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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
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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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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.
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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 oc