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PREFACE

Hypertension, a major risk factor for cardiovascular disease and stroke, is present in
approximately one-quarter of the adult population of Western societies. Seven percent
of deaths worldwide are attributed to hypertension, and the rate of end-stage renal dis-
ease due to hypertension has doubled since 1982. In the United States, 77% of persons
with hypertension go untreated and 31% of these individuals are unaware of their high
blood pressure. The substantial public health problem of hypertension, compounded
by the recognition of health hazards of “high normal” blood pressure, has raised a
call for better understanding of the pathophysiological mechanisms underlying primary
hypertension.

Hormones and autocoids are substances of major critical importance to the patho-
physiology of hypertension. Remarkable advances during the past 25 yr, and particularly
in the last decade, have identified several hormonal mechanisms in the regulation of
blood pressure. Among the hormonal systems playing a major role in blood pressure
and hypertension are the renin–angiotensin system, the sympathetic nervous system, the
renal dopaminergic system, insulin and other metabolic factors, endothelium-dependent
factors, natriuretic peptides, sex steroids, and the lipoxygenase system. This book
represents a systematic treatment of each of these hormonal systems in the pathogenesis
of primary (essential) hypertension.

The renin–angiotensin system is undoubtedly the best-studied hormonal system in
the regulation of blood pressure. However, in spite of the voluminous literature on this
subject, an understanding of this complex system is far from complete. During the past
decade, truly remarkable advances have been made in the identification of new compo-
nents of the renin–angiotensin system. The renin–angiotensin system is increasingly
being regarded as a tissue rather than a circulating hormonal system. The intrarenal
renin–angiotensin system, discussed by Drs. Minolfa Prieto-Carrasquero, Hiroyuki
Kobori and L. Gabriel Navar, is the best-developed of these cell-to-cell (paracrine/
autocrine) systems. The cardiac and vascular renin–angiotensin systems, becoming
widely appreciated as localized independent tissue systems, are covered by Drs. Rajesh
Kumar, Kenneth M. Baker and Jing Pan. Angiotensin (1–7), a new peptide of the
renin–angiotensin system and its newly discovered biosynthetic pathway, angiotensin
converting enzyme-2 (ACE-2), are discussed by the pioneers of this area, Drs. Carlos
M. Ferrario, David B. Averill, K. Bridget Brosnihan, Mark C. Chappell, Debra I. Diz,
Patricia E. Gallagher, Liomar A. A. Neves, and E. Ann Tallant. Two relatively new
angiotensin receptors, AT2 and AT4, are discussed by Drs. Robert M. Carey and
Helmy M. Siragy (AT2) and Drs. T. A. Jenkins, F. A. O. Mendelsohn, A. L. Albiston
and S. Y. Chai (AT4). The emerging role of the renin–angiotensin system in inflam-
mation is covered by Drs. Rhian M. Touyz and Ernesto L. Schiffrin, and the role of
aldosterone in vascular damage is discussed by Drs. Hylton V. Joffe, Gordon H. Williams,
and Gail K. Adler.

The sympathetic nervous system has long been regarded as critical in blood pressure
regulation. In this book, Drs. David Robertson, Andre Diedrich, and Italo Biaggione
discuss the recent and compelling evidence for neurogenic human hypertension, and
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vi Preface

Drs. Donald J. DiPette and Scott C. Supowit introduce the new role of calcitonin gene-
related peptide in hypertension. Drs. Pedro A. Jose, Robert M. Carey, and Robin A. Felder
cover important emerging area of renal proximal tubule dopamine and D1 receptors and
their regulation induced by Gprotein kinase-4 (GRK-4). Mutations of GRK-4 in
humans are associated with salt-sensitivity and hypertension in several populations.

During the recent years, the importance of diabetes and obesity in hypertension has
become evident. Dr. James R. Sowers discusses the insulin resistance (metabolic) syn-
drome, Dr. Brent M. Egan covers fatty acid metabolism, and Drs. Gregory M. Singer,
John F. Setaro and Henry R. Black elaborate on goal-oriented hypertension manage-
ment in diabetic and nondiabetic patients.

The 1998 Nobel Prize in medicine was awarded to Drs. Furchgott, Ignarro, and
Murad for their discovery of nitric oxide and cyclic guanosine monophosphate as an
endogenous vasodilator pathway. Their work highlighted the importance of the endothe-
lium in hypertension. In a section devoted to endothelial factors, Drs. David L. Mattson
and Alan W. Cowley discuss nitric oxide, Dr. Ernesto L. Schiffrin covers endothelin, and
Drs. Julie and Lee Chao cover the kallikrein–kinin system in hypertension.

Recent advances in natriuretic peptides in hypertension are covered by Dr. Kailash
N. Pandey. The role of sex steroids is discussed by Drs. Suzanne Oparil and Andrew P.
Miller. The lipoxygenase system is elaborated by Drs. Naftali Stern and Michael Tuck.

The focus of Hypertension and Hormone Mechanisms is on new developments in
hormones/autocoids related to hypertension. Each of the chapters is written by the
world’s experts in their fields. My hope is that the discussions in this book will open
new doors to the understanding that will help propel us closer to knowing the etiology
and pathogenesis of primary (essential) hypertension. I further hope that this book will
stimulate active research in the fundamental mechanisms of hypertension so that new
therapies and even prevention can be realized in the not-too-distant future.

Robert M. Carey, MD, MACP
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List of Color Plates
The images listed below appear in the color insert:

Color Plate 1. Chapter 3, Fig. 2. Expression of Ang-(1–7)-like cardiac immuno-
reactivity in the rat. Ang-(1–7) staining was restricted to ventricular
myocytes whereas it appeared as a granular reaction product throughout
the cytoplasm (Panel A). The absence of Ang-(1–7) staining in endo-
thelial and vascular smooth muscle cells of coronary vessels is best
illustrated in the higher power magnification of Panel B. (See discussion
on p. 46.)

Color Plate 2. Chapter 3, Fig. 3. Characteristics of Ang-(1–7)-like immunoreactivity
in rat kidney. The most intense staining for Ang-(1–7) was in the
thick-walled epithelial cells of the proximal-convoluted tubule (filled
arrow in Panel A). A less intense staining for the peptide was observed
in the thin-walled epithelial cells of collecting ducts (open arrow of
Panel  A). At both low (Panel A) and high (Panel B) power magnifi-
cations, there is essentially no staining for Ang-(1–7) in the glomerulus.
Panel B also illustrates modest staining in the afferent arteriole
(arrowhead in Panel B). (See discussion on p. 47.)

Color Plate 3. Chapter 3, Fig. 4. The major signal transduction pathways for Ang-
(1–7). Ang-(1–7) activates the G protein-coupled mas receptor to
increase the production of nitric oxide (NO) and prostacyclin (PGI2)
to increase cGMP and cAMP, respectively. Ang-(1–7) also reduces the
mitogen-activated protein kinases (MAPKs) by either increasing
MAPK phosphatases or reducing the MAPK kinase MEK. The
increase in cAMP and cGMP and the decrease in MAPK activity
cause vasodilation and inhibit cell growth. (See discussion on p. 52.)

Color Plate 4. Chapter 11, Fig. 1. Prevalence of selected risk factors among subjects
with metabolic syndrome. From ref. (15). (See discussion on p. 179.)

Color Plate 5. Chapter 11, Fig. 2. Algorithm for the treatment of hypertension. 
(See discussion on p. 180.)

Color Plate 6. Chapter 11, Fig. 3. Cumulative proportions of patients with the primary
composite end point (doubling of baseline serum creatinine, develop-
ment of end-stage renal disease, or death from any cause) in 1715
patients with nephropathy due to type 2 diabetes treated with irbesartan
300 mg, amlodipine 10 mg, or placebo in the Irbesartan Diabetic
Nephropathy Trial. (See discussion on p. 183.)
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1. INTRODUCTION

We enter a new phase in our understanding of the intrarenal renin–angiotensin system
(RAS) in which its intriguing complexities are appreciated. Indeed, it is apparent that
the RAS with its multiple components operates in autocrine and intracrine manners as
well as an endocrine system. The new developments have raised our awareness of distinct
regulatory mechanisms for the intratubular and intracellular as well as the interstitial
RAS in the kidney. In this chapter, we will briefly review the current understanding of the
intrarenal RAS and discuss how its inappropriate activation alters the capability of the
kidney to maintain an adequate sodium and fluid balance at normal arterial pressures,
thus setting the stage for the development of hypertension.

2. RENIN–ANGIOTENSIN SYSTEM AND REGULATION 
OF ARTERIAL BLOOD PRESSURE

RAS plays a pivotal role in the regulation of renal sodium and water excretion, and
thus in maintaining body sodium and fluid balance (1,2). It has generally been held

From: Contemporary Endocrinology: Hypertension and Hormone Mechanisms
Edited by: R. M. Carey © Humana Press Inc., Totowa, NJ

3

The Intrarenal Renin–Angiotensin
System

Minolfa C. Prieto-Carrasquero, 
Hiroyuki Kobori, and L. Gabriel Navar

CONTENTS

INTRODUCTION

RENIN–ANGIOTENSIN SYSTEM AND REGULATION OF ARTERIAL

BLOOD PRESSURE

INTRARENAL RAS COMPONENTS AND LOCALLY FORMED

ANGIOTENSIN PEPTIDES

INTRARENAL ANGIOTENSIN II RECEPTORS

INTRARENAL LEVELS OF ANGIOTENSIN II
AUGMENTATION OF INTRARENAL AGT AND ANG II

IN HYPERTENSION

CONCLUDING REMARKS

REFERENCES

1

01_Navar_Carey  5/2/07  1:02 PM  Page 3



that renin produced by the kidney cleaves liver-derived angiotensinogen (AGT) to form
angiotensin (Ang) I in circulating blood. Subsequently, Ang I is converted into Ang II,
the main effector peptide of the RAS, by angiotensin-converting enzyme (ACE) located
at the luminal side of the endothelium in many tissues. Ang II exerts its effects via
stimulation of Ang II receptors, of which at least two types have been described, AT1
and AT2. Several studies have drawn attention to other enzymatic pathways that form
Ang I and Ang II as well as other Ang peptides, which may also have significant
biological actions such as tonin, cathepsin G or tissue plasminogen activator, that may
form Ang II directly from AGT. There are also alternative pathways for Ang I conversion
in the various tissues, such as chymase in cardiac tissue (3,4) and in the clipped kidney
of the 2-kidney-1-clip (2K1C) Goldblatt hypertension model in dogs, which appears to
have a marked upregulation of chymase activity (5). Chymase upregulation has also
been reported in human subjects with diabetic nephropathy (6). Indeed, chymase seems
to play a greater role in vascular Ang II generation under conditions associated with
vascular injury and inflammation (7). Endopeptidases such as neprilysin and prolyl
endopeptidase may bypass Ang II and convert Ang I directly to Ang 1–7 (8). Further,
metabolism of Ang II to Ang III (2–8) and Ang IV (3–8) is catalyzed by the amino-
peptidases A, N, and B and dipeptidylaminopeptidase II (9). Ang I conversion to Ang II
via chymase, kallikrein, trypsin as well as tonin, and cathespin G provide non-renin,
non-ACE pathways for Ang I and Ang II formation (8,10) (Fig. 1). Finally, the recently
described enzyme, termed ACE2, is capable of cleaving a single amino acid from Ang I
to form Ang 1–9 and from Ang II to form Ang 1–7 (8,11,12). Ang 1–7 exerts significant
vasodilator and natriuretic actions that may partially counteract the effects of Ang II
(8,13). Thus, actions of ACE2 could have a substantial impact on the balance of Ang
peptides found in the kidney by diverting the RAS cascade from Ang II to Ang 1–7.

4 Part I / Prieto-Carrasquero et al.

Fig. 1. Known and postulated enzymatic pathways responsible for formation and metabolism of
angiotensin peptides.
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The systemic RAS maintains arterial pressure by controlling extracellular fluid
volume and through the vasoactive actions of Ang II and related peptides on vascular
smooth muscle cells. Ang II enhances myocardial contractility, stimulates aldosterone
release, stimulates release of catecholamines from the adrenal medulla and sympathetic
nerve endings, increases sympathetic nervous system activity, stimulates thirst and salt
appetite, and influences epithelial salt and water reabsorption in the intestine and kidney
(1,14). Ang II directly activates postganglionic sympathetic neurons by activating voltage-
gated Ca2+ channels and increasing intracellular Ca2+ (15). Ang II also has long-term effects
on growth and remodeling, development, vascular hypertrophy, and erythropoiesis. In
pathological situations, Ang II exerts significant long-term proliferative effects leading
to tissue injury because of the activation of cytokines (16,17) as well as the alteration of
the immune system. Indeed, it has been found that in Ang II-induced hypertension there
is an increase in the number of -interferon-secreting T-cells that is prevented by a treat-
ment with an AT1 receptor blocker (18), which may explain some of the beneficial
effects of AT1 blockers as modulators of immunological responses (Fig. 2).

3. INTRARENAL RAS COMPONENTS AND LOCALLY FORMED
ANGIOTENSIN PEPTIDES

RAS has been portrayed as an endocrine, paracrine, autocrine, and intracrine system
(19–21) and thus it has been difficult to delineate the quantitative contributions of sys-
temically delivered vs locally formed Ang peptides to the levels existing in any given
tissue. Emerging evidence indicates that local formation is of major significance in the
regulation of the Ang peptide levels in many organs and tissues (22,23). Various studies
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Fig. 2. Intrarenal and intratubular processing of the renin–angiotensin system. All components of
the renin–angiotensin system are present in the kidney providing multiple pathways for enhanced
intrarenal formation. PT, proximal tubule; DT, distal tubule; CD, collecting duct; AGT, angiotensinogen;
JGA, juxtaglomerular apparatus; AA, afferent arteriole; EA, efferent arteriole; ACE, angiotensin-
converting enzyme.
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have demonstrated the importance of tissue RAS in the brain, heart, adrenal glands,
vasculature, as well as in the kidney (1,24). Although every organ in the body has the
elements of the RAS, the kidney is unique in having every component of the RAS with
compartmentalization in the tubular and interstitial networks as well as intracellular
accumulation. In addition, the kidneys, as well as the adrenal glands, have tissue con-
centrations of Ang II much greater than can be explained by the concentrations delivered
by the arterial blood flow (25–28). There is substantial evidence that the major fraction
of Ang II present in renal tissues is generated locally from the AGT delivered to the
kidney and from the AGT locally produced by proximal tubule cells. Ang I delivered to
the kidney can also be converted to Ang II (29,30). Renin secreted by the juxtaglomerular
apparatus (JGA) cells and delivered to the renal interstitium and vascular compartment
also provides a pathway for the local generation of Ang I. ACE is abundant in the rat
kidney and has been located in the proximal and distal tubules, the collecting ducts and
renal endothelial cells (31–33). Therefore, all of the components necessary to generate
intrarenal Ang II are present along the nephron.

3.1. Renin
Although in the strictest sense renin is not a hormone, it can be considered as such

because of its role in determining Ang I generation and because it is subject to tight con-
trol. Hence, the plasma renin concentration or activity is often used as a measure of the
overall activity of the RAS. In most species, renin synthesized by JGA cells is the pri-
mary source of both circulating and intrarenal renin levels. However, some strains of
mice also produce substantial amounts of renin in the submandibular and submaxillary
glands as expression of the duplicated renin gene, Ren-2 (34,35).

The secreted active form of renin contains 339–343 amino acid residues after proteolytic
removal of the 43-amino acid residue at the N-terminus (prorenin). Although circulating
active renin is derived exclusively from the kidney, the kidneys and other tissues also
secrete prorenin into the circulation and its concentration may exceed that of renin (36).
Besides serving as the precursor for active renin, it has been suggested that circulating
prorenin is taken up by some tissues through which it may contribute to the local synthesis
of angiotensin peptides (37). In the heart under normal conditions, renin is not produced
and its transcript is undetectable or extremely low (38,39). Nevertheless, transgenic rats
expressing the Ren-2 renin gene exhibit high circulating prorenin levels in absence of the
cardiac transgene owing to prorenin internalization into cardiomyocytes with the genera-
tion of angiotensins (40). These effects suggest that the uptake of circulating prorenin but
not active renin may play an important role in cardiac hypertrophy.

Although there have been suggestions that renin itself or perhaps prorenin may
directly elicit cellular effects, independent of the generation of Ang II, the only well-
established role of renin is to act on AGT, a protein with a non-glycosylated weight of
52 kDa and synthesized primarily by the liver to form the decapeptide Ang I. Recent
evidence indicates the existence of a renin receptor that may also initiate intracellular
signaling to activate ERK1/ERK2 (41). In the heart and kidney, the recently described
renin receptor (41–44) binds renin and prorenin leading to an increase in the catalytic
efficiency of Ang I formation from AGT.

It should be recognized that JGA cells are not the only intrarenal structures in which
renin has been localized. Kidneys from rats that are treated chronically with ACE inhibitors
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also exhibit renin immunoreactivity on the afferent arteriole extending well beyond the
JGA loci up toward the interlobular artery, suggesting that ACE inhibition induces a recruit-
ment of cells that in the basal state were not expressing the renin gene (45). Positive renin
immunoreaction has also been observed in cells of glomeruli and of proximal and distal
nephron segments (46–49). In addition, renin mRNA and protein expression have been
also reported in proximal and distal nephron segments (47,49–53). Using immunoblotting,
Rohrwasser et al. (53) found that renin was secreted by microdissected arcades of con-
necting tubule cells indicating that renin is probably secreted into the distal tubular fluid,
leading to Ang I formation within the distal nephron lumen.

3.2. Angiotensin-Converting Enzyme
Ang I is rapidly converted into the major effector of this system, Ang II, by ACE,

which is located on endothelial cells in many vascular beds and on membranes of vari-
ous other cells including brush border membranes of proximal tubules (54,55). The
localization of ACE within the kidney in various species has been well characterized.
However, there are some important differences between humans and commonly used
experimental animals (56). Indeed, Metzger et al. (56) reported that kidneys from normal
human subjects predominantly expressed ACE in the brush border of proximal tubular
segments, and very little ACE expression was observed on vascular endothelial cells.
ACE was not detectable in the vasculature of the glomerular tuft, or even in the baso-
lateral membranes of epithelial cells. In contrast, there was intense labeling on the
endothelial cells of almost all the renal microvasculature of rats. However, kidneys from
human subjects with non-neoplastic diseases manifested increased expression on vascular
endothelial cells (56). Data indicating much lower endothelial expression in renal
vascular endothelial cells in humans help explain the much lower Ang I to Ang II
conversion rates that have been reported for human kidneys as compared to other
species (57,58). Danser et al. (57) reported that less than 10% of arterially delivered Ang
I is converted to Ang II, which is much lower than reported for dogs (59). The reduced
ACE on renal vascular endothelial cells in humans implies that the influence of
intrarenal Ang II formed from circulating precursors may have less significance than in
experimental animals.

The recently described ACE2, which acts on Ang II to form Ang 1–7, is a membrane-
associated and secreted enzyme expressed predominantly on endothelium, but highly
restricted to heart, kidneys, and testis in humans (11). It has been suggested that Ang
1–7 acts on its own receptor, postulated to be the orphan Mas receptor (60,61). Recent
studies demonstrated that genetic deletion of the G protein-coupled receptor encoded by
the Mas protooncogene abolished the binding of Ang 1–7 to mouse renal cells (61). Ang
1–7 is thought to serve as an endogenous antagonist of the Ang II-induced actions
mediated via AT1 receptors (62). Thus, ACE2 could have substantial impact on the
balance of Ang peptides found in the kidney by diverting the RAS cascade from Ang II
to Ang 1–7. This helps explain the elevated Ang II levels in the ACE2 knockout mice
(61). Collectrin, a novel homolog of ACE2, has been identified in mouse, rat and
humans (63,64). Both ACE2 and collectrin have tissue-restricted expression in the
kidney. Collectrin is localized on the luminal surface and in the cytoplasm of collecting
duct cells and its mRNA is expressed in renal collecting ducts cells (64), whereas ACE2
is present throughout the endothelium and in proximal tubular epithelial cells. Collectrin
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is upregulated in the hypertrophic phase of the ablated kidney in 5/6 nephrectomized rat
model (65). In contrast to ACE and ACE2, collectrin does not contain dipeptidyl carboxy-
peptidase domains, and thus it may play a role in the hypertrophic phase through other
pathways. Other peptides with reported biological activity formed as part of the Ang
cascade include Ang 2–8 and Ang 3–8 as a consequence of action by aminopeptidases and
other degradating enzymes (66). Although there is an increasing interest in the potential
roles of these other Ang peptides, the majority of the evidence continues to support the
established premise that most of the vascular and transport actions attributed to the RAS
that lead to vascular constriction, enhanced sodium transport and hypertension are
because of the actions of Ang II and also Ang III or Ang 2–8 acting primarily on AT1
receptors (67–69). Nevertheless, Ang 1–7, Ang IV and Ang II-mediated activation of
AT2 receptors may exert significant counteracting or protective actions partially buffering
the AT1-mediated effects under certain circumstances (8,70–73).

3.3. Angiotensinogen
Although most of the circulating AGT is produced and secreted by the liver, it is also

produced by the kidneys. Intrarenal AGT mRNA and protein have been localized to prox-
imal tubule cells indicating that the intratubular Ang II could be derived from locally
formed and secreted AGT (27,74–76). Furthermore, AGT is regulated by an amplification
mechanism such that AGT mRNA and protein are enhanced by Ang II (77). This effect
helps to maintain or even increase further the production of Ang II in Ang II-dependent
hypertension (74,75). The AGT produced in proximal tubule cells appears to be secreted
directly into the tubular lumen in addition to producing its metabolites intracellularly and
secreting them into the tubule lumen (27,51,53,78,79). Ding et al. (80) demonstrated in
mice harboring the gene for human AGT fused to the kidney androgen–protein promoter
that human AGT was localized primarily to proximal tubule cells. They found abundant
human AGT in the urine but only slight traces in the systemic circulation. This finding
suggests that most of the AGT formed in proximal tubule cells is destined for secretion into
the lumen. Rohrwasser et al. (53) demonstrated luminal localization of AGT in proximal
tubular cells in vivo and showed, in monolayer proximal tubule cell cultures, that most of
the AGT was detected near the apical membrane. They also reported that AGT was detected
at low nanomolar concentrations in urine from mice and human volunteers.

Proximal tubule AGT concentrations in anesthetized rats have been reported in the
range of 300 nM, which greatly exceed the free Ang I and Ang II tubular fluid concen-
trations (81). Because of its molecular size, it seems unlikely that much of the plasma
AGT filters across the glomerular membrane further supporting the concept that proximal
tubule cells secrete AGT directly into the tubule (53,76,80,82). Kobori et al. (83) infused
human AGT into hypertensive rats in order to determine whether AGT from the circu-
lation could be detected in the urine. The human AGT was not detectable suggesting that
most of the AGT in the urine is of renal origin (83). Formation of Ang I and II in the
tubular lumen subsequent to AGT secretion may be possible because some renin is filtered
and/or secreted from JGA cells. The identification of renin in distal nephron segments
also indicates a possible pathway for Ang I generation from proximally delivered AGT.
Intact AGT in urine reflects its presence throughout the nephron and, to the extent that
renin and ACE are available along the nephron, substrate availability supports continued
Ang I generation and Ang II conversion in distal segments (22,51,53,80).
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Once Ang I is formed, conversion readily occurs because there are abundant amounts
of ACE associated with the proximal tubule brush border. Casarini et al. (32) found that
ACE activity is present in tubular fluid throughout the nephron except in the late distal
tubule, being higher at the initial portion of the proximal tubule but then decreasing to
the distal nephron and increasing again in the urine. This evidence suggests proximal
ACE secretion, degradation, and/or reabsorption associated with secretion in the collect-
ing duct. Therefore, intratubular Ang II formation may occur not only in the proximal
tubule but also beyond the connecting tubule. Thus, renal tissue ACE activity is critical
to maintain the steady-state Ang II levels in the kidney. Indeed, Modrall et al. (84)
demonstrated that tissue-ACE (tisACE–/–) knockout mice exhibit 80% lower intrarenal
Ang II levels compared to wild-type mice (84). In addition to the marked reduction of
intrarenal Ang II levels, this tisACE–/– mouse model showed significant depletion of its
immediate precursor Ang I in renal tissue, which supports the concept that Ang II exerts
a positive feedback loop on proximal AGT (74,75,77). However, at present there are no
data indicating how much of the Ang peptides are formed intracellularly and secreted and
how much are formed in the tubule lumen from secreted substrate.

4. INTRARENAL ANGIOTENSIN II RECEPTORS

Most of the actions of Ang II on renal function are the consequence of activation of
Ang II receptors, which are widely distributed in various regions and cell types of the kidney
(Fig. 2). Two major categories of Ang II receptors, AT1 (subtype AT1a and AT1b) and AT2
have been described, pharmacologically characterized, and cloned (85–90). However, most
of the Ang II hypertensinogenic actions are generally attributed to the AT1 receptor (91–93).

AT1 receptor transcript has been localized to proximal tubules, thick ascending limb
of the loop of Henle, glomeruli, arterial vasculature, vasa recta, arcuate arteries, and juxta-
glomerular cells (94,96). In rodents, there are two AT1 receptor subtypes, with the AT1a
being the predominant subtype in all nephron segments, whereas the AT1b is more
abundant than AT1a only in the glomerulus (97,98). The AT1a receptor subtype has
been found in ureteric bud derivatives as early as the embryonic day E11.5 (99). In
mature kidneys, AT1a receptors have been localized to the luminal and basolateral
membranes of several segments of the nephron, as well as on the renal microvasculature
in both cortex and medulla, smooth muscle cells of afferent and efferent arterioles,
epithelial cells of the thick ascending limb of Henle, proximal tubular apical and
basolateral membranes, mesangial cells, distal tubules, collecting ducts, and macula
densa cells (100–106). This evidence is consistent with the localization of the transcript
for the AT1 receptor subtypes in all of the renal tubular and vascular segments (106).
Nevertheless, renal microvascular functional studies obtained from transgenic mice
lacking the AT1a receptor gene have shown that the afferent arteriole has both AT1a and
AT1b receptors, whereas the efferent arteriole only expresses AT1a receptors (107).

The regulation of intrarenal Ang II receptors in hypertensive conditions is complex
because vascular and tubular receptors respond differently during high Ang II states (2).
In general, high Ang II levels associated with a low salt diet decrease glomerular AT1
receptor expression but increase tubular AT1 receptor levels (108). Studies in 2K1C
Goldblatt hypertensive rats demonstrated that glomerular AT1 receptors were
decreased within 2 wk after clipping, but vascular receptors were not decreased until
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16 wk (109). However, glomerular AT1 receptor density was not increased in the 1K1C
model although vascular AT1 receptor density was increased (110). In the Ang II-
infused rat model of hypertension, total kidney AT1 mRNA levels and receptor protein
were not significantly altered by 2 wk Ang II infusion sufficient to cause marked
hypertension (111). However, Wang et al. (112) reported that AT1a receptor protein was
reduced in both ischemic and contralateral kidneys of 2K1C Goldblatt and 2-kidney-
1-wrap hypertensive models, and in kidneys of Ang II-infused rats. AT2 receptors were
downregulated only in ischemic kidneys. In the transgenic rat TGR(mRen2) harboring
the mouse renin gene, Zhuo et al. (113) found increased AT1 receptor binding in
vascular smooth muscle of afferent and efferent arterioles, JGA, glomerular mesangial
cells, proximal tubular cells, and renomedullary interstitial cells. It was suggested that
upregulation of AT1 receptors in multiple renal cells may contribute to the pathogenesis
of hypertension in these rats. Harrison-Bernard et al. (114) extended the analysis in
Ang II-infused rats with in vitro autoradiography and showed differential responses
with significant decreases in glomeruli and inner stripe but not in proximal tubules.
Furthermore, ACE binding was significantly increased in proximal tubules of Ang II-
infused rats. Thus, vascular and glomerular AT1 receptors are downregulated, but the
proximal tubular receptors are either upregulated or not significantly altered in Ang II-
dependent hypertension.

The AT2 receptor is highly expressed in human and rodent kidney mesenchyme during
fetal life and decreases dramatically after birth (115). AT2 receptors have been localized
to the glomerular epithelial cells, proximal tubules, collecting ducts, and parts of the renal
vasculature of the adult rat (106,112). Although the role of AT2 receptors in regulating
renal function remains uncertain, it has been suggested that AT2 activation counteracts
AT1 receptor effects by stimulating the formation of bradykinin and nitric oxide leading
to increases in interstitial fluid concentration of cyclic guanosine monophosphate
(cGMP) (116–118). AT2 receptor activation appears to influence proximal tubule
sodium reabsorption either by a cell membrane receptor-mediated mechanism or via an
interstitial nitric oxide–cGMP pathway (119). Ang II infusion into AT2 knockout mice
leads to exaggerated hypertension and reductions in renal function, probably because of
the decreased renal interstitial fluid levels of bradykinin and cGMP available, which
counteract the direct effect of Ang II (120).

5. INTRARENAL LEVELS OF ANGIOTENSIN II

5.1. Interstitial and Tubular Angiotensin II
Intrarenal Ang II is not distributed in a homogenous fashion but is compartmentalized

in both regional and segmental manners (121). Earlier studies indicated that medullary
Ang II-levels are higher than the cortical levels in normal rats and increase further in
Ang II infused hypertensive rats (81). The combination of high Ang II levels in the
medulla coupled with the high density of Ang II receptors suggest that Ang II exerts a
major role in regulating hemodynamics and tubular function in the medulla (2,114). The
higher Ang II levels in the medulla suggest that there may be specialized Ang II forming
pathways or accumulation mechanisms in medullary tissues that are subject to local
regulation. However, Ingert et al. (26,122) failed to confirm that medullary Ang II con-
tents are higher than cortical Ang II contents. These authors found that Ang I and Ang II
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levels in cortex and medulla are equivalent and respond in a similar manner to alterations
in dietary salt intake.

Within the cortex, there is a distribution of Ang II in the interstitial fluid, tubular
fluid and the intracellular compartments. The interstitial as well as the intratubular com-
partments contribute to the disproportionately high total Ang II (Fig. 3) levels. Studies
using microdialysis probes implanted in the renal cortex demonstrated that Ang II
concentrations in interstitial fluid are much higher than the plasma concentrations with
recent results suggesting values in the range of 3–5 pmol/mL (117,123–125). Interestingly,
Nishiyama et al. (124,125) demonstrated that ACE inhibitors administered either
directly into the renal artery or via the microdialysis probe were not able to substantially
suppress the renal interstitial fluid Ang II levels. These studies suggest that much of the
Ang II in the renal interstitial compartment is formed through non-ACE-dependent
pathways or by ACE that is not easily accessed by the exogenously administered ACE
inhibitors. Increases in renal interstitial fluid Ang II levels have been reported for two
models of hypertension. Siragy et al. (117) found that renal interstitial Ang II is
increased in the wrapped kidney of rats with Grollman hypertension. Nishiyama et al.
(126) reported that renal interstitial fluid Ang II concentrations are also increased in rats
infused with Ang II for 2 wk. Because the renal interstitial values are much higher than
can be explained on the basis of equilibration with the plasma concentrations, the data
suggest local regulation of Ang II formation in the renal interstitial compartment and an
enhancement of interstitial Ang II production in Ang II-dependent hypertension.

As shown in Fig. 3, micropuncture studies have shown that proximal tubule fluid
concentrations of Ang I and Ang II are also much greater than the plasma concentrations
(27). The finding that tubular fluid samples collected from perfused segments had
Ang II concentrations similar to those measured in nonperfused tubules indicates that
the proximal tubule secretes Ang II or a precursor into the proximal tubule fluid (127).
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In addition to AGT, proximal tubule cells also have renin mRNA that is stimulated by a
low sodium diet, which may thus act on AGT to generate Ang I (47). Evidence for the
presence of distal nephron renin mRNA and protein (49,51,53) also provides a pathway
for Ang I generation from proximally delivered AGT. Furthermore, distal nephron renin
regulation by Ang II differs from that in JGA cells because chronic Ang II infusion in rats
enhances renin protein in principal cells but suppresses renin in JGA cells (49). Ang II
stimulatory effects on collecting duct renin could help explain the marked impairment
of sodium excretion and suppression of the pressure–natriuresis relationship observed in
Ang II-infused hypertensive rats (128). Because renal AGT mRNA and protein levels are
upregulated by increases in circulating Ang II levels (129,130), we postulate that renin
in connecting tubule and collecting duct cells may be secreted into the tubular fluid and
it acts on proximally delivered AGT to form Ang I in the luminal fluid. In turn, the pres-
ence of ACE in the distal nephron would lead to maintained renal Ang II-generating
capacity that occurs in Ang II-dependent hypertension leading to high intrarenal Ang II
levels and the maintenance of high blood pressure.

Measurements of proximal tubular fluid Ang II concentrations in anesthetized rats
have not revealed significant differences among control rats and in several hypertensive
models (131–133). Considering that kidneys of the hypertensive rats have marked
depletion of JGA renin and are exposed to elevated arterial pressures, the maintenance
of high proximal tubular Ang II concentrations reflects an inappropriate maintenance of
intrarenal Ang II formation levels. Nevertheless, the results so far have not demonstrated
further elevations in proximal tubule Ang II concentrations above the levels found in
normal anesthetized rats. In normal rats, volume expansion failed to suppress proximal
tubule Ang II concentrations, but increased levels were documented following reductions
in renal perfusion pressure (134).

The Ang II concentrations in tubular fluid from the other segments of the nephron
remain unknown. Several studies support an important role for Ang II in regulating
reabsorptive function in distal nephron and collecting duct segments, as well as in prox-
imal tubule segments, which activate the Ang II receptors on the luminal borders
(27,135). Recently, a direct action of Ang II on the luminal amiloride-sensitive sodium
channel (ENaC) was reported (136). These data indicate that when luminal distal
nephron Ang II concentrations are augmented, they could contribute directly to the
regulation of distal tubule and collecting duct sodium reabsorption.

5.2. Intracellular Angiotensin II
As indicated earlier, some of the Ang II that binds to receptors is internalized via AT1

receptor-mediated endocytosis (26,137,138). Zhuo et al. (139) reported direct evidence
for accumulation of Ang II in intermicrovillar clefts and endosomes of Ang II-infused
hypertensive rats. It was also shown that AT1 receptor blockade with candesartan pre-
vented the ensodomal accumulation even though plasma Ang II increased further,
demonstrating the importance of AT1 receptor-mediated uptake. The presence of Ang II
in renal endosomes indicates that some of the internalized Ang II remains intact and
contributes to the total Ang II content measured in tissue homogenates (25,127,138–141).
As shown for proximal tubule cells, endocytosis of the Ang II–AT1 receptor complex
seems to be required for the full expression of functional responses coupled to the
activation of signal transduction pathways (142,143). In Ang II-dependent hypertension,
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a higher fraction of the total kidney Ang II is internalized into intracellular endosomes
(light endosomes as well as intramicrovillar clefts) via an AT1 receptor-mediated process
(139). The demonstration that AT1 receptor blockade prevents the augmentation of
intrarenal Ang II that occurs during chronic infusions of Ang II suggests AT1 receptor-
mediated accumulation of Ang II into an intracellular compartment, and that some of
the internalized Ang II is protected from degradation (26,139). Van Kats (138) infused
labeled Ang II and showed six- to sevenfold increase in intrarenal Ang II, which was
prevented by an AT1 receptor antagonist.

There are several possible functions of the internalized Ang II. Ang II could be
recycled and secreted in order to exert further actions by binding to Ang II receptors on the
cell membranes. Ang II may also act on cytosolic receptors to stimulate IP3 as has been
described for vascular smooth muscle cells (144). A particularly intriguing hypothesis is
that Ang II migrates to the nucleus to exert genomic effects (141). Nuclear binding sites
for Ang II in renal cells have been reported by Licea-Vargas et al. (145). The nuclear
receptors were primarily of the AT1 subtype because they were displaced by losartan as
well as by saralasin. Nuclear Ang II receptor density was not altered in Ang II-infused
hypertension. Chen et al. (141) transfected Chinese hamster ovary cells with an AT1a
receptor fused with green fluorescent protein (GFP), which allowed the visualization of
trafficking of the internalized ligand–receptor complex. Ang II increased colocalization
of GFP fluorescence with nuclear markers suggesting the migration of the receptor com-
plex to the nucleus (141). Because Ang II exerts a positive stimulation on AGT mRNA
and protein production, it is possible that the intracellular Ang II may have genomic
actions to regulate AGT or renin mRNA expression in proximal tubule cells (127).

6. AUGMENTATION OF INTRARENAL AGT 
AND ANG II IN HYPERTENSION

Although increased internalization of Ang II contributes to the increased intrarenal
Ang II in the Ang II-infused model of hypertension, the overall Ang II levels are also due
to additional Ang II formation as a consequence of enhanced AGT production. In vivo
and in vitro studies have shown that Ang II stimulates intrarenal AGT mRNA localized in
proximal tubule cells (75,77,146). Several recent studies have focused on long-term
changes in the intrarenal AGT formation in Ang II-dependent hypertension. Kobori et al.
(74,75,83,129,147) evaluated the effects of Ang II infusions on intrarenal AGT and Ang II
levels and the relationship between urinary excretion of AGT and kidney Ang II levels in
hypertensive models. They reported that Ang II-infused rats had increases in renal AGT
mRNA (75) and protein (74), and an enhancement of urinary excretion rate of AGT
(147). Chronic Ang II infusions to normal rats significantly increased the urinary excretion
rate of AGT in a time- and dose-dependent manner (83). This augmentation process may
be responsible for sustained or enhanced generation of AGT leading to continued intrarenal
production of Ang II under conditions of elevated circulating concentrations. The intrarenally
produced Ang II would be additive with the internalized Ang II by the AT1 receptors leading
to the overall increased intrarenal Ang II contents.

Kobori et al. (83,147) demonstrated that urinary excretion rate of AGT was closely
correlated with systolic blood pressure and kidney Ang II content, but not with plasma
Ang II concentration. This increase was not just because of the increased proteinuria or
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the development of hypertension because urinary protein excretion in volume-dependent
hypertensive rats was significantly increased more than in Ang II-dependent hyper-
tensive rats; however, urinary AGT excretion was significantly lower in volume-dependent
hypertensive rats than in Ang II-dependent hypertensive rats (83). The finding of intact
AGT in urine suggests its presence throughout the nephron and, to the extent that renin
and ACE are available along the nephron, there may be continued Ang I generation and
Ang II conversion in segments beyond the proximal tubule (22,53,80). As previously
mentioned, renin has been demonstrated on the luminal side of connecting tubule cells
in the kidneys of mice and humans suggesting that renin may be secreted into the distal
tubular fluid (53). Collectively, these data support the concept depicted in Fig. 3 that, in
angiotensin-dependent hypertension, there is an increased AGT secretion by the proximal
tubule cells, leading to spillover of intact AGT into distal nephron segments. Because
there is available renin and ACE or other enzymes that can subserve similar functions,
there should be enhanced distal tubular formation of Ang II and increased Ang II-
dependent stimulation of distal sodium reabsorption rate (136). This may help explain
the markedly enhanced sodium reabsorption and suppression of pressure natriuresis that
has been shown in Ang II-infused rats (128). A recent study by Komlosi et al. (30)
showed that Ang I added to the luminal surface of collecting ducts was converted to Ang II
and activated ENaC thus providing direct evidence of Ang I to Ang II conversion in distal
nephron segments.

Although the Dahl-salt sensitive (DS) hypertensive rat is generally considered to be
characterized by a low activity of circulating RAS, Ang I-converting enzyme inhibitors
and AT1 receptor antagonists reduce renal dysfunction in DS hypertensive rats fed a
high-salt (HS) diet (148–151). These findings suggest that the intrarenal RAS may be
inappropriately activated and contributes to the development of hypertension in this
animal model. Kobori et al. (129) examined the relationship between urinary excretion
of AGT and kidney AGT levels in DS rats. Kidney AGT levels were significantly
increased in DS rats fed a HS diet compared to DS fed a low-salt (LS) diet, or Dahl-salt
resistant rats on either high- or low-salt diets. Urinary excretion of AGT was paradoxically
increased in DS rats fed a HS diet demonstrating an inappropriate response to increases
in salt intake. Thus, the hypertension that results when DS rats are fed a HS diet may be
because of inappropriate and paradoxical increases in intrarenal AGT levels. This may
be resulting from the increased oxidative stress in response to the HS diet-stimulating
AGT expression.

Collectively, the experiments evaluating the regulation of urinary AGT excretion rates
have indicated that there is a quantitative relationship among urinary AGT, intrarenal AGT,
and Ang II production. When intrarenal AGT formation rate is increased, some of the
increased AGT secreted into the tubular fluid spills over into the distal tubule and even-
tually into the urine. Renin from collecting tubule cells would then act on AGT to form
Ang I. Ang I can be converted to Ang II by the ACE present in the tubular fluid of collec-
ting ducts to allow activation of luminal AT1 receptors and stimulation of sodium transport
(136). Further enhancement of this Ang II-mediated effects would also develop as a con-
sequence of ENaC upregulation (152). Accordingly, urinary AGT excretion rates reflect the
distal nephron spillover of AGT and provide an index of the magnitude of the enhanced
intrarenal AGT production in angiotensin-dependent hypertension and thus, may provide
a useful test in human hypertensive subjects to identify Ang II-dependent hypertension.
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7. CONCLUDING REMARKS

There continues to be a great deal of interest in the mechanisms regulating the
intrarenal RAS and related peptides as well as the many intrarenal actions exerted by
Ang II. It is becoming apparent that intrarenal Ang II can be regulated independently
from the circulating Ang II. Although the possible counteracting effects of Ang 1–7 and
AT2 receptors cannot be disregarded, the powerful actions of intrarenal Ang II acting
via the stimulation of AT1 receptors on the vascular, glomerular, and tubular structures
provide a synchronous cascade of effects contributing to the ability of the kidney to
retain over 99% of the filtered sodium. From a functional perspective, the additive
effects of Ang II working on distal nephron transport function coupled with the associated
actions of elevated aldosterone levels markedly increase the sodium-retaining capability
of the kidney. When activated in a physiologically appropriate setting, these actions can
be life saving. When inappropriately sustained, however, these effects contribute to the
development and maintenance of hypertension. Furthermore, the sustained increases in
intrarenal Ang II in a setting of hypertension can lead to progressive renal injury,
proliferation, and fibrosis associated with the activation of several major cytokines
and growth factors (17,153–155).

ACKNOWLEDGMENTS

The authors’ studies cited in this work have been supported by grants from NHLBI,
NCRR, Health Excellence Fund of the Louisiana Board of Regents, and the American
Heart Association. We acknowledge with appreciation the assistance of Debbie
Olavarrieta for preparation of the manuscript and figures.

REFERENCES

1. Mitchell, K. D. and Navar, L. G. (1995) Intrarenal actions of angiotensin II in the pathogenesis of
experimental hypertension. In: Hypertension: Pathophysiology, Diagnosis, and Management
(Laragh, J. H. and Brenner, B. M., eds.), 2nd ed., Raven, New York, pp. 1437–1450.

2. Navar, L. G., Harrison-Bernard, L. M., Imig, J. D., and Mitchell, K. D. (2000) Renal actions of
angiotensin II at AT1 receptor blockers. In: Angiotensin II Receptor Antagonists (Epstein, M. and
Brunner, H. R., eds.), Hanley & Belfus, Philadelphia, pp. 189–214.

3. Urata, H., Nishimura, H., and Ganten, D. (1996) Chymase-dependent angiotensin II forming system
in humans. Am. J. Hypertens. 9, 277–284.

4. Chen, L. Y., Li, P., He, Q., et al. (2002) Transgenic study of the function of chymase in heart
remodeling. J. Hypertens. 20, 2047–2055.

5. Tokuyama, H., Hayashi, K., Matsuda, H., et al. (2002) Differential regulation of elevated renal
angiotensin II in chronic renal ischemia. Hypertension 40, 34–40.

6. Huang, X. R., Chen, W. Y., Truong, L. D., and Lan, H. Y. (2003) Chymase is upregulated in diabetic
nephropathy: implications for an alternative pathway of angiotensin II-mediated diabetic renal and
vascular disease. J. Am. Soc. Nephrol. 14, 1738–1747.

7. Miyazaki, M. and Takai, S. (2001) Local angiotensin II-generating system in vascular tissues: the
roles of chymase. Hypertens. Res. 24, 189–193.

8. Chappell, M. C., Tallant, E. A., Diz, D. I., and Ferrario, C. M. (2000) The renin–angiotensin system
and cardiovascular homeostasis. In: Drugs, Enzymes and Receptors of the Renin–Angiotensin
System: Celebrating a Century of Discovery (Husain, A. and Graham, R. M., eds.), Harwood
Academic, Amsterdam, pp. 3–22.

9. Ardaillou, R. and Chansel, D. (1997) Synthesis and effects of active fragments of angiotensin II.
Kidney Int. 52, 1458–1468.

Chapter 1 / Intrarenal RAS 15

01_Navar_Carey  5/2/07  1:02 PM  Page 15



10. Fukamizu, A. (2000) Genomic expression systems on hierarchy and network leading to hypertension:
long on history, short on facts. Hypertens. Res. 23, 545–552.

11. Donoghue, M., Hsieh, F., Baronas, E., et al. (2000) A novel angiotensin-converting enzyme-related
carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1–9. Circ. Res. 87, E1–E9.

12. Crackower, M. A., Sarao, R., Oudit, G. Y., et al. (2002) Angiotensin-converting enzyme 2 is an
essential regulator of heart function. Nature 417, 822–828.

13. Ferrario, C. M. (2003) Contribution of angiotensin-(1–7) to cardiovascular physiology and pathology.
Curr. Hypertens. Rep. 5, 129–134.

14. Corvol, P., Jeunemaitre, X., Charru, A., Kotelevtsev, Y., and Soubrier, F. (1995) Role of the
renin-angiotensin system in blood pressure regulation and in human hypertension: new insights from
molecular genetics. Recent Prog. Hormone Res. 50, 287–308.

15. Ma, X., Chapleau, M. W., Whiteis, C. A., Abboud, F. M., and Bielefeldt, K. (2001) Angiotensin selec-
tively activates a subpopulation of postganglionic sympathetic neurons in mice. Circ. Res. 88, 787–793.

16. Wolf, G. and Ziyadeh, F. (1997) The role of angiotensin II in diabetic nephropathy: emphasis on non-
hemodynamic mechanisms. Am. J. Kidney Dis. 29, 153–163.

17. Wolf, G. (2002) The Renin–Angiotensin System and Progression of Renal Diseases, Vol. 135.,
Karger, Hamburg, pp. 1–268.

18. Shao, J., Nangaku, M., Miyata, T., et al. (2003) Imbalance of T-cell subsets in angiotensin II-infused
hypertensive rats with kidney injury. Hypertension 42, 31–38.

19. Navar, L. G., Inscho, E. W., Majid, S. A., et al. (1996) Paracrine regulation of the renal microcircu-
lation. Physiol. Rev. 76, 425–536.

20. Carretero, O. A. and Scicli, A. G. (1991) Local hormonal factors (intracrine, autocrine, and
paracrine) in hypertension. Hypertension 18(Suppl I), I58–I69.

21. Re, R. N. (2003) The intracrine hypothesis and intracellular peptide hormone action. Bioessays 25,
401–409.

22. Davisson, R. L., Ding, Y., Stec, D. E., Catterall, J. F., and Sigmund, C. D. (1999) Novel mechanism
of hypertension revealed by cell-specific targeting of human angiotensinogen in transgenic mice.
Physiol. Genom. 1, 3–9.

23. Baltatu, O., Silva, J. A. Jr., Ganten, D., and Bader, M. (2000) The brain renin–angiotensin system
modulates angiotensin II-induced hypertension and cardiac hypertrophy. Hypertension 35, 409–412.

24. Campbell, D. J., Kladis, A., Skinner, S. L., and Whitworth, J. A. (1991) Characterization of
angiotensin peptides in plasma of anephric man. J. Hypertens. 9, 265–274.

25. Imig, J. D., Navar, G. L., Zou, L. X., et al. (1999) Renal endosomes contain angiotensin peptides,
converting enzyme, and AT1A receptors. Am. J. Physiol. Renal. Physiol. 277, F303–F311.

26. Ingert, C., Grima, M., Coquard, C., Barthelmebs, M., and Imbs, J. L. (2002) Contribution of
angiotensin II internalization to intrarenal angiotensin II levels in rats. Am. J. Physiol. Renal. Physiol.
283, F1003–F1010.

27. Navar, L. G., Harrison-Bernard, L. M., Wang, C.-T., Cervenka, L., and Mitchell, K. D. (1999)
Concentrations and actions of intraluminal angiotensin II. J. Am. Soc. Nephrol. 10, S189–S195.

28. van Kats, J. P., Schalekamp, M. A., Verdouw, P. D., Duncker, D. J., and Danser, A. H. (2001) Intrarenal
angiotensin II: interstitial and cellular levels and site of production. Kidney Int. 60, 2311–2317.

29. Helin, K., Tikkanen, I., Hohenthal, U., and Fyhrquist, F. (1994) Inhibition of either angiotensin-
converting enzyme or neutral endopeptidase induces both enzymes. Eur. J. Pharmacol. 264, 135–141.

30. Komlosi, P., Fuson, A. L., Fintha, A., et al. (2003) Angiotensin I conversion to angiotensin II
stimulates cortical collecting duct sodium transport. Hypertension 42, 195–199.

31. Cardini, J. F., Santos, R. A., Martins, A. S., Machado, R. P., and Alzamora, F. (1988) Site of entry of
kininase II into renal tubular fluid. Hypertension 11, I66–I68.

32. Casarini, D. E., Boim, M. A., Stella, R. C. R., Krieger-Azzolini, M. H., Krieger, J. E., and Schor, N.
(1997) Angiotensin I-converting enzyme activity in tubular fluid along the rat nephron. Am. J.
Physiol. Renal. Physiol. 272, F405–F409.

33. Casarini, D. E., Carmona, A. K., Plavnik, F. L., Zanella, M. T., Juliano, L., and Ribeiro, A. B. (1995)
Calcium channel blockers as inhibitors of angiotensin I-converting enzyme. Hypertension 26,
1145–1148.

34. Field, L. J., McGowan, R. A., Dickinson, D. P., and Gross, K. W. (1984) Tissue and gene specificity
of mouse renin expression. Hypertension 6, 597–603.

35. Catanzaro, D. F., Mullins, J. J., and Morris, B. J. (1983) The biosynthetic pathway of renin in mouse
submandibular gland. J. Biol. Chem. 258, 7364–7368.

16 Part I / Prieto-Carrasquero et al.

01_Navar_Carey  5/2/07  1:02 PM  Page 16



36. Sealey, J. E. and Laragh, J. H. (1975) “Prorenin” in human plasma? Circ. Res. 36, 10–16.
37. Prescott, G., Silversides, D. W., and Reudelhuber, T. L. (2002) Tissue activity of circulating prorenin.

Am. J. Hypertens. 15, 280–285.
38. Ekker, M., Tronik, D., and Rougeon, F. (1989) Extra-renal transcription of the renin genes in multiple

tissues of mice and rats. Proc. Natl. Acad. Sci. USA 86, 5155–5158.
39. Iwai, N. and Inagami, T. (1992) Quantitative analysis of renin gene expression in extrarenal tissues

by polymerase chain reaction method. J. Hypertens. 10, 717–724.
40. Peters, J., Farrenkopf, R., Clausmeyer, S., et al. (2002) Functional significance of prorenin internalization

in the rat heart. Circ. Res. 90, 1135–1141.
41. Nguyen, G., Delarue, F., Burckle, C., Bouzhir, L., Giller, T., and Sraer, J. D. (2002) Pivotal role of

the renin/prorenin receptor in angiotensin II production and cellular responses to renin. J. Clin.
Investig. 109, 1417–1427.

42. Nguyen, G., Delarue, F., Berrou, J., Rondeau, E., and Sraer, J. D. (1996) Specific receptor binding
of renin on human mesangial cells in culture increases plasminogen activator inhibitor-1 antigen.
Kidney Int. 50, 1897–1903.

43. Sealey, J. E., Catanzaro, D. F., Lavin, T. N., et al. (1996) Specific prorenin/renin binding (ProBP).
Identification and characterization of a novel membrane site. Am. J. Hypertens. 9, 491–502.

44. Danser, A. H. J. and Saris, J. J. (2002) Prorenin uptake in the heart: a prerequisite for local
angiotensin generation? J. Mol. Cell. Cardiol. 34, 1463–1472.

45. Gomez, R. A., Lynch, K. R., Chevalier, R. L., et al. (1988) Renin and angiotensinogen gene
expression and intrarenal renin distribution during ACE inhibition. Am. J. Physiol. Renal. Physiol.
254, F900–F906.

46. Taugner, R., Mannek, E., Nobiling, R., et al. (1984) Coexistence of renin and angiotensin II in
epitheloid cell secretory granules of rat kidney. Histochemistry 81, 39–45.

47. Tank, J. E., Henrich, W. L., and Moe, O. W. (1997) Regulation of glomerular and proximal tubule
renin mRNA by chronic changes in dietary NaCl. Am. J. Physiol. Renal. Physiol. 273, F892–F898.

48. Moe, O. W., Ujiie, K., Star, R. A., et al. (1993) Renin expression in renal proximal tubule. J. Clin.
Investig. 91, 774–779.

49. Prieto-Carrasquero, M. C., Harrison-Bernard, L. M., Kobori, H., et al. (2004) Enhancement of
collecting duct renin in angiotensin II-dependent hypertensive rats. Hypertension 44,
223–229.

50. Henrich, W. L., McAllister, E. A., Eskue, A., Miller, T., and Moe, O. W. (1996) Renin regulation in
cultured proximal tubular cells. Hypertension 27, 1337–1340.

51. Lantelme, P., Rohrwasser, A., Gociman, B., et al. (2002) Effects of dietary sodium and genetic
background on angiotensinogen and renin in mouse. Hypertension 39, 1007–1014.

52. Gilbert, R. E., Wu, L. L., Kelly, D. J., et al. (1999) Pathological expression of renin and angiotensin II
in the renal tubule after subtotal nephrectomy. Implications for the pathogenesis of tubulointerstitial
fibrosis. Am. J. Pathol. 155, 429–440.

53. Rohrwasser, A., Morgan, T., Dillon, H. F., et al. (1999) Elements of a paracrine tubular
renin–angiotensin system along the entire nephron. Hypertension 34, 1265–1274.

54. Schulz, W. W., Hagler, H. K., Buja, L. M., and Erdos, E. G. (1988) Ultrastructural localization of
angiotensin I-converting enzyme (EC 3.4.15.1) and neutral metalloendopeptidase (EC 3.4.24.11) in
the proximal tubule of the human kidney. Lab. Investig. 59, 789–797.

55. Erdos, E. G. (1990) Angiotensin I converting enzyme and the changes in our concepts through the
years. Hypertension 16, 363–370.

56. Metzger, R., Bohle, R. M., Pauls, K., et al. (1999) Angiotensin-converting enzyme in non-neoplastic
kidney diseases. Kidney Int. 56, 1442–1454.

57. Danser, A. H., Admiraal, P. J. J., Derkx, F. H., and Schalekamp, M. A. (1988) Angiotensin I-to-II
conversion in the human renal vascular bed. J. Hypertens. 16, 2051–2056.

58. Admiraal, P. J. J., Derkx, F. H. M., Danser, A. H. J., Pieterman, H., and Schalekamp, M. A. D. H.
(1990) Intrarenal de novo production of angiotensin I in subjects with renal artery stenosis.
Hypertension 16, 555–563.

59. Rosivall, L., Rinder, D. F., Champion, J., Khosla, M. C., Navar, L. G., and Oparil, S. (1983)
Intrarenal angiotensin I conversion at normal and reduced renal blood flow in the dog. Am. J. Physiol.
245, F408–F415.

60. Roks, A. J. and Henning, R. H. (2003) Angiotensin peptides: ready to re(de)fine the angiotensin
system? J. Hypertens. 21, 1269–1271.

Chapter 1 / Intrarenal RAS 17

01_Navar_Carey  5/2/07  1:02 PM  Page 17



61. Santos, R. A., Simoes e Silva, A. C., Maric, C., et al. (2003) Angiotensin-(1–7) is an endogenous
ligand for the G protein-coupled receptor Mas. Proc. Natl. Acad. Sci. USA 100, 8258–8263.

62. Stegbauer, J., Vonend, O., Oberhauser, V., and Rump, L. C. (2003) Effects of angiotensin-(1–7) and
other bioactive components of the renin–angiotensin system on vascular resistance and noradrenaline
release in rat kidney. J. Hypertens. 21, 1391–1399.

63. Tipnis, S. R., Hooper, N. M., Hyde, R., Karran, E., Christie, G., and Turner, A. J. (2000) A human
homolog of angiotensin-converting enzyme. Cloning and functional expression as a captopril-insensitive
carboxypeptidase. J. Biol. Chem. 275, 33,238–33,243.

64. Zhang, H., Wada, J., Hida, K., et al. (2001) Collectrin, a collecting duct-specific transmembrane
glycoprotein, is a novel homolog of ACE2 and is developmentally regulated in embryonic kidneys.
J. Biol. Chem. 276, 17,132–17,139.

65. Zhang, H., Wada, J., Kanwar, Y. S., et al. (1999) Screening for genes up-regulated in 5/6
nephrectomized mouse kidney. Kidney Int. 56, 549–558.

66. Goodfriend, T. L. (1993) Angiotensinases. In: Renin-Angiotensin System (Robertson, J. I. S. and
Nichols, M. G., eds.), Gower Med Pub, London, pp. 1–5.

67. Tharaux, P.-L., Chatziantoniou, C., Fakhouri, F., and Dussaule, J.-C. (2000) Angiotensin II activates
collagen I gene through a mechanism involving the MAP/ER kinase pathway. Hypertension 36,
330–336.

68. Opie, L. H. and Sack, M. N. (2001) Enhanced angiotensin II activity in heart failure—reevaluation
of the counterregulatory hypothesis of receptor subtypes. Circ. Res. 88, 654–658.

69. Touyz, R. M. and Schiffrin, E. L. (2000) Signal transduction mechanisms mediating the physiological
and pathophysiological actions of angiotensin II in vascular smooth muscle cells. Pharmacol. Rev.
52, 639–672.

70. Ferrario, C. M., Averill, D. B., Brosnihan, K. B., et al. (2002) Vasopeptidase inhibition and Ang-(1–7)
in the spontaneously hypertensive rat. Kidney Int. 62, 1349–1357.

71. Unger, T. and Sandmann, S. (2000) Angiotensin receptor blocker selectivity at the AT1- and AT2-
receptors: conceptual and clinical effects. JRAAS 1, 6–9.

72. Carey, R. M., Wang, Z. Q., and Siragy, H. M. (2000) Role of the angiotensin type 2 receptor in the
regulation of blood pressure and renal function. Hypertension 35, 155–163.

73. Carey, R. M. and Siragy, H. M. (2003) The intrarenal renin–angiotensin system and diabetic
nephropathy. Trends Endocrinol. Metab. 14, 274–281.

74. Kobori, H., Harrison-Bernard, L. M., and Navar, L. G. (2001) Enhancement of angiotensinogen
expression in angiotensin II-dependent hypertension. Hypertension 37, 1329–1335.

75. Kobori, H., Harrison-Bernard, L. M., and Navar, L. G. (2001) Expression of angiotensinogen mRNA
and protein in angiotensin II-dependent hypertension. J. Am. Soc. Nephrol. 12, 431–439.

76. Darby, I. A. and Sernia, C. (1995) In situ hybridization and immunohistochemistry of renal
angiotensinogen in neonatal and adult rat kidneys. Cell Tissue Res. 281, 197–206.

77. Ingelfinger, J. R., Jung, F., Diamant, D., et al. (1999) Rat proximal tubule cell line transformed with
origin-defective SV40 DNA: autocrine ANG II feedback. Am. J. Physiol. Renal. Physiol. 276,
F218–F227.

78. Lalouel, J.-M., Rohrwasser, A., Terreros, D., Morgan, T., and Ward, K. (2001) Angiotensinogen in
essential hypertension: from genetics to nephrology. J. Am. Soc. Nephrol. 12, 606–615.

79. Loghman-Adham, M., Rohrwasser, A., Helin, C., et al. (1997) A conditionally immortalized cell line
from murine proximal tubule. Kidney Int. 52, 229–239.

80. Ding, Y., Davisson, R. L., Hardy, D. O., et al. (1997) The kidney androgen-regulated protein promoter
confers renal proximal tubule cell-specific and highly androgen-responsive expression on the
human angiotensinogen gene in transgenic mice. J. Biol. Chem. 272, 28,142–28,148.

81. Navar, L. G., Imig, J. D., Zou, L., and Wang, C.-T. (1997) Intrarenal production of angiotensin II.
Sem. Nephrol. 17, 412–422.

82. Jeunemaitre, X., Ménard, J., Clauser, E., and Corvol, P. (2000) Angiotensinogen: molecular biology
and genetics. In: Hypertension: Pathophysiology, Diagnosis, and Management (Laragh, J. H. and
Brenner, B. M., eds.), Vol. 1, 2nd ed., Raven, New York, pp. 1653–1665.

83. Kobori, H., Nishiyama, A., Harrison-Bernard, L. M., and Navar, L. G. (2003) Urinary angiotensinogen
as an indicator of intrarenal angiotensin status in hypertension. Hypertension 41, 42–49.

84. Modrall, J. G., Sadjadi, J., Brosnihan, K. B., et al. (2004) Depletion of tissue angiotensin-converting
enzyme differentially influences the intrarenal and urinary expression of angiotensin peptides.
Hypertension 43, 849–853.

18 Part I / Prieto-Carrasquero et al.

01_Navar_Carey  5/2/07  1:02 PM  Page 18



85. Iwai, N. and Inagami, T. (1992) Identification of two subtypes in rat type I angiotensin II receptor.
FEBS Lett. 298, 257–260.

86. Sasamura, H., Hein, L., Krieger, J. E., Pratt, R. E., Kobilka, B. K., and Dzau, V. J. (1992) Cloning,
characterization, and expression of two angiotensin receptor (AT-1) isoforms from the mouse
genome. Biochem. Biophys. Res. Commun. 185, 253–259.

87. Iwai, N.,Yamano,Y., Chaki, S., et al. (1991) Rat angiotensin II receptor: cDNA sequence and regulation
of the gene expression. Biochem. Biophys. Res. Commun. 177, 299–304.

88. Murphy, T. J., Alexander, R. W., Griendling, K. K., Runge, M. S., and Bernstein, K. E. (1991) Isolation
of a cDNA encoding the vascular type-1 angiotensin II receptor. Nature (Lond) 351, 233–236.

89. Nakajima, M., Mukoyama, M., Pratt, R. E., Horiuchi, M., and Dzau, V. J. (1993) Cloning of cDNA
and analysis of the gene for mouse angiotensin II type 2 receptor. Biochem. Biophys. Res. Commun.
197, 393–399.

90. Tsuzuki, S., Ichiki, T., Nakakubo, H., Kitami, Y., Guo, D. F., and Shirai, H. (1994) Molecular cloning
and expression of the gene encoding human angiotensin II type 2 receptor. Biochem. Biophys. Res.
Commun. 200, 1449–1454.

91. Ito, M., Oliverio, M. I., Mannon, P. J., et al. (1995) Regulation of blood pressure by the type 1A
angiotensin II receptor gene. Proc. Natl. Acad. Sci. USA 92, 3521–3525.

92. Cervenka, L., Mitchell, K. D., Oliverio, M. I., Coffman, T. M., and Navar, L. G. (1999) Renal function
in the AT1A receptor knockout mouse during normal and volume-expanded conditions. Kidney Int.
56, 1855–1862.

93. Oliverio, M. I., Best, C. F., Smithies, O., and Coffman, T. M. (2000) Regulation of sodium balance
and blood pressure by the AT(1A) receptor for angiotensin II. Hypertension 35, 550–554.

94. Meister, B., Lippoldt, A., Bunnemann, B., Inagami, T., Ganten, D., and Fuxe, K. (1993) Cellular
expression of angiotensin type-1 receptor mRNA in the kidney. Kidney Int. 44, 331–336.

95. Tufro-McReddie, A., Harrison, J. K., Everett, A. D., and Gomez, R. A. (1993) Ontogeny of type 1
angiotensin II receptor gene expression in the rat. J. Clin. Investig. 91, 530–537.

96. Gasc, J.-M., Monnot, C., Clauser, E., and Corvol, P. (1993) Co-expression of type 1 angiotensin II
receptor (AT1R) and renin mRNAs in juxtaglomerular cells of the rat kidney. Endocrinology 132,
2723–2725.

97. Bouby, N., Hus-Citharel, A., Marchetti, J., Bankir, L., Corvol, P., and Llorens-Cortes, C. (1997)
Expression of type 1 angiotensin II receptor subytpes and angiotensin II-induced calcium mobilization
along the rat nephron. J. Am. Soc. Nephrol. 8, 1658–1667.

98. Ruan, X. P., Wagner, C., Chatziantoniou, C., Kurtz, A., and Arendshorst, W. J. (1997) Regulation of
angiotensin II receptor AT1 subtypes in renal afferent arterioles during chronic changes in sodium
diet. J. Clin. Investig. 99, 1072–1081.

99. Prieto, M., Dipp, S., Meleg-Smith, S., and El Dahr, S. S. (2001) Ureteric bud derivatives express
angiotensinogen and AT1 receptors. Physiol. Genom. 6, 29–37.

100. Douglas, J. G. (1987) Angiotensin receptor subtypes of the kidney cortex. Am. J. Physiol. Renal.
Physiol. 253, F1–F7.

101. Mendelsohn, F. A. O., Dunbar, M., Allen, A., et al. (1986) Angiotensin II receptors in the kidney. Fed.
Proc. 45, 1420–1425.

102. Burns, K. D., Inagami, T., and Harris, R. C. (1993) Cloning of a rabbit kidney cortex AT1 angiotensin
II receptor that is present in proximal tubule epithelium. Am. J. Physiol. Renal. Physiol. 264,
F645–F654.

103. Paxton, W. G., Runge, M., Horaist, C., Cohen, C., Alexander, R. W., and Bernstein, K. E. (1993)
Immunohistochemical localization of rat angiotensin II AT1 receptor. Am. J. Physiol. Renal. Physiol.
264, F989–F995.

104. Zhuo, J., Alcorn, D., McCausland, J., and Mendelsohn, F. A. O. (1994) Localization and regulation
of angiotensin II receptors in renomedullary interstitial cells. Kidney Int. 46, 1483–1485.

105. Harrison-Bernard, L. M., Navar, L. G., Ho, M. M., Vinson, G. P., and El-Dahr, S. S. (1997)
Immunohistochemical localization of ANG II AT1 receptor in adult rat kidney using a monoclonal
antibody. Am. J. Physiol. Renal. Physiol. 273, F170–F177.

106. Miyata, N., Park, F., Li, X. F., and Cowley, A. W. Jr. (1999) Distribution of angiotensin AT1 and AT2
receptor subtypes in the rat kidney. Am. J. Physiol. 277, F437–F446.

107. Harrison-Bernard, L. M., Cook, A. K., Oliverio, M. I., and Coffman, T. M. (2003) Renal segmental
microvascular responses to ANG II in AT1A receptor null mice. Am. J. Physiol. Renal. Physiol. 284,
F538–F545.

Chapter 1 / Intrarenal RAS 19

01_Navar_Carey  5/2/07  1:02 PM  Page 19



108. Cheng, H. F., Becker, B. N., Burns, K. D., and Harris, R. C. Angiotensin II upregulates type-1
angiotensin II receptors in renal proximal tubule. J. Clin. Investig. 95, 2012–2019.

109. Amiri, F. and Garcia, R. (1997) Renal angiotensin II receptor regulation in two-kidney, one clip
hypertensive rats. Effect of ACE inhibition. Hypertension 30, 337–344.

110. Amiri, F., Haddad, G., and Garcia, R. (1999) Renal angiotensin II receptor regulation and
renin–angiotensin system inhibition in one-kidney, one clip hypertensive rats. J. Hypertens. 17,
279–286.

111. Harrison-Bernard, L. M., El-Dahr, S. S., O’Leary, D. F., and Navar, L. G. (1999) Regulation of
angiotensin II type 1 receptor mRNA and protein in angiotensin II-induced hypertension.
Hypertension 33, 340–346.

112. Wang, Z.-Q., Millatt, L. J., Heiderstadt, N. T., Siragy, H. M., Johns, R. A., and Carey, R. M. (1999)
Differential regulation of renal angiotensin subtype AT1A and AT2 receptor protein in rats with
angiotensin-dependent hypertension. Hypertension 33, 96–101.

113. Zhuo, J., Ohishi, M., and Mendelsohn, F. A. O. (1999) Roles of AT1 and AT2 receptors in the
hypertensive Ren-2 gene transgenic rat kidney. Hypertension 33, 347–353.

114. Harrison-Bernard, L. M., Zhuo, J., Kobori, H., Ohishi, M., and Navar, L. G. (2001) Intrarenal AT1
receptor and ACE binding in angiotensin II-induced hypertensive rats. Am. J. Physiol. Renal. Physiol.
281, F19–F25.

115. Norwood, V. F., Garmey, M., Wolford, J., Carey, R. M., and Gomez, R. A. (2000) Novel expression
and regulation of the renin–angiotensin system in metanephric organ culture. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 279, R522–R530.

116. Siragy, H. M., Jaffa, A. A., and Margolius, H. S. (1997) Bradykinin B2 receptor modulates renal
prostaglandin E2 and nitric oxide. Hypertension 29, 757–762.

117. Siragy, H. M. and Carey, R. M. (1999) Protective role of the angiotensin AT2 receptor in a renal wrap
hypertension model. Hypertension 33, 1237–1242.

118. de Gasparo, M. and Siragy, H. M. (1999) The AT2 receptor: fact, fancy and fantasy. Regul. Pept. 81,
11–24.

119. Jin, X. H., Siragy, H. M., and Carey, R. M. (2001) Renal interstitial cGMP mediates natriuresis by
direct tubule mechanism. Hypertension 38, 309–316.

120. Siragy, H. M., Inagami, T., Ichiki, T., and Carey, R. M. (1999) Sustained hypersensitivity to
angiotensin II and its mechanism in mice lacking the subtype-2 (AT2) angiotensin receptor. Proc.
Natl. Acad. Sci. USA 96, 6506–6510.

121. Navar, L. G., Harrison-Bernard, L. M., and Imig, J. D. (1998) Compartmentalization of intrarenal
angiotensin II. In: Renin–Angiotensin (Ulfendahl, H. R. and Aurell, M., eds.), Portland, London,
pp. 193–208.

122. Ingert, C., Grima, M., Coquard, C., Barthelmebs, M., and Imbs, J. L. (2002) Effects of dietary salt
changes on renal renin–angiotensin system in rats. Am. J. Physiol. Renal. Physiol. 283, F995–F1002.

123. Siragy, H. M., Howell, N. L., Ragsdale, N. V., and Carey, R. M. (1995) Renal interstitial fluid
angiotensin: modulation by anesthesia, epinephrine, sodium depletion and renin inhibition.
Hypertension 25, 1021–1024.

124. Nishiyama, A., Seth, D. M., and Navar, L. G. (2002) Renal interstitial fluid concentrations of
angiotensins I and II in anesthetized rats. Hypertension 39, 129–134.

125. Nishiyama, A., Seth, D. M., and Navar, L. G. (2002) Renal interstitial fluid angiotensin I and
angiotensin II concentrations during local angiotensin-converting enzyme inhibition. J. Am. Soc.
Nephrol. 13, 2207–2212.

126. Nishiyama, A., Seth, D. E., and Navar, L. G. (2001) Renal interstitial concentrations of angiotensin I
and angiotensin II in angiotensin II-infused hypertensive rats. J. Am. Soc. Nephrol. 12, 574A.

127. Navar, L. G., Harrison-Bernard, L. M., Nishiyama, A., and Kobori, H. (2002) Regulation of
intrarenal angiotensin II in hypertension. Hypertension 39, 316–322.

128. Wang, C.-T., Chin, S. Y., and Navar, L. G. (2000) Impairment of pressure-natriuresis and renal
autoregulation in ANG II-infused hypertensive rats. Am. J. Physiol. Renal. Physiol. 279, F319–F325.

129. Kobori, H., Nishiyama, A., Abe, Y., and Navar, L. G. (2003) Enhancement of intrarenal angiotensinogen
in Dahl salt-sensitive rats on high salt diet. Hypertension 41, 592–597.

130. Kobori, H., Prieto-Carrasquero, M. C., Ozawa, Y., and Navar, L. G. (2004) AT1 receptor mediated
augmentation of intrarenal angiotensinogen in angiotensin II-dependent hypertension. Hypertension
43, 1126–1132.

20 Part I / Prieto-Carrasquero et al.

01_Navar_Carey  5/2/07  1:02 PM  Page 20



131. Cervenka, L., Wang, C.-T., Mitchell, K. D., and Navar, L. G. (1999) Proximal tubular angiotensin II
levels and renal functional responses to AT1 receptor blockade in nonclipped kidneys of Goldblatt
hypertensive rats. Hypertension 33, 102–107.

132. Mitchell, K. D., Jacinto, S. M., and Mullins, J. J. (1997) Proximal tubular fluid, kidney, and plasma
levels of angiotensin II in hypertensive ren-2 transgenic rats. Am. J. Physiol. Renal. Physiol. 273,
F246–F253.

133. Wang, C.-T., Navar, L. G., and Mitchell, K. D. (2003) Proximal tubular fluid angiotensin II levels in
angiotensin II-induced hypertensive rats. J. Hypertens. 21, 353–360.

134. Boer, W. H., Braam, B., Fransen, R., Boer, P., and Koomans, H. A. (1997) Effects of reduced renal
perfusion pressure and acute volume expansion on proximal tubule and whole kidney angiotensin II
content in the rat. Kidney Int. 51, 44–49.

135. Wang, T. and Giebisch, G. (1996) Effects of angiotensin II on electrolyte transport in the early and
late distal tubule in rat kidney. Am. J. Physiol. Renal. Physiol. 271, F143–F149.

136. Peti-Peterdi, J., Warnock, D. G., and Bell, P. D. (2002) Angiotensin II directly stimulates ENaC activity
in the cortical collecting duct via AT(1) receptors. J. Am. Soc. Nephrol. 13, 1131–1135.

137. Zou, L., Imig, J. D., Hymel, A., and Navar, L. G. (1998) Renal uptake of circulating angiotensin II
in Val5-angiotensin II infused rats is mediated by AT1 receptor. Am. J. Hypertens. 11, 570–578.

138. van Kats, J. P., de Lannoy, L. M., Danser, A. H. J., van Meegen, J. R., Verdouw, P. D., and
Schalekamp, M. A. D. H. (1997) Angiotensin II type 1 (AT1) receptor-mediated accumulation of
angiotensin II in tissues and its intracellular half-life in vivo. Hypertension 30, 42–49.

139. Zhuo, J. L., Imig, J. D., Hammond, T. G., Orengo, S., Benes, E., and Navar, L. G. (2002) Ang II
accumulation in rat renal endosomes during Ang II-induced hypertension: role of AT(1) receptor.
Hypertension 39, 116–121.

140. Hein, L., Meinel, L., Pratt, R. E., Dzau, V. J., and Kobilka, B. K. (1997) Intracellular trafficking of
angiotensin II and its AT1 and AT2 receptors: evidence for selective sorting of receptor and ligand.
Mol. Endocrinol. 11, 1266–1277.

141. Chen, R., Mukhin, Y. V., Garnovskaya, M. N., et al. (2000) A functional angiotensin II receptor–GFP
fusion protein: evidence for agonist-dependent nuclear translocation. Am. J. Physiol. Renal. Physiol.
279, F440–F448.

142. Linas, S. L. (1997) Role of receptor mediated endocytosis in proximal tubule epithelial function.
Kidney Int. 52(Suppl 61), S18–S21.

143. Becker, B. N., Cheng, H.-F., and Harris, R. C. (1997) Apical ANG II-stimulated PLA2 activity and
Na+ flux: a potential role for Ca2+-independent PLA2. Am. J. Physiol. Renal. Physiol. 273,
F554–F562.

144. Haller, H., Lindschau, C., Erdmann, B., Quass, P., and Luft, F. C. (1996) Effects of intracellular
angiotensin II in vascular smooth muscle cells. Circ. Res. 79, 765–772.

145. Licea, H., Walters, M. R., and Navar, L. G. (2002) Renal nuclear angiotensin II receptors in normal
and hypertensive rats. Acta Physiol. Hung. 89, 427–438.

146. Schunkert, H., Ingelfinger, J. R., Jacob, H., Jackson, B., Bouyounes, B., and Dzau, V. J. (1992)
Reciprocal feedback regulation of kidney angiotensinogen and renin mRNA expressions by
angiotensin II. Am. J. Physiol. Endocrinol. Metab. 263, E863–E869.

147. Kobori, H., Harrison-Bernard, L. M., and Navar, L. G. (2002) Urinary excretion of angiotensinogen
reflects intrarenal angiotensinogen production. Kidney Int. 61, 579–585.

148. Kodama, K., Adachi, H., and Sonoda, J. (1997) Beneficial effects of long-term enalapril treatment
and low-salt intake on survival rate of Dahl salt-sensitive rats with established hypertension.
J. Pharmacol. Exp. Ther. 283, 625–629.

149. Otsuka, F., Yamauchi, T., Kataoka, H., Mimura, Y., Ogura, T., and Makino, H. (1998) Effects of
chronic inhibition of ACE and AT1 receptors on glomerular injury in Dahl salt-sensitive rats. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 274, R1797–R1806.

150. Hayakawa, H., Coffee, K., and Raij, L. (1997) Endothelial dysfunction and cardiorenal injury in
experimental salt-sensitive hypertension: effects of antihypertensive therapy. Circ. Res. 96,
2407–2413.

151. Nishikimi, T., Mori, Y., Kobayashi, N., et al. (2002) Renoprotective effect of chronic adrenomedullin
infusion in Dahl salt- sensitive rats. Hypertension 39, 1077–1082.

152. Beutler, K. T., Masilamani, S., Turban, S., et al. (2003) Long-term regulation of ENaC expression in
kidney by angiotensin II. Hypertension 41, 1143–1150.

Chapter 1 / Intrarenal RAS 21

01_Navar_Carey  5/2/07  1:02 PM  Page 21



153. Ma, L.-J., Nakamura, S., Whitsitt, J. S., Marcantoni, C., Davidson, J. M., and Fogo, A. B. (2000)
Regression of sclerosis in aging by an angiotensin inhibition-induced decrease in PAI-1. Kidney Int.
58, 2425–2436.

154. Nakamura, S., Nakamura, I., Ma, L., Vaughan, D. E., and Fogo, A. B. (2000) Plasminogen activator
inhibitor-1 expression is regulated by the angiotensin type 1 receptor in vivo. Kidney Int. 58,
251–259.

155. Taal, M. W., Chertow, G. M., Rennke, H. G., et al. (2001) Mechanisms underlying renoprotection
during renin–angiotensin system blockade. Am. J. Physiol. Renal. Physiol. 280, F343–F355.

22 Part I / Prieto-Carrasquero et al.

01_Navar_Carey  5/2/07  1:02 PM  Page 22



1. INTRODUCTION

Angiotensin II (Ang II), a peptide hormone, is the primary product of the
renin–angiotensin system (RAS). The main effects of Ang II are related to the control
of cardiovascular, renal and adrenal functions, as related to fluid and electrolyte
balance, and arterial pressure. In addition, the octapeptide Ang II also affects cell
growth, apoptosis, fibrosis, inflammation, and coagulation. The classical RAS involves
the biosynthesis of the enzyme renin in the juxtaglomerular cells of the kidney. Active
renin cleaves angiotensinogen (Ao), which is synthesized in the liver to form the deca-
peptide angiotensin I (Ang I). Angiotensin I is acted upon by angiotensin-converting
enzyme (ACE), a primarily membrane bound glycoprotein, which hydrolyzes the Ang
I into the biologically active Ang II. The majority of the actions of Ang II are attributed
to the interaction of the peptide with the Ang II, type 1 plasma membrane (AT1) receptor.
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The AT1 is a seven-transmembrane spanning, heterotrimeric G protein-coupled receptor
(GPCR) that activates multiple signal transduction pathways. An AT2 receptor, which in
large part couples to effector pathways that antagonize the AT1 effects, is also present
in the cardiovascular tissue. The AT2 receptor function will be discussed in more detail
in Chapter 5. In addition to the classical, circulating RAS, locally derived RASs have
been described in many studies on organs and tissues, including the heart and vascu-
lature. Clinical, animal, and cell culture studies support the concept that these local
RASs can act in an autocrine, paracrine, and/or intracrine manner. In this chapter, we
describe the data that support the existence of a local RAS in the heart and vasculature
and detail the signaling pathways by which locally generated Ang II may effect the
responses described earlier.

Approximately 25 yr ago the first data were presented that a local RAS may be
functional in the kidney (1). These initial observations have now been extended to many
organs and tissues. There are substantial data that suggest a biologically/physiologically
and pathologically relevant intracardiac RAS in the heart. To separate the circulating
RAS from a local RAS, a number of criteria need to be met. The mRNAs for the
components of the system (renin, Ao, and ACE) necessary for the biosynthesis of Ang II
should be present in the tissue (1). However, a caveat is that if Ao is present, alter-
native conversion pathways may exist in the biosynthesis of Ang II. For example, chymase
is an abundant enzyme in cardiac tissue (including human heart) that can convert Ang I
to Ang II. Human blood vessels can also generate Ang II by a chymase-dependent path-
way. Chymase-dependent Ang II formation also affects vascular proliferation in grafted
veins (2). In the heart, renin mRNA is present, though in minuscule amounts. Because
circulating renin and prorenin are efficiently taken up by the heart, this may be the likely
source of cardiac renin. Additionally, several studies suggest that the endothelium
mediates vascular Ang II formation via the cellular uptake of renin (1). Secondly, a bio-
logically active product (Ang II) needs to be synthesized in the tissue. Importantly, the
receptors (AT1) or recognition sites for the peptide need to be present, so that local
responses can be mediated. The local system should be regulated within the tissue in a
manner that is independent of the circulating RAS. Finally, the product should produce
a physiological or pathophysiological response that can be separated from the circu-
lating system (1). One of the most difficult aspects of performing research in this area
has been the conclusive in vivo demonstration of separate regulation and actions for the
circulating and local RASs.

There is a substantial evidence to support the role of Ang II as a modulator involved
in the process of cardiac remodeling that occurs in association with pressure overload
or myocardial ischemia. There are many studies that demonstrate the efficacy of ACE
inhibitors and AT1 receptor antagonists in blocking cardiac hypertrophy and extracell-
ular matrix deposition. Additionally, recent multicenter clinical trials suggest that these
agents reduce morbidity and mortality associated with heart failure, as well as among
the survivors of myocardial infarction, beyond that predicted by blood pressure reduc-
tion alone. That the antihypertensive actions of ACE inhibitors correlate better with the
inhibition of tissue ACE than plasma ACE and that hypertensive patients with normal
or low levels of systemic RAS activity can be effectively treated with inhibitors of the
RAS, strongly supports the concept of a tissue RAS (3). A number of transgenic animal
studies support the functional significance of a cardiac RAS. Targeted cardiac myocyte
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overexpression of Ao, resulted in increases in cardiac Ang II concentration and both left
and right ventricular hypertrophy, unaccompanied by any increase in arterial pressure
or circulating levels of Ang II. In other experiments in which the AT1 expression was
targeted to the cardiac ventricles in transgenic rats, there was an increase in the hyper-
trophic response to pressure or volume overload. Thus, there was a synergism between
mechanical load and AT1 activation in inducing cardiac hypertrophy. AT1A knockout mice
showed diminished left ventricular remodeling and improved survival after myocardial
infarction. However, in a different AT1A knockout study, pressure overload-induced
hypertrophy was not prevented, suggesting that compensatory mechanisms were activated
following AT1A gene deletion in early embryogenesis. Transgenic mice that express Ao
in the liver and brain, but not in the heart, exhibited less cardiac hypertrophy, and
perivascular and interstitial fibrosis (4). Recent studies that used adenoviral and plasmid
vectors, which were constructed to express Ang II intracellularly, demonstrated hyper-
trophic growth in primary cultures of cardiomyocytes and significant cardiac hypertrophy
in adult mice (without an increase in blood pressure or in circulating Ang II concen-
trations), respectively (5). These latter observations were not blocked by AT1 antagonists,
suggesting an intracellular recognition site, independent of the plasma membrane AT1
and are consistent with an intracrine mechanism of action (4). Overall, there are many
in vitro (isolated cells) and in vivo (whole animal) studies, coupled with experimental
observations in humans, suggest that functionally relevant tissue and organ (local)
RASs exist. The remainder of this chapter details the functional aspects and the signal
transduction pathways, important in mediating the cellular effects of the cardiac and
vascular RASs.

2. NOVEL COMPONENTS OF THE RAS

Recently, additional components of the RAS and their biological functions have
been identified. A second isoform of renin, called renin 1A, lacking the secretory signal
peptide has been identified and transcripts were detected in brain, adrenal, and heart (6).
Kidneys express only the full-length transcript of renin. In addition to enzymatically
cleaving Ao into Ang I, renin was shown to bind the mannose-6-phosphate receptor, but
without functional effects. A renin receptor has now been cloned from mesangial cells
(1). Binding of renin or prorenin to this receptor activates mitogen-activated protein
(MAP) kinase signaling and increases the catalytic efficiency of Ao to Ang I conversion.
The receptor mRNA is expressed highly in heart, brain, placenta, and to lower levels in
kidney and liver. A new homolog of ACE, angiotensin-converting enzyme 2 (ACE2) has
been discovered (7). ACE2 has significant sequence homology to ACE; however, it differs
in enzymatic activity. In contrast to ACE, ACE2 cleaves Ang I to Ang (1–9) and Ang II
to Ang (1–7), effectively inhibiting the formation of Ang II. In addition to Ang II, addi-
tional biological active peptide fragments of Ao have been demonstrated. Ang (1–7) is a
heptapeptide that is formed, either from Ang I or Ang II, by the action of several pepti-
dases, such as neutral-endopeptidase, prolyl-endopeptidase, prolyl-carboxypeptidase,
and by ACE2. Ang (1–7) has opposite actions to Ang II, exhibiting vasodilatory and
antiproliferative effects. The cardiovascular effects of ACE inhibitors are attributed
to changes in Ang II and bradykinin levels. According to a recent evidence, ACE is
also involved in outside-in signaling in endothelial cells, and “ACE signaling” may be
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an important cellular mechanism contributing to the beneficial effects of ACE inhibitors
(8). ACE inhibitors increased the activity of ACE-associated Jun N-terminal kinase
(JNK) and elicited the accumulation of phosphorylated c-Jun in the nucleus (8). Ang
(3–8), known as angiotensin IV (Ang IV), is another biologically active metabolite
formed from Ang II by aminopeptidases A and N. Ang IV has an important role in the
memory enhancing and hypertensive effects of Ang II in animal models.

3. THE CARDIAC RAS

3.1. Synthesis and Regulation
The concept of a local cardiac RAS is generally accepted, with the demonstration of

RAS components and differential regulation by physiological and pharmacological
perturbations. Cardiac RAS activity is under the control of tissue-specific regulatory
influences and differs from that of the systemic RAS. For example, an increase in left
ventricular mass produced by abdominal aortic constriction can be prevented by an
ACE inhibitor, with no change in the afterload (9). There is an evidence that most of
the cardiac Ang II is synthesized at the site and is not taken up from the circulation.
A quantitative study using radiolabeled Ao infusion has shown that more than 90%
of cardiac Ang I and 75% of cardiac Ang II are synthesized at cardiac sites (10). The
components for Ang II biosynthesis are present in both cardiac myocytes and fibro-
blasts. The interstitial concentration of Ang II in the heart is about 100-fold more than
that of plasma, though the myocardial concentration of renin and Ao is only 1–4% that
of plasma (1). There is a debate about which and in what amount RAS components are
synthesized locally or are taken up from the plasma. Much of the controversy surrounds
the source of renin in the heart. Active uptake from the plasma, by endothelial cells,
cardiomyocytes and fibroblasts, in addition to de novo synthesis, has been proposed.
Two uptake mechanisms have been described, one that is mediated by the mannose-
6-phosphate receptor and another that is not. The former mainly represents a clearance
mechanism of circulating glycosylated prorenin by heart cells; whereas the latter
mechanism takes up non-glycosylated prorenin and results in an intracellular generation
of angiotensin peptides (11). Emerging evidence suggests that under specific circum-
stances renin is synthesized in cardiovascular tissues. Renin mRNA has been detected
in cardiac atria, ventricles, and primary cultures of neonatal and adult rat ventricular
myocytes (12,13). Increased levels of renin mRNA have been reported in patients
sustaining a myocardial infarction and in the ventricles of animals with experimental
models of infarction (14). Renin mRNA and protein have been detected in canine
cardiac myocytes, levels of which are upregulated by ventricular-pacing-induced
cardiac failure (15). A second renin transcript, lacking the coding region for the secre-
tory signal peptide and named Exon 1A renin, has been detected in brain, adrenal, and
heart (6). Interestingly, Exon 1A renin is the only transcript of the renin expressed in
heart. The latter observation may help to explain the discrepancy in the literature regarding
renin expression in the heart. The methods applied in studies with negative results,
might not have detected this newly identified transcript. This potentially intracellular
renin coding mRNA is upregulated in the left ventricle following myocardial infarction.
Thus, the possibility of two cardiac RASs has been suggested, one is the intracardiac
RAS, and another intracellular RAS driven by Exon 1A renin (11). The local production
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of Ao and ACE is less controversial. Ao mRNA and protein have been detected in the
hearts of human, dog, and rat, as well as in rat cardiac myocytes and fibroblasts in primary
cell culture (13). Upregulation of the Ao gene in an experimental model of pressure
overload has been reported (16). ACE has been detected in human and rat heart, with
higher amounts in atria compared to the ventricles. Endothelial cells and fibroblasts
appear to be the major cell types of the heart that express ACE. ACE has also been
detected in primary cultures of adult and neonatal cardiac myocytes (12,17). There also
exist other enzymes such as cathepsins, chymase, and ACE2 that can substitute for renin
and ACE in the processing of Ao in the heart. Cathepsin D has been shown to cleave Ao
into Ang II, and chymase can convert Ang I to Ang II. Chymase is highly specific for
Ang I and does not degrade bradykinin and vasoactive intestinal peptide. In myocardial
extracts from humans and dogs, chymase accounts for about 90% of Ang II forming
activity, although the role in intact heart is unknown (13). Thus, it remains unclear in
which situation renin- or ACE-independent Ang II synthesis occurs. ACE2 affects Ang
II levels by converting Ang I into Ang (1–9) and Ang II into Ang (1–7). ACE2 expres-
sion is significantly increased in failing human heart (18). ACE2 knockout mice have
left ventricular dysfunction and wall thinning, along with increased Ang II levels. ACE
and ACE2 double-knockout completely prevents cardiac abnormalities and the increase
in Ang II production (7). On the other hand, transgenic mice with increased cardiac
ACE2 expression show a high incidence of sudden death owing to ventricular tachycardia
and ventricular fibrillation, as a result of gap junction remodeling (19). Local generation
of Ang (1–7) in the myocardium of dogs (20) and elevation of Ang (1–7) in cardiac
myocytes during development of heart failure, subsequent to coronary artery ligation,
has been reported (21). In addition, intravenous infusion of Ang (1–7) attenuates the
development of heart failure after myocardial infarction, suggesting a role for this peptide
in cardiac remodeling (22).

The activity of the cardiac RAS is influenced by several pathophysiological conditions.
Volume overload is associated with the increased expression of renin and ACE, whereas
pressure overload increases the expression of Ao and AT1 (13). Mechanical stretch of
cardiac myocytes increases Ang II release from the cells. Ao gene expression is increased
in the heart by cardiotrophin-1, glucocorticoids, estrogen, and thyroid hormone (13,23).
Ang II stimulates the production of atrial natriuretic peptide, which in turn regulates
renin and Ao mRNA levels (13). Ang II has a differential effect on renin and Ao expres-
sion in cardiac myocytes and fibroblasts, positively regulating the former, whereas
negatively regulating the latter. Cardiac fibroblasts also secrete a factor that upregulates
Ao gene expression by cardiac myocytes (4). Together, these observations suggest that
the cardiac RAS represents a self-sustaining paracrine–autocrine loop, involving both
cardiac myocytes and fibroblasts (4) (Fig. 1).

3.2. Intracrine Cardiac RAS
In addition to autocrine–paracrine functions of a cardiac RAS, there is a substantial

evidence for intracellular (intracrine) actions of Ang II in heart (24). Our recent studies
have shown that intracellular expression of Ang II in cultured cardiac myocytes, and
in mice hearts using a specific promoter, results in hypertrophic cell growth and in
biventricular hypertrophy, respectively (5). This is accompanied by an increase in
gene expression, but without any change in blood pressure. Ang II non-peptide

Chapter 2 / Cardiovascular RAS 27

02_Baker_Carey  5/2/07  1:04 PM  Page 27



receptor antagonists do not block the intracellular effects of Ang II in cardiac tissue.
The physiological significance of intracellular effects of Ang II has not been estab-
lished. An intracrine RAS might provide an essential part of a self-sustaining cardiac
RAS loop.

4. THE VASCULAR RAS

4.1. Synthesis and Regulation
Local production of Ang I and Ang II in vascular smooth muscle, endothelial, and

endocardial cells has been widely recognized. Angiotensinogen gene expression in the
vasculature was reported in the 1980s (25,26). Angiotensinogen expression was
observed in the medial smooth muscle layer, as well as in periaortic adipose tissue.
Dietary sodium and vascular injury regulated the expression of angiotensinogen in the
smooth muscle layer (26,27). Insulin-like growth factor (IGF)-1, as well as insulin,
stimulates Ao production and vascular smooth muscle cell (VSMC) growth. In contrast,
both low and high levels of insulin suppress Ao and renin expression in cultured endo-
thelial cells; however, high doses of insulin stimulate ACE activity. These observations
suggest that insulin regulates VSMC growth and endothelial function via bifunctional
modulation of vascular angiotensin generation (28). ACE is constitutively expressed
in endothelial cells, but can also be detected at low levels in VSMC. In rats, the ACE
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Fig. 1. Cardiac and vascular renin–angiotensin system. The components of the RAS are present in
both vascular and the cardiac tissues. A significant amount of Ang II production occurs at local sites,
from the precursors of local and circulatory origin. Based on the origin and site of action of Ang II,
the biological effects can be categorized as endocrine, autocrine/paracrine, and intracrine.
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activity can be induced in VSMC, in vivo, by experimental hypertension or vascular
injury and by corticosteroid treatment. ACE is upregulated in the human atherosclerotic
plaque and more particularly at the shoulder of the plaque, the most vulnerable site for
rupture. ACE-independent generation of Ang II by chymase, the latter being produced
by mast cells in atherosclerotic lesions, also seems to be significant. The synthesis of
renin in blood vessels is still a matter of debate. It is possible that renin expression
is very low or undetectable under normal physiological conditions and increased in
certain pathological situations. A transgenic mouse model, in which human renin pro-
moter directed tissue-specific and regulated expression of a -galactosidase reporter
gene mimicking endogenous renin, has shown -galactosidase staining in kidney afferent
arterioles and in larger arteries (renal arteries, aorta to iliac arteries) outside the kidney
(29). In larger vessels, -galactosidase expression is observed in discrete areas, separated
by regions of non-expressing cells. Renin mRNA and protein have been detected in the
spiral arteries of human uterus. Renin message and protein are increased in vascular
cells following carotid artery injury in the rat, suggesting that locally synthesized renin
has a role in the medial thickening that follows. Renin mRNA concentration is markedly
increased in 24 h after balloon injury, and renin is transiently expressed in medial
VSMC, as demonstrated by an immunohistochemical analysis (30). AT1 receptor is also
expressed in the vessel wall, with the highest receptor density being found on VSMC.
A significant increase in the receptor density is observed in hypercholesterolemic-induced
atherosclerosis and in balloon injury (31).

4.2. Functions of the Vascular RAS
Vascular diseases are triggered by a variety of factors such as growth factors, extra-

cellular matrix proteins, cytokines, or chemokines. Ang II exerts multiple actions on
vascular structure and function, including regulation of vasomotor tone, cell growth/
apoptosis, fibrinolytic imbalance and inflammation, all key components of athero-
sclerotic progression, and of adverse coronary outcomes. Enhanced shear stress produced
by increased vascular load, in concert with elevated levels of Ang II, causes vessel wall
remodeling, leading to the initiation, maintenance, and destabilization of atherosclerotic
lesions (32). Increased production of plasminogen activator inhibitor type-1 and enhanced
oxidative stress are other mechanisms by which Ang II promotes atherosclerosis. Ang
II increases lipid loading into foam cells and expression of redox-sensitive gene products,
such as vascular cell adhesion molecule-1 and monocyte chemoattractant protein-1.
These proteins recruit macrophages and other inflammatory cells in vascular injury and
in vasculopathy related to diabetes, re-stenosis, and atherosclerosis (30). Ang II induces
intimal proliferation and fibrosis via increased production of a number of growth
factors, such as transforming growth factor (TGF)- , platelet-derived growth factor
(PDGF), basic fibroblast growth factor, parathyroid hormone-related protein, and con-
nective tissue growth factor. Consistent with these findings, inhibitors of the RAS prevent
intimal proliferation. Over-activation of the RAS promotes endothelial dysfunction by
Ang II-induced oxidative stress and the release of endothelin-1, a potent vasoconstrictor
(31). Ang II also stimulates the production of several extracellular matrix (ECM) com-
ponents, including fibronectin, collagen, laminin, and tenascin. These changes in ECM
may facilitate an environment that allows cells to proliferate, grow, and migrate.
Clinical and experimental data demonstrate improvement in endothelial dysfunction
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and reduction in vascular inflammation, cellular proliferation, and fibrosis in athero-
sclerotic lesions in response to RAS blockade (33).

4.3. Benefits of Vascular RAS Blockade
The beneficial effects of blockade of the RAS on experimental vascular diseases in

animal models have been demonstrated. Spontaneously hypertensive rats (SHR) show
elevated levels of aortic TGF- 1, fibronectin, and collagen type IV mRNA, compared
to Wistar–Kyoto (WKY) rats; which are significantly reduced by an ACE inhibitor or
an AT1 receptor antagonist. Similar suppression of these mRNAs is observed with an
AT1 blocker or ACE inhibitor, in stroke-prone SHR. These effects on gene expression
correlate with the suppression of medial hypertrophy of the aorta and the mesenteric
artery of SHR and stroke-prone SHR, respectively (30). Arterial injury produced by
balloon angioplasty activates the RAS, leading to progressive neointimal thickening and
narrowing of the vascular lumen. Accumulating evidence suggests that the inhibition of
the vascular RAS results in suppression of injury-induced neointima formation. In the
porcine coronary artery balloon-injury model, an ACE inhibitor significantly inhibited
neointima formation after balloon injury that was accompanied by a significant improve-
ment from endothelial dysfunction (34). Treatment with an AT1 blocker significantly
inhibited neointima formation caused by polyethylene cuff placement around the
femoral artery of mice (35). Combined treatment with an AT1 blocker and an ACE
inhibitor had an additive inhibitory effect on balloon-injury-elicited neointima formation
in the carotid artery of rat (36). In hypercholesterolemic animals, abnormal endothelial
function and reactive oxygen species (ROS) production associated with increased AT1
receptors are normalized by treatment with an AT1 antagonist (31).

5. ANG II-MEDIATED SIGNALING PATHWAYS

The multiple actions of Ang II are mediated via specific, highly complex intracellular
signaling pathways, which are stimulated following initial binding of the peptide to its
specific receptors. In mammalian cells, Ang II mediates effects via at least two high-
affinity plasma membrane receptors, AT1 and AT2. Both receptor subtypes have been
cloned and pharmacologically characterized (37,38). Two other Ang II receptors have
been described, namely AT3 and AT4. The AT3 receptor is peptide-specific, recognizing
mainly Ang II. This receptor does not bind nonpeptide ligands such as losartan (selective
AT1 receptor antagonist) or PD123319 (selective AT2 receptor antagonist), and has only
been observed in cell lines. The AT4 receptor, which is present in heart, lung, kidney,
brain, and liver, binds Ang IV (39), but not losartan or PD123319. We will focus on the
signaling pathways mediated by AT1 and AT2.

5.1. AT1 Receptor
The gene for the AT1 was first cloned in 1991 (37), and consists of 359 amino acids

with a molecular mass of 41 kDa. Two AT1 receptor subtypes have been described in
rodents, AT1a and AT1b, with greater than 94% amino acid sequence homology (40), and
which have similar pharmacological properties and tissue distribution patterns. AT1a and
AT1b genes in rats are mapped to chromosomes 17 and 2 (41), respectively; whereas, the
human AT1 gene is mapped to chromosome 3 (42). AT1 receptors are primarily found
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in the brain, adrenals, heart, vasculature, and kidney, and serve to regulate blood pressure
and fluid and electrolyte balance. In the heart, the highest density of AT1 is found in the
conducting system (43). Punctate AT1 binding is found in the epicardium surrounding
the atria, with low binding seen throughout the atrial and ventricular myocardium (44).
Moreover, AT1 in the vasculature, including the aorta, pulmonary and mesenteric arteries,
are present in high levels on VSMC, with low levels in the adventitia (45). Virtually all
of the known biological actions of Ang II are mediated by AT1, including the elevation
of blood pressure, vasoconstriction, increase in cardiac contractility, release of aldo-
sterone and vasopressin, renal tubular sodium reabsorption, stimulation of sympathetic
transmission, and cellular growth (46). In addition, a recent in vitro and in vivo evidence
supports the notion that Ang II, mediated by AT1, may participate directly in the patho-
genesis of various cardiovascular diseases (47–49). Thus, the molecular and cellular
actions of Ang II in cardiovascular diseases are almost exclusively mediated by AT1.

AT1 belongs to the seven transmembrane class of GPCRs. Four cysteine residues are
located in the extracellular domain, which represent the sites of disulfide bridge forma-
tion and are critical tertiary structure determinants. The transmembrane domain and the
extracellular loop play an important role in Ang II binding (50). The Ang II binding site
with AT1 is different from the binding site for AT1 antagonists, which interact only with
the transmembrane domain of the receptor (51). Like most G protein-coupled receptors,
AT1 is also subject to internalization when stimulated by Ang II, a process dependent
on specific residues on the cytoplasmic tail (52). AT1 receptors interact with various hetero-
trimeric G proteins, including Gq/11, Gi/o, G 12, and G 13. The different G protein
isoforms couple to distinct signaling cascades.

5.2. AT2 Receptor
The second major isoform of the Ang II receptor, AT2, has been cloned in a variety

of species, including human (53), rat (54), and mouse (38). AT2 is also a seven-
transmembrane glycoprotein, encoded by a 363-amino-acid protein with a molecular
mass of 41 kDa, and shares only 34% sequence identity with AT1 (55). The AT2 receptor
gene is localized as a single copy on the X chromosome. Unlike AT1, there is no evidence
for subtypes of AT2. AT2 is normally expressed at high levels in developing fetal tissues,
and decreases rapidly after birth (56). In the adult, AT2 expression is detectable in
the pancreas, heart, kidney, adrenals, myometrium, ovary, brain and vasculature. AT2 is
re-expressed in adults after vascular and cardiac injury and during wound healing and
renal obstruction (57–60). Thus, AT2 receptors appear to be involved in the control of
cell proliferation, cell differentiation and development, angiogenesis, wound healing,
tissue regeneration, and even apoptosis, namely, biological processes that counteract the
trophic responses mediated through AT1 (61,62).

In the heart, AT2 inhibits growth and remodeling, induces vasodilation, and is up-
regulated in pathological states (63). Conflicting data on antigrowth effects have emerged
from the studies of mice lacking AT2 (64). However, recent studies have helped to clarify
the role of AT2 in cardiac remodeling following myocardial infarction (65) and in cardiac
hypertrophy and fibrosis because of Ang II infusion in mice overexpressing AT2 selec-
tively in the myocardium. After myocardial infarction, AT2 overexpression resulted in
preservation of left ventricular global and regional function, indicating a beneficial
role of AT2 in volume-overload states, including post-myocardial infarction remodeling
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(65,66). In blood vessels, in addition to vasodilatory actions, AT2 exerts antiproliferative
and apoptotic effects in VSMC and decreases neointima formation in response to an
injury by counteracting Ang II actions at the AT1 receptor (67). Part of the actions of
AT2 in blood vessels may be to downregulate the expression of AT1 and TGF- receptors
via the bradykinin–nitric oxide (NO) pathway.

Signaling pathways through which AT2 mediates cardiovascular actions have recently
been explained. Four major cascades are involved that include: (1) activation of protein
phosphatases and protein dephosphorylation, (2) regulation of the NO–cGMP system,
(3) stimulation of phospholipase A2 (PLA2) and release of arachidonic acid (AA), and
(4) sphingolipid-derived ceramide (61,62,68,69). In contrast to the extensive data on the
molecular and cellular functions and pathophysiological significance of AT1, the role of
AT2 in cardiovascular diseases remains to be defined.

6. AT1-MEDIATED INTRACELLULAR SIGNALING

There are five classical signal transduction mechanisms for AT1, as follows: activation
of PLA2, phospholipase C (PLC), phospholipase D (PLD) and L-type Ca2+ channels and
inhibition of adenylyl cyclase (Fig. 2). AT1 couples to Gq/11 protein, and induces the
activation of PLC- , which results in generation of two secondary messengers, inositol
(1,4,5) trisphosphate (IP3) and diacylglycerol (DAG). IP3 stimulates the release of Ca2+

from intracellular stores, and DAG activates protein kinase C (PKC), both of which are
involved in cardiac hypertrophy, heart failure, and vasoconstriction (70–73). Activation
of PLA2 and PLD stimulates the release of AA, the precursor molecule for the gen-
eration of prostaglandins, and is involved in the Ang II-induced growth of VSMC and
cardiac hypertrophy (74). Ang II-mediated stimulation of AT1 coupled with Gi/o protein
can also inhibit adenylyl cyclase in several target tissues, thereby attenuating the produc-
tion of the second messenger cAMP (75). cAMP is a vasodilator and when production
is decreased by AT1 activation, vasoconstriction ensues. Moreover, AT1 is also involved
in the opening of Ca2+ channels and influx of extracellular Ca2+ into cells (76,77), and
the activation of L-channels is mediated by AT1 coupled with G12/13 proteins (78).

7. AT1-MEDIATED TYROSINE PHOSPHORYLATION

A recent development in the field of Ang II signaling is the demonstration that AT1
activation is associated with increased protein tyrosine phosphorylation. These processes
are characteristically associated with growth factors and cytokines. Accordingly, it is
becoming increasingly evident that in addition to its potent vasoconstrictor properties,
Ang II has mitogenic- and inflammatory-like characteristics. Ang II stimulates phos-
phorylation of many non-receptor tyrosine kinases including PLC , Src family kinases,
Janus kinase (JAK), focal adhesion kinase (FAK), Ca2+-dependent tyrosine kinases (e.g.,
proline-rich tyrosine kinase, Pyk2), p130Cas, and phosphatidylinositol 3-kinase (PI3K).
In addition, Ang II influences the activity of receptor tyrosine kinases (RTK), such as
epidermal growth factor receptor (EGFR), PDGF receptor (PDGFR), and IGF receptor
(IGFR) (Fig. 3). Ang II mediated stimulation of cellular proliferation and growth has
been demonstrated in cardiac myocytes and VSMC. These growth-like effects are asso-
ciated with increased tyrosine phosphorylation and activation of MAP kinase and related
pathways, which result in increased expression of early response genes, such as c-fos,
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c-jun and c-myc, which control cellular proliferation and growth (79). Such actions have
been linked to cardiovascular diseases, including hypertension, cardiac hypertrophy, heart
failure, and atherosclerosis. The role of tyrosine kinases in Ang II-mediated signaling has
been extensively reviewed (74,79–81) and only recent developments are discussed here.

8. NON-RECEPTOR TYROSINE KINASE ACTIVATION

8.1. Src Family Kinases
To date at least 14 Src kinase family members have been identified, of which the

60-kDa c-Src is ubiquitously expressed. All Src family members share common
functional domains, including an N-terminal myristoylation sequence for membrane
targeting, SH2 and SH3 domains for protein binding, a kinase domain and a C-terminal
noncatalytic domain (82). c-Src is abundantly expressed in cardiomyocytes and VSMC
and is rapidly activated by Ang II (83). Src has an important role in Ang II-induced
phosphorylation of PLC- and IP3 formation. Src, intracellular Ca2+ and PKC regulate
Ang II-induced phosphorylation of p130Cas, a signaling molecule involved in integrin-
mediated cell adhesion. Src has also been associated with Ang II-induced activation of
Pyk2 and extracellular signal-regulated kinases (ERKs), as well as the activation of other
downstream proteins including FAK, paxillin, JAK2, signal transducer and activator of
transcription (STAT)-1, caveolin, and the adapter protein, Shc (84). Activation of c-Src
is required for cytoskeletal reorganization, focal adhesion formation, and cell migration
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Fig. 2. Classical signal transduction mechanisms mediated by AT1. Binding of Ang II to AT1 leads to
G protein-coupled activation of PLC, resulting in phosphatidylinositol hydrolysis, formation of IP3,
and DAG accumulation. IP3 mobilizes Ca2+ from sarcoplasmic reticular stores, and DAG activates PKC.
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and growth. Increased activation of c-Src by Ang II may be an important mediator of
cardiac hypertrophy and altered VSMC function in hypertension.

8.2. JAK-STAT Activation
Similar to cytokine receptors and RTKs, AT1 activates the JAK/STAT signaling

pathway. There are four JAK proteins in mammalian cells: JAK1, JAK2, JAK3, and TYK2
(85). JAKs bind specifically to intracellular domains of cytokine receptor signaling
chains and catalyze ligand-induced phosphorylation of themselves and of intracellular
tyrosine residues on the receptor, creating tyrosine-phosphorylated docking sites for
STATs. Tyrosine phosphorylation of STATs leads to STAT homo- and hetero-dimerization.
STAT dimers are rapidly transported from the cytoplasm to the nucleus, where they
activate gene transcription. AT1 activates JAK2 and Tyk2 in the cardiovascular system
(86). AT1 receptor-induced activation of JAKs leads to phosphorylation of the STAT pro-
teins p91/84 (STAT1a/ ), p113 (STAT2), and p92 (STAT3). The JAK–STAT signaling
pathway activates early growth response genes, providing a mechanism whereby Ang II
may influence vascular and cardiac growth, remodeling, and repair (87,88). The STATs
have an important role in Ao gene expression in cardiac myocytes. Ang II-induced
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Fig. 3. Novel signal transduction mechanisms mediated by AT1. Ang II phosphorylates multiple tyro-
sine kinases, such as JAK, FAK, Pyk2, p130Cas, and PI3K. Activated tyrosine kinases phosphorylate
many downstream targets including the MAP kinase cascade. Src associates with the adapter protein
complex, Shc–GRB2–Sos, that induces guanine nucleotide exchange on the small G protein Ras-
GDP/GTP. Activated Ras-GTP interacts with Raf, resulting in phosphorylation of MEK, which in
turn, phosphorylates MAP kinases, including ERK1/2, JNK/SAPK, and p38. Rho is also activated
through AT1 receptors. In addition, Ang II influences activity of receptor tyrosine kinases (RTK), such
as EGFR, and PDGFR. The transactivated EGFR serves as a scaffold for downstream adapters, leading
to activation of MAP kinases.
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Ao gene upregulation, by STAT3 and STAT6 activation, may constitute part of an
autocrine, positive-feedback loop that contributes to cardiac hypertrophy in vivo (86).

8.3. FAK and Pyk2 Activation
FAK is a cytoplasmic protein tyrosine kinase localized to regions called focal

adhesions. Many stimuli can induce tyrosine phosphorylation and activation of FAK,
including integrins and growth factors. The major site of autophosphorylation, tyrosine
397, is a docking site for the SH2 domains of Src family proteins. The other sites of
phosphorylation are phosphorylated by Src kinases (89). As a consequence of association
with c-Src, FAK undergoes further tyrosine phosphorylation, which results in FAK
binding to Grb2, Sos, and Ras. This in turn leads to ERK1/2 activation. Ang II-induced
activation of FAK causes its translocation to sites of focal adhesion with the extracellular
matrix and phosphorylation of paxillin and talin, which may be involved in the regulation
of cell morphology and movement (90). AT1-induced FAK activation also has an important
role in Ang II-mediated hypertrophic responses in cardiomyocytes and VSMC (91). The
link between the AT1 receptor and FAK is unknown, but the Rho family of GTPases
may be important.

Another FAK family member, Pyk2, also known as cell adhesion kinase- , related
adhesion focal tyrosine kinase and calcium-dependent tyrosine kinase (the rat homolog
of Pyk2), is activated by AT1 and is dependent on increased intracellular Ca2+ and PKC
(90,92). Because Pyk2 is a candidate to regulate c-Src and to link G protein-coupled
vasoconstrictor receptors with protein tyrosine kinase-mediated contractile, migratory
and growth responses, it may be a potential point of convergence between Ca2+-dependent
signaling pathways and protein tyrosine kinase pathways in cardiovascular cells.

8.4. p130Cas
p130Cas is an Ang II-activated tyrosine kinase that plays a role in cytoskeletal

rearrangement. This protein serves as an adapter molecule since it contains proline-rich
domains, an SH3 domain, and binding motifs for the SH2 domains of Crk and Src.
p130Cas is important for integrin-mediated cell adhesion, by the recruitment of cyto-
skeletal signaling molecules such as FAK, paxillin and tensin to the focal adhesions
(93). The phosphorylation of p130Cas is dependent on Ca2+, c-Src, and PKC, and
requires an intact cytoskeletal network. Other studies reported that Ang II-induced
activation of p130Cas is Ca2+ and PKC independent (94). Although the exact functional
significance of Ang II-induced activation of p130Cas is unclear, it might regulate -actin
expression, cellular proliferation, migration, and cell adhesion. p130Cas also has a critical
role in cardiovascular development and actin filament assembly.

8.5. PI3K
PI3K-dependent signaling is involved in the control of cell growth, proliferation,

survival, and cytoskeletal remodeling, and has recently been shown to have an important
role in the regulation of cardiomyocyte and VSMC growth (95,96). Recent findings
suggest an involvement of PI3K in the pathogenesis of numerous diseases, including
cancer, heart failure and autoimmune/inflammatory disorders. PI3K is a heterodimeric
enzyme composed of a p85 adapter and a p110 catalytic subunit (97). PI3K, character-
istically associated with tyrosine kinase receptors, is also activated by AT1. PI3K , which
is activated by a tyrosine kinase receptor, appears to have a critical role for the induction
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of physiological cardiac growth; but, not pathological growth, and appears essential for
maintaining contractile function in response to pathological stimuli (98). In contrast,
PI3K , which is activated by GPCR, appears to negatively control cardiac contractility
through different signaling mechanisms (99). Akt/PKB has been identified as an impor-
tant PI3K downstream target in Ang II-activated cardiomyocytes and VSMC (100). It
regulates protein synthesis by activating p70 S6-kinase and modulates Ang II-mediated
Ca2+ responses, by stimulating Ca2+ channel currents. Akt/PKB has also been impli-
cated in promoting cell survival, by influencing Bcl-2 and c-Myc expression and
inhibiting caspases. Although the exact role of PI3K in Ang II signaling has not been
established, it is possible that this complex pathway controls the balance between
mitogenesis and apoptosis.

9. RECEPTOR TYROSINE KINASES

Increasing evidence suggests that there is a cross-talk between GPCR and RTK.
GPCR utilize signaling pathways downstream of RTK to exert cellular effects. AT1
activation-mediated mitogenic responses may be regulated by activation of RTK. Ang
II can activate RTK, even though it does not directly bind to RTK (101). This process
of transactivation has been demonstrated for EGFR, PDGFR, and IGFR (101). Ca2+,
Pyk2, Src, and redox-sensitive processes are involved in Ang II-induced transactivation
of RTKs. AT1-induced EGFR transactivation is important for some of the trophic effects
of Ang II. Studies have demonstrated that the EGFR activation is involved in Ang II-
induced vascular contraction, cell growth, cardiac hypertrophy, and hypertension (102).

10. MITOGEN-ACTIVATED PROTEIN KINASES

MAP kinases, including ERKs, JNKs, and p38s, have a central role in cellular
responses through various stress stimuli, such as cell proliferation, apoptosis, migration,
or gene expression (103). Ang II induces phosphorylation of Ras, Raf, and Shc, which
leads to the activation of MEK kinases and MEKs, resulting in tyrosine and threonine
phosphorylation of ERK1/2, JNK2, and p38 (104). Ang II-induced activation of
ERK1/2 is associated with the increased expression of the early response genes c-fos,
c-myc and c-jun, DNA/protein synthesis, cell growth and differentiation, and cytoskeletal
organization in cardiovascular cells (105). In addition to ERKs, Ang II activates JNKs,
which regulate cardiomyocytes and VSMC growth (106,107). Ang II induces the
activation of JNK via p21-activated kinase (PAK), which is dependent on intracellular
Ca2+ mobilization and PKC activation (108). Ang II-activated ERK1/2 and JNK have
opposite growth effects in VSMC, with ERK1/2 being growth promoting and JNK
inhibitory. Ang II also induces the phosphorylation of p38, which has an important role
in inflammatory responses, apoptosis, and regulation of cell growth (109). The p38 path-
way has been implicated in various pathological conditions, such as cardiac ischemia,
ischemia/reperfusion injury, cardiac hypertrophy, progression of atherosclerosis, and
vascular remodeling in hypertension (109,110).

11. SMALL G PROTEINS

The small G protein superfamily consists of five subfamilies (Ras, Rho, ADP
ribosylation factors, Rab, and Ran) that act as molecular switches to regulate cellular
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responses (111). Of these, the Rho subfamily (RhoA, Rac1, and Cdc42) has been
associated with Ang II signaling. Upon stimulation, Rho GTPases are activated by
exchanging bound GDP for GTP. Rho kinase is one of the major downstream targets of
RhoA. It has been demonstrated that Rho-kinase-mediated signaling is involved in AT1-
stimulated cardiovascular cell growth, remodeling, atherosclerosis and vascular contraction
(112). Ang II also activates Rac1, another small G protein, which participates in
cytoskeletal organization, cell growth, inflammation, and regulation of NAD(P)H
oxidase (111). Ang II-activated Rac1 is an upstream regulator of PAK and JNK. Rac1
also has a role in Ang II-induced gene transcription and regulation of NAD(P)H oxidase,
and the activation of JAK/STAT (113).

12. GENERATION OF REACTIVE OXYGEN SPECIES

Ang II has been shown to activate the vascular NAD(P)H oxidase(s) resulting in the
production of ROS, namely superoxide (O2 ) and hydrogen peroxide (H2O2). ROS act
as intercellular and intracellular second messengers that may have a physiological role
in vascular tone and cell growth, and a pathophysiological role in inflammation,
ischemia reperfusion, hypertension and atherosclerosis (114,115). It has been suggested
that NAD(P)H oxidase may be the most important source of ROS in vasculature and
myocytes. This enzyme transfers electrons from NADH or NADPH to molecular oxygen,
producing O2 . Generation of reactive oxygen species is regulated by various cytokines
and growth factors, including Ang II, which increases O2 and H2O2 production in cardiac,
VSMC, endothelial, adventitial, and mesangial cells (116). ROS produced following
Ang II-mediated stimulation of NAD(P)H oxidases, signal through pathways such as MAP
kinases, tyrosine kinases and transcription factors, and lead to events such as inflammation,
hypertrophy, remodeling, and angiogenesis (115).

13. SUMMARY AND CONCLUSIONS

The RAS is a hormonal cascade that regulates cardiovascular, renal, and adrenal
function, as it relates to fluid and electrolyte homeostasis and arterial pressure. The RAS
has been further delineated as a local, self-contained, paracrine, autocrine, and intracrine
system. The tissue RASs are likely important in normal physiological responses, as well
as in the pathophysiology of disease states such as hypertension, cardiac hypertrophy,
congestive heart failure, and post myocardial infarction remodeling. Although major
progress has been made in our understanding of the physiology and pathophysiology of
the circulating RAS, it will be important to more completely elucidate the role of tissue
RASs in normal physiology and in the pathophysiology of cardiovascular diseases.
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1. INTRODUCTION

Among the molecular forms of angiotensin peptides generated by the action of renin
on angiotensinogen (Aogen), both angiotensin II (Ang II) and the amino terminal hepta-
peptide angiotensin-(1–7) [Ang-(1–7)] are critically involved in the long-term control
of tissue perfusion, cell–cell communication, development, and growth. Whereas an
impressive body of literature continues to uncover pleiotropic effects of Ang II in the
regulation of cell function, research on Ang-(1–7) has a shorter history as it was only 16 yr
ago that a biological function for this heptapeptide was first demonstrated in the isolated
rat neuro-hypophysial explant preparation (1). On the contrary, the synthesis of angiotonin/
hypertensin (now Ang II) was first obtained in 1957 (2), three decades ahead of the
discovery of Ang-(1–7) biological properties.

As Ang-(1–7) research continues to provide important and new information on the
complexity of actions of the renin–angiotensin system (RAS) in homeostasis, it should
be noted that one of the fundamental lessons learned from this discovery is that it
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showed the existence of a feedback control mechanism whereby within the RAS a product,
Ang-(1–7), regulates in an opposite manner the actions of the other product (Ang II)
originating from a common substrate (angiotensin I) (3,4). The current status of our
knowledge about the physiological actions of Ang-(1–7), its formation and degradation,
and its role in cardiovascular disease are discussed in this chapter.

2. ANG-(1–7)-FORMING AND -DEGRADING ENZYMES

The major bioactive components of the RAS are produced from the conversion of
angiotensinogen to the decapeptide angiotensin I (Ang I) in both the circulation and
tissues. At these sites, the reaction of Ang I with angiotensin-converting enzyme (ACE)
forms Ang II, whereas Ang-(1–7) is generated from Ang I by the action of endopepti-
dases. Generation of the two peptides possessing different carboxy termini and contrasting
biological actions diverges through enzymic reactions from which ACE functioning as
a di-peptidyl carboxypeptidase cleaves the Phe8–His9 bond of Ang I to generate the
octapeptide Ang II [Ang-(1–8)], whereas neutral endopeptidase 24.11 (neprilysin), 24.15
(thimet oligopeptidase), and 24.26 (prolyl-endopeptidase) cleave a tripeptide (Phe8–
His9–Leu10) from Ang I to produce Ang-(1–7) (Fig. 1). Both ACE and the endopepti-
dases have a wide tissue distribution, but our studies suggest that the conversion of Ang I
to Ang-(1–7) by the various peptidases may be determined by the relative abundance of
the enzyme in the tissue or in the circulation. In accord with this interpretation, we showed
that neprilysin forms Ang-(1–7) from Ang I in the circulation, prolyl-endopeptidase
24.26 may be more active in brain tissue (5) and in vascular endothelium (6) whereas
thimet oligopeptidase 24.15 is an Ang-(1–7)-forming enzyme in vascular smooth muscle
(7). The diversity of the Ang-(1–7)-forming enzymes reinforces our proposal that Ang-
(1–7) may be a true paracrine or even intracrine hormone because its formation from
Ang I could be determined in part by the relative abundance of the specific enzyme in
either the circulation or the tissue compartment in which the Ang I substrate can react
with the enzyme. The idea that tissue localization of the enzyme and its relative abun-
dance are important is suggested by the demonstration that in renal tissue neprilysin
degrades Ang-(1–7) into Ang-(1–4) (8,9).

Additional studies of the catabolic pathways for Ang-(1–7) degradation showed that
ACE hydrolyzes the heptapeptide into Ang-(1–5) (10), a finding that signifies the con-
tribution of the vasodilator and antiproliferative actions of Ang-(1–7) in explaining the
mode of action of ACE inhibitors (11–14).

Angiotensin-converting enzyme 2 (ACE2) is a newly identified enzyme of the RAS
that catalyzes the conversion of Ang I to Ang-(1–9) and, more importantly, converts
Ang II into Ang-(1–7) (15–19) (Fig. 1). ACE2 exhibits a high catalytic efficiency for
the latter reaction—almost 500-fold greater than that for the conversion of Ang I to
Ang-(1–9). From an array of over 120 peptides, only dynorphin A and apelin 13 were
hydrolyzed by ACE2 with comparable kinetics to the conversion of Ang II to Ang-
(1–7) (18).

ACE2 was originally characterized as a homolog of ACE, sharing about 42%
nucleotide sequence homology (19,20). Although both enzymes are type I glycoproteins,
there are notable differences. The somatic form of ACE has two catalytic sites; on
the other hand, both the testicular form of ACE and ACE2 have only one. ACE2 is a
carboxymonopeptidase with a preference for hydrolysis between a proline and the
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carboxy-terminal hydrophobic or basic residues, whereas ACE cleaves two amino acids
from its substrate. The ACE2 sequence is similar to those of the testis-specific or germinal
form of ACE (tACE) and the Drosophila homolog of ACE (AnCE; sequence identities
of 43% and 35%, and similarities of 61% and 55%, respectively) (21). Conformational
differences between the somatic form of ACE and germinal ACE account for the demon-
stration that ACE2 activity is not blocked by ACE inhibitors (15,19). The potential
importance of ACE2, not only in the regulation of cardiac function and blood pressure
but also in other disease states, has been realized with the discovery that ACE2 also
serves as the cellular entry point for the severe acute respiratory syndrome (SARS) virus
(21–24). Prabakaran et al. (21) built a homology model of the ACE2 structure with a
root-mean-square deviation less than 0.5 Å from the aligned crystal structures of tACE
and AnCE. According to the authors a prominent feature of the model is a deep channel
on the top of the molecule that contains the catalytic site (21). Negatively charged ridges
surrounding the channel may provide a possible binding site for the positively charged
receptor-binding domain (RBD) of the S-glycoprotein, which they recently identified
(25). Several distinct patches of hydrophobic residues at the ACE2 surface were noted
at close proximity to the charged ridges that could contribute to binding. These results
may help explain the structure and function of ACE2.

3. LOCALIZATION OF ANG-(1–7) IN TISSUES

We have employed immunocytochemistry to identify the tissues expressing Ang-(1–7)
focusing primarily on the heart, kidney, brain, vascular system, and the utero-placenta
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Fig. 1. Schematic representation of the biochemical cascade for angiotensin peptide formation
and metabolism.
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complex. Early studies have demonstrated the Ang-(1–7) immunoreactivity in the cell
bodies and in the axons of magnocellular neurons of the paraventricular nucleus (PVN)
and supra-optic nucleus (SON) of the hypothalamus as well as in the neurons of the
nucleus circularis (26). In fact, Ang-(1–7) immunoreactivity in neurons of the PVN and
SON was co-localized with vasopressin-like immunoreactivity whereas Ang-(1–7) was
not co-localized in paraventricular neurons immunoreactive for oxytocin (26,27). The
same pattern of Ang-(1–7) immunoreactivity, seen in Sprague–Dawley rats, was also
observed in the brains of (mRen2)27 transgenic rats (28) in which a subpopulation of
nitric oxide synthase-containing neurons also contained Ang-(1–7)-like immunoreactivity.
Collectively, the co-localization of Ang-(1–7) and vasopressin immunoreactivity in neurons
of the magnocellular division of the PVN and the SON are congruent with functional
studies demonstrating a role of Ang-(1–7) in the regulation of hydro-mineral balance
involving neurons of the hypothalami-neurohypophysial pathway. In addition, the co-
localization of Ang-(1–7) immunoreactivity in nitric oxide synthase-containing neurons
of the PVN is especially interesting because a number of studies now show that the
angiotensin peptides may modulate the disposition of reactive oxygen species in the PVN
of animals with heart failure (29).

Our interest in the role of Ang-(1–7) in cardiovascular regulation during heart failure
led to the investigation of expression of Ang-(1–7) in the heart (30). Ang-(1–7) immuno-
reactivity in Lewis rats was restricted to myocytes of both the right and left ventricles.
Fig. 2 shows that Ang-(1–7) staining in myocytes had a granular appearance throughout
the cytoplasm. In contrast, there was a distinct absence of staining for the peptide in
vascular smooth muscle as well as in interstitial cells of the heart. When Ang-(1–7)
was examined in the hearts of rats subjected to ligation of the left main coronary artery,
we observed a significant increase in Ang-(1–7) staining in ventricular myocytes that
had undergone hypertrophic remodeling. In the region of ischemic damage there was
a marked absence of Ang-(1–7) staining in fibroblasts and connective tissue. The
increase in Ang-(1–7) staining in rats with congestive heart failure was positively correlated
with an increase in left ventricular end-diastolic pressure and negatively correlated with
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Fig. 2. Expression of Ang-(1–7)-like cardiac immunoreactivity in the rat. Ang-(1–7) staining was
restricted to ventricular myocytes whereas it appeared as a granular reaction product throughout the
cytoplasm (Panel A). The absence of Ang-(1–7) staining in endothelial and vascular smooth muscle
cells of coronary vessels is best illustrated in the higher power magnification of Panel B. (See color
version of this figure on color plates.)
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decreased cardiac contractility. These findings along with the report that Ang-(1–7)
infusion in coronary ligated rats attenuated the development of heart failure (31) suggest
that this peptide may play an important role in cardiac performance in cardiomyopathy.

Consistent with studies showing important actions of Ang-(1–7) in the regulation of
renal function, characteristic features of Ang-(1–7) staining in the kidney are (1) varied
intensity of staining in renal tubules with the degree of staining being more intense
in proximal convoluted tubules and a lesser degree of staining in the thinner epithelial
cells of the collecting ducts, (2) distinct absence of Ang-(1–7) immunoreactivity in the
glomerulus, and (3) light staining in renal vessels (Fig. 3). Fig. 3B shows a granular
reaction product for Ang-(1–7) staining in the juxtaglomerular cells of the afferent
arteriole (32). It is interesting that blood vessels (arterioles) of the kidney exhibit Ang-
(1–7) staining whereas this was not the observation for blood vessels in the heart or
in other organs.

4. PHYSIOLOGICAL ACTIONS

4.1. Effects on the Vasculature
Vasodilation produced by Ang-(1–7) was first described in 1993 by Benter et al. (33)

in rats that were made areflexic by spinal cord destruction. The vasodilator properties
of the peptide were confirmed in isolated canine (34,35) and porcine (36) coronary artery
vessels, rabbit pial arterioles (37), the rat mesenteric circulation (38), the spontaneously
hypertensive rats (SHR) (39), [mRen2]27 hypertensive transgenic rats (40), two-kidney
one-clip hypertensive dogs (41), and in the human forearm circulation (42). As reviewed
elsewhere (43,44), the vasodilator response is mediated by release of vascular endothelium
nitric oxide (NO), prostacyclin, and a receptor-mediated potentiation of bradykinin. The
biological action of Ang-(1–7) satisfies the concept that the peptide acts to oppose the
vasoconstrictor and hypertensive effects of Ang II by raising the activity of intrinsic
vasodilator autocoids.
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Fig. 3. Characteristics of Ang-(1–7)-like immunoreactivity in rat kidney. The most intense staining for
Ang-(1–7) was in the thick-walled epithelial cells of the proximal-convoluted tubule (filled arrow in
Panel A). A less intense staining for the peptide was observed in the thin-walled epithelial cells of
collecting ducts (open arrow of Panel A). At both low (Panel A) and high (Panel B) power magnifications,
there is essentially no staining for Ang-(1–7) in the glomerulus. Panel B also illustrates modest staining
in the afferent arteriole (arrowhead in Panel B). (See color version of this figure on color plates.)
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4.2. Effects on the Brain

Ang-(1–7) is present in hypothalamus, amygdala, and medulla oblongata at concen-
trations equivalent to or greater than those of Ang II (45) and evidence of a functional
role for Ang-(1–7) exists in brain regions known to respond to other components of the
RAS. Ang-(1–7) excites neurons in the PVN and in the nucleus of the solitary tract,
dorsal motor nucleus of the vagus, and rostral and caudal ventrolateral medulla. The
population of cells excited by Ang-(1–7) and Ang II shows some overlap, but the majority
of cells respond to one or the other peptide. In addition to direct cellular actions, Ang-(1–7)
releases other neurotransmitters including monoamines, substance P, vasopressin,
glutamate, prostaglandins, and NO as reviewed recently (43). Like Ang II, the Ang-(1–7)-
mediated release of vasopressin may involve tachykinin peptides (46–48). In contrast,
intracerebroventricular injections of Ang-(1–7) do not increase blood pressure or promote
drinking, which are thought to be mediated by Ang II acting on monoaminergic path-
ways (49,50). An opposing action of Ang-(1–7) on central mechanisms regulating blood
pressure is demonstrated by the finding that cerebroventricular injections of antibodies
to Ang-(1–7) produce opposite effects to those of Ang II (47). Evidence from studies
using c-fos reveals that Ang-(1–7) activates pathways in the organum vasculosum of the
lamina terminalis and median preoptic nucleus, whereas Ang II activates these pathways
as well as those involving the PVN and subfornical organ (51,52). Pathways in the medulla
oblongata appear separate for the two peptides as well, since sino-aortic denervation
potentiated the responses to Ang-(1–7) but not those to Ang II in the nucleus of the
solitary tract (53).

Important indicators of a role for the endogenous peptide in cardiovascular regulation
come from studies using the Ang-(1–7) antagonist D-Ala7–Ang-(1–7) (44). Blockade of
endogenous Ang-(1–7) within the solitary tract nucleus augments baroreceptor reflex
control of heart rate, providing an independent and opposite effect from those of Ang II
(54,55). A loss of tonic input by Ang-(1–7) may accompany the age-related decrease
in reflex gain (56). In ASrAogen animals deficient of glial angiotensinogen, a role for
endogenous Ang-(1–7) to facilitate baroreflex sensitivity persists, whereas the attenu-
ating effect of Ang II is lost (57). These data suggest different sources of the two
peptides consistent with their divergent functional effects. In the rostral and caudal
ventrolateral medulla, Ang-(1–7) exerts excitatory actions mimicking those of Ang II
(54,55), although clear differences exist in terms of regulation of the responses to the
two peptides (58–60).

In brain, receptor subtypes exhibiting varying degrees of selectivity for either the AT1
or AT2 antagonists and D-Ala7–Ang-(1–7) appear to mediate the actions of Ang-(1–7)
(43,61,62). The pharmacology of the receptor involved may be dependent on the spe-
cific transmitter studied, but blockade by D-Ala7–Ang-(1–7) is a common feature as
reviewed in detail by Ferrario et al. (43). As an explanation for the fact that either
D-Ala7–Ang-(1–7), AT1 or AT2 receptor antagonists, or some combination of the three
antagonists is effective in blocking actions of Ang-(1–7) in brain, there is evidence that
distinct subpopulations of classical AT1 sites in the nucleus tractus solitarius (nTS) and
dorsal motor nucleus of the vagus (dmnX) exist showing differential sensitivity/selec-
tivity to Ang-(1–7) and the AT2 antagonist (43). Moreover, AT1 receptor antagonists
(either losartan or candesartan) and D-Ala7–Ang-(1–7) block the actions of the peptide
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in the nTS (63) and ventrolateral medulla (64). It is now recognized that the mas gene
codes for a receptor responsible for vascular and renal effects of Ang-(1–7) (65). Mice
deficient in the mas receptor show impairments in the baroreceptor reflex and alter-
ations in responses to Ang II (64,66), providing additional evidence of a role for
endogenous Ang-(1–7) in these functions.

4.3. Effects on the Heart
There are few studies about the direct actions of Ang-(1–7) on heart function,

although the peptide is highly expressed in rat myocardium (30) and can be detected in
larger concentrations in the cardiac interstitium or the coronary sinus blood after acute
coronary artery ligation (67–69). In the isolated perfused heart of a rat, Ang-(1–7)
appears to act as an anti-arrhythmogenic factor during reperfusion injury (70,71),
although a study from the same group showed that Ang-(1–7) increased reperfusion
arrhythmias (72). Functional data in whole animals suggest that Ang-(1–7) may have
cardioprotective functions because an 8 wk infusion of Ang-(1–7) in Sprague–Dawley
rats, started 2-wk postmyocardial infarction, attenuated heart failure progression
together with restoration of vascular endothelial function (31). That the heart may be an
important site for Ang-(1–7) actions is highlighted by the demonstration that ACE
activity in plasma and atrial tissue is inhibited by Ang-(1–7) (73) whereas the peptide
enhances tritiated norepinephrine release from isolated atrial tissue at doses comparable
to those for Ang II (74).

The studies by us (69,75) and others on the relation between Ang-(1–7) function and
cardiac ACE2 expression are shedding light on an intracardiac role for Ang-(1–7) as
counterbalancing the hypertrophic and inotropic actions of Ang-(1–7) following
myocardial injury. Ang-(1–7) was formed in the intact human myocardial circulation
in patients with postcardiac transplantation and its levels were decreased when Ang II
formation was suppressed by enalaprilat (76). The evolution of myocardial infarction
in the rat 28 d after coronary artery ligation was accompanied by large increases in
plasma Ang-(1–7) concentrations; further plasma Ang-(1–7) augmentation accompanied
by reversal of cardiac remodeling because of continuous blockade of Ang II receptors
with either losartan or olmesartan was accompanied by a threefold increase in cardiac
ACE2 mRNA (75). In addition, emerging data suggest that Ang-(1–7) may oppose the
atherogenic actions of Ang II through inhibition of smooth muscle proliferation and
blockade of inflammatory cytokines. This interpretation is supported by the finding
that the chronic effects of losartan in the prevention of fatty streak formation and mono-
cyte activation in monkeys was associated with large increases in plasma Ang-(1–7)
concentrations (77–81).

4.4. Effects on the Kidney
Although Ang-(1–7) is processed from either Ang I or Ang II in the circulation and

in many tissues, it is important to emphasize that the processing pathways for Ang-(1–7)
in the circulation and kidney are distinct. The endopeptidase neprilysin is the primary
enzyme forming Ang-(1–7) from Ang I or Ang-(1–9) in the circulation (43,82). Although
levels of neprilysin are low to undetectable, the enzyme is appropriately localized to the
exocellular surface of endothelial and smooth muscle cells to contribute to the formation
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of Ang-(1–7). In the kidney, Ang-(1–7) is the primary product formed in preparations of
isolated proximal tubules and exists in urine at significantly higher levels than Ang II (8).
Neprilysin may contribute to both the formation as well as the degradation of the
peptide. Neprilysin cleaves Ang I to Ang-(1–7), but continues to metabolize Ang-(1–7)
at the Tyr5–Ile6 bond to form Ang-(1–4) and Ang-(5–7) (8,9). Indeed, neprilysin
inhibitors increase the urinary levels of Ang-(1–7) in both human and rat (83,84).
Moreover, the combined ACE/neprilysin inhibitor omapatrilat augmented renal and
urinary levels of Ang-(1–7), but produced a blunted Ang-(1–7) response in plasma in
comparison to ACE inhibition alone (32,84). Omapatrilat was also associated with
increased expression of ACE2 and Ang-(1–7) in the proximal tubule (85). These data
suggest that upregulation of ACE2 may contribute to the renal protective effects of ACE
or combined vaso-peptidase inhibitors through increased conversion of Ang II to Ang-
(1–7), as well as the reduced metabolism of Ang-(1–7). Indeed, ACE2 (–/–) mice exhibit
enhanced intrarenal levels of Ang II and pronounced glomerulosclerosis (83).

We found that Ang-(1–7) and ACE2 are present within the proximal tubular regions
of the mouse and the rat kidney (86,87). These data clearly support the concept of a
complete RAS within the proximal tubule including expression of renin, ACE, angio-
tensinogen, the AT1 and AT2 receptors (88,89). The presence of Ang II and Ang-(1–7)
in kidney supports the concept of important and divergent actions for the two peptides.
For Ang II, renal actions include potent vasoconstriction, retention of sodium and water,
as well as a stimulus for inflammation, and oxidative stress. In contrast, Ang-(1–7)
stimulates diuresis and natriuresis that are associated with modest increases in the
glomerular filtration rate (43). Ang-(1–7) induces vasodilation of afferent arterioles
through a NO-dependent pathway (90). Indeed, immunocytochemical staining for the
Ang-(1–7) receptor mas is evident in the afferent arteriole, as well as throughout the
proximal tubules of the renal cortex providing biochemical support for the functional
actions of the peptide (87). Ang-(1–7) and its metabolite Ang-(3–7) are potent inhibitors
of Na+, K+-ATPase activity in the renal epithelium (91–93). Ang-(1–7) also inhibits the
transcellular flux of sodium, which was associated with activation of phospholipase A2
(PLA2) (94). Ang-(1–7) dependent inhibition of sodium transport is potentiated by ACE
inhibition suggesting a shift toward the formation and protection of Ang-(1–7) within
the proximal tubules. The chronic and pronounced diuresis following omapatrilat
treatment was associated with large increases in urinary excretion of Ang-(1–7) and
enhanced immunocytochemical staining of the peptide in the kidney (32). Recent
studies have revealed that Ang-(1–7) abolished the Ang II-dependent stimulation of the
Na+-ATPase activity in ovine kidney (95,96). Furthermore, intrarenal administration of
Ang-(1–7) blocked the antinatriuretic actions of Ang II (97). These studies emphasize
that the actions of Ang-(1–7) within the kidney may be particularly relevant in the
setting of an activated RAS. Moreover, the discrete localization of Ang-(1–7), ACE2,
and the mas receptor provides evidence for an alternative RAS within the proximal
tubule epithelium that may antagonize the actions of Ang II in this renal compartment.

4.5. Ang-(1–7) in Gestation and Pregnancy
Pregnancy is a physiological condition characterized by increased RAS activity (98)

that does not manifest in increased blood pressure (99). Merrill et al. (100) evaluated the
effect of pregnancy on Ang-(1–7) in nulliparous preeclamptic patients and in third trimester
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normotensive pregnant controls (3rd T; matched for parity, race, and gestational age).
Plasma Ang-(1–7) was increased by 34% (p < 0.05), whereas plasma Ang II was increased
by 50% (p < 0.05). In preeclampsia subjects plasma Ang-(1–7) was reduced (13 ± 2 pg/mL,
p < 0.05 vs third T); plasma Ang II was also reduced (32 ± 4 pg/mL, preeclamptic vs 3rd
trimester normal pregnant, p < 0.05), but remained elevated as compared to nonpregnant
subjects and 50% higher than plasma Ang-(1–7). Other components of the RAS, with
the exception of ACE, were reduced in preeclamptic subjects. Assessment of the
relationship between Ang-(1–7) and blood pressure revealed a negative correlation of
Ang-(1–7) with systolic (r = –0.4, p < 0.02) and diastolic (r = –0.5, p < 0.02) blood
pressures. These data suggested a potential role for reduced production of Ang-(1–7)
contributing to the elevated blood pressure. In preeclampsia, the decreased levels of
plasma Ang-(1–7) in the presence of persistent elevated plasma Ang II are consistent
with the development of hypertension.

Additionally, a 24-h urinary excretion of Ang-(1–7) and Ang II was evaluated during
the ovulatory menstrual cycle, single normotensive pregnancies, and their subsequent
lactation (101). No significant differences in urinary Ang-(1–7) were observed between
the follicular and luteal phase of the normal menstrual cycle. There was a progressive
rise of urinary Ang-(1–7) throughout normal human gestation, attaining levels that are
10-fold greater than that of the normal menstrual cycle. Urinary Ang II showed a similar
pattern reaching levels that were 25-fold higher than the values at the menstrual cycle.
At 35 wk of gestation, Ang-(1–7) was the predominant angiotensin peptide in the urine,
reaching levels that were sixfold higher than Ang II. The urinary excretion levels may
reflect local kidney production of peptides. Thus, increases in renal Ang-(1–7) levels
may play a role in the vasodilatory adaptations of mid and late human pregnancies.

To understand the contribution of the RAS during pregnancy, studies were conducted
in pregnant rats at late gestation (19th day) and compared to virgin female rats at diestrus
phase of the estrous cycle. Twenty-four hour urinary excretion of the angiotensin peptides
was significantly increased in pregnant animals by 93% (Ang I), 44% (Ang II), and 60%
[Ang-(1–7)] of values found in virgin rats. Kidney Ang I and Ang-(1–7) concentrations
were significantly increased by seven- and fivefold, respectively (p < 0.05) in pregnant
animals as compared to virgin females. In contrast, there was no significant change
in renal Ang II concentrations of pregnant and virgin females. These studies provide
evidence that urinary excretion of angiotensin peptides reflect local kidney content of
angiotensins during pregnancy. The potential contribution of Ang-(1–7) to vascular
control in pregnancy was also documented from increased vasodilator responses to the
local application of the peptide in isolated small mesenteric arteries obtained from
pregnant rats (102). In alignment with this interpretation, Ang-(1–7) and ACE2 staining
in the kidney of 19 d pregnant Sprague–Dawley rats showed higher intensity when
compared with virgin rats (103).

5. ANG-(1–7) RECEPTOR MECHANISMS

Ang-(1–7) is a poor competitor at pharmacologically defined AT1 or AT2 receptors
(104–107). Santos et al. (62) designed a selective antagonist for the Ang-(1–7) receptor
by replacing the a-proline at position 7 of Ang-(1–7) with D-alamine [D-Ala7]–Ang-(1–7).
In initial studies, [D-Ala7]–Ang-(1–7) blocked hemodynamic and renal effects of
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Ang-(1–7), did not compete for binding at rat adrenal AT1 or AT2 receptors, and did not
attenuate pressor or contractile responses to Ang II, demonstrating selectivity for Ang-
(1–7). We identified Ang-(1–7) binding sites on bovine aortic endothelial cells (BAEC),
canine coronary artery rings, and rat blood vessels that are sensitive to [D-Ala7]–Ang-
(1–7) (108–110). In addition, a multitude of physiological responses to Ang-(1–7) are
selectively blocked by [D-Ala7]–Ang-(1–7) or the sarcosine analogs of Ang II, but not
by AT1 or AT2 receptor antagonists, including the depressor response to Ang-(1–7) in
the pithed rat and the lowering of blood pressure in hypertensive rats (33,40,111).
Collectively, these results demonstrate that the hypotensive response to Ang-(1–7) is medi-
ated by a non-AT1, non-AT2, [D-Ala7]–Ang-(1–7)-sensitive receptor. We refer to this
receptor as the AT(1–7) receptor, as defined by its sensitivity to Ang-(1–7), its antagonism
by [Sar1–Thr8]-Ang II and [D-Ala7]–Ang-(1–7), and its lack of response to AT1 or AT2
receptor antagonists, either functionally or in competition for binding.

Identification of an AT(1–7) receptor is confounded by reports of responses to Ang-(1–7)
that are sensitive to AT1 or AT2 receptor antagonists or both. Some of the renal and central
effects of Ang-(1–7) are mediated by a losartan-sensitive receptor (64,91,112). Arachidonic
acid release from rabbit VSMCs and hypothalamic norepinephrine release were blocked
by both [D-Ala7]–Ang-(1–7) and the AT2 antagonist PD123319 (113,114). Additional
responses to Ang-(1–7) in brain and heart are blocked by both AT1 and AT2 receptor
antagonists (74,115). These results provide evidence for additional subtypes of the AT(1–7)
receptor that are sensitive to losartan and/or PD123319 or suggest an interaction with
the AT1 and/or the AT2 receptor.

Many of the physiological and cellular responses that are mediated by the AT(1–7)
receptor are linked to the production of prostaglandins. Ang-(1–7) stimulates prosta-
glandin production in endothelial cells, VSMCs, astrocytes, and renal tubular epithelial
cells (74,94,104–107,115). In addition, physiological responses to Ang-(1–7) are depen-
dent on prostanoid production, based on the studies using the cyclooxygenase inhibitor
indomethacin (Fig. 4).

Recently, Santos et al. (65) reported that the orphan G protein-coupled receptor mas
is an Ang-(1–7) receptor. Ang-(1–7) bound with high affinity to cells transfected with
the mas receptor, which was blocked by [D-Ala7]–Ang-(1–7), and renal or depressor
responses to Ang-(1–7) were lost in mas-depleted mice. We recently showed that anti-
sense oligonucleotides or siRNAs to mas prevent the Ang-(1–7)-mediated inhibition of
growth in VSMCs, which is also blocked by [D-Ala7]–Ang-(1–7) (116). These results
suggest that the mas receptor serves as a selective Ang-(1–7) binding site. Fig. 4 shows
the signal transduction pathway by which Ang-(1–7) activates the G protein-coupled
mas receptor to increase the production of NO and prostacyclin (PGI2) via increases in
cGMP and cAMP, respectively. Ang-(1–7) also reduces the mitogen-activated protein
kinases (MAPKs) by either increasing MAPK phosphatases or reducing the MAPK
kinase MEK. The increase in cAMP and cGMP and the decrease in MAPK activity
cause vasodilation and inhibit cell growth. The mas receptor is predominantly expressed
in the testis and the hippocampus and amygdala of the mammalian forebrain with
minimal levels in the rodent heart and kidney. This tissue distribution differs from
previous reports of Ang-(1–7) binding and functional responses, suggesting the existence
of other AT(1–7) receptors.
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6. SUMMARY

Ang-(1–7), a product of both Ang I and Ang II metabolisms, functions to antagonize
the actions of Ang II by acting primarily through binding to a non-AT1/AT2 receptor and
also the mas receptor. Ang-(1–7) stimulates vasodilation through increased production
of vasodilator prostaglandins and NO, as well as amplifying the intrinsic actions of
bradykinin. In the kidney, Ang-(1–7) promotes natriuresis and diuresis through an effect
on transport mechanisms involved in water and electrolyte absorption within the renal
tubules and collecting ducts. In addition, Ang-(1–7) modulates the actions of tubular
vasopressin via an effect on its V2 receptor. In the heart, Ang-(1–7) counteracts the
hypertrophic, pro-fibrotic, and pro-thrombotic effects of Ang II as well as increases
myocardial blood flow.
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Fig. 4. The major signal transduction pathways for Ang-(1–7). Ang-(1–7) activates the G protein-
coupled mas receptor to increase the production of nitric oxide (NO) and prostacyclin (PGI2) to
increase cGMP and cAMP, respectively. Ang-(1–7) also reduces the mitogen-activated protein kinases
(MAPKs) by either increasing MAPK phosphatases or reducing the MAPK kinase MEK. The increase
in cAMP and cGMP and the decrease in MAPK activity cause vasodilation and inhibit cell growth.
(See color version of this figure on color plates.)
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Ang-(1–7) contributes to the antihypertensive effects of ACE inhibitors and Ang II
antagonists by several mechanisms (84,117,118,119). Inhibition of ACE increases blood
and tissue concentrations of Ang-(1–7) by preventing ACE-mediated Ang-(1–7) degrada-
tion and increasing substrate (Ang I) availability. In contrast, blockade of Ang II receptors
increases blood and tissue levels of Ang-(1–7) by: (i) increasing Ang I substrate avail-
ability through the dis-inhibition of Ang II-mediated renin release, and (ii) augmenting
the rate of Ang II conversion into Ang-(1–7) via increased ACE2 expression and activity.
Both ACE and ACE2 represent critical steps at which modulation of angiotensin peptide
functions are precisely regulated, the specific mechanisms of which need further investi-
gation. Genomic studies are also urgently needed to determine whether polymorphisms
in the ACE2 gene or the genes for Ang-(1–7)-forming enzymes exist.
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Color Plate 1. Chapter 3, Fig. 2. Expression of Ang-(1–7)-like cardiac immunoreactivity in the rat.
Ang-(1–7) staining was restricted to ventricular myocytes whereas it appeared as a granular reaction
product throughout the cytoplasm (Panel A). The absence of Ang-(1–7) staining in endothelial and
vascular smooth muscle cells of coronary vessels is best illustrated in the higher power magnification
of Panel B. (See discussion on p. 46.)

Color Plate 2. Chapter 3, Fig. 3. Characteristics of Ang-(1–7)-like immunoreactivity in rat kidney.
The most intense staining for Ang-(1–7) was in the thick-walled epithelial cells of the proximal-
convoluted tubule (filled arrow in Panel A). A less intense staining for the peptide was observed in
the thin-walled epithelial cells of collecting ducts (open arrow of Panel A). At both low (Panel A)
and high (Panel B) power magnifications, there is essentially no staining for Ang-(1–7) in the
glomerulus. Panel B also illustrates modest staining in the afferent arteriole (arrowhead in Panel B).
(See discussion on p. 47.)
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Color Plate 3. Chapter 3, Fig. 4. The major signal transduction pathways for Ang-(1–7). Ang-(1–7)
activates the G protein-coupled mas receptor to increase the production of nitric oxide (NO) and
prostacyclin (PGI2) to increase cGMP and cAMP, respectively. Ang-(1–7) also reduces the mitogen-
activated protein kinases (MAPKs) by either increasing MAPK phosphatases or reducing the MAPK
kinase MEK. The increase in cAMP and cGMP and the decrease in MAPK activity cause vasodilation
and inhibit cell growth. (See discussion on p. 52.)
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Color Plate 4. Chapter 11, Fig. 1. Prevalence of selected risk factors among subjects with metabolic
syndrome. From ref. (15). (See discussion on p. 179.)

Color Plate 5. Chapter 11, Fig. 2. Algorithm for the treatment of hypertension. (See discussion
on p. 180.)
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Color Plate 6. Chapter 11, Fig. 3. Cumulative proportions of patients with the primary composite
end point (doubling of baseline serum creatinine, development of end-stage renal disease, or death from
any cause) in 1715 patients with nephropathy due to type 2 diabetes treated with irbesartan 300 mg,
amlodipine 10 mg, or placebo in the Irbesartan Diabetic Nephropathy Trial. (See discussion on p. 183.)
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1. INTRODUCTION

Angiotensin IV (Ang IV) is a hexapeptide fragment corresponding to amino acids
3–8 (VYIHPF) of angiotensin II (Ang II) that is formed by consecutive actions of
aminopeptidase A and aminopeptidase N (1) (Fig. 1). Ang IV acts as a weak agonist at
the Ang II AT1 receptor, and was generally believed to have no physiological role
because of its ineffectiveness in the regulation of blood pressure, fluid balance, or adrenal
steroid secretion. However, in 1988, specific actions were discovered for Ang IV in the
brain—the peptide was found to facilitate memory retention and retrieval (2). A specific,
high-affinity binding site was subsequently described in bovine adrenal membranes,
which bound Ang IV saturably, reversibly, and with nanomolar affinity (3,4). This binding
site was termed as the angiotensin AT4 receptor by an IUPHAR nomenclature committee
(5). This AT4 receptor site is pharmacologically distinct from both Ang II AT1 and AT2
receptors, and bound Ang II at only micromolar affinity.

2. LIGANDS OF AT4 RECEPTOR

Structure–activity studies conducted on Ang IV revealed that the N-terminal domain of
the peptide is critical for receptor binding. In bovine adrenal membranes, Ang IV displays a
Ki of 2.6 nM in competing for 125I-Ang IV binding. Peptides containing mono-substitutions
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with glycine or the corresponding D-amino acid at positions 1, 2, or 3 possessed a Ki
of greater than 100 nM. On the contrary, substitutions at positions 4, 5, and 6 had little
effect (6). Elongation of the N-terminal of Ang IV to yield Ang I, II, or III result in
marked reductions in the affinity (6).

Two N-terminally modified analogs of Ang IV have high affinities for the AT4 receptor.
These are Nle1-Ang IV and norleucinal Ang IV that exhibit agonist properties of
Ang IV (7). An AT4 receptor antagonist was generated by the replacement of Ile3

with Val3, and the amide bonds connecting Val1 and Tyr2, as well as Val3 and His4 with
methylene peptide bond isosteres to yield divalinal Ang IV, exhibit binding affinity
similar to Ang IV (8).

A structurally distinct peptide ligand, LVV–hemorphin-7, (LVVYPWTQRF/LVV-H7)
was isolated by our group from sheep cerebral cortex based on its ability to bind to the
AT4 receptor (9). This peptide competes for 125I-Ang IV binding with nanomolar affinity
(9), and binds to the same sites as 125I-Ang IV (9). The first two N-terminal residues of
LVV-H7 are not critical for binding but Val3 is. The minimum requirement for binding
to the AT4 receptor is the V3Y4P5W6. The C-terminal domain appears to play only a minor
role (10).

3. AT4 RECEPTOR IS INSULIN-REGULATED AMINOPEPTIDASE

We have purified the AT4 receptor from bovine adrenal membranes and identified it
as insulin-regulated aminopeptidase (IRAP) (11). To verify that the AT4 receptor is
indeed identical to IRAP, we sought to (1) reconstitute 125I-[Nle1]Ang IV binding site
and investigate its biochemical properties by expression of IRAP cDNA, and (2) com-
pare the distribution of the 125I-[Nle1]Ang IV binding in brain with IRAP mRNA and
protein expression. Using HEK 293T cells transfected with the full-length cDNA for
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Fig. 1. Schematic diagram of the angiotensin system leading to the formation of angiotensin IV.
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human IRAP, we observed abundant high-affinity binding for 125I-[Nle1]Ang IV with a
pharmacological profile identical to the endogenous human AT4 receptor (12). In addition,
membranes from cells transfected with human IRAP crosslinked with a radiolabeled
analog of Ang IV expressed a major band at 165 kDa, which was displaced by 1 M Ang IV
and is identical with our previous characterization of the native AT4 receptor (11,12).
Cellular expression of both IRAP mRNA and protein closely paralleled the distribution
of the AT4 receptor in brain (11) (Fig. 2). We have therefore conclusively demonstrated
that the specific high-affinity binding site for Ang IV/AT4 receptor is the enzyme IRAP.

IRAP was described as an aminopeptidase colocalized in specialized intracellular
vesicles with the glucose transporter, GLUT4, in insulin-responsive tissues, adipose,
skeletal muscle, and cardiac muscle (13). IRAP is a member of the M1 family of the zinc-
dependent metallopeptidases, and is also known as placental leucine aminopeptidase
(P-LAP), or oxytocinase (14).

This review focuses on the IRAP/AT4 receptor distribution and function in the
cardiovascular system and brain. The AT4 receptor was first described in bovine adrenal
membranes (3). Subsequently, it was shown to be widely distributed in many tissues
including kidney, heart, spleen and brain in a number of different species. Although
this protein was known as (1) the AT4 receptor/125I-Ang IV binding site (in most of
the literature published about the kidney, adrenal, cardiovascular, and central nervous
systems prior to 2002), (2) IRAP/vp165 (in insulin-responsive tissues), or (3) oxytocinase/
P-LAP (in the placenta), in this review the protein will be referred to in the historical
context according to the name given in the published literature.

3.1. Blood Vessels
3.1.1. DISTRIBUTION

In blood vessels, IRAP/AT4 receptor was identified in cultures of bovine aortic
smooth muscle cells (15) and bovine aortic (16), coronary venular (17), porcine aortic
(18), and pulmonary artery endothelial cells (19). Using in vitro autoradiography, we
localized 125I-Ang IV binding in rabbit carotid arteries to the media, with weaker binding
in the vasa vasorum of the adventitia. Little to no binding was observed in the endothelial
layer (20). After endothelial denudation of the carotid artery by balloon catheter, 125I-
Ang IV binding was increased in the media, neointima and regenerating endothelium
(20), indicating that this protein is upregulated during damage.

3.1.2. FUNCTION

Ang IV mediates vasodilation in blood vessels under certain conditions—this effect
is thought to be mediated by the AT4 receptor. Infusions of Ang IV or Nle1-Ang IV into
the rat carotid artery in anesthetized rats increased cerebral blood flow by 25% and
32%, respectively (21). Pretreatment with the nitric oxide synthetase (NOS) inhibitor
blocked this vasodilatory effect. Infusion of Ang IV into the rat cerebral artery (4) or
renal artery (3) also increased blood flow. In support for a role of nitric oxide (NO) in
the vasodilatory effect of Ang IV, Patel et al. reported that Ang IV induced an endothelium-
dependent relaxation of precontracted porcine pulmonary arterial rings, an effect blocked
by an NOS inhibitor, L-NAME (19). Moreover, after subarachnoid hemorrhage, Ang IV
increased cerebral blood flow, but in this study. The effect did not appear to be mediated
by NO (22).
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At high concentrations, Ang IV also acts as an agonist at the angiotensin AT1 receptor,
and this underlies its weak vasoconstrictor action. For example, the effect of Ang IV in
inducing vasocontriction in rat mesenteric artery (23), aorta (24), and pulmonary
circulation (25) is blocked by AT1 receptor antagonists, indicating involvement of the
AT1 receptor subtype.

In porcine pulmonary artery endothelial cells, Ang IV increased 5-bromo-2 -deoxy
uridine incorporation into newly synthesized DNA in a concentration- and time-dependent
manner (26). Increased DNA synthesis by Ang IV stimulation was also observed in
cultured bovine endothelial cells (17).

3.1.3. SIGNALING

Activation of a number of signaling pathways by Ang IV has been reported in cultured
blood vessel preparations. In porcine pulmonary artery endothelial cells, Ang IV was
reported to induce the activation of phosphatidylinositol 3-kinase (PI3K), phosphatidy-
linositide (PI)-dependent kinase-1, Erk 1 and 2, protein kinase B- /Akt, and p70
ribosomal S6 kinase (26). It was proposed that the activation of these multiple signaling
pathways resulted in increase in DNA synthesis in these cells as selective inhibition of
these kinases resulted in attenuation of Ang IV-mediated cellular proliferation (26).

64 Part I / Jenkins et al.

Fig. 2. Pseudocolor images of 125I-[Nle1]Ang IV binding in mouse heart and kidney demonstrating
high levels of specific binding throughout the heart and in the inner medulla of the kidney. (A) Total
125I-[Nle1]Ang IV binding in mouse heart. (B) Nonspecific binding in the presence of 1 M Ang IV
in mouse heart. (C) Total 125I-[Nle1]Ang IV binding in mouse kidney and (D) Nonspecific binding in
the presence of 1 M Ang IV in mouse kidney. Abbreviations: VEN, ventricle; A, atria; IM, inner
medulla; CX, cortex.
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In a different study in porcine pulmonary artery endothelial cells, Ang IV stimulated
cyclic guanosine monophosphate (cGMP) production and increased intracellular Ca2+

concentration (27,28). The latter effect was blocked by divalinal Ang IV, G protein
inhibitor, and phospholipase C and PI3K inhibitors, and regulated by PI3K and ryanodine-
sensitive Ca2+ stores (27). Chen et al. suggest that the endothelium-dependent relaxation
observed in pulmonary artery is the result of the action of Ang IV on increased intra-
cellular Ca2+ concentration via a G protein–phospholipase C–PI3K signaling mechanism.

Ang IV also stimulated plasminogen-activator inhibitor-1 (PAI-1) production in human
coronary artery endothelial cells (29), human adipocytes (30), and cultured bovine
endothelial cells (31). There is a dispute concerning whether this effect on PAI-1 is
mediated by IRAP/AT4 receptor or by the angiotensin AT1 receptor.

3.2. Heart
3.2.1. DISTRIBUTION

A specific binding site for 125I-Ang IV has been described in membrane preparations
of guinea pig and rabbit heart, with KD values of 1.33 and 1.70 nM, respectively (32).
This binding site is localized in blood vessels, epicardium, and endocardium (32). A
relatively large level (1.2 pmol/mg protein) of 125I-Ang IV binding sites has been
detected in bovine cardiac membranes (33). In the mouse heart, 125I-[Nle1]Ang IV binding
was detected throughout the ventricles and atria (Fig. 3A).

3.2.2. FUNCTION

In an isolated rabbit heart preparation, Nle1-Ang IV was reported to modulate left
ventricular systolic function by reducing pressure-generating capability and enhancing
the sensitivity of pressure development to volume change (34). In rabbit cardiac fibro-
blasts, Ang IV was reported to stimulate DNA and RNA synthesis (35), which contrasts
with an earlier report that Ang IV inhibited the effect of Ang II to increase protein
synthesis in chick myocytes whereas having no effect alone (36).

It is interesting to note that mice with targeted deletion of the IRAP gene exhibited
no abnormal growth, except an enlarged heart (37). This phenotypic abnormality could
be resulting from the association of IRAP with GLUT4 in cardiac myocytes because
cardiac hypertrophies have also been observed in mice with decreased levels or total
absence of the insulin-responsive glucose transporter (38–40).

3.2.3. SIGNALING

Treatment with Nle1-Ang IV decreased the mechanical load-induced increases in c-fos
and egr-1 mRNA expression in the isolated rabbit heart (41). An increase in PAI-1 gene
expression was reported in the left ventricle of the rat heart after a 2-wk infusion of
Ang IV, with no alteration in blood pressure (42).

3.3. Kidney
3.3.1. DISTRIBUTION

In the rat kidney, 125I-Ang IV binding sites have been localized to the cell body and
apical membrane of convoluted and straight proximal tubules in the cortex and outer
stripe of the outer medulla (43–45). However, the distribution in the rat kidney contrasts
with the binding in other species—high levels of the 125I-Ang IV or 125I-[Nle1]Ang IV
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binding were found in the medullary rays and also in the inner medulla of the sheep,
guinea-pig, rabbit, mouse, and human kidney, whereas moderate levels were detected
in the collecting ducts, proximal and distal tubules, over the glomeruli and in the renal
vasculature (46) (Fig. 3C). In the rabbit renal cortex, 125I-Ang IV binding sites were
detected in isolated apical and basolateral membrane preparations (47). In the human
kidney cortex, using an antibody to P-LAP, specific immunostaining was detected in
distal tubules (48). In the same study, P-LAP positive immunoreactivity was detected in the
distal tubules and in the collecting duct of Wistar–Kyoto (WKY) rats (48).

In cultured renal cell lines, 125I-Ang IV binding sites were detected in human (49) and
rabbit (50) collecting duct cells, in rat mesangial cells (51), opossum proximal tubule
OK7A cells (52), the Mardin–Darby bovine kidney epithelial cells (53), and HK2 human
proximal tubular cells (54). In the rat tubular epithelial NRK52E cells, P-LAP immuno-
staining was found predominantly in the cytoplasm, as punctate staining in the perinuclear
region (48). This vesicular P-LAP was responsive to the activation of the vasopressin V2
receptor by arginine–vasopressin, translocating to the basolateral plasma membrane (48).

3.3.2. FUNCTION

Infusion of Ang IV into the renal artery of anesthetized rats increased renal cortical
blood flow and urinary Na+ secretion, without altering glomerular filtration rate, urine
volume, or mean arterial pressure (45,55). Pretreatment with divalinal Ang IV completely
blocked the Ang IV-induced elevations in blood flow (45,55), as did the NO inhibitor,
NG-monomethyl-L-arginine (45), suggesting that the Ang IV-induced increases in blood
flow may be mediated by NO in response to altered tubular Na+ reabsorption. In isolated
rat proximal tubules, Ang IV elicited a dose-dependent decrease in energy-dependent
Na+ transport, as measured by proximal tubule oxygen consumption, which was blocked
by divalinal Ang IV and ouabain pre-treatment, suggesting involvement of ouabain-sensitive
Na+, K+-ATPase activity (43).

In a separate study, intrarenal infusion of Ang IV into anesthetized rats did not produce
vasodilatation, but an AT1 receptor-mediated vasoconstrictor effect that was blocked by
the AT1 receptor antagonist, losartan (56). In isolated perfused hydronephrotic rat kidney,
small preglomerular and postglomerular vessels constricted with high concentrations of
Ang IV, an effect that was blocked by losartan (57). These observations confirm that the
vasoconstrictor effects of Ang IV in various vascular beds are mediated by the AT1 receptor.
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Fig. 3. Parallel distribution of 125I-[Nle1]Ang IV binding and IRAP gene expression on adjacent
mouse brain sections. (A) Total 125I-[Nle1]Ang IV. Method described previously (64). (B) IRAP
mRNA determined by in situ hybridization (11).
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WKY and spontaneously hypertensive (SHR) rats fed on a 1% salt diet (normal) were
shown to have similar distributions and levels of 125I-Ang IV binding sites in the kidney.
However, these binding sites were increased by 28% in the WKY on an 8% high-salt
diet, but remained unchanged in the SHRs (58).

A role of Ang IV in nephrogenesis has also been suggested. Papillary atrophy
observed in angiotensinogen null mice is markedly attenuated by Ang IV on administration
to neonates (59).

3.3.3. SIGNALING

In OK7A opossum proximal tubule cells, Ang IV induced a Ca2+ influx, which was
partially through voltage-sensitive Ca2+ channels (52). In collecting duct cell mem-
branes in humans, Ang IV was reported to stimulate cyclic adenosine monophosphate
(cAMP) production in the presence of forskolin, but not under basal conditions (49). A
concentration-dependent biphasic rise in Ca2+ was observed in epithelial HK-2 human
proximal tubular cell line after treatment with Ang IV, along with an intracellular rise in
Na+, and increased activation of Erk-1 and -2, and p38 kinase (54). This result was also
observed with divalinal Ang IV, the AT4 receptor antagonist (54). A time- and dose-
dependent increase in PAI-1 mRNA expression was also observed in these cells after
Ang IV stimulation (60). Moreover, in the LLC-PK1/Cl4 cells, a proximal tubular
epithelial cell line from pig kidney, Ang IV induced dose-dependent phosphorylation
of two focal adhesion-associated proteins, p125-focal adhesion kinase (p125-FAK) and
paxillin (61).

3.4. Adrenal
The specific high-affinity binding site for 125I-Ang IV was discovered in bovine adrenal

membranes (3) in which it occurred in the glomerulosa and fasiculata/reticularis layers
of the cortex, as well as cells in the medulla and in the blood vessels (8).

3.5. Brain
3.5.1. DISTRIBUTION

The distribution of 125I-Ang IV binding site in the brain is widely conserved across
species. First described in guinea-pig brain (62), it has since been mapped in rat (63),
mouse (64), sheep (65), macaque (66), and humans (67). In all cases, high levels of
125I-Ang IV/[Nle1]Ang IV binding sites were found in the CA1 to CA3 pyramidal layer
of Ammon’s horn of the hippocampus, in the basal nucleus of Meynert, and throughout
the layers IV/V of the neocortex (Fig. 2). High levels were also observed in motor cortex,
ventral lateral thalamic nucleus, cerebellum, motor neurons in the brain stem and ventral
horn of the spinal cord. This pattern of binding corresponded closely to the distribution
of cholinergic neurons and their projections.

3.5.2. FUNCTION

The most striking effects of Ang IV in the central nervous system were on enhancing
learning and memory. When infused into the cerebral ventricles of rats, Ang IV was
reported to improve the acquisition of conditioned avoidance responses (2) and to
improve recall in the passive avoidance paradigm (2,68). Chronic infusion of Nle1-Ang IV
facilitated acquisition in a hippocampal-dependent spatial learning task, the swim maze (69),

Chapter 4 / AT4 Receptor or IRAP 67

04_Jenkins_Carey  5/2/07  1:09 PM  Page 67



whereas chronic infusion of divalinal Ang IV produced a detrimental effect on acquisi-
tion (69). However, a single central injection of Ang IV before training on the first day
had no effect on acquisition rates in the water maze (70). In another spatial memory
task, the Barnes circular maze, a single intracerebroventricular dose of Nle1-Ang IV,
or the structurally unrelated AT4 ligand, LVV-H7, dramatically accelerated spatial
learning (71). Concurrent delivery of divalinal Ang IV prevented this increased rate of
acquisition (71).

An acute injection of Nle1-Ang IV or LVV-H7 reversed scopolamine-induced
performance deficit assessed in the water maze or passive avoidance tasks (72,73). This
effect of Nle1-Ang IV was blocked by pre-treatment with Nle1

,Leual3-Ang IV (74). A
single intracerebral injection of the norleucinal Ang IV, administered prior to the training
trial each day, reversed the deficit in spatial learning induced by bilateral knife-cuts of
the perforant pathway in the rat (69).

A role of AT4 ligands on long-term potentiation (LTP), a cellular mechanism of memory,
has also been reported. In hippocampal slices, application of Nle1-Ang IV stimulated
synaptic transmission during low-frequency test pulses and increased tetanus-induced
LTP by 63% in the CA1 region (75). It was further shown to overcome ethanol-induced
suppression of LTP (76). Moreover, in anesthetized rats, Ang IV and norleucinal Ang IV
enhanced LTP dose- and time-dependently in the dentate gyrus, whereas divalinal Ang IV
blocked the enhancement of normal LTP (77).

Because acetylcholine plays a role in modulating memory and learning, we investigated
the effect of AT4 ligands on acetylcholine release from hippocampal slices. Both Ang
IV and LVV-H7 potentiated depolarization-induced [3H]-acetylcholine release from the
rat hippocampus in a concentration-dependent manner, 45% and 96% above control,
respectively, an effect that was attenuated by divalinal Ang IV (78).

In addition to their effects on memory, AT4 ligands may also have trophic effects.
Ang IV inhibited neurite outgrowth in cultured embryonic chicken sympathetic neurons
(79,80) and both Ang IV and LVV-H7 stimulated DNA synthesis in a human neuro-
blastoma SKNMC cell line (12).

A recent study reported that chronic overexpression of Ang IV in the brain resulted
in a significant rise in systolic blood pressure (81). Surprisingly, treatment with an AT1
receptor antagonist, candersartan, and not with the angiotensin-converting enzyme
(ACE) inhibitor, captopril, normalized the blood pressure increases in these transgenic
mice (81). The investigators postulated that this effect may be because of an allosteric
interaction of Ang IV with the AT1 receptor. It would therefore be interesting to determine
whether the blood pressure in the IRAP knockout mouse is abnormal.

4. IMPLICATIONS OF AT4 RECEPTOR AS IRAP ENZYME

IRAP belongs to the M1 family of zinc metallopeptidases that also includes
aminopeptidases A, N, and B. It was initially identified as a marker protein for a special
class of vesicles in adipose and skeletal muscle cells that contain the insulin-responsive
glucose transporter, GLUT4 (13) but was also cloned from human placental cDNA
library as oxytocinase (14). If the AT4 receptor is an enzyme, what happens when AT4
ligands bind to the protein? Our group has shown that all the peptide AT4 ligands,
including Ang IV, Nle1-Ang IV, divalinal Ang IV, and LVV-H7, are potent inhibitors
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of the catalytic activity of IRAP, binding to its active site (11,82). In contrast to our
studies describing the competitive binding of Ang IV to the catalytic site of IRAP (82),
Caron et al. suggest that Ang IV binds to a juxtamembrane domain of the enzyme,
distinct from its active site (33).

The mechanisms of how AT4 ligands mediate their effects by acting on IRAP are
unclear. We propose that ligand binding to IRAP have at least three different possible
actions: (1) inhibition of neuropeptide degradation by IRAP, leading to increased neuro-
peptide levels that have been shown to potentiate memory; (2) altered trafficking of GLUT4
leading to changes in glucose uptake; and (3) direct signaling. These possibilities are
discussed in more detail in the following sections.

4.1. Substrates of IRAP
IRAP mediates the degradation of a number of small peptides in vitro, including

Lys-bradykinin, vasopressin, met- and leu-enkephalin, dynorphin A, somatostatin, CCK-8,
and neurokinin A (82–85). A number of the known substrates of IRAP, including
vasopressin, cholecystokinin, and somatostatin, are capable of facilitating learning in
passive avoidance and spatial memory tasks (for review, see ref. 86). We postulate that
the facilitation of memory by AT4 ligands may be a consequence of inhibition of the
enzymatic activity of IRAP, thereby protecting its peptide substrates from degradation.
Memory enhancement by blockade of peptidases has been demonstrated previously. ACE
inhibitors improve memory in passive avoidance paradigms and in models of cognitive
impairment (for review, see ref. 87). Moreover, inhibition of prolyl endopeptidase results
in improvement in memory in aged (88) and scopolamine-treated (89) rats.

4.2. Regulation of GLUT4
IRAP and GLUT4 are colocalized in the basal state, located in post-endosomal vesicles

and the trans-Golgi network in insulin-responsive cells. Under insulin stimulation,
IRAP and GLUT4 rapidly translocate to the plasma membrane in which the GLUT4
mediates insulin-stimulated glucose release (for review, see ref. 90). IRAP is the only
member of the aminopeptidase family with an amino-terminus intracellular domain
comprising more than 100 amino acids. This intracellular domain contains specific con-
sensus sequences (dileucine motifs and acidic clusters) that are thought to be involved
in protein trafficking and sorting (13). Injection of this domain into differentiated
adipocytes resulted in the translocation of GLUT4 vesicles to the cell surface suggesting
that the amino terminus of IRAP may play a role in the intracellular retention or sorting
of GLUT4 vesicles (91).

GLUT4 mRNA and protein has recently been identified in the brain, and is found
predominantly in the hippocampus, neocortex, and motor areas (92,93), regions known
to contain high levels of 125I-Ang IV/125I-[Nle1]Ang IV binding (62,64–67). The prelimi-
nary data we have suggest that GLUT4 and IRAP are colocalized in the same neurons
of the brain. If this is the case then AT4 ligands upon binding to IRAP may alter the
intracellular distribution of GLUT4 vesicles, resulting in more GLUT4 at the cell surface
and increased glucose uptake into neurons. The memory enhancing effect of exogenous
glucose is well established in both humans and animals (for review, see ref. 94). In animal
studies, it has been shown that raising blood glucose levels can acutely facilitate memory,
in part by increasing cholinergic activity (for review, see ref. 95).

Chapter 4 / AT4 Receptor or IRAP 69

04_Jenkins_Carey  5/2/07  1:09 PM  Page 69



4.3. Direct Signaling
As reviewed in Section 3, a number of signaling events have been associated with the

binding of Ang IV or its analogs to the AT4 receptor/IRAP. It is difficult to conclude
whether the effects of Ang IV on the different signaling pathways are via direct actions
on IRAP. The enzyme has a 109-amino-acid intracellular tail with major phosphorylation
sites at Ser80 and Ser91 (96). It is possible that the binding of an AT4 ligand to IRAP
could lead to the direct stimulation of a signaling pathway. This has recently been
demonstrated with ACE inhibitors or bradykinin binding to ACE in endothelial cells.
The cytoplasmic tail of ACE, 28 amino acid in length, contains four serine residues, one
of which (Ser1270) is phosphorylated by casein kinase 2 (CK2) leading to increased
retention of ACE in the plasma membrane (97). Binding of the ACE inhibitors, perindo-
prilat and ramiprilat, and the substrate bradykinin to ACE enhanced the activity of CK2,
resulting in the activation of c-Jun N-terminal kinase and MAP kinase kinase 7. These
results provide evidence that extracellular ligand binding of ACE results in the direct
activation intracellular signaling pathways (98).

5. CONCLUSION

It is clear that Ang IV and its analogs elicit effects, which are distinct from the traditional
actions of the renin–angiotensin system that are mediated by the angiotensin AT1 and
AT2 receptors. We propose that the effects of Ang IV and other AT4 ligands are owing
to their actions on IRAP. In light of the fact that the AT4 receptor is not a G protein-
coupled or tyrosine kinase receptor but the enzyme IRAP, much of the literature, particularly
on the signaling pathways has to be re-evaluated.

Our identification of the AT4 receptor as IRAP reveals previously unsuspected role(s)
of IRAP and potentially GLUT4 in the brain and also provides the necessary tools to
investigate the function of IRAP in insulin-responsive tissues.

REFERENCES
1. Zini, S., Fournie-Zaluski, M. C., Chauvel, E., Roques, B. P., Corvol, P., and Llorens-Cortes, C. (1996)

Identification of metabolic pathways of brain angiotensin II and III using specific aminopeptidase
inhibitors: predominant role of angiotensin III in the control of vasopressin release. Proc. Natl Acad.
Sci. USA 93, 11,968–11,973.

2. Braszko, J. J., Kupryszewski, G., Witczuk, B., and Wisniewski, K. (1988) Angiotensin II-(3–8)-hexa-
peptide affects motor activity, performance of passive avoidance and a conditioned avoidance response
in rats. Neuroscience 27, 777–783.

3. Swanson, G. N., Hanesworth, J. M., Sardinia, M. F., et al. (1992) Discovery of a distinct binding site
for angiotensin II (3–8), a putative angiotensin IV receptor. Regul. Pept. 40, 409–419.

4. Wright, J. W., Krebs, L. T., Stobb, J. W., and Harding, J. W. (1995) The angiotensin IV system:
functional implications. Front Neuroendocrinol. 16, 23–52.

5. de Gasparo, M., Husain, A., Alexander, W., et al. (1995) Proposed update of angiotensin receptor
nomenclature. Hypertension 25, 924–927.

6. Sardinia, M. F., Hanesworth, J. M., Krebs, L. T., and Harding, J. W. (1993) AT4 receptor binding
characteristics: D-amino acid- and glycine-substituted peptides. Peptides 14, 949–954.

7. Sardinia, M. F., Hanesworth, J. M., Krishnan, F., and Harding, J. W. (1994) AT4 receptor structure-
binding relationship: N-terminal-modified angiotensin IV analogues. Peptides 15, 1399–1406.

8. Krebs, L. T., Kramar, E. A., Hanesworth, J. M., et al. (1996) Characterization of the binding properties
and physiological action of divalinal-angiotensin IV, a putative AT4 receptor antagonist. Regul. Pept.
67, 123–130.

70 Part I / Jenkins et al.

04_Jenkins_Carey  5/2/07  1:09 PM  Page 70



9. Moeller, I., Lew, R. A., Mendelsohn, F. A., et al. (1997) The globin fragment LVV–hemorphin-7 is an
endogenous ligand for the AT4 receptor in the brain. J. Neurochem. 68, 2530–2537.

10. Lee, J. H., Mustafa, T., McDowall, S. G., et al. (2003) Structure–activity study of LVV–hemorphin-7:
angiotensin AT4 receptor ligand and inhibitor of insulin-regulated aminopeptidase (IRAP). J. Pharmacol.
Exp. Ther. 305, 205–211.

11. Albiston, A. L., McDowall, S. G., Matsacos, D., et al. (2001) Evidence that the angiotensin IV (AT4)
receptor is the enzyme insulin regulated aminopeptidase. J. Biol. Chem. 276, 48,263–48,266.

12. Mustafa, T., Chai, S. Y., Mendelsohn, F. A., Moeller, I., and Albiston, A. L. (2001) Characterization of
the AT(4) receptor in a human neuroblastoma cell line (SK-N-MC). J. Neurochem. 76, 1679–1687.

13. Keller, S. R., Scott, H. M., Mastick, C. C., Aebersold, R., and Lienhard, G. E. (1995) Cloning and
characterization of a novel insulin-regulated membrane aminopeptidase from Glut4 vesicles. J. Biol.
Chem. 270, 23,612–23,618.

14. Rogi, T., Tsujimoto, M., Nakazato, H., Mizutani, S., and Tomoda, Y. (1996) Human placental leucine
aminopeptidase/oxytocinase. A new member of type II membrane-spanning zinc metallopeptidase
family. J. Biol. Chem. 271, 56–61.

15. Hall, K. L., Hanesworth, J. M., Ball, A. E., Felgenhauer, G. P., Hosick, H. L., and Harding, J. W. (1993)
Identification and characterisation of a novel angiotensin binding site in cultured vascular smooth
muscle cells that is specific for the hexapeptide (3–8) fragment of angiotensin II, angiotensin IV.
Regul. Pept. 44, 225–232.

16. Bernier, S. G., Servant, G., Boudreau, M., Fournier, A., and Guillemette, G. (1995) Characterization of
a binding site for angiotensin IV on bovine aortic endothelial cells. Eur. J. Pharmacol. 291, 191–200.

17. Hall, K. L., Venkateswaran, S., Hanesworth, J. M., Schelling, M. E., and Harding, J. W. (1995)
Characterization of a functional angiotensin IV receptor on coronary microvascular endothelial cells.
Regul. Pept. 58, 107–115.

18. Riva, L. and Galzin, A. M. (1996) Pharmacological characterization of a specific binding site for
angiotensin IV in cultured porcine aortic endothelial cells. Eur. J. Pharmacol. 305, 193–199.

19. Patel, J. M., Martens, J. R., Li, Y. D., Gelband, C. H., Raizada, M. K., and Block, E. R. (1998)
Angiotensin IV receptor-mediated activation of lung endothelial NOS is associated with vasorelaxation.
Am. J. Physiol. 275, L1061–L1068.

20. Moeller, I., Clune, E. F., Fennessy, P. A., et al. (1999) Up regulation of AT4 receptor levels in carotid
arteries following balloon injury. Regul. Pept. 83, 25–30.

21. Kramar, E. A., Krishnan, R., Harding, J. W., and Wright, J. W. (1998) Role of nitric oxide in
angiotensin IV-induced increases in cerebral blood flow. Regul. Pept. 74, 185–192.

22. Naveri, L., Stromberg, C., and Saavedra, J. M. (1994) Angiotensin IV reverses the acute cerebral blood
flow reduction after experimental subarachnoid hemorrhage in the rat. J. Cereb. Blood Flow Metab.
14, 1096–1099.

23. Loufrani, L., Henrion, D., Chansel, D., Ardaillou, R., and Levy, B. I. (1999) Functional evidence for
an angiotensin IV receptor in rat resistance arteries. J. Pharmacol. Exp. Ther. 291, 583–588.

24. Li, Q., Zhang, J., Pfaffendorf, M., and Zwieten, P. Av. (1995) Comparative effects of angiotensin II
and its degradation products angiotensin III and angiotensin IV in rat aorta. Br. J. Pharmacol. 116,
2963–2970.

25. Nossaman, B. D., Feng, C. J., Kaye, A. D., and Kadowitz, P. J. (1995) Analysis of responses to ANG
IV: effects of PD-123319 and DuP-753 in the pulmonary circulation of the rat. Am. J. Physiol. 268,
L302–L308.

26. Li, Y. D., Block, E. R., and Patel, J. M. (2002) Activation of multiple signaling modules is critical in
angiotensin IV-induced lung endothelial cell proliferation. Am. J. Physiol. 263, L707–L716.

27. Chen, S., Patel, J. M., and Block, E. R. (2000) Angiotensin IV-mediated pulmonary artery vasorelax-
ation is due to endothelial intracellular calcium release. Am. J. Physiol. Lung Cell. Mol. Physiol. 279,
L849–L856.

28. Patel, J. M., Li, Y. D., Zhang, J., Gelband, C. H., Raizada, M. K., and Block, E. R. (1999) Increased
expression of calreticulin is linked to ANG IV-mediated activation of lung endothelial NOS. Am. J.
Physiol. 277, L794–L801.

29. Mehta, J., Li, D. Y., Yang, H., and Raizada, M. K. (2002) Angiotensin II and IV stimulate expression
and release of plasminogen activator inhibitor-1 in cultured human coronary artery endothelial cells.
J. Cardiovasc. Pharmacol. 39, 789–794.

30. Skurk, T., Lee, Y. M., and Hauner, H. (2001) Angiotensin II and its metabolites stimulate PAI-1 protein
release from human adipocytes in primary culture. Hypertension 37, 1336–1340.

Chapter 4 / AT4 Receptor or IRAP 71

04_Jenkins_Carey  5/2/07  1:09 PM  Page 71



31. Kerins, D. M., Hao, Q., and Vaughan, D. E. (1995) Angiotensin induction of PAI-1 expression in
endothelial cells is mediated by the hexapeptide angiotensin IV. J. Clin. Investig. 96, 2515–2520.

32. Hanesworth, J. M., Sardinia, M. F., Krebs, L. T., Hall, K. L., and Harding, J. W. (1993) Elucidation
of a specific binding site for angiotensin II(3–8), angiotensin IV, in mammalian heart membranes.
J. Pharmacol. Exp. Ther. 266, 1036–1042.

33. Caron, A. Z., Arguin, G., and Guillemette, G. (2003) Angiotensin IV interacts with a juxtamembrane
site on AT(4)/IRAP suggesting an allosteric mechanism of membrane modulation. Regul. Pept. 113,
9–15.

34. Slinker, B. K., Wu, Y., Brennan, A. J., Campbell, K. B., and Harding, J. W. (1999) Angiotensin IV has
mixed effects on left ventricle systolic function and speeds relaxation. Cardiovasc. Res. 42, 660–669.

35. Wang, L., Eberhard, M., and Erne, P. (1995) Stimulation of DNA and RNA synthesis in cultured rabbit
cardiac fibroblasts by angiotensin IV. Clin. Sci. (Colch) 88, 557–562.

36. Baker, M. F. and Aceto, F. J. (1990) Angiotensin II stimulation of protein synthesis and cell growth in
chick heart cells. Am. J. Physiol. Heart Cir. Physiol. 259(28), H610–H618.

37. Keller, S. R., Davis, A. C., and Clairmont, K. B. (2002) Mice deficient in the insulin-regulated
membrane aminopeptidase show substantial decreases in glucose transporter GLUT4 levels but
maintain normal glucose homeostasis. J. Biol. Chem. 277, 17,677–17,686.

38. Katz, E. B., Stenbit, A. E., Hatton, K., DePinho, R., and Charron, M. J. (1995) Cardiac and adipose
tissue abnormalities but not diabetes in mice deficient in GLUT4. Nature 377, 151–155.

39. Stenbit, A. E., Tsao, T. S., Li, J., et al. (1997) GLUT4 heterozygous knockout mice develop muscle
insulin resistance and diabetes. Nature Medicine 3, 1096–1101.

40. Abel, E. D., Kaulbach, H. C., Tian, R, et al. (1999) Cardiac hypertrophy with preserved contractile
function after selective deletion of GLUT4 from the heart. J. Clin. Investig. 104, 1703–1714.

41. Yang, Q., Hanesworth, J. M., Harding, J. W., and Slinker, B. K. The AT4 receptor agonist [Nle1]-
angiotensin IV reduces mechanically induced immediate-early gene expression in the isolated rabbit
heart. Regul. Pept. 71, 175–183.

42. Abrahamsen, C. T., Pullen, M. A., Schnackenberg, C. G., et al. (2002) Effect of angiotensins II
and IV on blood pressure, renal function, and PAI-1 expression in the heart and kidney of the rat.
Pharmacology 66, 26–30.

43. Handa, R. K., Krebs, L. T., Harding, J. W., and Handa, S. E. (1998) Angiotensin IV AT4-receptor
system in the rat kidney. Am. J. Physiol. 274, F290–F299.

44. Harding, J. W., Wright, J. W., Swanson, G. N., Hanesworth, J. M., and Krebs, L. T. (1994) AT4 receptors:
specificity and distribution. Kidney Int. 46, 1510–1512.

45. Coleman, J. K., Krebs, L. T., Hamilton, T. A., et al. (1998) Autoradiographic identification of kidney
angiotensin IV binding sites and angiotensin IV-induced renal cortical blood flow changes in rats.
Peptides 19, 269–277.

46. Chai, S. Y., Mendelsohn, F. A., Lee, J., Mustafa, T., McDowall, S. G., and Albiston, A. L. (2004)
Angiotensin AT4 receptor. In: Handbook of Experimental Pharmacology: Angiotensin (Unger, T. and
Schölkens, B., eds.), Vol. 163, Springer, Amsterdam, pp. 519–538.

47. Dulin, N. O., Ernsberger, P., Suciu, D. J., and Douglas, J. G. (1994) Rabbit renal epithelial angiotensin
II receptors. Am. J. Physiol. 267, F776–F782.

48. Masuda, S., Hattori, A., Matsumoto, H., et al. (2003) Involvement of the V2 receptor in vasopressin-
stimulated translocation of placental leucine aminopeptidase/oxytocinase in renal cells. Eur. J. Biochem.
270, 1988–1994.

49. Czekalski, S., Chansel, D., Vandermeersch, S., Ronco, P., and Ardaillou, R. (1996) Evidence for
angiotensin IV receptors in human collecting duct cells. Kidney Int. 50, 1125–1131.

50. Garreau, I., Chansel, D., Vandermeersch, S., Fruitier, I., Piot, J. M., and Ardaillou, R. (1998)
Hemorphins inhibit angiotensin IV binding and interact with aminopeptidase N. Peptides 19,
1339–1348.

51. Chansel, D., Czekalski, S., Vandermeersch, S., Ruffet, E., Fournie-Zaluski, M. C., and Ardaillou, R.
(1998) Characterization of angiotensin IV-degrading enzymes and receptors on rat mesangial cells.
Am. J. Physiol. 275, F535–F542.

52. Dulin, N., Madhun, Z. T., Chang, C. H., Berti-Mattera, L., Dickens, D., and Douglas, J. G. (1995)
Angiotensin IV receptors and signaling in opossum kidney cells. Am. J. Physiol. 269, F644–F652.

53. Handa, R. K., Harding, J. W., and Simasko, S. M. (1999) Characterization and function of the bovine
kidney epithelial angiotensin receptor subtype 4 using angiotensin IV and divalinal angiotensin IV as
receptor ligands. J. Pharmacol. Exp. Ther. 291, 1242–1249.

72 Part I / Jenkins et al.

04_Jenkins_Carey  5/2/07  1:09 PM  Page 72



54. Handa, R. K. (2001) Characterization and signaling of the AT(4) receptor in human proximal tubule
epithelial (HK-2) cells. J. Am. Soc. Nephrol. 12, 440–449.

55. Hamilton, T. A., Handa, R. K., Harding, J. W., and Wright, J. W. (2001) A role for the angiotensin
IV/AT4 system in mediating natriuresis in the rat. Peptides 22, 935–944.

56. Fitzgerald, S. H., Evans, R. G., Bergstrom, G., and Anderson, W. P. (1999) Renal hemodynamic
responses to intrarenal infusion of ligands for the putative angiotensin IV receptor in anesthetized rats.
J. Cardiovasc. Pharmacol. 34, 206–211.

57. van Rodijnen, W. F., van Lambalgen, T. A., van Wijhe, M. H., Tangelder, G.-J., and Ter Wee, P. M.
(2002) Renal microvascular actions of angiotensin II fragments. Am. J. Physiol. 283, F82–F92.

58. Grove, K. L. and Deschepper, C. F. (1999) High salt intake differentially regulates kidney angiotensin
IV AT4 receptors in Wistar–Kyoto and spontaneously hypertensive rats. Life Sci. 64, 1811–1818.

59. Kakinuma, S., Sugiyama, F., Taniguchi, K., et al. (1999) Developmental stage-specific involvement of
angiotensin in murine nephrogenesis. Pediatr. Nephrol. 13, 792–797.

60. Gesualdo, L., Ranieri, E., Monno, R., et al. (1999) Angiotensin IV stimulates plasminogen activator
inhibitor-1 expression in proximal tubular epithelial cells. Kidney Int. 56, 461–470.

61. Chen, J. K., Zimpelmann, J., Harris, R. C., and Burns, K. D. (2001) Angiotensin IV induces tyrosine
phosphorylation of focal adhesion kinase and paxillin in proximal tubule cells. Am. J. Physiol. Renal.
Physiol. 280, F980–F988.

62. Miller-Wing, A. V., Hanesworth, J. M., Sardinia, M. F., et al. (1993) Central angiotensin IV binding
sites: distribution and specificity in guinea pig brain. J. Pharmacol. Exp. Ther. 266, 1718–1726.

63. Roberts, K. A., Krebs, L. T., Kramar, E. A., Shaffer, M. J., Harding, J. W., and Wright, J. W. (1995)
Autoradiographic identification of brain angiotensin IV binding sites and differential c-Fos expression
following intracerebroventricular injection of angiotensin II and IV in rats. Brain Res. 682, 13–21.

64. Chai, S. Y., Lee, J. H., Matscos, D., et al. (2001) Angiotensin AT4 receptor distribution in mouse brain
and its possible role in facilitation of spatial memory. J. Neurochem. 78, 15.

65. Moeller, I., Chai, S. Y., Oldfield, B. J., McKinley, M. J., Casley, D., and Mendelsohn, F. A. (1995)
Localization of angiotensin IV binding sites to motor and sensory neurons in the sheep spinal cord and
hindbrain. Brain Res. 701, 301–306.

66. Moeller, I., Paxinos, G., Mendelsohn, F. A., Aldred, G. P., Casley, D., and Chai, S. Y. (1996) Distribution
of AT4 receptors in the Macaca fascicularis brain. Brain Res. 712, 307–324.

67. Chai, S. Y., Bastias, M. A., Clune, E. F., et al. (2000) Distribution of angiotensin IV binding sites
(AT(4) receptor) in the human forebrain, midbrain and pons as visualised by in vitro receptor
autoradiography. J. Chem. Neuroanat. 20, 339–348.

68. Wright, J. W., Miller-Wing, A. V., Shaffer, M. J., et al. (1993) Angiotensin II(3–8) (ANG IV) hippo-
campal binding: potential role in the facilitation of memory. Brain Res. Bull. 32, 497–502.

69. Wright, J. W., Stubley, L., Pederson, E. S., Kramar, E. A., Hanesworth, J. M., and Harding, J. W.
(1999) Contributions of the brain angiotensin IV-AT4 receptor subtype system to spatial learning.
J. Neurosci. 19, 3952–3961.

70. Holownia, A. and Braszko, J. J. (2003) Effect of angiotensin IV on the acquisition of the water maze
task and ryonodine channel function. Pharmacol. Biochem. Behav. 76, 85–91.

71. Lee, J., Albiston, A. L., Allen, A. M., et al. (2004) Effect of intracerebroventricular injection of AT4
receptor ligands, Nle1-angiotensin IV and LVv–hemorphin 7, on spatial learning in rats. Neuroscience
124, 341–349.

72. Pederson, E. S., Harding, J. W., and Wright, J. W. (1998) Attenuation of scopolamine-induced spatial
learning impairments by an angiotensin IV analog. Regul. Pept. 74, 97–103.

73. Albiston, A. L., Pederson, E. S., Burns, P., et al. (2004) Reversal of scopolamine-induced memory
deficits by LVV–hemorphin 7 in rats in the passive avoidance and Morris water maze paradigms.
Behav. Brain Res. 154, 239–243.

74. Pederson, E. S., Krishnan, R., Harding, J. W., and Wright, J. W. (2001) A role for the angiotensin AT4
receptor subtype in overcoming scopolamine-induced spatial memory deficits. Regul. Pept. 102, 147–156.

75. Kramar, E. A., Armstrong, D. L., Ikeda, S., Wayner, M. J., Harding, J. W., and Wright, J. W. (2001)
The effects of angiotensin IV analogs on long-term potentiation within the CA1 region of the hippo-
campus in vitro. Brain Res. 897, 114–121.

76. Wright, J. W., Kramar, E. A., Myers, E. D. T., Davis, C. J., and Harding, J. W. (2003) Ethanol-induced
suppression of LTP can be attenuated with an angiotensin IV analog. Peptides 113, 49–56.

77. Wayner, M. J., Armstrong, D. L., Phelix, C. F., Wright, J. W., and Harding, J. W. (2001) Angiotensin
IV enhances LTP in rat dentate gyrus in vivo. Peptides 22, 1403–1414.

Chapter 4 / AT4 Receptor or IRAP 73

04_Jenkins_Carey  5/2/07  1:09 PM  Page 73



78. Lee, J., Chai, S. Y., Mendelsohn, F. A., Morris, M. J., and Allen, A. M. (2001) Potentiation of
cholinergic transmission in the rat hippocampus by angiotensin IV and LVV–hemorphin-7.
Neuropharmacology 40, 618–623.

79. Moeller, I., Albiston, A. L., Lew, R. A., Mendelsohn, F. A., and Chai, S. Y. (1999) A globin fragment,
LVV–hemorphin-7, induces [3H]thymidine incorporation in a neuronal cell line via the AT4 receptor.
J. Neurochem. 73, 301–308.

80. Reed, G., Moeller, I., Mendelsohn, F. A., and Small, D. H. (1996) A novel action of angiotensin
peptides in inhibiting neurite outgrowth from isolated chick sympathetic neurons in culture. Neurosci.
Lett. 210, 209–212.

81. Lochard, N., Thibault, G., Silversides, D. W., Touyz, R. M., and Reudelhuber, T. L. (2004) Chronic
production of angiotensin IV in the brain leads to hypertension that is reversible with an angiotensin
II AT1 receptor antagonist. Circ. Res. 94, 1451–1457.

82. Lew, R. A., Mustafa, T.,Ye, S., McDowall, S. G., Chai, S. Y., and Albiston, A. L. (2003) Angiotensin AT4
ligands are potent, competitive inhibitors of insulin regulated aminopeptidase (IRAP). J. Neurochem.
86, 344–350.

83. Herbst, J. J., Ross, S. A., Scott, H. M., et al. (1997) Insulin stimulates cell surface aminopeptidase
activity toward vasopressin in adipocytes. Am. J. Physiol. 272, E600–E606.

84. Matsumoto, H., Rogi, T., Yamashiro, K., et al. (2000) Characterization of a recombinant soluble form
of human placental leucine aminopeptidase/oxytocinase expressed in Chinese hamster ovary cells.
Eur. J. Biochem. 267, 46–52.

85. Matsumoto, H., Nagasaka, T., Hattori, A., et al. (2001) Expression of placental leucine aminopepti-
dase/oxytocinase in neuronal cells and its action on neuronal peptides. Eur. J. Biochem. 268,
3259–3266.

86. Kovacs, G. L. and De Wied, D. (1994) Peptidergic modulation of learning and memory processes.
Pharmacol. Rev. 46, 269–291.

87. Gard, P. R. (2004) Amgiotensin as a target for the treatment of Alzheimer’s disease, anxiety and
depression. Exp. Opin. Ther. Targets 8, 1–8.

88. Toide, K., Shinoda, M., Iwamoto, Y., Fujiwara, T., Okamiya, K., and Uemura, A. (1997) A novel prolyl
endopeptidase inhibitor, JTP-4819, with potential for treating Alzheimer’s disease. Behav. Brain Res.
83, 147–151.

89. Toide, K., Iwamoto, Y., Fujiwara, T., and Abe, H. (1995) JTP-4819: a novel prolyl endopeptidase
inhibitor with potential as a cognitive enhancer. J. Pharmacol. Exp. Ther. 274, 1370–1378.

90. Bryant, N. J., Govers, R., and James, D. E. (2002) Regulated transport of the glucose transporter
GLUT4. Nat. Rev. Mol. Cell. Biol. 3, 267–277.

91. Waters, S. B., D’Auria, M., Martin, S. S., Nguyen, C., Kozma, L. M., and Luskey, K. L. (1997) The
amino terminus of insulin-responsive aminopeptidase causes Glut4 translocation in 3T3-L1
adipocytes. J. Biol. Chem. 272, 23,323–23,327.

92. El Messari, S., Leloup, C., Quignon, M., Brisorgueil, M. J., Penicaud, L., and Arluison, M. (1998)
Immunocytochemical localization of the insulin-responsive glucose transporter 4 (Glut4) in the rat
central nervous system. J. Comp. Neurol. 399, 492–512.

93. El Messari, S., Ait-Ikhlef, A., Ambroise, D.-H., Penicaud, L., and Arluison, M. (2002) Expression of
insulin-responsive glucose trnasporter GLUT4 mRNA in the rat brain and spinal cord: an in situ
hybridization study. J. Chem. Neuroanatomy 24, 225–242.

94. Messier, C. (2004) Glucose improvement of memory: a review. Eur. J. Pharmacol. 490, 33–57.
95. Watson, G. S. and Craft, S. (2004) Modulation of memory by insulin and glucose: neuropsychologi-

cal observations in Alzheimer’s disease. Eur. J. Pharmacol. 490, 97–113.
96. Ryu, J., Hah, J. S., Park, J. S., Lee, W., Rampal, A. L., and Jung, C. Y. (2002) Protein kinase C-zeta

phosphorylates insulin-responsive aminopeptidase in vitro at Ser-80 and Ser-91. Arch. Biochem.
Biophys. 403, 71–82.

97. Kohlstedt, K., Shoghi, F., Muller-Esterl, W., Busse, R., and Fleming, I. (2002) CK2 phosphorylates the
angiotensin-converting enzyme and regualtes its retention in the endothelial cell plasma membrane.
Circ. Res. 91, 749–756.

98. Kohlstedt, K., Brandes, R. P., Muller-Esterl, W., Busse, R., and Fleming, I. (2004) Angiotensin-
converting enzyme is involved in outside-in signaling in endothelial cells. Circ. Res. 94, 60–67.

74 Part I / Jenkins et al.

04_Jenkins_Carey  5/2/07  1:09 PM  Page 74



1. INTRODUCTION

The renin–angiotensin system (RAS) is a major physiological regulator of body fluid
volume, electrolyte balance, and blood pressure (BP). The mechanisms by which these
actions occur remain incompletely understood in spite of intensive study over decades.
Prior to the late-1980s, it was thought that the major RAS effector peptide, angiotensin II
(Ang II), acted by binding to a single Ang II receptor (1–4). However, this principle was
disproved when highly specific nonpeptide Ang II receptor antagonists revealed two
distinct receptor subtypes, termed AT1 and AT2 (1–6). AT1 receptors were defined as
those selectively inhibited by biphenylimidazoles (prototype losartan), whereas AT2
receptors were blocked with tetrahydroimidazopyridines (prototype PD-123319) (5,6).

In the first half of the 1990s, the vast majority of the biological properties of Ang II
were characterized as acting via the AT1 receptor (7). These included Ang II-induced
cardiovascular effects, such as vasoconstriction/pressor activity, renal sodium (Na+)
retention, aldosterone secretion, inhibition of renin secretion, sympathetic nervous
system stimulation, and growth-promoting effects leading to cardiac and vascular
hypertrophy and remodeling (7). The understanding of Ang II receptors was greatly
facilitated in 1991 with the cloning of the AT1 receptor (8), followed closely by AT2
receptor cloning in 1993 (9). Since that time, increasing evidence has suggested that
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the AT2 receptor is involved in a variety of cardiovascular actions, including vasodilatation,
natriuresis, antigrowth effects, and contributions to the beneficial efficacy of AT1 receptor
antagonists (10–16).

This chapter will focus on the AT2 receptor, the physiological actions of which were
obscure until the mid-1990s, when studies began to elucidate novel physiological
actions of Ang II via AT2 receptors. It is now apparent that many, but not all, of the cardio-
vascular and renal actions of Ang II at AT2 receptors are counter-regulatory to those of
Ang II via AT1 receptors (Fig. 1) (10–16).

2. GENERAL CONSIDERATIONS OF AT2 RECEPTORS

The molecular structure of the AT2 receptor is consistent with the super-family of
G protein-coupled receptors containing 7-transmembrane domains (17,18). The gene
encoding the AT2 receptor is localized on human chromosome Xq22-q2, rat chromo-
some Xq3, and mouse chromosome X (7). The open-reading frame of the AT2 receptor
cDNA encodes a 363 amino acid protein with a molecular weight of 41,220 Da that
has 93% sequence identity between rat and mouse and 72% identity between rat and
human (7). The homology resides mainly in the transmembrane hydrophilic domains.
The gene for the AT2 receptor has three exons but the entire coding region is on the
third exon (19).

The AT2 receptor shares only 34% sequence homology with the AT1 receptor. Almost
complete divergence between AT1 and AT2 receptors has been observed in the third
extracellular loop, and extensive differences have also been found in the intracellular
carboxy-terminal tail of these receptors (7).
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Promoter activity of the rat AT2 receptor gene is regulated by a number of cis-regulatory
domains (19). The AT2 receptor protein contains five potential glycosylation sites in
its extracellular N-terminal tail. Among the many differences in amino acid sequence,
the AT2 receptor, but not the AT1 receptor, has a conserved LYS199, which is important
for ligand–receptor interactions. There is also a potential protein kinase C phospho-
rylation site in the second intracellular loop and there are three consensus sequences for
phosphorylation by protein kinase C and one phosphorylation site for cyclic adenosine
monophosphate-dependent protein kinase in the C-terminal cytoplasmic tail of the
receptor (2).

3. DISTRIBUTION OF AT2 RECEPTORS

In fetal tissues, the AT2 receptor is highly expressed and indeed predominates over
the expression of AT1 receptors (7,20,21). However, shortly after birth, AT2 receptor
expression diminishes rapidly leaving the AT1 receptor predominant in adult life.
Although the AT2 receptor is a low-copy receptor with barely detectable levels of
mRNA in most tissues during adulthood, the AT2 receptor protein is easily detectable by
Western blot in heart, blood vessels, and kidney in adults. In this respect, AT2 receptor
expression resembles that of the dopamine D1 receptor with very low mRNA but readily
detectable protein (22). Although there is a relatively low level of AT2 receptor expression
in adult tissues, the AT2 receptor predominates at certain tissue sites, including uterus,
ovary, adrenal zona glomerulosa and medulla, and in distinct areas of the brain (7,23,24).
The distribution of AT2 receptors in the cardiovascular and renal systems is briefly
reviewed as follows.

AT2 receptors are detectable in the adult kidney with the most reliable method being
Western blot analysis to detect the protein. AT2 receptor protein is distributed throughout
tubules and vascular segments of the renal cortex and medulla (25,26). There is also
variable receptor expression in the glomerulus (25–27). The AT2 receptor is particularly
well-expressed in the proximal tubule (25–27). The renal AT2 receptor is upregulated by
Na+ depletion (25) and is downregulated in the ischemic kidney from 2-kidney, 1-clip
hypertensive rats (27). Furthermore, Ang II infusion does not alter AT2 receptor expression,
suggesting that receptor regulation is model-specific (27). The AT2 receptor is also
downregulated in kidneys of stroke-prone spontaneously hypertensive rats (SHR-SP)
compared with Wistar–Kyoto (WKY) control rats, and growth-factor-induced AT2
receptors are upregulated in cultured mesangial cells from WKY but not from SHR-SP
rats (28). The AT2 receptor is markedly upregulated in renal failure (29).

AT2 receptors have been localized in blood vessels at relatively low levels (7,12). AT2
receptors have been detected in small resistance arterioles in the mesenteric and uterine
circulations as well as in large capacitance vessels such as the aorta (30–36). Vascular
AT2 receptors are developmentally regulated in contrast to the AT1 receptor that maintains
constant expression throughout life (7,37,38). AT2 receptors are also expressed in the
renal vasculature (26). AT2 receptors are present on both endothelial and vascular smooth
muscle cells of small resistance arteries in the rat and also in coronary microarteries in
mouse, pig, and human (31,39–43). Vascular AT2 receptors are upregulated by tissue injury
and during the process of wound healing (38,44,45). Ang II administration increases
AT2 receptor expression in mesenteric-resistance arteries (46) but downregulates the
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receptor in uterine arteries (34). Interestingly, vascular AT1 receptors are upregulated
in AT2 receptor–null (AT2–null) mice (47), but vascular overexpression of the AT2 receptor
does not alter the level of AT1 receptor expression (48). AT2 receptor expression is
increased in SHR compared with control WKY rats (32,49).

In the heart, AT2 receptors are expressed in cardiomyocytes of the atrial and ventricular
myocardium as well as in coronary blood vessels (7,12,50). Interestingly, in the normal
heart in humans, in contrast to rodents, AT2 receptor expression predominates over AT1
receptor expression (20,51–53). AT2 receptor expression in the heart can be decreased,
increased, or unchanged in animal models with cardiac dysfunction.

4. AT2 RECEPTOR SIGNALING

4.1. Kinase–Phosphatase Interactions
AT2 receptor signal transduction mechanisms are substantially different from those

of the AT1 receptor. AT2 receptor activation in multiple cell lines stimulates protein
phosphatases, which directly inhibit the protein kinase pathways mediated by the AT1
receptor (7,12). Although the cell signaling mechanisms of the AT2 receptor are not
as completely understood as those of the AT1 receptor, studies performed to date
demonstrate that AT2 receptor activation stimulates tyrosine and/or serine–threonine
phosphatases. These phosphatases serve to counter-regulate the cell proliferative and
growth promoting effects mediated by protein kinases in response to AT1 receptor
activation (7,12).

Some of the earliest studies of AT2 receptor signaling were conducted in PC12W
cells, a cultured pheochromocytoma cell line that expresses only AT2 and not AT1
receptors. In PC12W cells, Ang II induces the activation of protein tyrosine phosphatase
(PTPase), which dephophorylates tyrosine residues (54,55). Regarding the specific
PTPases involved following AT2 receptor activation, the vast majority of studies have
demonstrated the inhibition of phosphorylation of certain members of the mitogen-
activated protein kinase (MAP kinase) family, extracellular signal-related kinases
(ERK) 1 and 2 (p42 and p44 MAP kinases), which are stimulated by AT1 receptor
activation (38,56–60). Although there is ample evidence that the AT2 receptor inhibits
ERK phosphorylation in various cell lines, whether this mechanism accounts for AT2
receptor signaling in vivo remains open to explore. However, transgenic mice over-
expressing the AT2 receptor in the heart have been reported to have reduced cardiac
ERK activity, suggesting that ERK inhibition may indeed be modified by the AT2
receptor in vivo (61).

SH2-domain containing phosphatase-1 (SHP-1) is a soluble PTPase, which is involved
in the terminal signaling of various cytokines and growth factors. Now, there is a sub-
stantial evidence that SHP-1 is an early transducer of AT2 receptor signaling (60,62–64).
In both PC12W cells and in rat fetal vascular smooth muscle cells, AT2 receptor-induced
apoptosis appears to be mediated via SHP-1 activation (62,63).

Serine–threonine phosphatase (PP2A) is also involved in AT2 receptor signaling
PP2A dephosphorylates phosphothreonine, thereby inactivating MAP kinases (65). In
neurons cultured from neonatal rat hypothalamus and brain stem, the AT2 receptor
activates PP2A, inhibiting AT1 receptor-mediated MAP kinase activation and inducing
apoptosis (59,66,67).
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In addition to the inhibition of the MAP kinase pathway, AT2 receptors are capable
of inducing the dephophorylation of other protein–kinase pathways. For example,
Janus kinases (JAK) and signal transducers and activators of transcription (STAT)
represent important pathways of AT1 receptor-mediated vascular smooth muscle cell
proliferation (7,68). AT2 receptor activation has been demonstrated to reduce AT1
receptor-mediated tyrosine phosphorylation of STAT 1–3 and to inhibit the effects of
growth factors, epidermal growth factor (EGF) and platelet-derived growth factor
(PGDF), on STAT 1 activity (69). Ceremide, which is linked to phosphatase activation,
has also been proposed as a second messenger in AT2 receptor-mediated apoptosis
(11). Therefore, the AT2 receptor inhibits growth factor signaling pathways that are
stimulated by the AT1 receptor.

The major intracellular signaling pathways mediated by the AT2 receptor are summa-
rized diagrammatically in Fig. 2.

4.2. Bradykinin–Nitric Oxide–Cyclic GMP Pathway
Perhaps the major AT2 receptor signaling pathway is the bradykinin (BK)–nitric

oxide (NO)–cyclic guanosine 3 , 5 -monophosphate (cGMP) pathway, which has been
demonstrated as the major vasodilator pathway counter-regulating AT1 receptor-mediated
vasoconstriction (Fig. 3). The AT2 receptor was first demonstrated to stimulate BK, NO,
and cGMP production in 1996–1997 (70–72). The AT2 receptor-mediated vasodilator
cascade constitutes a cell-to-cell (paracrine) communication mechanism that begins
with AT2 receptor induction of cellular acidification via the amiloride-sensitive Na+

channel, resulting in kininogenase activation in vascular smooth muscle cells (48).
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Kininogenase activation probably converts kininogen to the potent vasodilator BK,
which acts at BK B2 receptors on endothelial cells. B2 receptor activation stimulates
nitric oxide synthase (NOS) to form NO, which diffuses back into vascular smooth
muscle cells to stimulate soluble guanylyl cyclase, with the intracellular production of
cGMP, a potent vasodilator signaling module. Thus, the BK–NO–cGMP pathway has
been demonstrated to be the major signaling pathway mediating vasodilatation both
in vitro and in vivo in experimental animals (7,10–12,73).

Since the time of its first demonstration, a multitude of studies have confirmed that
the AT2 receptor mediates its vasodilator action via the BK–NO–cGMP pathway
(7,10–12,73). Subsequent studies have revealed that both endogenous Ang II (increased
by dietary Na+ restriction) and exogenously infused Ang II stimulate an increase in
cGMP, an effect abolished by pharmacological AT2 receptor blockade and AT2 receptor
antisense oligodeoxynucleotide administration, as well as by BK B2 receptor blockade
and NOS inhibition (70–72,74,75). In normal rats as well as a renal-wrap model of
experimental hypertension, Ang II infusion induced an AT2 receptor-mediated increase
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Fig. 3. Extracellular signaling mechanism of the AT2 receptor involving the BK–NO–cGMP vaso-
dilator cascade.

05_Carey  5/2/07  1:11 PM  Page 80



in BK, confirming a direct link between AT2 receptor activation and BK synthesis (76).
Genetic studies involving targeted disruption of the AT2 receptor gene (77) or over-
expression of the AT2 receptor in vascular smooth muscle cells of transgenic mice (48)
provided direct support for the link between AT2 receptor-mediated vasodilation and
BK–NO–cGMP production. AT2 receptor–null mice exhibited markedly reduced tissue
levels of BK and cGMP and were hypersensitive to the pressor and antinatriuretic
actions of Ang II compared with their wild-type litter-mates (77). Although the exagger-
ated vascular reactivity to Ang II in AT2 receptor–null mice might be attributable to
upregulation of the AT1 receptor (47), this would not account for the reduced BK and
cGMP tissue levels observed (77). Conversely, AT2 receptor over-expression in vascular
smooth muscle cells unmasked an Ang II-induced increase in aortic cGMP, which was
abolished by AT2 or B2 receptor antagonism or NOS inhibition (48). The increase in
aortic cGMP was associated with complete abrogation of the pressure response to Ang
II which was restored with the same inhibitors (48). Furthermore, in SHR-SP, Ang II
increased aortic cGMP content via an AT2 receptor mechanism involving BK, B2 receptors
and NO (78).

Collectively, the evidence indicates that AT2 receptors in the cardiovascular and renal
system—albeit at low levels of expression—mediate vasodilation via a BK–NO–cGMP
pathway. Recently, it was shown that the NO–cGMP mechanisms of AT2 receptor action
may be BK-dependent or -independent and that the receptor may stimulate NO production
directly without involving BK (79).

4.3. Heterodimer Formation
Recent studies have suggested that the AT2 receptor may inhibit the actions of the AT1

receptor directly by a ligand-independent process involving heterodimer formation (80).
Simultaneous activation of AT2 and B2 receptors led to a 70% increase in NO production,
suggesting potentiation between these two receptors (79). Indeed, the mechanism of this
potentiation appears to be the production of an AT2–B2 receptor heterodimer, recently
demonstrated in PC12W cells (81). The rate of AT2–B2 receptor heterodimer formation
is largely a function of the degree of AT2 and B2 receptor membrane expression. The
physical association between these receptors initiates changes in intracellular phospho-
protein signaling leading to the phosphorylation of JNK and PTP and dephosphorylation
of ERK and p38 MAP kinases and STAT3 with marked enhancement of NO and cGMP
formation (81).

5. AT2 RECEPTOR-MEDIATED VASODILATION

Results during the late 1990s through 2002 suggested that the AT2 receptor might
serve as a vasodilator counter-force to AT1 receptor-mediated vasoconstriction (7,10–12).
However, vasorelaxation was difficult to elicit because of the relatively low level of AT2
receptor expression and because of the predominant vasoconstrictor action of Ang II via
the AT2 receptor. In order to unmask the vasodilator action of the AT2 receptor, experi-
mental focus was changed to pharmacological reduction of AT1 receptor action with AT1
receptor blockers before and during AT2 receptor stimulation with Ang II and related
peptides. These studies clearly demonstrated that AT2 receptor activation dilates blood
vessels and reduces blood pressure (82,83). Studies also showed that at least part of the
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acute depressor action of AT1 receptor blockade is mediated by concurrent AT2 receptor
stimulation (74,76). The vasodilator action of Ang II via the AT2 receptor was easier
to elicit when the renin–angiotensin system was upregulated, such as during Na+ restric-
tion, Ang II infusion or in renovascular hypertension (10,74,76). The majority of studies
endorsed the role of BK, NO, and cGMP in mediating the observed AT2 receptor
vasodilator action (10–12).

Recently, several additional studies have confirmed the vasodilator action of the AT2
receptor. AT2 receptors were reported to mediate vasodilation in the uterine artery, in
which the Ang II increased arterial cGMP, and vasodilation was blocked by AT2
receptor antagonist PD-123319 (PD), BK B2 receptor antagonist icatibant or NOS
inhibitor N-nitro-L-arginine (84). In addition, the AT2 receptor was shown to dilate
mesenteric arterioles under flow conditions by a BK-dependent mechanism (85,86).
Taken altogether, the available information suggests that resistance microvessels are a
major site of AT2 receptor-mediated vasodilation. However, recent evidence also demon-
strates a vasodilatory role of AT2 receptors in large capacitance vessels, such as the aorta.
AT2 receptor-mediated vasodilation is present in the pressure-overloaded rat thoracic
aorta because of suprarenal aortic banding (35,36). In this model, a counter-regulatory
feedback loop may have been established in which the AT1 receptor-induced vaso-
constriction is counter-balanced by AT2 receptor upregulation and vasodilation (35,36).
The mechanisms of AT2 receptor-induced vasodilation in the capacitance vessels were
demonstrated to be BK–NO–cGMP (35,36).

AT2 receptor-mediated vasodilation has also been demonstrated in the coronary
circulation (41,87). In normal and failing rat hearts, chronic candesartan-induced coronary
vasodilation is abolished by AT2 receptor blocker PD or by NOS inhibitor NG-nitro-L-
arginine methyl ester (L-NAME) (87). Thus, AT1 receptor blockade induced endothelium-
dependent coronary vasodilation that was mediated by Ang II stimulation of the AT2
receptor. Similarly, in human coronary resistance microvessels, functional AT2 receptors
mediated vasodilation via a BK–NO–cGMP signaling mechanism (41). Because AT1
and AT2 receptor expression is quantitatively similar in the human coronary artery (41),
AT2 receptors may constitute a legitimate therapeutic target for coronary ischemia.

Mechanisms other than BK–NO–cGMP have been proposed for the demonstrated
renal vasodilator action of the AT2 receptor. In the rabbit afferent arteriole, AT2 receptor-
mediated, endothelium-dependent relaxation occurs via a cytochrome P-450-dependent,
NO-independent pathway, which likely involves the production of epoxyeicosatetranoic
acid and the opening of large conductance, Ca2+-activated K+ (BKCa) channels (88). Also,
in preglomerular vascular smooth muscle cells from SHR kidneys, AT2 receptors
inhibited the ability of Ang II to activate phospholipase D via AT1 receptors (89). In addi-
tion, AT2 receptor activation counteracted both AT1 receptor-mediated vasoconstriction
in the renal cortex and AT1 receptor-mediated vasodilation in the renal medulla (90).
Thus, the actions and signaling mechanisms of the AT2 receptor are especially complex
within the kidney. Similarly, in mesenteric vessels, AT2 receptor activation causes the
opening of BKCa channels leading to membrane repolarization and vasodilation (91).

Ang (1–7) is a recently discovered Ang N-heptapeptide fragment of Ang II with a
range of central and peripheral actions, including vasodilation (see Chap. 3). Although
Ang (1–7) may act at its own receptor (the mas oncogene), recent evidence suggests
that Ang (1–7) may induce vasodilation through activation of the AT2 receptor in the
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presence of partial AT1 receptor blockade (92). This vasodepressor action involves the
BK–NO–cGMP cascade (92). Additionally, recent studies suggest a role of the AT2
receptor in hypertension, as the receptor is downregulated in resistance arteries of SHR
and nonspecific correction of the hypertension restores AT2 receptor expression and
vasodilator function (93).

In summary, although a few exceptions exist, a multitude of studies have demonstrated
that the AT2 receptor mediates vasodilation in small resistance arteries, including the
mesenteric, uterine, and coronary circulation. AT2 receptors also dilate large capacitance
vessels such as the aorta. The predominant cell signaling mechanism mediating
vasodilation is the BK–NO–cGMP cascade. At least some of the beneficial vasodilation
engendered by AT1 receptor blockade appear to be mediated by AT2 receptor stimulation.
However, most of the available evidence come from acute studies, and the chronic
vasodilator action of the AT2 receptor requires further investigation. The vascular beds
in which the AT2 receptor has been shown to be a dilator mediator are shown in Table 1.

6. AT2 RECEPTOR-MEDIATED NATRIURESIS

As discussed earlier, the majority of Ang II actions are believed to occur via the AT1
receptor, including antinatriuresis (7). Indeed, studies involving AT2 receptors in the
regulation of Na+ excretion have been limited to only a few observations. In vitro
studies have demonstrated that AT2 receptors may reduce bicarbonate reabsorption in
the proximal tubule via stimulation of phospholipase A2 and arachidonic acid release
(94). In vivo studies in AT2–null mice have demonstrated a shift-to-the-right (less
sensitive) in the pressure–natriuresis curve and antinatriuretic hypersensitivity to Ang II
(77,95). However, as mentioned earlier, the AT1 receptor is upregulated in AT2–null
mice, which could account for at least some of the aforementioned pressure–natriuresis
and antinatriuresis effects, respectively (47).

Recently, the AT2 receptor has been demonstrated to mediate natriuresis and the
heptapeptide fragment of Ang II, des-Aspartyl1-Ang II (Ang III) has been shown to be
the preferential agonist (95). In order to unmask natriuretic effects mediated by the AT2
receptor, it was necessary to block the AT1 receptor in vivo selectively within the kidney
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Table 1
Vascular Sites and Mechanisms of AT2 Receptor-Mediated Vasodilation

Site Vasodilation Mechanism

Mesenteric arterioles Yes BK–NO–cGMP
BKCa channels

Uterine arterioles Yes BK–NO–cGMP
Coronary arterioles Yes BK–NO–cGMP
Renal arterioles

Cortical afferent arterioles Yes Phospholipase D
Cytochrome P-450

metabolites
BKCa channels

Medullary arterioles No –
Aorta Yes BK–NO–cGMP
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in normal rats. Intrarenal AT1 receptor blockade with candesartan increased Na+

excretion, and this effect was abolished by intrarenal AT2 receptor blockade with PD. In
the presence of systemic AT1 receptor blockade with candesartan, but not in its absence,
intrarenal Ang III infusion induced a significant natriuresis that was abolished with
concurrent intrarenal administration of PD (96). However, similar experiments with
intrarenal Ang II administration at equimolar or higher infusion rates did not demon-
strate a natriuretic effect. Collectively, these studies demonstrated for the first time that
the beneficial effect of natriuresis induced by AT1 receptor blockade is mediated, at least
in part, by AT2 receptor stimulation (96). This study also demonstrated that Ang III is the
preferential agonist for this response. Although the mechanism(s) of Ang III induction
of natriuresis via the AT2 receptor is (are) not clear, these results identify the AT2 receptor
as a potential therapeutic target for hypertension.

In conceptual agreement with these studies, it has recently been shown that systemic
AT2 receptor blockade with PD abolished candesartan-induced natriuresis/diuresis in
obese Zucker rats to a greater degree than in lean rats (97). In this study, direct AT2
receptor stimulation with CGP-42112A induced a greater diuresis/natriuresis in obese
than in lean rats (98). In addition, AT2 receptor-induced natriuresis has been demon-
strated in streptozotocin-induced diabetic rats (98). Furthermore, recent studies in
normal rat proximal tubules suggest that activation of the AT2 receptor via stimulation
of the NO–cGMP pathway causes inhibition of Na+, K+-ATPase activity that is reversed
with PD (99).

In summary, there is recent substantial evidence that the AT2 receptor mediates
natriuresis in the normal rat and that Ang III is likely to be the preferential endogenous
ligand. It is also evident that AT2 receptor-mediated natriuresis is exaggerated in diabetic
and obese models. The role of the AT2 receptor in the antinatriuresis observed in early
hypertension awaits further investigation.

7. AT2 RECEPTOR-MEDIATED INHIBITION OF RENIN
BIOSYNTHESIS AND SECRETION

The AT2 receptor is expressed in renal juxtaglomerular (JG) cells. AT1 receptors on
JG cells inhibit renin biosynthesis and secretion, providing a short-loop negative feed-
back mechanism to retard Ang II production (100). Angiotensin-converting enzyme
(ACE) inhibition and/or AT1 receptor blockade unmasks this short-loop mechanism
resulting in increased renin and Ang I production. Recent evidence suggests that, unlike
the AT2 vasodilator and natriuretic actions that oppose AT1 receptor effects, the AT2
receptor behaves similarly to the AT1 receptor in suppressing renin production and
release directly at the JG cell. AT1 receptor blockade can inhibit prorenin processing in
JG cells via the activation of AT2 receptors (101). Furthermore, in conscious rats both
circulating active renin and renal tissue levels of Ang II are increased by direct renal
cortical administration of AT1 receptor blocker valsartan or AT2 receptor blocker PD
(102). Both receptor blockers independently increased renal renin mRNA and renin
concentration. In response to valsartan and PD, renal renin immunoreactivity was
markedly increased in both JG and tubule cells (102). Therefore, renin biosynthesis and
secretion are inhibited by a novel short-loop AT2 receptor negative feedback mechanism
in parallel with that of AT1 receptors in JG cells. Further studies are necessary to determine
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the physiological and possible pathophysiological significance of AT2 receptor-mediated
renin suppression.

8. CONCLUSIONS

The AT2 receptor is now firmly established as a vasodilator receptor with the vast
majority of studies pointing to the BK–NO–cGMP signal cascade in its vasorelaxant
action. The AT2 receptor is counter-regulatory to the vasoconstrictor actions of Ang II
via the AT1 receptor. Indeed, AT2 receptor stimulation may provide a substantial fraction
of the antihypertensive benefit of AT1 receptor blockade in hypertension. The AT2 receptor
is a vasodilator not only in small resistance arteries but also in large capacitance vessels.
Future studies should focus on whether the AT2 receptor mediates vasodilation chroni-
cally and in humans. If so, the AT2 receptor is a candidate for design of nonpeptide agonist
compounds for the treatment of hypertension.

Recent studies have demonstrated two novel actions of the AT2 receptor, natriuresis
and renin suppression. Regarding natriuresis, Ang III, not Ang II, appears to be the
preferential ligand. Future studies should address the role of Ang III, a less-studied
peptide, on renal function and the interactions of the renal AT2 receptor with other
natriuretic receptors. The role of the AT2 receptor in the antinatriuresis of hypertension
awaits further study. Similarly, the involvement of the AT2 receptor in short-loop negative
feedback suppression of renin and its potential role in the pathophysiology of hypertension
require further study. Although the past decade has brought enhanced understanding of
the AT2 receptor and its functions, much more remain to be learned.
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1. INTRODUCTION

The renin-angiotensin system (RAS) was originally described as a hemodynamic
regulator that increases blood pressure acutely by vasoconstriction and chronically
through aldosterone-mediated extracellular volume expansion (1). It is now clear that a
tissue-based RAS exists, which is independently controlled from the circulation (2).
Elevated tissue levels of components of the RAS including Ang II, the effector peptide
of the RAS, have been demonstrated in numerous diseases independently of blood
pressure elevation, such as hypertension, atherosclerosis, myocardial infarction, cardiac
failure, diabetes, and renal disease (2,3).

Ang II, which mediates its cardiovascular and renal effects primarily through the Ang II
type 1 receptor (AT1R) subtype, has pleiotropic actions in multiple organ systems. In
the vasculature, Ang II induces contraction, cell growth, migration, and differentiation
and is pro-fibrotic (4,5). In addition, compelling evidence indicates that Ang II has
important proinflammatory properties in the vascular wall, stimulating the generation
of reactive oxygen species (ROS) and the production of inflammatory cytokines and
adhesion molecules through the cytoplasmic transcription factor nuclear factor- B
(NF- B) (5,6). Through these actions, Ang II augments vascular inflammation and
promotes endothelial dysfunction and structural remodeling.

Inflammation is a complex set of interactions among soluble factors and cells that
can arise in any tissue in response to pathogenic stimuli. Normally, the process leads to
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recovery, healing, and scar formation. However, if repair is uncontrolled, inflammation
can result in persistent tissue damage by leukocytes, lymphocytes, or collagen (7). The
magnitude of inflammation is critical: insufficient reactions lead to immunodeficiency,
which can result in infection and cancer, whereas excessive responses cause morbidity and
mortality in diseases such as atherosclerosis, myocardial infarction, and diabetes (8).
Homeostasis is restored when inflammation is limited by anti-inflammatory responses
that are rapid, reversible, localized, and adaptive. Independent of the etiology of the
primary insult, the inflammatory response characteristically involves three processes:
(1) alterations in vascular permeability, (2) leukocyte extravasation (adhesion, transmigra-
tion, and chemotaxis), and (3) tissue repair and cell growth (9). The RAS, particularly
Ang II, has been implicated in all of these processes (Fig. 1) and is increasingly being
recognized as a major contributor in the inflammatory response in many organs, including
the kidney, heart, liver, brain, and ovaries. Here we will discuss the role of Ang II as a
pro-inflammatory mediator, focusing specifically on the vasculature, and implications
in cardiovascular disease.

2. ANG II AND VASCULAR PERMEABILITY

The initial phase of inflammation is associated with a local increase in vascular
permeability with consequent cell infiltration and protein-rich fluid exudation (9). Ang II
influences vascular permeability indirectly via pressure-mediated mechanical injury
to the endothelium particularly in hypertension, and locally through hemodynamic-
independent processes (10) (Fig. 1). Local mechanisms underlying these events involve
Ang II-elicited production of second mediators, specifically prostaglandins (leukotriene
C4, prostaglandin E2, prostaglandin 12) and vascular endothelial cell growth factor
(VEGF). Ang II stimulates production of PGE2 and thromboxane and increases gener-
ation of cytochrome P450 metabolites of arachidonic acid (11–13). These effects occur
through AT1R-dependent processes (14), because losartan, a selective AT1R blocker,
prevents thromboxane A2-mediated increase in vascular permeability.

The VEGF family (VEGF-A, VEGF-B, VEGF-C, and VEGF-D) and their corre-
sponding receptor tyrosine kinases (VEGFR-1 [Flt-1], VEGFR-2 [Flk-1, KDR], and
VEGFR-3 [Flt-4]) are important in inducing vascular permeability and in stimulating
endothelial cell growth (15). VEGF, also called vascular permeability factor (16), is a
key regulator of physiological vasculogenesis and has been implicated in pathological
angiogenesis, vascular leakage, and inflammation (17). These processes are influenced
by Ang II. In vitro studies demonstrated that Ang II stimulates secretion and/or
expression of VEGF by vascular smooth muscle cells (VSMC) (18), endothelial cells
(19,20), cardiac myofibroblasts (21), and mesangial cells (22). This action is mediated
primarily by the AT1R (18,19) although the AT2R has also been implicated in retinal
and renal cells (23,24). Ang II upregulates VEGF mRNA expression through tran-
scriptional regulation by NADPH oxidase-mediated, redox-sensitive processes (25,26).
Ang II also influences VEGF-mediated signal transduction or post-transcriptional
regulation of VEGFR-2 (27,28). The importance of VEGF in Ang II-induced vascular
inflammation and remodeling, independently of hemodynamic changes, was demon-
strated in Ang II-infused mice, in which VEGF was inhibited. VEGF blockade by soluble
VEGF receptor 1 (sFlt-1) gene transfer attenuated Ang II-mediated inflammation
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Fig. 1. Pro-inflammatory processes of Ang II in the vasculature. Ang II influences vascular perme-
ability through direct and indirect (hemodynamic changes) mechanisms by increasing production of
VEGF and prostaglandins. Ang II-induced activation of chemokines, cytokines, and growth factors
results in leukocyte recruitment, cell growth and fibrosis. These events constitute the inflammatory-
reparative response, leading to vascular injury and structural remodeling in cardiovascular disease.
ECM, extracellular matrix; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metallo-
proteinase; VEGF, vascular endothelial cell growth factor.

and remodeling without influencing Ang II-induced arterial hypertension and
cardiac hypertrophy.

Some of the pathological processes that are associated with changes in vascular
permeability and inflammation in response to Ang II-induced effects mediated by
VEGF include diabetic retinopathy (29,30) and tubulointerstitial damage leading to
proteinuria. Ang II is a potent stimulus for ocular VEGF expression, as it increases
VEGFR-2 expression in bovine retinal microcapillary endothelial cells and retinal
pericytes, an effect that is inhibited by AT1R blockers (27,28). In diabetic rats,
angiotensin-converting enzyme (ACE) inhibitors normalize diabetes-associated
changes of VEGF expression and vascular permeability (31) whereas Ang II potentiates
VEGF-induced endothelial cell growth and tube formation (27,28). Patients with
diabetic retinopathy have increased vitreous fluid Ang II and VSGF levels, and
increased retinal vasopermeability and neovascularization (29). ACE inhibitors prevent
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retinal neovascularization in retinopathy of prematurity, an effect accompanied by
reduced VEGF and VEGFR-2 expression, indicating a retinoprotective effect of RAS
blockade (32).

The association between Ang II and diabetic retinopathy is particularly important in
relation to hypertension. The Wisconsin Epidemiologic Study of Diabetic Retinopathy
(WESDR) demonstrated that diastolic blood pressure is a significant predictor of
progression to diabetic retinopathy in patients with type 1 diabetes (33), whereas the
UK Prospective Diabetes Study (UKPDS) group showed that in type 2 diabetes, the
incidence of diabetic complications is associated with systolic blood pressure (34). A
series of large clinical trials (UKPDS; Controlled Trial of Lisinopril in Insulin
Dependent Diabetes Mellitus, EUCLID; Diabetic Retinpathy Candesartan Trials,
DIRECT) further support a role for Ang II in diabetic retinopathy, by which it was
demonstrated that ACE inhibitors or AT1R blockers not only reduce blood pressure in
diabetic patients but also decrease progression of diabetic retinopathy (29,33–35).

Ang II effects on vascular permeability are especially important in the kidneys, in
which enhanced glomerular capillary permeability and inflammation lead to tubulo-
interstitial damage and proteinuria. Ang II promotes glomerular hyperpermeability
through its pressor action and through direct mechanisms, probably by altering
cytoskeletal arrangement of glomeular epithelial cells (36). Based on data from large
clinical trials, it is clear that microalbuminuria is a renal signal that cardiovascular risk
is increased and that vascular responses are altered. The risk of cardiovascular events
and mortality is estimated to be 2–8 times higher when microalbuminuria is present in
patients with diabetes and hypertension (37,38). Interruption of the RAS with ACE
inhibitors or AT1 receptor blockers decreases proteinuria in patients with hypertension,
diabetes, and renal disease (39,40). These effects have been attributed, in part, to direct
improvement of glomerular permeability and reduced renovascular inflammation,
independently of blood pressure lowering (41).

3. ANG II EFFECTS ON LEUKOCYTES: CELL ADHESION 
AND CHEMOTAXIS IN THE VASCULATURE

A fundamental process in inflammation is extravasation or recruitment of leukocytes
from the vascular lumen to the interstitial tissue (9). This phenomenon involves three
basic steps: (1) cell rolling, (2) cell adhesion, and (3) transendothelial migration and
chemotaxis (movement toward chemotactic stimuli) (Fig. 2).

Adhesion and transendothelial migration of leukocytes into the vessel wall involve
sequential interaction of distinct receptors on the surface of leukocytes and endothelial
cells. Cellular adhesion molecules, especially members of the selectin family and immuno-
globulin superfamily, are involved in leukocyte recruitment to sites of inflammation.
Selectins, which are lectin-like molecules expressed on leukocytes (L-selectin), endothelial
cells (E-selectin, P-selectin), and platelets (P-selectin), mediate initial contact between
circulating leukocytes and vascular endothelium (42,43). Selectins stimulate leukocyte
rolling on endothelial cells and promote platelet-leukocyte aggregation. P-selectin is stored
in specific granules present in platelets ( -granules) and endothelial cells (Weibel–Palade
bodies) from which it can be rapidly recruited to the cell surface after stimulation (44).
Rolling leukocytes encounter activated stimuli that trigger activation-dependent adhesion
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necessary for integrin-mediated arrest. The integrin family includes heterodimeric
proteins composed of noncovalently linked and subunits. To date at least 15 - and 8

-chains have been identified. Ligand specificity of integrins is based on the -subunit
and comprises two groups: extracellular matrix proteins and cell surface molecules
of the immunoglobulin supergene family. Extracellular matrix proteins of importance
include fibronectin, thrombospondin, vitronectin, and fibrinogen (44). Important Ig-
supergene family members include: intercellular cell adhesion molecules-1 and -2
(ICAM-1, ICAM-2), which bind CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1);
vascular cell adhesion molecule-1 (VCAM-1), which binds VLA-4, platelet-endothelial
cell adhesion molecule-1 (PECAM-1); and the mucosal address in cell adhesion
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Fig. 2. Ang II-mediated processes in vascular leukocyte recruitment. Normally, leukocytes and
endothelial cells do not interact. In physiological conditions, leukocytes possess inactive integrins and
selectin-binding sites (ligands), but these are unbound, as endothelial cells do not express selectins.
Following a pathogenic stimulus, such as increased Ang II levels, endothelial cells are activated and
selectin-binding sites are expressed. This results in leukocyte–endothelial cell interaction through
weak adhesion (low affinity binding), followed by leukocyte rolling along the endothelium.
Subsequent leukocyte activation promotes leukocyte integrins to bind with Ig-supergene family
glycoproteins, including ICAM-1 and VCAM-1, resulting in firm adhesion. This is followed by
transendothelial migration, which is facilitated by additional Ig-supergene family member expression,
including endothelial PECAM-1. Ang II further contributes to the inflammatory process by stimu-
lating synthesis of cytokines, chemokines, and growth factors by VSMCs. CAM, cell adhesion
molecules; CTGF, connective tissue growth factor; ICAM-1, intercellular cell adhesion molecule,
MCP-1, monocyte chemoattractant protein-1; PECAM, platelet-endothelial cell adhesion molecule;
PMN, polymorphonuclear leukocytes; TGF- , transforming growth factor- ; VCAM, vascular cell
adhesion molecule.
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molecule-2 (MAsCAM-1). ICAM-1 is expressed mainly on endothelial cells (45).
VCAM-1, which exhibits low expression on unstimulated endothelial cells, is upregu-
lated by cytokines, and mediates adhesion of lymphocytes and monocytes in inflamed
vascular beds (44). PECAM-1 is constitutively expressed on platelets, leukocytes, and
endothelial cells (46), and MAdCAM-1 is mainly expressed on mucosal endothelial
venules (47).

Establishment of an adhesive interaction between endothelial cells and circulating
leukocytes involves movement from flowing blood toward the vessel wall (44). Selectins,
particularly L-selectin and their ligands, mediate initial weak (low-affinity) adhesive
interactions manifested as leukocyte rolling (48). Rolling leukocytes are exposed to low
concentrations of chemoattractants or inflammatory mediators resulting in leukocyte
activation, which induces leukocyte integrins to bind with Ig-supergene family glyco-
proteins, such as ICAM-1 and VCAM-1, permitting firm adhesion. This is associated
with downregulation (shedding) of L-selectin (44). Transendothelial migration is medi-
ated by additional Ig-supergene family members, like PECAM-1 and occurs when adherent
leukocytes move toward the endothelial cell-cell junctions. During this process, the cell
steadily establishes new adhesive contacts at the migration pole, while reducing adhesive
interactions at the tail. Leukocytes then migrate into tissues by a chemoattractant
gradient. Chemokines are a superfamily of small proteins with chemoattractant proper-
ties for specific types of leukocytes. In general, CXC chemokines ( -subfamily) play
a role in acute inflammation through neutrophil activation, whereas CC chemokines
( -subfamily) are involved in chronic inflammation through monocytes and lymphocytes
(49). Many Ang II-dependent forms of cardiovascular disease, including atherosclerosis,
hypertension, cardiac failure, and diabetes, are characterized by vascular monocyte-
macrophage infiltration (49–51).

Ang II regulates multiple steps in leukocyte recruitment into the vessel wall. It
stimulates production of many pro-inflammatory molecules (Table 1), enhances
adhesion of monocytes-neutrophils to endothelial cells by influencing cell adhesion
molecules, and promotes transendothelial migration through cytokines and
chemokines (51). These effects appear to be independent of pressor actions. Intravital
microscopy of rat mesenteric postcapillary venules demonstrated that Ang II infusion
increases leukocyte rolling, adhesion, and migration without any vasoconstrictor
activity (52). Both AT1R and AT2R appear to play a role in this process, because Ang
II-induced effects were abolished by the combination therapy of AT1R and AT2R
antagonists (52). In endothelial cells, Ang II upregulates expression of VCAM-1,
ICAM-1, and E-selectin through pathways involving ROS (53–55). In VSMCs, Ang
II stimulates production of VCAM-1, chemokine monocyte chemotactic protein-1
(MCP-1), interleukin (IL)-6, IL-8, and osteopontin in a time- and dose-dependent
manner (56–59). These effects are mediated via AT1R and involve RhoA-dependent
and redox-sensitive processes (57).

IL-6, a 26-kDa glycoprotein, is a pro-inflammatory cytokine that induces synthesis
of acute phase proteins, such as C-reactive protein (CRP), cytokines, and growth factors
(60,61). It also activates platelets, has procoagulant activity, and is mitogenic for VSMCs
(60–62). IL-8, also called CXCL8 because of a potent neutrophil chemotactic factor
(63), induces VSMC proliferation and migration (64). MCP-1 is a small (8–10 kDa)
CC type chemokine that specifically attracts monocytes and memory T lymphocytes
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expressing the CC chemokine receptor 2 (CCR2). MCP-1 functions locally in the
vessel wall by establishing a chemical gradient to attract adherent monocytes and
T-lymphocytes. It is among the most important chemokines regulating migration and
infiltration of monocytes-macrophages in the vessel wall (65) and has been implicated
to play an essential role in hypertension-induced vascular inflammation and remodeling
(66). MCP-1–CCR2 interactions are important in atherosclerosis, because hyperlipidemic-
atherosclerotic-prone mice, made genetically deficient in MCP-1 or CCR2, exhibit
decreased vascular macrophages with fewer atherosclerotic plaques than control counter-
parts (67,68). MCP-1–CCR2 is also important in vascular remodeling in Ang II-induced
hypertension (69). Osteopontin is a macrophage chemotactic and adhesion molecule,
and has been associated with monocyte-macrophage infiltration in atherosclerosis
and vascular remodeling with Ang II-mediated hypertension (59). The capacity of Ang
II to stimulate regulated expression of adhesion molecules, cytokines, and chemokines
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Table 1 
Summary of Cytokines, Chemokines, Growth Factors, and Other Pro-

Inflammatory Mediators Synthesized in Response to Ang II Stimulation

Cytokines
- IL-1
- IL-6
- IL-18
- GM-CSF
- TNF-

Chemokines
- IL-8
- MCP-1
- MIP1
- RANTES

Growth factors
- ET-1
- TGF
- CTGF
- bFGF
- PDGF
- EGF
- VEGF

Other immune modulators
- IFN
- Tissue factor
- PAI-1

Abbreviations: bFGF, basic fibroblast growth factor; CTGF, connective tissue
growth factor; EGF, epidermal growth factor; ET-1, endothelin-1; GM-CSF,
granulocyte-macrophage colony stimulating factor; IFN, interferon; IL, interleukin;
MCP-1, monocyte chemoattractant protein-1; MIP, macrophage inflammatory
protein; PDGF, platelet-derived growth factor; RANTES, regulated on activation,
normal T cell expressed and secreted; TGF- , transforming growth factor- ;
TNF- , tumor necrosis factor ; VEGF, vascular endothelial cell growth factor.
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promotes recruitment of mononuclear leukocytes into the vessel wall and contributes to
the pro-inflammatory properties of this peptide.

Direct Ang II vascular inflammatory effects have also been demonstrated in studies
in vivo. Ang II infusion increases expression of vascular ICAM-1 and VCAM-1 through
AT1 receptors. These processes occur independently of blood pressure changes and
involve activation of redox-dependent, mitogen-activated protein (MAP) kinase-
regulated pathways (9). To confirm a role of endogenous Ang II in vascular inflammation,
studies in apoE–/– mice treated with irbesartan decreased MCP-1 expression in ather-
osclerotic lesions (70). In hyperlipidemic rabbits, losartan reduced aortic intimal
proliferation and induced a significant reduction in expression of P-selectin and
MCP-1 (71). Moreover, recent studies from our laboratory demonstrated that the mice
lacking macrophage colony-stimulating factor (m-CSF) developed less endothelial
dysfunction, vascular remodeling and oxidative stress induced by Ang II than wild-
type littermates, further supporting a critical role of pro-inflammatory mediators in
Ang II-induced vascular injury (72). In human studies, irbesartan reduced serum levels
of VCAM-1 and tumor necrosis factor (TNF)- in patients with premature atheroscle-
rosis (73); and in hypertensive patients, candesartan decreased plasma levels of MCP-1,
TNF- , and plasminogen activator inhibitor type 1 (PAI-1) (74). In atherosclerotic
plaques and in atherectomy specimens of patients with unstable angina, IL-6 and
Ang II colocalized with macrophages, further suggesting a role of local Ang II in the
recruitment of macrophages in atherogenesis (75). Also, in patients with cardiovas-
cular disease, plasma elevation of MCP-1 was reduced by ACE inhibitors and AT1R
blockers (76).

4. EFFECTS OF ANG II ON VASCULAR REPAIR

As part of the inflammatory response, tissues undergo repair. This process involves
cell growth and fibrosis, both of which are modulated by Ang II (Fig. 1). Ang II influences
cell growth by stimulating hyperplasia, hypertrophy, and apoptosis (77). In cultured VSMC
through the AT1R, Ang II induces hyperplasia (increase in cell number associated with
DNA synthesis) or hypertrophy (increased protein synthesis and/or increased intra-
cellular cell water volume). These effects are partially mediated through transactivation
of EGFR, PDGFR, and IGFR and involve activation of growth-signaling pathways
including c-Src and MAP kinases (78–80). Vascular cell hyperplasia and hypertrophy
contribute to remodeling associated with vascular injury and inflammation (81,82). Ang
II also has antigrowth and pro-apoptotic actions, mediated primarily through AT2R
(83–85). These effects are particularly important in pathological conditions associated
with vascular inflammation in which AT2R may be upregulated, such as in aortic banding-
induced hypertension (86), renal injury (87), myocardial infarction (88), and in human
atherosclerotic coronary arteries (89).

Vascular fibrosis, an important component in the inflammatory-reparative process,
involves accumulation of extracellular matrix proteins, particularly collagen and fibronectin,
in the vascular media and contributes to structural remodeling and scar formation.
Ang II is critically involved in fibrosis. In cultured VSMCs, fibroblasts and cardiac
cells, Ang II stimulates profibrotic signaling pathways and stimulates production of
vascular collagen and fibronectin (77,90–92). Systemic infusion of Ang II leads to cardiac,
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vascular, and renal fibrosis, which is prevented by AT1R blockade (93). Studies in AT1R-
deficient mice further confirm the importance of Ang II in cardiovascular fibrosis
(94,95). In addition to stimulating collagen production, Ang II influences extracellular
matrix composition by inducing collagen degradation by attenuating interstitial matrix
metalloproteinase (MMP) activity and by enhancing tissue inhibitor of metalloproteinase
(TIMP)-1 production (96). In young SHR, activity of MMP1 and MMP3 is reduced
(52), whereas in adult SHR, MMP2 activity is decreased (96). These effects promote
accumulation of fibronectin, proteoglycans, and collagen, which contribute to remodeling
in hypertension. AT1R blockade normalized TIMP-1 expression and collagenase activity,
supporting the role for Ang II in these processes (96).

Ang II-elicited growth and profibrotic effects are modulated by the endogenous
production of various mitogenic factors, such as TGF- , PDGF, and ET-1 (97–101).
Of these, TGF- , a multifunctional cytokine, appears to be particularly important.
TGF- increases extracellular matrix biosynthesis, downregulates matrix degradative
enzymes and influences integrin receptors (102). TGF- is synthesized by macro-
phages, lymphocytes, fibroblasts, VSMCs, and renal cells (102). Vascular and renal
injury induced by hypertension, diabetes and/or the RAS appear to be mediated by
overexpression and conversion of TGF- 1 from its latent form to its active form (103).
Activation of latent TGF- 1 is preceded by overexpression of thrombospondin-1
(104), an extracellular matrix protein responsible for its activation. Invading monocytes
expressing TGF- 1 also contribute to vascular TGF- 1 overexpression. TGF- 1 elicits
its effects by interacting with two cell surface membrane signaling receptors, a type
II TGF- receptor and a type I receptor (ALK-5). Signals from the activated TGF-
receptor complex are transduced to the nucleus by Smad proteins, a family of trans-
cription factors recently implicated as intracellular mediators of inflammation (105).
Key downstream profibrogenic mediators of TGF- include p38MAP kinase and con-
nective tissue growth factor (CTGF). CTGF mediates Ang II-stimulated cardiac
fibroblast activation in heart failure and is a potent inducer of vascular and renal fibro-
sis (106–108). Furthermore, Ang II increases CTGF mRNA expression and production
(9,106,109,110). TGF- is negatively regulated by unique proto-oncoproteins, Ski,
and SnoN (111). It is clear that TGF- is a fundamental pathogenic cytokine that is
consistently overexpressed in many cardiovascular and renal disorders associated with
activation of the RAS. In support of this, inhibition of the RAS with ACE inhibitors
or AT1R blockers is closely correlated with the suppression of TGF- production and
amelioration of fibrosis (103,112).

5. MOLECULAR MECHANISMS OF ANG II-MEDIATED 
VASCULAR INFLAMMATION

5.1. Role of NF- B and Other Transcription Factors
Expression of genes involved in the inflammatory response is controlled by activation

of transcription factors, including NF- B, AP-1, and HIF-1, which are activated by Ang
II (113,114) (Fig. 3). NF- B is particularly important in vascular inflammation, as many
pro-inflammatory genes are under NF- B control, including adhesion molecules
(VCAM-1, ICAM-1), chemokines (MCP-1, RANTES), and cytokines (IL-6) (9). NF- B
also regulates Ang II and angiotensinogen gene expression thereby amplifying the
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Ang II-mediated inflammatory cascade (115,116). NF- B is a family of highly inducible
DNA-binding proteins regulated by protein processing and by association with the
cytoplasmic inhibitor, I B (117). Ang II influences the NF- B activation pathway at
multiple levels in VSMCs (117). It stimulates translocation to the nucleus, DNA-binding,
transcription of a NF- B reporter gene and I B degradation (114,117). Presence of other
inflammatory mediators, such as IL-1 , may be necessary for Ang II to fully activate
NF- B in VSMCs (118).

The importance of NF- B to inflammatory molecule expression is evidenced by in vitro
studies demonstrating that the inhibition of NF- B activation prevents Ang II-induced
expression of IL-6, VCAM-1 and MCP-1 (114,115). NF- B activation is also essential for
Ang II-dependent proliferation and migration of VSMCs, because SN50, selective NF- B
inhibitor; phenethyl caffeinate, inhibitor of NF- B nuclear translocation; and Bay 11-7085,
inhibitor of I B phosphorylation effectively arrest Ang II-dependent DNA synthesis and
migration (119). Both AT1R and AT2R have been implicated in these processes.
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Fig. 3. Molecular mechanisms whereby Ang II induces inflammatory-reparative responses in the vascular
wall. Ang II is a potent stimulator of NAD(P)H oxidase, which generates reactive oxygen species
(ROS), such as •O2 and H2O2. These effects are mediated through PKC, PLD, and c-Src. Increased
intracellular ROS formation stimulates activation of redox-sensitive transcription factors, including
NF- B, AP-1, and HIF-1, which in turn activate pro-inflammatory genes to produce cytokines and
chemokines and to induce expression of cell adhesion molecules. Ang II also activates MAP kinases,
tyrosine kinases, and RhoA/Rho kinase, which stimulate cell growth and fibrogenic pathways. AP-1,
activator protein-1; CAM, cell adhesion molecules; CTGF, connective tissue growth factor; e , electron;
HIF-1, hypoxia inducible factor-1; ICAM-1, intercellular cell adhesion molecule; IL, interleukin;
MAP, mitogen-activated protein; MCP-1, monocyte chemoattractant protein-1; NF- B, nuclear factor

B; PECAM, platelet-endothelial cell adhesion molecule; PKC, protein kinase C; PLD, phospholipase
D; TGF- , transforming growth factor- ; TNF- , tumor necrosis factor ; VCAM, vascular cell
adhesion molecule.
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In Ang II-infused animals, NF- B activation is increased and expression of cytokines
(TNF- , IL-6) and chemokines (MCP-1) is augmented (120). In experimental models
of atherosclerosis, renal injury, and in pulmonary hypertension, ACE inhibitors reduce
tissue NF- B activity, decrease cytokine and chemokine expression, and prevent vascular
and renal inflammation (121–123). In a model of Ang II-dependent severe hypertension
with end-organ damage, leukocyte infiltration in the vascular wall accompanies vascular
PAI-1, MCP-1, iNOS, and Tissue Factor overexpression, and NF- B activation (124).
These effects were directly associated with NF- B activation, because NF- B inhibition
by pyrrolidine dithiocarbamate decreased blood pressure, reduced cardiac hypertrophy,
and ameliorated vascular injury in small renal and cardiac vessels (124). These findings
suggest that NF- B is a major inducer of Ang II-mediated upregulation of adhesion
molecules and cytokine expression.

Ang II regulation of NF- B involves ROS, since antioxidants interfere with its
activation by Ang II (125,126). ROS-induced NF- B activation probably occurs through
redox modification of reactive cysteines (127). Upstream kinase(s) and/or phosphatase(s)
prone to thiolation or oxidation of SH groups are possible candidates mediating redox
regulation. In particular, thioredoxin and Redox-factor-1 (Ref-1) are important activators
of NF- B (128).

5.2. Role of Reactive Oxygen Species
Reactive oxygen species (ROS) play an important role in the modulation of inflam-

matory reactions (Fig. 3). Major ROS produced within vascular cells include superoxide
anion (•O2 ), hydrogen peroxide (H2O2), hydroxyl radical (•OH), nitric oxide (NO),
and peroxynitrite (ONOO–) (126). ROSs are implicated at virtually every stage in the
inflammatory response, including vascular permeability, leukocyte adhesion and trans-
migration, chemotaxis, cell growth, and fibrosis (126,129). These processes are mediated
via multiple Ang II-stimulated redox-sensitive signaling pathways, including intracellular
Ca2+ mobilization, activation of JAK/STAT, Akt/PKB, MAP kinase and RhoA/Rho
kinase pathways, and inhibition of protein tyrosine phosphatases (130–134). ROS also
influence transcription factor activity and thereby modulate expression of many other
mediators of inflammation.

Among the many generators of ROS, including leakage from the mitochondrial electron
transport chain, cyclooxygenase, lipoxygenase, heme oxygenase, cytochrome P450
monooxygenase, and xanthine oxidase, the membrane-associated nicotinamide adenine
dinucleotide phosphate (reduced form; NAD(P)H) oxidases have been demonstrated to
be of major importance in vascular cells (135). Vascular ROS are produced in endothelial,
adventitial and VSMCs, and derived predominantly from NAD(P)H oxidase, a multi-
subunit enzyme (136–138) that catalyzes the production of •O2 by the one electron
reduction of oxygen using NAD(P)H as the electron donor: 2O2 + NAD(P)H 2O2 +
NAD(P)H + H+. The prototypical NAD(P)H oxidase is that found in phagocytes, which
comprises five components (phox, PHagocyte OXidase): p47phox, p67phox, p40phox,
p22phox, and gp91phox (babior), and the small G proteins Rac 1/2. Unlike phagocytic
NAD(P)H oxidase, which is activated only on stimulation and which generates •O2 in
a burst-like manner extracellulary, vascular oxidases are constitutively active, produce
•O2 intracellulary in a slow and sustained fashion and act as intracellular signaling
molecules, influencing not only transcription factors, but also other molecules involved
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in inflammation, such as MAP kinases, tyrosine kinases and protein phosphatases
(136,139). All of the phagocytic NAD(P)H oxidase subunits are expressed, to varying
degrees, in vascular cells (135–139). The newly discovered gp91phox (nox2) homologs,
nox1 and nox4 (Nox, NAD(P)H oxidase), implicated in atherogenesis, have also been
detected in the vasculature (136,140,141).

Ang II is a potent stimulator of vascular NAD(P)H oxidase (137,139). It induces
activation of the enzyme, it increases expression of NAD(P)H oxidase subunits, and
it stimulates ROS production in cultured VSMC and intact arteries (135,137,139).
Mechanisms linking Ang II to the enzyme and upstream signaling molecules modulating
NAD(P)H oxidase in vascular cells have not been fully elucidated, but PLD, PKC, c-Src,
PI3K, and Rac may be important (136,142). The significance of these molecular events
is evidenced by findings from several models of vascular injury, including athero-
sclerosis, hypertension, diabetes, and renal disease, demonstrating that Ang II-mediated
ROS production is a major participant in the inflammatory response (129,143).

6. MARKERS OF INFLAMMATION IN CARDIOVASCULAR DISEASE

In otherwise healthy individuals, cytokines that are generated by injured or athero-
sclerotic vessels do not produce systemic manifestations typically associated with
inflammation (115). However, systemic effects are detectable biochemically. Numerous
markers of inflammation, such as CRP, IL-1, IL-6, IL-18, serum amyloid A (SAA),
TNF- , soluble adhesion molecules (sICAM, sVCAM, sE-selectin, and sP-selectin),
myeloperoxidase, CD 40 ligand, and macrophage inhibitory cytokine-1 are now being
considered as predictors of clinical risk (144,145). Of these, high-sensitivity (hs) CRP
is the most stable and powerful inflammatory marker of future cardiovascular risk.

CRP is an acute-phase reactant, initially considered to be a simple marker of vascular
inflammation (146). However, increasing evidence indicates that CRP directly partici-
pates in the inflammatory response. CRP activates endothelial cells to produce ICAM-1,
VCAM-1, and E-selectin (146). CRP also stimulates MCP-1 production, induces monocyte
release of IL-6 and TNF- , and decreases eNOS expression and bioactivity (146–148).
Hence CRP can directly activate the entire inflammatory recruitment cascade. For these
reasons, the role of CRP as a predictor of cardiovascular events has been extensively
investigated.

Prospective studies reported that CRP is an independent predictor of risks of future
myocardial infarction, stroke, and peripheral vascular disease (144,149–151). In a recent
study, a cohort from the Framingham Heart Study, in which the participants were free of
cardiovascular disease, the relationship between CRP and coronary calcification was
evaluated (152). The authors found that CRP levels were associated with epicardial
coronary calcification, even after adjustment for age and the traditional risk factors. The
clinical utility of CRP has also been assessed to predict future risk of sudden cardiac
death in apparently healthy men who have no clinical evidence of coronary heart disease
(144,149,151). In addition to its predictive value for cardiovascular events, CRP has been
associated with the development of type II diabetes, metabolic syndrome, and hypertension
(153–155). Taken together, these clinical data further support a role for inflammation in
cardiovascular disease and reinforce the hypothesis that inflammatory markers, such as
CRP, can improve methods of global cardiovascular risk assessment.
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7. CONCLUSIONS

Over the recent past, our views of Ang II have changed from being a simple vasocon-
strictor mediated through increased intracellular free Ca2+ concentration, to a sophisticated
growth factor mediated through complex signaling pathways involving MAP kinases,
tyrosine kinases, proto-oncogene expression, and cell cycle modulation. More recently,
it has become clear that Ang II is also a key player in vascular inflammation. Through
increased generation of ROS and activation of redox-sensitive transcription factors,
Ang II promotes expression of cell adhesion molecules and induces synthesis of pro-
inflammatory mediators and growth factors. These processes facilitate increased vascular
permeability, leukocyte recruitment, and vascular fibrosis leading to vascular injury
and structural remodeling. In addition, Ang II-mediated vascular inflammation elicits
local and systemic effects, resulting in production of acute-phase reactants, such as
CRP, that may be important in further amplifying the inflammatory process. These
Ang II-dependent events play a major role in cardiovascular disease associated with
vascular injury.
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1. INTRODUCTION

Aldosterone, the final product of the renin–angiotensin–aldosterone system (RAAS),
is traditionally viewed as a regulator of renal sodium and potassium handling, extra-
cellular volume, and blood pressure (1). Until a few years ago, the adverse vascular
effects of the RAAS have been attributed to angiotensin II (Ang II) (2,3). However, Ang
II is a potent aldosterone secretagogue, and recent human and animal studies suggest
that aldosterone also has adverse cardiovascular effects, including microvascular
damage, vascular inflammation, oxidative stress, and endothelial dysfunction. This
chapter focuses on the adverse effects of aldosterone on the cardiovascular system,
kidney, and brain in humans and animals, and describes our current understanding of
the underlying mechanisms for this injury.

2. MINERALOCORTICOID RECEPTOR

The mineralocorticoid receptor (MR), a member of the steroid nuclear receptor
superfamily, is expressed in a wide range of tissues throughout the body, including the
heart, blood vessels, colon, kidney, liver, and brain (4–7). After ligand binds to the MR,
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the MR–ligand complex translocates to the nucleus, binds specific sites on DNA, and
regulates gene transcription (7). Activation of the MR by aldosterone also has rapid
effects such as activation of the protein kinase C pathway and stimulation of sodium,
potassium, and calcium ion fluxes (8,9). These effects are thought to be mediated by
non-genomic actions of aldosterone because they are not blocked by protein synthesis
inhibitors and occur too rapidly (within minutes) to be mediated by changes in transcription
and translation (10).

The MR has similar in vitro affinity for aldosterone and cortisol. In many tissues,
including the kidneys and vasculature, 11 -hydroxysteroid dehydrogenase-2 (11 -HSD2)
is found in association with the MR. This enzyme converts cortisol to cortisone, thereby
preventing the activation of the MR by glucocorticoids (11). In humans, inactivating
mutations of 11 -HSD2 or consumption of licorice containing the 11 -HSD2 inhibitor
glycyrrhetinic acid leads to hypertension, volume expansion, and hypokalemia because
of the cortisol activation of the renal MR (12).

3. ALDOSTERONE: CONTEMPORARY VIEW

The Randomized Aldactone Evaluation Study (RALES) (13) is a landmark study that
prompted a dramatic shift in our understanding of aldosterone. In this study, more than
1600 patients with moderate or severe congestive heart failure (CHF) on standard medical
therapy were randomized to a low dose of the MR antagonist spironolactone (mean
dose, 26 mg) or placebo. Most subjects were also receiving angiotensin-converting
enzyme (ACE) inhibitors. After a mean follow-up of 2 yr, the spironolactone group had
a 30% reduction in the risk of death and a 35% lower frequency of hospitalization for
worsening heart failure, even though spironolactone did not significantly alter blood
pressure (Fig. 1).

Results similar to those found in RALES were reported by the Eplerenone Post-Acute
Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS) (14). This
study randomized more than 6600 patients with acute myocardial infarction compli-
cated by left ventricular dysfunction and CHF to either a low dose of the selective MR
antagonist eplerenone (25–50 mg daily, approx equivalent to 50–100 mg spironolactone
daily) or placebo. Again, subjects were already receiving optimal medical therapy,
including ACE inhibitors, angiotensin II receptor blockers (ARBs), beta-blockers,
diuretics, and reperfusion therapy. During a mean follow-up of 16 mo, the eplerenone
group had significant reductions in the risk of death and hospitalization compared to the
placebo group.

4. ACE INHIBITORS AND ALDOSTERONE SUPPRESSION

Although ACE inhibitors acutely lower plasma aldosterone concentrations, this effect
is not sustained over a long term (15–17). Mechanisms of aldosterone breakthrough
are poorly understood, but may include insufficient inhibition of ACE activity, Ang II
synthesis through non-ACE pathways, and increases in the serum potassium concen-
tration, which is a potent stimulus for aldosterone production independent of the
renin–angiotensin feedback loop (17). This lack of chronic aldosterone suppression may
contribute to the progression of cardiovascular and renal injury in patients already
receiving ACE inhibitor therapy (16,18).
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5. PRIMARY ALDOSTERONISM: A REAPPRAISAL

Patients with primary aldosteronism have excess aldosterone production, which causes
sodium retention, volume expansion, and suppression of renin and Ang II. This patient
population provides a unique opportunity for studying the cardiovascular effects of
aldosterone in the relative absence of its primary secretagogue, Ang II. Patients with
primary aldosteronism have high rates of left ventricular hypertrophy (LVH), proteinuria,
retinopathy, and stroke (19–22). There is an excess of LVH and proteinuria in these
patients when compared to patients with a similar degree and duration of essential
hypertension. Furthermore, patients with primary aldosteronism who are treated with
surgical resection of an aldosterone-producing tumor appear to have more LVH regres-
sion than patients treated with medical therapy despite similar reductions in blood
pressure (22). Myocardial damage (estimated by thallium myocardial scintigraphy) is
more severe in primary aldosteronism than in essential hypertension, despite a similar
severity of LVH (23). In one study, exercise-induced moderate myocardial ischemic
defects were also more frequent in patients with primary aldosteronism than in those
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Fig. 1. Survival curves for congestive heart failure patients treated with spironolactone or placebo in
addition to standard medical therapy. (From ref. 13 with permission.)
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with essential hypertension, even though the essential hypertensive patients had a higher
prevalence of significant coronary lesions (24). Finally, aldosterone levels are associated
with reduced arterial compliance in patients with primary aldosteronism (25). These data
suggest that aldosterone has adverse cardiovascular effects that cannot be fully attributed
to elevations in blood pressure.

6. EFFECTS OF ALDOSTERONE ON TARGET ORGANS

In humans, the adverse effects of aldosterone are not limited to patients with primary
aldosteronism or CHF. Recent studies suggest that aldosterone can contribute to
LVH, diastolic dysfunction, albuminuria, and strokes in various clinical settings, as
described below.

6.1. Heart: Left Ventricular Hypertrophy
MR blockade causes regression of LVH in individuals with essential hypertension.

In the 4E-LVH Study (26), patients with hypertension and LVH were tapered off
their blood pressure medications, then randomized to 9 mo of enalapril, eplerenone, or
combination therapy. Hydrochlorothiazide and/or amlodipine were added if diastolic
blood pressure remained above 90 mmHg. As a result, blood pressure reductions were
similar in the monotherapy groups and only slightly greater in the combination group.
Eplerenone was as effective as enalapril in reducing LVH, and the combination therapy
was twice as effective as either drug alone. It is unlikely that these results are fully
explained by the systolic blood pressure differences of 4–5 mmHg observed between
the monotherapy and combination treatment groups.

6.2. Heart: Diastolic Dysfunction
MR antagonists may improve diastolic dysfunction in patients with essential hyper-

tension. In a prospective study, patients already receiving ACE inhibitors and calcium
channel blockers were randomized to an MR antagonist or no additional therapy (27).
Based on echocardiographic findings, the MR antagonist group had significantly better
improvement in diastolic dysfunction despite similar reductions in blood pressure and
left ventricular mass.

6.3. Kidney: Albuminuria
MR blockade reduces albuminuria in patients with essential hypertension, diabetes,

or isolated systolic hypertension of the elderly (28–31). This beneficial effect is not
solely attributable to blood pressure reduction. For example, despite similar reductions
in blood pressure, eplerenone was found to reduce microalbuminuria to a much greater
extent than does amlodipine in a randomized study of older patients with widened pulse
pressure hypertension (28). Similarly, eplerenone controlled blood pressure as effec-
tively as titration-to-blood-pressure in an effect study of patients with mild-to-moderate
essential hypertension (29). However, the eplerenone-treated patients had a greater
reduction in microalbuminuria ( 62% vs 26%). Furthermore, in patients with chronic
renal disease or diabetic nephropathy with persistent proteinuria despite ACE inhibitor
therapy, the addition of an MR antagonist further reduces proteinuria without changing
blood pressure (18,30). Finally, in a large trial of patients with diabetes and albuminuria,
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combination therapy with an MR antagonist and an ACE inhibitor more effectively
reduces proteinuria than ACE inhibitor monotherapy (31).

6.4. Brain: Strokes
Glucocorticoid-remediable aldosteronism, a genetic cause of excess aldosterone, is

associated with hemorrhagic stroke at an early age, and patients with primary aldosteronism
also have high stroke rates (19,32).

7. MECHANISMS OF ALDOSTERONE-MEDIATED 
VASCULAR DAMAGE

For the most part, animal models have been used to study mechanisms that may
explain the detrimental effects of aldosterone on the cardiovascular system in humans.
Our current understanding of these mechanisms is explained below, and a working
model of aldosterone’s adverse cardiovascular effects is summarized in Fig. 2.

7.1. Heart: Myocardial Necrosis, Vascular Inflammation, and Fibrosis
The N -nitro-L-arginine methyl ester (L-NAME)/Ang II rodent model is characterized

by hypertension, increased Ang II, and suppressed nitric oxide production (33). Rodents
consume a moderately high-sodium diet, receive L-NAME for 14 d (which causes
chronic nitric oxide synthase inhibition) and are given an Ang II infusion for 3–7 d.
This regimen causes hypertension and cardiac hypertrophy. Histological examination
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Fig. 2. Working model for aldosterone-induced cardiovascular injury. (Revised and adapted from
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07_Joffe_Carey  5/3/07  12:15 PM  Page 115



of the heart reveals multiple areas of micro-infarction in both ventricles with organizing
myocardial necrosis, a mixed inflammatory infiltrate, loose collagen deposition, and
neo-vascularization (Fig. 3). There is also intimal thickening around the coronary vessels,
often frank vascular wall necrosis, and the formation of surrounding granulation tissue
(Fig. 4) (34). Decreasing aldosterone levels by adrenalectomy or blocking the actions of
aldosterone by administering a MR antagonist markedly reduces this injury without
lowering systolic blood pressure (33,34). The protective effect of adrenalectomy is lost
when aldosterone is infused into the adrenalectomized rats.

Short-term subcutaneous administration of mineralocorticoids induces inflammation
of the coronary vessels in the uninephrectomized rat fed a high-salt diet (35). These
animals develop inflammation around the coronary arteries with associated ischemic
and necrotic lesions of the adjacent myocardium. MR antagonists prevent this damage.

In the aldosterone-infused uninephrectomized rat, prolonged aldosterone exposure
(8–12 wk) is associated with myocardial fibrosis, which may result from the reparative
response to the inflammatory and necrotic injury, although direct effects of aldosterone
on fibrosis are possible (36,37). In a RALES follow-up analysis, the benefits of spirono-
lactone occurred predominantly in patients with the highest levels of cardiac collagen
synthesis markers (38). These markers were reduced by spironolactone, suggesting that
limitation of excessive extracellular matrix turnover is a mechanism by which MR
antagonists improve outcomes in patients with CHF.

7.2. Kidneys: Renal Vascular Inflammation
Animals given L-NAME, Ang II, and a moderately high-sodium diet develop severe

renal arteriopathy with fibrinoid necrosis of the vascular wall, medial thickening,
proliferation of the perivascular connective tissue, perivascular inflammation, focal
thrombosis in glomeruli, and proteinuria (Fig. 5) (33). This injury is significantly
reduced by MR antagonists or adrenalectomy but recurs when aldosterone is infused
into adrenalectomized animals. Similarly, aldosterone-infused uninephrectomized
rats fed a high-salt diet develop severe hypertension, renal inflammation and injury,
albuminuria, and elevated expression of several proinflammatory molecules (39). These
effects are attenuated with MR antagonists. In both these models, the protective effects
of MR antagonism do not appear to be mediated by changes in blood pressure.

7.3. Brain: Stroke and Inflammation
Stroke-prone spontaneously hypertensive rats fed a high-salt diet develop inflammation

of the vasculature in the brain and kidney leading to stroke, proteinuria, and death. MR
antagonists reduce this injury (40).

7.4. Vasculature: Endothelial Dysfunction
In a rat model of CHF, the addition of spironolactone to ACE inhibitor therapy

normalized nitric oxide-mediated endothelial relaxation by beneficially modulating the
balance of nitric oxide and superoxide anion formation (41). In the New Zealand
rabbit, eplerenone improved endothelial function and reduced free radical stress in early
atherosclerosis (42). In vitro studies suggest that aldosterone causes non-genomic
vasoconstriction of rabbit pre-glomerular afferent arterioles via the protein kinase C
and inositol (1,4,5)-triphosphate (IP3) pathways (9). This effect of aldosterone, which
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Fig. 3. Aldosterone-mediated cardiac damage. (A) Myocardial necrotic lesions (arrowheads) develop
in rats treated with a high-salt diet, Ang II, and the nitric oxide synthase inhibitor L-NAME. (B)
Necrotic lesions are markedly reduced when these animals are adrenalectomized or are simultane-
ously receiving the mineralocorticoid receptor antagonist eplerenone. Panel B is also representative
of histological sections from control animals fed a high-salt diet (HSE; magnification, ×340).
(Reproduced from ref. 33 with permission.)
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Fig. 4. Aldosterone-mediated coronary artery injury. Coronary arteries from mice treated with Ang II
and L-NAME (A,C,E) and control animals (B,D,F). The Ang II/L-NAME animals develop fibrinoid
necrosis of the vessel wall with intimal thickening, a mixed inflammatory response, and PAI-1
immunostaining. (A and B) H&E; (C and D) Masson’s trichrome; (E and F) PAI-1 H135 antibody
staining. Magnification, ×225; bars = 50 m. (Reproduced from ref. 34 with permission.)
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Fig. 5. Aldosterone-mediated renal damage. (A) Arterial myointimal proliferation and transmural
fibrinoid necrosis (arrowheads) and glomerular thrombosis (arrows) with obliteration of the capillary
lumen in rats treated with a high-salt diet, Ang II, and the nitric oxide synthase inhibitor, L-NAME.
(B) Necrotic lesions are markedly reduced when these animals are adrenalectomized or are simulta-
neously receiving the mineralocorticoid receptor antagonist, eplerenone. Panel B is also representative
of histological sections from control animals fed a high-salt diet (periodic acid, Schiff; magnification,
×340). (Reproduced from ref. 33 with permission.)
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appears to be modulated by endothelium-derived nitric oxide, has been postulated to
contribute to hypertension by elevating renal vascular resistance in cardiovascular diseases
associated with endothelium dysfunction.

Aldosterone also causes endothelial dysfunction in humans. For example, a 4-h systemic
aldosterone infusion in young healthy volunteers induces endothelial dysfunction (43).
In patients with CHF, treatment with an MR antagonist for 4 wk improved endothelial
function, increased nitric oxide bioactivity, and further inhibited vascular angiotensin
I/Ang II conversion in the presence of chronic ACE inhibition (44).

7.5. Autonomic Nervous System
Aldosterone can also adversely affect the autonomic nervous system. Baroreflex

dysfunction occurs in patients with primary aldosteronism and when aldosterone is
infused into healthy volunteers (25,45). Among CHF patients, spironolactone
increases cardiac norepinephrine uptake, reduces heart rate, and improves heart rate
variability and QT dispersion (46–48). Aldosterone-mediated autonomic dysfunction
has been postulated to contribute to cardiac arrhythmias and sudden cardiac death in
CHF patients (48).

7.6. Aldosterone, Inflammation, Oxidative Stress, and Vascular Injury
The primary insult caused by aldosterone in susceptible individuals and animals

has not yet been identified. In the aldosterone-infused uninephrectomized rat model, an
increase in mRNA expression of proinflammatory molecules, including cyclooxygenase-2,
macrophage chemoattractant protein-1, interleukin-6, and osteopontin in renal and
coronary vessels precedes monocyte and macrophage infiltration (35,39). In these animals,
aldosterone increases vascular oxidative stress and reactive oxygen species generation
(49,50). The leukocytes invading the myocardium also have increased oxidative stress
as well as activation of nuclear transcription factor- B which regulates the expression
of many genes involved in inflammation (50). Activation of circulating peripheral blood
mononuclear cells by aldosterone appears to be initiated by reduction in the cytosolic-free
magnesium concentration and oxidative stress, which precede the inflammation and
focal myocardial ischemic and necrotic changes (51).

8. PREREQUISITES FOR ALDOSTERONE-MEDIATED
CARDIOVASCULAR INJURY

8.1. Aldosterone, Dietary Sodium, and Vascular Injury
Development of aldosterone-mediated vascular injury appears to require the combination

of a moderately high salt intake and an underlying co-morbidity, such as hypertension,
CHF, or renal disease. Control animals fed a high-salt diet do not develop cardiovas-
cular injury (52). Animals given L-NAME/Ang II in the presence of sodium restriction
also do not develop cardiovascular damage, despite a 10-fold increase in plasma aldos-
terone levels compared to animals on a high-salt diet (Fig. 6) (53). Rather, injury occurs
in L-NAME/Ang II animals on a high-salt diet with low-to-normal plasma aldosterone
levels and can be prevented by an MR antagonist. The influence of dietary sodium on
the adverse effects of aldosterone in vivo raises concerns regarding the applicability of
in vitro studies of aldosterone’s actions.
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8.2. Aldosterone, Hypertension, and Vascular Injury
The adverse effects of aldosterone are not entirely explained by changes in blood

pressure. For example, in the L-NAME/Ang II animal model aldosterone blockade
reduces cardiovascular injury without significantly lowering blood pressure (33,34,53).
Spironolactone markedly reduces strokes and cerebrovascular lesions in stroke-prone
spontaneously hypertensive rats despite no difference in blood pressure compared to
animals given placebo (40). Intracerebral administration of an MR antagonist in the
aldosterone-infused uninephrectomized rat prevents blood pressure elevation, but cardiac
fibrosis and hypertrophy still occur (36). Finally, in humans with CHF, MR antagonists
reduce morbidity and mortality without significantly altering blood pressure (13).

8.3. Aldosterone, Plasminogen Activator Inhibitor-1, and Vascular Injury
The role of plasminogen activator inhibitor (PAI)-1 in aldosterone-mediated cardio-

vascular injury has been studied. PAI-1, the major physiological inhibitor of fibrinolysis,
is associated with cardiovascular events and is stimulated by Ang II and aldosterone
(54–56). Animals given L-NAME have increased PAI-1 immunoreactivity in the
endothelium and media of the aorta and coronary arteries. Furthermore, this induction
of PAI-1 precedes the development of vascular injury, and both processes are prevented
by ACE inhibition (57). PAI-1 expression is also increased in areas of cardiac damage in
the L-NAME/Ang II model. However, MR blockade, but not PAI-1 deficiency, is protective
in these animals, suggesting that PAI-1 is not causative in L-NAME/Ang II-mediated
myocardial injury, but may be generated in response to damage and might play a role
in repair (34).
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Fig. 6. (A) Mean plasma aldosterone concentrations in rats given various interventions including a
low- or high-salt diet, L-NAME and Ang II, and eplerenone. (B) Corresponding mean semiquantita-
tive histopathological scores for myocardial necrosis from 0 to 4, with 0 representing no damage
and 4 representing damage to more than 50% of the myocardium. Heart damage is not correlated with
circulating aldosterone levels. *p < 0.05, **p < 0.001 vs all other groups. (Revised and adapted from
ref. 53 with permission.)
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8.4. Aldosterone, Dietary Potassium, and Vascular Injury
In the L-NAME/Ang II animal model, eplerenone, but not dietary potassium supple-

mentation, prevented the development of cardiac damage, suggesting that the beneficial
effects of MR antagonists are not mediated by increases in body potassium stores (53).
Similarly, potassium supplementation did not reduce cardiovascular injury in the
aldosterone-infused uninephrectomized rat (36).

9. AREAS OF FUTURE RESEARCH

There are gaps in our understanding of the function of MR in the cardiovascular
system. Although many of the adverse effects of aldosterone appear to be mediated by
changes in the vasculature, direct effects on target organs are also possible. Future
research should explore not only the specific mechanisms by which aldosterone causes
vascular damage and dysfunction, but also the mechanisms by which high-salt intake
contributes to this injury.

Cardiovascular damage does not necessarily correlate with absolute plasma aldosterone
levels. Therefore, tissue levels of aldosterone may contribute to the injury in the heart
and vasculature (58). Although there is minimal aldosterone production in the normal
heart, cardiac aldosterone levels may be increased in patients with CHF or essential
hypertension (59–61). Both ACE activation and upregulation of the aldosterone synthase
gene have been demonstrated in the hearts of CHF patients (62). Cardiac aldosterone
production is also increased in rats with hypertension or myocardial infarction and
appears to be primarily mediated by tissue Ang II (63,64). The relative importance of
circulating aldosterone levels, local cardiac aldosterone production, and aldosterone
uptake from the circulation remains to be determined.

Although MR antagonists are beneficial in CHF, the MR may play an important role
in healthy cardiac function. Transgenic mice develop severe CHF when MR expression
by the cardiomyocyte is reduced using a conditional MR antisense RNA; restoration of
MR expression reverses the CHF (65). Altering MR expression in the cardiomyocyte may
have a different effect than activating MR in the vasculature. Furthermore, cardio-
myocytes do not express 11 -HSD2. Therefore, cortisol may activate the MR in the
heart. Transgenic mice that overexpress 11 -HSD2 in cardiomyocytes develop cardiac
fibrosis that is reduced by MR antagonists (66). Thus, it is possible that in cardio-
myocytes, activation of MR by aldosterone has adverse effects whereas activation by
cortisol has beneficial effects. Further studies are needed to better define the role of
MR in cardiomyocytes and the vasculature. Finally, whether aldosterone contributes
to injury and fibrosis in other organs, such as retinopathy, pulmonary fibrosis, and
cirrhosis is speculative.

10. CONCLUSIONS

Although aldosterone has classically been considered a regulator of electrolyte
homeostasis, blood volume, and blood pressure, MR activation is emerging as an
important contributor to vascular inflammation, endothelial dysfunction, cardiovascular
injury, cerebrovascular disease, and nephropathy. This damage occurs in susceptible
individuals without primary aldosteronism and may be modified by dietary sodium intake.
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Several human and animal studies have shown that MR antagonists have beneficial
effects on the heart, kidney, brain, vasculature, and autonomic nervous system (Table 1).
Although MR antagonists are effective antihypertensive agents, these medications can
reduce cardiovascular injury without lowering blood pressure. This suggests that there
are mechanisms independent of blood pressure by which aldosterone causes tissue
injury. Although ACE inhibitors acutely lower plasma aldosterone concentrations, these
medications do not provide long-term aldosterone suppression. This breakthrough
phenomenon may partly explain the additive beneficial effects of MR antagonists in
patients with CHF, diabetic proteinuria, and LVH. This is an exciting time for aldosterone
research. Future efforts will more precisely define the role of this hormone in common
cardiovascular diseases.
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1. INTRODUCTION

The autonomic nervous system exerts powerful control over human cardiovascular
function through many delicate regulatory mechanisms that modulate blood pressure,
heart rate (HR), cardiac output, and contractility in a highly specific and targeted
manner (1,2). The arterial and cardiopulmonary reflex mechanisms converging on the
brainstem (3,4) are perhaps the best studied systems, but others such as cortical, insular
cortical, and amygdala centers, and renal and skeletal muscle afferents have important
effects as well. Visceral sympathetic afferent reflexes may also contribute to pressor
mechanisms (5).

In contrast to the well-appreciated role of the autonomic nervous system in the
minute-by-minute regulation of these variables, the role of the sympathetic nervous system
in producing chronic hypertension has remained controversial over many decades.
Certainly there is little doubt that the sympathetic nervous system plays a contributory
role in most hypertension, as evidenced by baroreflex resetting, but in some cases, here
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collectively termed as neurogenic hypertension, it seems to be the primary signal eliciting
the effect.

Although there are many causes of neurogenic hypertension, the following are the
best established and most widely studied entities proposed to be related to sympathetic
mechanisms to date (Table 1): baroreflex failure, medullary vascular compression, severe
paroxysmal hypertension, alcohol withdrawal, essential hypertension, obesity, sleep
apnea, and postural tachycardia syndrome (POTS).

2. BAROREFLEX FAILURE

Perhaps the most dramatic form of neurogenic hypertension is baroreflex failure
(6,7). Baroreflex failure occurs when afferent IX and X cranial nerves are lost (8).
Although unilateral loss occasionally causes altered heart rate regulation (9,10), it is
more typically tolerated from a cardiovascular standpoint. On the other hand, bilateral
loss results acutely in an important syndrome of accelerated hypertension (11) and even
encephalopathy (12). Baroreflex failure should be diagnosed when a patient initially
presumed to have pheochromocytoma is found to have no tumor. Blood pressures in this
condition can be among the highest found in human subjects. We have seen an acute
pressure of 320/160 mmHg in a patient with baroreflex failure who was asymptomatic
except for headache. In such patients, systolic blood pressures (SBP) of 260–300 mmHg
are commonly observed during stress, requiring urgent admission to an intensive care
unit for blood pressure control. Such pressures are most likely to be seen after acute
baroreflex disruption by injury or by surgery (13). However, over succeeding days and
weeks, there is a moderation in the hypertension, and the episodes of normal or low
blood pressures punctuate the elevated blood pressures. Eventually, some patients with
baroreflex failure develop orthostatic hypotension.

Patients with baroreflex failure are exquisitely sensitive to the effects of -2 agonists
to lower blood pressure. There is often a 50-mmHg fall in systolic blood pressure within
1 h of oral administration of 0.1 mg of clonidine in this disorder (14). Patients with
baroreflex failure also often have excessive elevated blood pressures in response to the
cold pressor test (6). Benzodiazepines, which promote GABA transmission, also reduce
hypertension in these individuals. It is likely that this model of neurogenic hypertension
is the most susceptible to interventions involving biofeedback, though this has not been
systematically tested. Over a period, many patients with baroreflex failure learn on their
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Table 1
Some Presentations of Neurogenic Human Hypertension

Baroreflex failure
Medullary vascular compression
Severe paroxysmal hypertension
Alcohol withdrawal
Pheochromocytoma
Essential hypertension
Supine hypertension of autonomic failure
Obesity
Sleep apnea
Postural tachycardia syndrome
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own how best to control their pressure by avoiding stressful situations and thoughts if
they sense their blood pressure is rising.

The selective baroreflex failure (Jordan syndrome), a special disorder, has been
described in ref. (15). These patients differ from others in having retained at least some
efferent control of heart rate by the vagus. Thus, in times of sedation or during sleep,
profound bradycardia may occur. Pauses of 10 or 20 s in heartbeat have been noted
(malignant vagotonia), causing patients to awaken with confusion and headache. The
unusual regimen of cardiac pacemaker, guanethidine, and fludrocortisone has proven
helpful to these patients.

3. MEDULLARY VASCULAR COMPRESSION

Peter Jannetta, in a series of studies over the last 25 yr, has implicated vascular
compression in the left lateral medulla in eliciting hypertension (16,17). The areas
implicated in his studies lie close to several structures known to control autonomic
mechanisms including the rostral ventrolateral medulla (RVLM) and the brain nuclei
that closely associated with the IX and X cranial nerves. Jannetta et al. have argued that
the pulsatile pressure of artery loops in the medulla may have a functional impact on
autonomic cardiovascular control leading to hypertension, and seem to have elicited
replication in a primate model (18). When they have operated on patients and cushioned
these loops, improvements in the hypertension have been seen. Unfortunately, there has
been considerable divergence in results among studies attempting to confirm Jannetta’s
observations. Many investigators have reported generally the analogous results (19,20),
but others have failed to replicate the finding in all its particulars (21,22). This important
research area needs further clarification about the puzzling implication of selectively
left-sided loop lateralization Jannetta has described (although he has maintained that
right-sided loops may give rise to diabetes mellitus (23,24) rather than hypertension).

The early reports also suggested that left-sided vascular compression was almost
universally associated with essential hypertension, and the decompression generally
alleviated hypertension. It has seemed unlikely to many investigators that such decom-
pression could result in normalization of blood pressure in more than 90% of individuals
of whom it was undertaken, given the heterogeneity of essential hypertension. State-
of-the-art imaging techniques, such as high-resolution functional magnetic resonance
imaging, have offered a promise to determine the frequency of medullary vascular
compression and its association with neurogenic forms of high blood pressure, but are
still not perfect in detecting it (25).

4. SEVERE PAROXYSMAL HYPERTENSION

There are some patients with severe paroxysymal hypertension in whom the baroreflex
failure, pheochromocytoma, and medullary vascular compression all appear to be absent.
Sometimes paroxysmal hypertension is seen in patients with renal artery stenosis, but
this can usually be ruled out with standard diagnostic techniques. In other patients, the
etiology is less clear, but certainly it is observed in rare conditions such as tumors in the
fourth ventricle or in the ancillary structures (26), Leigh’s syndrome (4), and “pseudopheo-
chromocytoma,” a poorly characterized nonepileptic disorder proposed to be related to
abnormalities in dopamine function (27).
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5. ALCOHOL WITHDRAWAL

One of the most dramatic causes of acute and transient sympathetic activation in
hypertension seen in ordinary clinical practice is severe alcohol withdrawal. In the most
severely affected patients, fivefold elevations of plasma norepinephrine are by no means
rare. Such patients typically have tachycardia and sometimes arrhythmias in association
with these dramatic blood pressure elevations. In some cases, sympathetic excitation is
a first stage in what later becomes delirium tremens. When these patients are treated
with GABA-ergic or related agents, such as benzodiazepines, the blood pressure often
declines toward normal, though high doses of benzodiazepines may be required.

6. PHEOCHROMOCYTOMA

Catecholamine-producing tumors such as pheochromocytoma can appear as episodic
hypertension, sustained hypertension, or occasionally even as orthostatic hypotension.
Although these tumors are rare in the general hypertensive population, it is important
that they can be ruled out because of their therapeutic implications and by the new
methods, pioneered by Graeme Eisenhofer et al. including plasma metanephrine, yield
sensitive and relatively specific diagnostic information, which was previously unavailable.

7. ESSENTIAL HYPERTENSION

Athough a central role of the autonomic nervous system in essential hypertension
remains controversial, evidence for a contributory role has been repeatedly documented,
particularly in the early hyperkinetic phase of the disease (28). There is also evidence
of enhanced norepinephrine spillover in essential hypertension (29) and enhanced sym-
pathetic nerve traffic. However, because many genes that are recently shown to be
involved in familial hypertension syndromes have included first and foremost gene
products involved in volume regulation in some way, autonomic mechanisms must be
viewed as a component rather than the sole player in the pathophysiological mosaic of
essential hypertension.

Increased central sympathetic outflow, impaired baroreflex buffering, altered regulation
of norepinephrine release, and reuptake can contribute to essential hypertension. The patho-
genesis of the sustained or increased central sympathetic drive in essential hypertension is
unclear. In the brainstem, noradrenergic neurotransmission inhibits central sympathetic
outflow. In contrast, some suprabulbar noradrenergic projections to the hypothalamus and
amygdala are sympathoexcitatory. Esler et al. (29,30) estimated norepinephrine turnover
from these subcortical suprabulbar brain regions by measuring internal jugular vein
overflow of norepinephrine and found it to be increased in patients with essential hyper-
tension. Increased rates of sympathetic nerve firing and a reduction of cardiac neuronal
norepinephrine reuptake contribute to essential hypertension. Central noradrenergic
turnover correlated with systemic sympathetic activation, suggesting that this mechanism
contributes to the sympathetic overactivity that is observed in essential hypertension.

Blood pressure and heart rate are kept within a relatively narrow range appropriate to
physiological demands (exercise level or orthostatic stress) by autonomic baroreflex
mechanisms. However, substantial variability from heart beat-to-heart beat is present and
reflects both the presence of a variety of naturally occurring physiological perturbations
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to cardiovascular homeostasis and the dynamic response of the cardiovascular control
systems to these pertubations (31). Spectral analysis of cardiovascular rhythms has
become an important tool in the investigation of autonomic contributions to hyperten-
sion. Continuous blood pressure fluctuations are caused by several factors. Respiration
modulates blood pressure in the high frequency (HF) band of the breathing rate.
Atropine abolishes HF oscillations of heart rate, whereas HF oscillations of systolic
blood pressure remain constant. The hypothesis that the vagally mediated HR oscillations
associated with respiration generate the respiratory oscillations in blood pressure can
therefore be excluded (32). Systolic blood pressure fluctuations with a 10-s periodicity,
or low frequency band (LFSBP), which are also termed as “Traube–Hering–Mayer”
waves, mainly reflect sympathetic-mediated changes in vasomotor tone (33). Indeed,
LFSBP is linked to low frequency oscillations in the activity of postganglionic sym-
pathetic neurons (34). A tight relationship between LFSBP and muscle sympathetic
activity could be found in humans (35). LFSBP is increased by maneuvers that induce
sympathetic activation, such as upright posture (36,37), lower body negative pressure
(38), or infusion of depressor substances (39). LFSBP was similar or increased (40) in
hypertensive patients as compared to normotensive subjects.

Ganglionic blockade has been quite valuable in studies that deal with sympathetic
outflow in hypertension. Trimethaphan (Afronad) is an adrenergic, anticholinergic,
antihypertensive, and ganglionic blocking agent, which for many years was marketed
for intravenous therapy of hypertension in the United States. It prevents transmission in
both adrenergic and cholinergic ganglia by blocking NN postganglionic receptors
(Fig. 1). It also has a minor direct peripheral arterial and venous vasodilatory effect and
is a weak histamine releaser.

The contribution of the sympathetic nervous system in hypertension can be examined
by gaging the decrease in blood pressure produced by acute sympathetic withdrawal
during ganglionic blockade (15,40,41). Studies with ganglionic blockade reveal that
sympathetic nervous system contributes to essential hypertension, and severes supine
hypertension in patients with multiple system atrophy (MSA) (40).

8. SUPINE HYPERTENSION IN MSA

One of the most unexpected findings in recent years has been the constitutive role
of sympathetic activity in the supine hypertension of autonomic failure. Supine hyper-
tension is seen in approximately half of the patients with autonomic failure. The
mechanism of supine hypertension in these patients is heterogeneous. In patients with
MSA, also termed as Shy–Drager syndrome, blood pressure was uniformly and consi-
derably reduced by ganglionic blockade. This implied that the residual sympathetic
activity accounted for most of the hypertension in these subjects. In contrast, ganglionic
blockade had little to no effect in patients with pure autonomic failure (PAF). This
finding indicates that mechanisms other than sympathetic tone were responsible for
hypertension in PAF patients (41).

Differences in sympathetic tone between MSA and PAF patients are also reflected in
the power spectrum of blood pressure variability. PAF patients had greatly reduced
LFSBP, with no consistent change during trimethaphan infusion. In contrast, LFSBP
power was high in patients with MSA, and was greatly reduced by trimethaphan
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(Figs. 2 and 3). These observations contribute to our understanding of Mayer waves and
their origin. Brief selective stimulation of arterial baroreceptors generates a damped
oscillation in blood pressure in the low frequency (LF) range (42). This observation has
been evoked to propose that LFSBP oscillations result from loop properties of the baro-
reflex rather than originating from central sympathetic regulation. However, the results
in MSA patients demonstrate that LFSBP is intact, and even increased, in the total
absence of functional baroreflex mechanisms.

9. OBESITY

Strong evidence has been developed that autonomic control importantly and often
crucially determines sodium and water homeostasis, and this autonomic control may
have an important link with the hypertension of obesity. Ganglionic blockade with the
combined analysis of blood pressure fall and changes in blood pressure variability is a
unique utility to dissect autonomic mechanisms of hypertension. As an example, the
majority of obese patients have high blood pressure that can be reduced to normal
values by ganglionic blockade. Moreover, the initial power of low frequency oscillation
is higher in obese patients than in healthy subjects. This indicates that hypertension in
obese patients is mainly caused through neurogenic pathways.
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Fig. 1. Mechanism of ganglionic blocking agent trimethaphan (Afronad).
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Fig. 2. Final intrinsic systolic blood pressure (SBP) produced by intravenous infusion of trimethaphan
in patients with pure autonomic failure (PAF), multiple system atrophy (MSA), essential hypertension
(HTN), and normal subjects (NORM).

Fig. 3. Resting systolic blood pressure (SBP) variability in the low frequency range (LFSBP) in
patients with pure autonomic failure (PAF), multiple system atrophy (MSA), essential hypertension
(HTN), and normal subjects (NORM).
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10. SLEEP APNEA

There is an increasing evidence that sleep apnea is one of the most common syndromes
of neurally mediated hypertension. In many cases, there may be overlaps between this
entity and the hypertension of obesity (43–45).

11. POSTURAL TACHYCARDIA SYNDROME

In discussions of neurogenic hypertension, orthostatic disorders are rarely considered.
Many orthostatic disorders are due to nonautonomic mechanisms, and there may
sometimes be evidence of excessive sympathetic activation in some of the patients in
response to the depressor pathophysiology, whatever it may be (46). However, in one
syndrome—orthostatic intolerance or POTS (47), it is especially important to keep this
potential relationship between an orthostatic abnormality and neurogenic hypertension
firmly in mind. This syndrome is defined based on the evidence of sympathetic acti-
vation with upright posture and an absence of orthostatic hypotension. POTS has the
dubious distinction of perhaps having the most names of any cardiovascular problem.
Some of these names are listed in Table 2. Some of the most important and widely used
ones include mitral valve prolapse syndrome, postural tachycardia syndrome, vaso-
regulatory asthenia, neurasthenia, and idiopathic hypovolemia. A large number of
names are deserved by this syndrome because it has a very large number of etiologies.
Unfortunately, because of the difficulty in accurately diagnosing these many different
pathophysiologies in the clinic, the names are not used in any clear pathophysiological
way and therefore constitute more of a barrier than a door to improved understanding.
The situation is complicated even further by the fact that many patients with chronic
fatigue syndrome also meet the hemodynamic criteria for POTS. Indeed, sometimes the
name of the condition depends more on the kind of a specialist that a patient visits. The
endocrinologist may be most struck by the hypovolemic aspect of the illness and term
the problem as idiopathic hypovolemia. The cardiologist may be struck by physical
findings of mitral prolapse and diagnose as mitral valve prolapse syndrome. The
rheumatologist may call the problem chronic fatigue syndrome, and the neurologist may
call the problem as partial dysautonomia or hyperadrenergic orthostatic intolerance.
When a patient is examined in a hypertension center, the hyperadrenergic features and
the relative youth of a typical patient may more likely lead to the diagnosis of labile
hypertension. Because there are probably significant numbers of patients in this last
category among those we now call pre-hypertension, it is important to consider features
that might lead to this diagnosis.

Patients with orthostatic intolerance or POTS have symptoms while standing that
resemble those elicited by inadequate cerebral blood flow. On standing, they have
increased heart rates of at least 30 bpm with dizziness, palpitations, poor exercise tole-
rance, and pre-syncopal symptoms, although syncope itself is very infrequent. Blood
pressure is usually slightly higher than average in these patients and may be much
higher on standing than when lying down. The form of this syndrome most likely to be
encountered in a hypertension clinic is hyperadrenergic POTS.

Early investigators observing the tachycardia and hyperkinetic heart in these patients
generally assumed that enhanced sympathetic activation or adrenal receptor hyper-
sensitivity was somehow involved. Friesinger et al. reported that these patients often had
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STT wave changes in the inferior electrocardiogram leads (48). These changes were
more significant after upright posture and may in some cases have been heart rate
related. Similar hyperadrenergic symptoms are sometimes seen in patients with baro-
reflex failure and those having tumors involving the brainstem. Furthermore, destruction
of the nuclei of the solitary tracts in rats yields a profoundly hyperadrenergic state that
culminates in death within hours. This view was strengthened by the findings that plasma
norepinephrine was often increased in POTS (49), and that -2 agonists, antagonists,
and phenobarbital attenuated the tachycardia or at least relieved some of the symptoms.

One of the most important evidence in support of a central etiology for hyperadren-
ergic POTS has emanated from studies in which both sympathetic and parasympathetic
activities had been blocked by the NN nicotinic antagonist trimethaphan. With this agent,
patients with POTS had greater decreases in sympathetic activity than control subjects.
Systolic blood pressure decreased by 17 mmHg in patients with POTS but only 4 mmHg
in control subjects under similar supine circumstances. Among the patients with POTS,
the half of them having the greatest decrease (26 mmHg) after trimethaphan had greater
pretrimethaphan supine systolic blood pressures, and greater supine and upright plasma
norepinephrine levels than those who had a lesser response. However, the supine and
upright heart rates were similar in both POTS subgroups. Analysis of simultaneous
peroneal sympathetic nerve traffic and heart rate variability in patients with POTS
suggests a greater increase in sympathetic tone to the heart than to the vasculature (50),
a finding confirmed in studies of cardiac norepinephrine spillover, which is increased.
The discordance seemed robust and may prove to be an important clue to the nature of
the central pathophysiology of POTS. Currently, it is often impossible to identify
patients with POTS likely to have enhanced central sympathetic outflow but some help
is afforded by features noted in Tables 3 and 4. The use of such guidelines must however
be approached cautiously because of our primitive understanding of the nature of POTS
in most patients.

Recently, norepinephrine transporter dysfunction has been identified as a disorder
presenting with tachycardia and mildly increased blood pressure in certain circum-
stances (51). Abnormalities in norepinephrine transporter function have been identified
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Table 2
Terms Used for Postural Tachycardia Syndrome

Postural tachycardia syndrome
Postural orthostatic tachycardia syndrome
Hyperadrenergia
Hyperadrenergic orthostatic intolerance
Orthostatic intolerance
Mitral valve prolapse syndrome
Neurocirculatory asthenia
Vasoregulatory asthenia
Hyperkinetic heart syndrome
Orthostatic tachycardia
Effort syndrome
Soldier’s heart
Irritable heart
Labile hypertension
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in some individuals with hypertension, though it remains uncertain if this is a primary
or secondary event. Mice with norepinephrine transporter knockout have exhibited
similar effects, with chronic stress-evoked increases in both heart rate and blood pressure
(52). Furthermore, in response to the NN-nicotinic receptor antagonist, trimethaphan,
which interrupts autonomic ganglionic transmission, blood pressure falls more in hyper-
tensive subjects than in normal subjects, confirming the substantial role of sympathetic
mechanisms in blood pressure maintenance.

12. SUMMARY

Autonomic mechanisms play a pivotal role in the control of blood pressure. This
effect is usually more pronounced in individuals with essential hypertension than in
normotensive subjects. Many of the large amplitude gene effects in hypertension seem
to relate to gene products involved in volume regulation. However, in the great majority
of individuals with hypertension, autonomic perturbations seem to play an important
role. There is a need for further research at the bedside to identify the role of polymor-
phisms in adrenoreceptors, catecholamine and acetylcholine synthesizing, metabolizing
and transport mechanisms, and the analogous determinants of synthesis, fate and receptor
and postreceptor actions of the nontraditional autonomic co-transmitters neuropeptide Y,
adenosine and adenosine triphosphate (ATP), as well as the genetic basis of differences
in central sympathetic outflow and its organ-specific targeting.
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Table 4
Treatment of Hyperadrenergic Postural Tachycardia Syndrome

16 oz water; 2–3 times daily as needed (acts for 1 h only)
10 g sodium diet
Support garment
Propranolol: 10–20 mg; 2–4 times daily
Clonidine: 0.05–0.10 mg; orally twice daily
Methyldopa: 125–250 mg; half strength or twice daily
Fludrocortisone: 0.05–0.30 mg; daily (attenuates tachycardia)
Midodrine: 2.5–10 mg; three times daily (reflexly attenuates tachycardia)
Phenobarbital: 30–100 mg; daily

Table 3
Features of Hyperadrenergic and Neuropathic Postural Tachycardia Syndrome

Features suggestive of hyperadrenergic postural tachycardia syndrome
Plasma norepinephrine levels > 1000 pg/mL
Increased muscle sympathetic nerve activity
Increase in low-frequency/high-frequency ratio of heart rate variability
Symptomatic benefit with low-dose clonidine
Features suggestive of neuropathic postural tachycardia syndrome
Plasma norepinephrine levels of high normal to 800 pg/mL
Absent galvanic skin response or abnormal quantitative sudomotor axon reflex test
Other evidence of peripheral neuropathy
Poor response to low-dose clonidine
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1. INTRODUCTION

Calcitonin gene-related peptide (CGRP) is the most potent endogenous vasodilator
peptide known to date (1–4). There are two forms of CGRP, and , which differ in
only two amino acids in rats and three in humans. -CGRP is derived from the tissue-
specific splicing of the calcitonin/CGRP gene. Whereas calcitonin is produced mainly
in the C cells of the thyroid, CGRP synthesis is limited almost exclusively to specific
regions of the central and peripheral nervous systems. The -CGRP gene that is located
on the same chromosome as the calcitonin/ -CGRP gene does not produce calcitonin
and is also synthesized primarily in neuronal tissues. -CGRP is prevalent in the central
nervous system and in the peripheral sensory neural network. -CGRP is also prevalent
in the central nervous system, but peripherally is common in intestinal neurons (1–5).
However, the biological activities of both peptides are similar in most vascular beds.

Immunoreactive CGRP (iCGRP) and its receptors are widely distributed in the nervous
and cardiovascular systems (1–5). In the peripheral sensory nervous system, prominent
sites of CGRP synthesis are the dorsal root ganglia (DRG). These structures contain the
cell bodies of sensory nerves that terminate peripherally on blood vessels and all other
tissues innervated by sensory nerves and centrally in laminae I/II of the dorsal horn of
the spinal cord (6). A dense perivascular CGRP neural network is seen around the blood
vessels in all vascular beds. In these vessels CGRP containing nerves are found at the
junction of the adventitia and the media passing into the muscle layer (2,4,7). It is
thought that circulating CGRP is largely derived from these perivascular nerve terminals
and represents a spillover phenomenon related to the release of these peptides to promote
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vasodilation or other tissue functions (2,7). Receptors for CGRP have been identified in
the media and intima of resistance vessels as well as the endothelial layer.

2. STRUCTURE OF CGRP

Both forms of CGRP belong to a superfamily of closely related genes that include
calcitonin, adrenomedullin (ADM), and amylin (2,3,7). The and forms of CGRP,
calcitonin, and ADM are all found on human chromosome 11, whereas amylin is located
on chromosome 12. ADM, calcitonin, and amylin share structural and functional homology
with CGRP although they are less potent. Moreover, all of these genes are further related
to the insulin superfamily of peptides. The agonist properties of all of the calcitonin/
CGRP superfamily peptides reside at the N-terminal end (residues 1–8) and are dependent
on a disulfide bridge between two cystein residues at positions 2 and 7 and an arginine
at position 11, which is important for receptor interactions. The highest degree of homo-
logy of these proteins that have vasodilator activity (CGRP, ADM, and amylin) is found
within the sequence 1–13. The C-terminal CGRP sequence 8–37 is a potent high affinity
antagonist for the CGRP (and ADM) receptor and for years has been the primary anta-
gonist used to characterize the functions of CGRP and its receptor(s). All members of
the CGRP superfamily discovered to date interact with seven-transmembrane domain
G protein receptors (4).

2.1. CGRP Receptor(s)
CGRP has been shown to selectively dilate multiple vascular beds, with the coronary

vasculature being a particularly sensitive target (1,2,8,9). Systemic administration of
CGRP decreases blood pressure (BP) in a dose-dependent manner in normotensive and
hypertensive animals and humans (2,9). The primary mechanism responsible for this
reduction in BP is peripheral arterial dilation. The CGRP (and ADM) receptor(s) are
coupled to G proteins and in a number of tissues, including vascular smooth muscle,
CGRP increases intracellular cAMP. Other reports indicate that CGRP is capable of
activating ATP-sensitive potassium (K-ATP) channels of vascular smooth muscle
(2,4,10). There is additional evidence that the vasodilator response evoked by CGRP is
mediated, in part, by NO release and that various vascular beds differ in their depen-
dence on the endothelium for the dilator response to CGRP. Therefore, CGRP can
dilate blood vessels through endothelium-dependent and -independent mechanisms.
Originally, two types of CGRP receptors were identified. The CGRP1 receptor was
characterized by high affinity binding to the aforementioned CGRP antagonist CGRP8–37,
and the CGRP2 receptor was characterized by binding to the linear agonist analog
diacetoaminomethylcysteine CGRP (2,4).

The identification and characterization of the functional CGRP receptor(s) have since
become very controversial, especially following the publication of the receptor activity
modifying protein (RAMP) hypothesis (11). This hypothesis states that both ADM and
CGRP signal through the common receptor, calcitonin receptor-like receptor (CRLR).
Ligand specificity is determined by the co-expression of either of two chaperone proteins
RAMP1 (CGRP) or RAMP2 (ADM). Another RAMP (RAMP3) has also been postulated
to confer ADM specificity to the CRLR. So far, three biological functions for RAMPs
have been defined: they transport CRLR to the cell surface, define its pharmacology,

144 Part II / DiPette and Supowit

09_Supowit_Carey  5/2/07  1:20 PM  Page 144



and determine its glycosylation state. In light of the recent studies, it now appears that
a functional CGRP (or ADM) receptor must include three proteins in a complex: the ligand
binding, membrane-spanning protein (CRLR); a chaperone (RAMP1 or -2); and a third
peptide, the receptor component protein (RCP), which couples the receptor to the cellular
signal transduction pathway (12). The configuration of the CGRP receptor has been
complicated further by the cloning of a canine orphan receptor (RDC-1) that was later
identified as the putative CGRP1 receptor. Indeed, several pharmacological and func-
tional studies suggest that there are additional CGRP and/or ADM receptors that have
yet to be discovered (2,11,12).

2.2. Release of CGRP From Sensory Nerve Terminals
CGRP-rich nerve fibers are components of the primary afferent nervous system,

comprising principally capsaicin-sensitive C- and A -fiber nerves that respond to chem-
ical, thermal, and mechanical stimuli (2,10,13). Although these nerves have traditionally
been thought to “sense” stimuli in the periphery and transmit the information centrally,
there was early evidence that they also have an efferent function. It is clear that DRG
neuron-derived peptides are released at peripheral sensory nerve terminals in the
absence of afferent nerve stimulation (13). The continuous release of peptides from
DRG neurons may reflect a paracrine function implying that these neurons participate
in the continuous regulation of blood flows and other tissue activities. Indeed, it has
been postulated that some DRG neurons are specialized in controlling peripheral effector
mechanisms, but have no role in sensation (13). Sensory nerve terminals can release
CGRP in response to local factors including nerve growth factor (NGF) (10,14), vascular
wall tension (10,13), bradykinin/prostaglandins (15,16), endothelin, and the sympathetic
nervous system (17). Our laboratory has demonstrated that these same factors that alter
the acute release of CGRP can also modulate the long-term production and release of
this peptide. Using primary cultures of adult rat DRG neurons, we have reported that
NGF or bradykinin/prostaglandins (15,16) can stimulate CGRP synthesis and release,
whereas glucocorticoids (18) or 2-adrenoreceptor agonists (14) inhibit the stimulatory
effects of NGF on CGRP. Thus, alterations in these factors, some of which are known
to occur in hypertension, may mediate any changes seen in CGRP expression.

3. ROLE OF CGRP IN HYPERTENSION

Although CGRP administration can markedly decrease high BP in humans (2,7), it
is not clear what role CGRP plays in human hypertension. Data concerning circulating
levels of iCGRP in hypertensive humans have been conflicting. These results have been
attributed to several factors including the assay itself, heterogenity of the disease, severity
and duration of the hypertension, the degree of end organ damage, and the variety of
treatment regimens used in these patients. In contrast, a direct role for CGRP in exper-
imental hypertension has now been established. Earlier reports demonstrate that CGRP
can attenuate chronic hypoxic pulmonary hypertension (PH) (19) and we have, for
the first time, demonstrated that CGRP acts as a compensatory depressor mechanism to
partially attenuate the BP increase in three models of experimental hypertension: (1)
deoxycorticosterone (DOC-salt; 20,21), (2) subtotal nephrectomy (SN-salt; 22), and (3)
NG-nitro-L-arginine methyl ester (L-NAME)-induced hypertension during pregnancy
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(23). A similar role for CGRP has also been shown in the two-kidney one-clip model
(24). In contrast, in the spontaneously hypertensive rat (SHR) CGRP may contribute to
the development and maintenance of high blood pressure in this genetic model of hyper-
tension (25). Because these studies were done acutely, the important question regarding
the long-term participation of CGRP in hypertension is not known. We are currently
using -CGRP knockout (KO) mice to address this issue. Each of the different rat models
as well as studies on the -CGRP KO mice will be described in a separate section.

3.1. Role of CGRP in DOC-Salt-Induced Hypertension
The first evidence that CGRP plays a role in systemic hypertension was provided by

studies using the DOC-salt rat (20,21). For these studies, we used DOC-salt rats during
the onset stage (4 wk after the initiation of the protocol) and four groups of normotensive
rats to control for pellet implantation, uninephrectomy, and/or salt administration. In our
initial studies, we demonstrated that CGRP mRNA accumulation was significantly
increased in DRG, and correspondingly, iCGRP levels were elevated in laminae I/II of
the spinal cord compared to the control groups. Furthermore, this increase in neuronal
CGRP expression in the DOC-salt rats was specific for the DRG, because we did not
observe any alterations in the brain or in the brainstem. In order to determine if these
changes in CGRP were playing an important hemodynamic role, groups of rats had
intravenous (for drug administration) and arterial (for continuous mean arterial pressure,
MAP) catheters surgically placed and were studied in the conscious, unrestrained state.
As shown in Fig. 1, injection of saline did not alter MAP in any of the five groups, and
CGRP8–37 (the CGRP receptor antagonist) administration did not significantly increase
MAP in any of the four normotensive control groups. However, administration of the
CGRP antagonist to the DOC-salt rats rapidly induced, in a dose-dependent manner, a
further increase of the elevated MAP. The rapid onset of the hypertensive effects of
CGRP8–37 and because of the antagonist probably does not penetrate the central nervous
system, it is likely that the pressor activity of CGRP8–37 results from a direct interaction
of the antagonist with vascular CGRP receptors. These data support the hypothesis that,
in DOC-salt hypertension, CGRP is acting as a compensatory depressor to buffer the
increased BP.

3.2. Role of CGRP in SN-Salt-Induced Hypertension
To determine if the compensatory depressor effect of CGRP could be observed in a

second model of hypertension we, therefore, examined the effect of endogenous CGRP
on blood pressure in SN-salt-induced hypertension, another type of low-renin, salt-
dependent hypertension (22). SN-salt and normotensive controls were instrumented and
given saline or CGRP8–37 as described earlier (Fig. 2). The effects of two doses of
CGRP8–37 in the control group were similar to those observed with saline, which did not
significantly alter the MAP. In contrast, administration of the antagonist to the SN-salt
rats produced a dose-dependent increase of the elevated MAP similar to what was
observed in the DOC-salt rats. These results suggest that, in this setting, CGRP is also
playing a compensatory depressor role. Surprisingly, when the CGRP mRNA and peptide
levels were quantified in the DRG from hypertensive and control rats, there were no
detectable differences. These results suggested a second mechanism by which CGRP
exerts its counterregulatory action. As opposed to increased CGRP synthesis and release,
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this effect is mediated through an increase in vascular responsiveness to CGRP. This
was shown in vivo where SN-salt hypertensive rats displayed a significantly greater
dose-dependent depressor response (as a percent of baseline) to exogenous CGRP than
did the controls (26). The hypertensive rats were also markedly more sensitive to the
hypotensive effects of exogenous ADM than the control animals (unpublished observa-
tions). Furthermore, in vitro studies using isolated blood vessels from SN-salt and control
rats showed that the vessel preparations from the hypertensive animals were much more
sensitive to the dilator effect of CGRP compared to vessels from the normotensive control
rats (26). The mechanism underlying the increased vascular responsiveness to CGRP
(and ADM) in this setting is currently under investigation.

3.3. Role of CGRP in L-NAME-Induced Hypertension During Pregnancy
The purpose of this series of experiments was to determine the involvement of CGRP

in the vascular adaptations that occur in normal pregnancy and its role in hypertensive
L-NAME-treated female rats. Yallampalli et al. (27) has demonstrated that the inhibi-
tion of NO synthesis with L-NAME in pregnant rats causes hypertension, proteinuria,
fetal growth retardation, and increased fetal mortality. The co-administration of CGRP
with the L-NAME prevented the gestational, but not the postpartum hypertension and
the proteinuria; and also significantly decreased pup mortality. Further studies revealed
that this differential effect of CGRP on BP during gestation and postpartum is mediated
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Fig. 1. CGRP8–37 increases MAP in DOC-salt hypertensive rats but not in the controls. Rats were
instrumented for continuous MAP recording and CGRP8–37 administration. With the rats fully awake
and unrestrained, bolus doses of the indicated amounts of the antagonist were given intravenously.
**p < 0.001, DOC-salt (group A) vs each of the four control groups at both doses; *p < 0.01, higher
vs lower dose of CGRP8–37 in DOC-salt rats. MAP values are reported as the mean ± SEM.
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by progesterone (23). Similar to the findings in postpartum rats, CGRP reversed the
hypertension in L-NAME-treated ovx rats receiving progesterone injections. Therefore,
these studies suggest that CGRP is antihypertensive in L-NAME-treated pregnant and
non-pregnant rats and that the vasodilator effects of CGRP are modulated by proges-
terone. To determine whether endogeneous CGRP participates in BP regulation in the
L-NAME-treated pregnant rats, the treated (starting from day 17 of gestation) and control
pregnant rats were instrumented and given the CGRP antagonist (Fig. 3). In summary,
baseline BP was higher in the L-NAME-treated than the control rats on days 19, 20,
and 21 of pregnancy and postpartum day 1. CGRP8–37 did not change BP in the control
groups. However, antagonist administration to the L-NAME-treated rats further increased
BP on days 19, 20, and 21 of pregnancy but was without effect on postpartum day 1.
Furthermore, CGRP mRNA and peptide levels in DRG were not different between the
L-NAME-treated and control rats at any point of time studied. These data indicate that
CGRP also plays a counterregulatory role in a salt-independent model. Although the
mechanism by which this occurs has not been elucidated, it appears that the sensitivity
of the vasculature to CGRP is enhanced in this model, and that this is mediated, at least
in part, by progesterone.

3.4. Role of CGRP in the SHR
In contrast to the acquired models of hypertension described earlier, we observed a

marked decrease in DRG CGRP expression in 12-wk-old SHRs compared to normotensive
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Fig. 2. CGRP8–37 increases MAP in the SN-hypertensive rats but not in the controls. Rats were instru-
mented for continuous MAP recording and antagonist administration. With the rats fully awake and
unrestrained, bolus doses of CGRP8–37 were given intravenously. MAP values are reported as the
mean ± SEM. *p < 0.01, SN-hypertensive rats vs control rats at the higher CGRP8–37 dose.
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Wistar Kyoto (WKY) rats (25). Moreover, this reduction in neuronal CGRP was age
related and correlated well with the increase in blood pressure that occurs between 5 and
12 wk of age (2,7). These results suggested that the age-related decrease in neuronal
CGRP expression in the SHRs could contribute to the elevated blood pressure through
the loss of a potent vasodilator. We therefore proposed that NGF administration to SHR
would decrease the blood pressure through the stimulation of CGRP synthesis in DRG
(25). NGF was administered by intraperitoneal injection to 12-wk-old SHRs. NGF was
given once on days 1, 3, and 7. A separate group of control SHRs received vehicle only.
At the end of each treatment period, the animals were instrumented for continuous MAP
recording and infusion of saline or CGRP8–37. After a single NGF treatment (day 1), the
MAP was reduced by 21 ± 2 mmHg compared to the control SHRs. The MAP was still
reduced by 22 ± 3 mmHg on day 3; however, by day 7 the MAP had returned to control
levels. To determine whether any of the MAP reduction observed on days 1 and 3 was
owing to CGRP, during the course of the MAP determinations each animal was treated
(iv) with either saline or the CGRP receptor antagonist. Neither the saline in the con-
trols or NGF-treated SHRs, nor the CGRP8–37 in the control SHRs significantly changed
the MAP. However, on days 1 and 3 of NGF treatment, CGRP8–37 produced a 12.7 ± 2.2
and 11.6 ± 2.1 mmHg increase in MAP on these days, respectively. Unexpectedly, on
day 7 when the MAP was back up to control levels, antagonist treatment still resulted
in an 11.7 ± 2.4 mmHg increase in MAP. When we examined CGRP mRNA levels
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Fig. 3. CGRP8–37 increases MAP in the L-NAME-treated pregnant rats. Animals were instrumented
for continuous MAP recording and antagonist administration on days 19, 20, and 21 (D19–D21) of
pregnancy and postpartum day 1 (P1). With the animals in a fully awake and unrestrained state,
bolus doses of 100 g CGRP8–37 were given. Changes in MAP values are reported as the mean ±
SEM. *p < 0.05.
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in DRG from the control and NGF-treated rats, there was a significant twofold increase
on days 1, 3, and 7. CGRP peptide levels in DRG displayed a similar increase. Therefore,
NGF treatment on days 1 and 3 produces a significant 21 mmHg decrease in MAP.
About half of this MAP reduction is because of CGRP as determined by blockade of
the CGRP receptor. This action of CGRP most likely results from the enhanced release
and production of this peptide. These results (days 1 and 3) strongly suggest that the
decreased production of CGRP that is observed in the SHRs could contribute to the
elevated BP. After a week of NGF treatment, CGRP synthesis is still elevated. Anta-
gonist administration indicates that CGRP is continuing to play a compensatory role,
but the MAP has returned to control levels. The continued activity of CGRP8–37 argues
against downregulation of the CGRP receptor as the cause for the increase in MAP
on day 7. One possibility is that the enhanced production of CGRP is acting to decrease
the MAP on days 1, 3, and 7. However, by day 7, NGF may have stimulated a pressor
system to counteract the depressor effects of CGRP and brought back the MAP up to
control levels. The sympathetic nervous system and neuropeptide Y are the two candidates
that are upregulated by NGF.

3.5. Role of CGRP in Two-Kidney, One-Clip Hypertension
Recently, the role of capsaicin-sensitive sensory nerves in two-kidney, one-clip

(2K1C) renovascular hypertension has been investigated (24). Systolic blood pressure
(measured by the tail-cuff method) was significantly elevated approx 25% in the 2K1C
group compared to control rats 10 d following the initiation of the protocol. Treatment
with capsaicin, which selectively depletes neuropeptides in sensory nerves, enhanced
the hypertensive response to the procedure by another 20% at the same time period. A
second injection of capsaicin produced an additional 25% increase in systolic blood
pressure compared to the rats that had received a single injection at the second time
point (30 d postoperative). The expression of -CGRP mRNA in DRG, the level of
CGRP in the plasma, and the density of CGRP immunoreactive fibers in mesenteric
artery were all significantly increased in the 2K1C rats compared to the sham-operated
controls. Treatment with capsaicin prevented the increase in CGRP expression in the
hypertensive rats. Based on these results the authors concluded that in this model of
renovascular hypertension the activity of capsaicin-sensitive sensory nerves is increased,
via an upregulation of -CGRP synthesis and release, as a compensatory response to
partially counteract the increase in blood pressure.

3.6. Role of CGRP in Chronic Hypoxic Pulmonary Hypertension
As described previously, CGRP participates in the regulation of regional organ blood

flows both under normal physiological conditions and in the pathophysiology of various
disease states. For example, in the lung, CGRP plays a critical role in modulating local
pulmonary vascular tone. An excellent review describing the role of CGRP and other
endogenous lung neuropeptides in the regulation of the pulmonary circulation has been
published (28). Indeed, to the best of our knowledge, the first report demonstrating a
role for CGRP in hypertension of any type was a study showing that CGRP and somato-
statin modulate PH. Two earlier clinical studies suggested that CGRP might be involved
in the pathophysiology of this disease (29,30). However, for this review we focus on
studies using rodent models of PH and the antihypertensive effects of CGRP. Chronic
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hypoxic PH, associated with increased pulmonary arterial pressure and right ventricular
hypertrophy, correlates significantly with CGRP levels in lung and blood (19,29,30).
In this series of experiments CGRP, its antibody, and the CGRP receptor antagonist
CGRP8–37 were infused into the pulmonary circulation of hypobaric hypoxia rats on
days 4, 8, and 16. Pulmonary arterial pressure was then measured in the right ventricle
and in the main pulmonary artery. Chronic CGRP infusion prevented PH at all time points,
whereas, immunoneutralization and receptor blockade exacerbated PH. Additional in
vitro pharmacological studies demonstrated that CGRP exerts a receptor-mediated
nonadrenergic, nonmuscarinic vasodilator effect in the lung, which is independent of
endothelium-derived relaxing factor and does not involve ATP-dependent potassium
channels. Taken together, these data indicated that endogenous CGRP plays an impor-
tant role in pulmonary pressure homeostasis during hypoxia, by directly dilating the
pulmonary vasculature, thus attenuating the development of chronic hypoxic PH in rats.

More recent reports from this same group (19) as well as other investigators have
confirmed these initial findings. For example, rats were pretreated with capsaicin to
deplete stores of sensory neuropeptides, primarily CGRP and substance P, and placed in
hypobaric hypoxia or normoxia for 16 d together with control animals (31). Hypoxia
increased PH, right ventricular hypertrophy, arterial medial thickness, elasticized cap-
illaries, endothelial cell density, lung water, and hematocrit in control rats. Capsaicin
augmented PH and right ventricular hypertrophy in hypoxia, and medial thickness and
endothelial cell density in both normoxia and hypoxia. Because of the limited effects on
these parameters by substance P and other capsacin-sensitive lung agents, these results
demonstrated that a sensory nerve deficit of CGRP severely exacerbates hypoxic PH.
In contrast, pulmonary overexpression of CGRP via in vivo gene transfer, in a mouse
model of hypoxia-induced PH significantly attenuated pulmonary arterial pressure, right
ventricular hypertrophy, and pulmonary vascular remodeling in chronically hypoxic
mice (32,33). These data provide additional evidence that CGRP plays an important role
in maintaining low pulmonary vascular resistance.

4. STUDIES IN THE -CGRP KO MICE

The mouse model lacking the -CGRP/CT gene was created by replacing exons 2–5
of the mouse CT I gene with PGK neoBPA (34). Homologous recombination was
confirmed by Southern analysis with 5 and 3 probes. The homozygous -CGRP (–/–)
breeding pairs were derived from an inbred strain on a 129/C57 genetic background.
The KO mice were generated and kindly provided by Robert F. Gagel (M.D. Anderson
Cancer Center, University of Texas, Houston). The -CGRP KO mice are born nor-
mally, are fertile, and have a normal life span (34). As shown in Fig. 4, -CGRP mRNA
was not detectable; -CGRP mRNA was reduced twofold; and substance P mRNA was
unchanged as determined by Northern blot analysis of DRGRNA preparations from the
KO mice. Likewise, immunohistological staining revealed the absence of -CGRP pep-
tide in laminae I/II of the dorsal horn of the spinal cord from the -CGRP KO mice (35).

Systolic blood pressure was significantly higher in the KO mice (n = 9; 160 ± 6.1 mmHg)
compared to controls (n = 10; 125 ± 5 mmHg). To confirm this finding, previously
instrumented KO (n = 9) and wild type (WT; n = 9) fully awake and unrestrained
mice (25–30 g males) were studied. The MAP was significantly elevated in the KO mice
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(139 ± 5 mmHg) compared to the controls (118 ± 4 mmHg). Because of serious concerns
regarding the accuracy and reproducibility of acute blood pressure measurements in
mice, it was necessary to confirm the blood pressure phenotype of these mice using
long-term telemetric recording (36). In agreement with our previous reports, telemetric
MAP determination showed that basal average 24 h MAP was significantly higher in
the -CGRP KO mice (120 ± 3 mmHg, n = 7) compared to WT controls (107 ± 3 mmHg,
n = 7) (37). It should be noted that in order to delete the -CGRP gene, it was also
necessary to inactivate the calcitonin gene as well as katacalcin that is derived from the
processing of the calcitonin peptide precursor (2). It is important to note that it has
been clearly demonstrated that endogenous calcitonin or katacalcin do not play a role
in cardiovascular regulation (2,7). A second KO mouse, specific for -CGRP, has
recently been generated, but on a different genetic background, by another investigator
(38). Interestingly these KO mice do not appear to display an increased baseline MAP.
Another -CGRP specific KO strain that has the same genetic background as the
mice used in our study has been generated. In a recently published report, the CGRP
null mice display a significantly elevated BP and heart rate compared to controls (39).
These latter results confirm our findings that basal MAP is elevated in the -CGRP
null mice.

4.1. Gross Postmortem and Histopathological Studies
Although the -CGRP KO mice appear to have a normal phenotype (34) with the

exception of an elevated basal MAP (35), before using these animals for more extensive
studies, a comprehensive pathological evaluation was performed to determine if there
were any significant developmental or pathological changes in the absence of treatment
(40). No significant gross postmortem or histopathological alterations were detected in
the body cavities, or integumentary, alimentary, respiratory, circulatory, urogenital,
endocrine, hematopoetic, musculoskeletal, and nervous systems of the -CGRP KO
mice compared to their WT counterparts. In addition, there was no microscopic evidence
of vascular alterations or vascular variations among the mice examined. The one excep-
tion to the results described above was that the heart to body weight ratio was increased
approx 10% in the -CGRP KO mice compared to the WT mice. This finding is consistent
with data that we have published previously.

4.2. Role of CGRP in the Regulation of Coronary Blood Flow
In a seminal study concerning the nonadrenergic noncholinergic regulation of basal

coronary flow, Yaoita et al. (41) clearly demonstrated that capsaicin-sensitive neuro-
peptides (primarily CGRP) in the rat’s heart provide approx 30% of basal coronary flow
modulation. To provide additional evidence that -CGRP plays a critical role in the
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Fig. 4. Northern blot analysis of DRG RNA samples from -CGRP KO and WT mice.
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regulation of coronary blood flow, Langendorff-perfused heart preparations were used
to compare coronary flow rates between -CGRP KO and WT control mice under
various pressure-loading conditions. Hearts from 33 mice (female, 6 KO and 9 WT;
male, 8 KO and 10 WT) were used in this study. Deletion of the -CGRP gene in both
genders resulted in a significant reduction in the coronary flow at all pressures tested
(Fig. 5). In addition, coronary flows for both strains of mice were consistently lower in
female than in male mice. Therefore, these data suggest that CGRP is responsible for
up to 30% of basal coronary blood flow. In addition, based on the histological analysis,
there are no obvious structural or pathological alterations in the myocardium or coronary
vasculature between the groups. Because blood vessel diameter is directly related to
coronary flow, pilot studies were done to determine the range of blood vessel diameters
(optical micrometer) in heart sections from the KO and WT mice. No detectable differ-
ences were observed between the two strains. Thus, the mechanism of this reduction in
coronary flow is likely to decrease coronary vasodilation resulting from an ablation of

-CGRP from perivascular sensory nerve terminals.

4.3. CGRP is Protective Against Hypertension-Induced End Organ Damage
The results described above in Sections 4 and 4.2 demonstrate that the -CGRP/CT

deficient mice display a significant increase in basal blood pressure and a significant
decrease in basal coronary flow rates. Hypertension-induced end organ damage is one of
the most severe and common consequences of chronic increased blood pressure. Because
CGRP has such potent biological effects on the heart and kidneys, and in light of several
lines of indirect evidence suggesting that CGRP is an endogenous organ-protective agent
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Fig. 5. Coronary flow rates are decreased in -CGRP KO mice. Isolated perfused heart preparations
were used to determine coronary flow rates at the indicated perfusion pressures. Data are expressed
as the mean ± SEM. *p < 0.05 WT vs KO males and #p < 0.05 for WT vs KO females.
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(42,43), the purpose of this study was to determine whether end organ damage is
enhanced in the DOC-salt hypertensive -CGRP KO mice compared to their hyper-
tensive WT counterparts. After initiation of the DOC-salt protocol, the blood pressure,
as determined by long-term telemetric recording, increased rapidly in both groups to
final values of 166 ± 5 mmHg for the -CGRP KO and 147 ± 4 mmHg for the WT mice
(36,44). When normalized to basal blood pressure this represents an approx 35% (and
equal) increase in MAP for the two groups. The MAP was unchanged in the two
control groups (unpublished observations). Both the -CGRP KO and WT mice dis-
played a normal 24 h circadian rhythm, both before and after DOC-salt treatment, with
the highest blood pressure and heart rate occurring near midnight and the lowest in the
early afternoon.

At the conclusion of the blood pressure measurement studies, the mice were sacrificed
and the hearts, kidneys, aortas, and femoral arteries were removed for histopathological
examination (44). As before, no changes were seen in the hearts and kidneys between
the control -CGRP KO and WT mice. Furthermore, no significant pathological
changes were seen in the hearts and kidneys from the DOC-salt hypertensive WT mice
compared to their normotensive controls. The only exception was that heart sections
from both the DOC-salt hypertensive -CGRP KO and WT mice displayed a marked
increase in cardiac myocyte size. This result demonstrates left ventricular hypertrophy
and is consistent with the increased heart-to-body weight ratios of the heats from the
DOC-salt treated mice of both strains. In contrast, extensive damage was evident in
the heart and kidney sections from the DOC-salt hypertensive -CGRP KO mice.
Marked (2+, in scale of 1+ to 4+) small vessel disease was seen in the heart sections
from DOC-salt treated -CGRP mice with thickening and inflammation of the vessel walls.
Perivascular inflammation was also noted and the endothelial cells were prominent
which is consistent with inflammation of this critical cell layer. In the myocardium, there
were prominent 2+ myocarditis, myocardial necrosis, and foci of inflammation that
extended to the epicardium. The kidneys of these mice showed marked 2+ glomerular
changes including congestion of the capillary loops, focal mesangial proliferation,
crescentic proliferation, and focal histocytic infiltration. Proteinaceous casts were also
noted in a number of tubules.

These data demonstrate that deletion of the -CGRP gene enhances hypertension-
induced end organ damage in the heart and kidney. The mechanism of this increased
tissue damage may be through the loss of CGRP-mediated vasodilator activity and/or
to an increase in the local tissue production of reactive oxygen species. Indirect
mechanisms such as activation of the sympathetic nervous system and/or the RAS
system may also be involved. To our knowledge this is the first report of a sensory
nerve-mediated cardio- and renal-protective effect against hypertension-induced end
organ damage. Traditionally, sensory nerves were defined as purely afferent neurons
that monitor changes in their chemical and physical environment and convey this
information to the central nervous system. They also have the capacity to act in an
efferent manner. This efferent function is mediated by the release of neuropeptides,
including CGRP, from their peripheral terminals that regulate vasodilation and other
tissue activities independently of sensation. Thus, this organ-protective activity of
CGRP may reflect another significant function of the efferent arm of the sensory
nervous system.

154 Part II / DiPette and Supowit

09_Supowit_Carey  5/2/07  1:20 PM  Page 154



5. SUMMARY

In the four models of acquired hypertension that have been studied to date, CGRP
appears to act as a compensatory vasodilator in an attempt to counteract the blood
pressure increase. In the DOC-salt and 2K1C models, this activity appears to be medi-
ated through a marked increase in the neuronal expression and release of this peptide.
Likewise, in PH CGRP levels are elevated act to directly dilate the pulmonary vasculature,
thus attenuating the development of chronic hypoxic PH in rats. The factors that cause
this upregulation of CGRP have yet to be determined. The SN-salt and L-NAME
models do not exhibit increases in CGRP expression, suggesting another mechanism by
which this peptide could exert its antihypertensive effect. This second mechanism is
enhanced sensitivity of the vasculature to CGRP that is likely regulated at the level of
the vascular CGRP receptor complex. It is probable that CGRP is one of several counter-
regulatory mechanisms that are stimulated in hypertension. In contrast, in genetic
hypertension such as in the SHR, several studies demonstrate that there is a marked
downregulation of CGRP. Although this decrease in CGRP expression is probably not
the primary cause of hypertension in this model, the decrease in such a potent vasodilator
could contribute to the elevated blood pressure.

The inability of CGRP8–37 to alter blood pressure in control rats implies that CGRP
does not participate in the regulation of basal systemic blood pressure in the normoten-
sive state, but this does not rule out a role for CGRP in the modulation of regional organ
blood flows under normal physiological conditions. CGRP participates in the modulation
of blood flow in the gut and, as described previously, is responsible for approx 30% of
basal coronary blood flow. Studies in the -CGRP KO mice confirm the pivotal role
of CGRP in the regulation of basal coronary flows. In addition, our laboratory has novel
data showing a protective action of CGRP against hypertension-induced damage in the
heart and kidney. Unlike the rat models in which CGRP activity was blocked acutely,
permanent deletion of the -CGRP gene does produce a significant increase in basal
blood pressure. The reason for this discrepancy is currently under investigation.

Although a definitive role for CGRP has yet to be established, the weight of the evidence
supports a role for this neuropeptide in the modulation of vasorelaxation in states of
increased peripheral resistance or in an increase in blood flow to critical areas like the
renal, coronary, and cerebral circulations. Under these conditions, it appears that activa-
tion of perivascular sensory nerves stimulates the release of neuropeptides that, in turn,
regulates vascular tone, redistributes blood flow, and perhaps modulates systemic blood
pressure. CGRP has also been implicated in other cardiovascular disease states such as
congestive heart failure, myocardial infarction, ischemia/reperfusion injury, as well as
other pathological conditions that produce significant alterations in cardiovascular
functions (1–7).
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1. INTRODUCTION

The kidney is the primary organ responsible for the long-term control of blood pressure
by regulating sodium and chloride transport. Various renal autocrine/paracrine and
endocrine mechanisms have evolved to increase or decrease sodium reabsorption in
different segments of the nephron (1,2).

Sodium chloride balance and blood pressure are the result of the interaction of many
factors, such as the sympathetic nervous system and various interacting hormonal systems,
such as the renin-angiotensin system and nitric oxide system. Short-term regulation of
blood pressure by the kidney is mainly controlled by the autonomic nervous system using
finely tuned, complex feed forward and feedback systems [reviewed elsewhere (3)]. Long-
term regulation of blood pressure involves many of the same mechanisms involved with
short-term blood pressure regulation, including the sympathetic nervous system (4) and
the renin–angiotensin system (4–9). However, for long-term regulation the blood volume
involves slower cellular adaptive processes, such as upregulation and downregulation of
cell surface receptors and their intracellular effectors (10) to increase or decrease sodium
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reabsorption in the kidney. Because the kidney is such a key organ in the long-term
regulation of blood pressure, many studies have focused on abnormal renal handling of
sodium chloride in the pathogenesis of essential hypertension (9,10), specifically, the
increased sodium transport in the renal proximal tubule and medullary thick ascending limb
(11–13). Two principal pathways, the renin–angiotensin pathway (7) and the dopaminergic
system (14–26), are responsible for increasing or decreasing sodium reabsorption. These
pathways may be antagonized or abetted by other systems, e.g., nitric oxide and endothelin.

2. RENAL DOPAMINE AND AUTOCRINE/PARACRINE FUNCTION

During the past decade dopamine has been shown to be an active modulator of sodium
balance, by actions in the adrenal gland (27,28), intestinal (29–31) and renal epithelia
(11,14–26,33–82), and sympathetic nervous system (83). Although the dopaminergic
system is active in various anatomic locations, the concentrations of dopamine found
circulating in the blood (picomolar) are not high enough to activate the dopamine receptor
because nanomolar concentrations are required for receptor activation. However, high
nanomolar concentrations of dopamine can be generated locally by the conversion of
L-DOPA found in the circulation to dopamine by L-aromatic amino acid decarboxlase
found in dopamine-producing tissues (e.g., renal proximal tubule and jejunum). In the
proximal tubule, dopamine does not become converted to norepinephrine (as in neurons)
because renal tubules do not express dopamine -hydroxylase. Dopamine produced
intracellularly is then secreted into the tubular lumen, to a greater extent than in the
peritubular areas, in which it acts as an autocrine/paracrine hormone to regulate sodium
and chloride transport in the renal proximal tubule, thick ascending limb of Henle, and
cortical collecting duct.

Long-term sodium (and chloride) balance during moderate sodium surfeit is regulated
by locally generated dopamine, which acts on renal tubular and jejunal cells to decrease
sodium transport. The dopaminergic renal control mechanism has a major impact on
overall sodium balance because over 50% of incremental sodium excretion that occurs
with increased sodium intake is regulated by dopamine receptors (39,41,74,77,78,84).
Renal hemodynamic mechanisms contribute to the increase in sodium excretion associated
with protein loading (171). However, the paracrine/autocrine dopaminergic regulation of
sodium excretion during sodium surfeit is mediated by tubular but not by hemodynamic
mechanisms (42,74). Systemically administered dopaminergic drugs increase sodium excre-
tion by both hemodynamic and tubular mechanisms. The clinical practice of systemically
administering dopaminergic drugs during shock may not mimic the autocrine/paracrine
function of dopamine because high doses of dopamine result in concentrations that can
activate nondopaminergic receptors, such as the serotonin, and adrenergic receptors.

3. DOPAMINE RECEPTOR SUBTYPES

The two known families of dopamine receptors, the D1-like and the D2-like
(26,43–45,85,86), are structurally similar to all the G protein-coupled receptors in that
they have seven-transmembrane domains with cytoplasmic carboxy terminal domains
and a glycosylated extracellular amino terminal domain. The D1-like receptor family
consists of the D1 and D5 subtypes. Because the central D1 and D5 receptors have the
same primary structure as the peripheral dopamine receptors (D1A and D1B, respectively
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in rodents) (87), distinguishing “central” from “peripheral” dopamine receptors is no
longer necessary. Despite similar affinities for dopamine, the distinct actions of the D1 and
D5 receptors are a result of differential coupling to various intracellular G proteins asso-
ciated with increases in intracellular enzymatic activity. For example, both the D1 and D5
couple to intracellular adenylyl cyclase to increase the conversion of ATP to cyclic adeno-
sine monophosphate (cAMP) which in turn stimulates numerous intracellular events (87).
However, the D1 receptor (in the presence of calcyon) but not the D5 receptor activates
phospholipase C leading to the generation of inositol phosphates and diacylglycerol.

The D2-like dopamine receptor family consists of the D2, D3, and D4 receptors,
all which couple to the inhibitory G proteins G i and Go. Unlike the D1 receptors, the
D2-like receptors inhibit adenylyl cyclase and calcium channel activities, and modulate
potassium channel activity (45,88,89).

4. RENAL DOPAMINE RECEPTORS

The kidney is richly endowed with members of all the dopamine receptor subtypes.
Prejunctional nerves are endowed with D4 receptor (88). Within the renal arterioles, the
D2, D3, and D4 receptors are located in the adventitia and the adventitia-media junction
(89), though the D1, D3, and D5 receptors are expressed in the tunica media (59,89). The
expression of dopamine receptors in the endothelial cell layer in renal arterioles has not
been described but the D3 receptor is expressed in the endothelium of rat mesenteric
arteries (89). D3 and D4, but not D1 and D5, receptors are present in glomeruli
(57,59,89,90). The proximal tubule expresses D1, D5, D3, and D4 receptors (54,57,59,
64,72,80,81,88). The medullary but not the cortical thick ascending limb of Henle
expresses D1, D5, and D3 receptors (15,59,89,90). The collecting ducts (cortical and
medullary) express D1, D5, D3, and D4 receptors (57,59,75,89,90,92). The macula densa
and juxtaglomerular cell express D1 and D3 receptors (37,91,92). There may be species
differences because the D1 receptor is not expressed in human juxtaglomerular cells (64).

Dopamine inhibits sodium transport at multiple sites along the nephron and acts
on multiple transporters within each nephron segment such as the sodium hydrogen
exchangers (NHE1 [SLC9A1], NHE3 [A3]), sodium phosphate cotransporter (Na/Pi
[SLC34]), sodium bicarbonate exchanger (Na+/HCO3 [SLC4]), chloride bicarbonate
exchanger (Cl/HCO3 [SLC26A6]), and the active ATP-dependent sodium pump
(Na+/K+-ATPase) (15,16,18,33–36,40,48,51,52,55,66,67,70,71,93–114). The inhibitory
effect of dopamine on sodium flux is highly influenced by the amount of intracellular
sodium and calcium. Dopamine exerts its strongest effects in inhibiting Na+/K+-ATPase
when intracellular sodium concentrations are greater than 20 mM and intracellular calcium
concentrations are less than 120 nM (95,101). There can be a substantial additive effect
of incremental dopaminergic inhibition of sodium transport in each nephron segment.

5. RENAL SODIUM HANDLING AND DOPAMINE-MEDIATED 
HIGH BLOOD PRESSURE

Reduced renal sodium excretion is a central mechanism in the development and
maintenance of essential hypertension. Subjects with elevated blood pressure have an
inappropriate delay in responding to and excreting a salt load. D1-like receptors are
important in the regulation of basal blood pressure because blood pressure is increased
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when dopamine receptors are chronically blocked (saline-loaded Wistar rats and
normotensive humans) (172,173). Some forms of hypertension can be the result of a
decreased synthesis of dopamine, or a failure of proper D1-like receptor signaling in the
kidney. Interestingly, both human and rodent hypertension have similar defects in
dopamine-regulated sodium excretion (12,13,26,42,45,47,86,115,116). In both rats and
humans with genetic forms of hypertension, there is a well-documented failure of the
normal inhibition by D1-like receptors of the activities of NHE3, Na+/HCO3

–,
Cl–/HCO3

–, and Na+/K+-ATPase (but not Na/Pi or NHE1) in the renal proximal tubule
and thick ascending limb of Henle (14,48,51,55,65,66,98,102,105,107,114,117) that
can lead to salt sensitivity (11–13,55).

Decreased renal synthesis of dopamine may also be involved in the pathogenesis of
some forms of hypertension in some human subjects (47), and salt sensitivity in others
(116,118–122). However, in other cases, renal dopamine production is normal or even
increased, in either humans (47,123,124) or rodents (68,125,126). Furthermore, increasing
renal dopamine production in the spontaneously hypertensive rat (SHR) does not
enhance the ability of D1-like agonists to inhibit renal cortical NHE3 activity or sodium
excretion to the degree seen in Wistar–Kyoto (WKY) rats (42).

The principal dopaminergic defect in essential hypertension is a failure of D1-like
receptors to stimulate cAMP production in the renal proximal tubule and thick ascending
limb of Henle (38,72) despite normal downstream effectors such as G protein subunits,
adenylyl cyclase, phospholipase C, Na/K-ATPase, or NHE3 (14,26,37,38,42,46,48,51,
55,62,63,65,66,72,73,76,98,105,107,108,114,118,127–133). The impaired D1-like
receptor-mediated inhibition of epithelial sodium transport because of an uncoupling of
the D1-like receptor from its G protein/effector complex has been demonstrated in
Dahl salt-sensitive rats, SHRs, and humans with essential hypertension, (14,26,37,38,
42,46,48,51,55,62,63,65,66,72,73,76,98,105,107,108,114,118,127–133). The uncoupling
of the renal D1-like receptor from its effector complex and second messenger (adenylyl
cyclase) is receptor-specific because other adenylyl cyclase- linked receptors can operate
normally (46,49,72,134,135). Additionally, the D1-like receptor uncoupling is organ-
selective because it is present in the kidney and small intestines (30), but not in the brain
striatum (37). It is nephron-segment specific because it is observed in the renal proximal
tubule and thick ascending limb of Henle (14,26,37,38,42,46,48,51,55,62,63,65,66,72,
73,76,98,105,107,108,114,118,127–133) but not in the cortical collecting duct (61). The
activation of D1-like receptors in cortical collecting ducts by the systemic administration
of D1-like drugs explains why these drugs are natriuretic in subjects with essential hyper-
tension (58,136). This may not occur in rodent models of genetic hypertension (137–139).

6. GENETIC EVIDENCE FOR THE RENAL D1-LIKE RECEPTOR
DEFECT IN HYPERTENSION

There is an evidence that the uncoupling of the D1-like receptor in hypertension is
genetic because it precedes the onset of hypertension in a variety of rodent models for
genetically acquired hypertension (37,46,63,102,105,116). Furthermore, the hypertensive
phenotype cosegregates with hypertension (genetically segregated—this term has a
different meaning) in the SHR (62,140,141). There are polymorphisms in human D5
receptor (142) and D1 receptor (143). A polymorphism in the noncoding region of the
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D1 receptor has been associated with hypertension in one study (143). There are no
polymorphisms of the D1 and D5 receptors in SHRs but a renal D5 receptor defect may
still be present in genetic hypertension because D5 receptor expression is decreased in
the renal cortex of SHRs (81).

7. ROLE OF G PROTEIN-COUPLED RECEPTOR KINASE TYPE 4

In humans with essential hypertension, the uncoupling of the D1-like receptor from
its G protein/effector complex has been shown to be a consequence of an activating
variant in a member of the G protein-coupled receptor kinase (GRK) family of kinases
that are responsible for G protein receptor inactivation following agonist stimulation.
(79,120,132,144–153). The complex of phosphorylated D1 receptor, arrestin, and
adaptor proteins undergo internalization, via clathrin-coated pits into an endosome in
which the GPCR can be degraded by lysosomes or proteasomes, or dephosphorylated
by phosphatases (e.g., GRK2A) (28,33) to be recycled back to the plasma membrane.
Dephosphorylation can also occur directly at the plasma membrane (154), and desensi-
tization may be clathrin-independent (133). Uncoupling of the D1 like receptor in essential
hypertension involves the D1 receptor and not the D5 receptor in hypertension [(155,156)
and unpublished studies]. The D1 receptor is hyper-serine-phosphorylated and not
properly targeted to the cell surface membrane of the renal tubule cell, especially the
proximal tubule (72,134). Although an impaired protein phosphatase GRK2A function
may play a role in the hyperphosphorylation of the renal D1 receptor in the SHR (29), the
activity of the enzyme is actually increased in renal proximal tubule cells from hyper-
tensive subjects (unpublished observations). However, the hyper-serine-phosphorylation
of the D1 receptor in the renal proximal tubule, in the absence of ligand occupation, is
caused by increased GRK activity (34). Indeed, decreasing GRK expression or activity
in renal proximal tubule cells from hypertensive subjects normalizes the ability of D1-like
agonists to increase cAMP accumulation (38).

There are seven GRKs, but in renal proximal tubules GRK4 is more important than
other GRKs (e.g., GRK2) in the desensitization of D1 receptors (79). GRK4 activity is
increased in renal proximal tubule cells from hypertensive humans, and the inhibition
of GRK4 activity normalizes the ability of D1-like receptors to increase cAMP produc-
tion. In humans with essential hypertension, the constitutive desensitization of the
D1 receptor occurs as a result of a constitutively activated GRK4 gene variant (R65L,
A142V, and A486V) (38). There is no difference in GRK4 nucleotide sequence between
WKY and SHRs. However, GRK4 activity is also increased in the kidneys of SHRs;
chronic renal interstitial infusion of GRK4 antisense oligonucleotides blocks the increase
in blood pressure that occurs with age in SHRs (157). The D1 receptor functional defect
noted in renal proximal tubules and medullary thick ascending limb of Henle in hyper-
tension is replicated by expression of GRK4 gene variants in cell lines (CHO cells)
and is rectified by the prevention of GRK4 expression. In mice, overexpression of
GRK4 142V impairs the natriuretic action of D1 receptors and produces hypertension
(38). GRK4 142V transgenic mice have high blood pressure that is independent of
sodium intake (38). In contrast, GRK4 486V transgenic mice become hypertensive, after
an increase in sodium intake (78,158). The hypertensive phenotype in GRK4 transgenic
mice is independent of transgene copy number and renal mRNA expression.

Chapter 10 / Renal Dopaminergic System and Hypertension 163

10_Jose_Carey  5/3/07  12:16 PM  Page 163



The GRK4 locus, 4p16.3, is linked to hypertension (159,160). We have reported that
the GRK4 486V is associated with salt-sensitive hypertensive Italians, recapitulating the
mouse transgenic study (24). The latter study was recently corroborated by Speirs et al. in
168 unrelated Caucasians with essential hypertension (161). In the Japanese, the presence
of all three GRK4 variants, 65L, 142V, and 486V, predicts the salt-sensitive hypertensive
phenotype with 94% accuracy (162). The ability to excrete a sodium load in these hyper-
tensive subjects is inversely related to the number of GRK4 alleles with a high degree of
correlation (r2 = 0.99), indicating a gene dose effect. However, the presence of three GRK4
variants impairs the natriuretic effect of a dopaminergic drug, even in normotensive
subjects. Thus, salt sensitivity, per se, may be imparted by GRK4 gene variants.

Six polymorphisms of GRK4 have been reported (GRK4 R65L, GRK4 A142V, GRK4
V247I, GRK4 A253T, GRK4 A486V, and GRK4 G562D). The frequency of these poly-
morphisms varies according to ethnicity. A Japanese population was found to carry only
the wild–type GRK4 V247I, GRK4 A253T, and GRK4 G562D (unpublished data).
GRK4 65L and 142V are more frequent among Ghanaians and African Americans than
other ethnic groups studied (Chinese, Hispanics, Japanese, and Caucasians), whereas
GRK4 486V is more frequent in Chinese and Japanese subjects [(161–163) and unpub-
lished data]. Thirteen polymorphisms of eight genes in hypertensive Ghanaians
(angiotensinogen, AGT; angiotensin-I-converting enzyme, ACE; angiotensin II receptor
type 1, AT1R; GRK4; nitric oxide synthases 1 and 3, NOS1, NOS3; and carbamyl phos-
phate synthase 1: CPS1, which affects NO production, and CYP2C8, the putative
endothelium-derived hyperpolarizing factor synthase) were reported recently (163). The
best combination that was predictive of hypertension, not classified according to salt
sensitivity, was ACE and GRK4, with an estimated prediction success of 70% (163).
Among Japanese, the best combination that was predictive of hypertension, not classi-
fied according to salt sensitivity, was GRK4, ACE, and Cyp11B2, with an estimated
prediction success of 63% (unpublished data). We also found that the single best genetic
model for low renin hypertension in Japanese included only GRK4A142V and
CYP11B2, with an estimated prediction success of 84% [(162) and unpublished data].
These results show that underlying genetic models of salt sensitive, low renin, and
possibly other subclasses of hypertension are different.

8. SUMMARY

The renal dopaminergic system is integral to the maintenance of normal long-term
sodium homeostasis by primarily acting in the renal proximal tubule and thick ascending
limb to decrease sodium transport. A reduction in sodium transport results in increased
sodium excretion. A failure of proper functioning of the renal D1-like receptor system
results in a reduction in sodium excretion and an increase in blood pressure. Genetic
polymorphisms in the G protein-coupled receptor kinase, GRK4 causes a hyperphospho-
rylation of the D1-like receptor resulting in its uncoupling from G protein/effector complex.
Expression of GRK4 variants in cell lines replicates the D1 receptor defect noted in
renal proximal tubules. Inhibition of GRK4 function or expression normalizes D1
receptor function in cell lines expressing GRK4 gene variants and renal proximal tubule
cells from humans with essential hypertension. Overexpression of GRK4 142V variant
in mice produces hypertension and impairs the natriuretic but not the acute vasodepressor
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effect of D1 receptors. GRK4 486V imparts sodium sensitivity to mice that are otherwise
normotensive. Moreover, selective renal inhibition of GRK4 gene expression attenuates
the increase in blood pressure in SHRs. These data fulfill the criteria recently proposed
by Glazier et al. that are required to link genetic loci to the etiology of complex disease
(166). It is possible that GRK4 inhibitors may lead to a novel treatment for salt sensitivity
that would reduce the morbidity and mortality associated with this condition, even in
normotensive subjects (165–169).
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1. INTRODUCTION

The National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP
III) uses the term “metabolic syndrome” to describe a constellation of risk factors asso-
ciated with insulin resistance, namely abdominal obesity, hypertension, dyslipidemia,
and prothrombotic and proinflammatory states (1). These physiological abnormalities are
produced through the interaction of genetic, hormonal, and lifestyle factors. Individuals
with metabolic syndrome have a greatly heightened risk of developing diabetes, coronary
heart disease, stroke, and renal disease, as well as increased all-cause and cardiovascular
mortality rates. Hypertension, one of the most prevalent components of metabolic
syndrome, contributes directly to many of these complications. The relationship between
blood pressure and risk of cardiovascular disease (CVD) events is continuous, consistent,
and independent; the higher the blood pressure, the greater the chance of myocardial
infarction, heart failure, stroke, and renal disease. The CVD risk escalates further when
other risk factors are present, as in patients with metabolic syndrome.

Data from the Third National Health and Nutrition Examination Survey (NHANES III;
1988–1994) suggest that 47 million US adults (23.7% of the population) have metabolic
syndrome (2). Its prevalence increases with age, body mass index (BMI), sedentary
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lifestyle, smoking, Mexican-American and Indian-American ethnicity, high carbohydrate
intake, and postmenopausal status (11,12). NHANES III data indicate that 44% of
individuals aged 60–69 yr and 60% of men with a BMI 30 kg/m2 have metabolic syn-
drome (2). The current prevalence of metabolic syndrome is likely to be much higher
than estimated in NHANES III, and is projected to increase further, with a parallel
escalation in related health problems, as more and more individuals become severely or
morbidly obese. Physicians are in a strategic position to improve the nation’s health by
early identification and management of individuals with metabolic syndrome, thereby
blunting the impending epidemic of cardiovascular and end-organ insulin resistance
should be a key initiative in rising to this challenge.

2. INSULIN RESISTANCE AND HYPERTENSION

Hypertension is frequently associated with decreased insulin sensitivity (3); reduced
insulin sensitivity has been observed in normotensive offspring of first-degree relatives
of hypertensive patients, independent of obesity (4). Insulin resistance also predates
hypertension in normotensive persons. In a prospective investigation of CVD risk factors
involving 840 normotensive persons, insulin sensitivity was inversely related to deve-
lopment of hypertension over a 5-yr period (5). This observation has been confirmed in
other large studies (6).

There is accumulating data that insulin resistance is associated with abnormalities
of the renin–angiotensin system (3,7). For example, the level of insulin resistance in
hypertensive persons is influenced by a relatively common polymorphism of the
angiotensin-converting enzyme (ACE) gene, their being a significantly greater insulin
resistance with the DD geno type (8). Recent evidence suggests that tissue overexpression
of the RAS leads to impaired insulin signaling, in part by increasing the generation of
reactive oxygen species (3,8). Further, abrogation of the RAS with ACE inhibitor and
angiotensin receptor blocking agents has been shown to improve insulin sensitivity in
animals and humans (1,8,10).

3. DEFINITION AND DIAGNOSIS: 
WHAT IS THE METABOLIC SYNDROME?

Occurrence of three or more of the following prespecified risk factors is sufficient for
a positive diagnosis: abdominal obesity (most common feature [Fig. 1D], hypertension,
hypertriglyceridemia, low plasma high-density lipoprotein cholesterol, and elevated
fasting plasma glucose) (see Table 1 for defining levels) (1). Patients rarely present with
all of the five factors.

Each determinant can be assessed easily in clinical practice; for example, measuring
waist circumference (at the level of the iliac crest at the end of normal expiration) with a
tape measure confirms abdominal obesity, and an oral glucose tolerance test is not needed.
Because metabolic syndrome is typically asymptomatic, affected individuals will normally
be identified at routine medical examinations or when presenting with other complaints. If
metabolic syndrome is suspected at this consultation (e.g., because the patient is overweight
and/or hypertensive), screening for other components of the syndrome is warranted.

Several other abnormalities cluster with metabolic syndrome (Table 2). These are
probably related to insulin resistance/compensatory hyperinsulinemia, but are not
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Fig. 1. Prevalence of selected risk factors among subjects with metabolic syndrome. From ref. (15).
(See color version of this figure on color plates.)

Table 1
Criteria for Identification of Metabolic Syndrome. 

Metabolic Syndrome is Diagnosed When Three or More 
of the Risk Determinants Listed in the Table are Present

Risk factor Defining level

Abdominal obesity Men >102 cm (>40 in.)
(waist circumference) Women >88 cm (>35 in.)

Triglycerides 150 mg/dL (1.69 mmol/L)
High-density lipoprotein Men <40 mg/dL (1.03 mmol/L)

cholesterol Women <50 mg/dL (1.29 mmol/L)
Blood pressure SBP 130 mmHg and/or

DBP 85 mmHg
Fasting glucose 110 mg/dL ( 6.11 mmol/L)

SBP, systolic blood pressure; DBP, diastolic blood pressure. Adapted from ref. (1).
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necessary for diagnosis. In other words, insulin resistance is not a disease per se; rather,
it represents an increased risk of developing other abnormalities that further predispose
to adverse clinical outcomes.

4. WHICH CLINICAL SEQUELA ARE ASSOCIATED 
WITH METABOLIC SYNDROME?

The next challenge for the physician is to appreciate and communicate to the patient
the magnitude of the inherent risks of metabolic syndrome. Cardiovascular disease is
the main adverse clinical outcome. This is not surprising given that coexistence of
multiple CVD risk factors carries a greater susceptibility to cardiovascular morbidity
and mortality than a disturbance in just one factor. The risk of a major cardiovascular
event (myocardial infarction, sudden cardiac death, unstable angina, or stroke) is about
twofold greater among individuals with metabolic syndrome than those without it (13).

Metabolic syndrome also predisposes to type 2 diabetes mellitus. This is important
from a CVD standpoint, because diabetes is regarded as a coronary risk equivalent (1),

178 Part III / Sowers

Table 2
Abnormalittes Associated With Metabolic Syndrome

• Glucose intolerance
– impaired fasting glucose
– impaired glucose tolerance
– type 2 diabetes mellitus

• Dyslipidemia
– triglycerides
– HDL-C
– Small, dense LDL particles
– postprandial lipemia

• Hemodynamic
– sympathetic nervous system activity
– renal sodium retention
– blood pressure

• Microalbuminuria
• Hyperuricemima and gout
• oxidative stress
• renin-angiotensin-aldosterone system activity
• Chronic, low-grade inflammation

– CRP
• Prothrombotic state

– PAI-1
– fibrinogen
– von Willebrand factor levels

• Endothelial dysfunction
– mononuclear cell adhesion
– endothelium-dependent vasodilatation

• Polycstic ovary syndrome
• Non-alcoholic fatty liver disease
• Poor cardiorespiratory fitness

CRP, C-reactive protein; PAI-1, plasminogen activator inhibitor-1.
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meaning that the likelihood of a first major coronary event among patients with diabetes
is as high as a recurrent event among individuals with established heart disease.
Patients with diabetes and metabolic syndrome are thus at extremely high CVD risk.
One report suggests that the incidence of cardiovascular events is five times higher
among patients with diabetes and metabolic syndrome than among patients with
diabetes alone (14).

Individuals with metabolic syndrome are also susceptible to chronic renal disease,
polycystic ovary syndrome, nonalcoholic fatty liver disease, cholesterol gallstones,
asthma, sleep apnea, and some forms of cancer.

5. THE ROLE OF HYPERTENSION IN THE METABOLIC SYNDROME

Within the metabolic syndrome cluster, hypertension is defined as systolic blood
pressure (SBP) 130 mmHg and diastolic blood pressure (DBP) 85 mmHg. It is present
in 84.2% of men and 76.7% of women with metabolic syndrome (Fig. 1) (15), and
contributes directly to many adverse clinical outcomes. In its early stages, hypertension-
related vascular and end-organ damage is often subclinical, manifesting itself only when
a catastrophic cardiovascular event occurs (such as myocardial infarction or stroke). The
development of microalbuminuria may serve as an early indicator of widespread vascular
damage, being not only a pressure-dependent functional phenomenon in the glomerular
vessels, but reflecting permanent atherosclerotic abnormalities throughout the entire
vascular system.

Hypertension is also tightly associated with obesity. Obesity contributes to hypertension
by activating the renin–angiotensin–aldosterone and sympathetic nervous systems. Chronic
obesity also causes marked structural changes in the kidneys that eventually lead to a
loss of nephron function and elevates arterial pressure further.

6. WHAT IS THE GOAL OF BLOOD PRESSURE MANAGEMENT?

The ultimate goal of antihypertensive therapy is to delay, prevent, or reverse blood
pressure-related end-organ vascular damage. To achieve this most effectively, blood
pressure should be reduced to target levels specified in the current guidelines. The current
(seventh) report of the Joint National Committee on prevention, detection, evaluation,
and treatment of high blood pressure (JNC7) recommends a goal of <140/90 mmHg in
the general population (16). However, a substantial proportion of patients with metabolic
syndrome have diabetes or chronic kidney disease; JNC7 and the American Diabetes
Association recommend a goal of <130/80 mmHg for such individuals (16,17). Thus,
the physician is challenged to be bold enough to adopt an intensive blood pressure
management strategy to achieve and maintain goal blood pressure and protect the patient
against future morbidity and mortality.

A survey utilizing the Framingham algorithm to evaluate coronary risk in NHANES
III subjects with metabolic syndrome estimates that the controlling blood pressure to
normal levels (120–129/80–84 mmHg) would prevent 28.1% of coronary events in men
and 12.5% of events in women (15). Control to optimal levels (<120/80 mmHg) was
expected to prevent 28.2% of coronary events in men and 45.2% of events in women.
However, clinical end point data are needed to confirm these figures.
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Metabolic syndrome patients with hypertension should be managed according to
current guidelines, which comprise lifestyle modifications and pharmacological therapy
(Fig. 2) (16).

7. REDUCING BLOOD PRESSURE THROUGH LIFESTYLE CHANGES

Therapeutic lifestyle changes focusing on weight reduction, exercise, and healthy
eating (restricted sodium intake, the dietary approaches to stop hypertension [DASH]
eating plan, and moderate alcohol consumption) is the foundation of hypertension
management in persons with metabolic syndrome (Table 3) (16). Individuals should
also be counseled to stop smoking to reduce their overall CVD risk. A realistic weight
loss target is 10% of initial weight over 6 mo. Losing 22 lbs (10 kg) reduces SSP by
5–20 mmHg in a large proportion of overweight individuals (16).

Lifestyle interventions also prevent the development of diabetes, an important
consideration in patients with metabolic syndrome. A program comprising weight loss
and physical activity reduced the onset of diabetes by almost 60% vs placebo—and was
significantly more effective than metformin—in prediabetic individuals with elevated
fasting and postload plasma glucose levels (18). Lifestyle modifications also reduce the
overall CVD risk by improving other disturbances characteristic of metabolic syndrome,
including dyslipidemia, insulin resistance, plasma glucose, and serum levels of C-reactive
protein and plasminogen activator inhibitor-1 (19).

Motivating patients to maintain lifestyle changes as a means of long-term blood
pressure control presents another challenge to the physician. For example, many patients
find it difficult to adhere to weight-reduction programs, or regain the lost weight after
discharge from clinical care. Continued observation and encouragement with combined
lifestyle interventions and antihypertensive therapy can help patients attain their blood
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Fig. 2. Algorithm for the treatment of hypertension. (See color version of this figure on color plates.)
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Table 3
Lifestyle Modifications to Prevent and Manage Hypertension

Approximate SSP
Modification Recommendation reduction (range)

Weight reduction Achieve and maintain normal body weight (BMI: 18.5–24.9 kg/m2) e.g., 5–20 mmHg/10 kg
– decrease portion sizes for meals, snacks
– reduce portion sizes or frequency of consumption of high-calorie beverages
– reduce energy intake by 500 kcal/d

Adopt DASH Consume a diet rich in fruits, vegetables, and low-fat dairy products with a reduced 8–14 mmHg
eating plan content of saturated and total fat

Dietary sodium Reduce dietary sodium intake to 100 mmol/d (2.4 g sodium or 6 g sodium chloride) 2–8 mmHg
reduction NB. a high sodium intake is especially deleterious in overweight individuals

Physical activity Engage in regular aerobic physical activities that raise the heart rate, such as brisk 4–9 mmHg
walking ( 30 min/d, most days of the week)

Moderation of Limit consumption to 2 drinks (e.g., 24 oz beer, 10 oz wine, or 3 oz 80-proof whiskey) 2–4 mmHg
alcohol per day in most men and to 1 drink per day in women and lighter-weight persons

BMI, body mass index; DASH, dietary approaches to stop hypertension. From ref. (16).
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pressure goal, making them more likely to adhere to the lifestyle changes through
positive reinforcement.

8. USE OF ANTIHYPERTENSIVE DRUGS

Once a decision has been made to adopt a pharmacological approach to hypertension
management, the challenge is to select the most appropriate drug. According to JNC7,
thiazide diuretics, -blockers, ACE inhibitors, angiotensin receptor blockers (ARBs),
and calcium channel blockers are suitable for reducing blood pressure and preventing
hypertensive complications in patients with metabolic syndrome (16). Antihypertensive
drug selection should be tailored to the individual, taking into account the metabolic
syndrome determinants present and any comorbid conditions, such as renal disease, that
are compelling indications for specific agents.

8.1. Thiazide Diuretics
Thiazide diuretics are widely regarded as the cornerstone of antihypertensive drug

therapy. JNC7 recommends initial therapy with a thiazide diuretic in patients with uncom-
plicated hypertension, either alone or combined with drugs from other classes. At high
doses, however, diuretics may cause untoward metabolic disturbances (e.g., hypokalemia,
hyperuricemia, impaired glucose control, and increased insulin resistance), which are of
concern in metabolic syndrome patients. Combining a low dose of diuretic with another
antihypertensive agent provides additive blood pressure– lowering efficacy and minimizes
drug-related, dose-dependent side effects. Diuretic-induced potassium depletion can be
offset by coadministering an ARB or ACE inhibitor.

8.2. -Blockers
-Blockers can have adverse effects on insulin sensitivity in patients with diabetes

or obesity, and have been shown to predispose to weight gain and the onset of type 2
diabetes in some population studies. These potentially adverse effects need to be balanced
against the proven benefits of beta-blockers in reducing cardiovascular risk. -Blockers
are especially useful in patients with ischemic heart disease.

8.3. Calcium Channel Blockers
Because calcium channel blockers have neutral effects on lipid and glucose meta-

bolism, they are appropriate for patients with metabolic syndrome. Clinical outcome trials,
such as the hypertension optimal treatment (HOT) trial (20) and the antihypertensive
and lipid-lowering treatment to prevent heart attack trial (ALLHAT) (21) showed that
calcium channel blockers are safe and effective in controlling blood pressure and reduc-
ing CVD events in patients with diabetes. Side effects associated with vasodilatation,
such as flushing, headache, and ankle edema, can be troublesome.

8.4. ACE Inhibitors
Several large clinical trials, including the heart outcomes prevention evaluation

(HOPE) study (22,23), demonstrated that ACE inhibitors have cardioprotective and
renoprotective properties beyond their effect on blood pressure. These benefits extend
to patients with diabetes (23). ACE inhibitors also appear to delay the onset of diabetes
(22). The most common adverse effect of ACE inhibitors is a chronic dry cough.
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8.5. Angiotensin Receptor Blockers
Renoprotection data from clinical trials, such as the irbesartan diabetic nephropathy

trial (Fig. 3), indicate that ARBs slow the progression of renal disease in patients with
type 2 diabetes (24–27). Other outcome trials indicate that ARBs also delay the onset of
diabetes and prevent cardiovascular events (28,29). The incidence of adverse effects with
ARBs appears to be lower than with other currently available antihypertensive agents.

8.6. Combination Therapy
Clinical trials consistently show that most patients require two or more antihyper-

tensive agents to reach blood pressure goal. Most national and international hypertension
management guidelines recognize the need for multidrug therapy (16,17,30), and some
recommend first-line treatment with a combination of two drugs in certain patients. For
example, JNC7 recommends considering initial treatment with two drugs if blood pres-
sure is >20/10 mmHg above goal (16), and the International Society on Hypertension
in Blacks recommends combination therapy if blood pressure is 15/10 mmHg above
goal (30). The combination should include a diuretic in almost all cases (16).

Using fixed-dose combinations containing two antihypertensive agents eases the
process of blood pressure control. Selecting efficacious, well-tolerated, once daily com-
binations allows goal blood pressure to be achieved quickly in a broad range of patients,
and may encourage patient compliance by reducing pill burden. Such formulations are
also cost effective.

8.7. Microalbuminuria and Antihypertensive Medication
Microalbuminuria (urinary albumin excretion 30–300 mg/d) clusters with metabolic

syndrome, the prevalence being significantly higher among those with than without
metabolic syndrome (12.3% vs 4.7%; p = 0.004) (31). In many patients, microalbuminuria
is attributable to diabetic nephropathy.

The presence of microalbuminuria demands attention because it is associated with
a 50% increase in cardiovascular risk in the general population (32), suggesting that
it reflects more widespread vascular damage. Of the individual metabolic syndrome
components, microalbuminuria confers the strongest risk of cardiovascular death (33).

Rigorous blood pressure control is paramount to prevent the development and progres-
sion of microalbuminuria. Guidelines typically recommend a target of <130/80 mmHg in
patients with renal disease, using a regimen that includes an ARB or ACE inhibitor (i.e.,
antihypertensive agents with proven renoprotective properties) (16,17,30).

9. CONCLUSIONS

With the expected explosion in prevalence of metabolic syndrome, as the number of
obese and overweight individuals increases, the consequences of ignoring it are clear: a
dramatic increase in cardiovascular morbidity and mortality, and an increase in diabetes
and its complications. The downstream costs of these healthcare problems will be sub-
stantial. Early intervention will reap future rewards for the physician, the patient, and
the healthcare provider.

Hypertension is a highly prevalent component of metabolic syndrome that dramatically
heightens the risk of stroke and accelerates the progression of atherosclerosis and renal
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Fig. 3. Cumulative proportions of patients with the primary composite end point (doubling of baseline
serum creatinine, development of end-stage renal disease, or death from any cause) in 1715 patients
with nephropathy due to type 2 diabetes treated with irbesartan 300 mg, amlodipine 10 mg, or placebo
in the Irbesartan Diabetic Nephropathy Trial. (See color version of this figure on color plates.)
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disease, yet is easily treated. By emphasizing the importance of a healthy lifestyle and
making informed choices in drug selection, physicians can rise to the challenge of
achieving goal blood pressure in all their metabolic syndrome patients. Reducing blood
pressure to goal should translate into immense public health benefits by preventing
future morbidity and mortality.
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1. FATTY ACIDS AND CARDIOVASCULAR RISK: 
CLINICAL EPIDEMIOLOGY

Abdominal obesity is linked to increased non-esterified fatty acid (NEFA) concentrations
and turnover that are resistant to suppression by insulin (1,2). Similarly, physical activity
and maximal oxygen consumption, a marker of physical fitness, are inversely associated
with plasma NEFA concentrations measured as the area under-the-curve during a
standard 2-h oral glucose tolerance test (3). Familial combined hyperlipidemia, a rela-
tively common autosomal dominant trait, is associated with high plasma NEFAs as
well as greater and more prolonged elevation of NEFAs following a fat load (4). Obesity,
sedentary lifestyles, and familial combined hyperlipidemia are associated with high
blood pressure, abnormal glucose and lipid metabolism, and more cardiovascular events
including sudden death (5–7).

NEFAs may be a common denominator linking diverse entities such as central obesity,
physical inactivity, and familial combined hyperlipidemia to elevated blood pressures
and greater cardiovascular risk. In the Paris Prospective Study, e.g., elevated fasting
NEFA concentrations were independently predictive of the development of hypertension
and sudden death (8,9). In the same study, hypertensive men had higher fasting NEFA
concentrations than normotensive men with the greatest differences evident in leaner
than more obese subjects (10). Moreover, in 50-yr-old Swedish men, higher serum levels
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of saturated fatty acids and oleic acid were independently predictive of left ventricular
hypertrophy assessed at age 70 (11). Collectively, these data suggest that abnormalities
of NEFA metabolism characterized by relatively high plasma concentrations that do not
suppress normally in response to insulin may participate in increasing metabolic and
hemodynamic risk factors for cardiovascular disease and events. Clinical physiologial
evidence supporting the notion that abnormalities of NEFAs contribute to metabolic and
hemodynamic risk will now be examined (Fig. 1).

2. FATTY ACIDS AND CARDIOVASCULAR RISK: 
CLINICAL PHYSIOLOGY

In this section, we will focus on the (patho)physiological actions of insulin at several
key targets in cardiovascular risk and disease. The next section will examine potential
signaling mechanisms underlying the physiological observations.

2.1. Fatty Acid and Glucose Metabolism
NEFAs may promote impaired fasting glucose and diabetes mellitus by one or more

mechanisms. Potential processes include reducing hepatic insulin uptake (12), increasing
hepatic glugoneogenesis (13), impairing pancreatic -cell responses to glucose-stimulated
insulin secretion (14), inducing apoptosis of pancreatic islet cells (15), and decreasing
both oxidative and nonoxidative glucose metabolism in skeletal muscle (16,17).

2.2. Fatty Acids and Lipid Metabolism
NEFAs may also promote a complex dyslipidemia characterized by increased

VLDL-triglyceride rich particles, reduced levels of HDL-cholesterol, and an increased
number of small dense LDL-cholesterol particles. Potential mechanisms by which
NEFAs may contribute to these complex disturbance of lipid metabolism include
increasing hepatic apoprotein B production and VLDL synthesis, with an increase in
the number of VLDL-triglyceride rich particles (4). HDL-cholesterol concentrations fall
in part as cholesterol is transferred from HDL to VLDL by the activity of cholesterol–
ester transfer protein (CETP). As triglycerides are hydrolyzed from the greater number
of VLDL-particles by endothelial lipoprotein lipase, large numbers of small, dense LDL
particles are produced (18).

2.3. Fatty Acids and Endothelial Function
High-fat meals impair flow-mediated dilation, a marker of endothelial function (19).

Endothelial function is also impaired in patients with insulin resistance including abdo-
minal obesity and diabetes mellitus (20). The adverse effects of high-fat meals, central
obesity, and diabetes on endothelial function may be mediated by NEFAs. NEFAs,
especially cis-unsaturated fatty acids, produce a concentration dependent inhibition of
Ca2+-calmodulin dependent nitric oxide synthase activity in endothelial cells (21,22).
Moreover, short-term elevations of plasma NEFAs produced by simultaneous infusion
of intralipid, a source of triglycerides, and heparin, which activates endothelial lipo-
protein lipase, also reduce endothelial cell nitric oxide production and impair responses
to endothelium-dependent vasodilators such as metacholine and acetylcholine (23).
In addition to suppressing endothelial nitric oxide synthase activity, NEFAs also enhance
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endothelin and plasminogen activator inhibitor-1 (PAI-1) production in cultured endothelial
cells (24,25).

2.4. Fatty Acids and Vascular Reactivity
Obese patients have increased vascular -adrenergic reactivity and tone (26,27). In

part, this appears to reflect increased sympathetic nerve activity and structural vascular
changes. Moreover, increasing NEFA concentrations locally in the dorsal hand veins of
healthy, normotensive volunteers induces a two- to threefold increase in the vasocon-
strictor sensitivity to phenylephrine, a selective 1-agonist but not to clonidine, a partial

2-agonist (28,29). When NEFA concentrations are raised systemically with a co-infusion
of intralipid and heparin, the pressor sensitivity to phenylephrine is enhanced in lean
normotensive volunteers, obese hypertensive subjects, and in patients with chronic kidney
disease (30,31). The enhanced vasoconstrictor responses to phenylephrine in human
dorsal hand veins were blocked by pretreatment with indomethacin (32). These data
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Fig. 1. Selected target organ system and cellular effects of NEFAs are shown at key sites mediating
hemodynamic, cardiovascular, renal, and metabolic effects of fatty acids. The pathophysiological
consequences reflect an interplay of the neurocardiovascular, renal, and metabolic derangements.
The interactions between these factors are bidirectional and reinforcing, which help explain the high
incidence of cardiovascular and renal disease and long-term worsening of metabolic disturbances in
metabolic syndrome patients. For example, impairment of nitric oxide synthase can impair renal
pressure natriuresis, raise in blood pressure, and worsen insulin resistance, whereas hypertension,
dyslipidemia, and hyperglycemia exacerbate endothelial dysfunction. See text for further discussion
and references.
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suggest that fatty acids induced the production of cyclo-oxygenase products, which
augmented vascular 1-adrenergic reactivity.

2.5. Fatty Acids and Autonomic Function
When plasma NEFA concentrations are elevated over the course of 4 h with infusion

of intralipid and heparin, blood pressure, and heart rate are elevated at 2 h and rise further
by 4 h in human volunteers (33). With the infusion of intralipid and heparin, plasma epi-
nephrine and norepinephrine concentrations increase, and the ratio of low frequency to
high frequency bands on power spectral analysis of heart rate variability also increases
(34). The data from power spectral analysis of heart rate variability suggest that NEFAs
increase the preponderance of sympathetic to parasympathetic control of heart rate,
which is a characteristic of obese patients (35). These data further suggest that NEFAs
can activate the sympathetic nervous system and inhibit parasympathetic function.

In response to short-term elevation of NEFAs produced by co-infusion of intralipid
and heparin, the sympathomimetic effects of NEFAs predominate (33). More specifi-
cally, the pressor response to the elevation of NEFAs is associated with an increase of
catecholamines, heart rate, and the ratio of sympathetic to parasympathetic control of heart
rate variability (34). However, a short-term elevation of blood pressure typically activates
carotid and other arterial baroreceptors, which suppress plasma catecholamines, reduce
heart rate, and decrease sympathetic to parasympathetic control of the heart (36).

2.6. Abdominal Obesity, Fatty Acids, and Neurogenic Hypertension
As noted previously, NEFAs have been linked epidemiologically to hypertension and

its genesis. NEFAs have several actions that could contribute to hypertension and help
explain the link between the obesity epidemic and increasing prevalence of hypertension
(37). Hypertensive patients are more likely to be overweight and obese than normoten-
sive individuals. Moreover, when matched for body mass index, hypertensives are more
likely to have a centralized fat pattern and a greater amount of visceral to subcutaneous
abdominal fat than normotensives (38). Even within the normotensive range, abdominally
obese subjects have higher blood pressures than individuals with gluteofemoral obesity,
and these blood pressure differences are related to insulin resistance (39).

Subjects with abdominal obesity are not only resistant to insulin-mediated glucose
disposal, but they are also resistant to insulin’s NEFA lowering actions (1,2,40). Moreover,
resistance to insulin’s effects on fatty acids during a euglycemic clamp coincides with
higher plasma NEFAs over 24 h and with a higher plasma NEFA nadir following a mixed
meal (40–42). The NEFA abnormality in obese hypertensives is especially prominent.
NEFAs were suppressed in upper body obese normotensives by roughly 50% and turnover
by approximately one-third when plasma insulin was raised just 5 U/mL (2). Abdominally
obese hypertensives did not suppress NEFA concentration and turnover by 50% even
when plasma insulin was raised 100 U/mL (32). NEFA concentration and turnover
during the clamp correlated directly with blood pressure measured at the screening visit
in these volunteers. The correlations persisted when lean normotensives were excluded
and after controlling for hyperinsulinemia and insulin-mediated glucose disposal. The
finding of a direct and independent relationship between NEFAs and blood pressure was
confirmed in a larger group of volunteers undergoing a 15-min insulin tolerance test (1).
In a subsequent study, the angiotensin-converting enzyme inhibitor enalapril significantly
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improved the action of insulin to suppress plasma NEFAs during a euglycemic clamp
(43). The blood pressure reduction during enalapril treatment in obese hypertensive
patients correlated with the improvement in insulin’s capacity to suppress plasma NEFAs.

Another condition associated with hypertension and insulin resistance is familial
combined hyperlipidemia (44). Patients with familial combined hyperlipidemia have
plasma NEFAs of 1.5±0.5 mM (SD) after a high-fat test meal (4). These are close to
the NEFA levels that caused vasoconstriction and a pressor response in minipigs (45).
Moreover, hypertriglyceridemic family members of proband cases with familial combined
hyperlipidemia have a tendency to higher fasting insulin and NEFAs as well as higher
systolic blood pressure than family members having normal triglycerides (4). Patients
with familial combined hyperlipidemia comprise 1–2% of the general population but

12% of hypertensive patients, i.e., familial dyslipidemic hypertension (44). The findings
that patients with familial combined hyperlipidemia have elevated plasma NEFAs (4)
and are more likely to be hypertensive (44), that their affected family members have a
tendency to increased NEFAs and blood pressure (4), and that elevating NEFAs raises
blood pressure (45) suggest that NEFAs may link this genetic disorder and hypertension.
This link is consonant with the data from the Paris Prospective Study that plasma NEFAs
were positively and independently related to a new onset hypertension (8).

The link between visceral obesity and elevated blood pressures remains unknown
(38,39). As noted, NEFAs have effects on multiple targets that participate in blood
pressure regulation including a reduced endothelial cell nitric oxide synthase activity
and endothelium-dependent vasodilation (21,23), increased endothelial cell endothelin
production (24), enhanced vascular tone and reactivity (28,30), vascular and renal structural
remodeling (46,47), impaired baroreflex sensitivity (48), augmented oxidative stress
(49), and elevated sympathetic to parasympathetic tone (34). The effects on impaired
nitric oxide production could potentially reset renal pressure natriuresis to a higher level
(50), which is fundamentally important in sustaining high blood pressure.

Although the mechanisms by which NEFAs may change autonomic control are
unknown, the visceral fat mass is active with rapid lipolysis and re-esterification of triglyc-
erides (2). Thus, abdominally obese individuals would have increased portal delivery of
NEFAs to the liver. In rats, increasing the delivery of oleic acid into the hepatic portal
circulation elicits a neurogenically mediated pressor response (51). In fact, obesity-
induced hypertension in rats, rabbits, and dogs has a strong neurogenic component, and
several studies on obese hypertensive humans identified evidence for neurogenic hyper-
tension (26,52–54). These observations are consistent with studies demonstrating that
acute elevations of NEFAs in humans raise plasma catecholamines and increases the
ratio sympathetic to parasympathetic control of the heart (34).

2.7. Fatty Acids and Oxidative Stress
Oxidative stress is implicated in the pathogenesis of hypertension, and short-term

elevations of NEFAs increase oxidative stress in humans (49,55). F2-isoprostanes are
produced mainly as a result of nonenymatic interactions of reactive oxygen species
(ROS) with arachidonic acid. The F2-isoprostanes are stable biomarkers of oxidative
stress, and measurements of these lipid biomarkers have facilitated clinical studies of
oxidative stress. When plasma NEFA concentrations are increased in human volunteers
by co-infusion of intralipid and heparin, plasma and urine F2-isoprostanes are elevated
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by 2 h and remain elevated at 4 h of the infusion (49). Of note, F2-isoprostanes increase
significantly more in African Americans than Caucasians, despite identical infusion
rates of intralipid and heparin (56). The implications of this observation for the higher
rates of hypertension, stroke, and end-stage renal disease in African Americans than
Caucasians merits further investigation.

Clinical studies in humans are limited by difficulties in elucidating the cellular signaling
mechanisms by which NEFAs exert (patho)physiological effects. This limitation can
be partially addressed by animal experiments and in vitro studies of cells and tissues to
assess the specific effects of individual NEFAs. In the next section, signal transduction
mechanisms by which NEFAs may mediate pathophysiological actions will be examined.

3. FATTY ACIDS AND CELL SIGNALING

3.1. Overview
NEFAs have many cellular actions which could impact cardiovascular pathobiology.

Although this review focuses principally on the cardiovascular system, NEFAs also
have cellular actions implicated in cancer (57–59). Because obese patients are not only
at a greater risk for cardiovascular disease but also for cancers of the colon, breast, uterus,
and prostate (60–62), NEFAs may be one of the factors contributing to these seemingly
disparate observations.

Among the cellular actions of NEFAs are included effects on membrane fluidity and
ion transport, e.g., Na+/K+-ATPase, Na+ and K+ channels, and Ca2+ currents (63). The
effects of these ion channels on cell function are protean. As examples of potential
biological relevance, the capacity of selected cis-unsaturated NEFAs including oleic
acid to blunt basal and stimulated release of growth hormone from pituitary cells and
nitric oxide from endothelial cells is mediated by inhibitory effects on Ca2+ signaling
(22,64). Growth hormone and endothelial function are altered in obesity and may reflect
in disordered part NEFA metabolism.

NEFAs enhanced 1-adrenoceptor-mediated vascular reactivity through a cyclo-
oxygenase sensitive mechanism (32). In cultured vascular smooth muscle cells
(VSMCs), oleic and linoleic acids induced a rise of 6-keto-PGF1 , a stable metabolite
of prostacyclin (65). Although prostacyclin is a vasodilator, a precursor, endoperoxide
(PGH2) is an agonist at the thromboxane A2 receptor, which promotes vascular smooth
muscle contraction and growth. In these experiments, the mechanism underlying the
rise of eicosanoids appeared to be a protein kinase C (PKC)-independent activation of
phospholipase A2 (PLA2). Similarly, cis-unsaturated fatty acids including oleic acid
facilitated neurotransmission in the hippocampus by a PLA2 signaling pathway (66).

In Raji cells, oleic acid induced cell proliferation (67). In these cells, oleic and
arachidonic acids independently affected the expression of genes for cytokines, trans-
cription factors and proteins for cell cycle, defense and repair as well as apoptosis, DNA
synthesis, cell adhesion, cytoskeleton, and hormone receptors. The greatest effects of
the fatty acids occurred on the genes coding for signal transduction proteins. Although
the mechanisms by which NEFAs affect transcription are not fully known, some genes
appear to have an oleate response element in the promoter region (68). NEFAs activate
peroxisome proliferators-activated receptors and NF- B, which function as nuclear tran-
scriptional regulators (24,69). NEFAs also induce a PKC-dependent increase in mitogen
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activated/extracellular-regulated protein kinase (MEK) (70), which have downstream
effects on nuclear transcription (71).

Cis-unsaturated NEFAs, including oleic and linoleic acids, can directly activate the
typical and atypical isoforms of PKC by a diacylglycerol (DAG)-independent mechanism
(72,73). Selected NEFAs bind to the regulatory domain of PKC at a site separate from
that of DAG. NEFAs, in general, appear to be full agonists for the Ca2+-independent and
atypical PKC isoforms and partial agonists for the Ca2+-independent isoforms (74). The
EC50 for activation of PKC for selective isoforms is within the range of estimated
intracellular concentrations, which raises the possibility that cis-unsaturated NEFAs are
biologically relevant regulators of cell signaling processes.

3.2. Fatty Acids and Signaling in Selected Target Cells
3.2.1. PANCREATIC CELLS

In cultured pancreatic -cells, oleic acid increases basal insulin secretion but inhibits
glucose-stimulated insulin release (14). Oleic acid regulated the expression of 45 genes
that participate in metabolism, cell growth, signal transduction, transcription, and protein
processing. The radical scavenger N-acetylcysteine essentially blocked the effects of
oleic acid on cell growth and differentiation but did not affect the other activities. In
another study, cis-unsaturated but not saturated NEFAs-induced phosphorylation of
NDP kinase and the subunit of heterotrimeric G proteins, which are implicated in
insulin secretion (75). The capacity of NEFAs to induce apoptosis of the pancreatic

-cells was mediated by increased expression of inducible nitric oxide synthase and
de novo ceramide production (15). These experiments may elucidate the observation at
the cellular level that some diabetic patients have enhanced basal insulin release but
impaired insulin responses to glucose (14,76). The cellular actions of NEFAs may also
account for some of the progressive loss of -cell function over time in most diabetic
patients (15,77).

3.2.2. ENDOTHELIAL CELLS

As noted, cis-unsaturated NEFAs suppress Ca2+-calmodulin dependent nitric oxide
synthase activity in endothelial cells under basal and stimulated conditions (22). The
diminution in nitric oxide synthase activity is associated with reduced Ca2+ signaling and
with enhanced production of superoxide. Unsaturated NEFAs also enhance PAI-1 produc-
tion by endothelial cells. The effects of unsaturated fatty acids including oleic, linoleic,
and linolenic acids on endothelial PAI-1 production appear to be mediated by activation
of PPAR and/or PPAR (25). Oleic acid also stimulates endothelin-1 expression in
cultured endothelial cells. The latter effects of oleic acid are mediated by activation of
PKC, especially the Ca2+-dependent isoforms and II, and NF- B (24). Collectively,
these studies implicate elevations of unsaturated NEFAs in the endothelial dysfunction that
accompanies many insulin resistant states, which include patients with abdominal obesity,
diabetes mellitus, familial combined hyperlipidemia, and the metabolic syndrome.

3.2.3. VASCULAR SMOOTH MUSCLE CELLS

Activation of PKC by cis-unsaturated fatty acids, in turn, stimulates NADPH oxidase
(78) and induces the respiratory burst in leukocytes (79,80), mesangial cells (81), and
VSMCs (82). ROS in VSMCs activate a range of processes that are linked to vascular
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remodeling and cardiovascular events. In VSMCs, for example, ROS are associated with
the activation of ERKs, transcription factors, PLA2, and matrix metalloproteinases, with
increases in IGF-1 and reduction in IGF binding proteins, and with increases in DNA
synthesis. When oleic acid is combined with angiotensin II, a synergistic increase in
VSMC ROS production and proliferation occur (70).

3.2.4. PROXIMAL RENAL TUBULAR CELLS

Patients with proteinuria have an increase in tubulointerstitial matrix proteins including
fibronectin. Fatty acids are rarely “free” in extracellular fluid but rather combined to
albumin. When proximal tubular cells in culture are treated with oleic acid bound to
albumin, a PKC-dependent increase in fibronectin production occurs, whereas linoleate
bound albumin was inhibitory and cytotoxic (47). Stearate and palmitate neither stimulated
fibronectin production nor were cytotoxic. These data provide one potential link by which
obesity and diabetes may lead to progressive renal disease by increasing delivery of
albumin-bound oleate and linoleate to the proximal renal tubule.

4. FATTY ACIDS, PKC, AND ROS: POTENTIAL RELEVANCE 
TO HYPERTENSION AND VASCULAR DISEASE

Activation of PKC is involved in regulation of vascular tone (83) and VSMC growth
(84) and may contribute to impaired endothelial function (85), decreased microvessel
formation (86) and metabolic aspects of the risk factor cluster (87). The isoform of
PKC is of interest, because it is nutritionally regulated (88), elevated in insulin-resistant
patients with diabetes mellitus independently of hyperglycemia (89), fully activated
by selected cis-unsaturated NEFAs including oleic acid (90), and linked to mitogenic
responses (91,92).

Glutathione, a key component of the cellular antioxidant defense mechanism, inhibits
activation of PKC (93). Diets deficient in antioxidants could lower the amount of reduced
glutathione to attenuate PKC activity. The typical Western diet, which is high in fat and
sugar but low in antioxidants, creates an imbalance whereby oxidant stressors, e.g., NEFAs,
are increased relative to antioxidant mechanisms, e.g., vitamins C and E, and flavonoids.
Thus, factors activating PKC would tend to predominate over those that oppose activation.

The notion that a decrease in antioxidant defenses contributes to hypertension is
supported by an experiment in normotensive, Sprague–Dawley rats (94). Addition of
the glutathione synthase inhibitor, buthionine sulfoximine to drinking water for 2 wk,
reduced tissue glutathione 70%, decreased urinary nitrate excretion, a marker for nitric
oxide, by over 60% and increased systolic blood pressure 75 mmHg. Addition of
vitamins C and E attenuated the rise of blood pressure by 50% and corrected the defect
in urinary nitrate excretion without significantly altering tissue glutathione content.

In addition to adverse effects on VSMCs as noted earlier, ROS can impair endothelial
function (19,95). Moreover, matrix metalloproteinases are present in significant amounts
in the shoulder regions of human atherosclerotic plaque (96). This is the region of plaque
that is prone to rupture and initiate cardiovascular events (97). ROS activate matrix
metalloproteinases by destabilizing the sulfhydryl bonds, which maintain the inactive
state (98).

ROS play a critical role in mitogenic signaling in VSMCs mediated by angiotensin
and oleic acid, separately and in combination (99,100). A number of in vitro and in vivo
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studies indicate an important role for angiotensin II in cardiac and vascular remodeling.
Angiotensin II increases ROS via an NADH/NADPH oxidase-dependent mechanism
(99,101). p22phox, a cytochrome-b-like protein, participates in the transfer of oxygen
in the genesis of ROS (99). These upstream signaling events lead to the subsequent
activation of p38 MAP kinase and early response genes (101,102). Angiotensin II and
oleic acid induce a synergistic mitogenic response in VSMCs associated with a syner-
gistic effect on ROS (70). These studies demonstrate that ROS play an important role in
the mitogenic signaling response of VSMCs.

The NADH/NADPH-mediated generation of ROS also participate in the hypertensive
response to angiotensin II. Hypertension in rats induced by a long-term infusion of
angiotensin leads to a doubling of vascular superoxide production (101,103). The
aortic rings of the angiotensin-induced hypertension in rats also generate more super-
oxide ex vivo than aortic rings from control animals. Pretreatment of the aortic rings with
diphenyleniodinium, a selective inhibitor of NADH/NADPH oxidase reverses the excess
superoxide production in the aortic ring studies. The blood pressure of hypertensive rats
receiving angiotensin declined an impressive 60 mmHg with liposomal delivery of super-
oxide dismutase (103). Vascular superoxide rapidly associates with nitric oxide and
produces the peroxynitrite, which is not a vasodilator (104). Although more stable than
superoxide, peroxynitrite is also a reactive molecule that interacts with the tyrosine
residues of proteins to produce 3-nitrotyrosine.

4.1. ROS May Contribute to Insulin Resistance
Adipocytes exposed to H2O2 in vitro manifest impaired lipid synthesis, glycogen

synthetase activity, and glucose uptake in response to insulin (105). Type II diabetics
show an inverse relationship between measures of oxidant stress and insulin action
(106,107). Antioxidant therapy with vitamin E was associated with improved glucose
metabolism in some studies of diabetics (108). Collectively, the studies implicate oxidant
stress in the metabolic components of insulin resistance observed in subjects with the
risk factor cluster.

If ROS participate in cardiovascular risk and disease, then benefits of antioxidants
should be evident among high-risk subjects, e.g., those in the heart outcomes prevention
evaluation (HOPE) study (109). In this study, vitamin E had no significant benefit,
whereas the ACE inhibitor ramipril reduced risk. However, vitamin E in a wide range
of concentrations of the racemic mixture as well as specific enantiomers had no effect
on ROS produced by VSMCs stimulated with oleic acid and angiotensin II (unpublished
observations). Consequently, vitamin E, which is lipophilic, may not block some impor-
tant signaling events, many of which occur in the cytosol, in the genesis of vascular
disease in humans.

In contrast to specific antioxidant supplements, natural foods contain several
antioxidants and bioflavonoids that collectively could affect a wide range of signal
transduction processes involved in the initiation and progression of vascular disease.
Several reports indicate that foods high in antioxidants are associated with a reduction
in cardiovascular disease, whereas trials of specific antioxidants are less consistent
(100–113). Thus, negative studies with a single antioxidant supplement are insufficient
evidence to conclude that reactive oxygen intermediates and oxidative stress are not
involved in the pathogenesis of cardiovascular risk and disease. As a general principal,
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rationale and effective antioxidant therapy requires an understanding of the molecular
pathways mediating a disease process and the specific antioxidants that can interrupt
that pathway. The antioxidant(s) must then be delivered in adequate concentrations
and for a sufficient time to the microenvironment(s) in which the relevant biomolecular
processes occur.

The DASH combination diet, which is high in fruits, vegetables, and low-fat dairy
products, lowered systolic blood pressure by 11.4 mmHg in hypertensives but only
3.5 mmHg in normotensives (114). The high fruits and vegetables diet lowered systolic
pressure by 7.2 mmHg in hypertensives but only 0.8 mmHg in normotensives. Thus,
much of the benefit of DASH in hypertensives reflected greater intake of fruits and
vegetables, which are high in antioxidants, K+, Mg2+, and fiber. The trial of hyper-
tension prevention found that diets supplemented with K+, Ca2+, and Mg2+ had minimal
effects on blood pressure (115). Thus, most of the blood pressure reduction with fruits
and vegetables may reflect effects of antioxidants in fruits and vegetables.

The effects of DASH compared to a usual (low-antioxidant) diet for 4 wk each in
random sequence on plasma total antioxidant capacity and blood pressure were studied
in 12 obese hypertensives and 12 lean, demographically matched, normotensives (116).
Although adherence with the DASH eating plan was 50% in these free-living subjects,
the DASH raised antioxidant levels in obese but not in lean volunteers and eliminated
the difference between the two groups observed at baseline. Blood pressure fell with
DASH in obese subjects 8/6 mmHg, p < 0.01, but did not change in lean controls. The
magnitude of the decline in blood pressure in obese hypertensives on DASH was
inversely related to the increase in antioxidant capacity.

5. LIMITATIONS OF THE NEFA AND CARDIOVASCULAR 
DISEASE LINK

This literature reviewed implicates cis-unsaturated fatty acids in the pathophysiology
of cardiovascular risk and disease. However, oleic acid has beneficial effects in vitro
under selected conditions, so that not all cellular effects of this fatty acid are delete-
rious. Perhaps of greater relevance, diets high in mono- and poly-unsaturated, e.g., the
Mediterranean Diet, are linked to lower rates of cardiovascular disease (117,118). It is,
therefore, important to distinguish among the fatty acid content of diets, circulating fatty
acids, and membrane fatty acid composition. The fatty acid content and composition of
the diet are not closely related to circulating fatty acid levels (118). In contrast, the lipid
content of cholesterol esters and phospholipids is strongly related to diet (118,119).
Patients with obesity and insulin resistance tend to have high levels of circulating
NEFAs (1,2,40–42). Diets with a high sugar content can induce fatty acid synthesis,
including oleic acid, by the liver and adipose tissue (120–123).

This review has focused principally on the signaling effects of “free” cis-unsaturated
fatty acids at membrane, cytosolic, and nuclear signaling targets. Many signaling
actions may not be directly linked in time to circulating plasma NEFA concentrations.
Moreover, linoleic and especially arachidonic acids, unlike oleic acid, have numerous
metabolites that have diverse signaling effects in virtually every cell type (124,125).
Saturated and trans-unsaturated fatty acids can also have deleterious effects, which
were not examined in this work (126,127).
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6. CONCLUSIONS

Although fatty acids are critical in energy metabolism, these lipids do not sit quietly
in adipose stores or circulating in plasma waiting for the next fast. NEFAs are physio-
logically important regulators of cell function in key target organs including the pituitary,
pancreas, liver, and vascular endothelium as well as cardiac, skeletal, and vascular
smooth muscles. Disordered NEFA metabolism is implicated in multiple pathophysio-
logical conditions including hypertension, diabetes, and dyslipidemia as well as the
oxidative stress, endothelial dysfunction, altered vascular reactivity, hypercoagulable
state, vascular remodeling, and related complications. At the cellular level, NEFAs can
affect multiple important signaling targets including cation transport, PKC, PLA2,
cyclic AMP, protein kinase A, mitogen-activated protein kinase, and NF- B to mention
just a few. Cis-unsaturated NEFAs also activate peroxisome proliferators-activated
receptors and modulate the transcription of numerous genes coding for proteins
involved in cell metabolism, growth, proliferation, differentiation, and death.

This review has focused on NEFAs and cardiovascular risk. NEFAs are also implicated
as tumor promoters. Obesity is associated with a significant increase for cardiovascular
events and several cancers including breast, uterus, kidney, prostate, colon, and esophagus.
A better understanding of NEFAs in health and disease is providing a foundation for
refining and designing interventions to better manage the array of health problems
associated with obesity and insulin resistance. That challenge is complicated by the
fact that NEFAs exert important effects on key target cells through diverse signaling
pathways. Moreover, some NEFAs, e.g., linoleic and arachidonic acid have multiple
metabolites that are important in signal transduction with diverse effects in virtually
every known tissue. Thus, inhibiting single pathways, though beneficial, may have limited
effects. The data suggest that interventions to normalize NEFA metabolism might have
more generalized benefits. In this regard, lifestyle changes including weight loss and
exercise and pharmacological therapies such as angiotensin-converting enzyme inhibitors
(43,128) and thiazolidinediones (128,129) may exert a range of beneficial effects in part
through the capacity to improve NEFA metabolism.
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1. INTRODUCTION

Despite increasing evidence favoring intensive therapy of high blood pressure (BP)
(1–5), lower treatment goals have yet to be realized in clinical practice. This chapter will
explore the evolution of practice guidelines, with a focus on trial findings that demon-
strate benefits of vigorous BP management, especially in the diabetic population. We
will review pharmacologic strategies derived from clinical trials, with an emphasis on
optimal treatment for hypertensives with and without diabetes.

In the 1940s, hypertension was identified as a modifiable risk factor in preventing
cardiovascular (CV) and renal complications. Despite better understanding of the benefits
of BP reduction with treatment and with goals evolving downward since the 1970s,
clinician acceptance and incorporation of these goals into practice have lagged.
“Physician inertia” (6) is a powerful force, and arises from concerns that intensive
therapy may increase costs and side effects. For example, despite clear advantages of
BP reduction, it has been hypothesized that overtreatment may precipitate myocardial
infarction (MI) in patients with coronary heart disease (CHD; the “J”-curve phenomenon),
or strokes in those with cerebrovascular disease.

The Veterans Affairs (VA) trials in the 1960s and 1970s unambiguously showed
that treating hypertensives with diastolic blood pressure (DBP) 105 mmHg reduced
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cerebrovascular and CV events, but optimal treatment goals remained uncertain. The
Hypertension Detection and Follow-Up Program (HDFP) was the first large randomized
trial that examined this issue (1972–1979). HDFP illustrated the benefits of intensive
therapy, even with DBP 90–104 mmHg. Later trials, including Hypertension Optimal
Treatment (HOT) Study, United Kingdom Prospective Diabetes Study (UKPDS) trial in
diabetics, and African–American Study of Kidney Disease (AASK) in subjects with
renal insufficiency, have addressed this issue.

By 2005, clinical trials had not only revealed benefit, but also indicated no harm from
intensive therapy. Guideline committees reinforced BP targets <140/90 mmHg for most
hypertensives, and espoused even more stringent criteria for high-risk patients, especially
diabetics. Newer, stricter goals in turn have challenged clinicians in their efforts to
optimize BP lowering through the use of currently available medications. This chapter
will survey contemporary trial data suggesting that attaining goal, rather than specific
drug choice, is the highest priority. We will review how goal-oriented management
can be successful, and we will discuss whether currently available therapy is adequate
for reaching ambitious new goals, especially in diabetic hypertensives. With greater
focus on multiple drug regimens, we can approach these goals as we wait for new and
better therapies.

2. HYPERTENSION GUIDELINES (1972–2005)

Since the first VA trials, treatment of hypertension has been linked to better outcomes
for stroke and CV disease. Goals, as well as the tools to reach those goals, have evolved
simultaneously with greater appreciation of the advantages of lower BP. Before the
introduction of thiazide diuretics in 1957, only hypertensives with life threatening levels
of BP were the candidates for treatment. Sympathectomy or poorly tolerated and toxic
drugs (ganglionic blockers, peripheral adrenergic blockers, and vasodilators) were too
risky to use in any other patients. The VA trials employed a fixed dose combination of
a thiazide diuretic, a peripheral sympathetic blocker, and a vasodilator. These studies
demonstrated the efficacy and tolerability of these newer antihypertensive therapies and
enlarged the number of patients who could be treated safely (7,8). With the development
of more effective and better-tolerated medications (Table 1), safe drugs could now be
offered to hypertensive patients with lesser elevations of BP and who were at lower risk
of complications. The risk/benefit ratio had become much more favorable (9).

2.1. JNC I (1976)
Based on results from Task Force I of the National High Blood Pressure Education

Program (10), the National Heart, Lung, and Blood Institute (NHLBI; then called the
National Heart Institute), commissioned the first Joint National Committee on the
detection, evaluation, and treatment of high blood pressure (JNC I) to set criteria for
hypertension evaluation and management. Initial goals were conservative by modern
standards, advocating treatment for DBP > 105 mmHg, individualized intervention for
DBP from 90 to 104 mmHg, and observation alone for those with a systolic blood pressure
(SBP) > 160 mmHg (11). JNC I based recommendations on DBP alone, because the
benefit of treating SBP was not yet proven even though the risk of elevated SBP had
been convincingly demonstrated. Kannel et al. in the Framingham Heart Study had even
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shown in 1971 that SBP was a better determinant of risk than DBP, especially in elderly
people (12). The goal of treatment for DBP was <90 mmHg with no goal suggested for
SBP. JNC I recognized that the available compounds harbored potential adverse effects,
and permitted relaxation of goal, if adverse effects served as an obstacle to treatment.
For DBP = 90–104 mmHg, the Committee endorsed individualized therapy to be shaped
by the presence of additional risk factors such as SBP, target organ damage, family
history of complications, elevated cholesterol, and diabetes.

2.2. JNC II (1980)
Influenced by HDFP, the next committee (JNC II) noted reduced all-cause mortality

and CV disease when “mild” hypertension (DBP: 90–104 mmHg) was treated, and
therefore recommended initiating therapy for those patients. JNC II identified stroke
protection, heart failure (HF) prevention, and the arrest of hypertension progression
from mild to severe as advantages proven in both VA and HDFP studies. HDFP also
showed a 20.3% mortality reduction and a significant reduction in cardiac events (13).
JNC II supported a DBP goal of <90 mmHg, but asserted that “a reasonable further goal
is the lowest diastolic pressure consistent with safety and tolerance” (14). The Committee
recognized the risk of isolated systolic hypertension (ISH), then defined as SBP 160
with DBP 90 mmHg. Cautious treatment was advised for elderly patients, although no
data yet supported therapy for elevated DBP or ISH in this group. The stated goal for
elderly persons was 140–160 mmHg systolic, with diastolic <90 mmHg.

2.3. JNC III (1984)
JNC III echoed these recommendations and again declared that the lowest, safely

tolerated DBP should be the goal, implying additional benefit from lowering BP to
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Table 1
Development of Antihypertensive Agents From 1940 to the Present

1940s Thiocyanates
Ganglion blocking agents
Catecholamine depletors

1950s Vasodilators
Peripheral sympathetic inhibitors
Monoamine oxidase inhibitors
Diuretics

1960s Central 2-agonists
-Blockers

Nondihydropyridine calcium channel
blockers (NDHPCCBs)

1970s Peripheral 1 adrenergic blockers
– -Blockers

Angiotensin converting enzyme inhibitors
(ACE-I)

1980s Dihydropyridine calcium channel blockers
(DHPCCBs)

1990s Angiotensin II receptor antagonists (ARBs)

Adapted from ref. (9).
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an unspecified lower goal when target organ damage, diabetes or major cardiac risk
factors were present. Special populations, such as diabetics and elderly patients, were
singled out as particularly vulnerable to sequela of inadequately treated hypertension.
Improved outcomes were already recognized in elderly patients treated for ISH (SBP
160–219 mmHg) in the Systolic Hypertension in the Elderly Program Pilot Study
(SHEP-PS), a feasibility trial completed in 1984 (15). JNC III reclassified ISH, however
no treatment was required unless SBP was consistently >160 mmHg. In aged subjects,
treatment goal of SBP 140–160 mmHg was recommended, however the committee
suggested further reduction to <140 mmHg, if tolerated and accomplished without side
effects (16).

2.4. JNC IV (1988)
The fourth JNC report redefined the criteria for the diagnosis of hypertension,

incorporating SBP as well as treatment goals of <140/90 mmHg (17). The Working
Group on Hypertension in Diabetes further underscored the vulnerability of patients
with both diagnoses, and cited ideal BP below 140/90 mmHg as tolerated, yet did not
formally recommend a lower goal for these patients (18).

2.5. JNC V (1993)
JNC V created a significant paradigm shift in the evaluation and treatment of

hypertension. As part of a major reclassification of hypertension, JNC V called “Stage I”
what was previously termed mild hypertension (DBP: 90–104 mmHg). These patients
were candidates for pharmacologic treatment after a reasonable trial of lifestyle modi-
fication. Hypertension was now defined as 140 mmHg SBP and/or 90 DBP. More
than 50 million Americans were hypertensive using this new definition. Most experts
agreed that a BP of <120/80 mmHg reflected the lowest risk group, with 120–140/
80–90 mmHg an intermediate risk population. But there was no proof of the treatment
benefit in those with intermediate risk, and no specific recommendations were made
(19). JNC V highlighted the downward trend in stroke, CHD, and all-cause mortality
from 1972 to 1990 per findings of the National Center for Health Statistics; a development
strongly linked to heightened awareness and treatment of hypertension.

Emerging trial data allowed JNC V to recommend treatment in two important groups,
those with ISH and aged persons with elevated DBP. In both, treatment superiority had
previously not been proven before JNC V and some experts doubted the safety of phar-
macotherapy. The Systolic Hypertension in the Elderly (SHEP) main trial in 1991 provided
JNC V with an evidence-based management rationale. SHEP, with entry criteria of SBP

160 mmHg and DBP <90 mmHg, achieved a 32% risk reduction for all CV morbidity
and mortality with active treatment (thiazide-like diuretic with a -blocker if needed) vs
placebo. SHEP goals mandated SBP reduction by 20 mmHg, if 160–179 mmHg at entry;
or below 160 mmHg, if 180 mmHg at entry (20). JNC V adopted these goals. Although
treating Stage 2 and above ISH (SBP 160 mmHg) was now firmly evidence-based,
no data existed then or even now regarding Stage 1 ISH (SBP = 140–159 mmHg and
DBP <90 mmHg).

Studies examining therapy for aged persons with increased DBP (who typically
have high SBP as well) were incorporated into JNC V. The Medical Research Council
(MRC) trial in the elderly and the first Swedish Trial on Old Patients with Hypertension
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(STOP-Hypertension-1) both documented unequivocal risk reduction with treatment for
aged persons and validated earlier recommendations to treat these hypertensives (21,22).

By the time of JNC V, clinical trial data were still lacking regarding the value of
intensive therapy in diabetics. Yet diabetes was understood to confer significantly
increased CV risk, and JNC V advised that higher risk patients (such as diabetics) be
treated to the goal of <130/85 mmHg. This was the first time that diabetics were assigned
a lower therapeutic target (19).

2.6. WHO/ISH 1993
Concurrently, 1993 World Health Organization/International Society of Hypertension

(WHO/ISH) recommendations mirrored JNC V guidelines, advocating treatment of
“mild” hypertension (DBP = 90–105 mmHg and/or SBP = 140–180 mmHg), a term
they kept and still in use, as well as ISH (SBP 140 mmHg and DBP < 90 mmHg).
Diabetes was acknowledged as a frequent co-morbid condition in hypertensives, and
intensive BP management was credited with delaying the deterioration of renal function
and reducing the progression of microalbuminuria. Despite advocating a desirable
BP of 120–130/80 mmHg in younger patients, <140/90 mmHg in aged diabetic hyper-
tensives, and SBP <140 mmHg in patients with ISH, the 1993 WHO/ISH paper did
not stratify targets as the JNC V did for diabetic hypertensives or those with increased
CV risk (23).

2.7. WHO/ISH 1996
The next WHO/ISH guidelines continued to use the terms “mild,” “moderate,” and

“severe hypertension” and categorized hypertensives by “grades” rather than stages as
did JNC V. CV risk assessment and evaluation of target organ damage, however, were
integrated into the treatment decision process, and more intensive goals for diabetic
hypertensives of <130/85 mmHg were promoted as in JNC V (24).

2.8. JNC VI (1997)
JNC VI had considerably more clinical trial data favoring the long-term value of

treating hypertension on which to base its recommendations. Yet in contrast, data from
the US National Health and Nutrition Examination Survey (NHANES) parts III-1 and
III-2 (1988–1994) pointed to the alarming situation that the improving trend for continued
reduction of stroke and CHD rates in the United States had stopped, co-incident with a
decline in awareness, treatment, and control of high BP. This problem became the key
feature of JNC VI, rather than the usual attention to the initial drug therapy recommen-
dations. In addition, JNC VI focused on stratifying hypertensives by risk and suggested
starting drug treatment at different levels depending on the risk strata of individual
patients. Diabetes was accepted as an independent risk for CV disease, and directly
placed patients into the highest risk group (C), with recommendations for immediate
initiation of drug therapy for SBP >130 mmHg or DBP >85 mmHg. This document
emphasized therapeutic titration to BP goal, and recommended that patients who were
not at goal on two medications be referred to a hypertension specialist, the first time that
the special expertise of these individuals was recognized (25).

The recommendation to treat high-risk patients more aggressively was not strictly
“evidence-based” since the trials that supported a more aggressive approach in diabetics,
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as an example of high-risk hypertensives, were not completed when JNC VI was written.
They came soon thereafter. The first was the United Kingdom Prospective Diabetes
Study (UKPDS 38), which demonstrated a 30% mortality benefit when diabetic subjects
were treated to a “tight” BP goal (<150/85 mmHg) vs “less-tight” control ( 180/105 mmHg).
The tight control group had 10/5 mmHg additional BP lowering (144/82 mmHg
compared to 154/87 mmHg in the less-tight control group) without additional adverse
reactions. In this trial, tight control of glycemia was not as effective at reducing events
as was tight control of BP (26).

The second study supporting aggressive treatment in diabetic hypertensives was
the HOT study. These investigators examined the goals of treatment to evaluate the
“J”-curve phenomenon and determine whether intensive therapy was harmful. Using
the same pharmacologic regimens, HOT randomized volunteers to three DBP goals
(<80 mmHg vs <85 mmHg vs <90 mmHg). Unfortunately, HOT was not designed to
compare SBP goals as well. The overall trial failed to show the advantage of more inten-
sive therapy, but also did not show additional risk in those with a lower treatment goal
(“J”-curve). Diabetics (n = 1501) was the only subgroup looked at where the intensive
therapy was beneficial. Diabetics treated to DBP <80 mmHg had 51% fewer CV events
vs diabetics treated to DBP <90 mmHg. In the overall cohort, the CV risk was optimally
reduced at a mean-treated BP of 138/82 mm Hg (1). These data were not provided for
the diabetic subgroup.

2.9. WHO/ISH 1999
UKPDS and HOT findings were integrated into 1999 WHO/ISH guidelines. As in

JNC VI, diabetes was adopted as a valid criterion for considering a hypertension to be
high risk (27). Because UKPDS and HOT conclusions were not yet available when
JNC VI was being prepared, the more stringent target of <130/85 mmHg for diabetics
was not yet strictly “evidence-based.” With completion of these trials and publication of
similar recommendation by the 1999 WHO/ISH, the foresight of JNC VI was validated.
In 2001, the American Diabetes Association (ADA) reduced the goal still further to a
new and lower target of <130/80 mmHg for diabetic hypertensives (28).

2.10. JNC 7 (2003)
The latest US guidelines appear in the seventh JNC statement. JNC 7 significantly

revised the classification of hypertension. Previously “high-normal” or normal BP
(120–139/80–89 mmHg) was now recategorized as “prehypertension” (Table 2). This
reclassification underscored the continuum of escalating risk for men and women as BP
rises from clearly normal levels (<120/80 mmHg) to definitely hypertensive values
(>140/90 mmHg). The new classification system recommended in JNC 7 was strongly
influenced by a meta-analysis of more than 1 million volunteers in observational studies
showing that CV risk begins at 115/75 mmHg and doubles with each increment of 20/10
mmHg (29), JNC 7 continued the approach of JNC VI, focusing on attaining goal BP,
but updated the goals in parallel with other guideline committees and newer data.
Although no new trials yet supported the lower goal of <130/80 mmHg for diabetics,
JNC 7 choose to also recommend this target (30) (Table 3). JNC 7 further emphasized
the importance of titrating to BP goal, and cited all classes of antihypertensives that
were acceptable for initial therapy were fundamentally equivalent.
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3. LESSONS FROM CLINICAL TRIALS 
ABOUT OPTIMAL PHARMACOLOGICAL TREATMENT 

FOR THE DIABETIC HYPERTENSIVE

The choice of specific drug regimens for hypertension and for diabetic hypertensives has
evolved along with the JNC recommendations. At the time of JNC I, only 28 drugs were
available. In 2005, there are more than 125 agents and over 50 fixed-dose combinations, yet
the ideal choice remains controversial. Until JNC VI introduced the idea of starting with two
drugs in combination for some patients, all panels advised starting therapy with a single drug
class. JNC I and all subsequent committees recommended diuretics as initial therapy. JNC
III added -blockers and JNC IV added angiotensin-converting enzyme inhibitors (ACE-I)
and calcium channel blockers (CCBs) although no long-term trials had yet documented that
these agents were equivalent or superior to diuretics or -blockers for prevention of unfavor-
able outcomes. JNC V declared diuretics and -blockers as “preferred” classes of drugs, but
allowed another form of initial therapy in specific clinical situations.

Chapter 13 / Goal-Oriented Hypertension Management 211

Table 2
Comparison of Classifications of BP of JNC VI and JNC 7

JNC VIa Systolic (mmHg) Diastolic (mmHg) JNC 7b

Optimal <120 and <80 Normal
120–139 or 80–89 Prehypertension

Normal <130 and <85
High normal 130–139 or 85–89
Stage 1 140–159 or 90–99 Stage 1 hypertension

hypertension
Stage 2 160–179 or 100–109 Stage 2 hypertension

hypertension
Stage 3 180 or 110

hypertension
aJNC VI: The sixth report of the Joint National Committee on the detection, evaluation, and treatment

of high BP.
bJNC 7: The seventh report of the Joint National Committee on the detection, evaluation, and treatment

of high BP.

Table 3
Comparison of Hypertension Goals of JNC VI and JNC 7

<140/90 <130/85 <130/80 <125/75
mmHg mmHg mmHg mmHg

Uncomplicated a,b
Diabetes a b
Chronic kidney disease a b
Proteinuria in excess of b a

1 g/24 h
aJNC VI: The sixth report of the Joint National Committee on the detection, evaluation, and treatment

of high BP.
bJNC 7: The seventh report of the Joint National Committee on the detection, evaluation, and treatment

of high BP.

13_Singer_Carey  5/2/07  1:27 PM  Page 211



JNC VI formalized this concept in which certain agents could be given for “specific
indications,” such as peripheral 1 blockers for hypertensive men with prostatism,
through which a co-morbid condition could be addressed with the same agent. JNC VI
also recommended choosing certain compounds if a “compelling indication” were present.
These compelling indications emerged from large trials assessing the conditions related
to hypertension, such as diabetes or heart failure, treated with drugs that are also used
to treat hypertension (ACE-I for heart failure or after an MI, for example) by which
favorable CV outcomes had been demonstrated. In those conditions, initial therapy
other than diuretic or -blocker was permitted. JNC 7 expanded this group of drugs and
conditions in light of trials reported between 1996 and 2003 (Table 4).

Of particular interest are several studies illustrating superior outcomes with inhibition
of the renin–angiotensin–aldosterone system in patients who have type 2 diabetes
mellitus. These trials led to both ACE-I and angiotensin receptor blockers (ARBs) being
recommended as initial therapy in patients with diabetic nephropathy.

A fundamental debate in BP management centers on the question of ideal strategy
when the initial choice fails to attain goal BP: should additional agents be added
(stepped-care) or should the first agent be stopped in favor of another class of agents
(sequential monotherapy)? JNC V allowed both approaches but JNC VI strongly
favored stepped-care unless there was no therapeutic response or intolerable side effects
with the first choice. Advocates of sequential monotherapy reasoned that BP can be
successfully controlled if an agent with a specific mechanism of action is matched with
a patient whose hypertension arises from dysregulation of that specific BP control
mechanism. But this concept has two basic flaws. First, Page and many others have
pointed out that hypertension is a mosaic and that many systems (renal volume regula-
tion, sympathetic nervous system, the renin–angiotensin–aldosterone system, kinins, and
other naturally occurring vasodilators to name a few) are implicated in hypertension. It
is rare for only a single abnormality to be present (31,32). Second, all antihypertensive
drugs are likely to lower BP by more than one mechanism. For example, diuretics
reduce plasma volume but are also direct vasodilators, and ACE-I suppress the renin–
angiotensin–aldosterone system but also slow the degradation of kinins and thereby
stimulating vasodilation. ARBs block the AT1 receptor but may also work through
the effects of unopposed AT2 receptor stimulation. Stepped-care exploits the antihyper-
tensive activity of multiple drugs, with less focus on mechanisms of action and greater
emphasis on goal achievement.

Before 1996, no published data addressed the treatment of hypertensive type 2
diabetics, and only the captopril trial by Lewis et al. in 1993 evaluated treatment for
type 1 diabetics (33). Since that time, insight on management of diabetic hypertensive
patients proceeds from two sources: trials enrolling diabetic hypertensives, and subgroup
analyses of larger studies of which a proportion of subjects had diabetes.

The first trial in diabetics with hypertension was UKPDS 38. This protocol examined
BP and glycemic control by examining 1148 diabetic hypertensives, randomizing them
to either what was called “tight” or “less-tight” BP control. Investigators tracked
both micro- and macrovascular complications of diabetes, as well as CV and all-cause
mortality. Subjects were followed for a mean of 8.4 yr and multiple drugs were required
in most of the tight BP control group and many of the less-tight BP control group.
In the tight vs less-tight BP control groups, diabetic complications were 24% fewer
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(p = 0.0046), diabetes-related deaths 32% fewer (p = 0.019), strokes 44% fewer (p < 0.013),
and MI 21% fewer (p = nonsignificant). Tight blood glucose control was associated
with only a 12% reduction in diabetic complications, underscoring the importance of
BP regulation in diabetics, though optimization of both BP and glucose are clearly
essential (34).

The UKPDS trial also addressed this issue of whether one specific drug class is more
effective at reducing events. In 758 type 2 diabetics, approximately half received the -
blocker atenolol and half the ACE-I, captopril. Outcomes were similar with no evidence
of superiority for the ACE-I, the result that experts most would not have predicted (35).

Most insights concerning the higher risk and greater benefit for treatment in diabetic
hypertensives come from subgroup analyses of large BP trials. SHEP showed that in the
583 diabetics vs 4149 nondiabetic subjects, the absolute risk reduction for cardiovascular
disease (CVD) events was 101/1000 in diabetics compared to 51/1000 in nondiabetics
with active treatment compared to placebo, over the 5 yr of the study (36). Of the 1501
diabetics among 18,790 HOT volunteers, a 51% reduction in CV mortality was demon-
strated in the group randomized to the lowest DBP goal (<80 mmHg). No other subgroup
had benefit, though none showed harm from aggressive therapy. A variety of drugs were
used in these trials. UKPDS used ACE-I and beta blockers; SHEP used diuretics and
a -blocker or centrally acting agent, if needed; and HOT used CCBs, beta blockers,
ACE-I, and diuretics (1,20,34).

Several small and underpowered studies such as the Appropriate Blood Pressure
Control in Diabetes ABCD trial and the Fosinopril vs Amlodipine Cardiovascular
Events Randomized Trial (FACET) focused on specific classes of drugs and levels of
BP control, but these results are difficult to interpret. Recent larger trials have helped to
clarify the issues. In the heart outcomes protection evaluation (HOPE) study, ACE-I were
proven effective in diabetics: there was a 22% relative risk reduction in CV events for
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Table 4
Comparison of Drug Class Recommendations for High-Risk 

Conditions with Compelling Indications by JNC VI and JNC 7

Aldosterone 
Diuretic -Blocker ACE Inhibitor ARB CCB antagonist

Heart failure a,b b a,b b b
Post-MI a,b a,b b
High coronary b b b b

disease risk
Diabetes b b a,b b b
Chronic kidney b b

disease
Recurrent stroke b b

prevention
Isolate systolic a,b a

hypertension
aJNC VI: The sixth report of the Joint National Committee on the detection, evaluation, and treatment

of high BP.
bJNC 7: The seventh report of the Joint National Committee on the detection, evaluation, and treatment

of high BP.
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the 3577 diabetic patients of the 9297 enrolled. This trial of high risk and not necessarily
hypertensive individuals, compared the ACE-I ramipril to placebo. Although investi-
gators claim that small differences in BP between study groups do not account for the
beneficial effects of ACE-I, many observers believe that BP reduction explains much of
the positive results, so that the advantage of active therapy was not a special property of
ACE-I beyond their ability to lower BP (37). The Comparison of Amlodipine vs
Enalapril to Limit Occurrences of Thrombosis (CAMELOT) study, evaluating a three
arm protocol of enalapril vs amlodipine vs placebo in 1991 normotensive patients with
CAD, showed cardioprotective effects in treated patients after 2 yr. Patients randomized
to amlodipine had a 5/3 mmHg reduction from a baseline BP of 129/77 mmHg, similar
to the 5/2 mmHg reduction achieved with enalapril, yet only the amlodipine group
experienced a 31% reduction in CV events. This suggested that ACE-I do not have
protective effects beyond BP reduction as suggested by the HOPE study (38).

Two studies published in 2001 examined the efficacy of ARBs in diabetics with
nephropathy and further examined specific benefits of drugs vs the degree of BP control
achieved. The Irbesartan Type II Diabetic Nephropathy Trial (IDNT) (irbesartan),
and the Reduction of End Points in Non-Insulin Dependent Diabetes Mellitus with
Angiotensin II [AII] Antagonist Losartan (RENAAL) Trial (losartan), demonstrated
specific renal protective benefits of AII blockade in delaying the progression of renal
dysfunction to end stage renal disease (ESRD). In both studies, there was equally good
BP control in the ARB treatment arm vs the non-ARB treatment arm. Both sets of inves-
tigators concluded that the 20–30% risk reduction in renal endpoints was attributable to
the inherent properties of ARBs rather than degree of BP control achieved (39,40).

Three other trials with large diabetic cohorts have been completed. The Controlled
Onset Verapamil Investigation of Cardiac Endpoints (CONVINCE) trial enrolled 3239
diabetics among 16,602 volunteers. Subjects were randomized to controlled-onset extended
release CCB (verapamil) vs -blocker (atenolol) or a diuretic (hydrochlorothiazide).
Likewise International Verapamil–Trandolapril Study (INVEST) compared hypertension
treatment randomized to the CCB verapamil plus ACE-I vs the -blocker atenolol
plus ACE-I in a large subgroup of diabetics (6400 of 22,576). Neither study showed
superiority of any agent in mortality, nonfatal MI, or stroke outcomes (2,41).

The Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack (ALLHAT)
study represents the largest diabetic subgroup analysis in any clinical hypertension trial.
There were 13,101 diabetics, an additional 1399 volunteers with impaired fasting
glucose (IFG), and 17,012 normoglycemic (NG) patients. ALLHAT randomized subjects
to three different first-line agents: diuretics, CCBs, or ACE-I. A fourth group received a
peripheral -adrenergic blocker, doxazosin, as initial therapy but that arm of the trial
was stopped early. ALLHAT tested whether first-line antihypertensive therapy beginning
with a CCB (amlodipine) or ACE-I (lisinopril) was superior to the thiazide-like diuretic,
chlorthalidone (4).

Results from ALLHAT showed no evidence of superiority in patients initially treated
with the newer agents in any of the three glycemic subgroups or in the overall trial. As
expected, the event rate for nonfatal MI and fatal CHD was higher in diabetics compared
to those with impaired fasting glucose or normoglycemia, but this finding was observed
equally in all treatment arms. Likewise, there was no significant difference in rates of
stroke or combined CVD in diabetic participants among treatment arms. There was
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a 3–4 mg/dL increase in fasting glucose levels among normoglycemics at 4 yr in patients
assigned to the chlorthalidone group vs amlodipine or lisinopril, with a consequent
3% increased incidence of fasting glucose levels >126 mg/dL, the definition of diabetes.
However, no significant increase in fasting glucose was noted in patients previously
classified as diabetic (42). There were differences, however, in the incidence of new dia-
betes in the volunteers randomized to each class of drugs. Only 8.1% of those randomized
to lisinopril developed new diabetes compared to 9.8% receiving amlopidine and 11.6%
receiving chlorthalidone (4). The significance of these findings is unclear because
the diabetic subgroup of ALLHAT that started therapy with chlorthalidone did as well
or better than those randomized to begin treatment with the other drugs. There was
nothing in ALLHAT to confirm the expected special benefit of ACE-I for diabetics, for
any outcome including HF or renal disease. The early reduction in SBP in subjects
who began with chlorthalidone compared to other agents best explains the overall
study results.

Observations common to all three large studies (CONVINCE, INVEST, and
ALLHAT) relate to quality of BP control. Over 3–5 yr, reduction to goal (<140 for SBP
and <90 mmHg for DBP) was achieved in 60% of participants, irrespective of initial
agent. The great majority required multiple drugs to attain goal. DBP objective was
achieved in >90% of volunteers, whereas only 60–65% reached SBP goal. We have
coined the term, the “60–90 rule” to characterize this phenomenon. These findings
reinforce JNC VI and JNC 7 guidelines that favor combination therapy and stepped-care
approach to management. ALLHAT and CONVINCE did not mandate a lower goal for
diabetics as recommended by the guidelines, however INVEST sought a BP goal for
diabetics <130/85 mmHg (3). INVEST also showed that fewer participants developed
new diabetes in the ACE-I/CCB combination group compared to the -blocker/ACE-I
group (41).

The above trials furnished the main rationale for the JNC 7 recommendation advo-
cating thiazide or thiazide-like diuretics for first-line therapy for most hypertensives; for
initiating combination therapy for diabetics with 150 mmHg SBP and/or 90 mmHg
DBP; and for a goal in diabetic hypertensives of <130/80 mmHg. For diabetic hyper-
tensives, JNC 7 stated that combination regimens are usually required, and that ACE-I
or ARB should be included, especially in diabetics with nephropathy. Achieving goal
was emphasized as previously, but what was not addressed was how difficult it may be
to attain such stringent goals.

Compared to national surveys, in which only 27–31% of hypertensives were at goal,
these clinical trials used a forced-titration algorithm and demonstrated superior BP control
rates. CONVINCE and ALLHAT reached goal in >60% of participants, regardless of
initial agent (except for the discontinued doxazosin arm), and showed that multiple
agents were usually necessary to accomplish these control rates. ALLHAT enrolled over
42,000 participants from primary care practices, but treatment changes were protocol-
driven and implemented by study coordinators (4). Compared with the general patient
population, volunteers may have experienced better BP control because they agreed
to the study after being selected by investigators to participate. They were more likely to
attend study visits and adhere to medical therapy, and less likely to be lost to followup.
Trained clinical staffs focused on outcomes and side effect issues, and may have
devoted more energy to goal achievement in study subjects when compared to patients
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seen in other settings where reaching goal is not as much of a priority. Such differences
may explain much of the disparity in target goal success rates in trails vs practice (43).

4. GOAL-ORIENTED MANAGEMENT

Although considerable evidence now strongly validates the intensive recommendations
of JNC 7, it remains to be seen if these goals can be achieved in clinical practice.
Favorable outcomes from clinical trials are compelling, yet methods must be devised to
translate trial conclusions into practice if physicians are to improve the disappointing rates
of BP control in the United States and throughout the world. Though a dichotomized
goal (above or below a prespecified target) is clearly artificial and not physiologic, we
believe it is easier in a busy practice to implement a goal that provides a specific number,
than it would be to encourage vigorous treatment without offering a target to shoot for.
This approach will also make it easier to assess performance and sets a clear basis for
comparison of the quality of management between different healthcare providers and
different healthcare delivery systems.

The choice of an appropriate goal is also a key issue. A goal that cannot be reached
is too severe and thus unachievable, but a goal that is too easily reached will not optimize
outcomes in high-risk subjects. Results from CONVINCE and ALLHAT have shown
that excellent control rates are available in clinical trials in which study coordinators
maintain fidelity to protocols that demand forced titration or the addition of a new drug
or drugs, if goal BP is not reached.

Although the Hypertension Service at Rush University manages patients via individual
physician encounters and has doctors with different practice styles, we believed that a
University hospital-based Hypertension Specialty Clinic could equal BP control rates
seen in clinical trials. Alternatively, if excellent BP control rates could not be acquired in
a clinic staffed by knowledgeable specialists such as the Rush Clinic, then the outlook
would indeed be poor for good BP control in other settings.

In our study of 437 consecutive patients seen at Rush, we judged our performance
against (1) the Health Employer Data Information Set (HEDIS) 2000 measures, (2) JNC
VI, and (3) the more stringent goals of the ADA and National Kidney Foundation (NKF)
for diabetic patients. Most patients were referred by physicians because of difficult-to-
manage or resistant hypertension. Using “goal-oriented management,” our four physicians
aimed at satisfying current guideline criteria for BP control. Similar to forced-titration
algorithms in clinical trials, “goal-oriented management” requires stepping up therapy
until goal is achieved. No specific drug treatment algorithm was mandated and our
physicians were free to choose any lifestyle or drug combination they wished. The
American Society of Hypertension has certified three of our physicians as clinical
specialists; two are certified by the ABIM in Nephrology, one in Endocrinology and one
in Clinical Pharmacology. A dedicated Hypertension Fellow assists us.

Results from this study parallel evidence from large clinical trials. Similar to
CONVINCE and ALLHAT, 59% of patients achieved the SBP goal <140 mmHg and
DBP goal <90 mmHg, with 86% having DBP <90 mmHg. As in HOT and CONVINCE,
in which 30% and 32% of participants received monotherapy at 3 yr respectively, over
two-thirds of patients required two or more medications (44). In diabetics, 52%
achieved a BP <140/90 mmHg, the HEDIS criteria, but only 22% of diabetics reached
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the JNC VI target of <130/85 mmHg, and a dismal 15% got to the ADA, NKF, and
JNC 7 target of <130/80 mmHg (45).

A similar study was published by a group of specialists from Spain who examined
4049 difficult-to-control subjects in 47 hospital-based hypertension clinics. Using similar
methods, overall goal BP (<140/90 mmHg) in uncomplicated hypertensives was
reached in 42% of patients, with DBP goal reached in 70% and SBP goal in 47%.
However, only 36.7% of diabetics were <140 mmHg for SBP and also <90 mmHg for
DBP. Similar to our results, only 13.2% were <130/85 mmHg and fewer (10.5%) were
<130/80 mmHg (46).

Further studies have analyzed guideline adherence and goal achievement in the managed
care setting, in which many hypertensive patients are treated. A retrospective analysis
of 502 patients in three primary care clinics operated by a commercial Managed Care
Organization (MCO) looked at target achievement based on HEDIS and JNC VI guide-
line criteria for uncomplicated hypertensives and diabetics. Subjects had full health
insurance including prescription coverage. Goal of 140/90 mmHg was attained by
74% of patients, with 46% of the 148 diabetics being <130/85 mmHg (47).

A study in 792 randomly selected adults covered by commercial health insurance,
seen in the offices of 32 different physicians, showed a 55% prevalence rate of hyper-
tension with a 43% control rate based on contemporary HEDIS and JNC standards
(SBP <140 mmHg and DBP <90 mmHg). The 126 diabetics were difficult to control
with only 45% at the HEDIS 3.0 and JNC V standard of <140/90 mmHg and 15% at the
JNC VI target of <130/85 mmHg (48).

Although results of these analyses are disappointing, control rates in other setting are
often worse. In a VA study of 800 patients (one-third of whom were diabetic), hypertensive
patients with diabetes were actually less intensively treated than other hypertensives.
The intensity of therapy was judged by the frequency of regimen modification during
visits by which the BP above target was recorded. Because this analysis was done in
VA clinics, the cost of medication and access to care were not barriers to clinicians’
prescribing behavior. Physician inertia again may have been a factor. Similar lack of BP
control was seen as in the above studies (45–47), with no clearly identified reason for
the lack of clinician intensity in this higher risk group (49).

We doubt that specific algorithms can be applied in the general practice settings or
that such recommendations are appropriate. The pathophysiology of hypertension in
individual patients varies widely, and some will certainly respond better to certain
agents or combinations of agents than others. Access, cultural, language, and economic
factors will introduce further variation. It is critically important to allow physicians to
choose the regimen they view as best for each patient. Contrary to recent critics, JNC 7
and other contemporary guidelines grant considerable flexibility to clinicians in allowing
for choices based on judgment about how an individual patient will respond, what
other diseases or risk factors are present, and what economic factors exist. Whereas a
forced-titration algorithm specifies which drug to add when a patient is not at goal and
is appropriate for a clinical trial, a goal-oriented algorithm advocates vigorous drug
titration using available and well-tolerated agents regardless of initial drug therapy or
life-style modification approach.

We are not at all certain about what element of our practice or other specialty practices
is responsible for our relative success. We are staffed by hypertension specialists which
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should improve our results, but we see more difficult-to-manage patients, increasing our
challenge. The clinical experience of the specialists, however, may allow them to add
necessary medications or increase doses to attain goal with less hesitation regarding
adverse effects. Mandating a particular regimen is unlikely to work, but a goal-oriented
approach can be successful in achieving outcomes resembling those of clinical trials.

Although goal-oriented management is effective in an outpatient-specialist setting,
adaptation to general practice may present a challenge. Less-experienced physicians
may hesitate to titrate drug regimens vigorously, or may be excessively concerned that
lowering BP too far or too fast will cause side effects. ALLHAT and the newly completed
VALUE study suggest that these concerns are overstated and that intensive treatment in
high-risk hypertensives can save many more lives. VALUE showed fewer endpoints
with early intensive BP reduction, the amlodipine (CCB) group achieving 4.0/2.1 mmHg
greater difference in BP reduction after 1 mo compared to the valsartan (ARB) group.
The groups averaged 13.9/7.2 mmHg (amlodipine) and 11.3/5.3 mmHg (valsartan) reduc-
tion in the first 6 mo: however, the differences in BP reduction were less (1.5/1.3 mmHg)
after 1 yr. The 63% excess strokes in the valsartan group occurred in the first 6 mo, and
76% within the first year, perhaps reflecting benefit of early intensive BP reduction (5).

Because excellent results can be achieved in practice settings such as ALLHAT,
CONVINCE, INVEST, and VALUE, it is possible that similar results are achievable in
primary care setting using a team approach. One suggestion is that a team can be composed
of one primary care physician, two nonphysician practitioners (physician associates,
physician assistants, or nurse practitioners), three members of the nursing staff (nurses or
medical assistants), and an administrative coordinator (50). By applying a goal-oriented
approach in a team setting, a physician promotes intensive follow up of BP control with
frequent visits with nonphysician staff. Motivated by a goal-oriented philosophy and
guided by preset interim adjustments, patients may achieve goal earlier and maintain
goal longer. Medication complications, adverse reactions, or lack of efficacy will prompt
follow up with the physician, but nonphysicians manage the majority of visits.

In a study of 1407 diabetics in a British hospital-based clinic, patients were randomized
to a specialist nurse-led hypertension clinic vs usual care with their diabetologist. In the
hypertension clinic arm, patients identified as uncontrolled (BP 140/ 80 mmHg initially
received life-style modification education with an individualized action plan, and if
persistently uncontrolled, were begun on medication. At regular follow-up visits every
4–6 wk, the clinician reinforced life-style modification, reviewed medication tolerance,
and titrated according to a stepped-care preset protocol. Patients needing more medica-
tions were discussed with physicians, who initiated additional therapy. This strategy
contrasted with the usual care arm that included biannual visits to a diabetologist, who
made written suggestions to the primary doctor. The same titration algorithm used in the
nurse-specialist clinics was available to the general practitioners, who had ultimate
autonomy about whether to initiate or change treatment.

Nurse-led specialty clinics effectively improved rates of goal achievement when their
skills were added to routine diabetes care. Although there was only a modest improve-
ment from 31% to 37% controlled, mortality benefit was statistically significant (odds
ratio 0.55 [95% CI 0.32–0.92], p = 0.02). BP goals for diabetic hypertensives were
higher than currently recommended, and mean visit frequency was only twice per year
during the 1.5 yr follow up period in the nurse specialist arm for hypertension (51).
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Despite less stringent targets and few follow-up visits, when diabetic patients received
specific attention to multiple-risk factors, they experienced great benefits. Further studies
are indicated to examine this clinical strategy, with more energetic titration and frequent
follow up, aimed at more stringent targets. Although it must be pointed out that the
results seen in the Rush University Hypertension Clinic were achieved by physicians
without benefit of other health-care providers.

5. CONCLUSIONS

As reflected in the evolution of guideline recommendations, tighter BP control yields
significant morbidity and mortality benefit, especially in higher risk diabetic hyperten-
sives. The question of whether reducing BP to more strict targets improves outcomes for
diabetic hypertensives remains to be answered, and we must be cautious until the proof
is in hand. We may be surprised. For example, the African American Study of Kidney
Disease (AASK) failed to prove that lower goal BP (mean arterial pressure, MAP <92
mmHg or approximately <125/75 mmHg, which was achieved), led to better clinical
outcomes in more than 1100 African Americans with renal insufficiency due to reasons
other than diabetic nephropathy (52). But otherwise the current data consistently show
that intensive antihypertensive therapy benefits high-risk individuals, and that combination
therapy will likely be required to realize goals. However, until the Avoiding Cardiovascular
Events Through Combination Therapy in Patients Living with Systolic Hypertension
(ACCOMPLISH) trial is completed in 5–7 yr, we will not have the necessary evidence
to help us select the optimal combination of currently available drugs (53).

But we need to act while waiting for definitive answers. Intensive therapy using
goal-oriented management can bring a large percentage of hypertensive patients to goal,
many more than we are at goal now. Although diabetic hypertensives are more difficult to
control, it is also clear that they receive greater benefit if goal is vigorously pursued and
reached. The inclusion of specific drugs is less important as we strive for increasingly
lower levels of BP, because the overwhelming majority of patients, especially diabetics,
will require multiple drug regimens to reach goal. Although inhibitors of the renin–
angiotensin–aldosterone system may provide additional benefit beyond BP, the insightful
clinician will use all modalities, including life style modifications, and focus more on
arriving at goal rather than on any specific way to get there. As the prevalence and inci-
dence of diabetes rises, and dialysis units are increasingly populated by patients with
diabetic nephropathy and hypertension, the potential for reducing morbidity, delaying mor-
tality, and lowering the cost of the care of diabetics is now an urgent national priority (54).
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1. INTRODUCTION

Nitric oxide (NO) is a paracrine/autocrine factor that is important in the physiological
regulation of numerous biological processes including neurotransmission, cardiovascular
control, cell growth, apoptosis, and inflammation (1–3). Numerous mammalian tissues
and organs express NO synthase (NOS) and are therefore capable of producing NO
under different physiological and pathophysiological conditions (1,2,3). The role of
NO in the control of renal function has been extensively studied. Works to date indicate
that NO participates in the control of renal and glomerular hemodynamics, the tubulo-
glomerular feedback response, the release of renin and sympathetic transmitters, tubular
ion transport, and renal water and sodium excretion (2,4,5). The focus of this chapter is
on the role of NO in the control of renal water and sodium excretion. Because renal
excretion of sodium and water is a primary determinant of extracellular fluid volume
and arterial blood pressure (6), this report emphasizes the importance of NO in the
long-term control of arterial blood pressure.

2. SYNTHESIS OF NO IN THE KIDNEY

NO is synthesized from L-arginine by NOS that catalyzes the oxidation of one of the
terminal guanidine nitrogen atoms of L-arginine resulting in NO and L-citrulline. This
enzymatic reaction requires molecular oxygen and nicotinamide adenine dinucleotide
phosphate (NADPH). Cofactors include calmodulin, tetrahydrobiopterin, flavin adenine
dinucleotide (FAD), and flavin mononucleotide (FMN) (2,7). The redox form of NO,
nitric oxide (NO•), is preferentially generated by the oxidation of L-arginine, which is
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catalyzed by NOS. NO can be interconverted among different redox forms such as NO•,
nitroxyl anion (NO ), and nitrosonium cation (NO+) (3). The generation and conversion
of NO among these redox forms are influenced by a variety of factors including the
different NOS isoforms, substrate depletion, and overall tissue redox status (8,9).
Different redox forms of NO can target different molecules in cells of different tissues
and may lead to a wide variety and complexity of reactions. The measurement of the
different redox forms of NO within biological tissue and differentiation of the effects
of these redox forms is difficult. Currently, our understanding of the biological function
of NO is based on the concept of the nitrogen monoxide complex, referred to in the
literature as NO, as the biologically active molecule.

2.1. NOS Isoforms in the Kidney
Although reports have indicated that NO can be transported in blood by binding to

hemoglobin in red blood cells or other plasma carrier protein and molecules (3), the role
and physiological regulation of NO as a circulating hormone is not clear. As a result, it
is generally accepted that it is the endogenously produced NO in the kidney that deter-
mines its renal actions. There is now a considerable evidence demonstrating that NO
produced in the kidney influences renal tubular and vascular function in a paracrine or
autocrine manner. The kidney expresses the mRNA, protein and enzymatic activity of
neuronal (nNOS, NOS I, and NOS 1), inducible (iNOS, NOS II, and NOS 2) and
endothelial NOS (eNOS, NOS III, and NOS 3). The enzymatic activity of nNOS and
eNOS is dependent on intracellular Ca2+/calmodulin levels. Moreover, although nNOS
and eNOS are both considered to be “constitutively expressed” enzymes, the expression
of these enzymes can be regulated by different physiological stimuli including hypoxia,
ischemia, and shear stress (1,2,3,10,11). The other major NOS isoform, known as inducible
NOS, was originally named based on its transcriptional induction in macrophage cells
by a number of cytokines or immunologic stimuli. The activity of iNOS is believed to
be Ca2+/calmodulin independent, though a calmodulin consensus sequence is present
in this isoform and recent studies indicate that iNOS is twice as active in the presence
of Ca2+ as its absence (12). Moreover, as described below, this enzyme is expressed in
different cell types of the kidney under normal physiological conditions, so it may there-
fore be more appropriate to consider iNOS as a constitutively expressed molecule in the
same manner as nNOS and eNOS.

A number of techniques have been used to localize the protein or mRNA of the
different NOS isoforms within different tubular and/or vascular segments of the kidney.
Immunohistochemical studies have demonstrated the presence of large amounts of nNOS
protein in the macula densa (13,14). In situ hybridization and RT-PCR of microdissected
renal vessels and tubules have shown nNOS mRNA in the macula densa, inner and outer
medullary collecting duct, glomerulus, arcuate artery, and in renal nerves in perivascular
connective tissue (13,15–18). Further RT-PCR studies have detected eNOS mRNA in
the glomeruli, arcuate arteries, interlobular arteries, and afferent arteriole (19,20), and
eNOS protein has been identified in the endothelium of pre- and post-glomerular vessels
by immunohistochemical techniques (13). The mRNA encoding iNOS has been found
in arcuate and interlobular arteries, glomeruli, proximal tubules, thick ascending limbs,
and collecting ducts by in situ hybridization and RT-PCR of microdissected segments
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(18,19,21,22). Although these types of studies localized different NOS isoforms within
the renal vascular and tubular structures, experiments of this type do not permit the
quantification of NOS enzymatic activity or NO levels in the individual structures.

2.2. NO Concentration and NOS Enzymatic Activity 
in the Renal Cortex and Medulla

Work in our laboratory has focused on the role of NO in the regulation of renal sodium
excretion and in the long-term control of arterial blood pressure. We utilized a series
of techniques to quantify NOS protein and enzymatic activity in kidney tissue and NO
concentration in the renal interstitial space. By using these quantitative analyses, a unique
feature of the distribution of intrarenal NO and NOS activity along cortical–medullary
axis has been revealed. Early experimental results indicated that the renal medulla of dogs
(23) and rats (24,25) had a greater capacity to produce NO than the renal cortex. As shown
in Fig. 1, measurements of total NOS enzymatic activity in tissue homogenates of the
renal cortex, outer medulla, and inner medulla have demonstrated that NOS enzymatic
activity is as much as 25 times greater in the inner medulla than in the renal cortex (18).
This observation has been confirmed at the level of NOS protein. By immunoblotting,
relatively large amounts of immunoreactive eNOS, nNOS, and iNOS proteins are detected
in whole tissue homogenates of the renal inner medulla whereas none of the NOS
isoforms were detectable using this technique in renal cortical homogenates (26). On a
whole tissue basis, the renal medulla is enriched in NO synthetic capacity.

To examine the segmental distribution of NOS enzymatic activity in the kidney, an
analysis of NOS activity in isolated renal tubular and vascular segments of the rat
kidney was performed (18,19). As illustrated in Fig. 2, the inner medullary collecting
duct was found to have the greatest NOS activity in the segments examined, the vasa
recta and glomeruli possessed moderate NOS activity, which was significantly lower
than in IMCD, but significantly higher than in the other renal structures. The other renal
structures studied, including proximal tubules, thick ascending limb, and cortical
collecting duct, exhibited minimal NOS enzymatic activity. The tubular and vascular
structures of the renal medulla thus possess a greater potential to produce NO than other
portions of the kidney (18,19). These types of data, however, still do not permit the
quantification of NO in vivo.

To assess the potential importance of the increased NOS protein and enzymatic activity
in the renal medulla on NO production, further studies were performed to measure the
concentration of NO in different kidney regions in anesthetized rats using an in vivo
microdialysis system perfused with oxygenated hemoglobin (OxyHb) to trap NO.
Results of these experiments have demonstrated that NO concentration is markedly
elevated in the renal medulla compared to the renal cortex of anesthetized rats (Fig. 1;
[27,28]). These results indicate that NOS in the renal medulla is a major source of
intrarenal tissue NO and raise the possibility that the NO gradient between the renal
medulla and cortex and the bulk flow in ascending tubules and vasa recta may lead to
the movement of NO from the renal medulla to the cortex. This view is supported by the
observations that blockade of the NOS activity selectively in the renal medulla by
medullary interstitial infusion of L-NAME significantly decreases NO concentrations in
both the renal cortex and medulla, changes that could not be explained by recirculating
L-NAME (28).
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2.3. Autocrine and Paracrine Actions of NO in the Kidney
Recently, a number of studies have been performed to assess the autocrine/paracrine

nature of NO in the kidney by utilizing fluorescent microscopy techniques in thin
microtissue strips of renal outer medullary tissue (29–31). Studies were performed to
examine the role of AngII to increase NO in the vasa recta, the blood vessels of the renal
medulla. Previous studies demonstrated that the vasoconstrictor actions of AngII in the
renal medullary circulation are blunted by an increase in NO release (28). The studies
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Fig. 1. Top: Nitric oxide synthase enzymatic activity measured in protein homogenates of renal
cortex (CX), outer medulla (OM), and inner medulla (IM). Asterisk (*) indicates significantly
different (p < 0.05) from CX. Data regraphed from the original manuscript (18). Bottom: Nitric
oxide concentration in the renal cortical and medullary interstitial space of Sprague–Dawley rats.
Data regraphed from the original manuscript (27).
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in the microtissue strips demonstrated that AngII increases intracellular NO ([NO]i)
in pericytes of the vasa recta only when these blood vessels are surrounded by renal
tubular segments, mostly medullary thick ascending limbs of the loop of Henle
(mTAL). In the absence of the adjacent mTAL, neither the vascular endothelium nor the
pericytes of the vasa recta can directly increase NO production in response to AngII.
Despite their inability to increase NO following AngII stimulation, AngII does increase
intracellular calcium concentration in the pericytes of the descending vasa recta as
part of its constrictor action on these vessels. This experimental evidence, therefore,
indicates that the constrictor response to AngII in vasa recta is buffered by NO, which
diffuses from the tubular elements surrounding the vasa recta within the outer medulla.
These studies provide direct evidence, at the level of individual renal tubules and blood
vessels, that NO can serve a paracrine function; an event that has been termed “tubulo-
vascular cross talk.” In a broader sense, these studies indicate that NO can diffuse from
cell type to cell type and could affect a number of different functions in the kidney.
These complex interactions remain to be fully explored and understood regarding the
role of NO in the integrated function of the kidney.
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Fig. 2. Localization of NOS enzymatic activity in microdissected renal tubular and vascular segments
obtained from the renal cortex (CX), outer medulla (OM) or inner medulla (IM) of the
Sprague–Dawley rat. The filled bars represent total NOS activity normalized to segment length; the
shaded bars represent NOS activity normalized to protein content. The result for each segment was
obtained from 6 to 8 separate assays from 3 to 4 rats. Segments examined include glomeruli (Glm);
pars convoluta (PC); pars recta (PR); cortical (CTAL) and medullary thick ascending limb (MTAL);
cortical (CCD), outer medullary (OMCD), and inner medullary collecting duct (IMCD); the outer
medullary (OMtL) and inner medullary thin loop of Henle (IMtL); and the vasa recta (VR). Asterisk
(*) indicates significant difference (p < 0.05) compared to all other segments; † indicates significant
difference (p < 0.05) compared to all segments except VR; # indicates significant difference (p < 0.05)
compared to all segments except Glm. Data replotted from the original manuscript (18).
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3. ROLE OF NO IN THE REGULATION 
OF RENAL SODIUM EXCRETION

The role of NO in the control of renal sodium excretion has been extensively
studied. It is generally agreed that NO is important in the control of renal sodium
excretion under physiological condition and is also critical in the chronic adaptation
to a high-salt intake (2,5). Given a wide range of its effects on renal hemodynamic
and tubular function, NO likely regulates sodium excretion through a number of
different mechanisms.

3.1. Actions of NO on Glomerular Filtration Rate
A constancy of glomerular filtration rate (GFR) is important to prevent extreme

changes in renal excretion. Increases in GFR would result in a significant increase in
urine flow and solute excretion if tubular reabsorption remains constant, and reductions
in GFR would lead to a decrease in excretion rate. Under normal physiological conditions,
GFR autoregulation and glomerulotubular balance mechanisms prevent large changes
in renal excretion of water and solute in the face of changes in renal perfusion pressure
or renal vasoconstrictors. The maintenance of GFR plays an important role in the control
of renal sodium and water excretion.

There is strong evidence to support the idea that NO favors an increase in GFR
and hence facilitates sodium and water excretion (1,9). First, NO dilates renal afferent
arterioles and increases glomerular perfusion and filtration. Numerous studies have
been performed to define the role of NO in the control of glomerular perfusion and
filtration. Micropuncture studies revealed that NOS inhibition increased renal vascular
resistance and decreased renal blood flow and GFR (32,33). Studies in the isolated
perfused rat juxtamedullary microvascular preparation have demonstrated that NO
primarily alters afferent vascular tone and modulates the autoregulatory response of the
preglomerular vasculature to an elevation of perfusion pressure (34). Studies using in
vitro isolated microperfused rabbit arterioles also indicated that locally generated
NO controls both afferent and efferent arteriolar resistance (35). Based on these studies,
it appears that endogenous NO in the kidney increases GFR.

NO also has been shown to modulate the tubuloglomerular feedback (TGF) response
and in this manner also participates in the control of GFR. Studies have demonstrated
that nNOS is abundant at the juxtaglomerular apparatus and that NOS in macula densa
cells is activated by tubular solute reabsorption to release NO. Afferent arteriolar tone
is thus reduced by NO that reduces the strength of the TGF response (14,36,37). The
attenuation of TGF by NO would promote glomerular filtration and increase water and
sodium delivery into the tubules.

There is also evidence that NO can influence the glomerular capillary ultrafiltration
coeffecient (Kf). Blockade of NOS leads to a reduction of Kf as well as an increase
in renal vascular resistance (32,33). It has been reported that glomerular mesangial
cells express NOS, primarily iNOS. Furthermore, NO relaxes glomerular mesangial cells
studied in vitro (38), and blockade of endogenous NO production inhibits AngII-induced
mesangial cell contraction (39). In conclusion, these studies indicated that endogenously
produced NO moderates mesangial cell contraction, thereby increasing Kf and GFR and
the delivery of sodium into the tubules.
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3.2. Direct Effects of NO on Tubular Reabsorption
The pressure natriuresis–diuresis response is depressed in anesthetized dogs following

administration of the NOS inhibitor, L-NAME (40). This effect was observed independent
of changes in whole-kidney hemodynamics, suggesting that an alteration in medullary
blood flow or direct tubular effects may be an important mechanism of NO action on
sodium and water excretion (40). Studies in the isolated perfused rat kidney have demon-
strated that NOS inhibition produced a reduction in fractional sodium reabsorption,
probably owing to specific tubular effects (41). Recent studies using isolated perfused
tubule preparations or cultured tubular cells support these functional data. It has been
demonstrated that endogenous NO inhibits sodium reabsorption in proximal tubules,
TAL and collecting ducts (4,42–48). The effects of NO on sodium reabsorption are
associated with its direct inhibitory action on Na+/H+ exchange, Na+/K+-ATPase and/or
amiloride-sensitive Na+ channels in these tubular segments (4). Moreover, in mTAL
cells transfected with iNOS, the expression of NOS inhibits Na+/K+-ATPase activity
(49). Based on these results, it appears that the direct inhibitory effects of NO on different
tubules are important in the control of sodium excretion.

There is a recent evidence that oxidative stress within the kidney that is associated
with hypertension and diabetes can alter the bioavailability and actions of NO. The phys-
iological consequences of elevating superoxide (O2

• ) levels in the renal outer medulla
have been shown to be mediated in part through the reduction of NO (50). An interaction
between NO and O2

•– was found to regulate NaCl transport in the thick ascending loop
of Henle. (43,51). Because excess sodium (or glucose) transport in the mTAL increases
O2

•– production (52), it appears that the associated reductions in the bioavailability of
NO would increase the activity of the Na+/H+ exchanger and produce greater O2

•–. These
events could also reduce the overall medullary bioavailability of NO and thereby reduce
medullary blood flow. We have proposed this positive feedback cycle as a contributing
factor to the chronic progressive injury that is seen in hypertension and diabetes (52).

3.3. Influence of NO on Renal Medullary Hemodynamics
A large body of work has been performed to test the hypothesis that the renal medulla

is an important site of the action of NO in the control of sodium and water homeostasis
(6,24,26,28,29,53,54). As discussed earlier, NOS protein expression, NOS enzymatic
activity, and interstitial NO concentration are much greater in the renal medulla than in
the renal cortex (18,27,29). Acute infusion directly into the renal medullary interstitial
space of the NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) selectively
reduced renal medullary blood flow, renal interstitial hydrostatic pressure and sodium
excretion, suggesting a tonic regulatory action of NO on medullary blood flow and
sodium excretion (53). Furthermore, selective stimulation of NO in the renal medullary
interstitial space of anesthetized rats resulted in an increase in medullary blood flow
with an accompanying natriuresis and diuresis (55). In anesthetized dogs, Salom et al.
demonstrated that nonpressor doses of the NOS inhibitor, L-NAME depresses the
pressure–natriuretic response independent of changes in whole-kidney hemodynamics,
suggesting that medullary vascular reaction or tubular effects may be an important
mechanism of the NO action on sodium and water excretion (56). These data strongly
indicate that NO in the renal medulla also plays an important role in the long-term
regulation of sodium and water excretion.
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4. ROLE OF NO IN THE LONG-TERM CONTROL 
OF ARTERIAL PRESSURE

It is widely accepted that NO is an important endogenous antihypertensive factor that
plays a significant role in the control of fluid and electrolyte homeostasis and the regulation
of arterial blood pressure. A dysfunction of NOS in many tissues has been observed in
genetically hypertensive rats such as the Dahl salt-sensitive (Dahl SS) rat (57,58). In addi-
tion, genetic deletion of eNOS has been proven to lead to hypertension in mice (59,60).
Despite substantial data demonstrating the importance of NO in the development of hyper-
tension; however, the mechanisms of the NO-mediated antihypertensive effects remain a
subject of debate. Because NO appears critical in the regulation of sodium excretion, many
studies have explored the renal mechanism of hypertension induced by NO inhibition
and/or a deficiency in NO under various physiological and pathophysiological conditions.

4.1. Hypertension Induced by Chronic Inhibition of NO Synthesis
Long-term administration of NOS inhibitors by oral or intravenous administration has

been demonstrated to result in sustained hypertension in different species such as mice,
rats, rabbits, and dogs (2,5,6,15). Common characteristics of this hypertension model are
systemic hypertension, renal vasoconstriction, a reduction in glomerular Kf, and sodium
retention (32,33,38,61). In addition to the renal effects, which lead to retention of sodium
and water, the increase in arterial blood pressure is also associated with systemic vaso-
constriction owing to the blockade of the tonic vasodilating effect of NO. In addition,
there is evidence that increases in renin release and activation of the renin–angiotensin II
system also contribute to the development of hypertension during chronic systemic
inhibition of the NOS activity (62). Although chronic oral or intravenous administration
of NOS inhibitors produce hypertension, it is unclear whether the observed hypertension
was primarily a result of generalized systemic vasoconstriction, an effect of NO reduction
in brain, or a primary consequence of reduced renal excretory function.

4.2. Importance of Medullary NO Production in the Long-Term Control 
of Medullary Blood Flow and Arterial Pressure

The first evidence that basal NO production in the renal medulla plays an important
role in determining the long-term level of arterial blood pressure arose from observa-
tions made in our laboratory that indicated the chronic intravenous administration of the
NOS inhibitor L-NAME led to a selective decrease in blood flow in the renal medulla,
the retention of sodium, and the development of hypertension in conscious rats (63). It
was unclear, however, whether the medullary NO production per se played an important
role in the long-term regulation of renal medullary blood flow, sodium excretion, and
arterial pressure. Further studies were then performed in which L-NAME was infused
chronically into the renal medullary interstitium of Sprague–Dawley rats for 5 d (64).
As shown in Fig. 3, the renal medullary interstitial infusion of L-NAME resulted in a
sustained reduction of renal medullary blood flow ( 30%) with no measurable changes
of cortical flow. The selective reduction of medullary perfusion was associated with the
retention of sodium, and the development of hypertension (64). These experiments
demonstrated that selective blockade of NO production in the renal medulla could
reduce medullary blood flow and produce hypertension in normal animals. It had been
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Fig. 3. Chronic influence of renal medullary interstitial infusion of the nitric oxide synthase inhibitor
NG-nitro-L-arginine methyl ester (L-NAME, 8.6 mg/kg/d) on renal medullary blood flow (top), daily
sodium balance (middle), and mean arterial blood pressure (bottom) in conscious Sprague–Dawley
rats. Vertical hashed marks indicate the L-NAME infusion period. Asterisk (*) indicates significance
from control (p < 0.05). Data replotted from the original manuscript (64).
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previously assumed that hypertension resulting from systemically administered L-NAME
was probably related to a reduction of total renal blood flow and an overall increase
in systemic vascular resistance related to vascular and central nervous system NOS
inhibition. Although these effects are undoubtedly important, the present studies with
both systemic and renal medullary delivery of L-NAME demonstrated that the production
of NO specifically within the medulla is of primary importance in the long-term regu-
lation of medullary perfusion and sodium homeostasis, and that a reduction of NOS
activity in the renal medulla alone could produce chronic hypertension.

The potential mechanisms by which NOS inhibition or deficiency can produce
hypertension are summarized in Fig. 4. Reduction of the NO levels within the whole
kidney may decrease GFR through the enhancement of renal vascular constriction,
enhancement of the TGF response and/or reduction of the glomerular ultrafiltration
coefficient, thereby decreasing filtered load. In addition, a reduction of renal NO levels
leads to a decrease in renal medullary blood flow and increased activity of tubular
Na+/H+ exchange, Na+/K+-ATPase and amiloride-sensitive Na+ channels. Collectively,
these effects would lead to an increase in tubular sodium reabsorption that would blunt
pressure natriuresis and diuresis and result in sodium retention and hypertension.

4.3. Interaction Between Vasoconstrictors and NO
Numerous studies have been performed to test the interaction of NO and different

vasoconstrictors in animal experiments (65–68). Zou and Cowley demonstrated that
NO concentration in the renal cortex and medulla of rats increased in response to intra-
venous infusion of subpressor doses of vasoconstrictors such as AngII (28). Studies by
Deng et al. demonstrated that intravenous infusion of AngII increased renal excretion of
the stable NO metabolites, nitrite, and nitrate (66). Siragy and Carey further defined the
role of the subtypes of AngII receptors in mediating stimulation of AngII to NO produc-
tion in the renal cortex and suggested that the AT2 subtype mediates AngII-stimulated NO
production (69).

The functional significance of increased renal NO production induced by AngII has
been further addressed in anesthetized rat experiments. Infusion of a subpressor dose of
AngII (5 ng/kg/min) did not alter renal medullary blood flow under baseline conditions.
This dose of AngII reduced medullary blood flow by 23% without altering renal cortical
blood flow, however, when a subpressor dose of L-NAME was infused into the renal
medullary interstitial space. These experiments indicated that NO is increased in the renal
medulla in response to small elevations of circulating AngII in order to buffer the vaso-
constrictor effects of this peptide (28). Further experiments were performed in chronically
instrumented rats; intravenous infusion of AngII at a subpressor dose (3 ng/ng/min) did not
affect arterial blood pressure. A threshold dose of L-NAME was determined (75 g/kg/h),
which did not produce significant acute or chronic changes in medullary blood flow and
mean arterial blood pressure when administered alone. In rats pretreated with this dose
of L-NAME, the intravenous infusion of AngII resulted in a 30% reduction of medullary
blood flow and a 30 mmHg rise of mean arterial blood pressure (70). These results
indicate that even moderate reductions of renal medullary NOS activity sensitize the
medullary circulation to the vasoconstrictor actions of AngII, whereby even small
physiological plasma elevation of this peptide can result in chronic reduction of medullary
blood flow and lead to hypertension (70).
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Similar results were observed during the administration of norepinephrine (NE).
Experiments have indicated that NE can induce NO release through the 2-receptors
(71,72). Studies examined the in vivo effects of NE on the renal medullary circulation.
Following an intravenous infusion of a subpressor dose of norepinephrine (0.1 g/kg/min),
medullary [NO] increased 43% (72). This response was inhibited with a selective

2-adrenergic inhibitor (72). As was observed in the AngII studies, when medullary
NOS activity was blunted by medullary infusion with a low dose of L-NAME, the NE-
induced rise of tissue NO was abolished and a reduction of both MBF and tissue PO2 of
nearly 30% was observed (72). Experiments were then performed in conscious rats and
demonstrated that chronic intravenous infusion of NE (0.1 g/kg/min) did not alter
mean arterial pressure greater than 5 mmHg when infused for 5–7 d to normal
Sprague–Dawley rats. The infusion of NE in addition to the non-hypertensive dose of
L-NAME, however, led to a sustained elevation of arterial blood pressure (73). These
results, along with similar experiments performed during the infusion of AVP (74)
demonstrated the importance of the NO to counter the prohypertensive actions of different
vasoconstrictor agents.

4.4. Salt-Sensitive Hypertension and Inhibition of NOS
There is a considerable evidence indicating that NO contributes to an adaptive

increase in sodium excretion in response to high-salt intake. An impaired L-arginine–
NO system would be predicted to increase the sensitivity of arterial blood pressure not
only to vasoconstrictor agents but also to elevated sodium intake. It has been reported that
NO production increases in rats in response to chronic salt loading (57,75). An increase
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Fig. 4. Schematic diagram summarizing proposed mechanisms promoting hypertension during
conditions in which NO is reduced in the kidney.
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in NO production may be because of the upregulation of mRNA or protein and/or
activation of enzyme activity. Maintenance of Sprague–Dawley rats on a high-salt diet
for 3 wk led to a significant increase in eNOS, nNOS, and iNOS immunoreactive pro-
teins in the renal inner medulla, but not in the renal cortex and aorta. These observations
suggest that increased levels of NOS in the renal medulla may reflect a chronic adapta-
tion to increased salt intake (26). This, however, has not been a consistent finding among
laboratories. Ni and Vaziri observed a decrease in medullary protein expression of
nNOS and iNOS following 3 wk of an 8% sodium diet (76), whereas other groups have
observed no change in mRNA expression of any of the NOS isoforms in the renal
medulla (16,45).

To define the functional significance of salt-induced adaptive increases in renal NO,
Tolins and Shultz determined the hypertensive effect of a high-salt diet in normotensive
rats in which NOS activity was blunted. They demonstrated that administration of
L-NAME in a dose that did not alter arterial blood pressure in normotensive Sprague–
Dawley rats on low salt diet, significantly elevated arterial blood pressure in rats receiving
a high-salt diet (77). Likewise, low doses of L-NAME have also been found to increase
the sensitivity of arterial blood pressure to high-salt intake in rats (26) and dogs (2,78).
Taken together, these results indicate that the L-arginine–NO system participates in the
physiologic adaptation to increased dietary salt intake although the precise role of NOS
in the renal medulla in this process remains to be clarified. Nevertheless, these adaptive
changes in endogenous NO production appear to play a critical role in sodium and blood
pressure homeostasis.

4.5. Hypertension Induced by NOS Deficit in the Dahl SS Rat
The Dahl salt-sensitive (Dahl SS) rat has a reduced capacity to generate NO in the

renal medulla. The mRNA and immunoreactive protein for each of the NOS isoforms is
reduced in the outer medulla of Dahl SS rats compared to normotensive Brown Norway
(BN) control rats (Fig. 5; [29,79,80]). Consistent with these observations, total NOS
enzyme activity was found to be nearly one-third less in the outer medulla of SS rats
than in normotensive salt-resistant BN rats (79). Of greatest importance, though, is the
observation that the baseline concentration of NO in the renal medullary interstitial
space is significantly lower in the Dahl SS compared to BN rats (79). Moreover, it was
observed that the increase in NO in the renal medulla in response to AngII infusion was
blunted in the Dahl SS rat, indicating a diminished capacity to release NO following in
vivo stimulation (79). These observations indicate that the vasculature and tubules of the
kidney of the Dahl SS rat may be overly sensitive to small elevations of circulating vaso-
constrictor agents (e.g., AngII, vasopressin, and norepinephrine) because of the lack of
an NO counter–regulatory system.

A series of studies were performed to determine whether Dahl SS rats respond similarly
to normal rats in which NOS activity in the renal medulla was blunted by selective
delivery of L-NAME to the medullary interstitium. Chronic intravenous infusion of AngII
(3.0 ng/kg/min) did not induce an increase of arterial blood pressure in normotensive
BN rats maintained on a low NaCl (0.4%) diet (79). In marked contrast, intravenous
infusion of the identical dose of AngII led to a sustained hypertension in Dahl SS rats,
which were also maintained on the low salt diet. Interestingly, a low dose of AngII
significantly reduced MBF in SS rats, but not in BN rats (79). These studies demonstrate
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that the ability of the BN rats to buffer AngII induced reductions of medullary blood
flow is dependent on the release of medullary interstitial NO because of Dahl SS rats
that failed to increase medullary NO in response to AngII exhibited a significant reduc-
tion of blood flow (79). Similar results to those observed with infusion of AngII were
observed when AVP was infused continuously to Dahl SS rats (80). Together, these
results indicate that a deficit in the ability of the outer medullary tissue of Dahl SS rats
to produce NO in response to AngII or AVP results in a chronic elevation of arterial
pressure in the Dahl SS rat with elevations of pressor agents that normally do not
produce hypertension.

4.6. NO Regulation and L-Arginine Uptake in Renal Medulla
The studies outlined above indicate that a deficit in NO synthetic ability in the renal

medulla may be important in the development of hypertension. The deficit in NO
production could be related to NOS enzyme as described above (79), or this effect
could be mediated by other alterations in the NO synthetic pathway. Related to this
possibility, it has been demonstrated that supplementation of L-arginine (L-Arg), the
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Fig. 5. Summary of studies demonstrating the reduced capacity of the Dahl SS rat to generate NO
within the outer medulla when compared to the Brown Norway (BN) rats. Panel A shows the sig-
nificantly reduced mRNA expression (determined by Northern blot) of the two detectable NOS
isoforms in SS rats compared to the BN rats (80). NOS activity in the outer medulla of SS rats is
also significantly decreased as depicted in Panel B (79). Panel C summarizes the results of the
Western blot analysis of protein expression of the three NOS isoforms in which all three isoforms
were significantly lower in the SS rat compared to BN rat (79). Panel D illustrates the changes in
NO in the renal medulla following an intravenous infusion of angiotensin II (AngII) in the BN and
the SS rat. Asterisk (*) designates a significant difference between the SS and BN in panels A–C
and in Panel D, indicates a significant difference from the pre-Ang II control.
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substrate for NOS, is capable of preventing salt-induced hypertension in Dahl SS rats
when administered by oral or intravenous routes (81–84). Experiments in anesthetized
rats demonstrated that the pressure–natriuretic response and the transmission of per-
fusion pressure into the renal interstitium were normalized by L-Arg treatment (83,84).
These observations led us to hypothesize that the major antihypertensive actions of
L-Arg in Dahl SS rats could be mediated through actions of this NO precursor in the
renal medulla. A dose of L-Arg (300 g/kg/min) was then infused into the renal
medullary interstitial space of Dahl SS to determine the effects of selective adminis-
tration of L-Arg administration on salt-induced hypertension (54,85). Remarkably, as
dietary salt content was increased from 0.4 to 4.0% NaCl, mean arterial pressure
remained nearly unchanged for a week in Dahl SS rats receiving the medullary infusion
of L-Arg (Fig. 6). In contrast, in Dahl SS rats receiving the saline vehicle infusion,
mean arterial pressure increased over 40 mmHg during the same time period. The same
dose of L-Arg that prevented salt-induced hypertension in SS rats when administered
into the renal medullary interstitial space failed to blunt the development of hyper-
tension when infused intravenously. Moreover, it was found that SS rats receiving the
high-salt diet exhibited a significant reduction of MBF, which was prevented by
chronic medullary interstitial delivery of L-Arg (54). These data, as summarized in
Fig. 6, indicated that the prevention of salt-sensitivity in SS rats was due specifically
to the action of L-Arg on the renal medullary function and that SS rats may have a
deficit of medullary substrate availability that could account in part for the observed
reduction in NO production in this region of the kidney. Taken together, these studies
in the Dahl SS rat indicate that an impairment of NO synthetic capacity in the renal
medulla is important in the development of hypertension in response to both small
elevations of circulating vasoconstrictor compounds, such as AngII, and in response to
a high-salt diet.

5. SUMMARY AND CONCLUSIONS

The data summarized in this chapter demonstrate that NOS is widely expressed
along the renal vasculature and nephron, with the three major NOS isoforms present in
a number of different tubular and vascular segments. Current evidence indicates that NO
serves as a paracrine and autocrine agent within the kidney. Under physiological condi-
tions, NO is important in the regulation of renal vascular resistance, the glomerular
ultrafiltration coefficient and the sensitivity of the tubuloglomerular feedback response.
The overall effects of NO favor an increase GFR. In addition, NO directly affects renal
tubular sodium handling that leads to decreased tubular sodium reabsorption. Under
physiological condition, NO serves as an intrarenal natriuretic factor and plays an
important role in the long-term control of arterial blood pressure.

Biochemical studies demonstrated that NOS mRNA, immunoreactive protein, and
enzymatic activity are enriched in the renal medulla relative to the renal cortex. This
enrichment of NOS synthetic activity in this portion of the kidney is associated with
elevated interstitial levels of NO. Moreover, studies in anesthetized rats demonstrated
that selective stimulation or inhibition of NO in the renal medullary interstitial space is
associated with a preferential alteration in blood flow in the medulla and corresponding
changes in sodium excretion and urine flow rate. Further experiments demonstrated
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that chronic inhibition of NO in the renal medulla of conscious rats led to a sustained
reduction in medullary blood flow, the retention of sodium, and the development of
hypertension. An additional set of experiments in conscious rats demonstrated that the
use of nonpressor doses of NOS inhibitors could attenuate the ability of the renal
medulla to increase NO in response to vasoconstrictor agents that was associated with
a sustained elevation in arterial blood pressure. Finally, it was demonstrated that a
genetic model of hypertension, the Dahl SS rat, has a reduction in NO synthetic capacity
on the renal medulla. Functional studies demonstrated that this deficit leads to a hyper-
tensive response of these rats to small doses of exogenous vasoconstrictors. Moreover,
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Fig. 6. Effects of renal medullary interstitial infusion of L-Arginine (L-Arg; 300 g/kg/min) in Dahl
SS rats on high-salt diet-induced changes in mean arterial pressure (MAP), cortical blood flow (CBF),
and medullary blood flow (MBF). SS rats infused with L-Arg r.i. are indicated by the open circle. SS
rats not infused with L-Arg but undergoing the same change in diet are indicated by the closed circle.
These data are regraphed from the original manuscript (54).
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supplementation of NOS substrate to increase the NO synthetic capacity of the medulla
of the Dahl SS rat prevents the hypertension that occurs when these animals are placed
on a high-salt diet. The production of NO in the kidney, particularly in the renal medulla,
is therefore of extreme importance in the regulation of extracellular fluid homeostasis
and arterial blood pressure regulation.
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1. INTRODUCTION

It has been recognized for many years that the endothelium produces vasoconstrictor
agents. In 1985, Hickey et al. showed the presence of a vasoconstrictor peptide secreted
by endothelial cells (1). Three years later, Yanagisawa et al. isolated and cloned the 21
amino-acid peptide endothelin (ET) (2). It has since become evident that not one but
several ETs are produced by many organs, subserving various functions. Of the different
ETs, ET-1 is the peptide that appears to be the more important ET produced by vascular
cells. Secreted by endothelial cells abluminally toward underlying smooth muscle cells,
it acts in a paracrine or autocrine manner (3).

Endothelin-converting enzyme (ECE) occurs as two different species (ECE-1 and
ECE-2). ECE-2 is present on smooth muscle cells and converts big ET-1 to ET-1 at this
level in the proximity of ET receptors on smooth muscle cells, from which ET-1 may
be protected from degradation. ECE-1 occurs in four isoforms (ECE-1a–1d) encoded by
one gene. There are four alternative promoters that result in the production of the four
isoforms (4). These isoforms differ only by their N-terminal amino-acid end, which is
responsible for their cellular localization. ECE-1b is an intracellular enzyme (5). The
three remaining isoforms have their catalytic domain oriented toward the outside of
the cell. It has been proposed that ECE-1b may heterodimerize with the other ECE-1
isoforms and regulates extracellular ECE-1 activity (6). In addition, there are non-ECE
ET-generating enzymes (chymase and neutral endopeptidase) (5).

Effects of ET-1 are mediated through ETA and ETB receptors. ETB receptors localized
on endothelial cells induce vasodilation through the production of nitric oxide (NO)
and cyclooxygenase-derived prostacyclin. ETA and ETB receptors localized on vascular
smooth muscle cells participate in the vasoconstrictor, proliferative and hypertrophic

From: Contemporary Endocrinology: Hypertension and Hormone Mechanisms
Edited by: R. M. Carey © Humana Press Inc., Totowa, NJ

245

Role of Endothelin-1 in Hypertension

Ernesto L. Schiffrin

CONTENTS

INTRODUCTION

VASCULAR EFFECTS OF ET-1
THE ET SYSTEM IN ESSENTIAL HYPERTENSION

CONCLUSIONS

REFERENCES

15

15_Schiffrin_Carey  5/2/07  1:30 PM  Page 245



effects of ET-1. In arteries, ETA receptors are predominant, whereas in veins and in
the pulmonary circulation, vasoconstrictor ETB may predominate over ETA receptors.
Interestingly, there are few endothelial vasodilator ETB receptors in the coronary circu-
lation, and accordingly, ET-1 is predominantly a coronary vasoconstrictor. Because of
this bifunctional action, it is still unclear whether ET is a vasoconstrictor or a vasodilator
under physiological conditions.

Inactivation of the ET-1 or the ETA receptor gene in mice induces a slightly raised
blood pressure as a result of craniofacial developmental abnormalities that affect venti-
lation (7,8). Associated with this are large conduit artery abnormalities that demonstrate
the role of the ET-1/ETA axis in development of the aorta. ET-3 on the other hand is a
neuropeptide with a critical role in neural crest cell migration, and mutations or gene
inactivation of ETB receptors, for which ET-3 is the preferred ligand, induce pigmentary
abnormalities and aganglionic megacolon (9). Indeed, in many cases of hereditary
Hirschprung’s disease, characterized by aganglionic megacolon, mutations in the ETB
receptor have been noted. Interestingly, heterozygous mice for inactivation of the ETB
receptor present slightly increased blood pressure, suggesting that ETB receptors are
predominantly vasodilator, even if there are also vasoconstrictor ETB receptors.

2. VASCULAR EFFECTS OF ET-1

ET-1 generation is modulated by shear stress that downregulates its release by
endothelial cells (10). NO production, stimulated by shear stress, is an important inhibitor
of ET-1 release (11), and may thus be a mediator of this effect. Hypoxia, epinephrine,
thrombin, Ang II, vasopressin, cytokines, insulin, and growth factors such as TGF- 1
stimulate endothelial release of ET-1. Leptin has also been shown to upregulate ET-1 pro-
duction by endothelial cells (12), which could explain in part increases of ET-1 in obesity.
This may represent a mechanism that relates obesity to frequently associated cardio-
vascular conditions including hypertension and atherosclerosis, or that contributes to the
evolution of the metabolic syndrome toward type 2 diabetes. Peroxisome proliferator-
activated receptors (PPARs) are nuclear factors involved in adipocyte differentiation and
insulin sensitivity that have been recently shown to exhibit potent anti-inflammatory and
antigrowth properties (13–15). Both PPAR and have been shown in vivo, to inhibit
the enhanced expression of preproET-1 mRNA and prevent the progression of hyper-
tension in DOCA-salt rats (16), in which the ET system is activated (17). This effect of
fibrates (PPAR activators) and thiazolidinediones (glitazones, PPAR activators) was
accompanied by decreased vascular ET-1 expression.

In deoxycorticosterone acetate (DOCA)-salt rats, associated with an increased
vascular ET-1 production (17) “enhanced” vascular superoxide generation by reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase has been demonstrated,
which may contribute to decreased bioavailability of NO, and accordingly, induce
endothelial dysfunction (16).

2.1. Long-Term Effects of ET-1 on Blood Vessels 
in Experimental Hypertension

ET-1 participates in the remodeling of large and small arteries found in hypertension
(18). In some models of experimental hypertension, particularly those that are salt-induced,
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such as DOCA-salt hypertension or in Dahl salt-sensitive rats, as well as in severe
hypertension, there is typically hypertrophic remodeling of resistance arteries with
increased cross-sectional area rather than the eutrophic remodeling without true vascular
hypertrophy more often found in essential hypertension and in spontaneously hyper-
tensive rats (SHR) (18). This hypertrophic remodeling appears to be the signature of
an effect of ET-1 (19,20), in contrast to the effects of endogenous Ang II, which is asso-
ciated with eutrophic remodeling (21). Collagen deposition participates in the remodeling
occurring in hypertension. EGF receptor transactivation appears to play an important
role in the vascular fibrotic component of remodeling (22). In transgenic mice harboring
the luciferase gene under the control of the collagen I- 2 chain promoter, ET-1 induced
a rapid phosphorylation of the mitogen-activated protein kinase (MAPK) and activation
of the collagen I gene in aorta, effect that was blocked by an EGF receptor phospho-
rylation inhibitor, and by a blocker of MAPK. The EGF receptor inhibitor also reduced
vasoconstrictor effects in vitro and pressor responses in vivo to ET-1.

We recently created a genetically engineered mouse that transgenically expresses
human preproET-1 limited to the endothelium (by use of the endothelium-specific
promoter Tie-2) (23). This induced a phenotype that, in the absence of significant blood
pressure elevation, was associated with small artery hypertrophic remodeling and
endothelial dysfunction, in support of our previous proposal that ET-1 induced vascular
hypertrophy directly and independently of blood pressure elevation (19,20). Interestingly,
NADPH oxidase activity was enhanced, indicating increased generation of superoxide
anion that could contribute to the decreased endothelium-dependent relaxation through
reduced NO bioavailability.

Bakker et al. have investigated in organoid culture some of the mechanisms involved
in the remodeling induced by ET-1 in small arteries (24). Three-day activation with
ET-1 induced vasoconstriction and eutrophic remodeling, which could be enhanced by
an antibody directed to 3-integrin. Inward eutrophic remodeling was shown to be a
response to sustained contraction, which may involve collagen reorganization through

3-integrins. The same group showed that stimulation with ET-1 induced significant
increase in c-fos mRNA, which could not be blocked by inhibitors of tyrosine kinases,
MAP kinases, or conventional protein kinase C, but was inhibited by staurosporine and
the calcium chelator BAPTA, suggesting a role for intracellular calcium (25). Thus, ET-1
induced increased expression of c-fos independent of MAP kinase via a calcium-dependent
mechanism in the absence of wall stress.

ETB receptors have been suggested to play a pro-apoptotic role (26), whereas ETA
receptors mediate cell growth and apoptosis through NF B activation (27). However,
the overall effect of ET-1 appears to be a survival and anti-apoptotic action and is
associated with attenuation of the caspase-3 pathway activation (28).

Reactive oxygen species (ROS), which are involved in the pathophysiology of hyper-
tension and in vascular damage, are potent inducers of ET-1 synthesis in endothelial cells
(29). In addition, as already mentioned in relation to endothelial dysfunction, ET-1 is able
to activate NADPH oxidase in smooth muscle cells and in blood vessels (20). Its mitogenic
effects may be in part mediated via an increase in the production of ROS (30), as already
mentioned. In aldosterone-infused rats exposed to a normal salt diet, systolic blood pres-
sure, plasma ET, systemic oxidative stress, and vascular NADPH activity increased in
association with small artery hypertrophic remodeling. Laser confocal microscopy showed
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increased collagen, fibronectin, and intercellular adhesion molecule (ICAM-1) content in
the vessel wall of aldosterone-infused rats. ETA receptor antagonism decreased oxidative
stress, normalized the hypertrophic remodeling, decreased collagen and fibronectin depo-
sition, and reduced ICAM-1 abundance in the vascular wall of aldosterone-infused rats,
whereas hydralazine lowered blood pressure and reduced NADPH activity in aorta but
did not affect the other vascular changes. ET blockade thus exerts beneficial effects on
vascular remodeling, fibrosis, oxidative stress, and adhesion molecule expression in aldos-
terone-induced hypertension (31). In salt-loaded stroke-prone SHR (SHR-SP) rats, whose
hypertension has an ET-1 component, administration of antioxidants such as the superoxide
dismutase mimetic Tempol decreased the media to lumen ratio of mesenteric arteries (32).
However, whereas in mice NADPH oxidase appears to be of major importance in media-
tion of ROS generation induced by ET-1 (23,33), in rats and in human smooth muscle
cells ET-1 appears to induce superoxide anion formation also through activation of other
mechanisms, including xanthine oxidase and mitochondrial sources of free radicals (34).
It is known that ET-1 influences mitochondrial function and ROS formation in cultured
cardiomyocytes (35). Interestingly, superoxide anion from different sources including
mitochondrial ROS modulates ET-1 production (35,36). Ang II-induced redox-sensitive
ERK signaling plays a role in ET-1 gene expression in rat aortic smooth muscle cells (37)
and ET-1 synthesis depends on intracellular ROS generation in human VSMCs (38).
Increased ET-1 could in turn stimulate mitochondrial-derived ROS production. Although
Ang II activates p38MAPK, JNK, and ERK5 primarily through NAD(P)H oxidase-
generated ROS (34), ET-1 stimulates these kinases via redox-sensitive processes that
involve mitochondrial-derived ROS. Thus, redox-dependent activation of MAPKs by
Ang II and ET-1 occurs through distinct ROS-generating systems that contribute to the
differential signaling in vascular smooth muscle cells by these agents.

ET-1 stimulates cell migration and VEGF production (39,40), which could imply its
involvement in angiogenesis. ET-1 antagonists block angiogenesis and tumor progression
(41). However, ETA/ETB antagonism has improved survival after myocardial infarction,
which may relate to improved perfusion resulting from triggering of an angiogenic
response (42). In a model of hindlimb ischemia the ET system is activated and ET
antagonists increase neovascularization (43). Capillary density in the left ventricular
myocardium is decreased in DOCA-salt rats (44). This rarefaction may be prevented by
use of an ETA receptor blocker, which suggests that ET-1 has detrimental effects on the
microcirculation, whereas ETA receptor blockers favor angiogenesis. The role of ET-1
in angiogenesis post-ischemia or on tumor growth remains therefore undefined. A recent
study examined the role of ET-1 in the development of coronary vasa vasorum in experi-
mental hypercholesterolemia in pigs using microscopic-computed tomography (45).
Vasa vasorum density was higher in the hypercholesterolemic group associated with
increased VEGF expression in the coronary arterial wall. These changes were abrogated
by an ETA receptor antagonist, supporting an involvement of ET in vasa vasorum
neovascularization in early coronary atherosclerosis.

2.2. ET-1 and Renal and Cardiac Target Organ Damage 
in Experimental Hypertension

ET-1 plays a role in renal and cardiac target organ damage in hypertension. ET-1
production is enhanced under conditions of salt loading, and via renal ETB receptor
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activation, inhibits sodium re-absorption (46). Ang II infusion combined with high salt
increases renal ET-1 (47). In Ang II-infused mice, the dual ETA/ETB receptor blocker
bosentan partially prevented the activation of the procollagen gene (48). However,
Rothermund et al. studied transgenic rats overexpressing the ren2 gene (TGR(mRen2)27)
that have renin-dependent hypertension (Ren2) and were treated between 10 and 30 wk
of age with the selective ETA receptor antagonist darusentan or the ETA/ETB receptor
antagonist LU420627 (49). The elevated blood pressure and mortality of Ren2 was not
affected by either ET receptor antagonist. Proteinuria and glomerulosclerosis, tubulo-
interstitial damage, and renal osteopontin mRNA expression were reduced by an
angiotensin receptor blocker but were unchanged in ET receptor blocker-treated Ren2-
rats, indicating that ET-1 is not involved in the renal damage and mortality in primary
renin-dependent hypertension. On the other hand, in salt-loaded SHR-SP, increases in
renal ET-1 were associated with increases in transforming growth factor (TGF)- 1,
basic fibroblast growth factor (bFGF), procollagen I expression and matrix metallo-
proteinase (MMP)-2 activity, which in turn were normalized by a selective ETA antagonist.
This indicates that ET-1 plays a role in renal fibrosis through growth factors and induction
of inflammation (50).

In the heart, ETA blockade prevented enhanced TGF- 1 expression and collagen
deposition in DOCA-salt rats (51). ETA receptors modulated the expression of
inflammatory mediators such as NF B and adhesion molecules, and the activation
of the anti-apoptotic molecule X inhibitor of apoptosis peptide (xIAP) (52). Thus,
regulation of the inflammatory process may affect mechanisms that play a role in
cardiac remodeling such as apoptosis and cell hypertrophy. Inhibition of NF B has
indeed prevented anti-apoptotic and hypertrophic actions of ET-1 (53). NF B is
redox sensitive and is activated by NADPH oxidase-derived superoxide anion (54).
ET-1-dependent cardiac hypertrophy is induced by the activation of NADPH oxidase
and MAPK (55). Combined ETA/ETB prevented target organ damage in Ang II-
infused rats through decreased activation of NF B and downregulation of ICAM-1,
vascular cellular adhesion molecule (VCAM)-1, and tissue factor, underlining the
pro-inflammatory effects of ET-1 that occur partly interacting with the renin–
angiotensin–aldosterone system (RAAS) (56). However, it should be noted that
there is an evidence that ET-1 and the RAAS act in parallel rather than in series, as
suggested by recent work (49,57,58). Indeed, in the TGR(mRen2)27, a primary
form of renin-dependent hypertension, bosentan was ineffective in lowering blood
pressure (56) as also reported with an ETA selective blocker in other studies (58).
Among components of the RAAS, aldosterone may contribute to both cardiac and
vascular damage mediated by ET-1, similarly to effects already described for the
mineralocorticoid DOCA. Indeed, we recently showed that ETA antagonism prevents
vascular remodeling and cardiac and vascular fibrosis in aldosterone-infused rats
(31,59,60).

3. THE ET SYSTEM IN ESSENTIAL HYPERTENSION

Immunoreactive ET plasma levels, which reflect poorly ET-1 tissue production,
are not elevated in essential hypertension (61), except in African Americans, in whom
the circulating ET is elevated in hypertensive subjects (62). Hirai et al. (63) recently
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studied immunoreactive ET in plasma in 1492 subjects and showed by multiple
stepwise regression analysis that age, creatinine, and smoking were significantly
correlated to plasma ET. No relation was demonstrated between plasma ET and BP,
suggesting that high ET is not related to hypertension, but to subclinical renal dys-
function and smoking. However, vascular levels of immunoreactive ET are increased
in patients with moderate-to-severe hypertension (Stage 2 of the JNC 7 classification),
compared with normotensive subjects or patients with mildly elevated blood pressure
(Stage 1) (64). Studies in hypertensive humans have shown that ETA receptor antagonists
cause a greater degree of vasodilatation in forearm vessels of essential hypertensive
patients compared with normotensive subjects (65), which may suggest a predominant
role of ETA receptors in the regulation of vascular tone by endogenous ET-1. The
ETA antagonist BQ-123 improved impaired vasodilation in hypertensive patients. On
the other hand, the ETB antagonist BQ-788 induced vasoconstriction on forearm
resistance arteries in normotensive subjects (66,67). This suggests that ETB receptors
may play a vasodilator role in normotensive subjects. BQ-788 had a vasodilator
action on the forearm circulation of hypertensive subjects (66), indicating that a
vasoconstrictor effect of ETB receptors could be found in hypertensive but not in
normotensive individuals. Black American patients appear to have increased numbers
of smooth muscle vasoconstrictor ETB receptors (68,69), which may underlie the
ET-dependency that has been suggested in these subjects. In a recently published
study, forearm blood flow responses to BQ-123 in normotensives was similar in
white and black subjects, whereas in hypertensive patients the vasodilator effect of
ETA receptor blockade was significantly higher in blacks than in whites (70). ET-1
induced a significant vasoconstriction without differences between white and black
patients. Together, this data suggested that in hypertensive blacks there is increased
ETA-dependent tone that participates in vasoconstriction and contributes to blood
pressure elevation. Human subjects infused with stepwise increasing intravenous
doses of Ang II exhibited decreased renal plasma flow and glomerular filtration rate,
and increased blood pressure and renal vascular resistance, which were unaffected by
co-administration of the selective ETA-receptor antagonist BQ-123 (71), which suggests
as indicated earlier (55) that the pressor responses to Ang II cannot be attributed to
the action of ET-1.

ET-1 potentiates the action of vasoconstrictors such as phenylephrine or serotonin at
low concentrations (10 11 mol/L) (72). This mechanism has been demonstrated to be
enhanced in hypertensive patients (73) and is affected by a polymorphism (EDN1
K198N) located in the coding region of the prepro-ET-1 gene (74). This phenomenon
could contribute to increased vascular tone in hypertensive patients.

Cardiac hypertrophy and fibrosis have been attributed to the effects of mineralo-
corticoids and ET-1 in experimental studies (51,52). Recent studies in human hypertension
using the analysis of the ultrasonic backscatter signal that arises from tissue heterogeneity
within the myocardium and describes myocardial texture have allowed investigation of
relations between myocardial fibrosis and circulating aldosterone and immunoreactive
ET in human hypertension (75). In patients with essential hypertension, primary aldostero-
nism, or renovascular hypertension, myocardial-integrated backscatter correlated with
plasma aldosterone and immunoreactive ET, suggesting that aldosterone and ET-1 may
induce myocardial fibrosis in human hypertension.
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3.1. ET Antagonists in Essential Hypertension
Because ETB receptors are both vasoconstrictor and vasodilator, and additionally at

least in the mouse have a natriuretic effect, there has been ongoing controversy on
whether selective ETA or combined ETA/ETB receptor blockers would be more efficacious
therapeutically in cardiovascular diseases including hypertension. However, there are no
clinical trials available comparing an ETA antagonist to a combined ETA/ETB blocker.

The combined ETA/ETB antagonist bosentan (500 mg to 2000 mg/d for 4 wk) given
to patients with mild-to-moderate essential hypertension lowered blood pressure by
5.7 mmHg, comparable to the reduction observed with the ACE inhibitor enalapril
(20 mg/d) (76). More recently, the selective ETA antagonist darusentan was shown to
reduce systolic blood pressure by 6.0 (at 10 mg/d for 6 wk) to 11.3 mmHg (at 100 mg/d)
(77). Elevation of liver enzymes, a side effect sometimes found with bosentan, was not
encountered with darusentan. Although these results have been promising, whether
ET receptor antagonists will become part of the therapeutic armamentarium in essential
hypertension and associated target organ damage remains unclear, and none of these
agents are currently being developed for this indication. Recently, however, trials have
been started for treatment of resistant hypertension using ETA selective endothelin
antagonists such as darusentan. Some initial promising preliminary results have been
reported, but we will have to wait for definitive larger trials to determine whether indeed
resistant, severe or uncontrolled hypertension becomes an indication for the use of
ET antagonists.

3.2. ET Antagonists in Heart Failure, Renal Failure, and Diabetes Mellitus
Although initial studies of heart failure demonstrated beneficial effects of ET blockade

both acutely (78) and with bosentan over 14 d with improved systemic and pulmonary
hemodynamics (79), recent studies such as ENABLE demonstrated increased risk of
worsening heart failure in patients treated with bosentan (80). On the other hand, ETA
selective antagonists (darusentan) increased cardiac index after 3 wk of treatment in
the HEAT study, although pulmonary capillary wedge pressure, pulmonary arterial
pressure, pulmonary vascular resistance, and right atrial pressure remained unchanged.
However, systemic vascular resistance decreased significantly. High dosage of darusentan
induced adverse events, but were associated in some cases with early aggravation of
heart failure and even death. Thus, in a large patient population selective ETA receptor
blockade for 3 wk improved some indices of heart failure, but long-term studies are still
needed to conclude whether ETA blockade is beneficial in congestive heart failure (81).
Other recent studies such as RITZ-4 and 5 with the intravenous ETA/ETB antagonist
tezosentan in acute heart failure do not seem to support much evidence of efficacy of
ET blockers in acute left ventricular dysfunction (82). On the other hand, and on the
basis of clinical trials (83), bosentan was approved for the treatment of primary pul-
monary hypertension, which is currently the only approved indication of ET receptor
antagonists. New studies suggest as well the use potential use for this indication of
ETA selective blockers.

Selective ETA antagonists have prevented the progression of diabetic nephropathy
in rat models (84). In an acute, randomized, placebo-controlled, double-blind, four-way
crossover study, the selective ETA (BQ-123) and ETB (BQ-788) receptor antagonists
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were given alone and in combination to patients with chronic renal failure (85). The
ETA receptor blocker lowered blood pressure and induced renoprotective effects in the
chronic renal failure patients. Because the ETB receptor has renal vasodilatory action,
combined ETA/ETB receptor blockade did not confer these renal benefits, although it
did lower blood pressure.

Hyperinsulinemic insulin-resistant individuals have relatively elevated circulating
levels of immunoreactive ET, suggesting that ET-1 plays a role in endothelial dysfunc-
tion and vascular damage found in these conditions (86). In patients with type 2 diabetes,
ETA receptor blockade restored impaired vasodilatation (87). In nondiabetic obese and
in type 2 diabetic subjects, arterial administration of BQ-123 produced significant vaso-
dilatation (83). ETA blockade did not affect basal NO flux, which suggests the presence of
increased ET constrictor tone in these subjects. Stimulated NO flux increased in response
to ETA blockade in obese and type 2 diabetic subjects. Thus, ET contributes to endothelial
dysfunction and the regulation of vascular tone in obesity and type 2 diabetes (88).

On the basis of the experimental and clinical data reported above, a clinical trial has
recently been initiated in diabetic nephropathy using an ETA selective receptor blocker.
The results of this study, when available, will allow further conclusions on the potential
of inhibition of the endothelin system to stop progression of this critical complication of
diabetes mellitus.

3.3. Genetics of the ET System
A polymorphism (EDN1 K198N) located in the coding region of the prepro-ET-1

gene (89) has been associated with increased vascular reactivity, and as already mentioned,
could contribute to increased vascular tone in hypertensive patients (74). This polymor-
phism has also been associated with blood pressure levels in overweight individuals
(88). A polymorphism of ECE-1b (ECE1 C-388A) in the 5 -regulatory region of the
ECE-1b gene (338 bp upstream from the translation start site), resulting in a binding
site for the transcription factor E2F-2 was recently described in two cohorts of hyper-
tensive patients. This C-to-A substitution is associated with increased promoter activity,
as demonstrated in promoter–reporter gene experiments (90). In a group of untreated
hypertensive German women, the A allele of this polymorphism had a codominant effect
on daytime and night time systolic and diastolic BP (90). In another cohort from the
Étude du Vieillissement Artériel (EVA) study, an epidemiological study in France, this
finding was in part confirmed in 1198 subjects (698 women) (91). The association of
BP and the polymorphism was found in women but not in men. Females homozygous
for the A allele had significantly higher systolic, diastolic, and mean BP levels, which
suggest a recessive effect of this variant in this French population. The A allele may
raise expression of ECE-1b, resulting in increased production of ET-1, which remains to
be proven. The EDN1 K198N polymorphism of the preproET-1 gene was not associated
with BP values in either men or women in this study, but interacted with the ECE1
C-338A variant to influence systolic and mean BP levels in women (91). Although the
EDN1 variant did not correlate with BP, the effect of the ECE1 C-338A variant on BP
occurred only in homozygous EDN1 KK women. The reason why the ECE-1b effect
was observed only in females remains undetermined but could be related to interactions
between sex hormones and the ET system. Stimulation of the ET system by androgens
might explain the lack of effect in males.
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4. CONCLUSIONS

ET-1 has pro-inflammatory, hypertrophic, and pro-fibrotic properties on the heart,
kidney, and blood vessels. Beneficial actions of ET receptor antagonists could contribute
to prevent hypertensive, atherosclerotic, and diabetic complications. ET blockade may
present important blood pressure-independent effects on cardiovascular growth, inflam-
mation, and fibrosis, which may contribute to its therapeutic potential in hypertension
and other cardiovascular disorders, including chronic renal failure and diabetes. We
must now wait for the results of ongoing trials of ETA receptor blockers in resistant or
uncontrolled essential hypertension and in diabetic nephropathy to find out whether the
promise of therapeutic effectiveness of ET blockade in human disease is realized.
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1. TISSUE KALLIKREIN–KININ SYSTEM COMPONENTS

Tissue (glandular or renal) kallikrein (E.C. 3.4.21.35) belongs to a subgroup of serine
proteinases and processes low molecular weight kininogen substrate to release vasoactive
kinin peptides (1). The well-recognized function of tissue kallikrein is mediated by
lysyl-bradykinin (Lys-BK or kallidin) and bradykinin (BK), which consist of 10 and 9
amino-acid peptides, respectively. Kinins are then degraded by enzymes such as kininases
I and II and neutral endopeptidase (NEP) to produce a number of kinin metabolites or
inactive fragments. Intact kinins bind to kinin B2 receptors, whereas kinin metabolites,
such as Des–Arg9–BK or Des–Arg10–Lys-BK, bind to kinin B1 receptors. The physio-
logical functions of the KKS are mediated by the constitutively expressed B2 receptor.
Unlike the B2 receptor, the B1 receptor is expressed at low levels in the heart, vasculature,
and kidney and is induced by trauma or inflammation (2). The binding of kinins to their
respective receptors activates second messengers such as NO, cGMP, prostacyclin, and
cAMP, which trigger a broad spectrum of biological effects including vasodilation,
smooth muscle contraction and relaxation, inflammation, and pain (3,4). Figure 1 shows
the inter-relationship of the tissue kallikrein–kinin system components.

The KKS can be regulated at different steps through system-specific inhibitors, kininases
and antagonists, as well as through a kininase shared with the renin–angiotensin system
(RAS). Expression of the tissue kallikrein gene is regulated by a number of hormones
(5,6). The activity and metabolism of kallikrein are modulated post-translationally by
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Fig. 1. The interrelationship of the tissue kallikrein–kinin sysyem components.
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kallistatin, an endogenous and specific tissue kallikrein-binding protein and inhibitor
(7–9). Kallistatin is a potent vasodilator, which induces blood pressure reduction in
anesthesized rats and vasorelaxation in isolated aortic rings independent of its kallikrein
inhibitory activity (10). The KKS can be blocked by tissue kallikrein inhibitors (kallistatin
or aprotinin), icatibant (Hoe 140, a specific B2 receptor antagonist) or Des–Arg9–[Leu8]
BK (a specific B1 receptor antagonist) (1,3). The KKS and RAS are linked by
angiotensin-converting enzyme (ACE), a dipeptidase, which is the same enzyme as
kininase II. ACE has dual functions: it not only converts angiotensin I to vasoconstrictor
peptide angiotensin II (Ang II), but also degrades kinin to release a dipeptide fragment,
Phe–Arg, from the carboxyl end of the kinin peptide, rendering kinin inactive. Therefore,
the beneficial effects of ACE inhibition in hypertension, cardiovascular, and renal dis-
eases may also be attributed to kinin accumulation, as icatibant can partially abolish
these effects (11–13). Hypertension could result from either an excess of vasoconstrictor
substances or a deficiency in vasodilator substances. Manipulation of the vasodilator
KKS by a continuous supply of tissue kallikrein through gene transfer or protein infusion
could potentially counter-balance the vasopressor effect of the RAS in blood pressure
homeostasis and cardiovascular complications.

2. TISSUE KALLIKREIN IN HYPERTENSION

Tissue kallikrein was first discovered as a hypotensive substance in 1909 by
Abelous and Bardier as they showed that intravenous injection of human urine into
the anesthetized dog causes a transient reduction of blood pressure (14). This hypotensive
substance was later isolated and identified as an enzyme, which was called kallikrein,
a Greek synonym for pancreas (15,16). Although pancreas has been shown to be the
major site of human tissue kallikrein synthesis (17), urinary kallikrein mainly originates
from the kidney (18). Tissue kallikrein is widely expressed in tissues relevant to cardio-
vascular and renal function including heart, kidney, brain, and blood vessels. Reduced
renal (urinary) kallikrein levels in the patients of essential hypertension were documented
in 1934 (19). Four decades later, this important finding was verified by a series of studies
showing abnormally low kallikrein excretion in patients with essential hypertension and
renovascular hypertension and in hypertensive animal models (20–22). Furthermore,
long-term studies indicated that urinary kallikrein excretion was familiarly aggregated,
markedly reduced in African-American compared to caucasian children, and inversely
related to blood pressure in these normotensive populations (23). An association
between reduced excretion of kallikrein and human hypertension has also been reported
both in Caucasian and African-American individuals (23–25). The influence of both
race and dietary sodium intake on kallikrein excretion in hypertensive patients is greater
compared to normotensive individuals. Moreover, a study using highly informative
family pedigrees in Utah indicated that a dominant gene expressed as renal or urinary
kallikrein may be associated with a reduced risk of hypertension (26). These findings
suggest a protective role of tissue kallikrein in the development of high blood pressure
in human populations.

Reduced urinary kallikrein excretion has also been described in a number of genetically
hypertensive rat models such as spontaneously hypertensive rats (SHR), New Zealand
rats, Fawn-Hooded rats, and Dahl-SS hypertensive rats (27–31). Restriction fragment
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length polymorphisms (RFLPs) have been mapped in the rat tissue kallikrein gene
between SHR and normotensive Wistar–Kyoto (WKY) rats (32), and a tissue kallikrein
RFLP has been shown to cosegregate with high blood pressure in the F2 offspring of
SHR and normotensive Brown Norway crosses (33). These findings suggest a close
linkage between the kallikrein gene locus and the hypertensive phenotype in SHR.
Kinin appears to play a role in blood pressure regulation in SHR fed a salt-deficient diet,
because the administration of a kinin receptor antagonist caused an increase in blood
pressure (34). Furthermore, kininogen-deficient (Brown Norway–Katholiek) rats, which
cannot generate kinin, are susceptible to the development of salt-induced hypertension
(35). In humans and rats, low dietary sodium intake, high potassium intake, or sodium-
retaining steroids all increased kallikrein excretion, whereas spirolactone decreases it
(36,37). Since urinary kallikrein originates in the kidney, increased urinary kallikrein
levels would suggest increased synthesis in the kidney. High potassium diet in SHR
resulted in upregulation of renal kallikrein and kinin B2 receptor expression, which was
accompanied by blood pressure reduction (38).

2.1. Genetic Linkage of Human Tissue Kallikrein Gene Polymorphism
Essential hypertension is commonly recognized as a complex disorder with a significant

degree of genetic and environmental components (39). A high dietary salt intake has
been suggested to be one of the most important environmental risk factors for hyper-
tension (40–42). However, the blood pressure responses to salt intake or depletion vary
dramatically in humans (43). Stratification of salt sensitivity in the general population
is a major problem for the application of dietary sodium restriction as a nonpharma-
cological therapy for essential hypertension. Therefore, it is important to identify
individuals with gene(s) and their allelic variants that confer an increased risk to develop
hypertension under a high-salt diet. In this regard, we have identified 14 polymorphic
alleles in the proximal promoter region of the human tissue kallikrein gene (KLK1) (44).
This region contains a poly-guanine length polymorphism coupled with multiple sub-
stitution polymorphisms that constitute at least ten differential haplotypes in the –121
to –131 nucleotides from the transcription initiation site. Promoter activity assays with a
reporter gene indicated that this polymorphic site regulates the expression of the kallikrein
gene. The high variability of the promoter and its proximity to the tissue kallikrein gene
render it suitable for investigating the correlation between this polymorphism and blood
pressure regulation.

In response to dietary restriction, individuals with a lower kallikrein excretion
under habitual high-salt diet showed a higher mean blood pressure reduction than the
groups with a higher kallikrein excretion. Furthermore, the blood pressure response
to dietary sodium was significantly correlated with the kallikrein promoter genotype.
These findings indicate that this kallikrein promoter polymorphism may directly par-
ticipate in the regulation of kallikrein gene expression and the blood pressure regulation
in response to dietary sodium restriction in human populations. Moreover, a recent
study reported that the systemic and renal KKS act in tandem to modulate the
response to salt intake (45). The systemic KKS is activated during high salt intake and
counterbalances increased vascular response to pressors. With sodium restriction, the
renal system is activated and counter-balances the increased sodium-retaining state
induced by activation of the RAS. With hypertension, these modulating effects are
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diminished or lost, indicating a role of the KKS and RAS in the development on main-
tenance of hypertension.

Low urinary kallikrein excretion has been associated with hypertension and renal
disease (20,21,23). Because urinary kallikrein originates in the kidney, reduced kallikrein
excretion would suggest impaired renal function. To identify the source of differential
kallikrein excretion, we evaluated the linkage of the human tissue kallikrein gene promoter
alleles with end-stage renal disease (ESRD) in African-Americans. The results show that
the kallikrein gene promoter is uniquely polymorphic and the alleles of the kallikrein gene
promoter are associated with hypertension and/or hypertension-associated ESRD (46).

2.2. Hypotension in Transgenic Mice Expressing Human Tissue 
Kallikrein or Kinin B2 Receptor

Although epidemiological and genetic linkage analyses implicate a protective role of
tissue kallikrein in the development of hypertension, molecular evidence documenting
a direct link between kallikrein gene expression, and alteration of blood pressure is
lacking. This is because of the difficulty in eliciting and maintaining high levels of
either kinin or kallikrein in experimental animals. Gene transfer technology provides a
novel approach to study the role of the KKS in blood pressure regulation. In order to
evaluate the physiological role of the KKS, we have established transgenic mouse lines
expressing KKS components. Transgenic mice expressing human tissue kallikrein were
permanently hypotensive throughout their lifetime compared to their control littermates
(47–49). Similarly, transgenic rats expressing human tissue kallikrein are also hypotensive
(50). Administration of aprotinin or icatibant to the transgenic mice raised their blood
pressures to normal levels (47,48). These results indicate that the expression of func-
tional human tissue kallikrein can permanently alter the blood pressure setting in the
transgenic animals and that the effect is mediated by the kinin B2 receptor. This conclusion
is reinforced by a study showing that transgenic mice expressing human kinin B2 receptor
are hypotensive when compared to their control littermates (51).

3. ENDOGENOUS KKS IN BLOOD PRESSURE HOMEOSTASIS 
AND CARDIOVASCULAR FUNCTION

Gene knockout is a powerful approach used to study the physiological role of a gene
by analyzing the phenotype in an animal model deficient in the encoded gene product.
Kinin B2 receptor-deficient mice had a significantly higher systemic blood pressure
when maintained on a high-salt diet, compared to knockout mice on a normal sodium
diet (52). However, there was no difference in blood pressure in normal mice fed either
a normal or a high-sodium diet. These findings indicate that kinin and the B2 receptor
contribute to the prevention of salt-sensitive hypertension, possibly by maintaining
renal blood flow under conditions of high salt intake. Another study showed that mice
lacking the B2 receptor have elevated systolic blood pressure (53). In addition, systemic
blood pressure in B2 heterozygous mice was initially shown to be similar to that of control
mice, but gradually increased to hypertensive levels at the age of 6 mo (54). In contrast,
the B1 receptor deficient mice are healthy, fertile, and normotensive (55). In B1 knockout
mice, bacterial lipopolysaccharide-induced hypotension is blunted, and there is a reduced
accumulation of polymorphonuclear leukocytes in inflamed tissue. Tissue kallikrein
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knockout mice are unable to generate significant levels of kinins in most tissues and
develop cardiovascular abnormalities early in adulthood despite normal blood pressure
(56). Collectively, these studies strongly support a role for the endogenous KKS in
blood pressure homeostasis and cardiovascular function.

3.1. Antisense Inhibition of KKS in Central Regulation of Blood Pressure
Antisense inhibition strategy, based on interference of information flow from gene

to protein, was used to explore the role of the central KKS in blood pressure regulation
(57,58). Acute intracerebroventricular (ICV) injection of antisense oligonucleotides
for rat kininogen mRNA or kinin B2 receptor mRNA caused a rapid and significant
blood pressure increase in SHR that returned to basal levels within 24 h (57). Prolonged
vasopressor effects were observed after repeated injections of antisense oligonucleotides.
Mean blood pressure was not altered by intravenous injection of antisense oligonucleo-
tide or by central injection of sense or scrambled oligonucleotide. Kininogen levels
were significantly lower in the brain of SHR given antisense kininogen oligonucleotide
compared with controls. Uptake of antisense oligonucleotides for rat kininogen or B2
receptor mRNA was detected in the hippocampus, thalamus, and hypothalamus periven-
tricularis after the central injection of fluorescein isothiocyanate-conjugated antisense
oligonucleotides. The role of brain kinin B1 receptor was further explored by central
administration of an antisense oligonucleotide to rat kinin B1 receptor mRNA (58).
The use of B1 receptor antisense caused a significant reduction of blood pressure in
SHR for more than 48 h, indicating that the activation of the brain B1 receptor by
endogenous kinin metabolites may participate in the control of blood pressure.
Collectively, these results indicated a differential role of B1 vs B2 receptors in central
regulation of blood pressure.

3.2. Kallikrein–Kinin Administration on Blood Pressure
Intravenous infusion of tissue kallikrein or kinin results in a transient reduction of

blood pressure that lasts only 1–2 minutes (10). The short duration of tissue
kallikrein–kinin in the circulation is due to the presence of tissue kallikrein inhibitors as
well as kinin degrading enzymes in the blood vessels. Oral administration of purified pig
pancreatic kallikrein has been shown to temporarily lower both the supine and upright
blood pressure of hypertensive patients (59–60). However, continuous oral kallikrein
intake three times daily is required to maintain low blood pressure. The benefit of kallikrein
in inducing blood pressure-lowering effect disappeared quickly on the termination of oral
kallikrein intake. Therefore, somatic gene delivery that leads to continuous expression of
a gene of interest for an extended period of time may be used as an alternative approach
to circumvent this problem.

3.3. Systemic Gene Delivery of Human Tissue Kallikrein Reduces Blood
Pressure in Genetically Hypertensive Rats

We employed gene transfer approaches to study the role of the KKS in hypertension,
cardiovascular, and renal disease in animal models. To investigate the impact of supplying
tissue kallikrein by gene delivery, we generated a series of human tissue kallikrein gene
constructs under the control of the metallothionein metal response element, the albumin
promoter, the Rous sarcoma virus 3 long terminal repeat, or the cytomegalovirus
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promoter (CMV). Systemic delivery of the plasmid DNA constructs into SHR was
effective in causing a prolonged reduction of blood pressure for 8 wk (61,62). Local
gene delivery via intramuscular, intraperitoneal, intra-portal vein, or ICV injections was
also effective in inducing blood pressure-lowering effect in SHR (62,63). The extent of
blood pressure reduction was dependent on the dose of DNA injected, the gender of the
animals, the promoter used in the gene construct, and the route of injection (61–63). The
kallikrein inhibitor aprotinin reversed the blood pressure-lowering effect in SHR receiving
kallikrein gene transfer (62). These results indicate that the hypotensive effect mediated
by kallikrein gene delivery is mediated by the expression of functional kallikrein. The
effect of kallikrein in inducing blood pressure reduction is mediated through the B2
receptor, as icatibant abolished kallikrein’s blood pressure-lowering effect (63). Although
delivery of kallikrein in plasmid DNA, which can be administered repeatedly, produced
a prolonged blood pressure reduction in hypertensive rats, the efficiency of cellular
uptake and the expression of the transgene were low. To achieve high efficiency of gene
transfer, we developed a replication-deficient adenoviral vector harboring the human
kallikrein gene for somatic gene delivery.

3.4. Adenovirus-Mediated Kallikrein Gene Delivery Reduces 
Blood Pressure in Hypertensive Animal Models

Viral vectors are highly adapted to enter cells and to use the host machinery to
synthesize foreign proteins. To achieve high-efficiency expression of tissue kallikrein in
animal models, a transgene expression cassette containing the human tissue kallikrein
cDNA under the control of the CMV promoter and 4F2 enhancer was inserted into an
adenovirus vector and then transfected into human embryonic kidney (HEK) 293 cells.
Expression of human tissue kallikrein was detected in the culture media by a specific
enzyme-linked immunosorbant assay (ELISA). Incorporation of 4F2 enhancer increases
gene expression more than 10-fold in cultured medium (64). We have shown that a single
intravenous injection of adenovirus encoding the human tissue kallikrein gene resulted
in a profound reduction of blood pressure for weeks in SHR and in experimentally-
induced hypertensive animal models including Dahl-SS, DOCA-salt, 2K1C, and 5/6
nephrectomy (65–69), compared to rats injected with control adenovirus. In contrast,
injection of the kallikrein gene had a minimal effect on blood pressure in control rats. The
expression of recombinant human tissue kallikrein in rats following systemic or local
gene delivery was detected by ELISA and immunohistochemistry, as well as by reverse
transcription-polymerase chain reaction (RT-PCR) followed by Southern blot analysis.
Immunoreactive human tissue kallikrein levels in rat sera or urine were highest at 3–5 d
after adenovirus-mediated gene delivery and were still detectable at 24 d after injection
(65–69). Recombinant human tissue kallikrein was not detectable in the urine or sera of
rats injected with control virus. Furthermore, our recent studies showed that systemic
delivery of the kallikrein gene in fructose-induced hypertensive rats resulted in normali-
zation of not only systolic blood pressure but also serum insulin levels, suggesting a
protective role of the KKS against hypertension and associated insulin resistance in
type 2 diabetes (70). These beneficial effects were in conjunction with reduction in
endothelin-1, endothelin-A receptor, and angiotensin II receptor type 1 expression, indi-
cating a potential important role of the KKS in counter-balancing the vasoconstricting
RAS and the endothelin system.
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3.5. Hypertension and Cardiovascular Injury 
by AAV-Mediated Kallikrein Gene Delivery

Adeno-associated virus (AAV) vector is attractive for long-term gene expression.
However, the rate-limiting step in employing AAV gene delivery is the production of
high titer-virus for in vivo studies. We have recently shown that a single intravenous
injection of the recombinant AAV vector encoding the human tissue kallikrein gene into
SHR resulted in a significant reduction of the systolic blood pressure from 2 weeks post
gene delivery, and the blood-pressure lowering effect lasted for 20 weeks throughout the
course of the experiments (71). Persistent expression of recombinant human kallikrein
in rats was confirmed by ELISA and RT-PCR. Histological analysis showed remarkable
amelioration of cardiovascular hypertrophy, renal injury, and collagen depositions in
SHR receiving kallikrein gene transfer. In addition, reduced urinary albumin levels
were detected following AAV-mediated kallikrein gene delivery. These studies showed
that AAV-mediated delivery of the kallikrein gene rendered a long-term and stable reduc-
tion of hypertension and protected against renal injury and cardiac remodeling in the
SHR model.

3.6. Proteomic Analysis of Renal Kallikrein Pathway 
in Hypoxia-Induced Hypertension

Obstructive sleep apnea syndrome (OSAS), a disorder characterized by episodic
hypoxia (EH), is a major public health problem. OSAS affects 4–5% of the general
adult population and 1–2% of children in the United States. One of the major conse-
quences of untreated OSAS is systemic hypertension. In addition to hypertension,
OSAS has also been associated with both proteinuria and end-stage renal disease. A rat
model of EH was used to obtain proteins from the kidney after EH induction, which
were resolved by two-dimensional PAGE and then identified by MALDI-MS (72).
Proteomic analysis showed that EH induces changes in renal protein expression consistent
with the impairment of vasodilation mediated by kallikrein–kallistatin pathway. However,
transgenic rats expressing human tissue kallikrein were protected from EH-induced hyper-
tension. The results obtained from kallikrein transgenic rats reinforce the proteomic
data. Therefore, EH-induced hypertension may result, in part, from altered regulation
of the renal KKS.

4. KALLIKREIN–KININ-INDUCED TISSUE PROTECTION

4.1. Cardiac Infarction and Remodeling
Hypertensive individuals are more likely to develop other cardiovascular disorders

such as peripheral vascular disease, coronary heart disease, congestive heart failure,
and cerebrovascular diseases. Studies using ACE inhibitors clearly showed a protective
effect of endogenous kinins in the development of cardiac hypertrophy and neointimal
vascular injury (11,73). By employing transgenic and somatic gene transfer approaches,
we demonstrated that the KKS plays an important role in cardiac protection. Overexpression
of human tissue kallikrein in transgenic rats resulted in reduction of isoproterenol-
induced cardiac hypertrophy and fibrosis, and these protective effects were abolished by
icatibant (50). In addition, ablation of the B2 receptor gene in mice caused dilated cardio-
myopathy followed by cardiac failure (54). Moreover, systemic delivery of adenovirus
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containing the tissue kallikrein gene attenuated blood pressure, cardiac hypertrophy,
and fibrosis in pressure- and volume-overload hypertensive rat models such as SHR,
2K1C, Dahl-SS, and DOCA-salt rats (65–69,74). Furthermore, kallikrein gene transfer
reduced cardiac remodeling and apoptosis after myocardial infarction and delayed the
progression of heart failure without changes in blood pressure (75,76). In rats subjected
to acute ischemia/ reperfusion (I/R), systemic delivery of the tissue kallikrein gene exerted
cardiac protection by improving cardiac function and reducing myocardial infarction,
the incidence of ventricular fibrillation, and apoptosis (76,77). Icatibant abolished these
beneficial effects, indicating a kinin-mediated event. Similar to systemic gene delivery,
local delivery of the kallikrein gene significantly attenuated I/R-induced myocardial
infarction and apoptosis in the left ventricle as detected by both terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) staining and DNA laddering.
These results indicate that kallikrein–kinin not only plays an important role in the reg-
ulation of blood pressure homeostasis, but also in cardiovascular function by reducing
ventricular remodeling, and heart failure and mortality associated with these conditions.

4.2. Salt- and Drug-Induced Renal Injuries
Chronic renal failure in humans can lead to end-stage renal disease, which eventually

requires kidney transplant or dialysis. A high-salt diet can also cause extensive renal
damage in Dahl-SS rats. Therefore, this is an excellent animal model for studying
salt-induced renal damage in humans. A previous study showed that long-term infusion
of purified rat tissue kallikrein via minipump attenuated glomerular sclerosis without
affecting blood pressure in Dahl-SS rats on a high-salt diet (78,79). The protective effect
of kallikrein protein infusion was blocked by icatibant, indicating that the tissue
kallikrein via kinin B2 receptor could exert a direct effect in protection against salt-
induced renal lesions, independent of blood pressure reduction. Consistent with this
finding, we showed that adenovirus-mediated kallikrein gene delivery enhanced renal
function in Dahl-SS, 2K1C, and 5/6 nephrectomy hypertensive rats as evidenced by
increases in renal blood flow, urine flow, glomerular filtration rates, electrolyte output,
and urine excretion (68,69,80). Moreover, kallikrein gene delivery not only attenuated
salt-induced renal injury, but also partially reversed pre-existing renal lesions induced
by high-salt loading (80). This unique ability of kallikrein to repair renal tubular dam-
age may have general implications, because we also observed a similar renal protection
in normotensive rats with gentamycin-induced nephrotoxicity (81). Our recent studies
have shown that the protective effect of kallikrein on salt- and drug-induced renal injury
was accompanied by reduced oxidative stress and inflammation, suggesting a potential
role of the KKS in inhibiting oxidative stress and inflammation (82,83).

4.3. Vascular Injury by Kallikrein Gene Delivery
We have shown that kallikrein gene transfer or kinin peptide inhibited the proliferation

of cultured vascular smooth muscle cells (84). Infection of the isolated aortic segments
with adenovirus containing the human tissue kallikrein gene resulted in a time-dependent
secretion of recombinant human kallikrein, which coincided with significant increases
in NO and cGMP levels (85). To further investigate the role of kallikrein–kinin in vas-
cular injury, human tissue kallikrein gene was delivered locally into the rat left common
carotid artery after balloon angioplasty. Kallikrein gene delivery resulted in a significant
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reduction in intima/media ratio at the injured vessel compared to the rats receiving
control virus (84,85). The inhibitory effect of kallikrein on neointima formation was
blocked by L-NAME, an NO synthase inhibitor, and by icatibant, indicating a kinin–NO-
dependent event. Moreover, systemic delivery of the kallikrein gene into a mouse model
of arterial remodeling induced by permanent alteration in shear-stress conditions resulted
in a reduction of neointima formation (86). The protective action of kallikrein gene trans-
fer was significantly reduced in kinin B2 knockout mice, but amplified in transgenic mice
expressing human kinin B2 receptor, compared to wild-type mice (86). In streptozotocin-
induced diabetic mice, local delivery of the human tissue kallikrein gene halted the
progression of microvascular rarefaction in hindlimb skeletal muscle by inhibiting apop-
tosis and promoting vascular regeneration (87). Taken together, these results provide new
insights into the role of the KKS in the vasculature and may have significant implications
for therapeutic intervention in treating restenosis and atherosclerosis.

4.4. Hypertension-Induced Stroke
Hypertension is a critical factor in the development of stroke in humans and animal

models. In stroke-prone spontaneously hypertensive rats (SHR-SP), high-salt intake
accelerates the development of malignant hypertension (88). In the brains of SHR-SP,
fibrinoid necrosis and associated thrombosis primarily affect cerebral arterioles, leading
to their obstruction and infarction, whereas cerebral hemorrhage is caused by micro-
aneurysms (89). A high dose of cerivastatin, a HMG-CoA reductase inhibitor, protected
against hypertension-induced stroke and ameliorated stroke-associated symptoms,
which were accompanied by reduced superoxide production and inflammatory cell
infiltration to the stroke lesion in SHR-SP (90). Lovastatin and simvastatin have also
been shown to reduce brain injury during cerebral ischemia via upregulation of eNOS
(91). Moreover, a lethal form of hypertension develops in Dahl-SS rats fed a high-salt
diet at an early age (92). Pathological changes in the brain of Dahl-SS rats affected by
stroke include hemorrhage, edema, and infarction. We showed that a single injection of
adenovirus carrying the human tissue kallikrein gene into 4-wk-old Dahl-SS rats fed a
high salt diet significantly reduced blood pressure elevation, stroke-induced mortality,
and aortic hypertrophy, which was accompanied by increased cGMP levels, an indicator
of NO formation (92). These combined findings indicate that kallikrein–kinin through
NO formation may play a protective role in stroke induced by hypertension.

4.5. Ischemic Stroke
Stroke is the third leading cause of death in the United States. Reperfusion injury is

thought to play a critical role in the pathophysiology of cerebral ischemia. We showed
that ICV injection of adenovirus containing the human tissue kallikrein gene significantly
reduced neurological dysfunction and cerebral infarction after ischemia/reperfusion-
induced brain injury (93), and B2 receptor antagonism blocked these protective effects.
A potential role of the kinin B1 receptor in ischemic injury has also been implicated.
Kinin B1 receptor expression has been reported to be increased in the ischemic brain
hemisphere after focal cerebral ischemia (94). Moreover, a brief report showed that
injection of a B1 receptor agonist into cerebroventricular space either prior to or at 3 h
after cerebral ischemic injury significantly reduced cerebral infarct size at 24 h after
middle cerebral artery occlusion (MCAO) (95). Taken together, these results indicate
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that kallikrein–kinin, through kinin B2 and/or B1 receptor signaling, may play a protec-
tive role in ischemic brain injury. Stroke-induced neurological deficits and mortality are
often associated with timing of treatment after the onset of stroke. Our recent studies
showed that intravenous delivery of the kallikrein gene at 8 h and 3 d after MCAO
significantly reduced neurological deficit scores and cerebral infarction. The results
indicate that the blood–brain barrier is still open at 3 d after cerebral artery occlusion.
Neuroprotection mediated by kallikrein was accompanied by the inhibition of inflam-
mation and apoptosis and promoting the survival and growth of neuronal and endothelial
cells. Similarly, a continuous supply of tissue kallikrein via protein infusion through a
minipump protects against ischemia/reperfusion-induced neurological dysfunction
and cerebral infarction after MCAO, and icatibant abolished these beneficial effects.
These results indicate that kallikrein–kinin protects against cerebral ischemic injury after
ishemic stroke by inhibiting inflammation and apoptosis, and promoting angiogenesis
and neurogenesis.

5. MULTIPLE ROLES OF KALLIKREIN–KININ IN HYPERTENSION,
CARDIOVASCULAR AND RENAL DISEASE, AND STROKE

Using strategies of transgenic and somatic gene transfer, as well as protein infusion
approaches to achieve a continuous supply of kallikrein–kinin in vivo, we have shown
that the KKS plays an important protective role in the development of hypertension in
several animal models (Table 1). In addition to blood pressure reduction, kallikrein gene
delivery or kallikrein protein infusion improves cardiac, renal and neurological functions,
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Table 1
Molecular Genetic Approaches: Tissue Kallikrein–Kinin System in Blood Pressure Regulation

Animal models Blood pressure Duration

Transgenic mice
Human tissue kallikrein Lifetime
Human kinin B2 receptor Lifetime

Transgenic rats
Human tissue kallikrein Lifetime

Knockout mice
Kinin B2 receptor
Kinin B1 receptor No change
Tissue kallikrein No change

Somatic delivery of the kallikrein gene in rats
SHR 6–8 wk
Dahl-SS 4 wk
Two-kidney, one-clip 4 wk
DOCA-salt 4 wk
5/6 Nephroctomy 5 wk
Fructose-induced diabetes 4 wk

Antisense inhibition in SHR
Kininogen 24 h
Kinin B2 receptor 24 h
Kinin B1 receptor 4 d
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and protects against cardiovascular, renal and cerebral injuries in hypertensive and nor-
motensive animal models with cardiovascular and renal diseases (Table 2). Our studies
demonstrated that kallikrein gene delivery exhibits beneficial effects in the heart, kid-
ney, blood vessel, and brain in various animal models. These include blood pressure
reduction; attenuation of renal injury, cardiac infarction, and cardiac remodeling; inhibi-
tion of neointimal formation in blood vessels after balloon angioplasty; and reduction of
stroke-induced mortality and cerebral infarction. Taken together, our results indicate
that kallikrein–kinin therapy may have significant therapeutic potential for treating
cardiovascular and renal diseases induced by hypertension, ischemia/reperfusion and
high-salt intake.

ACKNOWLEDGMENTS

This work was supported by the National Institutes of Health grants HL-29397 and
DK-066350.

REFERENCES
1. Bhoola, K. D., Figueroa, C. D., and Worthy, K. (1992) Bioregulation of kinins: kallikreins, kininogens,

and kininases. Pharmacol. Rev. 44, 1–80.
2. Marceau, F. (1995) Kinin B1 receptors: a review. Immunopharmacology 30, 1–26.
3. Regoli, D., Gobeil, F., Nguyen, Q. T., et al. (1994) Bradykinin receptor types and B2 subtypes. Life

Sci. 55, 735–749.
4. Regoli, D., Rhaleb, N. E., Drapeau, G., and Dion, S. (1990) Kinin receptor subtypes. J. Cardiovasc.

Pharmacol. 15, S30–S38.
5. Madeddu, P., Glorioso, N., Maioli, M., et al. (1991) Regulation of rat renal kallikrein expression by

estrogen and progesterone. J. Hypertens. Suppl. 9, S244–S245.
6. Rosewicz, S., Detjen, K., Logsdon, C. D., Chen, L. M., Chao, J., and Riecken, E. O. (1991) Glandular

kallikrein gene expression is selectively down-regulated by glucocorticoids in pancreatic AR42J cells.
Endocrinology 128, 2216–2222.

7. Chao, J., Tillman, D. M., Wang, M. Y., Margolius, H. S., and Chao, L. (1986) Identification of a new
tissue kallikrein-binding protein. Biochem. J. 239, 325–331.

8. Zhou, G. X., Chao, L., and Chao, J. (1992) Kallistatin: a novel human tissue kallikrein inhibitor.
Purification, characterization, and reactive center sequence. J. Biol. Chem. 267, 25,873–25,880.

270 Part IV / Chao and Chao

Table 2
Kallikrein Gene Delivery or Protein Infusion Attenuates Cardiovascular 

and Renal Injuries and Stroke in Hypertensive and Normotensive Animal Models

Rat models Cardiac remodeling Renal injury Stenosis Stroke

SHR – – –
Dahl-SS –
DOCA-Salt – –
2K1C – –
5/6 Nephrectomy – –
Angioplasty – – –
Myocardial I/R – – –
MCAO/reperfusion – – –

16_Chao_Carey  5/2/07  1:33 PM  Page 270



9. Chao, J., Chai, K. X., Chen, L. M., et al. (1990) Tissue kallikrein-binding protein is a serpin. I.
Purification, characterization, and distribution in normotensive and spontaneously hypertensive rats.
J. Biol. Chem. 265, 16,394–16,401.

10. Chao, J., Stallone, J. N., Liang, Y.-M., Chen, L.-M., and Chao, L. (1997) Kallistatin is a potent new
vasodilator. J. Clin. Investig. 100, 11–17.

11. Linz, W. and Scholkens, B. A. (1992) Role of bradykinin in the cardiac effects of angiotensin-converting
enzyme inhibitors. J. Cardiovasc. Pharmacol. 20, S83–S90.

12. Martorana, P. A., Kettenbach, B., Breipohl, G., Linz, W., and Scholkens, B. A. (1990) Reduction of
infarct size by local angiotensin-converting enzyme inhibition is abolished by a bradykinin antagonist.
Eur. J. Pharmacol. 182, 395–396.

13. Liu, Y. H., Yang, X. P., Sharov, V. G., et al. (1997) Effects of angiotensin-converting enzyme inhibitors
and angiotensin II type 1 receptor antagonists in rats with heart failure. J. Clin. Investig. 99,
1926–1935.

14. Abelous, J. E. and Bardier, E. (1909) Les substances hypotensives de l’urine humaine normale. CR Soc.
Biol. (Paris) 66, 511.

15. Frey, E. K. and Kraut, H. (1926) Uber einen von der Niere ausgeschiedenen die Herztatigkeit anregenden
Stoff. Hoppe Seylers Z Physiol. Chem. 157, 32.

16. Frey, E. K., Kraut, H., Werle, E., et al. (1968) Das Kalikrein–Kinin system unnd seine inhibitoren.
Enke Verlag, Stuttgart.

17. Chao, J. and L. Chao. (1995) Biochemistry, regulation and potential function of kallistatin. Biol.
Chem. Hoppe-Seyler 376, 705–713.

18. Nustad, K., Pierce, J. V., and Vaaje, K. (1975) Synthesis of kalikreins by rat kidney slices. Br. J.
Pharamcol. 53, 229.

19. Elliot, R. and Nuzum, F. (1934) Urinary excretion of a depressor substance (kallikrein of Frey and
Kraut) in arterial hypertension. Endocrinology 18, 462–474.

20. Margolius, H. S., Geller, R. G., Pisano, J. J., et al. (1971) Altered urinary kallikrein excretion in human
hypertension. Lancet 2, 1063.

21. Keiser, H. R., Margolius, H. S., Brown, R., et al. (1976) Urinary kallikrein in patients with reno-
vascular hypertension. In: Chemistry and Biology of the Kallikrein–Kinin System in Health and Disease
(Pisano, J. J. and Austen, K. F., eds.), US Government Printing Office, Washington, DC, pp. 423–426.

22. Keiser, H. R., Geller, R. G., Margolius, H. S., et al. (1976) Urinary kallikrein in hypertensive animal
models. Fed. Proc. 35, 199.

23. Zinner, S. H., Margolius, H. S., Rosner, B., Keiser, H. R., and Kass, E. H. (1976) Familial aggregation
of urinary kallikrein concentration in childhood: relation to blood pressure, race and urinary electrolytes.
Am. J. Epidemiol. 104, 124–132.

24. Margolius, H. S. (1989) Tissue kallikreins and kinins: regulation and roles in hypertensive and diabetic
diseases. Ann. Rev. Pharmacol. Toxicol. 29, 343–364.

25. Zinner, S. H., Margolius, H. S., Rosner, B., and Kass, E. H. (1978) Stability of blood pressure rank
and urinary kallikrein concentration in childhood. Circulation 58, 908–915.

26. Berry, T. D., Hasstedt, S. J., Hunt, S. C., et al. (1989) A gene for high urinary kallikrein may protect
against hypertension in Utah kindreds. Hypertension 13, 3–8.

27. Favaro, S., Baggio, B., Antonello, A., et al. (1975) Renal kallikrein content of spontaneously hypertensive
rats. Clin. Sci. Mol. Med. 49, 69–71.

28. Powers, C. A., Baer, P. G., and Nasjletti, A. (1984) Reduced glandular kallikrein-like activity in the
anterior pituitary of the New Zealand genetically hypertensive rat. Biochem. Biophys. Res. Commun.
119, 689–693.

29. Gilboa, N., Rudofsky, U. H., Phillips, M. I., and Magro, A. M. (1989) Modulation of urinary kallikrein
and plasma renin activities does not affect established hypertension in the fawn-hooded rat. Nephron
51, 61–66.

30. Maddedu, P., Varoni, M. V., Demontis, M. P., et al. (1997) Kallikrein–kinin system and blood pressure
sensitivity to salt. Hypertension 29, 471–477.

31. Bouhnik, J., Richoux, J. P., Huang, H., et al. (1992) Hypertension in Dahl salt-sensitive rats: biochemical
and immunohistochemical studies. Clin. Sci. 83, 13–22.

32. Woodley-Miller, C., Chao, J., and Chao, L. (1989) Restriction fragment length polymorphisms
mapped in spontaneously hypertensive rats using kallikrein probes. J. Hypertens. 7, 865–871.

33. Pravenec, M., Kren, V., Kunes, J., et al. (1991) Cosegregation of blood pressure with a kallikrein gene
family. Hypertension 17, 242–246.

Chapter 16 / Kallikrein–Kinin System 271

16_Chao_Carey  5/2/07  1:33 PM  Page 271



34. Gavras, I. and Gavras, H. (1988) Anti-hormones and blood pressure: bradykinin antagonists in blood
pressure regulation. Kidney Int. 34, S60–S62.

35. Majima, M., Mizogami, S., Kuribayashi, Y., Katori, M., and Oh-ishi, S. (1994) Hypertension induced
by a nonpressor dose of angiotensin II in kininogen-deficient rats. Hypertension 24, 111–119.

36. Margolius, H. S., Horwitz, D., Geller, R. G., et al. (1974) Urinary kallikrein in normal subjects:
relationships to sodium intake and sodium retaining steroids. Circ. Res. 35, 812.

37. Horwitz, D., Margolius, H. S., and Keiser, H. R. (1975) Effects of potassium intake on urinary
kallikrein and aldosterone excretion. (Abstract) Clin. Res. 23, 221A.

38. Jin, L., Chao, L., and Chao, J. (1999) Potassium supplement upregulates the expression of renal
kallikrein and bradykinin B2 receptor in spontaneously hypertensive rats. Am. J. Physiol. 45,
F476–F484.

39. Ward, R. (1990) Familial aggregation and genetic epidemiology of blood pressure. In: Hypertension:
Pathophysiology, Diagnosis and Management (Laragh, J. H. and Brenner, B. M., eds.), Raven,
New York, pp. 81–100.

40. Elliott, P., Stamler, J., Nichols, R., et al. (1996) Intersalt revisited: further analyses of 24 hour sodium
excretion and blood pressure within and across populations. Intersalt Cooperative Research Group.
BMJ 312, 1249–1253.

41. Alderman, M. H., Cohen, H., and Madhavan, S. (1998) Dietary sodium intake and mortality: the
National Health and Nutrition Examination Survey (NHANES I). Lancet 351, 781–785.

42. Roberts, W. C. (2001) High salt intake, its origins, its economic impact, and its effect on blood pressure.
Am. J. Cardiol. 88(11), 1338–1346.

43. Weinberger, M. H., Miller, J. H., Luft, F. C., Grim, C. E., and Fineberg, N. S. (1986) Definitions and
characteristics of sodium sensitivity and blood pressure resistance. Hypertension 8(Suppl II), 127–134.

44. Song, Q., Chao, J., and Chao, L. (1997) DNA polymorphisms in the 5 -flanking region of the human
tissue kallikrein gene. Human Genet. 99, 727–734.

45. Murphey, L. J., Eccles, W. K., Williams, G. H., and Brown, N. J. (2004) Loss of sodium modulation
of plasma kallikreins in human hypertension. J. Pharmacol. Exp. Ther. 308, 1046–1052.

46. Yu, H., Song, Q., Freedman, B. I., et al. (2002) Association of the tissue kallikrein gene promoter with
ESRD and hypertension. Kidney Int. 61, 1030–1039.

47. Wang, J., Xiong, W., Yang, Z., et al. (1994) Human tissue kallikrein induces hypotension in transgenic
mice. Hypertension 23, 236–243.

48. Song, Q., Chao, J., and Chao, L. (1996) High level of circulating human tissue kallikrein induces
hypotension in a transgenic mouse model. Clin. Exp. Hypertens. 18, 975–993.

49. Chao, J. and Chao, L. (1996) Functional analysis of human tissue kallikrein in transgenic mouse
models. Hypertension 27, 491–494.

50. Silva, J. A. Jr., Araujo, R. C., Baltatu, O., et al. (2000) Reduced cardiac hypertrophy and altered blood
pressure control in transgenic rats with the human tissue kallikrein gene. FASEB J. 14, 1858–1860.

51. Wang, D., Chao, J., and Chao, L. (1997) Hypotension in transgenic mice overexpressing human
bradykinin B2 receptor. Hypertension 29, 488–493.

52. Alfie, M. E., Yang, X., Hess, F., and Carretero, O. A. (1996) Salt-sensitive hypertension in bradykinin
B2 receptor knockout mice. Biochem. Biophys. Res. Commun. 224, 625–630.

53. Emanueli, C. and Madeddu, P. (1999) Role of the kallikrein–kinin system in the maturation of the
cardiovascular phenotype. Am. J. Hypertens. 12, 988–999.

54. Emanueli, C., Maestri, R., Corradi, D., et al. (1999) Dilated and failing cardiomyopathy in bradykinin
B(2) receptor knockout mice. Circulation 100, 2359–2365.

55. Pesquero, J. B., Araujo, R. C., Heppenstall, P. A., et al. (2000) Hypoalgesia and altered inflammatory
responses in mice lacking kinin B1 receptors. Proc. Natl Acad. Sci. USA 97, 8140–8145.

56. Meneton, P., Bloch-Faure, M., Hagege, A. A., et al. (2001) Cardiovascular abnormalities with normal
blood pressure in tissue kallikrein-deficient mice. Proc. Natl Acad. Sci. USA 98, 2634–2639.

57. Madeddu, P., Parpaglia, P. P., Glorioso, N., Chao, J., and Chao, L. (1996) Antisense inhibition of the
brain kallikrein–kinin system. Hypertension 28, 980–987.

58. Emanueli, C., Chao, J., Regoli, D., Chao, L., Ni, A., and Madeddu, P. (2000) The bradykinin B1 receptor
participates in the central regulation of blood pressure in spontaneously hypertensive rats. Br. J.
Pharmacol. 126(8), 1769–1776.

59. Ogawa, K., Ito, T., Bun, M., Mochizuki, M., and Satake, T. (1985) Effects of orally administered
glandular kallikrein on urinary kallikrein and prostaglandin excretion, plasma immunoreactive prostanoids
and platelet aggregation in essential hypertension. Klin. Wochenschr. 63, 332–336.

272 Part IV / Chao and Chao

16_Chao_Carey  5/2/07  1:33 PM  Page 272



60. Overlack, A., Stumpe, K. O., Kolloch, R., Ressel, C., and Krueck, F. (1981) Antihypertensive effect of
orally administered glandular kallikrein in essential hypertension. Results of double blind study.
Hypertension 3, I18–I21.

61. Chao, J., Jin, L., Chen, L. M., Chen, V. C., and Chao, L. (1996) Systemic and portal vein delivery of
human kallikrein gene reduces blood pressure in hypertensive rats. Hum. Gene Ther. 7, 901–911.

62. Wang, C., Chao, L., and Chao, J. (1995) Direct gene delivery of human tissue kallikrein reduces blood
pressure in spontaneously hypertensive rats. J. Clin. Investig. 95, 1710–1716.

63. Xiong, W., Chao, J., and Chao, L. (1995) Muscle delivery of human tissue kallikrein gene reduces
blood pressure in hypertensive rats. Hypertension 25, 715–719.

64. Chao, J. and Chao, L. (2002) The role of adrenomedullin in cardiovascular and renal function. Drug
News Perspect 15, 511–518.

65. Jin, L., Zhang, J. J., Chao, L., and Chao, J. (1997) Gene therapy in hypertension: adenovirus-mediated
kallikrein gene delivery in hypertensive rats. Hum. Gene Ther. 8, 1753–1761.

66. Chao, J., Zhang, J., Lin, K. F., and Chao, L. (1998) Adenovirus-mediated kallikrein gene delivery
attenuates hypertension, cardiac hypertrophy and renal injury in Dahl salt-sensitive rats. Hum. Gene
Ther. 9, 21–31.

67. Dobrzynski, E., Yoshida, H., Chao, J., and Chao, L. (1999) Adenovirus-mediated kallikrein gene
delivery attenuates hypertension and protects against renal injury in deoxycorticosterone-salt rats.
Immunopharmacology 44, 57–65.

68. Yayama, K., Wang, C., Chao, L., and Chao, J. (1998) Kallikrein gene delivery attenuates hypertension
and cardiac hypertrophy and enhances renal function in Goldblatt hypertensive rats. Hypertension 31,
1104–1110.

69. Wolf, W. C., Yoshida, H., Agata, J., Chao, L., and Chao, J. (2000) Human tissue kallikrein gene
delivery attenuates hypertension, renal injury, and cardiac remodeling in chronic renal failure. Kidney
Int. 58, 730–739.

70. Zhao, C., Wang, P., Xiao, X., et al. (2003) Gene therapy with human tissue kallikrein reduces hyper-
tension and hyperinsulinemia in fructose-induced hypertensive rats. Hypertension 42, 1026–1033.

71. Wang, T., Li, H., Zhao, C., et al. (2004) Recombinant adeno-associated virus-mediated kallikrein gene
therapy reduces hypertension and attenuates its cardiovascular injuries. Gene Therapy 11, 1342–1350.

72. Thongboonkerd, V., Gozal, E., Sachleben, L. R. Jr., et al. (2002) Proteomic analysis reveals alterations
in the renal kallikrein pathway during hypoxia-induced hypertension. J. Biol. Chem. 277, 34,708–34,716.

73. Farhy, R. D., Carretero, O. A., Ho, K. L., and Scicli, A. G. (1993) Role of kinins and nitric oxide in
the effects of angiotensin converting enzyme inhibitors on neointima formation. Circ. Res. 72,
1202–1210.

74. Bledsoe, G., Chao, L., and Chao, J. (2003) Kallikrein gene delivery attenuates cardiac remodeling and
promotes neovascularization in spontaneously hypertensive rats. Am. J. Physiol. Heart Circ. Physiol.
285, H1479–H1488.

75. Agata, J., Chao, L., and Chao, J. (2002) Kallikrein gene delivery improves cardiac reserve and attenuates
remodeling after myocardial infarction. Hypertension 40, 653–659.

76. Yoshida, H., Zhang, J. J., Chao, L., and Chao, J. (2000) Kallikrein gene delivery attenuates myocardial
infarction and apoptosis after myocardial ischemia and reperfusion. Hypertension 35, 25–31.

77. Yin, H., Chao, L., and Chao, J. (2001) Kallikrein–kinin protects against myocardial apoptosis after
ischemia and reperfusion via activation of Akt-Bad-14-3-3 and Akt-GSK-3 signaling pathways. High
Blood Pressure Council, September 23–26, 2001, Washington, DC, Abstract #P75, p. 66.

78. Uehara, Y., Hirawa, N., Kawabata, Y., et al. (1994) Long-term infusion of kallikrein attenuates renal
injury in Dahl salt-sensitive rats. Hypertension 24, 770–777.

79. Hirawa, N., Uehara, Y., Suzuki, T., et al. (1999) Regression of glomerular injury by kallikrein infusion
in Dahl salt-sensitive rats is a bradykinin-B2-receptor-mediated event. Nephron 81, 183–193.

80. Chao, J., Zhang, J. J., Lin, K. F., and Chao, L. (1998) Adenovirus-mediated kallikrein gene delivery
reverses salt-induced renal injury in Dahl salt-sensitive rats. Kidney Int. 54, 1250–1260.

81. Murakami, H., Yayama, K., Chao, L., and Chao, J. (1998) Human kallikrein gene delivery protects
against gentamycin-induced nephrotoxicity in rats. Kidney Int. 53, 1305–1313.

82. Zhang, J. J., Bledsoe, G., Kato, K., Chao, L., and Chao, J. (2004) Tissue kallikrein attenuates salt-
induced renal fibrosis by inhibition of oxidative stress. Kidney Int. 66, 722–732.

83. Bledsoe, G., Crickman, S., Xia, C. F., Murakami, H., Chao, L., and Chao, J. (2006) Kallikrein/kinin
protects against gentamicin-induced nephrotoxicity by inhibition of inflammation and apoptosis.
Nephrol. Dial Transplant. 21(3), 624–633.

Chapter 16 / Kallikrein–Kinin System 273

16_Chao_Carey  5/2/07  1:33 PM  Page 273



84. Murakami, H., Yayama, K., Miao, R. Q., Wang, C., Chao, L., and Chao, J. (1999) Kallikrein gene
delivery inhibits vascular smooth muscle cell growth and neointima formation in the rat artery after
balloon angioplasty. Hypertension 34, 164–170.

85. Murakami, H., Miao, R. Q., Chao, L., and Chao, J. (1999) Adenovirus-mediated kallikrein gene transfer
inhibits neointima formation via increased production of nitric oxide in rat artery. Immunopharmacology
44, 137–143.

86. Emanueli, C., Salis, M. B., Chao, J., et al. (2000) Adenovirus-mediated human tissue kallikrein gene
delivery inhibits neointima formation induced by interruption of blood flow in mice. Arterioscler.
Thromb. Vasc. Biol. 20, 1459–1466.

87. Emanueli, C., Salis, M. B., Pinna, A., et al. (2002) Prevention of diabetes-induced microangiopathy by
human tissue kallikrein gene transfer. Circulation 106, 993–999.

88. Takeda, Y., Yoneda, T., Demura, M., Furukawa, K., Miyamori, I., and Mabuchi, H. (2001) Effects of
high sodium intake on cardiovascular aldosterone synthesis in stroke-prone spontaneously hypertensive
rats. J. Hypertens. 19, 635–639.

89. Richer, C., Vacher, E., Fornes, P., and Giudicelli, J. F. (1997) Antihypertensive drugs in the stroke-prone
spontaneously hypertensive rat. Clin. Exp. Hypertens. 19, 925–936.

90. Kawashima, S., Yamashita, T., Miwa, Y., et al. (2003) HMG-CoA reductase inhibitor has protective
effects against stroke events in stroke-prone spontaneously hypertensive rats. Stroke 34, 157–163.

91. Endres, M., Laufs, U., Huan, Z., et al. (1998) Stroke protection by 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase inhibitors mediated by endothelial nitric oxide synthase. Proc. Natl Acad. Sci.
USA 95, 8880–8885.

92. Zhang, J. J., Chao, L., and Chao, J. (1999) Adenovirus-mediated kallikrein gene delivery reduces
aortic thickening and stroke-induced death rate in Dahl salt-sensitive rats. Stroke 30, 1925–1931.

93. Xia, C. F., Yin, H., Borlongan, C. V., Chao, L., and Chao, J. (2004) Kallikrein gene transfer protects
against ischemic stroke by promoting glial cell migration and inhibiting apoptosis. Hypertension 43,
1–8.

94. Sloan, K. E., Relton, J. K., Frew, E. M., and Whalley, E. T. (2001) Upregulation of kinin B1 receptor
expression after cerebral ischemia in the rat. Society for Neuroscience Meeting, November 10–15,
2001, San Diego, CA, Abstract #332.7.

95. Frew, E. M., Relton, J. K., Sloan, K. E., and Whalley, E. T. (2001) Bradykinin B1 receptor activation
protects against ischemic brain injury after transient MCAO in the rat. Society for Neuroscience
Meeting, November 10–15, 2001, San Diego, CA, Abstract #332.8.

274 Part IV / Chao and Chao

16_Chao_Carey  5/2/07  1:33 PM  Page 274



OTHER HORMONAL SYSTEMS

AND HYPERTENSIONV

17_Pandey_Carey  5/2/07  2:01 PM  Page 275



17_Pandey_Carey  5/2/07  2:01 PM  Page 276



1. INTRODUCTION

Initial discovery by de Bold et al. (1) demonstrated that atrial extracts contained
natriuretic activity that led to isolate “atrial natriuretic factor/peptide (ANF/ANP).”
ANP is the first described member in the natriuretic peptide (NP) hormone family,
which elicits natriuretic, diuretic, vasorelaxant, and antimitogenic effects, all of which
are largely directed to the reduction of fluid volume and blood pressure (2,3). Later, two
other members, brain natriuretic peptide (BNP) and C-type natriuretic peptide (CNP)
were identified, which also exhibit biochemical and structural characteristics similar to
ANP, but each derived from a separate gene (4). Although ANP, BNP, and CNP have
highly homologous structure, they bind to specific cell surface receptors and elicit some
discrete biological functions (3,5). Three subtypes of NP receptors, namely natriuretic
peptide receptor-A, -B, and -C (NPRA, NPRB, and NPRC, respectively) have been
identified. NPRA and NPRB contain an extracellular ligand binding domain, a single

From: Contemporary Endocrinology: Hypertension and Hormone Mechanisms
Edited by: R. M. Carey © Humana Press Inc., Totowa, NJ

277

Physiology of Natriuretic Peptides 
and Their Receptors

Kailash N. Pandey

CONTENTS

INTRODUCTION

STRUCTURE AND MOLECULAR PROPERTIES

OF NATRIURETIC PEPTIDES

SYNTHESIS AND SECRETION OF NATRIURETIC PEPTIDES

IDENTIFICATION AND STRUCTURE DETERMINATION

OF NATRIURETIC PEPTIDE RECEPTORS

TRANSMEMBRANE SIGNAL TRANSDUCTION MECHANISMS

INTERNALIZATION, DOWNREGULATION, AND DESENSITIZATION

OF NATRIURETIC PEPTIDE RECEPTORS

RENAL HEMODYNAMICS AND VASCULAR FUNCTIONS

ANTIGROWTH AND ANTIPROLIFERATIVE EFFECTS

ROLE IN PATHOPHYSIOLOGY OF HYPERTENSION

AND CARDIOVASCULAR DISORDERS

CONCLUSIONS

REFERENCES

17

17_Pandey_Carey  5/2/07  2:01 PM  Page 277



transmembrane region, and cytoplasmic protein kinase-like homology domain (KHD) and
guanylyl cyclase (GC) catalytic domain (6,7). Interestingly, both ANP and BNP activate
NPRA, which produces second messenger cGMP in response to hormone binding;
however, CNP activates NPRB, which also produces cGMP, but all three natriuretic
peptides indiscriminately bind to NPRC, which lacks GC catalytic activity (5,8,9). NPRA
serves as the principal receptor of ANP and BNP, and most of the physiological effects of
these peptide hormones are triggered by generation of second messenger cGMP (10,11).
In the kidney, ANP increases glomerular filtration rate, suppresses Na+-reabsorption
at the collecting duct, and inhibits renin release. ANP also inhibits the secretion of
aldosterone and vasopressin. These actions of ANP stimulate natriuresis and diuresis
(3). In the vasculature, ANP relaxes angiotensin II (ANG II) norepinephrine, and K+-
induced vascular smooth muscle cell contraction, causing immediate vasorelaxant effect
(3). The activity and expression of NPRA are regulated by a number of factors, including
the ligand itself (12–14). The studies with Npr1 (coding for NPRA) gene-targeting
in mice have revealed the hallmark significance of NPRA in the control of blood
pressure and role in cardiovascular disease states (15,16). Mice lacking NPRA develop
severe cardiac hypertrophy, fibrosis, and dilatation, which are reminiscent of heart
disease as seen in untreated human hypertensive patients (15). The potential signifi-
cance of CNP/NPRB is believed in vasodilation and localized to vasculature especially
to vessel walls (17). It is considered that regulated expression of CNP derived from
endothelial cells targets NPRB on adjacent smooth muscle cells (18). Thus, the principal
role of CNP is considered as a direct vasodilator involved in the regulation of vascular
tone through targeting of NPRB on smooth muscle cells in arteries and veins (17,19). The
objective of this current review is to summarize and document the previous findings and
recent discoveries of natriuretic peptides and receptor systems with particular emphasis
on cellular signaling, and physiological and pathological significance in control of blood
pressure and cardiovascular homeostasis.

2. STRUCTURE AND MOLECULAR PROPERTIES 
OF NATRIURETIC PEPTIDES

ANP, primarily synthesized in the granules of heart atrium; BNP, initially isolated
from the brain, but predominantly present in the heart and displays most variability in
the primary structure; and CNP, isolated from porcine brain are highly conserved among
the species (4). All three NPs contain highly conserved residues with a 17-member
disulfide ring but deviate from each other in flanking sequences. The primary structure
deduced from cDNAs suggested that ANP is synthesized first as the 152-amino-acid
prepro-ANP that contained sequences of active peptides in its carboxyl-terminal region,
and major form of circulatory ANP is a 28-residue molecule (20–22). Different lengths
of sequences of ANP were synthesized in studies on structure–activity relationship, and
it was indicated that the ring conformation of ANP molecule with a disulfide-bonded
loop is essential for its activities (3,23). Furthermore, the carboxyl-terminal sequence
extending from the ring structure to Asn–Phe–Arg–Tyr is also required for the bio-
logical activity of ANP. The amino acid sequence of ANP is almost identical across the
mammalian species, except at position 10 which is isoleucine in rat, mouse, and rabbit;
however, in human, dog, and bovine, ANPs have methionine at this position (23).
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The biologically active ANP is produced by proteolytic cleavage of pro-ANP molecule
into the predominant 28-amino acid ANP (residues 99–126) and the inactive ANP
(residues 1–98). The active form of ANP has disulfide-bonded loop between cysteine
105 and cysteine 121, essential for the biological activity (3,23). All ANP analogs
with natriuretic or diuretic activity share this common central ring structure (24,25).
Subsequently, BNP (26) and CNP (27) were both isolated from porcine brain extracts
on the basis of their potent relaxant effects. Soon, it was established that BNP is predom-
inantly synthesized and secreted from the heart (28). Similarly, CNP is predominantly
localized in the central nervous system and endothelial cells and is considered a noncir-
culatory natriuretic peptide hormone (29). Like ANP, both BNP and CNP are synthesized
from large precursor molecules and the mature bioactive peptides contain 17-residue loop
bridged by an intramolecular disulfide bond. In essence, 11 of these amino acids are
identical in biologically active ANP, BNP, and CNP; however, the amino- and carboxyl-
terminus vary in length and composition (Fig. 1). Among the species, BNP exhibits
most variability in primary structure, and both ANP and CNP are highly conserved
across the species. The mechanisms of action of NPs in relation to their structure and
physiology are not well understood. A large body of work has been accumulated to
define the essential functional parameters of NPs to elicit the biological responsiveness.

3. SYNTHESIS AND SECRETION OF NATRIURETIC PEPTIDES

Indeed, the three natriuretic peptides ANP, BNP, and CNP have highly homologous
structure, but they have distinct sites of synthesis. Both ANP and BNP are predominantly
synthesized in the heart, and ANP concentrations range from 50- to 100-fold higher than
BNP. The atrium is the primary site of synthesis for both hormones within the heart;
however, ventricle also produces both ANP and BNP but at the level 100- to 1000-fold
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Fig. 1. Amino acid sequence and structure of natriuretic peptides. The sequence comparison of the
mature human ANP, BNP, and CNP with conserved residues represented by darkened square boxes.
The lines between the two cysteine residues in each natriuretic peptide (ANP, BNP, and CNP) indi-
cate a 17-residue disulfide bridge, essential for biological activity. ANP, atrial natriuretic peptide;
BNP, brain natriuretic peptide; and CNP, C-type natriuretic peptid.
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less than the atrium, respectively. It has been observed that the difference in the natriuretic
peptide concentrations also correlate with mRNA levels (30). Interestingly, the expres-
sion of both ANP and BNP increases dramatically in both the atrium and the ventricle
in cardiac hypertrophy (31,32), nevertheless, the ventricle becomes the primary site of
synthesis and release for BNP. In patients with severe congestive heart failure (CHF),
the concentrations of both ANP and BNP increase higher than control values; however,
the BNP concentrations increase 10- to 50-fold higher than a comparative increase in
ANP concentrations (31). These findings indicated that ANP and BNP elicit distinct
physiological and pathophyiological effects. In essence, ANP and BNP show similar
hemodynamic responses, whereas BNP exerts a longer duration of action and causes
enhanced rather than blunted natriuretic responses as compared with ANP (32,33).
On the contrary, it has also been shown that the amino-terminal pro-ANP is a better
diagnostic tool than BNP to assess left ventricular systolic dysfunction (34).

Cardiac atrium expresses almost 50- to 100- fold or even higher ANP mRNA levels
as compared with extracardiac tissues (35). Interestingly, higher ventricular ANP is
present in the developing embryo and fetus, nevertheless, both mRNA and peptide
levels of ANP decline rapidly during the prenatal period (36). However, ANP gene
expression in ventricle is postnatally reinducible in response to phenylephrine adminis-
tration, after-load stress, and myocardial infarction (37). Indeed, the mRNA levels of
BNP are markedly lower than ANP in heart; however, the BNP concentrations are
higher in the ventricle as compared with both neonatal and adult rat hearts, but the
reduction in the ventricular expression of BNP is far less than ANP in the adult hearts
(38). Although the circulating BNP levels are far less than that of ANP levels in normal
subjects, the increase in BNP concentrations in plasma can surpass the level of ANP in
patients with CHF (31,39,40). On the contrary, CNP does not seem to behave as a cardiac
hormone and its levels are extremely low in the circulation (41). CNP is largely present
in the central nervous system (42) and in the vascular endothelial cells (43–46). D-type
natriuretic peptide (DNP) represents an additional member in the natriuretic peptide
hormone family (47,48). DNP is present in the venom of the green mamba (Dendroaspis
angusticeps) as a 38-amino acid peptide molecule. In addition, a 32-amino acid peptide
termed urodilatin (URO) is identical to C-terminal sequence of pro-ANP and appears
to be present only in urine (49,50). It was initially purified from human urine and is
presumed to be only synthesized in the kidney (51). URO is not present in the circulation
and appears to be a unique intrarenal natriuretic peptide with unexplored physiological
significance (51,52).

4. IDENTIFICATION AND STRUCTURE DETERMINATION 
OF NATRIURETIC PEPTIDE RECEPTORS

Initial crosslinking and photoaffinity labeling studies showed the existence of ANP
receptors with a wide range of molecular weight (Mr) of 60–180 kDa, and were identified
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and auto-
radiography from different cells and tissue types. Photoaffinity labeling studies showed
the specific labeling of a single protein band of ANP receptor with apparent Mr of
125 kDa in plasma membranes of bovine adrenal cortex (53), and with 135–140 kDa of
kidney cortex (54), Leydig tumor (MA-10) cells (55), and neuroblastoma cells (56).
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In contrast, labeling of additional protein bands, including major radiolabeled protein
species of the 60–70 kDa was reported by photoaffinity labeling or affinity crosslinking
of ANP receptors in various plasma membrane preparations (57–59) or intact cultured
cells (60). Subsequently, high-affinity binding sites for ANP were co-purified with
particulate guanylyl cyclase (GC) activity, which indicated that both ANP binding and
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Fig. 2. Ligand specificity and transmembrane models for the natriuretic peptide receptors. A
schematic representation of the natriuretic peptides to specifically activate the natriuretic peptide
receptors; NPRA, NPRB, and NPRC as indicated. The solid lines connect the receptors with their pre-
ferred ligand. The ligand binding domains, transmembrane regions, and intracellular domains have
been indicated. The NPRA and NPRB are shown to generate the second messenger cGMP. NPRA,
natriuretic peptide receptor-A; NPRB, natriuretic peptide receptor-B; and NPRC, natriuretic peptide
receptor-C.
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GC activity reside in the 120- to 180-kDa receptor molecules (61–65). The 70-kDa
ANP receptor protein was also isolated and did not have GC catalytic activity (66,67).
Initially, ANP receptors were characterized based on the differential binding character-
istics and ability to generate second messenger cGMP in response to various lengths of
ANP peptides, truncated at the amino and/or carboxyl terminal of 28-residues ANP
(68–70). Based on the biological activity of different ANP analogs, ANP receptors were
classified as biologically active and clearance or silent receptors (71). Subsequently,
different subtypes of ANP receptors were identified by photoaffinity and crosslinking,
which appeared to be specific to different cell types (69,72). Intriguing was the finding
that, using photoaffinity labeling, three distinct types of natriuretic peptide receptors
were classified in different cell types (69). Biochemical, immunohistochemical, and
molecular biological data indicated that natriuretic peptides and their receptors are quite
widespread in their tissue distributions, suggesting pleiotropic actions at both systemic
and local levels (3,9,69,73,74).

Cloning and expression of cDNA led to identify and characterize the primary structure
of three distinct subtypes of natriuretic peptide receptors (NPRs), which are currently
designated as NPRA (6,75–77), NPRB (78,79), and NPRC (80). The three receptor
subtypes (NPRA, NPRB, and NPRC) constitute natriuretic peptide receptor family. The
general topological structure of NPRA and NPRB is consistent with at least four dis-
tinct domains. As such, the entire coding region of both NPRA and NPRB is separated
by a single transmembrane spanning region into extracellular ligand-binding domain and
intracellular protein kinase-like homology domain, also referred to as kinase homology
domain (KHD) and GC catalytic domain (6,78). NPRA and NPRB are also referred to
as GC-A and GC-B, respectively (7). The extracellular ligand-binding domains of
NPRA and NPRB show approx 44% sequence identity. Within the intracellular domains
of both of these receptors, approx 250-amino acid region of the carboxyl-terminus portion
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Table 1
Soluble and Various Plasma Membrane Forms of Guanylyl Cyclases

With Respective Ligands and Prominent Tissue Distribution

Ligand Guanylyl cyclases Tissue-specific distribution

ANP/BNP GC-A/NPRA Kidney, adrenal glands, heart, lung vascular bed,
ovary, testis, brain, and other tissues

CNP GC-B/NPRB Vascular bed, fibroblast, heart, lung adrenal gland,
brain, ovary, and other tissues

Guanylin/ GC-C Colon, intestine, and kidney
uroguanylin/
enterotoxin

Orphan GC-D Olfactory neuroepithelium
Orphan GC-E Retina, pineal gland
Orphan GC-F Retina
Orphan GC-G Skeletal muscle, lung, intestine, and kidney
Calcium-binding ROS-GC Rod outer segment

proteins
Orphan GC-Y-X1 Sensory neurons of C. elegans
NO, CO Soluble cyclase Smooth muscle, platelet, kidney, lung,

and other tissues
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constitutes GC catalytic domain. The KHD constitutes an approx 280-amino acid region
that immediately follows the transmembrane spanning region of these receptor proteins.
The GC catalytic region has the highest sequence similarity (88%) between NPRA and
NPRB; however, KHD has only 60% sequence identity between these two receptors.
Although >80% of the conserved amino acid residues that have been found in all protein
kinases (81) are also present in NPRA and NPRB, the functional significance of this
homology of KHD has not yet been established. Whether NPRA and NPRB contain
intrinsic protein kinase activity for autophosphorylation or to phosphorylate other cellular
proteins is not yet known. The comparison of the amino acid sequences indicates 62%
identity among NPRA and NPRB proteins. Intracellular regions appear more highly
conserved than extracellular domains of these two receptors (78 vs 43%). The nucleotide
sequence in the kinase domain is less conserved between NPRA and NPRB than the
sequence in the GC catalytic domain of these receptors.

The third member of the natriuretic peptide receptor family, NPRC, constitutes a
large extracellular domain of 496-amino acids, a single transmembrane domain, and a
very short 37-amino acid cytoplasmic tail that bears no homology domain of any other
known receptor proteins. The extracellular region of NPRC is approx 30% identical to
NPRA and NPRB. Ligand receptor binding studies have shown that NPRC has much
less stringent specificity for structural variants of ANP than does NPRA or NPRB (82).
The extracellular domain of NPRC possesses two pairs of cysteine residues along
with one isolated cysteine near the transmembrane domain, three potential signals for
N-glycosylation, and several serines and threonines for the O-linked glycosylation sites
(80). Earlier, it was proposed that NPRC may function as a clearance receptor to remove
natriuretic peptides from the circulation (71); however, a number of studies provide the
evidence that NPRC plays roles in biological action of natriuretic peptides (83–85) and
clearance name carries only by a default nomenclature to NPRC.

The transmembrane GC receptors contain a single cyclase catalytic active site per
polypeptide molecule; however, based on the structure modeling data (86), two
polypeptide chains seem to be required to activate the function of NPRA (87–89). The
dimerization region of the receptor has been suggested to be located between the KHD
and GC catalytic domain that have been predicted to form an amphipathic alpha helix
structure (90). The NPRB has the overall domain structure similar to that of NPRA with
binding selectivity to CNP, also generates the second messenger cGMP (10,17,90–93).
NPRA is the dominant form of the natriuretic peptide receptors found in peripheral
organs and mediates most of the known actions of ANP and BNP. Whereas NPRB is
localized mainly in the brain and vascular tissues, it is thought to mediate the actions of
CNP in the central nervous systems and also in vascular bed.

There have been other members of the membrane-bound GC receptor family including
the first cloned sea urchin GC receptor (94), sea urchin egg peptide receptor (95),
heat-stable enterotoxin, and endogenous peptide guanylin and uroguanylin receptors
(10). Recently, additional members of GC family of receptors have been identified by
homology-based cDNA library screening. Interestingly, those include retinal-GC or rod
outer segment membrane GC (ROS-GC), or ret-GC receptor (96,97), GC-D receptor in
olfactory sensory neurons (98), GC-E and GC-F receptors in eyes (99); GC-G receptor
in peripheral tissues such as lung, and GCY-X1 receptor in sensory neurons of
Caenorhabditis elegans along with more than 29 other similar gene products that have
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been identified (100,101). Most of these receptor proteins are considered orphan
members of GC-coupled receptor family, as their ligands have not yet been identified.
These orphan receptor proteins constitute overall molecular configuration similar
to that of NPRA. The molecular cloning of the ROS-GC or retinal-GC showed that
this subspecies GC receptors was distinct from the cell surface receptor subfamily
and functions in transducing Ca2+ signals arising within the sensory neurons. The
cloned enzyme was unresponsive to ANP and CNP, and showed minimal sequence
identity (30%) with NPRA and NPRB (11). This new subfamily of receptor is sug-
gested to transduce the Ca2+ signals arising inside the sensory neurons of the retina
instead of the transduction of the peptide signals arising outside the cells. Thus, it
is expected that several of the members of GC receptor family could provide new and
unexpected mechanism of functions in this emerging field of natriuretic peptide
family of receptors.

5. TRANSMEMBRANE SIGNAL TRANSDUCTION MECHANISMS

Initial studies showed that ANP markedly increases cGMP in target tissues in a
dose-related manner (102–105). The production of cGMP is believed to result from
ANP binding to the extracellular domain of NPRA, which probably allosterically regu-
lates an increased specific activity of the receptor (8,11,12,14,73,90). Previous findings
have indicated that binding of ANP to the receptor by itself is probably not sufficient
to stimulate GC catalytic activity and requires ATP (106–108). Because the nonhydro-
lyzable analogs of ATP mimicked ANP effect, it was suggested that ATP acts directly
by allosteric regulation of GC catalytic activity of NPRA. The ligand binding and the
interaction of ATP with the KHD increase the cGMP production without affecting
the affinity for the substrate (106,109–111). Overexpression and isolation of NPRA
demonstrated that GC catalytic domain cannot be activated by ANP alone without
ATP-binding to KHD region of NPRA (107,112,113). Further studies provided the
essential evidence that ATP binding to KHD of the receptor is important for receptor
effectors coupling of GC family of receptors (11,108,114). Deletion of the KHD of
NPRA and NPRB receptors also suggested that KHD represses the GC catalytic activity
of these receptors (5,115). Both NPRA and NPRB contain a glycine-rich ATP binding
motif within the KHD which is known as glycine-rich cluster sequence (108,111,116).
It has been suggested that the glycine-rich sequence motif is critical in ATP binding and
ANP signaling of NPRA family of receptors. The glycine-rich motif of receptor has also
been named as the ATP-regulatory module (ARM) and the sequence of the motif
includes: Gly–Arg–Gly–Ser–Asn–Tyr–Gly (108). The similar counterpart glycine-rich
sequence is also present in the NPRB cDNA sequence. Intriguing was the finding that
respective glycine-rich sequence motif has been shown to be interchangeable, function-
ally identical and is critical in the ATP-dependent transduction activities of both NPRA
and NPRB transmembrane receptors (116). Furthermore, site-directed mutagenesis
studies pointed out that the middle Gly in the glycine-rich region seems to be critical in
both the formation of the ATP-binding pocket and signaling process of GC family of NP
receptors (116). These investigators suggested that there is a tight regulatory control of
the transmission of intracellular signal of the receptor during the generation of second
messenger cGMP (11,117,118).
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It has been suggested that the juxtamembrane hinge structure of NPRA undergoes a
significant conformational change in response to ligand binding, and it may play an
important role in the transmembrane signaling process (119). The amino acid sequence
near the transmembrane region is well conserved in NPRA that contains several closely
located proline residues and a pair of cysteine residues. The mutation of one of the pro-
line in this region renders the receptor to bind the ligand but blocks GC catalytic activity
of the receptor (119). Similarly, in the juxtamembrane hinge region, the elimination of
disulfide bond by cysteine residues resulted in constitutive receptor activation. These
findings suggested that juxtamembrane hinge region structure of NPRA may play a
critical role in receptor activation and signal transduction mechanisms of GC-coupled
receptors. It has also been suggested that glycosylation is essential for ligand binding
activity of NPRA (120–122). On the contrary, one study suggested that glycosylation
is not essential for ANP binding of NPRA (123). On the other hand in GC-C receptor,
all N-linked glycosylation consensus sites have been mutated individually by site-
directed mutagenesis to check proper stability and ligand binding which indicated
that certain sites might be important for receptor stability (124). The glycosylation
sites from GC-coupled receptors are mapped onto the NPRA binding domain structure
and have been found to be scattered on the surface of the receptor with the exception
of the hormone binding site and dimer interface of the receptor (125). The glycosylation
sites in GC-coupled receptors have been implicated to be important for proper folding
and stability of the receptor proteins (120,126,127). However, the role of glycosylation
sites in the ligand binding of the receptor has not been provided. Nevertheless, the
glycosylation of the extracellular domain of NP receptors can be considered of signifi-
cant importance for receptor orientation and packaging on the cell surface similar to
that of other plasma membrane proteins (128). However, it should be noted that
there is no appreciable conservation of the precise position of the glycosylation sites
within the members of GC-receptor family. Clearly, more experimentation is needed
to confirm the functional role of glycosylation in transmembrane signaling of GC-
coupled receptors.

The heterogeneity of NP receptors and their diverse cellular distribution suggest that
different mechanisms might be involved in the cellular action of NPs (9,83,129,130).
ANP has been shown to stimulate the formation of inositol phosphates in cultured vascular
smooth muscle cells (131,132), however, in the inner medullary collecting duct cells
and in the smooth muscle tissue, ANP stimulated the stimulation of inositol phosphates
at lower dosages, and inhibited the generation of these metabolites at higher dosages
which increase generation of cGMP (133,134). It has also been shown that ANP
inhibits the thrombin-induced synthesis and release of endothelin in cultured rat aortic
endothelial cells by blocking the phosphoinositide breakdown (135,136). Murine
Leydig tumor (MA-10) cells predominantly overexpress NPRA and treatment of these
cells with ANP dramatically decreases the hydrolysis of phosphoinositides (137). The
H-8, a specific inhibitor of cGMP-dependent protein kinase, reversed the inhibitory
effect of ANP on the generation of inositol phosphates, supporting the involvement of
cGMP-dependent protein kinase in this process (138). ANP has also been shown to
inhibit both autophosporylation and enzymatic activity of protein kinase C (PKC) in
different cell systems (139–143). It is not yet known if the ANP-dependent inhibitory
effects on the phosphoinositide metabolism and PKC autophosphorylation and/or enzyme
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activity are exerted in a composite manner to negatively regulate the phosphoinositide,
Ca2+, and PKC cascade system. It is also possible that the effect of ANP is transmitted
to block the inositoltrisphosphate (IP3) and Ca2+ signaling pathways independently in
response to a particular agonist stimulation. It has been suggested that potassium channels
can be stimulated by ANP through the activation of PKGs which require ATP and can
also be activated by G proteins (144). However, the possible involvement of potassium
channels in the ANP-dependent inhibitory response on the generation of inositol phos-
phates remains to be investigated. It has been shown that NPRC plays a mediatory role
in the adenylyl cyclase signal transduction system involving the inhibitory guanine
nucleotide-regulatory proteins (G proteins) in aorta (145) and brain (146). Furthermore,
ANP has also been shown to interact with phospholipase C via NPRC involving G proteins
(134). It has been shown that GTP S synergistically enhanced the effect of ANP on GC
catalytic activity (138,147).

6. INTERNALIZATION, DOWNREGULATION,
AND DESENSITIZATION OF NATRIURETIC PEPTIDE RECEPTORS

Internalization and sequestration of hormone receptors have been implicated to play
important roles in the process of receptor downregulation. It is anticipated that NPRA
is downregulated in response to ANP activation that could be mediated by receptor
internalization, sequestration, and metabolic degradation (9,14,118,129). Stoichiometric
analyses of the metabolic processing of ANP/NPRA complexes in Leydig tumor
(MA-10) cells and PC-12 cells containing endogenous receptors (9,55,148,149), and in
COS-7 cells as well as human embryonic kidney-293 (HEK-293) cells expressing
recombinant receptors (14,118,129), provided the evidence that a large population of
the bound ligand–receptor complexes are internalized, processed intracellularly and
degraded products are released into culture medium. Lysosomotropic agents inhibited
the degradation of ANP, suggesting that ANP was metabolized in lysosomes. Similarly,
studies utilizing PC-12 cells have also indicated that ANP–NPRA complexes are inter-
nalized and sequestered into the intracellular compartments (148). On the other hand, it
was indicated that in renomedullary interstitial as well as in mesangial cells, ANP–NPRA
complexes were not processed intracellularly (150). These authors suggested that a rapid
dissociation of ligand–receptor complexes seems to take place upon ANP binding to
NPRA at 37°C and intact ligand is released into culture medium. However, it is difficult
to some extent to contemplate the findings of those previous studies because the disso-
ciation of ligand was carried out in medium containing high concentrations of unlabeled
ANP to preclude the rebinding of dissociated ligand to receptors. The cells utilized in
those previous studies, contained more than one receptor subtypes including both
NPRA and NPRC (150). Although it has been earlier indicated that in neuroblastoma
cell, the bound ligand to NPRA was degraded and released by a neutral metalloendo-
peptidase on plasma membrane (151). Nevertheless, further studies have not been carried
out to confirm those previous results.

The kinetic studies of metabolic processing of ANP involving NPRC that does not
contain GC catalytic activity has been reported by several investigators utilizing vas-
cular smooth muscle cells (152–159). The downregulation of NPRC has been shown in
cultured vascular smooth muscle cells which predominantly contain this receptor protein
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(156,157,159,160–163). The downregulation of NPRC seems to be associated with
increased internalization of the ligand–receptors complexes involving receptor-mediated
endocytotic mechanisms (157,164). It has been suggested that a portion of the receptor
population recycles back to the plasma membrane and newly synthesized receptors
reconstitute the receptor population (157). The downregulation of NPRA has also been
observed and reported in PC-12 cells containing endogenous receptors (148) and in
COS-7 and HEK-293 cells containing recombinant receptors (14,118). Thus, down-
regulation of NP receptors by ligand-dependent internalization plays an important role
in NP receptor signaling and function. The carboxyl-terminal deletion studies of NPRA
have suggested that specific sites in the GC catalytic domain and KHD seem to play a
critical role in the endocytosis and sequestration of GC-coupled receptor proteins (118).
It should be mentioned that a number of studies have also shown that after prolonged
treatment of cultured cells with ANP, both receptor density and GC activity are
decreased with simultaneous decrease in mRNA levels (13,165–167). In addition, trans-
forming growth factor- 1 (TGF- 1), ANG II, and endothelin have also been shown to
reduce NPRA mRNA levels in cultured cells (165,168,169). Some of these studies have
established that a decrease in mRNA levels of NPRA correlated well with repressed
transcriptional activity of NPRA.

It has been suggested that NPRA exists in the phosphorylated state and the addition
of ANP causes a decrease in the phosphate contents as well as reduction in the ANP-
dependent GC catalytic activity (170). The apparent mechanism of desensitization of
NPRA is in contrast to many other cell-surface receptors that appear to be desensitized
by phosphorylation (171–176). The initial findings also suggested that ANP seems to
stimulate phosphorylation of its GC-coupled receptor protein (139,177–179).
Interestingly, the later studies indicated that ANP stimulates the phosphorylation of
NPRA which may be essential for receptor activation (180,181). A protein of 55 kDa
has been identified that binds specifically to the KHD of NPRA that has been impli-
cated in the desensitization of this receptor protein (182). It should be noted that the
apparent mechanism of desensitization of NPRA via dephosphorylation is in contrast to
G protein-coupled receptors, which seem to be desensitized by a mechanism involving
phosphorylation (174,175).

It has recently been indicated that cGMP-dependent protein kinase (PKG), a
serine–threonine kinase is capable of phosphorylating NPRA in vitro (183). These
authors suggested that PKG is recruited to the plasma membrane after ANP treatment
and increases the GC catalytic activity of NPRA. It was further suggested that PKG
translocation was ANP-dependent but not nitric oxide dependent. Thus ANP-dependent
NPRA–PKG interaction may provide an important mechanism for cGMP-dependent
signaling and regulation of receptor function and sensitivity in target cells. However,
much remains to be known about the exact molecular regulatory mechanisms of
desensitization and signaling pathways of NPRA, which may involve more than one
process.

7. RENAL HEMODYNAMICS AND VASCULAR FUNCTIONS

ANP action is perceived to facilitate the excretion of salt and water with an increase
in glomerular filtration rate (3,184–189). Renal sites of ANP action include inner
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medullary collecting duct, glomerulus, and mesangial cells (190–193). The intracellular
actions of ANP in renal cells include the stimulation of GC activity and reduction in
adenylyl cyclase and phospholipase C activities, sodium influx, and reduced calcium
concentrations (3,83). The increased production of cGMP at ANP concentrations affect-
ing renal functions correlates with the effects of dibutyryl-cGMP, which prevents
mesangial cell contraction in response to ANG II (194). The most compelling evidence
supporting a role for cGMP in mediating the renal effects of ANP was obtained with
selective NPRA antagonists, A71915 and HS-121-1, to eliminate the renal effect of
infused ANP, including the elevation of urinary cGMP (195,196). These studies estab-
lished that ANP effect in kidney is largely mediated by cGMP through the activation of
NPRA. ANP markedly lowers renin secretion from kidney and also affects plasma renin
concentrations (184,187,197,198). Ample experimental data have established that ANP
plays an important role in regulation of renal function by its vasodilatory and natriuretic
responses and its ability to counteract the renin–angiotensin–aldosterone system (RAAS)
in a tissue-specific manner (187). Attempts have been made to define physiological
responses in kidney by infusing the exogenous ANP (199). Cardiac appendectomy has
been used to prevent ANP release; however, the problem in this setting is that the missing
normal cardiac function results in a lack of physiological reflexes that are normally
elicited by atrial components (200). Another approach has used monoclonal antibodies
against circulating ANP; however, problems are related to nonspecific effect of the
antibody or antigen complexes. One of the classical approaches has been taken to specif-
ically inhibit the signaling pathway of NPRA to block cGMP production. Although two
compounds, A71917 and HS-140-1, have been shown to diminish the effect of ANP by
antagonizing NPRA, however, these compounds do not completely inhibit NPRA activity
(151,201). A number of factors influence kidney’s ability to excrete sodium and water
(202–205). Activation of natriuretic peptides (ANP, BNP) enhances the pressure–
natriuresis relationship and reduces atrial pressures. It has also been suggested that
chloride-mediated feedback control of NPRA occurs in the kidney and plays a role in
ANP-mediated natriuresis (206). Initial as well as recent studies have shown that ANP–
NPRA system suppresses renin and decreases blood pressures (16,184,197,198,207).

Gene-targeting strategies in mice provide novel approaches in the study of the physio-
logical responses corresponding to gene-dosage in vivo (208,209). Gene-targeted mice
carrying gene disruption or gene duplication have provided strong support for the
physiological roles of natriuretic peptides and their receptor systems in kidney function
(15,16,198,210–216). The studies with Npr1 (coding for NPRA) gene-disrupted
mice demonstrated that at birth, the absence of NPRA allows greater renin and ANG II
levels and increased renin mRNA expression compared with the wild-type mice (198).
However, at 3–16 wk of age, both circulating and kidney renin and ANG II levels were
decreased dramatically in Npr1 homozygous null mutant mice as compared with wild-
type control mice. This decrease in renin activity in adult null mutant mice is implicated
because of progressive elevation in arterial pressure leading to inhibition of renin syn-
thesis and release from the kidney juxtaglomerular cells. It has been suggested that
increased levels of ANP released into the plasma in response to blood volume expan-
sion is attributed to be mainly responsible for the natriuretic and diuretic responses
(199,203). It has also been shown that both ANP and acute blood volume expansion act
on the kidney through a similar saturable mechanism (16,212). Recent studies have
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examined the quantitative contributions and possible mechanisms mediating the
responses of varying numbers of Npr1 gene copies by determining the renal plasma
flow (RPF), glomerular filtration rate (GFR), urine flow, and sodium excretion patterns
following blood volume expansion in Npr1 homozygous null mutant (0-copy), wild-
type (2-copy), and gene-duplicated (4-copy) mice in an Npr1 gene-dose-dependent
manner (16). By using whole blood, hemodilution did not occur and plasma protein
levels were not reduced. Although the blood volume expansion stimulated the release of
ANP in all three Npr1 genotypes of mice, significant functional responses (RPF, GFR,
and sodium excretion) occurred only in wild-type (2-copy) and gene-duplicated (4-copy)
mice but not in homozygous null mutant (0-copy) mice. These findings demonstrated
that the ANP–NPRA axis is primarily responsible for mediating the renal hemodynamic
and sodium excretory responses to intravascular blood volume expansion. ANP
responses to volume expansion led to the significantly lesser excretion of sodium and
water in 0-copy null mutant mice and significantly greater excretory responses along
with reduced tubular reabsorption in 4-copy gene-duplicated mice as compared with
2-copy wild-type mice. Similarly, during the volume expansion, urinary cGMP concentra-
tion was significantly lower in null mutant mice and greater in 4-copy gene-duplicated
mice. These findings established that NPRA is a hallmark receptor, which plays a critical
role in mediating the natriuresis, diuresis, and renal hemodynamic responses to acute
blood volume expansion.

ANP inhibits aldosterone synthesis and release from adrenal glomerulosa cells
(3,217) suggesting that this ANP action could be physiologically important, which
probably accounts for natriuretic and diuretic effects. The established biochemical
and cellular effects of ANP within adrenal glomerulosa cells include the activation of
GC activity and potassium channel conductance, whereas T-type calcium channels
conductance and adenylyl cyclase activity are suppressed (83). The NPRA antagonist
HS-142-1 eliminated ANP effects to suppress the aldosterone synthesis and to elevate
cGMP production in bovine adrenal glomerulosa cells, providing additional evidence
for the involvement of NPRA in the inhibition of ANP-dependent aldosterone secretion
(218). However, the correlative evidence that cGMP suppresses the aldosterone secre-
tion was challenged by the observation that aldosterone release was maintained in the
presence of cGMP analogs such as dibutyryl-cGMP or 8-bromo-cGMP (3,219). Further
studies suggested that ANP acts via NPRA in the adrenal gland to increase cGMP
concentrations, resulting in an activation of cAMP-dependent phosphodiesterases,
which decrease both cAMP and aldosterone concentrations in adrenal glands (220).

The studies on the effect of ANP either in intact aortic rings or in cultured vascular
smooth muscle cells have always reported an elevation in cGMP. The correlative
evidence between ANP-induced cGMP accumulation and vasodilation has suggested
the role of cGMP as the second messenger of dilator responses to ANP (3,13,83).
ANP as well as cGMP analogs have been found to reduce the agonist-induced increases
in cytosolic Ca2+ concentrations (221,222). It has been reported that cGMP activates
sarcolemmal Ca2+-ATPase, and this mechanism may be important in the ANP-induced
decreases in cytosolic Ca2+ in vascular smooth muscle cells (223,224). Nevertheless, it
is anticipated that the ultimate effect of ANP in vascular smooth muscle cells could be
because of the production of cGMP and the activation of cGMP-dependent protein
kinases (143,222).
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8. ANTIGROWTH AND ANTIPROLIFERATIVE EFFECTS

ANP has been shown to act as a growth suppressor in a variety of cell types
including kidney (225–229), heart (13), neurons (230,231), thymus (232), and vascula-
ture (29,226,231,233–237). ANP also inhibits mitogen activation of fibroblasts (238).
Interestingly, cGMP analogs mimicked the antiproliferative action of ANP, thus it is
considered that ANP exerts the antimitogenic effects largely through the second mes-
senger cGMP (229,222,236,239). ANP has been shown to inhibit collagen synthesis in
cardiac fibroblasts (240) and also it inhibits hypertrophy in primary cultures of cardiac
myocytes (241–243). Similarly, PKG has been shown to suppress extracellular
matrix production in vascular smooth muscle cells (244). The expression of ANP and
BNP genes is greatly augmented in hypertrophied hearts, which supports the notion that
autocrine and/or paracrine effects of ANP–BNP signal play an important role against
pathological cardiac hypertrophy in disease states (242,245). The mechanisms of
signaling pathways which elicit antimitogenic effect of ANP–NPRA are not yet well
characterized. However, both GC-linked NP receptors, NPRA, and NPRB, as well as
GC-unlinked NP receptor, NPRC, have been suggested to play a role in ANP-dependent
antimitogenic responses (229,236,246,247). Previous studies have demonstrated that
ANP inhibits ANG II- and platelet-derived growth factor (PDGF)-dependent MAPK
activity in different tissues and cell types (229,246,247). However, the involvement of
specific ANP receptor subtypes in the inhibitory effects of ANP on the agonist-stimulated
MAPK activity is controversial. Clearly more experimentation is needed to delineate the
underlying mechanisms of the antiproliferative effect of ANP in target cells. ANP has
been shown to inhibit MAPK activity after stimulation with mitogenic agents; however,
the actual mechanism of its inhibitory effect is not well understood. Previous studies have
indicated that ANP exerts an inhibitory effect on MAPK activity in kidney mesangial
cells in a cGMP-dependent manner (227). However, in astroglial cells, ANP was shown
to inhibit extracellular-regulated MAPK (Erk1/2) activity through NPRC (246). In
contrast, recent findings have indicated that des-(Cys105–Cys121)-ANP, a ligand selective
to NPRC, did not inhibit basal or serum-stimulated MAPK and DNA synthesis in fibro-
blasts, however, CNP, which acts through NPRB, potently inhibited MAPK activity in
fibroblast cells in a cGMP-dependent manner (238). It has been postulated that cGMP-
dependent signaling mechanisms of NPRA are initiated probably at the level of gene
transcription; however, the exact nature of this activation remains to be elucidated (13).
A previous report also indicated that cGMP and PKG signaling increased the MAPK
activity in contractile rat vascular smooth muscle cells (248). However, the mechanisms
by which cGMP/PKG leads to the activation of MAPKs are unclear. Similarly, cAMP-
and cGMP-dependent protein kinases have also been shown both to inhibit as well as to
activate MAPK pathways, depending on the cell types and culture conditions (249).

In addition to its antimitogenic effect, ANP has been shown to induce apoptosis in
cultured vascular smooth muscle cells and in neonatal rat cardiac myocytes (250,251).
ANP-induced apoptotic effect was mimicked by 8-bromo-cGMP, a membrane-permeable
analog of cGMP, and by nitroprusside, an activator of soluble guanylyl cyclase. Further-
more, ANP effect was potentiated by a cGMP-specific phosphodiesterase inhibitor
zaprinast. It was indicated that norepinephrine, a myocyte growth effector, inhibited
ANP-induced apoptosis via activation of -adrenergic receptor and elevation of cAMP
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(251). The existence of a complementary ANP-mediated mechanism to inhibit cell
growth is not surprising. The inhibition of cell proliferation is often accompanied by an
increased probability of apoptosis, whereas growth-promoting agents tend to promote cell
growth and proliferation. For instance, ANG II inhibits apoptosis, in contrast, ANP and
nitric oxide, both potently inhibit cell growth and proliferation and induce apoptosis
(251,252). It has been suggested that the antiapoptotic Bcl-2 homologue Mcl-1 might
serve as an important target in ANP-induced apoptosis of cardiac myocytes. The Bcl-2
homologue Mcl-1 was initially identified as a protein which was upregulated during
the differentiation of monocytoid cell line ML-1 cells (253–255). Interestingly, Mcl-1
is expressed at high levels in heart (251,256). However, more experiments are needed
to establish a direct causal relationship between ANP effect and apoptosis.

9. ROLE IN PATHOPHYSIOLOGY OF HYPERTENSION 
AND CARDIOVASCULAR DISORDERS

In response to an increase in atrial distension, ANP is released into the circulation and
mediates natriuretic, diuretic, and vasorelaxant effects. High levels of endogenous ANP
are thought to compensate the condition of patients with heart failure by reducing
preload and afterload. Evidence suggests that a high plasma ANP–BNP level is a
prognostic predictor in humans with heart failure (257–259). Studies with ANP-deficient
genetic strains of mice demonstrated that a defect in the ANP synthesis can cause
hypertension (210). The blood pressures of homozygous null mutant animals were elevated
by 8–12 mmHg when they were fed with standard or intermediate salt diets. Hetero-
zygous animals showed normal blood pressures and normal amount of circulatory ANP,
however, they became hypertensive and blood pressure was elevated by 20–27 mmHg if
these animals were fed with high salt diets (207,210,260). Those previous findings clearly
demonstrated that genetically reduced production of ANP can lead to salt-sensitive
hypertension. On the other hand, the disruption of Npr1 gene indicated that the blood
pressure of homozygous mutant mice remained elevated and unchanged in response to
either minimal or high salt diets (211). These investigators suggested that NPRA may
exert its major effect at the level of vasculature and probably does so independently of
salt. On the contrary, Oliver et al. (213) reported that disruption of Npr1 gene resulted in
chronic elevation of blood pressure in mice fed with high salt diets. Indeed, more studies
are needed to clarify the relationship between salt-sensitivity and blood pressures in Npr1
gene-targeted mice.

Transgenic mice overexpressing ANP developed sustained hypotension with arterial
pressure that was 25–30 mmHg lower than their nontransgenic siblings (189,207,261).
A recent study demonstrated that somatic delivery of ANP gene in spontaneously hyper-
tensive rat (SHR) induced a sustained reduction of systemic blood pressure, raising the
possibility of using ANP as therapeutic agent for treatment of human hypertension
(262). Genetic mouse models with disruption of both ANP and NPRA genes have provided
strong support for the role of this hormone-receptor system in the regulation of arterial
pressure and other physiological functions (15,16,198,207,210–214,216,263).
Therefore, the genetic defects that reduce the activity of ANP and its receptor system
can be considered as candidate contributors to essential hypertension and CHF (16,210,
212,216,264,265). Interestingly, complete absence of NPRA causes hypertension in mice
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and leads to altered renin and ANG II levels, cardiac hypertrophy, and lethal vas-
cular events similar to those seen in untreated human hypertensive patients (15,16,198). In
contrast, increased expression of NPRA reduces the blood pressure and increases the
second messenger cGMP, corresponding to the increasing number of Npr1 gene copies
(16,213,214).

ANP affects blood pressure directly through its natriuretic, diuretic, and vasodilatory
actions (187). It also affects blood pressure indirectly, for example, by inhibiting the
RAAS, which is known to cause hypertension and cardiovascular diseases, if excessively
stimulated (266). Genetic defects that reduce the activity or influence the ANP–NPRA
system greatly contribute to the development of hypertension. The mechanistic role of
ANP–NPRA system in counteracting the pathophysiology of hypertension is not well
understood. Although the expression of ANP and BNP is markedly increased in patients
with hypertrophic or failing heart, it is unclear if the NP system is activated to play a pro-
tective role by reducing the detrimental effects of high blood pressure caused by sodium
retention and fluid volume, inhibiting the RAAS, or it is simply a consequence of the
hypertrophic changes occurring in heart. Recent studies indicated that intrarenal renin in
newborn Npr1 homozygous null mutant pups (2 days after birth) was 2.5-fold higher
than in 2-copy wild-type counterparts (198). However, adult (16-wk) hypertensive Npr1
null mutant mice showed 50–70% reduction in plasma renin concentrations and renal
renin contents as compared with wild-type control animals. In contrast, the adrenal renin
contents and mRNA expression levels were elevated approx 1.5- to 2.0-fold in adult
homozygous null mutant mice than wild-type mice. However, the factors that modulate
renin gene expression in the adrenal gland have not been clearly identified. Together, the
studies in both SHR and Npr1 gene-knockout hypertensive mouse models suggest that in
hypertension, both kidney and circulatory renin concentrations are decreased, however,
as a compensatory event, the adrenal renin is increased (198). Thus in light of those previous
findings, it can be suggested that ANP–NPRA system may play a key regulatory role in
the synthesis and maintenance of both systemic and tissue levels of RAAS components
in both physiological and pathological conditions.

Studies in patients with chronic CHF have suggested that their plasma ANP levels
decreased, whereas plasma cGMP levels increased significantly from femoral artery to the
femoral vein, however, in patients with mild CHF, the plasma cGMP level correlated with
ANP level (257). Furthermore, these authors suggested that among patients with severe
CHF, plasma cGMP levels reached a plateau despite high levels of plasma ANP, and the
molar ratio of cGMP production to ANP in peripheral circulation was significantly lower
than those in patients with mild CHF. The findings of those previous studies further indi-
cated that downregulation of NPRA may also occur in the peripheral vascular bed of
patients with chronic severe CHF. On the other hand, it is widely believed that ANP con-
centrations are markedly increased both in cardiac tissues and in plasma of CHF patients
(258,259). In hypertrophied heart, ANP and BNP genes are overexpressed, suggesting that
autocrine and/or paracrine effects of natriuretic peptides predominate and might serve as
an endogenous protective mechanism against maladaptive pathological cardiac hypertro-
phy (242,243,265). Inactivation of either ANP or Npr1 gene in mice increases the cardiac
mass to a great extent (15,210). A significant inverse relationship has been found between
myocardial ANP mRNA expression or peptide levels and increases in left ventricular
cardiac mass (245). Those previous findings suggested that ANP expression plays a
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protective role in hypertrophied heart. Cosegregation analysis of genetic crosses suggested
a protective role for ANP against ventricular hypertrophy (245). Those previous findings
demonstrated that low ventricular ANP gene expression can be linked genetically to high
cardiac mass independently of blood pressure that is consistent with a protective role for
ANP against left ventricular cardiac hypertrophy. Furthermore, it has been shown that
functional alterations of ANP promoter are linked to cardiac hypertrophy in progenies of
crosses between Wistar–Kyoto (WKY) and Wistar–Kyoto-derived hypertensive (WKYH)
rats (267). These authors suggested that a single nucleotide polymorphism altered the
transcriptional activity of ANP gene promoter, and implicated that ANP may protect car-
diomyocytes against hypertrophy as a strong candidate gene for the determination of left
ventricular mass. Based on these findings it is speculated that a similar mutation in
the NPRA might be of potential significance to elicit the cardiac hypertrophy in human
population in that ANP–NPRA-dependent cGMP may play a critical role in the protection
against ventricular cardiac hypertrophy and CHF.

10. CONCLUSIONS

The discovery of ANP was rapidly followed by a rapid advancement of research on
both basic and clinical aspects of NPs and their receptor system. Thus far, three related
NPs and three distinct receptors have been identified and cloned that have advanced our
knowledge toward understanding the control of high blood pressure, hypertension, and
cardiovascular disorders to a great extent. Biochemical and molecular studies have been
advanced to examine receptor function and signaling mechanisms and the role of second
messenger cGMP in physiology and pathophysiology of hypertension, renal hemo-
dynamics, and cardiovascular functions. Tools have been developed to examine receptor
internalization, downregulation and/or desensitization of both GC-coupled and GC-
uncoupled NP receptors in different cell systems. The development of gene-knockout
and gene-duplication mouse models along with transgenic mice have provided a frame-
work for understanding both the physiological and pathophysiological importance of NPs
and their receptors and the signaling pathways involved in their mechanisms of action in
hypertension and cardiovascular disease states. Although a considerable progress has been
made, the transmembrane signal transduction mechanisms of NPs and their receptors
remain unresolved. Future challenges should include the identification and characteriza-
tion of cellular targets of NPs and second messenger cGMP including cytosolic and
nuclear proteins, role in gene transcription, cell growth and proliferation, apoptosis, and
differentiation. A more vigorous study of the crosstalk with other signaling mechanisms
needs to be pursued systematically. Now, NPs are considered as circulating markers of
CHF, however, their therapeutic potential for the treatment of cardiovascular diseases such
as hypertension, renal insufficiency, cardiac hypertrophy, CHF, and stroke is still lacking.
Indeed, the alternative avenues of investigations need to be undertaken, as we are at the
initial stage of the molecular therapeutic and pharmacogenomic implications.
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1. INTRODUCTION

There is a sexual dimorphism in the development of cardiovascular disease (CVD) in
humans (1,2). The prevalence of total CVD, defined as coronary heart disease (CHD),
congestive heart failure, stroke, and hypertension, is much lower in premenopausal women
than in age-matched men, but rises quickly in women after the fifth decade to surpass that
of men at later ages (2). Epidemiologic and observational studies of menopausal hormone
therapy associate a lower risk of CHD development and CVD mortality with hormone
treatment (3–9). Based on this evidence and an extensive volume of mechanistic studies
from in vitro and animal research, it was thought that ovarian hormones, principally
estrogens, were vasoprotective. However, because large randomized controlled trials of
menopausal hormone therapy have demonstrated no cardiovascular benefit and some
evidence of harm (increased CHD, stroke, and thromboembolic events in women assigned
to some hormone treatments), this concept of estrogenic vasoprotection has been called
into question (10–13).

Similar to the pattern for CVD, there is a striking age-dependent sexual dimorphism
in the prevalence of hypertension [Fig. 1; (2)]. In early adulthood, hypertension [defined
as systolic blood pressure (BP) 140 mmHg and/or diastolic BP 90 mmHg] is less
common among women than men. However, after the fifth decade of life, the incidence
of hypertension increases more rapidly in women than in men, with the prevalence of
hypertension in women equal to or exceeding that in men during the sixth decade.
Although women have lower systolic BP levels than men during early adulthood, the
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opposite is true after the sixth decade. Regardless of age, diastolic BP tends to be slightly
lower in women than in men (14–16).

A large body of fundamental evidence implicates sex steroids as vasoactive substances,
modulators of vascular remodeling and injury responses, regulators of other vasoactive
hormones, and participants in the coagulation cascade. In this chapter, we will focus on
the effects of estrogens, progestins, and androgens on normal BP regulation and on the
pathophysiology of hypertension. Special attention will be given to newer evidence
offering insight into the complexity of sex steroid metabolism and into the age-dependent
changes in vascular responses to sex steroids.

2. SEX HORMONES AND BLOOD PRESSURE

2.1. Estrogens
To account for the observed sexual dimorphism, sex steroids have been implicated as

effectors of BP regulation in animals and humans (17–19). Endogenous estradiol tends
to lower BP. Observational studies of BP through the menstrual cycle have demon-
strated that BP is lower when estradiol levels peak during the luteal phase than when
they are at their nadir during the follicular phase (20–22). Further, the menopause is
associated with a significant increase in BP in cross-sectional studies (23). In a prospec-
tive study of BP in premenopausal, perimenopausal, and postmenopausal women, an
age-independent 4–5 mmHg increase in systolic BP was found in postmenopausal
women (24). Additional support for BP lowering effects comes from the observation
that BP is reduced when endogenous estradiol levels become elevated during preg-
nancy (25). Interestingly though, BP reductions are maximal during the first and second
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Fig. 1. Prevalence of high blood pressure in Americans (age 20 yr and above) by age and sex
(NHANES 1999–2002). (From ref. 2 accessed on: 2 Feb 2007 at http://www.americanheart.org/
downloadable/heart/11050481905292005Statcharts.ppt)
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trimesters of pregnancy when estradial levels are increased 8- to 15-fold; BP rises during
the third trimester when estradiol levels increase to over 180-fold, suggesting that other
factors regulate BP during pregnancy.

Data on the BP effects of hormone interventions (contraceptive estrogens or estrogenic
preparations in menopausal hormone therapy) have been inconsistent, with reports of
neutral BP (26,27), lowering BP (28–32), and elevating BP effects (13,33–35). In the
Postmenopausal Estrogen/Progestin interventions (PEPI) trial, which enrolled 875 healthy
normotensive early postmenopausal women, assignment to conjugated equine estrogen
(CEE, 0.625 mg/d) ± a progestin did not impact systolic or diastolic BP when compared
with placebo controls (26). In contrast, when transdermal estradiol was administered at
physiologic doses to healthy postmenopausal women in two studies that evaluated ambu-
latory BP, active treatment significantly lowered nocturnal systolic, diastolic and mean BP
(3–7 mmHg) when compared with placebo (30,31). The observational study component
of the Women’s Health Initiative (WHI-OS) collected data on risk factors for CVD,
including BP, from 98,705 women aged 50–79 yr, the largest multiethnic, best character-
ized cohort of postmenopausal women ever studied (33). WHI-OS found that current
hormone use was associated with a 25% greater likelihood of having hypertension
compared with past use or no prior use. Further, among 5310 postmenopausal women
randomized to CEE (0.625 mg/d) compared to a placebo group as part of the randomized
controlled trial component of WHI, there was a 1.1-mmHg increase from baseline in
systolic BP at 1 yr of follow up that persisted throughout the 6.8 yr of follow up (13).
There was no difference in diastolic BP between treatment groups.

Although many studies included small numbers of subjects and lacked comparative
controls, use of oral contraceptive agents has been associated with development of
hypertension (15). Since the initial report associating the development of hypertension
with oral contraceptive use (34), several investigators have noted elevated BP in a sub-
group of women taking these agents, with an improvement in BP on withdrawal (15).
In one report of 22 patients referred after a development of hypertension temporally
associated with initiation of oral contraceptives, use of these agents was associated with
increased plasma renin activity and aldosterone excretion, with improvement in these
hormone levels and in BP within weeks of oral contraceptive withdrawal (35). In the
Nurses’ Health Study II (NHS II), a prospective cohort study of 68,297 premenopausal
women free of CVD, the multivariate risk for the development of hypertension among
the current users of oral contraceptives compared with never-users was 1.8 (CI 1.5–2.3)
(36). Absolute risk was small, however (only 41.5 cases of hypertension per 10,000
person-years could be attributed to oral contraceptive use), and risk decreased quickly
with a cessation of contraceptive use [past users had only a slightly increased risk (RR,
1.2; CI, 1.0–1.4) compared with never users]. In summary, these data support a general
conclusion that contraceptive estrogens increase BP, conjugated equine estrogen has little
effect on BP, and estradiol probably lowers BP (19).

2.2. Progestins
Similar to estrogens, the effects of progestins on BP appear to be dependent on the

type of progestin. Natural progesterone has been associated with BP lowering or
neutral effects. Higher levels of progesterone correlate with lower systolic but not dias-
tolic BP during the second and third trimesters of pregnancy (37). In a crossover study
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of 15 postmenopausal women assigned to placebo or transdermal estradiol ± intravaginal
progesterone, addition of progesterone did not affect the nocturnal BP lowering seen
with estradiol compared with placebo treatment (31). Similarly, the nonandrogenic
medroxyprogesterone acetate (MPA) appears to have BP neutral or lowering effects. In
a double-blind, crossover study of 29 postmenopausal women assigned to 4 wk of
CEE and placebo or increasing doses of MPA, there was a dose-dependent decrease in
ambulatory daytime diastolic and mean BPs for those women assigned to the progestin
compared with placebo (38).

In contrast, most studies of the synthetic progestins for contraception or hormone
therapy have revealed a BP-elevating effect. Oral contraceptives in particular appear
to precipitate or accelerate hypertension (15). Data from NHS II support a role for
progestins in contraceptive-induced hypertension. When risk of developing hypertension
was assessed based on progestin potency, compared with never-users of contracep-
tives, women who took low, medium, and high progestational potency preparations
had a multivariate risk of 1.6 (CI = 1.0–2.2), 2.5 (CI = 1.8–3.4), and 2.0 (CI = 1.4–3.0),
respectively (36). This pro-hypertensive effect was better tested in a study of two oral
contraceptives that both contained 30 g ethinyl estradiol, but two doses of the prog-
estin levonororgestrel (150 and 250 g) (39). In this study, a dose-dependent response
of BP to the progestin component was demonstrated.

2.3. Androgens
Compared to the female sex steroids, much less is known about the effects of

androgens on BP (19,40). Lower serum levels of testosterone and androstenedione have
been described in men with hypertension, supporting the hypothesis that androgens may
be vasoprotective (41,42). However, these studies are subject to confounding by other
factors known to affect androgen levels, most notably ageing and stress (43,44).

When the hypothesis that androgens lower BP was tested in longitudinal and
cross-sectional studies, an association with BP has not been consistently demonstrated.
In a subgroup of 66 men from the Multiple Risk Factor Intervention Trial (MRFIT),
testosterone levels were followed over 13 yr (45). Greater longitudinal decreases in
testosterone correlated positively with increases in cardiovascular risk factors, including
a more atherogenic lipid profile, behavioral stress, and tobacco use; however, no asso-
ciation was found with BP. Likewise, in the larger Rotterdam Study, levels of androgens
[dihydroepiandrosterone sulfate (DHEAS), total and bioavailable testosterone (TT and
BT)] did not correlate significantly with BP in 1032 nonsmoking men and women,
whereas lower levels of androgens did associate in an age-adjusted analysis with more
obesity, insulin resistance and aortic atherosclerosis in men (46). In a cross-sectional
study of 400 independently living men (aged 40–80 yr), one standard deviation increase
in TT and BT levels correlated with a reduced risk of the metabolic syndrome (including
the individual components of waist circumference and fasting glucose level), but did not
correlate significantly with BP [OR, 0.83 (0.65–1.07) and 0.95 (0.73–1.23) for TT
and BT, respectively] (47). Finally, in the Tromso Study, sex hormone levels and
resting BP were examined in a cross-sectional study including 1548 men, aged 25–84 yr
(48). In the age-adjusted analysis, lower testosterone and sex hormone-binding
globulin levels correlated significantly with higher systolic BP (p < 0.001). When
corrected for body mass index, this relationship persisted (p < 0.001 and p = 0.002 for
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testosterone and sex hormone-binding gloubulin, respectively). Thus, the overall evidence
suggests a possible reducing or neutral effect for endogenous androgens on BP. This
hypothesis remains to be tested, however, in randomized controlled trials with androgens
as interventions (40).

3. VASCULAR EFFECTS OF ESTROGENS

Most of the vascular effects of estrogens are mediated by the activation of estrogen
receptors (ERs), which are expressed in most cell types that influence vascular function,
including vascular smooth muscle cells (VSMCs), endothelial cells, and leukocytes
(49–53). Two major ER subtypes, ER- and ER- , have been described (54,55) and
have been shown in transfection experiments to regulate both distinct and common target
genes (56). Interestingly, of the functional categories of estrogen-regulated genes, most
numerous were those encoding cytokines and inflammatory factors, signal transduction
factors, and adhesion/cytoskeletal molecules. Both ER- and ER- are expressed in the
vasculature (57), and many of the effects of estrogens, including their protective effects
in the setting of vascular injury, have been attributed to the activation of ER- (58).
Subsequent studies have revealed a more complex pattern of ER subtype-dependent and
cell-specific actions of estrogens to promote vascular repair: activated ER- stimulates
endothelial cell migration and proliferation, whereas activated ER- inhibits migration
and proliferation of VSMCs (59).

Activation of ERs has been described in the classic sex steroid pathway: (1) estrogen
diffuses directly through the plasma membrane, and (2) forms an estrogen–ER
complex (an ER dimer), then (3) the activated complex translocates to the nucleus, (4)
in which it binds to estrogen response elements (EREs) and stimulates transcription
or gene suppression [Fig. 2; (60)]. Microarray technology has characterized the
genes affected by estrogens in MCF-7 cells; of note, estradiol turns off 70% of the
genes it affects in this breast cancer cell line (61). Transcriptional profiling of estrogen-
related gene expression in vascular cells is ongoing in a number of laboratories,
including our own.

A nongenomic pathway for estrogen actions has been proposed, whereby estrogens
interact with signal-generating receptors bound to the plasma membrane and elicit rapid
effects on vascular cells (60). The acute vasodilator effects of estrogens, discussed
below, appear to be mediated in this manner via ERs expressed in both endothelial and
VSMCs [Fig. 3; (60)].

3.1. Effects of Estrogens on Vascular Tone
Estrogens have both acute and chronic effects on vascular tone. The former are too

rapid to be mediated by regulation of gene transcription and occur by a nongenomic
mechanism, whereas the latter are mediated by ERs acting as transcription factors to
effect specific vascular gene expression. Acutely, estrogens produce vasodilation by
interacting with an ER- subpopulation in caveolae of endothelial cells (51), which
rapidly activate the mitogen-activated protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI3K)/Akt-kinase pathways (62,63) and, thus, directly increase endothelial
nitric oxide synthase (eNOS) activity [Fig. 3; (60)]. This endothelial-dependent
pathway is augmented by an additional endothelial-independent pathway, in which

Chapter 18 / Sex Steroids 311

18_Miller_Carey  5/3/07  12:52 PM  Page 311



estradiol opens Ca2+- and voltage-activated K+ channels in endothelial-denuded
porcine coronary arteries and in isolated VSMCs in vitro (64). Together, these pathways
provide the fundamental basis for the observation that exogenous estradiol dilates
brachial and coronary arteries in postmenopausal women and in men (65–67).

Longer term, estrogen induces changes in vascular tone by mediating expression
of genes for the synthesis of vasodilator molecules, including prostacyclin and nitric
oxide. Prostacyclin production is increased in response to 17 -estradiol in rat aortic
SMCs in culture via increases in both cyclooxygenase and prostacyclin synthetase
activities (68). In a mouse model of atherosclerosis (LDL receptor knockout), estradiol
upregulates cyclooxygenase-2-derived prostacyclin production through an ER- -
dependent mechanism that accounts for much of its atheroprotective effect in this
model (69). Nitric oxide production is effected by genomic as well as nongenomic
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Fig. 2.  Mechanism of estrogen-receptor (ER) activation of gene expression. In the classical steroid
pathway, estrogen enters target cells by passive diffusion and binds to high-affinity intracellular recep-
tors. ER- and - act as transcriptional factors that undergo conformational changes after ligand binding.
The estrogen–ER complexes form dimers and then bind to specific sites in the control regions of their
target genes (estrogen-response elements). The complexes associate with several proteins capable of
activating the general transcriptional apparatus (GTA), the multiprotein complex containing RNA
polymerase that transcribes DNA into RNA. These ER-associated proteins include coactivator proteins
(CoAct) and general integrators of transcription (Int). ER-associated proteins may have enzymatic
functions as well, such as histone acetyltransferase (HAT) activity. Estrogen receptors may also
suppress the transcription of selected target genes by interacting with corepressors. Reproduced with
permission from ref. 60.
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Fig. 3. Rapid, nongenomic pathways of estrogen–estrogen receptor actions. Estrogen causes rapid acti-
vation of nitric oxide synthase (NOS) in a manner that does not require new gene transcription. In
endothelial cells (upper portion of figure), this occurs by a novel action of an estrogen receptor (ER)-
subpopulation in caveolae (51), is blocked by antiestrogens (AE), and may require a class of receptor-
associated proteins (P) distinct from those that act with the receptors to mediate changes in transcription.
The result is rapid activation of endothelial NOS, through signal-transduction pathways involving the
mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase/Akt-kinase pathways
(60,61). In vascular smooth-muscle cells (lower portion of figure), estrogen rapidly activates calcium-
activated potassium channels (BKCa), which hyperpolarize and relax smooth-muscle cells (62). BKCa
activation in vascular smooth muscle occurs through a pathway that is dependent on nitric oxide (NO)
and cyclic guanosine monophosphate (cGMP). GC denotes guanylate cyclase, G kinase cGMP-dependent
protein kinase, and TK tyrosine kinase. Reproduced with permission from ref. 60.
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pathways. Expression of eNOS and neuronal NOS (nNOS) is upregulated during
pregnancy and by exogenous estradiol administration in the guinea pig (70). These
mechanisms support the observations that long-term administration of estrogens
increases acetylcholine-induced vasodilation in coronary arteries of nonhuman pri-
mates (71,72), postmenopausal women (73,74), and male-to-female transsexuals
(75,76).

3.2. Effects of Estrogens on Vascular Remodeling
The effects of estrogens on vascular injury responses and vascular remodeling have

been well characterized (reviewed in refs. 19,77) and will be discussed only briefly here
because they are only indirectly involved in the pathogenesis of hypertension. In animal
models, there is a sexual dimorphism in the response to vascular injury (female < male),
providing evidence that estrogens protect against neointima formation [Fig. 4; (78–81)]
and promote re-endothelialization (82). This vasoprotective effect is mediated by an
ER-dependent mechanism (83) and is elicited in the first 72 h after injury (84). Our lab-
oratory has characterized an early anti-inflammatory mechanism for estradiol-induced
inhibition of the acute neointimal response to endoluminal vascular injury, with potent
inhibition of inflammatory mediator expression (85) and leukocyte infiltration (86) of
the injured blood vessel in the first 24 h after injury. Additionally, estradiol attenuates
adventitial fibroblast activation and myofibroblast transformation in the same injury
model (87,88).
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Fig. 4. Representative light micrographs of right common carotid arteries from male (left) and female
(right) Sprague–Dawley rats 14 d after balloon injury. Balloon-injured right carotid arteries from (A)
an intact rat, (B) a gonadectomized rat, (C) a gonadectomized plus 17 -estradiol-treated (E2) rat, and
(D) a gonadectomized plus testosterone-treated (TP) rat. Bar = 100 m. Reproduced with permission
from ref. 80.
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3.3. Effects of Estrogens on Vasoactive Hormones / Local Mediators
Estrogens modulate the production of numerous vasoactive factors, including homo-

cysteine, endothelin, and components of the renin–angiotensin–aldosterone system.
Homocysteine has been shown to induce VSMC growth and endothelial damage, and is
an independent marker of cardiovascular risk (89–91). In clinical studies, estrogens
consistently lower circulating homocysteine levels in postmenopausal women (92–95).
Whether this effect represents biological inhibition of homocysteine production or an
indirect result of estrogen-induced changes in albumin metabolism is a topic of contro-
versy (96). Endothelin-1 has been implicated in postmenopausal hypertension by the
observations that hypertensive postmenopausal women have higher circulating levels
than normotensives and that levels increase after menopause (97,98). Further, estrogen
therapy has been directly associated with decreases in circulating endothelin-1 levels
in postmenopausal women (98,99). Estradiol inhibits endothelial cell production of
endothelin-1 in response to serum and angiotensin II (AII) stimulation (100), apparently
by an ER-independent mechanism (101). Estradiol also inhibits the damaging actions of
endothelin-1 on VSMCs, including MAPK activation and mitogen-stimulated c-fos and
c-myc expression (102). Taken together, the effects of estradiol on homocysteine and
endothelin-1 appear to promote endothelial and VSMC health.

Gender differences in various components of the renin–angiotensin–aldosterone
cascade, including important estrogenic modulation of angiotensinogen production and
renin, angiotensin-converting enzyme (ACE), and angiotensin AT-1 receptor expression,
have been observed [reviewed in ref. (103); Fig. 5]. The synthesis of angiotensinogen
in hepatocytes is stimulated by estrogen (104), probably by binding to an ERE in the
angiotensinogen gene promoter (105). This pro-hypertensive effect of estrogen on the
initial step of the cascade opposes its inhibitory actions on downstream components.
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Fig. 5. The influence of estrogen and testosterone on the cascade leading to angiotensin II formation
and subsequent receptor activation. Reproduced with permission from ref. 80.
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The presence of endogenous estrogen and the use of estrogen replacement therapy
are associated with lower levels of plasma renin and ACE activity (104,106–111). Renin
levels are lower in women than in men, and in postmenopausal women receiving
estrogen therapy than in those not receiving estrogen (106,107).

Serum ACE activity also decreases in response to estrogen administration in postmeno-
pausal women (107,108), nonhuman primates (109), and normotensive or hypertensive
rats (110,111). Additionally, estrogen induces the production of the heptapeptide Ang
1–7, a potent vasodilator and inhibitor of SMC growth (111). Further, estrogen appears
to downregulate the expression of AT-1 receptors, a final step in the cascade that is
responsible for many of the harmful effects of the renin–angiotensin–aldosterone system.
In rat aortic tissue and in isolated VSMCs, removal of estrogen (by ovariectomy or by
adjusting the composition of the culture media) leads to the overexpression of AT-1
receptors compared with controls (by 187 and 160%, respectively) (112). This effect is
reversed by estrogen supplementation. Likewise, estrogen treatment has been shown
to reduce angiotensin-induced aldosterone secretion in ovariectomized rats (113). This
effect appears to be mediated by a post-transcriptional mechanism by which estradiol
interferes with ribosomal efficiency for AT-1 receptor translation (114). Taken together,
these studies support a dichotomous action of estrogen on the renin–angiotensin–
aldosterone system, whereby it increases the initial substrate (angiotensinogen) but
inhibits the generation and biological action of the active hormones (angiotensin II and
aldosterone) (Fig. 5).

3.4. Effects of Estrogens on Sodium Handling: Renal and CNS Mechanisms
Female sex hormones protect against salt-induced increases in BP, at least in part

by increasing the sensitivity of the pressure–natriuresis relationship and augmenting
renal excretion of sodium (115). Studies carried out in normotensive women during the
menstrual cycle, during use of oral contraceptives, and after menopause show that the
pressure–natriuresis relationship is steep in young women during all phases of the men-
strual cycle and during oral contraceptive use, indicating insensitivity to salt; however,
the pressure–natriuresis curve is shifted to the right in menopausal women, indicating
that BP becomes salt-sensitive after the menopause (Fig. 6). Mechanistic studies support
estrogen as the sex steroid that mediates this effect. In a genetic salt-sensitive rat
model (Dahl salt-sensitive), ovariectomy elicits development of hypertension, which
is prevented by estrogen replacement or by feeding a very low sodium diet (116).
Ovariectomy is associated with a twofold increase in renal AT1 receptor expression that
can be reversed with estrogen treatment in this model.

Salt-sensitivity is mediated by marked activation of the central and peripheral nervous
systems in estrogen-depleted environments (117). Studies in spontaneously hyperten-
sive rats (SHR) demonstrate a sexual dimorphism such that young female SHR have
lower BP and an attenuated response to high dietary salt compared with age-matched
males (118). When subjected to ovariectomy and removal of dietary phytoestrogens,
these animals demonstrate salt-sensitive hypertension (rise in BP > 40 mmHg in
response to a high-salt diet) that is reversed with hexamethonium-induced ganglionic
blockade indicating the dependence on the sympathetic nervous system (119).

The mechanism of this neurally mediated salt-sensitive hypertension has been
elucidated in an elegant series of studies carried out in male SHRs (120–136). In this
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model, dietary salt supplementation increases BP by reducing norepinephrine release from
nerve terminals in the anterior hypothalamic area (AHA), thus reducing the activation
of sympathoinhibitory neurons in the AHA (Fig. 7). This, in turn, results in an increased
sympathetic outflow and higher BP. Two mechanisms have been shown to contribute to
this effect: (1) reduced noradrenergic input into AHA via baroreflex pathways, and (2)
local inhibition of norepinephrine release in AHA by the inhibitory neuromodulator
atrial natriuretic peptide (ANP). Studies employing microinjection of a blocking mono-
clonal antibody to ANP directly into the AHA and the nucleus tractus solitarius (NTS)
demonstrated for the first time that endogenous ANP in the brain is functionally active
in the tonic control of BP and baroreflex sensitivity in the SHR but plays a lesser role
in the normotensive Wistar–Kyoto (WKY) control. In the WKY, excitation of NTS
neurons by baroreflex afferents leads to the activation of sympathoinhibitory neurons in
NTS and AHA, strong inhibition of sympathetic nervous system outflow, and a decrease
in BP. In SHR, brain ANP acts at the levels of the NTS and the AHA to perturb this
baroreflex regulatory pathway. ANP tonically activates sympathoinhibitory neurons in
the caudal NTS of SHR, thereby restraining the rise in BP, and tonically inhibits baro-
reflex responsiveness to alterations in BP. Thus, ANP appears to act at a number of sites
in brain to facilitate the development and maintenance of sympathetically mediated
hypertension in the SHR model.

Importantly, the robust pressor response to dietary salt supplementation that is
seen in male SHR and is absent from young intact females, appears with ageing such
that 13-mo-old (“middle-aged”) females manifest marked salt sensitivity ( 40 mmHg
increase in BP in response to dietary salt supplementation) (137). In contrast, when
estradiol was removed from the environment by ovariectomy and dietary restriction
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Fig. 6. Pressure–natriuresis relationship in normotensive women during the normal menstrual cycle,
during the use of oral contraceptives, and after menopause. All women received randomly a diet low
in sodium (40 mmol Na/d) and high in sodium (250 mmol Na/d) for 1 wk. Blood pressure was
measured over 24 h using ambulatory blood pressure monitoring. Reproduced with permission from
ref. 115.

18_Miller_Carey  5/3/07  12:52 PM  Page 317



of phytoestrogens, a slightly greater pressor response was observed ( 50 mmHg).
Likewise, in the AHA of middle-aged SHR, there was an accompanying decrease in
norepinephrine to salt supplementation that resembles that of the male. Similar to the
BP effect, there is a small but significant effect of estradiol on this large decrease in
norepinephrine release.

Collectively, these studies support the concept that menopause precipitates salt
sensitivity in the ageing female population, contributing to the rapid increase in prevalence
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Fig. 7. Schematic representation of the major noradrenergic projections to the anterior hypothalamic
area and the major direct and indirect projection from anterior hypothalamic area to “pressor” nuclei.
In SHR, increased activity of the inhibitory neuromodulator ANP in anterior hypothalamic area and
reduced input from baroreceptor afferents synapsing in brain stem nuclei reduce norepinephrine
release in anterior hypothalamic area, resulting in reduced inhibitory control of sympathetic outflow.
Dashes (–) indicate synaptic inhibition; A1, A2, A6, brainstem noradrenergic nuclei; AHA anterior
hypothalamic area; AVP, arginine vasopressin release; CG, central gray of the midbrain; DMH,
dorsomedial nucleus of the hypothalamus; IML, preganglionic sympathetic nucleus; LHA, lateral
hypothalamic area; PeVH, periventricular; PHA, posterior hypothalamic area; PVH, paraventricular
hypothalamic nucleus; Ret, medullary reticular formation. Reproduced with permission from ref. 120.
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of hypertension in this group. The clinical implication of this interpretation is that
diuretic therapy is of paramount importance in hypertensive postmenopausal women,
consistent with many current guidelines (138–140).

4. VASCULAR EFFECTS OF PROGESTINS

Progesterone receptors (PRs), like ERs, exist in two isoforms, PR-A and PR-B, and
have both genomic and nongenomic functions (141). Structurally, the two forms differ
only in that PR-B contains an additional 164 amino acid N-terminal extension, and both
are derived from the same gene by the use of two promoters, whose activation is regu-
lated by estrogen (141,142). Interestingly, PR-A functions as a repressor of PR-B
activity, as well as of the transcriptional activity of estrogen, glucocorticoid, androgen,
and mineralocorticoid receptors, in many cell lines (143). Although studied extensively
in reproductive tissues, PR expression in vascular tissues has been identified (144), but
not yet well characterized (142).

4.1. Effects of Progestins on Vascular Tone
The progestins generally antagonize the effects of estrogen on vascular tone. Although

native progesterone has minimal effects on endothelium-dependent and endothelium-
independent relaxation of arteries in vivo and in vitro, coadministration of progesterone
with estrogen blunts both modes of vasodilator response to the latter hormone (145,
146). The synthetic progestin MPA appears to be a more potent antagonist of estrogen
than native progesterone. In ovariectomized monkeys, MPA, but not progesterone, reduced
or completely abolished endothelium-dependent vasorelaxation in response to adminis-
tration of conjugated equine estrogen in doses comparable to those administered to humans
(147). Likewise, in ovariectomized monkeys subjected to coronary vasospasm induced by
direct stimulation, progesterone + estradiol protected, whereas MPA + estradiol failed
to protect against vasospasm (148).

Data from in vitro studies of human umbilical vein endothelial cells support differ-
ential effects of progesterone and MPA (149). In this cell type, progesterone stimulates
eNOS activity, does not alter the stronger stimulatory effects of estradiol on eNOS, and
augments estradiol-induced ERK1/2 phosphorylation and Akt phosphorylation. In
contrast, MPA does not alter eNOS activity, blunts estradiol-induced increases in eNOS
activity, and reduces estradiol-dependent ERK1/2 phosphorylation. Thus, progesterone
and MPA are not equivalent because they have distinct direct biological effects on
vasoactive mediators and intracellular signaling pathways, as well as differential effects
on the actions of estradiol.

4.2. Effects of Progestins on Vascular Remodeling
Similar to their effects on vascular tone, progesterone may be protective whereas

MPA antagonizes the modulatory effects of estrogen on vascular remodeling in response
to various stresses, including mechanical injury, thereby producing unfavorable effects
on the vascular injury response. Native progesterone has a dose-dependent inhibitory
effect on DNA synthesis and proliferation in rat aortic SMCs in vitro (150). This effect
occurs at physiologic doses and is mediated by the reductions in cyclin A and E mRNA
levels. In the setting of vascular injury in our laboratory, we found that exogenous native

Chapter 18 / Sex Steroids 319

18_Miller_Carey  5/3/07  12:52 PM  Page 319



progesterone, administered alone and with estradiol, had variable effects on neointima
formation, with a net null effect on the actions of coadministered estrogen in rat carotid
arteries (unpublished data). We attributed these observations to variable partial conversion
of exogenous progesterone to estrogen by the rat. In contrast, MPA had no independent
biological effect, but did blunt the antiproliferative and anti-inflammatory effects of
estradiol in the balloon-injured carotid artery of the ovariectomized rat (81,86,151). Our
laboratory has also demonstrated that, although MPA alone has no effect on neointima
formation after acute endoluminal injury in carotid arteries of gonadectomized rats of
both sexes (151), it greatly increases neointima formation in injured arteries of intact
female rats to near levels in males (81). When coadminstered with estradiol to ovariec-
tomized female rats, MPA abolishes estrogen-induced inhibition of neointima formation
(151) and completely blocks acute anti-inflammatory responses to estradiol (86). The latter
effect of MPA may be mediated by its demonstrated interference with nuclear factor- B
suppression by other steroids such as glucocorticoids (149).

4.3. Effects of Progestins on the Renin–Angiotensin–Aldosterone 
System and Renal Sodium Handling

Limited data support a possible stimulatory effect for progesterone on components of
the renin–angiotensin–aldosterone system and suggest that progesterone may be a com-
petitive inhibitor of mineralocorticoid receptors. In women undergoing stimulation for
in vitro fertilization, there is a positive relationship between progesterone levels and
plasma renin activity during and after ovulation, as well as throughout pregnancy, if
successfully conceived (152). Progesterone, injected subcutaneously, increases plasma
renin activity and aldosterone levels in vivo in Sprague–Dawley rats and increases base-
line and angiotensin II-stimulated aldosterone production in vitro in isolated zona
glomerulosa cells (153). Conversely, progesterone has been shown to competitively
bind mineralocorticoid receptors with a similar affinity as aldosterone, and presumably
as an antagonist, in rodents and guinea pigs (154).

When administered to humans, progesterone produces a natriuresis (155,156). Originally
ascribed to competitive inhibition of aldosterone (157), further studies revealed a
mineralocorticoid-independent effect (156). More recent data suggest a direct action
for progesterone in the distal nephron: progesterone increases calcium reabsorption and
sodium excretion in the distal but not proximal tubule of the rabbit kidney, and prog-
esterone receptors are found in the distal nephron but not in the proximal tubules
(158). Whether these effects can be extrapolated to other progestins (e.g., MPA) is of
yet unknown.

5. VASCULAR EFFECTS OF ANDROGENS

There is a sexual dimorphism in BP that is mainly due to androgens. In major rat
models of hypertension (Dahl salt-sensitive, SHR, deoxycorticosterone acetate-induced,
and New Zealand genetically hypertensive), BP is consistently higher in males than in
females (159,160). When subjected to gonadectomy, young male, but not female, SHRs
are protected from hypertension development, a finding that is reversed by testosterone
administration to gonadectomized rats of both the sexes (18,19,160). Removing the
androgen receptor (AR), as in the testicular feminization syndrome (161), or blocking
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it with the AR antagonist flutamide (162) results in loss of gender differences in BP,
suggesting that this effect is mediated by ARs.

The AR is almost ubiquitously expressed and has been characterized in endothelial
and VSMCs (159,163,164). Similar to the female sex steroids, testosterone has both
genomic and nongenomic effects via interactions with its receptor [Fig. 8; (159)]. The
classical pathway of genomic action occurs by testosterone binding to a single copy of
the AR with subsequent effects on expression of other genes. This genomic pathway is
modulated by a number of coregulators, proteins that activate or repress transcription.
The nongenomic pathway is thought to be mediated by an as yet uncharacterized
membrane-bound AR (165). Testosterone can undergo metabolic conversion in tissues
via 5 -reductase to form dihydrotestosterone (DHT), which acts on AR, or via aroma-
tization to estradiol, which acts on ER- / (159). Although only a small fraction (<5%)
of total testosterone is shuttled through these pathways, they serve to amplify [DHT
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Fig. 8. Nongenomic and genomic androgen mechanisms. Left: Nongenomic effects of testosterone,
which are triggered by binding to a still uncharacterized (nonclassical) membrane receptor. This acti-
vates second messengers, including calcium and protein kinases, which produce typically rapid
responses. Genomic effects are depicted in the middle and on the right. Testosterone (or other arom-
atizable synthetic androgens) crosses the cell membrane to be converted to estradiol (or the aromatic
synthetic analog) by aromatase, which then binds to and activates ER- or ER- . Right: DHT (or other
nonaromatizable androgens) enters the cell to bind and activate the AR. Ligand-bound ER or AR
dissociate their heat-shock protein (HSP), undergo conformational changes, dimerize, and translocate
into the nucleus in which they bind to specific sites known as estrogen response elements (ERE) or
androgen response elements (ARE) located within the DNA of target nuclear genes to produce long-
term genomic effects of testosterone. Reproduced with permission from ref. 159.
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has a higher binding affinity for and slower dissociation rate from AR (166)] and to
diversify its actions (159).

5.1. Effects of Androgens on Vascular Tone
Studies using flow-mediated dilation (FMD) as an outcome have demonstrated dose-

dependent effects of testosterone on vascular tone. At higher doses, testosterone has been
shown to dilate normal canine arteries (167) and to increase FMD of brachial arteries in
men (168,169). However, within the physiological range, both endogenous and exogenous
testosterone impair endothelium-dependent vasodilation. Men with prostate cancer treated
with castration demonstrate enhanced brachial artery FMD in comparison with matched-
eugonadal controls (170). Likewise, hypogonadal men have greater basal FMD than
matched eugonadal controls, and testosterone substitution at physiological levels signifi-
cantly decreases FMD in the hypogonadal group (171). Whether this effect is mediated by
the nongenomic, genomic, or aromatase pathway is yet to be determined (159).

Testosterone has been shown to have bidirectional effects on substances that affect
vascular tone. Short-term testosterone administration at higher doses in the canine
coronary artery induces vasodilation by increasing endothelium-derived nitric oxide
(167). Testosterone induces increases in cross-sectional area, average coronary peak
flow velocity, and coronary blood flow in epicardial and resistance arteries, whereas
pretreatment with L-NAME to block nitric oxide synthesis decreases this response.
In the canine coronary microcirculation, testosterone opens ATP-sensitive K+ channels
to induce hyperemia, an effect that is blocked by pretreatment with glybenclamide
(167). In contrast to these acute vasodilator effects, testosterone has been shown to
increase thromboxane A2 receptor density in cultured rat aortic SMCs (172) and in
rat aortae (173). Functionally, this increase in receptor numbers results in increased
contractile responsiveness to thromboxane A2 in vitro and in vivo (173,174). In addition,
testosterone has been shown to increase contractile responsiveness to endothelin-1 in
porcine coronary artery rings ex vivo (175). Together, these findings support an
overall minor effect for testosterone on vascular tone, with conflicting potential
mechanisms of action.

5.2. Effects of Androgens on Vascular Remodeling
Testosterone per se has little effect on vascular injury responses and vascular remodeling.

Our laboratory has shown that orchiectomy with or without testosterone replacement does
not alter the intact male phenotype of a robust neointimal response 2 wk after endolu-
minal injury of the rat carotid artery [Fig. 4; (81)]. However, testosterone does appear to
antagonize the vasoprotective effects of estradiol in this model. Against a background of
endogenous testosterone, the vascular injury response is unaffected by estradiol treatment,
whereas in the gonadectomized male with an identical dose-schedule of estradiol admin-
istration, neointima formation is attenuated and the injury response is converted to resemble
that of the intact female. Thus, crosstalk at some level must permit testosterone to inhibit
the vasoprotective effects of estrogen. Importantly, recent evidence suggests that testo-
sterone may induce vascular inflammation (163), an effect that opposes the actions of
estradiol (85,86) and may account for the absence of estrogen-induced vasoprotection in
the intact male animal. Further investigation is needed to elucidate the mechanism of
this interesting and potentially important hormonal interaction.
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5.3. Effects of Androgens on the Kidney 
and the Renin–Angiotensin–Aldosterone System

Studies in animal models have shown that the effects of androgens on BP are mediated,
at least in part, via the kidney (18,19). In rat models, the presence of androgens corre-
lates with development of glomerular injury, glomerulosclerosis, proteinuria, and decreased
glomerular filtration rate (176). Similar to the absence of estrogen in menopause, the
presence of testosterone shifts the pressure–natriuresis relationship to the right. For
example, male SHRs demonstrate a blunted natriuretic response to increased BP, and
this relationship is corrected by castration (177). Likewise, testosterone treatment of
ovariectomized SHRs results in a rightward shift of the pressure–natriuresis relationship
and the development of hypertension (177). This effect may be elicited by the activation
of ARs in the kidney, which are found predominantly in the proximal tubule of the
nephron (18,162).

The effect on pressure–natriuresis has been related to testosterone-induced changes in
the renin–angiotensin–aldosterone system (Fig. 5). Our laboratory has demonstrated that
activation of the renin–angiotensin–aldosterone system contributes to androgen-dependent
hypertension in the SHR. BP, plasma renin activity, and hepatic angiotensinogen RNA
levels are higher in intact male than in intact female SHRs; gonadectomy retards the deve-
lopment of hypertension and lowers plasma renin activity and angiotensinogen levels; and
testosterone replacement of the gonadectomized male restores the pattern of the intact
male (160). Consistent with these observations, others have demonstrated a dose-
dependent stimulatory effect of testosterone on plasma renin activity in castrated male
Sprague–Dawley rats (177). Likewise, gender differences in ACE expression have been
related to androgens. In mice, ACE levels (RNA and protein) are higher in the myocardium
of males than females; this discrepancy increases as the animals age; and castration
markedly reduces male ACE levels (178). Thus, evidence from animal studies supports the
concept that testosterone enhances renin–angiotensin–aldosterone system activity, favors
renal sodium retention, and elevates BP.

6. SEX STEROID METABOLISM

Both female and male sex steroids are subject to metabolic transformation. As
mentioned previously, a small percentage of the body’s testosterone enters the aromatase
pathway to become estradiol. Thus, some of the vascular actions of testosterone might,
in fact, be mediated by estradiol (19). Similarly, estradiol undergoes sequential meta-
bolism to catecholestradiols and methoxyestradiols that have intrinsic biologic activity
that may be mediated by ER-independent pathways. For example, 2-methoxyestradiol,
a product of catechol-O-methyltransferase metabolism, has no affinity for ERs but is a
more potent inhibitor of glomerular endothelial cell proliferation (invoked as a mechanism
of glomerulosclerosis) than estradiol (179). Although yet in its infancy, research into the
actions of sex steroid metabolites should provide valuable insights into the complexity
that underlies sex steroid biology.

7. AGEING AND HORMONAL RESPONSE

Age-related change in sex steroid, especially estrogen, responsiveness is a topic of
intense current interest. The sexual dimorphism in CVD is clearly age-dependent.
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Premenopausal women are protected from the development of hypertension and CVD,
whereas the prevalence of these disorders increases rapidly in elderly women [Fig. 1;
(2)]. The findings of preclinical studies in animal models and observational studies in
which hormone therapy is initiated during the perimenopausal period provide strong
evidence that estrogen protects against CVD. These observations stand in conflict with
the results of large clinical trials enrolling elderly postmenopausal women that demonstrate
no benefit and potential harm for menopausal hormone therapy on cardiovascular end-
points (10–13). The search for an explanation for age-dependent changes in sex steroid
responsiveness in women has led to fundamental studies in ageing animal models.

Estrogen-induced modulation of sympathetic tone and prevention of salt-induced
hypertension in the SHR are blunted in a middle-aged model (137). Likewise, favorable
effects of estradiol on vascular tone in the SHR are attenuated with advancing age. Wynne
et al. assessed effects of estradiol-induced endothelium-dependent and -independent
relaxation after phenylephrine contraction in vascular strips from aortae of young adult
(12-wk-old) and ageing (16-mo-old) intact female SHR (180). Nitrite/nitrate produc-
tion, Ca2+ influx (by 45Ca2+ uptake), and ER- and - expression (by Western blot) were
also assessed. There was a statistically nonsignificant trend for reduced ER- and -
expressions in the aortae of aging rats. Both endothelium-dependent and -independent
relaxations were significantly blunted in the aging compared with young rats, with
evidence for decreased nitrite–nitrate production and Ca2+ influx after E2 treatment in
the ageing animals. This study provides additional evidence that vascular responsiveness
to E2 may be blunted with ageing.

Several lines of evidence suggest that ER expression may decrease in the vasculature
and in the brain with advancing age. Losordo et al. evaluated postmortem coronary artery
specimens from premenopausal (n = 18; age 31.6 ± 1.9 yr) and postmenopausal (n = 21;
age 71.8 ± 2.3 yr) women for ER expression by immunohistochemistry (50). Although
the study focused on the negative association of atherosclerosis with ER expression in
individual vessels, the coronary arteries of postmenopausal women were less likely on
the whole to be ER-positive than those of premenopausal women (43 vs 61%, respec-
tively; p = 0.34), independent of atherosclerotic lesion formation. Similarly, age-specific
decreases in ER- and - expressions have been demonstrated in brain regions from
11–12-mo-old compared with 3–4-mo-old female Sprague–Dawley rats (181). Further
research in animal models of postmenopausal hypertension is ongoing (182,183).

A possible mechanism of the loss of estrogen responsiveness associated with ageing
is DNA methylation (184). A major mechanism for the downregulation of gene expres-
sion is methylation of cytosine- and guanine-rich areas in the promoter regions of genes,
so called “CpG islands.” This promoter-associated CpG-island methylation has been
associated with permanent inactivation of gene transcription. Using Southern blot
analysis, investigators have shown an age-related increase in ER- methylation in vas-
cular tissues (184). Whether methylation of ERs can explain the very important ageing
effect on hormone responsiveness or whether other mechanisms, such as alternative splicing
and post-translational modification of ERs, may be at play is yet to be determined.

8. CONCLUSIONS

There is an age-dependent sexual dimorphism in the development of hypertension.
Compared to postmenopausal women and men, premenopausal women are protected
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against hypertension. In animal studies, estradiol tends to dilate resistance vessels, in
part by stimulating the generation of vasodilator prostaglandins, including prostacyclin,
and nitric oxide. Further, estradiol has favorable effects on vascular tone and vascular
remodeling through excitatory actions on endothelial cells, inhibitory actions on VSMCs,
and anti-inflammatory actions on multiple cell types in the acutely and chronically
injured artery. Importantly, estrogen modulates salt-sensitivity through direct effects on
the kidney and renin–angiotensin–aldosterone system, as well as by attenuating salt-
induced activation of the sympathetic nervous system through a reduction in anterior
hypothalamic nucleus norepinephrine release. Progestins appear to inhibit these actions
of estrogens, though native progesterone may have minor vasorelaxant and natriuretic
effects. Testosterone has largely pro-hypertensive properties, but diverse actions
through aromatization and the 5 -reductase pathways make its net effect somewhat
unpredictable. Greater awareness of sex-specific differences in CVD, along with recent
controversies regarding the risks and benefits of menopausal hormone therapy, have
increased attention to these important health issues.
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1. INTRODUCTION

Lipoxygenase (LO) enzymes play a role in the secretion of blood pressure modulating
hormones, especially renin and aldosterone. LO products are also generated by cells
comprising the arterial wall per se, or by cell types interacting with the vascular lining,
i.e., polymorphonuclear leukocytes, monocytes, macrophages, lymphocytes, and platelets.
Although the physiologically important LO metabolites are all products of fatty acid
oxidation, mainly of arachidonic and linoleic acid, they are rather diverse in terms of
origin, biosynthetic sequence and biological effects: some act as paracrine or autocrine
hormones, by binding to specific receptors and eliciting local responses through defined
signaling routes; others are merely intracellular signaling molecules mediating the
effects of hormones such as angiotensin II or endothelin, growth factors such as PDGF
or cytokines such as interleukin (IL)-4; still others are metabolites whose role and mode
of action in the vasculature remain poorly defined. LO products, then, may affect blood

From: Contemporary Endocrinology: Hypertension and Hormone Mechanisms
Edited by: R. M. Carey © Humana Press Inc., Totowa, NJ

335

The Lipoxygenase System 
in the Vasculature and Hypertension

Naftali Stern and Michael L. Tuck

CONTENTS

INTRODUCTION

THE LO FAMILY

VASCULAR LO METABOLITES

VASCULAR RECEPTORS AND CELLULAR TARGETS

FOR THE ACTION OF 12-, 12/15- AND 15LO PRODUCTS

LO PATHWAY PRODUCTS AFFECT ARTERIAL WALL STRUCTURE

HETES AS DIRECT VASOACTIVE AGENTS AND THE ROLE

OF LOS IN ARTERIAL TONE AND CONTRACTILITY

REGULATION OF LO ENZYMES

LOS AND ATHEROGENESIS

LO-DEPENDENT MECHANISMS MODULATE

THE RENIN–ANGIOTENSIN ALDOSTERONE AXIS

SYMPATHETIC ACTIVITY AND THE LO SYSTEM

LO IN HYPERTENSION

REFERENCES

19

19_Stern_Carey  5/3/07  12:17 PM  Page 335



pressure directly as independent vasoactive compounds, or indirectly, either as cellular
signaling tools in stimulus response coupling for hormone release or as local agents,
which modify arterial structure, mediate vascular inflammatory processes, and contribute
to atherosclerosis.

2. THE LO FAMILY

The LO enzymes are a family of dioxygenases, which catalyze the conversion of
polyunsaturated fatty acids into conjugated hydroperoxides. Arachidonic (eicosatetraenoic,
C20:4), linoleic (octadecadienoic, C18:2), and linolenic (octadecatrienoic, C18:3) acids
are the most important substrates for LOs in mammals. Traditionally, LOs have been
classified by a single enzyme property, i.e., their positional specificity, referring to the
carbon number on the fatty acid structure that they preferentially oxygenate: 5 lipoxy-
genase (5LO), 12 lipoxygenase (12LO) and 15 lipoxygenase (15LO). Although this
classification still dominates the field, it is utterly insufficient to reflect the diversity of
mammalian LOs and their phylogenetic relatedness on one hand and the inconsistency
in functional specificity of phylogenetically related enzymes across various mammalian
species on the other hand.

In general, mammalian LOs can be now divided into four classes: (a) 5LOs; (b)
platelet-type 12LOs; (c) reticulocyte 12/15LOs; (d) epidermis-type LOs. Examples of
common confusion in identity include the human epidermis-type 15LO (also referred
to as 15LO type 2), whose murine ortholog is an arachidonic acid 8LO (variance in
positional specificity of closely related genes); the close relation and high sequence
homology between the human reticulocyte-type 15LO and the porcine leukocyte-type
12LO, despite differences in positional specificity (12 vs 15); and the fact that the
epidermis-type 12LO, the epidermis type 15LO and the platelet type 12LO can each
convert arachidonic acid into either 12- or 15HPETE (albeit at different proportions),
but do not belong to the 12/15LO family (1–3). Table 1 summarizes the current classi-
fication of LO enzymes and outlines the most important forms in mammalian cells.

3. VASCULAR LO METABOLITES

3.1. The 5LO Metabolites and Their Actions in the Vasculature
The 5LO must be activated by a related peptide known as 5 lipoxygenase activating

protein (PLAP), which has three transmembrane-spanning regions and two hydrophilic
loops. Both 5LO and 5LO-activating protein (FLAP) are required for eicosanoid pro-
duction. Most of the FLAP is associated with the nuclear membrane, and some with
endoplasmic reticulum. FLAP may function as a membrane anchor for 5LO or as a
membrane-independent activator of 5LO, perhaps as a substrate transfer protein that
binds arachidonic acid or other fatty acid substrates for 5LO activity. 5LO resides in
the cytosol in a resting cell, but associates with the cytosolic membranes or nuclear
membrane once the cell is activated (4).

The major biosynthetic events in the generation of 5LO metabolites are illustrated in
Fig. 1 (5). 5LO introduces first an active oxygen to carbon 5 of arachidonic acid, resulting
in the formation of 5HPETE. This unstable derivative is either reduced to 5HETE, or
converted to leukotriene A4 (LTA4). Leukotriene A4, in turn, can be channeled by
LTA4 hydrolase to form leukotriene B4 (LTB4). Alternatively, LTA4 can be conjugated
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with glutathione into one of the cysteinyl leukotrienes termed LTC4, LTD4, or LTE4, as
shown in Fig. 1. The synthesis of LTC4 is catalyzed intracellularly by LTC4 synthetase,
whereas LTD4 and LTE4 can be generated from LTC4 extracellularly.

The 5HETE was shown to increase endothelial cell growth via activation of Jak/
STAT and phosphatidylinositol 3-kinase/Akt signaling, leading to induction of expression
of basic fibroblast growth factor 2 (6), but is otherwise understudied as a vasoactive
compound. A membrane binding site for 5HETE was identified in human neutrophils
(PMN). Several properties of the presumed action of 5HETE in neutrophils, such as
mobilization of Ca2+, and alteration in the binding of GTP gamma S to the membrane
suggest that 5HETE acts by a downregulatable, G protein-linked mechanism distinct
from LTB4 receptors (7).

LTB4, and the cysteinyl (cys) derivatives of leukotrienes, LTC4, LTD4, and LTE4 display
strong proinflammatory activities in cardiovascular tissues. LTB4 is generated mainly in
neutrophils and macrophages and, upon its release, it increases chemotaxis for neutro-
phils; enhances neutrophil adhesion to endothelial cells; interferes with the anti-adhesive
effect of aspirin; and augments vascular permeability. LTB4 also increases inflammatory
responses indirectly, by stimulating the formation of other proinflammatory mediators,
i.e., IL-1, IL-2, INF- by T-lymphocytes (5,8). As would be expected for a system that
generates proinflammatory compounds, the 5LO pathway is abundantly expressed in
macrophages, foam cells and inflammatory cells (dendritic cells, mast cells, and neutro-
philic granulocytes) in atherosclerotic lesions of the aorta, coronary and carotid arteries.
Further, the number of 5LO expressing cells markedly increased in advanced lesions (9,10).

Currently, there are four presumed LT-activated, seven-transmembrane domain-,
G protein-coupled receptors for leukotrienes, of which two apparently mediate LTB4
actions and are termed BLT-Rs. The other two receptors bind LTD4 and LTC4, and are
referred to as cysLT1-R and cysLT2-R. CysLT1-R is expressed mainly in macrophages
and blood leukocytes (11) and can be blocked by a group of classical CysLT1 antago-
nists including MK571, ICI198615 and pobilukast (12). CysLT2-R is expressed in
endothelial cells, can be antagonized by the nonselective cystLTr blocker BAYu9773,
and is strongly upregulated by IL-4. Recent evidence suggests that both cysLT1-R and
cysLT2-R receptors are expressed in rat VSMC and that the cysLT1-R is the dominant
form in these cells (13). A third CysLT receptor can be activated only by LTC4 and
LTD4. In light of the increased expression of 5LO in atherosclerotic lesions, it has been
postulated that leukocytes, endothelial cells, and T-cell might interact in self- as well as
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Table 1
Classification of Mammalian Lipoxygenase (LO) Enzymes Including Common Forms

Representing the Four Mammalian LO Subfamilies

12/15LO Platelet-type 12LO Epidermis-type LOs 5LO

Rabbit 15LO Human epidermis Human 5LO
12(R)LO

Human 15LO-type 1 Human platelet 12LO Human epidermis Hamster 5LO
15LO (15LO type 2)

Porcine leukocyte 12LO Mouse epidermis 8LO Rat 5LO
Mouse leukocyte 12LO Mouse platelet 12LO Mouse epidermis Mouse 5LO

12(R)LO
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mutually enhancing inflammatory cross talk: LTs originating in macrophages or poly-
morphonuclear cells might activate cysLT1-Rs in an autocrine or paracrine manner
(Fig. 2). Leukotrienes from these cells may also activate cysLT2-Rs on endothelial cells
and cysLT1-Rs on T-lymphocytes in a paracrine fashion (11). Additionally, VSMC and
endothelial cells can also produce leukotrienes, at least under conditions such as hyper-
tension, diabetes, and NO deficiency (14–16), and are, thus, a potential source of agonists
for the activation of cysLT1-R-expressing macrophages that already migrated into
subendothelial space or the media of the arterial wall. In human atherosclerotic plaques
both CysLT1 and CysLT2 receptors are expressed (10). In addition to their role as
inflammatory promoters, cysteinyl-leukotrienes may also exert direct vasoactive effects
and were shown to induce either vasoconstriction or vasodilation, in a species and/or
vascular bed dependent manner (17–21). In human saphenous veins, LTC4 and LTD4
induce vasodilation at very low doses and elicit vasoconstriction at higher doses,
whereas coronary arteries appear unresponsive to either LTC4 or LTD4 (12,20). In con-
trast, in human atherosclerotic coronary arteries, LTC4 and LTD4 elicit a dose-related
constrictor effect (20). When administered systemically, though, LTD4 increases blood
pressure in rats in a dose-related fashion (22). LTC4, LTD4, and LTE4 also induce vaso-
constriction in distal segments of pulmonary arteries and in the mesenteric bed (17).
Consistent with the possibility that cysteinyl-leukotrienes directly affect the contractile
state of VSMC is the observation in cultured rat artery smooth muscle cells that LTD4
and LTC4 dose-dependently increased intracellular calcium concentration, which could
be attenuated by montelukast, a selective type 1 CysLTs receptor antagonist (13).

However, under well-defined experimental conditions it appears that at least some of
the leukotriene-induced vasoconstriction is endothelium dependent. In one study, selective
type 1 CysLTs receptor antagonists dose dependently prevented acetylcholine-induced
contraction elicited in an endothelium-dependent preparation exposed to indomethacin
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and precontracted with phenylephrine (13). In some instances, endothelium dependent
vasodilation may also depend on some 5LO products, as illustrated by the observation that
substance P induced endothelium-dependent relaxation in monkey and dog coronary
arteries can be inhibited by the 5LO inhibitor AA861 (23).

There is also cumulative evidence suggesting that abnormal vasculature, such as
presumably exists in hypertension and diabetes, exhibits increased formation of and/or
sensitivity to various leukotrienes. Indeed, under stressful vascular conditions, excessive
vascular leukotrienes generation can be turned on by vasopressor hormones, a mechanism
that is turned off when the offensive factor (e.g., correction of hyperglycemia in diabetes)
is removed. Indeed, such increased production of leukotrienes can also contribute to
altered regulation of blood pressure. For example, in L-NAME hypertensive rats, 5LO
blockade with MK-886 ameliorates hypertension. Aortic tissue from L-NAME hyper-
tensive rats increases the release of cysteinyl leukotrienes in response to norepinephrine,
and norepinephrine-induced contraction of aortic rings from such L-NAME-treated
rats (but not from control rats) can be attenuated by pretreatment with a 5LO inhibitor,
a CysLT1 receptor antagonist or by a dual CysLT1/CysLT2 receptor antagonist (16).
In normal rats, angiotensin II-induced vasoconstriction appears not to depend on the
5LO system and is not associated with changes in leukotriene generation. However, in
aortas from the (mRen-2)27 transgenic rats, which overexpress renin and develop
hypertension, angitensin II induced a large increase in CysLT formation and either the
5LO inhibitor AA861 or the CysLT1 receptor antagonist MK571 attenuated the contrac-
tile response to angiotensin II (24). Likewise, angiotensin II increased cysteinyl
leukotriene production only in aortas from SHR but not from the normotensive genetic
control WKY (14), and neutralization of the 5LO axis either by the selective 5LO
inhibitor AA-861 or the cysteinyl leukotriene receptor antagonist MK-571 significantly
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reduced the vasoconstrictor responses to angiotensin II only in arterial preparations
from SHR (14,25). Finally, cysteinyl leukotrienes also participate in angiotensin II-
induced contraction in diabetic rats, presumably another example of impaired vascular
function, but not in control rats or in diabetic rats treated with insulin via receptors
distinct from the classical CysLT1 and CysLT2 receptors (15). Collectively these data
indicate that abnormal vasculature overproduces leukotrienes, at least in response to
angiotensin II, and that these products then contribute to angiotensin II-dependent arterial
tone. It is noteworthy that both atherosclerosis, as emerges from human studies, and
abnormal arterial functional status, such as seen in the hypertensive and diabetic animal
models, are linked to 5LO activation. Therefore the potential for cross-amplification of
5LO when hypertension and atherosclerotic lesions coexist requires testing.

3.2. The 12-, 12/15-, and 15LO and Their Products
3.2.1. EICOSANOIDS GENERATED BY 12-, OR 12/15LO

A number of active metabolites can be generated by 12- or 12/15LOs, including
12HPETE and 12HETE (by dioxygenation of C12); 15HPETE and 15HETE (by
dioxygenation of C15); 13-hydroperoxyoctadecadienoic acid (HPODE) and 13-hydroxy-
octadecadienoic (HODE) [by dioxygenation of C13 of linoleic acid] as well as hepoxillins
and lipoxins (LXs), which are discussed in subsequent sections. There are two major
forms of 12LOs, the platelet-type and the leukocyte-type. In man, the platelet type is
expressed predominantly in platelets (3) but recent data indicate that it is also expressed
in human endothelial cell (26). Additionally, variant isoform of platelet-type 12LO is
expressed in human VSMC (27). The leukocyte type, which is extremely close to the
human reticulocyte-type 15LO, and is hence designated as 12/15LO, is expressed in
the human adrenal zona glomerulosa, human monocytes as well as in VSMC (3,28,29).

Both the platelet- and leukocyte-type 12LOs contain 14 exons, but they are nonhomo-
logous (65%) and encode proteins whose enzymatic properties differ significantly from
each other (3). The platelet-12LO preferentially metabolizes C20 fatty acids and is nearly
inactive on C18 fatty acids, whereas the leukocyte type enzymes has a broad substrate
specificity and can oxygenate C18 and also C22 acids at considerable efficiency (1,3).
Therefore, 13HODE, a product of linoleic acid metabolism can only be generated by the
12/15LO (and also by 15LO), but not by the platelet type 12LO. The platelet-type 12LO
is also hardly capable of oxygenating esterified fatty acids or fatty acids complexed into
membranes or lipoproteins, whereas the 12/15LO enzymes can use such fatty acids
as substrates (1,3). Finally, the 12/15LO enzymes undergo product-dependent suicidal
inactivation, whereas the platelet-type enzymes do not (1,3).

3.2.2. EICOSANOIDS GENERATED BY 15LOS

As already indicated, 15LO activity resulting in the formation of 15HPETE,
15HETE, 13HPODE, or 13HODE can be displayed by two enzyme types: (a) the
human reticulocyte 15LO that is, in fact, practically equivalent to the 12/15LO (leuko-
cyte type) and is also referred to as 15LO type 1; (b) the epidermis type 15LO, also
referred to as 15LO type 2 (29). Currently, 12/15LO is reportedly expressed in human
monocytes and zona glomerulosa cells, whereas the expression of 15LO type 2 in man
is documented in the prostate, lung, skin, esophagus, and cornea (28,30,31). Although
both 12- and 15HETE can be generated by the 12/15LO (15LO type 1), 12HETE is
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apparently still the dominant product of most 12/15LOs (3). Relating this basic concept
to observations in vascular tissue, it is noteworthy that normal rabbit aortas synthesize
12HETE as the principal LO metabolite whereas atherosclerotic aortas from both
cholesterol-fed and Watanabe heritable hyperlipidemic rabbits show major and selective
increases in the synthesis of 15HETE (32). Studies of human atherosclerotic tissue also
find evidence for 15LO expression (33) or enzymatic activity (i.e., the formation of
15HETE or 13HODE (34,35). Because arachidonic acid is substrate to the formation of
both 12- and 15HETE, such dominance of 15HETE formation would be impossible to
explain unless a predominantly 15HETE generating system has been turned on. One
possible explanation is that 15HETE thus formed is the product of the cyclooxygenase
pathway of arachidonate metabolism (36), though no direct support for this in vascular
tissue exists. The other possibility, which is supported by recent finding from our
laboratory, is that human vascular cells also express 15LO type 2 (37).

4. VASCULAR RECEPTORS AND CELLULAR TARGETS 
FOR THE ACTION OF 12-, 12/15- AND 15LO PRODUCTS

With the exception of well-characterized receptors for leukotrienes, which are discussed
in the section on 5LO, cellular receptors for 12- and 15LO products are vaguely defined
and specific receptor antagonists for their action are not available. The existence of
receptor(s) is not required to explain the actions of HETEs as intracellular signaling
molecules but would be expected in instances in which they operate as independent
bioactive molecules. One report suggested that the mono-HETEs 5(S)-, 12(R)-, 12(S)-
and 15(S)-HETE can interact with the TXA2/PGH2 receptor because these metabolites
inhibited binding of a radiolabeled thromboxane ligand to this receptor (38). Lewis lung
carcinoma and human skin Langerhans cells have predominantly cytosolic high affinity
binding sites for 12HETE (3), but how these scarce data pertain to the vascular effects
of HETEs is unclear. The interaction of LO-derived HETEs with some well recognized
“noneicosanoid” receptors, as reviewed in the following section, provides partial expla-
nation, at best, for the multiple biological effects of these eicosanoids.

4.1. PPAR
Although neither 12- nor 15HETE apparently activates PPAR (39), certain non-

classical LO metabolites can serve as PPAR agonists. 2-Arachidonylglycerol (2-AG),
an arachidonate metabolite shown to bind to cannabinoid receptors, can be metabolized
by both 15LO-1 and 15LO-2 to a 15-hydroxyeicosatetraenoic acid glyceryl ester
(15HETE-G), which, in turn, can activate PPAR (40). PPAR can also bind LTB4 (41),
and this interaction has been proposed as a coregulatory route for LTB4 signaling,
aimed to exert a moderating effect on inflammation, thus counterbalancing the multiple
proinflammatory effects of this eicosanoid.

4.2. PPAR
Many fatty acids, including some LO products such as 15HETE and 13HODE, can

bind and activate PPAR , but a clear HETE-dependent biological response elicited by
this mechanism has been shown in just a few instances (42,43). Other intracellular
ligands, though, such as the cyclooxygenase product 15-deoxy 12,14-PJ2 (44), may bind
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more avidly to PPAR than LO metabolites. The LO products 13HODE and 15HETE
may be particularly potent activators of PPAR in macrophages, thus suggesting a
potential cell specificity in terms of the interaction between LO products and PPAR
(45). Further, there are downstream differences in coactivator recruitment by PPAR /
cis-retinoic acid receptor heterodimers, which depend on the type of ligand bound to
PPAR : the effects of the LO metabolites 13HODE and 15HETE on PPAR are ampli-
fied by the coactivator CREB-binding protein, whereas the effect of 15-deoxy 12,14-PJ2
is preferentially enhanced by steroid receptor coactivator-1 (45). In the process of
implantation in mice, progesterone has been recently shown to indirectly activate
PPAR by stimulation of 12/15LO, thus supplying 12HETE, 15HETE, and 13HODE
as ligands for PPAR (46). Thus, LO products, especially 15HETE and 13HODE, as
well as 12HETE, appear to activate PPAR in a cell- and function-specific manner. Of
particular importance for vascular disease is the finding that these LO products can
activate PPAR even when they are seeded within LDL particles (45).

4.3. VR1
The vanilloid receptor 1, VR1, is a receptor for capsaicin expressed in unmyelinated

axon terminals known as C-fibers. Activation of the VR1 receptor, apparently located
on perivascular sensory nerves, elicits a vasodilator action associated with, and dependent
on the local release of the calcitonin gene-related peptide (CGRP), a peptide known for
its potent VSMC relaxing effect (47). Many fatty acids can activate VR1 receptors,
including LO derived eicosanoids such as 12HPETE, 15HPETE, 5HETE, 15HETE, and
LTB4 (48), but how such potential interactions affect vascular function is currently
unknown. Bradykinin released during tissue injury can activate 12LO. Since bradykinin
is known to activate VR1, this effect may be transduced indirectly, via the induction of
12LO activity, providing 12HETE as a ligand for this receptor (49).

4.4. Role of 12HETE and Other 12- or 15LO Metabolites in VSMC Signaling
Much more is known on how 12HETE signals through various VSMC transduction

cascades than on any other 12- or 15LO metabolite. 12HETE is involved in agonist-
mediated increases in VSMC Ca2+ (50,51), which impacts on cell contractility, but may
also facilitate associated signaling for more delayed effects such as growth. LO inhibitors
blunt the rise in intracellular calcium elicited by angiotensin II [Arg8]-vasopressin and
endothelin, and the calcium response to angiotensin can be restored by the addition of
12HETE, but not 5- or 15HETE (50,51), via mechanisms which suggest that 12HETE
contributes to the release of Ca2+ from intracellular pools (51,52). The 15LO metabolite
13HODE was shown to increase calcium fixing into cultured VSMC (53). In VSMC
from canine basilar arteries, 12HETE increases the generation rate of diacylglycerol, a
product of phospholipase C (54). In cultured VSMC, 12HETE, and 15HETE, which are
generated from arachidonic acid released by norepinephrine-stimulated cytosolic cPLA2-
activity, are critical for tyrosine kinase-dependent activation (phosphorylation) of
phospholipase D (55). 12HETE also affects the RAC1/PAK1/MEKK1/SEK1/JNK/c-JUN
pathway, which regulates cell growth. In this respect, 12HETE activates MAPK (56),
probably by upstream activation of PAK1 (57). Indeed, either 12- or 15HETE can activate
p38 MAPK and, accordingly, p38 MAPK activation elicited by either norepinephrine
or angiotensin II can be attenuated by LO inhibitors (56,58). In rat renal mesangial cells
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12HETE leads to activation of p38MAPK and its target transcription factor cAMP-
responsive element-binding protein (59).

There is some evidence suggesting that LO products (other than eicosanoids of the
5LO lineage) may exert potential proinflammatory vascular effects via activation of
NF- B. 13HODE, a 15LO product of linoleic acid metabolism, induces MCP-1 and
VCAM expression in VSMC via an NF- B dependent mechanism (60–63). The pro-
duction of 13HODE in endothelial cells can be increased by LDL, presumably via
induction of 12/15LO activity, thus providing the effector molecule to elicit such
inflammatory reaction in the neighboring VSMC (62). As a balancing effect, however,
overexpression of 15LO in rabbit aortic VSMC actually inhibited the expression of
cell adhesion molecules (CAM) and rendered the cells refractory to IL-1 stimulation
(63). This unexpected outcome likely results from oxidation of protein thiols of the
signaling system by the excess of 15LO-derived hydroperoxy products. Thus, 15LO
products can feed back and inhibit the proinflammatory signals set in motion by the
very same metabolites.

5. LO PATHWAY PRODUCTS AFFECT ARTERIAL WALL STRUCTURE

Increased arterial pressure may result from alteration in arterial wall structure.
LO-controlled mechanisms apparently contribute to impaired integrity of the endothelial
lining, increased VSMC population and arterial wall hypertrophy, excessive formation
of matrix proteins and atherosclerosis, which may interfere with vasorelaxant mechanisms,
increase arterial wall rigidity, decrease large and small artery compliance, and facilitate
the evolution of hypertension.

5.1. HETEs Increase Monocyte–Endothelial 
and Monocyte–VSMC Interaction and Adhesion

12HETE increases the expression of vascular matrix proteins such as fibronectin
(59), induces endothelial cell retraction and increases integrin alpha V beta 3 surface
expression, which may promote adhesion of inflammatory leukocytes to the endothelium
(64). The increased adhesion of monocytes to endothelial cells in diabetic db/db mice is
mediated through 12/15LO products (65). This is mediated, at least in part, by HETE-
induced increases in the expression of adhesion molecules in endothelial cells. Indeed,
in human umbilical vein endothelial cells both 15HPETE and 12HETE were reported
to induce surface expression of a subset of CAM, ICAM-1, ELAM-1, and VCAM-1, in
association with increased binding activity of the transcription factor, NF- B, to the
consensus motif common to the CAM genes in the nuclear extracts of these cells (66).
In contrast, Huang et al. (67) reported that 15HPETE and 15HETE inhibited the expression
of TNF -induced endothelial cell intercellular adhesion molecule-1, E-selectin, and
vascular cellular adhesion molecule-1 in human endothelial cells. As indicated in the
preceding section, however, 13HODE, another 15LO product, albeit of linoleic rather
than arachidonic acid metabolism, induces MCP-1 and VCAM expression in VSMC via
an NF- B dependent mechanism (60,61). Both pro- and counter-inflammatory responses,
then, may be induced by the same LO pathway.

Transgenic mice overexpressing the murine 12/15LO gene, develop early athero-
sclerotic lesions, namely, fatty streaks, and their endothelial cells display increased
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binding capacity for monocytes, in association with enhanced ICAM-1 expression (68).
Not only endothelial cells, but also VSMC can activate the 12/15LO pathway to enhance
monocyte adhesion, such that the monocytes can bind to subendothelial VSMC or
VSMC exposed by endothelial injury. Treatment of human aortic VSMC (HVSMC)
with angiotensin II or PDGF-BB significantly increased their binding to human mono-
cytic THP-1 cells and to peripheral blood monocytes. This depended on 12/15LO or
cyclooxygenase-2 activation and was apparently mediated via monocyte beta(1)- and
beta(2)-integrins. Consistent with a role for 12/15LO pathway in enhancing VSMC’s
ability to bind monocytes is also the finding that VSMC derived from 12/15LO knockout
mice displayed reduced binding to mouse monocytic cells. (69). Counterbalancing some
of these proinflammatory effects, 12(S)-hydroperoxyeicosapentaenoic acid (12(S)-
HpEPE), 15(S)-HpEPE as well as the 5LO pathway product LTD5 were shown to inhibit
IL-1 -induced expression of prostaglandin H synthase 2 (PGHS-2) in human pulmonary
microvascular endothelial cells. Because PGHS-2 is responsible for overproduction
of the prostaglandins (PGs) at inflammatory sites, these effects can potentially limit
inflammatory responses (70).

5.2. Platelet–Vascular Interactions and Vascular Disease:
Role of Platelet 12LO and Platelet-Derived 12HETE

Platelets express the platelet type 12LO and comprise the largest source of circulating
12HETE. Collagen and collagen-related peptide, to which platelets are exposed following
endothelial injury and denudation, rapidly increase 12HETE synthesis in platelets via
the collagen receptor glycoprotein VI and activation of src-tyrosine kinases, PI3-kinase,
mobilization of Ca2+, and translocation of platelet 12LO. This effect is negatively regulated
by platelet endothelial cell adhesion molecule (PECAM-1) and PKC (71). There is
evidence that platelet derived 12HETE is not merely a by-product of platelet activation
but rather plays an important role in coagulation. In experimentally stenosed and
endothelium-injured canine coronary arteries, inhibition of platelet 12HETE generation
markedly attenuated platelet aggregation and thus may reduce coronary thrombosis
in vivo (72). Platelet-derived 12HETE can also interact with VSMC, as detailed in the
following section.

5.3. LO Products Affect Vascular Cell Growth
5.3.1. 12LO AND VSMC GROWTH

Several lines of evidence suggest a role for LO pathways in vascular smooth muscle
cell cycle. First, a number of reports indicated that LO inhibitors attenuated VSMC
growth (73–77). 12HETE per se increases VSMC proliferation and migration (73).
Further, LO blocker-induced inhibition of VSMC proliferation and migration could be
reversed by direct addition of the 12HETE (74). Second, the expression of 12/15LO was
increased in balloon-injured arteries (75), and the myointimal cell proliferation, which
evolves in response to this injury, could be reduced by 12LO ribozymes or pharmaco-
logical inhibitors (75–77). Finally, VSMC derived from 12/15LO knockout mice
respond to angiotensin II- or PDGF-BB with diminished incorporation of 3H-thymidine
and 3H-leucine (78). LO products appear to accelerate cell growth via activation of
MAP-kinase (56,79), but other effects of 12HETE on cell signaling regulating elements
such as recruitment of intracellular calcium (50,51) or activation of extra cellular-regulated
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protein kinase (ERK1/2), protein kinase C (PKC), phosphatidylinositol 3-kinase (PI3
kinase) and Src kinase (80) may all affect cell growth.

LO-dependent mechanisms may be also actively involved in the prevention of VSMC
apoptosis. Nishio et al. (81) reported that the nonspecific LO blocker NDGA increased
apoptotic indices in cultured rat VSMC exposed to phenylephrine in association with
decreased Bcl-2 expression and apoptosis could be partially reversed by 15HETE. We
have recently found that the LO inhibitor baicalein induced an increase in cell death
in human VSMC secondary to an apoptotic process operating via the mitochondrial
apoptotic pathway, which could be averted by the addition of 12HETE. Further, the
transfection of VSMC with two different platelet type 12LO antisense constructs also
resulted in apoptotic cell death (82).

5.3.2. THE 12- AND 12/15LO PRODUCTS INDUCE FIBROBLAST

AND VSMC HYPERTROPHY

Although several investigators have pointed out that HETEs, particularly 12HETE
are mediators of cell growth, in other studies induction of cell hypertrophy was seen.
In fibroblasts overexpressing 12LO, there was an increase in cell protein content and
enlargement in cell size, in association with increased fibronectin and collagen deposition
(83). In porcine VSMC, 12HETE and 13HODE were shown to induce cell hypertrophy
(84). Why some VSMC respond to 12HETE by increase in size though others begin to
proliferate is unclear but is likely related to culture conditions, phase in the cell cycle
and the cell phenotype (“contractile” vs “secretory”) of the cell.

5.4. Oxidative Stress in the Arterial Wall and HETEs
There is a complex relationship among LO enzymes, their products, and oxidative

stress. First, LOs generate intermediary hydroperoxy metabolites such as 12H[P]ETE
and 1512H[P]ETE, which can release reactive oxygen intracellularly, thereby increasing
oxidative stress, unless they are reduced by phospholipid hydroperoxide glutathione
peroxidase. The potential impact of these hydroperoxy derivatives is illustrated by the
observation that 15HPETE induced a concentration-dependent loss of cardiomyocytes
membrane integrity, which could be prevented by oxygen scavenging (85). There is also
evidence that 15HPETE directly induces damage in endothelial cell and adversely
affects their ability to release t-PA and bind antithrombin III, though increasing the
release of PAI-I (86), all of which can be prevented by antioxidants. Second, LO products
such as 5HPETE and LTB4 are required for lysophosphatidic acid-stimulated H(2)O(2)
release such as seen in keratinocyte-derived HaCaT cells (87). Other LO products,
including hydroperoxyoctadecadienoic acid (HPODE) and hydroperoxyeicosatetraenoic
acid (HPETE), as well as cholesterol linoleate hydroperoxides can serve as “seeding
molecules” which enter LDL particles, thereby rendering them particularly sensitive to
further oxidation (88). The 15LO product 13HODE, is a potent pro-oxidant in this setting,
capable of accelerating the generation of biologically active oxidized phospholipids,
which in turn increase monocyte adhesion (88). Third, under hyperglycemic conditions,
increased oxidative stress per se stimulates the expression of 12/15LO or 15LO. For
example, after exposure of cultured bovine coronary artery endothelial cells to the
hydrogen peroxide-generating system of glucose–glucose oxidase, the synthesis of the
arachidonic acid metabolite 15HETE is strongly increased (89). Fourth, angiotensin II
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increases oxidative stress, in part, via 5LO activity. It is well-established that angiotensin
II-induced reactive oxygen species (ROS) formation is mediated, in part, through
NAD[P]H-oxidase derived superoxide anions. A recent study in VSMC showed that
angiotensin II also induces the generation of LTB4, which then activates NAD[P]H-
oxidase, leading to ROS. The entire process can be inhibited by 5LO blockade (90).
Finally, 12/15LO serves as a catalytic sink for NO, such that monocytes and VSMC
show increased consumption of NO if 12/15LO is not blocked (91). Because NO counter-
balances ROS within the cells, this would result in a net increase in cellular oxidative
stress. Further, the loss of NO might impair major NO-related protective mechanisms
such as vasodilation, inhibition of VSMC growth and of leukocyte and platelet adhesion,
thus collectively facilitating the evolution of hypertension and vascular disease.

6. HETEs AS DIRECT VASOACTIVE AGENTS AND THE ROLE 
OF LOs IN ARTERIAL TONE AND CONTRACTILITY

6.1. The Effects of HETEs on Arterial Tone
Depend on the Particular Vascular Bed Examined

Both 12HETE and 15HETE have been reported to induce either vasoconstrictor or
vasodepressor effects. In the rat mesenteric arteries, both 12HETE and 12HPETE
induced a concentration-dependent vasodilation. Of interest is the finding that small
mesenteric arteries primarily produced 12HETE (92). 12HETE was also reported to
elicit potent relaxation and hyperpolarization of porcine coronary microvessels (93).
The mechanism underlying these vasodilator effects of 12HETE have not been studied
but there is independent evidence that 12HETE can mediate, in part, and directly augment
IL-1 -stimulated nitrite production and iNOS in cultured VSMC (94).

12HETE can also directly induce arterial constriction in some arterial systems,
although it appears to be more important as a mediator of angiotensin II-dependent
vasoconstriction. In isolated renal arcuate arteries of the dog, 12(S)-HETE acted as a
vasoconstrictor, but the vasopressor effects of 12(R)-HETE were more prominent (95).
In a renal juxtamedullary preparation, 12(S)-HETE caused a graded decrease in afferent
arteriolar caliber, which could be blocked by L-type calcium channel inhibition (96). In
isolated canine basilar artery segments (97) but not in the anesthetized rabbit cerebral
arterioles (98), 12HPETE produced transient contraction of the artery segment whereas
12HETE had a much lower potency.

Much like the discordant direct effects of 12HETE, 15HETE may induce either vaso-
constriction or vasodilation, depending on the particular vascular preparation. Indeed,
when studied by a single group of investigators in several different arterial preparations
from different animal species, 15HPETE or 15HETE were shown to elicit either vaso-
dilation or vasoconstriction, depending on the specific arteries in question (99). It is
therefore of interest that two independent studies reported that 15HETE was a constrictor
in pulmonary arteries (100,101). Two additional reports supported a vasopressor role for
15HETE: in one study 15HETE elicited contractile responses in guinea pig cerebral
arteries (102) and in the second investigation, 15HETE impaired acetylcholine-induced
relaxation in rat aortic rings (103).

In contrast to these latter effects of 15HETE, several other metabolites of 15(or
12/15-)LO appear to reduce arterial tone in a number of different experimental settings.
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13-Hydroxyoctadecadienoic acid (13HODE) and 13-hydroperoxyoctadecadienoic
acid (13HPODE), induced dose-dependent relaxation of prostaglandin (PG) F2 -
precontracted porcine coronary rings that persisted in the de-endothelialized vessels,
thus suggesting a direct effect of these metabolites on vascular smooth muscle cells (104).
In the rabbit aorta, endothelial 15LO converts arachidonic acid into several vasoactive
metabolites, two of which, 11,12,15-trihydroxyeicosatrienoic acid (THETA) and 15-
hydroxy-11,12-epoxyeicosatrienoic acid (HEETA), have distinct vasodilatory properties.
The biosynthesis of these additional “endothelium-derived relaxing factors,” involves
first 15LO metabolism of arachidonic acid, followed by further modification by
cytochrome P450 isomerases, possibly CYP2J2 (105,106). The production of these
vasodilatory compounds is subject to upregulation by IL-13, which increases 15LO
expression and activity (107). The vasodilatory effect of the endothelium-derived
11,12,15-trihydroxyeicosatrienoic acid is mediated through activation of VSMC
apamin-sensitive K+ channels, leading to membrane hyperpolarization (108). 11,12,15-
Trihydroxyeicosatrienoic acid also contributes to acetylcholine dependent relaxation in
the rabbit aorta (109).

6.2. Role of LO Metabolites in Angitensin II-Induced Vasoconstriction
6.2.1. ROLE OF 12LO

Studies in the adrenal zona glomerulosa were the first to indicate that 12HETE is an
important signaling molecule for angiotensin II-induced biological responses
(110,111,112). Several structurally unrelated LO inhibitors attenuated angiotensin II-
induced vasoconstriction both in vivo and in vitro in rat and human preparations
(113,114). Angiotensin II increased 12LO expression, and 12- and 15HETE secretion
in cultured porcine and human vascular smooth muscle cells (28,115). Angiotensin II-
induced calcium transients in VSMC are inhibited by several LO blockers, but the
intracellular calcium response to angiotensin II under these conditions can be restored
by the addition of 12HETE (50,51). Recent observations in the renal microvasculature
corroborate these findings that renal microvessels express both platelet-type 12LO
and leukocyte-type 12LO. Angiotensin II was shown to increase renal microvascular
12HETE production, and 12HETE per se induced vasoconstriction in this system
in association with an increase in myocyte [Ca2+]i. Further, the vasoconstrictor
response of the afferent arteries to 12HETE was abolished during L-type calcium
channel inhibition (96).

6.2.2. ROLE OF CYSTEINYL-LEUKOTRIENES

As already discussed, there is evidence that angiotensin-II mediated vasoconstriction
depends, in part, on increased secretion of CysLT, which apparently takes place when
the vasculature is subjected to some functional distress such as hypertension, NO
deficiency or exposure to high glucose. Under these conditions 5LO inhibition or
CysLT1 receptor blockade attenuates angiotensin II-dependent vasoconstriction (14,15,
24,25). Neither the increase in CysLTs nor the dependence of angiotensin II-induced
vasoconstriction on 5LO-derived CystLTs is seen in normal rats or blood vessels. These
results suggest that both diabetes and the hypertensive state are linked to activation of the
5LO system, which is further stimulated by angiotensin II.
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6.2.3. ROLE OF THE CYTOCHROME P450 PRODUCT 20HETE

In addition to the stimulatory effect of Ang II on 12HETE and in hypertensive rats,
on cysteinyl-leukotrienes as well, Ang II also markedly increases the formation of
20HETE, a product of the cytochrome p450 epoxygenase in renal vasculature (116),
and this metabolite also contributes to angiotensin II-induced vasoconstriction in the
kidney. Indeed, it has been shown that 20HETE is a potent constrictor of renal and
cerebral arteries, acting by VSMC depolarization through the blockade of Ca2+-activated
K+ (KCa) channels (117,118). 20HETE also plays an important role in tubuloglomerular
feedback control of glomerular filtration rate (GFR) and in the renal vasoconstrictor
response to endothelin (ET), vasopressin and Ang II (119).

7. REGULATION OF LO ENZYMES

7.1. Angiotensin II
In porcine VSMC, human aortic smooth muscle cell, and rat mesangial cells,

angiotensin II treatment increases 12LO mRNA expression and 12HETE (28,59,115).
Administration of the AT1 receptor blocker losartan diminishes leukocyte type 12LO
expression in the renal tissue of neonatal rats (120). Some of the most important biological
effects elicited by angiotensin II in the vasculature are mediated by the induction of
12LO products, including vasoconstriction (114), cell growth (59), LDL oxidation
(121), and fibronectin formation (59).

7.2. Diabetes and High Glucose
High glucose increases 12- and/or 12/15LO expression in endothelial cells and

VSMC (115,122,123). The attained rise in LO products, particularly in 12HETE,
appears to mediate some of the known effects of hyperglycemia on vascular cells such
as increased growth, migration, chemotaxis and macrophage adhesion. The augmented
response to various agonists, which occurs in hyperglycemia, may be also related to LO
induction. For example, phenylephrine induces a more pronounced proliferative
response under high glucose conditions, which is aborted by LO inhibition (73).
Glucose-induced LO stimulation is not restricted to overproduction of 12HETE. In the
rabbit, basal and acetylcholine (ACh)-stimulated release of 15HETE was significantly
increased in the aorta of diabetic animals. Further, incubation of aortic segments from
normal rabbits in high glucose medium caused a significant increase in basal and ACh-
stimulated release of 15HETE, which was mainly, but not exclusively secondary to
increased endothelial production of this prostanoid (124).

7.3. Cytokines
7.3.1. IL-4

IL-4 down-regulates 5LO and upregulates 15LO type 1 expression in dendritic cells,
which are lymphoid antigen-presenting cells capable of initiating immune responses
in naive lymphocytes (125). IL-4 also upregulates 12/1515LO activity such that the
generated LO products serve as ligands for PPAR 1 in human blood monocytes. The
activation of PPAR 1 by LO metabolites elicits a host of downstream effects such as
increased expression of a macrophage scavenger receptor, CD36 or suppression of IL-2
production (125–127). Indeed, the 15LO products 13HODE and 15HETE directly
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stimulated the expression of CD36 in macrophages (126). Because 15LO can oxidize
various lipid moieties, cytokine induced 15LO expression may increase LDL oxidation
in hematopoietic cells interacting with vascular lining. Also, by increasing macrophage
12/15LO expression/activity, IL-4 can induce the formation of ligands for PPAR (such
as 13HODE) expressed in other cell types comprising the vascular–blood interface. One
example to that effect is the finding that IL-4 modulates T cell function by suppressing
IL-2 production through LO-derived products, which activate PPAR (127).

7.3.2. IL-13

IL-13, a cytokine secreted by Th2 lymphocytes, is capable of inducing the expression
of 15LO in primary human monocytes (128) and in rabbit aortic endothelial cells (129).

It is noteworthy that 12/15LOs and phospholipid hydroperoxide glutathione peroxi-
dases are opposite enzymes balancing the intracellular concentration of hydroperoxy
lipids. There appears to be an inverse regulation of 12/15LOs and hydroperoxy-lipid-
reducing enzymes by IL-4 and -13, such that both cytokines increase 12/15LO expression
and suppress phospholipid hydroperoxide glutathione peroxidase expression in human
monocytes (130). This concomitant alteration may facilitate 12/15LO dependent LDL
oxidation, whereas depriving cells from one of the neutralizing mechanisms for
hydroperoxy lipids.

7.3.3. ESTROGEN

In human umbilical vein endothelial cells, estradiol increased the activity of 15LO by
320%. The effect was probably nongenomic, as it could be reproduced by E2 complexed
to BSA, such that entry of the steroid molecule to the cell was not possible (131).

7.4. Lipoxins
LO interaction products, or lipoxins (LXs), are trihydroxytetraene-containing

eicosanoids that can be generated at the vascular–luminal interface as a result of
platelet–leukocyte and/or endothelial cell interactions. The basic principle is that trans-
cellular biosynthesis takes place as a sequence of two consecutive fatty acid metabolizing
enzymes, LO and cyclooxygenase or two LO enzymatic reactions, such that a product
of one cyclooxygenase or LO pathways in one cell type is transferred for further
metabolism by another LO pathway in a different cell type. 5LOX, 12LOX and
15LOX pathways can all participate in the biosynthesis of LXs. In humans, LXs are
formed in vivo during multi-cellular responses such as inflammation, atherosclerosis,
and in asthma. The generated specific tetraene-containing products function as
inflammation stop signals, acting directly to down regulate key steps in leukocyte
trafficking and prevent leukocyte-mediated acute tissue injury, or indirectly, by block-
ing the effects of proinflammatory leukotrienes (e.g., LXA4 and LXB4 antagonize
LTB4) (132,133). In addition to their actions in inflammatory cells, LXA4 and LXB4
have been reported to stimulate prostacyclin secretion, increase endothelial-dependent
vasodilation and inhibit endothelial cell P-selectin expression and hyperadhesiveness
induced by LTs (132–134). On the other hand, LXA4 reportedly increases the expres-
sion and activity of the procoagulant tissue factor in endothelial cells and monocytes
(135). One recognized example in which all these various properties of LXs might
interact with multiple other LO-derived eicosanoids is the documented in vivo generation
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of LX after percutaneous transluminal coronary angioplasty (136). During experimental
acute renal failure, LXs attenuate the adhesion and transmigration of polymorpho-
nuclear cells, increase the activation of monocytes, and promote the phagocytosis of
apoptotic neutrophils by macrophages (137). They also reduce mesangial cell proli-
feration by inhibiting PDGF receptor tyrosine kinase activity and attenuation of
VEGF-driven angiogenesis (138,139).

Of interest are recent results indicating that aspirin’s mechanism of action also
involves the shunting of prostanoid metabolism from prostaglandin E2 into the generation
of carbon 15 epimers of LX, or 15-epi-LX, also referred to as aspirin-triggered lipoxins
(ATL). ATL mimic the effects of native LX. ATL formation requires the acetylation of
COX2 by aspirin (acetyl-salicylic-acid). Inhibition of ATL formation interferes with the
anti-adhesive effects of aspirin (5,140–142).

Diet-derived fatty acids can also undergo transcellular reactions, resulting in the
formation of bioactive LX-like compounds. In human endothelial cells treated with
aspirin, COX-2 is upregulated and it converts C20:5 omega-3 to 18R-hydroxyeicos-
apentaenoic acid (HEPE) and 15R-HEPE. Each can be used by polymorphonuclear
leukocytes to generate separate classes of novel trihydroxy-containing mediators,
including 5-series 15R-LX(5) and 5,12,18R-triHEPE, which are potent inhibitors of
human polymorphonuclear leukocyte transendothelial migration and infiltration in vivo.
The generation of these diet-derived “lipoxin analogs” also offers a new explanation for
the apparent vasculoprotective effect of dietary omega-3 fatty acids (143).

350 Part V / Stern and Tuck

Fig. 3. The major biosynthetic routes of lipoxin formation from arachidonic acid: interactive action
of lipoxygenase and cylooxygenase enzymes. The combination of two LOs (5-, 12-, or 15LO) on the
same arachidonic acid molecule produces lipoxins. Aspirin can trigger the production of epimeric
lipoxins through acetylation of COX-2, yielding 15-epi-H(p)ETEs, which are then converted to lipoxins
by transcellular biosynthesis using 5LO from neutrophils. (From ref. 185)
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Although the vasodilator effect of LXs has been recognized nearly two decades ago
(144), this effect may be system-specific, as LXA4 and LXB4 were shown to constrict
the mesenterial tree (145). LXA4 and LXB4 were also shown to increase prostacyclin
secretion in human endothelial cells (136), which might explain, in part, their vasodilator
and cell growth moderating effects. The overall significance of these effects for cardio-
vascular pathophysiology and blood pressure regulation awaits elucidation.

Membrane lipoxin receptors (ALX), apparently of the seven transmembrane domains
family, are expressed in leukocytes and endothelial cells In addition to these specific LX
receptors, there is evidence that LXs and CysLTs such as LTD4 interact on a “shared
receptor,” apparently the CysLT1 receptor. Finally, some short peptide ligands can also
interact with ALX: indeed the LX receptor may bind a lipid ligand (LX) and a peptide
ligand at different sites within the receptor structure (146).

7.5. Hepoxillins
Hepoxillins are monohydroxy-epoxy metabolites of arachidonic acid generated from

12HPETE, either nonenzymatically, in the presence of hemoglobin as a catalyst, or by
“hepoxillin synthases” (3). Recently, a novel metabolite of this group, trioxilin C(3)
[8,9,12-trihydroxyeicosatrienoic acid] was isolated from rabbit aorta homogenates
when 12LO was supplied exogenously. Trioxilin C(3) apparently has potent vasodilator
effects (147).

8. LOs AND ATHEROGENESIS

8.1. Atherosclerosis and the 5LO Pathway
Although a fairly recently appreciated player in atherosclerosis, the 5LO pathway is

currently the focus of increasing attention with respect to the evolution of athero-
sclerotic vascular disease. First, 5LO was abundantly expressed in atherosclerotic lesions
of apoE(-/-) and LDLR(-/-) deficient mice (148) as well as in human atherosclerotic
arteries (9). Further, 5LO expression apparently correlates with the severity of athero-
sclerotic lesion in man (9). Second, even the absence of just one of the two 5LO alleles
confers significant resistance to atherosclerosis in a classical atherosclerosis-prone
model such as the LDL receptor deficient mouse (148). Third, bone marrow from
5LO(+/ ) mice transplanted into LDLR( / ) , induced a significant reduction in athero-
sclerosis, thus implicating macrophage wild type 5LO as a culprit in the atherogenic
process (148). Fourth, an antagonist of the 5LO metabolite LTB4 reduced monocyte
adhesions and atherosclerotic surface area in apoE / as well as LDLr / mice (149).
Finally, two independent population studies have recently indicated a link between the 5LO
system and vascular disease. One report concluded that specific variant genotypes of the
5LO gene are significantly associated with increased atherosclerotic burden in human
subjects as assessed by carotid intima-media thickness and increases plasma C-reactive
protein (150). In another report, a four-marker single-nucleotide polymorphism (SNP)
haplotype in the locus spanning the gene encoding FLAP was associated with a twofold
greater risk of myocardial infarction and stroke in Iceland. Another haplotype in the same
locus was associated with myocardial infarction in individuals from the UK. The asso-
ciation in this study between this at risk haplotype and increased production of leukotriene
B4 by activated neutrophils from male subjects was of critical functional importance (151).

Chapter 19 / The Lipoxygenase System 351

19_Stern_Carey  5/3/07  12:17 PM  Page 351



8.2. The 12-, 12/15- and 15LO: Role in Lipid Modification

The 12-, 12/15- or 15LO products can be released in the vicinity of the arterial lining
by platelets, monocytes, endothelial cells and VSMC, particularly in response to
platelet aggregation, angiotensin II, elevated glucose, inflammation or mechanical
arterial wall stress. An example to the latter is the finding that the synthesis of both
12- and 15HETE is dramatically increased in experimentally stenosed canine coro-
nary arteries (152). The release of 5- and 12HETE is also augmented in myocardium
subjected to ischemia (153). A variety of cellular targets in the arterial wall may be
affected by these eicosanoids, and their formation is also not inconsequential for
circulating or subendothelial LDL particles. 13HPODE and 15HPETE dramatically
enhance the nonenzymatic oxidation of both 1-palmitoyl-2-arachidonoyl-sn-glycero-
3-phosphocholine (PAPC) and cholesteryl linoleate in LDL particles. The oxidation
products of PAPC, in turn, markedly increase monocyte adhesion to the endothelium.
The pro-oxidant effect of 13HPODE and 15HPETE is substantially augmented once
their concentration in LDL has reached a critical mass. Under these conditions,
13HPODE and 15HPETE are approximately two orders of magnitude more potent
(on a molar basis) than hydrogen peroxide in causing the formation of biologically
active oxidized phospholipids from PAPC. Because the presence of 13HPODE and
15HPETE in LDL greatly enhances LDL’s susceptibility to further oxidation, they
are referred to as “seeding molecules.” HDL from normal individuals, but not from
patients with coronary artery disease, inhibits LDL oxidation by artery wall cells and
attenuates the proadhesive effect of the oxidized PAPC. One mechanism by which
this protective effect of HDL is exerted is by removal of seeding molecules, such as
the LO products 13HPODE and 15HPETE by Apo-A1 from LDL particles (26,154).
In addition to role of 13HPODE in LDL modification, this 15LO product also
impacts VSMC, in which it induces MCP-1 and VCAM expression via an NF- B
dependent mechanism (60,61).

Further support for the key role of LO in atherogenesis is provided by observations
that disruption of the 12/15LO gene results in a sizable decrease in atherosclerosis
in apo-E deficient mice or LDL receptor deficient mice. (155,156). Consistent with this
concept is also the finding that in LDL receptor-deficient mice, targeted overexpression of
15LO in the vascular endothelium resulted in acceleration of early atherosclerosis (157).

LO-dependent lipid oxidation and uptake in various cell types involved in athero-
sclerosis can be accelerated by a number of circulating agents or locally released
cytokines in an endocrine, paracrine or autocrine manner. For example, in mouse
peritoneal macrophages and human monocytes, angiotensin II induced an increase in
12LO expression and activity. In addition, pretreatment with angiotensin II increased in
a dose-, and AT-1 receptor-dependent manner the ability of mouse derived monocytes
to modify LDL, resulting in greater chemotactic activity for monocytes, typical of
minimally modified LDL. (28,121). In cultured porcine VSMC, angiotensin II , PDGF
and IL-1, IL-4 and IL-8 increase leukocyte type 12LO mRNA expression and activity
(158). The critical role of oxygen supply for the LO-driven oxidative modification of
LDL is demonstrated by the finding that transient experimental anemia, which is
accompanied by a long-lasting overexpression of the reticulocyte-type 15LOX protects
cholesterol-fed rabbits from lipid deposition in the aortic wall (159).
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9. LO-DEPENDENT MECHANISMS MODULATE
THE RENIN–ANGIOTENSIN ALDOSTERONE AXIS

12HETE and 15HETE inhibit the release of renin from rat renal cortical slices (160).
Further, angiotensin II-dependent inhibition of renin release, an important control
mechanism that limits excessive stimulation of the renin angiotensin axis, is mediated
via induction the 12LO pathway, as evidenced by increased production of 12HETE
(161,162). In agreement with the concept that LO products suppress renin secretion,
12HETE, 15HETE as well as 12HPETE and 15HPETE were also shown to inhibit
prostacyclin-stimulated synthesis of renin in mesangial cell in vitro (163). There is
evidence that renal glomeruli express 12/15LO (164), presumably the enzyme affecting
renin secretion.

Several lines of evidence implicate the 12LO system as a mediator of angiotensin II-
induced aldosterone secretion. First, angiotensin II increases the release of 12- and
15HETE in rat and human adrenal glomerulosa cells. Second, several structurally unrelated
LO inhibitors block aldosterone, but not potassium- or ACTH-dependent aldosterone
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Fig. 4. A three-step model for LDL oxidation by artery wall cells. Step 1: LDL is seeded in the liver,
microcirculation or in the subendothelial space by molecules generated secondary to LO action or
from other sources. Step 2: LDL is trapped in the artery wall and receives further seeding molecules.
Also, the artery wall cells generate and transfer ROS to the trapped seeded LDL. Step 3: When a
critical level of seeding molecules relative to phospholipids is reached in the LDL, a nonenzymatic
oxidation process generates oxidized PAPC products that induce NF-B activation, monocyte binding,
MCP-1 production and M-CSF production, and that are present in mildly oxidized LDL (MM-LDL,
minimally modified LDL) (from ref. 26).

19_Stern_Carey  5/3/07  12:17 PM  Page 353



production. Finally, 12HETE can restore the effect of angiotensin II on aldosterone
generation in LO-blocked glomerulosa cells (110,111). In contrast, 5HETE inhibits
angiotensin-II induced aldosterone synthesis (112).

The administration of LO inhibitors in vivo resulted in a large and surprisingly
concordant increases in both plasma renin (PRC) and aldosterone concentration (165):
not only PRC (165,166), but also plasma aldosterone (Stern N, unpublished observation)
increased. The increase in PRC was not because of the hypotensive effect of LO
inhibitors, as it persisted even when the drop in blood pressure was inhibited by coinfusion
with norepinephrine. In rats receiving chronic treatment with a LO inhibitor, PRC failed
to decline in response to a high salt diet. In renal cortical slices from rats on high salt
diet, 12HETE release was markedly increased, suggesting that 12HETE participates in
inhibition of renin secretion during salt overload. These observations suggest a dominant
physiological role for the 12LO system as a tonic inhibitor of renin release, particularly
during dietary sodium overload.

10. SYMPATHETIC ACTIVITY AND THE LO SYSTEM

Several nonselective LO inhibitors can block the secretion of catecholamines from
human neuroblastoma and pheochromocytoma cell lines (167,168) and cultured
chromaffin cell (169) in vitro. Whether or not this reflects physiologically significant
dependence of catecholamine release is unknown. The administration of LTD4 increased
systemic arterial pressure in SHR, in association with a three- to sixfold increase in
plasma epinephrine and norepinephrine concentrations, which was followed by a pro-
longed hypotensive phase (170).

11. LO IN HYPERTENSION

11.1. SHR
In mesenteric arteries in female SHR, generation of LO products appears to rise

with age in parallel to the increasing blood pressure. There is also a sexual dimor-
phism in LO activity such that the production of LO-derived metabolites is much
higher in female than in male SHR (171). Further, in hypertensive rats, arachidonic
acid may be preferentially converted into LO products that possess dominant vaso-
pressor effects, as arachidonic acid elicited a constrictor effect in aortic rings, which
was attenuated by the LO inhibitor baicalein (172). More specific examination of LO
products in SHR revealed that platelet 12HETE, plasma 12HETE as well as 12HETE
release from aortic tissue was higher in SHR compared with WKY rats. Further,
several lipoxygenase blockers including phenidone, CDC, ETI and panaxynol
acutely reduce blood pressure in SHR (166,173–176). The reduction in blood pres-
sure induced by LO blockers was much more prominent in SHR than in WKY rats.
Moreover, following the administration of 12LO blockers such as CDC and ETI,
plasma 12HETE levels declined in parallel to the observed fall in blood pressure
(166,173). There is also evidence that early institution of LO blockers therapy
markedly attenuates the evolution of high blood pressure in SHR (173,177). Finally,
the administration of the nonselective LO blocker phenidone in stroke-prone SHR
with proteinuria and established hypertension arrested the progression of protein
excretion and prevented the appearance of stroke (178). Collectively, these studies

354 Part V / Stern and Tuck

19_Stern_Carey  5/3/07  12:17 PM  Page 354



clearly establish that 12LO are increased in platelets, serum, and vascular tissue
from SHR.

Although angiotensin II-induced vasopressor response in vitro and in vivo appear to
be mediated via 12LO-dependent mechanisms both in normotensive and hypertensive
rats (SHR), a role for 5LO-derived eicosanoids in angiotensin II-dependent vaso-
constriction is seen only in SHR. First, angiotensin II, acting through AT(1) receptor,
induced a marked increase in cysteinyl leukotriene production in both intact and de-
endothelialized aortic rings from SHR but not from WKY (14). Second, the CysLT1
receptor antagonist MK571 significantly reduced the contractile effects of angiotensin II,
but this effect, however, depended on the presence of the endothelium (14,25). Third, in
the mesenteric bed of SHR, the selective 5LO inhibitor AA-861 attenuated the vaso-
constrictor responses to angiotensin II (25). Fourth, cysteinyl leukotrienes, particularly
LTD4, induced a contractile response only in aortic rings from SHR, but not from WKY
rats (14), and LTC4, LTD4 and LTE4 elicited a larger vasoconstrictor response in the
mesenteric bed in SHR than in WKY rats (25). Finally, LTD4 induces a larger vasopressor
response in SHR than in WKY rats (22). Taken together these results suggest that
leukotrienes are synthesized in vascular tissue, probably in VSMC, and that they play a
role in blood pressure regulation in SHR. There is also an increased arterial response to
cys-leukotrienes. Moreover, the increased sensitivity to Ang II in SHR results, in part,
from angiotensin II-dependent formation of cysteinyl-leukotrienes, which is not seen in
normotensive animals.

11.2. Effect of LO Inhibitors on BP
Overall, LO inhibitors lower blood pressure in either high renin (renovascular

hypertensive rat) (179); or normal renin models of hypertension (SHR) (173–176), but
not in low renin, hypervolemic models such as the DOCA salt hypertensive rat (179).
It is of interest that masoprocol, a nonselective LO inhibitor not only effectively
lowered blood pressure in rats with fructose-induced hypertension, but also corrected
the hyperinsulinemia, hypertriglyceridemia, and elevated circulating fatty acids seen in
this model (180). This beneficial metabolic influence of masoprocol may stem from
non-LO related effects, such as direct anti-lipolytic action of this agent (181), such that
the correction of abnormal metabolism could lead to blood pressure normalization. It
is likewise possible, however, that the “metabolic syndrome” in this model, leads to
increased 12LO activity in a fashion similar to the stimulatory effect of overt diabetes
and high glucose on 12LO. Under such putative conditions, masoprocol may normalize
enhanced arterial 12LO in fructose-induced hypertension, thus resulting in blood
pressure lowering.

There may be a role for prostacyclin production in the hypotensive effect of LO
blockers. Potentially, LO blockade may shunt arachidonic acid metabolism to the
cyclooxygenase pathway, thus resulting in increased prostacyclin production. In support
of this mechanism is the observation that blood pressure of hypertensive rats pretreated
with indomethacin was not affected by the same LO blockers shown to exert a hypo-
tensive response when used alone (i.e., baicalein and cinnamyl-3,4-dihydroxy- -cyano-
cinnamate). Moreover, in hypertensive rats in which the LO blocker baicalein had
decreased blood pressure, the administration of rabbit serum containing antibodies
against 5,6-dihydro-PGI2, partially reversed the response to baicalein. Collectively,
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these data suggest that PGI2 contributes to the acute antihypertensive effect of baicalein
in rats with angiotensin II-induced hypertension (182).

11.3. Human Hypertension
Given the large database available on LO products in the vasculature, surprisingly

little is known on the various LO systems in human hypertension. In one study, urinary
12HETE excretion as well as basal, but not thrombin-induced platelet production of
12HETE was much higher in individuals with essential hypertension than in normal
subjects. This was associated with increased platelet-type 12LO protein expression in
platelets from hypertensive subjects (183). In contrast, although 12HETE is the major
eicosanoid secreted by the human placenta, levels of released 12HETE are lower in
placentas from hypertensive pregnancies (184), presumably reflecting impaired placental
structural integrity or subnormal blood supply in this setting.
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