and angiotensin Il type 2 receptor (AToR) (panel B)
protein content after ischemia-reperfusion (IR) in Langendorff preparation.

*p<0.01 when compared to controls (Con)
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Figure 13 Effect of candesartan (CAN) on apeptosis in Landendorff-perfused hearts after
ischemia-reperfusion (IR). Percent TUNEL positive cells= number of TUNEL positive cells

among 1000 nuclei counted, and expressed as percent. Control (Con)
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Figure 14 Nuclear morphology of apoptosis. 1. Normal Myocardium,

Pyknotic Strong Labeling

3-4.

2. Partial Faint Labeling [category 1]

Progressive Stages of

8

6

[category 2], 5 Cytoplasmic Blebbing,

ion

and 9 Apoptotic Body Format

Nuclear Fragmentation [category 3]
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B. EXPERIMENTS USING ISOLATED WORKING RAT HEART

PREPARATION

Effects of AT{R and AT,R Antagonists on Mechanical Function

LV mechanical function, as judged by CO, LV work and CF, was stable in untreated
hearts during the first 50 min period of aerobic perfusion. When hearts were subjected to
global no-flow ischemia, mechanical function rapidly ceased (<1 min). Upon reperfusion,
mechanical function resumed slowly and by the end of reperfusion CO and LV work had
recovered to 68.0+4.2% and 62.9+4.6% (Figure 15 and 16; Table 5 and 6), respectively,
of pre-ischemic values. However, during reperfusion CF recovered to pre-ischemic
values (Table S and 6).

Pre-ischemic presence of CAN had no effect on mechanical function or CF during
baseline perfusion. However, when these hearts were subjected to IR, CAN pretreatment
caused a significant increase in post-ischemic recovery of CO (78.2+1.7%; p<0.05) and
LV work (72.4%2.1%; Figure 15 and 16, Table 5 and 6; p<0.05). However, no effect on
CF was observed.

Similarly, losartan had no effect on mechanical function or CF in baseline
perfusion. However, losartan pretreatment showed no effect on post-ischemic recovery of
CO (58.9+10.7%) and LV work (53.6+9.9%) when compared to untreated as well as
CAN-pretreated rat hearts (Figure 15, Table 5). Moreover, no effect on CF was observed.

Meanwhile, PD, when present during baseline perfusion, had no effect on

mechanical function or CF. When hearts were subjected to IR, PD pretreatment did not
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alter the recovery of CO (65.9+9.7%) or LV work (61.7+9.8%) at the end of reperfusion
(Figure 16, Table 6). Moreover, PD had no effect on recovery of post-ischemic CF.

However, when PD was co-administered with CAN, the improved recovery of
CO (78.2+1.7%) and LV work (72.4+2.1%) observed with CAN was inhibited
(PD+CAN; CO 63.4+3.8% and LV work 57.1+4.3%) at the end of the reperfusion,
although there was no change in CF (Figure 16, Table 6; p<0.05).

In the groups of hearts subjected to prolonged Aerobic perfusion, untreated, CAN,
losartan, PD, and PD+CAN showed stable CO and LV work for the first 75 min,
thereafter a steady decline (~15%) in all the functional parameters were observed during

the remaining 40 min in reperfusion that was similar in all 5 groups.

Effects of AT;R and AT->R Antagonists on AT;R and AT,R Protein Contents

The protein contents of AT|R, that were determined in tissue frozen at the end of IR,
were similar in untreated, CAN, losartan, PD and PD+CAN pretreated rat hearts (Figure
17).

However, protein levels of AT>R were significantly increased with CAN
pretreatment (Figure 18A and B; p<0.05). Similarly losartan pretreatment also increased
the AT-R protein contents in hearts subjected to IR (Figure 18A). Although, no change in
AT,R protein content was observed with PD pretreatment alone, PD+CAN pretreatment
significantly attenuated the increased AT>R protein content observed with CAN

pretreatment (Figure 18B; p<0.05).
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The protein contents of AT|R and AT>R that were determined in tissue frozen at
the end of Aerobic perfusion were similar in untreated, CAN, losartan, PD and PD+CAN

pretreated hearts (Figure 19 and 20).

Effects of AT;R and AT;R Antagonists on PKC, Translocation

PKC. protein contents were determined in both isolated membrane and cytosolic
fractions. The ratio of membrane (particulate) to cytosolic fraction was used as an
indicator of PKC; translocation.

Pretreatment with CAN significantly increased PKC; translocation in the hearts
subjected to IR (Figure 21A and 21B). Similarly, losartan also significantly increased the
PKC: translocation in the IR hearts. Pretreatment with PD per se did not affect the PKC¢
translocation fraction, however, PD was able to inhibit the CAN-mediated increase in
PKC. content of the membrane fraction (Figure 21B). Interestingly, cytoplasmic PKCe
content was also increased with CAN and losartan pretreatment, however, no such effect
was observed in PD and PD+CAN pretreated groups.

Myocardial PKC, translocation was similar in all groups (untreated, CAN,

losartan, PD, PD+CAN) at the end of prolonged Aerobic perfusion.

Effects of AT;R and AT;R Antagonists on cGMP Content
In hearts subjected to IR, cGMP content was significantly elevated in hearts pretreated
with CAN or losartan (Figure 23A). Pretreatment with PD did not affect cGMP content

by itself, but it inhibited the CAN-mediated increase in cGMP content (Figure 23B).
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The myocardial content of cGMP was similar in all groups (untreated, CAN,

losartan, PD, PD+CAN) at the end of prolonged aerobic perfusion (Figure 24A and 24B).
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Figure 15 Effect of candesartan (CAN) and losartan on left ventricular (LV)

work in isolated working rat hearts. *p<0.05 when compared to controls (Con).
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Figure 16 Effect of candesartan (CAN), PD 123,319 (PD) and their combination

(PD+CAN) on left ventricular (LV) work in isolated working rat hearts. *p<0.05

when compared to controls (Con) and PD+CAN.
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Figure 17 Effect of candesartan (CAN) and losartan on AT4R protein
(A) in hearts after ischemia-reperfusion. Effect of CAN, PD and their
combination(PD+CAN) on AT4R protein (B) in hearts after ischemia-

reperfusion in isolated working rat heart.
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Figure 18 Effect of candesartan (CAN) and losartan on AT5R protein
(A) in hearts after ischemia-reperfusion. Effect of CAN, PD and their
combination (PD+CAN) on AT5R protein (B) in hearts after ischemia-
reperfusion in isolated working rat heart.*p<0.01 when compared

to controls (Con) and PD+CAN. Page 68
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Figure 19 Effect of candesartan (CAN) and losartan on AT 4R protein
(A) in hearts in aerobic protocél. Effect of CAN, PD and their combination
(PD+CAN) on AT4R protein (B) in hearts in aerobic protocol in isolated
working rat heart. Controls (Con)

Page 69



A.

AT5R Protein <4 44 kD
12 -
c @ 10 -
® € -
g3 °
a. ﬁ 6 -
ou
‘-—a— 2 -
0
B.
AT5R Protein <4 44 kD
12 -
10 -

AT5R Protein
Intensity Units

Figure 20 Effect of candesartan (CAN) and losartan on AT5R protein
(A) in hearts in aerobic protocol. Effect of PD and its combination
(PD+CAN) on AT5R protein (B) in hearts in aerobic protocol in
isolated working rat heart. Controls (Con)
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Figure 21 Effect of candesartan (CAN) and losartan on PKC, activation (A)
in hearts after ischemia-reperfusion. Effect of CAN, PD and their combination
(PD+CAN) on PKC; activation (B) in hearts after ischemia-reperfusion

in isolated working rat heart. *p<0.01 when compared to controls (Con) and

PD+CAN.
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Figure 22 Effect of candesartan (CAN) and losartan on PKC, activation (A)
in hearts after aerobic protocol. Effect of CAN, PD and their combination
(PD+CAN) on PKC; activation (B) in hearts after aerobic protocol

in isolated working rat heart. Controls (Con)
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Figure 23 Effect of candesartan (CAN) and losartan on myocardial cGMP
content (A) in hearts after ischemia-reperfusion. Effect of CAN, PD and its
combination (PD+CAN) on myocardial cGMP content (B) in hearts after
ischemia-reperfusion in isolated working rat hearts.*p<0.01 when compared

to controls (Con) and PD+CAN.

Page 73



20 -
£ s
53
'E;
o 10 4
O
a o
=E 5-
L
= 0

B.
p— 20-
£
£8 15
L=
s >
OT 10 -
a o
= £
33 °-
S’ 0-

N > O >
00 QV' Q xo?’
QO

Figure 24 Effect of candesartan (CAN) and losartan on myocardial cGMP
content (A) in hearts after prolonged aerobic protocols. Effect of CAN, PD
and their combination (PD+CAN) on myocardial cGMP content (B) in hearts

after control protocol in isolated working rat hearts. Controls (Con)
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DISCUSSION

The present study shows that ATR blockade with CAN induces cardioprotection in acute
IR. This cardioprotection is partially due to AT>R activation as inhibition of AT-R with
PD attenuated the cardioprotective effect. Furthermore, AT;R activation was also
associated with increased ¢cGMP production and PKC; activation implicating these
factors in cardioprotection. Pretreatment with CAN also increased AT>R protein content
which might be due to Ang II binding to this receptor (see below). The inability of CAN
to affect apoptosis suggests that AT>R activation has no effect on this pathway. Similarly,
losartan also increased AT;R protein content and increased cGMP production and PKC,
activation suggesting a class effect of AT|R blockade rather than drug-specific (CAN)
effect. However, unlike CAN, losartan did not improve post-ischemic functional
recovery, suggesting that the discordant results may be related to the difference in their

pharmacodynamic properties.

Effects of AT;R Blockade on Functional Recovery after IR

Candesartan and Losartan

The present study showed that CAN mediates a cardioprotective effect as measured by
improved recoveries of LVDP and LV +dp/dt. However, no effect on coronary flow was
observed signifying that CAN-mediated cardioprotection was mediated directly on
cardiac muscle. Moreover, the observed effect with CAN required greater than 5 min

pretreatment, as CAN, when present for only 5 min proior to ischemia had no effect on
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post-ischemic recovery. This is in concordance with previous studies that have shown
that 30 min of pretreatment with CAN is required in order to achieve a cardioprotective
effect. Similarly, CAN also elecited a cardioprotective effect in hearts perfused in
working mode. However, losartan, another AT ;R antagonist, did not possess any effect
on post-ischemic functional recovery. Although, CAN results are in concordance with the
previously published studies, the data on losartan further adds to the complex profile of
activity in affecting functional recovery after IR.

Losartan was the first orally active AT;R antagonist that was developed for
clinical use and is therefore the most studied compound of its class. Over the years,
however, many reports have been published which cumulatively have painted an
inconclusive picture of effects of losartan in acute IR. In this respect, most of the studies
with losartan have showed cardioprotection, however, others have presented results to the

contrary. Specifically some studies have shown that losartan decreases ischemia-induced

117 17

arrhythmia ''®, increases coronary flow ', increases cardiac output and increases

contractile function as measured by LV +dp/dt in post-ischemic hearts 18 Moreover,
losartan-induced reductions in infarct size have been reported '*°. In contrast, studies
done in our laboratory have shown that losartan has deleterious effects on post-ischemic

. 2 -
functional recovery 132.133 " Also, numerous studies has shown that losartan have no effect

135-137

on infarct size On the other hand, CAN has shown a consistent profile

121, 138 100. 151

characterised by increased post-ischemic recovery and decreased infarct size

in hearts subjected to IR. CAN has been shown to reduce IR-mediated cardiac

121 100, 151

dysfunction in rats ~ and pigs and is frequently associated with limiting infarct

size 3% '%°_ Difference between the cardioprotective efficacy of CAN and losartan may be
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due to the marked difference in potency (daily dose recommended for CAN is 8-16 mg
versus losartan 50-100 mg), affinity (CAN binds 80 times more readily to AT|R than
losartan) and dissociation rate (CAN ty»= 66 min versus losazTtan ti»= 2.5 min). Hence, it
might be possible that these differences explain the different recoveries of post-ischemic
function observed with the two antagonists 152

Careful analysis of our results suggests that CAN is better than losartan in its
protective effect on post-ischemic functional recovery when compared to matched
controls, although both of the drugs belong to the same class of antagonists. This implies
that perhaps CAN is able to achieve a more complete blockade of AT;R and that this
effect might have affected the outcome on post-ischemic contractile recovery. Since
losartan can be easily displaced from its receptor site andl it was not present during
reperfusion, local Ang II production during IR might still have potentially stimulated
AT R. These findings are substantiated by a study done by "Wang et al. 138 who showed
that a 10 min washout period was enough for displacing losartan from its receptor site,
while such an effect was not observed with CAN even aftec 90 min. This suggests that
CAN exerts a more prolonged blockade of AT|R than lwosartan, which might have
resulted in the different outcomes. In this context, it is possible that during IR, Ang I
levels are increased in the intersitial space to an extent such that Ang II can competitively
remove losartan from its binding site. Under these circum:stances, acute activation of
AT;R would precipitate deleterious effects (perhaps via PKCq mediated Ca™ intracellular

3335 and resulting Ca®" overload) to a point that the cardioprotective effect

increase
achieved by AT>R activation (as discussed below) via AT R blockade will be negated.

However, this is not possible with CAN as it is an insurmou.ntable AT,R antagonist and
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hence in IR, Ang 1I increase in intersitial space would have no effect on the antagonistic
properties of CAN. Therefore, CAN mediates its cardioprotective effect by virtue of its
insurmountable nature of AT |R.

A previous study done in a Langendorff perfused hearts also examined the effects

138 That study showed a significant increase in post-

of both of these AT R antagonists
ischemic functional recovery with both CAN and losartan when compared to matched
controls. The difference in effect between the present and the previous study might be
due to the concentration used or in the treatment protocol. However, the improvement in
post-ischemic contractile recovery in the presence of CAN when compared to matched
controls, and the non-significant differences between CAN and losartan in terms of
recovery after IR are still in agreement. Nevertheless, CAN showed a beneficial effect on
post-ischemic functional recovery, while losartan did not show a similar activity profile
in our experiments.

In addition, the recovery profile observed with losartan in the experiments was
contrary to the findings previously published by Ford et al 132 133 from the laboratory.
The studies done by Ford et al showed that administration of losartan for 5 min before
ischemia, during 30 min of ischemia and for 40 min of post-ischemic reperfusion
decreases LV work and myocardial efficiency. This is in contrast to the present study that
found that losartan has no effect on post-ischemic functional recovery. The length of
losartan administration (40 min pretreatment in present study versus 5 min in Ford et al)

and the time of ischemia (25 min in the present study versus 30 min in Ford et al), might

have caused discrepancies between our results and previous findings from our laboratory.
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Candesartan, PD and their Combination

The present study demonstrated that the CAN-mediated improvement in post-ischemic
function can be partially attributed to AT>R activation. When PD was co-administered
with CAN, the CAN-induced cardioprotective effect was attenuated. However, PD by
itself, had no effect on post-ischemic functional recovery.

Most of the studies on AT;R antagonists attributed their therapeutic benefits to
their antagonistic properties on ATR. However, the idea of AT|R blockade resulting in
Ang II binding to AT,R, and thereby enhancing synthesis and release of bradykinin was
first proposed by Wiemer et al 153 Since then, the findings of numerous studies have
éupported this hypothesis and it is now becoming increasingly evident that the beneficial
effect of AT|R blockade can be partially attributed to unopposed activation of AT:R,
thereby increasing bradykinin, NO and cGMP 79-82.100. 101,134,155

The involvement of non-AT;R mediated cGMP production was known
previously. It was shown that infusion of Ang II stimulated guanylate cyclase and thereby
produced ¢cGMP in aortic segments 15¢  Further analysis demonstrated that Ang II
concentration-dependently increased cGMP production 153. 155 and this effect of Ang II
mediated on ¢cGMP production was blocked by a bradykinin B antagonist and a NO
synthase inhibitor '**. This role of NO, although preliminary, was later confirmed by
Seyedi et al. % who established that in fact AT»R activation produces NO as measured by
nitrate and nitrite levels in isolated coronary vessels. The effect of Ang II-induced NO
release was mediated by local kinin production, as it was shown that a bradykinin B

receptor antagonist inhibited this event, establishing B receptors as potential trigger for

NO production '%'.
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However, it was Liu et al., who extended this pathway from vasculature to the
heart. Using 2 month old MI as a heart failure model, AT|R antagonist treatment for the
following two months after MI showed beneficial effects, functionally, as well as
morphologically ®2. These events were subsequently inhibited by AT:R blockade and B>
receptor antagonists, establishing the key role they play in cardioprotection 82 Recent
observations further extended this idea in acute infarction studies where beneficial effects
of CAN were abrogated by AT-R and B. receptor antagonists suggesting that the
cardioprotective effect of CAN involves activation of AT>:R and bradykinin release 100,
However, whether these protective mechanisms of CAN are important for decreasing
reperfusion-induced functional damage in the isolated hearts was not determined.

The present study is the first to establish that during acute IR, the CAN-mediated
cardioprotective effect is partially due to AT>R activation. In support, when PD was
infused in combination with CAN, the protective effect mediated by CAN was
attenuated, implicating AT>R activation as the cardioprotective mechanism. Furthermore,
this study is also the first to show that unopposed activation of AT:R can take place by

Ang II produced locally. Since most of the vascular studies involves Ang Il infusion 79. 8.

82. 100 (where the heart is exposed

10! and subsequent myocardial studies were done in vivo
to both plasma and cardiac Ang II), involvement of intracardiac Ang II was not clear. As
this study was performed in isolated working rat heart, any Ang II involved in this
process must be due to local production of Ang II, suggesting the role of intracardiac Ang

O in AT,R activation > %6,
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Effects of AT;R blockade on AT:R Protein Content after IR
Besides AT-R activation, AT:R protein levels were increased in CAN pretreated hearts.
The present study showed that when hearts are pretreated with CAN in both Langendorff
and working mode, AT-R protein content increased. This increase was also evident in
losartan-treated hearts suggesting a class effect rather than drug (CAN) specific effect.
Moreover, this increase was inhibited by co-administration of PD suggesting that locally
produced Ang II might be involved in the increase in AT:R protein content. This has also
been confirmed in our laboratory in experiments involving canines subjected to IR. The
AT R and AT-R findings in this study differ from those of Yang er al., who did not detect
an increase in AT>R protein content with losartan 122 This discrepancy might be due to
differences in methodology, as the present study used immunoblots for the proteins
(instead of autoradiography), timing of IR, as well as the different pharmacodynamic
properties of these two drugs.

Regulation of AT,R expression has been a subject of interest in the past few years
and some of the earliest observations were made in cell culture studies. Preliminary
attempts to detect AT,R in adult rat cell culture proved to be inconclusive and researchers

156-158 )
% or not ¥% ' In this respect,

were divided on whether AT>R were present
autoradiographic studies (studies looking at the receptor distribution by radioligand
binding) approaches showed that AT>R were present in adult rat myocardium, while in
situ hybridization showed the opposite 18! Tt was subsequently demonstrated that the
amount of AT>R expressed in in vivo rat hearts varied from the amount of AT>R detected
162

in cell cultures "°, suggesting that AT>R is downregulated in vitro 183 In support of this

theory, it was later found that growth factors (such as platelet derived growth factor and
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basic fibroblast factor) present in cell culture medium were potent in their ability to
downregulate AT,R 73 This suggests that under acute experimental conditions, AT>R can
undergo rapid changes in its protein content in response to external stimuli.

In the same context, a study by Dudley and Summerfelt 164 showed that ligand
occupation of AT>R by Ang II effectively enhanced the cell surface AT>R content. These
observations were further extended to other AT>R ligands, as Ang I, IIT and CGP 42112
also increased membrane AT>R content 165 Furthermore, when fetal human kidney cells
(HEK?293 cells) were examined for this phenomenon, similar findings were made 165,
Time course analysis showed that following addition of ['*I]-Ang IO to R3T3 cells, a
steady increase in specific AT-R binding was observed and achieved maximum around
90 min, when the increase in AT>R was approximately 8-fold 165 These findings have led
to the proposal that perhaps in situations of continuous AT>R turnover, ligand occupancy
of the receptor results in formation of a stable complex of receptor and ligand such that
degradation is inhibited. This would result in the accurnulation of AT;R, and thus
increase the total number of AT>R in response to ligands.

Inhibition of receptor degradation might be the reason of increased AT:R in this
study. When the hearts are pretreated with CAN, it is possible that the increase in
available Ang II (due to ischemia) in the intersitial space would result in Ang II binding
to AT-R (as AT|R are not available). This binding of Ang II to AT2R would make a
stable complex of receptor and ligand, thereby inhibiting the degradation process of
AT-R and increasing AT-R protein content. This is further supported by the fact that
when PD was co-administered with CAN, the increase in AT,R protein content was

attenuated implying that Ang II binding to AT>R might be involved in increasing AT2R
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protein content. Hence, Ang II might be the cause of the increase AT>R protein content
during CAN pretreatment in IR setting.

Despite the proposed mechanisms, studies looking at myocardial Ang II levels in
IR are lacking. Studies done in hypertrophied rat hearts have shown that indeed Ang I is
elevated during IR. Comparison of Ang II levels before ischemia and after IR indicated
that IR increased Ang II content 126 Since this study employed an isolated working rat
heart preparation, increases in AT2R could be due to local Ang II production. Previously
Lindpaintner et al. showed that in isolated perfused rat hearts, the heart is capable of
producing its own Ang II 5. It was found that during aerobic perfusion, Ang II is
released. Although, release during the first 50 min of perfusion is primarily due to
sequestered precursors, release of Ang II following 50 min of perfusion in isolated
perfused hearts is due to the local synthesis of Ang II. Taken together, this suggests that
under pathological conditions where Ang II is increased (probably by local production),
Ang II can act as a potential endogenous ligand for AT:R, which then inhibits AT>R
degradation. This is further supported by the findings in the current study, which showed
that the increase in AT;R protein occurs only under conditions of pretreatment of CAN in
combination with ischemia. Since under aerobic conditions, Ang II might be generated
only minimally, a low amount of Ang II in the myocardium will not be expected to have
a significant effect so that no increase in AT.R is seen. However, during ischemia, Ang I
might increase. When AT|R is available, the total Ang II pool is distributed between
these two receptor subtypes (AT|R and AT-R). Since the population ratio of AT\R and
AT>R in in vitro conditions is 4:1, only a small amount of Ang II will be available for

AT-R 2. However, when ischemia is coupled with CAN pretreatment, the available Ang
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II will be expected to shift and bind to AT>R, thereby inhibiting its degradation. The 4-
fold increase in AT>R found in this study occurred within a reasonable period, since the
authors of a previous study showed an approximate 8-fold increase in receptor population
in 90 min '%. Thus, the increase in AT-R observed in this study might be due to a CAN-
mediated Ang II shift to AT-Rs. However, further studies addressing the potential role of
cardiac Ang II in increasing AT»R levels are clearly warranted.

One other possible explanation of AT-R upregulation is intracellular cross-talk.
Studies have shown that AT;R and AT>R engage in cross-talk. Specifically, it has been
reported that AT,R stimulation in cultured rat neonatal cardiomyocytes and fibroblasts
inhibited AT|R dependent growth. Also, Ohkubo ez al. % demonstrated that AT.R is re-
expressed in cardiac fibroblasts in fibrous regions in failing cardiomyopathic hamster
hearts. This increased AT-R activation, in turn, exerted an anti- AT;R actien on the
progression of intersitial fibrosis during cardiac remodeling by inhibiting both fibrillar
collagen metabolism and growth of cardiac fibroblasts. Furthermore, Horiuchi ez al 53
examined the effect of Ang II on apoptosis in VSMC and reported that AT R stimulation
inhibited the onset of apoptosis-induced by serum depletion. Conversely, under similar
conditions the same authors found an enhanced apoptosis in AT>R-transfected VSMC,
suggesting a negative cross-talk occurring in apoptosis by two different receptors by the
actions of the same ligand 3,

It was also shown that the stimulation of AT>R in AT>-R cDNA transfected rat
adult VSMC inhibited AT ;R-mediated tyrosine phosphorylation of STAT-1, 2 and 3
without any influence on Janus Kinase (an upstream activator of STAT) 166 Later studies

done by Nakajima et al % directly correlated decreased MAPK activity and subsequent
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reduced DNA synthesis by AT,R transfection. This negative cross-talk of mitogenesis
between AT;R and AT:R is now confirmed in proliferating endothelial cells and
microvascular angiogenesis 167 At the functional level also, such as in blood pressure
regulation. AT>R has been shown to counteract the vasoconstrictive response of AT|R.
Hence, numerous lines of evidence exist to indicate that AT{R and AT-R engage in
negative cross-talk 167,

Recent studies have shown that activation of PKC and mobilization of
intracellular Ca?* downregulate AT-R expression '*®. It was found that the PKC-Ca>*
pathway affects the stability of AT-R mRINA as well as the transcription rate of the AT>R
gene 168 Since one of the primary downstream molecules of AT\R is PKC 335 it is
possible that during IR, an increase in Ang II in the intersitial space might activate ATR
and thus PKC-Ca?* mobilization, resulting in AT>R mRNA downregulation. Thus,
downregulation in mRNA might translate into lower AT>R protein expression. However,
in the presence of CAN, this activation of PKC is inhibited. This would, in turn, result in
increased stability of mRNA as well as an increase in AT»R transcription rate such that
an increase in AT>R protein is seen with CAN administration. Thus, the possibility exists
that AT;R and AT-R engage in cross-talk with the intracellular second messengers that
regulate the levels of receptor protein. However, given the fact that increases in AT2R
mRNA were first seen after 6 hours, the possibility of these mechanisms being involved
in regulation of protein expression acutely is highly unlikely. Furthermore, aerobic hearts,
which were exposed to CAN for 40 min, showed no effect on AT>R protein content,
questioning the validity of this hypothesis in this IR setting. The involvement of the heart

in producing more protein during the conditions of ischemia is also not plausible.
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Hence, the present study is the first to show that the cardioprotective effect
induced by AT R blockade is associated with an upregulation of AT>R protein content.
This upregulation might involve Ang II binding to AT-R. However, binding of Ang II
with AT>R will also activate AT>R. Previous studies have shown that AT>R activation
induces apoptosis >>. On the other hand, evidence also exists that AT,R activation also
increases cGMP 7°-8% lm, a factor associated with cardioprotective effect. Hence, further
analysis was carried out where apoptosis was examined in Langendorff preparations, and

cGMP and PKC; were investigated in the hearts perfused in working mode.

Effects of AT;R Blockade on Apoptosis after IR
Several studies have concluded that AT-R mediate apoptosis via activation of mitogen-
activated protein kinase phosphatase-1, dephosphorylation of Bcl, and upregulation of
bax **. AT-R activation would therefore be expected to increase apoptosis. In the present
study, an interesting phenomenon was observed. CAN administration for 5 min before IR
significantly reduced cardiomyocytes apoptosis with no corresponding change in post-
ischemic recovery of mechanical function. Conversely, no change in cardiomyocytes
apoptosis in combination with improved post-ischemic functional recovery was detected
when the protocol entailed 40 min of CAN pretreatment before ischemia. Besides the
length of CAN pretreatment, which might have affected the extent of apoptosis, no other
mechanistic explanation has been found as yet.

Apoptosis or programmed cell death, has been suggested to play a critical role in
the pathophysiology of cardiovascular disease and might contribute to ventricular

damage, mechanical dysfunction and remodeling after MI ’°. Because of the large
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number of activators and inducers involved in the pathway, apoptosis was thought to be a
mechanism intrinsic to chronic ailments °. However, recent evidence have shown that
apoptosis is involved in acute IR and has been suggested to contribute to IR injury n
Studies have shown that ischemia for 45 min followed by 2.25 hr of reperfusion
can trigger apoptosis '®. Apoptosis can also be detected in hearts exposed to 15 min
ischemia and 1.5 hr of reperfusion 169. 170 Since, apoptosis is an active, energy-requiring
process, availability of ATP during longer durations of reperfusion might be an important
determinant of the extent of apoptosis. However, the present study investigated apoptosis
after 40 min of reperfusion. The main aim of this part of the thesis was to examine the
relation of the extent of apoptosis to functional recovery in CAN-pretreated rat hearts. It
was observed that CAN-pretreated rat hearts although increased the post-ischemic
functional recovery, apoptotic indices were not changed. Therefore, it was concluded that
apoptosis might not be significantly contributing to the injury in acute IR. Pretreatment of
CAN had no effect on apoptosis; however, post-ischemic recovery of mechanical

function was improved.

Effects of AT;R Blockade and AT,;R Activation on cGMP Production after IR

Studies in different (aortic and coronary) vascular beds have shown that AT>R activation
causes increases in kinin, NO and cGMP levels 79-82. 101 fywever, when the role of AT-R
was explored in myocardial studies, the possible involvement of NO or cGMP was not
investigated 82. 100 - Although, an AT-R-mediated increase in NO by bradykinin was
supported by the myocardial studies, the downstream effector of bradykinin was not

examined '®. We report here, for the first time in the isolated working rat heart setting,
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that CAN-pretreated hearts show an elevated level of cGMP, which was attenuated by
concomitant perfusion with the AT>R antagonist, PD. This confirms that AT>R activation
results in increase cGMP content that might be involved in eliciting the cardioprotective
effect of AT-R activation. Since no change in coronary flow was detected, cGMP might
have mediated its beneficial effect directly on the myocardium. To that end, studies have
shown that cGMP exerts an effect on myocardial tissue via cGMP protein kinase-
mediated (1) modulation of sarcolemmal calcium influx, (2) reduction in myofilament
calcium sensitivity, (3) altered sarcoplasmic reticulum function, (4) changes in action
potential, (5) modulation of cell volume, and (6) reduction of oxygen consumption (as
reviewed in references 120). Collectively, these events increase myocardial efficiency
and thus preserve the myocardium from IR injury. Hence, increased myocardial cGMP
content was correlated with the cardioprotective effect associated with CAN-mediated
AT5R activation.

One of the mechanisms for the AT>R-mediated increase in cGMP is via NO
production. Studies have shown that activation of ATaR precipitates increases in nitrite
and nitrate levels in coronary microvasculature " Moreover, vascular studies looking at
the effects of AT>R have shown that activation of AT>R results in an increase in cGMP
production, which was abolished by NOS inhibitors '°'. Furthermore, additional studies
in the myocardium show that activation of AT>R and its subsequent cardioprotective
effect was abrogated by NOS inhibition 82 Since it has been established in vascular
studies that an AT-R-NO-cGMP pathway exists and this has been partially extended to

82, 100

myocardial studies where AT-R-NO pathway operates, it can be hypothesized that
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in isolated working rat heart, the AT>R-mediated cGMP increase might have involved
NO production.

Despite the evidence presented here, it is possible that AT>R might increase
cGMP via a NO-independent pathway. Studies with ANF receptors have shown that ANF
can directly regulate cGMP. This is achieved by a direct regulation of membrane bound
guanylate cyclase by ANF receptors such that NO is not required '71 The possibility also
exists that perhaps cAMP might be involved in cGMP regulation. In this context, studies

”
172 However,

have shown that cAMP can regulate cGMP levels via negative cross-talk
the current evidence of regulation of cGMP directly or indirectly (via cAMP) by AT2R is
lacking. In contrast, numerous studies in vascular tissues have shown that AT:R does
mediate increase in NO and this NO is involved in the increase in cGMP content. Thus, it
is likely that the AT>R-mediated increases in cGMP content involves NO in myocardial

tissue, however, experiments to identify NO as a downstream molecule of AT:R-

mediated cGMP increase in myocardial tissue are clearly warranted.

Effects of AT;R Blockade and AT,;R Activation on PKC; Activation after IR

PKC; is perhaps one of the best studied intracellular signaling molecules and has been
associated with ischemic preconditioning-induced cardioprotection (IPC or ischemic
preconditioning is a phenomenon where one or more brief periods of ischemia with
intermittent reperfusion protects the heart against a subsequent sustained period of
ischemia) ''*. Numerous studies have implicated PKC. in the beneficial effects of both

early and late preconditioning 174. 175 Despite the identification of PKCe as a potential
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mediator of IPC-mediated cardioprotection, pathways leading to PKC¢ activation have
not been clearly elucidated.

Recently, a new possible pathway for PKC, has been suggested involving NO 125,
Preliminary studies have suggested NO involvement in triggering late preconditioning
(PC) '7. Experiments done in an in vivo canine model of regional ischemia showed the
beneficial effects of PC on IR arrythmias was attenuated by L-NAME (a NO synthase
inhibitor) and methylene blue (a guanylate cyclase inhibitor). Moreover, L-NAME
abolished the reduction in ischemic arrhythmias induced by intracoronary bradykinin in
the same canine model suggesting the bradykinin may be a prime mediator of NO-
induced PC. Recent evidence has highlighted NO in the delayed form of PC, also where
the cardioprotection is evident at 24-72 hours after initial PC ‘7.

Moreover, in the same model of PC, it was established that PKC; is activated.
Bugge and Ytrehus '™ found that the PKC antagonists, polymyxin B and chelerythrine,
blocked the protective effect of IPC. Furthermore Mitchell et al. '”® showed that IPC,
induced by a 2 min transient ischemia and 10 min of reperfusion, significantly increased
functional recovery at 40 min after 20 min of global no-flow ischemia. The PKC
inhibitors, chelerythrine and staurosporine, abolished this protective effect, while the
diacylglycerol analog, 1-steroyl-2-arachidonyl glycerol, mimicked the benefit. Moreover,
immunoblots for PKC isoforms show the PKC. was translocated to the particulate

fraction, suggesting the role of PKC; in cardioprotection ',

I %8 pooled this concept together and

However, later studies done by Ping et a
showed that PKC; is perhaps activated by NO. To that end, they made four pertinent

observations: (1) administration of L-nitro-arginine completely blocked the activation of
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PKC¢; (2) administration of two structurally dissimilar NO donors increased the
translocation of PKC. to particulate fraction, indicating the activation of PKCq; 3)
chelethyrine blocked this increased activation of PKC. by NO donors; and (4)
chelethyrine also blocked the NO donor induced late preconditioning effect on
myocardial stunning and infarction. Taken together, these findings suggest that PKC
plays an integral role in NO-mediated delayed cardioprotection.

Since AT,R activation is known to increase NO levels and previous studies from
our laboratory showed an increase in PKC. content during cardioprotection induced by
AT|R blockade ' (an event also observed by Ping et al. in the rabbit IPC model
previously) it was hypothesized that AT R blockade would increase PKC; activation via
AT,R. When the particulate fraction of PKC; in myocardium was examined as an index
of activation, CAN was found to increase PKC. activation. This increase was
subsequently inhibited by PD administration, suggesting AT>R activation is involved in
mediating PKC, activation. Cumulatively, this suggests that in addition to AT:R-
mediated increase in NO and cGMP, AT:R is also engaged in (NO-mediated) PKC;
activation, and this might be another mechanism of therapeutic action exerted by AT:R.
In support, previous studies have shown that AT>R is involved in PKC activation 84.91
However, the lack of specific isoform of PKC being examined in that study, the avian
origin of cardiomyocytes and no inferences on the potential cardiac role of this pathway
seriously undermined the importance of this finding. Thus, it can be suggested that AT-R
mediates some of its therapeutic effects through PKCe. This might involve mitochondrial
Katp channels as a possible therapeutic route, as a recent study implicated mitochondrial

Katp as a possible downstream effector of PKCe-mediated cardioprotection 17,
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Hence, taken together, the present study suggests that: (a) CAN mediates some of
its therapeutic effect by AT>R activation in acute IR; (b) this activation involves locally
generated Ang IT; (c) AT>R mediates some of its beneficial effect by increased cGMP;

and (d) some degree of the cardioprotection is also conferred by PKC; activation.

Mechanism Proposed

During IR, Ang II levels in the intersitial space increases. Since AT|R is blocked by
CAN, most of the Ang II is diverted towards AT-R. The binding of Ang II to AT>R
stabilizes the Ang I-AT>R such that AT>R protein content is increased. This binding of
Ang II to AT>R also initiates AT>R activation, which results in increased bradykinin
level. This increased bradykinin in turn increases NO which results in increased
production of cGMP and activation of PKC,. The possibility exists that cGMP might be
involved in PKC. activation. However, studies in pituitary gland showed that cGMP

increase does not influence PKC; activation. Hence, NO might be the upstream molecule

for PKC; and cGMP (Figure 25).
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LIMITATIONS OF THE STUDY

Despite some of the pertinent findings of this thesis, including isolation of possible
pathways involved in cardioprotection via AT:R, there are problems that impose
limitations to this study. Firstly, these studies have presented indirect evidence of a
possible role of cardiac Ang II. However, no actual determination of Ang II in support of
this claim was made. Evidence of actual presence of Ang II during IR is lacking. Initial
studies by others have substantiated that isolated heart has the capacity to synthesize Ang
II. To that end, Lindpaintner et al !5 has shown in an isolated beating rat heart,
angiotensinogen, a precursor and rate-limiting molecule of the Ang II pathway, is
synthesized locally and in fact contributes to most of Ang II cardiac pool in the later part
of the perfusion. One study has actually measured Ang II in IR, however the
measurement was done in the myocardium. No actual determination of Ang II release
into the perfusate was ever done.

Secondly, the present studies were done using an in vitro system which precludes
extrapolation of these results to in vivo settings. However, in vitro studies are specifically
designed to observe the effects of one system to a given insult. This enables researchers
to identify, isolate and find possible solutions to a factor or a system under investigation.
Thus, results from the in vitro system, although lacking closeness to the in vivo clinical
setting, still have important clinical implications.

Thirdly, one of the explanations provided for the increase in AT:R content is a
decreased degradation rate of AT.R. Although, this thesis has discussed sufficient

reasons to indicate that increased expression of AT-.R protein was not involved,
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determination of mRNA levels would have put the issue at rest. However, determination
of mRNA levels of AT2R protein could be a subject of future research.

It is also becoming evident that perhaps assessment of apoptosis by TUNEL-assay
might not be sufficient. In this respect, studies published in apoptosis are looking at this
phenomenon by employing two different techniques. Although, TUNEL assay is a
sensitive assay and is a good indicator of cells undergoing apoptosis, reinforcement of the
results with another technique might have strengthened the data set.

This study has isolated beneficial effects of AT R blockade that are mediated by
AT>R activation. Although activation of AT>R increased cGMP content and PKC.
activation were detected, whether cGMP and PKC. are directly involved in
cardioprotection under these conditions still remains to be determined. This could be
assessed by the use of a selective inhibitors of cGMP or PKC; in the presence of an AT|R
antagonist. Furthermore, the relative contribution of cGMP and PKC: in cardioprotection
remains to be elucidated.

Moreover, this thesis has found cGMP and PKC; increase in CAN-pretreated rat
hearts. It has been proposed that perhaps NO is the common molecule involved in
precipitating increase and activation of cGMP and PKC;, respectively. Although previous
studies have shown NO-mediated cGMP production 74 101 153-155 4h4g PKC; activation 68,
no direct cause-effect determination of this result was ever made during the present study.

Future experiments on the subject of potential NO involvement in the regulation of

c¢GMP and PKC:; are clearly warranted.
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Inspite of these limitations, this thesis has highlighted and found some of the
important mechanisms involved in AT,R-mediated cardioprotection and perhaps would

be a subject of interest for future investigation and therapeutic endeavors.
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FUTURE CLINICAL IMPLICATIONS

Initial studies done with Ang II were largely concentrated and geared towards the
understanding of AT ;R. However, recent evidence of the reappearance of AT:R in
various cardiac pathologies has generated a lot of interest in this receptor subtypes = and
became the focus of the laboratory. While conflict exists as to what the precise role of
AT,R is (i.e., is it deleterious because of apoptosis or beneficial because of generation of
bradykinin, NO,and cGMP), the concept that AT>R is a potentially beneficial receptor is
becoming increasingly important and gaining acceptance. Despite the development of its
ligands in 1990s, knowledge of its signal transduction pathways still remains incomplete.
This thesis specifically addressed the role of AT;R blockade in the context of AT:R
modulation and has tried to identify some of the transduction pathways involved. This
thesis has isolated and extended some new pathways and therefore should add to the
understanding of AT>R as a potential protective receptor. However, the mechanism
behind AT-R cardioprotection is still far from being fully elucidated. Hopefully, these
findings may add to the existing knowledge of AT:R signal transduction mechanisms and
might lead to the development of beneficial drugs for various cardiac pathologies. Since
AT,Rs are elevated during different cardiac diseases, future clinical studies might harness
this increase in AT»R. To that end, a combination of AT|R antagonist and AT»R agonist
as a potential therapeutic cocktail may need to be considered in future for Ang I

precipitated pathologies.
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CONCLUSION

In patients with heart failure, neurohumoral systems such as the sympathetic nervous
system and the RAS are stimulated to compensate for the cardiac dysfunction 178
However, the persistent activation of RAS may cause deterioration of heart failure
because of its vasoconstrictive, volume-retaining and mitogenic actions 187 Initially,
treatment with ACEI has been shown to dec;ease morbidity and mortality in patients with
heart failure '*. However, ACEI do not only suppress the RAS but also inhibit bradykinin
breakdown. Although, bradykinin plays a role in cardioprotective mechanism, this factor
may evoke undesirable side-effects, such as dry cough and angioedema.

Recently, specific inhibitors of RAS, such as AT;R antagonists, have been
developed. Although the majority of the studies carried out with losartan (the first orally

119

non-peptidic available antagonists) showed no effect **°, some investigations showed

116-118 132,133

protective and deleterious effects as well. The present study was designed to
evaluate, in particular, the effects of the AT,R antagonist, CAN, in prevention of acute IR
cardiac dysfunction. To that end, pretreatment with CAN for 40 min prior to IR insult
increased post-ischemic functional recovery in Langendorff perfused hearts. This was
further associated with increased AT>R protein content detected by western immunoblot.
Moreover, analysis of apoptosis showed no significant change in any parameters
indicating the dissociation of apoptosis from the post-ischemic functional recovery.

These findings were taken one step further, and the phenomenon was analyzed in

the isolated working rat heart model. In this set-up, questions related to activation of

different signal transduction molecules downstream of AT2R were also addressed. This
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study showed a significant increase in post-ischemic functional recovery by CAN,
although, no change was found with losartan. Changes. in molecular parameters were less
pronounced with losartan when compared to CAN. When PD was co-administered with
CAN, there were attenuated effects on post-ischemic functional recovery, cGMP levels
and PKC; activation. Analysis of AT>R, on the other hand showed an increase in AT>R
protein which was in agreement with the previous findings in Langendorff hearts.
Cumulatively, these studies show that there is no difference in terms of the effect of CAN
on acute IR as both models showed the same cardioprotection and increase in AT:R
protein content. Secondly, pretreatment of CAN causes an increase in AT;R protein
levels and AT-R were subsequently found to be activated. Thirdly, this activation of
AT>R was correlated with increase in ¢cGMP levels and PKC; activation, two signal
transduction molecules of cardioprotective importance ; however, no change in apoptosis
was observed. Moreover, indirect evidence suggests that Ang II is formed in
myocardium, under acute conditions, and this Ang II might be involved in AT:R
activation.

Hence, taken together, AT R blockade with CAN makes Ang II more accessible
to AT>R. This results in activation and inadvertent increase in AT>R protein content.
Activated AT-R triggers pathways leading to cGMP and PKC; activation, possibly by
NO. However, activation of AT>R does not trigger apoptotic pathways. Combination of

all these events may be involved in the cardioprotective effect of CAN in acute IR.

Page 98



'skemyred pasodoid ey} sjuesaidal smouse payseq *(*oMd)
uojisde-0 aseuly uisloid sajeAllor pue (4NDO) sjes| ajeydsoydouou auisouenb a1[ofo sesealoul QN Ul
esealoul siyL *(ON) 8pIxo oulIu sesealoul uin} Ul Yolym sjeas| ujuyApelq sesesioul || uisusjolbue pajeAloy
‘10jdadal g edf) || uisusiolbue spiemoy || uisusiolbue pasealoul ul Ylys e sesned (Y'y) Joydesas | adA;

Il Wisusyolbue jo Bupoolq “Josye aloejoldolpied pajelpalu-uepesapues jo Aemyed pasodold  GZ a4nbi4

dNHo ONd

ujupjipeag

I 2

HelY H'Lv

% <— uelesapue)

|| uiIsuajoibuy

Page 99



REFERENCES

Jugdutt BL. Angiotensin II receptor blockers. Cardiol Clin 1998; 2: 1-17.

Goldblatt H, Lynch J, Hanzel RF, Summerville WW. Studies on experimental
hypertension: II. The production of persistent elevation of systolic blood pressure by
means of renal ischemia. J Exp Med 1934; 59: 347-379.

Peach MJ. Renin-angiotensin systems: biochemistry and mechanisms of action.
Physiol Rev 1977; 57: 313-370.

Timmermans PBMWM, Wong PC, Chiu AT, Herblin WF, Benefield P, Carim
DJ, Lee RJ, Wexler RR, Say JM, Smith RD. Angiotensin II receptors and angiotensin
II receptor antagonists. Pharmacol Rev 1993; 45: 205-251.

Sen S, Tarazi RC, Bumpus FM. Effect of converting enzyme inhibitor (SQ
14225) on myocardial hypertrophy in spontaneously hypertensive rats. Hypertension
1980; 2: 169-179.

Nakashima Y, Fouad FM, Tarazi RC. Regression of left ventricular hypertrophy
from systemic hypertension by enalapril. Am J Cardiol 1984; 53: 1044-1049.

Baker KM, Chernin MI, Wickson WK, Aceto JF. Renin-angiotensin system
involvement in pressure-overload cardiac hypertrophy in rats. Am J Physiol 1990;
259: H324-H332.

Dzau VI, Pratt R, Gibbons GM. Angiotensin as local modulating factor in
ventricular dysfunction and failure due to coronary artery disease. Drugs 1994; 47: 1-

13.

Page 100



9.

10.

11.

12.

13.

14.

15.

16.

17.

Brilla CG, Maisch B. Regulation of the structural remodeling of the myocardium:
from hypertrophy to heart failure. Eur Heart J 1994; 15 (Suppl D): 45-52.

Woatkins IJ, Burton JA, Haber E, Cant JR, Smith FM, Barger AC. The renin-
angiotensin aldosterone system in congestive heart failure in conscious dogs. J Clin
Invest 1976; 57: 1606-1617.

Hodsman GP, Kohzuki M, Howes LG, Sumithran E, Tsunoda K, Johnston CL
Neurohormonal responses to chronic myocardial infarction in rats. Circ 1988; 78:
376-381.

The CONSENSUS Trial Study Group. Effects of enalapril on mortality in severe
heart failure. N Engl J Med 1987; 316: 1429-1431.

Pfeffer MA, Pfeffer JM, Steinberg C, Finn P. Survival after an experimental
myocardial infarction: beneficial effects of long-term therapy with captopril. Circ
1985; 72: 406-412.

The SOLVD Investigators. Effect of enalapril on survival in patients with reduced
left ventricular ejection fractions and congestive heart failure. N Engl J Med 1991;
325:293-302.

Lindpaintner K, Jim M, Niedermaier N, Wilhelm MJ, Ganten D. Cardiac
angiotensinogen and its local activation in the isolated perfused beating heart. Circ
Res 1990; 67: 564-573.

Dzau VJ, Re RN. Evidence for the existence of renin in the heart. Circ 1987; 75
(Suppl I): I-134.

Cross RG, Chalk J, South M, Liss B. The action of angiotensin in the isolated

perrfused cat heart. Life Sci 1981; 29: 903-908.

Page 101



18.

19.

20.

21.

23.

24.

25.

26.

Weber KT. Extracellular matrix remodeling in heart failure. A role for de novo ang
II generation. Circ 1997; 96: 4065-4082.

Sadoshima J, Izumo S. Molecular characterization of ang II-induced hypertrophy
of cardiac myocytes and hyperplasis of cardiac fibroblasts: Critical role of the AT,
receptor subtype. Circ Res 1993; 73: 413-423.

Levin EB. Endothelins. N Engl J Med 1995; 333: 356-363.

Everett AD, Tufro-McReddie A, Fischer A, Gomez RA. Angiotensin receptor
regulates cardiac hypertrophy and transforming growth factor 3, expression.
Hypertension 1994; 23: 587-592.

Senazaki H, Gluzband YA, Pak PH, Crow MT, Janicki JS, Kass DA. Synergistic
exacerbation of diastolic stiffness from short-term tachycardia-induced
cardiodepression and angiotensin II. Circ Res 1998; 82: 503-512.

Matsubara H. Pathophysiological role of angiotensin II type 2 receptor in
cardiovascular and renal diseases. Circ Res 1998; 83: 1182-1191.

Chiu AT, Herblin WF, McCall DE, Ardecky RJ, Carini DJ, Dunica JV, Pease LJ,
Wong PC, Wexler RR, Johnson AL, Timmermans PBMWM. Identification of
angiotensin II receptor subtypes. Biocher Biophys Res Commun 1989; 165: 196-203.

Murphy TJ, Alexander RW, Griendling KK, Runge MS, Bemstein KE. Isolation
of a cDNA encoding the vascular type-1 angiotensin I receptor. Nature 1990; 351:
233-236.

Sasaki K, Yamano Y, Bardhan S, Iwai N, Murray JJ, Hasegavia M, Matsuda Y,
Inagami T. Cloning and expression of a complementary DNA encoding a bovine

adrenal angiotensin II type-1 receptor. Nature 1990; 351: 230-233.

Page 102



27.

28.

29.

30.

31.

32.

33.

34.

35.

Sandberg K. Structural analysis and regulation of angiotensin II receptors. Trends
Endocrinol Metab 1994; 5: 28-35.

Chaki S, Guo DF, Yamano Y, Ohyama K, Tani M, Mizukoshi M, Inagami T. Role
of carboxyl tail of the rat angiotensin II type-1A receptor in agonist-induced
internalization of the receptor. Kidney Intl 1994; 46: 1492-1495.

Hein L, Meinel L, Pratt RE, Dzau VJ, Kobilka BK. Intracellualr trafficking of
angiotensin II and its AT and AT, receptors: Evidence for selective sorting of
receptor and ligand. Mol Endcrinol 1997; 11: 1266-1277.

Hunyady L. Molecular mechanisms of angiotensin II receptor internalization. J
Am Soc Neph 1999; 10 (Suppl 11): S47-S56.

Inagami T, Guo DF, Kitami Y. Molecular biology of angiotensin II receptors: an
overview. J of Hypertension 1994; 12 (Suppl 10): S83-594.

Inagami T, Mizukoshi M, Guo DF. Angiotensin receptors. Eds Saavendra JM,
Timmermans PBMWM in Angiotensin II receptor: Molecular cloning, functions and
regulation. Plenum Press NY, 1994.

Van Bilsen M. Signal transduction revisited: recent developments in angiotensin II
signaling in the cardiovascular system. Cardiovasc Res 1997; 36: 310-322.

Berk BC, Corson MA. Angiotensin II signal transduction in vascular smooth
muscle. Circ Res 1997; 80: 607-616.

Duff JL, Marrero MB, Paxton WG, Schieffer B, Bernstein KE, Berk BC.
Angiotensin I signal transduction and the mitogen-activated protein kinase pathway.

Cardiovasc Res 1995; 30: 511-517.

Page 103



36. Sadoshima J, Izumo S. Signal transduction pathways of angiotensin O-induced c-
fos gene expression in cardiac myocytes in vitro. Roles of phospholipid-derieved
second messengers. Circ Res 1993; 73: 424-438.

37. Force T, Bonventre JV. Growth factors and mitogen-activated protein kinases.
Hypertension 1998; 31: 152-161.

38. McWhinney CD, Hunt RA, Conrad KM, Dostal DE, Baker KM. The type 1
angiotensin II receptor couples to STAT1 and STAT3 activation through Jak?2 kinase
and neonatal rat cardiac myocytes. J Mol Cell Cardiol 1997; 29: 2513-2524.

39. Sayeski PP, Ali S, Semeniuk DJ, Doan TN, Bernstein KE. Angiotensin II signal
transduction pathways. Regul Peptide 1998; 78: 19-29.

40. Booz GW, Baker KM. Molecular signaling mechanisms controlling growth and
function of cardiac fibroblasts. Cardiovasc Res 1995; 30: 537-543.

41. Zou Y, Komuro I, Yamazaki T, Kudoh S, Aikawa R, Zui W, Shiojima [, Hiroi Y,
Tobe K, Kadowaki T, Yazaki Y. PKC, but not tyrosine kinases or Ras, plays a critical
role in angiotensin II-induced activation of Raf-1 kinase in ERKSs in cardiomyocytes.
J Biol Chem 1996; 271: 33592-33597.

42, Zou Y, Komuro I, Yamazaki T, Kudoh S, Aikawa R, Zui W, Shiojima I, Hiroi Y,
Tobe K, Kadowaki T, Yazaki Y. Cell type-specific angiotensin I-evoked signal
transduction pathways. Circ Res 1998; 82: 337-345.

43. LiuY,Leri A,Li B, Wang Y, Cheng W, Kajstura J, Anversa P. Angiotensin II
stimulation in vitro induces hypertrophy of normal and postinfarcted ventricular

myocytes. Circ Res 1998; 82: 1145-1159.

Page 104



44. Weber KT, Brilla CG. Pathological hypertrophy and cardiac intersttium. Circ
1991; 83: 1849-1865.

45. Crabos M, Roth M, Hahn AW, Eme P. Characterization of angiotensin II receptors
in cultured adult rat cardiac fibroblasts: coupling to signaling systems and gene
expression. J Clin Invest 1994; 93: 2372-2378.

46. Campbell SE, Katwa LC. Angiotensin II stimulated expression of transforming
growth factor B, in cardiac fibroblasts and myofibroblasts. J Mol Cell Cardiol 1997;
29:1947-1958.

47. Iwami K, Ashizawa N, Do Ys, Graf K, Hsueh WA. Comparison of angiotensin IT
with other growth factors or Egr-1 and matrix gene expression in cardiac fibroblasts.
Am J Physiol 1997; 270: H2100-H2107.

48.  Jugdutt BI. Prevention of ventricular remodeling after myocardial infarction and in
congestive heart failure. Heart Failure Rev 1996; 1: 115-129.

49. Ohta K, Kim S, Iwao H. Role of angiotensin-converting enzyme, adrenergic
receptors and blood pressure in cardiac gene expression of spontaneously
hypertensive rats during development. Hypertension 1996; 28: 627-634.

50. Yoshiyama M, Takeuchi K, Omura T, Kim S, Yamagishi H, Toda I, Teragaki M,
Akioka K, Iwao H, Yoshikawa Y. Effects of candesartan and cilazapril on rats with
myocardial infarction assessed by echocardiography. Hypertension 1999; 33: 961-
968.

51. Sechi LA, Griffin CA, Schambelan M. The cardiac renin-angiotensin system in

STZ-induced diabetes. Diabetes 1998; 43: 1180-1184.

Page 105



52.

53.

54.

55.

56.

57.

58.

59.

60.

Kim S, Wanibuchi H, Hamaguchi A, Miura K, Yamanaka S, Iwao H. Angiotensin
blockade improves cardiac and renal complications of type II diabetic rats.
Hypertension 1997; 30: 1054-1061.

Masatsugu H, Akishita M, Dzau Vj. Recent progress in angiotensin II type 2
receptor research in cardiovascular system. Hypertension 1999; 33: 613-621.

Hayashida W, Horuichi M, Dzau VJ. Intracellular third loop domain of
angiotensin II type 2 receptor: role in the cellular signal transduction and functional
expression. J Biol Chem 1996; 271: 21985-21992.

Audley DT, Hubbell SE, Summerfelt RM. Characterization of AT> binding sites in
R3T3 cells. Mol Pharmacol 1991; 40: 360-367.

Rens-Domino S, Law SF, Yamada Y, Seino S, Bell GI, Resine T. Pharamcological
properties of two cloned somatostatin receptors. Mol Pharmacol 1992; 42: 28-34.

Sokoloff P, Giros B, Mortes MP, Boutheust ML, Schwartz JC. Molecular cloning
and characterization of a novel dopamine receptor D3 as a target for neuroleptics.
Nature 1990; 347: 146-151.

Pan MG, Florio T, Stork PJS. G-protein activation of hormone stimulated
phosphatases in human tumor cells. Science 1992; 256: 1215-1217.

Florio T, Pan MF, Newman G, Hershberger RE, Civelli O, Stork PJS.
Dopaminergic inhibition of DNA synthesis in pititary tumor cells is associated with
phosphotyrosine phosphatases. J Biol Chem 1992; 267: 24169-24172.

Csikos T, Balmforth AJ, Grojec M, Gohlke P, Culamn J, Unger T. Angiotensin
AT, receptor degradation is prevented by ligand occupation. Biochem Biophy Res

Commun 1998; 243: 142-147.

Page 106



61.

62.

63.

65.

66.

67.

Nahimas C, Cazaubou SM, Briend-Sutren MM, Lazard D, Villageois P, Strosberg
AD. Angiotensin IT AT> receptors are functionally coupled to protein tyrosine
dephosphorylation in NIE-115 neuro blastoma cells. Biochem J 1995; 306: 87-92.

Meffert S, Stoll M, Steckelings UM, Bottari SP, Unger T. The angiotensin II type
2 receptor inhibits proliferation and promotes differentiation in PC12W cells. Mol
Cell Encrinol 1996; 122: 59-67.

Booz GW, Baker KM. Role of type 1 and type 2 angiotensin receptors in
angiotensin I-induced cardiomyocyte hypertrophy. Hypertension 1996; 28: 635-640.

Ohkubo N, Matsubara H, Nozawa Y, Mori Y, Murasawa S, Kijima K, Maruyam
K, Masaki H, Iwaska T, Inada M. Angiotensin type 2 receptors are re-expressed by
cardiac fibroblasts from failing myopathic hamster hearts and inhibits cell growth and
fibrillar collagen metabolism. Circ 1997; 96: 3954-3962.

Masaki H, Kurihara I, Yamaki A, Inomata N, Nozawa Y, Mori Y, Murasawa S,
Kizima K, Maruyama K, Horiuchi M, Dzau VJ, Takahashi H, Iwaska T, Inada M,
Matsubara H. Cardiac-specific overexpression of angioptensin II, ATzreceptor causes
attenuated response to AT receptor-mediated pressor and chronotropic effects. J Clin
Invest 1998; 101: 527-535.

Horuichi M, Hayshida W, Kambe T, Yamada T, Dzau VJ. Angiotensin type 2
receptor dephosphorylates Bcl, by activating mitogen-activated protein kinase
phosphatase-1 and induces apoptosis. J Biol Chem 1997; 272: 19022-19026.

Bedecs K, Elbaz N, Sutreu M, Masson M, Susini C, Strosberg AD, Nahimas C.

Angiotensin II type 2 receptors mediate inhibiton of mitogen-activated protein kinase

Page 107



68.

69.

70.

71.

72.

73.

74.

75.

cascade and functional activation of SHP-1 tyrosine phosphatase. Biochem J 1997;
325:449-454.

Ping P, Takano H, Zhang J, Tang XL, Qiu Y, Li RCX, Banerjee S, Dawn B,
Balafonova Z, Bolli R. Isoform-selective activation of protein kinase C by nitric
oxide in the heart of concious rabbits. A signaling mechanism for both nitric oxide-
induced and ischemia-induced preconditioning. Circ Res 1999; 84: 587-604.

Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics. Br J Cancer 1972; 28: 239-257.

Haunstetter A, Izumo S. Apoptosis: Basic mechanisms and implications of
cardiovascular diseases. Circ Res 1998; 82: 1111-1129.

Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL.. Reperfusion
injury induces apoptosis in rabbit cardiomyocytes. J Clin Invest 1994; 94: 1621-1628.

Yamada T, Akishita M, Pollman M, Gibbons GH, Dzau V], Horuichi M.
Angiotensin II type 2 recptor mediates vascular smooth muscle cell apoptosis and
antagonizes angiotensin type 1 receptor action: an in vitro gene transfer study. Life
Sci 1998; 63: 289-295.

Yamada T, Horiuchi M, Dzau VJ. Angiotensin II type 2 receptor mediates
programmed cell death. Proc Natl Acad Sci USA 1996; 93: 156-160.

Horiuchi M, Hayashida W, Kambe T, Yamada T, Dzau VJ. Angiotensin type 2
receptor dephosphorylates Bcl-2 by activating mitogen activated protein kinase
phosphatase-1 and induces apoptosis. J Biol Chem 1997; 272: 19022-19026.

Lehtonen JA, Horiuci M, Dzau VJ. Ceramide as a second messenger for

angiotensin II type 2 receptor mediated apoptosis. Circ 1997; 96: I-554.

Page 108



76.

7.

78.

79.

80.

81.

82.

Li W, Ye Y, Fu B, Wang J, Yu L, Ichiki T, Inagami T, Ichikawa I, Chen X.
Genetic deletion of AT-R antagonizes angiotensin II-induced apoptosis in fibroblasts
of the mouse embryo. Biochem Biophys Res Commun 1998; 250: 72-76.

Kajstura J, Cigola E, Malhotra A, Li P, Cheng W, Meggs LG, Anversa P.
Angiotensin II induces apoptosis of adult ventricular myocytes in vitro. J Mol Cell
Cardiol 1997; 29: 859-870.

Leri A, Liu Y, Malhotra A, Li Q, Stiegler P, Claudio PP, Giordona A, Kajstura J,
Hintze TH, Anversa P. Pacing-induced heart failure in dofs enhances the expression
of p53 and p53-dependent genes in ventricular myocytes. Circulation 1998; 97: 194-
203.

Seyedi N, Xu XB, Najilletti A, Hintze TH. Coronary kinin generation mediates
nitric oxide release after angiotensin receptor stimulation. Hypertension 1995; 26:
164-170.

Munzenmaier DH, Greene AS. Stimualtion of soluble guanylate cyclase activity
by angiotensin II is mediated by a non-AT); receptor mechanism in rat aorta. FASEB J
1994; 8: A367.

Siragy HM, Carey RM. The subtype-2 (AT-) angiotensin receptor regulates renal
cyclic guanosine 3 receptor-mediated prostaglandin E; production in concious rats. J
Clin Invest 1996; 97: 1978-1982.

Liu YH, Yang XP, Sharov VG, Nass O, Sabbah HN, Peterson E, Carretero OA.
Effects of angiotensin-converting enzyme inhibitors and angiotensin type 1 receptor
antagonists in rat with heart failure. Role of kinins and angiotensin II type 2 receptors.

J Clin Invest 1997; 99: 1926-1935.

Page 109



83.

84.

85.

86.

87.

88.

89.

Leri A, Claudio PP, Li Q, Wang X, Reiss K, Wang S, Malhotra A, Kajstura J,
Anversa P. Stretch-mediated release of angiotensin II induces myocyte apoptosis by
activating p53 that enhances the local renin-angiotensin system and decreases the
Bcl-2 to bax protein ratio in the cell. J Clin Invest 1998; 101: 1326-1342.

Rabkin SW. The angiotensin II subtype 2 receptor is linked to protein kinase C but
not cAMP dependent pathways in the cardiomyocyte. Can J Physiol Pharmacol
1996; 74: 125-131.

Tsutsumi Y, Matsubara H, Masaki H, Kurihara H, Murasawa S, Takai S, Miyazaki
M, Nozawa Y, Dzono R, Nakagawa K, Miwa T, Kwada N, Mori Y, Shibasaki Y,
Tanaka Y, Fujiyama S, Koyama Y, Fujiyama A, Takahashi H, Iwasaka T.
Angiotensin II type 2 receptor overexpression activates the vascular kinin system and
causes vasodilation. J Clin Invest 1999; 104: 925-935.

Makoyama M, Nakajima M, Horiuchi M, Sasamura H, Pratt RE, Dzau VJ.
Expression cloning of type 2 angiotensin II receptor reveals a unique class of seven-
transmembrane receptors. J Biol Chem 1993; 268: 24539-24542.

Ichiki T, Labosky PA, Shiota C, Okuyama S, Inagawa Y, Fogo A, NiimuraF,
Ichikawa I, Hogan BLM, Inagami T. Effects on blood pressure and exploratory
behaviour of mice lacking angiotensin II type-2 receptor. Nature 1995; 377: 748-750.

Zhang J, Pratt RE. The AT receptor selectively associates with Gie2 and Gigs in
the rat fetus. J Biol Chem 1996; 271: 15026-15033.

Arima S, Endo Y, Yaiota H, Omata K, Ogawa S, Tsunoda K, Abe M, Takeuchi K,

Abe K, Ito S. Possible role of P-450 metabolite of arachidonic acid in vasodilator

Page 110



90.

91.

92.

93.

94.

95.

mechanism of angiotensin II type 2 receptor in the isolated microperfused rabbit
afferent. J Clin Invest 1997; 100: 2816-2823.

Goutsouliak V, Rabkin SW. Comparison of angiotensin II type 1 recptor and type
2 receptor antagonists on angiotensin [I-induced IP; generation in cardiomyocytes.
Gen Pharmacol 1998; 30: 367-372.

Rabkin SW. Cardiac angiotensin II subtype 2 receptor signal transduction
pathways: Embryonic cardiomyocytes and human heart. Eds Dhalla NS, Zahradhaka
P, Dixon IMC, Beamish RE. Angiotensin II receptor blockade physiological and
clinical implications. Kluwer Academic Publishers. Norwell Massachusetts 1998
USA.

Kang J, Sumners C, Posner P. Angiotensin II type 2 receptors modulated changes
in potassium currents in cultured neurons. Am J Physiol 1993; 265: C607-C616.

Zhu M, Gelband CH, Moore JM, Posner P, Sumners C. Angiotensin II type 2
receptor stimulation of neuronal delayed-rectifier potassium current involves
phospholipase A» and arachidonic acid. J Neurosci 1998; 18: 679-686.

Buisson B, Laflamme L, Bottari SP, de Gasparo M, Gallo-Payet N, Payet MD. A
G-protein is involved in the angiotensin AT, receptor inhibition of the T-type calcium
current in non-differentiated NG 108-15 cells. J Biol Chem 1995; 270: 1670-1674.

Tsutsumi Y, Matsubara H, Ohkubo N, Mori Y, Nozawa Y, Murasawa S, Kijima
K, Maruyama K, Masaki H, Moriguchi Y, Subasaki Y, Kamihata H, Inada M,
Iwasaka T. Angiotensin II type 2 receptor is upregulated in human heart with
intersitial fibrosis, and cardiac fibroblasts are the major cell type for its expression.

Circ Res 1998; 83: 1035-1046.

Pagelll



96. Wharton J, Morgan K, Rutherford RD, Catravas JD, Chester A, Whitebread BR,
Leval MR, Yacoub MH, Polak JM. Differential distribution of angiotensin II type 2
receptor in the normal amd failing human heart. J Pharmacol Exp Ther 1994; 270:
566-571.

97.  Ichiki T, Kambayashi Y, Inagami T. Multiple growth factors modulate mRNA
expression of angiotensin II type 2 receptor in R3T3 cells. Circ Res 1995; 77: 1070-
1076.

98.  Stoll M, Stecklings UM, Paul M, Bottari SP, Metzger R, Unger T. The angiotensin
AT, receptor mediates inhibition of cell proliferation in coronary endothelial cells. J
Clin Invest 1995; 95: 651-657.

99. Nakajima M, Hutinson HG, Fuginaga M, Hayashida W, Zhang Z, Horiuchi M,
Pratt RE, Dzau VJ. The angiotensin II type 2 receptor antagonizes the growth effects
of angiotensin I type 1 receptor. Gain of function study using gene transfer. Proc
Natl Acad Sci USA 1995;182: 10663-10667.

100. Jalowy A, Schulz R, Dorge H, Behrands M, Heush G. Infarct size reduction by
AT, receptor blockade through a signal cascade of AT>R activation, bradykinin and
protaglandins in pigs. J Am Coll Cardiol 1998; 32: 1787-1796.

101. Gohlke P, Pees C, Unger T. AT, receptor stimulation increases aortic cyclic GMP
in SHRSP by a kinin-dependent mechanism. Hypertension 1998; 31: 349-355.

102. Zhu P, Zhang CE, Homstein PS, Allegrinin PR, Buser PT. Bradykinin-dependent
cardioprotective effects of losartan against ischemia and reperfusion in rat hearts. J

Cardiovasc Pharmacol 1999; 33: 785-790.

Page 112



103. Vegh A, Gy Papp J, Szekeres L, Parratt JR. The local intracoronary adminstration
of methylene blue prevents the pronounced antiarrhytmic effect of ischemic
preconditioning. Br J Pharmacol 1992; 107: 910-911.

104. Vegh A, Szekeres L, Parratt JR. Preconditioning of the ischemic myocardium;
involvement of the L-arginine nitric oxide pathway. Br J Pharmacol 1992; 107: 648-
652.

105. Vegh A, Gy Papp J, Szekeres L, Parratt JR. Prevention by an inhibitor of the L-
arginine-nitric oxide pathway of the antiarrhytmic effects of bradykinin in
anaesthetized dogs. Br J Pharmacol 1993; 110: 18-19.

106. Yoshida H, Zhang JJ, Chao L, Chao J. Kallikrein gene delivery attenuates
myocardial infarction and apoptosis after myocardial ischemia and reperfusion.
Hypertension 2000; 35: 25-31.

107. Bolli R. Mechanism of myocardial stunning. Circulation 1990; 82: 723-738.

108. Jennings RB, Reimer KA. Factors involved in salvaging ischemic myocardium.
Effects of reperfusion of arterial blood. Circulation 1983; 68: 125-136.

109. Fliss H, Gattinger D. Apoptosis in ischemic and reperfused rat myocardium. Circ
Res 1996; 79: 949-956.

110. Bolli R. Myocardial stunning in man. Circulation 1992; 86: 1671-1691.

111. Braunwald E, Kloner RA. The stunned myocardium: prolonged, postischemic
ventricular dysfunction. Circulation 1982; 66: 1146-1149.

112.  Murry CE, Jennings, RB, Reimer KA. Preconditioning with ischemia: a delay of

lethal cell injury in ischemic myocardium. Circulation 1986; 74: 1124-1136.

Page 113



113. Bolli R. Basic and clinical aspects of myocardial stunning. Prog Cardiovasc Dis
1998; 40: 477-516.

114. Heydrickx GR, Millard RW, McRitchie RJ, Maroko PR, Vatner SF. Regional
myocardial functional and electrophysilogical alterations after brief coronary artery
occlusion in concious dogs. J Clin Invest 1975; 56: 978-985.

115. Werrman JG, Cohen SM. Comparison of effects angiotensin converting enzyme
inhibition with those of angiotensin II receptor antagonism on functional and
metabolic recovery in postischemic working rat heart as studied by *!p nuclear
magnetic resonance. J Cardiovasc Pharmacol 1994; 24: 573-586.

116. Thomas GP, Ferrier GR, Howlett SE. Losartan exerts antiarrythmic activity
independent of angiotensin II receptor blockade in simulated ventricular ischemia and
reperfusion. J Pharmacol Exp Ther 1996; 278: 1090-1097.

117. Werrman JG, Cohen SM. Use of losartan to examine the role of the cardiac renin-
angiotensin system in myocardial dysfunction during ischemia and reperfusion. J
Cardiovasc Pharmacol 1996; 27: 177-182.

118. Paz Y, Gurevitch, Frolkis I, Matsa M, Kramer A, Locker C, Mohr R, Keren G.
Effects of an angiotensin II antagonists on ischemic and non-ischemic isolated rat
hearts. Ann Thorac Surg 1998; 65: 474-479.

119. Massoudy P, Becker BF, Gerlach E. Bradykinin accounts for improved
postischemic function and decreased glutathione release of guinea pig heart treated
with the angiotensin converting enzyme inhibitor ramprilat. J Cardiovasc Pharmacol

1994; 23: 632-639.

Page 114



120. Shah AM, McCarthy PA. Paracrine and autocrine effects of nitric oxide on
myocardial function. Pharmacol Ther 2000; 86: 49-86.

121. Yoshiyama M, Kim S, Yamagishi H, Omura T, Tan T, Yanagi S, Toda [,
Teragaki M, Akioka K, Takeuchi K, Takeda T. Cardioprotective effect of the
angiotensin II type 1 receptor antagonist TCV-116 on ischemia-reperfusion injury.
Am Heart J 1994; 128: 1-6.

122. Yang BC, Phillips MI, Ambeuhl PEJ, Shen LP, Mehta P, Mehta JL. Increase in
angiotensin II type 1 receptor expression immediately after ischemia-reperfusion in
isolated rat hearts. Circulation 1997; 96: 922-926.

123.  Yang BC, Phillips MI, Zhang YC, Kimura B, Shen LP, Mehta P, Mehta JL.
Critical role of AT, receptor expression after ischemia-reperfusion in isolated rat
hearts: beneficial effect of antisense oligodeoxynucleotides directed at AT1 receptor
mRNA. Circ Res 1998; 83: 552-559.

124. Tian R, Neubauer S, Pulzer F, Haas U, Ertl G. Angiotensin I conversion and
coronary constriction by angiotensin II in ischemic and hypoxic isolated rat hearts.
Eur J Pharamcol 1991; 203: 71-77.

125. Przyklenk K, Kloner RA. Cardioprotection by ACE-inhibitors in acute
myocardial ischemia and infarction. Basic Res Cardiol 1993; 88 (Suppl 1): 139-154.

126. Zhang Y, Shouchun X. Increased vulnerability of hypertrophied myocardium to
ischemia and reperfusion injury. Relation to cardiac renin-angiotensin system.

Chinese Med J 1995; 108: 28-32.

Page 115



127. Henegar JR, Schwartz DD, Janicki JS. Angiotensin II-related myocardial damage:
role of cardiac sympathetic catecholamines and B-receptor regulation. Am J Physiol
1998; 275: H534-H541.

128. Buhler FR. Cardiovascular care with the new T-type calcium channel antagonist:
possible role of attendant sympathetic nervous system inhibition. J of Hyper 1997; 15
(Suppl 5): S3-S7.

129. Hartman JC, Hullinger TG, Wall TM, Shebushi RJ. Reduction of myocardial
infarct size by ramprilat is independent of angiotensin I synthesis inhibition .Eur J
Pharmacol 1993; 234: 229-236.

130. Urata H, Hoffmann S, Ganten S. Tissue angiotensin II system in the human heart.
Eur Heart J 1994; 15 (Suppl D): 68-78.

131. Hansen PR. Role of neutrophils in myocardial ischemia and reperfusion. Circ
1995; 91: 1872-1885.

132. Ford WR, Clanachan AS, Jugdutt BI. Opposite effects of angiotensin AT, and
AT, receptor antagonists on recovery of mechanical function after ischemia-
reprfusion in isolated working rat hearts. Circ 1996; 94: 3087-3089.

133. Ford WR, Clanachan AS, Lopaschuk GD, Schulz R, Jugdutt BI. Intrinsic
angiotensin II type 1 receptor stimulation contributes to recovery of postischemic
mechanical function. Am J Physiol 1998; 274: H1524-H1531.

134. Richard V, Ghaleh B, Berdeaux A, Giudicelli JF. Comparison of the effects of
EXP 3174, an angiotensin II antagonist, and enalapril on myocardial infarct size in

anaestheti.cd dogs. Br J Pharmacol 1993; 110: 969-974.

Page 116



135. Liu YH, Yang XP, Sharov VG, Sigmon DH, Sabbah HN, Carratero OA. Paracrine
systems in the cardioprotective effect of angiotensin converting enzyme inhibitors on
myocardial ischemia-reperfusion injury in rats. Hypertension 1996; 27: 7-13.

136. Sladek T, Sladkova J, Kolar F, Papousek F, Cicutti N, Korecky B, Rakusan K.
The effect of AT, receptor antagonist on chronic cardiac response to coronary artery
ligation in rats. Cardiovasc Res 1996; 31: 568-576.

137. LiuY, Tsuchida A, Cohen MV, Downey JM. Pretreatment with angiotensin II
activates protein kinase C and limits myocardial infarction in isolated rabbit hearts. J
Mol Cell Cardiol 1995; 27: 883-892.

138.  Wang QD, Sjoquist PO. Effects of the insurmountable angiotensin AT, receptor
antagonist candesartan and the surmountable antagonist losartan on
ischemia/reperfusion injury in rat hearts. Eur J Pharmacol 1999; 380: 13-21.

139. Menard J, Campbell DJ, Azizi M, Gonzalazes MF. Synergistic effects of the ACE
inhibition and angiotensin IT antagonism on blood pressure, cardiac weight and renin
in SHR. Circ 1997; 96: 3072-3078.

140. De Leiris J, Harding D, Pestre S. The isolated perfused heart: A model for
studying myocardial hypoxia or ischemia. Basic Res Cardiol 1984; 79: 313-321.

141. Lopaschuk GD. Alterations in fatty acid oxidation during reperfusion of the heart
after myocardial ischemia. Am J Cardiol 1997; 80: 11a-16a.

142. Lopaschuk GD, Stanley WC.Glucose metabolism in the ischemic heart.
Circulation 1997; 95: 313-315.

143. Kubler W, Hass M. Cardiorpotection: definition, classification, and fundamental

principles. Heart 1996; 75: 330-333.

Page 117



144. Musat-Marcu S, Gunter HE, Jugdutt BI, Docherty JC. Inhibition of apoptosis after
ischemia-reperfusion in rat myocardium by cycloheximide. J Mol Cell Cardiol 1999;
31: 1073-1082.

145. Curtis MJ, Macleod R, Tabrischi R, Walker MJA. An improved apparatus for
small animal hearts. J Pharmacol Meth. 1986; 15: 87.

146. Neely JR, Liebermeister H, Battersby EJ, Morgan HE. Effect of pressure
development on oxygen consumption by isolated rat heart. Am J Physiol 1967;212:
804-14.

147. Flesch M, Kilter H, Cremers B, Laufs U, Sudkamp M, Ortmann M, Muller FU,
Bohm M. Effects of endotoxin on human myocardial contractility involvement of
nitric oxide and peroxynitrite. J Am Coll Cardiol 1999; 33(4): 1062-70.

148. Bochaton-Piallat ML, Gabbiani F, Redard M, Desmouliere A, Gabbiani G.
Apoptosis participates in cellularity regulation during rat aortic intimal thickening.
Am J Pathol 1995; 146: 1059-1064.

149. Wijsman JH, Jonker RR, Keijzer R, Van der Velde CJH, Comelisse CJ, Van
Dierendonck JH. A new method to detect apoptosis in paraffin sections: in situ end-
labeling of fragmented DNA. J Histochem Cytochem 1993; 41: 7-12.

150. Schwarz ER, Montino H, Fleischhauer J, Klues HG, vom Dahl J, Hanrath P.
Angiotensin II receptor antagonist EXP 3174 reduces infarct size comparable with
enalaprilat and auguments preconditioning in the pig heart. Cardiovasc Drugs Ther

1997; 11: 687-695.

Page 118



151. Shimizu M, Wang QD, Sjoquist PO, Ryden L. Angiotensin II type 1 receptor
blockade with candesartan protects the procine myocardium from reperfusion-
induced in jury. J Cardiovasc Pharmacol 1998; 32: 231-238.

152. Unger T. Significance of angiotensin type 1 receptor blockade. Why are
angiotensin I receptor blockers different? Am J Cardiol 1999; 84: 9S-15S.

153. Wiemer G, Scholkens BA, Busse R, Wagner A, Heitsch H, Linz W. The
functional role of angiotensin II-subtype AT2-receptors in endothelial and isolated
ischemic rats hearts. Pharm Pharmacol Lett 1993; 3: 24-27.

154. Munzenmaier DH, Greene AS. Stimulation of soluble guanylate cyclase activity
by angiotensin II is mediated by a non-AT1 receptor mechanism in rat aorta. FASEB
J 1994; 8: A367. Abstract 2124.

155. Korth P, Fink E, Linz W, Scholkens BA, Wohlfart P, Wiemer G. Angiotensin II
receptor subtype-stimulated formation of endothelial cyclic GMP and prostacyclin is
accompanied by an enhanced release of endogenous kinins. Pharm Pharmacol Lett
1995; 3: 124-127.

156. Harada K, Kumuro I, Shiojima I, Hayashi D, Kudoh S, Mizuno T, Kijima K,
Matsubara H, Sugaya T, Murakami K, Yazaki Y. Acute pressure overload could
induce hypertrophic responses in the heart of angiotensin II tpye 1a knockout mice.
Circ Res 1998; 82: 779-785.

157. Suzuki J, Matsubara H, Urakami M, Inada M. Rat angiotensin II (type 1A)
receptor mRNA regulation and subtype expression in myocardial growth and

hypertrophy. Circ Res 1993; 73: 439-447.

Page 119



158. Nio Y, Matsubara H, Mursawa S, Kanasaki M, Inada M. Regulation of gene
transcription of angiotensin II receptor subtypes in myocardial infarction. J Clin
Invest 1995; 95: 46-54.

159. Reiss K, Capasso JM, Huang H, Meggs LG, Li P, Anversa A. Ang Il receptors c-
myc and c-jun in myocytes after myocardial infarction and ventricular failure. Am J
Physiol 1993; 264: H760-H769.

160. Meges LG, Coupet J, Huang H, Cheng W, Li P, Capasso JM, Homcy CJ, Anversa
P. Regulation of angiotensin II receptors on ventricular myocytes after myocardial
infarction in rats. Circ Res 1993; 72: 1149-1162.

161. Schanmugam S, Corvol P, Gasc JM. Angiotensin II type 2 receptor mRNA
expression in the developing cardiopulmonary system of the rat. Hypertension 1996;
28:91-97.

162. Feolde E, Vigne P, Frelin C. Angiotensin II receptor subtypes and biological
responses in rat heart. J Mol Cell Cardiol 1994; 25: 1359-1367.

163. Johnson MC, Aguilera G. Angiotensin II receptor subtypes and coupling to
signaling systems in cultured fetal fibroblasts. Endocrinology 1991; 129: 1266-1274.

164. Dudley DT, Summerfelt RM. Regulated expression of angiotensin II (AT>)
binding sites in R3T3 cells. Reg Pep 1993; 44: 199-206.

165. Csikos T, Balmforth AJ, Grojec M, Gohlke P, Culman, J, Unger T. Angiotensin
AT, receptor degradation is prevented by ligand occupation. Biochem Biophys Res
Commun 1998; 243: 142-147.

166. Horiuchi M, Hayashida W, Akishita M, Tamura K, Daviet L, Lehtonen JYA,

Dzau VJ. Stimulation of different subtypes of angiotensin II receptors, AT, and AT»

Page 120



receptors, regulates STAT activation by negative crosstalk. Circ Res 1999; 84: 879-
882.

167. Unger T, Chung O, Csikos T, Culman J, Gallinat S, Gohlke P, Hohle S, Meffert
S, Stoll M, Stroth U, Zhu Y. Angiotensin receptors. J Hypertension 14 (Suppl 5):
S95-S103.

168. Kijima K, Matsubara H, Murasawa S, Maruyama K, Ohkubo N, Mori Y, Inada M.
Regulation of angiotensin II type 2 receptor gene by the protein kinase C-calcium
pathway. Hypertension 1996; 27: 529-534.

169. Maulik N, Yoshida T, Engleman RM, Deaton D, Flack JE 3" Rousou JA, Das
DK. Ischemic preconditioning attenuates apoptotic cell death associated with
ischemic/reperfusion. Mol Cell Biochem 1998; 186: 139-145.

170. Maulik N, Yoshida T, Das DK. Oxidative stress developed during the reperfusion
of ischemic myocardium induces apoptosis. Free Rad Biol Med 1998; 24: 869-875.

171. Levin ER, Gardner DG, Samson WK. Natriuretic peptides. New Engl J Med 1998;
339:321-328.

172. Pelligrino DA, Wang Q. Cyclic nucleotide crosstalk and the regulation of cerebral
vasodilation. Progress Neurobiol 1998; 56: 1-18.

173. Bolli R, Bhatti ZA, Tang XL, Qiu Y, Zhang Q, Guo Y, Jadoon AK. Evidence that
late preconditioning against myocardial stunning in concious rabbits is triggered by
the generation of nitric oxide. Circ Res 1997; 81: 42-52.

174. Bugge E, Ytrehus K. Ischemic preconditioning is protein kinase C dependent but
not through stimulation of adrenergic or adenosine receptors in the isolated rat heart.

Cardiovasc Res 1995; 29: 401-406.

Page 121



175. Mitchell MB, Meng X, Ao L, Brown JM, Harken AH, Banerjee A.
Preconditioning of isolated rat heart is mediated by protein kinase C. Circ Res 1995;
76: 73-81.

176. XuY, Clanachan AS, Jugdutt BI. Enhanced expression of AT:R, IP;R, PKC,
during cardioprotection induced by AT-R blockade. Hypertension (In press).

177. Takashi E, Wang Y, Ashraf M. Activation of mitochondrial Katp channel elicits
late preconditioning against myocardial infarction via protein kinase C signaling
pathway. Circ Res 1999; 85: 1146-1153.

178. Poole-Wilson PA. Spirals, Paradigms, and the progression of heart failure. J
Cardiac Failure 1996; 2: 1-4.

179. Yamamoto Y, Yamaguchi T, Shimamura M, Hazato T. Angiotensin I is a new
chemoattractant for polymorphonuclear leukocytes. Biochem BiophysRes Commun
1993; 193: 1038-1043.

180. Ma XL, Tsao PS, Lefer AM. Antibody to CD-18 exerts endothelial and cardiac
protective effects in myocardial ischemia and reperfusion. J Clin Invest 1998; 88:
624-629.

181. Nahimas C, Strosberg AD. The AT>R: searching for signal transduction pathways

and physiological function. TiPS 1995; 16: 223-225.

Page 122



