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Abstract. The renin-angiotensin system (RAS) plays an important homeostatic role in BP regulation, water and salt balance,
and tissue growth control under physiologic conditions. On the
other hand, a pivotal involvement of the RAS in the pathophysiology of cardiovascular and renal disease is extensively
supported by both basic and clinical evidence. In particular, it
is today recognized that angiotensin II (AngII), the biologic
effector of the RAS, may prompt a number of relevant structural and functional abnormalities through the activation of a
complex of cellular effects mostly mediated via its binding
with the AT1 subtype receptors. The key role of these AngIIlinked mechanisms of disease is strongly corroborated by large

interventional studies. In fact, pharmacologic interference with
RAS activity, by both preventing AngII formation with angiotensin-converting enzyme inhibitors or antagonizing its binding to cell membrane receptors by selective antagonists, is
associated with highly beneficial outcomes in major disease
conditions (hypertension, diabetes, renal failure, heart failure,
myocardial infarction, stroke, and others). This article briefly
reviews the current views on the biologic organization of RAS
evidence supporting a pathogenic role of the RAS activity in
promoting cardiac, vascular, and renal disease, and finally
provides the basis for considering inhibition of RAS activity a
major target for therapeutic interventions in these conditions.

In the last 20 yr, growing evidence has clearly pointed out that
renin-angiotensin system (RAS) activity may represent an ideal
target for pharmaceutical treatment in a number of cardiovascular diseases, including hypertension, atherosclerosis, congestive heart failure, renal disease, stroke, myocardial infarction,
and others. In fact, evidence provided by the continuously
increasing use of angiotensin-converting enzyme (ACE) inhibitors in the clinical practice as well as of angiotensin receptor
antagonists has confirmed the value of inhibiting the RAS as an
effective approach to reduce cardiovascular risk and cardiovascular and renal complications associated with major diseases (1,2).
Epidemiologic observational studies performed by measuring the levels of activity of the system, for instance on the basis
of the plasma renin profile, support the concept that an enhanced activity of the RAS may be associated with higher risk
of cardiovascular accidents, such as myocardial infarction.
Further extensive evidence supporting this pathogenetic role of
RAS derives also from studies performed in high-risk populations (3) and from studies of the polymorphism of RAS components and from transgenic animal models (4 –7).

The Biologic Organization of the RAS
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To understand how the RAS may be implied in the pathogenesis of cardiovascular and renal disease, it may be useful to
synthetically review the functional structure of the system and
the role of its abnormalities in driving cardiovascular and renal
pathology.
The RAS is classically viewed as an enzymatic proteic
cascade, which through the generation of intermediate peptidic
products finally leads to the production of angiotensin II (AngII), a small octapeptide. Through its binding with specific G
protein– coupled receptors present on the cellular membranes
of a number of tissues, AngII represents the terminal biologic
effector of the system and is responsible of important and
diverse functions that have fundamental relevance in both
human physiology and pathology (8,9).
Under physiologic conditions, the biologic functions of AngII are particularly important for the homeostasis of the cardiovascular system, BP, perfusion pressure of a number of
organs, salt and water balance, and the mechanisms of cellular
growth and replication (10).
A modern view of the enzymatic proteic cascade of the RAS
and its components and principal functions is represented in
Figure 1. One key element in the activation and the capacity of
regulation and response of the system is represented by the
biosynthesis and release of renin, a step-limiting enzyme with
a specific action on its substrate of cleavage, angiotensinogen,
leading to the formation of the decapeptide AngI, which in turn
is transformed by the action of the converting enzyme kininase
II, which cuts two further amino acids, thus forming AngII.
AngII is a biologically active peptide, which through its specific binding to the different angiotensin receptor subtypes with
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ments or smaller peptides, which may play relevant action in
different tissues (8,14).

Regulation of the RAS

Figure 1. Enzymatic proteic cascade of the renin-angiotensin system
(RAS), its compounds, and principal functions. ACE, angiotensinconverting enzyme.

a more marked affinity for the angiotensin receptor subtype
AT1 mediates the principal actions of the RAS in heart, vessels,
kidney, brain, and at other levels. It is important to note that the
major site of production of renin is localized in the cells of the
juxtaglomerular apparatus in the kidney, but also in a number
of other tissues in which all the components of the RAS have
been identified and characterized (10,11).
The tissue RAS play independent functions and participate
in the physiology of different organs and systems (12). These
tissue RAS flank the action of the endocrine system by playing
autocrine and paracrine functions, which appear to be particularly important in the development of disease processes. Another element that is of great interest today because of the
potential therapeutic implications is represented by the existence of enzymatic pathways alternative to ACE such as chymase (13) and endopeptidases, which may produce AngII or
other angiotensin fragments in the presence of an effective
pharmacologic inhibition of the converting enzyme, thus suggesting the potential role of these alternative pathways in the
generation of the AngII under specific physiologic or pathologic conditions. On the other hand, converting enzyme is a
non-specific kininase II with a number of substrates different
from AngI that may act on bradykinin, enkefaline, substance P,
the vasoactive intestinal peptide, and other products. ACE has
an ubiquitous distribution, although it is mostly produced at the
level of pulmonary endothelium. Finally, AngII, produced
through the above-illustrated sequence of biochemical steps,
binds mostly to its AT1 receptors, which mediate most of its
biologic effect at the cardiovascular and renal level and at a
minor degree to other receptor subtypes, AT2, AT3, and AT4.
AngII may then be rapidly degraded to biologic inactive frag-

Multiple factors may regulate biosynthesis and secretion of
renin in the juxtaglomerular apparatus. To understand the
pathophysiologic impact of the RAS, it is important to point
out the dynamic nature of the system, with particular reference
to its regulation (10).
One of the most important regulatory factors of the activity
of the RAS is represented by the hydrostatic pressure at the
level of glomerular and afferent arterioles so that the juxtaglomerular baroreceptor signals inhibit the production of renin
when BP is elevated. In contrast under conditions of reduced
pressure at this level, increased production and release of renin
followed by an enhancement of the activity of the whole
renin-angiotensin cascade are observed. A thorough comprehension of this mechanism appears to be fundamental to the
understanding of how in the presence of arterial hypertension
even normal levels of plasma renin may be inappropriate for
the hemodynamic condition, and therefore drug inhibiting the
RAS may nonetheless result effective in reducing BP. Other
important mechanisms in the regulation of renin are represented by the simpathoadrenergic drive through the action of
␤-adrenoceptors, by the distal delivery of sodium at the level of
macula densa and by the levels of AngII that may influence the
production and release of renin through negative feedback
mechanisms. Other factors controlling the RAS activity
through the production of renin are potassium levels, atrial
natriuretic peptide, endothelin, and others. With regard to the
influence of the sodium chloride load at the level of macula
densa, this represents a fundamental servomechanism that regulates not only the state of activity of the system but also the
level of natriuresis, because AngII may in turn influence natriuresis by promoting proximal tubular reabsorption of sodium
at the proximal level through direct action as well as through an
indirect action by modifying the peritubular interstitial pressure
and at distal level through the indirect stimulation of aldosterone. Also the sodium-renin servomechanism appears to be
very important for the pathophysiologic interpretation of the
RAS. To interpret the activity of the system, in fact, the
circulating levels of renin or AngII need to be normalized on
the basis of sodium intake or sodium excretion. Also the
efficacy of drugs inhibiting the RAS is strongly affected by the
state of repletion or depletion of salt and water of the subject.
It is unreasonable to expect substantial effectiveness of these
drugs in sodium-repleted individuals, whereas a slightly hyposodic diet or the association with a small dose of thiazidic
diuretic or a loop diuretic may enhance significantly the responsiveness to these drugs (10).
In summary, under physiologic conditions the RAS plays an
important biologic homeostatic function to preserve and to
defend the blood volume and salt-water balance, thus affecting
the levels of BP and tissue perfusion through a number of
multiple complex actions, which integrate in a global effect of
vasoconstriction and sodium retention.
Beyond these classical actions of the RAS that we have so far
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illustrated, it is important to summarize more recently discovered
effects of the RAS that seem to have an important role in regulating growth and remodeling processes in the body. In fact, AngII
acts as a growth factor at a number of tissue sizes and may also be
involved in the processes of inflammation and oxidation (15,16).
These actions of AngII need to be better defined; in particular, it
is not clear whether AngII is a growth factor per se or whether it
mostly acts as an amplifier of other growth factors and cytokines.
Whatever the case, the reported beneficial actions of drugs antagonizing the RAS in the processes of ventricular hypertrophy in
hypertension, or vascular hypertrophy or hyperplasia in atherosclerosis and hypertension, or cardiac remodeling in heart failure
(17), or structural and functional abnormalities in the kidney in
chronic renal failure strongly support the relevance of the inhibition of trophic action of the RAS. The trophic effect of AngII and
its integrated action with other growth factors, such as growth
hormone (GH), thyroid stimulating hormone (TSH), insulinlike
growth factor-1 (IGF1), endothelin, epidermal growth factor
(EGF), fibroblast growth factor (FGF), catecholamines, or cytokines, have been demonstrated, although further definition of
these interactions are required, because most of these agonists and
AngII share common intracellular pathways of post-receptorial
signaling transduction (18).

Pathophysiology of the RAS
Although it is clear how the RAS may help to control
homeostatic equilibrium of salt-water balance and tissue perfusion in a number of pathophysiologic conditions, such as
dehydration, thirst, shock, postural changes, and other situations, it is uncertain how the activity of the RAS is implied in
the pathophysiology and progression of important cardiovascular diseases. In the presence of conditions predisposing to
hypertrophy, hyperplasia, and tissue remodeling, such as hypertension, atherosclerosis, diabetes, and others, even a normal
activity of the RAS may result in inadequately elevated and
may thus cause a further progression of the disease.
An experiment performed by John Hall from Arthur Guyton’s group (19) several years ago clearly illustrates this concept as a paradigmatic example. The infusion of a low dosage
of AngII in the presence of the servomechanism on renal
arteries, which prevented the renal autoregulatory ability of
kidneys, rapidly led to a marked increase in BP as well as to
dramatic sodium retention with a consequent increase of cumulative sodium balance, thus resulting in fluid retention associated with a condition of pulmonary edema. The removal of
the servomechanism in the presence of the same degree of
AngII infusion was associated with an acute decrease in BP, a
brisk rise in natriuresis, and the resolution of the condition of
pulmonary edema. This example illustrates how the exposure
to the same levels of AngII may produce opposite effects,
depending on the pathophysiologic substrate.
If one transfers these concepts to human pathophysiology, it
may be more easily understood how the same level of activity
of the RAS and thus the same levels of AngII may be an
important regulatory factor under physiologic conditions, and
may indeed lead to further detrimental conditions and accelerate the progression of the disease in a number of pathologic
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conditions. Figure 2 illustrates how AngII may thus represent
a key factor in the pathophysiology and development of hypertension, renal disease, atherosclerosis, diabetes and heart
failure. In these conditions, in fact, AngII may contribute to
produce both vascular and tissue dysfunction, leading respectively to endothelial dysfunction, remodeling and hypertrophy
of tissue, fibrosis and atherosclerosis, and loss of cells fibrosis
remodeling in ischemia (16). These patterns of changes in the
tissue structure represent a reasonable pathophysiologic basis
for cardiovascular and renal disease.
Emerging new therapeutic strategies to inhibit the RAS on
the basis of angiotensin receptor antagonist use have clarified
how AngII may contribute to promote pathologic processes
through its cellular effects.
Biological actions of AngII are in fact mediated mostly by
two plasma membrane receptors, identified as the AT1 and AT2
subtypes. In normal conditions and in adult tissues, AT1 receptors are more largely expressed and mediate the principal
effects of AngII, whereas AT2 receptors appear to be poorly
expressed (8). However, under pathologic conditions, as well
as during chronic AT1 blockade, AT2 receptor expression may
be stimulated and lead to effects that are opposite to those
mediated by AT1 receptor (20), such as vasodilation and inhibition of vascular smooth muscle cell growth, as well as of
cardiovascular remodeling and fibrosis (21,22). A specific role
of AT2 receptor in human pathophysiology continues to be
poorly defined, and most of the functions of AngII are linked
to its binding with the AT1 subtype receptor and the activation
of the related intracellular post-receptorial signaling pathway.
AT1 receptors belong to the seven-membrane domain superfamily of G protein- coupled receptors and are expressed in a
number of different tissues, including heart, brain, kidney,
lung, liver, adrenal glands, and mostly vascular smooth muscle
cells. AT1 receptors are coupled to a variety of intracellular
signaling molecules, including phospholipases, adenylate cy-

Figure 2. AngII as a key factor in pathophysiology and development
of cardiovascular disease. MI, myocardial infarction; HF, heart failure; ESRD, end-stage renal disease.
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clase, voltage-dependent calcium channels, and a variety of
kinases involved in phosphorylation cascades. Depending on
the cell and organ type, stimulation of these signal transduction
pathways leads to cellular contraction, hypertrophy proliferation, and/or apoptosis (8,23).
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Recent work from our laboratory has shown the opposite
influence of AT1 and AT2 receptors on growth and has
particularly clarified how the two different subtype receptors may influence the growth and remodeling by integrating
the processes linked to different growth factors of agonists

Figure 3. AT1 induces oxidative stress and atherosclerosis. MCP-1, monocyte chemoattractant protein-1; ICAM-1, intercellular adhesion
molecule-1; VCAM-1, vascular adhesion molecule-1; VSMC, vascular smooth muscle cells; LOX-1, oxLDL receptor; PAI-1, plasminogen
activator inhibitor-1; tPA, tissue plasminogen activator.

Table 1. Proven benefits of blocking the RASa
Patient Type
b

Hypertension
High-risk patients
CAD without LVD
Acute MI
LVD
Heart failure
Renal disease
Stroke
a
b

Evidence of Benefit

2
2
2
2
2
2
2
2

Mortality
Mortality
Mortality
Mortality
Mortality
Mortality
ESRD/mortality
Mortality

2
2
2
2
2
2
2

Heart
Heart
Heart
Heart
Heart
Heart
Heart

failure
failure
failure
failure
failure
failure
failure

CAD, coronary artery disease; LVD, left ventricular dysfunction; MI, myocardial infarction.
Hypertension with LVD or DM.

2 Ischemic events
2 Ischemic events
2 Ischemic events
2 Ischemic events
2 Ischemic events
2 Ischemic events

J Am Soc Nephrol 13: S173–S178, 2002

(18). Elucidation of the interplay in the AngII receptor
network represents an important area of research and may
lead to significant advances in the treatment of cardiovascular disease.
Finally, in the last few years, increasing attention has been
focused on the influence of AngII on the production and
release of reactive oxygen species. This mechanism, which is
selectively stimulated via the AT1 receptor subtype and most
likely reduced by the stimulation of AT2 receptors, has a
central role in the development of atherosclerosis and degenerative processes in cardiovascular and renal diseases (24,25).
Figure 3 synthesizes how AT1 receptors may promote oxidative stress and how the effect of oxidative stress may contribute, through a complex and integrated action, to plaque
formation, endothelial dysfunction, and thrombosis (15). It is
clear that the AT1 and AT2 angiotensin receptor network may
thus play an important role in oxidative stress and atherogenesis, and this novel field of research may provide the basis for
a better understanding of the efficacy of intervention aimed at
reducing the effects of the activation of the RAS at the cardiovascular and renal levels. In fact, although we have learned that
inhibition of the RAS by ACE-inhibition or by AngII receptor
antagonists may provide a number of favorable effects in terms
of organ protection and reduction of events in the most important cardiovascular conditions (Table 1), it still represents a
challenge to define exactly how these drugs achieve this important cardiovascular and renal end points in terms of cellular
mechanism (26 –31).
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