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Arnold Naimark, OC, BSc (Med), MD, MSc (Man), LLD
(Mt. All, Toronto), FRS (Can), Winnipeg, Canada

This book is dedicated to Dr. Arnold Naimark, who in his capacity as President of the
University of Manitoba, promoted the development of the Institute of Cardiovascular
Sciences at the St. Boniface General Hospital Rescarch Centre. His extraordinary
vision, enthusiastic support, invaluable advice, and superb leadership have helped in
making Winnipeg headquarters for the International Society for Heart Research during
1972-1989 and the International Academy of Cardiovascular Sciences (1996—Present).



A TRIBUTE TO ARNOLD NAIMARK

OC, BSc (MED), MD, MSc (MAN),
LLD (MT, ALL, TORONTO), FRS (CAN)

The accomplishments of Dr. Amold Naimark are legion in number and boundless
in breadth. Surely they are the issue of genius—a gift most difficult to define. Over
a hundred years ago, Henri-Frédéric Amiel came close when he wrote: “Doing
easily what others find difficult is talent; doing what is impossible for talent is
genius”. With an exceptional intellect, enormous energy, and a talent for practical-
ity, he cast a mantle over medicine, science, administration, research, philosophy,
education, and business. He is a renaissance man in the age of molecular biology.

Dr. Naimark was born and educated in Winnipeg. He achieved great distinction
during his undergraduate studies, winning medals, scholarships and prizes. As an
undergraduate he enrolled in a special program of research and study leading to the
degree of Bachelor of Science in Medicine, which was awarded concurrently with
the Doctor of Medicine degree in 1957. During his undergraduate studies, Dr.
Naimark became interested in pursuing an academic career in medicine and physi-
ology. He was greatly influenced by the unique approach to medical education
fostered by his mentor Professor Joseph Doupe. The “Doupe school” is regarded by
many leaders in scientific medicine, in Canada, and abroad, as the seminal influence
in their careers.

Following graduation, Dr. Naimark alternated periods of advanced research train-
ing with specialist training in internal medicine. His scientific interests turned to
respiratory physiology and the work leading to his Master of Science degree won
the Prowse Prize in Clinical Research. A residency in Internal Medicine was
followed by research fellowships at the Cardiovascular Research Institute at the
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University of California in San Francisco where he undertook studies on the
respiratory and metabolic changes during intensive . physical work. In 1962, a
McLaughlin Travelling Fellowship took him to the Royal Postgraduate Medical
School at the Hammersmith Hospital in England where he served as a Registrar in
Medicine and Visiting Scientist and participated in pioneering studies on blood flow
in the lung.

On returning to the University of Manitoba, Dr. Naimark joined the Depart-
ments of Physiology and Internal Medicine and the medical staff at the Winnipeg
General Hospital. In 1964, he was admitted as a Fellow of the Royal College of
Physicians and Surgeons of Canada. He began an intensive process of reorienting the
Department of Physiology from its clinical emphasis to a focus on basic research and
graduate training, which resulted in it becoming one of the leading departments in
the world. In the hospital, he jointed Dr. Reuben Cherniack in developing a
leading laboratory for the investigation of respiratory disease and the first clinical
unit in the world devoted exclusively to intensive respiratory care. In undergraduate
education, Dr. Naimark spearheaded a major reform of the undergraduate curricu-
lum. In 1967, he was appointed Professor and Head of the Department of
Physiology.

In addition to his local professional activities, Dr. Naimark participated actively in
national and international societies. As President of the Canadian Physiological
Society, he fostered links with other scientific societies, stimulated new programs,
and launched a new journal, Physiology Canada. He also participated actively in the
Canadian Society for Clinical Investigation and during his Presidency of the Society,
initiated a major organizational reform to provide for broader disciplinary and
regional representation.

Following his appointment to the Deanship of Medicine in 1971, Dr. Naimark
reorganized the Faculty into four major divisions. In addition, a Department of
Family Medicine and the Northern Medical Unit were established, new research
and teaching facilities were constructed, extramural funding increased significantly,
and the Faculty’s full-time clinical professoriate was greatly expanded. Affiliation
agreements with the major teaching hospitals and several community hospitals were
executed. On the national scene, he was elected President of the Association of
Canadian Medical Schools. Under his leadership, the structure and mission of the
Association were significantly altered, and it became more heavily involved in
national policy and issues affecting biomedical research and education. During this
period, Dr. Naimark was elected the Sir Arthur Sims Commonwealth Professor and
undertook an extended period as a visiting professor in Australia and New Zealand.
His interest in international development included the establishment of exchange
programs with the National University of Columbia and Ben-Gurion University of
the Negev.

While Dean of Medicine, Dr. Naimark was elected to the Board of Governors by
the Senate of the University of Manitoba, which marked the beginning of his active
involvement in issues affecting higher education generally. In 1981, he was ap-
pointed President and Vice-Chancellor of the University. During his tenure, major
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new academic programs were established in a variety of disciplines. The University
expanded its links with other institutions, became a prominent participant in
national networks of centres of excellence, and greatly expanded its links with the
community. Several prominent new buildings were added to both the Fort Garry
and Bannatyne campuses, and the University’s endowment was increased nearly
sixfold.

Dr. Naimark not only devoted his energies to his own university but also has
been active in university affairs nationally. As a Board Member of the Association of
Universities and Colleges of Canada, Dr. Naimark had special responsibility for
national research policy. He is past-Chairman of the Council of Western Canada
University Presidents, President of the AUCC, Chairman of the Association of
Commonwealth Universities, Member of the Research Council of Canadian Insti-
tute for Advanced Research, Canadian Vice-President of the Inter-American Orga-
nization for Higher Education, and Director of the Corporate-Higher Education
Forum. He is currently the founding Chairman of the Canadian Health Services
Research Foundation. Dr. Naimark’s greatest strength lies in his ability to compre-
hend several diverse arguments, identify the major issue, and state the problem in
simple but most eloquent words. His memory of events, choice of words, and
compassionate approach have earned him great respect from both medical and lay
people.

Dr. Naimark has published extensively in his scientific discipline and produced
many articles of a more general nature. He has been a visiting professor and invited
speaker on many occasions, has served on the editorial board of several journals, and
has been a consultant to universities and government agencies in the field of medical
research and education. He was appointed by the Government of Manitoba to chair
the Health Advisory Network. He was a Governor of the University of Manitoba
and was a Director of the Health Sciences Centre and St. Boniface General Hospital
of Winnipeg and continues to serve on a variety of national committees of both
governmental and nongovernmental bodies and agencies concerned with health
care, higher education, and research. He is a director of several private corporations,
and as founding Chairman of the North Portage Development Corporation, he
spearheaded the largest urban redevelopment program in Manitoba’s history.

Dr. Naimark has received several awards and distinctions including appointment
as an Officer of the Order of Canada, the award of honorary degrees, the Ben
Gurion University of the Negev Distinguished Service Award, the G. Malcolm
Brown Award of the Medical Research Council and the Royal College of Physi-
cians and Surgeons of Canada, the Sir Arthur Sims Professorship of the Royal
College of Surgeons of England, the Osler Award of the Canadian Society of
Internal Medicine, the Queen Elizabeth Silver Jubilee Medal, and the 125% Anni-
versary of Confederation Medal.



PREFACE

The relationship between angiotensin II and hypertension was established in 1898
when angiotensin II was shown to modulate systemic blood pressure. Over the
intervening decades, a complete characterization of the renin-angiotensin system
(RAS) has been achieved, and our understanding of its biochemistry and physiology
has led to the directed development of agents such -as ACE inhibitors and receptor
antagonists capable of controlling hypertension. More recently, it was shown that
angiotensin II is secreted within certain tissues and that these tissue-specific systems
operate independently of the systemic RAS. The novel concept that angiotensin II
regulates a number of cardiovascular processes that are unrelated to blood pressure
has renewed the interest of both basic and clinical scientists in angiotensin II. The
association between angiotensin II and cardiac growth, in particular, has indicated
that therapies currently in use for hypertension may have direct application to the
treatment of heart failure.

The Manitoba Cardiovascular Forum on Angiotensin Receptor Blockade in
Winnipeg was convened October 18-20, 1996 to examine the clinical and basic
aspects of angiotensin receptor biology as they apply to hypertension and heart
failure. In addition, the potential treatment of these conditions using specific angio-
tensin receptor antagonists was addressed within the context of their immediate
therapeutic application and future potential. Three distinct concepts were high-
lighted within the framework of this conference: (1) With respect to clinical
application, it was generally agreed that angiotensin receptor blockade presents a
viable alternative to ACE inhibition for the treatment of both hypertension and
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heart failure. The universality of this approach is still questionable; however, since
clinical trials using losartan have yet to provide an evaluation of the long-term
effects of its use. Nevertheless, its use is recommended in cases where the side effects
of ACE inhibition are severe. (2) It has been clearly established that local production
of angiotensin II in the heart and vasculature is an important factor in tissue
remodeling. In particular, it has become evident that angiotensin II mediates the
changes in cell phenotype that are associated with hypertension and heart failure, as
well as the synthesis of extracellular matrix that accompanies these conditions. (3)
Significant movement has been made with respect to our understanding of the
intracellular signaling pathways that are activated by the AT, and AT, receptor
subtypes. These pathways include mediators such as PI3-kinase and the JAK/STAT
proteins, which indicate there is substantial overlap with those systems previously
associated solely with tyrosine kinase receptors. While the functional significance of
the AT, receptor in cardiac and vascular tissues has been understood for a number
of years, an increased awareness that the AT, receptor also contributes to cardiovas-
cular physiology was demonstrated.

The goal of the Manitoba Cardiovascular Forum was to promote an exchange of
ideas among basic scientists, clinicians, and practitioners, with the aim of improving
our understanding of the processes that lead to the development of hypertension and
heart failure. This book, which is a collection of papers based on the presentations
made at this conference, deals with the most recent developments in the molecular
biology, cellular physiology, and structure-function relationships of angiotensin II
and its receptors. These papers also discuss the current therapeutic uses for angio-
tensin receptor antagonists and consider their potential future applications. It is our
hope that this book will be informative to the students, scientists, and practicing
clinicians who are attempting to extend our knowledge in the field of hypertension
and heart failure and are devoted to improving cardiovascular health.

Naranjan S. Dhalla, Peter Zahradka
Ian M.C. Dixon, Robert E. Beamish
Winnipeg, Manitoba, Canada
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PHARMACOLOGICAL INTERRUPTION
OF THE RENIN SYSTEM AND

THE KIDNEY: LESSONS FROM
COMPARATIVE PHARMACOLOGY

NORMAN K. HOLLENBERG

Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA

Summary. Pharmacological interruption of the renin system has played a crucial role in our
understanding of this system’s contribution to normal physiological processes and in the
pathogenesis of disease. Blocking the system pharmacologically is a crucial line of investiga-
tion, a function ordinarily played by glandular ablation and hormone replacement. The
pharmacological agents, on the other hand, are often plagued by actions which contribute to
ambiguity. In the case of the renin system, the angiotensin-converting enzyme (ACE)
inhibitors have multiple additional actions beyond blocking angiotensin (Ang) II formation,
including kinin formation and consequent promotion of nitric oxide and vasodilator prostag-
landin release. The development of Ang II antagonists and renin inhibitors has provided
pharmacological alternatives and improved information on specificity of action. Although
concern has been expressed that the alternatives to ACE inhibition may lack some therapeutic
features, it is suspected that blockade at the renin or the Ang II receptor levels will block the
system more effectively, and thus may provide a positive alternative. The renin inhibitor is
more effective because the interaction of renin with its substrate is a rate-limiting step in the
process. The possibility that non-renin—non-ACE dependent Ang II generation contributes
to blocking the Ang II receptor is real and will be the subject of substantial investigation in
the near future.

I. WHY THE SPECIAL ROLE FOR PHARMACOLOGIC

INTERRUPTION OF THE RENIN SYSTEM?

The rules of logic discovered by Koch in the Nineteenth Century made it possible
to create order from the chaos that followed recognition that microorganisms are
ubiquitous and can cause disease [1-3]. The application of these rules of logic made

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All tights reserved.
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it possible to prove beyond reasonable doubt that a specific organism could be
responsible for a specific disease. It was all too easy to suggest—based on the
presence of a microorganism—that the microorganism might be the cause of a
disease. These rules of logic apply equally to a wide variety of biological phenom-
enon, including hormones and their actions. Haber pointed out that the funda-
mental evidence linking a hormone to its possible actions involved the ablation:
replacement experiment [4]. If removal of a hormone led to a constellation of
findings and replacement of the hormone reversed that constellation, powerful
support is lent to the possibility that the hormone was responsible for the action. But
what if extirpation of the organ leads to rapid demise, or the hormone action is
autocrine or paracrine? The ablation experiment cannot be applied easily. It is here,
Haber pointed out [4], that interruption of the system by pharmacological or
immune mechanisms has come to replace the ablation experiment in fulfilling
Koch’s postulates. The case of the renin system and the kidney provides an excellent
example. The kidney is not only the source of renin, but it is also a major
responding organ; nephrectomy removes not only the source of the hormone but
also the response.

Pharmacological interruption of locally acting paracrine systems has proven so
important in medicine and biology that it is difficult to imagine our attempting to
function without the information it provides. Identification of receptor subtypes for
histamine, serotonin, dopamine, acetylcholine, catecholamines, and most recently
angiotensin (Ang) II and the development of specific blockers has proven patho-
genesis and has led to new approaches to treatment. On the other hand, pharmaco-
logical agents never enjoy the specificity that the ablation: replacement experiment
provides. In the case of the renin system, the problem of specificity was recognized
early: The Ang II antagonists available in the 1970s were not competitive antago-
nists, but rather were partial agonists with substantial residual angiotensin-like
activity [5]. As a consequence, they were useful in defining the direction of a
response, but not the magnitude Angiotensin-contenting enzyme (ACE) inhibitors
were also complicated, because they blocked a major pathway involved in kinin
degradation. Kinin accumulation could lead to vasodilatation, thereby mimicking
the effect of Ang II disappearance [6]. Issues related to the specificity and the

magnitude of the renal response to pharmacological interruption continue to this
day [7].

II. THE KIDNEY: PHYSIOLOGICAL LESSONS FROM ACE INHIBITION

Before the development of ACE inhibitors, it was recognized that restriction of
dietary sodium intake resulted in renal vasoconstriction, a fall in renal blood flow,
and a change in the pattern of the intrarenal distribution of blood flow. However,
the mediator responsible for these effects remained obscure [8]. The exquisite
sensitivity of the renal blood supply to Ang II made the renin-angiotensin system
(RAS) an attractive candidate [9,10]. When pharmacological interruption of the
RAS became possible, studies in animals quickly confirmed that Ang II played a
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major role in the renal vascular response to restriction of sodium intake [11]. In the
first study reported, Freeman, et al. [11] employed the partial agonist, saralasin, to
explore the control of the renal circulation in the dog. In dogs ingesting liberal
sodium and potassium intake, saralasin did not increase renal perfusion. In dogs in
which a volume contraction had been achieved, either by combining a low-salt diet
with a diuretic or by partial occlusion of the thoracic inferior vena cava, saralasin
increased renal blood flow. In a series of studies that followed shortly, a strategy was
adopted to deal with the lack of specificity and limitations of the two classes of drugs
available. An increase in renal blood flow was documented in both the dog and the
rabbit when either class of agent, an ACE inhibitor and an Ang II antagonist, was
employed [5,12,13]. Perhaps the least equivocal study among the several reported
was that performed by Kimbrough, et al. [14]. They studied unanesthetized, trained
dogs to avoid the complicating effects of anesthesia and infused the Ang II antago-
nist and ACE inhibitor directly into the renal artery to avoid the complicating drop
in blood pressure. They documented a virtually identical 29% increase in renal
perfusion in response to both classes of blocker, with a smaller but still substantial
increase in glomerular filtration rate, but only when the agents were administered to
the dog in balance on a reduced sodium intake. A striking increase in sodium
excretion also occurred. Neither agent influenced renal perfusion, glomerular
filtration rate, or sodium excretion in animals ingesting a high-sodium intake.
The essentially identical vascular and functional influence of a converting enzyme
inhibitor and the angiotensin analog made it very likely that the renal vascular
and functional response reflected Ang II entirely. Thus in the simplest and most
gentle model of volume deficit—that induced by restriction of salt intake, without
complicating diuretic use—the entire renal response was attributed to the direct
action of angiotensin on renal blood supply.

Information became available rapidly on the role of Ang II in the renal response
to larger volume deficits. Studies in animal models documented an enhanced
response to pharmacological interruption in a variety of states, including partial
occlusion of the thoracic inferior vena cava, hemorrhage, and congestive heart
failure [14—17]. Where examined, the increase in renal perfusion induced by ACE
inhibitors or Ang II antagonists was associated with an increase in glomerular
filtration rate, urine flow rate, and sodium excretion. Angiotensin clearly had
contributed to the overall renal response, including sodium retention. In general, it
appeared that pharmacological interruption had not entirely reversed the renal
response in these settings. It was likely, under these circumstances, that an additional
effector system or systems may have contributed a direct action of the sympathetic
nerves on the renal blood supply, or it may be a reflection of reduced arterial
perfusion pressure during pharmacological interruption of the renin system.

Studies in man quickly confirmed observations from animal experimentation.
Saralasin and ACE inhibition with teprotide produced an identical increase of
approximately 20% in renal blood flow in normal human subjects on a low salt diet
[18,19]. Since the only shared action involved Ang II, the only likely conclusion to
be drawn from these’ studies was that angiotensin-mediated vasoconstriction had
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been reversed. The studies in normal man, however, differed from those in animals
in one important way. Whereas in animals on a high-salt diet, ACE inhibition did
not alter renal blood flow [5,11-13], in some humans, renal blood flow rose despite
suppression of the RAS by a substantial sodium intake [18]. This was an unexpected
and somewhat puzzling observation.

Further investigation has provided insight into why some normal humans respond
with an increase in renal blood flow to ACE inhibition despite a high salt diet,
whereas others do not. Individuals whose renal blood flow increases with ACE
inhibition differ from those whose renal blood flow is unresponsive in one impor-
tant way; the responders have a parent who has hypertension, presumably essential
in origin [20]. The offspring of hypertensives respond not only to ACE inhibition
but also to calcium channel blockade [21] in a quantitatively similar fashion. This is
unlikely to be a nonspecific influence, since the offspring of hypertensives do not
show a potentiated renovascular response to acetylcholine, a vasodilator that does
not depend on reversal of the impact of endogenous vasoconstrictors for its action
[21]. These observations in the normotensive offspring of hypertensives, as it turned
out, shed new light into the pathogenesis of a group of patients that Gordon
Williams and I have been studying since the 1960s—the nonmodulators [22]. In
brief, normal individuals show a large, reciprocal shift in renal vascular and adrenal
responsiveness to Ang II with changes in salt intake. The normal modulation process
in healthy individuals also upregulates the adrenal response on a low-salt diet and
enhances the renal vascular response on a high salt diet [22]. Thus an increase in
angiotensin-mediated control in these systems reflects not only an increase in the
plasma concentration but also a shift in response to any plasma Ang II concentration.
When this normal bit of physiology had been worked out, it became apparent to us
that a group of essential hypertensives that we had been studying failed to show this
normal modulation process. Hence, we called them “nonmodulators”. Not surpris-
ingly, given the important role that aldosterone and renal hemodynamics play in
normal renal sodium handling, these individuals cannot handle a salt load normally,
will retain more sodium at any given sodium intake, and have salt-sensitive hyper-
tension. ACE inhibition corrects this abnormality in renal and adrenal control,
returns renal sodium handling to normal, and controls blood pressure in these
patients. As to the mechanism, multiple lines of evidence suggest that the problem
is familial and, indeed, genetic [22]. A family history of hypertension in multiple
family members is striking; there is remarkable concordance in the renal vascular
response to Ang II in siblings and evidence of similar alterations in the offspring of
hypertensives, as reviewed above.

Although there has been considerable inconsistency, polymorphisms involving the
angiotensinogen (AGT) gene have provided the most promising leads in recent
research on the genetics of hypertension [23-26]. The polymorphisms identified to
date involve a location in the gene that is unlikely to be functionally significant: The
M235T and T174M loci may be markers in disequilibrium with variants that
influence AGT production or efficacy as a substrate, and there might be more than
one etiologic mutation at this locus. Unfortunately, we are still ignorant as to
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regulation of AGT gene expression, but a number of lines of investigation have
suggested that tissue expression will be more important than AGT plasma con-
centration as a functional determinant. This possibility is strongly supported by a
recent study [23] on the relationship between AGT genotype and the renovascular
response to Ang II in caucasians. Plasma AGT did not vary with genotype, but renal
vascular responsiveness did. Specifically, normal subjects and patients with hyper-
tension who are homozygous for threonine at codon-235(TT) showed a blunted
renovascular response to Ang II despite a high salt diet, which is indicative of
nonmodulation. This polymorphism can account for the unusual responses to ACE
inhibitors and calcium channel blocking agents in the normotensive offspring
described above. This field, then, has moved a long way from two decades of
confusion about the determinants of responsiveness.

III. THERAPEUTIC IMPLICATIONS OF ACE INHIBITION

One approach employed by historians to highlight unanticipated involves asking a
rhetorical question: What might have been reasonably expected on a certain date?
In 1972, when ACE inhibition was first emerging, surely no one would have
guessed that 25 years later the ACE inhibition story would involve as many
therapeutic triumphs as it has. Difficult hypertension requiring three or more drugs
for hypertension control was identified early as a reasonable target [27-30]. Targets
that followed were scleroderma renal crisis [31,32], congestive heart failure [33-36],
myocardial remodelling after myocardial infarction [37,38], diabetic nephropathy
[39], and in all likelihood, other forms of progressive renal injury [40].

The experience with treatment of “difficult” hypertension in the late 1970s and
early 1980s is instructive to review, since it is easy to forget how remarkable the
advent of ACE inhibition was. Hypertension clinics of any size rapidly accumulated
a series of patients in whom hypertension is difficult to treat. The process in these
patients is known as refractory or resistant hypertension. Such patients generally had
very high blood pressure, often required three or more drugs to achieve even partial
blood pressure control, and often had abnormalities of renal excretory function—
either as the primary reason for hypertension or as a consequence of prolonged,
substantial blood pressure elevation. In such patients, activation of the RAS is often
evidenced. The report by Studer, et al. in 1981, among the first on the subject, was
instructive [20]. Using captopril, they treated 19 patients in whom standard triple
therapy—a combination of large doses of a beta blocker, vasodilator, and diuretic—
had been unsuccessful. Despite triple drug therapy, mean systolic pressure remained
above 180mmHg and diastolic pressure remained at 110mmHg. Among the
patients with essential hypertension, more than 80% achieved goal blood pressure,
and mean diastolic pressure was reduced to below 100mmHg. The regimen was
associated with a sharp reduction in symptoms related to prior drug therapy, general
well being, and well maintained renal and cardiac function. Treatment was simpli-
fied, and difficult or refractory hypertension had to be redefined.

Although far less common, the problem of scleroderma renal crisis provided an
even more dramatic example. The first report describing the maintenance of renal
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function and control of blood pressure in two patients with unequivocal scleroderma
renal crisis treated with captopril [31] was followed by a series of reports describing
twenty-three patients [32]. Of the twenty-three, seven lost sufficient renal function
and required maintenance hemodialysis, two died, and the remainder stabilized [32].
This is a remarkable contrast to earlier literature in which few patients survived
more than a few weeks, and survival beyond six months demanded bilateral
nephrectomy and hemodialysis. Although no controlled evaluation has ever been
performed and despite difficulty in performing a controlled study in patients with a
rare disease, there is no question that ACE inhibition has changed the natural history
of disease associated with a rapid downbhill course.

Current interest in the specific underlying pharmacological mechanisms by which
ACE inhibition achieved therapeutic goals reflects not only the pleasure that we
share in understanding a process, but also a more specific and practical issue. With
the emergence of alternatives for blocking the renin system, we have a new
choice and an unambiguous need to understand its mechanisms. Calling the respon-
sible enzyme “ACE” reflects our narrow, provincial view [6]. The enzyme is a
peptidyl dipeptide hydrolase and has a wide range of substrates, among them
bradykinin, as pointed out above. Thus it engages prostaglandin release and the
nitric oxide pathway. Much of the energy invested to this point on mechanisms has
reflected this fact, and a strong suspicion is held by many that the kinin pathway
makes a very substantial contribution to the therapeutic efficacy of ACE inhibition.
Should that be the case, alternatives for blocking the renin system via renin
inhibition or competitive Ang II antagonists would have limited therapeutic
application.

Another view is possible. No pharmacologist examining the renin cascade would
have chosen to block the ACE step. The first step—the renin:angiotensinogen
interaction—is rate limiting, and remarkably specific, which would have made it a
much more attractive alternative. The Ang II receptor provides a second attractive
target [7]. Because Ang II formation can be catalyzed by a number of serine
poteases, which are ubiquitous, pharmacological interruption at the Ang II receptor
level has the distinct potential advantage of blocking the action of Ang II, whatever
the pathway of its formation. The fact that ACE inhibition came along before the
two alternatives was not a product of a planned program, but rather was an
unanticipated by-product of snake toxin pharmacology. This was a happy accident,
but an accident nonetheless.

IV. THERAPEUTIC IMPLICATIONS OF PHARMACOLOGIC ALTERNATIVES

With its specificity and efficacy, renin inhibition would have been a very attractive
approach to pharmacological interruption of the renin system. The interaction of
renin with its substrate, angiotensinogen, is the rate-limiting step. However, because
of limited bioavailability of the agents developed, cost of synthesis, and rapid
development of a pharmacological alternative—the Ang II antagonist class—
attempts to develop renin inhibitors for clinical application appear to have ceased.
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The Ang Il antagonists, on the other hand, have gained substantial momentum.
Several dozen AT, receptor antagonists were developed by several dozen pharma-
ceutical firms. Presently two are marketed in Western Europe or the U.S.A., and
at least another eleven agents are under active clinical investigation [41]. During
development of these agents, there have been several focuses of interest beyond
blood pressure reduction.

The first focus directly involved the possibility that the lack of specificity of ACE,
and thus of ACE inhibition, contributed to one of its more frequent, annoying, and
disruptive side effects, cough. One widely held concept was that cough reflected
bradykinin accumulation or accumulation of other cough-promoting factors, such as
substance P [42]. A study designed to address this issue found that the incidence of
cough in losartan-treated patients was essentially identical to cough in thiazide-
treated patients: As the patient population was selected for the study not only
because they were believed to have suffered from ACE inhibitor-induced cough,
but also because they showed cough on rechallenge with an ACE inhibitor, the
finding was especially persuasive [43]. The AT, receptor antagonists had passed their
first important test beyond blood pressure efficacy with this successful study.

Interest in the kidney and the possibility that AT, receptor antagonists will
prevent nephropathy is greater than interest at the same stage in the evolution of
ACE inhibitor therapy [40]. There are a number of reasons. Evidence of the
potential efficacy of these agents in animal models of renal injury and in humans
with proteinuria appeared early [44,45]. Although end-stage renal disease (ESRD) is
far less common than acute myocardial infarction and other cardiovascular end-
points, it is enormously costly. Identification of stages, especially the earliest stages,
and assessment of progression is relatively easy. All make renal injury an attractive
therapeutic target with implications that may go well beyond the specifics of ESRD
prevention. For these reasons, many of our colleagues have urged the pharmaceu-
tical firms involved in AT, receptor antagonist development to pursue studies on the
kidney, and many of these companies have shown interest. All have had to address
an issue raised in the piquant title of a recent review [46] which is, “will Ang II
receptor antagonists be renoprotective in humans?” This essay reflects a substantial
body of current thinking.

The analysis was based on a range of considerations, the majority of which seem
to favor ACE inhibition as these considerations suggest that angiotensin is not the
primary determinant [46]. ACE inhibitors block alternative pathways that influence
extracellular matrix protein degradation and the rate of development of
glomerulosclerosis. Macrophage infiltration, thought by many to contribute to the
pathogenesis of nephropathy, is also ACE inhibitor responsive. Blocking the AT,
receptor opens the short feedback loop, thereby leading to renin release and
increased Ang Il formation. With the AT, receptor blocked, this sequence could
lead to unopposed activation of the AT, receptor, with unknown but potentially
negative consequences. Although all of these considerations favor ACE inhibition
over Ang II AT, antagonist action, each is a construct based on a slim database,
generally obtained in vitro. Perhaps the most important consideration in Ichikawa’s
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analysis involved glomerular hemodynamics, especially glomerular capillary pressure,
which for many goes beyond the construct level. In brief, this analysis suggests that
much of the ACE inhibitor-dependent improvement in natural history reflects
the salutary effect of ACE inhibition to reduce glomerular capillary pressure via
bradykinin-mediated efferent arteriolar dilatation. Thus, the kininase action of
ACE inhibitors is crucial, and the reduction in Ang II formation is less important
or perhaps even irrelevant.

On the other hand, one can make an equally compelling argument for greater
potential efficacy of Ang II antagonists, based on more effective blockade of the
renin system [7]. Moreover, much of the most important data reviewed above were
obtained in vitro or in small animal models. If studies in rats never predicted
responses in humans, we would probably never do studies in rats. If studies in rats
always predicted what would happen in humans, we could not justify studies in
humans. Is this an area in which there might be important species differences?

This issue was addressed specifically in a recent editorial on ACE inhibition and
the kidney [7]. To isolate species differences, one has to apply an essentially identical
protocol to multiple species. Such studies have been done. Bradykinin antagonists
blunted the renal vasodilator response to ACE inhibitors in the dog and in the rat,
but not in the rabbit. In accord, an Ang II antagonist somewhat blunted ACE
inhibitor-induced renal vasodilation in the rat and dog but completely blocked it in
the rabbit. ACE inhibition increased prostaglandin release in rat and canine kidneys,
but not that of the rabbit. In an elegant study Roman, et al. [47] showed that in the
rat, it was medullary perfusion that was primarily kinin dependent. Thus, apparent
species differences may be primarily anatomical, reflecting the relative contribution
of medullary perfusion to total renal blood flow: In this feature, humans resemble
the rabbit far more than they do the rat or dog [7]. We cannot extrapolate from
studies in a limited range of species, especially the rat, to control mechanisms in
humans, even in health and much less so when disease is superimposed.

What about information on the control of the renal circulation in humans and
the mechanisms by which ACE inhibition might influence the renal circulation?
Although there are powerful limitations in the approach that can be employed in
humans, several lines of evidence provide an answer. The striking influence of salt
intake on the renal vasodilator response to ACE inhibition reviewed earlier supports
a dominant role for the Ang Il mechanism. More recently, comparative pharmacol-
ogy has strengthened that conclusion substantially. If the renal vasodilatation induced
by ACE inhibitors in humans included a substantial component because of brady-
kinin, prostaglandins, or nitric oxide, one would anticipate that the renovasodilator
response to renin inhibitors would be substantially less. To our surprise the renal
vasodilator response to a renin inhibitor, enalkiren, exceeded expectations from
early experience with ACE inhibitors [7]. To address this issue, we performed a
range of follow-up studies. To ascertain whether the observation represented an
idiosyncracy of one renin inhibitor, we studied a second and an identical result.
Because of the notorious risk of employing historic controls, we performed a study
in which patients received an ACE inhibitor, a renin inhibitor, or a vehicle during
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the same week. This study was coded and double blind. To avoid an idiosyncracy
of one ACE inhibitor, we employed three, each at the top of the dose-response
curve. The findings all provided support for a surprising but unambiguous conclu-
sion. Although our original premise was reasonable and supported by a wealth of
information in animal studies, the renovasodilator response to renin inhibition is
approximately 140ml/min/1.73m’, substantially larger than the response to ACE
inhibition, typically in the 90~100ml/min/1.73m’ range.

Although the fundamentals of pharmacology would favor more effective pharma-
cological interruption of the renin system at the rate-limiting step as the explanation,
and thus would favor our drawing that conclusion from these data, there is an
alternative interpretation. The two renin inhibitors were structurally related, as most
drugs in a class are, and it is possible that they share a renovasodilator action through
a mechanism unrelated to a reduction in Ang II formation. In the case of the renin
cascade, we have the potential for a “tie breaker”. If, indeed, the renin inhibitors
operated via this cascade, one would anticipate a similar or larger renovasodilator
response to Ang II antagonists when the studies were performed in the same way.
This is precisely what we found in studies performed with an identical model,
protocol, and technique. Two Ang II antagonists induced a renovasodilator response
that matched or slightly exceeded the response to renin inhibition in healthy
humans on a low-salt diet [48,49]. From this observation we would draw several
conclusions. The renal hemodynamic response to ACE inhibition has under-
estimated, systematically, the contribution of Ang II to renovascular tone. The
effectiveness of renin inhibition suggests that this response represents interruption of
primarily renin-dependent, additional non-ACE-dependent pathways. In healthy
humans, there might be a small contribution from proteolytic pathways that bypass
both renin and ACE. In disease, on the other hand, the latter pathway may provide
a more substantial contribution.

The final conclusion is that therapeutic trials with Ang II antagonists offer far
more promise than did ACE inhibitors, despite the gloomy predictions. They are
more effective blockers.
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THE BRAIN RENIN-ANGIOTENSIN
SYSTEM AND SALT-SENSITIVE
HYPERTENSION

SHEREENI J. VEERASINGHAM and FRANS H.H. LEENEN

University of Ottawa Heart Institute, Ottawa, Ontario, Canada

Summary. An intrinsic tissue renin-angiotensin system (RAS) has been described in the
brain. This review provides an overview of the localization of the enzymes, peptides, and
receptors of the brain RAS and the organization of angiotensinergic pathways involved in
cardiovascular regulation. Centrally administered exogenous angiotensin (Ang) II increases
sympathetic neuronal activity, decreases the gain of the baroreflex, and induces vasopressin
release. Ang II generated by the brain can cause similar changes through effects in nuclei from
the forebrain to the brainstem. In salt-sensitive hypertension, both brain ouabain-like com-
pounds (“ouabain”) and the brain RAS appear to play an essential role. Both central and high
sodium intake activate brain “ouabain” followed by stimulation of the brain RAS and
sympathoexcitatory and hypertensive responses. The actual pathways involved have not yet
been established, but appear to involve the ventral anteroventral third ventricle region, the
anterior hypothalamic area, and the paraventricular nucleus of the hypothalamus.

INTRODUCTION

In 1961, Bickerton and Buckley first reported that circulating Angiotensin (Ang) II
is able to act on the central nervous system to increase blood pressure [1]. Since then
a number of Ang II sensitive sites in the brain have been demonstrated. Moreover,
besides the classical circulatory renin-angiotensin system (RAS), intrinsic tissue
RASs have emerged, including that in the heart and brain. The brain RAS and
central actions of the circulatory RAS are involved in central cardiovascular regula-
tion and body fluid homeostasis, cyclicity of reproductive hormones, sexual behav-
ior, and perhaps neuronal development and differentiation, and learning and
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Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.



16 A. Pharmacological Interruption of Renin-angiotensin in Hypertension

memory [2—4]. This review (1) provides an overview of the localization of the brain
RAS and the organization of angiotensinergic pathways, and (2) describes the role
of brain Ang II in salt-sensitive hypertension.

LOCALIZATION OF THE BRAIN RAS

All components of the RAS have been identified in brain tissue, including
angiotensinogen, the precursor for angiotensins, the protease renin, which cleaves
angiotensinogen to the decapeptide Ang I; and the angiotensin-converting enzyme
(ACE), which converts Ang I to the octapeptide Ang II. Expression of the mRNA
for angiotensinogen, renin and ACE has been demonstrated in the brain of several
species, including rats, and is consistent with the concept of a local brain RAS [5,6].
Incubation of brain homogenates with renin generates Ang I, implying that the
precursor angiotensinogen is present locally [7]. In addition angiotensinogen has
been identified immunohistochemically [8]. Following initial reports on central
renin activity [7,9], the presence of brain renin that is independent of circulating
renin, distinct from other proteases, active in vivo and inhibited by renin specific
antibodies was confirmed [10,11]. Brain ACE is similar to peripheral ACE with
respect to molecular weight, optimum pH, chloride dependency, and inhibition by
various inhibitors [12]. However, ACE isozymes with different molecular weights
have been demonstrated in the brain [13,14]. Brain ACE is ubiquitous in distribu-
tion and, like that of peripheral sources, is nonspecific in action, i.e., in addition to
converting Ang I to Ang II, ACE of central origin degrades kinins and neuropep-
tides such as substance P.

Four main angiotensin receptor subtypes have been described [15,16]. Three of
these—namely, the AT,, AT,, and AT, receptors—are distributed in the brain as
well as in peripheral tissue. Central areas involved in cardiovascular regulation, body
fluid homeostasis, and neuroendocrine function exhibit a predominance of AT,
receptors [17-19], which bind Ang II with high affinity.

Angiotensinogen, detected immunocytochemically, is predominantly located in
astrocytes and ependymal cells [20], and angiotensinogen mRNA detected by in situ
hybridization is localized mainly in astrocytes [21]. However, angiotensinogen
immunoreactive neurons have also been identified [22], and the presence of
angiotensinogen has been demonstrated in CSF as well [23]. The site of synthesis
of brain angiotensins is as yet unresolved. Bunnemann et al. [21] suggested that
angiotensinogen may be produced in astrocytes and converted to Ang I by renin in
the extracellular fluid or alternatively may be taken up by neurons and converted
intraneuronally. Renin and ACE activity have been colocalized in synaptosomes,
supporting the concept of intraneuronal synthesis [24]. However, renin has also
been detected in oligodendrocytes, and ACE has been detected extracellularly
[2,25]. After conversion of Ang I to Ang II by ACE, Ang II is further acted on by
aminopeptidases to form the heptapeptide Ang III, which is converted to the
hexapeptide Ang IV. Ang Il is the first biologically active molecule in this cascade
and acts as a neurotransmitter/neuromodulator. An alternate pathway exists whereby
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Ang I is converted to the nonapeptide des-Asp', Ang I which is acted on by ACE
to form Ang III. The presence of these angiotensin peptides in the brain despite the
blood brain barrier and their presence in nephrectomized rats [26] indicate that the
peripheral RAS does not contribute to these peptides. Angiotensin peptides that
have also been isolated from neuronal cell cultures further strengthen the concept of
an intrinsic brain RAS [27]. Details of studies demonstrating the presence of RAS
peptides and enzymes in the brain have been extensively reviewed elsewhere
[28,29].

The components of the brain RAS are distributed in areas that mediate cardio-
vascular regulation and body fluid homeostasis, including septal nuclei, the preoptic
region, hypothalamic nuclei, the midbrain, and nuclei of the medulla oblongata
[21]. The presence of the brain RAS in other discrete regions such as the basal
ganglia suggests a role in other functions. We briefly describe the localization of the
components of the brain RAS in areas that regulate cardiovascular function and fluid
homeostasis.

Central areas with a cardiovascular regulatory role in which all components of the
RAS are present include the median preoptic area; the supraoptic, paraventricular,
dorsomedial, and ventromedial hypothalamic nuclei; the midbrain preriaqueductal
gray; the locus ceruleus; the nucleus tractus solitarius; the dorsal motor nucleus of
the vagus; and, in very low concentrations, the cerebral cortex [21]. Among these
areas the highest concentrations of angiotensinogen immunoreactivity and Ang II
nerve cell body and terminal immunoreactivity were found in the paraventricular
nucleus (PVN) and the supraoptic nucleus (SON) [8]. In the preoptic area high
levels of angiotensinogen immunoreactivity were found to be concentrated in glia
with no neuronal angiotensinogen present [21].

In the circumventricular organs (CVOs) an apparent topoloigcal mismatch is
observed [21]. Angiotensinogen immunoreactivity is absent in CVOs that are
implicated in cardiovascular and neuroendocrine function, such as the subfornical
organ (SFO), area postrema (AP), and the organum vasculosum laminae terminalis
(OVLT). However, angiotensinogen mRNA is demonstrable in the rostral part of
the SFO, the AP, and the median eminence. Ang II receptors in CVOs of rat brain
have been characterized by '*lautoradiography [30,31]. The highest binding densi-
ties were localized in the SFO and AP, with considerable aggregation also found in
the OVLT and median eminence. CVOs express a deficient blood brain barrier and
have a high capillary density, fenestrated capillaries, large perivascular spaces, and
specialized ependymal cells (tanycytes), enabling them to detect circulating sub-
stances and tranduce the information to neural messages [32]. Circulating Ang II,
like other peptides, cannot cross the blood brain barrier and, not surprisingly,
localizes specifically to CVOs [33]. This may explain very low amounts of demon-
strable angiotensinogen in CVOs, as the CVOs that express very high Ang II
binding sites, SFO and OVLT, have been implicated in the action of blood-borne
and CSF-borne Ang II.

The amygdaloid complex is another area in which there is a mismatch of the
components of the RAS. The bed nucleus of the stria terminalis and the central
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Figure 1. Schematic diagram of a longitudinal section of the rat brain showing Ang II-containing
cell bodies (black circles), Ang II receptors (shaded areas), and angiotensinergic pathways (lines).
(Adapted from Steckelings et al [3].)

nucleus of the amygdala lack demonstrable Ang II receptors, and the medial
amygdaloid nucleus lacks detectable Ang II immunoreactivity but contains other
components of the RAS [21].

While other areas contain all other components of the RAS, they lack demon-
strable Ang II receptors. They include the nuclei of the band of Broca, medial septal
nuclei, and anterior and lateral hypothalamic areas [21].

ANGIOTENSINERGIC PATHWAYS

Steckelings et al. [3] summarized the major localization of Ang II neuronal
perikarya, receptors, and fibers (figure 1). To demonstrate , angiotensinergic
pathways, anatomical tracing in combination with immunohistochemical staining
for angiotensins has been used. Lind et al. [34] demonstrated two major
angiotensinergic efferent pathways from the SFO, one projecting to the median
preoptic nucleus (MnPO) and the other to the PVN. The SFO also has an afferent
projection arising in perifornical parts of the lateral hypothalamic area [34]. In
addition, Jhamandas et al. [35] demonstrated that 46% of SFO neurons retrogradely
labelled from the SON were also labelled for angiotensin. Fewer cells demonstrating
both markers were demonstrable in the MnPO and OVLT. The presence of these
pathways is supported by electrophysiological and microinjection studies [35,36].
Lind et al. {37] suggested that angiotensinergic projections may include those from
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the PVN to presympathetic neurons in the intermediolateral cell column of the
spinal cord as well as from the PVN to the posterior pituitary.

CENTRAL ACTIONS OF ANGIOTENSIN II

Central cardiovascular and body fluid regulating actions of angiotensins may be
achieved by either actions of brain angiotensins or actions of blood-borne Ang II on
CVO:s. In this review we focus on central actions of Ang II generated by the brain.

Ang II is the principle bioactive peptide of the brain RAS. Whereas a role for
Ang III and IV in mediating cardiovascular actions of the brain RAS is gradually
emerging [38,39], this will not be discussed.

Acute intracerebroventricular (icv) administration of Ang II into the third or
lateral ventricles induce cardiovascular and behavioral responses, including pressor
responses in a number of species, including rats [40—43]. Pressor responses to
centrally administered Ang II may be attributed to an increase in sympathetic
neuronal activity as well as release of arginine vasopressin (AVP). In rats with
peripheral blockade of AVP, icv Ang II increases renal sympathetic nerve activity
and blood pressure (figure 2) [44]. Peripheral sympathectomy results in a prolonged
latency for the pressor response to icv Ang II. This implies the presence of a fast
component in the pressor response that is induced by sympathetic neural activation
[45]. Inhibition of AVP’s actions by peripheral V, receptor blockade, vasopressin
antibodies, or hypophysectomy attenuates the pressor response to icv Ang II [46,47].
Furthermore, in rats with diabetes insipidus that lack vasopressin, pressor responses
to central Ang II are depressed [48]. Combined peripheral a-adrenoceptor and V,
receptor blockade completely prevents the pressor response to central Ang II [46].
This confirms a role for both sympathetic activation and vasopressin release in the
pressor response to icv Ang IL

In addition to increasing sympathetic activity and AVP release, centrally injected
Ang Il may induce the release of a humoral inhibitor of the Na*K* ATPase, as
indicated by a decrease in *Rb-uptake when rat arteries were incubated with plasma
supernate of dogs treated with icv Ang II [49,50]. The release of this humoral
inhibitor was blocked by central saralasin pretreatment, which is consistent with the
involvement of central Ang II receptors in its release [50].

Microinjection of Ang II into the ventrolateral medulla (VLM) of rats elicits
cardiovascular changes that parallel, but are of smaller magnitude than, those pro-
duced by microinjection of the excitatory amino acid, L-Glu. Ang II injected into
the caudal VLM produces depressor and bradycardic effects that are opposite to the
pressor and tachycardic effects elicited by injection into the rostral ventrolateral
medulla (RVLM) [51]. Ang II responsive sites in the RVLM were localized to the
subretrofacial nucleus, which contains neurons that project to sympathetic pregan-
glionic neurons of the intermediolateral cell column [52,53]. Chan et al. [54] have
shown that 30% of RVLM neurons with spinal projections are excited by
iontophoretic application of Ang II. Sasaki and Dampney demonstrated that micro-
injection of Ang II into the RVLM increases renal sympathetic nerve activity [55].
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Figure 2. Peak increases in MAP, RSNA, and HR in response to icv administration of 0.3M NaCl
(3.8 ul/min for 10min), ouabain (0.6pg), and Ang II (30ng) following pretreatment with icv aCSF
(white bars), Fab fragments (66 ug, hatched bars), or losartan (10ug, black bars). Arginine vasopressin
antagonist (30pg/kg iv) was administered prior to each treatment. Values are mean * seM. n = 7-8
*p < 0.05 vs aCSF. (Adapted from Huang and Leenen [44].)

In cats and rabbits, topical application or microinjection of Ang II antagonists into
the VLM produced blood pressure and heart rate changes opposite to those evoked
by Ang II [55,56]. Bilateral injection of an Ang II antagonist into the RVLM in
normotensive rats reduced blood pressure to virtually spinal levels [57]. These
studies all support the concept for a role of the brain RAS in modulation of tonic
sympathetic drive generated by vasomotor neurons of the VLM.

Ang II action in the VLM also appears to be involved in modulation of phasic
cardiovascular function. In anesthetized rats, microinjection of Ang II into the
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RVLM suppressed the baroreflex response. This effect could be prevented by
coadministration of either the nonpeptide AT, or AT, receptor antagonist, losartan,
or PD 123319, respectively [58]. In the same study, microinjection of PD 123319
to block effects of endogenous Ang II elicited an enhancement of baroreflex
responses, whereas losartan had no significant effect, indicating a role for AT,
receptors. In anesthetized rabbits, saralasin, a peptide Ang II receptor antagonist,
facilitated sympathetic baroreflex function and decreased resting renal sympathetic
nerve activity when microinfused into the RVLM and inhibited baroreflex response
when microinfused into the caudal VLM [59]. The presence of Ang II receptors
associated with vagal efferents within the nucleus tractus solitarius (NTS), the first
relay station of the baroreflex pathway, is also consistent with a modulatory role of
the brain RAS in baroreflex function [60]. Microinjection of Ang II into the NTS
of anaesthetized rats resulted in depressor responses at low doses (1ng) or a pressor
response at higher doses (10ng) accompanied by bradycardia [61,62]. Bilateral
microinjection of the Ang II antagonist, (Sar', Thr®) Ang II, into the NTS enhanced
baroreflex-mediated bradycardia [63]. In conscious rats microinjection of saralasin
had a similar effect [64]. Overall these studies suggest that Ang II decreases the gain
of the baroreflex. While pressor responses to Ang II in the NTS appear to be
mediated by sympathetic activation, the attenuation of reflex bradycardia has been
attributed to a decrease in parasympathetic activity.

CIRCULATING ANG II

Circulating Ang II, as previously mentioned, binds to receptors in CVOs and causes
centrally mediated effects. Microinjection of 0.1ng or less of Ang II into the SFO,
the third ventricle close to the OVLT, or the AP induces pressor responses [65-67].
It is likely that the pressor effects of circulating Ang II are mainly mediated by the
SFO and area postrema, whereas the OVLT and MnPO are more involved in the
pressor responses to CSF Ang II [4].

THE BRAIN RAS AND SALT-SENSITIVE HYPERTENSION

The brain RAS contributes to the development and maintenance of certain forms
of hypertension, particularly salt-sensitive hypertension. The spontaneously
hypertensive rat (SHR) and the Dahl salt-sensitive (Dahl S) rate are genetic models
of salt-sensitive hypertension in which a hyperactive brain RAS has been implicated.
In these models high salt intake exacerbates the development of hypertension, and
the latter appears to depend on brain Ang II, leading to an increase in sympathetic
outflow.

The extent of the involvement of a tonically active brain RAS in the develop-
ment of hypertension in SHR on a regular salt diet is still unresolved. On the one
hand, studies on biochemical aspects of the brain RAS are consistent with increased
activity of the brain RAS in SHR. Angiotensinogen content is greater in young
(four weeks old) SHR than in age matched normotensive control Wistar Kyoto
(WKY) rats in the preoptic area, SFO and OVLT [68]. Angiotensinogen content in
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the septum, preoptic nuclei, and PVN [68,69] is increased in adult SHR when
compared to WKY rats. Renin activity is higher in ten-week-old SHR in the
pituitary but markedly lower in several central regions, including the SFO and the
periaqueductal central grey [69]. Ang II immunoreactivity in adult SHR is twice as
much that of WKY rats in the SON and PVN [70]. However, Ang I and Ang II
content was lower in the hypothalamus in adult stroke-prone SHR when compared
to WKY rats [71]. SHR also exhibit increases in Ang II receptors. Autoradiography
demonstrates the number of Ang II binding sites in the SFO is greater in young and
adult SHR than in age-matched WKY rats [72]. On the other hand, studies
evaluating the hemodynamic consequences of blockade of the brain RAS have
provided conflicting results. Central antisense oligodeoxynucleotide inhibition of
angiotensinogen mRNA in adult SHR. decreases angiotensinogen in the brain stem
and hypothalamus and lowers blood pressure to normotensive level up to 24h after
administration [73]. Peripheral administration of the antisense oligodeoxynucleotide
at the same dose does not change blood pressure significantly consistent with a
central action. Central injection of recombinant adeno-associated virus-antisense to
AT, mRNA decreased blood pressure by ~20mmHg in adult SHR for up to 9
weeks and slowed the development of hypertension in young SHR [74]. Icv
administration of the ACE inhibitor, captopril, attenuated the development of
hypertension in SHR [75]. However, centrally administered ACE inhibitors may
also increase brain bradykinin or neuropeptides [76,77]. Adult SHR also exhibit a
greater decrease in blood pressure following acute injections of losartan, an AT,
receptor antagonist, into the anterior hypothalamus or following acute injections of
an Ang II peptide antagonist, (Sar',Ile®) Ang II, into the RVLM when compared
with blood pressure in age-matched WKY rats [78,79]. In contrast, in adult SHR,
neither icv AT, receptor blockade using losartan nor combined AT, and AT,
receptor blockade using saralasin and (Sar', Thr®) Ang II caused a significant decrease
in blood pressure [80,81]. Chronic icv administration of losartan (1 mg/kg/d) did
not affect either the development or maintenance of hypertension or sympathetic
hyperactivity in SHR on a regular salt diet (figure 3) [82,83]. At a higher dose
(10mg/kg/d), icv or sc administration caused a similar decrease in resting blood
pressure, indicating that the depressor effect was due to leakage of losartan out of the
central nervous system and blockade of peripheral AT, receptors [82]. The evidence
so far indicates that the activity of the brain RAS is higher in SHR than in WKY
rats and appears to be involved in acute blood pressure regulation. However,
chronic central blockade of AT, receptors appears not to affect the development or
maintenance of hypertension in SHR on a regular salt diet.

Our studies have focused on the role of brain endogenous ouabain-like
compound(s) (“ouabain”) and its interaction with the brain RAS in the develop-
ment of salt-sensitive hypertension.

In salt-sensitive Dahl S rats and SHR, centrally released “ouabain” plays a critical
role in the development or exacerbation of hypertension when these rats are fed a
high salt diet. The increase in blood pressure by high sodium is associated with
decreases in sympathoinhibition and increases in sympathoexcitation, resulting in an
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Figure 3. Resting MAP at 9 weeks of age in Dahl S rats (upper panel) and SHR (lower panel)
on regular (0.4% NaCl, white bars) or high (8.0% NaCl, black bars) salt diet for 4 weeks treated
chronically with icv vehicle, losartan (1 mg/kg/d, los), or Fab fragments (200pug/d, fab). Values are
mean * SEM. n = 7-8. *p < 0.05 vs other groups. (Adapted from Huang and Leenen [83,94].)

increase in sympathetic neuronal activity. In these studies sympathetic activity was
estimated by assessment of renal sympathetic nerve activity and cardiovascular
responses to air jet stress and to icv injection of guanabenz, an a,-adrenoceptor
agonist. SHR on a high salt diet exhibit an enhanced response to guanabenz which
possibly reflects an upregulation and/or decreased Q,-receptor occupancy in the
anterior hypothalamus as a result of decreased norepinephrine release from
sympathoinhibitory neurons [84,85]. Dahl S rats and SHR on high dietary salt
intake exhibit increases in hypothalamic, pituitary, and pons “ouabain” content,
compared to their normotensive controls [86,87]. Concomitant chronic icv admin-
istration of Fab fragments, which bind ouabain and related steroids with high affinity
[88,89] prevents sodium-induced sympathoexcitation and increase in blood pressure
[90,91]. In similar doses, Fab fragments administered iv are ineffective in preventing
sodium-induced increases in blood pressure, indicating that the actions of “ouabain”
are central. Although there is a small increase in brain “ouabain” content in
normotensive rats on a high salt diet, there is no attendant increase in sympathetic
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activity or blood pressure, and icv Fab fragments do not change blood pressure. It
is possible that the “ouabain” concentrations in WKY/Dahl R rats on a high salt
diet do not reach the threshold required for an increase in blood pressure. Alter-
natively, salt-sensitive rats may also have an increased sensitivity to “ouabain” and,
therefore, may respond at lower central “ouabain” concentrations.

The brain RAS appears to play a critical role in salt-induced hypertension in both
SHR and Dahl S rats. SHR on a high-salt diet exhibit an enhanced depressor
response to icv injection of captopril compared to SHR fed a regular salt diet [92].
Microinjection of losartan into the anterior hypothalamus elicits a larger depressor
response in SHR on a high-salt diet vs. a regular salt diet [93]. Recent studies in our
laboratory demonstrated that chronic blockade of central AT, receptors by icv
losartan prevents exacerbation of hypertension in both SHR. and Dahl S rats on a
high-salt diet (figure 3) [83,94]. Chronic central infusion of CV-11974, a
nonpeptide AT, receptor antagonist, prevented the development of hypertension in
Dahl-Iwai salt-sensitive rats on a high salt diet [95]. These studies suggest that
hyperactivity of the brain RAS contributes to the exacerbation of hypertension in
SHR, Dahl S, and Dahl-Iwai salt-sensitive rats on a high-salt diet.

Chronic blockade of either brain “ouabain” by icv administration of Fab frag-
ments or brain Ang II receptors by icv administration of losartan affects sodium
induced changes in sympathetic activity and blood pressure in SHR and Dahl S
to a similar extent [83,94]. SHR on a high salt diet treated with chronic icv
infusion of Fab fragments and/or losartan do not exhibited an enhanced decrease in
renal sympathetic nerve activity to icv guanabenz. Responses were comparable to
that seen in SHR with control icv infusion on a regular salt diet. In addition, both
chronic icv Fab fragments and losartan treatment normalize dietary salt-induced
enhanced sympathetic responses to air jet stress. This suggests that the dietary
salt-induced increase in sympathoinhibition and increase in sympathoexcitation is
mediated by central “ouabain” and Ang II. SHR on a high salt diet treated
chronically with icv Fab fragments exhibited larger sympathoexcitatory and pressor
responses to acute icv injection of Ang II than responses of rats receiving control
infusion (figure 4). This is consistent with the concept that blockade of brain
“ouabain” decreases the activity of the brain RAS, which leads to a decreased
occupancy and/or upregulation of Ang II receptors, resulting in enhanced responses
to exogenous Ang II [83].

Consistent with findings in SHRs, in Dahl S rats on a high salt diet, chronic
blockade of either brain “ouabain” or AT, receptors for 4 weeks prevents sodium-
induced exacerbation of hypertension to a similar extent [94]. In Dahl S rats on a
high salt diet, chronic icv infusion of Fab fragments or losartan normalized the
sodium-induced enhancement of mean arterial pressure (MAP) and renal sympa-
thetic nerve activity responses to icv guanabenz and air jet stress [94]. This finding
is also consistent with the concept of an interaction of brain “ouabain” and brain
Ang II in mediating sodium-induced sympathoexcitation and hypertension.

We hypothesized that a high dietary salt intake in salt-sensitive rats may alter
central control of blood pressure by transiently or intermittently increasing CSF
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Figure 4. Peak increases in MAP, renal sympathetic nerve activity (RSNA), and heart rate (HR) in
response to icv Ang II (30ng) in SHR on regular (0.5% NaCl, white bars) or high (8.0% NaCl,
black bars) salt diet treated chronically with icv vehicle, losartan (1 mg/kg/d, los), or Fab fragments
(200pg/d, fab), Values are mean = seM. n = 7-8. *p < 0.05 vs icv vehicle on same diet. (Adapted
from Huang and Leenen [83].)

sodium concentration, causing an increase in central “ouabain” and sympathetic
outflow [90]. However, to what extent such an increase in central sodium indeed
occurs in still controversial [96,97]. In normotensive rats, acute icv administration
of hypertonic saline, ouabain and, Ang II cause similar sympathoexcitatory and
pressor responses which are all abolished by icv pretreatment with the AT, receptor
blocker, losartan [44]. Fab fragments, on the other hand, only block responses to
hypertonic saline and ouabain (figure 2) [44]. This would suggest that an increase
in central sodium concentration increases brain ‘“‘ouabain”, which exerts its
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sympathoexcitatory and pressor effects mostly via brain Ang II. Chronic increases in
CSF sodium in normotensive, salt-resistant Wistar rats cause an increase in both
central “ouabain” sympathoexcitation and blood pressure, mimicking the effects of
high dietary sodium in salt-sensitive rats [98]. Concomitant icv infusion of either
Fab fragments or losartan abolished the sympathoexcitation and the increase blood
pressure, supporting the role of both brain “ouabain” and the brain RAS in
mediating the effects of acute or chronic increase in central sodium [98]. Thus, if
changes in central sodium concentrations do indeed occur on high sodium intake,
they cause a similar pattern of central changes as those caused by high sodium intake
in SHR and Dahl S and may therefore play a major role. High sodium intake may
cause increases of CSF sodium which are larger in salt-sensitive rats than in resistant
rats. In addition salt-sensitive rats may show larger responses to similar increases in
CSF sodium.

The central pathways that mediate sympathoexcitation and hypertension induced
by either central sodium administration or a high sodium diet have yet to be
identified. An area that has been implicated in these effects is the anteroventral third
ventricle (AV3V) region. An interaction of brain “ouabain” and brain Ang II in this
region is supported by histological findings. Ouabain immunoreactive neurons have
been demonstrated in the paraventricular and supraoptic nuclei of the hypothalamus
[99]. Dense immunoreativity to ouabain in nerve terminals is observed in the
AV3V, including the OVLT, the SFO, and median eminence [100]. In these areas
Ang II receptors and other components of the brain RAS are also densely distrib-
uted [21,101]. Studies that utilized electrolytic lesions of the AV3V showed that this
region mediates the pressor effects of acute icv injections of hypertonic saline, Ang
II, and ouabain [102-104]. This region is also crucial for the development of salt-
sensitive hypertension [105,106]. Excitotoxic lesions of the ventral AV3V, including
the OVLT, did not affect pressor responses to acute icv injection of Ang II but
attenuated responses to acute icv hypertonic saline or ouabain administration [107].
Ventral AV3V lesions prevent hypertension induced by chronic icv administration
of hypertonic saline [108]. Ang II binding in the OVLT is increased in SHR when
compared to WKY rats [109]. The firing rate of MnPO neurons that are Ang II
responsive is higher and the threshold current required to evoke SFO stimulation-
induced excitation is lower in SHR [110]. In SHR on a regular salt diet, losartan
microinjected into the MnPO did not change resting blood pressure but attenuated
pressor responses to acute icv injection of hypertonic saline and ouabain [111,112].
However, microinjection of either Fab fragments or losartan into the MnPO of
SHR reversed sodium-induced exacerbation of hypertension [111,112], indicating
that ouabain release and activation of AT, receptors within the MnPO mediates salt-
sensitive hypertension.

Another area which has been implicated in mediating salt-sensitive hyperten-
sion is the anterior hypothalamic area (AHA). SHR on a high salt diet exhibit
increases in the number of Q,-adrenoceptors and decreased stores and turnover of
noradrenaline in the AHA compared to SHR on a regular salt diet [113-115].
A decrease in noradrenaline release in the AHA, which consequently decreases
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sympathoinhibition, may contribute to salt-sensitive hypertension. As the AHA has
reciprocal connections to the OVLT in the ventral AV3V [116], mechanisms in
these areas may act along the same pathway to mediate salt-sensitive hypertension.

Local osmotic stimulation of the PVN increases the release of Ang II assessed by
microdialysis in this nucleus [117]. Hypertension in Dahl S rats on a high salt diet
is attenuated by lesions of the PVIN [118].

Thus, several nuclei/areas have been identified to be involved in the
sympathoexcitatory and hypertensive responses to central sodium and high salt
intake in salt-sensitive rat strains. However, at present it is still quite unclear
what the actual stimulus is and what the actual pathways are leading to
sympathoexcitation.

CLINICAL RELEVANCE

It is evident from the findings presented in this review that the brain RAS
contributes substantially to the development and maintenance of salt-sensitive hy-
pertension in rats. To what extent this also applies to humans has not yet been
evaluated. Further studies in both animals and humans are needed to establish the
dose-response relationships for chronic oral treatment with blockers of the RAS
varying in penetration into the brain. When the brain RAS contributes significantly,
one may expect better responses to blockade of both peripheral and brain RAS as
compared to only peripheral blockade.
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Summary. Small arteries of different vascular beds exhibit structural and functional remodel-
ing in spontaneously hypertensive rats (SHR) compared to those of Wistar-Kyoto control rats
(WKY). These differences may be reduced by treatment with angiotensin I-converting
enzyme inhibitors (ACEI). It is unclear whether this beneficial effect is the result of inhibition
of the generation of angiotensin (Ang) II by ACEI or the result of increased bradykinin
accumulation or other mechanisms. To evaluate the role of Ang II, SHR were treated for
twelve weeks with the AT, angiotensin receptor antagonist losartan or with the angiotensin-
converting enzyme inhibitor enalapril once blood pressure had been elevated for some time,
at ten weeks of age. Losartan induced a dose-dependent blood pressure reduction, which was
associated with a blunting of cardiac and aortic hypertrophy, similar to that elicited by
enalapril. Small arteries from the coronary, renal, mesenteric, and femoral circulations exhib-
ited a dose-dependent blunting of remodeling under losartan treatment, accompanied by
abolition of the impairment of endothelium-dependent relaxation, as was also found in rats
treated with enalapril. Treatment with AT, selective Ang II receptor antagonists is able to
induce regression of cardiovascular hypertrophy and endothelial dysfunction in genetic hyper-
tension in the rat similar to that induced by ACEIL. This suggests that part of the mechanism
whereby ACEI exert their beneficial effects is via inhibition of Ang II generation.

Elevated peripheral resistance is the hallmark of high blood pressure, and it is in
large measure the result of energy dissipation at the level of so-called resistance
arteries, which include small arteries (vessels with lumen diameters of 100—300 pm)
and even smaller arterioles [1]. Small arteries present significant changes in structure

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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and function in hypertension [2,3]. Structurally they exhibit what is called
“eutrophic remodeling” {4], that is a reduction in the lumen and external diameter
with normal media cross-section (or volume of the media per unit length), com-
bined with some degree of growth. There is controversy on whether vessels have
the same number of smooth muscle cells, whether there is cell hyperplasia or cell
hypertrophy [5,6]. The more frequent change found in small arteries is that slightly
larger and more numerous cells are restructured around the lumen of the blood
vessel resulting in a smaller lumen and outer diameter, with a predominant
eutrophic remodeling component and a limited component of growth [7]. How this
re-arrangement occurs is unknown, but may result from changes in cell adhesion
molecules or intercellular matrix deposition or spatial arrangement of fibrillar
material. These changes have been well described in spontaneously hypertensive rats
(SHR) [6—11]. These changes may be involved in the pathogenesis of elevated
blood pressure, although this is still unclear [2,12-14], and may also participate in
mechanisms underlying some of the complications of hypertension, particularly at
the level of the coronary microcirculation. SHR exhibit these alterations in the
structure and function of small arteries in many vascular beds, including such
pathophysiologically critical ones as the heart and kidney [15-17], and in the brain
[15,18]. Associated with eutrophic or hypertrophic remodeling, these vessels present
impaired endothelium-dependent relaxation as a result of acetylcholine-induced
contractions through production of endothelium-derived contracting factor (EDCF)
[19,20].

Factors implicated in the induction of structural changes in small arteries in
hypertension include hyperplasia or cell hypertrophy in response to Ang II
[21], other vasoactive peptides, or other agents such as catecholamines may play a
role. Thus for some time it has been thought that treatment with agents that
interrupt the renin-angiotensin system could result in regression of vascular remod-
eling in hypertension. The mechanisms involved in the production of functional
changes in small arteries remain unclear. Endothelial vasorelaxant dysfunction may
involve reduced nitric oxide production or enhanced degradation of nitric oxide
because of the effect of superoxide anions [20] or may involve excess production of
vasoconstrictor endoperoxides (EDCF)[19]. Whether treatment that interrupts the
RAS would improve these abnormalities has not been definitively established.
Therefore, there has been interest in determining whether some antihypertensive
drugs that block the RAS may improve the structure and function of small arteries
in vascular beds, such as the renal or the coronary circulations, which may be
involved in major long-term complications of hypertension. Correction of structural
alterations of small arteries in SHR has been demonstrated in previous studies using
angiotensin-converting enzyme inhibitors (ACEI) [13,14,15,17,22,23]. The favor-
able effect of ACEI may be due to inhibition of Ang II generation or kinin
degradation or may be due to other potential effects of these agents. Some studies
performed using the Ang II antagonist losartan {24] and more recent studies with the
Ang II receptor antagonist D8731 [25] have suggested that improvement of small
artery structure may be induced by prolonged treatment with specific Ang II
antagonists. The latter study [25] documented prevention of structural vascular
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changes in several important vascular beds with this Ang II receptor antagonist
that was similar to prevention of the same with the angiotensin-converting enzyme
inhibitor lisinopril. In these studies prevention of the development of vascular
damage in SHR was the objective, and treatment was initiated at four weeks of age.
There have, however, been few attempts to learn whether regression of vascular
changes in critical vascular beds could be achieved with Ang II receptor antagonists
once hypertension, with its attendant adaptive vascular alterations, had already
developed. Treatment of SHR with calcium channel antagonists [17,26], ACEI
[17,26,27], or Ang II receptor antagonists [28] has resulted in correction of
abnormal endothelial function along with the regression of vascular remodeling.

We have examined the effects of the Ang II antagonist losartan on small artery
structure at the level of four vascular beds. Coronary, renal, mesenteric and femoral,
were evaluated in SHR which had already become hypertensive, and which were
treated from weeks of age for a period of 12 weeks [28], in comparison to effects
of the ACEI enalapril given for a similar period of time. Of the vascular beds
investigated, the coronary and renal small arteries may be critical in relation to
hypertensive complications, whereas mesenteric and femoral small arteries may
contribute to elevated peripheral resistance. These resistance-sized arteries were
investigated after they were mounted on an isometric wire-myograph, as performed
in most studies in the past [6,8,9,11,13-17,22,24,25,27]. In addition, mesenteric
arteries were investigated isobarically in a pressurized chamber, which may represent
a more physiological approach for the study of these vessels [7,19,26,29], in order to
compare results with those obtained isometrically.

METHODS

SHR were housed individually and treated from 10 weeks of age for 12 weeks with
losartan or enalapril administered in the drinking water, with the concentration of
drug adjusted daily to ensure a dose of 20 or 50 mg/kg per day of losartan or 10 mg/
kg per day of enalapril. Blood pressure of treated and untreated SHR and of age-
matched Wistar-Kyoto (WKY) control rats was measured every two weeks with the
tail-cuff method after warming the rats, which were slightly restrained in a plexiglass
cage. Rats were killed by decapitation, and tissues were immediately dissected,
blotted dry, and weighed. Coronary, renal arcuate, and femoral arteries were
obtained as described previously [16,17]. They were mounted on an isometric wire-
myograph and measurements performed as described already in detail [11, 16,17,27].
The vessels were contracted with 10pumol/l norepinephrine and relaxed with a
single maximal concentration of 10umol/1 acetylcholine to evaluate endothelium-
dependent contraction. Mesenteric small arteries obtained from the same rats were
mounted as pressurized preparations, at a intravascular pressure of 45mmHg [7]. The
function of the vascular endothelium was evaluated by extraluminal application of
acetylcholine (10umol/L) in PSS containing 10 umol/L norepinephrine. Measure-
ments were performed on the pressurized vessels after they were deactivated with
10ummol/L ethyleneglycol-bis-(B-aminoethyl ether)N,N,N’,N'-tetraacetic acid
(EGTA) for 10 minutes.



36 A. Pharmacological Interruption of Renin-Angiotensin in Hypertension

RESULTS
Effect of treatment on blood pressure, and on heart and aorta weight

Systolic blood pressure measured with the tail-cuff method in rats treated with
losartan or enalapril rose significantly less (p < 0.01) than that of untreated SHR
At 22 weeks of age, blood pressure of SHR treated with a low dose of losartan
(20mg/kg per day in the drinking water) rose to 181 * 1mmHg, that of SHR
treated with a high dose of losartan (50mg/kg per day in the drinking water) rose
to 156 * 4mmHg. That of SHR reated with enalapril (10mg/kg per day in the
drinking water) rose to 148 * 4mmHg. whereas the blood pressure of untreated
SHR rose to 210 = 2mmHg. Blood pressure of WKY rats was unaffected by
treatment. The weight of the heart, which was significantly elevated in SHR relative
to body weight (4.41 * 0.08mg/g body weight), was dose-dependently reduced
under treatment with losartan (to 3.47 * 0.06 mg/g at the high dose, p < 0.01) and
significantly reduced to a similar degree by enalapril (3.67 £0.06 mg/g), p < 0.01).
The weight of 2cm segments of thoracic aorta of SHR (12.7 £ 0.2mg/100g body
weight) were significantly reduced as well by treatment in a dose-dependent manner
{to 9.5 = 0.1mg/100g by the higher dose of losartan, and to 10.3 * 0.3mg/100g
by enalapril, both p < 0.01vs. untreated SHR), whereas there were no changes in
WKY when corrected for weight.

Effect of losartan or enalapril on structure of small arteries

Small arteries from the coronary, renal (arcuate arteries), mesenteric, and femoral
circulations, whether studied on the wire-myograph or as pressurized preparations,
exhibited the expected combination of eutrophic and mild hypertrophic remodeling
[4,7,8,11]. Lowering of blood pressure with losartan or enalapril did not significantly
affect lumen diameter, but a significant dose-dependent reduction in media width to
lumen diameter ratio was found in the four vascular beds examined on the wire
myograph from SHR treated with losartan (figure 1) and in the mesenteric arteries
studied as pressurized preparations (not shown). Similarly, enalapril treatment re-
sulted in a significant decrease in media to lumen ratio in the four vascular beds,
without significant change in lumen diameter (figure 1).

Effect of treatment on endothelial function of small arteries

Wire-mounted mesenteric small arteries of WKY contracted with a submaximal
concentration of methoxamine were completely relaxed by 10pumol/L acetylcho-
line. In contrast, and as expected [19,30], arteries from untreated SHR exhibited
contractions when stimulated with this dose of acetylcholine. Small arteries from
losartan or enalapril-treated SHR showed an abolition of these contractions elicited
by elevated concentrations of 10umol/L acetylcholine, whereas responses to the
endothelium-independent vasodilator nitroprusside were similar in treated or un-
treated SHR. Pressurized, precontracted mesenteric small arteries from WKY were
almost completely relaxed by 10pumol/1 acetylcholine (>>95%), whereas those from
untreated SHR relaxed significantly less (<80%). Pressurized mesenteric small arter-
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Figure 1. Bar graphs show the media width to lumen diameter ratio of small arteries dissected from
the coronary, renal cortical, mesenteric, and femoral vasculature from Wistar-Kyoto rats (WKY) and
spontaneously hypertensive rats (SHR), the latter treated or not with a low dose of losartan (Los (L),
20mg/kg per day in the drinking water), a high dose of losartan (Los (H), 50mg/kg per day),

or enalapril (Enal, 10mg/kg per day) and studied on an isometric wire-myograph. *p < 0.05,

*kp < 0.01 vs. WKY; # p < 0.05, ## p < 0.01 vs. SHR. (Drawn in part using data from

Li J-S et al. [28].)

ies from losartan or enalapril-treated SHR showed a normalization of relaxation in
response to acetylcholine (>90%).

DISCUSSION

Chronic administration of the ACEI enalapril or the orally active, nonpeptidic
selective Ang II AT, receptor antagonist losartan to SHR results in a dose-depen-
dent regression of hypertrophy. However, correction of endothelium-dependent
dysfunction in small arteries occurs already at the lower dose of losartan, which is
associated with only a moderate degree of correction of small artery structure. This
may indicate that normalization of the impairment of endothelial function may
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precede correction of structure, as already suggested by other studies in which short-
term treatment with a calcium channel blocker normalized endothelium—dependent
relaxation at a time when no correction of vascular structure was detectable [31]. It
is difficult to know whether blood pressure lowering is a necessary condition for
regression of hypertensive cardiovascular changes. In other studies using the ACEI
perindopril, regression of vascular hypertrophy was dose-dependent and parallel to
blood pressure lowering [15], as with losartan in the study reported here. This
would support the view that structural regression is determined in large measure by
blood pressure lowering. With losartan there may, however, slightly greater reversal
of hypertrophy than with the ACEI cilazapril and the calcium channel antagonist
mibefradil [17] or even with enalapril in this study. Other studies have shown similar
effects of ACEIs and other AT, receptor antagonists [25].

Losartan appears to exert its effect on vascular growth [32] by blockade of the
AT, angiotensin receptor and thus by interruption of the RAS, which may explain
the similarity of its results with ACEI. Bradykinin accumulation may contribute to
the effects of ACEI, but these results suggest that in relation to structural regression,
bradykinin, which does not accumulate under the angiotensin antagonist, plays at
most a minor role.

The improvement in endothelial dysfunction (production of endothelium-derived
contracting factor or EDCF) [19,30] after treatment with ACEI has sometimes been
attributed to the beneficial effects of kinin accumulation. This would be expected
with ACE inhibition but not with angiotensin receptor blockade. The improvement
found in SHR treated with losartan may be a consequence of blood pressure
lowering or of some other phenomenon. Angiotensin AT, subtype receptors are
present in the endothelium of arteries [33], and their blockade could result in the
improvement of endothelial function reported in this study. Endothelial effects of
AT, blockade could also result from the unopposed action of angiotensin peptides
on AT, receptors, which are not blocked by losartan. In the kidney, AT, receptor
stimulation via generation of cGMP antagonizes AT, receptor stimulation of PGE,
production [34]. The vasorelaxant and antigrowth effects of cGMP could contribute
to the results of treatment with losartan, resulting in effects similar to or even greater
than those induced by ACEIs.

In conclusion, both the orally active, nonpeptidic selective angiotensin AT,
receptor antagonist losartan and the ACEI enalapril induced a regression of cardio-
vascular hypertrophy in the heart and small arteries of pathophysiologically critical
vascular beds, such as the coronary and renal circulations, and simultaneously
improved endothelial dysfunction. Neither the present nor previous studies conclu-
sively demonstrate whether the effects of ACEI or AT, receptor antagonism are
superior. On the other hand, if beneficial effects such as those mentioned occur in
hypertensive humans treated with these drugs, as has already been demonstrated
with ACEIs [35-38], this class of agents could have a significant beneficial effect on
blood vessels of hypertensive humans, and could improve outcome, which remains
to be demonstrated.
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Summary. Angiotensin (Ang) II operates both as a systemic hormone modulating blood
pressure and as a paracrine factor that is synthesized in response to stress. Regardless of its
origin, the response of cardiovascular tissues to Ang II is mediated by specific cell surface
receptors. In vascular tissues, two angiotensin receptors have been characterized according to
their sensitivity to the specific antagonists losartan and PD123319 [1]. The AT, receptor
(losartan-sensitive) accounts for the majority of Ang II binding activity in adult tissue. It is
significant, however, that upon injury and during fetal development, the proportion of AT,
receptors (PD123319-sensitive) increases [2]. Until recently the AT, receptor has been
regarded as the principal mediator of the responses evoked by Ang II. As a consequence the
AT, receptor has been studied less intensively and fewer details of its biological functions have
been defined. The developmental regulation of AT, receptor expression, however, suggests
that it may be important in ontogeny. Furthermore, the generation of an AT, receptor
knockout mouse has revealed that this receptor, although its absence is not lethal, governs
both the drinking response and motility [3]. In our laboratory, which has made use of porcine
tissue for its studies, the application of antagonists specific to either the AT, or the AT,
receptor has revealed that both receptors are independently required for VSMC growth. This
review will, therefore, summarize recent advances in our understanding of Ang II-mediated
SMC growth with respect to the role of individual angiotensin receptor subtypes and their
associated signaling systems. Since both receptors have also been found essential for the
vascular response to injury, an empbhasis has been placed on defining the relationship between
SMC growth and Ang II as it applies to the development of coronary artery disease and
restenosis.

N.S. Dhalla, P. Zahradka, I. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All tights reserved.
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THE RENIN-ANGIOTENSIN SYSTEM IN RESTENOSIS

Perhaps one of the most profound advances in the clinical treatment of occlusive
coronary artery disease has been the advent of coronary angioplasty [4]. While the
initial intervention is highly successful (>>90%), there is a significant problem with
late (4 to 10 months) failure which may reach as high as 40% [5,6]. This regression
is caused primarily by the formation of a secondary occlusion or restenosis that
differs significantly from the original atherosclerotic lesion. Restenosis is a prolifera-
tive disease of the arterial wall that occurs in response to vascular trauma and is
characterized by migration and rapid luminal proliferation of cells originally in the
medial smooth muscle layer, deposition of extracellular matrix, and infiltration of
neutrophils and macrophages [7,8].

Cellular stress (vascular damage) has been linked to activation of the renin-
angiotensin system [9]; therefore, it seemed appropriate to examine the role of
angiotensin (Ang) II in the formation of the restenotic lesion. A porcine coronary
artery culture model (modified from Koo and Gotlieb [10]) was used to examine the
effect of balloon angioplasty on the contribution of Ang II to the formation and
proliferation of a neointima. Using this model of restenosis, we were able
to demonstrate that neointimal proliferation is suppressed in a concentration-
dependent manner by losartan (AT, antagonist), reaching a maximum inhibition
of 70% at 10uM [11]. A similar effect was observed with PD123319 (AT, antago-
nist), with a 76% reduction at 10uM. A combination of both losartan and
PD123319, on the other hand, showed no additional improvement. Interestingly,
while it has been shown that ACE inhibitors successfully reduce stenosis in rodent
models [12,13], they have proven ineffective in our porcine model. In fact, captopril
produced a slight increase in the magnitude of the neointima following balloon
angioplasty [11].

The importance of species-specific responses should be considered carefully in
light of the MARCATOR study, which demonstrated that the clinical use of ACE
inhibitors was largely ineffective in reducing restenosis postangioplasty {14]. The
observed species-specificity for ACE inhibitors may be explained by the presence of
alternative pathways (figure 1) for the synthesis of Ang II [15]. The importance of
a chymase-dependent system has recently been recognized in humans [16-18]. It
may, therefore, be predicted that receptor antagonists will be more effective in
preventing restenosis since they block the cell response directly. It may be prudent,
however, to consider a recent report by Huckle et al. [19] that compared the utility
of AT,, AT, and, dual AT,/AT, receptor blockade in both the rat and the pig.
These investigators showed the AT, antagonist (L-158,809) produced a significant
reduction in neointimal area in the rat (37%) while having a minimal effect in the
pig (12%). Although the latter was not statistically significant, a 12% reduction in
neointimal thickness could theoretically increase flow by approximately 50%. While
little effect was observed by these authors with AT, or AT,/AT, antagonists,
evidence that AT, receptor blockade will effectively prevent neointimal formation
has, nevertheless, been reported [20]. It is, therefore, tempting to speculate that
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Figure 1. An overview of angiotensin II metabolism.

restricting the interaction of Ang II with its receptors might limit the development
of restenosis post-angioplasty, regardless of whether the vascular source of Ang II is
ACE-dependent or not.

THE SMOOTH MUSCLE RESPONSE TO ANGIOTENSIN II

Vascular smooth muscle cells (VSMC) express both AT, and AT, receptor subtypes
as demonstrated through ligand binding and Northern blotting experiments [21,22].
In adult vascular tissues, the AT, receptor clearly predominates, as indicated by the
insensitivity of the Ang II binding sites to PD123319 [23]. This disparity in receptor
number has led to increased interest in the AT, receptor as a target for therapeutic
intervention and interest in using specific receptor antagonists, such as losartan.
Numerous studies have demonstrated that the AT, receptor is involved in both the
contractile and the proliferative responses to Ang II [24,25]. Based on these reports,
it has been assumed that the AT, receptor almost exclusively mediates the biological
responses associated with Ang II. This interpretation has provoked little debate
because information concerning AT, receptor function is lacking. More recently,
however, we have observed that both receptor subtypes may be required for a
complete smooth muscle cell (SMC) response to injury [11]. Similar results have
been reported by Levy et al. {26] who found that vascular hypertrophy and fibrosis
could be reduced by AT, receptor blockade as well as by AT, receptor antagonists.
Since the studies reported to date have shown the AT, and AT, receptors do not
stimulate the same intracellular responses, we propose that these receptors mediate
distinct signaling pathways and that activation of both receptors may be necessary to
evoke cell proliferation.
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Methods to assess the alteration in cell growth state can be readily applied to
studies at the tissue or animal level, but a comprehensive and detailed characteriza-
tion of the molecular mechanisms that regulate these processes is more effectively
achieved with cells in culture. Two cell culture systems have, therefore, been
employed in the course of our studies. Our initial studies used rat aortic A10 SMCs
to monitor the stimulation of growth by Ang II. The results supported the premise
that the AT, receptor is an important factor in angiotensin-dependent growth [27].
Additional studies with A10 SMCs have established that AT, receptor density varies
with cell-growth state [28]. This latter point was corroborated by Kambayashi et al.
[29] who observed that AT, receptor expression was induced by placing rat aortic
SMC:s into serum-reduced conditions. Experimental conditions designed to achieve
quiescence, as described by Saward and Zahradka [28] and Kambayashi et al. [29],
were not previously employed by other investigators; consequently, a contribution
of AT, receptors to SMC growth may not have been detectable. Regardless, our
results [28] and those of Kambayashi et al. [29] clearly indicate that establishment of
a quiescent state, which requires a period of 3 to 7 days in reduced serum, should
be considered as an essential protocol for studies designed to survey AT, receptor
function.

Our second culture system employed porcine coronary artery SMCs [30]
which proliferate in response to Ang II, as determined by assays for protein,
RNA and, DNA synthesis [Saward and Zahradka, submitted]. Evidence
that SMCs traverse the cell cycle and proceed through mitosis has also
been obtained. Transition through the cell cycle was confirmed by experiments
(PCNA immunostaining, thymidine uptake) which established that S phase is
not reached sooner than 36 hours, while an increase in cell number is not observed
before 96 hours after addition of the Ang II. These data demonstrated that SMC
proliferation is activated by Ang II, although passage through the cell cycle is
relatively slow.

The experiments with porcine artery SMCs were subsequently extended to
characterize the receptor contribution to angiotensin-mediated SMC proliferation.
As was observed with the A10 cell and organ culture systems, the proliferation of
coronary artery SMCs was inhibited by PD123319, supporting the evidence that
AT, receptor activation is important for cell growth [31]. Interestingly, losartan was
also observed to inhibit SMC growth, exhibiting an efficacy that is comparable to,
but not additive with, that of PD123319. Since these antagonists are highly selective
for their respective receptors, a new paradigm must be developed to justify the
involvement of both angiotensin receptor subtypes in the control of cell prolifera-
tion. To account for these observations, we have postulated that the AT, and AT,
receptors operate through independent intracellular signaling systems, each activat-
ing distinct processes that are obligatory for cell cycle progression. Thus, the
redundancy in receptor function that is perceived when an endpoint such as cell
growth is used to monitor the response to Ang Il may not be evident when short-
term responses are considered. As part of our effort to define the contribution of the
AT, and AT, receptors to SMC growth and proliferation, two unrelated systems,
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prostaglandins and phosphatidylinositol 3-kinase (P13K), were investigated for their
potential to operate as intracellular mediators for Ang IL

PROSTAGLANDINS AS MEDIATORS OF SMC GROWTH

Prostaglandins operate as paracrine factors for endothelial smooth muscle com-
munication and also function as intracellular mediators for specific growth
factors [32]. Previously, we reported that prostaglandin synthesis was required for
bradykinin-dependent inhibition of A10 SMC growth [33]. Prostaglandins also serve
as signaling intermediates following treatment with Ang II since indomethacin
inhibits growth stimulation of both A10 and porcine coronary artery SMCs by Ang
II [27, Saward, Yau and Zahradka, unpublished]. To verify that indomethacin
interferes specifically with prostaglandin synthesis, Ang II was tested for its ability to
provoke the release of arachidonic acid by coronary artery SMCs. In this experi-
ment, it was observed that Ang II caused an increase in arachidonic acid release that
was blocked in the presence of an AT, receptor antagonist [Saward, Yau, and
Zahradka, unpublished]. This indirect assessment of prostaglandin production indi-
cates that Ang II may stimulate phospholipase activity via the AT, receptor. A
comprehensive evaluation of the various prostanoids produced in response to Ang II
is ongoing.

Although the prostaglandin(s) produced in response to Ang II remains to be
identified, we have investigated whether the direct addition of a specific prostaglan-
din in vitro could influence SMC growth. Prostacyclin (PGI,) had no detectable
effect on cell growth. On the other hand, the ability of PGE, to induce c-fos proto-
oncogene expression, trigger MAP kinase phosphorylation, stimulate DNA synthe-
sis, and increase cell number suggests that PGE, may indeed activate cell cycle
progression [Yau and Zahradka, unpublished]. These data clearly establish that the
synthesis of specific prostaglandins in response to Ang II has the potential to
promote SMC growth.

PHOSPHATIDYLINOSITOL 3-KINASE: A UNIQUE MEDIATOR

OF THE VASCULAR RESPONSE TO ANGIOTENSIN II

Evidence that receptor antagonists block the angiotensin-mediated proliferative
response of SMCs in both primary culture and an organ culture model suggests that
excess Ang Il may promote the development of certain vascular pathologies. Alter-
natively, either circulating or local Ang II could intensify the response originating
from other hormonal factors. For this reason, reliance upon a single therapeutic
approach may not be tenable. Treatment strategies may be improved if common
intracellular mediators could be identified and their activity suppressed. We have,
therefore, been interested in defining common signal transduction pathways that are
activated in response to both Ang II and other hormonal agents.

PI3K is a fundamental intracellular signaling component that is associated with
tyrosine kinase (TK) receptors [34]. Phosphorylation of the tyrosine moiety within
the SH2 domain of a TK receptor or a coupling protein, such as IRS-1, produces
a docking site for the p85 subunit of PI3K which is followed by activation of the



46 A. Pharmacological Interruption of Renin-Angiotensin in Hypertension

Figure 2. Phosphatidylinositol 3-kinase is activated by tyrosine kinase (TK) receptors.

catalytic p110 subunit (figure 2). In contrast, G protein-coupled receptors operate
by stimulating GTP/GDP exchange, causing the release of the Go subunit, which
leads to increases in second messengers, such as cCAMP and Ca’". Recent evidence
that TK and G protein receptors do not operate through mutually exclusive systems
is supported by reports that tyrosine phosphorylation also occurs when G protein
receptors are activated [35,36]. The identification and characterization of a PI3K
isoform (p110y) that is activated by Gg, subunits independently of p85 [37] provides
a candidate enzyme for the coupling of TK and G protein receptor-mediated
signaling.

The potential for a connection between PI3K and G protein receptors raises the
possibility that PI3K activation may influence SMC growth in response to Ang IL
This prospect was tested and confirmed by experiments that showed that
wortmannin and LY294002, both potent inhibitors of PI3K, blocked Ang II-
stimulated hyperplasia [38]. An analysis of phosphatidylinositol 3-phosphate (PI-3P)
production 15 minutes after treatment of SMCs with Ang II revealed that PI3K
activity was significantly increased. This increase in PI-3P could be prevented by
treatment with an AT, receptor antagonist (losartan). Participation of the p85/p110
PI3K in the cellular response to Ang II was indicated by a transient increase in p85
tyrosine phosphorylation which peaked at 15 minutes and returned to basal levels by
30 minutes. Immunocytochemistry localized the p85 subunit to the perinuclear
region in quiescent cells. After 15 minutes of Ang II stimulation, however, p85 was
uniformly distributed throughout the cell. Concurrent with the decrease in p85
phosphorylation at 30 minutes, p85 relocalized to the perinuclear region. These data
were confirmed by a subcellular fractionation that showed p85 increased in the
membrane fraction of Ang Il-treated SMC concomitant with a decrease in
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the cytoskeletal fraction. To confirm that the changes in p85 generated by
Ang II are coupled to PI3K activity, PI3K activity was measured in vitro after
immunoprecipitation of p85. The increased synthesis of PI-3P that was observed
with the immunoprecipitate from an Ang II-treated cell lysate clearly establishes
that the early response of PI3K to Ang II is mediated by p85, and not Gy,
subunits.

The available data strongly support the existence of a direct relationship between
PI3K and G protein activation. To explore this possibility, the coupling of PI3K
to prostaglandin receptors, which are also G protein-coupled, was examined. Not
only did addition of PGE, to quiescent SMC stimulate the production of PI-3P,
but also it produced a translocation of the p85 subunit [Yau and Zahradka, un-
published]. Furthermore, the PI3K inhibitors wortmannin and LY294002
prevented prostaglandin-mediated SMC growth. Thus, it appears likely that
activation of PI3K is indispensable for certain aspects of G protein receptor function.

The data described above suggest that G protein receptors can stimulate the
activity, phosphorylation, and migration of the p85/p110 isoform of PI3K and that
this pathway is vital for both Ang II and prostaglandin-mediated SMC growth.
Although these results establish that PI3K activation is an early event, we have also
noted that PI3K inhibitors effectively prevent cell proliferation if they are added to
cells more than 60 minutes following stimulation with Ang II [Saward and
Zahradka, unpublished]. These data support the possibility that either p85/p110
PI3K activity is continuous over extended periods after Ang II stimulation or PI3K
(either p85/p110 or p110y) is sequentially activated by autocrine factors, such as
prostaglandins, which are produced as cells progress through the cell cycle. A
comprehensive analysis of p85/p110 and p110Y over a broad time course will be
necessary to define the function of the individual PI3K isoforms with respect to G
protein-coupled receptors.

SYNOPSIS

Ang II is a vasoactive hormone that is synthesized in response to specific disease
states or a chronic reduction in blood pressure brought about by physical trauma.
This process represents a mechanism that may have evolved to augment the
autonomic systems that modulate acute changes in blood pressure. While Ang II
exists as a blood-borne hormone that affects all tissues, a local renin-angiotensin
system has been identified in many tissues. The synthesis (or release) of Ang II at the
tissue level occurs in response to numerous stimuli.

This review has described a number of observations that indicate angiotensin
receptors and their associated intracellular signaling systems play an important role in
the growth stimulation of smooth muscle, which may be involved in hypertension
and restenosis. First, we have indicated that either the AT, or the AT, receptor may
serve as a useful target for interventions designed to reduce the neointimal prolifera-
tion that occurs subsequent to balloon angioplasty. Second, we have established that
(1) a relationship exists between changes in AT, receptor expression and SMC
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Figure 3. A model for activation of distinct signaling pathways by AT, and AT, receptors.

growth state, and (2) both AT, and AT, receptor subtypes must be activated for Ang
[I-dependent stimulation of SMC proliferation. We have also confirmed that several
intracellular events that are influenced by Ang Il are mediated by specific receptor
subtypes. Based on this information, a model that links both PI3K activation with
the AT, receptor and prostaglandin synthesis with the AT, receptor has been
developed (figure 3). Experimental data indicating Ang II stimulates tyrosine phos-
phorylation of IRS-1 (Saward and Zahradka, in preparation), which agree with
recent reports by Saad et al. [39] and Du et al. [40], have been incorporated into this
model, since this observation provides a possible mechanism for coupling p85/p110
PI3K to the AT, receptor. Finally, we have found that inhibitors of specific signal
transduction processes also have the capacity to interfere with SMC growth. In
particular, inhibition of PI3K, which functions as a key signal transduction molecule
for both tyrosine kinase and G protein-coupled receptors, can prevent cell growth
in the presence of multiple growth factors. This feature of PI3K has made it valuable
to research groups attempting to control tumor growth. It also makes it a candidate
for the therapeutic intervention of cardiovascular conditions linked to hypertrophy
or hyperplasia.
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ANGIOTENSIN II ENHANCED THE
EXPRESSION OF INHIBITORY GUANINE
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Summary. In the present studies, we have investigated the effect of angiotensin (Ang) II on
guanine nucleotide regulatory protein (G protein) expression and functions in A-10 vascular
smooth muscle cells (VSMCs). Ang II treatment of VSMC enhanced the levels of inhibitory
guanine nucleotide regulatory protein (Gi) as well as Gi mRNA in a concentration-
dependent manner as determined by immunoblot and Northern blot analysis, respectively.
However, the GTPyS-mediated inhibition of forskolin (FSK)-stimulated adenylyl cyclase
activity and the receptor-mediated inhibition of adenylyl cyclase by Ang II and C-ANP, ,,
[des(GIn'®, Ser”, GIn®, Leu”, Gly”) ANF, ,;-NH2] (C-ANP, ;) were attenuated in Ang II-
treated cells. On the other hand, Gs protein expression and functions were not altered by Ang
IT treatment. Losartan treatment of the cells was able to partially restore the Ang II induced
enhanced expression of Gi protein as well as the attenuated responsiveness of adenylyl cyclase
to Ang II and C-ANP,,, inhibition. The results suggest the implication of AT, receptor in
Ang II-induced increases of Gia protein expression in vascular smooth muscle cells.

INTRODUCTION

Ang II, a vasoactive peptide and a key component of renin-angiotensin system,
elicits a wide variety of biological responses, including vasoconstriction, stimulation
of aldosterone secretion, and renal sodium reabsorption [1]. In addition, Ang II is a
growth promoting factor for several cell types, such as fibroblasts, adrenocortical
cells, cardiac myocytes, and vascular smooth muscle cells [2,3]. Ang II induces cell
hypertrophy in cultured aortic smooth muscle cells as a result of increased protein
synthesis [4,5] which is associated with increased expression of the growth associated

N.S. Dhalla, P. Zahradka, I. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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nuclear proto-oncogene, c-fos, c-jun and c-myc [6,7]. Ang II also stimulates
tyrosine phosphorylation of multiple substrates [8], including mitogen-activated
protein kinase (MAPK) [8-10].

Ang II elicits its physiological effects by interacting with two distinct receptor
subtypes, designated as AT, and AT, [11], based on their interaction with
nonpeptide antagonists, losartan and PD123177, respectively [12]. The presence
of AT, receptor subtype has been shown in rat vascular tissues. However, a small
proportion of AT, receptors is also present in rat aorta [13,14]. Most of the
physiological effects of Ang II are mediated by AT, receptors. AT, receptors are
coupled to several second messenger systems, such as stimulation of phospholipase C
(PLC) [15], D (PLD) [16], and A, (PLA,) [17] and inhibition of adenylyl cyclase/
cAMP [18-20] and plasma membrane calcium channels [21]. The activation of PLC
results in the formation of two second messengers, inositol triphoshate (IP,) and
diacylglycerol (DAG). DAG activates protein kinase C (PKC), shown to phospho-
rylate various proteins, including inhibitory G-binding proteins, Gi [22,23]. The
phosphorylation of Gi regulatory protein uncouples the inhibitory hormone recep-
tor from adenylyl cyclase and thereby attenuates the hormone-mediated inhibition
of adenylyl cyclase.

Adenylyl cyclase/cAMP system is composed of three components: receptor,
catalytic subunit, and guanine nucleotide regulatory proteins (G proteins). The G
proteins act as transducers and, in the presence of guanine nucleotides, transmit the
signal from the hormone-occupied receptor to the catalytic subunit. The hormonal
stimulation and inhibition of adenylyl cyclase are mediated through the stimulatory
(Gs) and inhibitory (Gi) guanine nucleotide protein, respectively [24,25], resulting
in the increased or decreased formation of cAMP, respectively. G proteins are
heterotrimeric, consisting of o, B, and Y subunit. The a subunit binds and hydro-
lyzes GTP and confers specificity in receptor and effector interactions [25]. Four
different isoforms of Gs have been identified which appear to be products of
alternate splicing of a common precursor [26,27]. On the other hand, three distinct
forms of Gia, namely, Gio-1, Gia-2, and Gio-3, have been identified and shown
to be products of three different genes [28,29].

Genetic linkage between the Ang II gene and hypertension has been established
[30]. Levels of Ang II have been reported to be elevated in hypertensive human
beings [31]. Transgenic mice overexpressing Ang Il have also been shown to have
elevated blood pressure [32,33]. In addition Ang II has been shown to be differen-
tially regulated in tissues involved in blood pressure regulation [34]. We have
recently demonstrated increased expression of Gio protein and Gia mRNA and
associated functions in spontaneously hypertensive (SHR) and deoxycorticosterone
acetate (DOCA)-salt hypertensive rats as compared to their control rats [35,36]. The
enhanced expression of Gitt and associated functions in SHR were restored towards
control level by angiotensin-converting enzyme (ACE) inhibitor [37], which inhib-
its the conversion of Ang I to Ang II and thereby decreases the levels of Ang II.
Taken together, it is possible that the enhanced levels of Ang II reported in
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hypertension [31] may be responsible for the observed enhanced expression of Gi
proteins in hypertensive rats [35,36]. To examine this possibility, the present studies
were undertaken to examine the effect of Ang II treatment, in the absence or
presence of losartan, on the expression of G proteins and adenylyl cyclase activity in
vascular smooth muscle cells (VSMC, A-10).

MATERIALS AND METHODS
Cell culture and incubation

Pure VSMC (A-10) from embryonic thoracic aorta of rat was obtained from
American Type Culture Collection, Rockville, MA, USA. The cells were plated in
7.5 cm’ flasks and incubated at 37°C in 95% air and 5% CO, humidified atmosphere
in Dulbecco’s modified Eagle’s medium (DMEM) (with glucose, L-glutamine, and
sodium bicarbonate) that contained antibiotics and 10% heat-inactivated fetal calf
serum (FCS). The cells were passaged, upon reaching confluence, with 0.5% trypsin
containing 0.2% EDTA and utilized between passages 5 and 15. Confluent cell
cultures were starved by incubation for 3h in DMEM without FCS at 37°C. These
cells were then incubated with different concentrations of Ang II for 24h at 37°C,
as described previously [38]. The treatment with different concentrations of losartan
was done in the presence of 107 M Ang II. After incubation, cells were washed
twice with ice-cold homogenization buffer (10mM Tris-HCI], 1mM EDTA, pH
7.5). The VSMC were scraped into ice-cold homogenization buffer using a rubber
policeman and collected by centrifugation at 4°C for 10min at 600 X g. The cells
were then homogenized in a Dounce homogenizer (10 strokes), and the
homogenate was used for adenylyl cyclase assay and immunoblotting.

Adenylyl cyclase activity determination

Adenylyl cyclase activity was determined by measuring [’P]-cAMP formation from
[0-P]ATP, as described previously [35,36]. Briefly, the assay medium contained
50mM glycylglycine, pH 7.5; 0.5mM MgATP, [0-P]ATP (1.5 X 10°cpm); SmM
MgCl, (in excess of the ATP concentration); 100mM NaCl, 0.5mM cAMP; 1 mM
3-isobutyl-1-methyl xanthine; 0.1mM EGTA; 10pM GTPYS and an ATP-
regenerating system consisting of 2mM phosphocreatine, 0.1 mg of creatine kinase/
ml, and 0.1mg of myokinase/ml in a final volume of 200pl. Incubations were
initiated by the addition of the membrane preparations (20-30pg) to the reaction
mixture, which had been thermally equilibrated for 2min at 37°C. The reactions
conducted in triplicate for 10min at 37°C, were terminated by the addition of
0.6ml of 120mM zinc acetate. cAMP was purified by co-precipitation of other
nucleotides with ZnCO,, by addition of 0.5ml! of 144mM Na,CO,, and subsequent
chromatography by the double-column system, as described by Salomon et al. [39].
Under the assay conditions used, adenylyl cyclase activity was linear with respect to
protein concentrations and time of incubation. Protein was determined essentially as
described by Lowry et al. [40] with bovine serum albumin as standard.
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Immunoblotting

Immunoblotting was performed as described previously [36,41]. After SDS-PAGE,
the separated proteins were electrophoretically transferred to nitrocellulose paper
(Schleicher and Schuell) with a semi-dry transblot apparatus (Bio Rad) at 15V for
45min. After transfer, the membranes were washed twice in phosphate-buffered
saline (PBS) and incubated in PBS containing 8% dehydrated milk at room tempera-
ture for 2h. The blots were then incubated with antisera against G proteins in PBS
containing 3% dehydrated milk and 0.1% Tween-20 at room temperature for 2h.
The antibody-antigen complexes were detected by incubating the blots with goat
anti-rabbit IgG (Bio-Rad) conjugated with horseradish peroxidase for 2h at room
temperature. The blots were washed three times with PBS before reaction with
enhanced-chemiluminescence (ECL) Western-blotting detection reagents from
Amersham. Quantitative analysis of the G proteins was performed by densitometric
scanning of the autoradiographs employing the enhanced laser densitometer, LKB
Ultroscan XL, and quantified using the gel scan XL evaluation software (version 2.1)
from Pharmacia (Quebec, Canada).

Total RNA extraction
Total RNA was extracted from VSMC, as described earlier [41,42].

Radiolabelling of the probes

cDNA inserts encoding for Gia2, Gia3 and Gso were radiollabeled with [a-
“P]dCTP by random priming, essentially as described by Feinberg et al. [43].
Specific activities of the labelled probes ranged from 1 to 3 X 10°cpm/ug of DNA.
The 32-mer oligonucleotide recognizing the 28S rRNA was end-labeled with [y-
“PJATP using T4 polynucleotide kinase, as described by Sambrook et al. [41].

Northern analysis

DMSO/glyoxal-treated total RNA was resolved on 1% agarose gels and transferred
to nylon membrane, as described previously [41,42]. Filters, after prehybridization at
65°C for 6h in hybridization solution (600mM NaCl, 8mM EDTA, 120mM Tris
at pH 7.4, 0.1% sodium pyrophosphate, 0.2% SDS, heparin 500U/ml), were then
hybridized overnight in hybridization solution containing dextran sulphate (10%
w/v) and the cDNA probe at 1 to 3 X 10°cpm/ml, as described previously [41,42].
Filters were then rinsed at 65°C for 2 X 30min in 300mM NaCl, 4mM EDTA,
60mM Tris at pH 7.4, and 0.2% SDS, and 1 X 30min in 150mM NaCl, 2mM
EDTA, 30mM Tris at pH 7.4, and 0.1% SDS. Autoradiography was performed
with X-ray films at —70°C. In order to assess the possibility of any variations in the
amounts of total RNA in individual samples applied to the gel, each filter was
hybridized with the *P end-labelled oligonucleotide, which recognizes a highly
conserved region of 28S ribosomal RNA. The blots that had been probed with the
G protein ¢cDNA were de-hybridized by washing for 1h at 65°C in 50%
formamide, 300mM NaCl, 4mM EDTA and 60mM Tris at pH 7.4, and
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Figure 1. Determination of the levels of Gia-2 (A) and Gia-3 (B) proteins in membranes from
control and angiotensin (Ang) II-treated vascular smooth muscle cells by immunoblotting. Vascular
smooth muscle cells (VSMCs) were incubated in the absence (lane 1) or presence of 107'M Ang II
for 24h as described under Methods. Membranes were prepared as described under Methods and
were used for immunoblotting. The membrane proteins were resolved by sodium dodecyl sulphate
polyacrylamide gel electrophoresis and transferred to nitrocellulose that was then immunoblotted using
AS/7 antibody for Gia-1 and Gia-2 or EC/1 antibody for Gia-3 and were detected by using ECL
Western blotting, as described under Methods. The autoradiograms are representative of three

separate experiments. Reproduced from [38] with permission.

rehybridized overnight at room temperature with the oligonucleotide. Quantitative
analysis of the hybridization of bound probes was performed by densitometric
scanning of the autoradiographs by employing the enhanced laser densitometer,
LKB Ultroscan XL, and quantified using the gel scan XL evaluation software
(version 2.1) from Pharmacia (Quebec, Canada).

MATERIALS

ATP, cAMP, and other chemicals necessary for total RNA extraction, and Northern
blot analysis were obtained from Sigma Chemical Co. (St. Louis, MO., USA).
Creatine kinase (EC.2.7.3.2), myokinase (EC.2.7.4.3), GTP and GTPys were pur-
chased from Boehringer-Manheim (Canada). 3-Isobutyl-1-methyl-xanthine (IBMX)
was purchased from Aldrich Chemicial Corporation (Milwaukee, Wisconsin). [a-
32P]ATP, [0-*P]dCTP, and carrier-free [*’P]orthophosphate were purchased from
Amersham Corp. (Oakville, Ontario, Canada). Ang II and C-ANP, ,; were from
Peninsula Laboratories Inc. (CA., USA).

RESULTS
Effect of Ang II treatment on G protein expression

We have recently shown an augmentation of Gia-2 and Gia-3 protein levels in
hearts and aorta from SHR and DOCA-salt HR [35,36]. The enhanced expression
of Gi protein was restored towards control levels by captopril treatment [37]
indicating that Ang II may be responsible for the observed increases in Gi protein
expression. In order to investigate this possibility, the effect of Ang II on Gi protein
levels was investigated by immunoblotting using specific antibodies against different
isoforms of Gi proteins. As shown in figure 1A, AS/7 antibodies, which react with
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Figure 2. Effect of various concentrations of Ang II treatment on the levels of Gia-2 and Gio-3 in
membranes from vascular smooth muscle cells (VSMCs). VSMCs were incubated in the absence or
presence of various concentratons of Ang II for 24 hr as described under Methods. The levels of
Gio-2 (A) and Gia-3 (B) proteins were determined by immunoblotting using antibodies AS/7 and
EC/1, respectively, as described under Methods. Quantification of G proteins was performed by
densitometric scanning using an enhanced laser densitometer (LKB). The values are mean * SEM
from three separate experiments.

both Gia-1 and Gig-2, recognized a single protein of approximately 40KDa,
referred to as Gia-2 (Gia-1 is absent in VSMC) [44], while antibodies EC/2
detected a single protein of 41 KDa, referred to as Gia-3, on immunoblots of both
VSMC from control and Ang II treated cells (figure 1B). However, the relative
amounts of immunodetectable Gio-2 and Giat-3 were significantly increased in a
concentration dependent manner in cells pretreated with Ang II, as determined by
densitometric scanning (figure 2A and B).
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Figure 2 (continued)

Effect of losartan on Ang II induced enhanced expression of G protein

To examine if the enhanced expression of Gi protein by Ang II is mediated through
AT, receptor, the effect of losartan, an AT, receptor antagonist was investigated.
The results are shown in figure 3. Losartan reduced the Ang II-induced enhanced
levels of Gia-2 (figure 3A) and Gia-3 (figure 3B) in a concentration dependent
manner. At 107*M, losartan decreased the Gia-2 and Gio-3 protein levels by about
30%.

We have also determined the mRNA levels of Gia-2 and Gia-3 in control and
Ang II-treated cells by using cDNA probes of Gia-2 and Gia-3. Ang II at 107’M
was also able to enhance the mRNA levels of Gia-2 and Gia-3 by about 25-30%,
and losartan was also able to reduce the enhanced mRNA levels of Gia-2 and Gia-
3 in a concentration dependent manner. At 10™*M, losartan decreased the expres-
sion of enhanced Gia-2 and Gio-3 mRNA by about 25-30% (figure 4A, B).



58 A. Pharmacological Interruption of Renin-Angiotensin in Hypertension

-
o
o
1
-
o
o
1

901

©
(=]
1

801

70

Gia, PROTEIN LEVELS (Arbitrary Units %)
~ @
2 =3

Gio,, PROTEIN LEVELS (Arbitrary Units %)

601

>3
o
1

o

107 10® 107 10® 10° 10
L J

L
Ang Il (M) Angiotensin II + Losartan (M) Ang Il (M) Angiotensin II + Losartan (M)

Figure 3. Effect of losartan on Ang Il-induced enhanced expression of Gia-2 and Gia3 proteins in
vascular smooth muscle cells (VSMCs). VSMCs were incubated in the absence or presence of 107'M
Ang II alone or in combination with various concentrations of losartan for 24hr as described under
Methods. The levels of Gia-2 (A) and Gia-3 (B) proteins were determined by immunoblotting using
AS/7 and EC/1 antibodies as described under Methods. Quantification of G proteins was performed
by densitometric scanning using an enhanced laser densitometer (LKB). Values are means = SEM of
three separate experiments.

On the other hand, Ang II treatment of the cells did not alter the levels of Gs
protein or Gsoo mRNA (data not shown).

Effect of Ang II treatment on Gi functions

In order to investigate if the augmentation of Gia proteins by Ang II treatment is
also reflected in Gi functions, the effect of Ang II and C-ANP,,,, which inhibit
adenylyl cyclase activity through Gi regulatory protein [18,20,45,46], was examined
in control and Ang Il-treated cells. The results are shown in figure 5. Ang II and
C-ANP,_,, inhibited adenylyl cyclase activity by about 30 and 35% in control cells,
respectively, which was completely attenuated by Ang II treatment. Losartan at
10™°M was able to restore the inhibition by about 40-45% when the inhibition of
adenylyl cyclase by C-ANP,,, or Ang II was taken as 100%. In addition the
receptor-independent Gi functions, as determined by examining the effect of low
concentration of GTPYS on forskolin-stimulated adenylyl cyclase, were also attenu-
ated by Ang II treatment (data not shown).

DISCUSSION

The present studies demonstrate that Ang II treatment of the vascular smooth cells
for 24h enhanced the expression of Gia-2 and Gia-3 proteins, whereas the
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Figure 4. Effect of losartan on Ang Il-induced enhanced expression of Gia-2 and Gia-3 mRNA in
vascular smooth muscle cells (VSMCs). VSMCs were incubated in the absence or presence of 107 M
Ang II alone or in combination with various concentrations of losartan for 24 hours as described
under Methods. The mRNA levels of Gia-2 (A) and Gia-3 (B) were determined by Northern
blotting using cDNA probes of Gio-2 and Gio-3 as described under Methods. Quantification of Gi
mRNA was performed by densitometric scanning using an enhanced laser densitometer (LKB). Values
are means = SEM of three separate experiments.

expression of Gso. was unchanged. These results are in agreement with the data
reported earlier [47], where systemic infusion of Ang II resulted in the augmented
levels of Gia-2 and Gi0-3 proteins in glomerular and mesenteric vascular smooth
muscle membranes. The levels of Gia-2 and Gia-3 mRNA were also increased by
Ang II treatment. This may not be due to variation in the amounts of total RNA
loaded in individual samples applied to the gels because hybridization with an
oligonucleotide that recognizes a highly conserved region of the 28S RNA showed
a similar amount of 28S RNA loaded from control and Ang II-treated cells (data not
shown). These results suggest that the genes for Gia-2 and Gio-3 enhanced by Ang
II treatment may be responsible for the observed increase in protein levels. The
reduction in the Ang Il-induced levels of Gio protein by losartan suggest the
involvement of AT, receptor in Gi protein synthesis. The AT, receptor-mediated
increase of protein synthesis has been shown previously [45,48]. The mechanism(s)
responsible for Ang II-mediated Gi protein synthesis is not known and remains to
be explored. However, one possible mechanism may be PKC, because staurosporin,
a PKC inhibitor, was able to inhibit Ang II-induced enhanced expression of Gia
protein in VSMC (Anand-Srivastava et al., unpublished observations). Our results
on G protein expression are in agreement with those of Sims et al. [47], who have
shown that Ang II infusion in rats resulted in enhanced protein levels of Gia-2 and
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Figure 5. Effect of losartan on Ang Il-induced attenuation of C-ANP, ,, and Ang Il-mediated
inhibition of adenylyl cyclase in vascular smooth muscle cells (VSMCs). VSMCs were incubated in
the absence (control, [[HIM) or presence of 10 M Ang II alone or in combination with
107°M losartan () for 24 hr as described under Methods. Adenylyl cyclase activity was
determined in the absence or presence of 10°M Ang II or 107M C-ANP, ,; in the membranes
prepared from these cells as described under Methods. Basal adenylyl cyclase activity was taken as
100%. Values are means = SEM. of three separate experiments.

Gi0-3 in systemic and renal vasculature. The enhanced expression of Gia. proteins
in cultured adrenal cells in response to Ang II has also been demonstrated [49].
A relationship between the levels of G protein and functions has been reported by
several investigators [35,50]. Increased level of Gia proteins and increased respon-
siveness of adenylyl cyclase to ANP, oxotremorine, and Ang II inhibition in aorta
and heart from SHR and DOCA-salt hypertensive rats has recently been shown
[35,36]. Similarly decreased levels of Giat-2 and complete attenuation of ANP
receptor-mediated inhibition of adenylyl cyclase in platelets from SHR have also
been reported [50]. However, the increased levels of Gia-2 and Gia-3 from Ang II
treatment were not reflected in increases in Gi functions. On the other hand, the C-
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ANP,,, and Ang II receptor-mediated inhibitions of adenylyl cyclase were com-
pletely attenuated by Ang II treatment. Several mechanisms may be involved in the
observed attenuation of adenylyl cyclase inhibition by C-ANP,_,, and Ang II. One
of the possibilities may be that Ang II treatment has resulted in the down regulation
of ANP as well as Ang II receptors in the vascular smooth muscle cells [51,52].
Alternatively the Gi protein levels, although enhanced by Ang II treatment, may
have been phosphorylated by Ang II mediated activation of PKC, another signaling
pathway of Ang II action. The phosphorylation of Gi protein may, therefore, result
in the uncoupling of receptors from adenylyl cyclase. The phosphorylation of Gia
proteins and the uncoupling of inhibitory hormone receptors from adenylyl cyclase
by PKC has been reported [23]. Taken together, it may be possible that the
observed attenuation of ANP-C and Ang II receptor-mediated inhibition of
adenylyl cyclase caused by Ang II treatment may be attributed to be downregulation
of the receptors or/and to the phosphorylation of Gia protein, which may be
responsible for the uncoupling of these receptors from adenylyl cyclase.

The partial reversal of the ANP-C and Ang II receptor-mediated adenylyl cyclase
inhibition by losartan may be due to its competitive binding, thereby preventing
Ang II-mediated desensitization. However, the inability of losartan to completely
restore the attenuated responsiveness of adenylyl cyclase to C-ANP, ,, may be due
to the low concentrations of losartan used in these studies, which may not have
been enough to saturate all the AT, receptor subtype, Alternatively it may be
because some effects of Ang II are being produced via a non-losartan sensitive AT,
receptor subtype. Or perhaps it is by some other mechanism.

In conclusion we have shown that treatment of vascular smooth muscle cells with
Ang II enhanced the levels of Gia-2 and Gia-3 proteins and mRNA but not levels
of Gsa. The enhanced levels of Gia proteins were not associated with increased Gi
functions. The Ang Il-induced enhanced levels of Gi and attenuated inhibition of
adenylyl cyclase by C-ANP, ,, and Ang II were restored partially towards control
levels by losartan, suggesting the implication of AT, receptor subtype in the
observed effects of Ang II.
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Summary. The effects of nonpeptide angiotensin AT, and AT, receptor antagonists on
pressor responses to the angiotensin peptides were investigated in the cat and the rat. Under
constant flow conditions, injections of angiotensin (Ang) I, Ang II, Ang III, Ang I-(3-10),
(Pro'',D-Ala'®) Ang I and Ang IV into the hindlimb perfusion circuit caused dose-dependent
increases in perfusion pressure, while Ang I-(4-8) was without effect. The order of potency
was Ang I = Ang Il = Ang Il > (Pro'',D-Ala"%) Ang I > Ang I-(3-10) = Ang IV. Losartan,
EXP 3174, and candesartan decreased vasoconstrictor responses to Ang II in a selective
manner. EXP 3174 (1 mg/kg iv) and candesartan (1 mg/kg iv) shifted the dose-response curve
to Ang II to the right in a nonparallel manner, whereas losartan shifted the curve to the right
in a parallel manner. The AT, receptor antagonist PD 123,319 had no significant effect on
vasoconstrictor responses to the angiotensin peptides in the regional vascular bed of the cat.
In the rat, candesartan decreased pressor responses to Ang II, whereas PD 123,319 had no
effect on the response to the peptide. These results indicate that vasoconstrictor responses to
Ang peptides in the regional vascular bed of the cat and pressor responses to Ang II in the
systemic vascular bed of the rat are mediated by the activation of AT, receptors, whereas AT,
receptors play little, if any, role in the mediation or modulation of responses to Ang II in the
cat or the rat.

INTRODUCTION

Angiotensin (Ang) II has potent vasoconstrictor activity in a number of regional
vascular beds in a variety of species [1-3]. Ang II is formed from Ang I by the
angiotensin-converting enzyme (ACE) located on the surface of pulmonary capillary
endothelial cells [1-6]. Recent studies, however, have suggested that in addition to

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.



66 A. Pharmacological Interruption of Renin-Angiotensin in Hypertension

the pulmonary capillary, bed, there is significant ACE activity in the upstream
resistance vessel elements within the pulmonary, hindlimb, and mesenteric vascular
beds of the cat [7-9]. Binding studies have revealed the existence of at least two
different Ang II receptor subtypes, AT, and AT, [10,11]. AT, receptors have been
found in many tissues, including vascular smooth muscle, liver, and kidney [12-17].
AT, receptors have been found in bovine cerebellum and uterus and in rat adrenal
medulla [10,11,13,18]. The function of the AT, receptor in vivo is uncertain,
although recent evidence suggests that this receptor subtype may play a role in fetal
growth and development [19] and has been reported to mediate a vasodepressor
response to Ang II and Ang III in the rat [20]. The AT, receptor, however, is
believed to be responsible for most, if not all, cardiovascular responses to Ang II [7—
9,21-24].

ACE inhibitors and Ang receptor antagonists have been used to counteract the
hypertensive, cardiac, and vascular hypertrophic effects of Ang II [25]. The develop-
ment of Ang receptor blocking agents was aided by the discovery of imadazole
analogs, which were nonpeptide Ang II receptor antagonists [10,26]. DuP 753
(losartan), a nonpeptide Ang Il receptor antagonist, was developed from these studies
and is used in the treatment of hypertension [10,26]. Candesartan is a recently
synthesized nonpeptide Ang II receptor antagonist displaying high affinity for the AT,
subtype [27-31]. Candesartan is the metabolite of the orally active compound TCV-
116 and is 30-100 fold more potent than the parent compound [29,32,33].
Candesartan inhibits Ang II-induced aldosterone secretion in rats [33] and decreases
arterial pressure in renal hypertensive rats [31]. Candesartan has been reported to shift
the dose-response curve for Ang II to the right in a nonparallel fashion and reduce
maximal contractile responses to Ang II in rabbit aortic strips [28]. The present study
was undertaken to investigate and compare the effects of AT, and AT, receptor
blocking agents on responses to Ang peptides in the cat and the rat.

MATERIALS AND METHODS
Regional vascular bed experiments

For experiments in the regional vascular bed of the cat, adult cats of either sex
weighing 2.0 to 5.4kg were sedated with ketamine hydrochloride (10-15mg/kg
im) and were anesthetized with pentobarbital sodium (30 mg/kg iv). Supplemental
doses of pentobarbital were given during the course of the experiment to ensure a
uniform level of anesthesia. The trachea was cannulated, and the animals were
ventilated with a Harvard model 607 ventilator at a volume of 40-60ml at 15-22
breaths/m. The animals were maintained at 37°C with a heating blanket. An
external jugular vein was catheterized for the intravenous (iv) administration of
drugs, and a carotid artery was catheterized for the measurement of systemic arterial
(aortic) pressure. For constant-flow perfusion of the hindquarters vascular bed, a 3-
to 4-cm segment of distal aorta was exposed through a ventral midline incision and
was cleared of surrounding connective tissue by blunt dissection. After administra-
tion of heparin sodium (1000U/kg iv), the abdominal aorta was ligated, and
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catheters were inserted into the aorta proximal and distal to the ligature. Branches
of the aorta distal to the origin of the external iliac arteries were ligated to restrict
blood to the hindlimbs. Blood was withdrawn from the proximal catheter and
pumped at a constant flow rate with a Sigmamotor model T-8 pump into the distal
aortic catheter. Perfusion pressure was monitored from a lateral tap in the perfusion
circuit located between the pump and the distal aortic catheter. Hindlimb perfusion
pressure and systernic (aortic) pressures were measured with Statham P23 transducers
and were recorded on a Grass model 7 polygraph. Mean pressures were derived by
electronic averaging, and the flow rate was set so that hindquarters perfusion
pressure approximated systemic arterial pressure and was not changed during an
experiment. The flow rate was determined by timed collection and ranged from 24
to 30ml/m. Agonists were injected directly into the hindlimb perfusion circuit distal
to the pump in small volumes (30 and 100ul) in a random sequence, and the
hindlimb vascular bed was denervated by ligating and cutting the lumbar sympa-
thetic chain ganglia between L3 and L4. These procedures have been described
previously [9,23,24].

Mesenteric vascular bed experiments

For experiments in the mesenteric vascular bed, the cats were anesthetized and
instrumented in a manner similar to that described for the hindlimb experiments.
For constant-flow perfusion of the mesenteric vascular bed, the superior mesenteric
artery was approached through a midline abdominal incision and carefully cleared of
surrounding connective tissue. The mesenteric vascular bed was denervated by
ligating and cutting the perivascular nerves to the small intestine as they course along
the superior mesenteric artery. Following the administration of heparin sodium
(1000U/kg), the femoral artery was cannulated and connected to the inlet side of
the perfusion circuit. The outlet side of the perfusion circuit was connected to a
catheter that was inserted into the superior mesenteric artery. Blood flow to the
small intestine was maintained constant with a Sigmanotor model T-8 perfusion
pump. Superior mesenteric arterial perfusion pressure was measured by a lateral tap
in the perfusion circuit that was located between the pump and the outlet side of
the perfusion circuit. Superior mesenteric arterial perfusion pressure and systemic
arterial pressure were measured with Statham P23 pressure transducers and were
recorded on a Grass model 7 polygraph. Mean pressures were derived by electronic
averaging, and the perfusion rate was set so that superior mesenteric arterial perfu-
sion pressure approximated systemic arterial pressure and was not changed during
the experiment. The flow rate was determined by timed collection and ranged from
26-36ml/min. The agonists used in these experiments were injected, in small
volumes (30 and 100pl), directly into the superior mesenteric artery perfusion
circuit distal to the pump. These procedures have been described previously [8].

Systemic arterial pressure experiments

For experiments on systemic arterial pressure in the rat. Sprague-Dawley rats
of either sex weighing 340-540g were anesthetized with pentobarbital sodium



68 A. Pharmacological Interruption of Renin-Angiotensin in Hypertension

(50mg/kg ip). Supplemental doses of pentobarbital were given as needed to main-
tain a uniform level of anesthesia. The trachea was cannulated, and the rats breathed
room air spontaneously or were ventilated with room air enriched with 95% O, and
5% CO, with a Harvard model 683 rodent ventilator at a tidal volume of 2.4-2.6 ml
at a rate of 30-35 breaths/m. Catheters were inserted into the external jugular vein
for the iv administration of drugs and into the carotid artery for the measurement
of systemic arterial (aortic) pressure. Systemic arterial pressure was measured with a
Viggo-Spectramed pressure transducer and was recorded on a Grass model 7 poly-
graph. Mean pressure was derived by electronic averaging.

Materials

DuP 753 (losartan potassium: Dupont-Merck, Wilmington, DE) was dissolved in
0.9% NaCl, and EXP 3174 (Dupont-Merck) was dissolved in a 5% NaHCO,/
dextrose (50:50) solution. Candesartan (CV-11974) was dissolved in a 1N Na,CO,/
0.9% NaCl solution (1:20). PD 123,319 (Research Biochemicals Inc., Natick, MA),
acetylcholine chloride, Ang I, Ang II, Ang III, Ang IV, norepinephrine hydrochlo-
ride (Sigma Chemical Co., St. Louis, MO), (Pro',D-Ala") Ang I (generously
provided by Dr. Leland Loose of Pfizer, Inc., Groton, CT), and endothelin-1
(Peptide Research Labs, Tulane University, New Orleans. LA) were dissolved in
0.9% NaCl. Captopril (Bristol Myers-Squibb, Princeton, NJ) was dissolved in 0.9%
NaCl. U46619 (Upjohn, Kalamazoo, MI) was dissolved in 100% ethanol at a
concentration of 10mg/mi and was diluted in 0.9% NaCl. BAY K 8644 (Miles,
New Haven, CT) was dissolved in a 1:4 solution of cremophor EL and
tristhydroxymethyl) aminomethane (Tris) and TrisHCl (50mM, pH 7.4). The
resulting suspension was warmed, and polyethylene glycol and Tris (pH 7.4) were
added to make a stock solution that was stored in a brown bottle in a freezer.
Working solutions of all agonists were prepared on a frequent basis, stored in brown
stoppered bottles, and kept on crushed ice during the course of an experiment.

Statistical analysis

Responses were measured in absolute units (mmHg) as mean * SE and were
analyzed using a one-way analysis of variance and Scheffe’s F test with a Bonferroni
correction or a paired t-test [34]. A P value of less than 0.05 was used as the
criterion for statistical significance.

RESULTS
Responses to Angiotensin peptides in the hindlimb vascular bed of the cat

Under constant flow conditions, injections of Ang I, Ang II, Ang III, Ang IV, Ang
I-(3-10), and (Pro',D-Ala"®) Ang I into the hindlimb perfusion circuit caused
dose-related increases in hindlimb perfusion pressure (figure 1). Injection of Ang I-
(4-8) had no significant effect on hindlimb perfusion pressure (figure 1). When
doses of the peptides are expressed on a nmol basis to take molecular weight into
account, increases in hindlimb perfusion pressure in response to Ang I, Ang II, and
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Figure 1. Dose-response curves comparing the increases in perfusion pressure in response to
intraarterial injections of angiotensin I, 11, III, I (3-10), I (4-8), IV, and (Pro', D-Ala") Ang I
in the hindlimb vascular bed of the cat. Doses are expressed on a nmol basis to take molecular
weight into account. n indicates number of animals.

Ang III were similar (figure 1). The dose-response curve for (Pro"',D-Ala'?) Ang I
was approximately 2 log units to the right of the dose-response curves for Ang I,
Ang I, and Ang III. The dose-response curves for Ang I-(3-10) and Ang IV were
similar and were three log units to the right of the dose-response curves for Ang I,
Ang II, and Ang III (figure 1).

Influence of losartan (DuP 753) and EXP 3174

The effects of the angiotensin AT, receptor antagonist, losartan (DuP 753), and its
active metabolite, EXP 3174, on responses to Ang II were compared in the
hindlimb vascular bed of the cat, and the results are shown in figure 2. Following
administration of DuP 753 in a dose of 2.5mg/kg iv and EXP 3174 in a dose of
1mg/kg iv, responses to injection of Ang II into the hindlimb perfusion circuit were
reduced significantly (figure 2). When the slopes of the dose-response curves for
Ang II were compared before and after administration of DuP 753, (2.5mg/kg iv)
the curve was shifted to the right in a parallel manner which suggests that the
blockade of responses to Ang II was competitive in nature (figure 2). When the
slopes of the dose-response curves for Ang II were compared before and after
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Figure 2. Influence of losartan (DuP 753; 2.5mg/kg iv; A) and EXP 3174 (1mg/kg iv, B) on
responses to angiotensin II in the hindlimb vascular bed of the cat. The peptides were injected
directly into the hindlimb perfusion circuit, and responses were determined before and 20 minutes
after administration of the receptor antagonist. n indicates number of animals.

administration of EXP 3174, the curve for Ang II was shifted to the right in a
nonparallel manner which suggests a non-competitive blockade. Responses to nore-
pinephrine were not altered after administration of DuP 753 or EXP 3174 (data not
shown).

Influence of candesartan on responses to Angiotensin II

The effects of the newly developed nonpeptide AT, receptor antagonist candesartan
(CV11974) on responses to Ang II were investigated in the hindlimb vascular bed
of the cat. These results are shown in figure 3. Following administration of
candesartan in doses of 3pug/kg iv and 1 mg/kg iv, responses to injections of Ang II
were reduced significantly (figure 3). When the slopes of the dose-response curves
for Ang Il were compared before and after administration of the low dose of
candesartan, the curve was shifted to the right in a parallel manner suggesting that
the blockade was competitive in nature (figure 3). When dose-response curves for
Ang Il were compared before and after administration of candesartan in a dose of
1mg/kg iv, the curve for Ang Il was shifted to the right in a nonparallel manner
suggesting a noncompetitive blockade (figure 3). Responses to norepinephrine were
not altered after administration of candesartan in doses of 3ug/kg iv and 1 mg/kg iv
(data not shown).
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Figure 3. Influence of candesartan in doses of 3pg/kg iv (A) and 1mg/kg iv (B) on responses to
angiotensin II in the hindquarters vascular bed. Responses to the peptide were determined before
and 20 minutes after administration of the receptor antagonist. n indicates number of animals.

Influence of captopril on responses to the Angiotensin peptides

The effects of the ACE inhibitor captopril on responses to Ang I and Ang Il were
studied in the hindlimb vascular bed of the cat. These results are shown in figure 4.
Following administration of captopril in a dose of 4mg/kg iv, responses to Ang I
were reduced significantly at a time when responses to Ang II were not altered
(figure 4). In a manner similar to that observed with Ang I, responses to Ang I-(3—
10), the precursor for Ang IV, were reduced significantly after administration of
captopril (data not shown). Responses to Ang IV and (Pro',D-Ala'?) Ang I were
not altered after administration of captopril (data not shown).

Duration of AT, receptor blockade

The duration of the inhibitory effects of DuP 753, EXP 3174, and candesartan on
pressor responses to Ang II was assessed in the hindlimb vascular bed of the cat. The
results of these experiments are shown in figure 5. Four hours after administration
of DuP 753 in a dose of 2.5mg/kg iv, EXP 3174 in a dose of 1mg/kg iv, and
candesartan in a dose of 1mg/kg iv, responses to Ang II were reduced significantly
at a time when responses to norepinephrine were not altered (figure 5).

Influence of AT, receptor blockade

The effects of the AT, receptor antagonist PD 123,319 on responses to the
angiotensin peptides were investigated in the hindlimb and mesenteric vascular beds
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Figure 4. Influence of captopril (4mg/kg iv) on responses to angiotensin I (A4) and angiotensin II
(B) in the hindlimb vascular bed of the cat. n indicates number of animals. * significantly different

from control (p < 0.05).

of the cat. The results of these experiments are shown in figure 6. Following
administration of PD 123,319 in a dose of 5mg/kg iv, responses to Ang II, Ang III,
or Ang IV were not changed significantly in the hindlimb vascular bed of the cat
(figure 6). Following administration of PD 123,319 in doses of 10 and 20mg/kg iv,
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Figure 5. Influence of time on the inhibitory effects of DuP 753, EXP 3174, and candesartan on
responses to angiotensin II (0.3pg) and norepinephrine (1pug) in the hindlimb vascular bed of the
cat. n indicates number of animals. * response is significantly different from control (p < 0.05).

responses to Ang II, Ang III, and Ang IV were not altered in the mesenteric vascular
bed of the cat (figure 6).

Effects of candesartan and PD 123319 in the systemic vascular bed of the rat

The effects of candesartan on changes in systemic arterial pressure in response to
Ang II were investigated in the rat. These data are summarized in figure 7.
Injections of Ang II in doses of 0.1-3ug/kg iv caused dose-related increases in
systemic arterial pressure. The increases in systemic arterial pressure in response to
Ang II were reduced significantly following administration of candesartan in a dose
of 1mg/kg iv (figure 7). There was little tendency for the blockade to be sur-
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Figure 6. A, Influence of PD 123,319 on responses to angiotensin 11, III, and IV in the hindlimb
vascular bed of the cat. B, Influence of PD 123,319 in doses of 10 and 20mg/kg iv on responses to
angiotensin 11 and III in the mesenteric vascular bed of the cat. n indicates number of animals. *
response is significantly different from control (p < 0.05).

mounted when larger doses of Ang II were injected after administration of the AT,
receptor antagonist (data not shown). The AT, receptor blockade induced by
candesartan was long in duration, and pressor responses to Ang Il were inhibited at
intervals up to 3 hours after administration of the AT, receptor antagonist (data not
shown). Although pressor responses to Ang II were reduced for periods up to 3
hours after administration of candesartan, increases in systemic arterial pressure in
response to iv injections of norepinephrine were not altered during this same time
period (data not shown).

The effects of the AT, receptor antagonist PD 123319 on responses to Ang Il
were investigated in the rat. These data are summarized in figure 7. Increases in
systemic arterial pressure in response to Ang Il were not changed by the adminis-
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Figure 7. Influence of candesartan (A) and PD 123,319 (B) on responses to angiotensin II in the
systemic vascular bed of the rat. n indicates number of animals. * response is significantly different
from control (p < 0.05).

tration of PD 123319 in a dose of 10mg/kg iv (figure 7). The subsequent admin-
istration of candesartan (1 mg/kg iv) significantly attenuated pressor responses to Ang
II (data not shown). Increases in systemic arterial pressure in response to nore-
pinephrine were not altered by candesartan or PD 123,319 (data not shown). The
chemical structures for losartan, EXP 3174, candesartan, and PD 123,319 are shown
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Figure 8. Chemical structures of the angiotensin AT, receptor antagonists losartan (DuP 753), EXP
3174, and candesartan (CV-11974).

in figure 8. The postulated sites of action of the angiotensin peptides and AT
receptor antagonists are shown in figure 9.

DISCUSSION

Results of the present investigation demonstrate that the nonpeptide angiotensin
AT, receptor antagonists, DuP 753, EXP 3174, and candesartan have significant
inhibitory effects on increases in hindquarters perfusion pressure in response to Ang
II. Inasmuch as blood flow was maintained constant, the increases in perfusion
pressure reflect increases in regional vascular resistance and show that vasoconstrictor
responses to Ang II are antagonized by DuP 753, EXP 3174, which is an active
metabolite of DuP 753, and candesartan. Vasoconstrictor responses to Ang II did not
change over the period of time the experiments were carried out and were not
altered by sodium meclofenamate or phentolamine, indicating that responses to the
peptide were reproducible and were not modulated by the release of products in the
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Figure 9. A, Diagram depicting the proposed sites of action of the angiotensin peptides in the cat
and rat. Data from the present study suggest that Ang II, Ang III, and Ang IV cause vasoconstriction
in the cat and rat by acting on the AT, receptor and that losartan (DuP 753), EXP 3174, and
candesartan (CV-22974) are selective antagonists for the angiotensin AT, receptor. Data from the
present study suggest that (Pro'!, D-Ala'”) Ang I causes vasoconstriction that is resistant to ACE
inhibition, but blocked by AT, receptor antagonists. The role of the AT, and AT, receptors in
mediating responses to the angiotensin peptides is uncertain. Bottom: Amino acid sequences

for angiotensin (Ang) I, II, III, IV, and I-(4-8).

cyclooxygenase pathway or mediated in part by the release of norepinephrine from
adrenergic terminals [7,9].

The inhibitory effect of DuP 753 on responses to Ang II was overcome when
larger doses of the peptide were injected, and the shift to the right of the dose-
response curve was parallel, suggesting that the DuP 753-induced blockade was
competitive in nature. In addition to being a potent and competitive antagonist for
Ang I, DuP 753 did not significantly effect vasoconstrictor responses to vasopressin,
norepinephrine, neuropeptide Y, and U46619; biphasic responses to endothelin-1;
or vasodilator responses to acetylcholine. These data indicate that the inhibitory
effects of DuP 753 on responses to Ang II were highly selective, since responses to
vasoactive agents, which act by a variety of receptor-mediated mechanisms, were
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not altered. Moreover, DuP 753 had a long duration of action in that responses to
Ang II in the hindquarters returned to only about 50% of control 4 hours after
administration of the antagonist in a dose of 2.5mg/kg iv. Although responses to
Ang II returned gradually toward control value during the 4 hours of the experi-
ment, responses to norepinephrine remained unchanged, indicating that the respon-
siveness of the vascular bed was not changed during the time that experiments were
carried out. DuP 753 and other AT, receptor antagonists used in these studies had
no significant effect on baseline pressures in the aorta and in the hindquarters
vascular bed, suggesting that the nonpeptide AT, receptor antagonists had little, if
any, agonistic activity in the cat and that Ang II did not play a major role in
regulating vascular tone under baseline conditions in the cat. The results of the
present studies in the hindquarters vascular bed of the cat are in agreement with
studies in the pithed rat, a preparation in which the influence of autonomic reflexes
has been removed and increases in diastolic pressure in response to Ang II are
measured. In the pithed rat, DuP 753 shifted the Ang II dose-response curve to the
right in a parallel manner without altering responses to norepinephrine or vaso-
pressin. In a similar manner, DuP 753 shifted the Ang II dose-response curve in a
parallel manner without altering contractile responses to norepinephrine or potas-
sium chloride in the isolated rabbit aortic strip. The results of studies in the pithed
rat, the rabbit aortic strip, and the cat hindquarters indicate that DuP 753 is a potent
selective, competitive angiotensin AT, receptor antagonist which possesses little
agonistic activity [23].

DuP 753 is metabolized to EXP 3174 in the rat. DuP 753 and EXP 3174
both inhibit responses to Ang II in the pithed rat and in isolated rabbit aortic strips.
However, the properties of the blockade differ in that EXP 3174 is a noncompeti-
tive antagonist. It has been reported that DuP 753 produced a biphasic inhibition of
the pressor response to Ang [I with a transient peak inhibition at 5min followed by
a gradual increase in blockade, suggesting the formation of an active metabolite in
the rat [21,26,35]. Although it is not known if DuP 753 is metabolized to EXP
3174 in the cat, the inhibitory effects of the metabolite EXP 3174 on responses to
Ang II were investigated in the hindquarters vascular bed [23]. Following adminis-
tration of EXP 3174 in a dose of 1mg/kg iv, responses to Ang II were reduced
markedly, and there was little tendency for responses to the peptide to return toward
control values during the 4 hours that responses were followed. Responses to
norepinephrine remained unchanged over this same time. The EXP 3174-induced
blockade was selective in that responses to U46619, endothelin-1, vasopressin,
and norepinephrine were unchanged. The EXP 3174-induced blockade was not
overcome until doses of Ang II that were much larger than those administered
during the control period were injected. However, when high doses of the peptide
were injected, the blockade was overcome. These data indicate that peptide doses
that are required to overcome the EXP 3174 blockade are much larger than
required DuP 753 doses. These data, consistent with results in the pithed rat and
rabbit aortic strip, indicate that the EXP 3174 blockade is noncompetitive in
nature [23].
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However, when the dose of EXP 3174 was reduced to 0.1 mg/kg iv, a different
pattern of effect on responses to Ang II was observed in the hindquarters vascular
bed. Although responses to the peptide were reduced markedly, the blockade was
readily overcome when larger doses of the peptide were injected, and the shift to
the right of the Ang II dose-response curve was parallel, suggesting that the
antagonism is competitive at the low dose studied. The reason for the difference in
results regarding the nature of the blockade in the rat and the cat is uncertain, but
may be attributed in part to the species or to the experimental preparation em-
ployed. Moreover, in studies in the rat, responses to Ang II were measured in terms
of increases in arterial pressure, and since cardiac output was not measured, changes
in systemic vascular resistance were not compared before and after administration of
the nonpeptide antagonist. In the present study the inhibitory effects of the antago-
nists on responses to Ang II were investigated in the denervated hindquarters
vascular bed in which blood flow was maintained constant with a pump. Although
there may be differences in the nature of the blockade induced by EXP 3174 in
different experimental preparations, studies in the literature indicate that EXP 3174
is approximately 20—40-fold more potent than DuP 753. This compares favorably
with the present study in the hindquarters vascular bed where EXP 3174 is
estimated to be approximately 10-30-fold more potent than DuP 753. Moreover, as
observed with DuP 753, EXP 3174 had no significant effect on systemic arterial or
hindquarters perfusion pressure, indicating that the antagonist had little, if any,
agonistic effect. These data are in agreement with the studies in the rat [23].

EXP 3174 is formed from DuP 753 when the 5-hydroxymethyl group is oxidized
to a 5-carboxylic acid group on the imidazole ring. Although DuP 753 is converted
to EXP 753 in the rat, it is unknown if the compound is metabolized to EXP 3174
in the cat. Moreover, when the DuP 753-induced blockade was followed over time,
there was no apparent biphasic pattern of inhibition with a gradual increase in the
blockade developing after 5min, as observed in experiments in the conscious rat. In
the hindquarters vascular bed of the cat, the DuP 753-induced blockade decreased
in intensity with time. These data may suggest that DuP 753 is not converted to a
more active metabolite in the cat and may suggest that the metabolism of the
nonpeptide antagonist may differ in the two species. Although some differences
were observed with respect to the nature of the Ang II receptor blockade with EXP
3174 in the hindquarters of the cat and in several preparations in the rat, the present
data are consistent with the results of Timmermans and coworkers and provide
support for the conclusion that “their efforts have culminated in the discovery of
DuP 753, an orally active, potent, nonpeptide angiotensin receptor antagonist”
[21,26,35]. The present data suggest that nonpeptide antagonists, such as DuP 753,
and related compounds may be useful in investigations into the role of Ang II in
physiological and pathophysiological processes in the regional circulation in the cat.
In terms of clinical effectiveness, it is now well established that losartan is an
effective and well-tolerated drug for the treatment of essential hypertension [35].

Candesartan is a newly available AT, receptor antagonist which is long acting and
very selective for the AT, receptor [27-33,36]. The present results show that
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candesartan inhibits pressor responses to Ang II in the hindquarters vascular bed of
the cat. The inhibitory effects of candesartan on responses to Ang II were selective
in that responses to norepinephrine were not altered and are consistent with results
of studies with DuP 753 and EXP 3174 [23]. The inhibitory effects of the lowest
dose of candesartan (3pg/kg iv) were overcome when larger doses of angiotensin
were injected, and the shift to the right of the Ang II dose-response curve was
parallel. When the dose of candesartan was increased to 1mg/kg iv, the inhibitory
effects of the AT, receptor antagonist were not overcome, the rightward shift of the
Ang II dose-response curve was nonparallel, and the Ang II dose-response curve
exhibited little, if any, positive slope.

The duration of the inhibitory effects of candesartan on the responses to Ang II
was related to dose, and the recovery half-time (T'/,) of the inhibitory effect of the
lowest dose studied (3 pg/kg iv) was approximately 90 min, whereas the half-time of
the inhibitory effect of the 1mg/kg iv dose was greater than 6hr in duration. The
inhibitory effects of candesartan on responses to Ang II were selective in that the
vasoconstrictor responses to norepinephrine were not altered by the AT, receptor
antagonist in all doses used in the present study. The selectivity of the inhibitory
effects of candesartan was assessed in greater detail. Doses of candesartan, which
markedly aitenuated responses to Ang II, did not alter pressor responses to U46619
and BAY K8644, vasodilator responses to levcromakalim and acetylcholine, or
biphasic responses to endothelin-1. These data indicate that candesartan is a highly
selective, potent AT, receptor antagonist in the hindquarters vascular bed of the cat.
Candesartan had no significant effect on baseline pressures in the aorta and hind-
quarters vascular bed, suggesting that the AT, receptor antagonist has little agonist
activity and that Ang II plays little, if any, role in maintaining baseline pressures in
the systemic vascular bed of the cat.

The characteristics of the inhibitory effect of Candesartan on responses to Ang II
were dependent on the dose of the AT, receptor antagonist injected. At the lowest
dose used, the shift to the right of the Ang II dose-response curve was parallel.
However, at the high dose, the shift to the right of the angiotensin dose-response
curve was nonparallel. These data suggest that Candesartan can act as a competitive
antagonist at low doses, whereas at high doses, the AT, receptor blocking agent has
the characteristics of a noncompetitive AT, receptor antagonist. The reason for the
difference in results obtained with the lowest and higher doses of Candesartan is
uncertain, but may be explained by the presence of “spare” angiotensin AT,
receptors in the resistance vessel elements in the hindquarters vascular bed of the cat.
Moreover, if “spare” AT, receptors were present, the activation of some fraction of
the available AT, receptors would still be capable of eliciting a maximal response,
and the Ang II dose-response curve would be shifted to the right in a parallel
manner after treatment with a low dose of Candesartan [37-40]. Furthermore, when
a greater fraction of the available AT, receptors are inactivated by the noncompeti-
tive AT, receptor antagonist, decreasing the “AT, receptor reserve”, the peptide can
no longer elicit a maximal response and the slope of the Ang II dose-response curve
would be decreased [39,40]. The results of the present study showing a parallel shift
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to the right of the Ang II dose-response curve with the lowest dose of Candesartan
studied, along with the data showing a nonparallel shift with the higher doses of the
AT, receptor antagonist employed, provide support for the hypothesis that “spare”
AT, receptors are present in the resistance vessel elements of the hindquarters
vascular bed of the cat.

The results of experiments in the rat show that Ang II increases systemic arterial
pressure in a dose-related manner. The increases in pressure in response to Ang II
and Ang III were markedly inhibited by the administration of candesartan. The
AT, receptor blockade was not surmounted when larger doses of Ang II were
injected after administration of candesartan. The dose-response curve for Ang II
was shifted to the right in a nonparallel manner. Although responses to Ang II and
Ang III were markedly attenuated, candesartan had no significant effect on increases
in systemic arterial pressure in response to norepinephrine. The inhibitory effects of
candesartan on pressor responses to Ang II were long in duration and there was
little, if any, tendency for responses to return toward control value 3 hours after
administration of the AT, receptor antagonist in a dose of 1mg/kg iv. Increases
in systemic arterial pressure in response to norepinephrine did not change during
the 3 hours after administration of the AT, receptor antagonist. The present
data indicate that candesartan is a selective, potent, long-acting angiotensin AT,
receptor antagonist and that the AT, receptor blockade is noncompetitive in nature
in the rat.

Although increases in systemic arterial pressure in response to Ang II were
markedly inhibited by candesartan, a hypotensive or vasodilator response to the
angiotensin peptides was not observed after administration of the AT, receptor
antagonist. These data suggest that the predominant actions of Ang II are mediated
by the activation of AT, receptors in the systemic vascular bed of the rat and that
noncompetitive blockade of the AT, receptor does not unmask a vasodilator
response. Moreover, when the dose of candesartan was increased to 10mg/kg iv in
the rat, increases in systemic arterial pressure in response to Ang II were abolished
and a vasodepressor response to the peptide was not observed.

It has been reported that Ang II and Ang III can produce biphasic changes in
systemic arterial pressure in the anesthetized rat and that during AT, receptor
blockade, pressure increases are eliminated, whereas the depressor responses were
enhanced [20]. Moreover, it has also been shown that AT, receptor blockade
eliminated responses to Ang III, whereas AT, receptor blockade enhanced pressor
responses to Ang III [20]. In the present experiments, biphasic changes in systemic
arterial pressure in response to the angiotensin peptides were rarely observed and
were not statistically significant when data from all experiments were analyzed.
Increases in systemic arterial pressure in response to Ang II were markedly attenu-
ated, but were not reversed by candesartan, and increases in systemic arterial pressure
in response to the angiotensin peptides in the rat were not modified by the AT,
receptor antagonist, PD 123319. These data suggest that angiotensin AT, receptors
do not mediate a depressor response or modulate responses to angiotensin peptides
in the systemic vascular bed of the rat.
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The reason for the difference in results in the present study and previous studies
in the literature is uncertain, but may involve differences in anesthesia or experi-
mental procedures employed. The results of the present study showing that
candesartan inhibits Ang II-induced pressor in an insurmountable manner are con-
sistent with results in isolated rabbit aorta. The present resuits are also consistent
with results in the anesthetized rat showing that candesartan in a dose of 1mg/kg iv
can produce a 100% decrease in the pressor response to Ang II. The results of the
present study extend previous work by showing that candesartan inhibits or abol-
ishes vasopressor responses to angiotensin peptides in the rat in a highly selective
manner.

The results of experiments with AT, and AT, receptor antagonists were similar in
the rat and in the cat [7-9,24]. The studies in both species indicate that the major
actions of Ang II are mediated by the activation of AT, receptors and that after
administration of candesartan in a dose of 1mg/kg iv or greater a nonequlibrium
AT, receptor blockade is established and, for all practical purposes, vasoconstrictor
responses to Ang II are abolished, Although vasoconstrictor responses to angiotensin
peptides are abolished by higher doses of candesartan and the AT, receptor blockade
is highly selective, a vasodilator response to angiotensin peptides is not observed in
the regional vascular bed of the cat or in the rat [7-9,24]. A vasodilator response to
angiotensin peptides blockade of AT, receptors was not observed and vasoconstric-
tor responses to the angiotensin peptides were not altered with the administration of
the AT, receptor antagonist PD 123,319 in doses of 5, 10, or 20mg/kg iv [7-9,24],
angiotensin peptides [7-9,24]. The results of an extensive series of experiments with
PD 123,319 have been interpreted to suggest that AT, receptors do not mediate or
modulate responses to Ang II, III, or IV in the hindlimb, pulmonary, or mesenteric
vascular beds in the cat or in the hindquarters and systemic vascular beds of the rat
[7-9,24].

The mechanism by which angiotensin peptides induce vasoconstriction in the cat
have been investigated. Although products of the cyclooxygenase pathway of arachi-
donic acid do not seem to play a prominent role, products of the lipoxygenase
pathway appears to be important in AT, receptor-mediated vasoconstriction [41].
Results from experiments in which inhibitors of phospholipase C and protein kinase
C reduce responses to angiotensin peptides suggest that the vasoconstrictor response
to Ang II in the pulmonary vascular bed of the cat is mediated, in part, by AT,
receptor activation of phospholipase C and protein kinase C [42,43].

Ang I and Ang I-(3—10) induce vasoconstrictor responses in the regional vascular
bed of the cat that are markedly attenuated by ACE inhibitors [8,24]. The vasocon-
strictor response to Ang I and Ang II are similar in magnitude and in time course
and are not altered by the addition of a time-delay coil to the perfusion circuit
in the cat [7-9,24]. These data suggest that angiotensin is readily and efficiently
converted to an active peptide in small arteries near or at the site of action of the
peptide upstream from the capillary bed [7-9,24]. In terms of relative vasoconstric-
tor activity in the hindlimb vascular bed of the cat, responses to Ang I, Ang II, and
Ang III were very similar when doses are expressed on a nanomole basis to take in
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account the molecular weight of the peptides [9,24]. Vasoconstrictor responses to
Ang 1-(3-10) and Ang IV were very similar, and although Ang I-(3—10) and Ang IV
have full intrinsic activity, by our criteria, in the hindlimb vascular bed of the cat,
dose-response curves for Ang [-(3-10) and Ang IV were 2 log units to the right of
the Ang II dose-response curves [8,9,24,44]. The Ang I analog (Pro',D-Ala"®) Ang
I was threefold more potent than Ang IV in the hindlimb vascular bed of the cat.
Responses to (Pro'',D-Ala'®) Ang I were not altered by ACE inhibitors but were
attenuated by AT, receptor antagonists. The present studies with Ang I and Ang I-
(3—10) suggest that ACE activity is high in the small arteries at or near the site of
localization of AT, receptors in the precapillary bed [7-9,24]. These data suggest
that this local ACE activity could play a role in the local regulation of vascular tone
in the regional vascular bed of the cat [7-9,24]. The data showing similar responses
to Ang II and Ang III suggest that the amino acid Arg at position 2 is not required
for high affinity activation of AT, receptors in the regional vascular bed of the cat
[7,9,24]. The Ang IV dose-response curve is parallel to the Ang II dose-response
curve, but it lies two log units to the right of the Ang II curve. The data that
supports these facts along with the observation that Ang I-(4-8) has no discernable
pressor activity suggest that the amino acid Val in the number 3 position of the
peptide is required for high-affinity binding to the AT, receptor and intrinsic
activity in the cat [7-9,24]. The observation that vasoconstrictor responses to
(Pro'',D-Ala'®) Ang I are not altered by ACE inhibitors but are blocked by AT,
receptor antagonists suggests either that other enzymatic pathways, such as the
chymase pathway, are involved in the conversion of the analog to an active peptide
or that this ACE-resistant analog itself possesses the ability to activate the AT,
receptor.

In conclusion, the results of experiments with the angiotensin peptides described
in this chapter are summarized in figure 9. The observation that Ang I, Ang II, Ang
I-(3-10), and Ang IV have similar vasoconstrictor activity and that responses to Ang
I and Ang I-(3-10) are inhibited by ACE inhibitors suggests that the precursors are
efficiently converted to active peptides by ACE at or near the site of action in the
hindquarters vascular bed. The active peptides, Ang II and Ang IV, are formed
within the arterial segments and induce vasoconstriction by activating AT, receptors.
Ang II and Ang III have similar vasoconstrictor activity, suggesting that the Asp
residue in position 1 is not essential for the full expression of the vasoconstrictor
response to the peptide. Ang IV has full intrinsic activity in its ability to induce
vasoconstriction in the hindlimb vascular bed. However, the dose-response curve
for Ang IV is 2 log units to the right of Ang II suggesting that it has low affinity
for the AT, receptor and that the Arg residue in position 2 is needed for high-
affinity binding to the AT, receptor. Since Ang I-(4-8) has no measurable activity,
the Val residue in position 3 is essential for activity at the AT, receptor. The Ang
I analog (Pro'',D-Ala'®) Ang I is more potent than Ang IV and has full intrinsic
activity. Vasoconstrictor responses to the Ang I analog are not blocked by ACE
inhibitors, suggesting that the ACE-resistant substrate may be converted to an active
peptide by a non-ACE pathway, such as the chymase pathway. It is also possible that
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the analog may have the capacity to stimulate AT, receptors and induce vasocon-
striction. The present results suggest that Ang II, Ang III, Ang IV, and (Pro"',D-
Ala'*) Ang I induce vasoconstriction by activating AT, receptors. The data with the
AT, receptor antagonist PD 123,319 suggest that activation of the AT, receptor
does not induce vasodilation and that AT, receptors do not mediate or modulate
vasoconstrictor responses to angiotensin peptides. The role of the AT, receptor and
the putative AT, receptor in the regulation of vascular tone in the regional vascular
bed of the cat is yet unknown.
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ANGIOTENSIN II RECEPTOR
ANTAGONISTS IN PATIENTS
WITH RENAL FAILURE AND
ON HEMODIALYSIS

DONALD ALLAN and PETER BOLLI
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Summary. Limited experience with the use of the angiotensin II antagonist losartan demon-
strated good antihypertensive efficacy in patients with renal impairment irrespective of the
degree of renal function. In milder forms of renal impairment, there was no further impair-
ment of renal function and no accumulation of the parent drug or the active metabolite. It
has been suggested that this is due to losartan being excreted via the hepatic as well as the
renal route and that the former possibly compensates for a reduced renal excretion of the
drug. Even though losartan is not dialysable, this feature makes it possible to use the drug in
patients on hemodialysis. Angiotensin II antagonists may be useful as an alternative treatment
in patients with renal impairment, patients who are on hemodialysis and do not tolerate ACE
inhibitors, or patients who have a contraindication to this class of drugs. However there is still
insufficient data available on the use of losartan in more severe forms of renal impairment.

Angiotensin (Ang) II antagonists exert their pharmacological action by blockade of
the AT, receptor [1]. Therefore, they do not demonstrate some of the adverse
effects typical of angiotensin-converting enzyme (ACE) inhibitors, e.g., chronic
nonproductive cough and angioedema [2], which are considered to be the result of
accumulation of bradykinin, substance P, or other products consequent to the
inhibition of the metabolism of these substances by ACE inhibitors [3]. Conse-
quently, Ang II antagonists offer an alternative to ACE inhibitors in patients in
whom interference with the renin-angiotensin system is desirable but has been
precluded by adverse affects while they were on ACE inhibitors.

In patients with renal disease, there is often progressive deterioration of renal
function. Although the detailed causes involved in this process are still largely

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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unknown, they include the involvement of the intrarenal renin-angiotensin system.
Postulated mechanisms are among others, glomerular hypertension [4] and glomeru-
lar hypertrophy [5] whereby Ang II is considered to contribute by inducing efferent
arteriolar constriction and by Ang II exerting a growth promoting effect [6,7].
Indirect evidence for the involvement of the renin-angiotensin system with the
previously mentioned mechanisms is provided by the favorable results obtained from
treatment with ACE inhibitors [8]. The fact that a greater reduction in glomerular
filtration rate at the time of initiation of ACE inhibitor therapy was associated
with better protection against a later deterioration in glomerular filtration rate [9]
underlies the importance of efferent vasoconstriction in the progression of renal
impairment.

The presence of proteinuria is associated with an accelerated decline in renal
function [10]. Although proteinuria represents a surrogate endpoint, it has been
shown that greater reduction in proteinuria is associated with a slowing of
the progress of the decline in renal function [11]. ACE inhibitors have also
been shown to reduce proteinuria to a greater extent than other antihypertensive
drugs [12].

ACE inhibitors have a renal protective effect in many human renal diseases [13].
Although it has been postulated that the benefit of ACE inhibition is in part due to
the selective dilation of the efferent arteriole caused by bradykinin, renal blood flow,
or renal plasma flow, studies are usually comparable between losartan vs. ACE
inhibitors [14]. Ang II antagonists lack this particular mechanism, though their
antiproteinuric effect is comparable to that of ACE inhibitors [15]. Therefore it
would appear that Ang II receptor antagonists seem to affect surrogate endpoints,
such as changes in blood pressure, changes in renal blood or plasma flow, and
changes in proteinuria, identical to ACE inhibitors. Thus, it would be logical to
expect Ang Il receptor antagonists to be renal protective as well. Although to date
there are no long-term human studies completed [16], the results obtained from
animal studies are consistent with this hypothesis [17-19].

Losartan is the first of a series of Ang II antagonists that have become available for
the treatment of hypertension. The long plasma half-life of the active metabolite
E3174 provides good 24-hour blood pressure control and an excellent side effect
profile [20]. Therefore this drug seems to be well tolerated by most patients.
Compared to ACE inhibitors, Ang II antagonists provide a comparable blood
pressure lowering effect [20].

There is still limited experience with Ang II antagonists in patients with severe
impairment of renal function and in those on hemodialysis. The results of relatively
small studies indicate good antihypertensive efficacy and safety of losartan irrespec-
tive of the degree of renal function or impairment [21] for a period up to 12 weeks
[22]. There was no worsening of renal function, and neither the parent drug nor the
active metabolite accumulated in the presence of impaired renal function [23],
which may relate to the fact that losartan and its active metabolite, E3174, are
excreted up to 35% by the kidney and up to 65% to the hepatic route. As the drug
is not dialyzable [24], and since no significant change in the area under the curve
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occurred with increasing impairment of renal function [23], one could assume that
in the presence of reduced renal function, there is a compensatory increase in the
hepatic excretion of the drug.

The following case report demonstrates the usefulness of the Ang II antagonist
losartan in a patient on hemodialysis.

CASE PRESENTATION

A 39-year-old female with End-Stage Renal Disease (ESRD) and hypertension was
presented for discussion. She came to medical attention in 1979 when she developed
pre-eclampsia. Unfortunately, shortly following an emergency cesarean section, the
neonate succumbed to respiratory failure. A renal biopsy performed on that admis-
sion demonstrated IgA glomerulonephropathy. Following the delivery, she became
normotensive off all antihypertensives. By 1981, her serum creatinine had risen to
220umol/L, and it continued to worsen until she developed ESRD and com-
menced hemodialysis in 1987. In 1988, she underwent a cadaveric renal transplant,
but had hyperacute rejection requiring a transplant nephrectomy. In 1991, she
developed mild hypertension. She was treated initially with captopril with the dose
titrated to 25 mg orally bid, but this had to be discontinued because of a persistent
nagging cough. At this point is was possible to dialyze the patient with an AN69
dialyzer, which was more appropriate for this young patient. The use of the AN69
was precluded while the patient was on the ACE inhibitor because of the danger of
an anaphylactoid reaction. Nifedipine XL was started, but despite escalating doses,
her diastolic blood pressures remained at 100mm Hg. Clonidine was added, but side
effects of dry mouth, fatigue, and postural dizziness, were noted. Noncompliance
was suspected because of marked variability in her frequently measured blood
pressures. These drugs were discontinued, and she was switched to Verapamil in
1992. Following a parathyroidectomy for worsening of her renal osteodystrophy,
she developed hypocalcemia leading to hypotension and congestive heart failure
from complete AV nodal block. The verapamil was discontinued, and she was
discharged off all antihypertensives while attempting nonpharmacological control. In
1994, she was attempted on amlodipine, but quit taking this because of ongoing
headaches. In 1995, she was tried on atenolol, but failed this because of fatigue and
insomnia, which made it difficult to manage her four children ranging in age from
eight to seventeen. Finally, in 1996, she was placed on losartan and has tolerated this
well.

Past medical history included several D&C’s in 1987-88 with the histology
showing a proliferative endometrium. In 1989, she had an abdominal hysterectomy.
She has no known allergies. Physical examination revealed that her blood pressures
were 136/84 on losartan. Pulse rate was 82. Respiratory rate was 16. Dry weight
was 74.5kg with 2.4kg interdialytic weight gains. Fundal examination revealed
slight arteriolar narrowing. Cardiovascular and respiratory examinations were
normal. Her abdomen was soft with normal bowel sounds and no
hepatosplenomegaly. No renal bruits were audible. Investigations included a chest
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x-ray demonstrating a slight increase in the cardio-thoracic ratio and a normal EKG.
An echocardiogram demonstrated borderline hypertrophy of left ventricular wall
thickness.

CASE DISCUSSION

This case illustrates several of the shortfalls of antihypertensive therapy and the
usefulness of the angiotensin II receptor blockade class. Telemans et al. reported 5
anaphylactoid reactions occurring in 3 out of 13 patients receiving ACE inhibitors
coincidentally dialyzed on Polyacrylonitrile AN69 dialyzers [25]. These serious
reactions usually required treatment with intravenous fluids, hydrocortisone, epi-
nephrine, and discontinuation of dialysis. The authors speculated that the negatively
charged ANG69 dialyzer interacted with the plasma resulting in activation of
Hageman factor. Activated Hageman factor converts pre-kallikrein to kallikrein.
Kallikrein then cleaves kininogen to bradykinin, which may mediate the anaphylac-
tic symptoms [26]. Because the ACE inhibitors also lead to an increase in bradyki-
nin, the interaction between the drugs and AN69 dialyzers may lead to the
life-threatening reactions. Greater numbers of hemodialysis patients are being treated
with high-flux dialyzers, so an alternative antihypertensive agent, such as the Ang II
receptor antagonist, would be useful. Indeed, this patient was placed on an AN69
dialyzer after the captopril was discontinued because of cough. In our local experi-
ence, we have noted no adverse reactions with the combination of AN69 dialyzers
and losartan. However careful observation is still warranted given two recent reports
of anaphylactoid reactions with losartan [27], though they did not occur in dialysis
patients. One other aspect to consider in this case is whether or not the patient may
have benefited from Ang II receptor blockade at the time of diagnosis of her renal
disease in 1979. Further clinical studies are pending.
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Summary. Angiotensin (Ang) II antagonists are a novel class of drugs developed to block Ang
II receptors. This approach is deemed more direct and more likely to be effective than the
earlier pharmacological approach of inhibiting the enzyme (ACE inhibitor) responsible for
converting Ang I to Ang II. Furthermore, it is expected that the approach will avoid
problems associated with pathways that bypass ACE, e.g., tissue chymase.

Two major subtypes of receptor have been identified, AT, and AT,. Blockade of the AT,
receptor by a new class of agents typified by losartan lowers blood pressure in hypertensive
subjects and has a theoretical role in blocking the action of Ang II in the pathophysiology of
other disease states such as congestive heart failure (CHF) and left ventricular hypertrophy
(LVH).

The Canadian Hypertension Society Consensus Reports on the drug treatment of hyper-
tension were last updated in a series of publications in the Canadian Medical Association
Journal in 1993. Specific reviews dealt with the pharmacotherapy of hypertension, the
treatment of hypertension in the elderly, and the treatment of the diabetic hypertensive. The
choice of antihypertensive therapy is driven by factors that include concurrent cardiovascular
risk factors and the presence or absence of other disease states. The physician is challenged to
find an appropriate medication for the individual patient that is not contraindicated, that is
effective and affordable for the patient, and that does not cause adverse effects in managing
this largely asymptomatic disorder.

Although no long-term studies of AT, blockers have been done in sufficiently large
populations to determine the changes in clinical outcomes that are desirable in treating
hypertension (e.g., reduction of myocardial infarction, stroke, and end-stage renal disease),
the surrogate endpoint of blood pressure lowering indicates that AT; blockers will have an
important place in the management of hypertension that is akin to that presently held by ACE
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inhibitors, alpha-1 blockers, and calcium channel blockers. Recent evaluation of losartan in
the elderly (ELITE) indicates a potentially valuable role for losartan in the treatment of elderly
hypertensive patients with impaired left ventricular function.

INTRODUCTION

The angiotensin (Ang) II type 1 (AT,) receptor blockers are a novel class of drugs
with a relatively selective competitive antagonism at the AT, receptor subclass of
Ang II receptors [1-4]. The index drug is losartan, but several analogs are under
evaluation and some, e.g., valsartan, have been released in other countries.

Because of its pharmacological action as an AT, receptor blocker, losartan appears
to offer advantages over the angiotensin-converting enzyme (ACE) inhibitors. The
latter class of drugs is incapable of entirely preventing the production of Ang II from
Ang I because of alternative synthetic pathways that include cardiac and vascular
chymase. ACE inhibitors also lead to the accumulation of bradykinin and other
kinins thought to be responsible in part for the troublesome cough that may affect
as many as 5 to 10% of all ACE inhibitor recipients. However, potential benefits
associated with the accumulation of bradykinin, such as a contribution to vasodila-
tion, may be lost through the action of AT, blockade.

These known differences between the pharmacological actions of ACE inhibitors
and AT, antagonists have led to considerable speculation on their potential advan-
tages and disadvantages in the treatment of hypertension, congestive heart failure,
and left ventricular hypertrophy.

Hypertension is a common problem, affecting approximately 10% of the North
American population. The problem increases with aging, affecting 20 to 25%
of seniors. Usual therapeutic interventions include nonpharmacological therapy
of weight loss by dietary and regular aerobic exercise, moderation of salt intake,
and moderation of alcohol intake, together with the management of other
known cardiovascular risk factors such as smoking, diabetes, and dyslipidemia
(5,6].

Two aspects of pharmacotherapy of hypertension have advanced substantially
during the past two to three decades. First, there is now a substantial body of
evidence that demonstrates the benefit of treating systolic hypertension above
160mmHg and diastolic hypertension above 100mmHg [7]. Second, there has
been enormous growth in the availability of medications to treat hypertension,
including novel classes, modified delivery forms, and drug combinations [8].

In the drug therapy of hypertension, there has been an increased emphasis on
the importance of evidence rather than opinion in making recommendations on the
simplification of treatment to once-or twice-daily monotherapy when possible, the
avoidance of aggravation of other risk factors or concurrent disease states, and the
rational management of comorbidity [9].

Given the high prevalence of hypertension, the usual lifelong duration of treat-
ment, and the potential financial burden on the individual, the private third-party
payor, or the provincial Pharmacare plan, the issue of cost deserves some consider-
ation. There has been a tendency to emphasize the acquisition cost of medications
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and ignore the direct and indirect costs associated with inadequate compliance
leading to poor BP control, costs of additional visits to the primary care physician
or the Emergency Room, laboratory tests used to monitor potential biochemical
abnormalities, and the costs of investigation for secondary hypertension when BP
control is inadequate.

Newer medications with fewer adverse effects, better tolerance with improved
compliance, little or no need for additional laboratory investigations, and potentially
greater benefits over lifetime management if compliance is enhanced may actually be
more cost-effective and offer better value than less expensive medications. However,
these are matters that require definitive health economic analyses and will not be
discussed further.

The main emphasis of this review will be the potential place of AT, receptor
antagonists in the context of the most recent Canadian Hypertension Society
Consensus Conference reports [9—12]. There will be extensive cross-references to
specific reports. The reader is advised to consult the original reports and their
supporting references for a comprehensive understanding of background and evi-
dence leading to specific recommendations. In addition, review of the fifth report
of the Joint National Committee on Detection, Evaluation, and Treatment of High
Blood Pressure (JNC V) [6], also published in 1993, is recommended.

The 1993 CHS reports introduced explicit evidence for recommendations that
were based on a hierarchy of levels of evidence for rating studies of treatment,
prevention, and quality assurance [9,11]. The highest level of evidence (Level I) is
a randomized controlled trial (RCT) that demonstrates a statistically significant
difference in at least one important outcome, e.g., survival or major illness. An
RCT of adequate sample size to exclude a 25% difference in relative risk with
80% power is also acceptable as Level I evidence. Level II is defined as an RCT
that does not meet the Level I criteria. Level III evidence is defined as a
nonrandomized trial with contemporaneous controls selected by some sys-
tematic method (i.e., not selected by perceived suitability for one of the treatment
options for individual patients) or appropriate subgroup analysis of a randomized
trial. Lower levels of evidence describe before-after studies, case series, or case
reports.

Grade A recommendations are based on one or more studies at Level I, Grade B
recommendations are based on Level II evidence, Grade C recommendations on
Level III evidence, and Grade D recommendations on evidence lower than Level
II1, including expert opinion.

This approach has been well accepted by most clinician-scientists but is not
without dispute. Major counter-arguments include concerns about the lack of
weight given to theoretical advantages of a drug and the denial of surrogate
endpoints in Grade A evidence. While there is widespread sympathy for this
concern because of the general belief that BP control is an adequate surrogate for
long-term benefits of antihypertensive therapy, potential long-term effects of differ-
ing pharmacological classes may create as yet unknown long term advantages or
disadvantages. There are troubling historical precedents in pharmacological treat-
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ments that provide the desired surrogate endpoints without benefits of “hard”
clinical outcomes (e.g., clofibrate reduced cardiac death, but overall mortality
increased; several antiarrhythmics reduced the frequency of ventricular ectopy, but
cardiac mortality increased; alpha-blockers improved hemodynamics in patients with
heart failure, but did not improve cardiac mortality).

METHODOLOGY

Relevant recommendations from the reports on pharmacological treatment of essen-~
tial hypertension [10], hypertension in the elderly [11], and hypertension and
diabetes [12] will be listed, and the potential value of AT, receptor blockers will be
indicated.

PHARMACOLOGICAL TREATMENT OF ESSENTIAL HYPERTENSION

Key decision making points in the management of essential hypertension are the
level of blood pressure, the presence or absence of other risk factors such as
abnormal lipid profile, raised blood glucose or insulin levels, or left ventricular
hypertrophy and the presence or absence of other medical conditions such as
ischemic heart disease, congestive heart failure, peripheral vascular disease, chronic
obstructive pulmonary disease, and asthma. The presence of other risk factors
or evidence of atherosclerosis should expedite therapy. One must recognize
the presence of other disease states in the individual patient and avoid drugs
that may aggravate any of these conditions when choosing a medication.
Physicians are encouraged to select drugs that may benefit two or more coexistent
disorders.

The uncomplicated hypertensive

Recommendations 1 through 8 deal with the initial choice of monotherapy,
alternatives in the face of a contraindication, an adverse response, or the lack of
adequate response.

Recommendation 1

Initial therapy should be monotherapy with either a low-dose thiazide diuretic (e.g.,
hydrochlorothiazide, 25mg daily) or a beta-blocker (grade A).

Recommendation 2

If the response is inadequate or if there are adverse effects, substitute the alternative
drug (grade A).

Recommendation 3

If there is a partial response, consider a combination of a diuretic and a beta-blocker
(grade A) or monotherapy with an alpha-blocker, ACE inhibitor, calcium entry
blocker, or centrally acting drug (grade B).

On the basis of available evidence, it would seem entirely appropriate to include
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within Recommendation 3 monotherapy with an angiotensin II antagonist (AT,
blocker) at the same level of evidence as alpha-blockers, ACE inhibitors, calcium
entry blockers, and centrally acting drugs (i.e., grade B).

Recommendation 4

If there is an adverse effect or a contraindication to diuretic and beta-
blocker therapy, consider monotherapy with one of the other groups of drugs
(grade B).

Likewise, it seems entirely reasonable to include an AT, receptor blocker as
alternative monotherapy (grade B).

Recommendation 5

If the blood pressure is still not controlled, try combinations such as a low-dose
diuretic with an ACE inhibitor, a calcium entry blocker, a centrally acting drug or
an alpha-blocker (grade B).

AT, antagonists have been studied in combination with other classes of drugs,
mainly diurectics [13-16], and offer advantages over monotherapy when
monotherapy is not sufficiently effective (grade B).

Recommendation 6

Alternatively, a beta-blocker could be given with a vasodilator (such as a
dihydropyridine calcium entry blocker), hydralazine, or an alpha-blocker (grade B).

Beta-blockers can be used in combination with AT, receptor antagonists
(grade B).

Recommendation 7

Other combinations may be indicated (grade B/C).
It is entirely reasonable that such combinations may include AT, antagonists
(grade B/C).

Recommendation 8

Resistant hypertension may require combinations of three or more drug groups
(grade C). Consider possible reasons for the poor response to therapy, such as
noncompliance or secondary causes of hypertension, including consumption of
other drugs.

AT, antagonists can be used in combinations of three or more drugs (grade C).

Congestive heart failure

In the setting of congestive heart failure, several therapeutic regimens have been
tested. Some are effective in lowering blood pressure but do not influence long term
outcomes in congestive heart failure. Others have been shown to improve prognosis
in congestive heart failure.
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Recommendation 14

Diuretics and ACE inhibitors are first-line therapy (grade A).

An important new study on losartan has been published recently. The Evaluation
of Losartan in the Elderly (ELITE) set out to compare the deterioration in renal
function in elderly patients with congestive heart failure receiving either captopril
50mg qid or losartan 100mg daily [17]. There were no differences between
treatments in renal function, but the losartan treatment reduced overall mortality
and hospitalization. In particular, cardiac mortality resulting from sudden cardiac
death was reduced by over 40%. On the basis of this evidence of reduced clinical
events, it is reasonable to include losartan as an alternative to ACE inhibitors as first
line therapy in patients with hypertension and congestive heart failure (grade B).

Dyslipidemia
Recommendation 20

In the setting of dyslipidemia alpha-blockers, ACE inhibitors, beta-blockers, calcium
entry blockers, centrally acting agents, and low-dose thiazide diuretics may all be
considered for monotherapy (grade D).

In the management of patients with dyslipidemia, AT, blockers offer an increased
choice of lipid-neutral antihypertensive treatments (grade D).

Left ventricular hypertrophy
Recommendation 26

In the management of patients with hypertension and left ventricular hypertrophy,
direct arteriolar vasodilators such as hydralazine or minoxidil should be avoided
(grade B/C).

Recommendation 25

Left ventricular hypertrophy is a significant risk factor for cardiovascular complica-
tions (grade C). Its reversal has not been proven to reduce rates of cardiovascular
events. There is insufficient evidence to base initial therapy on the reported effects
of drugs on left ventricular hypertrophy.

Since angiotensin II is a powerful stimulus for myocardiocyte hypertrophy, there
are theoretical reasons why AT, receptor blockers should be effective in this setting
(grade D). However, definitive evidence is lacking.

Chronic obstructive airways disease
Recommendation 29

Patients with chronic obstructive pulmonary disease should avoid beta-blockers
(grade C). ACE inhibitors can cause a chronic dry cough, which can be confused
with chronic respiratory disorders. Discontinuation of therapy is usually required to
eliminate the cough.
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For those patients with diseases of the airways, AT, receptor antagonists offer a
further choice of treatment. In particular, the chronic dry cough associated with
ACE inhibitors is reduced substantially during antihypertensive therapy with AT,
receptor blockers, with coughing frequency and severity similar to a placebo-treated
group [18,19].

Asthma
Recommendation 30

For patients with reversible airway disease, all beta-blockers are contraindicated
(grade C).
AT, receptor antagonists offer an alternative choice in the asthmatic patient (grade

D).
Gout
Recommendation 32

In general, thiazide diuretics should be avoided (grade C).
AT, receptor antagonists offer an alternative in the management of the patient
with a history of gout (grade D).
Pregnancy
Recommendation 34

Methyldopa, clonidine, hydralazine, and beta-blockers (e.g., atenolol, metoprolol,
oxprenolol and labetalol) may be used alone or in combination (grade B/C).

Neither ACE inhibitors (grade C), calcium entry blockers (grade C) or AT,
receptor blockers (grade C) antagonists should be prescribed for a woman capable of
childbearing because of potential teratogenicity.

Race

In the management of black (African American) patients, there were two specific
recommendations.

Recommendation 37

Thiazides in low doses are recommended over beta-blockers (grade B).

Recommendation 38
Calcium entry blockers are as effective as diuretics (grade B) and may be more
effective than beta-blockers or ACE inhibitors (grade B).

AT, receptor antagonists provide another option for the management of hyper-
tension in the black patient (grade D).

HYPERTENSION IN THE ELDERLY

The drug of choice in the treatment of hypertension in the elderly is a low dose of
a thiazide diuretic (grade A). Adequate control of hypertension in the elderly patient
sometimes requires other medications.
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The elderly
Recommendation 15

In general, the initial drug dose in elderly patients should be half of the usual
recommended dose and should be increased gradually. Patients should be observed
for changes in blood pressure and the development of side effects. (This recommen-
dation is based on Level II evidence on diuretics and kinetic differences for calcium
entry blockers.)

Recommendation 16

The number of tablets and different drugs should be kept to a minimum. During
long-term treatment in the elderly, once-daily preparations are preferred for opti-
mum compliance (grade B).

The usual starting dose of losartan in the elderly is 50mg once daily. The once-
daily treatment of losartan or losartan/hydrochlorothiazide combination offers
another treatment choice for the elderly (grade D). Elderly patients with heart failure
have improved outcomes during treatment with the AT, blocker losartan (grade B)
[17].

When patients have a contraindication, demonstrated adverse effect, or lack of
responsiveness to a thiazide diuretic, an alternative treatment is desirable.

Recommendation 25

Consideration should be given to agents other than thiazide diuretics in patients
with clinically important pre-existing hyperlipidemia, hyponatremia, hypokalemia,
or hypercalcemia (grade D). Mild hyperlipidemia or hyperuricemia is not a
contraindication to low-dose diuretic therapy in elderly patients.

An AT, receptor blocker provides an alternative to other antihypertensive drugs
in patients with these problems (grade D).

Recommendation 33

Caution because of the risk of acute renal failure or hyperkalemia, in elderly patients
with severe hypertension or congestive heart failure, especially those with abdominal
bruits, diabetic nephropathy, or decreased creatinine clearance, the serum creatinine
and potassium levels should be measured before and after institution of therapy with
ACE inhibitors (grade D). Acute mild increases in creatinine levels should not be
considered a reason to discontinue ACE inhibitor treatment.

The pharmacological action of an AT, receptor blocker on the kidney is similar
to that of an ACE inhibitor. Consequently, this recommendation to monitor serum
creatinine and potassium should be observed after the introduction of AT, receptor-
blocking therapy (grade D).

Recommendation 34

Centrally acting agents and peripheral alpha-blockers are effective for decreasing
blood pressure (grade B). However, cognitive impairment resulting from therapy
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with methyldopa, postural hypotension from peripheral alpha-blockers (e.g.,
prazosin, doxazosin and terazosin), drowsiness and rebound hypertension from
clonidine, and depression from reserpine may limit the use of these otherwise
effective antihypertensive drugs in older people.

AT, receptor antagonists appear well tolerated in the elderly and they offer
advantages over other drugs in those with impaired left ventricular function. They
offer a practical alternative to other drugs that influence cognitive function or
produce postural hypotension (grade D).

HYPERTENSION AND DIABETES

Stringent goals are set for the management of blood pressure in the setting of
diabetes mellitus.

Diabetes mellitus
Recommendation 9

The goal of treatment is a diastolic blood pressure of, at most, 90 mm Hg (grade B).
In patients with microalbuminuria, it may be worth attempting to achieve approxi-
mately 80mmHg (grade D).

Recommendation 10

ACE inhibitors, calcium entry blockers (grade B), or alpha-blockers (grade C)
should be the first-line antihypertensive agents.

Recommendation 11

Thiazides or beta-blockers should be second-line antihypertensive agents (grade C).

Recommendation 12

Centrally acting agents or vasodilators may be used if other agents are
contraindicated or if there is difficulty in controlling the hypertension (grade C).

Recommendation 13

If first-line treatment is ineffective, contraindicated, or associated with side effects,
the following should be tried: (1) change to or add another first-line agent (grade
C), (2) add a cardioselective beta-blocker to a dihydropyridine calcium entry
blocker (grade B), or (3) add a thiazide to an ACE inhibitor (grade B).

Because of their pharmacological actions and known beneficial effects on renal
function and proteinuria, AT, receptor blockers provide an alternative to ACE
inhibitors, calcium entry blockers, or alpha-blockers as first-line antihypertensive
agents (grade D). AT, receptor antagonists offer an alternative to ACE inhibitors
when the latter provoke cough in the diabetic hypertensive patient (grade C). This
is an area that merits specific research studies that compare AT, receptor blockers
with ACE inhibitors.
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Diabetic patients commonly have associated morbidity such as autonomic dys-
function, impotence, peripheral vascular disease, and heart failure secondary to
myocardial ischemia.

Recommendation 17

In the presence of autonomic neuropathy, alpha-blockers and centrally acting agents
should be used with caution (grade C).

Recommendation 18

Beta-blockers should be used with caution in patients with heart failure and
peripheral vascular disease (grade C). Beta-blockers, especially noncardioselective
ones, may worsen hyperglycemia and in insulin-dependent diabetes, may prevent
recognition of and delay recovery from hypoglycemia (grade B).

Recommendation 19

In the presence of impotence, centrally acting agents, thiazides, and beta blockers
should be used with caution (grade C).

AT, receptor antagonists provide a reasonable alternative to alpha-blockers, ACE
inhibitors, and calcium channel blockers in the setting of hypertension and diabetes
complicated by these problems.

In summary, it must be considered entirely reasonable to include selective AT,
receptor blockers such as losartan in the long list of alternative medications that are
suitable for the treatment of the uncomplicated or complicated hypertensive patient
when recommended first-line treatments are contraindicated, ineffective, or associ-
ated with intolerable adverse effects. It is predictable that this class of medication will
be a suitable replacement in the majority of patients receiving an ACE inhibitor in
whom a troublesome cough forces discontinuation of the ACE inhibitor. The
results of ELITE [17] are particularly encouraging in those older hypertensives with
impaired left ventricular function. It remains to be seen whether there will be any
advantage of combining an ACE inhibitor with an AT, receptor blocker in the
treatment of heart failure.

The ELITE trial [17] may have also helped with another conundrum of the AT,
receptor blockers. Frequently questioned is the role of the AT, receptor and the
possible implications of chronic stimulation of the AT, receptor by high levels of
circulating and local angiontensin II that occur in left ventricular dysfunction and
clinical congestive heart failure. The beneficial results of ELITE suggest that angio-
tensin II stimulation of unblocked AT, receptors is not hazardous and may even
offer advantages. Further research is required to investigate the phenomenon further.

REFERENCES

1. Timmermans PB, Duncia JV, Carini DJ et al. 1995. Discovery of losartan, the first Angiotensin II
receptor antagonist. ] Hum Hypertension 9(Suppl 5):S3-S18.
2. Johnston CI. 1995. Angiotensin receptor antagonists: Focus on losartan. Lancet 346:1403-1407.



x®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ang II Antagonists and CHS Guidelines 103

. Gavras HP, Salerno CM. 1996. The Angiotensin II type 1 receptor blocker losartan in clinical

practice: A review. Clin Ther 18:1058-1067.

. Carr AA, Prisant LM. 1996. Losartan: First of a new class of angiotensin antagonists for the

management of hypertension. J Clin Pharmacol 36(1):3-12.

. Chockalingram A, Abbott D, Bass M et al. 1990. Recommendations from the Canadian Consensus

Conference on Non-pharmacological Approaches to the Management of High Blood Pressure, Mar
21-23, 1989, Halifax, Nova Scotia. Can Med Assoc J 142:1397-1409.

. 1993. The Fifth Report of the Joint National Committee on Detection, Evaluation, and Treatment

of High Blood Pressure (JNC V). Arch Intern Med 153:154-183.

. Houston MC. 1989. New insights and new approaches for the treatment of essential hypertension:

Selection of therapy based on coronary heart disease risk factor analysis, hemodynamic profiles,
quality of life, and subsets of hypertension. Am Heart J 117;911-949.

. Carruthers SG. 1993. A decade of advances in hypertension. Can J Diagnosis 10:37-51.
. Carruthers SG, Larochelle P, Haynes RB et al. 1993. Report of the Canadian Hypertension Society

Consensus Conference on the Pharmacologic Treatment of Hypertension: 1. Introduction. Can Med
Assoc ] 149:289-293.

Ogilvie RI, Burgess ED, Cusson JR et al. 1993. Report of the Canadian Hypertension Society
Consensus Conference: 3. Pharmacologic Treatment of Essential Hypertension. Can Med Assoc J
149:575-584.

Dawson KG, McKenzie JK, Ross SA et al. 1993. Report of the Canadian Hypertension Society
Consensus Conference: 5. Hypertension and Diabetes. Can Med Assoc J 149:821-826.

Reeves RA, Fodor JG, Gryfe CI et al. 1993. Report of the Canadian Hypertension Society
Consensus Conference: 4. Hypertension in the Elderly. Can Med Assoc J 149:815-820.

Weir MR, Elkins M, Liss C et al. 1996. Efficacy, tolerability, and quality of life of losartan, alone
or with hydrochlorothiazide, versus nifedipine GITS in patients with essential hypertension. Clin
Ther 18:411-428.

Ruilope LM, Simpson RL, Toh J et al. 1996. Controlled trial of losartan given concomitantly with
different doses of hydrochlorothiazide in hypertensive patients. Blood Press 5:32—40.

Townsend R, Haggert B, Liss C et al. 1995. Efficacy and tolerability of losartan versus enalapril alone
or in combination with hydrochlorothiazide in patients with essential hypertension. Clin Ther
17:911-923.

Soffer BA, Wright JT Jr, Pratt JH et al. 1995. Effects of losartan on a background of hydro-
chlorothiazide in patients with hypertension. J Hypertension 26:112-117.

Pitt B, Segal R, Martinez FA et al. 1997. Randomised trial of losartan versus captopril in patients
over 65 with heart failure (Evaluation of Losartan in the Elderly Study, ELITE). The Lancet
349:747-752.

Lacourciere Y, Brunner H, Irwin R et al. 1994. Effects of modulators of the renin-angiotensin-
aldosterone system on cough. Losartan Cough Study Group. ] Hypertension 12:1387-1393.
Ramsay LE, Yeo WW. 1995. ACE Inhibitors, Angiotensin II antagonists and cough. The Losartan
Cough Study Group. ] Hum Hypertension 9(Suppl 5):851-S54.



TRANSLATING CLINICAL GUIDELINES
FOR MANAGEMENT OF HEART
FAILURE AND HYPERTENSION

INTO CLINICAL PRACTICE

SIMON W. RABKIN

University of British Columbia, Vancouver, British Columbia, Canada

Summary. Scientific data that are synthesized as practice guidelines appear to confront serious
impediments in their translation and implementation into patient care. Considering the
complexity of some guidelines, the time constraints of clinical practice, and the discrepancies
between patients’ characteristics and entry criteria for clinical trials, one can wonder whether
practice guidelines and practicing medicine are compatible [1]. In the past, most of our efforts
have gone into the creation of guidelines. It is time to turn our attention to their effective
implementation.

INTRODUCTION

Chart audit assessment of the quality of clinical care of patients with cardiovascular
disease has shown significant discrepancies between clinical guidelines and actual
clinical practice [2,3]. In heart failure, due to impaired left ventricular systolic
performance, a distinguished panel of clinicians from the American Heart Associa-
tion and the American College of Cardiology have recommended that therapy must
include “ACE inhibitors for all patients . . . unless contraindicated” [4]. Furthermore
“ACE inhibitors should be continued indefinitely” [4]. In practice, only 50% of
patients with heart failure in tertiary and community hospitals are receiving ACE
inhibitors [3]. It is unlikely that 50% of patients hospitalized with heart failure could
have contraindications to ACE inhibitor therapy. Thus it is a reasonable assumption
that a considerable proportion of patients with heart failure, who are candidates for
ACE inhibitor therapy are not receiving the recommended therapy. The discrep-
ancy between clinical recommendations and clinical practice is not restricted to
heart failure management. Kosecoff et al. [5] found that consensus recommendations
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for the management of coronary artery disease from the US National Institutes of
Health had no impact on case management in ten Washington State hospitals
surveyed. The issue is also a serious concern for management of hypertension [5].
Indeed, only 17% of physicians surveyed in one US State used the US Joint
National Committee’s (JNC) report on detection, evaluation and treatment of high
blood pressure in their practice [5]. These findings are also observed for acute
illnesses such as myocardial infarction. Of patients eligible to receive thrombolytic
therapy, only 73% received it while only 53% of eligible patients received beta
blockers, and only 80% of eligible patients received aspirin [7].

This discrepancy between clinical recommendation and application in practice
is not limited to cardiovascular disease. Lomas et al. [8] examined the effect of
consensus guidelines for Cesarean section amongst obstetricians. Despite awareness
of the guidelines and readiness of the hospital to change, there were no significant
changes in the use of Cesarean section in sixteen community hospitals in the years
after publication compared to before the publication of these recommendations [8].

The purpose of this chapter is to address why recommendations for practice
guidelines by “expert groups” fail to be translated into clinical practice and to
provide potential solutions to this ongoing problem. We can begin by examining
the problem within the wider context of the determinants of the diffusion of new
medical information and technology into practice [9]. A number of factors, each
with their own intrinsic variability, are operative. These include variations in the
performance characteristics of the physician who uses and interprets the new data;
variations in the new technology (guidelines or drugs); biological characteristics of
the patient with the disease; unpredictability of contentious responses to medical
action (e.g., lawsuits); perplexity about ethical obligations of the clinician to the
patient and society; and the clinician’s view of the patient’s own uncertainty (table
1) [9]. We can reframe these to the issue of clinical practice guidelines that can be
considered within three areas specific to the physician, the technology, guidelines,
or drugs and the patient (table 2). We begin by examining issues related to the
physician.

PHYSICIANS’ AWARENESS OF PRACTICE GUIDELINES

A potential explanation for poor translation of clinical guidelines into practice is the
lack of awareness of their existence. One full year after the U.S. 1984 JNC III
recommendations were published, only 62% of physicians in the state of Maryland
were aware of the report’s recommendations [6]. These findings were similar to the
Canadian obstetricians’ awareness of guidelines for Cesarean Section. Lomas et al.
[8] found only 67% of answers correct in responses from a Survey of obstetricians
in the Canadian province of Ontario. Considering that the questionaire was multiple
in nature and chance alone would have produced a 50% correct response, only a
17% improvement over chance was found. Only 3% of obstetricians were able to
correctly identify all four of the recommended actions as well as the four actions that
were not recommended.
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Table 1. Determinants of the diffusion of new medical information and technology into practice

variation in the performance characteristics of the experts who use and interpret the new
technology

variation in the performance characteristics of technology

variation of biological response of the patient to disease

unpredictability of contentious responses to medical action e.g., lawsuits

* perplexity about ethical obligations of clinician to patient and society

clinician’s view of patient’s own uncertainty, needs and, expectations

Adapted from Reiser, Int ] of Tech Assessment Health Care 2:7-12, 1986 [9].

Table 2. Some reasons for the limited implementation of clinical guidelines into clinical practice

physician

* lack of physician awareness of the guidelines

* time urgency in medical practice

* low prevalence of the clinical condition in a clinician’s practice

* failure of learning new information. Problems of continuing medical education to communicate
guidelines in a meaningful manner

* lack of ease of access to the proliferating number of guidelines

guidelines

¢ perceptions of the new guidelines

* ambiguities of practice guidelines or perception of inconsistency with other ‘experts’ or the
literature

* conflicting messages about drugs therapy in recommendations and pharmaceutical advertising

patient
* patient attitudes to (new) drugs

There are a number of potential reasons for lack of awareness.

1. Medical practice has a time urgency. There is often insufficient time to read the
literature, synthesize it, reason alone, and interact with colleagues to discuss the
merit of new approaches (table 3).

2. There is no compensation for literature review or evaluation. Medical practitio-
ners often have limited time to consider whether the entry criteria of the
randomized clinical trials of the disease fit the specific patient that the physician
is treating.

3. Difficulty of ready access to clinical practice guidelines impedes their implemen-
tation. Guidelines for all the various patient problems that a physician may
encounter daily may not be readily accessible to the physician. Each specialty
group or association publishes their guidelines in specialized journals. Practice
guidelines may be in several different sources, not all of which are conveniently
available.

Unfortunately, even the awareness of clinical guidelines is not necessarily a
guarantee of their implementation. Awareness of JNC II report was not a significant
determinant of practice behavior for management of hypertension [6].
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Table 3. Time urgency and medical practice

insufficient time to read the literature, synthesize the literature, interact with colleagues to reason
together the new approaches

no compensation for literature review or evaluation

lack of time to consider whether or not the entry criteria of the RCT’s on the disease fit

the specific patient

* lack of ease of access to the proliferating number of guidelines

PERCEPTIONS OF NEW TECHNOLOGIES OR RECOMMENDATIONS

Some clinicians believe that technologies (including medications) that are efficacious
are often slow in achieving an impact while technologies of questionable value
diffuse rapidly into practice [10]. Similarly, there is a perception that many patients
receive less than state-of-the-art medical care while expensive and/or inappropriate
care is more prevalent than desired [10]. There is little data to support the conten-
tion that effective therapy slowly diffuses into clinical practice while technologies of
questionable value diffuse rapidly. However, it is reasonable to suggest that physi-
cians, who tend to be a conservative group in their approach, would be cautious
about introducing new drugs into practice. Similarly, once physicians have become
familiar with the dose ranges and side effects of certain drugs, they are less likely
to stop using them in their practice. The latter is substantiated by the continued
use of lidocaine in acute myocardial infarction despite recommendations to the
contrary [7].

PREVALENCE OF CONDITION IN THE CLINICIANS’ PRACTICE

Physicians’ pattern of practice vary considerably. While one family physician may
see only young families, another family physician may see mainly an elderly popu-
lation. The first physician may rarely see heart failure or cardiovascular disease and
may not recall current recommendations.

The ease of diagnosis or degree of recognizability is another problem in prescribing.
The diagnosis of heart failure requires a constellation of symptoms and findings on
physical examination including elevated jugular venous pressure and an S3 gallop.
The use of appropriate therapy is obviously conditional upon correct diagnosis.

Another issue with infrequently seen conditions is that the impact of treatment
may not be as apparent. Is the difference in the scientific literature large enough to
be clinically convincing? [11]. ACE inhibitors clearly reduce cardiovascular mortal-
ity in heart failure. In some studies, the number of patients needed to be treated
with an ACE inhibitor to save one life (NNT or number needed to treat) is about
100 per year [12]. Some family practitioners may not see one hundred patients with
heart failure per year. Yet, they may make as many as 20% of their patients cough
when they prescribe an ACE inhibitor [13]. One might anticipate that a cardiologist
with a large number of patients with heart failure should prescribe ACE inhibitors
in a high proportion of patients to keep them out of the hospital for recurrent heart
failure and to decrease the mortality in his patients.
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Table 4. False assumptions and possible failure of traditional CME

transmittal of rational information alone, independent of how it is presented, will consistently and
predictably change (improve) clinical decisions

once the message have been communicated (delivered), physicians will remember it forever

once the message has been communicated (delivered), no one else will deliver a contradictory
message

the message will be remembered when the physician sees all patients with the condition

* based on assumption that transmittal of rational information alone, independent of how it is
provided, will predictably improve clinical decisions

FAILURE OF CONTINUING MEDICAL EDUCATION
(CME) TO COMMUNICATE GUIDELINES
A physician’s time to keep abreast of ongoing new medical information may be
reduced as he practices through the years because of the pressures of a clinical practice
as well as the demands of sick patients. Learning occurs through a process of
continuing medical education that may be provided by the medical association,
hospital, or medical school. Continuing medical education (CME) as a mandated
function for continuing licensure is a “stick” rather than a “carrot” approach to
medical education. Compulsory CME may not make the physician as receptive to
change as CME born out of a physician’s desire to improve the quality of his practice.
Traditional CME does not always communicate new medical knowledge in a
manner that will ensure change in clinical practice. The problems of traditional
CME include the presentation of the material with the belief that transmittal of
rational information alone, independent of how it is presented, will consistently and
predictably change (improve) clinical decisions (table 4). Furthermore, it is believed
that once the message has been communicated, physicians will remember it. It is
also believed that once the message has been communicated, no one else will deliver
a contradictory message. Another assumption of traditional CME is that the message
will be subject to instant recall when the physician sees patients.

THE NATURE OF THE TECHNOLOGY OR DRUG RECOMMENDED

Some guidelines for management are unnecessarily complicated. The diagnosis,
nonpharmacological management, and drug treatment of a condition may consist of
80 different recommendations that are phrased in paragraph form for scientific
accuracy. Some guidelines may extrapolate too much from available data. For
example, recommendations on management of lipid lowering drugs used goals for
treatment that were not necessarily based on randomized trials. The intent was to
compare different regimes with different LDL-C endpoints and compare clinical
outcomes. They sought to test the hypothesis that lipid lowering drugs improved
survival. Target or goal LDL cholesterol levels were extrapolated from the data.
Physicians may have been reluctant to accept all the recommendations because a few
have not been as rigorously tested. There is similar concern that recommendations
on available evidence may not be optimal for all clinical decisions, especially when
available evidence may not be of good quality [14].
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Table 5. Potential reasons ACE inhibitors are not prescribed in heart failure

concern about serious adverse effects e.g., renal failure, hyperkalemia, angioedema

patients dislike of side effects: cough taste alterations

need for monitoring e.g., renal function and potassium

ACE inhibitors major benefit is prevention (death, recurrent hospitalization, etc.,) and there is
always more reluctance to use preventive strategies for asymptomatic patients than treatment of
symptoms

ACE inhibitors despite their beneficial effect on morbidity and mortality may
produce side effects that are distressing for some physicians. While cough is the most
frequent side effect occurring in as many as 20% of patients, 1% of patients risk
angioedema [13]. Furthermore, the physician must monitor renal function and
serum potassium to ensure the drug does not produce renal failure. These and other
side effects are an impediment to the use this drug despite its beneficial effects in
clinical trials (table 5).

CONFLICTING MESSAGES ABOUT RECOMMENDED DRUGS

Conflicting messages and opinions can prevent action and clear decisions in the
treatment of cardiovascular disease. A group of clinician experts could propose
clinical practice guidelines that another specialist(s) might disagree with. If the
disagreeing opinion is widely circulated, family physicians might not proceed
quickly in implementing guidelines, which they conclude lack validity.

New drugs tend to receive more publicity in medical journals and in pharma-
ceutical advertising. This publicity may conflict with recommendations for older
and more established drugs. There are several conflicting messages that are specific
to ACE inhibitors which have clear advantages in the management of heart
failure but do not have any morbidity and mortality data in the treatment of
hypertension. The conflicting messages are briefly as follows. “ACE inhibitors
will help your patients with congestive heart failure (CHF) because of the wealth of
data that shows that they reduce CHF morbidity and mortality. Ang II antagonists
will help your patient with CHF. The fact that there are no data that they reduce
CHF morbidity and mortality should not concern you.” Another conflicting set
of messages is the following: “ACE inhibitors should be used to treat CHF
because there are data that they reduce CHF morbidity and mortality. ACE
inhibitors should be used to treat hypertension. The fact that there are no data to
indicate whether or not they alter morbidity and mortality should not concern

9

you.

PATIENT ATTITUDES TOWARD DRUG TREATMENT

Patient concerns about drug therapy may limit the use of medically appropriate
treatment of their condition (table 6). There are many patients that are fearful of
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Table 6. Patient attitudes that may prevent
accepting scientifically recognized drug treatment

preference for nondrug treatment

preference for alternate therapy e.g., herbal
fear of drug treatment

fear of life-long therapy

dislike of consuming any synthetic substance
concerns about the cost of drugs

inability or limited ability to pay

concerns about drug safety

traditional pharmaceutical remedies and prefer herbal remedies. Other patients fear
the concept of lifelong therapy or are concerned about adverse effects. The high cost
of some drugs is yet another consideration or deterrent for patients. While physi-
cians are skilled in discussing with their patients the best options and therapy, there
are patients who simply refuse to follow those recommendations.

POTENTIAL SOLUTIONS FOR IMPLEMENTING
CLINICAL PRACTICE GUIDELINES

There are various approaches to addressing each of the identified issues (table 7).

1. The lack of awareness of clinical guidelines may be addressed by providing
improved continuing medical education to physicians.

2. Updated guidelines should be readily available either on computers or reference
manuals so that physicians can use their time in the most effective manner.
Computer programs specific for disease management can be developed and
implemented.

3. Improved approaches to continuing medical education may be necessary. Active
physician participation in educational interactions helps learning. The use of
concise graphical educational material and highlighting and repeating essential
messages coupled with the positive reinforcement of improved practices may be
considered [15] (table 8).

4. The use of opinion leaders is another strategy. Changing physician prescribing
patterns is a difficult undertaking. Schaffner et al. [16] studied the effect of several
different strategies on the office practice of antibiotic prescribing and discovered
that mailing brochures with recommended practice guidelines had no detectable
effect. An office visit by a pharmacist/drug educator to discuss the guidelines had
a modest effect. However, an office visit by another physician counsellor had a
significant and indeed a marked impact on drug prescribing. Interestingly, phy-
sicians responded equally well to the recommendations of the physician counsel-
lor to improve quality of care or to reduce drug cost [16]. Physicians respond to
the influence of clinical leaders as well as concern for their patient’s well being,
patient’s demands, perceived social good, and specific patient considerations [17].
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Table 7. Potential solutions to problems of implementing clinical practice guidelines

improved access to and availability of up to date clinical guidelines

development of computer programs that will track patients with certain conditions to ensure
implementation of recommended clinical care

development and implementation of specific strategies to changing physician prescribing patterns
development of specialized centres for the management of diseases such as heart failure

Table 8. Improving continuing medical education

* stimulate active physician participation in educational interactions

* use concise graphical educational material

* highlight and repeat essential messages

* provide positive reinforcement of improved practices in follow-up
visit

Source: adapted from Soumerai and Avorn, JAMA 263:549-556, 1996 [15].

Table 9. Potential solutions: Academic detailing to improve clinical decision making

conduct interviews to investigate baseline knowledge and motivation for current prescribing patterns
focus programs on specific categories of physicians and their opinion leaders

define clear educational and behavioural objectives

ensure interaction of practicing physicians with a clinical (opinion) leader

establish credibility through a respected organization, referencing authoritative and unbiased sources
of information and present both sides of controversial issues

Source: adapted from Lomas et al., JAMA 265:2202-2207, 1991 [18].

Opinion leaders can have a significant impact on clinical practice [18]. The use
of opinion leaders or academic detailing is an expensive but potentially useful
way to implement change (table 9). The inherent danger of this approach is that
a single or small group of physicians with a particular view point may take over
the process in a local community. Thus, national consensus guidelines with local
representation is the best approach.

. Establishment of specialized centers is necessary for management of selected

cardiovascular disease. There may be a need for highly specialized expertise in
complex disease. The approach for the care of diabetes mellitus has been to
establish specialty centers. One diabetologist has concluded that “a detailed
understanding of intensive treatment programs (for diabetes mellitus) may be
beyond the skill of the average primary care physician. ...” “An experienced
health care team should be involved with the patient’s case. . ..” [19]. Perhaps
specialized centers for the management of patients with cardiovascular risk factors
in the absence of cardiovascular disease and after the diagnosis of myocardial
infarction or heart failure might reduce morbidity and mortality from cardiovas-
cular disease. As this is an expensive approach to medical care, its cost effective-
ness would require careful scrutiny and justification.
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COUGH INDUCED BY
PHARMACOLOGICAL MODULATION
OF THE RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM.
ANGIOTENSIN CONVERTING
ENZYME INHIBITORS AND
ANGIOTENSIN II RECEPTOR
ANTAGONISTS

YVES LACOURCIERE and JEAN LEFEBVRE

Hypertension Research Unit, Le Centre Hospitalier Universitaire de Québec, Québec, Canada

Summary. Dry cough is now recognized as a common side effect of ACE inhibitor therapy.
When cough becomes bothersome, no alternative is better than substituting a different class
of antihypertensive agents for the offending ACE inhibitors. Losartan potassium represents a
new class of antihypertensive agents with a different mechanism of action: it directly blocks
the effects of angiotensin (Ang) II at the receptor level, without affecting kininase II-related
factors, such as the bradykinin system. As shown in the Losartan Cough Study, the incidence
of cough related to a treatment with an AT, type Ang II receptor antagonist, such as losartan,
is significantly lower than that observed with lisinopril and is similar to that of HCTZ in
patients with a rechallenged ACE-inhibitor cough. Ang II receptor antagonists represent a
potential new treatment for hypertensive patients, which may be especially useful in patients
in whom a pharmacological inhibition of RAAS is indicated, but who develop cough with
ACE inhibitors.

It is well recognized that the renin-angiotensin aldosterone system (RAAS) plays a
critical role in fluid/electrolyte homeostasis and blood pressure regulation. Pharma-
cological inhibition of the RAAS has been of particular interest in the management
of pathophysiological states, such as congestive heart failure and hypertension,
particularly since the introduction of angiotensin-converting enzyme (ACE) inhibi-
tors in the early 1980s [1-4]. ACE inhibitors are generally well tolerated with a
relatively low adverse-effect profile. However, their use can be limited by an
annoying side effect, cough [5-29]. Recent research has focused on the develop-
ment of new modulators of the RAAS: the angiotensin (Ang) II receptor antago-
nists. This lattest class of agents directly interfer with RAAS at the level of Ang II

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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Table 1. Clinical characteristics of ACE inhibitors cough

Symptomatology
Dry (nonproductive), irritating, persistent
Sensation of “tickling” in the throat
May occur more frequently when reclining
Intermittent or continuous
May change the tone of voice
May cause vomiting
Onset
Generally within 2 months
May be triggered by viral respiratory tract infection in 36%
of patients
Resolution
Generally within 1 week after ACE inhibitor discontinuation
Cross-reaction between ACE inhibitors
Resistant to conventional antitussive agents
Demographics
Females > Males

Source: Based on reference 29, with permision.

receptors. They have been expected to be more specific and are less likely to induce
cough as an adverse effect.

This review summarizes the available information on ACE inhibitor-related
cough with respect to its characterization, frequency, mechanism, and treatment.
Special attention has been paid to properly designed clinical trials to document the
true incidence of ACE inhibitor-induced cough. Results are also presented from a
prospective, randomized, double-blind, parallel-group, controlled trial, designed to
compare the incidence and severity of cough associated with an ACE inhibitor,
lisinopril; a type 1 (AT,) Ang II receptor antagonist, losartan; and a thiazide diuretic,
hydrochlorotiazide, which all modulate the RAAS [28].

CLINICAL CHARACTERIZATION OF COUGH WITH ACE INHIBITORS

The general characteristics of the ACE inhibitor-related cough are listed in table 1.
Description of ACE inhibitor-related cough from published case reports, abstracts,
postmarketing surveillance studies, hospital series, and randomized controlled trials
are generally consistent [30-50]. The cough is typically characterized as being
nonproductive (i.e., dry cough), persistent, and irritating. Its onset is described as a
tickling sensation in the back of the throat, occurring in most of the cases within
two months of ACE inhibitor therapy. Delayed onsets of up to 15 months have
been reported. A viral respiratory infection often contributes to the triggering of
symptoms [50]. As it progresses, cough may become intermittent or continuous and
exacerbate at night or when patient is reclining. Symptoms can interfer with speech,
change the tone of the voice, or even cause vomiting. Usually these symptoms do
not resolve with time unless the ACE inhibitor is withdrawn.
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Figure 1. Incidence of dry cough with angiotensin-converting enzyme (ACE) inhibitors:
W, captopril; A, enalapril; @, other ACE inhibitors. Based on reference 82, with permission.

FREQUENCY OF COUGH

Cough is such a common symptom that it is often overlooked as a side effect of
medication. In the medical literature, estimates on occurrence of ACE inhibitor-
related cough vary extensively, reflecting different methodologies used to ascertain
the presence of this side effect. Early postmarketing studies on captopril and enalapril
have not been designed to measure the occurrence of cough. Estimates have mostly
been based on spontaneous patient reports. Duration of treatment, complete follow-
up, total population exposed, or interruption of ACE inhibitor for a reason other
than cough have not always been taken into account. Consequently, this has led to
an underestimation of the overall incidence of cough and probably better reflects
severe cases of cough [51]. On the other hand, a considerably high incidence of
cough has been reported in most studies with less than 50 patients [figure 1]. As a
result the reported incidence of cough in the world literature ranges from 0% to
over 30% [38,51-54].

Better documention regarding the overall occurrence comes from prospective
trials specifically designed to assess the relationship between the development of
cough and the use of ACE inhibitors (hospital clinic-based series and randomly
allocated controlled trials). These studies -relied on a more appropriate method of
assessing side effects related to medication (double-blind challenge period, control
group, patient-assessed standard side-effects questionnaires, life-table analysis) and
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provided a more reliable evaluation of the overall incidence of ACE inhibitor-
related cough, i.e., between 6 and 16% [31,50-52,55].

PREDISPOSING FACTORS

Typical characterizations of adverse drug reactions include the identification of
predisposing factors such as sex, age, race, type of agent involved, or any pertinent
clinical situation. Because of the nature of most reports on ACE inhibitior-related
cough, many of these data are not available. It is thus difficult to identify patients
treated with ACE inhibitors who are at a higher risk of developing a persistent
cough.

Some evidence suggested that the occurrence of ACE inhibitor-induced cough is
related to gender. Indeed, the cough has been reported to occur more commonly
in women than in men [31,35,50-57] with some studies reporting a threefold
increase [58]. However, these data are difficult to interpret because of other
contributing factors [55,59]. Moreover, females tend to spontaneously report cough
more frequently than males regardless of the antihypertensive agent or placebo
treatment [58].

Age, race and, smoking habit do not seem to be relevant prognostic factors. The
cough is not likely to result from a pulmonary dysfunction; standard pulmonary tests
are generally not affected, and asthmatic patients do not seem to be at increased risk
of ACE inhibitor-related cough [31,32].

Cough is not likely to be dose-related. However, symptoms may improve with
lowering the dose [35,60]. The cough appears to be nonspecific in terms of which
ACE inhibitor is involved, the presence or absence of a sulfhydryl group in the
molecule, or the duration of action [31,35,36]. The cross-reaction with any agent of
the pharmacological class suggests that the cause of cough is related to the agent’s
mechanism of action [31,32,35,45,50,60,61]. Although recent reports suggest im-
provement in the severity and/or the frequency of dry cough after switching to a
newer ACE inhibitor [62], no prospective studies are, at present, available to allow
definite conclusions.

MECHANISM OF COUGH

The underlying mechanism(s) by which ACE inhibitors as a class cause cough has
yet to be elucidated. Moreover, it is also unclear why only a certain percentage of
patients taking ACE inhibitors develop this side effect. Figure 2 summarizes pro-
posed mechanisms that may contribute to the phenomenon.

ACE inhibitors produce their therapeutic effect by blockade of the RAAS, which
prevents Ang II formation through a competitive inhibition of ACE. ACE is present
in many tissues of the body, particularly in the vascular endothelium of the lungs.
Since ACE (kininase II) is not specific to the RAAS, suspicion has fallen on
substrates other than Ang I as the mediators of cough. It has been proposed that
kinins (such as bradykinins), normally degraded in part by ACE, accumulate in the
lung as a result of inhibition of ACE, thus promoting cough and bronchospasm [41].
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(ACE) inhibitors: PGF,, prostaglandin F,; CGRP, calcitonin gene-related peptide; SHT,
5-hydroxytryptamine; H,, histamine. Based on reference 82, with permission.

This has been hypothesized from the following observations: the large amount of
ACE in the lungs; the effects of bradykinin on C-fibers through type J receptors
involved in the cough reflex; the bronchoconstrictive effect of bradykinin and the
occurrence of cough after intradermal injection of bradykinin [49,63-67]. Accumu-
lation of bradykinin could contribute to bronchial irritability and cough in suscep-
tible persons by directly inducing smooth muscle contraction and local edema.
Further, bradykinin could stimulate the formation of prostaglandins and
leukotrienes, two bronchial inflammatory agents derived from arachidonic acid. In
this respect, concurrent inhibition of prostaglandin formation with nonsteroidal anti-
inflammatory drugs appears to attenuate the cough produced by ACE inhibitors
[61,68].

It is difficult to accept that accumulation of kinins is the only mechanism of
ACE inhibitor-induced cough, since the adverse affect appears to be variable in
occurrence, unrelated to the dosage and with a female preponderance [34,35,37—
41,69-71]. Several other mechanisms have been postulated as the explanation of
ACE inhibitor-related cough [31,72-76]. These pertain to either bronchial
hyperresponsiveness, irritative effect of various mediators, or enhanced pulmonary
receptors. Many pulmonary tests (capsaisin, histamine, citric acid, methacholine)
have been attempted in order to characterize one of the suggested mechanisms [31].
Substance P is another potent bronchoconstrictor which may be considered as a
contributing factor to the phenomenon. Its biological effects are prolonged follow-
ing inhibition of ACE. This could result in local accumulation in the upper
respiratory tract, leading to cough through an interaction with type J receptors and
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C-fiber afferents in susceptible persons [72,73]. A genetic predisposition has been
suggested by Yeo and colleagues [77], since the proportion of the population
homozygous for ACE (16%) corresponds to the incidence of cough. However,
reports on the potential relation between the polymorphism of the ACE gene and
ACE inhibition-cough are conflicting [78,79]. Turgeon and colleagues have sug-
gested that persistent cough is rather an adverse reaction related to a genetic
polymorphism of drug metabolism, since coughing patients carry mutant alleles of
CYP2D6, a specific cytochrome P450 isoenzyme which catalyzes the oxidation of
several cardiovascular drugs [80].

MANAGEMENT OF ACE INHIBITOR-RELATED COUGH

The cough from ACE inhibitors does not respond well to standard antitussive
agents, such as dextromethorphan or codeine. As mentioned, reduction of the dose
may reduce the symptoms in some cases but can be limited by therapeutical issues.
Trying to inhibit the cough by using NSAIDs is not recommend, since it exposes
the patient to additional untoward effects and may represent a drug interaction
interfering with the efficacy of the therapy. Thus far, the best alternative is the
withdrawal of the ACE inhibitor. Cough generally disappears within 1 to 4 days,
although disappearance after as long as 4 weeks has also been reported.

Before ordering extensive evaluation, diagnostic tests, or empiric treatments,
clinicians should suspect ACE inhibitors as the cause of the cough although other
conditions should be suspected including asthma, bronchitis, smoking, and heart
failure.

ANGIOTENSIN II RECEPTOR ANTAGONISTS AND COUGH

Losartan potassium (MK 954; DuP 753) is the first oral, nonpeptidic Ang II receptor
antagonist to be marketed worldwide for the treatment of essential hypertension. It
represents a significant addition to the cardiovascular armamentarium, and several
other agents of this class are actually undergoing clinical trials [table 2]. By selec-
tively and competitively antagonizing Ang II at its receptor level (AT,), losartan
represents a more direct approach than ACE inhibitors in blocking the RAAS.
Consequently, through its lack of effect on the bradykinin system [81], it is not
expected to be associated with dry cough.

To test the hypothesis that blockade of Ang II receptors does not cause cough to
the same extent as cough seen during ACE inhibition, the Losartan Cough Study
[28] was conducted in 135 patients with mild to moderate hypertension with a
history of ACE inhibitor dry cough. This study was the first prospective, double-
blind, controlled study specifically designed to evaluate as the primary endpoint the
side effect of “dry cough” in patients treated with three different RAAS-modulating
agents: losartan (50mg once-daily), an AT, type Ang II receptor antagonist;
lisinopril (20mg once-daily), an ACE inhibitor; and hydrochlorothiazide (HCTZ)
(25mg once-daily), a diuretic. In lieu of placebo, HCTZ was used as a positive
control for antihypertensive efficacy as well as a negative control for the develop-
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Table 2. Angiotensin II (AT, type) receptor antagonists

Name Pharmaceutical industries
A-81988 Abbott

Candesartan Takeda Industries
D-8731 Zeneca

GR-138950-C Glaxo Research
Irbesartan Sanofi/Bristol-Myers-Squibb
L-158809 Merck Frosst

Losartan Dupont-Merck Frosst
SC-52458 GD Searle

SKF-108566 SmithKline Beecham
Tasosartan Wyeth Ayerst Research
Telmisartan Boehringer Ingelheim
UP-296-6 Laboratories UPSA
Valsartan Ciba-Geigy

ment of dry cough [82]. Assessment for the presence of cough was performed using
a self-administered questionnaire throughout three consecutive study periods: a 6-
week, single-blind positive challenge period with lisinopril; a 6-week, single-blind
dechallenge placebo washout period; and an 8-week, double-blind rechallenge
period with either losartan, lisinopril, or HCTZ. The questionnaire was similar to
one previously used that was able to discriminate an ACE inhibitor from another
drug on the basis of cough [83]. To de-emphasize the importance of cough as the
primary endpoint, dry cough was one of nine symptoms assessed. The questionnaire
was completed at each visit before the patients saw the investigator.

The results of the double-blind period showed that 72% of patients developed
cough within 8 weeks when rechallenged for a third time with an ACE inhibitor
compared to 29% and 34% with losartan and HCTZ, respectively [figure 3]. The
percentage of patients who coughed on HCTZ were not different from those of
patients on losartan. Both were similar to the percentage of “non-coughers” on
lisinopril, about 30%. These incidences could be interpreted to indicate the back-
ground incidence of cough (or noncough) in a study of this unique design and in
highly selected, cough-sensitive population. Similar results were observed in a study
of similar design in patients receiving an ACE inhibitor, a renin-inhibitor, or
placebo [84]. It is therefore anticipated that the incidence of cough with patients on
losartan, will be similar to that of placebo. A relevant observation in the present
study is that about 30% of patients who had been challenged and dechallenged twice
did not responded by coughing for a third time. Could this challenge dechallenge
“in itself” modify the future response to ACE inhibitors and be a sort of challenge
tachyphylaxis? Support for such a hypothesis comes from the findings of Reisin et
al. [85] that cough attributed to ACE inhibitors disappeared after continued treat-
ment in approximately half of the patients. Perhaps other explanations exist. For
instance, ACE inhibitors may promote the continuance of a cough only after a
cough stimulus has occurred. This would be consistent with a previous report that
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Figure 3. Proportions of patients with dry cough by treatment group in the Losartan Cough Study:
B “YES” for dry cough; B “NO” for dry cough. *p < 0.01, versus other groups.

36% of patients who developed prolonged cough related to- ACE inhibitors did so
following a common cold [50].

The onset and time to resolution of ACE-inhibitor cough in the study population
was approximately 3 and 4 weeks, respectively. However, the study design limited
a complete evaluation of onset and resolution of cough; in the general population,
some patients may take longer to develop cough and/or may take longer for cough
to resolve. This study collected much information regarding “dry cough”, including
the identification of a plethora of ACE inhibitors that previously caused cough in
these patients, which was reproduced with lisinopril treatment. This supports the
theory that cough is a class effect of ACE inhibitors.

Of the patients enrolled into the study, 65% were women. This gender dis-
tribution is not typical of hypertension studies where usually 30-40% of the study
population are women. This observation is consistent with the theory that women
develop and/or report cough more commonly than men {31,56,86], regardless of
the antihypertensive agent, but to a greater extent with ACE inhibitors. The reason
for the apparent higher reporting rate of cough by women has not been elucidated.

Although the specific mechanism by which ACE inhibitors as a class cause cough
is not firmly established, increased levels of mediators outside the RAAS cascade are
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likely to be the mechanism of cough [87]. These mediators include kinins such as
bradykinin, substance P, and two bronchial inflammatory agents derived from
arachidonic acid—prostaglandins and leukotrienes [72,88,89]. By showing that
losartan—which reduces blood pressure through blockade of the AT, Ang II
receptor—and HCTZ—which reduces blood pressure by altering blood volume—
are associated with significantly lower incidences of cough, the data from the
Losartan Cough Study support the hypothesis that cough associated with ACE
inhibition is not due to blockade of Ang Il formation, but rather, is due to
inhibition of kininase II related factors. Furthermore, the results of the current study
are consistent with two other studies with losartan that suggest that Ang II receptor
antagonists are more specific inhibitors of the RAAS and have no notable effects on
systems influenced by kininase I, i.e., bradykinin accumulation [90] and alterations
in prostaglandin synthesis [91].
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ANGIOTENSIN II RECEPTORS

AT, AND AT, NEW MECHANISMS
OF SIGNALING AND ANTAGONISTIC
EFFECTS OF AT, AND AT,

TADASHI INAGAMI, SATORU EGUCHI, SATOSHI TSUZUKI,
and TOSHIHIRO ICHIKI

Vanderbilt University School of Medicine, Nashville, TN, USA

Summary. A series of pharmaceutical successes in the treatment of not only essential hyper-
tension but also vascular hypertrophic and hyperplastic diseases, congestive heart failure, and
renal degenerative diseases, with angiotensin-converting enzyme inhibitors and angiotensin
(Ang) II receptor antagonists indicates that angiotensin may play a pivotal role in the genesis
and maintenance of high blood pressure and resultant stroke, atherosclerosis, and heart and
kidney diseases. There is more than one form of Ang II receptors. Using expression cloning,
we isolated the AT, cDNA from bovine adrenocortical cells from the kidney of spontane-
ously hypertensive rats and AT, cDNA from rat PC12W cells and we showed that it was not
the mas oncogene product. Further, we showed that in rodents, AT, consists of two subtypes,
AT,, and AT, which share a high degree of sequence homology in their coding regions,
although mechanisms of their respective transcriptional control seemed to be different. By
computer-assisted modeling and site-directed mutagenesis, we have delineated the docking
site of Ang II. AT,, (and AT},) serves most of the commonly recognized actions of Ang II.
In addition, this G protein-coupled receptor (GPCR) also activates a tyrosine kinase mecha-
nism that may be an underlying cause of Ang II-mediated hypertrophic and hyperplastic
changes of cardiovascular tissues. In the vascular system, the phospholipase C (PLC) activated
by Ang II seems to be PLC-f rather than PLC-,,.

Interestingly, we found that Gg-activated PLC-f activates p21 ras and mitogen-activated
protein kinase (MAPK) in rat vascular smooth muscle cells. The mechanism of the cross-
talk between AT, and the tyrosine kinase system is triggered by Ca®*, but does not involve
protein kinase C.

Studies using targeted gene deletion indicated that Ang II is intimately involved in
nephrogenesis. Mice lacking angiotensinogen showed an abnormality in the formation of
renal papilla, retardation in glomerular maturation, marked hypertrophy of small arteries of

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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the kidney, and tubular dilatation, whereas targeted deletion of the AT, receptor resulted in
small arterial wall hypertrophy. Blood pressure of AT,,-deleted mice was markedly reduced
(—45 mmHg).

The role and mechanism of action of AT, was not clear. We have recently produced AT,
gene null mice and AT, knockout mice by targeted gene deletion. AT,-deleted mice had a
higher blood pressure, whereas AT,-deleted mice showed lower blood pressure. Deletion of
the AT, gene also showed reduced exploratory activity. The most conspicuous action of the
AT, receptor is seen in its salt-retaining action in the renal tubule. Under a constant renal
blood flow condition an AT, antagonist markedly increased the urine volume and concomi-
tant natriuresis. These effects are completely abolished in AT, deleted mice. The molecular
and cell biological studies of the angiotensin receptors are needed.

Despite the complexity and often mutually antagonistic actions of AT, and AT,, Ang II,
working through AT, and AT, of the kidney work in the same direction to retain salt and
water. These observations, as well as the effects of Ang II, indicate that the most fundamental
role of Ang Il is its role in the development of the salt-retaining organ, the kidney, and Ang
I1 is uniquely related to the kidney in that both AT, and AT, receptors work for the retention
of salt.

The presence of two different angiotensin (Ang) II receptors had been
suggested because of the differential stability to dithiothreitol; the isoform-specific
nonpeptidic (losartan, PD123177, PD123319) and peptide (CGP42112) antagonists
demonstrated two clearly different isoforms of Ang II receptors, which were termed
Ang 1I type 1 (AT,) and type 2 (AT,) receptors (see reviews for [1,2], figure 1).

AT, was further shown to consist of subtypes designated as AT,, and AT; [3-6].
However, these AT, subtypes are limited to rodents (rat and mouse). Higher
mammals have only one subtype, AT,. Further studies showed practically all of the
actions traditionally ascribed to Ang II can be explained by AT,. These actions
include contraction of the smooth muscle, inotropic effect on cardiac myocytes,
stimulation of aldosterone release from the adrenal cortex, facilitation of catechola-
mine release from nerve endings, hypertensive action of centrally administered Ang
II, hypertrophic actions on vascular smooth muscle cells (VSMC), mitogenic effects
on some fibroblast cells, and activation of tyrosine-kinase pathway and mitogen-
activated protein kinase (MAPK) and renal tubular effect in sodium reabsorption
[1,2]. Thus, few physiological functions seemed to be left for the AT, receptor to
perform. Its abundant expression in fetal mesenchymal renal, and brain tissues
seemed to suggest its role in fetal development and organ morphogenesis, but AT,
is equally abundant in various fetal tissues. AT, expression declines rapidly after
birth, and only limited types of adult tissues express AT, mRNA at a level detectable
by in situ hybridization, northern blot analysis, or RNase protection assay. These are
rat adrenal medulla, cortex, kidney, heart, uterine myometrium and vasculature,
ovarian granulosa cells, pancreas, and certain brain nuclei such as locus ceruleus,
inferior olive, few thalamic nuclei and cerebellum [7,8]. There are cell lines
expressing AT, exclusively like mouse R3T3 fibroblast cells [9], PC12W is a subline
of pheochromocytoma cells [10], preadipocyte mouse 3T3-L 1 cells [11], mouse
fetal fibroblast cells, and neuroblastoma-glioma hybrid cells, NG108-15 [12]. These
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Figure 1. Comparison of amino acid sequences of rat angiotensin II type 1 (AT,) and type 2 (AT),)
receptors. They show a 32% amino acid sequence identity. (Compiled from data in Ref. 49 and 50,
reproduced with permission).

cells do not express the AT, receptor. However, other cell lines express both AT,
and AT,, such as neuroblastoma cells, N1E 115 [13], and the transformed rat
pancreatic acinar cell line, AR42J [14]. On the other hand, cultured vascular smooth
muscle cells express AT, but not AT, [15].

For the action of AT,, current studies that we are pursuing on the cross-talk
between the AT, receptor and MAPK activation, which involves protein tyrosine
kinase mechanisms, a pathway usually found in growth hormone-stimulated signal-
ing pathway, will be discussed.

For AT,, we obtained AT, and AT, gene null mice and will mainly discuss the
roles of AT, that have remained elusive.

The activation of the tyrosine kinase system by 7-transmembrane domain recep-
tors (G protein-coupled receptors, GPCR) have been noted; its mechanisms have
not been clear. Since the tyrosine kinase activation by Gi-coupled receptors seems
to be different from that of Gg-coupled receptors [16], we have focused our studies
on Gg-coupled angiotensin type 1 receptor AT, in vascular smooth muscle cells,
which in the absence of growth factors such as serum, platelet-derived growth
factors (PDGF-BB), or basic fibroblast growth factor (bFGF) do not undergo
proliferation. However, Ang II induces hypertrophic changes, but not mitogenic
changes (cell proliferation), even if it stimulates MAPK activation.

The AT, is coupled to the heterotrimeric G protein, Gq, to activate phospholi-
pase CP, which generates inositol trisphosphate (IP;) in initiating a calcium-
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Figure 2. Activation of mitogen-activated protein kinase (MAPK) in quiescent rat vascular smooth
muscle cells in culture as represented by the activation of p21™. Note that Ca’* alone can activate
MAPK as shown by cytosolic Ca’* chelator. TMB-8 blocks the activation completely, but the
inhibition of protein kinase C by GFX or inhibition of Gi protein by pertussis toxin TPX had no
effect. The calmodulin antagonist calmimidazolium and tyrosine kinase inhibitor genistein also inhibit
the pathway of AT;-ras-MAPK-kinase.

mediated signaling pathway. On the other hand, growth factor receptors such as
PDGF-R or epidermis growth factor (EGF)-R do not use the heterotrimeric G
protein. Instead, they activate PLCy1 directly by phosphorylation of a tyrosyl
residue.

Morrero et al. reported that in their rat aortic VSMC, Ang II via AT, activates
PLCy1 instead of a PLC-§ [17]. Further, they reported results indicating that this
cascade which leads to MAPK is initiated or needs to be mediated by a low
molecular weight cytosolic tyrosine kinase, Src60 [18,19]. The mechanism involved
in the activation of Src60 was not clear. The hypothesis that the activation involves
direct association of the protein tyrosine kinase Src60 with AT, did not prove
correct [19].

By using rat VSMC with abundant PLC@, and f;, we showed that the increase
in cytosolic Ca is sufficient for the activation of the RAS (figure 2), Raf-1, and
MAPK system, as well as its upstream component Grb2 and Sos. Increase in
cytosolic Ca®" by a PLC-B or Ca’" ionophore elicited MAPK activation [20].
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Figure 3. Transient activation of phosphotyrosine phosphatase and suppression (A4, B) and basic
fibroblast growth-factor stimulated cell proliferation (C) at various bFGF concentration. (4) Time
dependency of the stimulation of phosphotyrosine phosphatase by 107”M Ang II; (B) concentration
dependency; and (C) increase in cell number, stimulated by 2 W, 0.25; O, 02.5; @, 25.0ng/ml basic
fibroblast growth factor, was inhibited by 107’M Ang II.

Interestingly, it did not involve protein kinase C (PKC). Activation of PLCY was
not needed. Thus, the system became more amenable to explanation using the
existing signaling system except for the link connecting elevated cytosolic Ca** to
a tyrosine kinase system. Ang II-stimulated (via AT,) recruitment of Grb2-Sos or
Shc-Grb2-Sos suggests that the presence of some tyrosine kinase mediates a Ca-
calmodulin-dependent tyrosine kinase system. Thus, in addition to the well known
Ca’*-mediated contractile response, the AT,-induced cytosolic Ca>* elevation seems
to be intimately involved in the tyrosine kinase activation and MAP kinase activa-
tion, via cross-talk between GPCR and tyrosine kinase. How Ca’* activates a
tyrosine kinase cascade is the subject of intensive investigation. It seems to be
distinct from the Gi-coupled GPCR, which seems to involve GB-GY subunits of Gi
proteins along with phosphatidyl inositol 3-kinase (PI3K) [21].

An important aspect of AT, function also seems to be involved in the signaling
of the phosphotyrosine cascade or its turn off. Bottari and his associates showed that
AT, in the pheochromocytoma cell line PC12W activates phosphotyrosine phos-
phatase (PTP) [22]. This cell line expresses only AT,, not AT,. We [23] and
Mukoyama et al. [24] cloned AT, cDNA from rat cells and tissues and examined the
PTP activity in PC12W cells and COS-7 cells expressing the cloned AT,. Cell
membranes were rigorously freed from plasma component by ultracentrifugation at
100,000 X g. In this system, AT, inhibited a PTP, presumably bound tightly by a
transmembrane domain [23]. On the other hand, when a membrane-associated
fraction in the postnuclear fraction was rapidly isolated from mouse R3T3 cells
(which express only AT,, not AT),), it showed an activation of PTP [24] (figure 3a
& b). The PTP activity was detectable both by using nitrophenylphosphate (pNPP)
or the peptide substrate Raytide containing a phosphotyrosine residue. Further, this
activity was inhibited by the PTP specific inhibitors Na-orthovanadate [25]. These
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Figure 4. Illustration of AT,-promoted mitogenesis and AT,-promoted suppression of cell growth.

results suggest that cytosolic PTP, which is not a part of a receptor, is activated by
AT,. Important to note is that the growth stimulation of the fibroblast cells R3T3
by bEGF was suppressed by Ang Il in a dose-dependent manner (figure 3c). The
dose dependence (IC;, ~ 0.3nM) coincided well with the dose dependence
(0.5nM) of PTP activation. These results indicate that AT, mediates activation of
PTP, which affects the growth of R3T3 cells [24,25].

In cells expressing AT,, Ang II activatess MAPK, which leads to mitogenic or
hypertrophied response through the activation of a tyrosine kinase system [26-28].
On the other hand, AT, activates PTP and inhibits cell growth, thus undoing the
proliferative effect of AT,, as shown in figure 4. Nakajima et al. showed a similar
mechanism in vascular smooth muscles (VSMC) expressing the AT, receptor [29].
Since VSMC in serum or growth factor-containing medium do not express AT,,
cells were transfected with a chimeric AT, gene fused to the 5'-flanking region
of smooth muscle myosin. The rat carotid artery expressing transfected AT,
showed a marked reduction in the neointima formation following balloon
catheterization. Cultured VSMC transfected with the same AT, expression vector
showed a marked reduction in MAPK activity. These results indicated that AT, may
reduce MAPK activity, which, in tum, will reduce the neointimal smooth muscle
cell growth [29]. In these studies, AT, was stimulated only by endogenous Ang II.
Janiak et al. reported the selective activation of AT, as an effective approach in the
suppression of neointima formation following the balloon catheterization [30].
However, the expression of AT, in the neointimal tissues in rat carotid artery or
aorta is minimal [31]. Thus, transfection of AT, may be required for a therapeutic
use of AT,.

Prolonged serum depletion elicits programmed cell death of R3T3 as evidenced
by internucleosomal DNA degradation. This process of apoptosis was enhanced by
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a 48hr treatment with Ang II [32]. PC12W cells also undergo apoptosis upon
depletion of their specific growth factor, nerve growth factor (NGF). This process
is also accelerated by Ang II. Both R3T3 and PC12W cells express AT,, but not
AT,. Thus, signals from AT, may enhance the apoptotic process initiated by the
withdrawal of the growth factors [32].

The mechanism of the action of AT, that participates in this process seems to be
due to the reduced activity of MAPK, which seems to be elicited by the activation
of MAPKinase phosphatine 1 (MKP-1), which is a protein tyrosine phosphatase that
inactivates MAPK by dephosphorylating the tyrosine phosphate group in MAPK.
The inactivation of MAPK and accompanying enhancement of DNA fragmentation
by Ang II in these AT,-bearing cells are reversed by pertussis toxin (PTX) and
orthovanadate. Yamada et al. [32] provided strong evidence that AT, signaling
involves Gi or Go and activation of PTP. Recently Hayashida et al. [33] showed
that a synthetic peptide with the 22 residue sequence of the third cytosolic loop of
rat AT, suppresses MAPK activity of the VSMC upon transfer into VSMC by
lipofectamine-liposome and this inhibition are reversed by PTX or orthovanadate.
These results indicate that the third cytosolic loop can play a part in the activation
of a Gi-mediated PTP, which inhibits MAPK. Thus, these receptor studies show
that the action of AT, is to inactivate MAPK, and MAPK activity can be used as a
sensitive index of AT, action, rather than directly determining PPT activity, which
have to cope with a high background contributed by several PTPs. These ap-
proaches seem to provide a positive answer to the longstanding question as to
whether a G protein is involved in the AT, action.

The demonstration of the direct binding of AT, to immunoprecipitated Gio-2
and Gi0-3, by Zhang and Pratt [34], provide a direct and general basis for answering
this question.

TARGETED GENE DELETION OF THE AT, GENE

To determine the overall physiological role of AT,, Ichiki et al. [35] and Hein et al.
[36] eliminated the gene encoding AT, by targeted deletion in mice. The resultant
AT,-null mice showed elevated pressor sensitivity to an intravenous infusion of Ang
II and elevated basal diastolic and systolic blood pressure by about 25mmHg
compared with the AT,-intact F, hybrid mice (129 Ola X C57BL/6). The elevation
in mean arterial basal blood pressure was not seen by Hein et al., possibly because
of various technical problems, including heterogeneity in genetic background. (In
the gene-deleted mice, the genome of embryonic stem cells from the 129 Ola strain
is mixed with the genome of C57BL/6 mice.) It is interesting to note, however, the
opposite effects of the action of AT, and AT, on blood pressure regulation.
Targeted deletion of the gene encoding AT, resulted in blood pressure lowering of
about 45mmHg [37,38], whereas deletion of the gene encoding AT, led to an
elevation of about 25mmHg [35). Angiotensinogen gene deletion resulted in a
decrease in blood pressure of about 20—-25mmHg [39,40], which accounts for the
balance of actions of AT, and AT, as the effect of Ang Il is completely removed.
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Figure 5. Positive contribution of AT, and negative contribution of AT, on the blood pressure as
examined with AT,, and AT, gene knockout mice. The angiotensinogen gene knockout mice
represent the overall effect of the total loss of Ang II. (Compiled from data in Refs. 35,37,38,39,40.)

Given the general observation arising from many targeted gene deletion experiments
that receptor subtypes seldom undergo compensatory changes, the simple
arithmetics of figure 5 shows that AT, (AT,) is a dominant pressor receptor,
whereas AT, appears to be a depressor receptor that operates by an, as yet, unknown
mechanism.

AT, is expressed in the kidney, and earlier studies suggest that AT, antagonist
have diuretic effects [41]. Lo et al. isolated tubular function from hemodynamic
function by maintaining a constant renal blood flow using the method of Roman et
al. [42] and observed that intravenous infusion of the AT, blocker PD123319
markedly and rapidly increased diuresis and natriuresis from the rat kidney [43].
Conversely, the AT, agonist CGP42112A suppressed diuresis and natriuresis, indi-
cating the very interesting function of renal tubular AT, in sodium retention. We
were able to confirm this observation in rats and mice by using AT, antagonists and,
further, by using AT,-gene deleted mice to ascertain that the site of antagonist
binding is indeed the AT, receptor since the AT, knockout mice did not show a
diuretic response to PD123319. In recent studies, Siragy and Carey [44], however,
did not observe a similar natriuretic effect of PD123319 in conscious rats. Only the
AT, blocker losartan showed natriuresis. Furthermore, they reported increased
c¢GMP levels in the renal interstitial fluid as renal AT, was stimulated, a result which
is opposite to that reported earlier when Ang II-stimulated AT, was shown to lower
cGMP levels [22,45]. These results are intriguing because the existing observations
suggest that AT, attenuates the pressor and mitogenic response of AT, to Ang II,
whereas both AT, and AT, work in concert to retain salt, albeit via different
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mechanisms. These results may suggest a primary and intimate role of Ang II in the
retention of salt.

Another area where AT, expression is clearly seen is in the central nervous
system, which includes brain stem (locus ceruleus, inferior olive), several thalamic
nuclei, lateral septum, and amygdala (central amygdaloid nucleus and medial
amygdaloid nucleus) [46,47]. AT,-null mice generated by targeted gene deletion
show markedly lowered exploratory ambulation in a new environment and mark-
edly increased avoidance of light area, indicating emotional instability or fearfulness
[35]. Such behavioral changes may reflect action of amygdala and locus ceruleus,
which sends off long projections to the cerebral cortex. It does not seem to reflect
counteraction to the well-known central action of AT, in the control of blood
pressure, water drinking, and vasopressin release through AT, in circumventricular
organs and hypothalamic nuclei.

OVERVIEW

It is clear that there are two main categories of the Ang II receptor, AT, and AT,.
In recent years, there has been increased attention focused on the AT, receptor in
order to determine its structure, signaling mechanism, and function. Whereas much
remains to be determined, it appears that the actions of Ang II via the AT, receptor
are generally suppressive in nature, whereas function via the AT, receptor are more
commonly stimulatory. In so far as biological activity is concerned, there is now
evidence that Ang II via the AT, receptor can suppress cellular proliferation. Gene
deletion studies in animals suggest that the AT, receptor may subserve a
vasodepressor function, although its mechanism remains to be determined. AT,
agonist and antagonist studies indicate that this receptor might subserve antidiuretic
and antinatriuretic actions, at least in animals. Animals lacking AT, receptors have
impaired drinking responses and behavioral alterations [46,47].

Details of the biological importance of the AT, receptor remain unclear, and
further information is awaited. This matter is clearly potentially relevant to the
therapeutics of cardiovascular disorders, especially heart failure and hypertension but
also coronary heart disease. For example, recent studies by Levy et al. {48] indicate
that aortic fibrosis elicited by chronic infusion of Ang II is prevented by the AT,
antagonist PD123319 rather than the AT, blocker losartan. This finding may imply
another hitherto unknown role of AT, in the cardiovascular tissue.
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Summary. Angiotensin (Ang) II is one of the key hormones involved in cardiovascular
homeostasis. It has potent vasoconstrictor effects and is directly involved in the vascular and
cardiac remodeling observed in response to chronic or acute hypertension. Two major Ang
IT receptor subtypes, AT, and AT,, have been described, and their roles in vivo and in vitro
have now been investigated using nonpeptidic antagonists, losartan and PD123319, which
block AT, and AT, receptors respectively. The aim of this review is to focus on in vivo data
to better define the respective functions of the AT, and AT, receptor subtypes. In adult rats,
the AT, receptor subtype does not trigger trophic effects directly in cardiomyocytes, whereas
the AT, receptor may have a major trophic role in smooth muscle cells.

INTRODUCTION

Angiotensin (Ang) II is one of the key hormones involved in the regulation of
cardiovascular homeostasis. It has potent vasoconstrictor effects and is directly
involved in the vascular [1] and cardiac [2] remodeling observed in response to
chronic or acute hypertension.

Two major Ang II receptor subtypes, AT, and AT,, have been described [3-5].
AT, receptor appears primarily responsible for many of the physiological actions of
Ang II, but the functional properties of the AT, subtype, only recently cloned,
remain elusive and controversial [review in 3]. Both AT, and AT, receptors contain
a seven-transmembrane domain but only the former is coupled to G protein. The
properties of the two Ang II receptor subtypes have been characterized using two
specific antagonists, the benzylimidazole derivative losartan (AT,-specific) and
PD123319 (AT,-specific) [4,5]. The AT, receptor is predominent in adult mamma-
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lian tissue, including vessels [6-9]. However, the percentage of AT, and AT,
receptors varies according to the cell type or tissues considered. For example, AT,
receptors in the rat aorta are 60% of the receptors, whereas AT, receptors in the
rat heart are 90% of the angiotensin receptors [10]. At the cellular level, adult
cardiomyocytes express AT, subtype exclusively [11], whereas fibroblasts express
both subtypes [12]. In pathophysiological situations, such as cardiac hypertrophy
secondary to stenosis of the ascending rat aorta, AT, receptor expression increases to
around 60%, whereas the AT, receptor is downregulated [7]. However, Wolf et al.
[8] observed no alteration in left ventricular AT, and AT, receptor mRNA levels in
response to aortic coarctation. Conversely, the development of cardiac hypertrophy
after myocardial infarction was associated with upregulation of the AT, receptor
[11]. Haywood et al. have recently shown that human myocardial levels of AT,
receptor mRINA decreased in heart failure whereas the level of AT, mRNA
remained unchanged [13]. In addition, the ratio of AT, to AT, receptors is reversed
in experimentally induced vascular injury [14] or wound healing {15]. Based on in
vivo and in vitro experiments, the AT, receptor is considered the major mediator
of Ang Il-induced cardiovascular effects [5], whereas AT, receptor activation is
involved in the control of cell differentiation, proliferation, and apoptosis [14-18].
In vitro, AT, receptors mediate hypertrophy of both neonatal cardiomyocytes and
smooth muscle cells [review in 3,19], whereas inhibition of endothelial cell replica-
tion seems to be AT, receptor-dependent [17]. However, the respective roles of
each receptor in vivo remains uncertain. Therefore, the present review will focus on
in vivo recent data concerning the cardiovascular effects of AT, and/or AT,
receptor blockade with the aim of providing new insights into the function of each
receptor.

CARDIAC HYPERTROPHY

Cardiac hypertrophy in response to hypertension reflects two main processes: the
hyperplasia of nonmuscle cells, such as fibroblasts, and the hypertrophy of
cardiomyocytes [20].

As cited above, nonmuscle cell hyperplasia correlates with the development of
fibrosis during the myocardial hypertrophy process. The beneficial effects of ACE
inhibitors on the prevention or regression of fibrosis has been clearly demonstrated
[review in 21]. Nonmuscle cells express both AT, and AT, receptors. In vitro AT,
receptors favor collagen synthesis, whereas AT, receptor activation inhibits collagenase
activity [12,22]. In R3T3 cells, Tsuzuki et al. have shown that activation of the AT,
receptor subtype inhibits cell proliferation and activates tyrosine phosphatase [23].
More recently, Chassagne et al. observed that AT, stimulation inhibits replication of
rat fibroblast transfected with AT, receptor human sequence. This process is associated
with both inhibition of expression of the protooncogenes c-fos and c-jun and induced
expression of mitogen-activated protein kinase (MAPK) phosphatase 1 [24].

Cardiomyocyte enlargement is a cardiac adaptative response to increased me-
chanical overload. The mechanisms triggering the development of hypertrophy are
multifactorial and likely include mechanical, hormonal, and humoral factors [25].
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Over the last decade, Ang II has been directly implicated in the development of
cardiomyocyte hypertrophy based on (1) data obtained in cultured neonatal ven-
tricular cardiomyocytes [19] and the isolated beating rat heart [26] and (2) the
beneficial in vivo effects of ACE inhibitors [21,33]. The in vitro trophic effects of
Ang II were blocked by losartan, indicating that these effects were mediated via the
AT, receptor (review in 19). However, Booz and Baker, who found that AT, and
AT, receptor subtypes were present in equal proportions in neonatal cultured
cardiomyocytes, observed that AT, blockade (PD123177) or (CGP42112) enhanced
Ang II stimulation of protein synthesis [27]. It should be noted that neonatal rat
myocytes maintain some characteristics of an immature phenotype in culture [28],
whereas adult rat cardiomyocytes in short-term culture (<4 days) maintain proper-
ties very close to those observed in adult rodents in vivo [29,30].

In order to determine whether Ang II has the same effect on adult
cardiomyocytes as on neonatal cardiomyocytes, we investigated the direct effect of
Ang II on the rate of protein synthesis in adult cardiomyocytes. We found that Ang
IT (concentrations up to 10-6 M for 3 days) had no significant effect on the rate of
total protein synthesis evaluated by 14C Phe incorporation [55]. This result contrasts
with the effects of Ang II observed in neonatal cardiomyocytes and suggests that (1)
Ang II has a very minor trophic effect per se on differenciated adult cardiomyocytes
and (2) the in vivo effect of the peptide is triggered via more complex pathways,
including cellular cross-talk and/or other paracrine systems.

Recently, we and others have investigated the differential roles of angiotensin
receptor subtypes in various in vivo rat models of cardiac hypertrophy and/or
failure. We used a model of chronic Ang II infusion (120ng/kg/min for 23 days)
that induces arterial hypertension and left ventricular hypertrophy [31,32]. When
angiotensin receptor antagonists were coadministered with Ang II, cardiac hypertro-
phy was prevented with losartan (10mg/kg/day), a specific AT, antagonist of AT,
but not PD 123319 (30mg/kg/day), an AT, antagonist. It should be noted that
losartan normalized systolic pressure at the concentration used, whereas PD 123319
had no hemodynamic effect. In addition, normotensive rats chronically treated with
PD123319 (30mg/kg/day) developed mild but significant cardiac hypertrophy
which was prevented by coadministration of losartan [31]. These data suggest
that (1) AT, receptor activation is not involved in the development of cardiac
hypertrophy and (2) AT, receptor activation and/or other mechanically-induced
pathways trigger the process of myocyte enlargement. Indeed, in this study we were
unable to distinguish between effects mediated specifically via AT, receptor and
those dependent on mechanical factors, since AT, blockade normalized systolic
pressure.

In another rat model of left ventricular hypertrophy induced by persistent systolic
pressure overload secondary to ascending aortic stenosis, there is a clear upregulation
of the cardiac renin-angiotensin system and a change in angiotensin receptor subtype
expression [7]. Beneficial effects of long-term ACE inhibition on hypertrophic
remodeling in this model has been attributed to inhibition of cardiac ACE activity
[33]. Interestingly, Weinberg et al. [34] proposed that the AT, receptor is not the
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major transduction pathway for myocardial hypertrophy in response to the sudden
pressure overload in this model since a long-term receptor AT, blockade was not
associated with regression of left ventricular hypertrophy. In parallel, Liu et al. [35]
analysed the respective roles of the kinin B2 receptor and angiotensin receptor
subtypes in triggering the functional and tissular alterations during cardiac failure
after myocardial infarction in the rat. They proposed that some of the beneficial
effects of AT, blockade were triggered by AT, receptor activation and also mediated
in part by kinins [35]. This later work illustrates that AT, blockade in vivo probably
interferes with autocrine/paracrine regulation, involving the cardiac renin-
angiotensin and kallicrein-kinin systems. Therefore, several lines of evidence now
suggest that the AT, receptor does not directly trigger the enlargement of adult
mammalian myocytes during pathological conditions.

ARTERIAL MEDIA THICKENING

Arterial media thickening reflects the adaptation of arterial smooth muscle cells to
increased systolic pressure [36]. This thickening depends mainly on the systolic
pressure level [36,37], although humoral factors such as Ang II may also be involved
[38].

In vitro, Ang II triggers vascular smooth muscle cell (VSMC) hypertrophy
[39—41]. This effect is mediated via the AT, receptor, the only angiotensin receptor
expressed in these cells in culture (review in 3). Furthermore, Bardy et al.
demonstrated that mechanical factors stimulate local synthesis of Ang II in
rabbit aorta, which in turn induces an increase in synthesis of proteins, such as
fibronectin, via the AT, receptor [42,43]. It should be noted that rabbit aorta
expresses the AT, receptor only, whereas both receptor subtypes are expressed in rat
artertes [5].

Therefore, we investigated the role of AT, and AT, receptors in the pro-
duction of vascular wall hypertrophy in the rat. Vascular wall hypertrophy was
characterized by morphometric analysis combined with either immunohisto-
chemistry or conventional histological staining. Conventional morphometry [32]
and image analysis after smooth muscle a-actin (SMa-actin) immunolabeling [31]
allowed the evaluation of media thickness in the aorta and coronary arteries respec-
tively. Prolonged Ang II infusion (23 days) induced significant thickening of the
media in both aorta and coronary arteries, independent of luminal diameter (figure
1). Treatment of Ang II-induced hypertensive rats with either losartan or PD123319
induced a decrease in media thickness, although PD123319 treatment was more
effective [31,32].

It is noteworthy that the effects of AT, blockade were independent of changes
in systolic pressure, whereas those of AT, blockade were indistinguishable
from pressor effects. On the other hand, increased medial thickness of aorta and
coronary artery was observed in response to chronic AT, blockade in normotensive
rats. This process was inhibited by concomitant blockade of AT, receptors

(figure 1).
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Figure 1. The hypertrophy of the media in the different experimental groups. Media thickness of
aorta and coronary arteries is expressed as percent (%) of control values. In both type of vessels,

Ang II induced a media thickening that was prevented by losartan and PD123319 treatment.
Administration of losartan to normal rats also induced a medial hypertrophy, which is very important
in the small coronary arteries, whereas combination of losartan and PD123319 treatment decreased
the media thickness. The values are means * SEM. *=p < 0.05; **=p < 0.01 vs. control.

1=p < 0.05 vs. Ang II group. (Bonferoni-test analysis).

The finding that treatment of normotensive rats with losartan alone had no effect
on blood pressure but induced medial hypertrophy that was prevented by additional
treatment with PD123319 strongly suggests that an increase in systemic Ang II
concentration, secondary to AT, receptor blockade (44, B. Levy unpublished data),
activates the AT, receptor and unmasks its trophic effect. Taken together, the data
show that AT, receptor activation triggers medial hypertrophy in rat arteries. The
trophic effect of AT, receptor stimulation appears specific to VSMC and indepen-
dent of arterial type (i.e., conductive or resistive). Whether this is a direct effect or
mediated via other cascade(s) has not been investigated. However, recent in vitro
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data indicate that the AT, receptor may be expressed in differentiated SMC, its
activation triggering an increase in total RNA synthesis [45].

Therefore, results obtained in vivo and in vitro support the hypothesis that the
AT, receptor activation plays a major role in the development of vascular hypertro-
phy in the rat, when VSMCs are not in an active proliferative stage.

CHANGES IN SMOOTH MUSCLE CELL PHENOTYPE

In hypertensive mammals, medial hypertrophy is associated with (1) an increase in
collagen and elastin content [46,47] and (2) changes in smooth muscle cell (SMC)
phenotype-characteristic of an immature or secretory type [48-50]. Changes in
SMC phenotype include (1) a shift in myosin heavy-chain gene expression, charac-
terized by the reexpression of nonmuscle myosin (NM myosin) [48,50], which is
normally expressed during fetal life, and (2) an increased expression of the extracel-
lular matrix protein, cellular fibronectin (cFN), which is normally expressed in the
intima layer only. Fibronectin may be expressed within aortic and coronary arterial
media in response to acute or chronic hypertension [51,52]. Although the expres-
sion of an immature phenotype is independent of the artery type and the hyperten-
sion etiology, some differences in the precise pattern of expression of the above
proteins have been described [52].

In normal rat artery, the typical pattern of immunolabeling is as follows: SM -
actin antibodies stain all medial smooth muscle cells, the labeling being homoge-
neously distributed, whereas cFN and NM myosin are restricted to the intimal layer
of the aorta and completely absent from coronary arterial media.

In Ang Il-induced hypertension, the medial distribution of SM a-actin within
VSMC is qualitatively similar to normotensive controls, and the most obvious
changes observed are in the distribution of NM myosin and c¢FN (figure 2). In aorta,
cFN immunolabeling extends to cells of the inner half of the media (corresponding
to a threefold increase in surface area), whereas the number of NM myosin positive
cells increases dramatically throughout this layer (figure 2). The codistribution of
NM myosin and SM a-actin identified these cells as SMC. In arterial media of Ang
II-treated animals, NM myosin immunolabeling is markedly induced and positive
cells are randomly distributed throughout the media. Accumulation of cFN in the
coronary arterial media is also observed. SMCs exhibiting this immature phenotype
are found in more than 65% of the coronary arteries in Ang II treated animals and
in less than 15% in controls. Losartan, but not PD123319, totally prevents the
expression of cFN and NM myosin in Ang II-treated rat SMC. The pattern of
immunolabeling is similar to that of the control group in all arteries, irrespective of
type and size (table I). Administration of PD123319 alone induces a small but
significant increase in cEN and/or NM myosin in both aorta and coronary arteries,
which was prevented by combined administration of losartan. Finally, losartan alone
does not affect the phenotype of VSMCs in normotensive rats. The finding that AT,
receptor blockade in normotensive rats was associated with a shift of VSMC towards
an immature phenotype suggests the unmasking of an AT, receptor transactive
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Aorta c-FN NM myosin o SM actin

control

control

Ang Il

Figure 2. Distribution of c-FN, NM myosin, and SM a-actin in aorta and in coronary arteries of

control, Ang II, treated rats. Note that cellular FN and NM myosin expression increased in Ang II
treated rats when compared to controls.

pathway that mediates phenotypic changes [31]. Such an AT,/AT, receptor inter-
action has been recently suggested by Siragy and Carey who proposed a shift of Ang
IT action to the AT, receptor in the presence of AT, receptor blockade to enhanced
PGE, production in the rat kidney [53].

In conclusion, the qualitative and quantitative changes in aortic and coronary
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Table 1. Cardiovascular changes secondary to Ang-induced hypertension and/or angiotensin 11
receptor antagonists

control AnglIl AngIl + LOS Angll + PD LOS PD LOS + PD
) = T = = \:

I

systolic blood
pressure

ventricular - + - + - + —-
hypertrophy

media thickening — + - - + - —

immature - + - + - + —
phenotype
of VSMC

systolic blood
pressure

I
-
]
-
i
1
—

Note: Summary of the qualitative and quantitative changes observed in the heart and vasculature of the different
experimented groups. Ang II induced hypertension, ventricular hypertrophy, a shift of the VSMC phenotype towards
an immature type, and medial thickening. These processes were prevented by AT, receptor antagonist. The AT,
antagonist specifically prevented medial thickening. Note that the treatment of control rats with the AT, antagonist
induced medial hypertrophy.

—, absence; +, presence; control, untreated rats; Ang II, Ang II-treated rats; Ang II + LOS, rats treated with both Ang
II and Losartan; Ang II + PD, rats treated with both Ang II and PD123319; LOS, Losartan rats treated with Losartan;
LOS + PD, rats treated with both Losartan and PD123319.

arterial phenotype secondary to Ang Il-induced hypertension appear to be triggered
by two independent pathways (figure 3): (1) Ang II induces medial hypertrophy of
both aorta and coronary arteries, via the AT, receptor, independent of changes in
blood pressure and (2) phenotypic changes in VSMC are controlled through AT,
receptor activation and/or blood pressure elevation.

CONCLUSIONS AND PERSPECTIVES

In this review we have analyzed the differential role of AT, and AT, receptors in
the response of the myocardium and vessels to arterial hypertension. It emerges that

Figure 3. Triggers of qualitative and quantitative changes of vascular smooth muscle cells during
hypertension in the rat.
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the relative involvement of each receptor depends on cell type. Indeed, AT, has
no effect on cardiomyocyte hypertrophy but triggers arterial medial thickening. On
the other hand, the data reported herein (table I) contrast with previous studies
that demonstrated AT,-triggered cell growth and/or hypertrophy, whereas AT,
mediated inhibition of cell replication (review in 3). It is noteworthy that the
antiproliferative function of the AT, receptor has been observed in nonmuscle cells
[17,23] and in SMCs actively replicating after endothelial injury [54,14]. The main
goals for the forthcoming years will be to determine (1) the precise role of
angiotensin receptors in different cell types and different stages of differentiation, (2)
the transduction pathway used by the AT, receptor, and (3) the possible interactions
between the 2 receptor subtypes.
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INTERSUBJECT VARIABILITY IN THE
PHARMACOKINETICS OF LOSARTAN
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Summary. The use of orally effective angiotensin II receptor type 1 (AT,) antagonists
represents a new strategy for the management of hypertension and congestive heart failure.
The development of losartan, a biphenyltetrazole derivative, was based on a carefully man-
aged, rational drug design aimed at improving the low-oral bioavailability normally observed
with peptide antagonists. The drug was also designed to preserve selectivity at the AT,
receptor site without introducing intrinsic agonist activity. Losartan itself is an active AT,
antagonist, but clinically relevant angiotensin blockade is mediated mainly by EXP3174, an
active metabolite formed by a specific cytochrome P450 isozyme, CYP2C9. Therefore,
dosage adjustment is dictated by variability in plasma concentrations of the metabolite rather
than by variability in plasma concentrations of losartan. The present review describes both the
development and the major pharmacokinetic characteristics of losartan, the first orally effec-
tive, nonpeptide AT, antagonist administered to man.

INTRODUCTION

The search for specific antagonists of angiotensin (Ang) II receptors started more
than twenty-five years ago. One of the first promising Ang II receptor antagonists
to be discovered was the peptide saralasin [1]. However, the use of saralasin was
limited by its poor absorption following oral administration, its short elimination
half-life, and its substantial Ang II agonist properties [2,3]. The scientific community
had to wait another ten years before Takeda Chemical Industries disclosed patents
describing a series of nonpeptide 1-benzyl imidazole-5-acetic acid derivatives with
Ang II antagonist properties [4,5]. Subsequently, four major states of development,
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Figure 1. Major states of structural substitutions culminating in the synthesis of losartan.

involving important structural substitutions, were completed, culminating in the
synthesis of losartan (figure 1) [6-8]. The decision to incorporate such structural
substitutions resulted from:

1. the recognition that only C-terminal fragments of Ang II display significant
biological activities [9]. It was further hypothesized that a carboxylic acid would
be required for binding to the receptor;

2. the recognition that the substitution of a second acidic group in the para-position
of the phenyl moiety of benzylimidazole acetic acid derivatives improved the
potency tenfold without introducing intrinsic or nonspecific effects [10;

3. the recognition that enlargement of the molecule by replacement of the phenyl
carboxylic acid group by a biphenyl carboxylic acid moiety produces orally
effective agents with another tenfold increase in binding affinity [8];

4. the recognition that replacement of the biphenyl carboxylic acid moiety by
biphenyltetrazole derivatives further improved bioavailability [11].

Thus, following all the structural substitutions described above, the compound
obtained was the prototype biphenyltetrazole, losartan (DuP 753 or MK954), the
first potent, nonpeptide, orally effective, competitive and selective antagonist of Ang
II type I (AT),) receptors to be made clinically available.

PHARMACOKINETICS OF LOSARTAN

Absorption of losartan is rapid following oral administration, and peak plasma
concentrations are attained within 30 to 60 minutes [12]. Based on measured and
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Figure 2. Schematic disposition of losartan and its active metabolite, EXP3174, in man.

predicted bioavailability from the hepatic extraction ratio, absorption of losartan
from the gastrointestinal tract is considered to be complete [13]. Food slows the
absorption of losartan and decreases its maximum plasma concentration, but it only
has minor effects on the mean plasma concentrations of losartan [14]. Losartan
undergoes extensive first-pass metabolism in the liver, and only about 33% of the
dose reaches the systemic circulation unchanged (figure 2) [13]. Thus, upon its first
exposure to liver enzymes, approximately 2/3 of the dose of losartan is transformed
into several metabolites. In vitro drug metabolism studies performed with either
liver slices or human liver microsomes are consistent with these observations [15-
17]. In drug metabolism studies, at least 5 metabolites of losartan could be identified
(figure 3).

Sequential oxidation of the alcohol side-chain of losartan into an aldehyde and a
carboxylic acid moiety results in a metabolite, EXP3174, that is 10-40 times more
potent as an AT, receptor antagonist than the parent compound [18]. The structure-
activity relationship described in the development of orally active AT, receptor
antagonists predicted that a carboxylic acid moiety overlapping with the C-terminal
region of Ang Il would be associated with more potent binding to the receptor [19].
Nevertheless, losartan is not a pro-drug because it is itself a potent AT, receptor
antagonist [6,7]. In the dog, where very little losartan is transformed into EXP3174,
sustained blockade of the Ang II effects can still be achieved [20,21]. Furthermore,
numerous in vitro and ex vivo studies have demonstrated the activity of losartan
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Figure 3. Scheme for oxidative biotransformation of losartan to its major metabolites.

which clearly does not have to be converted to EXP3174 in order to block Ang
receptors [8,22,23]. However, the clinical relevance of EXP3174 in humans during
chronic oral treatment with losartan needs further discussions.

The total clearance of losartan entering the systemic circulation is very high,
approximately 610ml/min [13]. Consequently, the drug is rapidly eliminated from
the blood. Its terminal elimination half-life is approximately 2 hours [13]. The
kidneys contribute very little to the overall excretion of losartan (renal clearance is
~70ml/min). Less than 5% of an oral dose of losartan is excreted unchanged in
urine [13]. In contrast, circulating losartan is extensively metabolized into several
metabolites, and total metabolic clearance is =540 ml/min [13].

As already indicated, extensive metabolism of losartan (=66% of the dose) takes
place upon its first exposure to the liver. During this first pass, approximately 8% of
the dose is transformed into EXP3174 (figure 2) [13]. However, during subsequent
passages through the liver, another 6% of the drug that is present in the blood stream
is transformed into EXP3174 (figure 2) [13]. When the fraction of the dose of
systemically available losartan metabolized into EXP3174 (6%) is added to the
fraction formed by presystemic metabolism (8%), it can be estimated that 14% of an
orally administered dose of losartan is transformed into EXP3174 [13]. The systemic
clearance of EXP3174 is about 10 to 15 times slower (47ml/min) than that of
losartan [13]. The kidneys (renal clearance is 26 ml/min) and the liver (metabolic
clearance is 21 ml/min) contribute equally to its elimination (figure 2). In fact, an
amount of EXP3174 equivalent to 7% of the losartan dose is recovered in urine
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Figure 4. The profile of mean plasma concentrations of losartan (O) and EXP3174 (@) in man
following administration of a single 50mg oral dose of losartan (Adapted from Lo et al., 1995 [13]).

while the remaining EXP3174 undergoes sequential metabolism into various other
metabolites. The terminal elimination half-life of EXP3174, which is much longer
than that of losartan, is 6-9 hours [13].

Similar peak plasma concentrations of losartan and its major active metabolite,
EXP3174, are achieved following oral administration of losartan (figure 4) [13].
Maximal plasma concentration of EXP3174 is reached at about 3.5 hours, which is
slightly later than that of losartan [13,24]. However, the area under the plasma
concentration-time curve for EXP3174 is almost five times larger than that of
losartan [13]. Pharmacodynamic studies have demonstrated that plasma levels of
EXP3174 parallel the profile of Ang II receptor blockade more closely than do
plasma levels of losartan [24]. Therefore, it is not surprising that effective Ang II
receptor blockade by losartan in humans is largely determined by the more potent
active metabolite of losartan, EXP3174 [18,24].

Two major isoforms of the cytochrome P450 enzyme, namely, CYP2C9 and
CYP3AA4, appear to be involved in the sequential oxidation of losartan to EXP3174
[15,16]. In vitro metabolic studies with human liver microsomes and microsomes
containing various recombinant human liver cytochrome P450 isozymes have dem-
onstrated that formation of EXP3174 is inhibited by characteristic inhibitors of
CYP2C9 and CYP3A4 as well as by antibodies directed against these specific
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isoforms [15,16]. On the other hand, pharmacokinetic studies in healthy volunteers
failed to demonstrate a significant interaction between losartan and ketoconazole, a
well known inhibitor of CYP3A4 [25]. In contrast, subjects with genetically deter-
mined deficient CYP2C9 activity (1% of the Caucasian population) excrete minimal
amounts (<1%) of a losartan dose as EXP3174 [26]. These recent clinical findings
indicate that CYP2C9 is probably the major enzyme involved in the formation of
EXP3174 in humans.

The efficacy of losartan in subjects with deficient CYP2C9 activity was not
reported [26]. Based on the pharmacological properties of losartan and EXP3174,
decreased efficacy would be expected since very little of the active metabolite is
formed. However, toxicity from losartan accumulation should not be expected since
several other metabolic pathways, independent of CYP2C9 activity, are most likely
active in these subjects. Therefore, modulation of CYP2C9 activity by specific
inducers or inhibitors would expectedly result in intersubject variability in the
pharmacokinetics, as well as the efficacy, of losartan.

A fivefold increase in the plasma concentrations of losartan has been observed in
patients with hepatic impairment because of alcohol cirrhosis [14]. This is due to a
significant decrease in the metabolic clearance of losartan, which accounts for more
than 85% of the total clearance of the drug [13]. Nevertheless, significant amounts
of EXP3174 are still formed in these subjects, which suggests that CYP2C9 activity
is partially preserved, even under these conditions of decreased liver function. On
the other hand, the elimination of EXP3174 is significantly impaired, and mean
plasma concentrations of the metabolite increase about twofold [14]. Consequently,
a 50% dosage reduction is recommended in patients with alcohol-induced cirrhosis
of the liver.

Age is another factor known to affect the pharmacokinetics of several drugs.
This is due to decreased liver and kidney functions as well as changes in muscle
and fat distribution [27,28]. Although data are limited, no significant difference in
the innocuity of losartan was observed between elderly and young patients
in clinical trials. This suggests that plasma concentrations of the active
metabolite EXP3174 in elderly patients are similar to those measured in younger
individuals.

Both losartan and EXP3174 are highly bound to plasma albumin (98.7% for
losartan vs. 99.8% for EXP3174) [29]. However, neither losartan nor EXP3174 are
significantly displaced in vitro by therapeutic concentrations of highly protein-
bound drugs, such as naproxen, ibuprofen, diazepam, or warfarin [29]. This suggests
that clinically significant drug interactions caused by displacement from binding sites
are unlikely to occur. High protein binding to plasma albumin limits the diffusion
of losartan and EXP3174 to peripheral organs. Consequently, the steady-state
volumes of distribution of these compounds are quite small (341 for losartan and
only 121 for EXP3174) [13].

The renal clearance of EXP3174 accounts for 50% of total EXP3174 clearance
[13]. Therefore, one would expect metabolite accumulation in patients with renal
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insufficiency, which would necessitate a decrease in the dosage of losartan. In
contrast, in patients with moderate to severe, end-stage kidney disease (creatinine
clearance is 1029 ml/min), a proportional decrease in creatinine and renal clearance
of losartan or EXP3174 is observed [30]. Plasma concentrations of EXP3174 do not
increase but remain stable, and no dosage adjustment is recommended [30]. How-
ever, plasma concentrations of losartan are almost doubled in these patients [31].
These observations indicate that alterations in the routes and/or mechanisms of
elimination of EXP3174 and losartan and/or an alteration in the amount of
EXP3174 formed occur in patients with renal insufficiency. Similarly, in patients
undergoing dialysis, plasma concentrations of losartan are higher than those mea-
sured in patients with normal renal function, while EXP3174 concentrations are
comparable to those measured in the same [14]. Overall, these observations suggest
that there is no need to adjust losartan dosages in patients with compromised renal
function. Nevertheless, extreme caution is recommended in patients with either
renin-angiotensin-dependent renal impairment or fixed renal blood flow, such as
unilateral or bilateral renal artery stenosis [32].

Finally, no major drug-drug pharmacokinetic interaction has been identified for
losartan. Only minor changes in mean plasma concentrations of losartan and
EXP3174 were noticed during the coadministration of cimetidine to healthy volun-
teers [33]. Pretreatment with the cytochrome P450 inducer phenobarbital caused
only a modest decrease in mean plasma concentrations of both losartan and
EXP3174 [34]. In healthy volunteers, losartan did not alter the pharmacokinetics of
intravenous or oral digoxin, and hydrochlorothiazide did not affect losartan pharma-
cokinetics, and vice versa [35,36). Finally, the anticoagulant activity of warfarin was
not found to be significantly affected by losartan [37,38]. This observation is very
interesting since warfarin is a well known substrate of CYP2C9, the major isoform
involved into the formation of EXP3174.

In summary, losartan is the first orally effective, nonpeptide, competitive antago-
nist of AT, to be marketed. Numerous in vitro and animal studies have demon-
strated that losartan itself is a potent AT, antagonist. However, the profile of Ang II
blockade observed in humans more closely parallels the plasma levels of one of its
metabolites, EXP3174. Therefore, adjustments to the dosage of losartan are dictated
by changes in the mean plasma concentrations of the metabolite observed under
various clinical conditions. Clinical studies have demonstrated that dosage adjust-
ments are required in patients with liver disease but are not necessary in elderly
patients or in patients with renal insufficiency. To date, no major drug-drug
interactions have been observed with losartan.
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FUNCTIONAL ANALYSIS OF TISSUE
RENIN-ANGIOTENSIN SYSTEM USING
“GAIN AND LOSS OF FUNCTION”
APPROACHES: IN VIVO TEST

OF IN VITRO HYPOTHESIS
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Summary. The study of the effect of autocrine-paracrine vasoactive modulators (e.g., renin-
angiotensin) on VSMC biology is very difficult in vivo because in vivo studies are limited.
Recent progress in in vivo gene transfer technologies have provided us with the opportunity
to study cellular responses to the manipulation of the individual components (i.e., by
overexpression or inhibition). Currently, many researchers have developed many in vivo gene
transfer techniques for cardiovascular application, including viral gene transfer and liposomal
gene transfer. By using in vivo gene transfer approaches, the roles of the tissue renin-
angiotensin system have been identified. Such an approach may increase our understanding
of the biology and pathobiology of autocrine-paracrine system. This review has discussed
the potential utility of in vivo gene transfer methods.

The study of the effect of autocrine-paracrine modulators (e.g., renin-angiotensin)
is very difficult in vivo because in vivo studies are limited by (1) the multiplicity of
coexisting variables, (2) the difficulties in manipulating individual components, and
(3) the methodological limitations in studying the function of locally produced
modulators in the absence of any contribution by the circulatory system. Gene
transfer technology has provided us with the opportunity to study the cellular
responses to the manipulation of the individual components (i.e., by overexpression
or inhibition). For example, transfection of angiotensin-converting enzyme (ACE)
vector into cardiovascular organs resulted in hypertrophy independent of hemo-
dynamics and the circulating renin-angiotensin system (RAS) [1]. Alternatively,
administration of antisense oligodeoxynucleotides (ODN) and angiotensinogen-gene
activating element (AGE) 2 as “decoy” into the liver resulted in a significant

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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transient decrease in blood pressure [2,3]. Such an approach may increase our

understanding of the biology and pathobiology of autocrine-paracrine system, espe-
cially the RAS.

IN VIVO GENE TRANSFER TECHNIQUES

Although it is important to develop in vivo gene transfer into the cardiovas-
cular organs, few in vivo gene transfer methods are suitable for such purposes. Many
in vitro gene transfer methods such as calcium phosphate precipitation and
electroporation can not be applied to in vivo gene transfer because of significant cell
injury and because they pose significant problems to the investigation of the role of
potential autocrine mediators (e.g., angiotensin). Currently, in vivo gene transfer
techniques for cardiovascular applications include viral gene transfer such as
retrovirus, adenovirus, and HV] (Hemagglutinating Virus of Japan: Sendai virus) and
liposomal gene transfer such as cationic liposome (Lipofectin) [4,5]. Overall, the
current in vivo methods for cardiovascular gene transfer are limited by the low
efficiency and by the potential toxicity.

Retroviral method

The retroviral method is well described. It has generally a high-transfer efficiency
and can integrate transferred genes into the genome [6]. This method has been used
for in vivo gene transfer into blood vessels (see below). However, the efficiency for
vessel wall transfer is very low because retroviruses do not work in nonreplicating
cells. This characteristic should be considered when selecting retrovirus as the vector
for specific organs.

HV]J-mediated method

The HVJ method appears to possess many ideal properties for in vivo gene transfer
such as (1) efficiency, (2) safety, (3) easy handling, (4) brevity of incubation time (5)
no limitation of inserted DNA size. In this method, foreign DNA is complexed
with liposomes, a nuclear protein, and the viral protein coat of HVJ (figure 1). The
HV] method has been successfully employed for gene transfer in vivo to many
tissues including liver, kidney, and vascular wall [1-3,7-10]. This method is also
suitable for transfer of antisense oligonucleotides. HV] method can result in a
significant increased stability and effectiveness of antisense and cis-element decoy

ODN [11,12].

Adenoviral method

Adenoviruses do not require cell replication for transfer. The adenoviral method is
a highly efficient transfection method, but it has the potential disadvantages of viral
infection and viral antigen-induced immunity, and it has limitations in the inserted
DNA size (but capacity is probably up to 7kb pairs). Unlike retroviral transfer, this
system may not integrate the inserted DNA. Further studies are needed to prove the
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Figure 1. Schematic summary of HVJ-liposome transfer method.

safety, e.g., antigenicity, in human gene therapy, but in vascular biology research,
this method seems to be one of most useful tools by high efficiency.

Lipid-mediated gene transfer

The liposomal method is safe and easy to handle. The cationic lipid-mediated
method seems to be efficient of in vitro, but not in vivo, transfer of DNA. Although
Lim et al. reported the successful transfection of DNA into intact coronary and
peripheral arteries in vivo [13], the transfection efficiency was low and the incuba-
tion time needed was long.

IN VIVO ANALYSIS OF RENIN-ANGIOTNESIN SYSTEM
USING GENE TRANSFER TECHNIQUES

Role of angiotensin in the cardiovascular remodeling

Initial most important findings on the role of tissue RAS has been analyzed using
transgenic technology. Transgenic rats harboring murine renin gene showed con-
tinuous hypertension and higher expression levels of tissue renin and angiotensin
(Ang) II [14]. Transgenic/gene targeting technology provide us with many advan-
tages such as (1) to study the specific gene function as systemic and developmental
effects and (2) to test the specific gene function chronically, etc. [15]. Nevertheless,
several disadvantages of this technology are that (1) it is time consuming and costly,
(2) the effect of the overexpressed transgene is exerted throughout development, (3)
it is difficult to target the transgenic expression to only local tissues, and (4) it is
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Table 1. Comparison of transgenic/gene targeting technology and in vivo gene transfer technology

Transgenic/gene targeting In vivo gene transfer

1. Systemic delivery Local delivery autocrine/paracrine effects
Hemodynamic effects
Developmental effects
2. Chronic effects Acute effects
3. Limitation in animal species No limitation rat, mouse, rabbit, porcine, human?
mainly mice, probably rat, rabbit
(gene targeting—only mouse)

4. Low copy number of transgene High copy number of transgene
5. Time consuming No time consuming

6. Expensive Cheap

7. Permanent expression Transient expression

difficult to exclude the potential contribution of the systemic effect of transgene
expression. If the targeted gene can cause lethal effects, it is impossible to test the
specific functions by transgenic or gene targeting techniques (table 1). In those cases,
gene transfer approach may be ideal. Thus, local gene transfer approach may be
more effective for studying the role of autocrine/paracrine mediators.

Receng data suggest that Ang Il may be generated locally in many tissues.
Components of the RAS have been shown to be present in the heart, blood vessel,
adrenal, kidney, brain, and elsewhere [16—19]. Using the HVJ-liposome method, we
initially analyzed the role of renin that was locally synthesized in liver. Direct
transfection of human renin gene into hepatocytes in vivo resulted in transient
hypertension associated with an increased plasma Ang II level [20]. Elevated blood
pressure was reduced by specific human renin inhibitor and Ang II receptor
antagonist. This study demonstrated that (1) transfected renin can be processed in
local tissues and (2) local renin production is a rate-limiting step in the pathogenesis
of hypertension. Given the importance of tissue RAS, we have focused upon the
role of vascular RAS, especially ACE. Vascular renin-angiotensin is of particular
interest to cardiovascular investigators since its existence may have important impli-
cations in the pathophysiology and pharmacology of diseases such as hypertension,
atherosclerosis, restenosis after angioplasty, and congestive heart failure. Although
renin enzymatic activity [21], angiotensin peptides [22], ACE activity [23] and
angiotensin receptors [24] have been detected in blood vessels, debate still remains
on the origin and the relative importance of the various components. Discrepancies
between reports exist on renin mRNA expression in the vessel wall, the regional
localization of angiotensinogen, and the presence of ACE in medial smooth muscle
cells. Such discrepancies may reflect differences in animal strains, experimental
design, and pathophysiological states. It has been also observed that after vascular
injury, the neointimal smooth muscle cells express abundant angiotensinogen [25]
and ACE [26]. These data suggest that: (1) the expression of vascular renin-
angiotensin is dependent on the pathophysiological milieu, (2) the smooth muscle
cell has the capability of expressing the components of the RAS, given the appro-
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Figure 2. In vivo transfer of human ACE gene resulted in vascular hypertrophy independent of
hypertension and circulating renin-angiotensin system. (Reprinted with permission of [1].)

priate conditions, and (3) the expression of the RAS in smooth muscle cells may
have functional significance.

However, characterization of the role of vascular angiotensin in vivo is limited by
the difficulty in manipulating individual components of the RAS as well as by the
methodological limitations in studying the function of a local RAS in the absence
of any contribution by the circulating RAS. In vivo gene transfer technology
provides us with the opportunity to study the physiological responses to the in vivo
manipulation of the individual components of the vascular RAS (i.e., by
overexpression or inhibition) without changes in the circulating system. We tested
our hypothesis by (1) transfecting ACE vector locally into intact rat carotid arteries
in vivo and (2) studying the biochemical and physiological consequences of
overexpression of ACE within vessel wall using in vivo gene transfer technique.
Our data demonstrate that increased local expression of ACE within the vessel
wall promotes autocrine/paracrine Ang II-mediated vascular hypertrophy in vivo
(Aigure 2).

Moreover, in vivo gene transfer technique is a very powerful tool to elucidate
unknown function of angiotensin receptors. As functions of the Ang II type 2 AT,
receptor were unclear, it was apparently increasingly important to dissect the novel
functions of the AT, receptor. In vivo transfection of the AT, receptor gene into the
balloon-injured carotid arteries resulted in a significant inhibition of neointimal
formation after angioplasty [27]. These data demonstrated that the AT, receptor
works antiproliferative actions on vascular smooth muscle cell (VSMC) growth.
More recently, Yamada et al. reported that AT, receptor anticipates in the regula-
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Figure 3. Staining for B-galactosidase after in vivo transfection of HV]-liposome complex containing
B-galactosidase (10pg/ml) by direct injection into rat heart (4, X 400; B, X 100).

tion of VSMC growth through apoptosis using gene transfer approach [28]. Overall,
in vivo gene transfer technology has the following advantages: (1) the target gene
can be transfected into a local segment of a blood vessel, thereby avoiding a systemic
effect, (2) this transfected vascular segment can be compared to adjacent
untransfected segments or to the contralateral control blood vessel, which are subject
to the same hemodynamics and circulating humoral factors, and (3) the conse-
quences of local overexpression within the physiological/pathophysiological range of
the target gene may be studied.

More importantly, tissue ACE also plays an important role in the cardiac remod-
eling, as in vivo transfection of human ACE vector into the rat heart results in a
significant increase in the size of cardiac myocytes, which results in cardiac hyper-
trophy. As shown in figure 3, HVJ-liposome method is also useful for in vivo
transfection into the heart [29-32]. There are few reports of successful gene transfer
in the heart in vivo because it is very difficult to transfect efficiently into cardiac
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Figure 4. Luciferase activity in hearts transfected with luciferase vector or control vector with
HV]J-liposome method or injection of “naked” plasmid by direct injection.

HV]J-liposome = hearts transfected with luciferase vector with HVJ-liposome method (10ug/ml);
Direct = hearts transfected with injection of “naked” luciferase vector (100ug/ml); Control = hearts
transfected with control vector with HVJ-liposome method (10ug/ml); PBS = hearts transfected with
vehicle (PBS).

N.D. = not detected. **P < 0.01 vs. other groups.

myocytes in vivo as well as in vitro. Many researchers demonstrated in vivo gene
transfer into the heart using direct injection of “naked” DNA [33-37]. However,
this approach is relatively inefficient, resulting in gene transduction in less than 1%
of the cells in the area of DNA injection [33—37]. Therefore, the application of this
method is apparently far. To overcome these problems, some investigators have
recently focused on the adenoviral gene transfer method [38—42]. The adenoviral
vector seems to be very efficient when applied via direct injection or coronary
infusion [38-40], but there are some theoretical disadvantages [1,2]. With all these
concerns taken into consideration, the current methods have several theoretical
disadvantages. In contrast, luciferase activity in hearts transfected by HV]-liposome
method was significantly higher than that in hearts transfected by direct “naked”
plasmid transfection (figure 4) [32]. Moreover, incubation of HVJ-liposome com-
plex containing B-galactosidase vector within the pericardium resulted in widespread
staining of cardiac myocytes and fibroblasts, mainly located in several surface layers
beneath the pericardium and in the middle of the myocardium around the vasa
vasorum. Alternatively, direct infusion of HV] complex containing [3-galactosidase
vector into coronary artery also resulted in widespread staining of f-galactosidase in
cardiac myocytes around the microvasculature. The widespread transgene expression
using the HVJ-liposome method suggests that this method may be useful in intro-
ducing plasmids into cardiac myocytes to study cardiac function as well as to treat
cardiac diseases by gene therapy.
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Role of angiotensin in blood pressure regulation

Angiotensinogen, which is mainly produced in the liver, is a unique component of
the RAS because angiotensinogen is the only known substrate for Ang I generation.
Recent findings of genetic studies suggest that the angiotensinogen gene is a possible
determinant of hypertension [43,44]. To clarify the role of angiotensinogen in
blood pressure regulation, we employed antisense strategy to block circulating
angiotensinogen selectively. Antisense ODN are widely used as inhibitors of specific
gene expression because they offer the exciting possibility of blocking the expression
of a particular gene without changing functions of other genes [45]. Therefore,
antisense ODN are useful tools in the study of gene function and may be potential
therapeutic agents. However, antisense ODN have many unsolved problems such as
their short half-life, low efficiency of uptake, and degradation by endocytosis and
nucleases [45]. Recently we have developed an efficient gene transfer method
mediated by viral liposome complex (HVJ-liposome method) [8]. This delivery
system also enhances the efficiency and prologns the half-life of antisense ODN in
vitro and in vivo [11,12]. In this study, we reasoned that circulating angiotensinogen
is a rate-limiting step in systemic blood pressure regulation. Indeed, in vivo trans-
fection of antisense ODN against rat angiotensinogen into the portal vein resulted
in a transient decrease in plasma angiotensinogen level and high blood pressure in
spotraneously hypertensive rats (SHR). These data suggest that angiotensinogen is an
important determinant in the regulation of blood pressure. Importance of circulating
angiotensinogen in blood pressure regulation is also true in the normotensive rats,
since administration of antisense angiotensinogen ODN into the normotensive
Wistar rats also resulted in a significant transient decrease in blood pressure [46].
Given the importance of angiotensinogen regulation in the pathogenesis of
hypertension, it is of importance how the aniotensinogen gene is regulated. The
angiotensinogen gene has been suggested to be regulated by novel transcriptional
factors such as angiotensinogen gene-activating factor (AGF) 1-3 in cultured human
hepatocytes (HepG2 cells) in vitro [47]. However, the molecular mechanism(s) of
angiotensinogen regulation in vivo has not yet been clarified. In this study, we
examined how hepatic angiotensinogen gene expression is regulated in vivo. To
determine the critical transcriptional regulator of hepatic angiotensinogen produc-
tion in vivo, we utilized synthetic double-stranded ODN as “decoy” cis-elements to
block the binding of nuclear factors to promoter regions of the targeted gene,
resulting in the inhibition of gene transactivation [48-51]. Using this strategy, we
examined whether the angiotensinogen-gene-activating elements (AGE) 2 and 3 in
the promoter region of the angiotensinogen gene have a pivotal role in the
regulation of circulating angiotensinogen production in vivo. A classical approach to
define the role of transcriptional factors in the regulation of genes is to use
promoter-reporter gene transfection experiments such as chloramacetyltransferase
(CAT) and luciferase constructs. This approach is very useful to identify cis- and
trans- acting element interactions, but it has some disadvantages as follows: (1) it is
costly and time consuming to make a series of constructs, (2) it cannot analyze
endogenous gene regulation, and (3) it is hard to determine the specific elements.
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Figure 5. Systolic blood pressure of SHR (20 weeks old) injected with either AGE 2 decoy or
mismatched decoy ODN by HVJ-liposome method.

*p < 0.01 versus SHR treated with mismatched ODN. AGE 2 = SHR transfected with AGE 2
decoy ODN; MIS-AGE 2 = SHR transfected with mismatched AGE 2 decoy ODN. (Reprinted
with permission from [3].)

In contrast, the decoy approach has many advantages: (1) decoys are easily synthe-
sized, (2) endogenous gene regulation and pathophysiological roles can be studied,
and (3) the specific cis-elements can be determined, even if the specific regulatory
cis-elements have not yet been clarified. Our previous results demonstrated that
AGE 2, but not AGE 3, plays an important role in the regulation of hepatic
angiotensinogen gene expression in the liver because transfection of AGE 2, but
not AGE 3, decoy ODN decreased high blood pressure of SHR (figure 5) [3].
More importantly, AGE 2, rather than AGE 3, also plays a pivotal role in the
regulation of angiotensinogen, thereby regulating blood pressure even in the
central nervous system, as intracerebral administration of AGE 2 decoy ODN also
resulted in a significant decrease in blood pressure in SHR [52]. Overall, we
revealed the utility of gene transfer and decoy technology for hypertension research,
especially to evaluate the specific functions of transcriptional factors of target gene
regulation.

FUTURE DIRECTION OF HYPERTENSION RESEARCH

As discussed above, in vivo gene transfer and transgenic/gene targeting techniques
provide us the opportunity to test the in vitro hypothesis related to hypertension.
Interestingly, recent progress in genetics have focused on the RAS in the pathogen-
esis of hypertension. Now ACE and/or angiotensinogen are candidates for hyper-
tension because their genotypes are closely correlated with phenotypes. However, it
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is very difficult to prove the hypothesis in genetics. Probably in vivo gene transfer
may address the questions in genetics.
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EXPLORING THE DIFFERENCE
BETWEEN ANGIOTENSIN
CONVERTING ENZYME INHIBITORS
AND ANGIOTENSIN II-RECEPTOR
ANTAGONISTS. A FOCUS

ON BRADYKININ

COLIN C. BARNES

Department of Medicine, McMaster University, Hamilton, Ontario, Canada

Summary. Nineteen ninety-six certainly was the year of bradykinin regarding its assault on
the minds of clinicians interested in cardiovascular disease. This assault was further amplified
by the introduction, in Canada, of the first angiotensin receptor antagonist, an agent that
appeared to be devoid of activities involving bradykinin. Intriguingly, this assault was also
fueled by some pharmaceutical companies who had ACE inhibitors, but no angiotensin
receptor antagonists. The suggestion was that bradykinin was good, not bad.

The closer one gets to the field of vascular regulation, the more complicated the situation
becomes. There are now many defined vasoactive substances, but even with the use of the
probes and scientific methods of today, a comprehensive understanding will not likely
emerge. The bottom line will quite likely depend upon well-conducted, randomized clini-
cally controlled studies that would compare agents with a bradykinin effect, namely, ACE
inhibitors, with those without a bradykinin effect. Thus far, the trials have shown great
similarity between the agents in the field of hypertension and those of cardiac failure.

In late 1995, the first angiotensin (Ang) II receptor antagonist, losartan potassium,
was released for clinical use in Canada. Angiotensin-converting enzyme (ACE)
inhibitors, on the other hand, have been widely used for about 15 years. They have
been used extensively in hypertension because they are generally effective and well
tolerated. In addition, they have been the subject of much interest because of several
large randomized control trials that have shown enormous clinical benefit in a
variety of conditions. The various conditions treated with ACE inhibitors in the
following trials include congestive cardiac failure studied in the CONSENSUS [1]

N.S. Dhalla, P. Zahradka, 1. Dixon and R. Beamish (eds.). Angiotensin II Receptor Blockade: Physiological and Clinical
Implications. Copyright © 1998. Kluwer Academic Publishers. Boston. All rights reserved.
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and SOLVD trials [2], myocardial infarction investigated in the SAVE study [3] and
the AIRE study [4], and mediators of renal protection investigated in the Captopril
Type [ Diabetic nephropathy study [5]. To clinicians, the burning question was,
Would angiotensin receptor antagonists be the same as, better than, or worse than,
ACE inhibitors, and in what circumstances?

At its release, losartan potassium was labelled as an agent for the treatment of
hypertension only, and it still is. In prerelease clinical studies that included some
3000 patients, determinations of efficacy and safety in blood pressure reduction were
undertaken. There were no studies of long-term cardiovascular benefit. Notwith-
standing this, one study suggested that losartan reduced blood pressure and worked
as well as the ACE inhibitor enalapril [6], the Beta blocker atenolol [7], and the
dihydropyridine calcium channel blocker felodipine ER [8). It is usually taken once
daily with acceptable trough to peak characteristics. Studies had shown it to be
remarkably well tolerated with only dizziness having an incidence greater than that
of placebo in the aforementioned comparative studies. In addition, it seemed devoid
of the problematic cough. Losartan had an incidence of cough comparable to
placebo in comparative studies and similar to hydrochlorothiazide in the losartan
versus lisinopril cough study [9].

Preliminary studies done in congestive cardiac failure looked promising with
effects of losartan again similar to ACE inhibitors [10,11]. Long-term rat experi-
ments showed good long-term renal protection when looking at the end point of
glomerular sclerosis [12].

Adding to the interest of exploring the differential properties of ACE inhibitors
and Ang II receptor antagonists, alternate mechanisms of Ang II production were
observed, particularly in the heart. The enzyme chymase of the human heart was
reported to catalyze the conversion of Ang I to Ang II bypassing ACE [13,14]. In
humans and dogs, substantial amounts of Ang II are generated in the myocardium
by non-ACE enzymes, namely, human heart chymase. However, all of its produc-
tion in the rat seemed to depend upon the ACE system.

Another role of ACE, in which it was called kininase II, is its degradation of
bradykinin and des-Arg’ bradykinin into inactive fragments. Blocking this enzyme
with an ACE inhibitor may well increase the systemic or local concentrations of
bradykinin, a substance which is a vasodilator, and may therefore augment some of
the cardiovascular properties of the ACE inhibitor.

The pivotal question then became, Might ACE inhibitors have additional cardio-
vascular effects apart from their effect on Ang II, which stem from increased
concentrations of bradykinin and other vasodilators. Alternatively, does blockade of
the AT, receptor by substances like losartan provide more complete protection from
Ang II, a substance which many claim to be a cardiovascular villain? Clearly as
clinicians attempt to answer this question, the considerable literature now available
in the bradykinin field will be reviewed in greater detail.

Nineteen ninety-six saw an increase in the interest in bradykinin. The increased
interest was fuelled by both a better scientific understanding of the substance and the
availability of stable blockers of bradykinin receptors. Also some major pharmaceu-
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tical companies that did not have Ang II receptor antagonists, but did have ACE
inhibitors, were attempting to expose the potentially beneficial properties of brady-
kinin as an extension of their marketing philosophy.

Simply, bradykinin is a very potent nona-peptide, present in the blood in
subnanomolar concentrations. It has a very short half-life of approximately 30
seconds. It i1s produced locally, and perhaps only local production has any physi-
ological relevance. It has been extremely difficult to measure until recently. The
blood levels accepted today are a hundredfold lower than those that were thought
to be relevant just a few years ago. Its injection into the skin causes the classic
features of inflammation, namely, redness, pain, swelling, and warmth. Its action
is to produce an endothelium-dependent vasodilatation and small vessel leakage.
Additionally, it releases nitric oxide and PGI, [15], both vasoactive substances.

Figure 1 illustrates that bradykinin is produced by the cleavage of kininogen by
kallikreins. It also shows the two receptors that have been characterized, as well as
degradation pathways. The B2 receptor is probably the receptor of the cardiovascu-
lar system, is probably preformed in many tissues, and is responsible for vasodilation.
A specific stable peptide antagonist Hoe 140 (icatibant) has been available for a
number of years [16]. Hoe 140 has been used quite widely in cardiovascular
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experiments in animals and in some human studies. The B1 receptor is probably the
receptor of inflammation. It is probably not preformed, but is rapidly expressed
following injury. The B1 receptor can be demonstrated in the cardiovascular system,
but only in heavily instrumented animals; therefore, its physiological significance
must remain unclear for the present time. Both of these receptors are G protein-
coupled surface receptors, with a variety of agonists and antagonists available for
both types of receptors.

A logical question would be, Is there a role for bradykinin in cardiovascular
regulation? Normal human volunteers given Hoe 140 had only a trivial rise of
systemic blood pressure [17]. However, when Hoe 140 was infused into the
coronary circulation of 15 subjects without significant stenosis, a significant reduc-
tion of coronary flow resulted [18]. These individuals were heavily instrumented
upstream in the circulation; therefore, one cannot necessarily deduce that bradykinin
is being continuously produced. Further, since this effect is dependent upon an
intact endothelium, it may well be limited by the presence of atherosclerosis [19].
This type of dependance has been described in other coronary artery studies, such
as the TREND study [20].

Clearly bradykinin is a vasodilator, but is this property of therapeutic importance
involved in hypertension? Ferner et al. demonstrated that when enalapril was given
orally, the intensity of the skin reaction that occurs following the skin injection of
bradykinin is augmented [21]. This interestingly did not occur with captopril or
with placebo. Further, captopril potentiated the hypotensive effect of intravenous
bradykinin [22]. However, in most studies, there is no change of venous bradykinin
or des-Arg’ bradykinin following the oral administration of ACE inhibitors. We
have previously said that probably only local production of bradykinin and its local
action are important. Since tissue bradykinin is impossible to measure, many impor-
tant questions in this area are far from being answered.

If an important change of the bradykinin environment following ACE inhibition
is hypothesized, one might expect to see a differential effect between ACE inhibitors
and Ang II receptor antagonists. In most clinical situations, this is not the case,
where there appears to be equivalence of effect [6-8,11]. The addition of an ACE
inhibitor to an Ang II receptor antagonist only has additive hypotensive effect when
the volume status of the subject is manipulated with a potent diuretic. However, in
the salt depleted dog, the fall of blood pressure in response to enalaprilat was not
modified by the intravenous injection of the B2 receptor antagonist B5630 [23].
The rat experiments in this area are also confusing. Studies in a wistar rat model of
renal artery stenosis, with two kidneys and one clip, reveal about a 30% blunting of
the hypotensive effect of the ACE inhibitor by the B2 receptor antagonist Hoe 140
[24]. However, Hoe 140 had no effect upon the hypotensive effect of an ACE
inhibitor in the spontaneously hypertensive Brown Norway rat [25,26].

If the evidence does not strongly support that bradykinin is important in human
hypertension and that its manipulation likely offers no clinical advantage, is there
any suggestion that it may have important therapeutic effects in other vascular
conditions, such as heart failure, post MI, reversing or preventing left ventricular
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hypertrophy, the neointimal hyperplastic response to injury, as well as in states of
progressive renal disease, such as diabetic nephropathy?

In congestive cardiac failure, the long-term effects of losartan and similar agents
are unknown. Crozier and colleagues saw hemodynamic and symptomatic improve-
ment in a placebo-controlled, multidose double-blind study over 12 weeks [10].
Dickstein and coworkers, in a 8-week study, randomly assigned patients to losartan
or enalapril and concluded that they were of comparable efficacy [11]. The hemo-
dynamic and antiproteinuric effects of losartan were compared to those of enalapril
in 11 nondiabetic, proteinuric patients [27]. Two-dose levels of each agents were
used, each level for 4 weeks. The agents were found to be of comparable efficacy.
Proteinuria, however, is a surrogate endpoint of a process which often ends in
glomerular obsolescence. While the long-term human studies with losartan are not
available, long-term rat studies have suggested efficacy in retarding the development
of glomerular sclerosis [12].

The need to demonstrate equivalence or the lack thereof in a number of these
pathological states has been driven by scientific curiosity. It has proceeded because
of a better understanding of bradykinin and its receptors and the availability of
specific blockers.

There have been extensive animal studies using a variety of agonists and antago-
nists in a number of fields. Three areas will be discussed: (1) studies in the
prevention of myocardial hypertrophy in response to a coarctation model of hyper-
tension, (2) studies in limiting infarct size following the interruption of coronary
blood flow and subsequent reperfusion, and (3) studies in the neointimal
hyperplastic response to balloon-induced endothelial injury.

Linz et al. [28] studied the progression of left ventricular hypertrophy induced by
aortic banding in the Sprague-Dawley rat. Control animals were compared to
animals treated with ramipril or losartan. In this study, ramipril at low doses
prevented the development of cardiac hypertrophy, whereas losartan did not. In
addition, ramipril at an antihypertensive dose and losartan at an antihypertensive
dose produced significant regression of the cardiac hypertrophy induced in this
experiment. Linz et al. used this same model to study the effects of
nonantihypertensive and antihypertensive doses of ramipril, alone and with a specific
B2 receptor antagonist, Hoe 140 [29]. They suggested that ramipril at both dosage
levels prevented the development of left ventricular hypertrophy and that Hoe 140
abolished this effect. Rhaleb et al., using the same animal model with both
antihypertensive and nonantihypertensive doses of ramipril, showed that there was
a modest but statistically insignificant antihypertrophic effect by ramipril at a low
dose [30]. This became significant at the antihypertensive dose, but Hoe 140 did not
block this phenomenon.

Different groups, therefore, produced diametrically opposed results. In fact,
Rhaleb et al. concluded that a decrease of Ang II and a fall of blood pressure might
well explain the results that they had seen.

Several studies have looked at the areas of intimal lesions and the vessel wall
response to injury induced by balloon catheterization of the carotid artery of the rat.
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deBlois et al. [31] looked at the effect of ramipril, both with and without Hoe 140,
in Sprague-Dawley rats. In this study, ramipril significantly inhibited the intimal
lesion formation, and Hoe 140 completely prevented the inhibitory effect of
ramipril. Hoe 140, when given alone, caused a modest though insignificant increase
in the size of the lesions. Kauffman et al. [32] looked at the effect of high- and low-
dose losartan on intimal lesions. Both dosing levels of losartan produced a significant
(50%) reduction of blood pressure. The low dose produced an insignificant (23%)
reduction in cross-sectional area, and the higher dose produced a significant (48%)
reduction of the intimal lesions. There was, however, no relationship between the
effect on intimal lesions and the amount of blood pressure lowering. Prescott et al.
[33] compared benazeprilat with losartan. They looked at both the areas of intimal
response and smooth muscle cell migration. An intermediate dose of losartan
(10mg/kg/day) reduced both smooth muscle cell proliferation and migration in
response to balloon injury, whereas the ACE inhibitor only inhibited smooth
muscle cell migration. Using the same model, Farhy et al. [34] looked at (1) two
ACE inhibitors, namely, ramipril and enalapril, (2) these ACE inhibitors combined
with Hoe 140, and (3) losartan. These studies also included the nitric oxide synthase
inhibitor L-NAME. They concluded that both ramipril and losartan significantly
reduced neo-intimal formation, but the ramipril had a more marked effect than
losartan. Hoe 140 reduced this effect by 75% in the case of ramipril and by 62% in
the case of enalapril. The residual effect was similar to that of losartan. Further,
L-NAME also blocked the inhibitory effect of ramipril, which suggests not only a
contribution from ACE inhibitors due to Ang II production and kinin degradation,
but also a role for nitric oxide. In this series of studies, when using antihypertensive
doses, ACE inhibitors inhibit the intimal thickening following balloon-induced
injury. A similar effect is seen with losartan, but at higher dosages. The effect of
losartan is dose-dependent, and higher doses are required to cause an effect compa-
rable to those of ACE inhibitors. In addition, the inhibitory effect of Hoe 140 is also
dose dependent, and there is a small and insignificant growth promoting effect of
Hoe 140 when used alone. This phenomenon has quite marked clinical relevance in
the field of post-angioplasty endothelial injury and restenosis. A recent study, the
MERCATOR study [35], showed that the ACE inhibitor cilazapril could not
prevent restenosis and had no impact upon the clinical outcome. These studies have
had a narrow focus, and none have been able to probe the possible contribution of
changes in the tissue concentrations of Ang II or any possibly inhibitory and
growth-modulating effect that the AT, receptor might have on this important area.
There has been interesting work regarding the role of AT, in growth modulation
and in the response to injury [36]. The AT, receptor is very floridly expressed
during fetal life and is rapidly downregulated after birth. It is, however, up regulated
following vascular and other injuries. In studies of vascular endothelial receptor
expression, both AT, and AT, receptors are more avidly expressed following injury,
and losartan often reduces the growth response, whereas the specific AT, receptor
blocker PD 123319 promotes it.

Turning to the question, Do ACE inhibitors limit myocardial infarct size? reveals
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that there have been a number of studies, but unfortunately the experimental
technique has varied from study to study. Miki et al. [37] looked at infarct size
following 30 minutes of occlusion and 72 hours of reperfusion in rabbits. They
compared captopril, ramiprilat, and Hoe 140 and found that neither ACE inhibitors
nor the B2 receptor antagonist had any major effect in this area. Using both rabbits
and a 30 minute occlusion again, but 120 hours of reperfusion, Hartman et al. [38]
looked at ramipril, ramipril with Ang II, Ang II alone, and losartan. In this model,
neither Ang II stimulation or receptor antagonism altered the degree of myocardial
necrosis, whereas ramiprilat protected against ischemia and reperfusion-related myo-
cardial damage. Looking at the effect of intra coronary injections of bradykinin,
ramipril, and Hoe 140 in mongrel dogs, Martorana et al. [39] showed that brady-
kinin had a cardioprotective effect similar to ramiprilat, but ramiprilat, when given
with Hoe 140, had no effect. Richard et al. [40], using dogs with 90 minutes of
occlusion and 4 hours of reperfusion, compared enalaprilat with EXP 3174. Both
were administered intravenously. Neither the active metabolite of enalapril
(enalaprilat) nor that of losartan (EXP 3174) were shown to have any effect upon
infarct size.

The rabbit studies are contradictory, where Miki et al. and Hartmann et al.
reached dissimilar conclusions. Similarly, the dog experiments are contradictory,
whereby Martorana et al. observed a significant effect of the ACE inhibitor and
exogenous bradykinin, whereas Richard et al. failed to demonstrate any effect of the
ACE inhibitor on infarct size.

Clearly this is a very confusing field and currently provides no clinically applicable
wisdom.

Most clinicians first became interested in bradykinin because of the “captopril
cough”. Approximately 10% of all patients exposed to an ACE inhibitor experience
a dry and irritating cough. Similarly, bradykinin has been cited as the cause of the
angioedema, observed much less commonly than the cough, but potentially life-
threatening. In this sense, the role of bradykinin seems to make sense and be
somewhat intuitive since bradykinin causes a profound vasodilatation and blood
vessel leakage but, of course, there is no direct evidence that this is the case. In the
area of the cough, there is some more powerful evidence. Bradykinin is known to
be a powerful irritant of the airways. NPC 567, a BK receptor antagonist, has been
effective in protecting against the bronchospasm induced in sheep with allergic
asthma [41]. Three hundred patients with moderately severe asthma were studied in
a multicenter, double-blind, randomized, placebo-controlled trial which showed
that after four weeks, nebulized Hoe 140 led to a dose-dependant improvement of
the pulmonary function test [42]. However, patients given 10 mg of ramipril did not
have an exaggerated response to aerosolized bradykinin or histamine [43]. Both
inhaled citric acid and capsaicin are standard tussigenic stimuli. Male guinea pigs
were placed in a plexiglass box and exposed to aerosols before and after two weeks
of captopril in the drinking water [44]. Coughs were counted by trained observers.
Captopril increased this response, and it was blocked by Hoe 140.

Clearly there is a huge amount of work to be done further in this area. There is
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a need to dissect the roles of Ang II as it relates to both the AT, and AT, receptors.
We must further define the roles of the bradykinin B2 and B1 receptor using
currently available and future receptor blockers, as well as be able to ascribe vascular
responses to prostanoids and nitric oxide separately from those resulting from Ang
I and bradykinin. Clearly bradykinin is capable of changing vascular tone, but its
role in regulation is unknown. It appears that ACE inhibitors effect the degradation
of bradykinin and might possibly augment its vasodilatory effect. Further, bradykinin
might be responsible for some of the adverse effects of ACE inhibitoss.

In the major clinical areas of hypertension, there appears to be no difference
between the available angiotensin receptor antagonist and ACE inhibitors at the
present time. Similarly, in the initial heart failure and renal protective endeavours,
equivalence of effect is nearly always found. The animal work looking at left
ventricular hypertrophy and endothelial responses to injury, as well as infarct size,
however, reveals a possible contribution of bradykinin towards the salutary responses
of these agents to ACE inhibitors, but this is often quite confusing. The enormous
amount of interest in this field is exciting, and potentially a lot rides on it as far as
patient care and the pharmaceutical industry are concerned.
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Summary. The interrelations of cytokine and nitric oxide (NO) metabolism with heart
function have been best documented for the heart in sepsis. The existence of human septic
myocardial depression in intensive care patients was only unequivocally proved in the 1980s
by the group of Parrillo, utilizing 2 nuclear imaging technique. Septic cardiomyopathy is
frequently masked by a seemingly normal cardiac output. However, relative to the lowered
systemic vascular resistance in sepsis, resulting in a reduced afterload, cardiac outputs and
ventricular ejection fractions of septic patients are often not adequately enhanced. Septic
cardiomyopathy involves both the right and the left ventricle; global as well as regional
contractile disturbances occur and systolic pump as well as diastolic relaxation failure. Septic
cardiomyopathy is potentially reversible. In response to volume substitution, the hearts can be
considerably enlarged. The disease is not primarily hypoxic in nature, as coronary sinus blood
flow is high and as coronary vessels are dilated. Difficult situations may arise, when septic
cardiomyopathy develops in patients with pre-existing coronary heart disease. The severity of
myocardial depression correlates with a poor prognosis, heart failure accounting for about
10% of fatalities from sepsis and septic shock. Septic cardiomyopathy is prevalent in Gram-
positive, Gram-negative, fungal and viral sepsis, and left ventricular stroke work indices are
compromised to a similar degree independent of the causative germ, pointing at the relevance
of the final mediator pathways as opposed to the specific virulence factors.

The etiology of the disease is multifactorial. Several candidates with potential pathogenetic
impact can be addressed: bacterial toxins, cytokines and mediators including nitric oxide,
cardiodepressant factors, oxygen reactive species, catecholamines. Using cultures of neonatal
rat cardiomyocytes, several “negative inotropic cascades” were identified. Experimentally
supported concepts include the endotoxin-induced release of cytokines with cardiodepressant
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action, primarily tumor necrosis factor o (TNFa) and interleukin-1; induction of inducible
nitric oxide synthase (iNOS) in cardiomyocytes was shown for endotoxin and interleukin-1;
TNFa has pleiotropic effects including a concentration-dependent iNOS-induction, a de-
creased synthesis of precursors of the phosphoinositide pathway, interference with the B-
adrenoceptor/G-protein/adenylyl cyclase-pathway and a decrease in calcium transient; a
cardiodepressant factor (CDF) isolated from blood of patients in septic/cardiogenic shock
blocks calcium current into cardiomyocytes.

INTRODUCTION
Link of the renin-angiotensin system to cytokine biology

Apart from its pharmacological activities, angiotensin II also has cytokine-like
activities. It acts as a growth factor in the cardiovascular system and has been
implicated in angiogenesis [1]. Blocking angiotensin-converting enzyme (ACE) can
be beneficial in the treatment of patients with chronic heart failure [2], post
myocardial infarction [3,4], and may also improve endothelial vasomotor dysfunc-
tion in normotensive patients with coronary artery disease [5]. Part of these effects
is linked to vasodilatation secondary to a diminished breakdown of bradykinin,
which is known to enhance endothelial NO release [6]. Although the NO releasing
potential of ACE inhibitors is very well documented in the vasculature, little is
known about the possible interaction of cardiac angiotensin, bradykinin, and NO
metabolism and whether there is a pharmacological impact of ACE inhibition on
NO in the heart. In neonatal rat cardiomyocytes, the bradykinin receptor subtype
2 was detected and characterized by radioligand studies and found to mediate a
negative inotropic effect [7]. Experimental data indicate that the local tissue activity
of ACE regulates the expression of endothelial nitric oxide synthase (ecNOS),
which thus contributes to chronic modulation of endothelial function [8]. Recent
studies provided evidence that ecNOS is also expressed in cardiomyocytes of human
atrial myocardium [9] and that ACE inhibitor treatment of patients upregulates the
expression of ecNOS in the human atrial myocardium [10]: The Holtz group
studied myocardial specimens of patients undergoing cardiac surgery and demon-
strated that patients who had been under pretreatment by ACE inhibitors had an
elevated expression of ecNOS at the level of mRNA, protein, and enzyme activity.
This ACE inhibitor-induced upregulation of ecNOS expression did not appear
because of treatment-induced shifts in NYHA classification of heart failure. The
functional consequences of this increase in ecNOS activity are to be elucidated,
and it remains to be established whether cardiac NOS could be a target of
pharmacotherapy in heart disease.

NO in the heart—physiology and pathophysiology

A physiological and pathophysiological role of NO in the regulation of cardiac
contractility has by now been elaborated (reviewed in [11-13]). Apart from the
constitutive, calcium/calmodulin-dependent ecNOS (NOS3), which produces
picomolar quantities of NO and L-citrulline from L-arginine, the expression of an
inducible form, (iNOS) (NOS2), within cardiac myocytes is evidenced under
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various pathological conditions. Neuronal, calcium-dependent NOS (NOS1) is
found in intracardiac sympathetic neurons and specialized cardiac conduction tissue,
but not in cardiac myocytes.

By its iron-chelating properties, NO was shown to increase the activity of a
soluble form of the guanylyl cyclase of the cardiomyocytes and probably also
increases the activity of a particulate form of the guanylyl cyclase of the
cardiomyocytes, with a consecutive rise in cyclic guanosine monophosphate
(cGMP). cGMP compromises systolic and diastolic heart function. An inhibition of
calcium handling probably is involved via

activation of a cGMP-dependent cAMP phosphodiesterase,
a cGMP-dependent protein kinase regulating L-type calcium channels,
and a cGMP-dependent protein kinase altering calcium sensitivity of myofilaments.

The role of ecNOS in the cardiomyocyte is emerging:

The endogenous constitutive NO pathway was shown to be involved in
muscarinergic cholinergic signal transduction via enhancement of cGMP;

An increase in cGMP by ecNOS or iNOS can antagonize the inotropic properties
of the B-adrenoceptor-G protein-adenylyl cyclase system, which thus interferes
with B-adrenergic signaling;

Cardiac myocyte ecNOS can be activated by increases in time-averaged [Ca’*'],
provoked by higher beating frequencies;

Preceding the expression of iNOS, high concentrations of cytokines may lead to a
rapid NO-dependent negative inotropy, presumably via ecNOS activation.

iNOS is an enzyme of the bactericidal arsenal of the mammalian organism and has
a capacity to synthesize NO in nanomolar quantities, which thus promotes not only
bacterial killing, but also detrimental cytotoxity of mammalian cells which eventu-
ally leads to apoptosis. iNOS is not subject to regulation by calcium/calmodulin, but
rather the amount of NO produced depends on the number of enzyme molecules.
In numerous experimental models, iNOS induction by cytokines and endotoxin was
verified.

Data from several groups are now available concerning the induction of iNOS in
heart disease, however, the number of patients studied still is limited:

The group of de Belder and Moncada [14,15] found, studying human myocardium,
that INOS was expressed in dilative cardiomyopathy, myocarditis, and postpartum
cardiomyopathy, but found that, in seven patients with ischemic heart disease, a
clear predominance of cNOS activity was measurable;

Haywood et al. [16] found iNOS expression in specimens of failing myocardium in
67% of patients with dilative cardiomyopathy (16/24), 59% of patients with
ischemic heart disease (10/17), and 100% of patients with valvular heart disease
(10/10);
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Habib et al. [17] showed strong histochemical immunoreactivity for iNOS in
myocytes in human dilative cardiomyopathy and less in ischemic heart disease;
Thoenes et al. [18] reported iNOS expression in four out of six hearts of septic
patients only, but not in hearts failing from dilative (n = 9) or ischemic
cardiomyopathy (n = 7), Becker muscular dystrophy (n = 2), or mitoxantrone-

induced toxic cardiomyopathy (n = 1);

Wildhirt et al. [19] studied hearts of patients with lethal myocardial infarction and
found iNOS expression in nonnecrotic cardiomyocytes within or close to the
infarcted region;

Lewis et al. [20] found that iNOS induction in human cardiac allografts is associated
with contractile dysfunction.

Currently, the pathophysiological impact of NO in heart disease is a matter of
intensive research. The role of NO in pathogenesis has so far best been studied in

Table 1. Terminology

Infection: A microbial phenomenon characterized by an inflammatory response to the presence of

microorganisms or the invasion of normally sterile host tissue by those organisms.

Bacteriaemia: The presence of viable bacteria in the blood.

SIRS (systemic infliammatory response syndrome): The systemic inflammatory response to a variety of
severe clinical insults, including infection, pancreatitis, ischemia, multiple trauma and tissue injury,
hemorrhagic shock, immune-mediated organ injury, and exogenous administration of inflammatory
mediators such as tumor necrosis factor or other cytokines. SIRS is manifested by (but not limited
to) 2 or more of the following conditions:

. temperature: >38.0°C or <36.0°C;

. heart rate: >90 beats/min;

. respiratory rate: >20 breaths/min or P,CO, < 32mmHg;

. white blood count: >12,000 cells/mm’, <4000 cells/mm’, or >10% immature (band) forms.

CARS (compensatory anti-inflammatory response syndrome): Anti-inflammatory reaction, manifesting

clinically—following a pro-inflammatory phase—as anergy, an increased susceptibility to infection,
or both.

AW N =

MARS (mixed antagonistic response syndrome): Antagonistic reaction syndrome with multiple surges
of SIRS and CARS.

Sepsis: The systemic response to infection. This response is identical to SIRS except that it must
result from infection.

Severe sepsis: Sepsis associated with organ dysfunction, perfusion abnormalities, or hypotension.
Perfusion abnormalities may include (but are not limited to) lactic acidosis, oliguria, and an acute
alteration in mental status.

MODS (multiple organ dysfunction syndrome): Presence of altered organ function in an acutely ill
patient such that homeostasis cannot be maintained without intervention.

Sepis-induced hypotension: Systolic blood pressure <90mmHg or reduction of >40mmHg from
baseline, in the absence of another known cause for hypotension.

Septic shock: Sepsis-induced shock with hypotension (as defined above) despite adequate fluid
resuscitation, in conjunction with perfusion abnormalities (as defined above). Patients who are on
inotropic or vasopressor agents may not be hypotensive at the time that perfusion abnormalities are
measured, yet may still be considered to have septic shock.

Refractory septic shock: Septic shock without rapid response to volume resuscitation and vasopressors.

Acute septic cardiomyopathy: Cardiac impairment in the scope of sepsis, resulting in a decreased pump
function of the heart relative to systemic vascular resistance.
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Figure 1. Myocardial depression in sepsis. To compensate for a progressive vasodilatation (decrease
in systemic vascular resistance), the calculated rise in cardiac output (----- } should be necessary to
maintain a mean arterial pressure of 90mmHg, according to the following equation: [mean arterial
pressure—mean right atrial pressure (10mmHg)] = systemic vascular resistance (dynes X s X cm™;
normal value 1100 + 200) X cardiac output (2/min) [80]. The cardiac output measured in sepsis
and septic shock ), however, is usually lower than the calculated values, probabaly due to the
cardiodepressant effects of catecholamines, bacterial toxins, sepsis mediators and cardiodepressant factor
CDF. CO, cardiac output; C, catecholamines necessary to stabilize blood pressure. Adapted from
[11]).

the heart in sepsis (definitions see table 1), which may serve as a model for
inflammatory disease of the heart and a model for investigating the consequences of
an altered NO generation in the heart.

SEPTIC CARDIOMYOPATHY: CLINICAL CHARACTERISTICS OF THE DISEASE
Diagnosis in the clinical setting

Only in the early 1980s were Parker and Parrillo able to first unequivocally
demonstrate the existence of human septic myocardial depression utilizing nuclear
imaging technology [21]. Even now, the impairment of the heart within the scope
of sepsis or multiple organ dysfunction syndrome is frequently underscored, since
cardiac outputs of septic patients are seemingly normal or may even be enhanced.
However, heart failure becomes best evident when cardiac output is considered in
relation to the systemic vascular resistance, which is severely lowered due to sepsis-
induced vessel damage and consecutive vasodilatation (figure 1). A healthy heart
could compensate for the pathological fall in afterload by an increase in cardiac
output up to 201/min, while the values observed in septic patients are considerably
lower. Some evidence has accumulated in recent years about the etiology of
myocardial depression in sepsis. The etiology of the disease is multifactorial. Several
candidates with potential pathogenetic impact can be addressed: bacterial toxins,
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cytokines, and mediators, including nitric oxide, cardiodepressant factors, oxygen
reactive species, and catecholamines (for review see [11]). Using cultures of neonatal
rat cardiomyocytes, several “negative inotropic cascades” were identified [22]. Some
experimentally supported concepts will be presented in this paper.

The impressive impact of the pathologically reduced afterload in sepsis on heart
function is conspicuous in figure 2, which gives several measurements of cardiac
index of two patients recovering from septic shock, in whom heart function was at
best slightly depressed. Cardiac index reached values of 91/min/m* BSA at low
systemic vascular resistances, but declined in response to an increase in afterload.
When judging heart function in critically ill patients, two things must be considered:
(1) all parameters describing heart function are normalized to a systemic vascular
resistance of 1100dyn X cm™ X sec, and (2) reference values for hemodynamics or
echocardiography have not been defined in patients, whose systemic vascular resis-
tance is decreased. Thus, in the clinical setting, diagnosis is best confirmed by
hemodynamic measurements in combination with radionuclid ventriculography.
However the latter is only available in few intensive care units.

The clinical picture of septic cardiomyopathy (table 2) is best evident when left
and right ventricular stroke work indices are calculated. Cardiac impairment is
frequently masked by a seemingly normal cardiac output. However, relative to the
lowered systemic vascular resistance in sepsis, which results in a reduced afterload,
cardiac outputs and ventricular ejection fractions of septic patients are often not
adequately enhanced. In septic cardiomyopathy, both right and left ventricle in-
volvement, global and regional contractile disturbances, and systolic pump and
diastolic relaxation failure occur. Septic cardiomyopathy is potentially reversible.
Due to the increased ventricular compliance, the heart can be considerably en-
larged, particularly in response to volume substitution. The disease is not primarily
hypoxic in nature since coronary sinus blood flow is high and coronary vessels are
dilated. Difficulties may arise when septic cardiomyopathy develops in patients with
pre-existing coronary heart disease [23], where septic myocardial depression may
overlap with myocardial ischemia. The increase in heart index in sepsis causes an
increased myocardial oxygen demand, which, in the presence of coronary stenoses,
can aggravate regional ischemia. On the other hand, an ongoing therapy with
betablockers, nitrates, and calcium antagonists for coronary artery disease may
deteriorate the labile cardiovascular situation of the septic patient. The “stiff”
ventricle in coronary artery disease implies an increased sensitivity towards volume
substitution, which yields a more rapid increase in left ventricular end-diastolic
pressure.

When septic and cardiogenic shock coincide, hemodynamic parameters (cardiac
index, systemic vascular resistance) are helpful in determining the dominant shock
event.

Prognosis and therapy of septic cardiomyopathy

Septic cardiomyopathy may be completely reversible. A high left ventricular end-
diastolic volume index and coherently low ventricular ejection fraction in the acute
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Table 2. Clinical features of septic cardiomyopathy

Inadequate rise in cardiac index, taking the lowered systemic vascular resistance into account
No increase in stroke volume (LV, RV)

Ejection fraction (LV, RV) decreased

Regional and global cardiac dysfunction

Considerable dilatation of the heart

Increase in ventricular compliance

Contraction and relaxation abnormalities

Coronary arteries dilated, high coronary sinus blood flow

Right ventricular failure due to ARDS-induced pulmonary hypertension

e o o o o o o o o

phase are considered to be favorable signs [24]. Nevertheless, septic cardiomyopathy
accounts for about 10% of the fatalities in sepsis and septic shock [25], which
constitutes a major cause of death. The severity of myocardial depression is associ-
ated with a poor prognosis [26]. Forty percent of fatalities from sepsis and septic
shock result from intractable vasodilatation, and 50% result from irreversible
multiorgan failure [25].

It is alarming to note that despite all of the new generations of antibiotics and the
progress in critical care medicine, mortality of sepsis and septic shock is still as high
today as mortality in the beginning of this century (figure 3) [11,27]. It can be
inferred that fighting the causative microorganisms is not enough in this clinical
situation.

At present, therapy of septic cardiomyopathy is merely symptomatic. No causal
treatment regimen has been established for clinical routine, although some regimens
are under investigation (reviewed in [11,27]). When considering treatment of
myocardial depression, it must not be regarded as a condition isolated from the
systemic disease, but rather should be considered in the context of the treatment of
sepsis, septic shock, and MODS (for definitions see table 1, [28,29]). Therapy is
based on several columns:

management of shock,

elimination of the infectious focus, antibiotics, and antiinfectious measures,

supportive treatment of multiorgan dysfunction syndrome,

additive therapy of systemic inflammatory response (interruption of the toxin-
mediator network by neutralization, antagonization, and elimination),

treatment of the underlying disorder.

Detailed guidelines for sepsis therapy were published by the European Society of
Intensive Care Medicine, Society of Critical Care Medicine, and the American
College of Chest Physicians [28,30].

Pathogenesis of septic cardiomyopathy: heart disease
in the scope of systemic inflammatory response

It seems that the septic malfunctioning of organs, including the heart, that occurs in
sepsis is not simply determined by the invading germs, but rather by the over-
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Figure 3. Mortality of sepsis and septic shock. Data of more than 3000 patients are collected from
the literature, with every point (@) representing information from a large sepsis trial of the according
year. In case of double-points (@-O), the results of placebo-controlled sepsis treatment trials

(O verum group; @ placebo group) are given. Adapted from [11].

whelming activation of endogenous cytokine and mediator cascades in response to
the bacterial/viral/fungal invasion; septic cardiomyopathy is prevalent in Gram-
positive, Gram-negative, fungal, and viral sepsis, and left ventricular stroke work
indices are compromised to a similar degree independent of the causative germ,
which points to the relevance of the final mediator pathways as opposed to the
specific virulence factors (figure 4) [31]. This concept of a cardiomyopathy in the
scope of a systemic inflammatory response (SIRS) implies that noninfectious stimuli
also may trigger mediator cells to release primary and secondary mediators that are
interrelated in a mediator network (figure 5) [11]. SIRS cardiomyopathy may be
encountered in patients after severe trauma, heart surgery with the use of the cardio-
pulmonary bypass [32], pancreatitis, burns, ischemia-reperfusion, and other severe
disorders.

Thus, there is a pattern of cardiac impairment common to all inflammatory
stimuli, which may be modified by germ- and trauma-specific compounds.

However, SIRS evokes an anti-inflammatory counter-reaction, which is referred
to as compensatory anti-inflammatory response syndrome (CARS). In the disease
course, episodes of SIRS and CARS may alternate. This state of alternating episodes
is known as mixed antagonistic response syndrome (MARS) (definitions and termi-
nology see Table 1 [28,29]). Presently, research to elucidate these complex regula-
tory processes and the mechanisms of organ failure in this setting is limited to
describing proinflammatory components.

Pathogenesis of septic cardiomyopathy: the most attractive hypothesis

Current concepts concerning the pathogenesis of septic cardiomyopathy concentrate
on the cardiodepressant effects of NO, which is thought to be generated in the
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Figure 6. Plasma cardiotoxic factors in sepsis: the most attractive hypothesis. Adapted from [11].

septic heart at an accelerated pace and in large amounts [11-13]. The most attractive
hypothesis postulates a cascade of reactions in response to circulating endotoxin
(figure 6), which triggers mediator cells to release proinflammatory cytokines, like
tumor necrosis factor & (TNFa) and interleukin-1 (IL-1). The latter is described as
important [33] or less relevant [34). These cytokines are thought to induce iNOS in
the heart. The consequence is an accelerated release of NO from L-arginine, which
results in enhanced cGMP-production, which then results in cardiodepression.

Numerous arguments favor this hypothesis, but data also infers that this may not
be the whole story. In the following text, relevant clinical findings in humans will
be presented and discussed.

Endotoxin: a cardiodepressant substance in vivo

Endotoxin consists of bacterial lipopolysaccharides (LPS) in the outer membrane of
Gram-negative bacteria. The molecules’ active moiety is the conserved part, named
lipid A, which carries the biological activity of endotoxin [35].

Endotoxin was administered to healthy volunteers and produced a temporary
cardiovascular impairment in these individuals, which mimicked acute septic
cardiomyopathy, with a decrease in left ventricular stroke work index and an
increase in heart size [36]. However, currently no endotoxin receptor mechanism
has been identified in the heart. In contrast, it is well established that LPS activates
macrophages and monocytes by binding to the membrane-bound CD14 molecule
present on mononuclear cells (figure 7) [37,38]. The binding of LPS to CD14 is
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Figure 7. Endotoxin receptor mechanism in monocytes/macrophages carrying CD 14 and
endothelial/smooth muscle cells devoid of CD14. Adapted from [40].

enhanced if LPS forms a complex with lipopolysaccharide binding protein (LBP),
which is synthesized by the liver and present in the blood [39]. Endothelial cells [40]
and vascular smooth muscle cells [41] devoid of membrane-bound CD14 are
activated by endotoxin via a soluble CD14 molecule associating with LPS (figure 7).
In response to the binding of endotoxin, both macrophage and endothelial cells
produce large amounts of TNFa.

Consistently, individuals having received endotoxin exhibit high TNFa plasma
levels [42]. It was tempting to speculate, therefore, that the rise in serum TNF levels
might provoke the myocardial depression that is witnessed in sepsis.

TNFa.: a cardiodepressant substance in vivo

Plasma and serum levels of TNFa were found to be elevated not only in sepsis and
septic shock, but also in various forms of nonseptic heart disease, such as cardiac
hypertrophy, severe heart failure, acute myocardial infarction, angina pectoris,
ischemia-reperfusion injury, acute viral myocarditis, and heart allograft rejection (for
review see [43]). Although cardiodepression by TNFa application, which mimicks
the clinical and hemodynamic features of acute septic cardiomyopathy—like in the
case of endotoxin administration [48-50]—has been evidenced in mammalian or-
ganisms, including humans [44-47), it is unclear whether enhanced TNFa levels in
nonseptic pathological heart conditions are an epiphenomenon or whether they
indicate a causal role of the cytokine [51]. Yet clinical septic cardiodepression was
shown to improve after administration of TNFa antibodies [52,53].

Intricate knowledge is now at hand about the receptors mediating these TNFa
effects [54]. They are present on nearly all cell types of the mammalian organism and
are subject to regulation. There are two receptor subtypes, referred to as p55 and
p75. After ligand coupling in trimeric formation, both mediate an activation of the
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Figure 8. TNF receptor subtypes p55 and p75. NF-KB, nuclear factor-kappa B.

transcription factor nuclear factor kappa B. In consequence, a pleiotropic array of
effects has been observed in target cells, including cardiodepression (figure 8).

In 1995, Torre-Amione et al. first reported the existence of both TNF receptor
subtypes in the human myocardium on the human cardiomyocyte [55]. From
experiments with feline cardiac myocytes, the authors inferred that the negative
inotropic TNF effect is mediated by the p55 receptor, whereas the role of the p75
receptor in the human heart is unknown.

Efforts are being, and have been, taken by many groups to identify which signal
eventually might intracellularly mediate negative inotropy by TNFa. The major
candidate in focus is an induction of iNOS with a consecutive rise of NO: by
applying very high TNFa concentrations in diverse experimental settings, several
groups were able to induce a rapid, NO-dependent cardiodepressant effect [56—60].
Other groups, however, reported NO-independent cardiodepression by TNFa [60—-
63]. Thus, the negative inotropy by TNFa, as described in numerous experimental
settings, varies considerably with respect to the TNFa concentrations applied, the
kinetics of the process, the documented impairment of the contractile state in detail,
and the NO dependency [61].
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NO: a cardiodepressant substance in vivo

Cardiac effects of NO in physiological doses were studied by Paulus et al. [64].
They applied the NO donor sodium nitroprusside in patients undergoing cardiac
catheterization for atypical chest pain without evidence of heart disease. A low-dose
bicoronary infusion of sodium nitroprusside (=4 pug/min) did not significantly re-
duce ejection fraction or stroke volume but exerted potentially beneficial effects on
left ventricular relaxation (earlier onset) and diastolic distensibility (increased); peak
left ventricular systolic pressure was reduced, but there was no change in left
ventricular dP/dt_,.. Infusion of an identical dose of sodium nitroprusside into the
right atrium failed to reproduce these effects, which indicates that they could not be
attributed to systemic vasodilatation. These findings point to a modulation of left
ventricular performance by paracrine NO.

Strongly increased production of NO in human sepsis and septic shock was
demonstrated by enhancement of the stable end products nitrite and nitrate [65].
Furthermore, nitrite/nitrate levels of septic patients correlate with systemic vascular
resistance and disease severity [66]. The impact of NO on heart function can be
studied by use of antagonistic drugs in septic patients. Competitive, nonselective
blockade of NOS in human septic shock was achieved in several noncontrolled
studies, which uniformally led to an increase in systemic vascular resistance [13].
However, contractile performance of the left ventricle was reported to be either
unaltered, increased, or impaired in these studies (for review see [67]). Methylene
blue, an inhibitor of guanylyl cyclase and a probable inhibitor of other enzymes, was
administered to septic patients. Mean arterial pressure increased; pulmonary artery
pressure and cardiac filling pressures and output were not significantly affected; but
left ventricular stroke work index after 60min was enhanced [68]. However,
methylene blue was not beneficial to the survival of these patients. In fact, non-
selective blockade of NOS may potentially be harmful, e.g., by increasing preload
of the left ventricle, by raising pulmonary artery blood pressure, or by decreasing
coronary artery blood flow [67]. The combination of inhaled NO with systemic
NOS blockade has been studied in an animal model [69]. Further efforts using
selective inhibitors of iNOS may prove to be more helpful, although iNOS is not
induced in all septic hearts [18].

SEPTIC CARDIOMYOPATHY: INVESTIGATIONS ON

CELLULAR MECHANISMS IN ISOLATED CARDIOMYOCYTES

The cardiodepressant profiles of endotoxin, TNFa, interleukin-1, and NO were
investigated in neonatal rat cardiomyocytes, which allowed for a correlation of
contractile performance on a single cell level with biochemical measurements

[11,22,99,100].
The place of isolated cardiomyocytes in
researching mechanisms of septic cardiomyopathy

In clinical studies, animal experiments, and work with isolated heart preparations,
direct effects of bacterial toxins or mediators involved in sepsis often interfere with
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indirect effects and are difficult to discern. Primary effects on the coronary circula-
tion and stimulation of local mediator cells or nerval effects superimpose direct
negative inotropic and cytotoxic mediator actions. Although the methodological
limitations are conspicuous, experiments with isolated heart muscle cells may help to
pin down the various processes attacking the cardiomyocyte in systemic inflamma-
tory response. Several negative inotropic cascades were thus identified.

Materials and methods [99,100]

Fetal calf serum, CMRL-1415-ATM medium, DMEM, horse serum, and collage-
nase (Worthington, CLS II): Biochrom (Berlin, F.R.G.); recombinant human tumor
necrosis factor @, bovine insulin (24-251.U./mg), bovine serum albumin,
dexamethasone, (—)-noradrenaline, timolol, (—)-isoproterenol, lipopolysaccharide
(Escherichia  coli), sodium nitroprusside, diethyl pyrocarbonate (DEPC),
phenylmethylsufonyl fluoride (PMSF): Sigma (Deisenhofen, Germany); murine
tumor necrosis factor 0; Knoll AG (Ludwigshafen, Germany); interleukin-1p:
Promocell (Heidelberg, Germany); HEPES, amp