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The renin-angiotensin aldosterone system (RAAS) plays an 
integral role in the homeostatic control of arterial pressure, 
tissue perfusion, and extracellular volume. It functions  

as an unusual endocrine axis in which the active hormone,  
angiotensin (Ang) II, is formed in the extracellular space by 
sequential proteolytic cleavage of its precursors. This pathway 
is initiated by the regulated secretion of renin, the rate-limiting 
processing enzyme. Although renin was discovered more than a 
century ago,1 the significance of this system in the pathogenesis 
of cardiovascular and renal disorders has gained wide accep-
tance only during the past 3 decades, in large part because of 
the availability of specific pharmacologic agents that can block 
the system. 

In this article, I will review the evidence concerning the role 
of the RAAS in the development of hypertensive cardiovascular 
disease and related conditions and provide an overview of the 
agents that inhibit this system.

■■  Historical Perspective

In 1898, Tigerstedt and Bergmann published an account of their 
research demonstrating the existence of a heat-labile substance 
in crude extracts of rabbit renal cortex that caused a sustained 
increase in arterial pressure.1 They proposed the term “renin” for 
a presumed humoral pressor agent secreted by the kidney, a con-
cept that was widely disputed or ignored until the classical stud-
ies of Goldblatt and colleagues, published in 1934, that showed 
that renal ischemia induced by clamping of the renal artery 
could induce hypertension.1 Shortly thereafter it was shown 
that the ischemic kidney also released a heat-stable, short-lived 
pressor substance, in addition to renin. This finding eventually 
led to the recognition that renin’s pressor activity was indirect 
and resulted from its proteolytic action on a plasma substrate 
(eventually termed “angiotensinogen”) to liberate a direct-acting 
pressor peptide. This peptide was initially termed “angiotonin” 
or “hypertensin” by competing investigators in the United States 
(Page and colleagues) and in Argentina (Braun-Menendez and 
colleagues), who ultimately compromised on the term “angioten-
sin.”1 In the early 1950s, during attempts at purification, Skeggs 
and colleagues discovered that this peptide existed in 2 forms, 
eventually termed Ang I and II.2 In later work, they demonstrated 
that Ang I was cleaved by a contaminating plasma enzyme, 
termed “angiotensin-converting enzyme,” to generate the active 
pressor peptide Ang II.3 Soon after, the work of several investi-
gators, including Laragh, Genest, Davis, Ganong, and their col-
leagues, culminated in the discovery that Ang II also stimulated 
the release of the adrenal cortical hormone aldosterone, a major 
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regulator of sodium and potassium balance.4 These landmark 
discoveries established the concept that a single system, the 
RAAS, was involved in the regulation of both blood pressure and 
fluid and electrolyte balance.

■■  Components of the RAAS

The renin-angiotensin aldosterone hormonal cascade begins 
with the biosynthesis of renin by the juxtaglomerular cells (JG) 
that line the afferent (and occasionally efferent) arteriole of the 
renal glomerulus. Renin is synthesized as a preprohormone, 
and mature (active) renin is formed by proteolytic removal of a 
43-amino-acid prosegment peptide from the N-terminus of pro-
renin, the proenzyme or renin precursor. Mature renin is stored 
in granules of the JG cells and is released by an exocytic process 
involving stimulus-secretion coupling into the renal and then 
the systemic circulation. In addition to this regulated pathway,  
it appears that the kidney also releases unprocessed prorenin via 
a constitutive pathway. In fact, prorenin accounts for about 70% 
to 90% of the immunoreactive renin in the human circulation. 
The potential biological significance of this finding is poorly 
understood at present.

Active renin secretion is regulated principally by 4 inter-
dependent factors: (1) a renal baroreceptor mechanism in the  
afferent arteriole that senses changes in renal perfusion pressure,  
(2) changes in delivery of NaCl (sensed as changes in Cl- con-
centration) to the macula densa cells of the distal tubule (which  
lie close to the JG cells and, together, form the “JG apparatus”),  
(3) sympathetic nerve stimulation via beta-1 adrenergic recep-
tors, and (4) negative feedback by a direct action of Ang II on the  
JG cells.5 Renin secretion is stimulated by a fall in perfusion 
pressure or in NaCl delivery and by an increase in sympathetic 
activity. Renin is also synthesized in other tissues, including 
brain, adrenal gland, ovary, and visceral adipose tissue, and per-
haps heart and vascular tissue. The factors regulating synthesis 
and possible actions of renin in these other tissues are poorly 
understood.

Control of renin secretion is a key determinant of the activity 
of the RAAS. Renin regulates the initial, rate-limiting step of the 
RAAS by cleaving the N-terminal portion of a large molecular 
weight globulin, angiotensinogen, to form the biologically inert 
decapeptide Ang I or Ang-(1-10), as shown in the Figure. The 
primary source of systemic circulating angiotensinogen is the 
liver, but angiotensinogen mRNA expression has also been 
detected in many other tissues, including kidney, brain, heart, 
vascular, adrenal gland, ovary, placenta, and adipose tissue.6 
Angiotensinogen is secreted constitutively by the liver, so plasma 
levels are generally stable and do not change acutely; however, 
both hepatic and extrahepatic synthesis have been shown to rise 
in response to glucocorticoids, estrogens and other sex steroids, 
thyroid hormone, inflammatory cytokines (e.g., interleukin-1 
and tumor necrosis factor), and Ang II.6 Adrenal insufficiency, 
orchiectomy, hypothyroidism, and insulin deficiency have been 

associated with a decline in plasma concentration and/or tissue 
mRNA expression of angiotensinogen.6 Long-term elevations in 
angiotensinogen concentration, which occur with pregnancy, 
Cushing’s syndrome, or glucocorticoid treatment, may be a risk 
factor for hypertension, although there is evidence that chronic 
stimulation of angiotensinogen may be partly compensated for by 
a reduction in renin secretion.

The inactive decapeptide Ang I is hydrolyzed by angioten-
sin-converting enzyme (ACE), which removes the C-terminal 
dipeptide to form the octapeptide Ang II [Ang-(1-8)], a biologi-
cally active, potent vasoconstrictor. ACE is a membrane-bound 
exopeptidase and is localized on the plasma membranes of vari-
ous cell types, including vascular endothelial cells, microvillar 
brush border epithelial cells (e.g., renal proximal tubule cells), 
and neuroepithelial cells. It is this membrane-bound ACE that 
is thought to be physiologically important. ACE also exists in a 
soluble form in plasma, but this form may simply reflect turnover 
and clearance of membrane-bound ACE. ACE (also known as 
kininase II) metabolizes a number of other peptides, including 
the vasodilator peptides bradykinin and kallidin, to inactive 
metabolites.7 Thus, functionally, the enzymatic actions of ACE 
potentially result in increased vasoconstriction and decreased 
vasodilation.

Although Ang II is the primary active product of the RAAS, 
there is evidence that other metabolites of Ang I and II may have 
significant biological activity, particularly in tissues. Ang III  
and IV are formed by the sequential removal of amino acids 
from the N-terminus of Ang II by the action of aminopeptidases 
(Figure). They are most likely produced in tissue with high levels 
of aminopeptidases A and N, such as brain and kidney tissue.8 
Ang III [Ang-(2-8)], a heptapeptide formed by removal of the 
first N-terminal amino acid, is present in the central nervous 
system (CNS), where it is thought to play an important role in 
tonic blood pressure maintenance and in hypertension.8 Ang IV  
[Ang-(3-8)] is a hexapeptide formed by further enzymatic degra-
dation of Ang III.8 Preclinical studies have suggested a cooperative 
effect of Ang IV in Ang II signaling. For instance, it appears that in  
the brain, Ang IV increases blood pressure by cooperating with 
Ang II on angiotensin II type 1 (AT1)-receptor signaling (see 
below), because its hemodynamic effects require the presence of 
both Ang II and functional AT1 receptors.8

Peptides truncated at the C-terminus of Ang II may also have 
biological activity. For example, Ang-(1-7), a heptapeptide frag-
ment of Ang II, can be formed from Ang I or Ang II by the actions 
of several endopeptidases or from Ang II by the action of carboxy-
peptidases, including one with significant structural homology to 
ACE (which has been termed “ACE 2”). Unlike ACE, this enzyme 
does not convert Ang I to Ang II and its activity is not affected 
by ACE inhibitors (ACEIs).7 Ang-(1-7), which appears to act via a 
unique receptor (see below), was first described to have vasodila-
tory effects and act as a natural ACEI. Cardioprotective effects 
have also been proposed to result from a direct effect of Ang-(1-7) 
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on heart cells or a generalized systemic effect,8 but evidence for 
such actions in human studies is lacking. ACE 2 can also cleave a  
single amino acid from the C-terminus of Ang I to form Ang-(1-9),  
a peptide with no known function at this time.

As already noted, Ang II is the primary effector of a variety 
of RAAS-induced physiological and pathophysiological actions.  
At least 4 angiotensin receptor subtypes have been described.9 
The type 1 (AT1) receptor mediates most of the established physi-
ological and pathophysiological effects of Ang II (Figure). These 
include actions on the cardiovascular system (vasoconstric-
tion, increased blood pressure, increased cardiac contractility,  
vascular and cardiac hypertrophy), kidney (renal tubular  
sodium reabsorption, inhibition of renin release), sympathetic 

nervous system, and adrenal cortex (stimulation of aldosterone 
synthesis).7 

The AT1 receptor also mediates effects of Ang II on cell growth 
and proliferation, inflammatory responses, and oxidative stress.2 
This receptor, which is typical of the G protein-coupled recep-
tor superfamily containing 7 membrane-spanning sequences,  
is widely distributed on many cell types in Ang II target  
organs.

The type 2 (AT2) receptor is abundant during fetal life in the 
brain, kidney, and other sites, and its levels decrease markedly 
in the postnatal period. There is some evidence that, despite  
low levels of expression in the adult, the AT2 receptor might 
mediate vasodilation and antiproliferative and apoptotic effects 
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in vascular smooth muscle and inhibit growth and remodeling 
in the heart.7,9 In the kidney, it has been proposed that activation 
of AT2 receptors may influence proximal tubule sodium reab-
sorption and stimulate the conversion of renal prostaglandin E2 
to prostaglandin F2α.2,7 However, the importance of any of these 
AT2-mediated actions remains uncertain. 

The type 4 (AT4) receptors are thought to mediate the release 
of plasminogen activator inhibitor 1 by Ang II and by the  
N-terminal truncated peptides (Ang III and Ang IV), but the 
function of the type 3 (AT3) receptors is unknown.9 Lastly, the 
putative effects attributed to the C-terminal truncated peptide 
Ang 1-7, including vasodilatation, natriuresis, antiproliferation, 
and cardiac protection, are presumed to be mediated by a unique 
receptor that does not bind Ang II, most likely a product of the 
Mas proto-oncogene known as the Mas receptor.9 

In addition to receptors for the angiotensin peptides, very 
recent evidence suggests the existence of high-affinity cell  
surface receptors that bind both renin and prorenin in  
several tissues, including heart, brain, placenta, and kidney,  
with localization to glomerular mesangium and subendothelial 
vascular smooth muscle.10 One receptor that has been carefully 
characterized has been reported to cause reversible activation  
of bound prorenin and to enhance the catalytic activity of  
bound renin, thus serving as a template for local Ang I genera-
tion. The  receptor also has been reported to initiate intracellular 
signaling, independent of Ang peptide synthesis, leading to 
activation of mitogen-activated protein kinases ERK1 and ERK2 
(Figure).10

These findings raise the possibility of Ang II-independent 
effects on cellular growth responses by renin or prorenin.  
An intriguing series of studies raises the possibility that such 
putative receptor-mediated mechanisms may contribute to the 
development of experimental diabetic nephropathy.11 Research 
into this new aspect of RAAS biology is progressing at a rapid 
pace, although there is as yet no evidence for human counter-
parts to these novel mechanisms.

As already noted, Ang II, via the AT1 receptor, also stimulates 
the production of aldosterone by the zona glomerulosa, the  
outermost zone of the adrenal cortex. Aldosterone is a major 
regulator of sodium and potassium balance and thus plays a 
major role in regulating extracellular volume. It enhances the 
reabsorption of sodium and water in the distal tubules and 
collecting ducts (as well as in the colon and salivary and sweat 
glands) and thereby promotes potassium (and hydrogen ion) 
excretion.12 Ang II, together with extracellular potassium levels, 
are the major regulators of aldosterone, but Ang II synthesis  
may also be stimulated by adrenocorticotrophic hormone 
(ACTH; corticotropin), norepinephrine, endothelin, and sero-
tonin and inhibited by atrial natriuretic peptide and nitric oxide 
(NO). It is also important to note that Ang II is a major trophic 
factor for the zona glomerulosa, which can atrophy (reversibly) 
in its absence.

■■  Classical Endocrine Pathway of Angiotensin Biosynthesis

The classical enzymatic cascade of the RAAS is depicted in  
the Figure. Reduction in renal perfusion pressure and afferent 
arteriolar pressure induced, for instance, by a reduction in circu-
lating blood volume triggers the release of renin from the stretch-
sensitive JG cells lining mainly the afferent renal arterioles. This 
mechanism is reinforced by a reduction in the tubular fluid  
sodium chloride concentration as sensed by the macula densa 
cells of the distal tubules and at times by an increase in sympa-
thetic discharge to the kidney. In the extracellular space, renin 
cleaves the N-terminal 10 amino acids of circulating angioten-
sinogen to form the biologically inert decapeptide Ang I, which 
in turn is converted to the active octapeptide Ang II by removal 
of the C-terminal dipeptide by ACE. As mentioned earlier, this 
last step in Ang II biosynthesis is mediated mainly by membrane-
bound ACE, which is nearly ubiquitous on vascular endothe-
lium. The concept of a circulating endocrine cascade has been 
frequently misinterpreted to imply that Ang II is a circulating  
“hormone,” but this is in fact unlikely. Instead, both Ang I and 
Ang II, which have very short half-lives, are probably synthesized 
very close to their site of action, with renin serving as the circu-
lating hormonal signal that initiates the pathway at local sites. 

The diverse actions of Ang II mediated by the AT1 receptor 
play a key role in restoring or maintaining circulatory homeo-
stasis. In addition to stimulating the production (and release) 
of aldosterone from the adrenal cortex, Ang II promotes the 
constriction of renal and systemic arterioles and the reabsorption 
of sodium in proximal segments of the nephron. The increase 
in blood pressure and volume, resulting from the effects of  
Ang II and aldosterone on their target organs, serves to restore 
renal perfusion and thereby inhibits further release of renin. 
Although the RAAS thus plays an important role in normal 
circulatory homeostasis, continued or inappropriate activation 
of the system is thought to contribute to the pathophysiology of 
diseases such as hypertension and heart failure. 

Tissue RAAS and Alternative Pathways of Angiotensin 
Biosynthesis
The evidence that angiotensin synthesis can occur in several  
tissues as well as the circulation, together with the character-
ization of several subtypes of angiotensin receptors and signal 
transduction pathways, the identification of truncated angio-
tensin peptides with possible unique actions, and most recently, 
the identification of putative cell surface receptors for renin and 
prorenin, has resulted in expansion of the traditional circulat-
ing RAAS paradigm to include the so-called “tissue RAAS.” The  
prevailing concept is that the RAAS functions both as a circu
lating system and as a tissue paracrine/autocrine system.7,13 

There is evidence that local or “tissue” Ang II biosyn
thesis may be initiated by renin and/or angiotensinogen taken 
up from the circulation. In addition, independent Ang II  
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generating systems have been postulated to exist in the 
heart, peripheral blood vessels, kidney, brain, adrenal glands, 
pituitary, adipose tissue, testes, ovaries, and skin.7,13 Serine  
proteases, including several kallikrein-like enzymes (tonins), 
cathepsin G, and chymase are thought to contribute to Ang II 
formation in the tissue RAAS.14 Studies have suggested that  
non-ACE pathways are, by inference, responsible for about 
40% of Ang II generation in the intact human kidney15 and that  
chymase is the dominant Ang II-generating pathway in the  
human heart, coronary arteries, and atherosclerotic aorta in 
vitro.14,16,17 It has thus been proposed that abnormal activa-
tion of the tissue RAAS may contribute to the pathogenesis of 
cardiovascular disease even in the absence of derangements in 
the circulating system.18 It must be considered, however, that 
the bulk of the evidence favoring alternate enzymatic pathways 
in the synthesis of angiotensin peptides comes from in vitro or 
indirect observations, so that such concepts remain speculative 
at present.

Under physiological conditions, the apparent function of the 
cardiac RAAS is to maintain cellular balance of inhibiting and 
inducing cell growth, and proliferation and mediation of adap-
tive responses to myocardial stretch.19 The majority of Ang II 
in cardiac tissue appears to be produced by local synthesis of  
Ang I and subsequent local conversion to Ang II, rather  
than from uptake of peptides from the systemic circulation.7 
Although it has been suggested that locally synthesized renin 
and/or additional proteolytic enzymes may be involved in this 
synthetic process, current evidence favors the concept that  
circulating renin and angiotensinogen, which are able to pass 
through the endothelial barrier, are taken up by cardiac tissue 
where they act locally.20 Ang II exerts an inotropic effect (at least 
in atrial preparations), mediates myocyte hypertrophy via the 
AT1 receptor, and is involved in cardiac remodeling.19 Pathologic 
activation of cardiac RAAS, perhaps through local upregulation 
of ACE levels, has been proposed to contribute to the develop-
ment and maintenance of left ventricular hypertrophy.18 

Vascular smooth muscle, endothelial, and endocardial cells 
generate Ang I and Ang II, again apparently via the uptake of 
circulating renin.7 It has been suggested that the vascular RAAS 
contributes to the maintenance of cardiovascular homeostasis 
through its effects on both AT1 and AT2 receptors and medi-
ates long-term effects on vascular remodeling by stimulating 
proliferation of vascular smooth muscle cells and fibroblasts.19 

Endothelial dysfunction is associated with upregulation of local 
tissue ACE, which might contribute to disrupting the balance of 
vasodilation and vasoconstriction. Activation of vascular ACE 
may also alter other functions, including vascular smooth muscle 
cell growth and the inflammatory and oxidative state of the  
vessel wall.18 In addition, the production of reactive oxidative  
species (superoxide and hydrogen peroxide), which is enhanced 
by Ang II, has been associated with inflammation, athero
sclerosis, hypertrophy, remodeling, and angiogenesis.19

The intrarenal RAAS may explain the primary role of Ang II  
as a paracrine substance in the control of renal function. The 
direct intrarenal actions of Ang II include renal vasoconstriction, 
tubular sodium reabsorption, sensitivity of tubuloglomerular 
feedback, modulation of pressure-natriuresis, and promotion of 
renal tissue growth.7,13 Under normal conditions, Ang II con-
stricts both the afferent and efferent arterioles and stimulates 
mesangial cell contraction, which results in reduced renal blood 
flow, glomerular filtration rate (GFR), and filtered sodium load.7 
On the one hand, overactivation of the intrarenal RAAS may thus 
contribute to the pathophysiology of sodium-retaining states, 
such as hypertension and congestive heart failure (CHF).7 On the 
other hand, in conditions characterized by severe impairment of 
renal perfusion, such as renal artery stenosis, the afferent circu-
lation, which is dilated as a result of autoregulation, is relatively 
refractory to the constrictive actions of Ang II, and the predomi-
nant constriction of efferent arterioles by Ang II plays a major role 
in maintaining glomerular perfusion pressure and, thus, GFR.

Although systemic Ang II may affect CNS function at selected 
sites, the brain is largely isolated from the circulating RAAS 
by the blood-brain barrier. Therefore, local Ang II synthesis 
by a brain RAAS has been proposed to play a role in central 
blood pressure regulation.19 Increases in brain renin activity,  
renin and angiotensinogen mRNA, and detectable numbers of 
AT1- and AT2-receptor subtypes have been reported in hyperten-
sive rats.19 Selective inhibition of brain AT1- and AT2-receptors 
has been shown to lower blood pressure in hypertensive rats.13 
Furthermore, direct administration of Ang II into the brain has 
been shown to increase blood pressure13,19 as a result of the  
combined effects of vasopressin release, sympathetic nervous 
system activation, and inhibition of baroreflexes.13 Studies in 
transgenic rats with permanent inhibition of brain angioten-
sinogen synthesis have demonstrated significantly lower systolic 
blood pressure compared with controls.19

All components of the RAAS are present in adrenal cortex 
and comprise the adrenal RAAS. Renin and angiotensinogen 
mRNA have been identified in the adrenal gland, and Ang II 
formation has been demonstrated in zona glomerulosa cells.7 
Most (90%) adrenal renin activity has been localized to the zona 
glomerulosa,7 and more than 90% of adrenal Ang II originates  
at local tissue sites.21 In transgenic animal models it has 
been shown that sodium restriction can increase adrenal renin  
and aldosterone independently of plasma or kidney renin  
concentrations. Additionally, bilateral nephrectomy, which 
decreases cardiac and vascular renin, does not decrease adre-
nal renin in experimental animals.7,21 These findings support 
the concept of kidney-independent renin (and thus, Ang II)  
production in the adrenal glands. It is not known if the adrenal 
RAAS functions as a paracrine or autocrine system or if it has 
a pathophysiologic role, and the relative importance of systemic  
versus locally synthesized Ang II in the control of adrenal  
function is uncertain. 
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Generally speaking, it is thought that the physiologic role 
of tissue RAAS is complementary to the classical circulating  
RAAS and serves as a mechanism for longer-term maintenance 
of balance or homeostasis at the tissue level between opposing 
effects mediated by the system (e.g., growth promotion and inhi-
bition in the heart and vasculature).19 Pathophysiologic processes 
might hypothetically occur when components of the RAAS  
are overexpressed or inhibited, thus disturbing the intricate  
balance of this regulatory system.

■■  Dysregulation of the RAAS in Cardiovascular Disorders

Dysregulation of the RAAS is involved in the pathogenesis of 
several hypertensive disorders (Table).22-24 It should be noted  
that RAAS dysregulation in clinical hypertensive disorders 
has been conceptualized at the level of the classical circulating  
RAAS, and the potential contributions of tissue RAAS dysregu
lation remain poorly defined.

In addition to RAAS involvement in secondary forms of 
hypertension, there is evidence that perturbations of the RAAS 
are involved in essential hypertension as well as in the responses 
of cardiovascular and renal tissue to hypertensive and non-
hypertensive injury. It is established that plasma renin levels 
vary widely in patients with “essential” hypertension (Table).22 
Approximately 15% of patients with essential hypertension have 
mild to moderate increases in plasma renin activity (PRA), with 
several postulated mechanisms, including increased sympathetic 
activity and mild volume depletion. Such high-renin essential 
hypertension is particularly prevalent among younger males.  
The majority (50% to 60%) of essential hypertensive patients 
have PRA within the “normal” range, although it has been argued 
that a normal renin level in the face of hypertension (which ought 
to suppress renin secretion) may be inappropriate. 

Therapeutic responses to RAAS blocking agents indicate that  
maintenance of normal renin levels may indeed contribute 
to blood pressure elevation, suggesting that renin-dependent 
mechanisms may be involved in more than 70% of patients with 
essential hypertension. On the other hand, about 25% to 30% 
have evidence of low or suppressed renin levels, a finding that 
may be an expected response or that may, in some cases, reflect, 
by analogy to primary aldosteronism, sodium or volume excess 
(so-called “volume-dependent” hypertension). Low-renin hyper-
tension is more common among older people with hypertension, 
women, African Americans, and patients with type 2 diabetes, as 
well as among patients with chronic renal parenchymal disease. 

Although such patients often have lesser blood pressure- 
lowering benefit from RAAS blocking agents, there is evidence 
that the circulating levels of PRA might not necessarily reflect 
tissue activities of the system. This is particularly evident with 
regard to the kidney, with several lines of evidence pointing 
to substantial involvement of intrarenal Ang II in progression  
of renal damage (and substantial benefit of RAAS blockade), 
despite low circulating levels of renin and Ang II.

The RAAS also plays a pivotal role in several nonhypertensive 
conditions, and in particular in CHF and the other edematous 
disorders (cirrhosis with ascites and the nephrotic syndrome). 
In these conditions, all characterized by underperfusion of  
the kidneys due to reduced “effective arterial volume,” second-
ary hypersecretion of renin leads to secondary aldosteronism,  
which makes an important contribution to progressive edema. 
In addition, with regard to heart failure, the contribution of  
Ang II to increased peripheral vascular resistance (cardiac  
afterload) also plays a major role in progressive ventricular  
dysfunction.

Beyond progression of renal disease, there is additional 
clear evidence (again from responses to RAAS blockade) of 
involvement of Ang II in development of both vascular and 
cardiac hypertrophy and remodeling, as well as on mecha-
nisms that contribute to vascular damage and atherosclerosis, 
effects that appear to have major impact on morbidity and 
mortality. Unlike the case for secondary hypertensive syn-
dromes where the nature of RAAS dysregulation is well defined 
(Table), the reasons for these pathologic effects of Ang II are 
uncertain since they often occur in the absence of any per-
turbation of the circulating RAAS. It has been inferred that 
there may be dysregulation of some component(s), such as of 
ACE levels, the balance of AT-receptor subtypes, or even local 
synthesis of renin or angiotensinogen, to account for such  
phenomena, but clearcut evidence of such derangements are 
mostly lacking. It also remains possible that the RAAS plays a 
“passive” role in such events—that is, that tissue injury can be 
accelerated even in the presence of “normal” Ang II levels.

■■  RAAS Inhibition

Early Preclinical Findings 
Because renin is the initial and rate-limiting step in the RAAS 
cascade, it has long been considered the logical therapeutic  
target for blocking the system. Preclinical studies with anti
renin antibodies and then with early synthetic renin inhibitors 
established the potential utility of RAAS inhibition. In these 
studies, renin inhibition induced decreases in plasma renin 
levels (generally measured in these early studies as plasma 
renin activity or PRA), Ang I, Ang II, and aldosterone, along 
with decreases in blood pressure.25 These studies also provided  
evidence that blood pressure-lowering activity was due to 
inhibition of PRA.25 However, pharmacologic activity of the 
early renin inhibitors could only be achieved with intra-
venous infusion, and the development of an orally active 
direct renin inhibitor was fraught with numerous difficulties  
arising from issues of potency, low bioavailability, duration  
of action, and costs of synthesis. As a result, further develop-
ment of these agents was halted in the mid-1990s. Concurrently,  
other strategies for inhibiting the RAAS progressed to  
clinical use. 
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Hypertensive Disorders Involving Dysregulation of the Renin-Angiotensin Aldosterone System22-24

Hypertensive Disorders RAAS Dysregulation Clinical Manifestations

Renin-secreting neoplasms Primary hypersecretion of renin by renal 
hemangiopericytomas (“JG cell tumors”),  
some Wilms’ tumors  and renal and  
extrarenal carcinomas (ovary, pancreas, lung)

Secondary aldosteronism

Severe renin-dependent hypertension (accelerating hypertension  
common)

Hypokalemia; sodium retention limited by pressure natriuresis

Renovascular hypertension

Atheromatous (main)

Fibromuscular (main or branch)

Renal emboli/segmental infarcts

Renal artery aneurysms 

Renal artery dissection/injury

Subcapsular hematoma

Hypersecretion of renin due to segmental, 
unilateral, or bilateral renal ischemia

Secondary aldosteronism

Hypertension (usually renin-dependent, accelerating hypertension  
common); progressive renal dysfunction possible

Sodium retention (depending on extent of renal compromise);  
hypokalemia may be masked by decreased distal delivery of sodium

Malignant hypertension and other 
renal small vessel disease (e.g.,  
polyarteritis, scleroderma,  
hemolytic uremic syndrome, lupus)

Hypersecretion of renin due to generalized 
renal ischemia

Secondary aldosteronism

Severe renin-dependent hypertension
Renal dysfunction
Microangiopathic hemolytic anemia
Hypertensive encephalopathy

Sodium retention and hypokalemia variable (as above)

Pheochromocytoma and other  
catecholamine-secreting tumors

Hypersecretion of renin due to  
catecholamine excess

Renal ischemia due to extrinsic renal  
compression and/or neurofibromatosis  
involving the renal artery (occasionally)

Secondary aldosteronism  

Sustained or paroxysmal hypertension (accelerating hypertension  
common)

Other typical manifestations of catecholamine excess

Hypokalemia; sodium retention often limited by pressure  
natriuresis

 Essential hypertension HR (~15%)—PRA mildly elevated,  
cause uncertain (sympathetic drive?,  
hypovolemia?)

NR (~60%)—PRA within “normal” range,  
but may be inappropriate in setting of  
hypertension

LR (~25%)—PRA low due to several possible 
mechanisms (sodium/volume excess?,  
nephrosclerosis?, appropriate response?)

Hypertension usually responds well to RAAS blockade
Increased susceptibility to heart attack or stroke?

Hypertension often responds to RAAS blockade

Hypertension responds best to diuretics, calcium channel- or  
alpha1-blockers
Tissue RAAS may not be similarly suppressed (e.g., kidney)

Primary aldosteronism and other  
MC excess

Primary hypersecretion of aldosterone or 
other MC hormone (e.g., DOC) by adrenal 
neoplasms; or very rare genetic syndromes 
resulting in MC hormone dysregulation

Secondary suppression of renin and Ang II

Hypertension (may be severe at times)
Hypokalemia and hypomagnesemia
Sodium and volume expansion, without edema  (limited by  
“mineralocorticoid escape”)

Reversible atrophy of contralateral adrenal cortex (due to suppressed  
Ang II)

Ang = angiotensin aldosterone system; DOC = deoxycorticosterone; HR = high renin; JG = juxtaglomerular; LR = low renin; MC = mineralocorticoid; NR = normal renin; 
PRA = plasma renin activity; RAAS = renin-angiotensin aldosterone system. A ? indicates that the true etiology is unknown.

TABLE
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Beta Blockers 
In the 1970s, Laragh and colleagues showed that, in patients  
with various types of hypertension, beta-blocker therapy  
(propranolol) reduced plasma renin levels by blocking sympa-
thetically (beta1)-mediated renin release by the kidney.26 They 
concluded that the reduction in plasma renin level (by about 
75%) was closely correlated with reductions in blood pres-
sure. They also showed that propranolol reduced aldosterone  
secretion. Their results demonstrated the viability of pharmaco-
logic blockade of the RAAS as a therapeutic strategy. 

A more recent study demonstrated parallel suppression of 
Ang II and PRA during beta-blocker therapy in hypertensive 
subjects.27 In addition to suppression of renin release, there  
is evidence that beta blockade may also inhibit intrarenal  
conversion of prorenin to renin.27,28 The blood pressure-lower-
ing activity of beta blockers occurs via both renin-dependent  
and renin-independent mechanisms. Although many studies 
suggest a preferential effect among patients with high-renin 
forms of hypertension,25,26 there is evidence for benefit in  
low-renin hypertension as well, particularly with high-dose 
propranolol therapy (320 mg to 980 mg daily), independent  
of changes in PRA.29 

Angiotensin-Converting Enzyme Inhibitors
Early studies performed in the 1960s showed that peptides from 
the venom of the Brazilian arrowhead viper (Bothrops jararaca) 
inhibited kinase II, an enzyme that facilitates degradation of 
bradykinin, and which was later shown to be identical to ACE.2 
Synthetic analogues of the peptide fraction of snake venom, 
such as the nonapeptide teprotide, were shown to lower blood 
pressure in patients with hypertension and produce beneficial 
hemodynamic effects in patients with heart failure.2 These  
findings encouraged the search for orally active inhibitors of 
ACE; the first of these, captopril, was designed based on known 
inhibitors of another zinc-containing metalloprotease, carboxy-
peptidase A, and included a sulfhydryl-containing amino acid 
to serve as ligand for the zinc moiety. Because many of the 
unacceptable side effects of captopril, such as proteinuria, skin 
rashes, and altered taste, were attributed to the sulfhydryl group, 
subsequent work led to the development of ACEIs that replaced 
this group with a carboxyl group (e.g., lisinopril, benazepril,  
quinapril, ramipril, perindopril, cilazapril, trandolapril) or  
phosphoryl group (fosinopril).30,31 The presence of the carboxyl 
group conferred greater lipophilicity, which actually improved 
binding to ACE, and improved tissue penetration.31

ACEIs competitively block the action of ACE and thus the  
conversion of Ang I to Ang II, thereby reducing circulating  
and local levels of Ang II. ACEIs also decrease aldosterone and 
vasopressin secretion and sympathetic nerve activity, but there 
is controversy regarding their efficacy in blocking other “tissue” 
actions of the RAAS.32 Short-term ACEI therapy is associated 
with a decrease in Ang II and aldosterone and an increase in 

renin release and Ang I. There is some evidence, however, that 
over the long term ACE inhibition may be associated with a 
return of Ang II and aldosterone toward baseline levels (“ACE 
escape”)—perhaps, it is proposed, through activation of the 
so-called alternate pathways (Figure).32,33 Undoubtedly this 
phenomenon has been greatly exaggerated, particularly from 
early studies using faulty methodology that did not specifically  
measure Ang II, and the relevance of alternate pathways of 
Ang II synthesis in the intact human is unclear at present. 
On the other hand, because ACEIs are all competitive inhibi-
tors of the enzyme, it is possible that increased levels of Ang I  
(provoked by the compensatory increase in PRA due to loss of 
negative feedback inhibition) can tend to partially overcome 
the blockade.34 This would be especially likely in high-renin  
or volume-depleted patients with a particularly robust reactive 
rise in PRA.

In general, short-term, pharmacodynamic responses to 
decreases in Ang II through inhibition of ACE include dose-
dependent reductions in cardiac preload and afterload, with 
lowering of systolic and diastolic blood pressure, but, in normo-
tensive and hypertensive patients without cardiac dysfunction, 
little or no change in cardiac output or capillary wedge pressure. 
Of note, unlike direct-acting arterial vasodilators, ACEI-induced 
reductions in total peripheral vascular resistance occur without 
a significant change in heart rate.32 ACEIs also decrease renal 
vascular resistance, increase renal blood flow, and promote 
sodium and water excretion. Mainly through cellular effects  
in the kidney and through alterations in glomerular hemo
dynamics, ACEIs also may prevent the progression of micro
albuminuria to proteinuria, reduce proteinuria in patients 
with established glomerular disease, and prevent or delay the  
progression of renal insufficiency to end-stage renal disease. 
Efficacy in long-term trials has been demonstrated particularly 
in patients with nondiabetic nephropathies or in patients with 
insulin-dependent (type 1) diabetes.32,35,36 

Because ACE is identical to kininase II, ACEIs may also lead 
to elevation of bradykinin levels in some tissues (but unlikely 
in the circulation); this effect is potentially associated with 
increased bradykinin-dependent release of NO and vasoactive 
prostaglandins, including prostacyclin and prostaglandin E2.32 
These actions may potentially contribute to the vasodilatory, 
antithrombotic, antiatherogenic, and antiproliferative effects of 
ACEI, although the importance of this pathway is debated.32 

In 40% to 60% of patients with mild-to-moderate hyperten-
sion, ACEI monotherapy produces a satisfactory reduction in 
blood pressure.37 In this population, ACEIs contribute to reversal 
of cardiac hypertrophy, and do so with significantly greater effi-
cacy than beta blockers.38 In patients with CHF, ACEIs relieve 
pulmonary congestion by a balanced reduction in cardiac preload 
and afterload. They appear to induce venous vasodilation, which 
increases peripheral venous capacitance and reduces right atrial 
pressure, pulmonary arterial pressure, capillary wedge pressures, 
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and left ventricular filling volumes and pressures. ACEIs also 
induce arterial vasodilation, which reduces peripheral vascular 
resistance (afterload) and increases cardiac output in this patient 
population.32 ACEIs have also been shown to improve endotheli-
al dysfunction in patients with heart failure, as well as in patients 
with coronary artery disease and type 2 diabetes.32

In early landmark trials in patients with CHF (such as 
CONSENSUS, SOLVD, and V-HeFT-II), ACEIs were shown not 
only to markedly improve symptoms and functional status, but 
also to dramatically reduce mortality. In subsequent studies in 
patients who have suffered a myocardial infarction (MI), such 
as SAVE, AIRE, and TRACE, ACEI therapy has been shown to 
prevent or retard ventricular remodeling and progression to CHF, 
and thereby to reduce overall mortality and prolong survival.39-46  
Furthermore, results of the HOPE trial and other smaller  
studies indicate broad cardiovascular benefits of ACEI therapy 
in “high-risk” patients (including both hypertensive and normo-
tensive individuals), and it is possible that these benefits occur in 
part independently of their blood pressure-lowering effect.46

Several large-scale studies of various ACEIs have shown a 
reduction in incidence of new-onset diabetes in association with 
ACEI therapy. For example, this has been shown with captopril  
in patients with hypertension (CAPP),47 with ramipril in  
patients at high risk for cardiovascular disease (HOPE),46 with 
enalapril in patients with left ventricular dysfunction (SOLVD),48 
and with trandolapril in patients with stable coronary disease  
(PEACE).49 The mechanism of this benefit has not been  
determined.

ACEI therapy is generally well tolerated by most patients  
but is nonetheless associated with some significant side effects. 
Most frequent among these is a dry cough, which has been 
attributed to accumulation of substance P (which is normally 
degraded by kininase II). More serious side effects common to all 
ACEIs include angioedema (which is potentiated by decreased 
catabolism of kinins) and fetal abnormalities and mortality. 
Other “physiologic” consequences of ACE inhibition may include 
hypotension, deterioration of renal function, and hyperkalemia. 
Lastly, toxic effects, associated mainly with captopril, include 
abnormal (metallic or salty) taste, rash, neutropenia, hepatic  
toxicity, and proteinuria (membranous nephropathy).30

Angiotensin Receptor Blockers (ARBs)
As mentioned earlier, the AT1 receptor mediates most of  
the known actions of Ang II that contribute to hypertension 
and volume dysregulation (vascular smooth muscle contrac-
tion, aldosterone secretion, dipsogenic responses, renal sodium 
reabsorption, and pressor and tachycardiac responses) as well as 
to cardiovascular damage (cellular hypertrophy or proliferation, 
prothrombotic and proinflammatory effects, and superoxide  
formation).7,9 Thus, with the discovery of different receptor  
subtypes, specific antagonism of Ang II action at the AT1 receptor 
became a logical therapeutic target, one considered likely to be 

more specific than ACE inhibition. Development of orally active, 
nonpeptide, selective AT1 receptor blockers began in the 1990s  
with the synthesis of losartan.2 Since that time, several  
ARBs have been synthesized, including valsartan, irbesartan, 
candesartan, eprosartan, telmisartan, and olmesartan.

Because ARBs act by blocking Ang II action at the receptor  
level, rather than by inhibiting its synthesis, they ought to  
antagonize AT1-mediated effects of Ang II no matter how it is 
synthesized. In other words, if there were significant Ang II  
synthesis in tissues by alternate pathways, such as chymase  
in the heart, this would limit the efficacy of ACEIs (but not of 
ARBs) through a mechanism postulated to contribute to the 
“escape” phenomenon following long-term ACE inhibition.50 

In contrast to the ACEIs, ARB therapy actually results in an 
increase in Ang II levels.51 As with ACE inhibition, blockade 
of the AT1 receptor inhibits the negative feedback loop, leading  
to increased renin secretion and thus to increased synthesis 
of Ang I. In the case of ARBs, the increase in Ang I leads to a 
commensurate increase in Ang II, which is freely able to bind to 
AT2 or other receptor subtypes. Earlier preclinical studies have 
suggested that beyond AT1 receptor blockade, activation of the 
AT2 receptor might mediate additional beneficial actions on the 
vasculature, heart, and kidneys, in part via a bradykinin/NO/
cGMP pathway, an effect that would further distinguish ARBs 
from ACEIs.7 But as attractive as this hypothesis is, there are no 
clinical data to indicate that this pathway is a major mechanism 
of ARB action in humans.

Like the ACEIs, ARBs reduce blood pressure by decreasing 
systemic vascular resistance; they do not affect heart rate and 
have minimal effect on cardiac output in the nonfailing heart.51 
Reduced systemic vascular resistance results from a combination  
of inhibition of Ang II-mediated vasoconstriction, reduced  
sympathetic nervous system activity, and reduced extracellular 
volume (i.e., by direct inhibition of proximal sodium reabsorp-
tion and by inhibition of aldosterone release).51 ARB mono-
therapy produces a satisfactory reduction in blood pressure in  
40% to 60% of patients with mild-to-moderate hypertension.37  
ARB therapy has also been shown to reduce markers of  
inflammation in patients with atherosclerosis,52,53 suggesting  
an anti-inflammatory effect, and to reverse endothelial dysfunc-
tion in patients with hypertension, indicating the possibility 
of significant antiatherogenic effects.53 In patients with hyper-
tension, ARB therapy has also been shown to improve arterial  
compliance independent of the blood pressure-lowering effect. 
This observation suggests that ARB therapy may contribute to 
reversal of vascular wall damage.54

A number of recent large trials support the idea that the ARB 
class may confer benefits on target organ protection beyond the 
lowering of blood pressure per se. In patients with hypertension 
and left ventricular hypertrophy, ARB-based therapy, compared 
with beta-blocker (atenolol)-based therapy with identical blood 
pressure control, has been shown to significantly reduce the 
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composite risk of cardiovascular death, stroke, and MI and to 
decrease the rate of new-onset diabetes (LIFE study).55 Similarly, 
ARB-based therapeutic regimens, compared with conventional 
therapy, have been shown to reduce the progression of nephropa-
thy in patients with diabetic nephropathy (IDNT, RENAAL stud-
ies).56,57 In nonhypertensive conditions, ARBs have shown ben-
efits comparable with those of ACEIs. In patients with chronic 
heart failure, addition of an ARB, compared with placebo, to con-
ventional treatment has been shown to significantly reduce the 
risk of cardiovascular mortality and hospitalization (CHARM, 
Val-HeFT studies).58,59 In high-risk post-MI patients, ARB ther-
apy has been shown to reduce the risks of all-cause mortality, 
recurrent MI, sudden cardiac death, revascularization, coronary 
artery bypass grafting, or all-cause hospital admission to a degree 
similar to that of ACEI therapy (OPTIMAAL study).60

Like ACEIs, use of ARBs is contraindicated in pregnant women 
because of the association of RAAS blockade with increased  
fetal morbidity and mortality, particularly with exposure during  
the second and third trimester. ARB therapy is otherwise  
generally well tolerated, even in many patients who discontinue 
ACEI therapy because of side effects. Although rare reports of 
angioedema and cough have emerged from the early premarket-
ing clinical trials with ARBs, it is currently debated whether  
these are truly associated with the class as they are with ACEIs. 
Most adverse events reported with ARB therapy are related to 
expected potential effects of RAAS blockade—for example, 
hypotension, hyperkalemia, and worsening renal function—and 
are similar to those encountered in patients taking ACEIs.

Direct Renin Inhibitors
The most recent class of agents that block the RAAS to be  
introduced are the direct renin inhibitors represented by  
aliskiren, which was recently approved for treatment of hyper-
tension. This compound differs from the ACEIs and ARBs in  
that, by blocking the catalytic activity of renin at the point of 
activation of the RAAS, it blocks the synthesis of all angioten-
sin peptides and prevents the compensatory increase in renin 
activity. This topic is dealt with in detail in another article in 
this series (see article titled “Direct Renin Inhibition: Focus on 
Aliskiren” by Pool).61

■■  Future Directions

ACEIs and ARBs are currently indicated for the treatment of 
hypertension, diabetic nephropathy, post-MI left ventricular  
dysfunction, and chronic heart failure, and their use has been 
associated with improved survival and considerable cardiovas-
cular and renal benefits in high-risk patients. These remarkable 
benefits have been obtained even though blockade of the RAAS 
with currently available agents may be incomplete, raising the 
possibility that additional therapeutic modalities for RAAS 
blockade might help to further slow progression of cardiovascu-
lar and renal disease. 

First, blockade of the RAAS by ACEIs and ARBs is incomplete 
because their therapeutic response can be limited by the reac-
tive rise in PRA. This is particularly so with the ACEIs, because  
a marked rise in Ang I may compete with the relatively low-
affinity inhibition of ACE that they afford. Second, although the 
notion that selective blockade of AT1 receptors may be a preferred 
approach over ACE inhibition is based on attractive hypotheses 
(i.e., the potential benefits of AT2 receptor agonism and/or the 
ability to counteract the effects of ACE-independent pathways 
of Ang II synthesis), these hypotheses are largely unproven in 
humans. Moreover, there have been no large-scale clinical trials  
over the past 15 years that demonstrate a clear superiority  
of ARBs over ACEIs. Third, although our focus has been on 
Ang II as the only villain of the RAAS, the possibility that other 
angiotensin peptides might also contribute to cardiovascular 
pathology has never been adequately tested. Fourth, questions of 
mechanism aside, it is likely that differences in drug distribution 
and/or tissue penetration between or within the classes may limit 
the benefits of any single agent. Thus, it is reasonable at this point 
to ask whether more-complete blockade of the system will offer 
even more clinical benefits. 

The clinical potential of simultaneous intervention at  
multiple sites of the RAAS is compelling. As has already been 
demonstrated in small clinical trials, dual RAAS blockade using 
an ACEI and ARB in combination may have potential clini-
cal value in symptomatic patients with CHF or left ventricular 
systolic dysfunction and in patients with chronic proteinuric 
renal disease.50 With the recent availability of aliskiren, the first 
direct renin inhibitor approved for the treatment of hypertension, 
the opportunity is at hand to test new therapeutic approaches 
involving monotherapy with this agent or its use in combination 
with an ACEI or ARB for more complete blockade of the RAAS. 
Results obtained with this approach may direct investigators to 
explore additional therapeutic targets in the future, such as other 
angiotensin receptor subtypes, other relatively specific metabolic  
pathways (e.g., “ACE 2”), or other angiotensin peptides (e.g.,  
Ang III, Ang IV, and Ang-(1-7)). Lastly, the possibility of molecu-
lar approaches such as antisense gene therapy, targeting, for 
instance, renin, angiotensinogen, the AT1 receptor, or ACE, will 
also likely be explored in the not-too-distant future.
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