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Preface 

The 1974 volume on angiotensin edited by Irvine H. Page and F. Merlin Bumpus 
expanded the Handbook of Experimental Pharmacology series. In the preface, the 
editors of the first edition commented on their subject matters as follows: 

" .. .Initially, it seemed that the action of angiotensin was relatively simple but 
this proved grossly misleading ... Even after two decades [since angiotensin was 
identified as the major effector peptide of the renin-angiotensin system (editors' 
note)] the multiplicity of its actions appears not to have been fully discovered. To 
call attention to its many functions is one of the purposes of this book." 

Thirty years later, this statement still holds true. Nevertheless, this new edition 
of the volume on angiotensin attempts to provide an updated account of the 
knowledge and findings accumulated since the complexity of angiotensin was so 
accurately recognized. 

Certainly, the editors of the first volume on angiotensin would have been grati
fied by the wealth of new data on their subject flooding the literature since 1974, 
adding to the complexity of actions of angiotensin peptides they had predicted. 
This, of course, does not make our present-day task of understanding the multiple 
facets of the renin-angiotensin system any easier. However, it justifies our current 
endeavor to take a new look at this venerable system that still offers so many hid
den miracles to be unveiled and described and, after all, has proved in the last 
30 years to be of utmost clinical importance. 

It is indeed the advent of the inhibitors of the renin-angiotensin system, nota
bly the angiotensin-converting enzyme inhibitors and the angiotensin AT 1 recep
tor antagonists, which has helped enormously in gaining deeper insights into the 
system, notwithstanding the fact that these compounds have become some of the 
most successful drugs ever developed, not only to control hypertension but also 
to protect target organs like the kidney, heart, blood vessels, and brain, and, most 
importantly, to reduce cardiovascular mortality. 

Naturally, the focus of any published work on medical science changes over the 
years and between editions. In 1974, much emphasis was laid on the biochemistry 
of the renin-angiotensin system, since the major discoveries had been made in 
this area. The interaction of renin and converting enzyme with their substrates, 
newly developed assays to analyze the various components of the system, and an
giotensin analogs and their structure-function relationships were in the center of 
interest. 



VI Preface 

In the years that followed, attention gradually shifted to other areas, such as 
the genetics of the renin-angiotensin system, angiotensin receptors, their regula
tion, signaling pathways and various functions, and the inhibitors of the renin
angiotensin system with their mechanisms of action and their clinical use. 

Moreover, whereas 30 years ago angiotensin II was still predominantly seen as 
a regulator of blood pressure and body volume, this peptide and its active frag
ments together with another major effector molecule of the system, the adrenal 
steroid aldosterone, are now considered to play an important role in a variety of 
(patho-) physiological functions that may be as diversified as vascular growth and 
atheroma formation, renal protein handling and glomerulosclerosis, cardiac left 
ventricular hypertrophy, fibrosis and postinfarction remodeling, or central osmo
regulation and neuroregeneration. And along with the immense progress in biolo
gical sciences that we have witnessed during the last decades, the renin-angioten
sin-aldosterone system has been connected to a number of biological phenomena 
such as cellular differentiation, neuroplasticity, and apoptosis. 

This shift in scientific interest and research activities is reflected in the present 
volume, although we strongly felt that the fundamental knowledge on the system 
accumulated and substantiated over the last 100 years should never be omitted 
but be present as an undercurrent to help our understanding and, even more im
portantly, to put our temporary knowledge of today into a historical perspective. 

The editors of the 1974 volume finished their preface stating, " ... Books today 
are expensive and time-consuming to read .. :' 

Again, their statement holds true for the two volumes of this new edition. To
day, electronic media provide us with virtually any information including, of 
course, what has been written on angiotensin to date, and a host of review articles 
has been published on almost every aspect of the renin-angiotensin-aldosterone 
system. However, as with Page and Bumpus in their day, we are convinced that 
even in our time, there is still a place for books of this kind which invite the scho
lar to in-depth reading of what acknowledged experts have compiled as the essen
tials in their field. 

When we asked the authors if they were willing to contribute to this edition, 
we did so with a certain degree of apprehension for the above-mentioned reasons 
but were overwhelmed by their unanimous positive response to our request. We 
would like to thank all authors for their efforts to make this volume a solid source 
of comprehensive information. We would also like to express our gratitude to our 
secretaries, Miranda Schroder and Undine Schelle, as well as to Sibylle Melzer and 
Ellen Scheibe and also to Susanne Dathe, our partner at Springer-Verlag, for their 
continuous, invaluable support, which enabled us to achieve our task. 

Berlin and Frankfurt, January 2004 Thomas Unger 
Bernward A. Scholkens 
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Abstract The renin-angiotensin system (RAS), one of the oldest hormone sys
tems, is a complex regulatory system with many identifiable actions. However, it 
may primarily be viewed as a powerful regulatory system for the conservation 
of salt and blood volume, and the preservation of an adequate blood pressure 
(BP). To circumvent the major threats of low blood volume and low BP, animals 
and our ancestors, with a diet relatively poor in sodium, needed powerful mech
anisms for salt and water conservation, and their organisms relied heavily on 
the RAS. Many of the diverse actions of angiotensin II, the major end product of 
the RAS, can be viewed in a single conceptual framework, as serving to prevent 
life-threatening shrinkage of intravascular volume (rapid actions of angiotensin, 
in combination with the sympathetic nervous system), to help maintain volume 
homeostasis by minimizing the changes in arterial pressure and fluid volumes 
required to achieve sodium balance (prevention of salt-sensitivity), and to in
crease the efficiency of cardiovascular dynamics by promoting the growth of the 
heart and vessels, and sensitizing blood vessels to vasoconstrictor agents (slow
est actions of angiotensin). Activation of the RAS is therefore a useful response 
in many demanding situations. However, an increased activity of the RAS, espe
cially in combination with other cardiovascular risks factors, may lead to a cas
cade of deleterious effects. Many of these pathophysiological actions of angio
tensin II may still be viewed as being homeostatic in principle, but harmful if 
carried to excess. 

Keywords Renin release· Blood volume· Blood pressure· Sodium balance· 
Salt-sensitivity· Pressure natriuresis· Hypertension· Cardiovascular 
hypertrophy 
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Tubuloglomerular feedbacks 
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The renin-angiotensin system (RAS), one of the oldest hormone systems, is a 
strong control system for salt conservation, blood volume and blood pressure 
(BP) preservation. To circumvent the major threats of low blood volume and 
low BP, animals and our ancestors, with a diet relatively poor in sodium, needed 
powerful mechanisms for salt and water conservation, and their organisms re
lied heavily on the RAS. The purpose of this chapter is to give a general over
view of the RAS, to stress its usefulness in daily homeostasis, but also to show 
how its effectiveness can be detrimental in certain circumstances. 

1 
The Major Players of the Renin-Angiotensin System 

1.1 
History of the Discovery of the RAS 

The story of the discovery of the RAS began more than 100 years ago, on 8 
November 1896, when the Finnish physiologist Robert A. Tigerstedt (1853-
1923), who was at that time Professor of Physiology at the Karolinska Institute 
in Stockholm, and Per Gustav Bergman, a medical student, set up to do a crucial 
experiment. Inspired by the French physiologist Charles-Edouard Brown-Se
quard, who started a trend for discovering "inner secretions" in organs by in
jecting extracts from donor organs into animals, Tigerstedt and Bergman inject
ed cold extracts of donor rabbit kidneys into the jugular vein of recipient rab
bits and showed that those extracts consistently increased BP. They concluded 
that the kidney contained a pressor substance they named renin. In further ex
periments, they showed that this pressor substance was located in the renal cor
tex and that the pressure response did not require an intact nervous system 
(Tigerstedt and Bergman 1898). Intriguingly, these observations were forgotten 
for many years. 

The possibility that the kidney may release a pressor substance was revived 
by Harry Goldblatt, who could induce experimental hypertension in dogs by 
clipping one or both renal arteries (Goldblatt et al. 1934). These observations 
led to a renewed interest in a renal pressor substance, and in 1939 two indepen
dent laboratories, Page, Helmer and Kohlstaedt in Indianapolis, and Braun
Menendez, Fasciola and Leloir in Argentina, showed that renin was not itself a 
pressor substance, but an enzyme acting upon a protein to release a peptide va
soconstrictor that became known as angiotensin (Braun-Menendez and Page 
1958). 

1.2 
The Renin-Angiotensin Cascade 

Slowly over the years, the RAS was elucidated, as illustrated in Fig. 1. In re
sponse to certain stimuli, renin, a proteolytic enzyme produced by the kidney, 
is released into the circulation and acts on angiotensinogen (AGT), a circulating 
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Angiotensinogen 

! 
Renin 

Fig. 1 Simple diagram of the RAS pathway 

Angiotensin II 
(8 aa) 

.- Stimulus 

Effects 

protein (arglobulin) produced by the liver. Renin cleaves AGT to produce an
giotensin I (Ang I) a small fragment of only 10 amino acids. Ang I has no bio
logical action in itself, but is converted to angiotensin II (Ang 11), an active oc
tapeptide, by angiotensin-converting enzyme (ACE), an enzyme present on the 
cell surface of many cells and particularly on vascular endothelial cells. As all 
blood leaving the kidneys and liver eventually flows through the lung, the pul
monary vascular endothelium plays a major role in the rapid conversion of Ang 
I into Ang II. Finally, Ang II will bind to specific cell surface angiotensin-recep
tors to elicit multiple actions. 

At this stage, for the sake of completeness, four important remarks should be 
made: 

1. Ang I and Ang II can be generated by alternate enzymatic pathways (Fig. 2). 
Enzymes other than renin, such as tonin and cathepsin D, can promote the 
formation of Ang I. Similarly, enzymes other than ACE, such as trypsin, ca
thepsin G or heart chymase, can facilitate the conversion of Ang I into Ang 
II. However, the contribution of these alternative pathways in Ang II pro
duction in humans is still unclear. 

2. ACE can act on substrates other than Ang I. Particularly, ACE can promote 
the degradation of bradykinin, substance P and other small peptides. Al
though the physiological role of this enzymatic conversion is unclear, phar
macological blockade of ACE with specific inhibitors leads to an accumula
tion of bradykinin and substance P, which may be responsible for some of 
the beneficial effects (antihypertensive), but also some of the adverse effects 
(angioedema, cough) of ACE inhibitors. 
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Fig. 2 Alternate pathways of angiotensin II formation and other angiotensin peptides 

3. There are several angiotensin peptides with biological effects (Fig. 2). Al
though Ang II [angiotensin-{l -8)] is the major end-product of the system, 
the action of other enzymes on Ang II may cleave a further one or two ami
no acids from the amino end, to yield Ang III [angiotensin-{2-8)] and Ang 
IV [angiotensin-{3-8)], respectively. Cleavage from the carboxyl end yields 
angiotensin-{l-7). Ang III and IV may play an important role in the brain, 
whereas angiotensin-{l-7) has vasodepressor properties and may contribute 
to the antihypertensive actions of ACE inhibitors; angiotensin-{l-7) may be 
formed directly from Ang 1. These angiotensin pep tides will not be dis
cussed further in this Chapter, as they are the major focus of final two chap
ters of this volume. 

4. Components of the RAS reside within many tissues. Although most of the 
circulating renin comes from the kidney and most of the circulating AGT 
comes from the liver, components of the RAS (renin, AGT, ACE) may also 
be expressed locally within tissues. Circulating renin and AGT constitute 
the systemic RAS, and local components of the RAS constitute the tissue 
RAS. Local RAS have been described in many organs, such as the brain, 
heart, vascular wall, kidneys (interstitium), fat tissues, gut, pancreas, repro
ductive organs and the adrenals, and may play an important local role. For 
example: brain and intrarenal RAS are thought to contribute to salt balance 
and BP control; heart and vascular RAS are involved in cardiovascular 
pathology. The various tissue RAS will be discussed in detail in Part 4 of 
this book. In this chapter, we will focus on the physiological role of the sys
temic RAS. 
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1.3 
Angiotensin II Acts on Specific Receptors 

Two main cell surface receptors to Ang II have been identified: AT 1 and AT 2' In 
rodents, there are two isoforms of the AT 1 receptor, designated AT la and AT lb. 

This distinction is, however, not relevant to humans, in which a single AT 1 re
ceptor type is found. Other AT receptors have been described: AT4R and ATl _7R 
that mediate the effects of other angiotensin peptides and intracellular recep
tors. 

Both the AT 1 and the AT 2 receptors have been cloned and belong to the su
perfamily of G protein-coupled receptors that contain seven transmembrane re
gions. They share about 34% homology and have distinct signal transduction 
pathways. The AT 1 receptor mediates all of the classical actions of Ang II (vaso
constriction, sodium retention, cell growth and proliferation), and can be selec
tively blocked with pharmacological agents known as sartans. AT 2 receptors are 
mainly expressed in fetal tissues and their number decreases in the postnatal pe
riod; however, their number increases again in tissue injury. AT 2 receptors pro
mote vasodilatation, cell differentiation, inhibition of cell growth and apoptosis, 
and may playa counterbalancing role to the effects of Ang II on AT 1 receptors. 

2 
Regulation of Angiotensin II Formation 

2.1 
Synthesis of Circulating Renin 

The human genome contains only one renin gene (Ren-1 C), whereas certain 
strains of mice, such as 129, have two distinct renin genes (Ren-ld and Ren-2). 
Ren-l c renin gene expression varies in different tissues, but the kidneys are the 
only organs that can contain substantial amounts of readily releasable active re
nin. Indeed, bilateral nephrectomy leads to practically undetectable levels of re
nin in the plasma. Renin is produced by the juxtaglomerular (JG) cells, special
ized cells derived from vascular smooth muscle cells located at the end of the 
afferent arteriole. During sustained stimulation (such as with a low-salt diet), 
there is not only an increased expression in those cells, but also an expansion in 
expression to vascular cells situated upstream. 

The initial step in renin synthesis is the formation of preprorenin by renin 
messenger RNA, which is transported into the rough endoplasmic reticulum. 
The "pre" sequence is then cleaved, leaving prorenin, a likely inactive form of 
renin. Subsequently, prorenin is transported through the Golgi apparatus, glyco
sylated with mannose-6-phosphate residues, and deposited in granules where 
the "pro" sequence is cleaved to form renin the active 40,OOO-Da single-chain 
polypeptide enzyme. Renin can then be released luminally into the circulation 
(or abluminally into the renal interstitium) by exocytosis in a regulated re
sponse to specific mediators. 
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2.2 
Regulation of Renin Release 

The juxtaglomerular apparatus plays a central role in the regulation of renin re
lease. It comprises the afferent arteriole, the glomerular mesangium and the 
macula densa cells of the distal tubule of the same nephron. Three classical 
stimuli, all elicited by a decrease in BP or blood volume, are known to increase 
renin synthesis and release: 

1. Decreased stretch of the afferent arteriole. The smooth muscle cells of the 
afferent arteriole are very sensitive to stretch. An increase in intravascular 
pressure raises intracellular calcium, leading to both a contraction of vascu
lar smooth muscle cells (myogenic vasoconstriction) and an inhibition of 
renin release. Conversely, a low intravascular pressure in the afferent arteri
ole stimulates renin release. This is a local effect, which does not require 
any neural input. 

2. Decreased delivery of salt (sodium chloride) to the macula densa. Macula 
densa cells are modified tubular cells at the end of the loop of Henle that 
ensure a steady input of salt to the distal tubular cells by controlling both 
the tone of the afferent arteriole (tubuloglomerular feedback, TGF) and the 
release of renin. Such a mechanism helps maintain glomerular filtration 
rate (GFR) at a relatively constant level. Decreases in distal tubular salt de
livery are sensed by macula densa cells (probably via the amount of salt 
which is transported through the luminal Na-K-2CI cotransporter). This 
leads to a decreased release of some chemical mediators (ATP, adenosine, 
NO) by macula densa cells and to an increased release of other mediators 
(prostaglandin PGEz). In turn, this chemical modulation of JG cells dilates 
the afferent arteriole and stimulates renin release. 

3. Adrenergic stimulation. The JG cells are directly innervated by sympathetic 
nerve endings, which act on ,aI-adrenergic receptors expressed on cell sur
face. This results in an increased formation of cyclic adenosine monophos
phate (cAMP) that stimulates renin release. Renal sympathetic nerves have 
a very potent effect on renin release, occurring at levels of sympathetic ac
tivity much lower than those required for acute sodium retention or renal 
vasoconstriction (DiBona and Kopp 1997). 

All three stimuli operate simultaneously and are usually stimulated by the 
same conditions: a decrease in blood pressure (BP). When BP falls, there is de
creased stretch of JG cells and salt delivery to the macula densa (due to a de
crease in GFR and an increase in proximal tubular reabsorption). In addition, 
the low arterial pressure unloads carotid and aortic baroreceptors, leading to re
nal sympathetic nerve activation and thus to ,aI-receptor stimulation. 

In addition to these three classical stimuli, some circulating hormones or 
substances can directly stimulate or inhibit renin release by the juxtaglomerular 
apparatus. For the purpose of this chapter, two substances that inhibit renin re-
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lease are particularly worth mentioning: atrial natriuretic peptide (ANP), a hor
mone released by the atria in response to an increased blood volume, and Ang 
II. The inhibitory effect of ANP contributes to renin suppression at high salt in
take. The inhibitory effect of Ang II constitutes a "short-loop" negative feedback 
that allows a rapid suppression of renin release, in contrast to a "long-loop" neg
ative feedback (suppression of renin release by hypertension and hypervole
mia), which would require many hours or days. 

2.3 
Modulation of Angiotensin II Production 

Under normal circumstances, renin is the rate-limiting step in the formation of 
Ang II. However, modulation of Ang II formation by other components of the 
RAS may come into consideration in certain situations. 

Modulation by Angiotensinogen. AGT is the only known precursor protein to 
the family of angiotensin peptides. Systemic AGT originates primarily from he
patocytes where it is constitutively secreted, and is present in the plasma in sta
ble concentrations (half-life of 16 h, in contrast to 20 min for renin). AGT secre
tion can be modulated by various compounds, such as glucocorticoids, estro
gens, thyroid hormones, insulin, selected cytokines, and Ang II itself (Brasier 
and Li 1996). 

Because the normal concentration of AGT is near the Km for its reaction with 
renin (Gould and Green 1971), one would expect any change in AGT levels to be 
accompanied by parallel changes in the formation and actions of Ang II. On the 
other hand, an AGT-mediated increase in Ang II levels (and action) should lead 
to a suppression of renin release via both the short and long negative feedback 
loops, and thereby a return to normal levels of plasma Ang II concentration. 
Yet there is indirect evidence that AGT may playa role in human hypertension 
(Jeunemaitre et al. 1992). 

To understand this paradox, two explanations can be presented: (1) A hyper
tensive effect of AGT is expected in situations when renin release is poorly mod
ulated, such as during renal damage or in 129 mice which have two distinct re
nin genes, one of which is submaxillary and is not subject to the usual negative 
feedback control (Wang et al. 2002). Indeed, 129 mice engineered to carry one 
to four copies of the AGT gene have AGT concentrations and BP levels that cor
relate to the number of AGT gene copies (Kim et al. 1995). (2) High levels of 
systemic AGT may also promote hypertension by increasing local formation of 
Ang II in various tissues, where it is not subjected to systemic feedback control. 

Modulation by ACE. Various substances, such as NO and Ang II itself, have been 
shown to downregulate the activity of ACE in endothelium. However, the physi
ological role of these modulations remains unclear. Experimental data from ani
mals and computer simulations have indicated that modest changes in ACE ac
tivity in either direction have little effect on the production of Ang II itself 
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(Smithies et al. 2000). As a matter offact, mice engineered to carry one to three 
copies of the ACE gene do not show any variation in blood pressure (Krege et 
al. 1997). 

On the other hand, ACE is present not only on vascular endothelial cells, but 
also on the cell membranes of many different cells. High levels of ACE in the mi
crovilli of proximal tubular cells may produce high local levels of Ang II, pro
moting sodium reabsorption. The presence of ACE in inflammatory cells could 
also contribute to vascular disease (Dzau 2001). Furthermore, high levels of 
ACE may decrease bradykinin levels and thus contribute to the diabetic protein
uria observed in diabetic mice with genetically higher ACE levels (Huang et al. 
2001), or in humans with the insertion/deletion ACE polymorphism. 

In addition to the various factors that regulate or modulate Ang II formation, 
there are also a number of mechanisms by which Ang II action may be regulat
ed: e.g. variations in AT receptor density, interactions between AT 1 and AT 2 re
ceptors, or post-receptor modulation. Those complex interactions will be dealt 
in subsequent chapters of this book. 

3 
The RAS Is an Important Physiological Control System 

The RAS is a complex regulatory system with many identifiable actions. Howev
er, it may primarily be viewed as a powerful regulatory system for salt conserva
tion, blood volume and BP. A minimal intake of salt is required to compensate 
for obligatory salt losses by urine, sweat, faeces and epithelial desquamation. 
When animals are put on an extremely poor sodium diet, they exhibit hypo
volaemia with possibly impaired exercise performance, thus becoming easier 
prays for predators. Salt depletion also endangers species survival due to poor 
reproductive functions such as decreased fertility, decreased number of pups in 
the litter and decreased pup size (McBurnie et al. 1999). 

In the case of man, our ancestors routinely consumed a poor sodium diet 
(10-30 mmollday) (Eaton and Konner 1985; MacGregor and de Wardener 1998). 
Stringent mechanisms for salt conservation were thus required to regulate the 
amount of fluid in our bodies. Without an efficient RAS, our ancestors would 
have never survived the additional stresses associated with starvation or haem
orrhage, and would not have the required hemodynamic reserve for fight-or
flight reactions. 

The RAS is a complex system, with more than 60 Ang II actions. In this chap
ter, we will show how many of these diverse actions of Ang II can be viewed in a 
single conceptual framework, as serving to prevent life-threatening shrinkage of 
intravascular volume (rapid actions of angiotensin), to help achieve sodium bal
ance without large alterations in BP (slower actions of angiotensin) and to in
crease the efficiency of cardiovascular dynamics by promoting the growth of the 
heart and vessels, and sensitizing blood vessels to vasoconstrictor agents (slow
est actions of angiotensin). 
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3.1 
The Rapid Actions of Angiotensin Prevent Life-Threatening Hypovolaemia 
and Hypotension 

Most of the rapid actions of Ang II can be viewed as a concerted response that 
supports the circulation when it is threatened by intravascular volume shrink
age and/or hypotension. Indeed, the main physiological stimuli for RAS activa
tion are low salt intake, blood volume and BP. In turn, Ang II acts to help raise 
blood volume and BP via combined actions illustrated in Fig. 3: all are exerted 
via the AT 1 receptor. 

Vascular 
smooth 
muscle 

Peripheral 
nervous 
system 

1 
Central 
nervous 
system 

Sympathetic Sympathetic 
potentiation outflow 

Kidney Adrenal 
cortex 

1 
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Vasoconstriction Sympathetic Vasopressin Thirst and Sodium and water Distal 
~ discharge release salt a~te reabsorption nephron 

~ 1 /~ 1 /rption 

Increase 
total peripheral resistance 

Maintain or increase 
extracellular fluid volume 

Fig. 3 Schematic diagram, showing the major effects of Ang II on total peripheral resistance and extra
cellular fluid volume preservation 

3.1.1 
Angiotensin Increases Total Peripheral Resistance 

Ang II is a potent vasoconstrictor agent that elevates vascular tone by both di
rect and indirect mechanisms. Binding of Ang II to AT 1 receptors located on the 
surface of vascular smooth muscle cells leads to an immediate contraction. It is 
interesting to note that Ang II does not exert identical vasoconstrictor effects on 
all vessels. For example, renal post-glomerular (efferent) arterioles are exquisite
ly sensitive to Ang II, whereas pre-glomerular (afferent) arterioles show very lit
tle direct sensitivity to Ang II (Edwards 1983). 

Ang II may also increase vascular tone by indirect mechanisms. Ang II in
creases sympathetic discharge via direct action at various brain structures that 
lack a blood-brain barrier, and can also potentiate the release of norepinephrine 
from adrenergic varicosities within peripheral tissues. This sympathetic effect is 
normally blunted or even suppressed in vivo by the vasoconstriction-induced 
rise in arterial pressure, which loads baroreceptors and results in a reflex de-
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crease in sympathetic nerve activity (Lohmeier et al. 2000b). Situations associat
ed with baroreflex impairment (such as heart failure or vasculopathies with aor
tic and carotid stiffness) may thus unmask the sympathoexcitatory actions of 
Ang II. 

Another central action of Ang II is the stimulation of vasopressin release by 
the posterior pituitary gland. The quantitative contribution of this effect is not 
well established. However, very low levels of circulating vasopressin not only 
causes antidiuresis (via the V2-receptor), but can also increase total peripheral 
resistance (Montani et al. 1980) and favour a more efficient renal countercurrent 
system by vasoconstriction of renal vasa recta (Cowley 2000), thus facilitating 
renal retention of sodium and water. 

3.1.2 
Angiotensin Preserves Extracellular Fluid Volume 

Ang II also acts to maintain or increase extracellular fluid volume (ECFV), both 
by promoting water and sodium intakes, and by decreasing water and sodium 
excretions. Intracerebral infusions of Ang II in experimental animals increase 
both thirst and salt appetite, leading to increased water drinking, and preferen
tial drinking of a saline solution when the animal is offered both saline and wa
ter solutions. This effect is also seen in response to moderate elevation of circu
lating Ang II levels, due to its actions on various regions of the brain involved in 
thirst and salt appetite (Fitzsimons 1998). 

Ang II acts on many other tissues with the same general goal of sodium and 
ECFV preservation. It enhances epithelial sodium transport in the gut. In the 
kidney, it promotes Na+/H+ exchange in the apical membrane of proximal tubu
lar cells, augmenting sodium reabsorption. Renal vasoconstriction with pre
dominantly post-glomerular constriction leads to a decrease in peritubular cap
illary hydrostatic pressure, and to an increase in filtration fraction that concen
trates post-glomerular plasma protein concentration, further boosting sodium 
reabsorption (Hall 1986a). Constriction of efferent arterioles of juxtamedullary 
nephrons and/or a direct action on vasa recta lowers renal papillary blood flow, 
enhancing urine-concentrating capability. Finally, Ang II acts on the adrenal 
glands to promote secretion of aldosterone, a sodium-retaining hormone acting 
on the distal parts of the nephron. 

3.1.3 
Other Physiological Actions of Angiotensin Contribute to Corporal Integrity 

Other actions of Ang II that may seem unusual or even harmful at first glance, 
do fit well in the general scheme of homeostatic functions. Some of these ac
tions include: 

a. Preservation of glomerular flltration rate at low perfusion pressures. When 
arterial pressure increases suddenly, myogenic and TGF-induced vasocon-
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strictions of the afferent arteriole protect the glomerulus, thereby preventing 
large increases in GFR. When arterial pressure decreases, these mechanisms 
are reversed; i.e. decreases afferent arteriolar tone. However, they are not 
very effective in maintaining GFR in situations of low perfusion pressures, 
and thus constriction of efferent arteriole by angiotensin then becomes cru
cial to preserve GFR. In situations when the RAS is activated (low salt intake, 
volume depletion), blockade of the RAS does indeed impair autoregulation 
of GFR at low perfusion pressures (Hall et al. 1977). This situation is well 
known to clinicians prescribing inhibitors of the RAS in hypertensive pa
tients with renal artery stenosis (Hricik et al. 1983). Mechanisms for preser
vation of GFR during low salt intake and volume depletion are important as 
they allow the kidney to continue its filtrating and detoxifying functions. 

b. Haematopoiesis. ACE inhibitors often lead to a reduction in haematocrit, and 
RAS activation leads to erythropoiesis. Ang II stimulates the renal produc
tion of erythropoietin via an AT I receptor-dependent pathway (Gossmann et 
al. 2001) by decreasing oxygen concentration around peritubular fibroblasts. 
This action is due to the combined action of Ang II in decreasing renal blood 
flow and thus oxygen delivery, and in increasing tubular sodium reabsorp
tion and thus oxygen consumption. Ang II may also act directly on AT I re
ceptors present on erythroid precursor cells of the bone marrow (Rodgers et 
al. 2000). In situations of chronic volume depletion (e.g. during extreme salt 
deprivation or following haemorrhage), an increased haematocrit would 
compensate for the hypovolaemia-induced decrease in cardiac output. 

c. Procoagulatory effects. The mild stimulatory effects of Ang II on the coagu
lation cascade and on platelet activation (Larsson et al. 2000) can be viewed 
as a volume-conserving reaction during haemorrhage. 

d. Stimulation of liver glycogenolysis. Ang II infusion leads to an elevation in 
blood glucose levels (Machado et al. 1998) as a consequence of an AT I-re
ceptor dependent action on hepatic glycogen phosphorylase (Keppens et al. 
1993). Hyperglycaemia becomes useful in fight-or-flight situations, as this 
condition provides energetic fuel to the skeletal muscles. 

e. Inotropic actions. Ang II increases cardiac contractility (Mattiazzi 1997). 
The exact mechanism of this action remains poorly understood, but it may 
be related both to a potentiation of norepinephrine release at adrenergic 
endings, and to a direct effect of Ang II on the myocardium. In any case, 
this represents a useful response during situations such as acute hypo
volaemia (e.g. following haemorrhage). 

3.1.4 
Activation of the RAS Is a Useful Response in Many Demanding Situations 

a. An effective RAS attenuates orthostatic hypotension. Standing upright leads 
to an accumulation of blood in the legs, a decrease in venous return and 
thereby a decrease in cardiac output. In turn, arterial pressure decreases, 
which stimulates renin release in a matter of minutes, helping to restore BP. 
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Complementary systems (sympathetic nervous system and vasopressin) 
work concurrently to oppose acute drops in BP, and thus compensate for a 
poorly reactive RAS. Blockade of the RAS may lead to severe orthostatic hy
potension if autonomic function or vasopressin release is impaired, or in 
situations of pre-existing hypovolaemia. Hypertensive patients with re
stricted sodium intake (10 mmol/day for 5 days) suffered from circulatory 
collapse during an orthostatic tilt, when renin release was prevented from 
rising by pretreatment with propranolol (Morganti et al. 1979). 

b. An effective RAS prevents hypotension during low salt intake or during de
hydration. A poor sodium diet or a state of dehydration leads to a decrease 
in circulatory filling pressures and blood volume. However, activation of 
the RAS in these circumstances leads to a restoration of filling pressures 
and blood volume to near normal values, raising BP back to normal. The 
importance of RAS activation during low salt intake is illustrated by the fact 
that blockade of the RAS in dogs maintained on sodium intake of 5 mmol/ 
day for 1 week lowered mean arterial pressure to about 68 mmHg (Hall et 
al. 1980)-a low value perhaps tolerated at rest, but probably not very well 
during exercise or orthostasis. Marked hypotension has also been described 
in patients treated with ACE inhibitors who experience gastrointestinal flu
id loss or other types of volume depletion (McMurray and Matthews 1987). 

3.2 
The Slower Actions of Angiotensin Contribute to Sodium Balance 

All the aforementioned renal actions of Ang II, not only help maintain ECFV 
and BP during prolonged periods of low salt intake, but play also an important 
role in defending ECFVand BP in the face of high salt intake. The beauty of the 
RAS is that it works in both directions. In one direction, the system is stimulat
ed by low BP and blood volume induced by a low salt intake, and acts to oppose 
these perturbations by way of a classical negative feedback system. In the other 
direction, the system is suppressed in situations of increased BP and blood vol
ume such as may be induced by high salt intake. One of the major roles of a 
normal RAS regulation is to prevent volume-dependent salt sensitivity. To illus
trate this concept, a few words on the role of the kidney on long-term BP control 
are needed. 

3.2.1 
The Cardiovascular System Is More Than a Simple Closed Circuit 

The cardiovascular system is often viewed as a simple closed circuit consisting 
of a pump (the heart) and a series of tubes with varying resistance (the vascula
ture). In this model, all that counts for BP control is the strength of the heart 
and the resistance of the peripheral vasculature. A more complete representa
tion of circulatory function and BP control would be a cardiovascular system 
with an input from the outside (fluid and salt intakes) and an output to the out-
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Fig. 4 The basic concept of pressure natriuresis to achieve sodium balance. Three levels of salt intake 
are depicted (normal, O.2xnormal and 4xnormal). Equilibrium is reached at the intersection between 
the pressure natriuresis curve and the corresponding level of salt intake 

side (urinary excretion). Any change in the input would alter blood volume and 
thereby BP, which in turn leads to changes in the output via pressure-natriure
sis. In fact, changes in renal perfusion pressure, regardless of whether the kid
ney is studied in vivo or in vitro, lead to profound changes in sodium excretion, 
as illustrated by the solid curve in Fig. 4. The intrarenal mechanisms for this 
phenomenon have been detailed elsewhere (Granger et al. 2002). 

3.2.2 
Fluid Volume Equilibrium Is Reached When Salt Excretion Is Equal to Salt Intake 

The pressure-natriuresis curve (PNC) in Fig. 4 is at the centre of blood volume 
and BP control. If the body gains too much fluid (e.g. acute volume load), BP 
increases. This leads to increased excretion of salt and water via the pressure
natriuresis mechanism, bringing blood volume and BP back towards normal. 
Conversely, if one looses fluids (e.g. haemorrhage), BP decreases and the kid
neys retain salt and water, which helps return blood volume and BP to normal. 
Equilibrium is thus reached at the intersection point of the PNC with the corre
sponding salt intake level, as shown on Fig. 4. 

Based on this concept, one can understand the general renal body fluid feed
back mechanism (Hall et al. 1986b). Any imbalance between salt intake and out
put will lead to a cascade of events that oppose the initial disturbance; i.e. a clas
sical negative feedback loop. For example, if salt intake is greater than output, 
ECFV increases, thereby increasing blood volume and thus the mean filling 
pressure of the circulation; this then increases cardiac output, and thus BP. In 
turn, the higher BP increases salt output, which opposes the effects of the initial 
increase in salt intake by way of the pressure-natriuresis mechanism. The sys
tem acts very slowly (hours or days), but it has an infinite gain and corrects 
completely any error in salt balance. 
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This simplified feedback loop may not explain the whole story. According to 
this analysis, a fourfold increase in salt intake would lead to volume retention 
until BP increases to well over 150 mmHg (Fig. 4). Sodium balance would be 
reached, bu' at the expense of profound volume retention and tremendous hy
pertension. Similarly, a poor sodium diet (for example, 1/5 of normal) would re
quire a drop in BP by 30 or 40 mmHg to achieve a state of sodium balance. Yet, 
this sensitivity to salt does not fit with the small variations in BP that are nor
mally observed when animals (Hall et al. 1980) and humans (Luft et al. 1979) 
are subjected to large variations of salt intake. Clearly, additional mechanisms 
must come into play. 

3.2.3 
The Pressure Natriuresis Curve Is Modulated by Changes in Salt Intake 

The PNC depicted in Fig. 4 is not immovable. In fact, it becomes steeper and is 
shifted to the left during high salt intake. This allows the body to achieve sodi
um balance with minimal increases in blood pressure. Conversely, during low 
salt intake, the PNC becomes flatter and is shifted to the right. Joining the equi
librium points at the various salt intakes reveals a very steep "chronic" relation
ship with little changes in BP (Fig. 5). That is, the chronic relationship between 
salt intake and blood pressure has become relatively salt-insensitive. 

Various neurohormonal mechanisms contribute to the adjustment of the 
PNC. RAS modulation, above all, plays a crucial role in the adaptation to chang
es in salt intake. RAS suppression at high salt intake facilitates sodium excre
tion, and RAS stimulation at low salt intake contributes to sodium conservation. 
The importance of this modulation is illustrated by the dramatic salt-induced 
changes in BP that occur when the RAS is blocked with an ACE inhibitor, or 
when circulating Ang II levels are fixed with an intravenous infusion of angio-
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Fig. 5 The modulation of the pressure natriuresis curve during alterations in salt intake allows the 
body to achieve sodium balance with minimal changes in arterial pressure (steep dotted line) 
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Fig. 6 Steady-state relationships between mean arterial pressure and urinary sodium excretion in dogs 
subjected to varying salt intakes from 5 mmol/day to 500 mmol/day, lasting 1 week at every level. The 
dogs were studied under three conditions: (1) with an intact RAS; (2) during chronic blockade of the 
RAS with captopril; (3) during fixed elevated circulating levels of Ang II via an intravenous infusion of 
Ang II at 5 ng/kg/min. (From Hall et al. 1980, by permission) 

tensin (Hall et al. 1980) (Fig. 6). Lack of RAS activation during low salt intake 
leads to a dramatic decrease in mean arterial pressure to less than 70 mmHg. 

But by which mechanisms do Ang II levels vary with changes in salt intake? 
The sequence of events is presented in Fig. 7. The initial increase in salt intake 
(salt with little water) leads to increased plasma osmolality, resulting in thirst 

Fig. 7 Block diagram illustrating the mechanisms whereby an increased in salt intake leads to a de
crease in Ang II formation 
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and drinking and thus an increase in extracellular fluid volume. This then in
creases blood volume and decreases, at least acutely, plasma protein concentra
tion. Subsequently, a complex but logical sequence of events takes place. The de
crease in plasma protein concentration favours an increased fluid filtration 
across the glomerular capillary membrane. The greater blood volume increases 
mean circulating filling pressure (greater content for the same container), re
sulting in both an increase in right atrial pressure and venous return. 

The increased right atrial pressure stretches the right atrium, and loads low 
pressure receptors that reflexly decrease vasopressin secretion and renal nerve 
sympathetic activity. Atrial stretch leads also to a direct increased release of atri
al natriuretic peptide (ANP), a hormone that has a direct inhibitory action on 
renin release (and aldosterone secretion). By its vasodilatory action on pre
glomerular vessels, ANP also promotes an increase in GFR. 

The greater venous return increases cardiac output and thus arterial pressure, 
which in turn leads to three events: (1) loading of arterial carotid and aortic 
baroreceptors, and resulting in a decreased renal sympathetic nerve activity; (2) 
mechanical stretch of preglomerular vessels; (3) increase in delivery of fluid and 
salt to the macula dens a, mediated by the small increase in GFR (favoured by 
physical forces and accentuated by the vasodilatory ability of ANP on the affer
ent arteriole). Altogether, these three events promote a decrease in renin release, 
and thus in Ang II levels. 

A similar flowchart can be applied, but in the reverse direction, to explain 
the increased Ang II levels during low salt intake. Volume depletion leads to a 
decrease in filling pressures and arterial pressure. Unloading of atrial and arte
rial baroreceptors, decreased ANP concentration, decreased preglomerular 
stretch and decreased salt-delivery to the macula densa all contribute to the 
stimulation of renin release. 

3.2.4 
The Inability to Modulate the RAS Leads to Salt Sensitivity 

As shown in Fig. 6, the ability to suppress renin release during high salt intake 
and to stimulate renin release during low salt intake is the cornerstone of having 
very little salt sensitivity. If the RAS is blocked with an ACE inhibitor or if Ang 
II levels are not allowed to fluctuate naturally in response to varying salt intakes, 
rapid, volume-dependent salt sensitivity ensues. 

Thus one of the major roles of the RAS is to prevent a large drop in BP (and 
ECFV) during low salt intakes, and a large increase in BP (and ECFV) during 
high salt intakes. In other words, when the ability to suppress renin at high salt 
intakes is lost, volume-dependent salt sensitivity develops. This particularly 
may occur in the following two situations: 

a. Ageing. Circulating renin levels decrease steadily with age (Weidmann et al. 
1975), possibly related to the observed decrease in glomerular number and 
size that occur with ageing (Nyengaard and Bendtsen 1992). The response 



20 J-P. Montani . B. N. Van Vliet 

of renin in older individuals is also blunted when the RAS is either stimulat
ed (volume contraction) or inhibited (volume expansion) (Luft et al. 1992). 
The lower basal levels of plasma renin activity and poor reactivity of the 
RAS may help explain the higher prevalence of salt sensitivity in older sub
jects. 

b. Low-renin essential hypertension. About one quarter of all essential hyper
tensive patients have low renin levels that are poorly stimulated by a low 
salt intake (Fisher et al. 2002). Because renin levels are low to start with, the 
incapacity to further suppress renin at high salt intake may explain the salt 
sensitivity frequently observed in low-renin essential hypertension. 

On the other end of the PNC, the concept of RAS modulation is particularly 
useful to understand the increased effectiveness of ACE inhibitors or angioten
sin-receptor blockers in lowering blood pressure, if treatment is combined with 
a reduction in salt intake or with the use of diuretics. 

3.3 
The Slowest Actions of Angiotensin Increase the Efficiency 
of the Cardiovascular System 

3.3.1 
Angiotensin Promotes Vascular Growth and Cardiac Hypertrophy 

By way of its effect on the AT I receptor, Ang II is also a growth factor, acting on 
vascular smooth muscle cells and cardiac myocytes. The trophic response to 
Ang II leads to a slow structural remodelling that helps maintain a higher BP. 
With a greater vascular muscle mass that increases both the strength of vascular 
contraction and the sensitivity to chronic vasoconstrictors, the vascular system 
becomes more effective in maintaining a high vascular tone. With a larger myo
cardial mass that increases cardiac strength, the heart becomes more capable in 
maintaining a high blood pressure. In both cases, activation of the local tissue 
RAS may play an important role in this trophic response. 

3.3.2 
Angiotensin Stimulates Superoxide Anion Formation 

The superoxide radical (02 -) is produced endogenously during normal mito
chondrial respiration and by various oxidases, especially NADH «nicotinamide 
adenine dinucleotide, reduced) and NADPH (nicotinamide adenine dinucleotide 
phosphate, reduced) oxidases. The superoxide anion may playa physiological 
role in various tissues as a signalling molecule and may contribute to the regula
tion of vascular tone (Touyz 2000), particularly in the renal microvasculature 
(Schnackenberg 2002). In normotensive anaesthetized rats, the administration 
of tempol, a mimetic of the enzyme superoxide dismutase that decreases super
oxide levels, causes an increase in medullary blood flow, urine flow and sodium 
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excretion (Zou et al. 2001), but has no effect on basal afferent arterioles. This 
suggests that the superoxide anion may participate in maintaining the basal 
tone of the renal medullary microcirculation. In normal conditions, superoxide 
may also scavenge the NO formed in macula densa cells by neuronal NO syn
thase, thereby increasing the gain of the TGF (Ren et al. 2002). Both effects tend 
to increase the renal ability to retain salt. 

Ang II can, via activation of the ATl receptor, stimulate NAD(P)H-oxidase 
and thereby the production of the superoxide anion. Some of the effects of Ang 
II on vasoconstriction and renal sodium retention may thus be mediated by 
oxygen radicals. For example, infusions of low doses of Ang II do not produce 
immediate hypertension, but a slow, progressive elevation of BP over hours or 
days. Furthermore, the administration of tempol attenuates or prevents Ang 11-
induced hypertension (Ortiz et al. 2001). The stimulation of oxygen radicals by 
Ang II may thus be viewed as a slow physiological response to enhance the 
long-term vasoconstrictor and sodium-retaining effects of Ang II. 

4 
Pathophysiology of the RAS 

So far, we have reviewed the actions of the RAS from the general point of view 
of cardiovascular homeostasis. However, increased activity of the RAS, especial
ly in combination with other cardiovascular risks factors, may lead to a cascade 
of deleterious effects such as hypertension, cardiovascular hypertrophy, oxida
tive stress with endothelial dysfunction, atherosclerosis and tissue inflamma
tion. Many of these pathophysiological actions of Ang II will be reviewed in de
tail in other chapters of this book. At this stage, it is interesting to consider that 
many of these Ang II actions may still be viewed as being homeostatic in princi
ple, but harmful if carried to excess. 

4.1 
The RAS May Contribute to the Higher Cardiovascular Risks of Males 

Although being male is not exactly a pathological situation, men before the age 
of 50 show a higher prevalence of hypertension and a greater cardiovascular 
morbidity than premenopausal women. Blood pressure in a normotensive pop
ulation is also higher in men than in women. Interestingly, men have higher 
plasma renin activities than women, and there is indirect evidence that in
creased levels of renin may contribute to increased cardiovascular risks. Indeed, 
hypertensive patients with high levels of plasma renin activity are at higher risk 
of developing stroke or myocardial infarction than those with low plasma renin 
activity (Brunner et al. 1972). 

Plasma renin levels are higher in male spontaneous hypertensive rats (SHR) 
and their BP is 25-30 mmHg higher than in female SHR (Reckelhoff et al. 2000). 
On the other hand, castrated male SHR, female SHR and ovariectomized female 
SHR all show about the same level of BP. In contrast, female ovariectomized 
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Fig. 8 Mean arterial pressure in five groups of SHR: male, female, castrated males (cast), ovariec
tomized females (ovx) and ovariectomized females receiving testosterone (ovx- T). Animals were studied 
with an intact RAS (black bars) or after chronic blockade of the RAS with enalapril (shaded bars). (From 
Reckelhoff et al. 2000, by permission) 

SHR, given testosterone, show a degree of hypertension approaching the level 
observed in male SHR, pointing to the role of testosterone in the more severe 
hypertension of male SHR (Fig. 8). When the RAS is blocked with enalapril, all 
five groups of animals show remarkably similar BP levels, suggesting that the 
pressure difference between male and female SHR is due entirely to a more ac
tive RAS in male animals, and testosterone may contribute to the higher renin 
levels in males. This is consistent with the observation that normotensive cas
trated male Sprague Dawley rats, with undetectable serum testosterone levels, 
have low renin levels, and that implantation of testosterone pellets of increasing 
concentrations not only raise testosterone levels in blood, but also plasma renin 
activity with a significant linear correlation (r=0.904) between the two variables 
(Reckelhoff et al. 2001). Whether this animal observation can be extrapolated to 
humans remains to be further investigated. 

4.2 
The RAS Contributes to Many Forms of Hypertension 

In humans, known causes of arterial hypertension account for less than 10% of 
all cases of hypertension (Kaplan 1998). Most often, a precise cause cannot be 
found and the hypertension is said to be "essential". Since Ang II elevates BP, it 
is appealing to implicate an overreactivity of the RAS in the pathogenesis of 
certain forms of hypertension. 

4.2.1 
Role of the RAS in Renovascular Hypertension 

Since the classical experiments of Goldblatt, many studies have appeared, induc
ing hypertension in animal models by clipping one or both renal arteries. How-
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ever, the contribution of the RAS in renovascular hypertension depends on the 
type of stenosis. 

a. One kidney-one clip (lKIC) hypertension. Experimentally, a stenotic clip is 
placed on the renal artery of one kidney whereas the contralateral kidney is 
removed. The renal artery stenosis reduces renal perfusion pressure, which 
may explain many of the initial events, including sodium retention and 
stimulation of the RAS. However, as the animal retains volume over time 
and becomes hypertensive, the glomerular pressure tends to return towards 
normal and there is no longer a strong stimulus for renin release. At this 
stage, administration of an ACE inhibitor has little effect on BP. The hyper
tension is volume-dependent but no longer renin-dependent. The clinical 
equivalent of lKIC is renal artery stenosis in a patient with a solitary kid
ney, or bilateral renal artery stenoses (2K2C) or stenosis of the aorta above 
the origin of the renal arteries. All three situations are characterized by a 
low renal perfusion pressure. 

b. Two kidney-one clip (2KIC) hypertension. The pathogenesis of hyperten
sion in this model is more complex. The stenotic kidney is underperfused 
and thus secretes large amounts of renin. The resulting elevation in plasma 
Ang II acts on the intact contralateral kidney, both by a direct effect and via 
stimulation of aldosterone secretion to promote enhanced sodium reab
sorption. Initially, both kidneys may retain salt, but the stenotic kidney 
with its lower distal renal artery pressure and its locally stimulated RAS re
tains much more salt than the contralateral kidney. As BP rises due to the 
volume expansion, systemic BP increases ultimately high enough to achieve 
sodium balance by the pressure natriuresis mechanism, sodium excretion 
being now slightly elevated in the intact kidney and slightly decreased in 
the stenotic kidney (Mizelle et al. 1993). Because there is a continuing stim
ulus for renin release from the stenotic kidney and possible accumulation 
of intrarenal Ang II in the nonstenotic kidney (Navar et al. 1998), this hy
pertension is highly angiotensin-dependent and responds well to blockers 
of the RAS. 

4.2.2 
Role of the RAS in Essential Hypertension 

Low renin levels would be expected in essential hypertension because of the 
higher renal perfusion pressure. However, the observation that most hyperten
sive patients have either normal or high renin levels has lead to the view that 
renin may playa critical role in the pathogenesis of many forms of essential hy
pertension (Laragh 1992). Several factors have been presented to explain these 
"inappropriate" high levels of renin, such as a state of high sympathetic drive 
found in many hypertensive patients (Julius 1988), nephron heterogeneity with 
a subpopulation of ischaemic nephrons responsible for increased tonic renin re
lease (Sealey et al. 1988) or a defective feedback regulation with nonmodulation 
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of the RAS (Williams et al. 1992). As expected, patients with normal or high re
nin levels respond better to ,B-adrenergic blockers and ACE inhibitors, whereas 
low-renin hypertensive patients respond better to diuretic treatment. 

4.3 
Angiotensin-Induced Cardiac and Vascular Hypertrophies Are Risks Factors 

As mentioned above, the growth-promoting actions of Ang II may be viewed as 
an appropriate response in conditions in which increased heart strength and 
prolonged vasoconstriction are required. A certain degree of vascular hypertro
phy is also useful in volume-loading hypertension, as it minimizes the amount 
of volume retention needed within the vascular system to maintain an elevated 
blood pressure. Indeed, the various forms of volume-dependent hypertension 
(mineralocorticoid-induced hypertension, high salt intake with a reduced renal 
mass) are characterized experimentally by an initial increase in cardiac output 
followed by a secondary autoregulatory vasoconstriction that returns blood vol
ume and cardiac output towards normal (Guyton 1980). Were it not for autoreg
ulation and vascular hypertrophy, reestablishment of sodium balance would be 
accompanied by much larger changes in fluid volumes. 

Although cardiac and vascular hypertrophies may be considered adaptive 
from the point of view of enhancing short-term survival, they are clearly detri
mental when allowed to continue to progress over prolonged periods of time. 
The increased stiffness of the hypertrophied heart impairs ventricular relaxation 
and filling. In fact, left ventricular hypertrophy is considered an independent 
risk factor for cardiovascular events. Vascular hypertrophy makes arteries stif
fer, leading to increased pulse pressure and increased pulse wave velocity. An 
increased pulse pressure for a given mean arterial pressure is in itself a cardio
vascular risk factor: the higher systolic pressure constitutes an elevated left ven
tricular afterload while the lower diastolic pressure reduces the driving pressure 
for coronary blood flow. Increased pulse wave velocity results in a rapid return 
of reflection waves to the heart, increasing systolic pressure and decreasing dia
stolic pressure further. In this context, one can understand the beneficial health 
effects of blockers of the RAS in reversing cardiac and vascular hypertrophy. 

4.4 
Activation of the RAS Worsens Congestive Heart Failure 

An activation of the RAS may be a natural response to the initial insult of heart 
failure. Various models of experimental heart failure (rapid ventricular pacing, 
pulmonary artery occlusion) in which the same animal could be studied before 
and after induction of heart failure, are characterized by a decrease in arterial 
pressure (Mizelle et al. 1989; Lohmeier et al. 1995, 2000a), which is expected to 
stimulate the RAS. Although there is only a modest activation of the RAS in the 
early compensated phase of heart failure (Lohmeier 2002), even small incre
ments in Ang II concentration may favour fluid retention. The resulting increase 
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in fluid volumes could be beneficial, allowing cardiac output and arterial pres
sure to return towards normal. 

However, excessive activation of the RAS in heart failure is clearly harmful. 
When exogenous Ang II was administered for 4 days to dogs in compensated 
heart failure, decompensation occurred with profound sodium retention and 
marked increases in plasma norepinephrine (Lohmeier et al. 2000a). Cardiopul
monary baroreflex suppression of sympathetic nerve activity, which is impaired 
in heart failure, could playa critical role in the transition from compensated to 
decompensated heart failure. Impaired sympathoinhibition would unmask the 
sympathoexcitatory actions of Ang II, resulting in a positive feedback. Ang II 
would increase sympathetic nerve activity, which stimulates renin secretion fur
ther. In turn, higher plasma levels of Ang II would further stimulate sympathetic 
activity. As a result, there would be a progressive fluid retention and progressive 
cardiac dysfunction. Consistent with this hypothesis is the observation that ACE 
inhibitors have been shown to delay the progression of heart failure and to im
prove symptoms and prolong survival in patients with ventricular dysfunction. 

4.5 
Systemic and Local Angiotensin May Initiate and Amplify Vascular Disease 

Ang II has direct effect on endothelial and vascular smooth muscles cells, and 
may playa key role in initiating and amplifying vascular disease. In the normal 
state, there is a homeostatic balance between locally produced NO and oxygen 
radicals, such as the superoxide anion and hydrogen peroxide. Under these con
ditions, NO can exert all of its protective functions as vasodilator, inhibitor of 
platelet aggregation, inhibitor of vascular smooth muscle growth and migration, 
and inhibitor of the expression of proinflammatory molecules. 

As aforementioned, Ang II by its action on AT 1 receptors can stimulate 
NAD(P)H oxidases, leading to the production of the oxygen radical superoxide. 
Quenching of NO by the superoxide anion not only reduces the bioavailability 
of NO (and thereby of all its protective functions), but also forms peroxynitrite 
(ONOO-), a powerful oxidant. The combined action of excess Ang II and oxida
tive stress may unleash a cascade of harmful effects, such as increased vasocon
striction, increased expression of chemoattractant proteins and leukocyte adhe
sion molecules, stimulation of thrombosis and vascular remodelling. The local 
inflammatory response promotes an accumulation of various inflammatory cells 
that can release enzymes that generate Ang II. For example, macrophages are 
rich in ACE, neutrophils in cathepsin G, mast cells in chymase. The increased 
local production of Ang II may further promote oxidative stress, leading to a vi
cious cycle of inflammation and subsequent increase in tissue Ang II (Dzau 
2001). 

If endothelial function is preserved, this positive feedback can easily be 
dampened by the actions of NO and antioxidants. However, in the presence of 
cardiovascular risk factors, the homeostatic balance between pro-oxidants and 
antioxidants is perturbed. Dyslipidaemia, diabetes and cigarette smoking can all 
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initiate endothelial dysfunction and promote oxidative stress. Excessive activity 
of the RAS potentiates the vicious cycle described above, inducing vascular re
modelling, promoting atherosclerosis and upsetting the balance between the 
fibrinolytic and coagulation systems. The observations may explain why ACE 
inhibitors and angiotensin-receptor blockers have beneficial effects on cardio
vascular events far beyond blood pressure reduction. 

5 
Conclusions 

Without efficient mechanisms for conserving salt, our ancestors living on a diet 
relatively poor in sodium would have never survived, as they would not be able 
to respond to even moderate haemorrhage, and not have the required haemody
namic reserve for fight-or-flight reactions. Ang II, the major end-product of the 
RAS, has multiple actions that work in a concerted manner to maintain cardio
vascular integrity and efficiency. Most of the rapid actions of Ang II can be 
viewed together, in combination with the sympathetic nervous system, to sup
port the circulation when it is threatened by acute disturbances such as hypo
volaemia and hypotension. Slower actions of Ang II help maintain volume ho
meostasis by minimizing the changes in arterial pressure and ECFV required to 
achieve sodium balance (prevention of salt sensitivity). Some of the very slow 
actions of Ang II, such as cardiac and vascular hypertrophy and oxidative stress, 
although potentially harmful, may be viewed as adaptive responses to improve 
the efficiency of fluid volume and BP preservation. However, such responses are 
clearly detrimental if carried to excess. 
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Abstract Renin substrate in plasma, biological renin activity, and!or granulat
ed cells in the kidney evolved at an early stage of vertebrate phylogeny. Angio
tensin (Ang) I and II molecules have been biochemically identified in represen
tative species of all vertebrate classes, and Ang II structure is well preserved 
throughout the phylogenetical scale. Ang receptors have also been identified 
pharmacologically and, in limited species, molecularly characterized. The re
nin-angiotensin system (RAS) is important in maintaining blood pressure! 
blood volume homeostasis and ion-fluid balance. Recently, the regulatory role 
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of Ang in cell growth and vascularization, possibly via paracrine action, has 
been an intensive focus of research. The RAS has been detected during early fe
tal development, and genetic or pharmacological blockade of Ang signaling re
sults in striking developmental abnormalities of the kidney. This chapter will 
provide: (1) a brief overview of current knowledge of RAS phylogeny and on
togeny; (2) a comparison of these two systems in terms of structural, biochem
ical, and functional properties of each component of the RAS; and (3) perspec
tives for future study. Discussions are focused on: (1) the most fundamental 
functions of the RAS that have been conserved throughout phylogenetical ad
vancement as well as developmental maturation; (2) the physiological signifi
cance of the shifting of expression of renin-producing cells in the renal arterial 
trees with vertebrate advancement or ontogenic maturation; and (3) the roles 
of environments, or micro environments, in modulating the expression of com
ponent members of the RAS during phylogenetic and ontogenic processes. Al
though ontogeny does not directly recapitulate phylogeny, comparison of these 
two time-dependent processes should provide new insight into the molecular 
and functional evolution and significance of the RAS. 

Keywords Renin-angiotensin system· Native angiotensin· Renal growth and 
development· Blood pressure regulation· Juxtaglomerular apparatus· 
Angiotensin-converting enzyme· Tissue renin-angiotensin· Evolution and 
development· Renin-secretory cells· Angiotensin receptor sUbtypes 
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SHR 
tAT! 
UT 
VEGF 
VSM 
WKY 
ZCatD 

1 
Introduction 

Spontaneously hypertensive rats 
Turkey angiotensin type 1 receptor 
Urea transporters 
Vascular endothelium growth factor 
Vascular smooth muscle 
Wistar-Kyoto 
Zebrafish cDNA 

The renin-angiotensin system (RAS) appears to have evolved during an early 
stage of vertebrate evolution. Although the molecular identification of each 
component of the RAS has not been completed in nonmammalian species, bio
chemical and pharmacological evidence suggests that the RAS and angiotensin 
(Ang) receptors are present in all vertebrate classes (Fig. 1). Increasing evidence 
also indicates that the RAS plays an important role during fetal life in promot
ing growth and development and that lack or impairment of a component of the 
RAS induces pathological structure and function at birth and/or in adult life. 
This chapter will provide a brief overview of current knowledge of RAS phylog
eny and ontogeny and perspectives on their integration. Following Haeckel's hy
pothesis, a number of investigators have tried, but failed, to elaborate more 
complete taxonomies of the relationship between ontogeny and phylogeny. Al
though it is not my intent to discuss whether ontogeny recapitulates phylogeny, 
both are time-dependent processes and show certain similarities. Details of mo-

Lampreys 

+ 
Sharks 

+ 
o o 

Hagfish 

+ o 

Cyclostomata 

)) 

Holocephalians 

+ 
O? 0 

Chondrosteans 
+ 
O? 

+ Renin and/or angiotensin 
o Angiotensin receptors 

(Biochemical or pharmacological evidence) 

Fig. 1 Diagrammatic presentation of vertebrate phylogenetic tree and presence of biochemical activi
ties of renin and/or angiotensin (+) and molecular, biochemical, or pharmacological evidence for the 
presence of angiotensin receptors (+ in closed circle). A question mark (?) indicates that the presence of 
an angiotensin receptor is presumed but not confirmed. (Reproduced from Nishimura 2001) 



34 H. Nishimura 

lecular, biochemical, or physiological properties of each component of the RAS 
and mechanisms behind them are beyond the scope of this chapter. It is not 
possible to include all organs and tissues that express the RAS; this review is fo
cused on the kidney and cardiovascular system and their functions. 

2 
Phylogeny of the Renin-Angiotensin System 

2.1 
Morphology, Biochemistry, and Molecular Biology 

2.1.1 
Juxtaglomerular Apparatus in Primitive Vertebrates 

The juxtaglomerular OG) apparatus of the mammalian kidney is composed of 
JG cells in the afferent arteriole with sympathetic innervation, efferent arteri
oles, the convoluted early distal tubule (macula densa), and the extracellular 

Fig. 2A-E Diagrams of nephron and juxtaglomerular (JG) apparatus showing distribution of JG gran
ules (JGG) in teleost fish (A), amphibian (8), and bird (C) examined histochemically and by electronmi
crography. (Reproduced with permission from Sokabe et al. 1969). 0(5, distal convoluted tubule; NS, 
neck segment. Diagrams D (newborn rat) and E (adult rat) indicate the expression of angiotensinogen 
(open circles), renin (black area), angiotensin-converting enzyme (gray area) and ATl receptor (black 
dots) (Reproduced with permisSion from Harris and Gomez 1997). Both in primitive vertebrates, such as 
teleosts, and in newborn rat, expressions of renin (JG granules, renin mRNA and protein) are seen at 
upstream of renal arteries 
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Main Arterial Afferent : Efferent 
renal artery / i branch arteriole arteriole 

------- .----- ~~ ======~::::.t====::::::==~ Glomerulus 

-----
Aglomerular fish 

Mammalia 

Aves 

Reptilia 

Amphibia 

Teleostei 

Dipnoi 

Holocephali 

Fig. 3 Distribution of granulated cells along renal arteries and arterioles in various vertebrate animals. 
Granulated cells are more localized at the juxtaglomerular area with phylogenetic advancement of ver
tebrates. (Reproduced with permission from Sokabe and Ogawa 1974) 

mesangium (Barajas and Latta 1967). The JG apparatus in nonmammalian ver
tebrates is incomplete (for review, Sokabe and Ogawa 1974; Nishimura 1980). 
Primitive bony fish, such as holosteans (for example, longnose gar), teleosts, 
lungfish, amphibians, and reptiles have granulated epithelioid cells resembling 
mammalian JG cells (Fig. 2). Granulated cells are widely seen in the media of 
large and small renal arteries and arterioles (Sokabe et al. 1969; Nishimura et al. 
1973) (Fig. 3). Kidneys from aglomerular teleosts, in which glomeruli and a part 
of the proximal tubules have degenerated, also have renin secretory granulated 
cells. Granulated cells either have not been found (cyclostomes) or are present 
but negative for Bowie's staining (elasmobranchs) (Lacy and Reale 1990) or the 
appearance and distribution pattern of the granules differ (holocephalians, such 
as ratfish) in the more primitive vertebrates (Nishimura et al. 1973; Nishimura 
1980). 

In the majority of the nonmammalian species examined, either the distal tu
bules do not attach to the vascular pole of their parent glomeruli (hence, they 
lack a macula densa) or they return to their own glomeruli and attach to the af
ferent arterioles as seen in elasmobranchs, holocephalians, and in some am
phibians, but no cells resembling mammalian macula densa cells are present 
(Sokabe et al. 1969; Nishimura et al. 1973, 1980). Avian kidneys possess macula 
densa cells that have some characteristics of a mammalian macula densa 
(Sokabe et al. 1969). Therefore, the JG apparatus in birds represents a transi
tional JG apparatus between the primitive and mammalian types. It therefore 
appears that the vascular component of the JG apparatus evolved phylogeneti-
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cally earlier than the macula dens a, the tubular component. This is important 
when we consider the function of the RAS in nonmammalian vertebrates. 

2.1.2 
Angiotensinogen and Renin 

Angiotensinogen (AGT) levels, determined as maximally yielded Ang I from ho
mologous plasma, appear to be higher in taxonomically more advanced animals 
than in lower vertebrates (Nishimura et al. 1973). The molecular structure of ze
brafish AGT has been identified (Vallon et al. 2000). Renal renin activities (de
termined as Ang I-forming activities by incubating kidney extracts with homol
ogous plasma under adequate inhibition of angiotensinases and by testing the 
vasopressor activity of the product in anesthetized rats) have been found in rep
resentative species of all vertebrates (Nishimura et al. 1973; Sokabe and Ogawa 
1974; Nishimura 1980; Henderson et al. 1993; HalOn et al. 1999) (Fig. 1). This 
suggests that the RAS evolved at an early stage of phylogeny and is widely dis
tributed among vertebrates. The renal renin activity agrees in general with the 
occurrence of granulated cells except in cartilaginous fish and primitive bony 
fishes, which show some discrepancy, suggesting that the properties of renin 
granules may differ in these fish. To date, no renin has been molecularly identi
fied in nonmammalian vertebrates. Zebrafish cDNA (zCatD) that has high ho
mology to human cathepsin D was cloned from a zebrafish kidney cDNA library 
using human renin cDNA as a probe (Chen et al. 2000); zCatD generates Ang I 
from both porcine AGT and zebrafish peptide substrate at an acidic pH (Chen et 
al. 2000; Vallon et al. 2000). Since renin, pepsin, and cathepsin D appear to have 
been derived by gene duplication from an ancestral gene encoding for an aspar
tyl protease, it is possible that aspartyl protease acts as an Ang-forming enzyme 
in primitive vertebrates. Renin from teleost fish, however, has a neutral opti
mum pH and substrate specificity and clearly differs from cathepsin (Nishimura 
et al. 1977). The cleavage of homologous AGT by zCatD should be performed. 
Zebrafish renin, distinct from cathepsins, has been identified recently (K. Gross, 
personal communication), but the details have not yet been reported. Plasma re
nin activity (PRA) has also been measured in several species (for review see 
Nishimura 1987; Henderson et al. 1993). 

2.1.3 
Angiotensin 

Native Ang ligands appear to be stable molecules throughout the phylogenetic 
scale, with variation occurring in the amino acid at positions 1 (Asn, Asp, or ad
ditional side chain of tri-peptide), 3 (Val, Ile, or Pro), 5 (Ile or Val), and 9 (His, 
Ser, Tyr, Gly, Thr, etc.) of Ang I (Table 1) (for review, Kobayashi and Takei 1996; 
Nishimura 2001). Dogfish Ang I (Pr03) (Takei et al. 1993a) and Crinia skin Ang 
II (Ile3) (Erspamer et al. 1979) show unique amino acid variations in position 3. 
Structure-function relationship studies indicate that changes in the amino acid 
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Table 1 Native angiotensins of various vertebrate species (reproduced from Nishimura 2001) 

Cyclostomes 
Sea lamprey, Petromyzon marinus [Asn1,VaI5,Thr9)Ang I Takei et al. 2003 
lamprey, Lampetra f/uviatilis [Asn 1 ,VaI5,Thr~Ang I Takei 1999 

Elasmobranchs 
Dogfish, Triakis scyllia [Asnl,Pro3,lIe5,Glu~Ang I Takei et al. 1993a 

Bony fish 
Holosteans 
Bowfin, Amia calva [Aspl,VaI5,Asn~Ang I Takei et al. 1998 

Teleosts 
Japanese goosefish, Lophius litu/on [Asnl,VaI5,His~Ang I Hayashi et al. 1978 
Chum salmon, Oncorhynchus keta [Asnl,VaI5,Asn~Ang I Takemoto et al. 1983 
Japanese eel, Anguilla japonica [Aspl,VaI5,Gly~Ang I Hasegawa et al. 1983a 
American eel, Anguilla rostrata [Asnl,Vals,Gly~Ang I Khosla et al. 1985 
Trout, Oncorhynchus mykiss [Asnl, or Aspl,Val5)Ang II Conlon et al. 1996 
Flounder, Platichthys flesus [Asnl,lIe5,Thr~Ang I Balment et al. 2003 
lungfish 
Australian lungfish, [Asnl,VaI5,Thr~Ang I Joss et al. 1999 
Neoceratodus forsteri 

Amphibians 
Axolotl, Ambystoma mexicanum [Aspl,VaI5,His~Ang I Takei et al. 2003 
Three-toed amphiuma, [Aspl,Val5)Ang II Takei et al. 2003 
Amphiuma tridactylum 
Bullfrog, Rana catesbeiana [Asnl,VaI5,Asn~Ang I Hasegawa et al. 1983b 
Australian frog, Ala-Pro-Gly-[Aspl,lIe3,VaIS)Ang II Erspamer et al. 1979 
Crinia georgiana (skin) 

Reptiles 
Snake, Elaphe c1imacophora [Aspl,VaI5,Tyr9)Ang I Nakayama et al. 1977 
Turtle, Pseudemys scripta [Aspl,VaI5,His~Ang I Hasegawa et al. 1984a 
Alligator, Alligator mississippiensis [Aspl,VaI5,Ala~Ang I Takei et al. 1993b 

Birds 
Chicken, Gallus gallus [Aspl,VaI5,Ser~Ang I Nakayama et al. 1973 
Emu, Dromiceus novaehollandiae [Aspl,VaI5,Asn~Ang I Takei et al. 2003 
Quail, Coturnix coturnix [Aspl,VaI5,Ser~Ang I Takei and Hasegawa 

1990 
Mammals 
Human, horse, dog, rat [Aspl,lIe5,His~Ang I Khosla et al. 1974, 1983 
Cow [Aspl,VaI5,His~Ang I 

at position 1 (Asn or Asp) or position 5 (He or Val) cause relatively minor effects 
with respect to function and binding (Khosla et al. 1974). Removal of the first 
amino acid, or the change from ASpl to Asn l, reduces vasopressor activity in 
the rat, whereas native Ang II appears to exert more potent vasopressor/cate
cholamine-releasing actions in fishes (Nishimura 1985a; Takei et al. 1993a). 

Position 9 of the Ang I is variable and is likely to show different specificity to 
Ang-converting enzyme. Furthermore, antibodies raised against specific Ang I 
molecules often fail to bind to other Ang I ligands that have a different amino 
acid in position 9 (Nishimura et al. 1977, 1981a). All mammalian species studied 
to date have histidine at the 9th position, but variation in the 9th amino acid 
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may exist in mammals (Best et al. 1974). Change in the first amino acid from 
Asp to Asn or in the 5th from Val to He requires a single nucleotide change. 
Conversion of the amino acid at the 9th position from alanine (alligator Ang 1) 
(Takei et al. 1993b) to serine (avian Ang I) (Nakayama et al. 1973) or from tyro
sine (snake Ang 1) (Nakayama et al. 1977) to histidine (turtle and mammalian 
Ang I) requires a one-point mutation of the triplet sequence of the DNA code 
(Takei et al. 1993b), whereas a two-nucleotide difference exists between alanine 
and tyrosine (or histidine) (Takei et al. 1993b) and between serine (avian Ang 1) 
and histidine. This structural difference in Ang I agrees with the notion that the 
evolutionary line leading to the mammals departed from the reptilian-avian line 
at a very early stage of tetrapod evolution and that the crocodilians are phyloge
netically closer to avians. The differences at position 3 (Pro, He, Val) may induce 
conformational changes and thus significantly modulate ligand binding or sig
nal transduction. Indeed, [Pr03]Ang II shows much lower vasopressor action in 
the rat compared to other Ang II (Takei et al. 1993a). Furthermore, Ang recep
tors possess dynamic structures that may undergo conformational changes 
by shifting between active and inactive forms in response to ligand binding 
(Perodin et al. 1996). 

2.1.4 
Angiotensin Receptor Subtypes and Signaling 

ATrHomolog Receptors and Signaling. The recent development of novel non
peptide Ang receptor antagonists has led to the discovery of Ang receptor sub
type 1 (AT 1) and subtype 2 (AT2) (Murphy et al. 1991; Sasaki et al. 1991; 
Kambayashi et al. 1993; Mukoyama et al. 1993). The biochemical properties and 
signal transduction pathways (Griendling et al. 1997) of AT 1 and AT 2 will be dis
cussed in other sections of this book. Ang receptors sharing part of the AT 1 re
ceptor protein/nucleotide sequences (referred to as ATI-homolog receptors) 
have been identified in several nonmammalian species (Table 2) (Nishimura 
2001). Cobb and Brown (1993), Brown and coworkers (1997), and Parkyn and 
coworkers (1997) have molecularly identified Ang receptors in the rainbow 
trout. A partial clone indicates relatively low homology (47%) to the mam
malian AT 1 receptor. Teleost Ang receptors show considerable affinity to losar
tan (trout; Brown et al. 1997) or [SarI, He8]Ang II (toadfish; Qin et al. 1999) and 
stimulate cytosolic Ca2+ (Cobb et al. 1999; Qin et al. 1999). Tran Van Chuoi and 
coworkers (1999) have cloned a cDNA encoding the eel Ang receptor from the 
intestinal brush border membrane that has 50% homology to the rat AT IA re
ceptor and 35% to rat AT2 receptor subtypes (Fig. 4; H. Ji and K. Sandberg, per
sonal communication). 

The ATI-homolog receptor has been identified in amphibians Oi et al. 1993; 
Bergsma et al. 1993) (Table 2). Myocardial AT receptors from Xenopus laevis 
consisting of 362 or 363 amino acid residues show -60% amino acid identity 
and 65% nucleotide homology with the coding region of the mammalian AT 1 re
ceptor. ATI-homolog Xenopus receptors are coupled to GTP binding protein 
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,--------- Dog AT, 
Pig AT, 
Bovine AT, 
Sheep AT, 
Human AT, 

,---------1 Rabbit AT, 

Gerbil AT, 
RatAT'a 
Mouse AT'a 
RatAT'b 
Mouse AT'b 

,---____ -1 Chicken AT, 
Turkey AT, 

,----- Eel AT, 
Human AT2 
Mouse AT2 
RatAT2 
Sheep AT2 
Xenopus ATa 
Xenopus AT~ 

----- - Trout AT 
- - - - - - Elasmobranch AT 
----- - Chicken VSM AT 

Fig. 4 A Phylogenetic dendrogram of cloned mammalian and non mammalian angiotensin II receptors. 
The length of the horizontal connecting bars is inversely proportional to the pairwise similarity scores 
calculated from the alignment of sequences with use of the Clustal algorithm of PC/GENE. Courtesy of 
Ji and Sandberg, modified from Sandberg (1994). B Unidentified AT subtypes in nonmammalian verte
brates. AT, angiotensin receptor; V5M, vascular smooth muscle. (Reproduced from Nishimura 2001) 

and stimulate the hydrolysis of phosphatidylinositol 4,5-bisphosphate by phos
pholipase C, leading to the formation of inositol triphosphate (IP3) and to cyto
solic Ca2+ release. The Xenopus AT receptors show high affinity to Ang II and 
[Sari, Ile8]Ang II and low affinity to CGP-42112A (Ciba-Geigy), but show no 
binding to ATI-selective (losartan) or ATrselective PD (Parke-Davis) com
pounds. 

Furthermore, AT I-homolog receptors (359 amino acid residues) have been 
cloned in adrenal glands of two avian species, turkeys (tATd (Murphy et al. 
1993) and chickens (cATI) (Kempf et al. 1996). cATI and tATI are nearly identi
cal, show 75% amino acid identity with the mammalian AT I receptor, and in
volve the inositol phosphate-IP3 pathway. cAT I and tAT I transfected to Cos cells 
exhibit high affinity to Ang II and considerable affinity to [Ile8]Ang II analogs 
and CGP (in tAT I), whereas both show no specific binding to AT 1- or AT rselec
tive nonpeptide antagonists. cAT I mRNA is expressed in the endothelia (Kempf 
et al. 1996) of arteries and arterioles in the kidney, to a lesser extent in the epi
thelial cells of small arteries of the adrenals, and abundantly in the glomeruli 
and subcapsular region of the adrenals of chick embryos (Nishimura et al. 
2003). 

Unidentified Angiotensin Receptors and Signaling. Pharmacological and molec
ular studies suggest the presence of another unidentified receptor(s) in verte
brates (Smith 1996) (Table 3). The dogfish, an elasmobranch, has a CGP-sensi
tive receptor in the rectal gland and an interrenal receptor that has considerable 
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Table 3 Unidentified angiotensin receptors 

Binding affinity (nM) Signaling Functionl Reference 
Action 

Ang II [Sar\ losar- PO CGP 
Kd or lieS] tan 
IC50 Ang II 

Elasmobranchs 
Japanese dogfish 
Rectal 0.41-0.75 -100 2-5 TIerney 
gland et al. 1997 
Interrenal 0.25 -10 -50 [Ca2+]ii la-hydro- Armour 

xycortico- et al. 1993; 
sterone Hazon 
secretion? et al. 1997 

Avians 
Chicken 
VSM 0.15 1710 41000 No (Ca2+]ii Takei 

et al. 1988; 
Stallone 
et al. 1989: 
Nishimura 
et al. 1994. 

liver 30 55000 49000 Walker et 
al. 1993 

liver 81 Glycoge- Bouley 
nolysis? et al. 1997 

VSM, vascular smooth muscle. 

affinity to both losartan and CGP (Tierney et al. 1997; Hazon et al. 1997). Chick
en vascular smooth muscle (VSM) has a high-affinity Ang receptor (Takei et al. 
1988; Stallone et al. 1989) that shows low binding to 8th amino acid-replaced 
peptide antagonists (Stallone et al. 1989) and no binding to nonpeptide ATl or 
AT2 antagonists (Nishimura et al. 1994). The chicken VSM Ang receptor does 
not mediate cytosolic Ca2+ signaling (Walker et al. 1993; H. Nishimura, unpub
lished). When the endothelium is removed, fowl Ang II ([Asp!, Val5jAng II) 
causes neither relaxation nor contraction (Hasegawa et al. 1993) offowl abdom
inal aortae. Fowl Ang II does not stimulate thymidine incorporation into cul
tured adult fowl VSM cells (Shimada et al. 1998). Furthermore, cATl mRNA is 
not expressed in VSM layers of aortae or in small arteries and arterioles of vari
ous organs from adult fowl (Kempf et al. 1996; Nishimura et al. 2003), indicating 
that the Ang receptor in fowl VSM is distinct from the cAT 1 cloned from the 
fowl adrenal gland. A similar receptor that has no selectivity to nonpeptide an
tagonists is also present in the liver (Walker et al. 1993; Bouley et al. 1997). 
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2.2 
Function and Regulation 

2.2.1 
Control of Renin Release 

Effects of Blood Volume and Blood Pressure. Since the kidneys from primitive 
vertebrates lack a macula dens a, the possible baroreceptor function in JG cells 
may be important in the regulation of renin release in these animals. Cumulative 
hemorrhage or a single massive one increased PRA more than 15 times in the 
conscious aglomerular toadfish (Opsanus tau; Nishimura et al. 1979), and also 
increased plasma Ang II levels in conscious Japanese eels (Anguilla japonica; 
Kobayashi et al. 1980). Hemorrhage increased PRA in the turtle (Pseudemys 
scripta; Stephens and Creekmore 1984), pigeon (Chan and Holmes 1971), and 
chicken (Nishimura and Bailey 1982). Furthermore, intraarterial injection of pa
paverine (10 mg/kg) in the toadfish increased PRA (5- to 20-fold) with a con
comitant decrease in blood pressure (BP). Likewise, reduction in renal perfusion 
pressure caused renin release in the rainbow trout (Bailey and Randall 1981) 
and in chickens (Wideman et al. 1993). It appears, therefore, that primitive ver
tebrates, in spite of the absence or incomplete form of a macula densa, have a 
functional renal baroreceptor mechanism for controlling renin release. In con
trast, isosmotic volume expansion in the Australian lungfish (Neoceretodus for
steri) decreased PRA and increased the mean dorsal aortic pressure by 2 mmHg 
(Blair-West et al. 1977). 

Furthermore, injection or infusion of Ang-converting enzyme (ACE) inhibi
tor decreases resting BP levels and increases PRA in conscious bony fish 
(Nishimura et al. 1978; Nishimura and Bailey 1982), suggesting that the RAS 
may have a role as a physiological regulator of BP. Since kidneys of lower verte
brates are not, or are only poorly, auto regulated, the changes in aortic pressure 
readily influence glomerular filtration rate (GFR) and renal blood flow, which 
appear to be a mechanism for controlling fluid and electrolyte excretion. 
Involvement of Neural Mechanisms and Macula Densa. A question rises as to 
whether the renal nerves are also involved in stimulation of renin release .in
duced by hemorrhage or hypotension. It appears that the large arteries of tele
osts are supplied by both "constrictor adrenergic" and "constrictor cholinergic" 
nerves (Kirby and Burnstock 1969). Cholinergic vasoconstrictor nerves com
prise both sympathetic and parasympathetic fibers. Adrenergic receptors and 
adrenergic innervation in the blood vessels are present, though less marked, in 
teleost fish (Nakamura et al. 1992); and adrenergic innervation increases, where
as cholinergic innervation diminishes, as phylogeny advances (Burnstock 1969). 

In mammals, f3-adrenoceptors are localized on the JG cells; and intrarenal in
fusion of isoproterenol or norepinephrine, or electrical stimulation of renal 
nerves causes renin release (Davis and Freeman 1976). In aglomerular teleost 
fish, isoproterenol evoked an increase in PRA with a concomitant reduction in 
BP, both of which are inhibitable by propranolol (Nakamura et al. 1992). Neither 
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propranolol alone nor depletion of catecholamines by repeated treatment with 
6-hydroxydopamine, however, altered the basal level of PRA, suggesting that 
isoproterenol-induced renin release is likely due to activation of baroreceptors 
via decreased renal arterial perfusion pressure. Indeed, there is no specific rela
tionship between renin-containing granulated cells and adrenergic nerve end
ings in renal arterioles (Nakamura et al. 1992). 

The role of the macula densa in the control of renin release and the existence 
of a tubuloglomerular feedback mechanism have not been much explored in 
nonmammalian vertebrates. Although a close topographical relationship be
tween the distal tubule and the glomerular vascular pole exists in elasmobranch 
kidneys, communication and signaling between these structures has not been 
examined. We observed that slow infusion of hypertonic saline into the renal 
portal system of fowl in which shunt pathways bypassing the kidney were oc
cluded caused diuresis and natriuresis on the infused side without altering GFR, 
whereas infusion of the same dose into the systemic circulation showed no effect 
(Bailey and Nishimura 1984). PRA was decreased, suggesting that, in fowl, some 
functional link may exist between NaCI concentration in tubular fluid and renin 
secretion via a macula densa mechanism. In mammalian kidneys, a reduced 
chloride transport across macula densa cells or an application of bumetanide to 
the tubular lumen stimulates renin secretion from JG cells (Lorenz et al. 1991), 
and this Cl-dependent renin release is inhibited by blockade of cyclooxygenase 
2 (Traynor et al. 1999). 

Cellular Mechanism of Control of Renin Release. In aglomerular toadfish, potas
sium-induced depolarization increases cytosolic Ca2+ in VSM (Qin et al. 1999) 
and decreases renin release from renal slices superfused in vitro (Nishimura 
and Madey 1989). This depolarization-induced reduction of renin release was 
inhibited by blockade of Ca2+ influx by nifedipine and restored by the Ca2+ 
channel agonist Bay K8644 or by phorbol ester (Nishimura and Madey 1989). 
Likewise, removal of extracellular Ca2+ stimulates renin release. Since renin-se
cretory cells are modified VSM cells, mechanical stretch induced by increased 
renal perfusion pressure is likely to cause membrane depolarization and activa
tion of a voltage-gated calcium channel. It appears, therefore, that cytosolic Ca2+ 

levels may be a cellular regulator for control of renin release. In contrast, isopro
terenol, dibutyryl, chlorophenylthio-cAMP, 8-bromo-cGMP, and acetylcholine 
each failed to stimulate renin release or to restore potassium-induced renin sup
pression. This supports the concept that ,B-adrenoceptor-mediated control of re
nin release has not yet evolved in teleost fish. Similarly, prostaglandin E2> phen
ylephrine, Ang II, and atrial natriuretic peptide showed no effect on renin levels 
(H. Nishimura, unpublished). 

In mammalian JG cells, intracellular regulation of renin secretion appears to 
occur at three levels, including vesicle volume, the state of contraction of the ac
tin-myocin complex, and the docking process of the vesicles with the cell mem
brane. The swelling of renin storage granules evoked by the proton pump-in
duced influx of KCI may be an important cellular process for the exocytosis of 
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renin secretory granules (Kurtz and Wagner 1999). While an increase in cytosol
ic Ca2+ via a release from the internal store or via stimulation of Ca2+ influx sta
bilizes exocytosis, cAMP protein kinase stimulates this process by weakening 
the actinomycin shield (Kurtz and Wagner 1999). 

2.2.2 
Biological Action of Angiotensin 

Cardiovascular Effects and Release of Catecholamines. Ang increases BP in se
lected species of all vertebrate classes and also stimulates cardiac contractility 
in some species (Nishimura 1980, 1987). In nonmammalian vertebrates, Ang II 
causes catecholamine release (Nishimura et al. 1981b; Carroll and Opdyke 1982; 
Bernier et al. 1999b). [AsnI, Val5jAng II (Opdyke and Holcombe 1976; Carroll 
and Opdyke 1982) and dogfish Ang II ([Asn', Pr03, Ile5jAng II) (Bernier et al. 
1999a) dose-relatedly increase plasma catecholamines and arterial pressure of 
the dogfish (Squalus acanthias). Treatment with a-adrenoceptor antagonists, 
phentolamine (Opdyke and Holcombe 1976) and yohimbine (Bernier et al. 
1999a), completely abolished Ang-induced vasopressor action but not the cate
cholamine-releasing effect (Bernier et al. 1999a), suggesting that the vasopressor 
effect of Ang II is indirectly mediated by catecholamine release via Ang recep
tors at the adrenergic nerve endings and in the adrenal medulla. Ang releases 
catecholamines from chromaffin tissues in rainbow trout via a specific Ang II 
binding site (Bernier and Perry 1997). In teleost fish {Carroll 198I), amphibians 
(Corwin et al. 1984), and reptiles (Stephens 1984), Ang II contracts isolated ar
terial preparations. These findings suggest that the receptors mediating cate
cholamine release may have evolved phylogenetically earlier than the vascular 
Ang receptors that mediate the direct vasocontractile action of Ang II. 

In domestic fowl, Ang II-induced vasopressor action is solely ascribable to 
catecholamine release from the adrenal medulla and adrenergic nerve endings 
(Nishimura et al. 1982; Nakamura et al. 1982). Furthermore, Ang II specifically 
binds to the aortic endothelium and causes endothelium-dependent relaxation 
(Yamaguchi and Nishimura 1988; Stallone et al. 1990; Nishimura et al. 1994), ac
companied by a sharp rise in aortic cGMP levels. Hemoglobin completely in
hibits and Nw-nitro-L-arginine methyl ester (L-NAME) partially inhibits Ang 11-
induced vasorelaxation in fowl aortic rings, suggesting that part of the signal 
pathway of the endothelial Ang receptor may be via nitric oxide and cGMP (Ha
segawa et al. 1993). Ang II-induced depressor and/or vasorelaxing effects of Ang 
II are inhibitable by 8th amino acid-replaced Ang antagonists but not by in
hibitors for cyclooxygenase or monooxygenase, ,B-adrenoceptor antagonists or 
cholinergic blockers, or by inhibitors for serotonin, vasotocin, histamine, or 
phospholipases (Nakamura et al. 1982; Yamaguchi and Nishimura 1988). Ang 
II-induced relaxation appears partly ascribable to a K+ -channel and endotheli
um-dependent hyperpolarization factor (Nishimura et al. 2003; H. Nishimura, 
unpublished). 
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Ang II induces neither inotropic nor chronotropic action in perfused rainbow 
trout heart preparations (Olson et al. 1994). In intact rainbow trout, Ang II in
creases the heart rate, and the increase can be attenuated by [SarI, Ala8jAng II 
(Fuentes and Eddy 1998). In fresh water-adapted conscious eels, Ang II increas
es the heart rate and cardiac contractility (Oudit and Butler 1995). 

Dipsogenic Action. Intravenous or intracranial application of Ang II stimulates 
water intake in various classes of vertebrates (extensively reviewed in Nishimura 
1987; Kobayashi and Takei 1996; Takei 2000), suggesting that, as in mammals, 
Ang receptors in the brain mediate dipsogenic action. Furthermore, stimulation 
of the endogenous RAS by hemorrhage or papaverine-induced hypotension en
hances water intake in elasmobranchs (Anderson et al. 2001), freshwater-adapt
ed flounder (Balment and Carrick 1985), and freshwater- and seawater-adapted 
eels (Tierney et al. 1995) with a concomitant increase in plasma Ang II (Tierney 
et al. 1995). Captopril decreases both the plasma Ang II level and drinking rate 
in seawater-adapted eels (Tierney et al. 1995), suggesting that endogenous RAS 
plays a role in maintaining fluid intake in fish. It remains to be determined, 
however, whether systemic or brain Ang physiologically maintains extracellular 
and intracellular fluid volume homeostasis via its dipsogenic effect. The role of 
the subfornical organ in Ang II-induced drinking has been reported in Japanese 
quail (Takei 1977). Increases in water intake and plasma Ang II levels following 
hemorrhage have been reported in the conscious Japanese eels adapted to fresh 
water (Kobayashi et al. 1980). The evolution of brain Ang receptors responsible 
for drink stimulation, and their precise localization and properties, however, re
main to be elucidated in nonmammalian vertebrates. 

Stimulation of Adrenal Steroids. In mammals, Ang stimulates aldosterone pro
duction in early and late stages of steroidogenic pathways (Fraser and Lantos 
1978; Fraser et al. 1979), respectively, by stimulating conversion of cholesterol to 
pregnenolone and by stimulating 18-hydroxydehydrogenase activity. It has been 
reported that Ang II stimulates I-a hydroxycorticosterone and cortisol that act 
as mineralocorticoids in, respectively, elasmobranchs and teleost fish (for re
view, Nishimura 1987; Henderson et al. 1993; Hazon et al. 1999). In ducks, 
[ASpl, Val5jAng II (native fowl Ang II) stimulates production of aldosterone and 
18-hydroxycorticosterone and corticosterone from adrenal cell suspensions 
(Vinson et al. 1979). Although the available information is limited, a linkage be
tween endogenous RAS activity and adrenal steroids apparently evolved early 
and may be conserved. For example, in flounder, injection of the vasodilator pa
paverine evoked hypotension and an increase in plasma cortisol, whereas both 
the elevation of cortisol and BP restoration after papaverine-induced hypoten
sion were prevented by captopril (Perrott and Balment 1990). Likewise, the 
transfer of freshwater-adapted eels to seawater increased the plasma levels of 
both renin and cortisol, which presumably play a role in the stimulation of 
drinking and water absorption (Henderson et al. 1976). Although aldosterone 
has been identified in bony fish, amphibians, reptiles, and birds, the role of Ang 
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II in the control of aldosterone is not as clear as in mammals; rather, ACTH ap
pears a more potent stimulator for both glucocorticoids and mineralocorticoids 
(Klingbei11985; Holmes et al. 1991; for review, Nishimura 1987). Furthermore, 
in nonmammalian animals, the role of aldosterone or other adrenal steroids in 
the control of renal Na+ and K+ transport has not been established, whereas 
mineralocorticoid functions of adrenocortical hormones have been clearly dem
onstrated in extrarenal transport epithelia. Thus, the manifestation of Ang func
tion in hydromineral balance would vary depending on species and target or
gans. In fowl, the mRNA encoding ATI-homolog receptor cDNA has been exten
sively expressed in fowl adrenocortical tissues (Kempf et al. 1996), particularly 
the subcapsular region of embryonic adrenals (Nishimura et al. 2003). The role 
of Ang in steroidogenesis has not been investigated in embryonic adrenals. 

Renal Action and Role in Osmoregulation. The RAS could influence renal func
tion (1) through its effect on the systemic renal perfusion pressure and flow, (2) 
by renal action of systemically delivered renin and Ang, and (3) by local action 
of intrarenally formed renin and Ang (for review, Nishimura 1985b, 1987; 
Brown et al. 1993; Russell et al. 2001). Furthermore, the renal actions of Ang in
clude its effects on the renal vasculature and renal tubules. In general, high pres
sor doses of Ang II produce glomerular diuresis via an increase in GFR in bony 
fish and amphibians (pressure diuresis); whereas Ang II reduces GFR, urine 
flow, and renal blood flow by constriction of preglomerular arterioles in rain
bow trout (glomerular antidiuresis) (Brown et al. 1980). Inhibition of ACE activ
ity by captopril causes profound diuresis in the in situ perfused trout kidney 
and a reduction of vascular resistance of the trunk (Brown et al. 2000). Thus the 
effect of Ang on renal hemodynamics and function differs depending on the lo
cation of Ang receptors. High cAT I mRNA levels are detected by RT-PCR and in 
situ hybridization in glomeruli of mesonephric kidneys of chick embryos and, 
to a lesser degree, in metanephric kidneys (Nishimura et al. 2003; H. Nishimura, 
unpublished). Strong expression in glomerular tufts, presumably mesangial 
cells, during development may indicate that the cAT I receptor plays a role in the 
growth/maturation of renal glomeruli. 

Direct action of Ang II in renal tubule epithelial cells remains unclear. Ang 
altered neither urine flow nor Na excretion in aglomerular teleosts (Zucker and 
Nishimura 1981) in which urine is formed via excretion and reabsorption across 
the renal tubules. In contrast, native Ang II infused into the renal portal system 
of fowl, after the shunt between the systemic and renal portal circulation was 
closed, produced marked natriuresis without significantly altering GFR 
(Nishimura 1987), suggesting that Ang directly influences Na transport in renal 
tubules. In addition to the effect on the kidney, Ang II influences NaCl and water 
transport across epithelial tissues such as the urinary bladder, gastrointestinal 
tract, and nasal salt glands in some species (for review, Nishimura 1987; Ko
bayashi and Takei 1996). In general, however, the Na-retaining effect of Ang II, 
either via stimulation of mineralocorticoid secretion or renal tubule transport, 
is not established in nonmammalian species; rather, it varies depending on the 
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osmoregulatory function of the target organs. In euryhaline teleosts, Ang II re
ceptor concentration and Na+/K+ ATPase activity of gill chloride cells increase 
during adaptation to seawater (Marsigliante et al. 1997), reflecting an enhanced 
dipsogenic effect of Ang II and possibly NaCI extrusion from the gill in seawater 
fish. 

3 
Ontogeny of the Renin-Angiotensin System 

Embryonic and fetal development is a result of integrated programs of growth 
and differentiation leading to organogenesis. A number of reports, primarily on 
rodent or ovine models, as well as on human subjects, suggest that the RAS 
plays a critical role in fetal growth and development and serves as a modulator 
of the ontogenic process. Defect or deletion of a component of the RAS results 
in abnormal development in architecture and function. All components of the 
RAS are detected during the fetal period; and gene expressions of AGT, renin, 
ACE, and Ang receptors are developmentally regulated in a tissue- and time
specific manner. Furthermore, impairment of the RAS during the fetal or peri
natal period appears to induce organ dysfunction in maturity via so-called peri
natal programming, or the fetal origin, of adult disease. Recently emerging 
gene-targeting techniques provide useful tools for elucidating the roles of spe
cific genes and their physiological manifestation. 

3.1 
Biochemistry and Molecular Biology 

3.1.1 
Renin Substrate and Renin 

All components of the RAS are present and functioning early in fetal life 
(Gomez et al. 1991; Tufro-McReddie and Gomez 1993). In the mesonephric kid
ney of the human fetus, AGT mRNA determined by in situ hybridization is first 
detected at the proximal portion of the renal tubules (Corvol et al. 1998). AGT 
mRNA is also present in the proximal tubules, mesangial cells of the glomerulus, 
and renal arterial system of the rat kidney at embryonic day 18 (EI8); it is most 
intensely expressed during the neonatal period and is reduced to less than half 
in mature adults (higher in females than in males) (Darby and Sernia 1995) 
(Table 4). AGT mRNA from the fetal rat liver (total RNA or poly A+ enriched 
RNA) is very low and increases by 20- to 50-fold after birth; it gradually reaches 
the adult level by three postnatal months (Gomez et al. 1988b; Tufro-McReddie 
and Gomez 1993). In contrast, AGT mRNA is found abundantly in the brain, 
brown fat, and kidneys, suggesting that the liver may not be the primary source 
of AGT in fetal life (Gomez et al. 1988b; Harris and Gomez 1997). Differences in 
AGT mRNA were more clearly seen in spontaneously hypertensive rats (SHR) 
than in control Wistar-Kyoto (WKY) rats (Gomez et al. 1988b). 
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Table 4 Time-dependent expression of the renin-angiotensin system in the developing rat kidney 

Embryonic day 

Component E11-15 E17-18 E20-21 Newborn/ Adult 
(mRNA or protein) perinatal 

Angiotensinogen ± + ++ +++++a ++ 
Renin ± + +++++++_b ++++++-( +-++ 
Angiotensin-converting ± ++ +++ ++++++ 
enzymesd 

ATI ± ++ +++ +++++ ++++ 
AT2 ++ ++++ ++++++ +++++ ± 
ATI/AT2 ATI«<AT2 ATI«AT2 ATl2AT2 AT,»AT2 
Angiotensin 11 +++++ + 

Data (relative levels within each component) are summarized from Darby and Sernia 1995; Gomez et 
al. 1988a,b, 1989, 1991; Harris and Gomez 1997; Norwood et al. 1997; Shanmugam et al. 1994, 1995; 
Tufro-McReddie and Gomez 1993; Tufro-McReddie et al. 1993, 1994; Wallace et al. 1978, 1979; Yosipiv 
and EI-Dahr 1996. 
a Fifty-fold increase in liver. 

b Twenty-fold of adult level. 

( Ten-fold of adult level. 

d Higher ACE activity in fetal lung. 

In human mesonephros at 5-6 weeks, detectable renin is expressed in the 
glomerular capillaries and in the walls of renal arteries from arterioles up to 
aortae (Corvol et al. 1998). Renin mRNA and protein (histochemical manifesta
tion of JG cells) increase with gestation, whereas expression in the JG apparatus 
does not increase when normal fetal growth and the growth of the renal cortex 
are restricted (Kingdom et al. 1999). In metanephric kidneys, the distribution of 
renin immunoreactive cells (Celio et al. 1985) and renin mRNA is confined to 
the JG area and arterioles adjacent to the vascular pole (Corvol et al. 1998) and, 
to a lesser extent, proximal tubules (Celio et al. 1985). 

During ontogeny of metanephric rat kidneys, renin mRNA levels and distri
bution change as maturation progresses. Renin protein and mRNA signals are 
detectable at E17 in the renal artery, and localization of renin synthesis (mRNA) 
and storage (protein) shift from arcuate and interlobular arteries to the classical 
JG apparatus vascular pole and afferent arteries (Gomez et al. 1989) towards 
term. Renin mRNA and renin protein levels (renin-containing JG cells) are high
er in newborns and decrease progressively as animals mature (Gomez et al. 
1988b, 1991) (Table 4). Although the reasons for the high and widely distributed 
renin expression in fetal kidney are unclear, it may be the result of developmen
tally regulated transacting factors that interact with the 5' flanking region of the 
renin gene (Harris and Gomez 1997). Likewise, the transgene of human renin 
promotor with a LacZ reporter gene to mouse embryo at E15 mimics en doge-
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nous renin expression and is detected in the interlobular arteries of the kidney, 
as well as in large arteries outside the kidney (Fuchs et al. 2002). 

Pan and coworkers have identified the renin promoter element as a Hox pro
tein binding site and verified that Hox genes and their cofactors determine the 
sites of renin expression (Pan et al. 2001). Since Hox genes are members of a 
homeobox family of transcription factors and control cell morphogenesis and 
differentiation, strong renin expression may coincide with growing structures 
during development (Pan et al. 2001). Interestingly, in adult rats, chronic inhibi
tion of ACE enhances intrarenal renin synthesis and renin mRNA upstream 
from the glomeruli in cells that do not express renin in their basal state (Gomez 
et al. 1988a; Jones et al. 2000). The distribution of renin-expressing cells in 
ACE-treated adult kidneys resembles that in fetal kidneys, suggesting that the 
adult vasculature is capable of recruiting JG cells and reproducing the fetal pat
tern of renin and renin gene expression. 

3.1.2 
Angiotensin and Angiotensin-Converting Enzymes 

Immunoreactive ACE activity is detected in apical and basolateral membranes 
of differentiating human proximal nephrons and in glomerular endothelial cells 
of developing capillaries (Mounier et al. 1987). During renal development and 
postnatally, ACE protein is consistently found on the brush border of proximal 
tubule cells (Mounier et al. 1987; Corvol et al. 1998). In fetal rat lungs, ACE ac
tivity is first detected at E18 and increases two- to fourfold by the first day of 
birth (Wallace et al. 1978, 1979; Tufro-McReddie and Gomez 1993). ACE activity 
further increases during postnatal maturation and is stabilized in adult life 
(Table 4). 

Reflecting high levels of AGT and renin levels, intrarenal Ang I and Ang II 
levels are three- to sixfold higher in newborn than in adult rat kidneys (Yosipiv 
and EI-Dahr 1996) (Table 4). It is not known, however, whether any Ang other 
than [Asp!, IleSjAng II or [Asp!, ValSjAng II is expressed during mammalian 
fetal development, as in the case of neurohypophysial hormones. It will be inter
esting to examine whether nonmammalian Ang I and Ang II (Table 1) are ex
pressed during mammalian ontogeny. ACE activity is detected in fetal lambs 
and increases with gestation parallel to the increases in plasma cortisol levels 
and BP; levels are high in newborns and decrease with time (Forhead et al. 
1998). 

3.1.3 
Angiotensin Receptors 

In human mesonephric and metanephric kidneys, AT 1 mRNA is detected in the 
glomeruli, perhaps in mesangial cells, beginning at stage 12, while AT2 mRNA is 
also expressed in undifferentiated mesenchymal tissues at stage 11 {Corvol et al. 
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1998). AT2 mRNA is highest at 8-9 weeks of gestation and declines after 20 weeks 
of gestation, although it is still detectable at birth. 

In rat kidneys (Table 4), AT I mRNA is minimum at E14, highly expressed at 
E20, and persists, although becoming lower with maturation, into adulthood 
(Norwood et al. 1997). The ATI receptor is found in the undifferentiated mesen
chymal tissues at E14, whereas it is localized in nephron segments (Norwood et 
al. 1997) at E17. During maturation, localization of ATI mRNA in the rat kidney 
shifts from a diffuse distribution in the nephrogenic cortex to more selective ar
eas such as the glomeruli, adjacent arterioles (media/adventitia; weak signal), 
and vascular bundles (Tufro-McReddie et al. 1993). Also, the evolution and dis
tribution of two AT I receptor subtypes, AT IA and AT IB, slightly differ: from 
E15-E19 gestation, both subtype mRNAs are present in the kidney and adrenal 
glands; whereas only AT IA mRNA is expressed in the liver, lung, heart, aorta 
(media and adventitia), and undifferentiated mesenchymal tissues (Shanmugam 
et al. 1994). ATIA mRNA is found in mesenchymal cells associated with differen
tiating glomeruli that later mature to mesangial cells, interstitial tissues, matur
ing tubules, vasa recta, and JG apparatus in the postnatal kidney; whereas AT IB 
expression is limited to preglomerular structures and mature glomeruli (Shan
mugam et al. 1994). 

In contrast, AT 2 expression in the rat cardiopulmonary system is easily de
tectable from E14-15 through postnatal days 7-15 (D7-Dl5) and rapidly de
clines (Shanmugam et al. 1995, 1996). AT2 mRNA is abundantly found in undif
ferentiated nephrogenic tissues, but not in glomeruli (Shanmugam et al. 1995). 
During the fetal period, AT2 represents the majority of Ang receptor subtypes; 
whereas AT I is the dominant functioning receptor after birth, although AT 2 ex
pression remains in some organs/tissues. Rat kidneys continue to mature after 
birth; and AT I mRNA, but not AT 2, is expressed in immature glomeruli of neo
natal day 2 (D2) kidneys (Aguilera et al. 1994; Shanmugam et al. 1995) and in 
the medulla at D7. The dissociation constants of ATI and AT2 are similar to 
those of adult receptors (Norwood et a1.l997). The time-dependent expression 
of AT I and AT 2 and selective localization suggest that these receptors may have 
different roles in nephrogenesis. In situ radioligand binding autoradiography 
indicates that, at E14, specific binding to ATI and AT2 is, respectively, 24% and 
76% (Norwood et al. 1997); but the ratio of ATI and AT2 receptors (as much as 
1: 10) during fetal life differs, depending on the time and method of measure
ments. 

Adrenal glands contain cells from two origins: (I) undifferentiated mesenchy
mal tissue (cortex, 3 zones) and (2) a cluster of neural crest cells by migration 
(medulla). In human adrenal glands, the AT2 subtype represents the dominant 
specific Ang II binding site in the fetal zone at gestation week 14, whereas the 
AT I is expressed only at the periphery of the gland (Breault et al. 1996). No de
tectable AT 2 mRNA (in situ hybridization) is present, however, in the zona 
glomerulosa (Schiitz et al. 1996). At E17-21 of rat fetal life, ATI mRNA is detect
ed in the zona glomerulosa, medulla (less extensively), and capsule regions 
(Shanmugam et al. 1994). After birth, ATI expression remains high in the 
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glomerulosa. In rat adrenals, strong AT 2 mRNA signals are also detected in the 
zona glomerulosa, whereas the zona fasciculata and zona reticular is do not ex
press AT2 mRNA (Shanmugam et al. 1995). The adrenal medulla contains clus
ters of cells with positive signals. After birth until DIS, the zona glomerulosa 
continues to express AT2 mRNA (Shanmugam et al. 1995). 

Likewise, AT! is expressed predominantly in the zona glomerulosa of fetal 
lambs and to a lesser extent in the zona fasciculata (Coulter et al. 2000), or 
equally in both zones but not in the medulla (Wintour et al. 1999). AT! mRNA 
can be detected as early as 60 days of gestation and remains high throughout 
adult life, whereas AT 2 mRNA dramatically decreases at term and after birth 
(Wintour et al. 1999). AT! mRNA has also been detected in the forebrain of the 
E19 rat, which contains an area important for fluid homeostasis; whereas AT! 
mRNA is nearly absent in medullary nuclei until after birth (Nuyt et al. 2001). 
AT2 mRNA expression is found only in medullary zone in 8-day-old mice 
(Hubert et al. 1999). 

In normal adults, the AT2 receptor is expressed in only limited tissues, in
cluding adrenal glands, ovary, and brain (Pucell et al. 1991; for review see de 
Gasparo et al. 1994; Horiuchi et al. 1999). The AT2 receptor is also expressed 
during pathophysiological conditions such as skin wound healing and vascular 
remodeling. The signal pathways of AT! and AT 2 receptor subtypes have been 
studied in adult tissues (discussed in detail in other chapters of this book), but 
information on fetal tissues/organs is scant. 

3.2 
Function and Regulation 

3.2.1 
Angiotensin Action 

The RAS appears to play important roles in cardiovascular and fluid-mineral 
homeostasis during both fetal and mature mammalian life. The role of the RAS 
in regulation of BP and fluid-mineral balance evolved early, whereas its role in 
the control of renal hemodynamic forces may have developed at a later stage of 
fetal life (Harris and Gomez 1997). Increasing evidence suggests that Ang regu
lates fetal growth and development by initiating a growth-related signal pathway 
involving proto-oncogenes and various growth factors and cytokines (Harris 
and Gomez 1997). The effect of the RAS on body growth and organogenesis has 
been studied by (l) blockade of the RAS using pharmacological tools, (2) use of 
gene-targeting approaches, and (3) examining the effects of an impaired RAS 
during fetal life that result in abnormal manifestation at adulthood (McMillen et 
al. 2001; Battista et al. 2002). It has been shown that deletion or blockade of any 
component of the RAS results in striking maldevelopment of kidney architec
ture and function, affecting both the nephrons and the vascular system (Gomez 
1998). 
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Role of Angiotensin in Body Growth and Renal Development. As in cultured cells 
or tissues from mature animals, Ang II (10-11 M) stimulates both somatic and 
yolk sac/allantoic development and growth of rat embryo cultured in vitro, and 
this effect is inhibited by PD123319 (Tebbs et al. 1999). The time and localiza
tion of expressions suggest that AT2 is important for early stages of organogene
sis, stimulating differentiation and apoptosis; whereas AT! plays a role in renal 
vascularization and trophic actions, including cell hypertrophy, synthesis of cell 
matrix, and development of glomeruli and mesangial cells (for review, Harris 
and Gomez 1997; Ardaillou 1999). The signal pathway involving fetal growth via 
AT2 is not well understood. In adult tissues, AT2 receptor over-expression in
duced by transfecting a vector into balloon injury-induced carotid neointima 
causes a reduction in neointima formation; whereas in cultured cells it reduces 
mitogen-activated protein (MAP) kinase and Ang II-induced (losartan-inhibit
able) cell proliferation, suggesting that AT 2 mediates anti proliferative action that 
counteracts the growth-promoting action of the AT! receptor (Nakajima et al. 
1995). It thus appears that both AT! and AT2 are needed for normal cell differen
tiation and organogenesis. 

Homozygous AGT gene null-mutant mice, five postnatal weeks old, exhibit 
structural defects of the kidney, including hypoplastic papilla and prominent 
medial hypertrophy of interlobular arteries and afferent arterioles (Okubo et al. 
1998). AGT-null mice have labile GFR after different amounts ofNa intake, while 
urine osmolality does not increase in response to the vasopressin agonist I-dea
mino-n-Arg-8 vasopressin (DDAVP) (Okubo et al. 1998). Animals are hypoten
sive and exhibit lesions in the cortex resembling nephrosclerosis in which plate
let-derived growth factor (PDGF)-B and transforming growth factor (TGF)-,B-l 
mRNA were upregulated (Niimura et al. 1995). 

Pharmacological blockade of Ang I to Ang II conversion by ACE inhibitors 
induces fetopathy in humans (Barr 1994; Sedman et al. 1995). Maternal intake of 
ACE inhibitor during the second and third trimester of pregnancy often evokes 
profound fetal growth restriction, hypotension, renal tubule dysplasia, hypo cal
varia, and death (Sedman et al. 1995). Likewise, chronic ACE inhibition in neo
natal rats arrests renal growth and nephrovascular maturation (Tufro-McReddie 
et al. 1995) and induces maldeveloped renal structure similar to that evoked by 
AGT gene deletion, such as dilated Bowman's capsule space and irregular size/ 
shape of glomeruli (Barr 1994). Similarly, treatment of newborn SHR and WKY 
rats with captopril or enalapril induces renal dysfunction and structure, includ
ing (1) reduced urine osmolality, (2) increased urine production and increased 
water intake, and (3) renal papilla atrophy and tubulo-interstitial inflammation 
(Friberg et al. 1994). Mice lacking ACE (mice in which modified ACE allele was 
used for targeted homologous recombination in embryonic stem cells) exhibit 
renal papilla atrophy, vascular hyperplasia, and defects in urine-concentrating 
ability (Esther et al. 1996). Thus, the various investigative approaches indicate 
that a lack of functioning ACE activities exerts a significant influence on the de
velopment of renal architectural and functional defects-ones similar to those 
observed in the AGT gene deletion model (AGT knockout mice). 
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Blockade of Ang receptors, either pharmacologically, using AT 1- or AT 2-selec
tive antagonist, or with gene-targeting approaches, also causes maldevelopment 
of the kidney (Barr 1994; Sedman et al. 1995; Woods and Rasch 1998). Treat
ment of weaning rats with losartan for 3 weeks reduces the DNA content of the 
kidney, whereas renin-secreting cells are seen more widely on arteries and arte
rioles (Tufro-McReddie et al. 1994). Deletion of both ATIA and ATls genes 
evokes severe abnormal phenotypes resembling those of homozygous AGT null 
mutant mice (Tsuchida et al. 1998; Okubo et al. 1998), including low ex utero 
survival rate, growth retardation, hypotension, and abnormal kidney develop
ment (impaired glomerular maturity, plastic papilla, hypertrophy of renal arte
ries). In contrast, targeted deletion of the ATls receptor gene did not evoke any 
distinctive abnormal morphological phenotype (Chen et al. 1997). These find
ings indicate that AT I receptor is responsible for somatic renal growth. AT IA re
ceptors, which are predominantly expressed in mouse kidneys, may compensate 
for the loss of the functioning ATlB subtype (Chen et al. 1997). 

AT2 gene-null mutant mice also display structural defects of the kidney and 
urinary tract (Nishimura et al. 1999). Of particular interest is the delayed apop
tosis of undifferentiated mesenchyme. Since timely programmed apoptosis of 
mesenchymal tissues that surround the differentiating Wolffian duct and ureters 
is required for the normal development of the kidney and urinary tract, the lack 
of the AT 2 receptor that plays a role in differentiation and time-dependent apop
tosis may lead to structural defects of the kidney and urinary tracts. In summa
ry, currently available studies indicate that during fetal and neonatal develop
ment, AT I mediates proliferation, whereas AT 2 mediates differentiation and ap
optosis, both of which are essential for normal development/maturation of kid
ney structures and functions. 

Role in Perinatal Programming of Growth. Increasing evidence suggests that 
adult diseases originate in abnormal events during the fetal period. It has been 
postulated that maternal dietary protein restriction suppresses the fetal RAS, 
leading to impaired fetal growth and renal development (Woods 2000; Langley
Evans 2001). This in turn results in permanently altered renal structure and 
function in adult life, such as a reduction in the number and size of glomeruli, 
followed by a reduction in GFR and impaired tubule function, which may fur
ther alter the RAS function (Woods 2000). Furthermore, although phenotypes at 
birth may be normal, abnormal fetal experience determines in adulthood 
whether an individual is resistant or prone to stress and a variety of health 
problems, including hypertension, cardiovascular diseases, and renal dysfunc
tion (Ingelfinger and Woods 2002). The RAS, in interaction with various other 
hormonal systems, appears to play an important role in this perinatal program
ming, while suppression of Ang action during the perinatal period may trigger 
abnormal renal and cardiovascular function in adulthood. For example, new
born rat pups treated with losartan for 12 days of the postnatal period demon
strated retarded growth at weaning day (D22) compared to controls. Both 
groups had similar body weight (BW) and kidney-BW ratios at 22 weeks (adult); 
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but, in the losartan-treated rats, BP was higher while GFR, effective renal plasma 
flow, urine-concentrating ability, and the number of glomeruli were significantly 
lower than in the untreated group (Woods and Rasch 1998). Similarly, intrauter
ine growth restriction induced by treating the mother rats with a low-Na diet 
for the last 7 days before term produced pups with retarded growth and with an 
age-dependent increase in BP (Battista et al. 2002). At 12 weeks of age, renin 
and aldosterone levels were elevated. Since kidney weight is consistently lower 
during development/maturation of pups of Na-restricted mothers (although the 
size of glomeruli and the number of glomeruli/area are similar to those in con
trol rats), the high renin and BP may be a direct consequence of reduction of 
renal mass or impaired vascular development. Furthermore, captopril reduced 
BP in adult sheep exposed to growth restriction during the fetal period, but not 
in control groups (McMillen et al. 2001), suggesting that the RAS plays a greater 
role in the control of BP in growth-restricted animals. The cellular and molecu
lar mechanisms for this fetal adaptation to insufficient substrate supply remain 
to be determined. 

Role of Angiotensin in Cardiovascular Function. The possible role of the RAS in 
controlling cardiovascular-renal function during development has been investi
gated using molecular and pharmacological approaches. The transduction of 
the mouse Ren-2 gene to the rat increased plasma prorenin and increased BP, 
whereas renal renin and Ang I levels were low (Mullins et al. 1990). Captopril 
treatment of fetal lambs at 120-130 days' gestation markedly increased PRA 
(Gomez and Robillard 1984); and hemorrhage increased PRA in both control 
and captopril-treated fetal lambs (Gomez and Robillard 1984), suggesting that 
feedback control between BP/blood volume (BV) and renin activity exists in the 
fetus. Interestingly, renal blood flow decreased while renal vascular resistance 
increased in response to hemorrhage in captopril-treated fetuses (Gomez and 
Robillard 1984), indicating that the RAS is not the essential factor for regulating 
renal hemodynamic forces in the fetus. Hence, it appears that the RAS plays 
an important role in control of BP/BV during fetal life, whereas its effect on re
nal hemodynamic function may have evolved at a later stage of development 
(Robillard and Nakamura 1988). 

Role of Angiotensin in Water and Ion Balance. As in adults, Ang II increased 
aldosterone levels in fetal lambs in the third trimester (Robillard et al. 1982; 
Harris and Gomez 1997). Exogenous administration of aldosterone to fetal 
lambs of the same gestational period decreased PRA, suggesting that, as above, 
negative feedback control of renin via volume/Na regulation exists in the fetus. 
Human adrenal glands in midgestation express abundant AT 2 in the fetal zone 
that secretes dehydroepiandrosterone-sulfate (DHES/s) (Breault et al. 1998). 
DHES/s is, however, primarily regulated by adrenocorticotropic hormone 
(ACTH), and Ang II exerts no effect on basal steroid secretion. When human fe
tal adrenal cells were cultured in serum-free medium, Ang II potentiated the 
ACTH-induced secretion of cortisol, aldosterone, and DHES secretion (Breault 
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et al. 1998). Central administration of L-NAME into fetal lambs near term re
duced Ang II-induced swallowing, suggesting that Ang II and nitric oxide inter
act in facilitating swallowing (Ei-Haddad et al. 2000). 

3.2.2 
Regulation of the Renin-Angiotensin System During Development 

As discussed above, all components of the RAS exist in the fetus and are devel
opmentally regulated. The factors controlling the time-dependent expression of 
the RAS, however, are not clear. In rats, renin levels are higher in the fetus than 
at other times of life, possibly because of increased renin synthesis/secretion 
and decreased metabolism (Harris and Gomez 1997). In contrast, the sensitivity 
of the Ang receptor is lower in newborns than in adults. Although the mecha
nism is unclear, this relative insensitivity may compensate for high Ang II levels 
(Yosipiv and El-Dahr 1996) in the newborn. The Ang receptor Kd appears simi
lar in fetuses and adults (Norwood et al. 1997). 

It has been reported that several factors shown to regulate renin gene expres
sions and/or renin release in mature animals also control them during fetal life. 
First, stimulation of the renal nerve in fetal sheep evoked renin release via the 
,a-adrenergic system and increased renal vascular resistance with a concomitant 
reduction in renal blood flow (Robillard et al. 1987; Robillard and Nakamura 
1988). The magnitude of these changes, however, was smaller than in adult kid
neys. Bilateral renal denervation in fetal sheep (125 days gestation) decreased 
the basal level of active PRA and reduced isoproterenol-induced increases in 
prorenin and active renin levels in vivo, as well as renin mRNA in renal cortical 
cells (Draper et al. 2000). Second, PRA is higher in fetal lambs (mid- to end ges
tation) than in mothers and, as discussed above, is increased by hemorrhage 
(Smith et al. 1974). Ang II infusion (1 Ilg/h for 3 days) into the ovine fetus at 
midgestation increased BP and urine flow, whereas PRA and the levels of AT 1> 

AT2, and renin mRNA decreased, suggesting that Ang II exerts a negative feed
back control on the RAS (Mullins et al. 1990; Moritz et al. 2000). Likewise, Ang 
II reduced the number of renin-secretory cells equally in both newborn and 
adult rats. 

4 
Integration of Phylogeny and Ontogeny 

4.1 
Phylogeny and Ontogeny 

The doctrine of Ernst Heinrich Haeckel that ontogeny recapitulates phylogeny 
and his interpretation of the gill slits of human embryos as a re-expression of 
ancestral adult fish features are the subject of arguments among evolutionary 
biologists (Gould 1977). Attempts to elucidate an intimate relationship between 
ontogeny and phylogeny have not had much success. In this chapter, I have de-
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scribed the RAS during phylogeny and ontogeny in a parallel fashion so that 
readers may find similarities and differences between these two categories. Al
though it is not my intent to discuss whether some characteristics of the RAS in 
the mammalian fetus/embryo may be a repeat of the adult stage of ancestral ver
tebrates or whether they merely represent a common feature of the earlyontog
eny of all vertebrate animals, comparison of phylogeny and ontogeny may pro
vide new insight into the interpretation of existing findings and provide a per
spective for future investigations. Furthermore, molecular and physiological 
changes observed during phylogenetic or ontogenic processes may be related to, 
and thus have an impact on disease-/tissue-specific gene expressions and phe
notypic modulations during pathogenesis (Kintscher and Unger 2003). 

4.2 
Biochemistry of the Renin-Angiotensin System 

At present, molecular information on renin substrate and renin in primitive ver
tebrates is scarce. Since Ang I and Ang II show variation in the amino acid in 
positions 1, 3, 5, and 9, it is expected that multiple AGT genes exists among ver
tebrates. Although mammalian fetuses express native AGT mRNA and/or pro
teins, this does not exclude the possibility that heterologous AGT genes are ex
pressed during the early ontogeny process. As mentioned in Sect. 2.1.2, the re
nin-like enzyme identified in zebrafish has high homology to cathepsin D. It is 
possible that aspartyl proteases other than renin act as Ang I-forming enzymes 
in primitive vertebrates. Likewise, the RAS in some mammalian tissues differs 
from the RAS in the kidney and systemic circulation, bypassing the traditional 
cascade to form Ang (Danser 1996). 

In primitive vertebrates renin-secretory cells are diffusely distributed along 
small arteries and arterioles in the kidney (Figs. 2 and 3). With the phylogenetic 
advancement of vertebrates, renin-secretory cells are localized in the JG area. A 
similar time-dependent change in renin expression has been recognized during 
ontogeny of mammalian kidneys. In the vascular system of fetal kidneys, renin
secretory cells (Gomez et al. 1989), renin transcripts (Jones et al. 1990, 2000), 
and renin/AGT gene expression (Gomez et al. 1988b; Fig. 2) are widely distribut
ed. As the renal arterial tree develops, renin mRNA-containing cells are progres
sively localized to more distal blood vessels and finally to JG apparatus (Jones et 
al. 1990). A reported construct with a renin 5'-flanking sequence fused to green 
fluorescent protein (GFP) cDNA accurately recapitulates endogenous renin ex
pression profiles (Jones et al. 2000). This renin/GFP transgene expression was 
also detected in developing VSM cells of renal arteries in mouse embryos, and 
the expression was localized at the JG area in adults (Jones et al. 2000). Further
more, a diffuse distribution of renin mRNA and protein in adult rats (Gomez et 
al. 1988a) and the renin/GFP trans gene expression in adult mice (Jones et al. 
2000) similar to the fetal type have been reproduced during ACE inhibition, sug
gesting that adult renal arteries have the ability to express renin or recruit re
nin-secretory cells in response to physiological stimulation. As shown in Table 1, 
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native Ang in various steps of mutation has been identified in nonmammalian 
vertebrates. It remains to be determined whether some of these nonmammalian 
Ang are recapitulated during mammalian fetal life. 

Likewise, Ang receptors with considerable homology to the AT 1 subtype have 
been identified in nonmammalian vertebrates (Nishimura 2001; Table 2; Fig. 4). 
The degree of homology increases with vertebrate advancement, suggesting that 
all ATl-homolog receptors may have evolved from the same progenitor receptor. 
ATl mRNA and protein have been detected around E14 of embryonic life (Ta
ble 4) by using AT 1 probes constructed on the basis of AT 1 structures identified 
in adults. It has not been investigated whether the ATl-homolog receptors in 
nonmammalian vertebrates may be expressed during the early embryonic stages 
of mammals. 

4.3 
Function and Regulation 

The comparison of phylogeny and ontogeny in terms of function and regulation 
of the RAS has several interesting aspects. First, in both the mammalian fetus 
and nonmammalian vertebrates, the vasopressor/vasoconstricting action of Ang 
evolved early. Inhibition of ACE activity decreases the basal level of BP in con
scious teleost fish (Nishimura and Bailey 1982) and in human and other mam
malian fetuses (Sedman et al. 1995), but usually not in mature mammals. Fur
thermore, circulating Ang or renin levels increase in response to the reduction 
in BP/BV in both primitive vertebrates and mammalian fetuses. It thus appears 
that the role of the RAS as a physiological regulator of BP/BV and the feedback 
control of renin secretion via the baroreceptor function of JG cells may be a fun
damental mechanism of the RAS. In contrast, evidence suggests that, in both fe
tal life and primitive vertebrates, the tubular action of Ang in the control of ion/ 
water transport and the involvement of the adrenergic nervous system in the 
control of renin secretion may be later additions during the ontogenic (Harris 
and Gomez 1997) or phylogenic (Nakamura et al. 1992) processes. This concept 
is supported by the facts that (1) a close spatial relationship between renin-con
taining cells and nerve fibers has been detected at E17 in rat fetal kidneys and 
(2) the density of nerve fibers around renin-secretory cells increases as renin is 
localized in the JG area (Pupilli et al. 1991). In teleost fish (Nishimura and Ma
dey 1989), cytosolic Ca2+ may be a fundamental cellular mechanism controlling 
renin secretion. Also of interest is the question of whether fetal kidneys contain 
a Ca2+ -dependent mechanism similar to the one seen in adult renin-secretory 
cells (Fray et al. 1987). Stimulation of adrenocorticosteroid hormones by Ang II 
has been reported in primitive vertebrates (see Sect. 2.2.2.3). ACTH appears to 
be a more potent regulator for mineralocorticoid, at least in some species. It will 
be interesting to determine the relative potencies of ACTH and Ang II in the 
regulation of mineralocorticoid synthesis/secretion during the ontogeny of 
mammalian adrenal glands. 



Phylogeny and Ontogeny of the Renin-Angiotensin System 59 

As discussed above, a major physiological role of Ang in developing mam
mals appears to be stimulation of growth and differentiation via AT 1 and AT 2 re
ceptors (Tufro-McReddie and Gomez 1993; Hilgers et al.1997). In nonmam
malian vertebrates, the growth-promoting action of Ang has been studied in 
only a few species. Le Noble and coworkers (I993, 1997) have demonstrated that 
Ang II causes pronounced angiogenesis of pre- and postcapillary vessels in the 
chorioallantoic membrane of chick embryos, suggesting that the Ang receptor 
plays a role in vascular growth and organization during avian development; the 
response is inhibitable by CGP42ll2A, but not losartan or PD123319 (Le Noble 
et al. 1993). Vascular endothelium growth factor (VEGF) appears to play an im
portant role in the development of the vascular system in the avian embryo 
(Eichmann et al. 1998), but the effect of Ang II on VEGF gene expression or on 
VEGF receptors has not been determined. Ang II stimulates thymidine incorpo
ration into cultured VSM cells from chicks; but this effect decreases with matu
ration/age, and no growth-promoting action of Ang is seen in adult birds (Shi
mada et al. 1998). The paracrine action of Ang as a growth-stimulating factor in 
nonmammalian species remains to be examined. 

4.4 
Perspectives 

During development, the expression level of the RAS shows time-dependent 
changes (Table 4). In rat embryos, AGT is first detected at Ell of gestation. AGT 
mRNA or protein shows 2- to 3-fold (kidney) and 50-fold (liver) increases with
in 24 h of birth (Darby and Sernia 1995; Gomez et al. 1988b), remaining elevated 
for 3 weeks, and then it reaches a plateau at the adult level (Tufro-McReddie and 
Gomez 1993). Renin is first detected in rats at E15-E17 in the aorta and its ma
jor branches, extends to the renal vasculature by the end of gestation, and is lo
calized at the vascular pole of the JG area and afferent arterioles after birth (Go
mez et al. 1989). Ang receptors appear at Ell of gestation and are broadly ex
pressed in developing tissues; their abundance increases as gestation progresses, 
with maximum binding near term (Tufro-McReddie and Gomez 1993). During 
fetal life, AT 2 receptor expression is about tenfold higher than that of AT 1; but it 
rapidly decreases at birth. ACE activity also shows time-dependent changes (Ta
ble 4). ACE activity shows the same substrate affinity at all ages examined, while 
the V max of the enzyme is two- to threefold lower in fetal than adult kidneys and 
lungs, reflecting low ACE activity (Wallace et al. 1978, 1979). 

It is interesting to note that the evolution of AGT and Ang receptors in rat 
kidneys occurs a few embryonic days earlier than that of renin. Does this indi
cate that an aspartyl protease other than renin acts as renin-like activity at early 
gestation? Does this agree with the fact that, in teleost fish, cathepsin D appears 
to exert renin-like activity? The physiological significance of the progressive ele
vation of the RAS near term and during the neonatal period is not completely 
understood. The role of Ang II in differentiation and apoptosis via AT 2 receptors 
and its growth-promoting effect via AT 1 receptors may be more crucial for de-
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velopment and maturation near term and continue to play a maturation role 
during the neonatal period. Deletion or impairment of any component of the 
RAS results in serious abnormality in organogenesis (see Sect. 3.2.1.1). It has 
been suggested that the RAS is partly responsible for tonic vasoconstriction of 
renal vessels and mesangium, resulting in limited glomerular blood flow and 
GFR in developing animals (Robillard and Nakamura 1988). cAT I mRNA is also 
abundantly expressed (PCR and !n situ hybridization) at E19 (term, 21 days), 
primarily on mesangial cells of glomeruli (Nishimura et al. 2003); and its ex
pression decreases in chicks and pullets. Furthermore, cAT I mRNA has been de
tected in the adventitia and outer layer of the media of the abdominal aorta at 
E19 and in 2- to 3-week-old chicks, but not in adult birds. The time and site of 
cAT I mRNA expression suggest that Ang plays a role in embryonic growth and 
maturation. 

An interesting example of the similarities of ontogeny and phylogeny can be 
found during the development/maturation of renal tubule transport in the rat 
and chick kidneys. Liu and coworkers (Liu et al. 2001) compared medullary ne
phrons from the kidneys of (1) quail (looped nephron; for review, Nishimura 
and Fan 2002), (2) neonatal rats (long-looped nephron), and (3) mature adult 
rats (long-looped nephron) and found the following structural and functional 
similarities between the first two. First, both quail and neonatal rat kidneys lack 
the thin ascending limb, and the entire thick limb shows characteristics of dilut
ing segments. During maturation of rat kidneys, apoptosis occurs in the lower 
segment of the ascending limb (AL), where the Na+-K+-2CI- cotransporter is re
placed by a thin AL-specific CI channel. Second, the descending limb of both 
kidneys has low water permeability and no aquaporin (AQP)1 water channel ex
pression. Third, AQP2 is present in the collecting duct (CD) of neonatal rats and 
quail, but the AQP2 responses (increases in water permeability, AQP2 protein 
level, etc.) to vasopressin/AVT are only modest. Fourth, the thin AL and CD of 
neonatal rats (and presumably quail kidney) lack urea permeability and urea 
transporters (UT), whereas UTAI mRNA is expressed in mature rat kidneys. 
Urea recirculation utilizing exchange mechanisms between the vasa recta and 
tubule segments contributes to the development of an osmotic gradient in mam
malian kidneys, whereas uric acid is a primary nitrogen metabolite in birds that 
does not contribute to enhancement of the medullary osmotic gradient. Similar
ly, an effective mechanism for maintaining high papillary osmolality utilizing 
urea recirculation has not yet developed in neonatal rats. It will be interesting to 
determine whether Ang is involved in these growth/differentiation processes of 
the renal medulla. 

It is difficult to assess whether these time-dependent changes in the RAS in 
developing mammals are a recapitulation of the changes seen during phylogeny 
because the time scales involving these two biological processes are entirely dif
ferent. Moreover, simple comparisons of the structural, functional, or molecular 
properties of mammalian fetuses and existing nonmammalian vertebrates have 
little meaning because most of the currently available species represent the end
products of various taxonomical branches. Hence, the collection of information 
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from existing nonmammalian vertebrates does not necessarily reflect the true 
evolutionary process of modulation of the RAS. It is therefore important to se
lect species taxonomically close to the origin of evolution and the trunk of phy
logenetic advancement. 
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Abstract Several models of essential hypertension have revealed abnormalities 
in pathways regulating cell proliferation and programmed cell death (apoptosis). 
The increased proliferative phenotype found as early as birth in hypertensives is 
accompanied by age-dependent alterations in apoptosis, contributing to neona
tal hyperplasia of the heart, aorta, and kidneys. During the course of life, accel
erated cell turnover occurs and is modifiable by antihypertensive therapy, no
tably by inhibitors of the renin-angiotensin system. We consider the hypothesis 
that hypertension may be a case of accelerated aging. Part of this process may 
involve the defective regulation of cell proliferation in cardiovascular target or
gans via a putative specific senescence pathway. Candidates include abnormali
ties in cell cycle control genes, the renin-angiotensin pathway, and regulation of 
the telomerase pathway. Abnormal activity of angiotensin II-regulated Na+ 
transporters and augmented production of endogenous ouabain-like substances 
have been detected in experimental models of primary hypertension. Recent 
data show that both ouabain and intracellular Na+ are involved in the regulation 
of gene expression and apoptosis. The relevance of neonatal and early life devel
opment as a predictor of cardiovascular disease outcomes later in life is an in-
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triguing issue that remains to be better defined. In this regard, understanding 
the complex genetic and epigenetic influences contributing to aging and age-re
lated diseases will be a major goal. Because phenotype development can be ana
lyzed longitudinally during the course of life in recombinant inbred rat strains, 
these models will allow a systematic approach to the molecular analysis of se
nescence pathway regulation, their determinants early in life, and their control 
by hereditary and epigenetic factors, including pharmacotherapy. 

Keywords Hypertension· Apoptosis . Proliferation· Cellular senescence· 
Renin-angiotensin system· Telomeres . Recombinant inbred strains· Genetics· 
Epigenetics . Hypertrophy· Ion transport· Mortalin 
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Angiotensin II (All) was initially considered a main blood pressure (BP) regula
tory substance due to its vasoconstricting effects. Relatively recently, its growth
promoting effects have been recognized, mainly as being mediated by AT 1 re
ceptors, but it was only when AT2 receptor-mediated inhibition of cell prolifera
tion (and apoptosis) became known (Stoll et al. 1995; Stoll and Unger 2001) that 
the extent of All's impact on the balance of proliferation/apoptosis was realized. 
This has major implications for cardiovascular disorders of generalized prolifer
ation imbalance, such as hypertension (Hamet 1995), or localized abnormalities, 
such as occurring in atherosclerosis (Choy et al. 2001). 

In this chapter, we will review the evidence of accelerated cellular turnover 
associated with defective proliferation and apoptosis in target organs of hyper
tension with specific attention to the putative role of All in this process and in 
genetic determinants of early development, ion transport, and the impact of re
modeling via the implication of apoptosis. 
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Fig. 1 Correlation between neonatal cardiac DNA fragmentation indicative of apoptosis and DNA con
centration (jlg/mg) in 20 recombinant inbred strains and 2 progenitor strains. There was negative cor
relation between newborn cardiac DNA concentration and apoptosis in the heart (r=-0.64, p<O.OO1). 
Data shown are mean values of 5 rats per strain. (Reproduced from Hamet et al. (2001) with permission 
from Hypertension) 
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2 
Abnormal Proliferation/Apoptosis in Hypertensive Neonates 

In hypertension, the heart shows both increased cell size (mainly cardiomy
ocytes) and cell number (mainly fibroblasts) (Anversa et al. 1997; Walsh and 
Dorn 1998), while the aorta presents augmented smooth muscle cell (SMC) 
DNA due to SMC polyploidy and hyperplasia. Several groups, including our 
own, have reported hyperplasia in the "prehypertensive period" in the heart 
(Tanase et al. 1982; Walter and Hamet 1986) and kidney of neonates from di
verse strains with genetic hypertension (Pang et al. 1986). An altered balance 
between cell replication and apoptosis is present in the newborn heart and kid
ney of spontaneously hypertensive rats (SHR), leading to greater relative organ 
size and even DNA content, while apoptosis is significantly suppressed (Moreau 
et al. 1997). DNA accumulation is actually significantly negatively correlated 
with DNA fragmentation (Fig. 1). In this neonatal period, the ratio of DNA syn
thesis over apoptosis nevertheless favors proliferation in the heart, kidney, and 
aorta (Hamet et al. 1996a, 2001; Orlovet al. 2002). 

Table 1 summarizes the major findings by our group and several others, sup
porting the concept of proliferation/apoptotic disorders and accelerated senes-

Table 1 Major phenotypes supporting evidence of proliferative/apoptotic disorder and accelerated se
nescence in hypertension 

Phenotype 

Cardiac and renal hyperplasia in neonates from SHR 

Increased thymidine incorporation into DNA 
of SHR neonates (heart, kidney, aorta) 
Persistence of increased VSMC proliferation in culture 
Shortening of the cell cycle (G1-S, G2-M) 
Apoptosis in target organs of hypertension 
Time window of apoptosis 
Apoptosis in regression of hyperplasia/hypertrophy 

Suppression of apoptosis in neonatal SHR 
Qll of elevated heart! and kidney/body weight ratios, 
proliferation and apoptosis in hypertension 
First proposition of accelerated aging with increased 
cell turnover 
Altered in vivo vascular cell tumover in SHR 

Inverse relationship between telomere length 
and pulse pressure 
Excess growth and apoptosis as accelerated aging 
with increased telomere restriction fragments 
T elomerase activation in VSMC as a cause of proliferation 
in hypertension 

Year 

1982, 1986 

1986 

1989,1992 
1992 
1995 
1996 
1997-2000 

1997 
1995-2001 

1997 

2001 

2000 

2001 

2001 

Reference(s) 

Tanase et al. 1982; 
Pang et al. 1986 
Walter and Hamet 1986 

See Table 2 
See Table 2 
Hamet et al. 1995 
Hamet et al. 1996a 
deSlois et al. 1997; 
Diez et al. 1997; 
Tea et al. 1999; 
Intengan and Schiffrin 
2000 
Moreau et al. 1997 
Hamet et al. 1998 

Hamet 1997 

Thorin-T rescases 
et al. 2001 
Jeanclos et al. 2000 

Hamet et al. 2001 

Cao et al. 2002 
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Table 2 Markers of proliferative activity in cultured cells from hypertensive rats 

Rat strains/cell type Parameter measured Data Reference(s) 

SHR vs WKY, VSMC Rate of cell growth, Increased in SHR Yamori etaI.1981; 
DNA and protein Clegg and Sambhi 1989; 
synthesis Hadrava et al. 1989; 

Paquet et aI. 1989; 
Scott-Burden et al. 
1989; Bukoski 1990; 
Hamada et aI. 1990; 
Hadrava et at 1992; 
Saltis and Babik 1992; 
laPointeetai. 1995; 
Nakayama et al. 1999 

GH vs WKY, VSMC DNA synthesis Increased in GH Harris et aI. 1990 
SHR vs WKY, VSMC Cell cycle analysis Shortening of the Uehara et al. 1991; .. 

GoIG, phase in SHR Hadrava et al.1992 
SHR vs WKY, VSMC Cell cycle analysis Increased in SHR, Hamada et aI. 1990 

acCUmulation of 
cells in the S phase 

Rats with DO(A-salt DNA synthesis, Not altered Hamada et aI. 1990 
hypertension, VSMC cell cycle analysis 
SHR vs BNJx, VSMC DNA synthesis Increased in SHR Champagne et aI. 1999 
SHR-SP vs WKY, VSMC Rate of cell growth, Increased in SHR-SP DevOn eUI.1995, 2000 

DNA synthesis 
SHR vs WKY, skin Rate of cell growth, Increased in SHR Guicheney et at 1991 
fibroblasts DNA synthesis 
SHR vs WKY, Rate of cell growth, Increased in SHR Zhu et at 1991 
adventitial fibroblasts DNA synthesis 
SHR vs WKY, Cell cycle analysis Faster exit from Venance et at 1993 
adventitial fibroblasts Go in SHR 
SHR-SP vs WKY, Rate of cell growth, Increased in SHR-SP Ito et a1.1995 
endothelial cells DNA synthesis 
SHR-SP vs WKY, Rate of cell growth, Increased in SHR-SP Yamagata et al. 1995 
astrocytes DNA synthesis 

GH, New Zealand strain of spontaneously hypertensive rats; SHR-Sp, stroke-prone SHR. For other abbre-
viations see text. 

cence in hypertension, from enlarged organ size in genetically hypertensive neo
nates to the recent description of heightened telomerase activity in vascular 
SMC (VSMC). The phenotype increase of proliferation persists in culture, as ini
tially observed by Yamori and colleagues (1981). The markers of heightened 
proliferative activity reported in cultured cells from hypertensive rats are sum
marized in Table 2. Finally, quantitative trait locus (QTL) mapping of elevated 
heart and kidney weight/body weight ratio, DNA accumulation and apoptosis is 
summarized in Table 3. 

QTLs of enlarged organ size map to the same chromosome (chr)-for exam
ple, relative heart weight on rat chr 2-in different genetic models of hyperten
sion, but some studies point to different loci. The availability of "permanent ho-
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Table 3 OlLs of elevated heart- and kidney-body weight ratio, proliferation, and apoptosis in hyper-
tension 

Chromosome (OlL) Phenotype Crosses Significance Reference 

1(a) HW SS/JRxLEW 4.0* Gu et al. 1996 
1(b) HW SS/JRxLEW 2..8* Gu et al. 1996 
l(c) AKW SHRxBN.lx (-)1.2.* Hamet et al. 1998 
2. HW SS/JRxMNS 3.0" Deng et al. 1997 

HW SS/JRxWKY 4.0* Deng et al. 1997 
HW GHxBN 1.3* Harris et al. 1995 

3 NKW SHRxBN.lx (-)2.0* Hamet et al. 1998 
AKW SHRxBN.lx (-)2..0* Hamet et al. 1998 

5(a) HW SS/JRxLEW 4.0* Gu et al. 1996 
5(b) AKW SHRxBN.lx 2.0* Hamet et al. 1998 
8 HW SHRxBN.lx 2.0* Kren et al. 1997 

10 HW GHxBN 1.3* Harris et al. 1995 
12. HW SHRxBN.lx 2.0* Hamet et al. 1996b 
13 HW GHxBN 3.0* Harris et al. 1995 
17(a) HW SHRxBN.lx 3.4 Pravenec et al. 1995 
17(b) HW SS/JRxLEW 3.7 Gu et al. 1996 
18(a) AHN SHRxBN.lx (-)1.3* Hamet et al. 2001 
18(a) PHN SHRxBN.lx (-)1.3* Hamet et al. 2001 
18(b) AHN SHRxBN.lx 1.3* Hamet et al. 2001 
18(c) AHN SHRxBN.lx (-)2.0* Hamet et al. 2.001 
18(d) AHN SHRxBN.lx (-)1.3* Hamet et al. 2.001 
X HW GHxBN 2..0* Harris et al. 1995 

Note: statistical significance is presented as the value of a logarithm of odds ratio (LOD score) or as a 
log of the statistical values (asterisks). 
AHN, apoptosis in the heart of newborn rats (a relative amount of fragmented DNA was used to esti
mate this parameter); AKW, kidney-body weight ratio of adult rats; HW, heart-body weight ratio; LEW, 
Lewis normotensive rats; NKW, kidney-body weight ratio of newborn rats; PHN, proliferative activity in 
the heart of newborn rats (DNA content per wet tissue weight was used to estimate this parameter); 
SS/JR, salt-sensitive strain of Dahl rats; -, negative impact of the SHR allele. 

mozygous replicas" of the F2 generation, obtained by 25-generations of inbreed
ing after intercrossing between BN.Ix and SHR (Pravenec et al. 1989), has al
lowed us to relate neonatal to adult phenotypes in recombinant inbred strains 
(RIS); while neonatal kidney weight at least partially determines the phenotype 
in adulthood, the latter is negatively influenced by BP increases with age (Hamet 
et al. 1998) (Fig.2). 

The renin-angiotensin system (RAS) is known to be excessively stimulated in 
the neonatal period. It is therefore relevant if one of the significant QTLs of ap
optosis inhibition (phenotype of excess shorter fragments over long ones) 
(Moreau et al. 1997) includes the D17Mit2 locus (p=0.004) on rat chr 17, which 
contains the AT lA receptor gene as the main positional candidate (Moreau P, 
Sun Y, Kren V, and Hamet P, unpublished data). 

To obtain continuous "recordings" of cellular death, we recently developed a 
novel approach of in utero prelabeling with prolonged follow-up of DNA-specif
ic activity (Hamet et al. 2001; Thorin-Trescases et al. 2001). Despite its limita-



Wtlbodywt 

NEWBORN 

• 

• 

Angiotensin as a Cytokine Implicated in Accelerated Cellular Turnover 77 

• • 

•• 
• 

Wtlbody wt 

ADULT 

• 

r = 0.49 
P = 0.01 
r2:25% 

Wtlbody wt 
ADULT 

• 
• 

• 
mmHg 

SBP 

r=~.41 

p=0.02 
r2: 17% 

Fig. 2 Correlation between relative kidney weight in newborn and adult male rats of the RIS panel (left 
side). Correlation between adult relative kidney weights and systolic blood pressure in the panel of RIS 
(right side). (Reproduced from Hamet et al. (1998) with permission from Kidney Internationan 

tions, this technique showed that increased aorta, kidney, and heart size in the 
neonatal stage of hypertension reverses by the age of 5-8 weeks in rats, followed 
by the appearance of secondary hypertrophy (heart, aorta) or atrophy (kidney) 
with time (Hamet et al. 2001; Thorin-Trescases et al. 2001). Cellular half-life was 
shorter in the SHR aorta: t1/2 was 20 weeks in normotensive Wistar-Kyoto rats, 
but only 7 weeks in SHR (these values in the kidney were 14 and 8 weeks, re
spectively). Our most recent studies have demonstrated the presence of in
creased telomere restriction fragments, particularly of smaller size (Hamet et al. 
2001), in the neonatal kidney. Clearly, telomerase activity should also be moni
tored (Aisner et al. 2002). Taken together, these investigations led us to propose 
that heightened cell turnover in SHR is related to initial apoptosis inhibition in 
neonates, resulting in heart, kidney, and aortic hyperplasia (Hamet et al. 2001), 
shortening of the cell cycle (Uehara et al. 1991; Hadrava et al. 1992), and in
creased apoptosis later in life (Hamet et al. 1995). While the AT 1 receptor is an 
attractive target to modulate proliferation/apoptosis imbalance, its direct in
volvement remains to be tested. 

3 
Role of Cell Cycle Genes and Chaperones 

The above events could result from abnormalities within cell cycle control 
genes, including p53, MDM 2, p21 cipl and p16INK4a as well as genes controlling 
their proteolytic degradation (Okorokov et al. 1997; Kubbutat and Vousden 
1997; Ariyoshi et al. 1998; Pochampally et al. 1999; Nakayama et al. 2001; Heessen 
et al. 2002) and chaperoning at G1-S and G2-M checkpoints. The interaction of 
chaperones (represented mainly by heat stress proteins, HSP) with the p53 mol
ecule is now better understood (King et al. 2001). In this context, it is relevant 
to point out that the targeted disruption of mouse AT 2 receptor gene impacts on 
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stress-induced hyperthermia (Watanabe et al. 1999). We have previously dem
onstrated that HSP27 polymorphism is in linkage with left ventricular hypertro
phy and that HSP70 expression is higher in SHR VSMC (Tremblay et al. 1992; 
Hamet et al. 1996b). Prior HSP expression, on the other hand, has been shown 
to partially protect against hyperthermic cell cycle arrest (Champagne et al. 
1999). 

Human aging, according to the gene profiling studies of Ly et al. (2000), is 
mainly characterized by a cumulative slowdown in Gz-M. It is therefore relevant 
that a newly identified hypertension-related calcium-regulated gene with height
ened expression in SHR kidneys (Solban et al. 2000) induced Gz-M arrest of 
renal epithelial cells (REC) by increasing p21cipllWAF-l and decreasing p27kipl 

(Devlin et al. 2003). All is involved in cardiomyocyte hypertrophy and cell death 
via its impact on extracellular signal-regulated kinase 112 (MEK-ERK1I2 path
way and JAK-STAT signaling) (Booz et al. 2002; Bueno and Molkentin 2002). 
Part of the pathway downstream of ATl and ATz receptors is distinct but a part 
is shared, mainly by activation of nuclear factor-IC!3 transcription factors (Ruiz
Ortega et al. 2000, 2001). In addition, the ATz receptor involves activation of 
protein phosphatases, the nitric oxide (NO)-cyclic guanosine monophosphate 
(cGMP) system and phospholipase A2 (Nouet and Nahmias 2000), and its an
tiproliferative effect appears to include downregulation of SM-20 (Wolf et al. 
2002), a mitochondrial protein implicated in apoptosis and expressed in vascu
lar smooth muscle (Wax et al. 1996). It has been reported that apoptosis is het
erogeneously distributed in VSMC, depending in part on the cellular phenotype 
(Bascands et al. 2001). ATz receptor expression is not obligatorily related to ap
optosis, such as, for instance, apoptosis induced during ischemia/reperfusion
dependent cardioprotection (Moudgil et al. 2002). All induces p53 expression 
(Bonnet et al. 2001); via the same downstream pathway implicating p21cipl/WAF-1, 
p27kip1 and p53, it also evokes proliferation via superoxide production (Mueller 
et al. 2002). 

Our studies using proteomics have identified another HSP, mortalin (MOT-2 
or HSPA9), as a major mediator of the [Na+li-induced delay in VSMC apoptosis 
(for more details, see below). MOT-2 was initially cloned as a highly homolo
gous member of the HSP70 family, not inducible by heat stress, but interacting 
with other chaperones (Domanico et al. 1993). Injection of anti-MOT-2 antibod
ies led to transient division of senescent cells (Wadhwa et al. 1993a), whereas 
transfection with MOT-2 cDNA resulted in induction of senescence in NIH 3T3 
fibroblasts (Wadhwa et al. 1993b). It has now been demonstrated to inactivate 
p53 and extend fibroblast lifespan (Kaul et al. 2000). This action is exercised in 
concert with HSP90 under control of the co-chaperones Bag-I, Hop and HSP40 
(King et al. 2001). The regulation of p53 degradation (by ubiquitination) is the 
consequence of a complex interplay of these HSPs with wild and mutated p53 
(King et al. 2001). Actually, HSP90 inhibits the MDM 2 stabilization of p53 
(Peng et al. 2001). 
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4 
Genetics of Growth-Related Phenotypes 

MOT-2 is localized on rat chr 18 in a region syntenic to human 5q31-3. This re
gion is highly relevant to hypertension in both rats and humans (Jacob et al. 
1991; Krushkal et al. 1998). It has been known since publication of the first total 
genome scan in SHR (Jacob et al. 1991), and confirmed by many others (Cowley 
et al. 2000; Garrett et al. 1998), that the locus on chr 18 bears significant compo
nents of salt sensitivity (Fig. 3). This is of interest as [Na+Ji elevation induces 
MOT-2 expression (Taurin et al. 2002a). 

In the largest set of genotypic/phenotypic profiling studies published to date 
by the Medical College of Wisconsin and accessible on http://brc.mcw.edu/phy
prof (Stoll et al. 2001), a significant cluster of loci was identified on rat chr 18. 
SP, renal and anthropometric phenotypes correlated only on chr 18, suggesting 
the presence of a "gene cassette" (Fig. 3). 

To avoid an untargeted and tedious search for candidate genes determining 
neonatal growth-related phenotypes, we performed total genome scan in RIS as 
a unique tool to investigate neonatal and adult phenotype/genotype concor
dance (Hamet et al. 1998). This approach has demonstrated a strain distribution 
pattern of RIS for the DNA fragmentation index and DNA concentration in the 
kidney, allowing their chromosomal mapping (Hamet et al. 2001). The most sig
nificant QTLs were found on chrs 1 and 18. Of interest here is the locus on chr 
18 at Mit4R525 which is the locus of MOT-2 (Fig. 3). Direct testing of this candi
date locus/gene and its putative interaction with components of the RAS is un
der way. 

5 
Replicative Senescence Versus Accelerated Aging 

Aging-related phenotypes, including disease states, are both genetically and epi
genetically defined. The aging process is biologically complex, and the distinc
tion between replicative senescence, old age, and accelerated aging (such as pro
geria) must be made (Slagboom et al. 2000). Thus, for instance, fibroblasts from 
the elderly share more molecular determinants with progeria than with replica
tive senescence. Some markers, such as p53 and p21wAF-1, are augmented in all 
three conditions, while cdc42 and CAMK2D increase only in progeric and elder
ly fibroblasts (Park et al. 2001). Clustering demonstrated hierarchical similari
ties between progeria and old age but not with replicative senescence (Eisen et 
al. 1998). A detailed analysis of middle age, old age, and progeria was provided 
by Ly et al. (2000) who related aging with mitotic misregulation, particularly 
affecting G2-M transition; of 6,000 genes analyzed, 61 (1%) were modified, 25% 
of them in cell cycle progression, and 31 % in extracellular matrix remodeling. 
Progeria, while extremely rare, is characterized by the presence of severe hyper
tension (Ogihara et al. 1986) and VSMC depletion (Stehbens et al. 2001) leading 
to cardiovascular death (Rosman et al. 2001). Its mechanism is unknown, but 
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sporadic dominant mutation is suspected (Sarkar and Shinton 2001). Telom
erase activity is putatively involved, but normal telomere length has been 
observed in neonatal progeroid (Wiedemann-Rautenstrauch) syndrome 
(Korniszewski et al. 2001). 

6 
Biomarkers of Senescence 

Senescence-associated ,a-galactosidase is widely used as a distinct biomarker of 
senescence as it is not expressed in pre-senescent cells and is absent in "immor
tal cells" (Dimri et al. 1995). Increased p53-induced gene 3 expression, in re
sponse to environmental stimuli such as reactive oxygen species, is long-lasting 
(Flatt et al. 2000). In human atherosclerotic plaque, Rb and p53 have been 
shown to act cooperatively in the control of proliferation, cell senescence, and 
apoptosis, leading to a high level of proliferation and suppression of apoptosis 
(Bennett et al. 1998). Disappearance of angiotensin-converting enzyme (ACE) 
activity was identified as a phenotype associated with several karyotypic chang
es induced by the aging of human endothelial cells in culture (Johnson et al. 
1992). More recently, in a seminal study, Tyner and colleagues (2002) have dem
onstrated that p53 mutant mice display aging-associated phenotypes, including 
cutaneous atrophy, osteoporosis, impaired stress tolerance, and reduced longev
ity. Noticeably, several of these phenotypes are also linked with cardiovascular 
diseases, such as diminished stress tolerance (Dumas et al. 2000a,b) and even 
osteoporosis, SHR being used as a "model of osteoporosis" (Tsuruoka et al. 
2001). 

7 
Role of Ion Transporters and Intracellular Monovalent Cations 

Cell physiology studies from several laboratories demonstrated a potent role of 
All in monovalent ion handling. Thus, in VSMC, All activates ubiquitous iso
forms of Na+-H+ exchanger [NHE1 (Hatori et al. 1987; Berk et al. 1990)], 
Na+,K+,CI- cotransport [NKCC1 (Smith and Smith 1987; Orlov et al. 1992; Peiro 
et al. 1997; Akar et al. 1999)] and the Na+,K+ pump (Orlov et al. 1992). Activa
tion ofNHE1 and the Na+,K+ pump by All was also revealed in secretory epithe
lial cells (Hou and Delamere 2002). In REC, All activates the NHE3 isoform of 
the Na+ -H+ exchanger (Tsuganezawa et al. 1998) and Na+,HC03 - cotransport 
(Horita et al. 2002; Robey et al. 2002) and inhibits the Na+,glucose cotransporter 
SGLTl (Kawano et al. 2002). Activation of Na+,HC03- cotransport was also ob
served in All-treated cardiomyocytes (Baetz et al. 2002). Recently, it was shown 
that similarly to blood cells (Avdonin et al. 1990), non-selective intracellular 
Ca2+ store-operated cation channels contribute to [Na+]; elevation in All-treated 
arterial myocytes (Arnon et al. 2000). In neuronal cells, All activates delayed 
rectifier K+ channels, thus leading to membrane hyperpolarization (Kang et al. 
1994; Matsukawa and Ichikawa 1997). 



82 P. Hamet et al. 

All Ca2+,Na+ 

ADP 

Fig. 4 Mechanism of the regulation by All of intracellular monovalent ion handling. Gp, GTP-binding 
proteins; 1, Na+,K+ -ATPase; 2, Na+,HC03 - cotransporter; 3, delayed rectifier K+ channels. For more de
tails, see text 

Our current knowledge on the regulation of intracellular monovalent ion han
dling by All is schematically presented in Fig. 4. In VSMC and the secretory epi
thelium, NHEI activation is mediated by ATJ receptors (Ye et al. 1996; Hou and 
Delamere 2002), protein kinase C (PKC) (Hatori et al. 1987; Grinstein et al. 
1989), and ERKl/2 mitogen-activated protein kinase (MAPK) (Kusuhara et al. 
1998). In VSMC, transient elevation of [Ca2+h contributes to enhanced NKCCI 
(Smith and Smith 1987; Orlov et al. 1992) whereas in REC, NHE3, and Na+, 
HC03 - cotransport is activated by a c-Src-dependent pathway (Tsuganezawa et 
al. 1998; Robey et al. 2002). In the majority of cells studied so far, activation of 
the Na+,K+ pump is a secondary event caused by the NHE1-mediated rise of 
[Na+h (Orlov et al. 1992; Hou and Delamere 2002; Rangel et al. 2002). Indeed, in 
VSMC and REC, All led up to threefold elevation of [Na+h that was completely 
abolished by potent NHEI blockers (Ye et al. 1996; Touyz and Schiffrin 1999; 
Hou and Delamere 2002). In contrast to the above-listed ion carriers, All acti
vates K+ channels via an unknown signaling cascade triggered by AT 2 receptors 
(Kang et al. 1994; Matsukawa and Ichikawa 1997). 

It is well-documented that All signaling efficiency is increased in SHR com
pared to normotensive rats. Importantly, these data were obtained by analysis of 
the [Ca2+h response, inositol-4,S-triphosphate production, and MAPK activity 
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(Touyz et al. 1994; Lucchesi et al. 1996; Phan et al. 1997) as well as [Na+Ji and 
pHi modulation triggered by All in cultured VSMC (Touyz and Schiffrin 1997, 
1999) and REC (Thomas et al. 1990; Cheng et al. 1998) from SHR. It should be 
stressed that apart from increased sensitivity to All, augmented increment of 
[Na+Ji might be caused by enhanced baseline activity of NHEI and other ion 
carriers documented in several cell types from SHR, the Milan hypertensive 
strain, and patients with essential hypertension (Rosskopf et al. 1993; Siffert and 
Dusing 1995; Orlov et al. 1999a). In addition, intracellular monovalent cation 
content is subjected to regulation by endogenous Na+,K+ pump inhibitors 
(ESPI) identified as immunoreactive ouabain-like (Ludens et al. 1991; Tymiak et 
al. 1993) and marinobufagenin-like (Bagrov et al. 1995; Hilton et al. 1996; Sich 
et al. 1996) steroids. 

Several research teams have proposed that abnormal intracellular monovalent 
ion handling is involved in long-term maintenance of elevated BP via enhanced 
contractility of VSMC and exaggerated salt and water reabsorption in REC 
(Blaustein 1984; Postnov and Orlov 1985; Blaustein 1996; Cheng et al. 1998; Hall 
et al. 1999; Orlov et al. 1999a; Ortiz and Garvin 2001). The latter hypothesis was 
partially proved by identification of genes whose mutation leads to the develop
ment of monogenic (Mendelian) hypertension forms (Lifton et al. 2001). More 
recently, several research teams have reported modulatory effects of monovalent 
ion transport inhibitors on cell proliferation and death. Thus, it has been shown 
that ouabain at low concentrations increases the proliferation of cultured SMC 
(Golomb et al. 1994; Aydemir-Koksoy et al. 2001; Chueh et al. 2001). In essential 
hypertension, the level of ESPI correlated positively with left ventricular mass 
(Manunta et al. 1999). These results suggest that All-induced remodeling in hy
pertension can be caused by the altered activity of ion transporters. 

Based on data showing that tissue hypertrophy/hyperplasia in hypertension 
is limited to a few organs, such as the heart, blood vessels, and kidneys, we pro
posed that abnormalities of cell cycle progression and apoptosis, i.e., the two 
major counterparts of organ remodeling seen in hypertension, are evoked by 
mutations within genes encoding their cell type-specific regulators rather than 
ubiquitous intermediates, such as cyclins, cyclin-dependent kinase, p53, pro
teins of the Bcl-2 family, etc. (Orlovet al. 1999b, 2002). We focused our initial 
interest on the study of such regulators in VSMC apoptosis. 

Wild-type VSMC are resistant to apoptosis, so that even after 24 h of serum 
deprivation, the amount of morphologically defined apoptotic cells does not ex
ceed 2%-4% (Bennett et al. 1994, 1995). Therefore, to elaborate the mechanism 
of VSMC apoptosis, we adopted the chromatin cleavage assay which allows us to 
measure intracellular chromatin fragments in amounts less than 1 % of total 
DNA content (Hamet et al. 1995; Orlov et al. 1996) and we used VSMC transfec
ted with the functional c-myc analog, EIA-adenoviral protein (VSMC-EIA), 
which are highly sensitive to apoptotic stimuli (Bennett et al. 1995; Champagne 
et al. 1999). In these cells, apoptosis can be prevented by growth factors, such as 
insulin-like growth factor, platelet-derived growth factor, and epidermal growth 
factor (Orlov et al. 1999b), whose receptors are coupled to phospholipase C 
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(PLC-y), polyphosphoinositide-3-kinase (PI3 K) and MAPK. Our team (Orlov et 
al. 1999b) and Bai with co-workers (1999) reported that PI3 K inhibition with 
wortmannin potentiated apoptosis in serum-supplied VSMC. We failed to ob
serve the involvement of any other intermediates of intracellular signaling, such 
as PLC, [Ca2+Ji> and MAPK, in the protection of serum-deprived VSMC against 
apoptosis (Orlov et al. 1999b). 

In addition to the above-listed intermediates of intracellular signaling, activa
tion of AT 2 receptors in REC leads to NO production and activation of cGMP 
signaling. Recently, Dulin with co-workers reported that vasoconstrictors, in
cluding All, transiently activated PKA (Dulin et al. 2001; Davis et al. 2003). To 
study the role of this enzyme, we treated VSMC with activators of cyclic adeno
sine monophosphate signaling and observed that these compounds blocked the 
development of apoptosis during the initial 10-12 h of serum-deprivation at a 
step upstream of caspase-3 (Orlov et al. 1999c). In contrast, we did not detect 
any effect of activators of soluble (NO donors) and membrane-bound atrial 
natriuretic peptide guanylate cyclase on apoptosis in VSMC-EIA (Orlov et al. 
1999c). 

It was shown that inhibitors of NHEI abolished the proliferative action of All 
(Sachinidis et al. 1996) and All-induced hypertrophy of cultured VSMC (Peiro 
et al. 1997). The role of intracellular monovalent cations in organ remodeling is 
also supported by data demonstrating the suppression of myocardial hypertro
phy with NHEI inhibitors (Cingolani 1999; Morris 2002) and parallel normaliza
tion of cardiac hypertrophy and NHE activity in cardiomyocytes from SHR sub
jected to antihypertensive therapy (Alvarez et al. 2002). It should be underlined, 
however, that long-term application of NHE blockers leads to numerous side ef
fects, such as inhibition of PKA, PKG, and PKC (Orlov et al. 1989). Considering 
this, we used ouabain, Le., a potent and selective Na+,K+-ATPase inhibitor, to 
study the role of intracellular monovalent ions in apoptosis. 

We observed that preincubation of VSMC from the rat aorta with ouabain 
and in K+ -free medium blocks the development of the apoptotic machinery at a 
step upstream of caspase-3 (Orlov et al. 1999d). Importantly, Na+,K+ pump inhi
bition protects VSMC against distinct apoptotic stimuli, such as serum-depriva
tion, inhibitors of serine-threonine protein kinases (staurosporine), phospho
protein phosphatases (okadaic acid) (Orlov et al. 1999d) and DNA damage 
caused by its extensive [3HJlabeling (Orlov et al. 2003). Soon after our publica
tion, it was reported that ouabain prevents apoptosis in rat cerebellar granule 
cells (Isaev et al. 2000) and REC (Zhou et al. 2001). In contrast to these cell 
types, Na+/K+ pump inhibition potentiated the development of apoptosis in 
lymphocytes (Olej et al. 1998), Jurkat cells (Orlov et al. 1999d; Bortner et al. 
2001), and several tumor cell lines (McConkey et al. 2000; Penning et al. 2000; 
Yeh et al. 2001). In rat VSMC (Orlovet al. 2001), human lymphocytes (Falciola 
et al. 1994), and HEK-293 cells (unpublished data), long-term inhibition with 
ouabain did not exhibit any cytotoxic action, whereas in REC (Sato and Ozawa 
1977; Ledbetter et al. 1986; Bolivar et al. 1987), ischemic neuronal cells (Urenjak 
and Obrenovitch 1996), and the mesothelioma cell line (Marklund et al. 1999), it 
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elicited massive cell death. The limited number of markers employed in these 
studies complicates a definitive conclusion on the relative contribution of necro
sis and apoptosis to overall cell death. However, the prevalence of necrosis can 
be proposed based on the lack of protective effect of bcl-2 overexpression 
(Gilbert and Knox 1997) and insensitivity to caspase inhibitors (Pchejetski et al. 
2003). 

Two approaches have been employed to identify genes whose expression is 
triggered by elevated [Na+h![K+h ratio. The candidate gene approach suggests 
the expression of early response genes (ERG), i.e., transcriptional factors lead
ing to massive RNA synthesis seen in ouabain-treated cells (Piechaczyk and 
Blanchard 1994; Tarnai et al. 1997; Ahmad et al. 1998; Sylvester et al. 1998; Rivard 
and Andres 2000; Orlov et al. 2001). Indeed, it was shown that inhibition of the 
VSMC Na+,K+ pump with ouabain or in K+-depleted medium leads to rapid and 
massive expression of c-Fos followed by the appearance of c-Jun protein (Taurin 
et al. 2002b). It might be suggested that modulation of [Ca2+h rather than mono
valent cations is an upstream signal of ERG expression. However, we demonstra
ted that c-Fos expression in ouabain-treated cells was insensitive to the presence 
of extracellular Ca2+ and Ca2+ chelators, and the kinetics of c-Fos mRNA expres
sion correlates with [Na+li elevation rather than with [K+h loss (Taurin et al. 
2002b). Using luciferase trans- and cis- reporter assays, it was shown that the ac
tivity of Elk-I, serum response element, cAMP-response element binding protein, 
and activator protein-l transcription factors interacting with major transcrip
tional control elements of the c-fos promoter was potentiated by serum but was 
insensitive to the presence of ouabain (Taurin et al. 2002b). These data suggest 
the presence of a novel [Na+h-mediated, [Ca2+h-independent mechanism of exci
tation-transcription coupling (Taurin et al. 2002b). 

To search for [Na+li-sensitive genes involved in the inhibition of apoptosis, 
the proteomes of control and ouabain-treated VSMC have been compared. This 
study led to the identification of more than 20 soluble proteins whose expres
sion was increased by more than tenfold after a 3-h incubation with ouabain, 
including MOT-2 (Taurin et al. 2002a). We observed that similarly to ouabain, 
transient transfection with MOT-2 causes transient inhibition of apoptosis in 
VSMC, as discussed above. 

The data presented in this section show that exposure of VSMC and REC to 
All leads to transient [Na+li elevation. Both the increased activity of AIl-sensi
tive ion carriers, such as NHEI and NKCC1, and enhanced ESPI production 
contribute to the augmented All-induced [Na+h response seen in hypertension. 
In VSMC, [Na+h elevation triggered by ouabain evokes the expression of MOT-2 
and probably of other genes involved in the suppression of apoptosis (Fig. 5). In 
contrast to VSMC, ouabain leads to massive necrotic type of REC death. Howev
er, using Madin-Darby canine kidney cells, it was shown that this effect is medi
ated by conformational transition of Na+,K+ -ATPase rather than by ion fluxes 
provided by this enzyme (Pchejetski et al. 2003). Which protein(s) interact(s) in 
REC with the Na+,K+-ATPase a-subunit in the presence of ouabain to induce the 
necrotic type of cell death? Which intermediate(s) of this signaling cascade are 
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Fig. 5 Mechanism of the involvement of Na+,K+-ATPase and intracellular Na+ in the apoptotic and ne
crotic modes of cell death_ 7, Na+,K+-ATPase; Pr, unknown protein interacting with inactivated Na+,K+
ATPase and triggering the death signal; 5, [Na+li sensor; TF, transcription factor; TRE, transcription re
sponse element; 0*, activated state of the molecules; ?, unknown intermediates_ For more details, see 
text 

missing/suppressed in VSMC and other cells resistant to the toxic action of oua
bain? Does the enhanced production of ESPI seen in hypertension (Dmitrieva 
and Doris 2002) contribute to the premature death of REC and protection of 
VSMC against apoptosis? These questions should be addressed in forthcoming 
studies. 

8 
Antihypertensive Therapy, (ell Growth, and Apoptosis 

As mentioned above, features of cell senescence include increased oxidative 
stress and a greater incidence of nuclear polyploidy. Both of these features are 
stimulated in the cardiovascular system not only with aging but also with hyper
tension. Moreover, All stimulation of AT) receptors results in the potent activa
tion and gene expression of oxidative stress-generating enzymes, such as nicoti
namide adenine dinucleotide (phosphate), reduced [NAD(P)Hl oxidase (Touyz 
et al. 2002). There is a growing body of pharmacological evidence suggesting 
that cardiovascular cell fate is modulated by antihypertensive therapies. The in
creased turnover of SMC in hypertension is prevented by these agents, including 
enalapril (Thorin-Trescases et al. 2001) (Table 4)_ This effect in SHR is achieved 
mainly because of decreased cell growth with no change in cumulative cell death 
rates. ACE inhibitors reduce cell turnover in the neonatal rat heart (Choi et al. 
2002). Long-term treatment with the AT) receptor antagonist losartan in SHR 
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Table 4 Effect of chronic antihypertensive treatment on aortic weight, relative aortic weight corrected 
for body weight (BW), and aortic DNA content. Treatment with hydralazine (40 mg/kg/day), nifedipine 
(30 mg/kg/day), or enalapril (30 mg/kg/day) was initiated in 5-week-old SHR and maintained for 
15 weeks. Data represent values for the different parameters in 20-week-old SHR compared with age
matched WKY. Data are mean±SEM 

Rat (n) Aorta weight (mg) Aorta weightlBW (mg/g) 

WKY(9} 29.6±2.5 0.12±0.01 
SHR (6) 42.0±3.5a O.l7±O.OlQ 
Hydralazine (8) 37.3±3.6 0.14±0.01 

Nifedipine (7) 
p=0.289 
31.9±2.2b 

p=0.111 
0.12±0.09b 

p=0.032 p=0.015 
Enalapril (8) 31.8±2.7b 0.13±0.02b 

p=0.026 p=0.034 

SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats. 
a p< 0.05 SHR vs WKY. 

b p<0.05 treated SHR vs untreated SHR. 

DNA content (llg) 

36.3±2.0 
51.9±6.2Q 
31.9±3.7b 

p=O.OOl 
33.6±1.9b 

p=O.OOl 
31.5±1.Sb 

p=O.OOl 

Reproduced from Thorin-Trescases et al. (2001) with permission from Journal of Cardiovascular Pharma
cology. 

alters the phenotype and suppresses the proliferative behavior of SMC cultured 
from the aorta (Bravo et al. 2001). In the heart, cardiomyocyte polyploidy is re
duced by RAS inhibitors (Panizo-Santos et al. 1995). We recently obtained evi
dence that cardiomyocyte polyploid nuclei may be removed by apoptosis during 
treatment with RAS inhibitors (Der Sarkissian et al. 2003). 

Our studies have shown that, irrespective of the class of antihypertensive drug 
administered to SHR, those that are able to induce the regression of cardiac or 
aortic hypertrophy also evoke a transient increase of apoptosis in these organs, 
in large part via pressure-independent mechanisms (deBlois et al. 1997; Tea et al. 
1999). Drugs effective in these regards include antagonists of ATI receptors, such 
as valsartan and losartan, and ACE inhibitors, such as enalapril. The induction 
of cardiovascular apoptosis in SHR is transient and significant only within the 
first weeks after the initiation of drug treatment, even when it is maintained for 
several weeks. Moreover, the induction of SMC apoptosis is temporally dissociat
ed from inhibition of cell growth since the time window of apoptosis occurs be
fore the sustained inhibition of SMC DNA synthesis and organ mass reduction. 
Polyploidy is a common feature of senescent cells (Ly et al. 2000). All-dependent 
hypertension is associated with increased SMC polyploidy (Owens 1989, 1995). 
The age-dependent accumulation of cells arrested in Gz (i.e., polyploid cells) oc
curs typically faster in hypertensive individuals (Barrett et al. 1983; Lee et al. 
1992; Panizo-Santos et al. 1995), a feature that is reversed (Dominiczak et al. 
1996) by the same classes of antihypertensive drugs that induce apoptosis and 
regression of cardiovascular hyperplasia (deBlois et al. 1997; Tea et al. 1999). Ad
ministration of quinapril decreases the percentage of tetraploid cardiomyocytes 
in SHR (Pochampally et al. 1999), an effect that reflects either nuclear division or 
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polyploid cell deletion, suggesting that the accumulation of aberrant cells with 
aging and hypertension may be reversed by programmed cell death during drug 
therapy. While the AT 1 receptor has been implicated in the inhibition of SMC ap
optosis (Pollman et al. 1996), recent evidence indicates that a subpopulation of 
SMC responds to ATl receptor stimulation with sustained transmembrane calci
um influx and apoptosis induction rather than survival or growth (Bascands et 
al. 2001). This is reminiscent of the recent report that All infusion for 7 days, a 
condition known to be associated with SMC growth (deBlois et al. 1996), also ac
tivates the Bax/caspase-3 pathway (Diep et al. 1999). Together, these observations 
provide further evidence that under certain conditions All may be stimulating 
SMC turnover in vivo. SMC apoptosis induction, growth inhibition, and vascular 
regression evoked by AT 1 antagonists in the SHR aorta are completely dependent 
on AT2 receptors for All (Tea et al. 2000). 

In the heart, AT 1 antagonists and ACE inhibitors increase apoptosis selective
ly in fibroblasts, an effect independent of AT 2 receptors and consistent with a 
possible role of ATl receptors in cell survival (Der Sarkissian et al. 2003). Cardi
ac apoptosis induction resulted in caspase-3 activation and selective deletion of 
cardiac fibroblasts without affecting cardiomyocyte number or capillary density 
(Der Sarkissian et al. 2003). We propose that the stimulation of apoptosis in fi
broblasts is an important determinant of cardiac fibrosis suppression. In con
trast, long-term prophylactic antihypertensive treatment (initiated before the 
onset of hypertension) inhibits vascular hyperplasia in adult rats without affect
ing the rate of cell death (Thorin-Trescases et al. 2001). 

I Genes I --I High blood pressure I 
~li~ 

Altered cell phenotype ~ I Angiotensin II I 
on/\, '/. . 

\.... l' Growth l' Apoptosis ../ 
y 

Cfielltmn~ 
+ 

Accelerated cell/tissue aging 

Fig. 6 Angiotensin II and senescence: a hypothesis. Key features of senescent cells are enhanced in 
hypertensive individuals, including cardiovascular cell polyploidy and oxidative stress. These features 
are in part genetically determined but can be modulated by pharmacotherapy. Recently, angiotensin II 
has emerged as a potent pro-oxidant factor and a key regulator of cell phenotype. Depending on car
diovascular cell phenotype, angiotensin II can stimulate growth (via AT 1 receptors) or apoptosis (via AT 1 

and AT 2 receptors). Enhanced cell growth and apoptosis in tissues will result in enhanced cellular turn
over and accelerated aging causing target organ damage 
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In conclusion, overall, complex epigenetic and genetic factors contribute to 
aging and age-related diseases, including hypertension. Part of this process in
volves the defective regulation of cell proliferation and death in cardiovascular 
target organs via a putative specific senescence pathway which may involve the 
RAS (Fig. 6). 
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Abstract The renin/angiotensin system can exert a double-edged role in angio
genesis signaling. The pro-angiogenic activity of angiotensin II is predominant
ly mediated by stimulation of the angiotensin II receptor 1 (ATIR), whereas the 
angiotensin receptor 2 (AT2R) inhibits angiogenesis. The pro-angiogenic activi
ty of angiotensin II is believed to be predominantly mediated by stimulation of 
VEGF expression. Moreover, a transactivation of the growth promoting epider
mal growth factor receptor (EGFR) and the enhanced expression of pro-angio
genic transcription factors such as Cyr61 and Kriippel-like factor may con
tribute to the pro-angiogenic effects of angiotensin II. In contrast, stimulation 
of the AT2R inhibits angiogenesis by preventing endothelial cell proliferation 
and inducing apoptosis of endothelial cells, which counteracts angiogenesis. 
The apoptosis induction is mediated by an activation of phosphatases and sub
sequent down-regulation of the anti-apoptotic protein Bcl-2. 

Keywords Angiogenesis· Apoptosis . Cyr 61 . Double-edged role· 
Transactivation . VEGF 
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1 
Introduction 

Adequate oxygen delivery is essential to maintain normal tissue function. Un
derstanding of the signaling processes that regulate the formation of new blood 
vessels has become a major challenging objective of the last decade. Postnatal 
neovascularization is essential after tissue ischemia in order to adapt blood sup
ply. Moreover, neovascularization plays an important role in wound healing. 
However, in a number of pathophysiological situations, neovascularization may 
accelerate disease progression (Folkman 1995). Thus, neovascularization of 
tumor tissue allows the tumor to grow beyond a diameter of 2 mm (Folkman 
1995). Neovascularization has also been implicated in atherosclerotic plaque 
growth, although the contribution of neovascularization for plaque rupture and 
the initiation of myocardial infarction is controversial (Isner 2001). Taken to
gether, strategies to either improve neovascularization in order to improve oxy
gen supply, e.g., after myocardial infarction, or concepts to inhibit neovascular
ization in order to limit tumor growth are important therapeutic options (Isner 
and Asahara 1999). 

During the last few years, the understanding of the processes leading to neo
vascularization has dramatically changed. In the past, the vascularization of 
ischemic tissue was believed to be caused by the migration and proliferation of 
mature endothelial cells-a process termed "angiogenesis" (Isner and Asahara 
1999; Carmeliet 2000). Meanwhile, increasing evidence suggests that circulating 
progenitor cells home to sites of ischemia and contribute to the formation of 
new blood vessels. In analogy to the embryonic development of blood vessels 
out of primitive endothelial progenitors (angioblasts) and the subsequent orga
nization into a primary capillary plexus, this process is called "vasculogenesis" 
(Isner and Asahara 1999; Carmeliet 2000). Since these novel insights into the 
processes underlying post-natal vessel growth have become evident during the 
past 2 years, most of the cited studies do not discriminate between angiogenesis 
and vasculogenesis. Therefore, the use of the term angiogenesis in this review 
article does not necessarily exclude effects on vasculogenesis. 

2 
Role of the Renin-Angiotensin System in Angiogenesis 

Pharmacological approaches revealed the existence of two subtypes of angioten
sin receptors, namely angiotensin II types 1 and 2 receptors (ATlR and AT2R) 
(Unger et al. 1996). In mice, the ATlR is further subdivided into ATlaR and 
ATlbR (Martin et al. 1995). The ATlR is ubiquitously and abundantly distribut
ed (Murphy et al. 1991; Sasaki et al. 1991). Most of the well-known functions in 
the cardiovascular system are mediated through the ATlR and especially 
through the ATlaR in rodents (Martin et al. 1995). In contrast, little is known 
regarding the physiological roles of the AT2R and its signal-transduction path
ways. Several lines of evidence, however, suggest that the AT2R might mediate 
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opposite effects to those related to the ATlR activation. It is very well estab
lished that angiotensin II-induced smooth muscle cell proliferation is mediated 
by the ATlR (Rao et al. 1994; Berk 1999). In contrast, studies on the AT2R 
demonstrate that stimulation of the AT2R induce apoptosis in vascular smooth 
muscle cells in vitro and in spontaneously hypertensive rats in vivo (Rao et al. 
1994; Berk 1999), suggesting the opposing effects of the two receptors. 

Another interesting field where angiotensin II has now been implicated is an
giogenesis, the development of new vessels from preexisting vessels. The first re
ports on the effects of the renin-angiotensin system on angiogenesis were ob
tained from studies using angiotensin-converting enzyme (ACE) inhibitors re
gardless of the AT receptor subtypes. Volpert et al. showed that captopril sup
presses tumor angiogenesis and growth (Volpert et al. 1996). In contrast, Fabre 
et al. reported that quinapril increases angiogenesis in a rabbit model of hin
dlimb ischemia (Fabre et al. 1999). Taken together these studies give no precise 
picture of the renin-angiotensin system in angiogenesis. Different reasons can 
be found to explain such differences. One rationale to explain the discrepancy 
of the two mentioned studies might be the use of different ACE inhibitors. Thus, 
quinapril was shown to more potently inhibit tissue ACE activity in comparison 
to captopril, and moreover, captopril contains a free SH-group which may in
hibit Zn2+ -dependent metalloproteinase activity that is required to respond to 
an angiogenic stimulus (Volpert et al. 1996; Fabre et al. 1999). 

Generally, ACE inhibition not only prevents angiotensin II synthesis, but also 
increases bradykinin production, which leads to stimulation of the endothelial 
nitric oxide synthase. Activation of the nitric oxide synthase has been reported 
to promote angiogenesis (Murohara et al. 1998). Therefore, the promoting ef
fects of ACE inhibition could be rather a side effect than a direct function of 
angiotensin II blockade. Moreover, angiotensin II is not only produced by the 
angiotensin-converting enzyme in vivo, but also by other enzymes, such as chy
mase (Muramatsu et al. 2000). 

Therefore, recent studies used the advantage of knockout mice either from 
the ATlaR or from the AT2R to understand the direct role of angiotensin II and 
the role of the two receptor subtypes in angiogenic processes. Sasaki and 
coworkers examined the role of the ATlR receptor in a mouse model of isch
emia-induced angiogenesis (Sasaki et al. 2002). Well-developed collateral vessels 
were observed in wild-type mice in response to hindlimb ischemia, whereas 
ischemia-induced angiogenesis was significantly reduced in ATlaR knockout 
mice (Sasaki et al. 2002). Moreover, infiltration of mononuclear cells was sup
pressed in the ischemic tissues of ATlaR knockout mice. Interestingly, the phe
notype of reduced angiogenesis observed in ATlaR knockout mice could be res
cued by muscular transplantation of mononuclear cells from wild-type mice 
(Sasaki et al. 2002). These data suggest that ATlaR knockout mice show an im
pairment of circulating progenitor cells or monocytic cells, which are known to 
contribute to vasculogenesis and arteriogenesis, respectively. 

In contrast, AT2R knockout mice showed the opposite results as obtained in 
the ATlaR knockout mice. Angiogenesis, again analyzed in the model of hin-
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dlimb ischemia, was increased in AT2R knockout mice compared to their wild
type littermates (Silvestre et al. 2002). Of note is that Silvestre et al. did not de
tect a further enhancement of the angiogenic score in AT2R knockout mice by 
angiotensin II infusion (Silvestre et al. 2002). Likewise, no improvement of isch
emia-induced angiogenesis was achieved in wild-type mice by infusion of the 
well-established AT2R blocker, PDl23319 (Tamarat et al. 2002). These findings 
are in contrast to pharmacological blockade of the AT2R in the rat subcutaneous 
sponge granuloma, where angiotensin II-induced angiogenesis was reduced by 
PDl233319 (Walsh et al. 1997). But nevertheless, all these studies further con
tribute to the concept that the ATlR and the AT2R exert opposite effects on an
giogenesis. 

Therefore, the following sections will separately discuss the mechanisms un
derlying the pro-angiogenic effects of the ATlR and the inhibitory effect of 
AT2R. 

3 
Pro-angiogenic Effects of Angiotensin II 

3.1 
Stimulation of VEGF, bFGF, and Nitric Oxide Synthase by Angiotensin II 

Over the past few years several angiogenic factors have been identified. Among 
them, vascular endothelial growth factor (VEGF), is one of the most important 
players in angiogenesis. This was most impressively demonstrated by the find
ings that targeted deletion ofVEGF or the VEGF-receptors 1 and 2 showed lacks 
or abnormalities in vessel formation (Carmeliet et al. 1996). Recent studies sug
gest that the pro-angiogenic effects of angiotensin II depend on the stimulation 
of VEGF expression in vitro and in vivo (Tamarat et al. 2002). In cultivated bo- . 
vine aortic endothelial cells, angiotensin II induced expression of the VEGF re
ceptor and thereby enhanced VEGF-induced proliferation and tube formation of 
the cells. These effects of angiotensin II were blocked by the ATlR antagonist, 
losartan, demonstrating that these processes are regulated by the ATlR in endo
thelial cells (Otani et al. 1998). Moreover, several studies were undertaken to 
show the effect of ACE and/or ATlR blockade on VEGF expression. Microvascu
lar angiogenesis in skeletal muscle induced by electrical stimulation and short
term exercise was inhibited by ACE inhibitors and ATlR blockade (Amaral et 
al. 2001). Another scenario of more pathological angiogenesis, namely tumor 
growth, resulted in differential effects of ACE inhibitors and ATlR blockade. 
Yoshiji et al. showed that the ACE inhibitor, perindopril, but not ATlR blockade 
significantly inhibited the progression of tumor growth with a concomitant sup
pression of VEGF expression (Yoshiji et al. 2001). Overall, these studies demon
strate that angiotensin II stimulates VEGF production; however, the up-stream 
signaling cascade involved is not clearly defined but may include the transacti
vation of growth factor receptors and stimulation of several transcription fac
tors (see Sects. 6 and 7). 
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Another intermediate which could link the renin-angiotensin system and 
VEGF is thrombin. Thrombin is a tightly regulated serine proteinase that plays 
a central role in hemostasis. Besides the well-known functions of thrombin to 
convert fibrinogen into fibrin and to stimulate platelet aggregation and secre
tion, thrombin is a key factor in tissue repair and wound healing. Thrombin 
has been shown to increase VEGF expression via the thrombin receptor PAR-1 
(Williams et al. 1995; Richard et al. 2000) and has been implicated as another 
angiogenic factor. Browder et al. suggested that angiotensin II-induced VEGF 
expression led to generation of the tissue factor which will increase intracellular 
thrombin production and thereby may act as a feedback loop to further enhance 
VEGF production by angiotensin II through thrombin (Browder et al. 2000). 

Besides the stimulation of the expression of VEGF and its receptors, angio
tensin II also increased the expression of the endothelial nitric oxide synthase 
(eNOS) protein content within the ischemic leg in the hindlimb ischemia model 
(Silvestre et al. 2002) and thereby exerts pro angiogenic effects. Indeed, angio
tensin II administration did not improve the angiographic score and blood per
fusion within the ischemic leg of eNOS knockout mice (Tamarat et al. 2002), 
suggesting that angiotensin II-mediated VEGF release requires the nitric oxide 
system for promoting angiogenesis signaling. This is in accordance with various 
studies that demonstrate that endothelial-derived NO is necessary for VEGF-in
duced angiogenesis and endothelial function (Murohara et al. 1998; Dimmeler 
et al. 2000). 

Basic fibroblast growth factor and one of its receptors, named endoglin, re
present another target of angiotensin II action (Lastres et al. 1996). Recently, it 
has been demonstrated that angiotensin II stimulates the expression of endoglin 
(Li et al. 2001). Since endoglin knockout mice showed defects in angiogenesis 
(Li et al. 1999) and inhibition of endoglin expression in endothelial cells attenu
ates angiogenesis (Li et al. 2000), one may speculate about a potential contribu
tion of endoglin up-regulation in the pro-angiogenic effects of angiotensin II. 
The mechanism, however, by which angiotensin II increases the expression of 
endoglin requires further investigation. 

3.2 
Transactivation of Growth Factor Receptors by Angiotensin II 

It is well established that G protein-coupled receptors stimulate growth factor 
receptor transactivation, like EGFR and platelet-derived growth factor receptor 
(PDGFR) (Prenzel et al. 1999; Heeneman et al. 2000). Therefore, transactivation 
of growth factor receptors is one important signaling mechanism for angioten
sin II-induced angiogenesis. Growth factor receptors belong to the family ofre
ceptor tyrosine kinases, which are tyrosine phosphorylated upon stimulation. 
Angiotensin II stimulated classical signaling pathways via transactivation of 
growth receptors (Fig. 1). Upon stimulation with angiotensin II, pro heparin
binding EGF is cleaved by metalloproteinases and HB-EGF is released, which re
sults in activation of the EGFR (Prenzel et al. 1999). The EGFR is rapidly au-
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Fig. 1 Transactivation of growth factor receptors by angiotensin II leading to angiogenesis. Model illus
trating the different signaling pathways involved. bFGF, basic fibroblast growth factor; EGFR, epidermal 
growth factor receptor; ERKI12. extracellular signal-regulated kinase 

tophosphorylated leading to protein kinase C activation, release of intracellular 
Ca2+, and concomitant extracellular signal-regulated kinase (ERK) 1/2 activation 
after 30 min. Activation of these kinases and the intracellular Ca2+ release results 
then in transcriptional activation of angiogenic factors like VEGF and angiopoi
etin-2. This finally leads to induction of angiogenic processes (Fujiyama et al. 
2001). The ATlR as a G protein-coupled receptor requires heterotrimeric, small 
G proteins for activation. Heterotrimeric G proteins consist of an a, [3, and y 
subunit and are defined by the identity of their a subunit. Sixteen a subunit 
genes have been cloned, and on the basis of sequence similarities they are divid
ed into four groups: Gal/o, Gaq, Gas, Ga12ll3 (Simon et al. 1991). The angiotensin 
II1ATlR-activated increase in intracellular Ca2+ was selectively inhibited by in
jection of antisense oligonucleotides directed against mRNAs coding for the 
Gal3, G[31 and GY3 subunits (Macrez-Lepretre et al. 1997), suggesting an impor
tant role for these subunits in angiotensin II-induced angiogenesis. This has 
been most notably underscored by the disruption of the gene encoding for 
Gal3. Gal3 knockout mice indicate a recessive lethal phenotype. Homozygous 
embryos could only be recovered until day 9.5, showing an impaired ability of 
endothelial cells to develop into an organized vascular system and demonstrat
ing an important role for Gal3 in developmental angiogenesis (Offermanns et al. 
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1997). However, a direct involvement of Gal3 in transactivation of growth recep
tors by the ATlR has not been described yet and requires further investigation. 

3.3 
Regulation of Pro-angiogenic Transcription Factors by Angiotensin II 

Recent findings demonstrate that angiotensin II induces expression of the 
Kriippel-like zinc-finger transcription factor Klfs (Shindo et al. 2002) (Fig. 2). 
Initially described as a molecular marker of phenotypically modulated smooth 
muscle cells, Klfs also exerts diverse functions during cell differentiation and 
embryonic development (Aikawa et al. 1995; Bieker 2001). Importantly, hetero
zygous Klfs mice showed impaired angiogenic activity in the hindlimb ischemia 
model, and moreover, angiogenic responses to implanted tumors were markedly 
attenuated (Shindo et al. 2002). Therefore, one may speculate that KlfS might be 
a new candidate to mediate the pro-angiogenic effects of angiotensin II. 

Recently, an another transcription factor termed Cyr61 has been considered 
as a downstream target of angiotensin II (Hilfiker et al. 2002) (Fig. 2). Cyr61 is a 
heparin-binding, secreted cysteine-rich protein that integrates into the extracel
lular matrix and binds directly to integrins (Perbal 2001). Cyr61 gene transfer 
potently stimulated limb revascularization, thereby promoting even greater im
provement than achieved with VEGF (Fataccioli et al. 2002). Hilfiker et al. have 
demonstrated that Cyr61 is induced by angiotensin II in vascular cells and tissue 
and that the expression of Cyr61 colo cali zed with angiotensin II in small vessels 
of human arteriosclerotic lesions (Hilfiker et al. 2002). 

Fig. 2 Activation of transcription factors leading to angiogenesis. eNOS, endothelial NO-synthase; K1f5, 
Kriippel-like factor 5; PDGF-A, platelet-derived growth factor-A; TGF-fJ, transforming growth factor-fJ 
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Although the causal involvement of Klf5 and Cyr61 in angiotensin II-induced 
angiogenesis has to be proved, these factors might play a role in the complex 
mechanisms regulating angiogenesis signaling in response to angiotensin II. 

4 
Antiangiogenic Effects of Angiotensin II Via the AT2R: 
Important Role for Apoptosis 

Little information is available regarding the physiological roles of the AT2R and 
its signaling pathways. In cultured cells the AT2R seems to be difficult to study, 
since its expression is unstable. However, initial studies in 1995 demonstrated 
that stimulation of the AT2R in endothelial cells inhibits proliferation (Stoll et 
al. 1995). Moreover, angiotensin II or pharmacological stimulation of the AT2 
receptor were shown to induce apoptosis of cultivated endothelial cells (Dim
meIer et al. 1997). In addition, similar pro-apoptotic effects are described in 
AT2R-expressing cells (Yamada et al. 1996). The inhibition of endothelial cell 
proliferation and the induction of endothelial cell death obviously can counter
act angiogenesis (Dimmeler and Zeiher 2000). Indeed, recent in vivo studies 
support an anti-angiogenic activity mediated by the AT2R (Silvestre et al. 2002). 
AT2R knockout mice or pharmacological AT2R blockade by PD123319 revealed 
a pronounced angiogenic response (Walsh et al. 1997; Silvestre et al. 2002). In 
addition, endothelial cell apoptosis was reduced in mice lacking the AT2R 
(Silvestre et al. 2002). The pro-apoptotic activity of AT2R stimulation was main
ly attributed to the activation of mitogen-activated protein (MAP) kinase phos
phatases (MKP), which subsequently reduce the activity of the survival promot
ing ERK1I2 kinase and diminish Bcl-2 expression (Horiuchi et al. 1997). In en
dothelial cells mRNA expression of MKP-3 is increased by angiotensin II stimu
lation (R6ssig et al. 2002), whereas other studies reported that angiotensin II 
induced the expression of another isoform, MKP-1, in smooth muscle cells 
(Horiuchi et al. 1997). In both cell types the expression of the anti-apoptotic 
protein Bcl-2 was reduced by AT2R stimulation. This has further been con
firmed in AT2R knockout mice, which revealed significantly higher levels of 
Bcl-2 as compared to wild-type mice (Silvestre et al. 2002). 

Beside the induction of apoptosis, AT2R stimulation also prevents angioten
sin II-induced up-regulation of VEGF and eNOS. Thus, administration of 
PD123319 in mice inhibited the increase in VEGF protein expression and pre
vented transactivation of EGFR by angiotensin II (Fujiyama et al. 2001). The sig
naling seems to involve activation of protein tyrosine phosphatases, since tyro
sine phosphorylation of the EGFR was inhibited by PD123319 (Fujiyama et al. 
2001). Moreover, the increase in VEGF and eNOS expression induced by angio
tensin II was abolished in AT2R knockout mice (Silvestre et al. 2002). 
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Conclusions 
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The renin/angiotensin system can exert a double-edged role in angiogenesis sig
naling. The pro-angiogenic activity is predominantly mediated by stimulation 
of the ATRI. In contrast, stimulation of the AT2R induces apoptosis of endothe
lial cells and prevents angiogenesis. The balance of receptor expression may 
thus determine the angiogenic response to angiotensin II. 
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References 

Aikawa M, Kim HS, et al (1995) Phenotypic modulation of smooth muscle cells during 
progression of human atherosclerosis as determined by altered expression of myosin 
heavy chain isoforms. Ann NY Acad Sci 748:578-585 

Amaral SL, Linderman JR, Morse MM, Greene AS (2001) Angiogenesis induced by elec
trical stimulation is mediated by angiotensin II and VEGF. Microcirculation 8:57-67 

Berk BC (1999) Angiotensin II signal transduction in vascular smooth muscle: pathways 
activated by specific tyrosine kinases. J Am Soc Nephrol 1O:S62-S68 

Bieker JJ (2001) Kruppel-like factors: three fingers in many pies. J BioI Chern 276:34355-
34358 

Browder T, Folkman J,Pirie-Shepherd S (2000) The hemostatic system as a regulator of 
angiogenesis. J BioI Chern 275:1521-1524 

Carmeliet P (2000) Mechanisms of angiogenesis and arteriogenesis. Nat Med 6:389-395 
Carmeliet P, Ferreira V, et al (1996) Abnormal blood vessel development and lethality in 

embryos lacking a single VEGF allele. Nature 380:435-439 
Dimmeler S, Dernbach E, Zeiher AM (2000) Phosphorylation of the endothelial nitric ox

ide synthase at Ser 1177 is required for VEGF-induced endothelial cell migration. 
FEBS Lett 477:258-262 

Dimmeler S, Rippmann V, Weiland U, Haendeler J, Zeiher AM (1997) Angiotensin II in
duces apoptosis of human endothelial cells. Protective effect of nitric oxide. Circ Res 
81:970-976 

Dimmeler S, Zeiher AM (2000) Endothelial cell apoptosis in angiogenesis and vessel re
gression. Circ Res 87:434-439 

Fabre JE, Rivard A, Magner M, Silver M, Isner JM(1999) Tissue inhibition of angiotensin
converting enzyme activity stimulates angiogenesis in vivo. Circulation 99:3043-3049 

Fataccioli V, Abergel V, et al (2002) Stimulation of angiogenesis by cyr61 gene: a new 
therapeutic candidate. Hum Gene Ther 13:1461-1470 

Folkman J (1995) Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat 
Med 1:27-31 

Fujiyama S, Matsubara H, et al (2001) Angiotensin AT(l) and AT(2) receptors differen
tially regulate angiopoietin-2 and vascular endothelial growth factor expression and 
angiogenesis by modulating heparin binding-epidermal growth factor (EGF)-mediat
ed EGF receptor trans activation. Circ Res 88:22-29 

Heeneman S, Haendeler J, Saito Y, Ishida M, Berk BC (2000) Angiotensin II induces 
transactivation of two different populations of the platelet-derived growth factor beta 
receptor. Key role for the p66 adaptor protein Shc. J BioI Chern 275:15926-15932 



108 J. Haendeler· S. Dimmeler 

HilfIker A, HilfIker-Kleiner D, et al (2002) Expression of CYR61, an angiogenic immediate 
early gene, in arteriosclerosis and its regulation by angiotensin II. Circulation 
106:254-260 

Horiuchi M, Hayashida W, Kambe T, Yamada T, Dzau VJ (1997) Angiotensin type 2 re
ceptor dephosphorylates Bcl-2 by activating mitogen-activated protein kinase pho
phatase-1 and induces apoptosis. J BioI Chern 272:19022-19026 

Isner JM (2001) Still more debate over VEGF. Nat Med 7:639-641 
Isner JM, Asahara T (1999) Angiogenesis and vasculogenesis as therapeutic strategies for 

postnatal neovascularization. J Clin Invest 103:1231-1236 
Lastres P, Letamendia A, et al (1996) Endoglin modulates cellular responses to TGF-beta 

1. J Cell BioI 133:1109-1121 
Li C, Hampson IN, et al (2000) CD105 antagonizes the inhibitory signaling of transform

ing growth factor beta1 on human vascular endothelial cells. FASEB J 14:55-64 
Li D, Chen H, Mehta JL (2001) Angiotensin II via activation of type 1 receptor upregu

lates expression of endoglin in human coronary artery endothelial cells. Hyperten
sion 38:1062-1067 

Li DY, Sorensen LK, et al (1999) Defective angiogenesis in mice lacking endoglin. Science 
284:1534-1537 

Macrez-Lepretre N, Kalkbrenner F, Morel JL, Schultz G, Mironneau J (1997) G protein 
heterotrimer Galpha13beta1gamma3 couples the angiotensin ATlA receptor to in
creases in cytoplasmic Ca2+ in rat portal vein myocytes. J BioI Chern 272:10095-
10102 

Martin MM, White CR, Li H, Miller PJ, Elton TS (1995) A functional comparison of the 
rat type-1 angiotensin II receptors (ATlAR and ATlBR). Regul Pept 60:135-147 

Muramatsu M, Katada J, Hayashi I, Majima M (2000) Chymase as a proangiogenic factor. 
A possible involvement of chymase-angiotensin-dependent pathway in the hamster 
sponge angiogenesis model. J BioI Chern 275:5545-5552 

Murohara T, Asahara T, et al (1998) Nitric oxide synthase modulates angiogenesis in re
sponse to tissue ischemia. J Clin Invest 101:2567-2578 

Murphy TJ, Alexander RW, Griendling KK, Runge MS, Bernstein KE (1991) Isolation of a 
cDNA encoding the vascular type-1 angiotensin II receptor. Nature 351:233-236 

Offermanns S, Mancino V, Revel JP, Simon MI (1997) Vascular system defects and im
paired cell chemokinesis as a result of Galpha13 defIciency. Science 275:533-536 

Otani A, Takagi H, Suzuma K, Honda Y (1998) Angiotensin II potentiates vascular endo
thelial growth factor-induced angiogenic activity in retinal microcapillary endotheli
al cells. Circ Res 82:619-628 

Perbal B (2001) NOV (nephroblastoma overexpressed) and the CCN family of genes: 
structural and functional issues. Mol PathoI54:57-79 

Prenzel N, Zwick E, et al (1999) EGF receptor transactivation by G-protein-coupled re
ceptors requires metalloproteinase cleavage of proHB-EGF. Nature 402:884-888 

Rao GN, Lassegue B, Alexander RW, Griendling KK (1994) Angiotensin II stimulates 
phosphorylation of high-molecular-mass cytosolic phospholipase A2 in vascular 
smooth-muscle cells. Biochem J 299:197-201 

Richard DE, Berra E, Pouyssegur J (2000) Nonhypoxic pathway mediates the induction of 
hypoxia-inducible factor 1alpha in vascular smooth muscle cells. J BioI Chern 
275:26765-26771 

Rossig L, Hermann C, et al (2002) Angiotensin II-induced upregulation of MAP kinase 
phosphatase-3 mRNA levels mediates endothelial cell apoptosis. Basic Res Cardiol 
97:1-8 

Sasaki K, Murohara T, et al (2002) Evidence for the importance of angiotensin II type 1 
receptor in ischemia-induced angiogenesis. J Clin Invest 109:603-611 

Sasaki K, Yamano Y, et al (1991) Cloning and expression of a complementary DNA en
coding a bovine adrenal angiotensin II type-1 receptor. Nature 351:230-233 



Regulation of Angiogenesis by Angiotensin II 109 

Shindo T, Manabe I, et al (2002) Kruppel-like zinc-finger transcription factor KLF5/ 
BTEB2 is a target for angiotensin II signaling and an essential regulator of cardiovas
cular remodeling. Nat Med 8:856-863 

Silvestre JS, Tamarat R, et al (2002) Antiangiogenic effect of angiotensin II type 2 receptor 
in ischemia-induced angiogenesis in mice hindlimb. Circ Res 90:1072-1079 

Simon MI, Strathmann MP, Gautam N (1991) Diversity of G proteins in signal transduc
tion. Science 252:802-808 

Stoll M, Steckelings UM, et al (1995) The angiotensin AT2-receptor mediates inhibition 
of cell proliferation in coronary endothelial cells. I Clin Invest 95:651-657 

Tamarat R, Silvestre IS, Durie M,Levy BI (2002) Angiotensin II angiogenic effect in vivo 
involves vascular endothelial growth factor- and inflammation-related pathways. Lab 
Invest 82:747-756 

Tamarat R, Silvestre JS, et al (2002) Endothelial nitric oxide synthase lies downstream 
from angiotensin II-induced angiogenesis in ischemic hindlimb. Hypertension 
39:830-835 

Unger T, Chung 0, et al (1996) Angiotensin receptors. J Hypertens SuppI14:S95-S103 
Volpert OV, Ward WF, et al (1996) Captopril inhibits angiogenesis and slows the growth 

of experimental tumors in rats. I Clin Invest 98:671-679 
Walsh DA, Hu DE, et al (1997) Sequential development of angiotensin receptors and an

giotensin I converting enzyme during angiogenesis in the rat subcutaneous sponge 
granuloma. Br J PharmacoI120:1302-1311 

Williams B, Baker AQ, Gallacher B, Lodwick D (1995) Angiotensin II increases vascular 
permeability factor gene expression by human vascular smooth muscle cells. Hyper
tension 25:913-917 

Yamada T, Horiuchi M, Dzau VJ (1996) Angiotensin II type 2 receptor mediates pro
grammed cell death. Proc Nat! Acad Sci 93:156-160 

Yoshiji H, Kuriyama S, et al (2001) The angiotensin-I-converting enzyme inhibitor 
perindopril suppresses tumor growth and angiogenesis: possible role of the vascular 
endothelial growth factor. Clin Cancer Res 7:1073-1078 



Immunohistochemistry of Angiotensin 

H. Imboden· D. Felix 

Institute of Cell Biology, University of Bern, Baltzerstrasse 6, 3012 Bern, Switzerland 
e-mail: hans.imboden@izb.unibe.ch 

1 Introduction..................................... 112 

2 The Specificity of Immunocytochemical Techniques. . . . . . . . . . . . . .. 113 
2.1 Affinity Purification of Angiotensin Antiserum. . . . . . . . . . . . . . . . .. 113 
2.2 Anti-idiotypic Angiotensin Antibody . . . . . . . . . . . . . . . . . . . . . .. 115 
2.3 The Use of Different Anti-peptide Antibodies. . . . . . . . . . . . . . . . . .. 115 
2.4 Intracellular Staining of Angiotensin Receptors. . . . . . . . . . . . . . . . .. 116 

3 Combination of Immunocytochemical Methods with Other Techniques . .. 118 

4 Localization of the Components of the Renin-Angiotensin System. . . . .. 119 
4.1 Angiotensinogen in Brain. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 119 
4.2 Angiotensin Receptors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 120 

5 Colocalization of Central Angiotensinergic and Vasopressinergic Systems .. 121 

6 A New Angiotensinergic System in the Central Nervous System . . . . . . .. 122 

7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 123 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 124 

Abstract Immunocytochemical approaches have achieved an outstanding level 
for characterizing angiotensinergic systems in the brain and periphery. The de
velopment of affinity-purified antibodies for angiotensin II has resulted in dis
tinct loss of background activity and produced discrete staining of neurons and 
small angiotensinergic fibres. The improvement of immunocytochemical tech
niques has enhanced the ability to develop maps of angiotensinergic pathways. 
Furthermore, the production of specific monoclonal antibodies to angiotensin 
receptor subtypes, such as AT 1 and AT 2, has led to the characterization and 
localization of angiotensin hormonal and neurotransmitter systems in brain 
and peripheral tissues. Such affinity-purified antibodies have revealed that an
giotensin and vasopressin are colocalized in hypothalamo-neurohypophysial 
systems, implying that both peptides are released together in the median emi
nence and the neurohypophysis. Recent studies have shown that in spite of us
ing the same antigen molecule for immunization as weI! as for affinity purifica
tion, different staining pattern are obtained, suggesting that the different carrier 
proteins forced the production of different antibodies to different epitopes. 
Furthermore, the finding supports the hypothesis that angiotensin II is not the 
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only effector peptide in the renin-angiotensin system but a member of a family 
of biologically active angiotensinergic peptides. The presented studies support 
once more that immunocytochemical approaches remain important tools for 
characterizing angiotensinergic systems in the central nervous and peripheral 
tissues. 

Keywords Renin-angiotensin system· Immunocytochemistry· Affinity 
purification' Anti-idiotypic antibody· Monoclonal antibody· Colocalization . 
Angiotensinogen . Angiotensin receptor subtypes· AT I receptor· AT 2 receptor 

1 
Introduction 

The brain renin-angiotensin system (RAS), which plays an important role in 
controlling cardiovascular function and maintenance of body fluid homeostasis, 
has been the subject of many reviews (Bunnemann et al. 1993; Bottari et al. 
1993; Wright and Harding 1994; Mosimann et al. 1996; De Gasparo et al. 2000). 
The action of angiotensin II is mediated by the activation of its surface recep
tors, which are located in the central nervous system and in peripheral tissues. 

In the rat brain, two angiotensin II receptor subtypes, AT I and AT 2 have been 
established using autoradiography and selective ligands (Tsutsumi and Saavedra 
1991; Rowe et al. 1992; Song et al. 1992). Most of the known central actions of 
angiotensin II have been shown to be mediated through the AT I receptor. This 
receptor is coupled to G proteins and stimulates classical second messenger sys
tems such as inhibition of adenylcyclase or activation of phospholipase C 
(Timmermans et al. 1992). Genetically different ATI receptor isoforms, ATIA 
and AT IB have been localized by in situ hybridization using specific riboprobes 
(Johren et al. 1995). AT I receptor expression has been demonstrated in human 
breast tissues, suggesting that the RAS may be involved in normal and tumour 
tissue function (Inwang et al. 1997). Recent results demonstrated the presence 
of AT I receptor in malignant glial cells and a favourable therapeutic response in 
glioma cells by a selective blockade of this receptor subtype (Rivera et al. 2001). 
Furthermore, blockade of the AT IA receptor becomes an effective novel strategy 
for tumour chemoprevention, since such blockage reduced tumour growth, an
giogenesis and metastasis (Fujita et al. 2002). 

In contrast, the function of the AT 2 receptor is far from being understood. 
AT 2 is found to exert growth inhibitory and proapoptotic effects (Ishida and 
Fukamizu 1999). This receptor seems to exert opposite effects in terms of cell 
growth and cardiovascular haemodynamics (Xoriuchi et al. 1999). An upregula
tion of AT 2 expression under certain pathological conditions exists, such as vas
cular injury, myocardial infarction and heart failure (Nakamura et al. 1999; 
Malendowicz et al. 2000). Of high interest are results which suggest that the 
AT 2 receptor promotes vascular differentiation, contributes to vasculogenesis 
(Yamada et al. 1999) and cell migration (Cote et al. 1999). 
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Most published results about the RAS are obtained from radioreceptor assays 
of tissue homogenates or from autoradiography with specific antagonists in tis
sue sections. However, such methods are not suitable for studying exact cellular 
location of binding. In this respect, immunocytochemical approaches have 
achieved an outstanding level from both a methodological and scientific point 
of view. Especially, the specific affinity purification of polyclonal antibodies and 
the development of monoclonal antibodies offer a powerful tool for localization 
as well as colocalization studies at the cellular level. In addition, these antibod
ies can be used for Western blot analysis from tissue under distinct conditions. 
The combined immunocytochemical and biochemical approaches are certainly 
suitable for understanding principles of different angiotensin functions. Fur
thermore, with the aid of immunocytochemical techniques, possible interrela
tionship of angiotensin with other pep tides may be clarified. For such purposes, 
the production and use of different monoclonal antibodies will be a prerequisite 
for the characterization and localization of the hormonal and neurotransmitter 
systems in the brain and in peripheral tissues. 

2 
The Specificity of Immunocytochemical Techniques 

2.1 
Affinity Purification of Angiotensin Antiserum 

The sensitivity, specificity and also simplicity of immunocytochemical tech
niques have made them useful tools in the field of neurobiology over the past 
few years. The brain RAS involves selected populations of neurons within the 
brain. It is primarily the domain of immunocytochemical studies that deter
mine the exact location of selected populations of neurons and their projection 
fields necessary for a complete understanding of the distribution of centrally 
produced angiotensin II (Imboden et al. 1987a,b). Implicit in the use of immu
nocytochemistry for such purposes is the belief that the staining produced is 
due to authentic angiotensins. The validity of this assumption deserves special 
scrutiny since only a small number of angiotensin antisera proved suitable for 
angiotensin immunocytochemistry. The use of crude angiotensin antiserum re
sulted in the staining of large varicosities and cell bodies. Fibres, however, were 
all but invisible owing to extensive background staining. Biochemical and histo
chemical analysis of crude angiotensin antiserum indicated that the background 
staining seen with the crude antiserum was neither angiotensin II nor several 
angiotensin-derived fragments (Imboden et al. 1987a). 

The enhancement in immunocytochemical resolution was drastically im
proved when Imboden and co-workers (1987a,b) prepared affinity-purified anti
sera. Antibodies were purified by chromatographing crude antiserum (rabbit 
DE) with an angiotensin II affinity column prepared with CH-sepharose 4B 
(Pharmacia). Such affinity purification yielded an antibody preparation that 
produced staining which confirms the presence of angiotensin II. This staining 
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sufficiently improved the level of resolution to visualize extensive fine fibres as 
well as the more precise location of angiotensin immunoreactive neurons. Fur
thermore, the purified antibodies yielded only discrete staining without back
ground. 

A major advantage of the purified antibodies over the crude antiserum is the 
ability of the former to stain clearly fine fibres and their accompanying varicosi
ties. These studies have been done without colchicine pretreatment of the ani
mals. Such improved capability to visualize fibres allows one to directly map an
giotensinergic pathways. The potential of this mapping capability is exemplified 
in Fig. 1 in which a part of the paraventricular-hypophysial pathway is shown 
(Imboden et al. 1987b). 

Fig. lA, B Comparison of angiotensin II-like immunoreactive product in fibre tracts of the dorsal 
and ventral supraoptic commissure and in cells of the ventral base of the hypothalamus. Bars=20 pm. 
A Staining with the crude antiserum. Only a few cells at the hypothalamic border show faint and dif
fuse reaction (arrowheads). No clear fibre pathways were observed in the commissure. B Staining with 
the affinity-purified antibody. Angiotensin II-like immunoreactive fibre pathways are clearly visible. Im
munoreactive cells (arrowheads) can be distinguished from toluidine blue-counterstained, nonreactive 
cells (arrows). (Reproduction by permission from Imboden et al. 1987b, by courtesy of Marcel Dekker, 
Inc., NY) 
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2.2 
Anti-idiotypic Angiotensin Antibody 

Another approach to the crucial angiotensin receptors has been the use of anti
idiotypic antibodies, which is based on the network theory of the immune sys
tem (Jerne 1974). One anti-idiotypic antibody reacting with angiotensin II re
ceptors (Couraud 1987), whose capacity served as a reliable tool for mapping 
immunohistochemical angiotensin II receptor distribution, has been reported 
by Pfister et al. (1993). Specificity of these antibodies toward angiotensin II re
ceptor has been demonstrated with a number of biochemical experiments. The 
conclusion of this immunohistochemical study shows it to be a reliable tool for 
mapping angiotensin II receptor distribution. The established experimental ap
proaches to angiotensin II receptors are thus supplemented with the possibility 
of immunocytochemical investigations. Using anti-idiotypic antibodies, punc
tate immunoreactive granules in or on neurons of different hypothalamic nuclei 
were demonstrated (Pfister et al. 1993). 

2.3 
The Use of Different Anti-peptide Antibodies 

As mentioned above, angiotensin II mediates its biological actions via two sub
types of receptors, termed AT] and AT 2. In rat and mouse, two further subtypes 
of AT 1> namely AT]A and AT]B exist (Iwai and Inagami 1992). Therefore, the pri
mary goal for immunohistochemists is to raise monoclonal anti-peptide anti
bodies specific to the different angiotensin receptor subtypes and to angiotensin 
II itself and using them to determine the intraorganic and/or the intracellular 
localization. Until now, only scarce immunohistochemical investigations have 
been performed in which polyclonal anti-idiotypic antibodies were used; these 
studies were unable to distinguish between the different receptor subtypes 
(Pfister et al. 1993). Comparable results have been published concerning the use 
of an antibody to a portion of the third cytoplasmic loop of the AT] receptor 
(Phillips et al. 1993). Further polyclonal antibodies (Zelezna et al. 1992; Rakugi 
et al. 1997; Benarroch and Schmeichel 1998; Giles et al. 1999) and one monoclo
nal antibody (Barker et al. 1993; Harrison-Bernard et al. 1997) to the AT] recep
tor exist. Regarding the AT 2 receptor, only two polyclonal and no monoclonal 
antibody have been published (Yiu et al. 1997; Nora et al. 1998). So far, only the 
monoclonal antibody against the AT] receptor has been proved useful for im
munohistochemical investigations (Harrison-Bernard et al. 1997). In a recent 
study, Frei et al. (2001) reported the production and immunocytochemical char
acterization of three novel murine monoclonal antibodies directed against an
giotensin II receptor subtypes AT] and AT 2, and against angiotensin II. Immu
nocytochemical characterization were carried out in the rat adrenal, in which 
AT]-reactive cells were found in the zona glomerulosa and the medulla, whereas 
the AT 2 antibody bound specifically to medullar cells. Cells in the medulla and 
the zona glomerulosa reacted both with the angiotensin II monoclonal antibody. 
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In Western blots, both ATI and AT2 antibodies detected a major 73-kDa protein 
band from adrenal homogenates but did not recognize a protein of 41 or 44 kDa 
as reported for COS-7 cells transfected with ATIA receptor cDNA (Barker et al. 
1993; Rakugi et al. 1997). These observations suggest that the previously identi
fied 75-kDa protein (Sen and Rajasekaran 1991) obtained from cross-linking ex
periments of [125 I)-labelled angiotensin II was the biological relevant glycosy
lated form of the AT I receptor. This finding is of importance, since the new 
monoclonal antibodies specifically recognize angiotensin II and AT I and AT 2 re
ceptors, representing powerful tools for further subcellular and effector pathway 
investigations (Frei et al. 2001). 

2.4 
Intracellular Staining of Angiotensin Receptors 

Despite the knowledge of the existence of angiotensin II itself as well as its re
ceptors in specialized brain areas, the coexistence of components of angiotensin 
and angiotensin receptors in individual cells have been reported only recently. 
For such investigations, the lack of pretreatment of the animals with colchicine 
and the purification of the specific antibodies were important steps. With this 
procedure it was possible to stain not only neurons in hypothalamic regions but 
also to visualize angiotensinergic fibres in the hypothalamic paraventricular-hy
pophysial pathway. Spengler et al. (1996) used 5-,um thick sections, allowing a 
chance to get at least three adjacent sections out of a single neuron. With these 
serial sections they were able to carry out immunoreaction studies in one single 
cell using an anti-idiotypic angiotensin antibody, an affinity-purified angioten
sin II antibody ("BODE") and an antibody against the third intracellular loop of 
the ATI receptor ("ELAINE"). As an example, Fig. 2 illustrates the coexistence of 
angiotensin and its receptor subtype AT I in individual neurons. 

a b 

Fig. 2a-c Coexistence of angiotensin and angiotensin receptors in neurons of the supraoptic nucleus. 
a Immunoreactive staining with the anti-idiotypic antibody for angiotensin II receptors. b Immunoreac
tive staining with the affinity-purified antibody to angiotensin II. c Immunoreactive staining with the 
antibody to the angiotensin ATl receptor oligo-sequence. Scale bar=10 jim. (Reproduction by permis
sion from Spengler et al. 1996, by courtesy of Birkhauser Verlag Basel/Schweiz) 
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Fig. 3 Confocal laser-scan microscopic analysis of a neuron in the paraventricular nucleus (PVN). The 
sections show cytoplasmic localization of angiotensin II-receptor immunoreactivity. The series (from left 
to right, top to bottom) show optical sections in the z-direction of a neuron that was incubated with an 
anti-ATl receptor antibody. Scale bar=10 ,um. (Reproduction by permission from Pfister et al. 1997, by 
courtesy of Elsevier Science) 

Although several individual studies using immunocytochemical (Phillips et 
al. 1993) or auto radiographic (Tsutsumi and Saavedra 1991) techniques report
ed the existence of angiotensin or angiotensin receptors, this was the first report 
of coexistence of the peptide and its receptors within the same neuron. The fact 
that angiotensin-containing neurons possess receptor sites as well, raises the 
possibility of an angiotensinergic input on the same neuron. The advantage of 
using thin sections allowed testing the different antibodies in individual slices 
of the same neuron, thereby preventing any possible interaction with each other. 
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To summarize, the chosen approach offers a good tool for any further studies 
on colocalization of the components of hypothalamic peptidergic systems. 

The immunocytochemical reaction product from intracellular staining of an
giotensin receptors showed characteristic focal appearance. Using anti-idiotypic 
antibodies, such focal immunoreactive granules were described in or on neu
rons of the supraoptic nucleus and of the paraventricular nucleus in the hypo
thalamus of rats (Pfister et al. 1993). Comparable results have been published 
concerning the use of an antibody to a portion of the third cytoplasmic loop of 
the ATl receptor (Phillips et al. 1993). To clarify whether the mentioned immu
noreactivity indeed resulted from intracellular staining, Pfister et al. (1997) tried 
three different approaches: (1) use of the fluorescein isothiocyanate (FITC)-con
jugated anti-idiotypic antibody with confocal laser-scan microscopic analysis; 
(2) use of the anti-AT1 receptor antibody ("ELAINE") in combination with a 
FITC-conjugated second antibody and subsequent confocal laser-scan micro
scopic analysis; (3) use of the anti-idiotypic antibody with the PAP/DAB-method 
and subsequent light-microscopic analysis of semi-thin sections. The use of the 
different approaches has shown punctate immunoreactive material homoge
neously distributed in the cytoplasm shown in Fig. 3. 

In contrast, the nuclei of marked neurons were devoid of staining. With the 
pre-embedding semi-thin sections, it was possible to localize punctate staining 
at the border of the cell membrane. The intracellular distribution pattern of an
giotensin II receptor immunoreactivity could indicate that the epitope being 
recognized by the anti-receptor antibodies already appears during receptor bio
synthesis and/or during degradation. 

3 
Combination of Immunocytochemical Methods with Other Techniques 

The current knowledge on brain RAS has been derived mostly from a synthesis 
of many studies with different methods of investigations. The disadvantage of 
all these studies, however, is the lack of information to the same neuron. Such 
information can only be gained with a combination of different methods 
focused on a single structure and performed in one experimental approach. The 
advantage is to develop a relation between the results obtained. For instance 
with a combination of electrophysiology, morphology and immunocytochemis
try, a neuron could be investigated with regard to its sensitivity to specific neu
rotransmitters, the content of different peptides, enzymes, receptors, and its 
morphology. 

Egli et al. (2000) used different methods to characterize single neurons in the 
hypothalamic paraventricular area of the brain. Starting with intracellular 
recordings and a pharmacological identification, not only neurotransmitters but 
also involved receptors were defined with the application of receptor agonists 
and antagonists. Finally, the injection of Lucifer yellow into the electrophysio
logically investigated cell using confocal laser-scan microscopically generated 
optical sections allowed a 3D-model to be created. The use of different antibod-
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ies on 1-,um semi-thin sections from the investigated cell showed a possible 
presence of diverse substances. The electrophysiological method was used to 
find angiotensin II-sensitive neurons in this brain area. An application of the 
angiotensin II-specific AT 1 receptor antagonist Losartan (Dup 753) during the 
angiotensin II application confirmed its evoked reaction, followed by a dye in
jection into the cell, defining its morphology. Finally, an immunocytochemical 
method was used to look for vasopressin and components of the angiotensin 
system inside or outside the neuron (Egli et al. 2000). Such techniques offer new 
insight into the function of neurotransmitter systems in general, and the results 
enables us to gain improved information on interactions of the angiotensinergic 
system within the RAS or other systems in specialized areas of the brain or in 
peripheral tissues. 

4 
Localization of the Components of the Renin-Angiotensin System 

4.1 
Angiotensinogen in Brain 

Each of the components of the brain RAS including angiotensinogen (Lewicki et 
al. 1978; Campbell et al. 1984), renin (Ganten and Speck 1978; Ganten et al. 
1984), converting enzyme (Ganten et al. 1984) and angiotensin II itself 
(Hermann et al. 1984) have been identified in the brain. Although the presence 
of all of the components in the brain seems indisputable, the exact cellular loca
tions of several key components, such as angiotensinogen (Deschepper et al. 
1986; Sernia 1995) have been disputed. While angiotensin II appears to be exclu
sively located in neurons (Lind et al. 1985; Imboden et al. 1987a), angiotensino
gen has been reported to reside only in astrocytes and ependymal cells. In the 
hypoglossal nucleus of the rat, angiotensinogen was found in astrocytes, with 
small amounts in neuronal dendrites (Tham et al. 2001). The cellular localiza
tion of angiotensinogen mRNAs in the subfornical organ is predominantly ex
pressed in astroglial cells (Lippoldt et al. 1993). 

Imboden et al. (1987c) confirmed, with affinity-purified polyclonal antibod
ies against the tetradecapeptide, that a large portion of the total angiotensino
gen immunoreactivity was present in astrocytes. However, it appeared that only 
a subpopulation of astrocytes contained angiotensinogen, having the highest 
concentration in the arcuate nucleus. Of potential importance was the tendency 
of angiotensinogen-containing astrocytes to contact brain microvessels. There
fore, astrocytic angiotensinogen could represent the precursor pool for a second 
brain-angiotensin system that is exclusively associated with blood vessels and 
involved with the regulation of cerebral blood flow. In contrast to earlier reports, 
Imboden et al. (l987c) could show that clear angiotensinogen staining of neu
rons was evident in paraventricular, supraoptic and accessory magnocellular hy
pothalamic nuclei. Interestingly, these same nuclei always costained for angio
tensin II, suggesting a unique relationship between angiotensinogen-containing 
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astrocytes and angiotensin-producing neurons. Such a system would require di
rect contact between these elements so that angiotensinogen could be taken up 
by the neurons. The final location of angiotensinogen is the choroid plexus, in
dicating that angiotensinogen is being actively secreted into the cerebrospinal 
fluid (Imboden et al. 1987c). 

The localization of angiotensinogen in three cell types of the brain, using im
munohistochemical methods, are consistent with multiple functions for brain 
angiotensinogen as a precursor for neuronal angiotensin II and as a potential 
source for angiotensin II that is locally produced in the brain (Schelling et al. 
1983). Regional distribution of angiotensinogen in fetal and neonatal rat brain 
showed that most of the immunopositive cells in the hypothalamus and brain
stem were astrocytes, while those in the cortex were almost exclusively neurons 
(Mungall et al. 1995). 

4.2 
Angiotensin Receptors 

Although angiotensin II receptors were among the first peptide receptors to be 
characterized, the discovery of receptor subtypes and the elucidation of the sig
nal transduction mechanisms linking receptors to effectors have revealed new 
possibilities concerning the role of an angiotensin system in the brain (Bottari 
et al. 1993). Most of the known central actions of angiotensin II, such as dipso
genic response, increase in blood pressure and vasopressin release, have been 
shown to be mediated through the AT 1 receptor. In the past, many immunohis
tochemical studies have focused on the distribution pattern of this receptor sub
type. The precise localization and the physiological role of angiotensins in cir
cumscribed areas of the brain especially in the third ventricle area (subfornical 
organ, organum vasculosum laminae terminalis, anterior third ventricle area), 
the hypothalamic areas and the hypothalamo-neurohypophysial axis have shed 
light on the understanding of the role of the brain RAS (Imboden and Felix 
1991; Paxton et al. 1993; Phillips et al. 1993; Mosimann et al. 1996; Benarroch 
and Schmeichel 1998). Besides the third ventricular and hypothalamic area, di
rect evidence exists of neuronal localization of the AT 1 receptor in distinct areas 
of the brain stem (Yang et al. 1997; Benarroch and Schmeichel 1998) and the 
limbic system (von Bohlen et al. 1998). 

As already mentioned, the function of the ATz receptor is far from being un
derstood. High ATz receptor mRNA expression was localized at the cellular level 
in the lateral septum, in several thalamic nuclei, in the subthalamic nucleus, in 
the locus coeruleus and in the inferior olive. In all regions examined, AT z recep
tor immunoreactivity was associated with the cytoplasm and cell membrane and 
was not localized within the nucleus (Reagan et al. 1994). Schelman et al. (1997) 
reported an ATz receptor-mediated inhibition of NMDA (N-methyl-D-aspartate) 
receptor signalling in neuronal cells. The results suggest that angiotensin II in
hibits NMDA-mediated nitric oxide and cyclic guanosine monophosphate 
(cGMP) production through a mechanism involving ATz receptor subtype. 
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In the adrenal gland both angiotensin receptor subtypes have been character
ized. Immunocytochemical studies revealed AT 1 reactive cells in the zona 
glomerulosa and the medulla, whereas the ATl antibody bound specifically to 
medullar cells (Bird et al. 1996; Frei et al. 2001). Since the ATl is expressed in 
the adrenal medulla, it is tempting to speculate whether this receptor subtype 
might playa role in adrenal medullar apoptosis (Shenoy et al. 1999). 

5 
Colocalization of Central Angiotensinergic and Vasopressinergic Systems 

Since the discovery of angiotensin receptor subtypes and the development of 
specific angiotensin receptor antagonists, new aspects concerning the functional 
role of these receptors in the central nervous system have been elucidated. There 
is a close interrelationship between angiotensin receptors and other neurotrans
mitter systems. Using microdialysis, Stadler et al. (1992) showed that stimula
tion of periventricular AT 1 receptors leads to a release of noradrenaline in hypo
thalamic nuclei. Noradrenaline, on the other hand, acts on postsynaptic adreno
ceptors to release vasopressin from the neurohypophysis. 

The existence of the two peptides angiotensin and vasopressin in individual 
magnocellular cell groups of the hypothalamus has been demonstrated by using 
immunocytochemical methods (Imboden and Felix 1991). These neurosecretory 
magnocellular groups consist of the paraventricular nucleus and the supraoptic 
nucleus, as well as different accessory cell groups (Riva et al. 1999). From a 
functional point of view, these peptide systems are closely related and have dra
matic vasoconstrictive effects when given peripherally and both exhibit pressor 
activity when applied centrally (Matsuguchi et al. 1982; Phillips 1987; Langhans 
1988; Janiak et al. 1989). Their axons project into the pituitary, hindbrain struc
ture, and other regions of the central nervous system (Healy and Printz 1984; 
Lind et al. 1985; Imboden et al. 1989). An immunocytochemical comparison of 
the angiotensin and vasopressin hypothalamo-neurohypophisial systems in rats 
by Imboden and Felix (1991) confirmed the colocalization of the two peptides 
in neurons of the paraventricular nucleus and the supraoptic nucleus (Kilcoyne 
et al. 1980; Hoffman et al. 1982; Silverman and Zimmerman 1983; Lind et al. 
1984). 

Furthermore, with affinity-purified antibodies it has been shown that the an
giotensin and vasopressin hypothalamo-neurohypophysial systems are located 
in the same fibre system (Imboden and Felix 1991) as shown in Fig. 4. 

Arching fibre tracts were formed mainly by projections emanating from cell 
bodies in the paraventricular nucleus and supraoptic nucleus, extending as far 
as the median eminence and the neurohypophysis, where major terminal fields 
exist. The implication of this finding is that angiotensin and vasopressin may be 
released together from the median eminence and the neurohypophysis. An im
portant question remains to be answered as to how the release of such colo cal
ized peptides is controlled. Functional studies have indicated that the AT 1 recep
tor subtype may participate in the regulation of vasopressin release by angioten-
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Fig. 4A, 8 The angiotensinergic (A) and vasopressinergic (8) fibre systems in coronal adjacent sections 
in the rat hypothalamus. TO, tractus opticus; III, third ventricle. Scale bar=500 tLm 

sin II. Furthermore, subtype AT2 receptor-directed antiserum has been im
munohistochemically detected AT 2 receptors in identified vasopressinergic neu
rons within the paraventricular and the supraoptic nuclei (Shelat et al. 1998). 

6 
A New Angiotensinergic System in the Central Nervous System 

Through immunocytochemical techniques, the localization of angiotensin II
like immunoreactivity has mainly been demonstrated in the hypothalamo-neu
rohypophysial pathway, neurosecretory paraventricular nucleus, supraoptic nu
cleus, suprachiasmatic nucleus, as well as in the median eminence (Brownfield 
et al. 1982; Lind et al. 1985). Similar results were obtained by the use of a 
polyclonal, affinity-purified, monospecific antibody to angiotensin II called 
«BODE", produced by Imboden et al. (l987a,b). Recently, a new polyclonal rab-
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bit antibody to angiotensin II, called "BODE 1" was developed by the same 
group of researchers (Burkhalter et al. 2001). Nitrocellulose tests revealed for 
both antibodies a high degree of crossreactivity with different angiotensin pep
tides. They did not, however, interact with other neuropeptides like vasopressin, 
indicating that both antibodies are uniquely specific for angiotensins. Interest
ingly, the use of the two antibodies revealed dissimilar distribution of angioten
sin II immunoreactivity within the rat central nervous system. The angiotensin 
II-like material detected using BODE was concentrated in the neurosecretory 
hypothalamic nuclei, in the inner layer of the median eminence and in the pos
terior lobe of the pituitary. In contrast, the BODE 1 antibody did not stain the 
hypothalamo-neurohypophysial angiotensinergic system; the staining pattern 
was much more broadly distributed throughout the central nervous system. 
This distribution of angiotensin-like material is new and indicates the existence 
of a new angiotensinergic system. BODE 1 is the first antibody that can be used 
to verify the locations of endogenous angiotensin and their receptor sites in the 
central nervous system (Burkhalter et al. 2001). 

The results, however, do not reveal which exact types of angiotensins are de
tected. It is interesting to note that in spite of using the same antigen molecule 
for immunization as well as the same antigen molecule for affinity purification, 
these two polyclonal antibodies showed a dissimilar staining pattern. The find
ings suggest that the different carrier proteins forced the production of different 
antibodies to different epitopes. Therefore, it has to be taken into account, that, 
depending on how the different antibodies are able to bind to the exposed epi
topes in the paraformaldehyde-fixed sections, different staining pattern can be 
obtained. 

7 
Concluding Remarks 

Early immunohistochemical studies that described the detection of angiotensin 
II-immunoreactive material were forced to rely on a small number of antisera 
because most angiotensin antibodies had proved unsuitable for immunohisto
chemistry. Although useful tools, these antisera have suffered from high back
ground staining. With the development of affinity-purified antibodies, the reso
lution has been greatly enhanced. The purification results in a distinct loss of 
background activity and produces a discrete staining of neurons and even small 
angiotensin fibres in animals not treated with colchicine. Such low background 
and discrete staining obtained through the improvement of immunocytochemi
cal techniques has enhanced our ability to develop accurate maps of an
giotensinergic pathways. 

Another important aspect of the immunocytochemical approach is the pro
duction of different specific monoclonal antibodies to angiotensin AT 1 and AT 2 

receptor subtypes and to angiotensin II as well as to components of the RAS. 
The development and use of such angiotensin antibodies will be a prerequisite 
for the characterization and localization of angiotensin hormonal and/or neuro-
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transmitter systems in the brain and in peripheral tissues. It has to be taken into 
account that in spite of using the same antigen molecule for immunization as 
well as the same antigen molecule for affinity purification, different staining pat
terns can be obtained. The finding that in the central nervous system at least two 
different angiotensin systems exist supports the hypothesis that angiotensin II is 
not the only effector peptide in the RAS, but a member of a family of biologically 
active angiotensin peptides. Nevertheless, immunohistochemical techniques re
main important methodological tools for characterizing and localizing an
giotensinergic systems in the central nervous system and in peripheral tissues. 

Whereas most of the immunohistochemical studies concerning the RAS have 
dealt in the past with the central nervous system and the adrenal, there is an in
creasing need for immunocytochemical approaches in normal and pathological 
peripheral tissues, e.g. cancer. With few exceptions, such studies are missing. It 
will be of importance that clinical trials using angiotensin receptor antagonists 
for treatment, e.g. glioblastoma multiforme and other malignant tumours, take 
place. Therefore, the immunocytochemical approach will become an important 
tool to place such trials on a firm scientific basis. 
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Abstract The classical view of the renin-angiotensin system (RAS) as an endo
crine system, designed to deliver its active end-product, angiotensin II, to tis
sues via circulating blood, has been challenged in the past two decades by stud
ies demonstrating high tissue levels of angiotensin II, as well as release of angio
tensin I from tissue sites. The high tissue levels of angiotensin II could not be 
explained on the basis of diffusion and/or receptor-mediated uptake of circulat
ing angiotensin II, thereby supporting the concept that tissue angiotensin II is 
largely, if not completely, synthesized locally. Remarkably, in many organs (in 
particular the heart and vessel wall) this local synthesis depends on the uptake 
of circulating (i.e. kidney-derived) renin and/or pro renin, either via diffusion 
into the interstitial space or through binding to (pro )renin receptors. Renin 
and/or prorenin binding to (pro)renin receptors located on the cell membrane, 
combined with the fact that angiotensin-converting enzyme (ACE) also is a 
membrane-associated enzyme, favours angiotensin generation on the cell sur
face. Although renin has also been demonstrated intracellularly, intracellular an
giotensin generation is unlikely to occur, due to the lack of angiotensinogen in
ternalization. Tissue angiotensin generation is further supported by clinical 
studies demonstrating that RAS blockade, with either ACE inhibitors or angio
tensin receptor antagonists, results in beneficial cardiac, vascular and renal ef
fects that are independent, at least in part, of the blood pressure-lowering effects 
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of these drugs. Taken together therefore, angiotensin II is generated at tissue 
sites, where it acts as a paracrine and/or autocrine hormone, and RAS blockers 
exert their effects mainly through interference with tissue angiotensin II. 

Keywords Angiotensin· Renin· Pro renin . AT I receptor· AT 2 receptor· 
Mannose 6-phosphate/insulin-like growth factor II receptor· Chymase . 
Intracellular· ACE inhibitor 

1 
Introduction 

Classically, the renin-angiotensin system (RAS) has been viewed as an endo
crine system, designed to deliver its effector peptide, angiotensin (Ang) II, via 
the circulation to target organs, where it binds to Ang II type 1 (AT d and type 2 
(AT2) receptors in order to induce effects, the most important of which are va
soconstriction, sodium and water retention, and growth stimulation. According 
to this concept, liver-derived angiotensinogen is cleaved in the circulating blood 
by kidney-derived renin, to form Ang 1. Ang I is subsequently converted to 
Ang II by angiotensin-converting enzyme (ACE) located on the luminal side of 
the vascular endothelium. ACE also occurs as a soluble form in blood plasma, 
but the contribution of soluble ACE to Ang II generation is negligible (Ng and 
Vane 1968; Admiraal et al. 1993). 

Following the introduction of the ACE inhibitors in the early 1980s, it soon 
became clear that these drugs exerted effects in the face of unaltered or even 
increased levels of Ang II in circulating blood (Nussberger et al. 1985, 1986; 
Mooser et al. 1990; van den Meiracker et al. 1992). Moreover, beneficial effects 
were observed that occurred independently of their blood pressure-lowering ef
fects (Linz et al. 1992; Yusuf et al. 2000). Although the former may have been 
due, at least in part, to inaccurate measurements of Ang II (Nussberger et al. 
1985, 1986), these observations have led to the concept that angiotensins are 
also synthesized outside the circulation, i.e. at tissue sites (Dzau 1988). Recent 
studies with other RAS blockers (renin inhibitors and ATI receptor antagonists) 
further support this view (Fischli et al. 1994; Linz et al. 2000). 

Remarkably, despite an overwhelming number of studies on "tissue Ang II 
generation" in the past 20 years, the precise mechanism underlying this phe
nomenon is still not completely understood. Originally, it was thought that all 
components required to synthesize Ang II locally, i.e. renin, angiotensinogen 
and ACE, were also synthesized in tissues, thus allowing organs like the heart, 
vessel wall, brain and adrenal to synthesize Ang II independently of angiotensin 
generation in the circulation. Protein and mRNA measurements have been per
formed to support the existence of local RASs in organs. Protein measurements, 
however, cannot be taken as evidence that the protein is synthesized locally. 
Moreover, such measurements are often hampered by a lack of specificity. For 
example, the presence of "renin" activity in tissue extracts may be caused by en
zymes other than renin that are capable of generating Ang I (Katz et al. 200l). 
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Furthermore, detection of mRNA, particularly when the concentrations are low, 
does not necessarily mean that the corresponding protein is synthesized locally 
in physiologically relevant amounts (von Lutterotti et al. 1994). These uncertain
ties, as well as observations that renin could not be detected in cardiac and vas
cular tissue following bilateral nephrectomy (Loudon et al. 1983; Danser et al. 
1994), have led to the idea that tissue Ang II generation might depend on one or 
more RAS components taken up from the circulation. Consequently, the term 
local (or tissue) RAS has been replaced by "local Ang II-generating system". 

2 
Release of Angiotensins from Tissue Sites into the Circulation? 

Local production of angiotensins has been studied extensively, both through in 
vitro and in vivo experiments. In studies of isolated perfused rat Langendorff 
hearts, cardiac production of Ang I and II could only be demonstrated after the 
addition of renin to the perfusion buffer (Lindpaintner et al. 1990; de Lannoy et 
al. 1997, 1998). This suggests that angiotensinogen and ACE, but not renin, are 
present in the isolated rat heart. Results from isolated perfused rat hindquarter 
experiments parallel these findings (Fig. l), in that the spontaneous release of 
angiotensins from these preparations decreased to low or undetectable levels 
when the animals had been nephrectomized prior to hindquarter perfusion 
(Hilgers et al. 1993; Kato et al. 1993). 

Attempts have been made to study tissue angiotensin production in the intact 
animal by measuring arteriovenous differences of Ang I and II across the vari
ous vascular beds. However, such differences are small (Admiraal et al. 1990, 
1993; Danser et al. 1992a; Neri Serneri et al. 1996), and it should be taken into 
account that a large proportion of circulatory Ang I and II is metabolized during 
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Fig. 1 Angiotensin (Ang) release from isolated perfused rat hindlimbs before and after bilateral ne
phrectomy (Nx). (Hilgers et al. 1993; Kato et al. 1993) 
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a single passage through an organ. In early studies in sheep (Fei et al. 1981), 
Ang II clearance across the pulmonary and combined systemic vascular beds 
was calculated from arteriovenous differences measured across these beds dur
ing infusion of high doses of Ang II into the pulmonary artery. These studies 
already indicated that Ang II is rapidly degraded and that plasma renin activity 
(PRA) is probably insufficient to generate the endogenous levels of circulating 
Ang II. 

More recently, the regional clearance and metabolism of Ang I and II was 
quantified, both in humans and pigs, by constant infusions of radio labelled 
125I-Ang I or II (Admiraal et al. 1990, 1993; Danser et al. 1992b, 1998; Neri 
Serneri et al. 1996). Blood was sampled from various arterial and venous sites for 
measurements of radiolabelled Ang I and II. Additional measurements of the lev
els of endogenous Ang I and II, and of PRA at physiological pH made it possible 
to estimate how much of venous Ang I could be attributed to arterial delivery, vs 
de novo synthesis, and what proportion of de novo synthesized Ang I depends 
on the action of circulating renin on circulating angiotensinogen (PRA). It was 
also possible to calculate how much of venous Ang II originated from arterial de
livery, and how much from the conversion of arterially delivered Ang I. 

It was found that in virtually all vascular beds studied (heart, lung, kidney, 
head, arm, leg, liver), a major proportion of venous Ang I originated from de 
novo production and that PRA contributed little to this de novo production 
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Fig.2 Origin of renal venous angiotensin (Ang) I and II in humans (Danser et al. 1998). [Ang /]ort and 
[Ang /l1ort represent arterial Ang I and Ang II, respectively. PRA, plasma renin activity. The majority of 
renal venous Ang I originates from tissue sites, whereas the release of Ang II from tissue sites is not 
significant (NS) from zero. The latter implies that de novo synthesized renal venous Ang II is derived 
only from arterial Ang I and Ang I generated by PRA during passage of the renal vascular bed 



Renin-Angiotensin System: Plasma Versus Tissues 133 

(Fig. 2). One can therefore conclude that Ang I is produced at tissue sites and 
that part of it is released into the circulation. While most of venous Ang I ap
pears not to be generated by the action of circulating renin on circulating angio
tensinogen, the level of venous Ang I produced at (and released from) tissue 
sites correlated strongly with the level of PRA (Danser et al. 1992b). This, to
gether with findings in pigs and rats that tissue angiotensin levels are greatly re
duced after nephrectomy (Campbell et al. 1993; Danser et al. 1994; Nussberger 
2000), strongly suggests that it is kidney-derived renin that is a major determi
nant of tissue Ang I production. 

For Ang II, we were unable to demonstrate release from tissue sites (Admiraal 
et al. 1993; Danser et al. 1998). Most, if not all, venous Ang II appeared to origi
nate from delivered by the artery and from Ang II generated by conversion of 
arterially delivered Ang I. Thus, Ang I produced at tissue sites and released into 
the circulation may have escaped conversion to Ang II. It is possible that Ang I 
produced in the tissue enters the blood at a level distal to the site where arterial
ly delivered Ang I is converted to Ang II by the vascular endothelium, so that 
this conversion site is bypassed. For instance, Ang I formed at tissue sites may 
enter the circulation at the level of the capillaries or venules, whereas Ang I to II 
conversion may occur only at the level of the arterioles. Alternatively, Ang II is 
produced in the tissue and remains there. 

3 
Origin of Tissue Angiotensin I and II 

The studies described above are limited to measurements of angiotensins in the 
circulation. Although they support the concept of Ang I release from tissue sites 
into the circulation, further proof for Ang I (and II) generation at tissue sites 
can only be obtained by measuring tissue levels of Ang I and II. Such measure
ments are technically difficult because of ex vivo metabolism and generation of 
angiotensins, and because the antibodies used to quantify Ang I and II usually 
cross-react with other angiotensin metabolites and non-related substances. 
Thus, great care must be taken when measuring the "true" in vivo levels of 
Ang I and II. Furthermore, a correction should be made for (active) uptake of 
angiotensins from circulating blood, for instance through AT 1 receptor binding, 
as net tissue angiotensin levels are the sum of uptake from blood and local pro
duction. Uptake from the circulation can be quantified by measuring steady
state tissue and plasma levels of 125I-Iabelled Ang I and II during 125I_Ang I and 
II infusion. 

The results obtained from pigs (van Kats et al. 1997, 1998,2001) showed that 
125I_Ang II, but not 125I-Ang I, accumulated in tissues (Fig. 3). The absence of 
significant tissue 125I_Ang I accumulation already indicated that the presence of 
Ang I in tissues cannot be attributed to uptake from blood plasma. Steady-state 
levels of 125I_Ang II at tissue sites were up to 20 times higher than those in blood 
plasma. This accumulation was largely prevented by pretreatment with an AT 1 
receptor antagonist (Fig. 3), suggesting that it is mediated via ATI receptor-de-
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Fig. 3 ' 251-Angiotensin II levels (expressed as a ratio versus the steady-state plasma 1251-angiotensin II 
level) during systemic infusion of 1251-angiotensin II in pigs, both under control conditions and following 
AT, receptor blockade with eprosartan (van Kats et al. 1997, 2000, 2001). Eprosartan reduces the tis
sue/plasma concentrations of 1251-angiotensin II by more than 80% without affecting plasma 1251-angio
tensin II. *, p<0.05 vs control pigs 

pendent endocytosis. A role for AT 2 receptors in this process is unlikely because 
these receptors do not internalize Ang II (Matsubara 1998). Similar conclusions 
were drawn from Ang II infusion studies in rats (Zou et al. 1996a,b). Compari
son of the 125I-Iabelled and endogenous angiotensin levels (Fig. 4) revealed that, 
despite the significant uptake of 125I_Ang II in various tissues, in all organs the 
majority (>90%) of tissue Ang II is not derived from circulation, i.e. is locally 
synthesized from locally generated Ang I. 

Thus, both Ang I and II are generated at tissue sites, and of these locally gen
erated angiotensins, only Ang I is released into the circulation, and Ang II re
mains in the tissue. The reason for this discrepancy may be that Ang II, 
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Fig.4 Plasma and tissue levels of angiotensin I and II in normal pigs. (van Kats et al. 1997, 2000, 
2001) 
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like 1251_ Ang II, rapidly binds to AT 1 receptors following its local generation, 
thereby preventing it from "leaking" into the circulation. Two lines of evidence 
support this view. First, the tissue Ang II content (adrenal>kidney>heart; 
Fig. 4), like the tissue 125I_Ang II content (Fig. 3), parallels ATl receptor density 
in these organs (Whitebread et al. 1989; Zhuo et al. 1994; Regitz-Zagrosek et al. 
1995). In this regard, it is important to note that the tissue Ang II levels, even in 
the adrenal (where the highest tissue Ang II levels are found), are too low to oc
cupy all receptors, and thus that a large reserve of unoccupied AT 1 receptors ex
ists. Second, the subcellular distribution of Ang II mimics that of 125I_Ang II 
(van Kats et al. 2001), and as discussed above, the latter peptide accumulates in 
tissues via AT 1 receptor-mediated endocytosis only. 

The half-life of AT 1 receptor-bound Ang II is roughly 15 min; i.e., 20-30 times 
longer than the half-life of Ang II in extracellular fluid (Schuijt et al. 1999; van 
Kats et al. 2001). A large number offree ATl receptors, combined with a signifi
cant increase of Ang II half-life following its binding to ATl receptors, would 
allow tissue Ang II to reach (much) higher levels than blood plasma Ang II, even 
when the level of Ang II generation is similar in both compartments. 

4 
Origin of Renin in Tissues: (Pro)Renin Receptor(s)? 

Renin mRNA has been demonstrated in many tissues (Ekker et al. 1989; Iwai 
and Inagami 1992), in confirmation with the aforementioned studies providing 
direct evidence for tissue angiotensin generation. However, few attempts have 
been made to either combine renin mRNA measurement with tissue renin pro
tein measurements (using renin-specific antibodies and inhibitors), to demon
strate renin release from tissues in vivo and/or from cultured cells, or to mea
sure tissue renin following a bilateral nephrectomy. Tissues that convincingly 
show local renin synthesis are the ovary, testis, adrenal and eye (Itskovitz et al. 
1987, 1992; Sealey et al. 1988; Danser et al. 1989; Peters et al. 1996; Wagner et al. 
1996). Remarkably, in most of these tissues, prorenin (the inactive precursor of 
renin) rather than renin was detected. In addition, recent studies have reported 
the existence of a renin transcript that lacks the coding sequence for the proseg
ment; i.e. the transcript cannot be targeted to secretory pathways and thus re
mains intracellular (Clausmeyer et al. 1999, 2000; Lee-Kirsch et al. 1999). The 
functions of prorenin, without evidence for its local conversion to renin, and in
tracellular renin [which appears to be located in mitochondria (Clausmeyer et 
al. 1999) 1 remain unclear. 

Renin and angiotensin disappear from cardiac and vascular tissues following 
bilateral nephrectomy, under both normal and pathological conditions (Hilgers 
et al. 1993; Danser et al. 1994; Katz et al. 1997). Moreover, 48 h after nephrecto
my the angiotensin levels in muscle, liver, lung, and adrenal (but not in the 
brain) also decrease by 60%-95%, suggesting that they too, depend on renal re
nin (Campbell et al. 1993; Nussberger 2000). The fact that these levels, particu
larly in the adrenal, did not decrease to zero within 48 h, may either suggest that 
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renal renin, once present in tissues, has a long half-life, or that a percentage of 
angiotensin in these organs has indeed been synthesized by locally generated re
nin. 

The large contribution of renal renin to angiotensin production in many tis
sues, in particular the heart and vascular wall, implies that tissues are capable 
of taking up circulating (i.e. kidney-derived) renin and/or pro renin, and possi
bly of locally converting prorenin to renin. Levels of renin in the heart, under 
both normal and pathological circumstances (Danser et a1. 1994, 1997; Heller et 
al. 1998), correlate directly with plasma levels of renin (Fig. 5). "Uptake" might 
mean diffusion into interstitial space and/or binding to (pro}renin receptors. 
Evidence for renin diffusion/binding was obtained 20 years ago, when it was ob
served that vascular renin disappeared more slowly than circulating renin fol
lowing a bilateral nephrectomy (Loudon et a1. 1983). Subsequent studies con
firmed that tissue renin is partly membrane-associated and that renin-binding 
proteins/receptors exist (Campbell and Valentijn 1994; Danser et al. 1994). 
Three such proteins have now been identified. 

The first is an intracellular renin-binding protein (RnBP), that reduces the 
Ang I-generating activity of renin by more than 80% (Takahashi et al. 1992). 
This RnBP was found to be identical to the enzyme N-acyl-D-glucosamine 2-
epimerase (Maru et al. 1996). It does not co-localize with renin, and mice lack
ing the RnBP display normal blood pressure and renin activity (Leckie et a1. 
2000; Schmitz et a1. 2000). Thus, it is most likely unrelated to renin. The second 
is the mannose 6-phosphate insulin-like growth factor II (M6P/IGFII) receptor. 
This receptor not only binds and internalizes phosphomannosylated (i.e. M6P
containing) proteins like renin and prorenin with high affinity (van Kesteren et 
al. 1997; Admiraal et al. 1999; Saris et al. 2001; van den Eijnden et al. 2001), but 
it also activates prohormones (including native human prorenin) intracellularly 
(Helseth and Veis 1984). Its expression is developmentally regulated (Kornfeld 
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1992). The third is a high-affinity (pro)renin receptor that was originally discov
ered in human mesangial cells (Nguyen et al. 1996). It probably also occurs in 
membrane preparations obtained from rat tissues (Sealey et al. 1996). The gene 
encoding this binding site has recently been cloned (Nguyen et al. 2002). It en
codes for a 350-amino acid protein showing no homology with known proteins. 
The binding site is predominantly present in vascular smooth muscle cells and 
glomerular mesangial cells. Interestingly, when bound to this receptor, renin 
displays increased catalytic activity as compared to soluble renin. Finally, there 
is evidence for a fourth receptor/binding site in adult rat cardiomyocytes that 
results in internalization of non-glycosylated prorenin (Peters et al. 2002). No 
attempts have been made so far to identify this protein. 

The functional importance of these (pro)renin receptors should now be ad
dressed, and the percentage of renin and pro renin containing the M6P signal 
should be determined under normal and pathological conditions. Studies in 
transgenic animals with liver-specific overexpression of renin and/or pro renin 
have already confirmed the uptake of circulating (pro)renin in cardiac tissue, as 
well as the subsequent generation of Ang I in the heart (Prescott et al. 2000, 
2002). Unravelling the precise mechanism(s) underlying this phenomenon 
might result in the development of drugs that prevent generation of tissue 
Ang II by blocking (pro )renin uptake/binding. 

5 
The Site of Tissue Angiotensin Generation: Intra- or Extracellular? 

Despite numerous reports suggesting that Ang II is an intracrine hormone, i.e. a 
hormone that is synthesized and acts intracellularly, convincing evidence for 
this concept is currently lacking. Despite the effects exerted by intracellularly 
applied Ang II (de Mello 1994; Filipeanu et al. 2001), and the reported presence 
of Ang II in and its release from cells (Dostal et al. 1992; Sadoshima et al. 1993; 
Leri et al. 1998), cellular Ang II synthesis remains unproven. Firstly Ang II accu
mulates in cells via AT I receptor-mediated internalization (van Kats et al. 1997), 
and at least part of its effects depend on such internalization (Griendling et al. 
1987), and secondly, it cannot be excluded that cellularly released Ang II (e.g. 
after stretch) had been previously internalized (van Kesteren et al. 1999). 

Intracellular angiotensin generation requires the presence of renin and angio
tensinogen in the same subcellular compartment. As mentioned above, there is 
evidence for renin occurring intracellularly. An alternative renin transcript gives 
rise to a renin variant that lacks the coding sequence for the prosegment (and 
thus cannot be secreted); and M6P/IGFII receptor-mediated internalization of 
renin and pro renin, followed by intracellular activation of pro renin, also results 
in renin accumulation in cells (Admiraal et al. 1999; Clausmeyer et al. 1999; 
Saris et al. 2001). Yet, the addition of angiotensinogen to the medium of cul
tured, renin-containing cardiomyocytes and endothelial cells did not result in 
intracellular Ang II generation (van den Eijnden et al. 2001; Saris et al. 2002). 
The main reason for this appeared to be a complete lack of angiotensinogen in-
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Fig.6 Model of cell surface angiotensin (Ang) II generation and subsequent AT, receptor activation. 
Ang I synthesis from angiotensinogen (Aog) by renin (R) may either occur in the interstitium (top panen 
or on the cell surface (bottom panen. The latter would require the existence of a (pro)renin [(P)R] bind
ing protein/receptor. Prorenin, when bound to this receptor, may display enzymatic activity. (Nguyen et 
al. 2002) 

ternalization (van den Eijnden et al. 2001; Saris et al. 2002). In view of this find
ing, and also taking into consideration that angiotensinogen-synthesizing cells 
normally release angiotensinogen into the extracellular fluid (without storing it 
intracellularly, due to the presence of a signal peptide that leads to secretion) 
(Klett et al. 1993), the question arises whether intracellular angiotensin genera
tion is possible at all. In fact, a recent study in rat hepatoma cells demonstrated 
that such intracellular angiotensin generation could only occur following trans
fection of the cells with a mutated angiotensinogen cDNA that produces a non
secreted form of angiotensinogen (Cook et al. 2001). Taken together, intracellu
lar Ang II generation is highly questionable under physiological conditions. 

This conclusion leaves the possibility that tissue angiotensin generation oc
curs extracellularly, either in the interstitial fluid or on the cell surface (Fig. 6). 
Circulating renin diffuses into the interstitial fluid compartment, reaching stea
dy-state levels that are equal to those in plasma (de Lannoy et al. 1997). The effi
cient cleavage of angiotensinogen by membrane-bound renin particularly sup
ports cell surface angiotensin generation (Nguyen et al. 2002). In tissues where 
local angiotensin generation depends entirely on the sequestration of circulating 
renin, such efficient cleavage could result in interstitial angiotensin levels that 
are somewhat higher than the plasma angiotensin levels (de Lannoy et al. 1998; 
Hilgers et al. 1998; Schuijt et al. 2002). Larger differences, corresponding with 
several orders of magnitude (Siragy et al. 1995; Dell'Italia et al. 1997; Nishiyama 
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et al. 2002), are unlikely to occur following sequestration of circulating renin 
only, and could therefore be suggestive for an important contribution of locally 
synthesized renin. 

Extracellular angiotensin generation implies that Ang II is an autocrine and/ 
or paracrine hormone. It does not argue against Ang II exerting intracellular ef
fects following internalization of the AT 1 receptor-Ang II complex. If not leading 
to intracellular angiotensin generation, M6P/IGFII receptor-mediated (pro )re
nin internalization may represent (pro ) renin clearance, thereby indirectly deter
mining extracellular Ang I-generating activity. The function of mitochondrial 
renin remains unknown. 

6 
Plasma and Tissue Angiotensin Levels During Renin
Angiotensin System Blockade: How Do ACE Inhibitors 
and AT 1 Receptor Antagonists Work? 

RAS blockade with ACE inhibitors or AT 1 receptor antagonists immediately re
sults in renin release from the kidney, because it no longer allows Ang II to sup
press renin release via AT 1 receptor activation. As a consequence, Ang I genera
tion will increase (Mooser et al. 1990). This will lead to a rapid rise in the levels 
of Ang II during AT 1 receptor blockade (Fig. 7), and depending on the degree of 
ACE inhibition, a rise in Ang II levels during treatment with an ACE inhibitor 
(Campbell et al. 1993, 1995; van Kats et al. 2000). Other explanations for the rise 
in plasma and tissue Ang II during prolonged ACE inhibition (Fig. 7) are ACE 
up regulation and/or a role for alternative converting enzymes such as chymase 
(Urata et al. 1990; Balcells et al. 1997). ACE upregulation occurs both as a conse
quence of chronic ACE inhibitor therapy and during the progression of cardio
vascular diseases (Farquharson and Struthers 2002). In support of the former, 
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Fig. 7 Plasma and tissue levels of angiotensin II in untreated pigs and in pigs that were treated for 
3 weeks with either the ACE inhibitor captopril or the AT, receptor antagonist eprosartan. (van Kats et 
al. 1997,2000,2001). *, p<O.OS vs untreated pigs 
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Fig. 8 Angiotensin II/angiotensin I ratios in untreated pigs and in pigs that were treated for either 
3 days (acute ACEi) or 3 weeks (chronic ACEi) with the ACE inhibitor captopril. (van Kats et al. 1998, 
2000, 2001). The ratio is taken as a measure for ACE activity. Note that the 45%-85% decrease in ACE 
activity following acute ACE inhibition disappears at tissue sites, but not in the circulation, upon pro
longed treatment. *, p<0.05 vs untreated pigs 

the tissue Ang II/I ratio in captopril-treated pigs is acutely decreased, but in
creases to normal values following prolonged ACE inhibitor treatment (Fig. 8) 
(van Kats et al. 1998,2000,2001). This phenomenon may be counteracted by in
creasing ACE inhibitor dosage (Jorde et al. 2000). As far as chymase is con
cerned, it is important to realize that chymase is largely located intracellularly 
(Urata et al. 1993). Studies demonstrating its significance, invariably measured 
Ang II generation in homogenized tissues, and evidence for chymase-mediated 
conversion of endogenous Ang I in humans is currently not available. In fact, 
when infusing large amounts of Ang I into the forearm of healthy volunteers 
(raising plasma Ang I by nearly four orders of magnitude), we were unable to 
demonstrate significant Ang II generation or Ang II-mediated vasoconstriction 
in the presence of the ACE inhibitor enalaprilat (Saris et al. 2000). 

Furthermore, the phenotypes of ACE knockout mice and angiotensinogen 
knockout mice are similar (Tanimoto et al. 1994; Krege et al. 1995). This sug
gests that, also in mice, ACE is the main contributor to Ang II generation. 

How do RAS blockers exert their effects if they result in increased or unal
tered, rather than decreased plasma and tissue Ang II levels? One explanation 
might be that these increased Ang II levels result predominantly in AT 2 receptor 
activation. AT 2 receptors counteract the effects mediated by AT I receptors [they 
may in fact function as natural antagonists of AT I receptors (AbdAlla et al. 
2001)], and their number increases under pathological conditions (Matsubara 
1998; Siragy and Carey 1999; Schuijt et al. 2001) (Fig. 9). During ATI receptor 
blockade, it is obvious that increased Ang II levels result in AT2 receptor stimu
lation. During ACE inhibition, increased Ang II levels will result in stimulation 
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Fig. 9 Model explaining the cardiovascular effectiveness of ACE inhibitors and AT, receptor antagonists 
despite their ability to increase the levels of angiotensin (Ang) II at tissue sites. The rise in AT 2 receptor 
density under pathological conditions results in a predominance of AT 2 receptor-mediated effects, even 
when AT, receptors are not completely blocked 

of both AT 1 and AT 2 receptors. However, the increase in AT 2 receptor density 
alters the net effect of Ang II. This concept is supported by studies showing that 
AT 2 receptor antagonism prevents the beneficial effects of AT 1 receptor blockade 
(Liu et al. 1997; Xu et al. 2002). 

7 
Conclusions 

In conclusion, there is convincing evidence to support the production of both 
Ang I and Ang II at tissue sites. Intriguingly, in many tissues this production 
depends on circulating (i.e. kidney-derived) renin and/or prorenin. Circulating 
renin and pro renin diffuse into the interstitial space and bind to specific 
(pro )renin receptors, leading to generation of extracellular Ang I, either in the 
interstitium or on the cell surface. Although renin and prorenin are also inter
nalized by various cells, the lack of intracellular angiotensinogen accumulation 
argues against significant intracellular angiotensin generation. Following its 
generation, tissue Ang II rapidly binds to AT 1 receptors and thereby increases 
its half-life from less than 30 s in the extracellular space to more than lO
IS min. This phenomenon may explain why tissue Ang II levels, particularly in 
organs with high ATl receptor densities (e.g. the adrenal), are several orders of 
magnitude higher than the levels of Ang II in blood, even when the level of 
Ang II generation is similar in both compartments. In addition, a large number 
of "free" ATl receptors, combined with low (i.e. comparable to blood plasma) 
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interstitial Ang II levels, offers an explanation for the high sensitivity of organs 
like the kidney and adrenal, to modest changes in arterial Ang II. Finally, be
cause of the AT 1-AT 2 receptor shift that occurs under pathological conditions, 
the increase in tissue Ang II generation that is sometimes observed during treat
ment with RAS blockers (including ACE inhibitors) may result in net AT2 recep
tor stimulation, thereby counteracting AT 1 receptor-mediated vasoconstriction 
and growth stimulation. 
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Abstract Angiotensin II (Ang II) has been shown in several experimental condi
tions to stimulate the production of endothelin (ET), an endothelium-derived 
constricting factor. It is therefore not surprising that some of the physiological 
or pathological effects of angiotensin II are in fact mediated by endothelin 
through interaction with its specific receptors. For instance, ET receptor antago
nists block part of the pressor effect of Ang II, especially when the treatment is 
initiated early. Accordingly, Ang II-induced vasoconstriction appears to be de
pendent on ET release, especially in smaller arteries. Moreover, blockade of ET 
receptors has a profound effect on Ang II-induced hypertrophic remodeling of 
small arteries. However, the contribution of ET appears to be limited to the ini
tial phase of hypertrophy, as ET receptor antagonists do not regress already es
tablished vascular hypertrophy, but completely prevent it. Interestingly, ET also 
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appears to mediate part of Ang II-induced vascular superoxide production in 
vivo. Thus, blocking ET receptors may provide similar cardiovascular benefits 
as inhibiting the renin-angiotensin-aldosterone system, and the combination of 
inhibitors of both systems therefore appears counter-intuitive. However, experi
mental data strongly support added benefits of a combined treatment. There
fore, the interaction between the renin-angiotensin system and ET may become 
clinically significant if clinical trials confirm the already available experimental 
data. 

Keywords Endothelin· Vascular remodeling . Hypertension . Oxidative stress 

1 
Introduction 

The biology of the endothelin (ET) system has been reviewed in details else
where (Schiffrin and Touyz 1998; Miyauchi and Masaki 1999), but highlights 
will be introduced to provide an appropriate background to discuss the interac
tions between this system and the renin-angiotensin-aldosterone system 
(RAAS). In addition, the effect of ET and its antagonists (ETRA for ET receptor 
antagonists) will be discussed in pathological conditions relevant to the RAAS. 
Thus, this chapter will not discuss all the effects of ET and ETRA, but only those 
involved in interactions with local or circulating elements of the RAAS. 

1.1 
Biology of Endothelin 

Endothelin-l (ET-l), a 21 amino acid peptide, is the most studied member of a 
family of three peptides that includes ET-2 and ET-3 (Yanagisawa et al. 1988); 
all three peptides are encoded by different genes (Inoue et al. 1989a). It is main
ly, but not exclusively, produced by endothelial cells (Miyauchi and Masaki 
1999). Indeed, other cell types, including vascular smooth muscle cells (VSMC) 
and cardiomyocytes have also been shown to produce the peptide (Hahn et al. 
1990; Miyauchi and Masaki 1999). ET-1 is generally considered a local factor 
that has both autocrine and paracrine functions. Most of its release, in fact, 
occurs abluminally rather than in the circulation (Wagner et al. 1992). 

The promoter region of the gene contains consensus sequences for several 
transcription factors, such as nuclear factor-l and activator protein (AP)-l (In
oue et al. 1989a,b). Induction of prepro-ET mRNA transcription results in a ra
pid onset, and appears to be the rate-limiting step (Yanagisawa et al. 1988). ET-
1 is generated from its precursor prepro-ET, in two steps: the first intermediate 
generated is a 38 amino acid peptide called Big-ET (Kido et al. 1997). The sec
ond cleavage is made by an ET converting enzyme (ECE), and seems to occur in 
vesicles that may act as temporary storage (Harrison et al. 1995; Russell et al. 
1998). Mechanical factors such as shear stress and pulsatile stretch are known 
to modulate ET transcription. Several endogenous substances stimulate ET pro-
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duction: thrombin, transforming growth factor [3, tumor necrosis factor a, im
munoglobulin-I, insulin, angiotensin (Ang) II, vasopressin, bradykinin and nor
epinephrine (Miyauchi and Masaki 1999). Interestingly, the signaling pathways 
required to produce ET are similar to those used by ET (and other vasoactive 
substances such as Ang II) to elicit its cellular responses (Schiffrin and Touyz 
1998; Miyauchi and Masaki 1999). Indeed, increased intracellular calcium con
centration, and phospholipase C (PLC), protein kinase C (PKC) and extracellu
lar signal-regulated kinase (ERK) activation are linked to ET production and to 
its biological actions. In contrast, nitric oxide, atrial natriuretic peptide, prosta
cyclin, and heparin are known inhibitors of ET production (Schiffrin and Touyz 
1998; Miyauchi and Masaki 1999). 

Two ET receptors have been cloned in most mammalian species. Both belong 
to the superfamily of G protein-coupled receptors with seven-transmembrane 
domains. Both ETA and ETB receptors mediate contraction of VSMC, although 
the former seems the more important, efficaciously dominant (Seo et al. 1994; 
Moreau et al. 1997a). ET B receptors on endothelial cells are also responsible for 
the release of endothelium-derived relaxing factors, such as nitric oxide and 
prostacyclin, which leads to vasodilatation (Moreau et al. 1997a). However, 
when injected systemically, ET elicits a short interval of hypotension followed 
by a long-lasting increase in blood pressure (Yanagisawa et al. 1988), suggesting 
that the vasoconstriction it induces is far more important than vasodilatation. 
In addition to its pressor effects, ET regulates cellular growth (hypertrophy) and 
proliferation, and could also influence cellularity by inhibiting apoptosis 
(Sharifi and Schiffrin 1997; Shichiri et al. 1997; Dao et al. 2001). In that respect, 
it is not clear if ET is a trophic factor or a mitogen in vivo, as in vitro data con
flict (Hirata et al. 1989; Grainger et al. 1994; Miyauchi and Masaki 1999). Inter
estingly, a similar debate on Ang II has been going on for years. ET is also in
volved in wound healing, a process that may be of importance in cardiovascular 
remodeling (Guidry 1992). The physiological effects of ET will be discussed in 
more details in relation with the RAAS in the next sections. 

1.2 
RAAS Modulation of ET Production 

Cultured endothelial cells stimulated with Ang II show an increased expression 
of prepro-ET mRNA, (Emori et al. 1991). This was later confirmed by in vivo 
administration of Ang II (Dohi et al. 1992). In addition, we have observed that 
in vivo (aorta, kidney, and mesenteric resistance arteries) ET content is in
creased when rats are chronically treated with Ang II (Barton et al. 1997; More
au et al. 1997b). Furthermore, Lariviere et al. have shown that tissue ET levels 
correlate better with local Ang II concentrations than with circulating Ang II 
levels (Lariviere et al. 1998). Interestingly, cultured VSMC, fibroblasts, and car
diomyocytes also express ET-l when stimulated with Ang II, extending the in
teraction to non-endothelial cells (Hahn et al. 1990; Resink et al. 1990; Ito et al. 
1993; Sung et al. 1994). Moreover, in transgenic mice expressing both human re-
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nin and angiotensinogen genes, cardiac concentrations of ET are elevated (Maki 
et al. 1998). ET may amplify its own production by an autocrine mechanism op
erating through ETA receptors, possibly by increasing ECE activity (Alberts et 
al. 1994; Fujisaki et al. 1995; Barton et al. 1997). 

The opposing paradigm (Le., inhibition of the RAAS) is associated with reduc
tions of vascular and renal ET levels, demonstrating that the interaction is physi
ologically relevant and operates endogenously (Lariviere et al. 1998; Dumont et 
al. 2001). Furthermore, ACE inhibitors have been found to reduce plasma ET-l 
levels in patients with hypertension (Horky et al. 1993), congestive heart failure 
(Galatius-Jensen et al. 1996), and myocardial infarction (Dipasquale et al. 1997). 
Thus, in vitro and in vivo data suggest that the RAAS can stimulate endogenous 
ET production. 

The question that arises from this positive interaction is whether endogenous 
ET mediates some of the effects attributed to Ang II. The best approach for de
termining the contribution of endogenous substances on physiological func
tions is to use their receptor antagonists. Fortunately, and because of the poten
tial role of ET in several cardiovascular pathologies, its receptor antagonists 
(ETRA) were developed rather quickly after the discovery of the peptide in 
1988. Orally active, non-peptidic ETRA are now available and one of them, 
bosentan, has recently been approved for treatment of pulmonary hypertension. 
Since Ang II stimulates ET production, it was logical to evaluate the contribu
tion ofET in Ang II-induced cardiovascular effects. 

1.3 
ET Modulation of the RAAS 

Contrary to the mechanisms discussed in the previous section, several lines of 
evidence also support the concept of ET-induced modulation of RAAS activity. 
Indeed, numerous studies have reported an inhibition of renin release from 
juxtaglomerular cells by ET, suggesting that ET can decrease the activity of cir
culating RAAS (see Rossi et al. 1999 for a review). Several mechanisms, includ
ing ETB-mediated release of NO or prostacyclin, may contribute to this inhibi
tion. However, the physiological relevance of this modulation remains unclear. 
It must be emphasized that ET should not be considered as a circulating hor
mone, but rather as a local regulator. As such, its effects on the RAAS activity 
should be considered only when local synthesis of the peptide is evident. Thus, 
in vitro results should be interpreted with caution. Accordingly, under control 
conditions or after renal clipping, the administration of an ETRA did not mod
ulate renin expression or plasma renin activity (PRA) in rats (Schricker et al. 
1995). In dogs, however, ETRA treatment increased PRA twofold and enhanced 
the sensitivity of pressure-dependent renin release at lower perfusion pressures 
«80 mmHg), suggesting a physiological role for that interaction (Berthold et al. 
1999). 

In contrast, ET has been reported to stimulate the production of aldosterone 
equipotently to Ang II in the adrenal cortex (Rossi et al. 1997, 1999). According-
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ly, zona glomerulosa cells express both subtypes of ET receptors (Imai et al. 
1992). It also appears that, in the rat, ETB receptors are involved in the produc
tion of aldosterone (Belloni et al. 1996), while both subtypes are involved in 
man (Rossi et al. 1997). Thus, the ET system could amplify the release of aldo
sterone, which is now becoming an important facilitator of end-organ damage 
in cardiovascular diseases. 

2 
Hemodynamic Effects 

2.1 
Angiotensin II-Induced Hypertension 

Elevation of arterial pressure is a global hemodynamic index that reflects more 
than just the balance between vasoconstriction and vasodilatation; it is also a 
clinically meaningful parameter that is partially under the control of the RAAS. 
Several mechanisms are thought to contribute to this hemodynamic effect of 
Ang II and aldosterone; notably, vascular constriction and regulation of renal 
sodium. Inhibition of ET receptors was reported to blunt Ang II-evoked eleva
tions in blood pressure, in normotensive and hypertensive rats (Balakrishnan et 
al. 1996). Most studies on chronic administration of Ang II reported some hypo
tensive effects with ETRA treatment (Moreau et al. 1997b; Rajagopalan et al. 
1997; Herizi et al. 1998; see Dao and Moreau 2001 for a review). As the blood 
pressure reduction was only partial (approximately 50%), it is likely that some 
hypertensive actions of Ang II are not ET-mediated. Interestingly, the hypoten
sive effect of ETRA is mainly observed when administered during the develop
ment of hypertension (Fig. 1). When treatment is undertaken after establish
ment of hypertension (10-14 days of Ang II administration), ETRA often fails to 
lower arterial pressure (Dao et al. 2001; Ficai et al. 2001). In the 2 Klle model, 
where the early phase of hypertension development depends on the RAAS, only 
one in four chronic studies reported a partial reduction of hypertension (Li et 
al. 1996; Ehmke et al. 1999; Hocher et al. 1999; Bianciotti and de Bold 200l). In 
the positive study, the ETRA administration occurred early, i.e., concurrently 
with the clipping of the renal artery. In a 2-day study on the same model, a 
blunting of pressure elevation was observed following ETRA treatment started 
at the time of the clipping (Schricker et al. 1995). 

In the transgenic (mREN2)27 model, which was obtained by inserting the 
mouse Ren-2 gene into the genome of normotensive Sprague-Dawley rats, acute 
ETRA treatments were effective in lowering arterial pressure (Gardiner et al. 
2000). However, when started late (4 weeks of age), the chronic ETRA treatment 
did not induce hypotension in this model (Rossi et al. 2000). In another model 
in which both human renin and angiotensinogen genes were inserted, rats treat
ed from week 4-7 with an ETRA had a reduction of 40% of their systolic pres
sure (Muller et al. 2000), while treatment from weeks 6-10 was ineffective 
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Fig. 1 Upper panel: systolic blood pressure (SBP) measured by tail cuff plethysmography in conscious 
rats treated for 2 weeks with angiotensin II alone (Ang II, 200 ng/kg/min) or in combination with an 
endothelin receptor antagonist (+ETRA, darusentan 30 mg/kg/day). (Adapted from Moreau et al. 
1997b). The lower panel represents the same hemodynamic parameter measure in anesthetized rats 
treated for 4 weeks with Ang II alone or with an ETRA only for the last 2 weeks (weeks 3 and 4). 
(Adapted from Dao et al. 2001). *, p<O.OS as compared to control values; t, p<O.OS as compared to 
Ang II values 

(Bohlender et al. 2000). This, again, suggests that early rather than late treat
ments with ETRA are more effective to lower arterial pressure. 

Very recent observations also suggest an involvement of ET in the pressor ef
fect of aldosterone (Park and Schiffrin 2001a). Indeed, simultaneous administra
tion of an ETRA completely prevented the pressure elevation, suggesting a 
greater involvement of the peptide in aldosterone-induced hypertension than in 
the Ang II -induced form of the disease. 
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2.2 
Vascular Reactivity 

One mechanism whereby ET can participate in the hypertensive effect of Ang II 
is direct vasoconstriction. ET released from the endothelium was found to medi
ate part of the vasoconstriction induced by Ang II (Chen et al. 1995). In a very 
elegant study, Chen et al. showed that although the involvement ofET in Ang 11-
induced vasoconstriction is absent in the aorta, its contribution progressively 
increases as arteries decrease in size (Chen et al. 1995). This is of importance, 
considering that the control of arterial pressure lies downstream in the vascular 
tree. Moreover, in the human skin microcirculation, a selective ETA-receptor an
tagonist blunted the Ang II vasoconstriction, suggesting that this interaction is 
also relevant in man (Wenzel et al. 2001). 

Very low concentrations of ET, although not inducing vasoconstriction, have 
been shown to amplify the vascular response to other vasoconstrictors (Yang et 
al. 1990). Such an effect is physiologically important because in pathological 
conditions the peptide is present in low basal concentrations and its fluctuations 
are limited. Dohi et al. have reported that the ET produced by Ang II is suffi
cient to amplify norepinephrine (NE)-evoked contractions (Dohi et al. 1992). 

Exogenous Ang II-induced hypertension is associated with blunted acetyl
choline-induced relaxation (d'Uscio et al. 1997), and as ACE inhibitors generally 
improve endothelium-dependent vasorelaxation (Kahonen et al. 1995), endoge
nous Ang II was also postulated to influence this vasodilatatory homeostatic 
mechanism. Ang II-induced alteration of endothelium-dependent response was 
normalized by an ETRA selective for ETA receptors (d'Uscio et al. 1997). The 
unopposed endothelial ET B-receptor stimulation, and subsequent release of NO 
and prostacyclin, represents a probable mechanism for improvement of endo
thelium-dependent relaxations, considering the enhanced local ET levels pro
duced by Ang II. Blocking ET receptors during Ang II administration could 
therefore lower arterial pressure by reducing ET-mediated vasoconstriction, 
preventing its amplification of other vasoconstrictors, and restoring endothelial 
vasodilatatory functions. 

3 
Cardiovascular Remodeling 

Both Ang II and ET are trophic factors capable of influencing cardiovascular 
structure. Cardiovascular remodeling is believed to be initially beneficial, but 
has deleterious consequences for system integrity under chronic conditions. 
Since these changes are structural, they are not as easily reversible as vasoreac
tivity changes, and their prevention or regression still presents therapeutic chal
lenge. 
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3.1 
Small Arteries 

Changes in the structure of small arteries induced by hemodynamic changes or 
vascular remodeling, can also contribute to the maintenance of hypertension 
(Heagerty et al. 1993; Mulvany et al. 1996). Ang II stimulates hypertrophic re
modeling of resistance arteries (Griffin et al. 1991; Simon and Altman 1992; 
Moreau et al. 1997b; Simon et al. 1998), defined as increased media thickness, 
media/lumen ratio, and cross-sectional area (Heagerty et al. 1993). Since Ang II 
stimulates local ET production, we postulate the involvement of endogenous ET 
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Fig. 2A-D In vivo protein synthesis measurements in small mesenteric arteries (A) and in the aorta (() 
expressed as cpm of incorporated [3Hl-leucine in vivo in control rats (Ctn and rats treated for 24 h with 
exogenous angiotensin II alone (Ang If, 400 ng/kg/min) or in combination with an endothelin receptor 
antagonist (+ETRA, darusentan of 30 mg/kg/day). The same measurements in rats treated with exoge
nous ET-l alone (5 pg/kg/min) or combined with an angiotensin receptor antagonist (irbesartan 
10 mg/kg/day) in mesenteric arteries (8) and in the aorta (D). (See Martens et al. 2002 for methodolog
ical details.) *, p<0.05 as compared to control values; t, p<0.05 as compared to Ang II or ET-l values 
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in Ang II-induced vascular hypertrophy. The administration of an ETRA, which 
blocks ET receptors specifically, totally prevented Ang II-induced hypertrophiC 
remodeling of small arteries (Moreau et al. 1997b). Similar results were ob
tained, with an ETKselective ETRA for intramyocardial arteries, in the 2 K/IC 
model (Hocher et al. 1999). The most likely explanation for this phenomenon is 
that Ang II stimulates local production of ET that, in turn, mediates vascular hy
pertrophy. Blockade of ETKreceptors on VSMC then inhibits the trophic re
sponse. In a model developed in our laboratory to acutely measure in vivo vas
cular protein synthesis, a good predictor of hypertrophy, (Martens et al. 2002; 
Voisin et al. 2002), concomitant administration of an ETRA prevented Ang II-in
duced protein synthesis in small mesenteric arteries during the first 24 h of ad
ministration (Fig. 2A). In contrast, an AT 1 receptor antagonist failed to influence 
exogenous ET-induced protein synthesis, suggesting that the interaction is not 
reciprocal (Fig. 2B). Treatment with an ETRA also prevented vascular remodel
ing of small arteries in a model of aldosterone-induced hypertension (Park and 
Schiffrin 2001a). 

Our group recently found that when hypertrophy of small arteries is allowed 
to proceed, the inhibition of ET receptors did not regress the process (Dao et al. 
2001). Thus, it can be concluded that ET is transiently involved in development 
of Ang II-induced hypertrophy, but not in the maintenance phase. Similar con
clusions can also be drawn from norepinephrine- and pulse pressure-induced 
hypertrophy (Dao et al. 2001, 2002). This concept may help explain some dis
crepancy in the literature: where early treatments with ETRA were more effec
tive in limiting hypertrophic remodeling than those started after remodeling 
has occurred. Similarly, the hypotensive effects of ETRA in Ang II-dependent 
models of hypertension also appear to be optimal when treatments are started 
early (see above). 

3.2 
Large Arteries 

One of the most striking observations concerning the interaction between the 
two peptides is that even in cell culture conditions, an ETRA can prevent Ang 11-
stimulated cell growth (Ito et al. 1993; Fujisaki et al. 1995). Thus when Ang II is 
used to stimulate hypertrophy in cultured VSMC, some signaling events are in
volved in the production of ET, while others mediate the trophic actions of ET. 
Consequently, using the more direct effector (ET in this example) as the stimulus 
would be more appropriate when studying mechanisms related to vascular hy
pertrophy. If this paradigm were transposed in vivo, VSMC should also use ET as 
an autocrine growth regulator. ETRAs have been shown to prevent the effect of 
Ang II-induced large artery remodeling (Herizi et al. 1998; Ficai et al. 2001). In 
the aorta, Ang II-induced in vivo protein synthesis was blunted by an ETRA 
(Fig. 2C). As in small arteries, the effect of the ETRA was restricted to early treat
ments, since giving the treatment after the establishment of hypertension with 
Ang II did not regress carotid artery hypertrophy (Ficai et al. 2001). 
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In contrast to the situation in small arteries, blocking AT) receptors also re
duced ET-1-induced aortic protein synthesis (Fig. 2D). Thus, the trophic inter
action between the two peptides may be mutual. However, to the best of our 
knowledge these preliminary observations, with ET as the agonist, were never 
tested in vivo. Exogenous ET amplifies neointimal formation after balloon injury 
in the rat (Barolet et al. 2001). Although treatment with an AT) receptor antago
nist (ARA) could prevent or regress neointimal hyperplasia (Lemay et al. 2000; 
Lemay and Deblois 2002), we are not aware of any studies where ARA was ad
ministered in the presence of exogenous ET administration. Protein synthesis 
data following 24-h stimulation suggest that ET could be involved in both local 
Ang II production and action in the large arteries. Similar conclusions can be 
drawn for aldosterone, as ET has been shown to modulate aldosterone produc
tion (see above), and the effects of aldosterone on the cardiovascular system, 
such as fibrogenesis and hypertrophy, can be prevented by treatment with an 
ETRA (Park and Schiffrin 2001a,b). 

3.3 
Cardiac Remodeling 

As previously reported, Ang II stimulates ET -1 production in cardiomyocytes 
and fibroblasts (Ito et al. 1993; Gray et al. 1998). Accordingly, ET receptor block
ade abolished the hypertrophic effects of Ang II in these cell lines (Ito et al. 
1993). This action may be due to either an autocrine or a paracrine mechanism, 
thus implicating an involvement of fibroblasts (Gray et al. 1998). It is logical to 
postulate that ET may, at least partially, mediate the cardiac trophic effects of 
Ang II in pathological conditions that implicate the RAAS. Exogenous Ang II 
administration does not increase the in vivo myocardial content of ET -1 (Barton 
et al. 1998). Furthermore, from in vivo studies it is not clear whether the reduc
tion of left ventricular hypertrophy (LVH) with ETRA is only secondary to a re
duction in blood pressure (see Dao and Moreau 1999 for a review). In a recent 
study, hydralazine was co-administered with Ang II to prevent blood pressure 
elevation, but an ETRA was not effective in preventing ventricular hypertrophy 
(Moser et al. 2002). In rats overexpressing the Ren2 gene, cardiac function was 
enhanced without amelioration of cardiac remodeling and fibrosis (Rothermund 
et al. 2000). At variance with these findings, two studies showed a pressure-inde
pendent effect of an ETRA, the first in the prevention of ventricular hypertrophy 
in 2K/1C rats (Ehmke et al. 1999) and the second in its regression in Ang II-in
duced hypertension (Ficai et al. 2001). Overall, the situation is complex and 
several factors must be considered when interpreting these results, including he
modynamics and the model ofLVH used. 
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4 
Renal Interactions 

Renal protection by ETRA, both in context of hypertension and renal failure, 
is quite remarkable and clearly independent of effects on arterial pressure 
(Rabelink et al. 1998; Moreau and Rabelink 1999). Endothelin seems to be in
volved in key events leading to chronic renal failure, such as mesangial cell pro
liferation, extracellular matrix production, and renal fibrosis. When transgenic 
rats expressing the human renin and human angiotensinogen genes were treated 
with ETRA, expression of markers of renal inflammation were blunted (Muller 
et al. 2000). These results are in line with demonstrations that Ang II stimulates 
renal ET production (Barton et al. 1997, 1998; Alexander et al. 2001), and that 
ARA decrease glomerular ET levels in a model of renal insufficiency (Dumont et 
al. 2001). Blockade of ET receptors was found to improve renal function in mod
els of Ang II hypertension (Herizi et al. 1998; Alexander et al. 2001; Riggleman 
et al. 2001). In addition, the increase in sodium sensitivity associated with 
chronic exogenous Ang II administration was reported to be mediated by ETA 
receptors (Ballew and Fink 2001). 

5 
Oxidative Stress 

Oxidative stress is a consequence of the oxidant properties of free radicals and 
molecules that are produced mainly by mitochondria, or enzymes such as 
NAD(P)H [nicotinamide adenine dinucleotide (phosphate), reduced] oxidase, 
xanthine oxidase or NO synthase (Wallace and Melov 1998). Reactive oxygen 
species (ROS), apart from their capacity to induce damages to cells and tissues, 
can impair endothelial function (Heitzer et al. 2001) and are associated with in
creased blood pressure (Wu et al. 2001). ROS also promote cellular growth, and 
are suspected of playing important roles in vascular remodeling (Mezzetti et al. 
1999). A number of studies have clearly established that Ang II can stimulate su
peroxide anion production by activating NAD(P)H oxidase (Griendling et al. 
1994; Rajagopalan et al. 1996; Touyz and Schiffrin 2001). Thus, it may be postu
lated that ROS production is likely to play an important role in cardiovascular 
disorders involving Ang II, such as cardiac and vessel wall hypertrophy or ath
erosclerosis. 

Taking into consideration the aforementioned interactions between Ang II 
and ET, and the similarities between ET- and ROS-induced vasoconstriction and 
cell proliferation, it is likely that ROS are closely related either to the production 
or signaling of ET. Treatment of human aortic or coronary smooth muscle cells 
with hydrogen peroxide or xanthine/hypoxanthine oxidase (a superoxide anion 
producer) increased ET synthesis (Kahler et al. 2001; Ruef et al. 2001). This up
regulation of ET production by oxidative stress was also observed in endothelial 
cells (Saito et al. 2001). Moreover, it was noted that treatment with tempol and 
vitamin E, two antioxidants, can block the increase of plasma ET levels follow-
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ing chronic Ang II administration (Ortiz et al. 2001). ROS thus appear to be im
portant mediators of Ang II-induced ET production. 

In various cell types, such as intestinal mucosae (Oktar et al. 2000), VSMC 
(Wedgwood et al. 2001a,b), and monocytes (Huribal et al. 1994), ET appears to 
participate in a positive feedback loop where it increases ROS production, and 
it is increased by oxidative stress. The mechanisms underlying superoxide anion 
production are still unclear, but several studies suggest that NAD(P)H oxidase 
can be directly activated by ET (Duerrschmidt et al. 2000; Fei et al. 2000). These 
data show that in addition to being stimulated by ROS, the ET system can also 
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Fig. 3 Upper panel: measurement of superoxide production by lucigenin (5 mM)-enhanced chemilumi
nescence in the aorta of control (an, angiotensin II (Ang II, 200 ng/kg/min for 12 days), or Ang II in 
combination with an endothelin receptor antagonist (+ETRA, LU302872 30 mg/kg/day). Lower panel: 
measurement of aortic NAD(P)H oxidase activity in the same groups, estimated by the superoxide anion 
formation upon stimulation with NADH (10-4 M) after subtraction of basal production. *, p<0.05 as 
compared to control values; t, p<0.05 as compared to Ang II or ET-1 values 



Angiotensin-Endothelin Interactions 161 

contribute to ROS production by activating similar signaling pathways as 
Ang II; this suggests a positive interaction (and potential mutual amplification) 
between the two systems in promotion of oxidative stress. 

Unfortunately, most studies investigating the interaction between the RAAS 
and ET system were performed in vitro. Superoxide production by NAD(P)H ox
idase in aortic tissues taken from rats continually treated with Ang II (200 ng/ 
kg day) for 12 days, was studied in our laboratory. Superoxide production was 
found to be greatly enhanced following chronic Ang II treatment (Fig. 3, upper 
panel). Concomitant in vivo treatment with LU302872, a non-selective ETA and 
ET B receptor antagonist, markedly blunted Ang II -induced superoxide anion 
production, supporting the hypothesis that this process is dependent on local 
production of ET. In addition, this Ang II-induced activation of NAD(P)H oxi
dase was prevented by blockade of ET receptors (Fig. 3, lower panel). Although, 
little is known about the functional interactions between ET, oxidative stress, 
and Ang II, our latest results suggest a strong and complex association between 
these three factors in the control of vascular functions. 

6 
Combination of ETRA with Inhibitors of the RAAS 

Considering the participation of ET in some of Ang II in vivo action, the combi
nation of an ETRA and ARA does not appear logical. Both antagonists would 
work on the same pathway and could have additive effects, at best. Accordingly, 
ACE inhibitors have been shown to decrease circulating ET levels in different 
pathological conditions, suggesting that blocking the RAAS functionally affects 
the ET system (Horky et al. 1993; Uemasu et al. 1994; Galatius-Jensen et al. 1996; 
Dipasquale et al. 1997). 

However, the results of several preclinical and clinical studies suggest other
wise. In a detailed hemodynamic study performed in normotensive and trans
genic (mRen-2)27 hypertensive rats, Gardiner et al. showed that the acute fall in 
blood pressure, over 8 h in hypertensive rats, was cumulative when combining 
treatments with ARA and ETRA: these treated hypertensive rats obtained a 60-
mmHg reduction in blood pressure (Gardiner et al. 1995). In SHR and SHR-SP 
(stroke-prone), the combination of an ARA with an ETRA also showed an addi
tive hypotensive effect (Ikeda et al. 2000). In Dahl salt-sensitive rats, the ARA, 
which had no effects on its own, amplified the hypotensive effects of the ETRA 
(Ikeda et al. 2000). In a study that explored the mechanisms whereby ETRA 
treatment can amplify the response to inhibitors of the RAAS (and vice versa), 
the authors reported that blockade of ET receptors increased the sensitivity of 
pressure-dependent renin release at lower perfusion pressures (Berthold et al. 
1999). Thus, it appears that RAAS inhibition is more effective in the presence of 
ETRA than in its absence. In addition to their hypotensive effect, the combined 
inhibition of the two systems could also limit end-organ damage either indirect
ly, by favoring their hemodynamic effects, or directly, by blocking the effects of 
peptides on protein synthesis and/or ROS generation. Perhaps the most striking 
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demonstration of the benefits of combined therapy comes from the study of 
Bohlender et al. (2000). They showed, in the hRen/hAgt transgenic rats, that indi
vidual treatments (low-dose ARA or therapeutic-dose ETRA) had little effect on 
pressure and the high mortality rate at 10 weeks (42%), but the combined thera
py normalized blood pressure and totally prevented mortality in those rats. 

In a model of hypertension-induced LVH in transition to heart failure, the 
combination of an inhibitor of the RAAS with an ETRA was effective in improv
ing survival, possibly because each peptide plays variable pathophysiological 
roles during the transition (Iwanaga et al. 2001). In the acute phase following an 
experimental myocardial infarction (MI), the combined treatment was also 
superior to individual treatments, in the prevention of fibrosis (Tzanidis et al. 
2001). Moreover, long-term combined ETRA and ACE inhibition was shown to 
more effectively improve the progression of cardiac failure following extensive 
MI, than monotherapy (Fraccarollo et al. 2002). A favorable cardiac hemody
namic effect was also observed in another study of post MI-induced heart fail
ure rats, in which ETRA was administered acutely on top of chronic ACE inhibi
tion (Qiu et al. 2001). In a model of congestive heart failure induced by rapid 
atrial pacing in pigs, the combination of an ARA and an ETRA provided the best 
recovery of LV function (New et al. 2000). In patients with congestive heart fail
ure receiving an ACE inhibitor as standard therapy, the addition of an ETRA im
proved the hemodynamic profile of patients, suggesting that this combined 
therapy may provide an interesting alternate treatment (Kiowski et al. 1995; 
Love et al. 1996; Sutsch et al. 1998). 

Several studies focusing on the kidneys have also revealed unexpected bene
fits for combining the inhibitors of the RAAS and ET system. Benigni et al. re
ported that an ACE inhibitor and an ETRA have beneficial additive effects, in a 
model of nephropathy with proteinuria (Benigni et al. 1998). Moreover, in a dog 
model of renovascular hypertension, the combined therapy of an ARA with 
ETRA produced additional hypotension, as compared to the treatment with 
ARA alone (Massart et al. 1998). More recently, the effectiveness of combined 
therapy to attenuate glomerulosclerosis was confirmed in a low-renin model of 
partial kidney resection, independent of pressure reduction (Amann et al. 
2001). However, albuminuria was not improved by the combined treatment. 
Along the same lines, this combined therapy was effective in reducing blood 
pressure, but did not ameliorate renal damage in a low renin model of hyperten
sion (DOCA-salt model) (Pollock et al. 2000). In partially nephrectomized rats, 
a model of progressive renal injury, the inhibition of the RAAS (by ACE inhibi
tor or ARA) improved glomerular filtration rate, proteinuria, glomerulosclero
sis, and tubular injury; but the additional inhibition of the endothelin system 
did not produce any additional effect (Cao et al. 2000). 

Overall, most of the preclinical data suggest that a combined therapy of RAAS 
and ET inhibitors can amplify the beneficial effect of each individual treatment; 
one possible exception is the treatment of certain renal diseases. Although the 
RAAS requires the ET system for several of its cardiovascular effects, inhibiting 
both systems appears favorable. Available observations indicate either that the 
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interaction between the two systems is more complex than anticipated, or that 
the individual antagonist does not produce full inhibition of their respective 
system. In that respect, it is noteworthy that only one dose of each antagonist is 
generally used in most combination studies, and in some circumstances, the 
dosage was even selected to provide a minimal effect in order to favor an im
provement. Although it remains to be established whether combined therapy 
would be better if one of the two systems was fully inhibited, the current thera
peutic trend to decrease the dosage of single drugs in favor of low-dose combi
nations would support the clinical relevance of this combined therapy. 

7 
Conclusion 

Interactions between the RAAS and ET system can have clinical significance in 
the evolution of cardiovascular diseases and their respective treatments. The 
RAAS has profound effects on the cardiovascular system, as exemplified by the 
numerous clinical applications of ACE inhibitors, ARA and aldosterone antago
nists. However, at the vascular and renal levels, endothelial ET, acting mainly 
through its specific receptors located on VSMC and mesangial cells, seems to 
mediate many effects of Ang II, such as vasoconstriction, hypertrophy, fibrogen
esis, and oxidative stress (Fig. 4). Thus, ETRA may represent a new therapy for 
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Fig. 4 Schematic representation of angiotensin II (Ang If) and endothelin (ED interaction in the vessel 
wall. Although Ang II produces some direct effects, several of its actions are mediated, at least in part, 
by local ET and can be effectively blocked by endothelin receptor antagonists. A, endothelin A receptor; 
ATl , angiotensin II type 1 receptor; B, endothelin B receptor 
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fine-tuning the RAAS at the level of the arteries and kidneys. Considering the 
rather low antihypertensive efficacy of ETRA and their superior ability to limit 
end-organ damage, both ETRA and inhibitors of the RAAS could be used most 
profitably in combination to maximize therapeutic benefits. 
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Abstract Genes of the human renin-angiotensin system have been extensively 
studied within the last 10 years. A large number of polymorphisms have been 
described and tested in linkage and association studies in regard to cardiovascu
lar traits such as essential hypertension, coronary disease, and diabetic neph
ropathy. Gene structure, polymorphisms, and associations are summarised for 
each gene. Association between polymorphisms of the angiotensinogen and an
giotensin I-converting enzyme genes and the corresponding plasma concentra
tions have been well demonstrated. However, possible relationships with hyper
tension or end-organ damage are debated. Other surprising findings have been 
observed such as mutations of the angiotensin type 2 receptor in X-mental re
tardation. Future studies should use more integrated approaches, based on the 
genotyping of haplotypes, the measurement of sophisticated phenotypes, the 
evaluation of gene-gene and gene-environment interactions. As well, genetic in
vestigation of new components of the renin-angiotensin system such as the pro
renin receptor, the angiotensin-converting enzyme type 2, and the aminopepti
dase A and N genes are necessary. Prediction of drug efficacy and/or of adverse 
drug reaction on a pharmacogenetic profIle will need large, well-designed trials 
in which patients will be standardised on the drug dosage and metabolism. 

Keywords Renin· Angiotensin· Polymorphism· Gene· Hypertension 

1 
Introduction 

The genes of the renin-angiotensin system are probably those that have attract
ed the greatest attention of researchers working on the molecular pathophysiol
ogy of hypertension and cardiovascular diseases. During the last 10 years, con
siderable progress has been achieved, since the genes encoding all the proteins 
of the renin-angiotensin system have been cloned in humans and rodents, in
formative markers and polymorphisms identified, and numerous linkage and 
association studies performed using different phenotypes. We will not review 
here the important results that have been generated by experimental transgenic 
models (reviewed in other chapters of this book) and will focus, instead, on the 
results obtained on the human genes. 

2 
The Angiotensinogen Gene 

2.1 
Gene Structure, Mutations and Polymorphisms 

The human angiotensinogen (AGT) gene belongs to the superfamily of serpins 
and is localised to chromosome lq42.3. The human angiotensinogen gene con
tains 5 exons with an organisation that is similar to other serine protease in
hibitors (Kageyama et al. 1984; Gaillard et al. 1989). 
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A large number of single nucleotide polymorphisms (SNPs) have been de
scribed in the 5' flanking region, exons, introns and 3' part of the AGT gene 
(www.ncbi.nih.nlm.gov/SNP). Among them, the coding SNP (M235T) in exon 2 
and the G-6A nucleotide substitution at position -6 upstream from the initial 
transcription start, have been particularly studied. These two polymorphisms 
occur almost at the same frequency and are in complete linkage disequilibrium 
(Inoue et al. 1996; Jeunemaitre et al. 1997). Thus, in a given case-control study, 
the analysis of the M235T polymorphism will be equivalent to that of the G-6A, 
and vice-versa. Using several constructs and luciferase assays, Lalouel and col
leagues were able to show that the G-6A substitution is associated in vitro with 
an increased expression of the AGT gene, a possible explanation to the associa
tion of the M235T polymorphism with increased plasma angiotensinogen 
(Inoue et al. 1997). Recently, Nakajima et al. (2002) showed a specific interaction 
between the G-6A substitutions and the nuclear factor YBI. In cotransfection 
experiments, YBI reduced basal AGT promoter activity in a dose-dependent 
manner. Although these observations suggested a possible role for YBI in mod
ulating AGT expression, this function was thought likely to occur in the context 
of complex interactions involving other nuclear factors. However, the true in 
vivo biological effect of this polymorphism may be more complex, since other 
polymorphisms, C-532T, A-2l7G, C-1ST, A-20C, T+31C, also in linkage disequi
librium with G-6A and M235T (Fig. 1), might playa role in the variation of 
transcription of the gene (Sato et al. 1997; Jeunemaitre et al. 1999; Paillard et al. 
1999; Ishikawa et al. 2001). 

The CIA polymorphic site at position -20 is located between the TATA box 
and the transcription initiation site, within a sequence that can bind the estro
gen receptor (Zhao et al. 1999). The orphan receptor Arp-l also binds to this 
sequence and reduces in vitro the oestrogen receptor-induced promoter activity 
(Narayanan et al. 1999). The A/G polymorphic site at position -217 has recently 
been studied in more details (Jain et al. 2002). The authors showed that the sur
rounding sequence corresponds to a consensus C/EBP binding site, and that re
porter constructs containing the human AGT gene promoter with nucleoside A 
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at -217 have increased basal promoter activity in Hep G2 cells. In addition, they 
found an increased frequency of the -217 A allele in 186 African-American hy
pertensive subjects compared to 156 normotensive (0.29 vs 0.19, p=0.002). 

The ethnic origin has a strong effect on the allele frequency of most of the 
polymorphisms found at the AGT locus. For example, the 235T allele frequency 
varies from 40% in Caucasians to 70% in the Asian and 80%-90% in the Afri
can-American population and even 93% in Nigerians (Rotimi et al. 1994). 

2.2 
Relation with Plasma Angiotensinogen 

AGT, the renin substrate, is mainly synthesised by the liver and is the unique 
substrate for renin. In humans, plasma AGT levels are around the Km of renin, 
and therefore it is logical to suspect that a chronic state of increased plasma 
AGT might increase angiotensin I (Ang I) and facilitate hypertension and/or car
diovascular diseases. Its role in human hypertension was suspected in an epi
demiological study where a strong correlation was found between plasma AGT 
concentration and blood pressure (BP) (Walker et al. 1979) and in another study 
where offspring of hypertensive patients had elevated plasma AGT levels (Fasola 
et al. 1968). Heritability of plasma AGT has been suggested. Segregation analysis 
in 685 members of 186 families recruited from a rural community in southwest 
Nigeria suggested that about 13% of the variance in plasma AGT concentration 
was due to the recessive gene segregation (Guo et al. 1999). 

Among the 15 polymorphisms that we initially identified, two of them lead
ing to amino acid changes, 174 M and M235T, were found to be associated with 
hypertension and plasma AGT concentration (Jeunemaitre et al. 1992c). This as
sociation between plasma AGT level and the M235T genotype was further con
firmed in white children (Bloem et al. 1995). In African-American young indi
viduals, Pratt and colleagues showed an association between a haplotype con
taining the T235 allele and a polymorphism located in the promoter region of 
the gene (Bloem et al. 1997). In a large sample of the Monica Augsburg cohort, a 
mild co-dominant and significant increase of plasma AGT concentration was 
also observed according to the M235T polymorphism (Schunkert et al. 1997). In 
the Danish general population, homozygosity for both the 235T and Tl74 allele 
was associated with a 10% increase in plasma AGT (Sethi et al. 2001). Because 
of the intra and interassay variability of the plasma AGT measurement and the 
mild association with the M235T polymorphism, a large number of individuals 
is required to detect this relation. 

To analyse the influence of the M235T polymorphism on the ethinylestradiol
induced increase in plasma AGT concentration and on the resulting generation 
of Ang I and Ang II in plasma, we compared changes in the circulating renin
angiotensin system after short-term (2 days) and repeated (7 days) administra
tion of 50 f1g ethinylestradiol in homozygous normotensive men (TT and MM) 
(Azizi et al. 2000). In the 7-day study, TT subjects had higher peak plasma AGT 
concentrations than did MM subjects. In the short term, however, complete 
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readjustment of the circulating renin-angiotensin system occurred through a 
decrease in renin release, which blunted the effects of the increase in AGT con
centration. 

2.3 
Relation with Essential Hypertension 

With Lalouel's group, we reported the first molecular arguments for a role of 
the AGT gene in human essential hypertension (Jeunemaitre et al. 1992c). An 
extensive study was performed in two large series of hypertensive sibships 
yielding a total of 379 sib pairs (Salt Lake City, Utah, USA and Paris, France) 
and using a highly polymorphic micro satellite marker at the AGT locus. An ex
cess of AGT allele sharing was found mainly in severely hypertensive sib pairs 
and in men, suggesting a positive although mild relationship. 

Since then, several linkage studies have led to controversial results. Caulfield 
et al. showed a strong linkage and an association of the AGT gene locus to es
sential hypertension in a set of British families (Caulfield et al. 1994, 1996). At 
the other extreme, no evidence for linkage was found in a large European study 
involving 630 affected sibling pairs, either in the whole panel or in family sub
sets selected for severity or early onset of disease (Brand et al. 1998). Linkage of 
the AGT gene to essential hypertension was also found in 63 affected African 
Caribbean sibling pairs (Caulfield et al. 1995). Similarly, positive albeit modest 
significant excess of AGT allele sharing was found in 46 extended Mexican 
American (Atwood et al. 1997). No linkage was found between the AGT locus 
and hypertension in 310 hypertensive Chinese sibling pairs (Niu et al. 1998). 

The association between the M235T polymorphism and essential hyperten
sion has been tested in a large number of case-control studies that have been re
viewed recently (Jeunemaitre et al. 1999; Lalouel et al. 2001). A meta-analysis of 
case-control studies representing 5,493 Caucasian patients showed that the 235T 
allele was significantly but mildly associated with hypertension [odds ratio 
(OR): 1.20; 95% CI (confidence interval): 1.11-1.29;p<.00011, association which 
increased in studies with positive family history (OR: 1.42; 95% CI: 1.25 to 1.61, 
p<.OOO1) (Kunz et al. 1997). Another meta-analysis that included 10,720 white 
subjects showed a 32% increase in the risk of elevated BP associated with the 
235T allele (Staessen et al. 1999). More recently, Sethi et al. studied 9,100 men 
and women from the Danish general population (Sethi et al. 2001). On multifac
to rial logistic regression analysis, women homozygous for the 235T allele versus 
non-carriers had an odds ratio for elevated BP of 1.29 which increased to 1.50 if 
they were also homozygous for the T174 allele. No significant association was 
found in men. The analysis of 4,322 subjects of the National Heart, Lung and 
Blood Institute (NHLBI) Family Blood Pressure Program (FBPP), showed only a 
weak association between the G-6A polymorphism (Province et al. 2000). In a 
Japanese population, the analysis of nine polymorphisms at the AGT gene con
firmed that the G-6A, T + 31 C and M235T polymorphisms are in absolute linkage 
disequilibrium and that the haplotype containing -6A, +31C and 235T was 
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associated with hypertension but not with plasma AGT in this particular study 
(Sato et al. 2000). More recently, the analysis of 1,425 subjects of urban popula
tions of Vitoria, Brazil, showed a linear relation between 235T allele number and 
BP (Pereira et al. 2003). The magnitude of BP variations was about 3-4 mmHg 
per copy of the 235T allele. 

The high prevalence of the 235T allele may explain why no relation between 
235T or 174 M allele frequencies and hypertension was observed in a study of 
African-Americans (Rotimi et al. 1994). In the Japanese population, a significant 
association between this allele and high BP was found in several separate case 
control studies (Hata et al. 1994; Iwai et al. 1994; Kamitani et al. 1994; Morise et 
al. 1995). These differences in allele frequencies might also facilitate false-posi
tive results in case of admixture in case-control studies. Altogether, these results 
highlight the modest effect of the AGT locus and the difficulty of identifying 
susceptibility genes by linkage analysis in complex diseases. 

2.4 
Relation with Other Phenotypes 

Other studies have tested the influence of the AGT gene on various pathological 
conditions, such as coronary heart disease and diabetic nephropathy, for which 
the reader will find recent reviews (Jeunemaitre et al. 1999; Smithies et al. 2000; 
Wang and Staessen 2000; Katsuya and Ogihara 2001; Lalouel and Rohrwasser 
2001). Several phenotypes probably merit a particular attention. 

The first is the possible relationship between AGT gene polymorphisms and 
body weight. AGT is indeed abundantly expressed in human adipose tissue 
(Saye et al. 1990) and plasma AGT concentrations have been correlated to BP 
and body mass index (Eggena et al. 1991; Bloem et al. 1995; Cooper et al. 2000). 
The analysis of a group of young hypertensive adults on a 3-year follow-up peri
od showed a positive interaction between body weight changes and the G-6A 
polymorphism (Chaves et al. 2002). Some studies have also suggested that the 
AGT M235T polymorphism effect could be highly sensitive to environmental 
context for physical activity (McCole et al. 2002; Rauramaa et al. 2002). 

The second is the possible relationship with pregnancy-induced hyperten
sion. Ward et al. (1993) found a significant association between the AGT 235T 
variant and pre-eclampsia in both Caucasian and Japanese samples. Using an
other strategy, analysis of the allelic inheritance of the GT repeat in 52 sibling 
pairs of preeclamptic sisters, Arngrimsson et al. (1993) showed a significant 
linkage between the AGT locus and preeclampsia in Icelandic and Scottish fami
lies. However, other studies found no indication of association or linkage be
tween preeclampsia and the AGT gene, and recent genome-scan studies have re
ported possible loci on chromosomes 4q (Harrison et al. 1997), 2p (Arngrims
son et al. 1999; Moses et al. 2000) and 9p (Laivuori et al. 2003). Two molecular 
mechanisms could explain the relationship between AGT polymorphisms and 
pregnancy-induced hypertension. The first is its association with AGT expres
sion in decidual spiral arteries (Morgan et al. 1997), reduced plasma volume 
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during the follicular phase of the menstrual cycle (Bernstein et al. 1998), and in
tra-uterine growth (Zhang et al. 2003). The second is its possible influence on 
the formation of high-molecular-weight AGT (Gimenez-Roqueplo et al. 1998). 
Both mechanisms acting together, an increased AGT expression due to the G-6A 
variant, and an increased proportion of active monomeric form of AGT, could 
increase the local formation of Ang II, facilitate an hyperplasia of the spiral 
arteries and thus lead to a reduction of the uteroplacental blood flow. 

3 
The Renin Gene 

3.1 
Gene Structure, Mutations and Polymorph isms 

The human renin gene is located on the short arm of chromosome 1 (lq32-1q42) 
(Cohen-Haguenauer et al. 1983). The primary structure of renin precursor was 
deduced from its cDNA sequence: it consists of 406 amino acids with a pre and 
a pro segment carrying 20 and 46 amino acids, respectively (Imai et al. 1983; 
Hobart et al. 1984). The human renin gene spans 12 kb of DNA and contains 8 
introns (Miyazaki et al. 1984). The structure of the renin gene is similar to that 
of pepsinogen, a closely related aspartyl protease. 

We identified an informative CIA repeat polymorphism in the 3' part of the 
gene (Lifton and Jeunemaitre 1993). From pairwise logarithm of differences 
(lod) score calculations, the sex-averaged recombination fraction between the 
renin and AGT locus was estimated at 0.26. Several restriction fragment-length 
polymorphisms (RFLPs) have been located throughout the renin gene: TaqI and 
BglI polymorphisms in the 5' region, HindIII in the 3' region, and HinfI in the 
first intron (Jeunemaitre et al. 1992b). On the NCB I site, seven SNPs are present 
at the human renin gene-respectively at exons 1, 2, 3, 9 and lO-but have not 
all been validated (www.ncbi.nih.nlm.gov/SNP). A systematic screening of the 
coding sequences of the gene by single-strand conformation polymorphism 
analysis (SSCP) and direct sequencing allowed us the identification of a synony
mous SNP at exon 2 [Thr(ACA)---.Thr(ACC) at position 2 of the mature renin], 
and a polymorphism in intron 4 (T + 17int4G). A trinucleotide repeat (CTG)8 is 
also present in intron 7, displaying 4 alleles with an average heterozygosity of 
0.49 (Fig. 2). In the Japanese population, two novel SNPs have been detected, 
the one in intron 4 (T+l7int4G), and one in exon 9 (GI051A) leading to an ami
no acid change (VaI351Ile) (Hasimu et al. 2003). Our group identified two SNPs 
close to a strong enhancer element located more than 5 kb upstream of the pro
moter of the human gene (Germain et al. 1998; Fuchs et al. 2002). These two 
SNPs are located at positions -5434 and -5312 and seem to influence in vitro 
the levels of transcription, when the corresponding constructs are transfected in 
choriodecidual (Fuchs et al. 2002). 
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Exons 23 4 5 6 7 89 10 
Enhancer 

• f II I I I I II I /I l/ -
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P1 P2 P3 P4 P5 P6 

Location Polymorphism Alleles Nb Alleles Freq % Heteroz 

P1 5'sequence C-5434T 2 alleles 0.60/0.40 0.48 
P2 5'sequence C-5312T 2 alleles 0.80/020 0.32 
P3 Exon 2 ACA->ACC 2 alleles 0.90/0.10 0.18 
P4 Intron 4 T (+17) G 2 alleles 0.80/0.20 0.32 
P5 Intron 7 (CTG)8 4 alleles 0.49 
P6 3' (CA)17 9 alleles 0.77 

Fig. 2 Main polymorph isms of the human renin gene 

3.2 
Relation with Plasma Renin 

Activation of the renin system depends on the renin-AGT reaction which is the 
first and rate-limiting step leading to Ang II production. Hypertensive individu
als are usually classified according to their renin status. Interestingly, renin lev
els seem at least partly heritable, as observed by Grim and colleagues (1980) in 
twins submitted to well-standardised conditions of posture and sodium diet and 
more recently by Rossi et al. (1999). Our analysis of 175 sibling pairs and trios 
who participated to a multicentre trial showed very significant correlations of 
plasma renin levels either on a high- or a low-salt diet. Further analysis of this 
cohort showed the familial aggregation of low-renin hypertension with twice 
more low-renin families than expected (10.9% vs 5.5%), in contrast to the nor
mal-renin state, where the observed and expected number of families was simi
lar (61.0 vs 58.6%) (Fisher et al. 2002). 

Testing 212 patients with EH and 209 age-matched normotensive subjects, 
Hasimu et al. (2003) found no difference in three renin polymorphisms either 
separately, or combining them into haplotypes. However, plasma renin activity 
(PRA) levels in patients with essential hypertension (EH) with the GG genotype 
at position 1051 were significantly higher than in subjects with GA and AA 
genotypes, thus suggesting that the amino acid change (Val351Ile) may affect 
the enzymatic function of renin or may be in linkage disequilibrium with poly
morphisms affecting renin transcription. 

A mutation responsible for a syndrome with hyperproreninaemia has been 
found in a unique Dutch family (Villard et al. 1994). All family members were 
normotensive and had normal PRA. A point mutation in the last exon of the 
gene at codon 387 of the preprorenin cDNA introduced a premature stop codon 
(TGA) in the renin gene sequence. This mutation directs the synthesis of a trun
cated form of renin, with 20 amino acids deleted from the carboxyl terminus. 
We found also a mutation on the signal peptide-encoding region of the pre-
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profragment of renin (Pro 8 Ala) in a unique family (X. Jeunemaitre, unpub
lished). No particular biological phenotype could be associated with this muta
tion. 

3.3 
Relation with Essential Hypertension 

Numerous studies have involved renin to some degree in experimental forms of 
hypertension. In human, one of the first case-control study was that performed 
by Soubrier et al. (1990). Renin gene allele and haplotype frequencies of3 RFLPs 
were similar in 120 normotensive and 102 hypertensive subjects. To explore fur
ther the potential role of the renin gene as a genetic determinant of hyperten
sion, we used the hypertensive sib pairs approach (Jeunemaitre et al. 1992b). 
Using the same clinical criteria and the same renin gene haplotypes as in the as
sociation study, no linkage was found between the renin gene and hypertension, 
suggesting again that the renin gene does not have a frequent and/or important 
role in the pathogenesis of essential hypertension. 

In a single large Utah human pedigree with high prevalence of coronary dis
ease and hypertension, there was no significant association between the renin 
RFLPs and BP or plasma renin activity (Naftilan et al. 1989). Interpretation was, 
however, limited by the very low number of patients studied. In another prelim
inary report, Morris and Griffiths (1988) compared the renin RFLPs of 29 sub
jects under antihypertensive treatment with those of 202 adult patients. No asso
ciation was found between hypertension and the renin gene allele but, again, no 
definite conclusion could be drawn since only a few hypertensives were studied, 
clinical data were not available and the renin gene polymorphism was defined 
by a single and weakly informative RFLP. The most recent study corresponds to 
that performed in a Japanese population by Hasimu et al. (2003). No statistical 
difference was observed in the genotype distribution of three polymorphisms 
between the 212 patients and the 209 age-matched normotensive subjects. 

4 
The Angiotensin I-Converting Enzyme 

Angiotensin I-converting enzyme (ACE) is a zinc metalloprotease whose main 
functions are to convert Ang I into Ang II, and to inactivate bradykinin. It is as
sumed that this step of the renin-angiotensin system is not limiting in plasma, 
and indeed there is no indication that plasma ACE levels are directly related to 
BP levels. However, the local generation of Ang I and the degradation of a bra
dykinin might depend on the level of ACE expressed in tissues. 
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4.1 
Gene Structure, Mutations and Polymorphisms 

The enzyme consists of two highly homologous and functionally active domains 
resulting from a gene duplication (Soubrier et al. 1988). There are two ACE pro
moters, a somatic promoter localised on the 5' side of the first exon of the gene 
and a germinal, intragenic, promoter located on the 5' side of the specific testic
ular ACE mRNA (Hubert et al. 1991). The two alternate promoters of the ACE 
gene exhibit highly contrasting cell specificities, as the somatic promoter is ac
tive in endothelial, epithelial and neuronal cell types, whereas the germinal pro
moter is only active in a stage-specific manner in male germinal cells (Howard 
et al. 1990). It is thought that plasma ACE concentration reflects the level of the 
synthesis of the somatic enzyme. 

The most studied is an insertion/deletion (I/D) of a 287-base pair DNA frag
ment in the intron 16 of the gene, corresponding to an Alu sequence. Soubrier's 
group also identified eight new polymorphisms in 95 healthy nuclear families, 
most of them being in strong linkage disequilibrium with the liD polymorphism 
(Villard et al. 1996). More recently, Rieder and colleagues performed a complete 
genomic scan of the ACE gene (24 kb) from 11 individuals (Rieder et al. 1999). 
They identified 78 varying sites in 22 chromosomes that resolved into 13 dis
tinct haplotypes. Among these polymorphisms, 17 are in absolute linkage 
disequilibrium with the ACE liD polymorphism, producing two distinct and 
distantly related clades. 

4.2 
Relation with Plasma ACE Levels 

From a geneticist point of view, plasma ACE concentration is an interesting 
marker as it varies markedly between individuals (from 1 to 8 at the extremes of 
the distribution) but remains remarkably constant when measured repeatedly 
in a given subject (Alhenc-Gelas et al. 1991) This important variability is due, in 
large part, to a major genetic effect, as shown by Cambien et al. (1988). In a 
family study where there was an intrafamilial resemblance between plasma ACE 
levels, they estimated that this effect accounting for approximately 30% and 
75% of the ACE variance in parents and in offspring, respectively. 

The role of the ACE gene in the genetic control of plasma ACE has been clear
ly established. In their seminal observation of 80 healthy subjects, Rigat and col
leagues showed that the serum ACE concentration of DD subjects was almost 
twice as high as that observed in patients homozygous for the I allele, whereas 
heterozygous patients were intermediate (Rigat et al. 1990). Like for serum ACE, 
T lymphocyte ACE levels are significantly higher in patients homozygous for 
the D allele than in the other subjects (Costerousse et al. 1993). Another study 
combining segregation and linkage analysis in 98 healthy nuclear families 
showed that the ACE liD polymorphism is only a neutral marker in strong link
age disequilibrium with the putative functional variant (Tiret et al. 1992). After 
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adjustment for the liD polymorphism, all polymorphisms of the 5' group re
mained significantly associated with ACE levels, which suggested the existence 
of two quantitative trait loci (QTL) acting additively on ACE levels accounting 
for 38% and 49% of the ACE variance in parents and offspring, respectively. The 
authors suggested that the causal variant should be located within the 3' part of 
the gene. Despite these efforts, the causative variant responsible for the increase 
in ACE expression has yet to be found, which might foreshadow the difficulty of 
identifying causal molecular variants in complex traits. 

A rare missense mutation (Pro1l99Leu) in the stalk region of the mature 
ACE protein has been identified in eight Dutch families, in which plasma ACE 
values exceeded fourfold the upper limit of normal (Kramers et al. 2001). All af
fected individuals were heterozygous for the mutation which is supposed to lead 
to an alteration in the juxtamembrane region of ACE, thus in a more efficient 
cleavage of the protein. The physiology of the renin-angiotensin system and BP 
were not altered in affected individuals, indicating that in the presence of simi
lar amounts of membrane-bound ACE, the higher extracellular concentration of 
ACE is of no clinical significance (Kramers et al. 2001). 

4.3 
Relation with Essential Hypertension 

The observation that plasma ACE levels are under the direct control of an ACE 
gene variant rapidly made the ACE lID polymorphism one of the most popular 
markers tested in cardiovascular diseases. An interrogation of the PubMed data
base with "angiotensin I-converting enzyme insertion/deletion polymorphism" 
retrieves 652 publications. We will only summarise here some of the main find
ings using the ACE gene as a candidate gene for human essential hypertension 
and cardiovascular disorder. 

One association study comparing a normotensive and a hypertensive Aus
tralian population with two hypertensive parents, showed an association of hy
pertension with ACE gene polymorphism (Zee et al. 1992). This finding was in
terpreted as due to an over risk of cardiovascular events in hypertensive patients 
carrying the D allele (Morris et al. 1994). Harrap et al. (l993) investigated the 
distribution of the ACE liD gene polymorphism in young adults with contrast
ing genetic predisposition to high BP (Watt et al. 1992) ("four-corners ap
proach"): young adults with high BP and two parents with high BP did not show 
any significant difference in the I/D allele frequencies when compared with 
adults of the same age but with low BP and no genetic predisposition to high 
BP. Other association studies were also negative (Higashimori et al. 1993; 
Schmidt et al. 1993). In a large series of hypertensive sib pairs from Utah, we 
found no evidence of linkage between hypertension and a growth hormone gene 
polymorphic marker in complete linkage disequilibrium with the ACE gene 
(Jeunemaitre et al. 1992a). Taken together, these results suggest that the ACE 
gene does not playa major role on BP variance in these populations. 
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Some positive results suggest, however, that the ACE locus might influence 
BP variability in a sex-specific manner. In a logistic regression analysis of 3,095 
participants in the Framingham Heart Study (O'Donnell et al. 1998), the adjust
ed odds ratios for hypertension among men for the DD and DI versus II geno
types were 1.59 and 1.18, respectively, whereas no effect was observed in wom
en. Positive results were also reported by Fornage et al. in the analysis of a large 
population-based sample of 1,488 siblings having a mean age of 15 years and 
belonging to the youngest generation of 583 randomly ascertained three-genera
tion pedigrees from Rochester, MN (Fornage et al. 1998). In sex-specific analy
ses, genetic variation in the region of the ACE gene explained as much as 35% 
of the interindividual BP variation, again in males but not in females. Finally, 
Julier et al. (1997) conducted an affected sib-pair analysis in French and U.K. 
families and explored the region of chromosome 17q 23-32, based on the loca
tion of the ACE locus and on the QTL observed in rat on the homologous region 
of chromosome 10. Significant evidence of linkage was found near two closely 
linked micro satellite markers, D17S183 and D17S934, that reside 18 cM proxi
mal to the ACE locus in the homology region. 

4.4 
Relation with End-Organ Damage 

A very large number of reported and unreported studies have been performed 
and have been reviewed (Cambien and Soubrier 1995; Butler 2000; Danser and 
Schunkert 2000; Rieder and Nickerson 2000; Wang and Staessen 2000). The ACE 
I/D polymorphism has been associated with coronary heart disease, including 
myocardial infarction, stable and unstable angina pectoris, restenosis following 
percutaneous coronary angioplasty and stenting, left ventricular hypertrophy, 
cardiac insufficiency, peripheral artery disease, stroke and Alzheimer disease, 
proteinuria, diabetic nephropathy and retinopathy, human performance to exer
cise, aggravation of the course of IgA nephropathy and of polycytic kidney dis
ease, and a variety of other diseases. 

Of course, when such an attractive polymorphism is available, it is quite sim
ple for researchers and clinicians to set up a case-control study and perform a 
statistical test to see whether a difference exists between each group, even if the 
a priori hypothesis is not substantiated by a strong pathophysiological back
ground. Thus, among all the studies performed (>700), it is likely that a large 
number of false positive studies exist, due to publication bias and to selection 
criteria that do not fulfil those suggested for "high-quality" association studies 
(Bogardus 1999; Sharma and Jeunemaitre 2000). If well-performed, a meta-anal
ysis can also help in the estimation of the strength of the impact of a given poly
morphism on a given trait. In that regard, it is remarkable to observe that meta
analyses of the effect of the ACE lID polymorphism on myocardial infarction 
found no or very mild association when analysed on several thousand patients, 
with mainly a publication bias for the small and positive studies (Fig. 3) 
(Agerholm-Larsen et al. 2000; Keavney et al. 2000). A similar observation has 
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Published 
studies 

Number DD genotype Risk ratio and 99% CI 
of cases Cases Controls 

ECTIM 610 

35 small studies 3578 
«200 cases each) 

14 larger studies 6863 
(;;.200 cases each) 

ISIS 4629 

32% 27% 

34% 26% 

27% 27%-11-

29% 28% -
0·8 1·0 1·2 1·4 1·6 1·8 2·0 

Fig.3 Association between the human ACE gene and myocardial infarct: a meta-analysis. ct, confi
dence interval; ECT/M, Etude Cas-Temoin de l'lnfarctus du Myocarde; ISIS, International Studies of Infarct 
Survival. From Kearney et al. (2000) 

been made by meta-analyses of its association with coronary restenosis (Agema 
et al. 2002; Bonnici et al. 2002). A greater impact of the polymorphism might 
occur on ischemic stroke (Sharma 1998) and on diabetic nephropathy (Fujisawa 
et al. 1998). On the whole, it is also important to consider that associations 
might vary across gender or ethnic groups, or different socio-ecological settings, 
and that very few studies consider the potential gene-gene and gene-environ
ment interactions. 

Probably one of the most innovating findings has been the association be
tween the I allele of the ACE lID polymorphism with enhanced endurance per
formance in elite distance runners, rowers and mountaineers (Montgomery et al. 
1997, 1999). The nature of the gene-environment interaction between ACE liD 
polymorphisms and physical training, an overview of recent findings and a dis
cussion of possible underlying mechanisms, have been reviewed by these authors 
(Woods et al. 2000). 

5 
The Angiotensin II Type 1 Receptor 

Ang II receptors which mediate all the biological and physiological effects of the 
renin-angiotensin system are also candidate genes for essential hypertension. 
Most of the peripheral and central actions of Ang II, including vasoconstriction, 
facilitation of sympathetic transmission, modification of vascular and cardiac 
structure, renal salt and water retention, are mediated by the angiotensin type 1 
(AT l ) receptor (ATlR). The ATlR belongs to the family of seven-transmem
brane domain, G protein-coupled receptors. It is inserted into the plasma mem-
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brane of Ang II target, vascular smooth muscle, renal vasculature and mesan
gial, adrenal and brain cells. 

5.1 
Gene Structure, Mutations and Polymorph isms 

The human gene has been cloned and is located on chromosome 3q21-3q25 
(Furuta et al. 1992). It consists of at least five exons and spans more than 55 kb 
of genomic DNA (Guo et al. 1994). All the coding sequence is encoded by the 
last exon, the first four encoding 5' untranslated sequences, with multiple tran
scription initiation sites. There are at least four distinct alternatively spliced 
transcripts, whose relative abundance varies from one tissue to another one. In
terestingly, a long ATlR isoform has been recently described, that has dimin
ished activity for Ang II (Martin et al. 2001). Modifications of the relative abun
dance of the long and short isoforms of the ATlR might allow for a fine tuning 
of Ang II responsiveness in given circumstances or in a given tissue. 

Several polymorphisms have been detected at the ATlR locus. An informative 
CA repeat polymorphism maps within 15 kb downstream the 3' end of the cod
ing sequence (Davies et al. 1994). The interrogation of the human SNP database 
(www.ncbLnlm.nih.gov.SNP) shows the presence of more than 20 SNPs, not all 
being validated nor their frequency determined. No polymorphism has been 
found to change the coding sequence of the receptor. The two SNPs at the ATlR 
gene that have been extensively used in the literature are those initially identi
fied by Bonnardeaux et al. (1994). They consist of a non-synonymous change 
within the coding sequence (T573C) and a nucleotidic change in the 3' untrans
lated region (+ 1166A/C) whose frequency is 0.50-0.55 and 0.30-0.35 in Cau
casian subjects. Other diallelic polymorphisms have been identified in the 3' un
translated region of the gene (+575T/C, + 1062A/G, + 1517G/T) in strong linkage 
disequilibrium (Bonnardeaux et al. 1994; Rolfs et al. 1994). Erdmann et al. per
formed a systematic screening of 2.5 kb of the 5' flanking region of the gene in a 
sample of 150 healthy subjects (Erdmann et al. 1999). They found eight poly
morphic sites, six of them being in strong linkage disequilibrium but not with 
the + 1166A/C polymorphism. Poirier et al. (1998) screened the first four exons 
and 2.2 kb in the 5' flanking region of the ATl R gene by SSCP and sequencing. 
Seven polymorphisms were detected in the 5' region at positions -1424, -810, 
-713, -521, -214, -213 and -153 upstream from the transcription start (http:// 
genecanvas.idf.inserm.fr). All were in complete (or nearly complete) linkage dis
equilibrium. More recently, Antonellis et al. (2002) developed a technique for 
rapid identification of polymorphisms in long stretches of genomic DNA and 
analysed the ATlR gene. They genotyped 18 polymorphisms spanning the 60.5-
kb AGTRI locus, with an average spacing of 3.2 kb and an average minor allele 
frequency of 24%. 
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5.2 
Relation with Essential Hypertension 

The first study to investigate the relationship between the ATlR gene and essen
tial hypertension was that performed by Bonnardeaux et aI, with both an affect
ed sibling pair approach and a case-control study (Bonnardeaux et al. 1994). 
There was no evidence for linkage between the microsatellite marker CA at the 
gene locus and essential hypertension in 267 hypertensive sib pairs from 138 
pedigrees. The case-control study performed on a panel of 206 hypertensive 
subjects and 298 normotensive individuals was mainly negative, except for the 
1166C allele, which was more frequent in hypertensive (0.36) than in normoten
sive subjects. 

Other negative results were obtained by other groups. Castellano et al. (1996) 
examined a sample of 212 subjects randomly selected from a general population 
in Northern Italy. No statistically significant differences among ATlR A/Cl166 
genotypes were observed for ambulatory BP, left ventricular mass or carotid ar
tery wall thickness. Several polymorphisms at the promoter region of the ATlR 
gene were tested by Zhang et al. in a large Caucasian population-based sample 
(Zhang et al. 2000). None of these polymorphisms showed evidence for associa
tion with hypertension. Negative results were obtained by two groups in Japan 
(Kikuya et al. 2003; Ono et al. 2003). The analysis of the A1166C polymorphism 
in 3,918 subjects recruited from the Suita study showed similar frequencies of 
the C allele (0.08), this frequency being markedly lower than in Caucasian sub
jects (Ono et al. 2003). The analysis of 802 subjects of the Ohasama study found 
no statistical difference in ambulatory BP according to the genotype, as soon as 
it was adjusted for confounding variables (age, sex, BMI) (Kikuya et al. 2003). 

However, some studies found a positive association between essential hyper
tension and the A1166C polymorphism. Wang et al. (1997) analysed a well-char
acterised group of 108 Caucasian hypertensive subjects with a strong family his
tory and 84 controls, in Australia. In this limited series, the 1166C allele was 
more frequent in hypertensives (OAO) than in controls (0.26). In the Finnish 
population, the sib pair analysis of 329 hypertensive individuals of 142 families 
gave a positive multipoint lod score of 2.9 (Kainulainen et al. 1999). Interesting
ly, a genome-wide scan performed in 47 families with two affected siblings and 
additional family members, showed the ATlR locus as the most significant locus 
in the Finnish population (Fig. 4) (Perola et al. 2000). However, no particular 
mutation or polymorphism was identified. 

In a recent analysis of 218 Caucasian hypertensive patients and sib pairs, we 
found no direct relation with basal BP levels but a positive relationship between 
the acute BP response to Ang II and the ATlR locus (Vuagnat et al. 200l). Sig
nificant familial resemblances in the Ang II-induced systolic and diastolic BP re
sponse were observed, and the ATlR gene could participate to its genetic deter
mination. However, no significant association was found between the A1166C 
polymorphism and the BP and aldosterone responses to infused Ang II in 116 
male normal volunteers (Hilgers et al. 1999). Spiering et al. studied the reactivity 
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to infused Ang II of 42 subjects with essential hypertension, after 7 days of 
high-sodium diet (Spiering et al. 2000). They found that renal plasma flow, 
glomerular filtration rate and renal vascular resistance were more pronounced 
in patients with the CC genotype compared to those with the AA genotype. 
However, the changes of plasma renin, aldosterone and atrial natriuretic peptide 
(ANP) were not dependent on the genotype. It is interesting to observe that the 
effect of the genotype on the renal response to infused Ang II is probably depen
dent on the gender with a significant effect in males but not in females (Vuagnat 
et al. 2001; Reich et al. 2003). 

5.3 
Relation with End-Organ Damage 

Taking into account the multiple actions of Ang II on multiple organs such as 
heart, vessels and brain, a large number of association studies have been per
formed to test the possible association of the ATlR gene polymorphisms and 
end-organ damage. It is difficult to summarise them in a short paragraph. On 
the whole, the polymorphisms that have been analysed are often unique in a 
given study, and/or tested on a too limited sample to be really contributive. 

The A1l66C polymorphism has been associated to aortic stiffness (Benetos 
et al. 1996; Lajemi et al. 2001), left ventricular mass (Osterop et al. 1998), coro
nary vasoconstriction (Amant et al. 1997), increased response to Ang II in iso-
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lated human arteries (Henrion et al. 1998; van Geel et al. 2000) and myocardial 
infarction in interaction with the ACE lID polymorphism (Tiret et al. 1994). A 
positive association between the T573C polymorphisms and microalbuminuria 
was also found in a group of young adults with essential hypertension, the TT 
genotype being suggested as an independent protective factor for microalbu
minuria (Chaves et al. 2001). An increased frequency of the 1166CC genotype 
was observed in a Polish group of 430 patients on dialysis compared to 260 heal
thy controls, with a significantly shorter time from the onset of renal disease to 
end-stage renal disease (ESRD) in patients with C allele compared to those with 
AA genotype (Buraczynska et al. 2002). 

In a recent attempt to test the association between this polymorphism and 
cardiovascular events, Hindorff et al. (2002) analysed 800 African Americans 
and 1,372 random participants of the Cardiovascular Health Study. Although a 
marginal interaction was observed in the white treated participants with in
creased risk of congestive heart failure and stroke, on the whole the A1166C 
polymorphism was not associated with BP control or cardiovascular events on 
the entire populations. Finally, no relation was found between ATlR density in 
platelets-a possible biological intermediate phenotype-and the A1166C geno
type (Paillard et al. 1999). 

6 
The Angiotensin II Type 2 Receptor 

Since its discovery and molecular characterisation, the type 2 Ang II (AT 2) re
ceptor (AT2R) has been enigmatic with respect to signalling pathways and func
tion. These aspects are developed in another chapter of this book. Evidence has 
now emerged that Ang II exerts actions through the AT2Rs, which are directly 
opposed to those mediated by the ATlR. The AT2R appears to act as a modula
tor of complex biological programmes involved in embryonic development, cell 
differentiation, tissue protection and regeneration, as well as in programmed 
cell death (Gallinat et al. 2000). A number of studies suggest a role of AT(2) re
ceptors in brain, renal, and cardiovascular functions and in the processes of ap
optosis and tissue regeneration (Unger 1999). 

6.1 
Gene Localisation, Structure and Polymorph isms 

The human AT2R gene was first isolated from a human genomic DNA library of 
leukocytes (Tsuzuki et al. 1994). The gene is organised in three exons but the 
entire coding region is contained in the third exon (Martin and Elton 1995) and 
encodes a 363 amino acid protein which is highly homologous to the sequences 
of the rat and mouse protein. Although they exhibit a similar binding affinity 
for Ang II, the ATlR and AT2R share only a 34% identity at the amino acid level. 
The AT2R is located on chromosome X in both human and rat species, the hu
man AT2R gene being assigned to Xq22 (Koike et al. 1994). 
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6.2 
Relation with Urogenital Abnormalities 

Nishimura et al. (1999) reported that mice inactivated for the AT2R gene have 
phenotypes that remarkably resemble human congenital anomalies of the kid
ney and urinary tract. In the same study, the authors suggested that, in humans, 
a polymorphism could be a risk factor for the development of anomalies of the 
kidney and urinary tract (CAKUT). A substantial fraction of the human popula
tion (about 30%-50%) carry a A-to-G transition at position -1332 in intron 1 
(A-1332G) in the lariat branchpoint motif of this intron, that might perturb the 
mRNA splicing efficiency. Nishimura et al. (1999) found a strong association be
tween this polymorphism and the incidence of CAKUT: 10 of 13 Caucasian pa
tients (77%) and 17 of 23 (74%) Caucasian German males with ureteropelvic 
junction stenosis or atresia, being hemizygous for this A-to-G transition, com
pared to an allelic frequency of 42% in controls. 

However this association has been disputed. Hiraoka et al. (2001) compared 
the frequency of the intron 1 polymorphism in 66 Japanese boys with CAKUT 
and controls. The frequency of the A-G transition was not different between the 
control population (31 of 102, 30%) and the patients with CAKUT [23 of 66 
(35%)]. Similar negative results were obtained by Yoneda et al. (2002) who 
found no evidence for the implication of the AT2R gene in the pathogenesis of 
primary familial vesicoureteral reflux. These authors evaluated the incidence of 
A-1332G transition in 82 male and 110 female patients and unaffected family 
members. The incidence of A-1332G transition was similar in male and female 
patients with primary familial vesicoureteral reflux and controls. Moreover, the 
transmission/disequilibrium test revealed no significant distortion of genotype 
transmission from mother to children. 

6.3 
Relation with Cardiovascular Diseases 

Since the AT2R might oppose the vasoconstrictor and antinatriuretic effects of 
Ang II mediated through the ATlR, several genetic studies have investigated 
whether variations within the AT2R might play a counterregulatory protective 
role in the regulation of BP and in cardiovascular disorders such as neointima 
formation after vascular injury, cardiac hypertrophy and myocardial infarction. 

In humans, only few association studies have been performed. Our laboratory 
was not able to find significant difference in a set of hypertensive and controls 
(M. Giacche, X. Jeunemaitre, unpublished results). Schmieder et al. analysed BP, 
left ventricular structure, plasma Ang II and aldosterone concentrations in 120 
young male subjects (Schmieder et al. 2001). Presence of the A allele of the intron
ic + 1675 G/A polymorphism was associated with an increase left ventricular mass 
index in hypertensive subjects (Schmieder et al. 2001). More recently, Herrmann 
et al. analysed the same polymorphism in two large cohorts of 1,968 individuals 
(the Glasgow Heart Scan, GLAECO and Glasgow Heart Scan Old, GLAOLD stud-
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ies) with echocardiographically and electrocardiographically assessed left ventric
ular measurements (Herrmann et al. 2002). In both studies, the genotype frequen
cies were similar in hypertensive and non-hypertensive individuals (0.50). In the 
GLAOLD study and in females only, the AT2R + 1675A allele was more common 
in females with episodes of coronary ischaemia and myocardial infarction. In the 
same cohort, the + 1675A allele was associated with left ventricular hypertrophy 
in males only. However, these results could not be replicated in the GLAECO co
hort, giving weak credibility for these genotype/phenotype interactions. 

6.4 
Relation with X-Mental Retardation 

Whereas ATlRs are abundant in a number of adult tissues, AT2Rs are mainly ex
pressed during embryonic life and their expression declines rapidly after birth 
and is then restricted to few organs and mainly in some brain areas. The presence 
of high levels of AT2Rs within the neonatal brain supports the suggestion that this 
receptor has a role in development and possibly in cognitive function via its in
volvement in axonal regeneration (Lucius et al. 1998). This possible role was also 
suggested by the attenuated exploratory behaviour and anxiety-like behaviour of 
AT2R-deficient mice (Hein et al. 1995; lchiki et al. 1995; Okuyama et al. 1999). 

A recent human study further supports a role for the AT2R in brain develop
ment and cognitive function (Vervoort et al. 2002). These authors analysed a de 
novo balanced translocation 46,X,t(X;7)(q24;q22) in a female patient with mod
erate mental retardation. They mapped the X-chromosome breakpoint and 
demonstrated by RT-PCR that the AT2R gene was silenced in this patient, possi
bly through a position effect. The authors then screened a series of 33 males 
with X-linked mental retardation (MR) and a large cohort of 552 unrelated male 
patients with MR of unknown cause. Eight of the 590 unrelated male patients 
with MR were found to have sequence changes in the AGTR2 gene, including 1 
frameshift and 3 missense mutations (Fig. 5). Although these results have not 

Balance X; 7 translocation in a female patient with mental 
retardation (MR) 

8/590 patients with MR have AT2R mutations 

Fig. 5 Mutations of the Al2 receptor gene and X-linked mental retardation 
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been replicated yet, they indicate that the AT2R might contribute to regulate 
central nervous system functions, including behaviour. 

7 
Future Directions 

With the notable exception of few monogenic forms of cardiovascular diseases 
for which the molecular basis has been often already elucidated, there is no in
dication of the number of genetic loci involved in these complex traits, the fre
quency of deleterious alleles, their mode of transmission, and the quantitative 
effect of any single allele. Because of their aetiologic heterogeneity, it is likely 
that no single biochemical or genetic marker will help the clinician in the man
agement of most of the patients. How can we progress in the comprehension of 
the involved molecular pathways, and in the possible application of genetic 
markers? Some of the avenues that could be explored are indicated below. 

7.1 
Test Gene-Gene and Gene-Environment Interactions 

7.1.1 
Gene-Gene Interactions 

It is important to note that most of the studies performed so far have been con
ducted in a very simple design, by testing one by one the role of each gene 
(sometimes of only one polymorphism) of the renin-angiotensin system. How
ever, it is recognised that the situation is much more complex, involving a mul
titude of genes controlling the susceptibility to cardiovascular diseases, acting 
in an additive or interactive manner together with environmental factors. A 
more integrated approach needs to be designed in which several genes and some 
environmental factors could be tested with or without a priori specific hypothe
sis. 

In that regard, the first attempts that have been made by several authors to 
test the interaction between renin-angiotensin system genetic polymorphisms 
are of interest. For example, interactions between the A1166C polymorphism of 
the ATlR gene with the ACE liD polymorphism has been found to explain a ge
netic susceptibility to increased diastolic BP (Henskens et al. 2003) and myocar
dial infarction in interaction (Tiret et al. 1994). A study performed by Staessen 
and colleagues (2001) showed the combined effect of the ACE liD, the alpha-ad
ducin Gly460Trp and the aldosterone synthase C-344T polymorphisms on BP 
level. Lovati and colleagues (2001) found an interaction between the AGT 
M235T polymorphism and the ACE lID polymorphism for the occurrence of 
end-stage renal disease in diabetic patients. Such an interaction for the progres
sion of renal insufficiency in patients with IgA nephropathy has been also dis
cussed (Pei et al. 1997; Frimat et al. 2000). Although these studies face the prob
lem of stratification and thus of increased probability of false positive results, 
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their replication in other well-performed and powerful studies might help to 
better estimate the role of the RAS polymorphisms in these complex traits. 

7.1.2 
Gene-Environment Interactions 

As mentioned above, functional polymorphisms exist at the renin-angiotensin 
system. Nevertheless, their effect on hypertension and cardiovascular diseases 
has been highly disputed. One of the reasons for this is probably that the phe
notype itself has not been determined with enough precision nor the polymor
phisms tested in non-standardised environmental conditions (especially pos
ture, salt diet, therapy). If we admit, as it is probably true, that these polymor
phisms exert their effect only in certain conditions, a "stress-the-genotype" ap
proach might help us to unravel their true pathophysiological influence. One of 
the best example of this approach involves the studies performed by Montgom
ery and colleagues to evaluate the effect of the ACE lID polymorphism on left 
ventricular mass in response to exercise (Montgomery et al. 1999, 2002). The 
strategy was to select subjects homozygous for the I or D allele from a large 
number of military recruits and precisely phenotype left ventricular mass before 
and after a 10-week physical training period. In the several studies performed, 
left ventricular mass increased with training, but with DD men showing rough
lythreefold greater growth than II men. When indexed to lean body mass, left 
ventricular growth in II subjects was essentially negligible. 

Some studies have also suggested that the AGT genotype might influence the 
BP response to non-pharmacological therapy, especially be a marker of salt-sen
sitivity. In the Trials of Hypertension Prevention Phase II (TOHP-II), both sodi
um reduction and weight loss were tested in randomised trials as BP-lowering 
strategies. Participants were typed for the G-6A polymorphism. In the usual 
care group, the AA genotype was associated with a higher 3-year incidence of 
hypertension compared to GA or GG genotypes. In the salt reduction and weight 
loss intervention groups, this AA genotype was also associated with a larger re
duction in BP compared to GA and GG genotypes (Hunt et al. 1998). The same 
polymorphism G-6A was tested with the BP response to the Dietary Approaches 
to Stop Hypertension (DASH) diet (Svetkey et al. 2001). After 8 weeks, net sys
tolic and diastolic BP response to the DASH diet was significantly greater in in
dividuals with the AA genotype compared to those with the GG genotype. Un
doubtedly, the use of these "stress-the-genotype" approaches to explore gene
environment interactions might be the key to understanding the complex effects 
of the renin-angiotensin system gene polymorphisms. 
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7.2 
Analysis of Other Components of the Renin-Angiotensin System 

7.2.1 
The Prorenin Receptor 

Up to now, Ang II has been believed to be the main, if not exclusive, effector of 
the renin-angiotensin system through binding to its receptors AT 1 and AT 2. The 
recent demonstration and the cloning of a functional receptor of prorenin might 
change this view (Nguyen et al. 2002). The highest level of expression of this re
ceptor is observed in heart, brain, placenta, kidney and eye. Immuno-histologi
cal studies of heart and kidney show that it is localised in vascular structures, 
associated to smooth-muscle cells in coronary and renal artery (Nguyen et al. 
2002). This receptor might have cellular effects per se on vascular smooth-mus
cle cells, independent of Ang II. It might represent an essential mean to capture 
renin and pro renin from the circulation and to concentrate renin and pro renin 
in tissues, especially at the interface with endothelial cells. In this context, the 
search of functional genetic polymorphisms will be of importance regarding 
their potential impact on the modulation of smooth muscle cell tone and of cor
onary artery function (Nguyen et al. 2003). 

7.2.2 
The ACE2 Gene 

The identification of an enzyme similar to ACE, called ACE2, adds further com
plexity to the system. The ACE2 gene was initially cloned from a human cardiac 
cDNA library (Donoghue et al. 2000). ACE has a single catalytic domain, where
as somatic ACE has two catalytic domains. The phylogenetic analysis clearly 
shows that they evolve by duplication of a single-domain ACE-like protein, be
fore the divergence of insect and mammalian lineages (Cornell et al. 1995). 
ACE2 transcripts are found mainly in vascular endothelial cells of the heart and 
kidney and in testis. 

The ACE2 gene encodes for a carboxypeptidase that is able to convert Ang I 
to angiotensin 1-9. Since angiotensin 1-9 has no known effect on blood vessel 
and can be converted by ACE in angiotensin 1-7, which is a blood vessel dilator, 
it has been suggested that ACE2 might prevent the formation of the vasopressor 
Ang II. The recent work, published in Nature (Crackower et al. 2002) tends to 
demonstrate the pathophysiological importance of this enzyme. The authors 
were able to show that, in the salt-sensitive Sabra hypertensive rat strain, there 
is a markedly decrease expression of the ACE2 gene, although no mutation was 
found in the coding sequence of the gene. In addition, targeted disruption of 
the ACE2 gene in mice resulted in a cardiac contractility defect, suggesting its 
role as an essential regulator of heart function in vivo. If this role is confirmed, 
the molecular analysis of the human ACE gene in a variety of cardiovascular dis
eases will be important. 
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7.2.3 
The Aminopeptidases A and N 

Among the main bioactive peptides of the brain renin-angiotensin system, an
giotensin Ang II and Ang III exhibit the same affinity for type 1 and type 2 
Ang II receptors. In the murine brain renin-angiotensin system, Ang II is con
verted by aminopeptidase A (APA) into Ang III, which is itself degraded by ami
nopeptidase N (APN). Both peptides, injected intracerebroventricularly, cause 
similar increases in vasopressin release and BP (Reaux et al. 1999). Recent phar
macological studies using specific APN and APA inhibitors have demonstrated 
the predominant role of brain Ang III in the control of vasopressin release and 
BP (Reaux et al. 2001). These genes are therefore attractive candidates for hu
man hypertension. 

7.3 
Pharmacogenetics 

The increasing knowledge of polymorphisms in genes encoding for proteins that 
are drugs targets, the uncertainty of the individual efficacy and tolerance of these 
drugs, has fuelled a new molecular discipline, pharmacogenetics. It is expected 
that pharmacogenetics will help clinicians gauge drugs efficacy and tolerance 
and will help to give the "right medicine for the right patient" (Roses 2000). 

In addition to polymorphisms in drug metabolising enzymes, there are cases 
where the response to drug treatment might be correlated with gene variants in
volved in the drug's mode of action. The renin-angiotensin system is a good ex
ample of such possibility, since functional polymorphisms exist as well as drugs 
blocking or stimulating the system. Although promising, only few therapeutic 
studies have been correctly conducted in patients according to renin-angioten
sin genotypes. We will just take the example of the ACE lID polymorphism. Its 
relationship with cough, the major side-effect of ACE inhibitors, is uncertain 
(O'Toole et al. 1998). Some studies found an increased frequency of the I allele 
in coughers (Lee and Tsai 2001), others an increased frequency of the D allele, 
still others no difference in genotype frequencies (Zee et al. 1998). It is therefore 
likely that this polymorphism does not explain this side-effect, even though it 
may be part of a particular combination of susceptibility variants belonging to 
several genes related to the renin-angiotensin system and kallikrein-bradykinin 
system. 

The analysis of the efficacy of ACE inhibitors led also to controversial results. 
A pharmacokinetic interaction was observed in at least two studies. Todd et al. 
(1995) showed that the ACE liD polymorphism might predict residual ACE ac
tivity after administration of a single dose of enalapril. Similarly, Ueda et al. 
found that compared to the II subjects, subjects with the DD genotype had a 
greater and longer effect of a unique dose of enalaprilat (Ueda et al. 1998). De
spite this interaction, reports of BP decrease after chronic administration of an 
ACE inhibitor have been controversial (O'Byrne and Caulfield 1998). 
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Interaction with BP responses to hydrochlorothiazide according to the ACE 
liD genotype have also been analysed. In a study of 376 patients with essential 
hypertension, Schwartz and colleagues (2002) found a significant interaction be
tween the effects of the ACE genotype and gender on the responses of both sys
tolic and diastolic BP to hydrochlorothiazide (HCTZ) 25 mg daily. However, the 
effects of the genotypes were opposed in men and women. Sciarrone et al. 
(2003) evaluated the BP response to HCTZ in 87 never-treated individuals with 
mild essential hypertension, according to ACE gene liD and alpha-adducin 
Gly460Trp polymorphisms. They found that patients carrying at least one I al
lele of ACE and one 460Trp allele of alpha-adducin had the largest mean BP 
(MBP) decrease with treatment, the effect of the combination of genotypes be
ing additive but not epistatic. 

Obviously, prediction of drug efficacy and/or of adverse drug reaction with a 
pharmacogenetic profile will need larger, well-designed trials in which patients 
will be standardised on the drug dosage and metabolism (Rioux 2000). 
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Abstract Angiotensin II, generated from its precursor angiotensinogen by renin 
and angiotensin-converting enzyme (ACE), mediates its biological effects via two 
different classes of G protein-coupled receptors, termed angiotensin II AT 1 recep
tors and AT2 receptors. Transgenic mouse models have greatly advanced our un
derstanding of the specific functions of the individual parts of the renin angio
tensin aldosterone system (RAAS). Recently, all components of the RAAS have 
been deleted by homologous recombination in the mouse genome. This review 
summarizes the in vivo significance of the available knockout mouse lines of the 
RAAS. While most of the classical functions of the RAAS are mediated via AT 1 

receptor, recent in vivo evidence suggests that AT 2 receptors may antagonize the 
cardiovascular effects of AT 1 receptor activation. Most importantly, AT 2 receptors 
are required to inhibit the growth-promoting effects of AT 1 receptors in vascular 
smooth muscle cells and in cardiac myocytes. Targeted deletions of angiotensi
nogen and ACE genes have extended our knowledge of the embryonic functions 
of the renin angiotensin system. Most recently, a novel angiotensin-converting
enzyme (ACE2) has been cloned and deleted by homologous recombination in 
mice. Thus, the experimental findings from transgenic animal models offer new 
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insights into the physiological regulation of the RAAS and help in the develop
ment of novel therapeutical strategies for treating human diseases. 

Keywords Transgenic mice· Gene targeting· Angiotensin receptors· 
Angiotensin· Converting enzyme· Renin 

1 
Introduction 

Angiotensin II (Ang II) is generated by serial cleavage of angiotensinogen in 
two enzymatic steps (Fig. 1): First renin cleaves angiotensin I (Ang I) from an
giotensinogen, then an angiotensin converting enzyme (ACE) removes two ami
no acids to generate the active octapeptide angiotensin II. Ang II exerts its ef
fects via two classes of G protein-coupled receptors, termed ATI and AT2 with 
most of its classical actions mediated via the AT I receptor. Two subtypes of AT I 
receptors, AT IA and AT IB have been identified in rodents, but humans have only 
a single AT I receptor gene. 

Angiotensin I 

12345678 
NH2-Asp-Arg-Val-Tyr-lie-His-Pro-F'he'I His-tLeu-CI:>OH 

I Angiotensin II I ., l \ 
AT1A AT1B AT2 
(Agtr1a) (Agtnb) (Agtr2) 

IAngiotensin 1-71 , 
? 

Fig. 1 Components of the renin-angiotensin system in the mouse. Angiotensin II is generated by serial 
cleavage of angiotensinogen by renin and angiotensin-converting enzyme (ACE). In the mouse, angio
tensin II activates three different G protein-coupled receptors, AT1A, AT1B, and Ah A homolog of ACE, 
termed ACE-2, was recently identified to convert angiotensin I to angiotensin 1-9, which is further 
cleaved to angiotensin 1-7 by ACE. The receptor for angiotensin 1-7 has not been identified yet. Murine 
gene symbols are given as italicized abbreviations 
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In this chapter, we summarize recent progress in the molecular physiology 
and pharmacology of the renin-angiotensin system which was derived from 
mouse models carrying targeted gene deletions ("knockout mice"). Until recent
ly, all components of the renin-angiotensin system which had been identified 
were targeted for deletion in mice. Mostly, these models are constitutive "knock
outs" of the entire gene leading to the complete absence of the respective pro
tein. However, a few modifications of the standard gene-targeting technique 
were used to generate gene duplications (e.g., 1-4 copies of the angiotensinogen 
gene; Kim et al. 1995), or tissue- or endothelial-specific deletion of ACE expres
sion (Esther et al. 1996; Cole et al. 2002). The major phenotypes of mice with 
targeted deletions of the renin-angiotensin system are summarized in Fig. 2 
and in Table 1. 

a 
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Fig. 2a, b Effects of gene deletion of components of the renin-angiotensin system on survival, blood 
pressure, and renal development a Vascular and renal functions of ATl and AT2 receptor subtypes de
rived from studies in gene-targeted mice. b Overview of renal, vascular, and mortality phenotypes in 
mice with deletions in the renin-angiotensin system. While deletion of the genes for angiotensinogen, 
ACE, and renin-l c show largely overlapping phenotypes in these systems, the function of angiotensin 
receptor sUbtypes are mostly complementary (=, similar to wild-type; - , not detectable). References for 
the observed phenotypes are given in the text and in Table 1 
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Table 1 Phenotypes of mice with targeted deletions of the genes of the renin-angiotensin system 

Protein Genetic Phenotype Reference(s) 
model 

Angio- Agt(- /- ) Hypotension; kidney: vascular dilatation Tanimoto et al. 1994; 
tensinogen and hypertrophy, tubular atrophy Kim et al. 1995; 

and interstitial fibrosis; postnatal lethality Niimura et al. 1995 
(before weaning) 
Diuresis Kihara et al. 1998 
Ang-independent increase in aldosterone Okubo et al. 1997 
after Na+ restriction 
Delayed repair of injured blood-brain Kakinuma et al. 1998 
barrier 
Smaller infarct size after ligation Maeda et al. 1999 
of middle cerebral artery 
Decreased metabolic efficiency in Massiera et al. 2001 
Agt(- /- ) mice, decreased weight gain 
after high fat diet 

1-2-3-4 8 mmHg blood pressure increase per Kim et al. 1995 
Agt copies gene copy 

Renin Ren-1D(-!-) Defect in granule synthesis in Clark et al. 1997 
juxtaglomerular cells 

Ren-I( KO Hypotension, increased urine and Yanai et al. 2000 
drinking volume, renal defects 

Ren-2 KO Normal development 
ACE ACE(- /-) Hypotension, no blood pressure Krege et al. 1995; 

response to Ang I, enhanced Esther et al. 1996 
hypotension after bradykinin 
Developmental defects of the kidney Esther et al. 1996; 
(atrophic tubules, dilated and thickened Hilgers et al. 1997 
arteries) 
Decreased male fertility Esther et al. 1996 

ACE,2(-/-) Deletion of membrane anchor of ACE Esther et al. 1997 
("tissue ACE KO") --hypotension, renal 
defects 
Normocytic anemia Cole et al. 2000 

ACE.3(- /- ) Switch of transcriptional control to Cole et al. 2002 
albumin promoter ("endothelial ACE 
KO")->87-fold increase in hepatic ACE 
expression, normal blood pressure, 
normal plasma Ang II 

ACE-2 Ace2(-/-) Decreased cardiac contractility Crackower et al. 2002 
Ace(- /- ) Normal cardiac function Crackower et al. 2002 
xAce2(- /- ) 

ATIA Agtrla(-/-) Hypotension Ito et al. 1995; 
receptor Sugaya et al. 1995 

Decreased pressure response to Ang II Oliverio et al. 1997 
Decreased blood pressure response to Davisson et al. 2000 
central Ang /I 
Reduced effective plasma and Cervenka et al. 1999 
extracellular fluid volume 
No cardiac hypertrophy after Ang /I Harada et al. 1998b 
infusion 
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Protein 

AT1B 
receptor 

AT2 
receptor 

Genetic 
model 

Agtrla(-H 

Agtrlb(-I-) 

Agtrla(-H 
xAgtrlb(-I-) 
Agtr2{-I-) 
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Phenotype 

Normal cardiac hypertrophy after 
aortic constriction 
Normal infarct size after coronary artery 
ligation, lower incidence of arrhythmias, 
improved survival, decreased remodeling 
Normal degree of neointima formation 
Attenuated antiglomerular basement 
membrane nephritis 
Blunted renal damage after proteinuria 
Increased activity and drinking periods 
with intact circadian rhythm 
Normal development, normal blood 
pressure 
Blunted dipsogenic response to 
central Ang II 
Hypotension, renal defects 

Normal development 

Low penetrance defect in urinary tract 
Normal blood pressure 
Moderately increased blood pressure 
Rightward shift in pressure diuresis and 
natriuresis curves 
Hypertension after deoxycorticosterone 
and salt-loading 
Altered baroreflex sensitivity 
Increased vasopressor effects, vascular 
hypertrophy, increased vascular P70S6 
kinase phosphorylation 

Normal cardiac function at rest 

Normal cardiac hypertrophy after aortic 
banding, increased coronary artery 
hypertrophy and perivascular fibrosis 
No cardiac hypertrophy after Ang II 
infusion or aortic banding 

Normal infarct size and post-infarct 
remodeling after coronary artery ligation 
Increased neointima formation 

Attenuated susceptibility to 
azoxymethane-induced colon tumorigenesis 
Impaired drinking behavior in response 
to water deprivation, reduced locomotor 
activity 
Anxiety-like behavior, increased sensitivity 
to pain 

Reference(s) 

Hamawaki et al. 1998; 
Harada et al. 1998b 
Harada et al. 1998a,b; 
Nakamura et al. 2002 

Harada et al. 1999a 
Hisada et al. 2001 

Suzuki et al. 2001 
Mistlberger et al. 2001 

Chen et al. 1997 

Davisson et al. 2000 

Oliverio et al. 1998a; 
Tsuchida et al. 1998 
Hein et al. 1995; 
Ichiki et al. 1995 
Nishimura et al. 1999 
Hein et al. 1995 
Ichiki et al. 1995 
Gross et al. 2000b 

Gross et al. 2000a 

Gross et al. 2002 
Hein et al. 1995; 
Ichiki et al. 1995; 
Akishita et al. 1999; 
Brede et al. 2001 
Brede et al. 2001; 
Gross et al. 2001 
Akishita et al. 2000b 

Senbonmatsu 
et al. 2000; 
Ichihara et al. 2001 
Xu et al. 2002 

Akishita et al. 20ooa; 
Wu et al. 2001 
Takagi et al. 2002 

Hein et al. 1995; 
Ichiki et al. 1995 

Okuyama et al. 1999; 
Sakagawa et al. 2000 
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2 
Angiotensinogen 

The first gene of the renin-angiotensin system which was deleted in embryonic 
stem cells and in mice was the angiotensinogen gene (Agt) (Tanimoto et al. 
1994; Kim et al. 1995; Niimura et al. 1995). As angiotensinogen is the only 
(known) substrate for the generation of Ang II, Agt( -/-), mice were indeed 
completely deficient in Ang II. This resulted in a marked hypotension and 
blood pressure was reduced from 100 mmHg in wild-type mice to 67 mmHg in 
Agt(-/-) mice (Tanimoto et al. 1994). In studies with mice carrying 1-4 copies 
of the Agt gene, blood pressure was increased by approximately 8 mmHg per 
gene copy with plasma angiotensinogen levels ranging between 35% (single Agt 
gene copy) and 145% (4 copies) of the values detected in normal mice with two 
Agt copies (Kim et al. 1995). 

One of the most important initial findings in angiotensinogen-deficient mice 
was the fact that animals without a functional renin-angiotensin system were 
born alive and did not show any major developmental defects at birth (Tanimoto 
et al. 1994; Kim et al. 1995; Niimura et al. 1995). However, within 3 weeks after 
birth, most of the Agt( -/-) mice died and only very few animals survived until 
adulthood. These adult Agt( -/-) mice developed severe vascular abnormalities 
in the kidney. Maturation of the glomeruli was delayed, interlobular and afferent 
arterioles had thickened walls, juxtaglomerular cells were hyperplastic, and 
interstitial fibrosis and inflammation developed together with cortical thinning 
and tubular atrophy. These structural defects were associated with functional 
renal impairment and a marked inability of Agt( -/-) mice to concentrate 
urine (Kihara et al. 1998). Histologically, the vascular lesions in kidneys from 
Agt( -/-) mice resembled those found in hypertensive nephrosclerosis, where 
increased expression of transforming growth factor (TGF)-,8 was implicated in 
the pathophysiology. Indeed, the endothelial cells of hypertrophic renal arteries 
from Agt( -/-) mice showed elevated expression of TGF-,8, indicating that al
tered growth factor expression may be responsible for the vascular defects in 
these mice (Niimura et al. 1995). 

However, the precise mechanism of renal vascular hypertrophy in Agt( -/-) 
remains to be elucidated. Normally, vascular hypertrophy is associated with hy
pertension and results from pressure- or Ang II-mediated proliferation of vascu
lar smooth muscle cells. In contrast, Agt( -/-) mice were hypotensive and were 
completely deficient in Ang II. While medial thickening with concentric hyper
trophy is characteristic for hypertensive arteries, Agt( -/-) vessels showed non
concentric medial thickening with luminal dilatation, suggesting that renal vas
cular hypertrophy differs from hypertension-induced hypertrophy (Nagata et al. 
1996). It is unclear at present whether the vascular defect is due to a deficiency 
in Ang II signal transduction or due to decreased blood pressure and lowered 
renal perfusion. In order to address this question, Matsusaka and colleagues 
generated chimeric mice which were made up by cells with intact and disrupted 
genes for the AT lA receptor (Matsusaka et al. 1996). These chimeric mice had 
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normal blood pressure and did not show any signs of hypertrophy in juxta
glomerular cells or afferent arterioles, indicating that the lowered blood pres
sure may indeed be important for the vascular defects in Agt( -/-) mice. 

As angiotensin II is an important stimulus for the release of aldosterone from 
the adrenal cortex, the concept of an integrated "renin-angiotensin-aldosterone 
system" has been suggested to indicate that aldosterone mediates the long-term 
effects of the renin-angiotensin system on blood pressure by retaining Na+ and 
water. Studies in Agt( -/-) mice showed that a powerful non-angiotensin mecha
nism exists (at least in mice) to increase circulating aldosterone levels after Na+ 
restriction even in the absence of angiotensin II (Okubo et al. 1997). During 
Na+ restriction in mice, suppression of K+, but not angiotensin, led to a marked 
attenuation of hyperaldosteronism, suggesting that an angiotensin-independent 
mechanism exists to increase aldosterone during low salt diet (Okubo et al. 
1997). 

Several studies were performed in Agt( -/-) mice which extended the previ
ously known functions of the renin-angiotensin system. In the brain, angioten
sinogen was required for normal repair of injury to the blood-brain barrier 
(Kakinuma et al. 1998). In contrast, Agt(-/-) mice had a smaller ischemic core 
and larger penumbra after surgical induction of a brain infarct (Maeda et al. 
1999), indicating that inhibition of angiotensin formation may prolong the ther
apeutic window for treatment of cerebral infarcts. Furthermore, angiotensino
gen seems to be involved in the control of body fat mass by a combination of 
effects on lipogenesis and locomotor activity (Massiera et al. 2001). 

3 
Renin 

Renin is the rate-limiting enzyme in the biosynthesis of Ang II-the majority of 
circulating renin is secreted from the juxtaglomerular cells of the kidney. Mice 
differ from other mammals as some mouse strains have two renin genes, Ren-lD 
and Ren-2 (l29, DBA mice) while other mice have only one renin gene, Ren-l c 
(C57BLl6, BALB/c). The second renin gene resulted from a gene duplication on 
chromosome 1, which presumably occurred 3-10 million years ago, after the 
speciation of the mouse (Dickinson et al. 1984). The murine renin genes are 
highly homologous, but they give rise to distinct proteins with different sites for 
post-translational glycosylation. Glycosylation may be physiologically essential 
for renin storage in juxtaglomerular cells, as Ren-lD(-/-) mice did not have 
electron-dense secretory granules in juxtaglomerular cells despite the synthesis 
of renin-2 in these cells (Clark et al. 1997). 

Mice deficient for renin-Ie (Yanai et al. 2000) displayed the same perinatal 
mortality, renal abnormalities, and hypotension as those mice lacking angioten
sinogen (Tsuchida et al. 1998) or ACE (Krege et al. 1995; Carpenter et al. 1996) 
(see below). Ren-lD(-I-) mice showed hypotension in females, whereas blood 
pressure was normal in male knockout (KO) mice. In contrast, genetic deletion 
of the Ren-2 gene did not result in any obvious phenotype: Ren-2( -/-) mice 



214 M. Brede· L. Hein 

were viable and healthy and they had normal blood pressure despite an increase 
in active plasma renin (Sharp et al. 1996). At present, only few data from gene
targeted mice suggest that Ang I may be generated by a non-renin pathway: 
Ren-l C( -/-) mice did not show the impaired blood-brain barrier function 
which was observed in Agt( -/-) mice, suggesting that renin may be dispensable 
for the blood-brain barrier function of the renin-angiotensin system (Yanai et 
al.2000). 

4 
Angiotensin-Converting Enzymes (ACE, ACE-2) 

Mice deficient in the angiotensin-converting enzyme (ACE) showed the expect
ed hypotension as they failed to generate the vasopressor angiotensin II from 
endogenous or exogenous Ang I (Krege et al. 1995; Esther et al. 1996). The sec
ond function of ACE, i.e., breakdown of bradykinin, was also diminished, as 
ACE( -/-) mice exhibited an exaggerated hypotensive response to infusion of 
bradykinin (Krege et al. 1995). 

ACE( -/-) mice showed developmental defects of the kidney which were simi
lar to the reported effects of perinatal pharmacologic inhibition of the renin-an
giotensin system (Guron and Friberg 2000). In analogy to the Agt(-/-) mice, 
ACE( -/-) mice had atrophic and dilated kidney tubules, some kidneys were hy
dronephrotic and all intrarenal arteries including afferent arterioles were dilated 
and thickened (Hilgers et al. 1997). The defect of ACE(-/-) mice to concentrate 
urine may not only be related to structural defects of the kidney, but may also 
be caused by altered expression of renal transporter proteins: in mice lacking 
ACE, decreased expression of the aquaporin APQl water channel, the 117-kDa 
urea transporter UT-Al, and the Na+-K+-2CI- cotransporter could be detected 
(Klein et al. 2002). 

Surprisingly, male ACE( -/-) mice had reduced fertility (Carpenter et al. 
1996; Esther et al. 1996) which is in contrast to the observation in angiotensino
gen-deficient mice, which showed normal reproductive behavior. Male mice de
ficient in somatic ACE retain testis ACE and are fertile, thus demonstrating that 
somatic ACE is not essential for normal male fertility (Hagaman et al. 1998). 
These results suggest that testicular ACE may process a non-angiotensin sub
trate which is necessary for reproduction. 

ACE is a membrane-bound enzyme, which may be released into the interstiti
al fluid or into the circulation after proteolytic cleavage. In order to investigate 
the physiological significance of tissue-bound versus circulating ACE, mice car
rying a selective deletion in its membrane anchoring domain have been generat
ed to eliminate all tissue-bound ACE. These mice were termed "A CE.2 ( -/-)" 
mice (Esther et al. 1997). Surprisingly, these mice developed the same defects 
(reduced male fertility, hypotension, inability to concentrate urine) as mice with 
a complete deletion of ACE (Esther et al. 1997). In these "tissue ACE KO" mice, 
circulating ACE levels were 34% of normal. Thus, tissue-ACE is essential for 
maintenance of blood pressure and for renal structure and development. In ad-
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dition, ACE.2( -/-) mice had normocytic anemia with elevated plasma erythro
poietin levels, indicating that Ang II stimulates erythropoiesis (Cole et al. 2000). 
These data may explain clinical observations that ACE inhibitors may reduce 
hematocrit values in some patients. 

Another mouse strain, termed ''ACE.3( -/-)", was generated to substitute 
transcriptional control of somatic ACE transcription from the ACE promoter to 
the albumin promoter (Cole et al. 2002). Switching the promoter in ACE.3(-/-) 
mice resulted in complete absence of ACE in the lung, aorta, or any vasculature 
("endothelial ACE KO"). However, the albumin promoter caused a 87-fold in
crease in hepatic ACE expression. Surprisingly, blood pressure, plasma Ang II 
levels and renal structure and function were normal in these mice. Usually one 
would assume that the lung contains enough ACE to entirely convert blood 
Ang I to Ang II during a single transit (Ng and Vane 1967), but the data from 
ACE.3( -/-) mice suggest that endothelial ACE is not essential to maintain nor
mal blood pressure. Heterologous expression of ACE in the liver is sufficient to 
substitute for endothelial ACE. Subjecting this mouse strain to models of car
diovascular injury should be an important step to delineate the role of endothe
lial ACE. 

Among the greatest surprises of recent research in the renin-angiotensin sys
tem was the identification of a novel homolog of the angiotensin-converting en
zyme, ACE-2 (Donoghue et al. 2000; Tipnis et al. 2000). This homolog of ACE 
was first cloned from human heart failure ventricle and from lymphoma cDNA 
libraries. ACE-2 cleaves the C-terminal Leu from Ang I to generate Ang 1-9, 
which is further converted to Ang 1-7 by "classical" ACE. As outlined in Fig. 1, 
ACE-2 differs from ACE as it does not generate Ang II or degrade bradykinin. 
ACE-2 is not inhibited by classical ACE-inhibitors, including captopril and 
lisinopril. ACE-2 shares 40% amino acid identity and 61 % similarity with hu
man ACE (Tipnis et al. 2000), thus similar to renin-2, ACE-2 may be the result 
of a gene duplication. 

When compared with the widespread expression pattern of ACE, ACE-2 is 
much more restricted in its tissue distribution with primary sites of expression 
in endothelial cells of coronary and intrarenal vessels, in renal tubules, and in 
the testis. Until very recently, the function of ACE-2 was completely unknown. 
In an elegant series of experiments, Crackower and colleagues demonstrated 
that ACE-2 is essential for the development of cardiac function (Crackower et al. 
2002). 

The pathophysiological relevance of ACE-2 is highlighted by the fact that the 
rat ACE-2 gene was mapped to a region of the X chromosome that has previous
ly been implicated in several rat models of high blood pressure (Crackower et 
al. 2002). Mice with a targeted deletion in their Ace2 gene had normal blood 
pressure, but cardiac contractility was severely depressed and circulating Ang II 
levels were elevated. The precise mechanism of this phenotype remains unclear 
at present. However, crossing of Ace2( -/-) mice with mice lacking "classical" 
ACE rescued the cardiac phenotype, indicating that altered Ang II generation 
may be responsible for the pathomechanism in Ace2( -/-) mice. 
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5 
Angiotensin II AT 1 Receptors 

At present, two types of G protein-coupled receptors have been cloned which 
mediate the biological effects of angiotensin II, type 1 receptors (AT d and type 
2 receptors (AT 2). Whereas most species, including humans, have only one AT 1 
receptor gene, two ATI genes which arose by gene duplication (Agtrla, Agtrlb) 
have been identified in mice and rats, termed AT lA and AT IB receptors. All three 
angiotensin receptor genes were deleted in mice, revealing separate and distinct 
functions for these receptors. 

Most of the classical functions of Ang II, vasoconstriction, hypertension, al
dosterone release, and cardiovascular hypertrophy, are mediated by AT 1 recep
tors in mice. These functions are predominantly controlled by the AT lA recep
tor. Mice deficient in AT lA had significantly lower resting blood pressure and a 
blunted pressure response to infusion of Ang II (Ito et al. 1995; Sugaya et al. 
1995). However, AT IB receptors contribute to blood pressure control as Ang II 
infusion could still elicit moderate hypertensive responses in Agtr 1 a( -/ -) mice 
(Oliverio et al. 1997). In contrast, mice lacking ATlB receptors had normal blood 
pressure at rest and a normal response to Ang II, indicating that the AT lA recep
tor is the major receptor involved in blood pressure regulation (Chen et al. 
1997). 

AT lA and AT IB receptors have similar signal transduction pathways as Ang II 
induced transient increases in intracellular Ca2+ concentration in vascular 
smooth muscle cells cultured from AT1A-deficient mice (Zhu et al. 1998). How
ever, both AT 1 receptor subtypes may have distinct physiological functions, as 
the blood pressure response to centrally administered Ang II was completely 
mediated by AT lA receptors, whereas the dipsogenic response to central Ang II 
was mediated via the AT IB receptor (Davisson et al. 2000). Mice lacking both 
AT lA and AT IB receptors showed greater lowering of blood pressure than single 
receptor-deficient mice (Oliverio et al. 1998a; Tsuchida et al. 1998). The mecha
nism of hypotension in AT 1 receptor-deficient mice may be related to a reduc
tion in effective plasma and extracellular fluid volume rather than a decrease in 
peripheral vascular resistance, as arterial hypotension could be rapidly restored 
in Agtrla( -/-) mice by infusion of isotonic saline (Cervenka et al. 1999). 

5.1 
AT1 Receptors and Cardiac Hypertrophy 

Cardiac AT 1 receptors play an important role in the regulation of left ventricular 
contractility and hypertrophic remodeling. In the murine heart, AT lA receptors 
predominate over the ATIB subtype. In Agtrla(-/-) mice, only very little ATI 
receptor mRNA and Ang II binding sites remained, probably reflecting a very 
low density of ATIB receptors (Harada et al. 1998b). Infusion of Ang II did 
not induce c-fos gene expression (Harada et al. 1998c) or cardiac hypertrophy in 
Agtrla(-/-) mice (Harada et al. 1998b). In contrast, Agtrla(-/-) mice still de-
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veloped cardiac hypertrophy after left ventricular pressure overload, indicating 
that AT lA-mediated signaling is not essential for the development of pressure 
overload-induced hypertrophy (Hamawaki et al. 1998; Harada et al. 1998b). A 
similar response was found in isolated cardiac myocytes from AT lA-deficient 
mice in vitro, which showed a normal degree of hypertrophy to mechanical 
stretch (Kudoh et al. 1998). However, it remains to be determined whether car
diac AT IB receptors may compensate for the loss of AT IA receptors to induce left 
ventricular hypertrophy. 

In contrast to the situation after cardiac pressure overload, AT IA receptors 
played a role in early and late adaptation to experimental myocardial infarction 
in mice. While the infarct size did not differ between Agtrla(-/-} and control 
mice after occlusion of the left coronary artery, the incidence of premature ar
rhythmic beats was significantly reduced during the reperfusion phase in Ag
trla(-/-} mice (Harada et al. 1998a) and survival was also greater in Agtrla(-/ 
-}, mice which was attributed to improved systolic and diastolic function and 
decreased left ventricular remodeling (Harada et al. 1999b; Nakamura et al. 
2002). Similar to the situation in the heart, the AT IA receptor by itself was not 
essential for neointima formation after vascular injury of the common carotid 
artery (Harada et al. 1999a). 

S.2 
Renal AT, Receptor Function 

Agtrla( -/-} mice exhibit hydronephrosis due to defective development of the 
urinary peristaltic machinery during the perinatal period (Miyazaki and Ichika
wa 200l). Mice which were lacking ATIA and ATIB receptors showed impaired 
growth and marked renal abnormalities (Oliverio et al. 1998a; Tsuchida et al. 
1998) which were similar to the alterations observed in Ace(-/-} and Agt(-/-} 
mice (see above). Despite the hypotension of Agtrla( -/-} mice, renal blood 
flow and perfusion was normal in these mice and residual renal vasoconstriction 
could be induced by infusion of Ang II (Ruan et al. 1999). The kidneys of Ag
trla(-/-} mice developed normally and showed only mild signs of mesangial 
expansion and juxtaglomerular cell hypertrophy (Oliverio et al. 1998b). Micro
puncture experiments revealed that the tubuloglomerular feedback response 
was completely absent in Agtrla(-/-} mice (Schnermann et al. 1997). ATIA re
ceptors may also play an important role in the control of expression of renal tu
bular transporters and channels (Brooks et al. 2002). In experimental models of 
renal injury, deletion of the AT IA receptor attenuated the development of 
antiglomerular basement membrane nephritis (Hisada et al. 200l) and blunted 
the tubulointerstitial damage after chronic proteinuria (Suzuki et al. 200l). 
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5.3 
Brain AT, Receptors 

Several functions of Ang II in the central nervous system were investigated in 
receptor-deficient mice. Deletion of the AT lA receptor attenuated the increase in 
plasma vasopressin levels after dehydration (Morris et al. 2001), indicating that 
AT lA receptors are involved in the central regulation of fluid and electrolyte bal
ance. 

In the mouse, AT 1 receptors are normally expressed in the suprachiasmatic 
nucleus, the essential regulator of circadian rhythmicity. Mean daily activity and 
drinking periods were increased in Agtrla{ -/-) mice, but their overall circadian 
rhythm remained intact (Mistlberger et al. 2001). 

Occlusion of the middle cerebral artery was used to induce focal cerebral 
ischemia. In this model, Agtrla{-/-) mice showed a smaller lesion area of ener
gy failure and a significantly larger penumbra (Walther et al. 2002). Cultured 
Agtrla{-/-) neurons were more susceptible to cell damage in vitro than wild
type neurons (Walther et al. 2002). 

6 
Angiotensin II AT 2 Receptors 

Despite high levels of AT 2 receptor expression in the developing embryo, genetic 
deletion of the AT 2 receptor gene was not associated with gross morphological 
defects or decreased survival (Hein et al. 1995; Ichiki et al. 1995). However, the 
development of the kidney and urinary tract showed structural defects with very 
low penetrance in AT 2 KO mice, resembling a human congenital anomaly of the 
kidney and urinary tract (CAKUT syndrome) (Nishimura et al. 1999). 

Some dispute remains with respect to the significance of AT 2 receptors for 
blood pressure regulation and cardiovascular hypertrophy under pathological 
situations. While initial reports showed that one strain of Agtr2{ -/-) mice had 
normal blood pressure (Hein et al. 1995) the other strain had slightly elevated 
blood pressure at rest (Ichiki et al. 1995). This discrepancy has not been re
solved yet, but it may be related to the fact that the two Agtr2{ -/-) strains were 
generated on different genetic backgrounds [FVB/N (Hein et al. 1995) and 
C57BL/6 (Ichiki et al. 1995)]. While in the initial publications variable genetic 
contributions of the 129 strain-from the embryonic stem cells used to generate 
the Agtr2 gene deletion-were present, later studies employed mice which were 
crossed back onto FVB/N or C57BL/6 backgrounds (Ichiki et al. 1995; Siragyet 
al. 1999a; Gross et al. 2000a; Brede et al. 2001; Ichihara et al. 2001). In addition 
to genetic backgrounds, environmental conditions may affect the blood pressure 
response in AT rdeficient mice. When blood pressure was recorded by teleme
try, Gross and coworkers did not detect differences in initial blood pressure be
tween wild-type and Agtr2{-/-) mice (Gross et al. 2002). However, after several 
cycles oflow- and high-salt diet followed by administration of deoxycorticoster
one (DOCA), blood pressure remained higher in Agtr2{ -/-) mice after return-
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ing to a normal Na+ chow. The importance of renal AT2 receptors was demon
strated by the fact that pressure diuresis and natriuresis curves were shifted 
rightward in Agtr2( -/-) mice. Thus at similar renal perfusion pressures, normal 
mice excreted three times more Na+ and water than mice lacking AT2 receptors 
(Gross et al. 2000b). In addition, Agtr2(-/-) mice were more susceptible to de
velop hypertension after DOCA-salt loading than normal mice (Gross et al. 
2000a). In addition to the renal effects of AT 2, altered baroreceptor reflex sensi
tivity may be important for the cardiovascular function of Agtr2( -/-) mice 
(Gross et al. 2002a). 

One remarkable finding in Agtr2( -/-) mice was the increased sensitivity to 
the vasopressor effects of Ang II (Hein et al. 1995; Ichiki et al. 1995). Isolated 
aortic ring segments as well as muscular arteries from Agtr2( -/-) mice showed 
increased vasoconstrictor responses to Ang II (Fig. 3), norepinephrine and K+ 
depolarization (Akishita et al. 1999; Brede et al. 2001). Some reports have sug-

Fig. 3a-e Vascular hypertrophy and increased P70S6 kinase in AT 2 receptor-deficient mice. a Longitu
dinal sections through femoral arteries show enlarged vascular smooth muscle cells and thickened me
dia in specimens from ATrdeficient mice as compared with Wild-type control. b, e Maximal vasocon
striction induced by angiotensin II (b) and abundance of the phosphorylated (i.e., active) form of the 
ribosomal P70S6 kinase (e) were significantly greater in isolated artery segments from AT rdeficient 
mice then from wild-type animals. (Reproduced with permission from Brede at al. 2001) 
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gested that upregulation of vascular AT 1 receptors (Tanaka et al. 1999) or in
creased levels of circulating ACE (Hunley et al. 2000) may be responsible for the 
enhanced vascular reactivity of Agtr2( -/-) mice. Histological analyses of differ
ent blood vessel types demonstrated that Agtr2(-/-) mice developed media 
smooth muscle cell hypertrophy which was associated with increased phosphor
ylation of the ribosomal P70S6 kinase (Brede et al. 2001). These findings are in 
line with the observation that AT2 activation promotes vascular differentiation 
during development and contributes to vasculogenesis (Yamada et al. 1999). 
Additional studies suggest that AT 2 may counteract the hypertrophic effects of 
AT 1 receptor activation in the vasculature in vivo: After aortic constriction, 
Agtr2( -/-) mice developed greater coronary arterial thickening and perivascu
lar fibrosis than wild-type control mice (Akishita et al. 2000b). After vascular 
injury, the neointimal lesion and smooth muscle cell proliferation were greater 
in Agtr2( -/-) mice compared with normal mice (Akishita et al. 2000a; Wu et al. 
2001). Treatment with an ATl receptor antagonist decreased neointima forma
tion to a smaller extent in Agtr2(-/-) than in control mice, indicating that AT2 
receptor activation after pharmacological AT 1 receptor blockade is important 
for the beneficial effect of the AT 1 antagonist on neointima growth (Wu et al. 
2001). 

In blood vessels, murine AT2 receptors may negatively regulate ischemia-in
duced angiogenesis through activation of apoptotic processes (Silvestre et al. 
2002). In a mouse model of surgically induced hindlimb ischemia (femoral ar
tery ligation) to study angiogenesis, microangiographic vessel density and laser 
Doppler perfusion showed significant improvement in Agtr2( -/-) mice when 
compared with wild-type mice. AT2 receptor activation also induced apoptosis 
in other cell/tissue types, including embryonic fibroblasts (Li et al. 1998) and 
vascular smooth muscle cells after intima injury of the femoral artery (Suzuki et 
al. 2002). 

6.1 
Cardiac AT 2 Receptors 

Cardiac function under normal resting conditions was not affected by deletion 
of the AT 2 receptor gene (Brede et al. 2001; Gross et al. 2001). The contribution 
of AT2 receptor signaling to cardiac hypertrophy remains a matter of debate, as 
some conflicting data have been reported recently. Whereas pressure overload 
or chronic infusion of Ang II failed to induce left ventricular hypertrophy in one 
Agtr2( -/-) mouse strain (Senbonmatsu et al. 2000; Ichihara et al. 2001), another 
report did not find any effect of Agtr2 gene deletion on cardiac hypertrophy af
ter aortic constriction (Akishita et al. 2000b). 

After experimental myocardial infarction by ligation of the left coronary ar
tery, infarct size and postinfarct remodeling did not differ between control and 
AT2-deficient mice (Xu et al. 2002). In contrast to wild-type mice, Agtr2(-/-) 
mice did not benefit from treatment with an AT 1 receptor antagonist after myo
cardial infarction. These data demonstrate that-at least in mice-AT2 receptors 
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play an important role in the therapeutic effect of AT 1 receptor antagonists (Xu 
et al. 2002). Compensatory changes may occur in the absence of AT2 receptors, 
e.g., upregulation of AT 1 receptor gene expression has been reported in 
Agtr2( -/-) hearts (Gross et al. 2001), in the adrenal medulla and zona glomeru
losa (Saavedra et al. 2001a), in kidney glomeruli (Saavedra et al. 2001b), and in 
arteries (Tanaka et al. 1999). 

In Agtr2( -/-) mice, infusion of angiotensin II for 7 days produced a marked 
and sustained increase in systolic blood pressure and a significant reduction in 
urinary sodium excretion compared with control mice (Siragy et al. 1999a). 
Agtr2( -/-) mice had low basal levels of renal interstitial fluid bradykinin and 
cyclic guanosine monophosphate (cGMP), an index of nitric oxide production, 
compared with wild-type mice (Siragy et al. 1999a). In addition, Agtr2(-/-) 
mice had increased renal vasodilator prostanoids, including higher renal inter
stitial fluid 6-keto-prostaglandin (PG)F1a (a stable hydrolysis product of prosta
cyclin) and PGE2leveis than did wild-type mice (Siragy et al. 1999b). Treatment 
of mice with indomethacin increased blood pressure to hypertensive levels in 
Agtr2( -/-) mice but was without effect in control mice (Siragy et al. 1999b). Ab
sence of the AT2 receptor led to vascular and renal hypersensitivity to angioten
sin II, including sustained antinatriuresis and hypertension. These results 
strongly suggest that the AT 2 receptor plays a counterregulatory protective role 
mediated via bradykinin and nitric oxide against the antinatriuretic and pressor 
actions of angiotensin II. 

Agtr2( -/-) mice were also used to investigate tumor growth and metastasis. 
Surprisingly, mice lacking AT 2 receptors are less susceptible to develop colon tu
mors after exposure to azoxymethane (Takagi et al. 2002). Azoxymethane is ac
tivated to a toxic metabolite in the liver by the cytochrome P450 isoenzyme 
CYP2El. While basal CYP2Elieveis were similar in wild-type and in Agtr2( -/-) 
mice, azoxymethane caused more robust downregulation in wild-type mice than 
in AT z-deficient animals. 

6.2 
AT 2 Receptors and Brain Function 

Both angiotensin receptor subtypes may also have distinct roles in structural 
development of the central nervous system. While Agtr2( -/-) mice had a higher 
cell number in certain brain areas (cortex, hippocampus, amygdala, thalamus), 
Agtrla(-/-) animals had a lower cell number in other brain regions (lateral 
geniculate and medial amygdaloid nucleus) (von Bohlen und Halbach et al. 
2001). The functional relevance of these findings is unclear at present. However, 
subtle differences in several behavioral parameters were observed between 
Agtr2( -/-) and wild-type mice: Agtr2( -/-) animals had impaired drinking be
havior in response to water deprivation (Hein et al. 1995), they showed reduced 
exploratory behavior and locomotor activity (Hein et al. 1995; Ichiki et al. 
1995), they exhibited anxiety-like behavior (Okuyama et al. 1999), and were 
more sensitive to pain stimuli (Sakagawa et al. 2000). 
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7 
Conclusions 

Targeted deletion of the genes of the renin-angiotensin system has provided 
substantial novel information about the physiological function and pathophysi
ological significance of the individual components of this system. While some 
targeting experiments have confirmed previous data and sometimes long-estab
lished concepts (e.g., hypotension in ACE- or angiotensinogen-deficient mice), 
other results were quite unexpected [e.g., increased pressure sensitivity of AT z
deficient mice, cardiac dysfunction of Ace2(-/-) mice]. Experimental evidence 
from gene-targeted mice has helped to identify that the two principal angioten
sin receptor types, AT 1 and AT 2, have opposing roles in the control of cardiovas
cular growth and hypertrophy. Furthermore, data from mice have even provided 
evidence that AT2 receptors mediated part of the beneficial therapeutic effect of 
pharmacological AT 1 receptor antagonists. 

The power of mouse molecular genetics was also highlighted after the unex
pected cloning of the homolog ACE-2 of the angiotensin-converting enzyme. As 
classical ACE inhibitors did not influence enzymatic activity of the newly iden
tified ACE-2 enzyme, targeted deletion of the mouse gene encoding for ACE-2 
was the most straightforward approach to rapidly identify the physiological rel
evance of this enzyme. 

To date, only mouse models with constitutive gene deletions of the renin-an
giotensin system have been reported. As the genes are not only inactive at the 
time of the experiments but throughout embryonic and postnatal development 
until the experimental time point, mechanisms of genetic and functional com
pensation have to be considered. Indeed, several reports have demonstrated that 
AT 1 receptor expression is upregulated in AT z-deficient mice. In this situation, 
careful experiments are required to distinguish whether the observed pheno
types are due to AT2 receptor deletion or whether they are mediated via en
hanced AT 1 receptor signaling. 

Despite the fact that genetic mouse models have unraveled novel concepts 
about the renin angiotensin system, many question remain unanswered at pres
ent. The pathophysiological role of AT 2 receptors and of ACE-2 warrants further 
study, the receptor(s) required to mediate the biological, angiotensin-dependent 
functions of ACE-2 are still unknown, and phenotypes of gene-targeted mice in 
other organ systems (kidney, brain, skin, etc.) may guide the development of 
novel therapeutic strategies. 
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Abstract The introduction of transgenes into the genome by microinjection of 
DNA constructs in zygotes is a powerful technology to characterize the function 
of genes in rodents. It allows overexpression and-by the use of antisense con
structs-also attenuation of gene expression in rats and mice. Transgenic tech
nology has been extensively used to study the functions of the renin-angioten
sin system (RAS). Most transgenic rat or mouse models overexpressing renin or 
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angiotensinogen became hypertensive. When the human RAS components were 
used for the generation of transgenic animals, both renin and angiotensinogen 
had to be present for angiotensin synthesis and hypertension development due 
to the species-specificity of the RAS. Transgenic rats with reduced angiotensino
gen in the brain are hypotensive and accordingly mice with enhanced angioten
sin-II generation in the central nervous system exhibited increased blood pres
sure, supporting an important role of the central renin-angiotensin system in 
cardiovascular control. Enhanced angiotensin II generation exclusively in the 
kidney of transgenic mice also led to hypertension. Transgenic animals with car
diac overexpression of RAS components were prone to cardiac hypertrophy and 
fibrosis. When the angiotensin-II generating enzyme chymase was expressed as 
transgene in the vascular wall, hypertension and smooth muscle cell prolifera
tion was elicited. Hypertension was also observed in mice overexpressing angio
tensinogen only in fat tissue. Furthermore, transgenic technology was employed 
to define DNA elements in the promoters of the renin and the angiotensin-con
verting enzyme (ACE) genes, which are responsible for correct tissue specificity 
and regulation of their expression. Thus, transgenic technology has been ex
tremely useful to analyze the regulation and the physiological functions of the 
circulating and particularly the tissue-bound RAS. Novel methods of gene sup
pression such as RNA interference will render this technique even more utilitar
ian for this purpose. 

Keywords Transgenic rat· Transgenic mouse· Tissue-specific promoter· 
Microinjection . Renin· Angiotensinogen . Angiotensin 

1 
Transgenic Technology 

Transgenic technology was established for the mouse more than 20 years ago. 
Most of the experiments since then have also been performed in mice (reviewed 
in Palmiter and Brinster 1986; Hanahan 1989; Mockrin et al. 1991; Franz et al. 
1997). However, the technique has also been extended to other mammals, such 
as the rat (Mullins et al. 1990; Hammer et al. 1990; Ganten et al. 1992; Matsumo
to et al. 1995). The most common method to produce transgenic mammals is 
the microinjection of DNA constructs into the paternal pronucleus of a fertilized 
oocyte (Fig. 1). The injected zygotes are implanted into the oviduct of foster 
mothers and brought to term. For mice and rats, 5%-20% of the offspring have 
integrated the transgene into their genome and pass it to their offspring, thereby 
establishing a transgenic line. Mostly, several copies of the foreign DNA are inte
grated at one site in a chromosome. The expression of the transgene, however, 
does not only depend on the copy number but also on the chromosomal envi
ronment of the integration site and is therefore not absolutely predictable. 

In most of the cases it is intended to overexpress the gene of interest. Ubiqui
tous overexpression of genes is achieved by linking cDNAs to strong viral pro
moters with little tissue-specificity or by the use of large genomic constructs 
containing most or all regulatory elements of the gene, which leads to an in-
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Fig.l Scheme for the generation of transgenic animals. About 100 copies of the DNA of interest are 
injected into a pronucleus of a fertilized oocyte (7) . The injected oocytes are transferred into the ovi
duct of a pseudopregnant foster mother (2). The genomic DNA of the offspring is analyzed, e.g., by 
Southern blot, and transgene-carrying founder animals are identified (3) and bred to generate the 
transgenic lines 

creased copy number of the gene in the genetically modified animal and to a 
higher expression with conserved tissue specificity. In order to overexpress a 
gene in a specific organ or cell type, the respective cDNA is fused to a tissue
specific promoter, and this construct is used for the production of transgenic 
animals. When oncogenes like the SV 40 T antigen are expressed in a specific cell 
type of transgenic animals, the cells are transformed and can eventually be tak
en in permanent cell culture. Furthermore, inducible promoter systems are 
available, which allow for the control of trans gene expression by the application 
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of substances to the genetically modified animals, e.g., ecdysone (No et al. 
1996), tetracyclines (Kistner et al. 1996), or indole-3 carbinol (Kantachuvesiri et 
al. 2001). 

The transgenic expression of genes for proteins like luciferase, ,a-galactosi
dase (lacZ), green fluorescent protein (GFP), or chloramphenicol acetyltransfer
ase (CAT), which can easily be visualized and quantitatively assessed, allows for 
the analysis of promoter regions important for tissue-specificity and inducibili
ty of transcription of a gene. 

The microinjection technique has also been applied to downregulate gene ex
pression in mice and rats. The method used is the expression of antisense RNAs 
in transgenic animals by the microinjection of constructs in which a part of the 
eDNA of interest has been fused in opposite orientation to a strong promoter. 
This results in the synthesis of an RNA complementary to the transcript from 
the gene of interest. The two RNAs will form a duplex in cells, which blocks 
translation of the mRNA. Despite the fact that the ablation of gene expression 
by antisense RNA is never complete and sometimes even fails (Jaquet et al. 
1996), animal models with physiological alterations have been successfully de
veloped using this method (Katsuki et al. 1988; Munir et al. 1990; Pepin et al. 
1992; Matsumoto et al. 1995; Schinke et al. 1999; Beggah et al. 2002). 

Because of the complexity of the cardiovascular system and its regulation, the 
functional analysis of genes involved in its regulation has been grossly limited 
to whole organism models. Therefore, transgenic technology has also been of 
highest importance for characterizing the role of the renin-angiotensin system 
(RAS) in cardiovascular regulation and in the etiology of diseases. The expres
sion of all RAS components has been altered by genetic manipulation in rats 
and mice. In particular, the physiological functions of angiotensin II, locally 
generated in tissues such as brain, heart, and kidney, have been the focus of 
transgenic research. 

2 
Ubiquitous Overexpression 

2.1 
Rodent Angiotensinogen 

The first transgenic model with alteration in angiotensinogen expression was a 
mouse overexpressing the rat gene under the control of the mouse metalloth
ionein promoter (Ohkubo et al. 1990). Although exhibiting high levels of circu
lating angiotensin II, these mice were normotensive. Our group has generated a 
transgenic mouse with the rat angiotensinogen gene under the control of its 
own regulatory sequences (Kimura et al. 1992). These animals [TGM(rAO
GEN)123] exhibit marked transgene expression in brain and liver and high lev
els of circulating angiotensinogen and angiotensin II, that cause high blood 
pressure (Kimura et al. 1992) and the typical signs of end-organ damage also 
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Fig.2a-d Kidney damage in mice with modified angiotensinogen expression. Periodic acid-Schiff 
staining of kidney sections from angiotensinogen-knockout (a), wild-type (b), TGM(rAOGEN)l23 ((), 
and TGM(rAOGEN)123 mice on a knockout background (d). TGM(rAOGEN)123 (() show the typical signs 
of tubular and glomerular damage also observed in hypertensive patients, e.g., hyalin depositions. 
When kidney expression of angiotensinogen is blunted by ablation of the endogenous gene (d) the 
damage is hardly detectable. Angiotensinogen-deficient mice (a) show thickening of the elastic vascular 
lamina and of the glomerular basement membrane as described previously. (Niimura et al. 1995) 

observed in human hypertensives, such as cardiac hypertrophy and renal fibro
sis (Fig. 2) (Kang et aI. 2002). 

2.2 
Human Angiotensinogen and Human Renin 

All rodents transgenic for human angiotensinogen remain normotensive even 
though some of them exhibit very high levels of the human protein in plasma 
(Takahashi et al. 1991; Ganten et al. 1992; Yang et al. 1994). The same is true for 
all animals carrying the human renin gene as transgene (Fukamizu et aI. 1989; 
Ganten et al. 1992; Sigmund et al. 1992; Thompson et al. 1996; Sinn et al. 1999a). 
These findings corroborate previous biochemical studies showing that human 
renin and angiotensinogen do not interact with their rodent counterparts (Oliv
er and Gross 1966). Because of this species specificity of the enzyme-substrate 
reaction, only double transgenic mice and rats carrying both the human renin 
and angiotensinogen genes as trans genes become hypertensive (Fukamizu et al. 
1993; Merrill et al. 1996; Thompson et al. 1996; Bohlender et al. 1997; Sinn et al. 
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1999a). These "humanized" rodent models independently developed by several 
groups are useful to test human-renin inhibitors, which because of the species 
specificity cannot be tested in normal rodents (Ganten et al. 1992). 

Transgenic rats expressing the two human RAS genes develop a fulminant 
form of malignant hypertension and die at about 7 weeks of age. Because of that, 
they have become an important model to study the pathophysiology of end-or
gan damage caused by hypertension and high levels of angiotensin II in tissues 
(Luft et al. 1999). The work of Luft et al. has shown that angiotensin II acts in 
concert with mineralocorticoids, since treatment with the mineralocorticoid re
ceptor antagonist spironolactone blunts cardiac hypertrophy and fibrosis and 
rescues the animals (Fiebeler et al. 2001). Furthermore, the double transgenic 
rats have furthered the concept that the immune system is intimately involved 
in the pathogenesis of hypertensive renal damage probably via the activation of 
nuclear factor (NF)-KB by angiotensin II (Mervaala et al. 1999). Inhibitors of 
NF-KB such as PDTC and immunosuppressing agents such as dexamethasone, 
cyclosporine A, and aspirin abolish kidney damage without much effect on 
blood pressure (Mervaala et al. 2000; Muller et al. 2000, 2001). 

Interestingly, when female transgenic mice and rats with the human angio
tensinogen gene are bred with male animals carrying the human renin gene, 
they develop hypertension during pregnancy, which is completely cured after 
delivery (Takimoto et al. 1996; Bohlender et al. 2000). Thus, such animals may 
also be relevant models for specific forms of pregnancy-induced hypertension. 

2.3 
Mouse Renin 

The most frequently used transgenic model for the functional analysis of the 
RAS has been a rat carrying the murine renin gene, Ren-2 [TGR(mREN2)27] 
(Mullins et al. 1990). The same transgene containing all exons and introns as 
well as 5.3-kb upstream and 9.5-kb downstream sequences had been tested be
fore in transgenic mice (Mullins et al. 1989) and in both species it is highly ex
pressed in a variety of tissues including kidney, adrenal gland, and brain. De
spite relatively low levels of circulating angiotensin II, TGR(mREN2)27 rats de
velop severe hypertension already starting at early age (5 weeks after birth) 
reaching 240 mmHg at 12 weeks of age (Lee et al. 1991, 1996; Kreutz et al. 1998). 
In some genetic backgrounds or after duplication by homozygosity breeding, 
the trans gene even causes malignant forms of hypertension with a high mortali
ty rate at the same age (Whitworth et al. 1994; Lee et al. 1996; Kantachuvesiri et 
al. 1999). Also in the surviving heterozygous TGR(mREN2)27, hypertension is 
accompanied by end-organ damage as evidenced by a marked cardiac hypertro
phy and typical signs of hypertensive renal damage such as tubulointerstitial fi
brosis, glomerulosclerosis, and albuminuria (Bachmann et al. 1992; B6hm et al. 
1995; B6hm et al. 1996). The animals have been very useful for elucidating the 
role of angiotensin II in the etiology of end-organ damage. Even very low levels 
of angiotensin-converting enzyme (ACE) inhibitors and angiotensin II receptor 
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AT I antagonists-which do not lower blood pressure significantly-blunt the 
development of cardiac hypertrophy and renal damage in this model (Bohm et 
al. 1995, 1996). These results explain the extreme effectiveness of these drugs for 
organ protection in hypertensive and diabetic patients (Brown and Vaughan 
1998). Obviously, angiotensin II exerts blood pressure-independent effects on 
target organs. Concordantly, alterations in Ca2+ handling and adrenoceptor sig
naling have been observed in cardiac cells of TGR(mREN2)27 similar to the 
ones diagnosed in heart failure patients (Zolk et al. 1998). 

The adrenal gland is the organ with the highest transgene expression in 
TGR(mREN2)27 (Mullins et al. 1990; Zhao et al. 1993). The high renin activity 
in this organ disturbs steroidogenesis and leads to increased concentrations in 
particular of mineralocorticoids in the plasma of the animals (Sander et al. 
1992; Peters et al. 1993; Sander et al. 1994). This effect may participate in 
the etiology of the hypertension observed in the transgenic rats, since suppres
sion of adrenal steroidogenesis by dexamethasone normalizes blood pressure 
(Djavidani et al. 1995). 

The hypertension developed by TGR(mREN2)27 may also partly be of neuro
genic origin. These animals generate up to tenfold more angiotensin II in the 
central nervous system than control rats (Senanayake et al. 1994). When they 
are anesthetized by chloralose-urethane, blood pressure drops to normal, argu
ing in favor of this central angiotensin generation as cause for their hyperten
sion (Diz et al. 1998). Furthermore, when the central angiotensin generation in 
TGR(mREN2)27 is blunted by crossbreeding with transgenic rats exhibiting a 
brain-specific deficiency in angiotensinogen [TGR(ASrAOGEN), see Sect. 3.4], a 
significant reduction in blood pressure is observed (Schinke et al. 1999). 

Interestingly, TGR(mREN2)27 exhibit significant perturbances of the circadi
an rhythm of blood pressure. While in normal rats blood pressure is highest in 
the active phase, which is at night, the transgenic rats show highest blood pres
sure levels at noon (Lemmer et al. 1993). The same shift in blood pressure acro
phase is observed after chronic angiotensin II infusion into normal rats (Baltatu 
et al. 2001). Thus, it may be caused by enhanced angiotensin II levels in periph
eral tissues. However, the central RAS also is involved in this shift, since 
TGR(ASrAOGEN) are resistant to the influence of chronic angiotensin II infu
sion [(Baltatu et al. 2001), see Sect. 3.4]. 

Furthermore, TGR(mREN2)27 rats contain drastically enhanced prorenin lev
els in plasma, which may also cause the cardiovascular phenotype of this animal 
model. This protein is probably mainly released from the adrenal gland, since 
adrenalectomy reduces its levels to normal (Bachmann et al. 1992; Tokita et al. 
1994). In a different transgenic rat model, Veniant et al. (1996) have shown that 
pro renin, when expressed in the liver of transgenic rats by using the aI-antit
rypsin promoter, reaches similarly high circulating levels as in TGR(mREN2)27. 
As a consequence, these rats show a comparable degree of cardiovascular hyper
trophy as TGR(mREN2)27, probably because prorenin may be activated in pe
ripheral tissues. The recent discovery of a renin (and prorenin) receptor with 
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signaling function may help to explain the physiological actions of elevated cir
culating prorenin (Nguyen et al. 2002). 

Again using the Ren-2 gene, a transgenic rat model with inducible hyperten
sion has been developed. To this purpose, the promoter of the cytochrome P450 
enzyme CYPIAI was employed which can be induced mainly in the liver by 
treatment of the animals with a xenobiotic drug, indole-3 carbinol (Kantachu
vesiri et al. 2001). After application of the drug, the upregulated prorenin and 
renin levels lead to an increase in blood pressure and vascular injury. 

Recently, a novel method to express a transgene in a defined tissue was ap
plied to generate a comparable model (Caron et al. 2002). A chimeric mRNA of 
mouse Ren-l c and Ren-2 was integrated by homologous recombination into a 
site between the apolipoprotein C3 and Al gene of the mouse, a region which is 
strongly influenced by a liver-specific enhancer. As expected, the gene is exclu
sively expressed in the liver leading to high levels of circulating renin and prore
nin that is not controlled by the physiological renin regulators. The animals ex
hibit significantly increased blood pressure, water intake, and urine output and 
develop all signs of end-organ damage in kidney and heart similar to the above
mentioned models. 

3 
Brain-Specific Models 

3.1 
Human Angiotensinogen and Human Renin 

Transgenic mice with overexpression of the human RAS only in the brain be
come hypertensive (Morimoto et al. 2001, 2002a). Interestingly, it is not impor
tant from which cell type the two proteins, human renin and angiotensinogen, 
are produced. Combined synthesis of both RAS components in neurons by the 
use of the synapsin-I promoter or in astrocytes employing the promoter for the 
glial fibrillary acidic protein (GFAP) equally causes hypertension and increases 
water and salt intake (Morimoto et al. 2002b). In these models, the high blood 
pressure can be reduced by intracerebroventricular injection of the angioten
sin II receptor AT 1 antagonist, losartan, suggesting that the brain RAS is a major 
determinant of hypertension. Part of the effect seems to be mediated by the re
lease of vasopressin, since intravenous injection of a VI receptor antagonist at
tenuates the hypertensive phenotype (Davisson et al. 1998; Morimoto et al. 
2002b). In some of the models but not in all, ganglion blockade also affects 
blood pressure, indicating that enhanced sympathetic outflow may also be in
volved in the central angiotensin action (Davisson et al. 1998; Morimoto et al. 
2002b). 



Transgenics of the RAS 237 

3.2 
AT1A Receptor 

Mice overexpressing the AT lA receptor in most neurons, by using the neuron
specific enolase promoter, remain normotensive but are very sensitive to intrac
erebroventricular injections of angiotensin II and losartan, indicating that blood 
pressure in this model is balanced by the baroreflex (Lazartigues et al. 2002). 

3.3 
Angiotensin II 

Recently, a transgenic mouse was presented with eight times more angiotensin II 
in the brain but normal levels in the circulation (Lochard et al. 2003). The pep
tide is liberated during secretion from an artificial chimeric protein (Methot et 
al. 1997) expressed under the control of the GFAP promoter. Also these animals 
are hypertensive. 

3.4 
Antisense RNA Against Angiotensinogen 

The already-mentioned transgenic rat model, TGR(ASrAOGEN), has provided 
numerous insights in the functionality of the brain RAS. These rats carry a 
transgene expressing an antisense RNA against angiotensinogen specifically in 
astrocytes of the brain under the control of the GFAP promoter (Schinke et al. 
1999). This causes a reduction of local angiotensinogen levels by 90% and re
duced central angiotensin generation (Huang et al. 2001) without affecting the 
circulating RAS. The rats are slightly hypotensive and excrete increased 
amounts of diluted urine (Fig. 3). This mild diabetes insipidus is probably 
caused by reduced vasopressin levels in the circulation, again supporting a cen
tral involvement of brain angiotensin II in vasopressin secretion. 

Probably due to decreased central angiotensin levels, TGR(ASrAOGEN) ex
hibit an increased expression of AT 1 receptors in most brain areas beyond the 
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Fig. 3 Phenotype of TGR(ASrAOGEN). TGR(ASrAOGEN) (TGR) exhibit reduced blood pressure and excrete 
a high amount of urine with low osmolarity, probably due to lowered plasma levels of vasopressin 
(AVP) compared to Sprague-Dawley control rats (SO) 
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blood-brain barrier, which causes an augmented drinking response to intrac
erebroventricularly injected angiotensin II (Monti et al. 2001). 

Furthermore, TGR(ASrAOGEN) show alterations in short-term and long
term blood pressure variability and an increased baroreflex sensitivity due to an 
imbalance of the parasympathetic and sympathetic nervous system (Baltatu et 
al. 2001). Together with the findings that TGR(mREN2)27 (Borgonio et al. 2001) 
and mice expressing the human RAS (Davisson et al. 1998) exhibit a decreased 
baroreflex sensitivity, these data characterize central angiotensin as a relevant 
moderator of the baroreflex. 

As mentioned above, central angiotensin is also significantly involved in car
diovascular rhythm control. Renin overexpression in TGR(mREN2)27 (Lemmer 
et al. 1993), as well as low-dose peripheral infusions of angiotensin II in normal 
rats (Baltatu et al. 2001) cause an inversion of the circadian blood pressure 
rhythm. This effect of increased peripheral angiotensin II is absent in TGR 
(ASrAOGEN) (Baltatu et al. 2001). Thus, peripheral angiotensin II requires cen
tral angiotensin II as a mediator of the rhythm shift. Since only the rhythm of 
blood pressure but not of heart rate is altered by angiotensin II, the peptide 
does not appear to affect the main oscillator in the suprachiasmatic nucleus, but 
seems to affect its output pathways or its synchronization with peripheral oscil
lators in cardiovascular organs. 

Since the pineal gland is considered to regulate circadian rhythms, we studied 
the content of melatonin and its indole precursors in pineals of TGR(ASrAOGEN) 
rats (Baltatu et al. 2002). The levels of these indoles were significantly decreased 
in TGR(ASrAOGEN). Moreover, the mRNA for the first enzyme in melatonin 
synthesis, tryptophan hydroxylase, was significantly reduced in TGR (ASrAOGEN) 
rats in contrast to the transcript of the N-acetyltransferase gene which was unaf
fected. These results demonstrate that a local pineal RAS exerts a tonic modula
tion of indole synthesis by influencing expression and activity of tryptophan hy
droxylase. 

4 
Kidney-Specific Models 

In addition to the brain, locally generated angiotensin in the kidney is also rele
vant for blood pressure regulation. Sigmund et al. (Davisson et al. 1999; Ding et 
al. 2001) recently showed that overexpression of human angiotensinogen in the 
kidney, in the presence of ubiquitously expressed human renin without spillover 
of angiotensin II into the circulation, leads to hypertension. The importance of 
local angiotensin generation in end-organs has been confirmed in a hybrid 
mouse model carrying a rat angiotensinogen transgene on an angiotensinogen 
knockout background (Kang et al. 2002). These animals became hypertensive 
due to the exclusive expression of rat angiotensinogen in the liver and brain. 
However, due to the absence of local angiotensinogen synthesis in the kidney 
and heart, end-organ damage was attenuated (Fig. 2). Thus, the local synthesis 
of angiotensin II is pivotal for a full development of end-organ damage. 
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5 
Heart- and Vessel-Specific Models 

5.1 
Angiotensinogen and Angiotensin II 

Mice overexpressing angiotensinogen only in the heart remained normotensive 
but nevertheless developed cardiac hypertrophy, indicating that the local forma
tion of angiotensin II induces cardiac damage independent of blood pressure el
evation (Mazzolai et al. 1998, 2000). By contrast, transgenic mice that generate 
angiotensin II from the aforementioned chimeric protein (Methot et al. 1997) 
exclusively in the heart do not develop hypertrophy unless spillover of the pep
tide into the circulation raises blood pressure (van Kats et al. 2001). Cardiac fi
brosis is, however, detected in all angiotensinogen-transgenic mice, independent 
of hypertension, suggesting a direct effect of cardiac angiotensin II on this pa
rameter. 

5.2 
Angiotensin-Converting Enzyme 

Transgenic rats overexpressing ACE predominantly in the heart have been pro
duced (Tian et al. 1996). In spite ofvery high levels of ACE activity in the heart, 
there are no morphological alterations of this organ unless it is pressure-over
loaded by aortic banding. This treatment results in a significantly higher hyper
trophic response in the ACE-transgenic rats than in control animals, supporting 
the important role of angiotensin II in this process. 

5.3 
AT 1 Receptor 

The a-myosin heavy-chain promoter has been employed to overexpress AT 1 re
ceptors in the heart of transgenic animal models (Hein et al. 1997; Paradis et al. 
2000; Hoffmann et al. 2001). However, the phenotypes of the transgenic animals 
generated were markedly different. Mouse models exhibit a drastic cardiac hy
pertrophy and die within several days (Hein et al. 1997) or months (Paradis et 
al. 2000) of age. Despite high levels of AT 1 receptors in the heart (Rosenkranz et 
al. 1997; Hoffmann et al. 2001), the transgenic rats appear absolutely normal un
less the heart is pressure- or volume-overloaded by aortic banding or aortocaval 
shunt, respectively, which, as for the ACE-transgenic rats, elicit a more pro
nounced hypertrophy than in control animals (Hoffmann et al. 2001). The dif
ference between the models might be related to a differential sensitivity of 
mouse and rat hearts for angiotensin II effects that may be linked to a high level 
of uncoupled AT 1 receptors in the transgenic rats (Rosenkranz et al. 1997). 
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5.4 
AT 2 Receptor 

When the AT z receptor is overexpressed in the heart, the resulting transgenic 
mice show no obvious morphological alterations but they are less sensitive to 
angiotensin II-induced blood-pressure elevation and less susceptible to remod
eling of the left ventricle after myocardial infarction, indicating that the AT z re
ceptor counteracts the ATI receptor (Masaki et al. 1998; Sugino et al. 2001; Yang 
et al. 2002). The possible mechanism of ATz action involves activation of kin ins, 
as has been shown in another transgenic mouse model overexpressing the ATz 
receptor in vascular smooth muscle cells (Tsutsumi et al. 1999). These animals 
did not increase blood pressure after angiotensin II infusion due to a counter
regulatory hypotensive action of the transgenic AT z receptor via bradykinin and 
NO. 

5.5 
Chymase 

Vascular smooth muscle overexpression of rat vascular chymase, an enzyme that 
like ACE metabolizes angiotensin I to II, caused hypertension and smooth mus
cle cell proliferation in transgenic mice (Iu et al. 2001). The authors used a tetra
cycline-regulated transgene (Kistner et al. 1996), allowing them to switch on 
and off transgene expression by doxycycline application. These animals under
score the possible importance of chymases for pathophysiological angiotensin II 
generation. 

6 
Fat-Specific Models 

Adipose tissue is a major site of angiotensinogen expression. In order to analyze 
the role of this protein in fat tissue, Massiera et al. (2001) generated a transgenic 
mouse overexpressing angiotensinogen in adipocytes using the aP2 promoter. 
The resulting animals showed adipocyte hypertrophy, enlarged total fat mass, 
and hypertension, the latter probably being caused by a spillover of angiotensi
nogen into the circulation. Thus, angiotensinogen generation in fat may be 
physiological relevant for adipocyte development and regulation but may also 
represent a significant source for circulating renin substrate. 

7 
Testis-Specific Models 

The only RAS component studied by transgenic technology in testis was ACE. 
Besides the promoter responsible for endothelial expression of the enzyme, a 
second promoter in intron 13 of the gene drives expression of the testis isoform 
of ACE. Male knockout mice for ACE are sterile, indicating an essential role of 
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this isoform (Krege et al. 1995). Sen et al. have studied this role by rescuing tes
ticular ACE expression in knockout mice by introducing a transgene with a 
sperm-specific promoter linked to the cDNA coding for the testis isoform of 
ACE (Ramaraj et al. 1998). When the endothelial isoform is introduced in the 
same way, no restoration of male fertility is observed (Kessler et al. 2000). How
ever, the exact function of the testis isoform of ACE in male fertility is still unre
solved. 

8 
Promoter Studies 

8.1 
Renin 

Transgenic experiments have shown that DNA sequences in the promoter as well 
as in transcribed regions of the Ren-2 gene are necessary for correct tissue spec
ificity of expression. Transgenic mice with 5.3 kb (Mullins et al. 1989) or 2.5 kb 
(Tronik et al. 1987; Tronik and Rougeon 1988) of the promoter region and all 
exons and introns, or with a 4.6-kb promoter fragment and SV 40 T antigen as a 
reporter gene, express the transgene correctly in the kidneys, reproductive or
gans, and submandibular and adrenal glands; and transformed renin-producing 
cells have been developed from these mice (Sigmund et al. 1990a,b,c, 1991; Jacob 
et al. 1991). Animals with only 2.5 kb of the promoter and the same reporter 
gene, however, show ectopic expression and do not develop renin-producing tu
mors (Sola et al. 1989). Thus, there appears to be some redundancy of tissue
specific elements in the promoter and in the transcribed region, since 2.5 kb of 
promoter are only sufficient for correct expression in concert with all exons and 
introns, while longer 5' -flanking regions are independent of other parts of the 
Ren-2 gene. Comparable results have also been published for the Ren-JD gene, 
since 5 kb of the promoter leads to correct expression in transgenic mice, pre
dominantly in the kidney in the presence of the entire transcribed region but 
not when fused to a CAT reporter gene (Miller et al. 1989). 

Furthermore, the human renin gene is expressed in a partially ectopic pattern 
in transgenic animals. Gene regulation is inadequate in transgenic mice 
(Fukamizu et al. 1989; Sigmund et al. 1992; Thompson et al. 1996; Yan et al. 
1998a; Sinn et al. 1999b) and rats (Ganten et al. 1992; Bohlender et al. 1997) if 
only up to 3 kb of upstream sequences are included in the construct. While the 
kidney is the major tissue of expression, other organs such as the spleen and 
testis, contain considerable amounts of transgenic mRNA. However, when con
structs are used with more than 25 kb of 5' -flanking sequences, transgene ex
pression is largely confined to the kidney and to a lesser extent to the lung and 
other organs which also express renin at low levels in humans (Yan et al. 
1998a,b; Catanzaro et al. 1999; Sinn et al. 1999a). Furthermore, bilateral ne
phrectomy depletes circulating human renin and prorenin in these mice, as ex
pected, while animals with shorter transgene constructs paradoxically show in-
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creased plasma pro renin levels after the operation (Yan et al. 1998a). These dif
ferential sources of circulating renin may also be responsible for observed dif
ferences in blood pressure after co expression of human angiotensinogen in hu
man renin transgenic animals. Animals with short trans gene constructs become 
hypertensive (Fukamizu et al. 1993; Merrill et al. 1996; Thompson et al. 1996; 
Bohlender et al. 1997) and mice with long promoter regions develop either only 
slightly elevated blood pressure or even remain normotensive (Catanzaro et al. 
1999; Sinn et al. 1999a). This indicates that the normal downregulation of the 
human renin transgene by elevated blood pressure occurs only in animals har
boring long promoter regions. 

Recently, Fuchs et al. (2002) showed that 12 kb of the upstream region, but 
neither 2.8 kb nor 5.8 kb, are sufficient to drive correct tissue-specific expres
sion of the human renin gene. In their transgenic mice, the lacZ reporter gene is 
expressed in juxtaglomerular cells and in a striped pattern in renal arteries, but 
surprisingly they also detected stripes of transgenic lacZ activity and endoge
nous mouse renin immunoreactivity in arteries outside the kidney, e.g., in the 
aorta. Furthermore, classical stimulators of renin synthesis such as two-kidney, 
one-clip hypertension and salt depletion increase the expression of the lacZ 
trans gene even more pronounced than the endogenous renin gene, indicating 
that all DNA elements necessary for tissue specificity and upregulation of hu
man renin gene expression reside within the 12-kb fragment employed in the 
lacZ construct. 

Accordingly, angiotensin II infusion in human renin transgenic mice with 
only a 900-bp upstream region results in a paradoxical upregulation of human 
renin expression, while mouse renin is expectedly suppressed (Keen and Sig
mund 2001). 

8.2 
Angiotensin-Converting Enzyme 

Using lacZ as a reporter gene in transgenic mice, the group of Bernstein et al. 
has restricted the testis-specific promoter of ACE to 91 bp in intron 13 of the 
gene (Langford et al. 1991; Howard et al. 1993). However, the testis-specific ele
ments could not yet be determined (Zhou et al. 1996; Esther et al. 1997). 

9 
Conclusions 

Transgenic technology in concert with gene targeting (see the previous chapter, 
by Brede and Hein, this volume) has been extremely useful to determine the 
physiological functions of the RAS. In particular, the analysis of tissue RAS relies 
mainly on these techniques since pharmacological approaches cannot be easily 
targeted to specific organs. When novel methods of gene suppression such as 
RNA interference (Tuschl 2002) will be available for use in transgenic models, 
transgenic technology will become even more utilitarian for this purpose. 
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Abstract The success of gene therapy requires specific targets. For the potential 
treatment of cardiovascular disease by gene therapy, the renin-angiotensin sys
tem offers targets that are know to be effective based on pharmaceutical drugs 
that have targeted angiotensin-converting enzyme (ACE) angiotensin type I re
ceptors (AT]R). Other targets include renin and angiotensinogen. It is clear that 
lowering overactive amounts of angiotensin II has positive effects on reducing 
high blood pressure, decreasing left ventricular hypertrophy, and lowering the 
risk of heart attacks, stroke, and kidney failure. To inhibit the RAS system we 
have used antisense (AS) inhibitors which can be delivered either as oligonucle
otides and used like small molecule drugs or in vectors with a sequence of DNA 
in the antisense direction. This review summarizes the effects of these two ap
proaches on reducing high blood pressure. Gene therapy with antisense offers 
long-lasting, highly specific inhibition of gene products such as the components 
of RAS when their overactivity needs to be reduced in order to ameliorate dis
ease. 
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1 
Introduction 

The renin-angiotensin system (RAS) is important in blood pressure regulation, 
volume regulation, and vascular tissue growth. Angiotensin II (Ang II), an oc
tapeptide, is the active peptide of the system. It is formed from angiotensin I 
(Ang I) by angiotensin-converting enzyme (ACE). Ang I is formed from angio
tensinogen (AGT) by renin. Ang II is the ligand for Ang II type 1 receptors 
(ATIR) and Ang II type 2 receptors (ATzR). In addition, angiotensin II metabo
lites, Ang III, Ang IV, and Ang 1-7, are active and may have independent recep
tors (Fig. 1). All the components of RAS are present in the brain and in the pe
riphery; however, renin levels in the brain are very low. Both the brain and 
blood-borne RAS are important for blood pressure regulation. The brain RAS 
is also involved in drinking, salt intake, the baroreflex, and hormonal release 
from the paraventricular nucleus (PVN). The peripheral tissue RAS is involved 
in cardiac hypertrophy and hyperplasia. AT I receptors have been shown to me
diate blood pressure and the growth effects of Ang II (Benetos et al. 1996; 
Chung and Unger 1999; Kurland et al. 2002; Unger 2002). The role of the ATz 
receptor is still uncertain, although it has been implicated in apoptosis and has 
effects opposing those of the ATI receptor (De Paepe et al. 2001, 2002; Schmie
der et al. 2001; Unger 2002). However, mice with ATI receptors, but lacking ATz 
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Fig. 1 The renin-angiotensin system (RAS) at the cellular level. In the brain and other tissues, all evi
dence points to the system being formed by a paracrine mechanism involving cells with genes for syn
thesis of angiotensin II (Ang II) and cells for uptake of metabolites through different, specific receptors. 
As angiotensin-converting enzyme (ACE) is an ectoenzyme, its action on the conversion of Ang I to 
Ang II is extracellular. Understanding of the specific functional roles of these receptors and metabolites 
is the key to specific gene targeting for cardiovascular gene therapies 
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receptors, did not develop hypertrophy in response to Ang II infusion (Ichihara 
et al. 2001), suggesting that the relationship between the two receptor types is 
more complex. 

The rate-limiting step in the RAS cascade is the conversion of AGT to the de
capeptide, Ang I. Increases in AGT production have been shown to effect blood 
pressure both in man and in experimental animals (Walker et al. 1979; Kim et 
al. 1995; Bloem et al. 1997). Transgenic mice that produce high levels of Ang II 
are hypertensive (Ohkubo et al. 1990; Fukamizu et al. 1993; Merrill et al. 1996; 
Davisson et al. 1999; Morimoto et al. 2001; Stec et al. 2002), and hypertensive rat 
models have increased levels of Ang II (Morton and Wallace 1983; Phillips and 
Kimura 1986, 1988; Morishita et al. 1992; Navar et al. 1995). Spontaneously 
hypertensive rats (SHR) also have an increased density of Ang II receptors 
(Gutkind et al. 1988; Brown et al. 1997). 

Human genetic studies have shown that the AGT gene is linked to hyperten
sion. In French and Utahan populations, the AGT 235T variant is more frequent 
in hypertensives than in controls (Atwood et al. 1997; Corvol and Jeunemaitre 
1997; Niu et al. 1998; Jain et al. 2002). The ACE gene insertion/deletion variant 
has also been implicated, but the association of this gene with hypertension 
may depend on both ethnicity and gender (O'Donnell 1998; Agerholm-Larsen et 
al. 2000). There is also some evidence for the involvement of ATI receptor gene 
polymorphism involvement in human hypertension and arterial stiffness 
(Bonnardeaux et al. 1994; Benetos et al. 1996; Kurland et al. 2002). 

The pressor effects of circulating Ang II have been known since the 1930s 
(Phillips and Schmidt-Ott 1999) and ACE inhibitors are a preferred class of 
drugs used to treat high blood pressure. Both ACE inhibitors and the newer AT I 
receptor antagonists decrease left ventricular hypertrophy (LVH) and hyperten
sion (Chung and Unger 1999; Phillips 2001a,b; Unger 2002). However, these 
drugs have to be taken daily, and despite being effective in controlling hyperten
sion, only 27% of patients with hypertension take the drugs consistently 
(Phillips 2000, 2001a,b). A shocking 73% of patient with hypertension do not 
comply with their drug treatment (Kaplan 1998). Cardiovascular disease is the 
leading cause of death in the United States and Europe, and WHO estimates 
that 17 million people worldwide die of cardiovascular diseases every year 
(www.americanheart.org). Hodgson and Cai reported that the cost of hyperten
sion was $108.8 billion in the U.S. in 1998, and the American Heart Association 
estimated the direct and indirect costs of cardiovascular diseases to be $329 bil
lion in the U.S. in 2002 (Hodgson and Cai 2001). Clearly, new treatments for hy
pertension are needed. We propose that a gene therapy approach would offer 
several advantages that may increase compliance: First, the treatment would be 
long-lasting (weekly, month or longer); and second, the high specificity of gene 
targeting would produce few side effects. 

One approach is to target the mRNA of components involved in hyperten
sion. Even though hypertension is a multifactorial disease, inhibition of RAS re
mains a promising strategy, as pharmacological depression of the system is 
known to decrease blood pressure. We propose antisense inhibition of well-doc-
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umented drug targets such as ACE, AGT, and AT JR. Preclinically, we have tested 
antisense oligonucleotides (AS-ODN), plasmids and viral vectors to decrease 
levels of components of the RAS (Tables 1 and 2) (Phillips et al. 1994; Kagiyama 
et al. 2001; Phillips 2001a,b). 

Table 1 Gene therapy for hypertension: AS against brain RAS vasoconstrictor genes 

Target gene Construct Route of Animal Max .1 Ouration Reference(s) 
delivery model BP of effect 

(mmHg) 

AT 1 receptor AS-DON lev SHR -45 7 days Gyurko et al. 1993, 1997; 
Piegari et al. 2000 

AT1 receptor AS-OON lev ClH -35 4 days Peng et al. 1998 
AT 1 receptor AS-DON lev 2KlC -20 >5 days Kagiyama et al. 2001 

chronic 
AT 1 receptor AAV ICV SHR -40 >9 weeks Phillips et al. 1997 
AGT AS-DON lev SHR -35 n.d. Gyurko et al. 1993; 

Wielbo et al. 1995; 
Kagiyama et al. 1998 

AGT AS-OON lev ClH -40 2 days Penget al. 1998 
Renin AS-DON lev SHR -20 3 days Kubo et al. 2001 
AGE 2 Decoy DON lev SHR -30 7 days Nishii et al. 1999 

Table 2 Gene therapy for hypertension: AS against peripheral RAS vasoconstrictor genes 

Target Construct RolJtE!of Aliimat Max .1 Duration Reference(s) 
gene delivery model BP of effect 

(mmHg) 

AT 1 receptor AS-DON IC CIH -35 n.d Peng et al. 1998 
AT 1 receptor AS-OON IV 2K1C -30 >7 days Galli and Phillips 2001 

acute 
AT 1 receptor lNSV IC in SHR -45 >120 days Iyer et al. 1996; 

5-day-old Lu et al. 1997 
rats 

AT 1 receptor LNSV IC in 60% -20 >2 weeks Katovich et al. 2001 
5-day-old fructose 
rats 

AGT AS-DON Portal vein SHR -20 4 days Tomita et al. 1995 
AGT AS-OON IV SHR -30 7 days Wielbo et al. 1996; 

Makino et al. 1998, 1999; 
Sugano et al. 2000 

AGT PAS-AGT IV SHR -20 8 days Tang et al. 1999 
AGT AAV IC in SHR -25 6 months Kimura et al. 2001 

5-day-old 
rats 

AGE 2 Oecoy Portal vein SHR -20 6 days Morishita et al. 1996 
OON 

n.d., Not determined. 
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2 
Antisense Oligonucleotides 

AS-ODNs consist of short DNA sequences of 12-20 bases that are complimenta
ry to the mRNA producing the protein of interest. They bind to the mRNA and 
prevent translation of the specific protein encoded in the mRNA. To prevent 
degradation while in the circulation, the oligonucleotides are phosphorothioat
ed, or otherwise modified, to increase stability. AS-ODNs can be solely adminis
tered, but delivery in liposomes, liposomes coupled to Sendai virus, or in carrier 
molecules increases uptake and prolongs the effect of AS-ODN (Morishita et al. 
1993; Hughes et al. 1994; Dzau et al. 1996; Makino et al. 1999; Clare et al. 2000; 
Zhang et al. 2000, 2001; Fillion et al. 2001). In vitro experiments have shown that 
AS-ODNs enter the cell and the nucleus (Li et al. 1997). 

3 
Plasmid Vectors 

Full-length antisense mRNA can be manufactured in plasmid vectors under the 
control of a promoter (Mohuczy and Phillips 2000). Theoretically, plasmids 
should be effective for a longer duration than AS-ODNs, but practically, the dif
ference is negligible. Although uptake efficiency is an issue, recent studies using 
liposomes and receptor-mediated uptake have shown adequate effects of anti
sense mRNA (Tang et al. 1999; Merdan et al. 2002). Plasmid vectors have the po
tential to express antisense mRNA in specific cell types, if cell-specific promot
ers or cell-specific delivery systems are used (Zhang et al. 2002). Thus, they 
would be advantageous when transient expression is required. 

4 
Viral Vectors 

Viral vectors containing cDNA in the antisense orientation, can potentially inte
grate into the genome and express antisense mRNA for components of RAS. 
Our results show long-term attenuation of hypertension and cardiac hypertro
phy (Tables 1-3) (Phillips et al. 1997; Mohuczy and Phillips 2000; Kimura et al. 
2001; Phillips 2001a,b). The adeno-associated virus (AAV) was used because it 
is safe, stable, long acting, and appropriate for gene therapy in adult models. 
Retroviruses preferentially infect dividing cells and integrate randomly into the 
genome (Mohuczy and Phillips 2000; Phillips 2001a,b). They have been used in 
infant models that study the development of hypertension (Lu et al. 1997; Wang 
et al. 2000; Metcalfe et al. 2002). However, they are not suitable for adult gene 
therapy. Lentiviruses (based on HIV, SIV, or FIV) can infect non-dividing cells 
and have a large carrying capacity; however, they integrate randomly and thus 
may disrupt other genes and cause mutagenesis (Hauswirth and Mcinnes 1998; 
Mohuczy and Phillips 2000; Sinnayah et al. 2002). Adenoviruses have very good 
uptake and do not integrate into the host genome. They show high levels of 
short-term expression. Their major disadvantage, as a long-term therapy, is the 
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Table 3 AS to RAS: effects on growth 

Target Construct Route Animal Effect Magnitude Reference 
gene of delivery model studied 

ATI lNSV IC in TGR Hypertrophy 90% decrease Pachori 
5-day-old mRen2 et al. 2002 
rats 

AGT AS-OON IV SHR Hypertrophy 60% decrease Makino 
et al. 1999 

AGT AS-OON IV SHR Media of aorta 32% decrease Sugano 
et al. 2000 

AGT AAV IC in SHR Hypertrophy About 25% Kimura 
5-day-old decrease et al. 2001 
rats 

ACE AS-DON Into injured SO balloon Neointima Injured control: Morishita 
artery catheter formation 0.24 mm2 et al. 1992 

injury AS treated: 
0.1 mm2 

immune and inflammatory responses they elicit (Hauswirth and McInnes 1998; 
Mohuczy and Phillips 2000; Phillips 2001a; Sinnayah et al. 2002). AAV is, there
fore, the viral vector of choice for human use as it does not cause an immune 
response. It may integrate into the genome when it is modified and certainly 
has very long-lasting effects. The wild-type AAV does not cause any known dis
eases, and cannot proliferate without a helper virus. It is likely the safest of viral 
vectors. The primary disadvantage of the AAV vector is its small carrying capac
ity. AAV can only accommodate 4.4 kb, and thus the number of promoters, en
hancers and length of AS-mRNA is limited. In addition, the deletion of the rep 
sequence removes site-specific integration of the vector (Hauswirth and 
McInnes 1998; Mohuczy and Phillips 2000; Phillips 2001a,b). Nevertheless, one 
of the advantages of antisense approach is that it is not necessary to have a full
length DNA, and therefore, shorter AS-DNA sequences can be used effectively 
inAAV 

5 
RAS Gene Therapy 

We began targeting ATJR and AGT with AS-ODNs in 1993, as gene therapy for 
hypertension (Gyurko et al. 1993; Phillips et al. 1994; Sinnayah et al. 2002). In 
the past 10 years, all the components of the RAS have been targeted for gene 
therapy and antisense inhibition. Some studies have aimed to understand the 
mechanisms of actions in RAS; other investigations have studied cardiovascular 
changes, hypertension, myocardial dysfunction, and the growth effects of the 
RAS; and still others have studied the hormones of RAS and behavior. 
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6 
AT 1 Receptors 

Using antisense oligonucleotides in an intact animal showed that ATIR antisense 
injected into the brain lateral ventricle of SHR decreased blood pressure by 
about 25 mmHg within 24 h, and caused a 16%-40% decrease in AT I receptors 
in the PVN and organum vasculosum lamina terminalis (OVLT) (Ambuhl et al. 
1995; Gyurko et al. 1997). These results have subsequently been corroborated by 
studies from our laboratory, as well as other researchers (Piegari et al. 2000; 
Sinnayah et al. 2002). AT IR AS-ODN applied to the central RAS can also attenu
ate blood pressure in non-genetic models of hypertension. These include the 
surgical model, two-kidney-one-clip (2KIC), and the environmental model, 
cold-induced hypertension (CIH) (Peng et al. 1998; Kagiyama et al. 2001).The 
data are summarized in Table 1. In addition to the effect on blood pressure, 
spontaneous drinking, Ang II, and isoproterenol-induced drinking is decreased 
by the AT IR antisense (Meng et al. 1994; Sakai et al. 1995; Peng et al. 1998). Sa
line-induced (i.e., osmotic) drinking is not affected (Sakai et al. 1995). In early 
studies, AS-ODN applied to the peripheral circulation failed to elicit a response. 
When mixed with liposomes, uptake of ATI-AS-ODN into peripheral organs in
creased, blood pressure decreased by 25-35 mmHg, and ATIRs in kidney and 
arteries, in both CIH and 2Kl C hypertensive rats, also decreased (Peng et al. 
1998; Galli and Phillips 2001). The data are summarized in Table 2. AT I-AS
ODN administered prior to ischemia-reperfusion also protected against myo
cardial dysfunction (Yang et al. 1998). The effects of ATI-AS-ODN are transient, 
lasting for about a week, with the maximum effect seen after 2-3 days. 

Viral vectors, on the other hand, enabled very long-term expression of anti
sense. We have used AAV to deliver ATlAS mRNA both to the central and the 
peripheral system of SHR, and obtained attenuation of hypertension by approx
imately 25 mmHg (see Table 1). The reduction in blood pressure lasted at least 
9 weeks (Phillips et al. 1997) and we recorded normalization of blood pressure 
in double transgenic mice for up to 6 months. These mice have a gene for hu
man renin and another for human angiotensin, and therefore, they constantly 
overexpress Ang II and are hypertensive. AAV delivery of AS to ATIR dramati
cally reduces blood pressure within a few days, and the effect persists for as long 
as the mice were tested. Our colleagues have used a lentiviral vector (LNSV) to 
deliver ATlAS mRNA to 5 day-old SHR, and obtained similar results (see Table 2) 
(Iyer et al. 1996; Lu et al. 1997; Wang et al. 2000). The attenuation of hyperten
sion and of hypertrophy persisted in the offspring of treated rats. This is proba
bly the result of postnatal age hnumber ="Sec8"(Metcalfe et al. 2002; Pachori et 
al. 2002). We have found that AAV vectors enter the germ line only if the viral 
vectors are given at a very early age (0-5 days). At this time the blood-testis 
barrier is open. After postnatal day 5 or 6, rats injected with AAV do not trans
mit AAV to their offspring. 
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7 
Angiotensinogen 

The earliest studies targeting AGT in the brain showed a substantial, up to 
40 mmHg, blood pressure decrease in SHR and a decrease of hypothalamic AGT 
(Wielbo et al. 1995; Gyurko et al. 1993). Subsequent research has confirmed that 
intracerebroventricular (ICV) injections of AGT-AS-ODN decrease blood pres
sure in SHR. Injections into the PVN did not affect blood pressure, although it 
did decrease vasopressin release (Kagiyama et al. 1998). The CIH and 2KIC hy
pertensive models also respond to AGT-AS-ODN ICV treatment with a decrease 
in blood pressure (Peng et al. 1998; Kagiyama et al. 2001). The data are summa
rized in Table 1. The drinking response in CIH animals is also attenuated (Peng 
et al. 1998). In a normotensive rat, the drinking response to renin and isoproter
enol is attenuated by ICV AGT-AS-ODN injection, while the drinking responses 
to carbachol, Ang II and water depravation are unaffected (Sinnayah et al. 
1997a,b). Early studies report that AS-ODN injected into the peripheral circula
tion had no effects, likely due to the failure to reach target organs in sufficient 
amounts. We compared the effects of naked AS-ODN and liposome encapsulated 
AS-ODN directed against AGT, on blood pressure, AGT and AngII concentra
tion, and hepatic uptake. We found that naked AS-ODN was without effect, 
whereas liposome-encapsulated AS-ODN lowered blood pressure in SHR. This 
was accompanied by lower peripheral AGT and Ang II in the liver after injection 
(Wielbo et al. 1996). Similar results were obtained when AS-ODN was coupled 
to carrier molecules that targeted delivery to the liver (see Table 2) (Tomita et 
al. 1995; Makino et al. 1998; Sugano et al. 2000). In addition to effects on protein 
levels and blood pressure, AGT-AS-ODN also attenuated hypertrophy of the 
heart and aortic smooth muscles (see Table 3) (Makino et al. 1999; Sugano et al. 
2000). 

AGT-AS-ODN attenuated hypertension for 4-5 days (Tomita et al. 1995; 
Makino et al. 1998). When a full-length AGT cDNA was inserted into a plasmid 
under control of CMV promoter, and injected with liposomes into SHR, the 
blood pressure decrease lasted for 8 days (Tang et al. 1999). The same construct 
delivered by AAV to 5-day-old SHR caused a delay in hypertension develop
ment, attenuated hypertrophy, and reduced the degree of hypertension for at 
least 6 months (Kimura et al. 2001). 

8 
Angiotensin-Converting Enzyme 

AS-ODN directed against ACE mRNA have been used to reduce the vascular 
ACE concentration and formation of neointima after balloon catheter injury 
(Table 3) (Morishita et al. 2000). ACE-AS-ODN have also been shown to improve 
cardiac performance after ischemia-reperfusion injury (Chen et al. 2001). 

ACE is present at low to moderate levels in large areas of the brain, and in 
high levels in the NTS, and is likely to generate Ang II locally (Phillips and 
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Kimura 1999). Increasing ACE levels in the brain, by transfection with a plasmid 
containing the human ACE gene, caused an increase in blood pressure, heart 
rate, Ang II, and ACE levels that lasted for 2 weeks (Nakamura et al. 1999). Un
published results from our lab testing three different sequences of ACE-AS
ODN showed a decrease of 15-25 mmHg in blood pressure in hypertensive 
SHR. 

9 
Renin 

Renin-AS-ODN decreased blood pressure by about 20 mmHg for 2 days, when 
injected into the lateral ventricle of SHR. Expression of renin mRNA was also 
suppressed by this treatment (Kubo et al. 2001). So far, no systemic studies with 
renin-AS-ODN have been performed. A study with PI-AS-ODN showed that re
nin release was inhibited and blood pressure decreased for up to 1 month in 
SHR after a single injection of the ODN delivered in liposome (Zhang et al. 
2000). 

10 
AT 2 Receptors 

ATrAS-ODN infused into the kidney of uninephrectomized normotensive rats, 
increased blood pressure by about 20 mmHg throughout the infusion period 
(Moore et al. 2001). 

11 
Discussion 

The use of gene therapy to correct genetic abnormalities and to treat diseases is 
becoming more relevant, clinically. At least one AS-ODN has been approved by 
the FDA to treat cytomegalovirus retinitis (de Smet et al. 1999; Orr 2001), and 
AAV-RPE65 has been used to restore sight in a canine model of blindness 
(Acland et al. 2001). Adenovirus is being used in phase I and phase II clinical 
trials in cancer patients (Lamont et al. 2000; Reid et al. 2001; Teh et al. 2001; 
Freytag et al. 2002; Harvey et al. 2002). AS-ODNs and viral vectors have been 
introduced into both the periphery and central system of the brain. Peripheral 
administration is more likely to be the more clinically acceptable therapy. The 
aforementioned preclinical studies have demonstrated that AS to AGT, AT 1> and 
ACE can successfully lower blood pressure in hypertensive rats, and attenuate 
hypertrophy in adult animals when administered systemically. The decrease in 
blood pressure varies between 15 and 40 mmHg (Tomita et al. 1995; Wielbo et 
al. 1996; Peng et al. 1998; Makino et al. 1999; Tang et al. 1999; Kimura et al. 
2001). While these effects are highly advantageous clinically, it is probably im
possible to achieve a "cure" for hypertension with AS-ODN because the mecha
nism of antisense inhibition is a competition between copies of mRNA and the 
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amount of ODN delivered to cells. This means that antisense treatment can be 
effective by reducing overactive receptors or hormones but not interfere with 
normal physiology. Clearly, there is a dose-dependent effect. We found a corre
lation between AGT-AS plasmid dose and blood pressure, and there was also a 
large decrease in blood pressure following AGT-AS-ODN and carrier protein 
targeting of the liver (Makino et al. 1999; Tang et al. 1999). Another factor favor
ing the dose-dependant mechanism is that pharmacological drugs, both ACE in
hibitors and AT [R antagonists, are able to normalize blood pressure alone, 
although some new approaches have tried combinations. 

The next step, clinically, is toxicology tests and phase I, 1,1 and III trials. In 
the case of viral vectors, the next step is to ensure that they do not cause adverse 
effects over a very long time, such as immune responses or tumorigenesis. To 
this end, we are developing gene switches to turn vectors on and off as needed 
without resorting to drugs (Phillips et al. 2002). AS gene therapy has the poten
tial of providing extended protection against hypertension, cardiovascular dis
ease, and a multitude of other chronic diseases. Here we have reviewed its use 
on the RAS as a target system in hypertension and cardiovascular disease, but 
clearly any target with a known DNA sequence is a target for antisense inhibi
tion. 
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Abstract In the past 12 years, cloning of the AngII AT 1 receptor cDNA and gene 
have elucidated the primary structure of the protein, but also the structure of 
the mRNA and gene in different species. Using this cDNA as a tool, the different 
motifs and sequences involved in functions of the receptor has been established. 
The binding of AngII implicates several sequences and amino acids of the extra
cellular loops, the N-terminus and upper segments of transmembrane domains 
(TM)4 to TM7. In contrast, the binding site of nonpeptide inverse agonist losar
tan is composed of polar residues of TM2 to TM7, and is deeply buried in the 
lipid bilayer. After agonist binding, the receptor is activated by a conformational 
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change involving residues of the TMs. In the active state, sequences of intracel
lular loops two and three and of the C-terminus, which are adjacent to the TM, 
interact with the G protein to activate it. Sequences of the C-terminus are also 
involved in activation of other signalling pathways, such as the Jak-STAT path
way. In parallel, seryl residues of the C-terminus are phosphorylated and inter
act with ,B-arrestins, resulting in receptor internalization. 

Keywords G protein-coupled receptor· ATl receptor· Angiotensin II . 
Site-directed mutagenesis· Ligand binding· Activation· Phosphorylation· 
Internalization 

1 
Introduction 

The first cloning of the angiotensin II (AngII) AT 1 receptor in 1991 elucidated 
the primary sequence of the protein and was the starting point of extensive 
analysis of the structure function relationships of this G protein-coupled recep
tor (GPCR). The first part of this chapter will review the molecular aspects of 
the ATl receptors, including the structure of the gene(s), mRNAs and protein 
with their known species differences. 

The receptor sequences and amino acids involved in ligand binding, activa
tion and the G protein coupling, signalling, regulation and trafficking of the AT 1 

receptor, have been extensively investigated using site-directed mutagenesis of 
its cDNA and expression of the mutated recombinant proteins. This investiga
tion has produced a precise map of the structural molecular determinants of 
the different receptor functions. They are reviewed in the second part of this 
chapter. 

Some conformational and mechanistic hypotheses derived from this muta
genesis work and computer modelling are also summarized, despite the absence 
of structural three-dimensional (NMR, crystallography) data concerning this re
ceptor. 

2 
Structure of the AT, Receptor Gene, mRNA and Protein 

2.1 
Some History 

The presence of AngII binding sites in target tissues such as adrenal cortex 
(Glossmann et al. 1974) and vascular smooth muscle cells (Gunther et al. 1980) 
was first demonstrated in the 1970s, when radiolabelled iodinated AngII was 
first synthesized. These experiments demonstrated the presence of membrane
bound receptors with some pharmacological differences from one tissue to an
other, but there was no definitive evidence at this time for different molecular 
species. Despite the preliminary biochemical characterization of the protein, 
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attempts to purify the receptor were essentially unsuccessful due to loss of 
AngII-binding properties, after solubilization of the tissues. The first clues on 
the protein structure came from functional studies demonstrating, using guano
sine nucleotide analogues, that the AngII receptor belongs to the protein super
family of the GPCRs (Wright et al. 1982). 

The development of new pharmacological tools in the late 1980s has permit
ted the identification of two AngIl receptor types: 

- The AngII AT 1 receptor, which is the standard functional receptor for AngII, 
binds with high-affinity imidazolic compounds such as Dup753 (losartan) 
and is sensitive to reducing agents such as dithiothreitol (DTT) (Chiu et al. 
1989). 

- The AngII AT 2 receptor, a newly identified membrane-bound receptor, 
binds L-spinacine derivatives (PD123319) (Chiu et al. 1989) and AngIl 
pseudopeptidic analogues (CGP42112A) (Whitebread et al. 1989) with high 
affinity, is insensitive to DTT, and is expressed in adrenal medulla and my
ometrial cells and fetal mesenchymal tissues. 

The next step in the elucidation of the AT 1 receptor structure was the cloning 
of the receptor cDNA. Concurrently, two American labs (Murphy et al. 1991; 
Sasaki et al. 1991) identified and sequenced the cDNA for, respectively, the bo
vine adrenal and the rat vascular AT 1 receptors. Their successful strategies used 
the screening, by AngII binding, of expression cDNA libraries divided into pools 
and expressed in COS cells. Later, it was demonstrated that there are two sub
types (called ATIA and ATIB) of the ATI receptor in rodents (Sandberg et al. 
1992) but not in other species, including humans. 

2.2 
Structure of the Gene 

Identification of the genomic sequences encoding the AT 1 receptor followed 
shortly after the cloning of their cDNAs. Among mammalian species, the gene 
structure has general conserved features. The sequence coding for the protein is 
contained in a single exon, which also contains part of the 5' and 3' untranslated 
sequences. However, the gene contains additional 5' or 3' untranslated exons, 
whose number and location vary from one species to another. 

The human gene, which is almost 50 kb long and located on the chromosome 
3q22, consists of four 5' untranslated exons followed by a fifth exon, which con
tains the receptor open reading frame (Guo et al. 1994; Curnow et al. 1995). Ex
ons 2, 3 and 4 are short (from 58 to 157 bp) and can be alternatively spliced 
producing eight potential different mRNA species of very similar sizes (Fig. 1). 

The two rat AT 1 receptor genes are located on different chromosomes: AT lA 
on chromosome 17 and AT IB on chromosome 2. The rat AngIl AT lA receptor 
gene consists of four exons and is more than 84 kb in size (Langford et al. 1992; 
Takeuchi et al. 1993). Exons 1 and 2 are 5' untranslated exons, exon 3 contains 
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Exons 
Length (bp) 

Gene 

mRNA 
species 

I 
272 

rare 

frequent { 

Protein 

II 
84 

III IV 
58 157 

V 

2026 

Fig. 1 Structure of the human ATl receptor gene, mRNAs and protein. The upper panel represents the 
structure of the gene with the exons (grey boxes numbered I to V) separated by the introns (black lines). 
Correspondence of each exon with the mRNA sequence or of mRNA with the protein are indicated by 
light grey area. The middle panel represents the different mRNA species. They all contain exon 1 (dark 
grey) and exon 5 (white for the non coding sequence and black for the coding sequence), but exon 2 
(grey), 3 (light grey) and 4 (very light grey) are alternatively spliced. The open reading frame codes for 
the ATl protein (359 amino acids, lower panen with its transmembrane domains (grey), extracellular 
(black) and intracellular (white) sequences 

the coding sequence and exon 4 corresponds to 1 kbp of 3' untranslated se
quence. The rat AngII AT 1B receptor gene has a similar structure, but only three 
exons have been described so far: the two 5' untranslated exons and exon 3 cod
ing for the protein (Guo and Inagami 1994). This gene is greater than 15 kb in 
length. 

2.3 
Structure of the mRNAs 

The gene structure predicts eight potential AT 1 receptor mRNA species in hu
mans, depending on the alternative splicing of exons 2, 3 and 4. These different 
mRNA species have been experimentally identified by RT -PCR (Curnow et al. 
1995). However, Northern blot analysis identifies only one band for human AT1 
receptor mRNA, corresponding to a sequence 2.4 kb in length. This apparent 
discrepancy can be easily explained since exons 2-4 are very short, and there
fore the different mRNA species are undistinguishable on Northern blot. The 
most abundant mRNA species are those containing exons 1 and 5 or 1, 2 and 5. 
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The functional and expressive differences of these alternatively spliced mRNAs 
are not known. Exon 1 presents a very complicated GC rich, double-stranded 
secondary structure, which could be involved in the regulation of translation. 
Exon 2 contains minicistrons, which may also modify the receptor translation 
rate. Finally, the mRNA species, in which exon 4 is spliced, may produce a re
ceptor with an amino terminal extension of 32-35 residues, encoded by the end 
of exon 3 and the beginning of exon 5. The expression of this modified receptor 
has not been unambiguously demonstrated in vivo, and there is no evidence 
that this first methionine in exon 3 is used as an alternative translation start 
point of the protein. In addition, the differences in the functions of this poten
tial alternate AT 1 receptor are completely unknown. 

Similarly, exon 2 and 4 of the rat AT lA receptor gene are also alternatively 
spliced. The alternative splicing of exon 4, which contains 1 kb of 3' untranslat
ed sequence, explains the presence of two mRNA species of 2.3 and 3.3 kb on 
Northern blot (Takeuchi et al. 1993). 

The shorter mRNA is expressed in all target tissues of AngII, whereas the 
3.3-kb species is abundantly expressed in smooth muscle cells, but not in neu
rons. It is not known if these various mRNA species have differences in their 
translation efficiency or in their stability, which would justify a regulation in the 
proportion of their expression. 

2.4 
Structure of the Protein 

The cloning of the AT 1 receptor cDNA and its sequencing have shown that the 
receptor is a 359-amino-acid-Iong integral transmembrane glycoprotein. This 
has seven stretches of 20 to 26 mostly hydrophobic amino acids, which are as
sumed to form alpha helices integrated in the lipid bilayer of the cell membrane 
(Murphyet al. 1991; Sasaki et al. 1991). These seven transmembrane domains 
(TMs) delineate an extracellular NH2 terminal segment and an intracellular 
COOH terminal segment and are connected by three extracellular and three in
tracellular loops (Fig. 1). This initial characterization was recently completed 
with the identification of a short eighth hydrophobic alpha helix (l4 amino ac
ids) in the COOH-terminal segment of the receptor, which is assumed to be in 
close contact with the inner face of the lipid bilayer. Like many other GPCRs, 
the ATl receptor is devoid of any N-terminal signal sequence, since its first TM 
(TM1) fulfils this function and allows proper membrane insertion of the pro
tein. 

Further analysis of the primary sequence of the AT 1 receptor identifies sever
al specific features of this protein: 

- Four extracellular cysteinyl residues in the primary sequence. Two of them 
are located in the first (CyslOl) and second (Cysl80) extracellular loops and 
are thought to form a disulfide bridge, which is well conserved in other 
GPCRs. The two additional cysteines are in the N-terminus segment (Cysl8) 
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and the third (Cys274) extracellular loop and may form an additional disul
fide bridge, which may explain the specific structural sensitivity of this re
ceptor to reducing agents such as dithiotreitol (DTT). There is one cysteine 
in each of TM2, TM3 and TM4 and two in TM7, but whether they form 
disulphide bridges or not is unknown. The intracellular segments do not 
contain cysteinyl residues, except the C-terminal segment, which contains a 
distal cysteine, which might be palmitoylated and therefore attached to the 
lipid bilayer, transforming the C-terminus segment in a fourth intracellular 
loop. Interestingly enough, this last cysteine is present in the rodent AT 1A 
subtype but not in the AT 1B subtype, suggesting a difference in the func
tions or regulation of the two AT 1 subtypes in rodent. 

- After the alpha helix VIII, the COOH terminal segment has a sequence ex
tremely rich in seryl and threonyl residues (12 out of 24 amino acids be
tween residues 326 and 349). This cluster of serines and threonines is a po
tential site of phosphorylation, which regulates the receptor functions. 

- The comparison of the AT 1 sequence with those of other GPCRs reveals the 
conservation of numerous residues in the different TMs, including several 
prolines (Pr0162, Pr0207 and Pro255) and tryptophanes (Trp153 and Trp253). 

These residues may playa role in the general architecture of the receptor. 
In addition, a canonical sequence 125 Asp Arg Tyr127 (DRY) sequence is iden
tified in the proximal part of the second intracellular loop. This sequence is 
the signature of the specific subclass 1 of the GPCR superfamily. 

In addition to these structural features of the protein, analysis of the AT 1 re
ceptor primary sequence indicates that it is a glycoprotein. Three potential as
paragine-linked glycosylation sites (4Asn-Ser-Ser, 176Asn-Ile-Thr and 188Asn-Ser
Thr) are located on the NH2-terminal segment (l site) and second extracellular 
loop (2 sites). Site-directed mutagenesis of each of these sites reveals that they 
are all linked to oligosaccharides, the absence of which does not modify the 
pharmacological and signalling properties of the AT 1 receptor. However, the 
unglycosylated form of the AT 1 receptor, resulting from the combined mutation 
of the three sites, has a major defect in biosynthesis and membrane trafficking 
(Lanctot et al. 1999). 

2.S 
Phylogenie Aspects of the AT1 Receptor 

Since the first cloning of the rat AT 1A receptor cDNA, the amino acid sequences 
of AT 1 receptors have been identified in several mammalian species and also in 
birds and reptiles. The sequence identity between the AT 1A and AT 1B receptors 
is 95% in the rat and 94% in the mouse (Fig. 2). The sequence identities of the 
rat AT 1A receptor with other mammalian AT 1 receptors range between 99% 
(mouse AT 1A) and 92% (bovine AT 1) and these comparisons include rabbit, pig, 
dog and human sequences. Other AngII receptors have been identified in birds 
(turkey and chicken) and Xenopus laevis, but the absence of binding of specific 
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turkey AT (73%) 
xenopus ATa (60%) 
xenopus AT~ (64%) 

" / 
rat AT 1A receptor 

/' '-. 
mouse AT'A (99%) rat AT1B (95%) 
human AT1A (95%) mouse AT'B (95%) 
rabbit ATl (95%) 
donkey ATl (93%) 
bovine ATl (92%) 

Fig. 2 Amino acid identities of the rat AT1A receptor sequence with other angiotensin II receptors 

AT 1 or AT 2 ligands to these receptors explains that they were called AT recep
tors, despite a canonical coupling to Gq protein and phospholipase C. The se
quence identities of these receptors with the rat AT lA receptor are between 73% 
and 60% at the amino acid level. These sequence homologies are rather high 
compared to that existing between rat AT lA and AT 2 sequences, which is only 
34%. However, this last homology is higher than those with other GPCRs for 
peptide ligands (25%-30%) or bioamine ligands (20%) or with the mas onco
gene (23%), which was for a time considered as a potential angiotensin recep
tor. 

3 
Structure-Function Relationships 

The cloning of AngII receptors cDNA from various species was the starting 
point for an extensive work of characterization of its structural features and 
their involvement in functional aspects of the AT 1 receptor. Site-directed muta
genesis of the AT 1 receptors allowed the identification of many amino acid se
quences involved in the ligand binding, activation, G protein coupling, internal
ization and desensitization of the AT 1 receptors. 

3.1 
The Ligand Binding Site 

The renin-angiotensin system, and the AT 1 receptors in particular, are key tar
gets for drug discovery. Both peptide and non-peptide AT 1 agonists and antago
nists are known and their binding sites have been well studied using site direct
ed mutagenesis. Among the mutations altering the ligand-binding capacities of 
the receptor, it is difficult to discriminate those directly involved in the interac
tion from those participating in the architecture of the binding pocket and those 
required for the general architecture of the receptor. It is generally accepted that 
the docking of the agonist AngII stabilizes a conformational state of the recep-
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tor, which allows the initiation of intracellular signalling events. The interactions 
between the peptide and the exposed residues are more important in the stabili
zation of the hormone-receptor complex, whereas the interactions with buried 
amino acids are required for the first steps of the receptor activation switches to 
occur. 

3.1.1 
Angll Binding Site 

The octapeptide AngII (Aspl-Art-Va13-Tyr4-Il~-His6-Pro7-Phe8) has a high
affinity interaction with the ATl receptor (Kd~1 nM). This relies on multiple 
contacts between the amino acid side chains of the peptide, and residues pri
marily located in the extracellular regions (amino terminus and the three extra
cellular loops; Fig. 3) (Hjorth et al. 1994). AngII docking also involves polar and 
charged residues located in the upper parts of the receptor TMs. For example, it 
is now accepted that C-terminal Phe8 of AngII interacts with Lys l99 in the upper 
part of TM5 (Underwood et al. 1994; Noda et al. 1995; Yamano et al. 1995). 
AngII seems to adopt a hairpin conformation for its docking to the receptor 
(Matsoukas et al. 1994; Nikiforovich et al. 1994), and there might be a saIt-linked 
triad between Lys l99 and the carboxyl group of ASpl and Phe8 of AngII (Joseph 
et al. 1995a). In addition, Trp253 (TM6) stabilizes the ionic bridge formed be
tween Lysl99 and Phe8 of AngII and ASpl of the peptide interacts with Hisls3 in 
the second extracellular loop of ATl (Yamano et al. 1995). ASp2Sl, at the junction 
between the third extracellular loop and TM7, has been identified as a major 
docking point for AngII through its charge interaction with Art (Feng et al. 
1995). Data and modelling studies suggest that Argl67 might be an important 
contact point with Tyr4 (Yamano et al. 1995). This residue might also disrupt 
the hydrogen bonding between Asnlll in TM3 and Tyr292 in TM7, by competing 
with Tyr292. This would permit the latter to interact with ASp74 in TM2 during 
receptor activation (Joseph et al. 1995a,b). Phe259 and ASp263 in TM6 might pro
vide a docking site for His6 of the peptide (Yamano et al. 1995). AngII binding 
also involves a residue in the outer part of TM3, Lysl02 (Monnot et al. 1996) and 
others located in TM7 and more deeply buried in the plasma membrane, Asn295 

(Schambye et al. 1994) and Phe30l (Hunyady et al. 1995b). However whether 
these residues are in direct contact with the peptide, or are involved in intramo
lecular interactions that define the intramembrane binding pocket for the li
gand, is not known. The four cysteinyl residues that form the two extracellular 
disulphide bridges, CyslS_Cys274 and CyslOl_CyslSO (Ohyama et al. 1995) are es
sential for the general architecture of the receptor and therefore for AngII bind
ing, which is suppressed when these residues are mutated. 
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synthesized (Timmermans et al. 1993; Goodfriend et al. 1996). The first of this 
series to reach the clinic, losartan, was followed by a large number of AT 1 antag
onists that were orally active. 

Identification of the losartan binding site was facilitated by the functional 
comparison of mammalian AT 1 and amphibian AngII receptors. Both present 
similar signal transduction mechanisms, but drastically differ in their binding 
of nonpeptide ligands such as losartan. The amino acids involved in losartan 
binding to the mammalian AT 1 were identified by analysing the binding proper
ties of rat AT 1 mutant receptors in which the nonconserved residues had been 
substituted by their Xenopus counterparts Oi et al. 1994). Most of these mutants 
preserved their affinity for AngII or for the peptide antagonist [Sarl,IleS]AngII, 
suggesting that the general conformation of the receptor was unaltered by such 
replacements. These residues are mainly located in the TMs of the receptor 
(VallOS in TM3, Alal63 in TM4, Thrl9s in TM5, Ser252 in TM6, Leu300 and Phe30l 

in TM7). Other amino acids have been identified in the various TMs, as shown 
in Fig. 3 (Bihoreau et al. 1993; Schambye et al. 1994; Noda et al. 1995; Monnot et 
al. 1996; Balmforth et al. 1997a; Hoe and Saavedra 2002). The residues known to 
be part of the losartan binding site in the mammalian receptor have been trans
ferred into an amphibian receptor creating a "gain of function" mutant that 
binds the nonpeptide ligand with an affinity comparable to the rat AT 1 receptor 
(Ji et al. 1995). 

These findings demonstrate that losartan binds to a site defined by amino ac
ids located quite deeply in the membrane-spanning region of the receptor. 
These residues are mainly distinct from those involved in AngII binding, but all 
are located in a defined area lying between TM3, 5, 6 and 7 of the receptor. This 
binding site is similar to the intramembrane binding pocket of GPCRs for small
er ligands, such as catecholamines and acetylcholine. 

By comparing the amino acids involved in their respective binding sites, it 
can be seen that AngII and nonpeptide analogues have common determinants on 
the receptor such as Lysl02, Ser105, Argl67 and Lysl99 (Groblewski et al. 1995; Noda 
et al. 1995; Yamano et al. 1995). The case of Asn295 appears to be more complex, 
since its substitution by a series of residues indicates its involvement as a direct 
contact point with the non peptide ligands of the antagonist type (losartan) but 
not of the agonist type (L-163,491, L-163,313) (Hunyady et al. 1998). 

In summary, similarly to the AngII binding site, it is difficult to discriminate 
between residues directly involved in a molecular interaction with losartan and 
those involved in the general architecture of the binding site. The present pic
ture of the ligand-binding sites shows for AngII the involvement of some trans
membrane residues and mostly extracellular sequences, whereas smaller ligands 
such as losartan interact with a transmembrane binding pocket. The smaller lig
ands need less energy than peptides to achieve high affinity binding and the ex
tracellular regions of the receptor provide additional contact points, stabilizing 
the binding of the peptide ligands. This fact is not limited to the AT 1 receptor, 
but applies for other peptide and protein hormones (Gershengorn and Osman 
2001). 
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3.2 
Receptor Activation 

Several models based on allostery have been suggested to explain the process by 
which a ligand binding to a receptor leads to a conformational change, which 
results in intracellular signalling. According to these models, a receptor such as 
AT 1 exists in at least two interconverting conformations, one active and one in
active, and undergoes spontaneous isomerization between these two forms. In 
the absence of ligand (basal conditions), the proportion of receptors in the acti
vated state is generally low and the basal conditions can be considered as inac
tive. This applies to the AT 1 receptor; however, for several individual GPCRs, 
such as muscarinic receptors, the basal conditions are associated with a high 
level of signalling activity and the receptor is considered to be constitutively ac
tive (Burstein et al. 1997). In the presence of AngII, the equilibrium is shifted 
towards this active state which allows efficient coupling to the intracellular sig
nalling partners such as the Gq protein. This is due either to a change in the 
conformation of the receptor induced by AngII or, more probably, to a better 
affinity of AngII for the active conformation, which is then stabilized. This defi
nition of the agonist, which has a greater affinity for the active state of the re
ceptor, has been extended to other pharmacological compounds. Among the 
standard antagonists, it has been possible to distinguish the true antagonists, 
which have a similar affinity for the active and inactive states of a receptor and 
the inverse agonists, which have a greater affinity for the inactive states. These 
later compounds are able to shift the equilibrium towards the inactive state 
when the receptor is in a spontaneous active state, whereas a true antagonist is 
always neutral for this equilibrium but is a competitor for agonists. 

Information from receptor mutants blocked in either the inactive or the ac
tive conformations are precious in understanding the activation process of the 
receptor. Inactivating mutations were the first to be reported. Mutations of polar 
residues ofTM2 (ASp74), TM3 (Serll5), TM5 (Tyr21S) and TM7 (Tyr292) (Bihoreau 
et al. 1993; Marie et al. 1994; Hunyady et al. 1995a; Monnot et al. 1996) have 
been shown to result in inactive receptors, unable to activate the G protein with
out greatly affecting their agonist-binding properties (Fig. 4). These residues ap
pear to be involved in the activation process of the receptor. Some of these resi
dues (ASp74 and Tyr21S) are conserved among the GPCRs, suggesting that they 
could be involved in the activating conformational switch leading to the intra
cellular coupling to the G proteins. Some modelling experiments suggest a pos
sible interaction between Asn74 and Tyr292 that would stabilize the active confor
mation of the receptor (Joseph et al. 1995a). 

A NPX2-3 Y motif, located at the C-terminal end of TM7 and very conserved 
among GPCRs, was identified as functionally important in the aminergic 
GPCRs. The tyrosyl residue is important for receptor internalization (Barak et 
al. 1994) and the whole sequence participates in the transmission of a signal 
from agonist-induced conformational changes in the ligand-binding region 
(Donnelly et al. 1994). The role of this sequence 298Asn-Pro-Leu-Phe-Tyr302 in 
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Beside loss-of-function mutations of the ATl receptor, gain-of-function mu
tants have also been identified and are informative for our understanding of the 
receptor activation mechanisms. First identified by site-directed mutagenesis of 
the adrenergic receptor (Cotecchia et al. 1990; Kjelsberg et al. 1992), such active 
mutations have also been found as natural mutations involved in the pathophys
iology of several endocrine diseases such as thyroid toxic adenoma (Parma et al. 
1993), precocious puberty and chondrodysplasia (Schipani et al. 1995). 

Defined as mutations responsible for a permanent and agonist-independent 
activity of the receptor, higher than that of the wild-type receptor, these gain-of
function mutations are also called constitutively active mutations (CAM). These 
CAMs are potent pharmacological tools for discriminating true antagonists 
from inverse agonists, since only the latter are able to inactivate such mutants. 
In addition, apparent affinity and efficacy of (partial) agonists are better for 
these mutants blocked in their active state than for the wild-type receptors. The 
study of such receptors has enriched our understanding not only of GPCR acti
vation mechanisms but also of GPCR pharmacology. 

For the AT 1 receptor, in vitro studies on constitutively active mutants have 
implicated Asnlll in TM3 (Groblewski et al. 1997; Feng et al. 1998; Miura et al. 
1999). Mutation of Asn295 into Se~95 in TM7 has been shown to increase the bas
al activity of the receptor and a direct interaction between Asnlll and Asn295 has 
been suggested (Balmforth et al. 1997a). However, mutation of this residue in 
alanine or aspartic acid does not lead to a constitutive activation of the receptor 
(Perlman et al. 1997; Hunyady et al. 1998). 

More recently, the exhaustive cartography of the residues involved in AT 1 re
ceptor activation has been established by identifying a repertoire of CAM after 
screening a randomly mutated AT 1 cDNA library using a functional test based 
on the higher sensitivity of these mutants to partial agonists (Parnot et al. 2000). 
Sixteen mutants with a higher sensitivity to the partial agonist CGP42112A were 
identified and among these seven showed a significantly higher basal inositol 
phosphate production (Phe77Tyr in TM2, AsnlllSer, Leu1l2His and Leu1l8His in 
TM3, Leul95Pro in TM5, Ile245Thr in TM6 and Leu305Gln). The mutants should 
be useful for molecular modelling of AT 1 activation and should help researchers 
to define the role of the mutated residues in the activation mechanism. The ami
no acids involved are not conserved among GPCRs, suggesting that if there are 
common mechanisms for activation of GPCRs, they do not imply highly con
served amino acid motives. As for many CAM receptors identified to date, these 
residues are mainly located in transmembrane regions, confirming that TM 
movements play a key role in the transition between the inactive and active 
states. A striking cluster of mutations was found in TM3, around Asn lll, indicat
ing that this helix plays an important role in activation. 

A proposed model of GPCR activation predicts that rigid body movement of 
TM3, 6 and 7 induces conformational changes in the cytoplasmic loops that per
mit G protein interaction with the agonist-activated receptor (Gether and Kobil
ka 1998). ATl mutagenesis results, where many residues involved in receptor ac
tivation are located in the TMs, seem to confirm this idea. Mutations of residues 
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or motives located in the intracellular regions of the receptor have also been 
shown to impair the receptor coupling. However, for these amino acids it is dif
ficult to determine if, like the transmembrane mutations, they participate in the 
general structural architecture of the receptor's active conformation or if they 
represent a direct contact point with the intracellular partner. 

3.3 
Interaction with G Proteins 

The binding of AngIl to the AT I receptor has been shown to trigger several in
tracellular signalling pathways. ATI's main partner is the Gq/ll protein, which 
activates the phospholipase C-fJ (PLC-fJ). PLC-fJ generates the second messen
gers inositol (1,4,5) trisphosphate (IP) and diacylglycerol (DAG), which allow 
the release of calcium from intracellular stores and activate protein kinase C, re
spectively. The major interaction of the receptor is with the N- and C-terminal 
domains of the a-subunit of Gq. Several cytosolic molecular determinants of the 
AT I receptor have been shown to interact with the Gaq protein (Fig. 4). In the 
second intracellular loop (IC2), in addition to the extremely conserved 
125DRyl27 motif at the junction with TM3, Ohyama et al. have shown that the 
mutation of five other residues (LysJ35, Ser136, ArgJ37, ArgJ39 and Arg140) prevents 
the receptor from activating the G protein (Ohyama et al. 1992). The third intra
cellular loop (IC3) is considered as a major determinant in GPCR coupling se
lectivity and efficiency. The replacement of residues 219-225 and 234-237 of the 
AT2 IC3 domain with the corresponding residues of the ATI receptor results in 
an efficient coupling to the Gq protein (Wang et al. 1995). Conversely, the re
placement in ATI of residues 234-240 by their AT2 homologues suppresses the 
Gq coupling of the receptor (Conchon et al. 1997). The coupling of the ATI re
ceptor to the heterotrimeric G proteins is also dependent on the proximal re
gion of its carboxyl-terminal cytoplasmic region. More specifically, site-directed 
mutations of individual amino acids of the hydrophobic cluster Tyr3J2, Phe313, 

Leu314 produce receptors that were insensitive to the guanosine triphosphate 
(GTP) analogue GTPyS and were unable to stimulate IP production after stimu
lation by AngIl, demonstrating the absence of G protein coupling. Moreover, a 
purified peptide containing the wild-type sequence (residues 306-320) was able 
to directly stimulate the binding of GTPyS to purified G proteins, whereas simi
lar peptides containing mutations of Tyr3J2, Phe3J3 or Leu314 could not (Sano et 
al. 1997). It seems therefore that the Gq-protein binding site of the AT I receptor 
consists of a complex spatial arrangement of several determinants from the IC2, 
IC3 and C-terminus segment. 

AT I receptors have also been reported to interact with other G proteins, such 
as Gi-proteins. Peptides derived from the sequence of the amino-terminal half 
of IC3 (residues 216-231) or from the C-terminus (residues 306-320) stimulate 
the binding of GTPyS to purified Gil, Gi2 and Go proteins (Shirai et al. 1995). 
More recently, a mutation of TM4 abolished the Gq coupling to AT I (no IP pro
duction after AngIl stimulation), but revealed the coupling to another, as-yet-
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unidentified G protein, since the AngIl binding was still sensitive to GTP ana
logues (Feng and Karnik 1999). 

3.4 
Interactions with Other Signalling Molecules 

Recently, the AT 1 receptor has been shown to activate cellular tyrosine kinases 
including Src, Fyn and Pyk2 (Sayeski et al. 1998). The binding of AngIl to AT 1 
also activates the intracellular tyrosine kinase Jak2, leading to tyrosine phos
phorylation and nuclear translocation of the transcription factor signal trans
ducer and activator of transcription (STATl) (Marrero et al. 1995). Despite some 
data indicating that the Jak2/STATl pathway is activated via the coupling to Gq 
protein in vascular smooth muscle cells (Frank et al. 2002), it is generally ac
cepted that Jak2 associates independently from G proteins with the AT 1 receptor 
and the interacting sequence 319Tyr_Ile_Pro_Pro322 (YIPP) is located in the car
boxyl-terminus segment of the receptor (Fig. 4) (Ali et al. 1997). This interac
tion is independent of AT I tyrosine phosphorylation since the mutation of all 
the intracellular tyrosine residues for phenylalanine does not change its co-im
munoprecipitation with Jak2 and STATl. The YIPP motif has also been implicat
ed in the recruitment of phospholipase C (PLC)-y1, via its Src-homology 2 
(SH2) domains, in an AngIl and tyrosine phosphorylation-dependant manner 
(Venema et al. 1998). However, the tyrosine phosphorylation of AT I is still con
troversial (Smith et al. 1998), which might cast a slight doubt on the final inter
pretation of these results. 

The proximity of the 3l9YIPp322 motif, which interacts with the Jak2-STATl 
complex and maybe the PLCr and the 3l2Tyr_Phe_Ile314 motif which is part of 
the G protein binding site, suggests either a competition between these sig
nalling molecules or their interaction with different active conformations of the 
AT I receptor. The interaction ofJak2 and Gq with two different active conforma
tions of the AT I receptor is suggested by two pieces of experimental data: 

- A receptor with the Asp74 in TM3 mutated for a GIn, which can no longer 
activate the Gq protein, is still able to activate the Jak/STAT pathway (Doan 
et al. 2001). 

- Conversely, the deletion of the 3l9YIPp322 motif indicates that it is not neces
sary for Gq protein coupling (Thomas et al. 1995b). 

In summary, the intracellular sequences of the AT I receptor are involved not 
only in the interactions with G proteins but also with other signalling proteins. 
The recent cloning of a novel protein (ATRAP), which interacts with the C-ter
minus of the ATI receptor and apparently inhibits the growth properties of An
gIl, is another example of these interactions with multiple signalling pathways 
(Daviet et al. 1999; Cui et al. 2000). 
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3.S 
Regulation of ATl Receptor Activity 

Receptor desensitization is a complex phenomenon leading to decoupling from 
G proteins, down-regulation and insensitivity to ligands. This phenomenon is 
associated with receptor phosphorylation, interactions with regulatory proteins 
and internalization. It has been extensively demonstrated in the model of the 
.Bradrenergic receptor that the active conformations of the receptor allow not 
only G protein coupling but also phosphorylation by specific G protein receptor 
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kinases (GRKs) and by second messenger activated kinases [protein kinases A 
and C (PKA, PKC)]. The phosphorylated receptor can then interact with cyto
plasmic proteins, called arrestins, which prevent association between the recep
tor and the G protein, leading to desensitization. The binding of arrestin to the 
activated receptor might also serve to target the latter to clathrin-coated pits for 
internalization from the cell surface. Studies to identify determinants involved 
in the regulation of AT! receptor activity have focused on the carboxyl-terminal 
cytoplasmic segment which seems to concentrate a lot of information in less 
than 50 residues (Fig. 5). 

3.5.1 
Phosphorylation 

The phosphorylation of AT! receptors has been shown to be agonist-, time- and 
dose-dependent in transfected cells and target tissues (Oppermann et al. 1996; 
Balmforth et al. 1997b; Smith et al. 1998) The AngII-stimulated AT! receptor 
phosphorylation occurs on serine and threonine residues by specific kinases 
(GRK) and by PKC. The involved GRKs differ from one tissue to another since 
GRK2, 3 and 5 have been shown to phosphorylate the receptor in HEK293 cells, 
(Oppermann et al. 1996), but not in Chinese hamster ovary (CHO) cells (Tang 
et al. 1998). 

The phosphorylation sites of the AT! receptor for these different serine/threo
nine kinases have been investigated. Three potential PKC phosphorylation sites 
(Ser331 , Ser338, Se248) are located in the carboxyl-terminal segment of the recep
tor and apparently all of them are utilized to some extent following homologous 
(AngII) and heterologous [phorbol myristoyl acetate (PMA)] stimulation (Qian 
et al. 1999). There is no consensus sequence for phosphorylation via GRK, but it 
is usual to observe acidic residues next to the seryl or threonyl residue they 
phosphorylate. The sequence 332Thr-X-X-Ser-Thr-X-Ser338 in the middle of the 
AT! receptor C-terminus domain seems to be a major site of phosphorylation by 
GRK, since the mutation of the serines and threonines to alanines in this se
quence results in a drastically decreased level of AngII-stimulated receptor phos
phorylation (Thomas et al. 1998; Qian et al. 2001). However, this sequence is not 
flanked by acidic residues. ASp236 and ASp237 located in the third cytoplasmic 
loop may play this role, since their mutation largely impairs AngII-stimulated 
GRK-mediated phosphorylation of the receptor (Olivares-Reyes et al. 2001). 

3.5.2 
Phosphorylation and Regulation of AT, Receptor Activity 

This major GRK phosphorylation site belongs to a larger sequence of the AT! 
receptor C-terminus extremely rich in seryl and threonyl residues (10 of these 
residues between amino acids 326 and 348). This sequence is involved not only 
in receptor phosphorylation but also in its desensitization (i.e. the amplitude of 
the signalling response to repeated agonist stimulations). Progressive C-termi-
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nal truncations of the receptor show that deletion after residue 328, but not after 
residue 336, produces a receptor with an amplification of AngII-induced intra
cellular signalling and an absence of heterologous desensitization (Conchon et 
al. 1998). Even if this amplified signal of the truncated receptor is not observed 
by all authors (Tang et al. 1998), all agree on the role of the sequence Ser328 to 
Ser348 in homologous and heterologous desensitization of the receptor. 

3.5.3 
Phosphorylation and Activation of the AT, Receptor 

The increased phosphorylation of the AT 1 receptor after AngII binding suggests 
that, as for many other GPCRs, the active conformations of the receptor are the 
substrate of the kinases. However, this interpretation has not been confirmed 
for the AT 1 receptor by experimental data. Several lines of evidence seem to in
dicate that phosphorylation of AT I requires conformational states at least partly 
distinct from the active states responsible for signalling: 

- Gain-of-function mutants of the ATI receptor (Asn111Ala, Asn 111Gly), which 
activate constitutively the Gq protein signalling pathway, show a reduced 
basal and AngII -stimulated level of phosphorylation. 

- AngII analogues, such as [Sar1,Ile81AngII, do not induce G protein cou
pling of the wild-type receptor, but induce its phosphorylation. (Thomas et 
al. 1998,2000). 

- Partial agonists, such as [Sar1,Ile4,Ile81AngII, do not induce wild-type re
ceptor coupling to G protein but induce its phosphorylation. Conversely, 
they activate the G protein coupling but do not induce phosphorylation of 
constitutively active mutants of the AT I receptor. 

This implies that the receptor does not have to be in an active state to be 
phosphorylated, and some active conformational states of the receptor are not 
subjected to phosphorylation, even after AngII stimulation. Altogether, these re
sults indicate that the molecular switches required for phosphorylation and 
G protein-mediated signalling are partially distinct. 

3.5.4 
AT, Phosphorylation and p-Arrestin Binding 

By interacting with the receptor, the .LJ-arrestins playa major role in uncoupling 
the receptor from the G protein signalling pathways, in its internalization via 
the clathrin-coated pits and also in the scaffolding of new signalling complexes. 
Indirect evidence of an interaction of .LJ-arrestins 1 and 2 with the AT I receptor 
has been given by confocal microscopy imaging. AngII is able to recruit en
hanced green fluorescent protein (EGFP)-tagged versions of these proteins to 
the plasma membrane of cells expressing the AT I receptor. The .LJ-arrestins are 
then internalized in endosomal vesicles together with the receptor (Oakley et al. 
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2000). Direct evidence of physical interaction between AT 1 and fJ-arrestinl and 
2 was obtained by co-immunoprecipitation experiments (Luttrell et al. 2001; 
Qian et al. 2001). 

The structural requirements for fJ-arrestin interaction with AT 1 have been in
vestigated. The crucial role of the AT 1 C-terminus in this interaction has been 
demonstrated through several experiments: 

- An AT 1 mutant, truncated after Lys325 produces a receptor that can still 
reach the active state, but which is no longer phosphorylated and does not 
interact with fJ-arrestinl. 

- After agonist-stimulation, fJ-arrestin can still be co-immunoprecipitated 
from endosomes with a chimeric receptor consisting of the fJradrenergic 
receptor with the carboxyl terminal tail of the AT 1 receptor but not with the 
wild-type fJ2AR (Anborgh et al. 2000). 

The serine/threonine cluster e28Ser-Ser-X-Ser-Thr-X-X-Ser-Thr-X-Ser338) in 
the central region of the C-terminus is a major molecular determinant of fJ-ar
restin binding. Indeed, mutation of the four distal serines and threonines of this 
cluster into alanines results in a mutant receptor which is poorly phosphorylat
ed and presents an AngII-induced interaction with fJ-arrestin reduced by 80%. 
Receptors mutated at the four proximal or three distal Ser/Thr residues can still 
translocate the fJ-arrestin to the plasma membrane, but in a less stable complex 
which dissociates rapidly (Oakley et al. 2001). A mutant in which the three PKC 
phosphorylation sites have been mutated (Ser331, 338 and 348) has a reduced 
phosphorylation but normal interaction with fJ-arrestinl. Altogether, these data 
indicate that it is not the active conformation, but the phosphorylation of the 
AT 1 receptor by GRKs, which is the crucial event for its interaction with fJ-ar
restin (Qian et al. 2001). 

3.6 
Internalization and Trafficking 

After activation, G protein coupling and phosphorylation, the AT 1 receptor be
comes rapidly internalized (t1/2-S min) and then slowly recycled (t1/2-1 h). This 
internalization is involved in the desensitization/resensitization process and also 
probably in the activation of some signalling pathways (Sorkin and von Zastrow 
2002). In addition, several studies suggest that internalization of the ligand-re
ceptor complex may participate in the sequestration of AngII in some target tis
sues from the circulation (van Kats et al. 1997). This intracellularly sequestered 
AngII could be released later for autocrine/paracrine functions, or might bind 
cytoplasmic or nuclear AngII receptors (Booz et al. 1992; Sugiura et al. 1992). 
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3.6.1 
Molecular Determinants of Internalization 

The receptor sequences involved in AnglI-induced ATI internalization have 
been extensively studied by site-directed mutagenesis. Internalization motifs 
have been identified in the third intracellular loop (IC3) and in the C-terminal 
domain. 

The role of the C-terminus in the internalization process has been clearly 
demonstrated by the deletion of this segment, which drastically impairs the re
ceptor internalization (Hunyady et al. 1994; Balmforth et al. 1995; Thomas et al. 
1995a). Further analysis of the carboxyl terminus has identified two short seg
ments that are necessary for receptor internalization (Hunyady et al. 1994, 
1995a,b, 1996; Balmforth et al. 1995; Thomas et al. 1995a,b; Conchon et al. 1998; 
Tang et al. 1998). 

- The proximal sequence is the 316Leu_Leu_Lys_Tyr319 motif, located closer to 
the plasma membrane. The substitution of Leu316 alone gives the strongest 
internalization impairment phenotype described for a single point mutant 
(Thomas et al. 1995a). This leucine is part of a dileucine motif, which has 
been involved in internalization of several membrane receptors, among 
which the 13z-adrenergic receptor. 

- The distal sequence consists of the amino acid triplet 33SSer-Thr-Leu337 in 
the middle of AT 1 carboxyl terminus, which has been identified as playing 
an important role in receptor endocytosis, maybe via phosphorylation and 
interaction with the J3-arrestins. 

The role of these different sequences, in either receptor interactions with the 
endocytic machinery or in the general conformation required for internaliza
tion, has not been clearly established. 

Recently, AT 1 has been shown to interact with rabS, a well-known protein in
volved in intracellular trafficking. This interaction is not necessary for receptor 
internalization but for its further redistribution into larger vesicles. The last ten 
residues of the ATI C-terminal tail are involved in this interaction (Seachrist et 
al.2002). 

3.6.2 
Internalization and Activation 

Whether the internalization is strictly dependent on the active conformations of 
the receptor has been investigated and experimental data clearly demonstrate 
that activation and internalization of the receptor have different conformational 
requirements: 

- A receptor mutant, Asp74Asn, which does not couple to the Gq protein is 
normally internalized after AnglI stimulation. 
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- The peptidic antagonist [SarlIle8]AngII elicits a strong and rapid internal
ization after binding to the receptor (Conchon et al. 1994). 

- Some of the truncated mutants have impaired internalization but can still 
efficiently activate the Gq-protein. 

3.6.3 
Phosphorylation, p-Arrestin Binding and Receptor Trafficking 

While the activation of the AT] receptor is not a prerequisite for its internaliza
tion, the phosphorylation of the receptor, followed by the binding of ,B-arrestin, 
seems to be necessary. Usually, GPCR binds ,B-arrestin, which acts as an adaptor 
protein linking the receptor to the coated pit machinery, involving clathrin- and 
dynamin-dependant processes. Several experimental observations indicate that 
the involvement of arrestin in AT] internalization is a controversial issue: 

- Several dominant negative (DN) mutants of ,B-arrestin (,B-arrV53D) and dy
namin (K44A) have marginal effects on AT] receptor internalization (Zhang 
et al. 1996). 

- The overexpression of GITland Arf6, two factors involved in clathrin-coat
ed vesicle budding from the plasma membrane, is without effect on AT] in
ternalization, whereas it impairs endocytosis of the ,Bradrenergic receptor 
(Claing et al. 2000). 

- Several mutants of the C-terminal region of AT] are still normally internal
ized but have a drastically reduced capacity to form a stable complex with 
,B-arrestin after AngII binding (Oakley et al. 2001). 

- As already mentioned, the binding of [Sarl,Ile4,Ile8jAngII, which induce 
receptor phosphorylation and its interaction with ,B-arrestinl, surprisingly 
does not induces AT] internalization (Qian et al. 2001). 

In direct contrast, a series of recent studies argues in favour of a ,B-arrestin-, 
dynamin- and clathrin-dependent mechanism of AT] internalization. DN mu
tants of both arrestin (,B-arrlV53D and ,B-arrl-349) and dynamin inhibit AngII
stimulated internalization (Werbonat et al. 2000; Gaborik et al. 2001). In addi
tion, the phosphorylation mutants described above show a defect not only in ,B
arrestin interaction but also in internalization (Qian et al. 2001). Despite some 
contradictory results, the correlation between ,B-arrestin binding and internal
ization of the AT] receptor is now accepted by a majority of authors and agrees 
with the clear demonstration of a physical interaction between the two proteins. 

Altogether, these data indicate that receptor phosphorylation and ,B-arrestin 
binding and internalization share some molecular determinants, but that some 
conformational states of the receptor can be specific to each of them. These ob
servations lead to the conclusion that the receptor exists in a repertoire of active 
conformations, each one more or less specific of one or several functions: cou
pling to various signalling pathways, desensitization, phosphorylation, internal
ization, etc. 
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In conclusion, the elucidation of the structure of the gene and the primary 
sequence of the AT 1 receptor has opened the way to the understanding of the 
molecular mechanisms responsible for its different functions. A large number 
of receptor mutants has allowed the dissection of the different functions and in
teractions of the receptor with other proteins and the identification of the ami
no acids involved. However, the absence of specific information on the three-di
mensional structure of the receptor does not allow a clear comprehension of the 
molecular mechanisms of its activation. In addition, there is no doubt that 
many other, yet-unidentified proteins are able to interact with the inactive or ac
tive conformations of the receptors. Discovering these proteins is one of the fu
ture challenges of AT 1 molecular research. 
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Abstract Angiotensin II and antagonist-AT l receptor interactions have tradi
tionally been studied on isolated tissues in organ bath experiments. Cells that 
express endogenous or transfected AT 1 receptors are now also increasingly used 
to this end. Angiotensin II and angiotensin III interact with the AT 1 receptor in 
a similar fashion. Other naturally occurring fragments like angiotensin IVor an
giotensin-{1-7} display only low affinity for the receptor and the latter even acts 
as an antagonist. Combination of such structure-activity relationship and re
ceptor mutation studies led to a more complete picture of the molecular events 
that take place during receptor activation. At least two steps take place: a pre
activation step, in which constraining intramolecular interactions within the re
ceptor are broken by Arg2 of angiotensin II, and a subsequent activation step in 
which the C-terminal side of the hormone plays an essential role. The outcome 
is a conformational change in the receptor that promotes its interaction with G 
proteins. Interaction with nonpeptide, biphenyltetrazole antagonists is also a 
multi-step process, and a "two-state, two-step" model is proposed in which the 
initial attraction to the receptor is fairly similar for all antagonists and in which 
a more stable, tight binding antagonist-receptor complex can be formed subse
quently. This explains the often-mentioned distinction between "surmountable" 
and "insurmountable" antagonists in, e.g. vascular smooth muscle contraction 
experiments. This tight biding state is unrelated to receptor internalisation, but 
mutation studies reveal the implication of Lys l99. These recent observations 
comply with the increasing awareness that AT 1 receptors and other G protein-
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linked receptors may adopt a number of agonist- and antagonist-bound confor
mations and/or states, each with its own characteristic properties. 

Keywords AT 1 receptor . Angiotensin fragments . Antagonists . 
Insurmountable· Interaction mechanisms· Cell lines . Receptor mutants 

Abbreviations 

ACE 
Ang 
CRO-hATl cells 

GPCR 
L 
NlllG mutant 
R, R', R*, Rr 

TM 

1 
Introduction 

Angiotensin -converting enzyme 
Angiotensin 
Chinese hamster ovary cells expressing 
the human AT 1 receptor 
G protein-coupled receptor 
Ligand (antagonist) 
ATl receptor mutant in which Asnlll is substituted by Gly 
Receptor in stable inactive-, preactivated-, fully active 
and tight antagonist-binding states, respectively 
Transmembrane-spanning helix 

The octapeptide angiotensin (Ang) II is well known for its hypertensive effect 
and its ability to stimulate cardiac remodelling. Receptors of the AT 1 subtype 
playa major role in these processes (de Gasparo et al. 2000). Prevention of the 
hypertensive and trophic actions of Ang II has proved to be among the most 
successful strategies for the treatment of hypertension and congestive heart fail
ure. To this end, Ang-converting enzyme (ACE) inhibitors have been introduced 
to decrease the plasma level of Ang II and, during the last decade, a fairly large 
number of nonpeptide antagonists have been developed to selectively block the 
ATl receptor (Timmermans 1999a,b; Unger 1999). This chapter deals with phar
macological and molecular aspects of the binding of agonists and antagonists to 
the AT 1 receptor. Traditionally, such interactions have been tested on isolated 
tissues in organ bath experiments. Cells that endogenously express the AT 1 re
ceptor and cell lines that have been transfected with the gene encoding such re
ceptor are also increasingly used to this end (Vanderheyden et al. 1999). Com
pared to isolated tissues, they allow the investigation of ligand-receptor interac
tions by radioligand binding and by measuring receptor-evoked responses un
der similar experimental conditions. This allows an objective comparison of 
both sets of data. Transfected cell systems offer additional advantages. They pro
vide a homogenous receptor system, the untransfected parent cells can serve as 
a control for the detection of receptor-unrelated phenomena, and mutation 
studies allow the exploration of the role of specific amino acids in the binding 
and functional properties of the receptor. The physiological relevance of such 
intact cell experiments may be questioned, since the AT 1 receptors are often ex-
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pressed at high density and in a foreign cellular environment (e.g. Chinese 
hamster ovary cells expressing the human AT 1 receptor, CRO-hAT 1 cells). Fortu
nately, however, the functional behaviour of the AT 1 receptors in such cell lines 
is remarkably similar to that in more complex in vitro experimental systems like 
vascular smooth muscle preparations. 

2 
Interaction with Naturally Occurring Angiotensin Fragments 

Although Ang II has long been considered to represent the end product of the 
renin-angiotensin system, there is accumulating evidence that this system en
closes additional effector peptides with diverse functions. In this respect, short
er Ang II fragments such as Ang III (deletion of the N-terminal amino acid), 
Ang IV [deletion of the two G protein-coupled receptor (GPCR) amino acids] 
and Ang-(1-7) (deletion of the C-terminal amino acid) have been found to ac
complish central, cardiovascular and renal actions as well (Reaux et al. 2001) 
(Fig. 1). Similar to Ang II, Ang III is able to act both via ATl and AT2 receptors. 
Both peptides elicit similar physiological effects, such as stimulation of aldoster
one secretion, vasoconstriction and dipsogenic activity. They also bind with 
similar affinity to the AT 1 receptor and are equally potent agonists for this re-
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Fig. 1 Left panel: overview of the chemical structure and the enzymes involved in the synthesis of 
Ang II and its different fragments. Abbreviations: ACE, angiotensin-converting enzyme; Ap, aminopepti
dase; OAp, dipeptidyl aminopeptidases; PO, prolyl oligopeptidase; PCp, carboxypeptidase; NEp, neprilysin; 
TO, thimet oligopeptidase. Right panel: potency (in pECso for agonists and plCso for antagonists) and 
efficacy (+++, full agonism; 0, antagonism) of Ang II and its different fragments for inducing inositol 
phosphate production in CHO cells expressing human AT, receptors. (Le et al. 2002, 2003) 
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ceptor (Le et al. 2002) (Fig. 1). Interestingly, Ang III was shown to be even more 
effective than Ang II in stimulating the firing rate of certain neurons (Harding 
and Felix 1987). There is now also good evidence that the modulation of the 
pressor response and vasopressin release by centrally administered Ang II in 
rats depends on its prior conversion to Ang III (Zini et al. 1996; Reaux et al. 
2001). These findings support the hypothesis that Ang III might be the predom
inant effector peptide in the brain (Harding et al. 1986). 

Ang IV is also able to stimulate the AT 1 receptor as a full agonist, albeit with 
much lower potency when compared to Ang II and Ang III (Pendleton et al. 
1989a; Le et al. 2002) (Fig. 1). This interaction provides a likely explanation for 
some of the physiological effects elicited by high, micromolar concentrations of 
this angiotensin fragment and for the ability of AT 1 receptor-selective antago
nists such as losartan to block such effects. Yet, most of the physiological effects 
of Ang IV are already observed at nanomolar concentrations and some of them, 
such as its facilitating role in memory acquisition and retrieval, are of potential 
therapeutic interest (Wright et al. 1999; Kramar et al. 2001). The involved cellu
lar targets acquired the status of ''AT 4 receptors" (de Gasparo et al. 2000; Mustafa 
et al. 2001). Very recently, compelling evidence has been presented that at least 
some of them may be related to a membrane-associated aminopeptidase for
merly known as the insulin-regulated aminopeptidase/oxytocinase (Albiston et 
al. 2001). 

Ang-(I-7) has been reported to elicit physiological effects in the vasculature, 
the CNS and the kidney (Ferrario and Iyer 1998). In this respect, it even 
emerged that ACE inhibitors may exert their cardiovascular effects not only by 
blocking Ang II formation but also by promoting the accumulation of Ang
(1-7) (Luque et al. 1996). The effects of this angiotensin fragment have often 
been investigated in systems which also contain ATl receptors and/or AT2 recep
tors and, in this respect, it is of interest that some of them could be blocked by 
the ATl antagonist losartan (Yamada et al. 1998; Potts et al. 2000). However, ATl 
receptor interactions do not offer a plausible explanation for such effects. It has 
been consistently found that Ang-(l-7) displays very low affinity for the ATl re
ceptor and even that it acts as an antagonist (Mahon et al. 1994; Bouley et al. 
1998; Le et al. 2002) (Fig. 1). Hence, alternative pathways and/or cellular recog
nition sites need to be invoked to explain the effects of Ang-(I-7). 

3 
Molecular Aspects of AT, Receptor Activation 

Molecular cloning studies established that the AT 1 receptor belongs to the GPCR 
superfamily and, as such, it contains seven transmembrane-spanning a-helices 
(Hunyady at al. 2001) (Fig. 2). It is primarily coupled through G proteins of the 
Gq/ll family to the activation of phospholipase C and calcium signalling. This 
second messenger system mediates smooth muscle contraction, aldosterone se
cretion, and the control of ion transport in renal tubule cells (de Gasparo et al. 
2000). Whereas only one ATl receptor subtype is expressed in the human, two 
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Fig. 2 Left panel: side view of the Ang II-ATI receptor interaction with reference to crucial parts of 
both molecules. (According to Hunyady et al. 2001 and Le et al. 2002). Both molecules are separated 
for the sake of clarity. Roman and Arabic numbers refer to transmembrane (TM) helices and amino acid 
residues of the receptor, respectively. Right panel: top view of the different steps involved in the 
Ang II-AT 1 receptor interaction. (According to Le et al. 2002). A-C: wild-type receptor. A: the basal state 
of the receptor is stabilised by the interaction of Asn 1ll with TM VII. B: Arg2 of Ang II interacts with 
ASp28l of the receptor to relax the receptor into a pre-activated state (R') and to provide optimal bind
ing of carboxy-teminal portion of Ang II. C: full receptor activation due to additional interactions with 
Tyr4, Phe8 and the terminal carboxyl group of Ang II. 0 and E: Nl11G receptor mutant. 0: the basal state 
of the receptor is constitutively activated (and similar to the R' state of the wild-type receptor) due to 
the absence of a Glyl11-TM VII interaction. E: full receptor activation by Ang II without the need of Arg2 

subtypes (i.e. ATIA and ATIB receptors) with similar pharmacological properties 
but with different anatomical distribution have been found in rodents like the 
rat (Kakar et al. 1992). 

Structure-function relationship studies have led to the proposal that the side 
chains of Arg2, His6, and Pr07 along with the charged carboxyl-terminus of 
Ang II are important for its binding to the AT I receptor. In addition, Tyr4 and 
the aromatic group of Phe8 are important for receptor activation (Noda et al. 
1995,1996; Miura et al. 1999; Hunyady et al. 2001) (Fig. 2). This explains why 
Ang IV and Ang-(i-7) display low affinity for the receptor and why the latter is 
an antagonist. On the other hand, ASpl of Ang II does not appear to be involved 
in AT I receptor binding and activation since Ang II and Ang III display the 
same characteristics. Site-directed mutagenesis studies in which single amino 
acids of the AT I receptor are substituted by less reactive ones (e.g. glycine and 
alanine) suggest that extracellular regions of the receptor play an important role 
in the binding of Ang II (Hunyady et al. 1996) (Fig. 2, left). This is consistent 
with the general belief that peptide and glycoprotein hormones bind to the ex-
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tracellular regions of their GPCRs, as opposed to the binding of small nonpep
tide ligands within the central cleft of such receptors. 

The outcome of the Ang II binding is a conformational change in the recep
tor molecule that promotes its interaction with G proteins. Whereas the classic 
theory of receptor activation assumes that receptors can only adopt a single in
active (R) and active (R*) state, there is accumulating evidence that GPCRs may 
adopt a range of additional conformations. These may even include states with 
intermediate activity (R') in addition to the inactive and fully active ones. AT 1 
receptor mutation studies provided a major and pioneering contribution to this 
notion and it is now widely admitted that full activation of this receptor by 
Ang II proceeds in at least two steps (Noda et al. 1996). 

According to these models, the inactive form(s} of the receptor is stabilised 
by intramolecular bonds between Asnlll of its third transmembrane domain 
(TM III) and amino acid residues present in TM VII (Hunyady at al. 2001) 
(Fig. 2A). A similar stabilising interaction has also been proposed to occur for 
rhodopsin, the only true GPCR for which the spatial structure has been eluci
dated by X-ray diffraction studies (Cohen et al. 1992). When Asnll1 is substitut
ed by Gly (NlllG mutation) or by other amino acids with smaller side-chains, 
such interhelical bonds can no longer take place, and this allows the mutant AT 1 
receptor to adopt a more "relaxed" conformation (Fig. 2D). These mutated re
ceptors can still be fully activated by Ang II, but their basal activity is already 
well above that of the wild-type receptor (a phenomenon referred to as "consti
tutive activation") (Groblewski et al. 1997). These mutants are regarded to mim
ic an intermediate, not yet fully activated state (R') of the wild-type AT 1 receptor 
(Noda et al. 1996; Hunyady et al. 2001) (Fig. 2B). For the wild-type receptor, the 
disruption of the bonds between Asnlll and TM VII is thought to be the first 
consequence of Ang II binding. Initially, it was advanced that the interaction be
tween Tyr4 of Ang II and Asnlll of the receptor should play an important role in 
its pre-activation (Noda et al. 1996). Yet, more recent studies revealed that Arg2 
of Ang II and ASp281 of the receptor might be even more important actors (Le et 
al. 2002). In the model pictured in Fig. 2, the interaction between these two ami
no acids will induce a conformational change in TM VII of the receptor, which, 
similar to the WllG mutation, eliminates the constraining interaction between 
Asn III and TM VII. 

In line with the notion that the NlllG mutation causes a conformational 
change that is associated with receptor pre-activation, it causes a slight increase 
of the potency of Ang II and Ang III when compared to the wild-type receptor. 
Interestingly, the NlllG mutated AT 1 receptor can be fully activated by Ang IV 
with a potency that is similar to Ang II and Ang III (Le et al. 2002). This implies 
that, once the receptor has acquired the preactivated state R', Arg2 will no longer 
playa major role in the binding and full activation of the receptor (Fig. 2E). In
stead, the pre-activation is suggested to go along with a conformational change 
of the receptor to provide optimal binding of carboxy-terminal portion of 
Ang II (Le et al. 2002). It is this side of the hormone that will take over to pro
duce full receptor activation (to yield R*, Fig. 2C,E). In this respect, the very low 
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potency and efficacy of Ang-(5-8) to activate the wild-type AT 1 receptor as well 
as the WllG mutant highlights the importance of Tyr4 in this part of the activa
tion process (Noda et al. 1996; Miura et al. 1999). Asnlll is therefore considered 
to playa dual role; it stabilises R by interhelical interactions and, once liberated 
(in R'), it contributes as an "agonist switch" to the formation and/or stabilisa
tion ofR* by interacting with Tyr4 of Ang II. In addition, evidence has been pre
sented for the terminal carboxyl group of Ang II to form a salt bridge with 
Lysl99 located in TM V of the receptor. This allows an appropriate positioning of 
the aromatic side chain of Phe8 to undergo hydrogen bonding with His256 in TM 
VI of the receptor, an interaction which is considered to be of prime importance 
for the activation process (Noda et al. 1995,1996; Miura et al. 1999). Hence, the 
Phe8 side chain represents the second "agonist switch" of Ang II. 

Many synthetic Ang II analogues have been developed by substituting one or 
more of the original amino acids of Ang II either by other natural amino acids 
or by synthetic ones. Sarile ([SarI,Ile8]-Ang II) constitutes a typical example 
and, in its radioiodinated form, it is widely used for the labelling of AT 1 recep
tors in radioligand binding studies. Although it has been considered by some to 
behave as an antagonist, it is able to produce modest activation of the wild-type 
AT 1 receptor in cell lines (Noda et al. 1996). Such partial agonistic activity also 
constitutes one of the reasons for the failure of the therapeutic use of saralasin 
([Sarl,VaI5,Ala8]-Ang II) a close analogue of sarile (Pals et al. 1979). Interesting
ly, sarile has been found to fully activate the WllG receptor mutant (Noda et al. 
1996). This example illustrates the use of constitutively activated ATl receptor 
mutants to distinguish between true antagonists and weak partial agonists. 

4 
Interaction with Nonpeptide Antagonists 

In the past decade, nonpeptide AT 1 receptor antagonists have been routinely 
tested for their ability to affect Ang II dose-contractile response curves of vascu
lar smooth muscle preparation's. Such organ bath experiments have often been 
carried out with rabbit aortic rings/strips, a system with very small receptor re
serve (Zhang et al. 1993; Robertson 1998). They constitute a major paradigm for 
comparing the behaviour of different antagonists. Losartan, the prototype of the 
biphenyl-tetrazole class of antagonists, produces parallel rightward shifts of the 
Ang II dose-response curve without depressing the maximal response. This be
haviour is denoted as "surmountable" (Fig. 3, top). Yet, many structurally relat
ed antagonists are also capable of depressing the maximal response. This behav
iour is denoted as "insurmountable" (Vauquelin et al. 2001a, 2002). The extent 
by which the maximal response is depressed is quite variable (Fig. 3, top). For 
example, it is only partial for irbesartan, valsartan and EXP3174 (the active me
tabolite of losartan) but almost complete for antagonists such as GRII7289, 
KRH-594 and candesartan (Liu et al. 1992; Robertson et al. 1992; Cazaubon et 
al. 1993; Criscione et al. 1993; Noda et al. 1993; Mochizuki et al. 1995; Tamura et 
al. 1997). More recently, such experiments have been repeated with cell lines 
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Fig. 3 Top panel: theoretical Ang II dose-response curves for antagonist-pretreated ATl receptor prepa
rations, Curve at the left: no antagonist pretreatment. Curves with italic numbers: pretreatment with in
creasing antagonist concentrations of surmountable, partially insurmountable and nearly fully insur
mountable antagonists. (Vanderheyden et al. 1999; Verheyen et al. 2000). Lower panel: theoretical 
Ang II dose-response curves with the same antagonists under co-incubation conditions. (Fierens et al. 
1999a; Verheyen et al. 2000) 

that endogenously express the AT I receptor or that have been transfected with 
the gene encoding such receptors as eRO-hATI cells. Although these experi
ments rely on the measurement of receptor-evoked biochemical events within 
the cell, the provided information is consistent with that obtained by smooth 
muscle contraction studies, at least when the antagonist is administered ahead 
of Ang II (Fierens et al. 1999a; Vanderheyden et al. 1999; Verheyen et al. 2000). 
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Although most AT 1 receptor antagonists possess a biphenyltetrazole moiety 
(Fig. 5), several of them are structurally different. Such antagonists can also be 
classified as surmountable (e.g. eprosartan) and insurmountable (e.g. telmisar
tan and triacid 4-aminoimidazole derivatives) (Wienen et al. 1993; Timmermans 
et al. 1999b; Vanderheyden et al. 2000a; Hollenberg 2001). Additionally, peptide 
analogues of Ang II with partial agonistic activity, such as sarile, have also been 
shown to display insurmountable AT 1 receptor blockade (Pendleton et al. 
1989b). Presently, insurmountable antagonism has only been investigated in de
tail for antagonists of the biphenyltetrazole class. The present discussion will 
therefore focus on such antagonists. 

Insurmountable antagonism does not constitute the sole privilege of the AT 1 
receptors either. Similar behaviour has been observed for many other GPCR an
tagonists, and several theories have been advanced in the past (Vauquelin et al. 
2001a, 2002). One major explanation endorses that insurmountable antagonists 
are non-competitive. The other one takes into account that tissues are invariably 
pre-incubated with the antagonist before their challenge with the agonist. This 
second explanation allows competitive antagonists to be insurmountable provid
ed that they bind to the receptor in an irreversible fashion (so that the receptor 
number is permanently reduced) or that they dissociate sufficiently slowly (so 
that only a limited number of receptors are liberated before the response is mea
sured) (Kenakin 1987). Co-incubation experiments, in which the agonist and the 
antagonist are added simultaneously to the receptor, have the potential to provide 
a clear-cut discrimination between both explanations (Vauquelin et al. 2001a). In
deed, under those conditions, a decrease of the maximal agonist-evoked response 
is only to be expected in the case of non-competitive antagonism. Whereas such 
experiments are extremely laborious when dealing with contraction studies, they 
are commonplace for radioligand binding and functional studies with isolated 
cells or membranes thereof. In co-incubation experiments, surmountable and in
surmountable antagonists were all found to produce parallel rightward shifts of 
the Ang II dose-response curves in bovine adrenal glomerulosa cells (Criscione 
et al. 1993) and in CHO-hATl cells (Fierens et al. 1999a; Verheyen et al. 2000) 
(Fig. 3, lower panel). The same profile also emerges when comparing radioligand 
binding studies involving pre- and co-incubation experiments (Pendelton et al. 
1989b; Hara et al. 1995; De Arriba et al. 1996). Such studies have now clearly es
tablished that nonpeptide AT 1 receptor antagonists are competitive with Ang II 
and even among each other. This also explains the ability of surmountable and 
insurmountable AT1-receptor antagonists to counteract each other's effect in a 
dose-dependent fashion (Wong et al. 1991; Vauquelin et al. 2001b). 

Direct measurements based on the binding of radiolabelled antagonists as 
well as indirect measurements based on the recovery of receptor functionality 
in wash-out experiments confirm that surmountable antagonists such as losar
tan dissociate very rapidly from the AT 1 receptor and that insurmountable an
tagonists dissociate slowly. For intact CHO-hAT 1 cells, the dissociation half-life 
of insurmountable antagonists at 37°C was estimated to be 7 min for irbesartan, 
17 min for valsartan, 30 min for EXP3174 and 120 min for candesartan {Fierens 



306 G. VauqueJin . P. Vanderheyden 

et al. 1999b; Vanderheyden et al. 2000b,c; Verheyen et al. 2000). These determi
nations clearly establish that the blockade by insurmountable antagonists is suf
ficiently long lasting to impair the accessibility of a proportion of the AT 1 recep
tor molecules if the ensuing challenge with Ang II only takes place for relatively 
short time-span. Obviously, the occupancy of the receptors by such antagonists 
will readjust with time until, ultimately, both the Ang II-receptor and the antag
onist-receptor interactions reach equilibrium. Therefore, the insurmountability 
of slow dissociating antagonists is only "apparent", and it can theoretically be 
avoided if the response is measured after a sufficient lag of time. However, such 
delays are precluded for practical considerations such as the necessity to avoid 
fading of the response. 

Many AT 1 receptor antagonists display a rather complex pattern of insur
mountability when examining systems as diverse as muscle strips and transfec
ted cell lines. At low concentrations, they decrease the maximal response to an 
extent that is dependent on the antagonist in question. When the concentration 
is further increased, these antagonists still produce rightward shifts of the dose
response curve, but the maximal stimulation will not decline any further. Such 
mixed insurmountable/surmountable antagonism has also been documented for 
several other GPCRs (Vauquelin et al. 2002). The simplest explanation would be 
that the antagonists already liberated of part of the receptor sites during the en
suing agonist exposure. This permits a partial restoration of the response to 
take place. However, the fast liberation of only part of the antagonist-pretreated 
AT 1 receptor sites and the much slower liberation of the remainder in washout 
experiments (Fierens et al. 1999a) cannot be explained by this simple model. In
stead, this phenomenon is readily explained when the classical theory of recep
tor activity with only one thermodynamically stable inactive form of the recep
tor, R, is extended to include a second inactive form, Rb which cannot be recog
nised and stimulated by agonists (Fierens et al. 1999a). Several such "two-state" 
models have been elaborated over the years according to such a principle (Lucas 
et al. 1979; de Chaffoy de Courcelles et al. 1986; Liu et al. 1992; Robertson et al. 
1996). In their most general formulation (Fig. 4), such models allow R to form 
fast reversible/surmountable complexes with all antagonists (L). In addition, 
these models agree on the implication of L.RJ in insurmountable antagonism 
and allow an equilibrium between L.R and L.RJ to take place (Vauquelin et al. 
2002). Finally, the proportion between the surmountable and insurmountable 
antagonist-receptor complexes (i.e. the [L.R]/[L.RJ] ratio) may differ from one 
antagonist to another. The major differences between the published two-state 
models reside in the explanations about the precise nature of L.R' and how it 
mediates insurmountable antagonism. 

Insurmountable AT 1 receptor antagonism can obviously be explained by a 
slow dissociation of the L.RJ complex. Alternatively, insurmountable antagonism 
might also be perceived when L.RJ dissociates swiftly, provided that RJ is only 
slowly reconverted into R (Fierens et al. 1999a). According to this latter explana
tion, there is no strict obligation for the antagonist to remain bound to the re
ceptor to produce a long-lasting effect. In the case of AT 1 receptor antagonists, a 
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Fig. 4 Two-state models for insurmountable ATl 
receptor antagonism. The receptor can be stimu
lated by the agonist when present in the R state/ 
conformation but not when present in the RI 
state. In the general formulation (Fierens et al. 
1999a), insurmountable antagonism might take 
place with fast-dissociating antagonist-R1 com
plexes as well as with fast-dissociating complexes, 
provided that RI is only slowly reconverted into R. 
In the two-step model (Vauquelin et al. 2001a,b), 
the RI state is slow-dissociating. Percentages of 
antagonist-receptor complexes in each state are 
estimated from inhibition data (Fierens et al. 
1999a; Verheyen et al. 2000) 

close match has been observed between the dissociation of [3HJ-candesartan 
and [3HJ-valsartan from CHO-hAT 1 cells and the recovery of functional recep
tors in these cells (Fierens et al. 1999b; Verheyen et al. 2000). In other words, the 
insurmountable effect of such antagonist is directly linked to their receptor oc
cupancy. This supports the first explanation and constitutes a rationale for sim
plifying the general "two-state" model formulation into the "two-state, two
step" model (Vauquelin et al. 2001a,b) (Fig. 4). In this simplified model, all an
tagonists initially bind to R to form a fast-dissociating L.R complex. For insur
mountable binding, this complex must further be converted into a tight-binding 
L.R] complex. Whereas insurmountable antagonists can induce this conversion 
with various degrees of effectiveness, surmountable antagonists like losartan are 
unable to do so. Hence, losartan-AT 1 receptor complexes are committed to re
side in the fast-dissociating L.R state. Computer simulations were performed to 
match the "two-state, two-step" model with the experimental behaviour of the 
antagonists losartan, irbesartan, EXP3174 and candesartan (Vauquelin et al. 
2001b). It was found that the initial "attraction" to the receptor (i.e. formation 
of L.R) is fairly similar for each of the investigated antagonists. The subsequent 
formation of L.R] also appears to proceed with the same "ease" for all the insur
mountable antagonists but that the stability of this complex is different for each 
antagonist. Moreover, the model also provides an explanation for the observed 
proportionality between the experimental [L.RJ/L.Rd ratio (Fig. 4) and the dis
sociation rate of each involved antagonist (Vauquelin et al. 2001a). 

5 
Cellular and Molecular Aspects of Antagonist-AT 1 Receptor Binding 

At present, it is not known why the antagonist-AT l receptor complexes may 
adopt distinct states. Differences between L.R and L.R] may reside at the level of 
the receptor conformation, its association with other proteins or even its sub
cellular localisation. 
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Differences in the subcellular localisation of the receptor, with L.R at the cell 
surface and L.RI inside the cell, have been invoked to explain insurmountable 
AT 1 receptor antagonism. Indeed, receptor internalisation is well known to occur 
with Ang II. When stimulated by this agonist, the AT 1 receptor has been shown 
to undergo rapid internalisation into the cell as part of their recycling process 
(Hein et al. 1997; Hunyady et al. 2001). Initial studies concluded that antagonist
receptor complexes are able to internalise as well (Crozat et al. 1986; Liu et al. 
1992; Conchon et al. 1994), but more recently, it emerged that the presented cri
teria for such internalisation are not adequate in the case of nonpeptide AT 1 re
ceptor antagonists. Instead, work with mutant receptors that had lost their ability 
to undergo internalisation (Fierens et al. 2001), as well as with green fluorescent 
protein-conjugated receptors (Hein et al. 1997; Hunyady et al. 2001), rather sug
gests that antagonist-bound ATl receptors always remain at the cell surface. 

It is well known that AT 1 receptors and other GPCRs may exist as monomeric 
and dimeric forms with quite distinct functional properties and that such recep
tors also acquire a tight agonist-binding conformation when they undergo func
tional coupling to G proteins (De Lean et al. 1980). It is therefore also plausible 
that L.R and L.RI display differences in their association with other proteins 
which make part of the membrane or the cellular matrix, or even diffuse freely 
in the cytosol. At present, still very little is known about this issue, but it could 
be of great interest since the insurmountable antagonist [3Hl-candesartan has 
been found to dissociate much faster from isolated CHO-hAT 1 cell membranes 
as compared to the intact cells (Fierens et al. 2002). Thermodynamic character
isation also shows differences for the [3Hl-candesartan binding, with an almost 
completely enthalpy-driven interaction for intact cells as compared to a mixed 
contribution of both enthalpy and entropy for the membranes. As the most ob
vious explanations (proteolytic degradation and oxidative phenomena during 
the membrane preparation) were ruled out, these differences suggest a yet-to
be-disclosed impact of the structural organisation of living cells on the binding 
properties of ATl receptor antagonists (Fierens et al. 2002). 

Additional information about the status of L.R and L.RI is provided by antag
onist structure-binding activity relationship studies and receptor mutation 
studies. In this respect, it is noteworthy that the synthesis of nonpeptide AT 1 re
ceptor antagonists has been sparked by the discovery that Ang II-mediated va
soconstriction could be antagonised by imidazole-5-acetic acid derivatives such 
as 5-8307, albeit with low potency (Duncia et al. 1990; Timmermans et al. 1993). 
Starting from such lead compounds, more potent antagonists were designed 
with the major premises that the carboxyl group of lead and the terminal car
boxyl group of Ang II should both point to the same positive charge of the re
ceptor and that the lead requires an additional acidic functionality to mimic the 
carboxyl group in Aspl or the hydroxyl group in Tyr4 of Ang II (Fig. 5, top). 
Further substitutions of 5-8307, including the introduction of an anionic tetra
zolium led to the development of losartan, the prototype of the biphenyltetra
zole-containing sartans (Duncia et al. 1990; Timmermans et al. 1993). The car
boxyl group of the lead compounds was replaced by an alcoholic function in 
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tagonists 58307 and EXP3174. (According to Timmermans et al. 1993). Lower panel: structure of other 
non peptide AT1 receptor antagonists of the "sartan" class. BT, biphenyltetrazole moiety 

losartan but, after oxidative transformation in the liver, this group reappears in 
EXP3174, the active metabolite oflosartan (Wong et al. 1990) (Fig. 5, top). Since 
losartan is fully surmountable, the carboxyl group of EXP3174 is clearly in
volved in its insurmountable character. The same distinction can be made be
tween candesartan and its surmountable precursor molecule candesartan cilex
etil (Noda et al. 1993; Mochizuki et al. 1995). In the same way, many other AT I 
receptor antagonists with a pronounced insurmountable character appear to 
possess both a carboxyl group and a tetrazole moiety (Vauquelin et al. 2000). 
However, the mere presence of a carboxyl group is not sufficient for biphenylte
trazole-containing AT I receptor antagonists to be insurmountable. Experiments 
with candesartan analogues clearly revealed that this group needs to be posi
tioned correctly (Noda et al. 1993). 
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Taken together, aforementioned structure-binding activity relationship stud
ies are compatible with the following model. Because of the similarity in the ini
tial "attraction" ofbiphenyltetrazole-containing sartans to the receptor (Vauquelin 
et al. 2001b), this moiety is likely to play an important role in the formation of 
L.R. When present, the carboxyl group of such antagonists should not important 
for their initial binding, but it should playa major role in the stabilisation of 
the L.RI complex by interacting with basic amino acids that are present in a 
well-defined binding pocket of the receptor (Vauquelin et al. 2000). Obviously, 
additional interactions may also be of importance for the stabilisation of L.RI 
and, in this respect, it has been reported that the nature of the alkyl substituent 
next to the carboxyl group on analogues of UR-72S0 may determine whether 
they are insurmountable or not (De Arriba et al. 1996). 

The carboxyl group of insurmountable AT I receptor antagonists like 
EXP3174 is also supposed to mimic the terminal carboxyl group of Ang II 
(Timmermans et al. 1993) (Fig. 5, top). ATI receptor mutation studies support 
this conclusion. Indeed, Lysl99 is known to be involved in the binding of the car
boxy-terminus of Ang II. Its substitution by GIn (an amino acid with a neutral 
but still polar residue) causes a marked loss of binding affinity for Ang II, simi
lar to that observed when its carboxyl group is replaced by a neutral amide 
group (Noda et al. 1995,1996). In contrast, this mutation has only little to mod
erate effect on the affinity of losartan (Schambye et al. 1994; Noda et al. 1995). 
In intact CHO-hAT 1 cells, this mutation produces affinity decreases of the non
peptide antagonists that followed their degree of insurmountability: i.e. about 5-
fold for losartan, lO-fold for irbesartan, IS-fold for EXP3174 and 45-fold for 
candesartan (Fierens et al. 2000). In addition, the dissociation of [3Hl-candesar
tan from the mutated receptor is also appreciably faster than from the native re
ceptor (Fierens et al. 2000). These findings plead in favour of electrostatic bond
ing between Lysl99 and the carboxyl group of insurmountable antagonists like 
candesartan and EXP3174 (Fig. 5, top). Yet, whereas such bonding will mediate 
receptor activation in the case of Ang II and related agonists, it will merely con
tribute to the stabilisation of a tight binding state of the receptor in the case of 
insurmountable nonpeptide antagonists. 

Yamano et al. (1995) proposed that the anionic tetrazolium substituent of 
nonpeptide antagonists does not bind to Lys199. Based on additional mutation 
studies, these investigators put forward that the tetrazolium moiety might selec
tively bind to the anionic side chain of Arg167. However, as the substitution of 
Arg167 by Ala abolishes [3H]-Ang II as well as [3H]-candesartan binding to intact 
CHO-hATI cells (Vauquelin et al. 2001c), the possibility also arises that this ami
no acid is only important for the structural integrity of the AT 1 receptor. Hence, 
there is no strict necessity for this amino acid to directly participate in any 
binding process itself. Based on similar mutation studies, several additional 
amino acids belonging to TM domains III, IV, V, VI and VII have been found to 
affect the binding oflosartan (Ji et al. 1994). Most of them are positioned within 
a small distance from each other within a plane that is one or two helical turns 
below the membrane surface. 
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6 
Inverse Agonism and Multiple ATl Receptor Conformations 

Whereas Asnill-substituted ATI receptor mutants exhibit increased affinity for 
Ang II and related agonists, they have been shown to display decreased affinity 
for losartan (Monnot et al. 1996; Groblewski et al. 1997). Such mutations are be
lieved to improve the positioning of residues required for agonist binding and 
bring about a misalignment of the residues required for losartan binding 
(Hunyady et al. 2001). Recent studies on intact CHO-hAT I cells reveal that WllG 
and related mutant receptors display a similar decrease in affinity for losartan, 
irbesartan, EXP3174 and candesartan (Le et al. 2003). Provided that the wild
type AT I receptor can spontaneously adopt a related preactivated state (R'), 
these findings predict that nonpeptide antagonists have the potential to act as 
inverse agonists but that this effect should be independent of their degree of in
surmountability. So far, there are no direct indications for endogenously ex
pressed AT I receptors to undergo such spontaneous pre-activation, but other 
GPCRs have been reported to do so (Leurs et al. 2000). As Ang IV displays much 
higher potency for the WllG mutant compared to the wild-type receptor (Le et 
al. 2002), this peptide might constitute a novel powerful tool for the quest for 
preactivated AT 1 receptors under normal and pathophysiological conditions. 

Opposed to this scenario, there is the opinion that agonists do not stabilise 
pre-existing active states of the AT I receptor but that their interaction with the 
receptor is required to induce receptor activation (Noda et al. 1996; Hunyadyet 
al. 2001). This opens the possibility for different agonists, or even for the same 
agonist, to cause different conformational rearrangements of the receptor 
(Thomas et al. 2001). This provides a plausible explanation for the ability of 
[Sarl,Ile\Ile8]Ang II to promote ATI receptor phosphorylation without going 
through the conformation required for inositol phosphate signalling. It may also 
explain the fact that multiple forms of signal transduction can participate in the 
effects of Ang II on cell growth and on the remodelling of cardiac and vascular 
cells (de Gasparo et al. 2000; Dostal et al. 2000; Eguchi et aI. 2000; Haendeler et 
al. 2000; Hunyady et al. 2001). 

Taken together, the current concepts about agonist-and antagonist-AT I re
ceptor interaction comply with the increasing awareness that the classical mod
els for receptor activation, in which receptors isomerise between single inactive 
and active conformations, are over-simplistic (Clark et al. 1999; Onaran et al. 
1999). Instead, a number of agonist-bound and antagonist-bound conforma
tions and/or states of the receptor are suspected to occur, each with its own 
characteristic properties. 
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Abstract Clinical and experimental studies have demonstrated that AT I recep
tor expression and regulation play an important role in the pathogenesis of car
diovascular diseases such as atherosclerosis and hypertension. The expression 
levels of the AT I receptor define the biological efficacy of angiotensin II. Many 
agonists, as for example angiotensin II, growth factors, low-density lipoprotein 
cholesterol, insulin, estrogen, progesterone, reactive oxygen species, cytokines, 
nitric oxide, and many others are known to regulate AT I receptor expression. 
Mechanisms of ATI receptor regulation include receptor internalization, desen
sitization, alternative splicing of receptor pre-mRNA, and most importantly 
modulation of its gene expression by transcriptional and posttranscriptional 
mechanisms. Posttranscriptional mechanisms predominate AT I receptor regula
tion. Binding of RNA-binding proteins to the 5' and 3' untranslated region of 
the AT I receptor mRNA has been shown to be involved in the regulation of 
mRNA stability. Recent studies revealed that a region just adjacent to the poly-A 
tail of the AT I receptor mRNA, which has a secondary structure that forms a 
stem loop, is important for the protein-mRNA interaction. The first identified 
AT I receptor binding protein is calreticulin, which, if phosphorylated, binds to 
this cognate sequence of the ATI receptor mRNA and leads to mRNA destabi
lization. Signal transduction molecules such as cAMP, reactive oxygen species, 
MAP kinases, nitric oxide, PI-3 kinase, and others have been shown to be in
volved in AT I receptor regulation by several agonists. The pathophysiological 
relevance of dysregulated AT 1 receptor expression has been demonstrated in 
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many in vitro, in vivo and human studies. Hypercholesterolemia, estrogen defi
ciency, and hyperinsulinemia are associated with enhanced AT 1 receptor expres
sion and increased oxidative stress, and AT 1 receptor antagonism inhibits 
pathological cellular processes and the development of endothelial dysfunction 
and atherosclerotic lesions. AT 1 receptor overexpression very likely represents, 
among other things, a potential molecular mechanism that links exogenous risk 
factors to cellular events in chronic vascular disease. 

Keywords AT 1 receptor· Regulation· Transcriptional· Posttranscriptional . 
Agonists . mRNA binding proteins· Hypercholesterolemia 

1 
Introduction 

A series of recent experimental and clinical studies have demonstrated that al
tered regulation and expression of the angiotensin (Ang) II type 1 (AT d recep
tor plays an important role in the pathogenesis of chronic cardiovascular dis
eases. The modulation of AT 1 receptor expression levels contributes on the one 
hand to the adaptation of the renin-angiotensin system to chronic agonist stim
ulation and serves on the other hand as a possible explanation for the associa
tion of various hormonal and metabolic disorders with hypertension and with 
the development and accelerated progression of atherosclerotic lesions (Peach 
1977; Griendling et al. 1993). 

2 
Regulation of AT 1 Receptor Expression 

Back in 1980, it was discovered that the vasoconstriction induced by AngII in 
resistance vessels is variable (Gunther et al. 1980). Further investigations re
vealed that AT 1 receptor expression is subject to a negative feedback regulation. 
Increased levels of AngII reduce AT 1 receptor expression, whereas decreased 
AngII concentrations enhance AT 1 receptor expression levels (Douglas and 
Brown 1982; Schiffrin et al. 1984; Griendling et al. 1987; Lassegue et al. 1995). 
More recently, it has been shown that various agonists other than AngII modu
late AT 1 receptor expression. This phenomenon, referred to as heterologous AT 1 

receptor regulation, is induced by various growth factors such as platelet-de
rived growth factor (PDGF), epidermal growth factor (EGF), or fibroblast 
growth factor (FGF), all of which downregulate AT 1 receptor expression (Nickenig 
and Murphy 1994). Numerous other factors, including glucocorticoids, aldoster
one, forskolin, tumor necrosis factor-a, cytokines, nitric oxide, insulin, low
density lipoprotein (LDL) cholesterol, estrogen, progesterone, sodium chloride, 
reactive oxygen species, insulin-like growth factor-I, and isoprenaline are 
known to influence AT 1 receptor expression (Table 1) (Kitamura et al. 1986; 
Sumners et al. 1986; Douglas 1987; Linas et al. 1990; Kakar et al. 1992; Ullian et 
al. 1992; Sun and Weber 1993; Tufroet et al. 1993; Lu et al. 1994; Bird et al. 1995; 
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Table 1 Regulation of AT, receptor expression. Various agonists modulate AT, receptor expression in 
different tissues or cell types. Few studies have delineated the participating signal transduction path-
ways and characterized the mechanism of regulation 

Cell/tissue Agonist Regu- Mechanism Signal 
lation T 1 transduction 

V5MC (rat) ILl a 1 
lNFa+IFNy 1 

VSMC (rat) LDL T Posttranscri pti onal 
VSMC (rat) Angll, a-thrombin, 1 Posttranscriptional Phenylarsine oxide 

Alp, forskolin and transcriptional 
VSMC (rat) Forskolin, Posttranscriptional PKA 

isoproterenol 
VSMC SNAP (NO donor) Posttranscriptional 
VSMC IFNy MAP kinase, JAK2 
VSMC (rat) Insulin Posttranscriptional Tyrosine kinase, 

calcium 
VSMC (rat) Estrogen 1 Posttranscriptional NO synthase 

Progesterone 1 Posttranscriptional PI-3 kinase 
and transcriptional 

VSMC (rat) Idoxifene (SERM) 1 Posttranscriptional NO synthase 
VSMC (rat) NaCi T 
VSMC (rat) Free radicals 1 Posttranscriptional p38 MAP kinase 
VSMC (rat) oll-trons retinoic J Transcriptional 

acid (vitamin A) 
VSMC (rat) Statins 1 Posttranscriptional Geranylgeranylation 
VSMC (rat) EGF J Posttranscriptional 

and transcriptional 
FGF 1 
POGF 1 

Heart (rat) Dexamethasone 1 
Deoxycorticosterone AT'Al 

Cardiac fibroblasts TNF-a T Inositol phosphat 
ILlP 1 
IL2, IL6 --4 

Neuronal celis Phorbol ester r Transcriptional 
(WKY and SHR) Forskolin T 
Brain (mouse) Haloperidol T 
Astrocytes (rat) GH AllAl Transcriptional 
Pituitary, brain (rat) Estrogen 1 
Neuroblastoma Angll 1 
cells (mouse) 
Pituitary Estrogen Posttranscriptional 
Adrenal gland 
Uterus T 
Bovine zona AOH l 
glomerulosa cells cAMP 1 

IGFl r 
KCI I 
Cortisol l 
Aldosterone 

Mesangial cells (rat) Glucose 1 PKC 
Mesangial cells (rat) Dexamethasone ATIA-+, 

ATlsl 
Placenta, trophoblast Progesterone ! 
cells (human) Estradiol 
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Bruna et al. 1995; Nickenig et al. 1996, 1997a, 1998a,b,c, 2000a,b; Cheng et al. 
1996; Kalenga et al. 1996; Sechi et al. 1996; Yang et al. 1996; Nishimura et al. 
1997; Sasamura et al. 1997; Ullian et al. 1997; Wang et al. 1997; Ichiki et al. 1998; 
Amiri and Garcia 1999; Gurantz et al. 1999; Ikeda et al. 1999; Kisley et al. 1999; 
Krishnamurthi et al. 1999; Muller et al. 2000; Takeda et al. 2000; Baumer et al. 
2001; Wassmann et al. 2001a). 

3 
Mechanisms of AT 1 Receptor Regulation 

Most of the An gIl effects are mediated by stimulation of AT I receptors. Thus, 
the number of AT I receptors defines the biological efficacy of AngII. There are 
at least four different aspects involved in AT I receptor regulation. First, activa
tion of AT I receptors with AngII may evoke internalization of the receptor pro
tein and reduces receptor numbers on the cell surface (Kai et al. 1994). Second, 
chronic AngII stimulation reduces AngII signaling via protein kinase C-depen-

Desensitization 

Modulation of 

Angiotensin II 

Alternative 
splicing 

Fig.1 Principal mechanisms involved in regulation of ATl receptor expression. ATl receptor expression 
may be modulated by Angli-induced internalization of the receptor protein or by desensitization of sig
nal transduction pathways downstream of the ATl receptor. Furthermore, ATl receptor gene expression 
may be altered at both transcriptional and posttranscriptional levels. Finally, alternative splicing may 
modulate AT 1 receptor expression 
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dent pathways, which is referred to as desensitization (Curnow 1996). Third, al
ternative splicing of the AT I receptor pre-mRNA can alter AT I receptor protein 
translation. Fourth, and likely the most important mechanism regulating AT I 
receptors, is modulation of its gene expression (Lassegue et al. 1995; Nickenig 
and Murphy 1994). These principal mechanisms of AT I receptor regulation are 
summarized in Fig. 1. 

Modulations of AT I receptor gene expression are generally obvious several 
hours after agonist stimulation and are sustained for variable periods of time 
thereafter. Recently, it has been shown that internalization of the AT I receptor 
seems to regulate expression of ATI receptor mRNA (Adams et al. 1999). 

Gene expression is predominantly modulated by transcriptional and post
transcriptional mechanisms. Among other stimuli, growth factors and AngII are 
known to reduce the rate of AT I receptor mRNA transcription (Lassegue et al. 
1995; Nickenig and Murphy 1994). Although numerous consensus sequences 
were discovered within the promoter region of the AT I receptor [e.g., AP-l, 
SP-l, estrogen-response element, cyclic adenosine monophosphate (cAMP}-re
sponse element 1, the exact mechanisms of transcriptional control of AT I recep
tor mRNA synthesis are poorly understood (Murphy et al. 1992). 

4 
Posttranscriptional AT, Receptor Regulation 

In general, the abundance of a particular mRNA transcript and its resulting pro
tein product is not only governed by its transcription rate but also by its half
life (also referred to as mRNA stability). Of relevance for AT I receptor regulation 
has been the finding that numerous agonists that modulate AT I receptor expres
sion also affect posttranscriptional processing of its mRNA. Estrogens, AngII, 
and cAMP-stimulating agents decrease AT I receptor expression by stimulating 
degradation of the AT I receptor mRNA (Nickenig and Murphy 1996; Wang et al. 
1997; Nickenig et al. 2000b). In contrast, progesterone, LDL, and insulin upregu
late AT I receptor expression by decreasing its mRNA decay (Nickenig et al. 
1997a, 1998a,b, 2000b). The data concerning growth factors such as PDGF are 
inconsistent. It is well established that these factors reduce AT I receptor mRNA 
transcription rate (Nickenig and Murphy 1994). Experiments following mRNA 
degradation after blockade of transcription with actinomycin D revealed that 
growth factors induce degradation of the AT I receptor mRNA (Nickenig and 
Murphy 1994). Other data with recombinant, retroviral approaches have sug
gested that PDGF may have no effect on AT I receptor mRNA stability (Wang 
and Murphy 1998; Xu and Murphy 2000). These discrepancies are likely due to 
difficulties in obtaining unambiguous measures of inducible mRNA turnover. 

Despite these inconsistencies, there is strong evidence that posttranscription
al mechanisms predominate AT I receptor regulation. As is the case for many 
other mRNAs, this process involves binding of proteins to both the 5' and 3' un
translated region of the AT I receptor mRNA. Data from recombinant retroviral 
AT I receptor mRNA species and experiments performed in brain tissue suggest 
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that proteins interacting with the 5' untranslated region of the AT 1 receptor 
mRNA are involved in both cAMP- and estrogen-induced modulation of AT 1 re
ceptor regulation (Krishnamurthi et al. 1998, 1999; Wang and Murphy 1998; Xu 
and Murphy 2000). To date, however, the identity of these proteins remains un
defined, as do the precise regions of the AT 1 receptor mRNA involved in binding 
these proteins. 

Several families of RNA binding proteins have been implicated in the regula
tion of steady-state RNA levels. Packaging, splicing, and nuclear translocation 
are arranged through actions of nuclear ribonucleoprotein particles (Dreyfuss 
1986; Swanson and Dreyfuss 1988; Wilusz and Shenk 1990). Small nuclear RNA
binding proteins are thought to manage further splicing and processing of the 
5' cap and the 3' poly-A-tail (Steitz et al. 1983; Konarska and Sharp 1987). In ad
dition, cytosolic RNA-binding proteins have been identified that bind their cor
responding mRNA in the 3' untranslated region and that transfer (de)stabiliza
tion induced by the respective receptor agonist (Malter et al. 1989; Bohjanen et 
al. 1991; Brewer 1991; Vakalopoulou et al. 1991; Port et al. 1992). These mRNA 
binding proteins may bind to distinct mRNA consensus sequences, of which the 
AUUUA motif has attracted the most attention so far (Malter et al. 1989; Brewer 
1991). It was demonstrated that the ATl receptor mRNA also binds to RNA
binding proteins and is destabilized in the polyribosomes of vascular smooth 
muscle cells after stimulation with AngII (Nickenig and Murphy 1996). 

5 
Mechanisms of Posttranscriptional AT 1 Receptor mRNA Regulation 

It was recently shown that a family of proteins residing in the polysomal com
partment bind to the 3' untranslated region of the AT 1 receptor mRNA (Fig. 2). 
Detailed analysis revealed that a region between bases 2175-2195 within the ATl 
receptor mRNA, just adjacent to the poly-A-tail, is responsible for the protein
mRNA interaction. Transfection experiments in vascular smooth muscle cells 
and in vitro decay assays within the polysomal compartment derived from vas-

Fig.2A, B Posttranscriptional regulation of ATl receptor expression. A UV crosslin king assay of polyso
mal proteins to the ATl receptor mRNA. Representative autoradiogram of the ATl receptor mRNA base 
1864-2213 crosslinked to polysomal proteins isolated from VSMC. Bands indicate interactions between 
the labeled mRNA and polysomal proteins. As indicated, specific competition between portions of the 
Ah 3' untranslated region (UTR) and the full-length UTR can be observed. A non-relevant mRNA does 
not compete. B Scheme of posttranscriptional ATl receptor expression. Agonists such as Angll (Ang In 
activate various signaling pathways which involve, for example, reactive oxygen species, nitric oxide, 
MAP kinases and PI-3-kinase. These events activate/induce proteins residing within the polysomal com
partment which bind the ATl receptor mRNA in its very 3'UTR at bases 2175-2195. This cognate ATl 
receptor mRNA region forms a stem loop characteristic of mRNA sequences that interact with RNA
binding proteins. This protein-ATl receptor mRNA interaction increases or decreases ATl receptor mRNA 
decay, leading ultimately to either up- or downregulation of ATl receptor expression. ORr, open reading 
frame; UTR, untranslated region 
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k , 

;..- ~ .. ' . 

2175-2213 

1864-2213 minus 2175-2195 

Fig,3 Computer modeling of ATl receptor mRNA. The secondary structures of the wild-type ATl recep
tor mRNA, the ATl receptor transcript bases 2175-2195, and an ATl receptor mRNA mutant lacking the 
motif bases 2175-2195 were imaged with the RNAdraw software under standard conditions. The 
1864-2213 and the 2175-2213 fragments correspond to the wild-type ATl receptor mRNA displaying 
the stem loop structure. The fragment 1864-2213 minus 2175-2195 shows a mutant in which the 
stem loop formation is omitted 

cular smooth muscle cells (VSMC) demonstrated that protein binding to the 
bases 2175-2195 of the AT, receptor mRNA mediates AT, receptor regulation 
(Fig. 2) (Nickenig et al. 2001). This cognate sequence contains an AUUUUA hex
amer which shows intriguing similarities to the .B2-adrenergic receptor mRNA 
(Tholanikunnel and Malbon 1997), although the flanking region of this mRNA 
binding region differs slightly between the genes. The bases 2175-2195 of the 
AT, receptor mRNA are almost completely composed of A and U nucleotides 
(except for three Gs), a feature that has been shown for most mRNA binding se
quences residing in the 3' untranslated region. 

Binding of mRNA binding proteins to their corresponding mRNA is pro
foundly influenced by secondary and tertiary structures of the mRNA. Hairpins 

Fig. 4A-C The ATl receptor mRNA binding protein calreticulin. A Identification of the ATl receptor 
mRNA-binding protein calreticulin. Phosphorylated cal reticulin was incubated and crosslinked with the 
ATl receptor riboprobe bases 1864-2213 in the presence of the ATl receptor mRNA competitors bases 
1864-2213, 2175-2195, and the unspecific mRNA competitor GAPDH (30x and lOx excess over the 
riboprobel. The binding pattern reveals that calreticulin binds the ATl receptor mRNA at bases 2175-



A 

B 

c 

kDa 

203-

126-
74-

40-

30-

16-

<U 100 
c 
01-
ii5~ 75 
c ... 
o c ._ 0 
... u 50 
::'3---.- 0 
~~ 25 
.c ->-
:I: 

:z: 

;i~ ,;,'" 0 
0.. 

~;; « 
~~ C) 

....... ....... ....... 
3Ox10x 3Ox10" 301C10~ 

50 100 150 

Time (min) 

150 AT1 receptor mRNA 

o ..1.-....L.._---I_ 

control angll angll+AS·Cal 

ATl Receptor Regulation 325 

2195 and not the GAPDH mRNA. B Calreticulin destabilizes the ATl receptor mRNA. Either recombinant 
phosphorylated cal reticulin (AT1-R Can or the kinase reaction without cal reticulin (AT1-R contron were 
added to an in vitro decay assay including the in vitro transcribed ATl receptor mRNA. Degradation of 
ATl receptor mRNA was assessed by real-time PCR. As internal control, a GAPDH mRNA was included in 
the reaction and concomitantly quantified (GAPDH-Can. ( Cells were transfected with either an insert
less pcDNA3 vector (control and Angm or an antisense calreticulin construct (AS-Can. The effect of anti
sense calreticulin and sense cal reticulin construct transfection was monitored by Western blot. Twenty
four hours later, VSMC were incubated with vehicle (contron or 1 ~mol/I Angll (angm for 4 h. ATl recep
tor mRNA and GAPDH mRNA (not shown) were quantified by real-time PCR. Calreticulin antisense trans
fection abolishes the destabilizing effect of Angll on ATl receptor mRNA 
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or stem loops formed by the RNA region of interest may interact with neighbor
ing proteins. In the case of the AT 1 receptor, computer modeling showed that 
the identified ATl receptor mRNA binding motif (bases 2175-2195) forms such 
a stem loop (Fig. 2). That holds true for the entire AT 1 receptor mRNA and also 
for the isolated 20-base transcript. Deletion of this motif abolishes the stem loop 
which is in concert with the finding that such a mutated mRNA binds no longer 
to polysomal proteins, suggesting the importance of secondary structure for 
protein-mRNA interaction (Fig. 3). 

Recently, the first AT 1 receptor mRNA binding protein was identified 
(Nickenig et al. 2002). Calreticulin, which is known to be involved in intracellu
lar calcium homeostasis and acts as chaperone-like molecule and as receptor for 
nuclear export, binds, if phosphorylated, to the cognate sequence bases 2175-
2195 of the ATl receptor mRNA and leads to destabilization of the ATl receptor 
mRNA (Fig. 4). Stimulation with AngII, which causes destabilization of AT 1 re
ceptor mRNA, leads to phosphorylation and thereby to activation of the mRNA 
binding properties of calreticulin (Nickenig et al. 2002). Phosphorylation causes 
either a conformational change of calreticulin or activates a preformed binding 
site of calreticulin which enables the interaction with the mRNA. Furthermore, 
calreticulin may also bind other protein factors before or while interacting with 
the target mRNA, it may itself activate RNases which realize the actual AT 1 re
ceptor mRNA decay, or it may induce a change in the tertiary structure of the 
mRNA leading to a more or less pronounced interference with nucleases. This 
mechanism of regulation could represent a general mechanism involved in 
mRNA processing and could be applicable to other genes. 

6 
Signal Transduction of AT 1 Receptor Regulation 

No uniform signal transduction pathway has been defined that inevitably results 
in modulation of AT 1 receptor expression. In vascular smooth muscle cells, 
cAMP participates in isoprenaline and possibly in AngII-induced ATl receptor 
downregulation (Lassegue et al. 1995; Wang et al. 1997). Furthermore, superox
ide radicals and hydrogen peroxide are involved in AngII-induced ATl receptor 
regulation. The p38 mitogen-activated protein (MAP) kinase mediates free radi
cal-induced AT 1 receptor regulation, whereas p42/44 MAP kinase is presumably 
involved in insulin-driven ATl receptor overexpression (Nickenig et al. 1998a, 
2000a). In VSMC, superoxide as well as hydrogen peroxide downregulate AT 1 re
ceptor mRNA expression mediated through posttranscriptional mechanisms 
(Nickenig et al. 2000a). Again, transcriptional regulation seems to be not of im
portance. Moreover, nitric oxide mediates estrogen-dependent AT 1 receptor 
downregulation, whereas phosphoinositide {PI)-3 kinase has been implicated in 
progesterone-caused AT 1 receptor upregulation (Table 1) (Nickenig et al. 
2000b). Thus, various signal transduction pathways have been implicated; how
ever, the detailed cascade between a cell surface impulse and the ultimate mod
ulation of gene expression is only partially understood. Particularly, the steps 
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immediately upstream of the described AT 1 receptor mRNA binding proteins 
are not known. 

7 
Pathophysiological Relevance of Dysregulated AT 1 Receptor Expression 

Dysregulated expression of AT 1 receptors may profoundly participate in the de
velopment of vascular damage (Nickenig and Harrison 2002). Hypercholesterol
emia and in particular elevated LDL cholesterol plasma concentrations playa 
fundamental role in the pathogenesis of atherosclerosis. Despite a large body of 
epidemiological evidence, the molecular events leading from hypercholesterole
mia to hypertension and atherosclerosis are only partially understood. In recent 
studies, it has been shown that exposure of vascular smooth muscle cells to LDL 
markedly augments AT 1 receptor mRNA and protein expression (Nickenig et al. 
1997a), and in rabbits with diet-induced atherosclerosis or heritable hyperlipi
demia, aortic AT 1 receptor expression is increased twofold (Nickenig et al. 
1997b; Warnholtz et al. 1999). Vascular superoxide production is also increased 
in hypercholesterolemia, which is associated with profound alteration of endo
thelium-dependent vasodilation. These abnormalities are normalized by block
ade of the AT 1 receptor, despite the fact that blood pressure and lipoprotein lev
els are not changed by this treatment (Warnholtz et al. 1999). Most importantly, 
development of atherosclerotic lesions can be inhibited by AT 1 receptor antago
nism (Warnholtz et al. 1999; Strawn et al. 2000). Subsequent work has provided 
evidence that hypercholesterolemia increases AT 1 receptor expression in hu
mans (Nickenig et al. 1999). In hypercholesterolemic subjects, AngII infusion 
produced more than twice the increase in blood pressure as observed in normo
cholesterolemic subjects. In keeping with this finding, the expression of AT 1 re
ceptors was increased two- to threefold in hypercholesterolemic subjects. More
over, hypercholesterolemia-associated endothelial dysfunction is improved by 
AT 1 receptor antagonist treatment in humans (Wassmann et al. 2002a). These 
findings strongly support the concept that hypercholesterolemia increases AT 1 

receptor expression and illustrate how this phenomenon may contribute to the 
development of atherosclerosis. 

On the other hand, hypercholesterolemic patients are frequently treated with 
3-hydroxy-3-methylglutaryl (HMG) coenzyme A (CoA) reductase inhibitors 
(statins). Treatment with statins for 4 weeks normalized the pressor response to 
AngII infusion and completely normalized AT 1 receptor expression (Nickenig et 
al. 1999). Further experiments in normocholesterolemic spontaneously hyper
tensive rats and cultured VSMC demonstrated that statins directly downregulate 
AT 1 receptor expression independent of cholesterol lowering (Wassmann et al. 
2001a,b, 2002b). Thus, it may be speculated that the beneficial effects of statins 
relate not only to cholesterol lowering but also to so-called pleiotropic effects 
such as AT 1 receptor downregulation. 

Many epidemiological studies indicate that premenopausal women have a 
low incidence of vascular disease but that the risk of cardiovascular events and 
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the incidence of hypertension increases rapidly after the menopause (Colditz et 
al. 1987). Observational studies have shown that estrogen replacement therapy 
may exert beneficial effects on cardiovascular morbidity and mortality, suggest
ing an important role of estrogens in the pathogenesis of vascular diseases 
(Mendelsohn and Karas 1999). Estrogen has been shown to have beneficial ef
fects on vascular cells (Mendelsohn and Karas 1999). Recently, it was demon
strated that in ovariectomized rats, AngIl-induced vasoconstriction was signifi
cantly increased and AT 1 receptor density and mRNA levels were upregulated 
twofold. Estrogen replacement therapy normalized AT 1 receptor expression in 
these animals (Nickenig et al. 1998c). Overexpression of ATl receptors induced 
by estrogen deficiency was associated with endothelial dysfunction and in
creased vascular production of superoxide, and these abnormalities were nor
malized by either estrogen replacement or AT 1 receptor blockade (Wassmann et 
al. 2001c). Parallel studies in cultured vascular smooth muscle cells revealed that 

Estrogen DefiCiency 

0\ Angiotensin II /0 
AT1 Receptor 

o 
Vasoconstriction Free Oxygen Radicals Proliferation 

I Endothelial Dysfunction I 
10, 

I HypertenSion I I Atherosclerosis I 
Fig. S Interaction of risk factors with ATl receptor expression and implications for the pathogenesis of 
atherosclerosis. Risk factors such as hypercholesterolemia, estrogen deficiency, or hyperinsulinemia may 
increase ATl receptor expression. Increased ATl receptor expression results in increased oxidative stress, 
accelerated growth of vascular smooth muscle cells, and enhanced vasoconstriction. Presumably, ATl 
receptor overexpression is accompanied by upregulation of vascular ACE and potentially other local 
components of the renin-angiotensin system. These events contribute among other conditions to ele
vated blood pressure, endothelial dysfunction, and progression of the atherosclerotic process 



ATl Receptor Regulation 329 

estradiol causes a downregulation of AT 1 receptor gene expression (Nickenig et 
al. 2000b). Estrogen-induced downregulation of ATl receptor expression could 
help to explain the association between estrogen-deficiency, hypertension, and 
atherosclerosis observed in many clinical studies. 

Finally, hyperinsulinemia, which is also known to be a risk factor for 
atherosclerotic diseases, was also found to be associated with profound AT 1 re
ceptor overexpression in VSMC (Nickenig et al. 1998a). 

AT 1 receptor regulation very likely represents, among others, a molecular 
switch connecting traditional risk factors such as hypercholesterolemia, estro
gen deficiency, and hyperinsulinemia with hypertension and atherosclerosis 
(Fig. 5). From this point of view, ATl receptor overexpression is one potential 
molecular mechanism that links a variety of exogenous risk factors to cellular 
events in vascular disease. Presently, it is not certain if increased activity of oth
er local components of the renin-angiotensin system such as ACE and AngII is 
concomitantly required, or whether AT 1 receptor overexpression itself is suffi
cient to propagate vascular dysfunction and lesion formation. 
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Abstract The octapeptide hormone, angiotensin II (Ang II) binds to type 1 an
giotensin (AT 1) receptors in target tissues and through a number of signal trans
duction pathways, elicits its effects on blood pressure control and fluid and elec
trolyte homeostasis. AT 1 receptor antagonists are widely used to treat hyperten
sion and associated cardiovascular and renal disease. In this review, we focus on 
the signal transduction mechanisms of AT 1 receptors. The list of known effec
tors through which the AT 1 receptor can signal has dramatically increased over 
the past 10 years and points to the complexity of receptor signaling to this effec
tor. This complexity, however, may not be surprising given the various actions 
of Ang II at the cellular level. 

Keywords Renin-angiotensin system· Angiotensin AT 1 receptor· 
Phospholipase C . Adenylate cyclase· G proteins· G protein coupling· Protein 
kinase· Tyrosine kinase· Mitogen-activated protein kinase (MAPK) . Small G 
proteins 
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1 
Introduction 

Angiotensin II (Ang II) mediates the biological effects of the renin angiotensin 
system by signaling through its two receptor subtypes (AT 1 and AT 2) in the cell 
membrane of target tissues. These two receptors play an important role in blood 
pressure control and fluid and electrolyte homeostasis through modulating the 
actions of Ang II on vasoconstriction (Griendling et al. 1997), aldosterone secre
tion (Vallotton 1987), thirst (Fitzsimons 1998), and vascular smooth muscle cell 
(VSMC) growth (Thomas et al. 1996; Marrero et al. 1997; Xi et al. 1999). Hypo
tension, hypertension, hyponatremia, and hemorrhage all alter the activity of 
the renin-angiotensin system. In this review, we focus on the various mecha
nisms by which AT 1 receptors signal. 

2 
G Protein Coupling 

2.1 
Multiple Signaling Pathways 

2.1.1 
Phospholipase C 

The AT 1 receptor belongs to the family of calcium mobilizing G protein-coupled 
receptors (GPCRs). Upon binding Ang II, the ATI receptor stimulates phospho-

Fig. 1 Multiple ATl receptor signaling pathways. Binding of Ang II to the G protein-coupled ATl recep
tor activates PLC, which either leads to the generation of IP3 with subsequent Ca2+ mobilization or gen
eration of diacylglycerol (DAG) with subsequent protein kinase C (PKC) activation. Activation of the ATl 
receptor also leads to activation of the phospholipase A (PLAz) pathway with subsequent release of 
arachidonic acid and activation of tyrosine kinase pathways 
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lipase C (PLC)-f3; hydrolysis of phosphatidylinositol 4,5-bisphosphate by PLC 
then yields inositol 1,4,5-trisphosphate (IP3). Subsequently, IP3 binds to its re
ceptor on the sarcoplasmic reticulum, which induces the release of intracellular 
calcium (Peach and Dostal 1990; Israel et al. 1995) (Fig. O. 

2.1.2 
Adenylate Cyclase 

The ATl receptor also inhibits adenylate cyclase (Catt et al. 1988; Douglas et al. 
1990). ATl receptors can couple to more than one signal transduction pathway. 
When rat (r) AT la receptors were stably transfected into Chinese hamster ovary 
cells, they not only coupled to the PLC pathway, but in addition, they coupled to 
inhibition of forskolin-evoked cyclic adenosine monophosphate (cAMP) accu
mulation (Ohnishi et al. 1992; Teutsch et al. 1992). 

2.2 
G Protein Types 

The AT 1 receptor interacts with the pertussis-insensitive Gqll class of G proteins 
(Kai et al. 1996) as well as the Gq12!13 family (Macrez-Lepretre et al. 1997). By 
turning on the a-subunit of the G protein, Ang II -activation of AT 1 receptors 
stimulates PLC-f3l (Schelling et al. 1997). Studies in rat portal vein myocytes us
ing antisense oligonucleotides directed against mRNAs encoding the G protein 
subunits a, f3, and y suggest that rAT la receptors activate the PLC pathway by 
coupling to the G protein heterotrimer, Ga13,f3lY3 (Macrez-Lepretre et al. 1997). 
However, the rAT la receptor couples to different G proteins in rat VSMCs. Elec
troporated antibodies directed against various G protein subunits indicate that 
the initial receptor-PLC coupling is mediated by Gaq/llf3Y and Ga12f3y but not 
by Ga13[3y (Ushio-Fukai et al. 1998). Furthermore, these authors showed that 
the rAT la receptor sequentially couples to PLC-f3l followed by coupling to PLC
y. Thus, these studies indicate that ATl receptors can couple to different G pro
tein heterotrimers depending upon the cell type and growth stage and that 
Ang II signaling is temporally controlled. 

The binding of guanosine triphosphate (GTP)yS is influenced by synthetic 
pep tides that represent intracellular cytosolic regions of the AT 1 receptor. These 
representative synthetic peptides could also activate purified Gil> Giz, and Go 
proteins (Shirai et al. 1995). Furthermore, site-directed mutagenesis of the hu
man (h) AT 1 receptor showed that a mutant deficient in coupling to Gi could 
still retain its ability to bind Gq (Shibata et al. 1996). Taken together, these data 
suggest the AT 1 receptor can couple to Gi, Go, and Gq. 

Most GPCRs possess a number of receptor subtypes, which couple to distinct 
signaling pathways (Carman and Benovic 1998; Selbie and Hill 1998; Wess 
1998). In contrast, many studies suggest that only two AT receptor classes (ATl 
and AT 2) exist. Thus, the finding that AT 1 receptors can signal in different ways 
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depending on the coupling G protein explains how Ang II can activate multiple 
signal transduction pathways. 

2.3 
Determinants of G Protein Coupling 

Intracellular loop (Ie) 3 of the AT 1 receptor plays a key role in G protein cou
pling. Site-directed mutagenesis studies demonstrate that residues 219-225 in 
IC3 are essential for Gq coupling (Wang et al. 1995). Within this loop, Leu222 in 
the KALKK amino acid sequence is not only essential for G protein interaction, 
it also is crucial for signal transduction (Hunyady et al. 1996; Laporte et al. 
1998). A leucine in this position (or sometimes another apolar residue) is com
monly found in Gq-coupled receptors (Hunyadyet al. 1996). Structure-function 
studies and homology comparisons of AT 1 receptors across species predict that 
an amphipathic a-helix is formed within this loop. On one side, all the residues 
are basic while the opposite side contains many uncharged residues. The IC3 of 
the M3 muscarinic GPCR is also predicted to form an amphipathic a-helix. Evi
dence that orientation of basic residues within the a-helix is critical for GTPase 
stimulation and subsequent activation of G proteins has come from mutagenesis 
structure-function studies and from studies of peptide sequences that corre
spond to IC3 in GPCRs and which stimulate GTPase activity (Okamoto et al. 
1990; Okamoto and Nishimoto 1992; Oppi et al. 1992). This IC3 region is also 
critical for G protein recognition and coupling to Gi in the muscarinic M3 re
ceptor (Bluml et al. 1994; Wess 1998). ATl receptor activation of Gq/Gqll-depen
dent phosphoinositide hydrolysis is controlled by residues in the N-terminus re
gion of IC3 and residues (He238 and Phe239) in the C-terminal region of IC3 adja
cent to the sixth transmembrane domain (TMVI) (Zhang et al. 2000). 

IC2 also plays a crucial role in G protein coupling. The highly conserved 
DRYM amino acid sequence in IC2 is essential for G protein coupling in many 
GPCRs (Wess 1998) and is also shown to be critical for Gq and Gi coupling in 
the hATl receptor (Shibata et al. 1996). Furthermore, evidence for the impor
tance of IC2 arises from mapping studies with synthetic peptides. Peptides rep
resenting receptor sequences corresponding to the N-terminal region of the IC2 
(125-137) inhibited receptor G protein coupling in the rATla receptor (Shirai et 
al. 1995; Kai et al. 1996). Residues in the external third region ofTMVI have also 
been shown to playa key role in signaling without interfering with ligand bind
ing and include residues Val2S4, His2s6, and Phe2s9 in the rAT la receptor (Han et 
al. 1998). 

G protein coupling in the AT 1 receptor is also influenced by residues in the 
C-terminal tail. GTP binding to Gi was either stimulated or inhibited depending 
upon the region of the carboxy terminal cytoplasmic tail that the peptide repre
sented, suggesting Gi and the rAT la receptor directly interact within this region 
(Shirai et al. 1995; Kai et al. 1996). Receptor-G protein specificity is apparently 
controlled by specific sequences in the carboxy tail. Mutagenesis analysis 
showed that a truncated hAT 1 receptor, which lacked the carboxyl terminal 50 
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residues coupled to Gq but was unable to couple to Gi (Shibata et al. 1996). 
There are species differences in the residues that govern the specific determi
nants of AT I receptor G protein coupling. Unlike in the hAT I receptor, Tyr312, 

Phe313, and Leu324 in the rAT la cytoplasmic tail are essential for coupling to Gq 
(Sano et al. 1997). In conclusion, multiple contacts within IC2 and IC3, the cyto
plasmic tail, and TMVI determine AT I receptor binding and activation of G pro
teins. Furthermore, homology comparisons among GPCRs indicate that resi
dues in similar positions are important in G protein activation in general (Ren 
et al. 1993). 

2.4 
Receptor Activation Models 

Thus far, there are no X-ray crystallographic structures of ATI receptors or any 
other peptide hormone GPCR. Thus, receptor activation models are commonly 
based on structure-function studies of mutant receptors. Many of these studies 
are based on loss-of-function analysis, which is problematic since loss of func
tion could reflect nonspecific effects due to local losses in receptor structural in
tegrity; however, gain-of-function mutagenesis studies and other approaches, 
such as biochemical mapping, can help in model development. 

Mutagenesis studies suggest that Ang II signaling is initiated when Tyr4 with
in the Ang II peptide interacts with Asnlll within TMIII of the receptor. This in
teraction induces a conformational change, which disrupts the interaction 
between Asnlll within TMIII and Tyr292 and Asn295 within TMVII (Marie et al. 
1994; Balmforth et al. 1997). This model of receptor activation, implicating 
TMVII in the initiation site of agonist activation, is similar to models proposed 
for many GPCRs (Baldwin 1993; Roth et al. 1997). Numerous serine, threonine, 
and tyrosine residues within the intracellular carboxy tail are phosphorylated in 
an agonist-dependent manner, and evidence suggests they playa key role in re
ceptor activation, internalization, and desensitization (see Thomas 1999 for an 
excellent review of the topic). 

Commonly, the highly conserved residues within GPCRs play similar roles in 
G protein activation such as Asp74 in TMII (Bihoreau et al. 1993), the DRY ami
no acid sequence in TMIII (Ohyama et al. 1995) and Ty~15 in TMV (Hunyadyet 
al. 1995). Residues in IC3 (Zhang et al. 2000), TMVI (Han et al. 1998), and 
TMVII (Hunyady et al. 1998) facilitate the rearrangement of helices that lead to 
receptor activation, while having no affect on ligand binding. While many simi
larities exist among GPCRs, not all highly conserved sequences regulate the 
same activities. In the intracellular domain of GPCRs, the NPXn Y sequence is 
highly conserved. Receptor internalization and resensitization in the fJ2-adren
ergic receptor is prevented if the tyrosine in this sequence is substituted with 
another residue (Barak et al. 1994). In the ATI receptor, the corresponding resi
due in the NPLFY sequence is critical for PLC activation but is not necessary 
for agonist binding or receptor internalization (Laporte et al. 1996). The resi
dues that determine G protein coupling are not identical to those residues that 
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govern ATl receptor internalization. Ang II-induced receptor endocytosis has 
been shown to occur in non-signaling mutants of TMII, IC3, and the cytoplas
mic tail (Hunyadyet al. 1994a,b,c; Thomas 1999). 

3 
Protein Kinases 

Less well understood pathways of AT 1 receptor signaling are through phosphor
ylation of receptor and non-receptor tyrosine kinases and activation of mito
gen-activated protein kinases (MAPK). The fact that these signaling cascades 
are commonly associated with signaling by growth factors and cytokines, sup
ports the accumulating data suggesting that Ang II plays a pivotal role in medi
ating long-term growth regulation and inflammatory processes under both 
physiological and pathophysiological conditions (Hunyadyet al. 1994a,b,c; Tho
mas 1999). In addition to its important role in the control of systemic blood 
pressure, water, and salt homeostasis, Ang II is a potent growth factor in a num
ber of tissues and cell types (Schnee and Hsueh 2000; Enseleit et al. 2001; Klahr 
2001; De Gasparo 2002). To date, the best-defined Ang II-induced tyrosine phos
phorylation and MAPK cascade is described in VSMCs. Ang II induces a multi
tude of actions in these cells that are typical of growth factors and cytokines, 
including adhesion, migration, synthesis of extracellular matrix, and regulation 
oflong-term cell growth. Abnormal regulation of these pathways has been asso
ciated with cardiovascular disease and hypertension (Border and Noble 2001; 
Deblois et al. 2001; Schiffrin 2002; Unger 2002). 

3.1 
Tyrosine Kinases 

The ability of Ang II to induce tyrosine phosphorylation is still a puzzle, since 
the AT 1 receptor is a member of the GPCR family and not a member of the tyro
sine kinase family of receptors. Apparently, AT 1 receptors do not have intrinsic 
tyrosine kinase activity. Instead, accumulating experimental data suggest that 
its tyrosine kinase activity is achieved through activation of both receptor and 
non-receptor tyrosine kinases. Receptor tyrosine kinases include platelet-de
rived growth factor (PDGF) and epidermal growth factor (EGF) (Fujiyama et al. 
2001; Saito and Berk 2001). Non-receptor tyrosine kinases include PLC-y, Src 
family kinases, focal adhesion kinase (FAK), proline-rich tyrosine kinase 
(Pyk2), Janus family kinases OAK), tyrosine kinase (TYK), signal transducers 
and activators of transcription (STATs), paxillin and p130Cas (Marrero et al. 
1996; Berk and Corson 1997; Kim and Iwao 2000; Touyz and Berry 2002). 
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3.1.1 
Receptor Tyrosine Kinases 

Another mechanism by which Ang II exerts cell regulatory properties is by acti
vating receptor tyrosine kinases. Accumulating evidence suggests that even 
though the AT 1 receptor does not have a direct physical association with recep
tor tyrosine kinases, Ang II -activated AT 1 receptors regulate receptor tyrosine 
kinase activity by transactivation. Signaling by AT 1 receptor transactivation has 
been shown for a number of receptor tyrosine kinases, including both Ca2+ -de
pendent (e.g., EGF) and independent (e.g., PDGF) receptors (Kalmes et al. 2001; 
Saito and Berk 2001). 

The mechanisms of Ang II-induced receptor transactivation are still poorly 
understood. Studies suggest that Ang II-activated ATl receptors cause cleavage 
of pro-heparin-bound EGF via metalloproteinases (Haendeler and Berk 2000; 
Kalmes et al. 2001). The free, heparin-bound EGF then binds to its receptor and 
becomes autophosphorylated. This process is associated with activation of Pyk2 
and Src as well as downstream activation of extracellular signal-related kinase 
(ERK)ll2 (Eguchi and Inagami 2000; Eguchi et al. 2001). The process of Ang II
induced transactivation of EGF has been reported to be important in VSMC 
hyperplasia and contraction (Eguchi et al. 2001). 

3.1.2 
Non-receptor Tyrosine Kinases 

a. PLC-y. Ang II activation of PLC-y depends upon phosphorylation of the 
ATl receptor (Fig. 2). Ang II binding to the ATl receptor causes phosphory
lation of Tyr3l9 in the YIPP motif within the C-terminal intracellular domain 
of the receptor. The C-terminal region of the phosphorylated receptor is 
then able to bind to two Src homology 2 domains in PLC-y1 (Ali et al. 1997; 
Venema et al. 1998). Interestingly, evidence also suggests that the same 
YIPP motif is required for AT 1 receptor binding to the tyrosine phosphatase 
SHP-2 and to the JAK2 tyrosine kinase; however, the functional significance 
of these observations remains unknown. Activation of PLC-y1 leads to IP3 
production and intracellular Ca2+ release (Harp et al. 1997; De Gasparo et 
al. 2000). The relative contribution of the various PLC isoforms including 
PLC-y1 in ATl receptor signaling is not well understood. Species differences 
in the expression of PLC isoforms exists. In the rat, studies suggest that AT 1 

receptors couple to PLC-fJ, then subsequently to PLC-y (Marrero et al. 
1994; Ushio-Fukai et al. 1998), leading to increased intracellular IP3 and 
subsequent Ca2+ mobilization as well as tyrosine phosphorylation. Activa
tion of non-receptor tyrosine kinases mediates a number of cellular func
tions in VSMCs, including cell growth and differentiation (Marrero et al. 
1994; De Gasparo et al. 2000). 
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Fig.2 ATl receptor activated tyrosine kinase pathways. Upon binding to the ATl receptor, Ang II trig
gers mUltiple tyrosine kinase signaling pathways. Ang II activates Src, which in turn regulates PLC-y 
activity leading to IP3 produdion and subsequent Ca2+ mobilization. Ang II activates the Pyk2 pathway, 
via Ca2+ -dependent mechanisms, which regulate ERK-dependent signaling pathways. Presumably via 
Rho GTPases, Ang II activates FAK. Ang II activation of the JAK2/TYK2-STAT pathway regulates gene 
transcription. Ang II also activates p130Cas via Ca 2+-dependent mechanisms 

b. Src family kinases. To date, the Src kinase family consists of 14 kinase mem
bers. Src-mediated phosphorylation of PLC-y leads to increased intracellu
lar IP3 and Ca2+ mobilization as well as phosphorylation of the cell adhe
sion signaling molecule p130Cas (Fig. 2). Evidence suggests Src also plays a 
role in Ang II-induced activation of FAK and Pyk2 as well as downstream 
signaling molecules, such as ERK, paxillin, JAK/STAT, and Shc (Erpel and 
Courtneidge 1995; Touyz and Berry 2002). An Ang II increase in Src-medi
ated signaling is involved in the regulation of focal adhesion, cytoskeletal 
reorganization, cell migration, and cell growth (Sayeski et al. 1998; Touyz 
and Berry 2002), and increased Src-mediated signaling has been implicated 
in the pathogenesis and development of hypertension (Yamazaki et al. 1999; 
Touyz and Berry 2002). 

c. FAK and Pyk2. As its name implies, FAK is associated with focal adhesion 
points between the cell membrane and the extracellular matrix. Among its 
other roles, Pyk2 provides molecular scaffolding for the docking of signal 
transduction molecules. FAK is characterized by extracellular matrix-de
pendent tyrosine auto-phosphorylation, which triggers its interactions with 
other non-receptor tyrosine kinases, such as Src. These interactions with 
non-receptor tyrosine kinases lead to further phosphorylation of FAK and 
subsequent association with Grb2 and the guanosine diphosphate (GDP)-



Angiotensin ATl Receptor Signal Transduction 343 

GTP exchange proteins, Sos and Ras (Fig. 2). Although the direct link be
tween FAK and the AT 1 receptor is still unclear, the potential role for RhoA 
or other Rho family GTPases has often been implicated. The Ang II-activat
ed FAK cascade plays an important role in the control of cell migration, cell 
shape, and volume regulation, via phosphorylation of paxillin and talin 
(Leduc and Meloche 1995; Guan 1997), and overactivation of FAK has been 
linked to VSMC hypertrophy and atherosclerosis (Taylor et al. 2001; Abbi 
and Guan 2002). Pyk2 is related to FAK and is also known as Ca2+ -depen
dent tyrosine kinase. Studies suggest that Pyk2 associates with GPCRs in
cluding the AT 1 receptor and regulates tyrosine kinase-activated cell con
traction, migration, and growth (Tang et al. 2000; Rocic and Lucchesi 2001). 

d. JAK/STAT. Ang II-activation of ATl receptors leads to the coupling of two 
members of the JAK family, namely JAK2 and TYK2 and subsequent phos
phorylation of several transcription factors in the STAT protein family, in
cluding STATlal{3, STAT2, and STAT3 (Mascareno and Siddiqui 2000) 
(Fig. 2). The phosphorylated STAT proteins are then translocated to the 
nucleus, where they initiate transcription of a number of genes involved in 
physiological and pathophysiological cell proliferation (Marrero et al. 1998; 
Meloche et al. 2000). The activation and regulation of the JAK/STAT path
way has been extensively studied over the past few years because of its key 
role in regulating Ang II-induced cell growth in cardiovascular disease (see 
Mascareno and Siddiqui 2000; Meloche et al. 2000; Booz et al. 2002 for ex
tensive reviews). 

e. p130Cas. Previous reports suggested that Ang II-activated p130Cas tyrosine 
phosphorylation is Ca2+ -, Src- and PKC-dependent; however, emerging ex
perimental data contradict these findings (Sayeski et al. 1998; Touyz and 
Berry 2002). The precise role of Ang II-activated p130Cas remains unclear. 
Some studies suggest that this proline-rich protein is involved in the regula
tion of integrin-mediated cell adhesion through activation of cytoskeletal el
ements, including FAK, paxillin and a-actin (Takahashi et al. 1998; Ishida et 
al. 1999) and subsequent involvement in cell proliferation (Ishida et al. 1999; 
Forte et al. 2002). 

f. Paxillin. An integral component of focal adhesions, paxillin performs as an 
adapter protein by acting as an anchor in the formation of multiprotein 
complexes (Bouillier et al. 2001). Ang II-activated paxillin tyrosine phos
phorylation, in concert with FAK and Src kinase, is associated with re-orga
nization of the cytoskeletal network, such as formation of new focal adhe
sions and stress fibers. Some studies suggest that alterations in the pattern 
of paxillin expression is involved in the pathogenesis of genetic hyperten
sion and cardiac hypertrophy (Sabri et al. 1998; Bouillier et al. 2001). 
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3.2 
Mitogen-Activated Protein Kinases 

MAPKs are a family of serine/threonine protein kinases associated with nuclear 
transduction of extracellular signals in a variety of cell types and under a num
ber of stimuli, including Ang II. Ang II is known to activate three major mem
bers of the MAPK family, including ERKll2, c-Jun N-terminal kinases ONKs), 
and p38 MAPK (Touyz and Schiffrin 2000; Touyz and Schiffrin 2001) (Fig. 1). 
Activation of MAPK is highly complex and involved in mediating several aspects 
of cell growth and protein synthesis. This cascade begins with phosphorylation 
by MAPK kinase (MEK), which is under the control of Rafl, both of which reg
ulate ERKl/2 activity. ERKl/2, in turn, translocates to the nucleus where it regu
lates gene expression by altering the activity of transcription factors through 
their phosphorylation. In addition to activating ERKs, MAPK is also known to 
directly regulate the activity of cyclo-oxygenase (COX)-2, Ca2+ channels, and 
the Na+/H+ exchanger (Robinson and Cobb 1997). 

The interaction between Ang II and JNK begins with phosphorylation of 
JNK/stress-activated protein kinase (SAPK) via the Ca2+ - and PKC-dependent 
p21-activated kinase. Once phosphorylated, JNK1 and JNK2 translocate to the 
nucleus and activate several transcription factors, including c-Jun, ATF-2 and 
Elk-1 (Schmitz et al. 1998), which subsequently leads to regulation of cell death 
through apoptosis (Sadoshima et al. 2002). Although studies indicate that 
Ang II-induced apoptosis is mainly associated with the AT2 receptor, the ATI re
ceptor-mediated JNK/SAPK signaling pathway may also play an important role 
in promoting cell death. 

A third mechanism by which Ang II activates the MAPK signaling cascade is 
via interaction with p38 MAPK. Similarly to the JNK/SAPK pathway, the Ang II
mediated MAPK signaling cascade is thought to be important in the regulation 
of apoptosis in the process of cardiac ischemia, hypertrophy, and remodeling 
(Kim and Iwao 2000; Sharov et al. 2003). The precise mechanisms by which 
Ang II activates p38 MAPK remain unknown; however, some data suggest this 
pathway plays an opposing role to Ang II-induced ERKll2 activation. 

4 
Small G Proteins 

In addition to signaling through activation of multiple heterotrimeric G pro
teins, tyrosine kinases, and MAPK, Ang II has now been shown to interact with 
small (21-kDa) guanine nucleotide-binding proteins (also termed small G pro
teins). So far, five subfamilies of small G proteins have been identified. These in
clude Rho, Ras, Rab, Ran, and adenosine diphosphate (ADP) ribosylation fac
tors. The Rho subfamily comprises RhoA, Rac1, and Cdc42 and is the best char
acterized with respect to AT I receptor signaling (Laufs et al. 2002). Rho A is a 
cytoplasmic protein coupled to GDP, which becomes activated upon its associa
tion with GTP. Following activation, RhoA/GTP interacts with Rho kinase, 
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which has been implicated in regulating cell contraction via modulating myosin 
light chain phosphatase activity (Park et al. 2002; Cavarape et al. 2003) and in 
abnormal Ang II-induced growth regulatory mechanisms in atherosclerosis 
(Shimokawa 2002). In addition, studies suggest that Ang II regulates cytoskele
tal organization, cell growth, and inflammation by activating Rac and conse
quent involvement with p21-activated kinase and JNK (Laufs et al. 2002; Park et 
al. 2002). 

5 
Conclusions 

For a long time, it has puzzled many scientists how Ang II could elicit such a 
wide range of cellular functions. It was initially believed that Ang II-induced sig
naling pathways were discrete and mainly of short duration. Much evidence 
now indicates that cross-talk interactions among the myriad of AT J receptor sig
naling pathways mediate the various biological functions of Ang II. This com
plex interplay of signaling events is triggered by direct receptor activation and 
also by indirect mechanisms involving tyrosine phosphorylation and MAPK. 
These signaling pathways are tightly regulated events under normal physiologi
cal conditions, and their abnormal regulation has been associated with a num
ber of pathophysiological conditions in almost every tissue and cell type. Much 
current research focuses on selectively targeting these discrete signaling path
ways with the hope of developing new treatment strategies in prevention and 
treatment of hypertension and cardiovascular and renal disease. 
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Abstract The present chapter deals with the interaction between the renin-an
giotensin system (RAS) and the sympathetic nervous system (SNS). Numerous 
studies have shown that (locally produced) angiotensin II (Ang II), the main ef
fector of the RAS, can enhance sympathetic nervous transmission. Ang II has 
been shown to enhance ganglionic transmission, to facilitate NA release from 
synaptic nerve terminals, block NA uptake, enhance NA synthesis, and enhance 
the postsynaptic effects of noradrenaline. Angiotensin-converting enzyme 
(ACE) inhibitors and AT I receptor blockers have been shown to attenuate the 
facilitating effect of Ang II on sympathetic neurotransmission. It is generally be
lieved that Ang II exerts its effects on sympathetic neurotransmission through 
the activation of ATI receptors. Several new, non-peptidergic ATI-selective re
ceptor blockers are now available. The potency of these drugs with respect to 
the attenuation of the facilitation by Ang II of sympathetic neurotransmission 
has been the subject in several studies, discussed in the present chapter. In some 



352 J. C. Bait· M. Pfaffendorf 

studies, the order of potency regarding this sympatho-inhibition by AT 1 block
ers differs from the order of potency regarding inhibition of the direct pressor 
effect of Ang II. These findings suggest differences in affinity of the AT 1 blockers 
for the pre- and postsynaptic AT 1 receptor. Sympatho-inhibition is a class effect 
of the AT 1 receptor antagonists. In conditions in which the sympathetic nervous 
system plays a pathophysiological role, such as hypertension and congestive 
heart failure, this property may well be of therapeutic relevance. 

Keywords Angiotensin II . ATRBs . Prejunctional AT 1 receptor blockade· 
Sympathetic nervous system· Hypertension' Heart failure 

1 
Interactions Between the Sympathetic Nervous System 
and the Renin-Angiotensin System 

For several decades it has been well known that the renin-angiotensin system 
(RAS) and the sympathetic nervous system (SNS) can interact at various levels 
(van Zwieten and de Jonge 1986; Story and Ziogas 1987; Reid 1992; Saxena 1992). 
The recognition of the deleterious effects of the activation of both the SNS and 
the RAS in hypertension and heart failure has generated renewed interest in the 
reciprocal positive feedback loop between these two regulatory systems. 

1.1 
Influence of the Sympathetic Nervous System on the Renin-Angiotensin System 

It is well known that, via the activation of fJl-adrenoceptors in the juxtaglomeru
lar apparatus, noradrenaline (NA) can provoke the release of renin from the kid
ney (Taber et al. 1976). Additionally, at the level of the local or tissue RAS in 
blood vessels, both renin and angiotensin II (Ang II) can be released through a 
fJ-adrenoceptor-mediated mechanism. In the rat isolated perfused mesenteric ar
tery, the fJ-adrenoceptor agonist isoproterenol induced an enhancement of pres
sor responses to nerve stimulation (Fig. 1), as well as release of Ang II. These ef
fects could be suppressed by propranolol, captopril, and the peptide AT receptor 
antagonist [Sarl-IleB]Ang II (Nakamaru et al. 1986), indicating a fJ-adrenoceptor 
stimulation-sensitive local formation of Ang II, which in turn enhances the neu
ronal NA release and/or the postsynaptic signal transduction of this neurotrans
mitter. This facilatory effect of fJ-adrenoceptor stimulation on the activation of 
systemic or local RAS might playa role in the pathology of cardiovascular dis
eases, since in spontaneously hypertensive rats, fJ-adrenoceptor-mediated activa
tion of the local vascular RAS is enhanced compared to normotensive WKY rats 
(Kawasaki et al. 1984). Besides animal data, there is sufficient evidence that the 
interaction takes place in the human situation as well, as shown in the human sa
phenous vein by Molderings et al., who demonstrated that saralasin attenuated 
the facilitatory effect on stimulation-evoked NA release of the fJ2-adrenoceptor 
agonist procaterol (Molderings et al. 1988). Furthermore, in the human forearm 
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Fig. 1 Facilitation of stimulation-induced pressor responses by ,B-adrenoceptor stimulation in the rat 
perfused mesenteric artery. Both ,B-blockade by propanolol and ACE-inhibition by captopril inhibit the 
effects of isoprenaline. (From Nakamaru et al. 1986) 

of hypertensive patients, isoproterenol-mediated NA overflow was significantly 
reduced by captopril infusion (Taddei et al. 1991). In conclusion, in a variety of 
experimental set-ups including human models, a facilitatory, f3-adrenoceptor-de
pendent effect of the SNS on the systemic and the local RAS has been demonstra
ted which most likely contributes to the pathology of cardiovascular diseases. 

1.2 
Influence of the Renin-Angiotensin System on the Sympathetic Nervous System 

On the other hand, Ang II exerts a marked influence on the sympathetic nervous 
system. This has been shown on the level of the central nervous system, the ad
renal medulla, and the sympathetic ganglia. However, by far the most evidence 
for the RAS/SNS interaction has been gathered at the level of peripheral sympa
thetic nerve terminals, both, pre- and postsynaptically (Fig. 2). Functional tissue 
responses as well as the quantification of released catecholamines have been 
used to identify and characterize this important interplay and the components 
involved in its effectuation. 

1.2.1 
Central Nervous System 

In a dog cross circulation study, it was shown that Ang II, infused in the carotid 
inflow of the cranial circulation, which was vascularly isolated but neuronally 
connected with its trunk, caused an increase in blood pressure (BP) in both the 
donor and in the recipient animal (Bickerton and Buckley 1961), pointing to an 
Ang II-sensitive, central activation of the sympathetic nervous system. It is now 
becoming clear that a functional RAS is intrinsic to the brain. Central adminis
tration of Ang II, in concentrations that are ineffective when administered pe
ripherally, causes an increase in BP and sympathetic outflow as well as a sup
pression of bar ore flex control (Reid 1992; Raizada et al. 1995). Catecholaminer-
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Fig. 2 Sites and mechanisms of interaction between the renin-angiotensin system and the sympathet
ic nervous system. Abbreviations: NA, noradrenaline; A, adrenaline. (From Grassi 2001) 

gic neurons are involved in the central mechanism by which Ang II causes BP 
increase, since central effects of Ang II can be inhibited by the a-antagonist 
phentolamine (Jones 1984). Furthermore, in conscious rats, Ang II causes re
lease of NA from the paraventricular nucleus (PVN), which is involved in BP 
control (Stadler et al. 1992). As with most of the other Ang II-induced effects, 
these central actions are mediated by the AT, receptor subtype. These receptors 
are also localized in other areas that are involved in BP control such as the nu
cleus tractus solitarii and the area postrema, whereas AT, receptor blockade can 
inhibit the effects of centrally applied Ang II (Raizada et al. 1995). 
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1.2.2 
Adrenal Medulla 

Angiotensin II stimulates the release of catecholamines from the adrenal glands 
(Peach 1971). A facilitatory effect of Ang II on stimulation-induced adrenaline 
release was demonstrated in anaesthetized dogs (Foucart et al. 1991). However, 
the doses needed are high and the physiological relevance of these observations 
remains uncertain. In pithed rats, adrenalectomy failed to alter the responses to 
Ang II (Knape 1986) and an infusion of Ang II did not alter plasma adrenaline 
levels in humans (Mendelsohn et al. 1980). 

1.2.3 
Sympathetic Ganglia 

Injection of Ang II into the blood supply of the caudal cervical ganglia of dogs 
causes positive chronotropic and inotropic responses. The direct positive ino
tropic effect of Ang II needed doses that were 60 times higher (Farr and Grupp 
1971). In pithed rats, this was shown to be an ATI receptor-mediated mecha
nism (Wong et al. 1990a). Binding sites for Ang II have been identified in rat 
sympathetic ganglia (Castren et al. 1987). Propranolol was demonstrated to in
hibit the tachycardic response to Ang II, suggesting a role of the ,B-receptor 
(Finch and Leach 1969; Knape and van Zwieten 1988). Activation of post-gangli
onic renal sympathetic nerves by Ang II, mediated by AT 1 receptors, was dem
onstrated in anaesthetized mice (Ma et al. 2001) (Fig. 3). 

1.2.4 
Sympathetic Nerve Terminals 

In various models, the facilitating effect of Ang II on sympathetic neurotrans
mission at the peripheral level was demonstrated. This facilitation has been 
shown to be caused by presynaptic mechanisms, such as an increase of NA syn
thesis (Roth 1972), an increase of stimulation-induced release of NA (Starke et 
al. 1977), and the inhibition of its uptake (Panisset and Bourdois 1968; Raasch 
et al. 2001). The enhancing effect of Ang II on stimulation-induced NA release 
and vasoconstrictor responses could be antagonized by the peptidergic AT 1/ AT 2 
receptor antagonist saralasin (Endo et al. 1977; Collis and Keddie 1981) and by 
various selective ATI receptor antagonists such as losartan (Tofovic et al. 1991; 
Wong et al. 1992; Cox et al. 1996), irbesartan (Christophe et al. 1995), and 
eprosartan (Ohlstein et al. 1997), but not by the AT2 receptor antagonists 
PD123177 or PD123319 (Tofovic et al. 1991; Wong et al. 1992; Brasch et al. 
1993). From these experiments, it is generally concluded that Ang II exerts its 
effects on sympathetic neurotransmission through the activation of AT 1 recep
tors (Fig. 4). 

In addition, an increased responsiveness of vascular smooth muscle to NA 
(postsynaptic facilitation) has been demonstrated (Purdy and Weber 1988). 
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Fig. 3A, B Responses of arterial pressure and renal sympathetic nerve activity (RSNA) to a bolus injec
tion of Ang II (4 ng/g, Lv.) in an anaesthetized mouse. A Responses to angiotensin II; B Responses to 
noradrenaline. After an initial inhibition of RNSA, Ang II persistently increases RSNA. An equipotent dose 
of noradrenaline abolished RSNA. ATl blockade by losartan inhibited the Ang II-induced increase in 
RSNA (not shown). From these data, it is concluded that the BP increase by noradrenaline causes a 
baroreflex-mediated inhibition of sympathetic outflow, while Ang II-through ATl-receptors-increases 
RSNA. (From Ma et al. 2001) 

Both the lXl- and the lXradrenoceptor have been shown to be involved (de Jonge 
et al. 1982; Richer et al. 1996). In some studies, however, such a postsynaptic 
facilitation could not be confirmed (Duckles 1981; Seidelin et al. 1991; Moreau et 
al. 1993a; Yokoyama et al. 1997). It is generally believed that the presynaptic 
facilitation is quantitatively more important than the postsynaptic enhancement. 

Locally produced Ang II can enhance noradrenergic neurotransmission. This 
has been demonstrated in the guinea pig isolated atria and the rat caudal artery 
(Ziogas et al. 1984), isolated rat mesenteric arteries (Malik and Nasjletti 1976), 
kidneys (Boke and Malik 1983), and perfused hearts of rats, guinea pigs, and 
rabbits (Xiang et al. 1985). Such a local interaction was also demonstrated in the 
human forearm (Taddei et al. 1991). These studies indicate a significant involve
ment of the local RAS in the facilitation of sympathetic neurotransmission. 
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Fig. 4 Facilitatory actions of Ang II at the sympathetic nerve terminal and vascular smooth muscle cell. 
NA, noradrenaline 

In the human forearm, Clemson et al. found that intra-arterial Ang II caused 
an increase of NA spillover (Clemson et al. 1994). Other authors, however, could 
not confirm these results (Chang et al. 1995; Goldsmith et al. 1998). In healthy 
volunteers, Ang II was shown to augment vasoconstriction as elicited by lower 
body negative pressure (LBNP) (Seidelin et al. 1991). Conversely, chronic angio
tensin-converting enzyme (ACE) inhibition had already been demonstrated to 
diminish the decrements in forearm blood flow caused by LBNP (Morganti et al. 
1989) 

The mechanism by which Ang II facilitates sympathetic neurotransmission 
has been sparsely investigated. Ang II, via the AT 1 receptor, activates receptor
linked phospholipase C (PLC), resulting in the hydrolysis of phosphatidyl-inosi
tol-4,5-biphosphate (PIP2), producing inositol-l,4,5-triphosphate (IP3) and di
acylglycerol (DAG). IP3 releases Ca2+ from the sarcoplasmic reticulum (SR), but 
this mechanism appears to have little effect on neurotransmission (Majewski 
and Musgrave 1995). DAG however, activates protein kinase C (PKC), which 
through a number of mechanisms plays an important part in transmitter re
lease: (1) by prolonging Ca2+ influx, (2) by modulating NA synthesis (through 
phosphorylation of tyrosine hydroxylase), and (3) by modulation of exocytosis 
(through phosphorylation of exocytotic proteins) (Verhage et al. 1994). 

At the postsynaptic level, the PKC pathway was shown to be involved in the 
facilitation by Ang II of a-adrenoceptor-mediated responses (Purdy and Weber 
1988; Laher et al. 1990). 
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2 
Prejunctional and Postjuntional AT 1 Blockade 

Several new, non -peptidergic AT I-selective receptor blockers are now available. 
A few studies have recently been published in which the potency of these drugs 
with respect to the attenuation of the facilitation by Ang II of sympathetic neu
rotransmission was compared (Ohlstein et ai. 1997; Shetty and DelGrande 2000; 
Balt et al. 2001a,b). 

Ohlstein et al. reported that, in the pithed rat model, eprosartan (0.3 mg/kg) 
attenuated stimulation-induced BP responses, whereas valsartan, losartan, and 
irbesartan did not (Ohlstein et al. 1997). In earlier reports, higher doses oflosar
tan and irbesartan had already been shown to be effective in blocking the facili
tating effect of Ang II on nor adrenergic neurotransmission in this model (Wong 
et al. 1992; Christophe et al. 1995). In the isolated rat mesenteric arteries, Balt et 
al. found the ranking order of the inhibition the facilitating effects of Ang II on 
stimulation-induced contractile responses to be telmisartan>irbesartan>losar-

-OMSO 
~ Angiotensin II 
C2Z2ZI + Losartan 

200 I§SSS'I + Eprosartan 

~ c:;;;;;;;J + Irbesartan 
> 180 c:::::I + Valsartan 

:;::; 
u 
ca 
0-.- ci 160 
"g!:!:: 
... N 

.... 0:: 
0u.. 140 
:t~ .g - 120 -::J 0 100 
iii 

80 

A B C 

Fig. 5 Effects of losartan, eprosartan, irbesartan, and valsartan (A, 10-6 M; 8, 10-7 M; C, 10-8 M) on 
Ang II (10-7 M)-evoked augmentation-induced efflux of radioactive [3H]NA from isolated rat atria. 
*p< 0.05 compared with control Ang II response. (From Shetty and DelGrande 2000) 

Fig. 6A-C Effect of AT 1 receptor blockade by irbesartan on: A the frequency-response curve induced 
by electrical stimulation of the spinal cord (TS-L4) *p<O.OS compared to control; B the dose-response 
curve induced by intravenously administered noradrenaline; C the dose-response curve induced by in
travenously administered Ang II in the pithed normotensive rat. From these data it can be concluded 
that (1) endogenously generated Ang II can enhance noradrenergic neurotransmission in this model 
and (2) the facilitation by Ang II is mediated by prejunctional AT 1 receptors. In this model, pre- and 
post junctional AT1 blockade can be compared. See also Fig. 7 
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tan (BaIt et al. 2001a). Nap et al. found telmisartan more potent than losartan 
and irbesartan regarding sympatho-inhibition in a model in which stimulation
induced NA release from rabbit aortic rings was measured (Nap et al. 2002). In 
isolated rat atria, in which stimulation-induced NA release was measured, Shetty 
and DelGrande reported a ranking order of valsartan=irbesartan>losar
tan=eprosartan (Shetty and DelGrande 2000) (Fig. 5). So, in contrast to Ohl
stein's findings, in Shetty and DelGrande's model eprosartan was not signifi
cantly more potent than losartan, regarding sympatho-inhibition. 

Differences in subtype between prejunctional AT 1 receptors (on sympathetic 
nerve terminals) and postsynapic AT 1 receptors (on vascular smooth muscle 
cells) have been suggested earlier by Guimaraes et al. (2001). In the canine iso
lated mesenteric artery, these authors saw no effect of losartan on Ang II-in
duced facilitation in doses which clearly inhibited the postsynaptic receptor 
(Guimaraes et al. 2001). Similar findings were published by Balt et al. (2001). In 
pithed rat, these authors investigated the effects of a number of AT 1 receptor an
tagonists on (l) stimulation-induced responses, (2) responses to exogenous NA, 
and (3) responses to exogenous Ang II (Fig. 6A-C, irbesartan as an example). 
They found that the ranking order of the AT 1 receptor antagonists regarding 
blockade of the prejunctional AT 1 receptor differed from the ranking order re
garding blockade of direct vasoconstrictor effects of Ang II (Balt et al. 200lb). 
The ratios between ED20 values (as a measure of presynaptic inhibitory dose) 
and A2 values (calculated by taking the exponential of the pA2 values, a measure 
of the postsynaptic inhibitory dose) differ considerably between the various an
tagonists (Fig. 7). These findings were confirmed in an in vitro set up: in the 
rabbit isolated mesenteric artery, eprosartan exhibits sympathoinhibition in 
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Fig. 7 Ratio between the ED20 values (obtained from stimulation experiments; reflect sympatho-inhibi
tory potency) and A2 values (obtained from Ang II experiments; reflect inhibitory potency regarding 
direct effects of Ang II on the vasculature). ED20: dose which at 2 Hz reduced ~DBP by 20 mmHg. A2 
values were calculated by taking the exponential of the pA2 values. Note the substantial differences 
between the ATl blockers studied. The presynaptic effect related with impairment of NA release occurs 
at relatively low doses for eprosartan and losartan when compared with postsynaptic inhibition of va
soconstriction by Ang II. In contrast, there is a substantial difference between these two dosages for 
candesartan 
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Fig. 8 A Inhibitory effects of PD123319 (0.1-10 JIM) on the facilitation by Ang II of stimulation-in
duced contractions. Ang II (0.5 nM) in the presence or absence of PD123319 was added to the organ 
bath 2 min prior to the third electrical field stimulation (53). The ratio between forces induced by 52 
and 53 (53152) is shown at the ordinate and stimulation frequencies at the abscissa. Values are given as 
mean±5EM. *p<O.OS at each stimulation frequency compared to responses in presence of Ang II 
(0.5 nM). B PD123319 (10 JIM) had no effect on the cumulative concentration-response curve for 
Ang II in the isolated rabbit mesenteric artery. Values are shown as mean±5EM 
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concentrations that inhibit AT 1 receptor-mediated vasoconstriction, whereas 
candesartan does not (Balt et al. 2002). 

However, in another study, performed in the pithed rat, the assumption that 
prejunctional neuronal and post junctional vascular AT 1 receptors differ could 
not be confirmed (Dendorfer et al. 2002). In a set-up in which inhibition of 
Ang II-induced NA release was measured on the one hand and inhibition of 
acute increases in BP increase on the other, the order of potency for both pre
and post junctional inhibitory effects was candesartan>eprosartan>EXP 3174 
(the active metabolite of losartan»irbesartan. Although measuring catechol
amine release is a more direct means of sympathetic activity compared to mea
suring contractile force or BP increase, in that study, the investigators relied on 
a "tyramine" -like effect of Ang II, whereas in other studies a facilitating role of 
Ang II on electrically stimulation-induced NA release was investigated. 

In the isolated rat caudal artery, the facilitation by Ang II of stimulation-in
duced contractions as well as NA release could be inhibited by PD123319 
(0.1 .uM), which at this concentration is assumed to block the ATIB-sybtype 
(Cox et al. 1996). These findings were confirmed in the isolated rabbit mesenter
ic artery and aorta, in which stimulation-induced contractions and NA efflux 
was measured. In contrast, PD123319, in concentrations as high as 10 .uM, had 
no effect on direct vasoconstrictor effects of Ang II (Nap et al. 2003; Fig. 8). 
These findings strongly suggest that the prejunctional AT 1 receptor is of the 
AT IB-subtype, and the post junctional AT receptor is not. 

However, in humans, the AT 1 receptor is encoded by one gene only, so these 
findings may not apply to humans. No studies so far have been published in 
which sympatho-inhibitory properties in humans are compared. 

3 
Interactions Between the Sympathetic Nervous System 
and the Renin-Angiotensin System in Hypertension 

Both the RAS and sympathetic nervous system have been extensively studied in 
animal models as well as in human hypertensives. Pharmacological tools target
ing various components of both BP regulatory systems have been successfully 
applied in the treatment of hypertension. 

The spontaneously hypertensive rat (SHR) has been used as a model for hu
man essential hypertension. The substantial role of the sympathetic nervous 
system in the development and maintenance of hypertension in this model is 
firmly established. Likewise, in human hypertension the etiological role of the 
sympathetic nervous system has been demonstrated by measurements of re
gional NA spillover, spectral analysis of heart rate variability, and measure
ments of sympathetic nerve activity (Esler et al. 1990). The efficacy of ACE in
hibitors and AT 1 antagonists in the treatment of hypertension clearly demon
strates the involvement of the RAS in cardiovascular control. In recent years, 
substantial knowledge has been acquired concerning the role of Ang II in the 
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development of hypertension and hypertensive target organ injury (Weir and 
Dzau 1999). 

The facilitating effect of Ang II on sympathetic neurotransmission in SHR 
has been shown to be increased compared to their normotensive controls, 
Wistar-Kyoto (WKY) rats, despite similar or even lower plasma renin activity 
(PRA) or plasma Ang II levels (Lokhandwala and Eikenburg 1983; Dang et al. 
1999). Possibly, an increased density of ATJ receptors, as reported in several 
neuronal tissues of the SHR (Raizada et al. 1995) or a decreased neuronal NA 
uptake (Kawasaki et al. 1982) could be involved in the enhanced facilitation in 
the SHR. Part of the evidence concerning this issue is derived from experiments 
with isolated tissues (Collis et al. 1979; Clough et al. 1982; Kawasaki et al. 1982). 
In the pithed rat model, Clough et al. demonstrated, using an ACE inhibitor, an 
increased potentiation of sympathetic neurotransmission by Ang II in SHR 
compared to WKY both at the prejuctional as well as at the postjuntionallevel 
(Clough et al. 1982). These authors postulated that such a mechanism mayex
plain the potent hypotensive action of captopril compared to that in the WKY, 
where captopril does not lower BP. The same was postulated for AT J blockade 
(Jonsson et al. 1993). Indeed, losartan does not lower BP in the WKY (Wong et 
al. 1990b). In pithed SHR, selective ATJ receptor antagonists have been shown 
to attenuate stimulation-induced diastolic (D)BP responses (Hauser et al. 1998; 
Moreau et al. 1993b,c). 

Recently, Raash et al. demonstrated that chronic ACE inhibition increased 
cardiac NA reuptake in SHR (Raasch et al. 2001) (Fig. 9). Interestingly, in pa
tients with essential hypertension, a reduced presynaptic NA uptake has been 
described (Rumantir et al. 2000). It is not clear to which extent the sympatho
inhibitory effects of RAS blockade also apply to humans: some studies in hyper
tensives demonstrated that both ACE-inhibition and ATJ blockade reduce plas
ma NA (Weinberger 1982; Moan et al. 1994). In other studies, no such effect was 
found (Nicholls et al. 1981; Grossman et al. 1994). We already mentioned the 
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Fig.9 ACE inhibition by fosinoprilat stimulates uptake of [3H1NA into isolated perfused rat hearts. In 
contrast, uptake-1 inhibition by desipramine almost abolished [3H1NA-extraction. (From Raasch et al. 
2001) 
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limited value of plasma NA levels. Sakata et al., using an [123Ilmetaiodobenzyl
guanidine (MIBG) scintigraphy technique, demonstrated that both chronic 
ACE-inhibitor therapy as well as AT] blockade reduced cardiac sympathetic ac
tivity (Sakata et al. 2002). In another study, acute losartan treatment blunted the 
sympathetic stimulatory effect of cold stress in hypertensive subjects on BP and 
NA concentrations, without changing baseline plasma NA (Rodriguez-Garcia et 
al. 2000). On the other hand, chronic ACE-inhibition treatment did not signifi
cantly affect sympathetic nerve traffic, measured by microneurography, nor 
plasma NA in hypertensive subjects (Grassi et al. 1998). Struck et al. demonstra
ted that antihypertensive treatment with amlodipine caused an increase in mus
cle sympathetic nerve activity, whereas treatment with valsartan did not (Struck 
et al. 2002). These authors conclude that AT] blockade not only lowers BP, but 
also changes the relation between BP and sympathetic outflow, in other words it 
resets the baroreflex set-point toward lower BP values. 

4 
Interactions Between the Sympathetic Nervous System 
and the Renin-Angiotensin System in Congestive Heart Failure 

Various forms of congestive heart failure are known to be accompanied by acti
vation of the RAS and the sympathetic nervous system (Mancia 1990). Plasma 
levels of NA have been shown to be increased and heart rate is usually elevated 
(Thomas and Marks 1978; Cody et al. 1982). NA spillover from the heart is in
creased as much as 50-fold in heart failure patients (Esler et al. 1997). In studies 
in which sympathetic nerve traffic was studied with the microneurography tech
nique, the number of sympathetic bursts per minute was higher in patients with 
heart failure compared to healthy age-matched subjects (Leimbach et al. 1986). 
Sympathetic stimulation of renin release results in sodium and water retention, 
ultimately causing congestion. Indeed, sympatho-excitation, reflected by in
creased levels of plasma NA, is now seen as a risk factor in various, even asymp
tomatic stages of heart failure (Rector et al. 1987; Mancia 1990; Benedict et al. 
1996). 

As early as 1962, the activation of the RAS in heart failure was reported 
(Davis 1962). In 1978, two groups simultaneously reported that blocking the 
RAS improves cardiac and systemic haemodynamics (Curtiss et al. 1978; Gavras 
et al. 1978). It combines afterload reduction with diminished retention of salt 
and volume. Since then, suppression of the activity/influence of the RAS has 
shown to have favorable effects in experimental heart failure (Pfeffer et al. 1985; 
Richer et al. 1999) as well as in clinical trials, such as the CONSENSUS-study. 
(For review, see Brunner-La Rocca et al. 1999.) 

In the treatment of heart failure, ,a-blockers are now more and more recog
nized as beneficial drugs (Sharpe 1999). Apart from inhibiting the sympathetic 
nervous system, these drugs inhibit renin secretion by acting on ,a-receptors in 
the juxtaglomerular apparatus in the kidney, and also in the vasculature, as de
scribed above. Indeed, in patients with heart failure, treatment with a ,a-blocker 
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(whether or not in addition to ACE inhibition) reduces Ang II levels (Campbell 
et al. 2001). Interestingly, in the Val-HEFT trial, a combination of ACE inhibi
tion, AT 1 blockade, and f3-blockade, so-called "triple blockade:' significantly 
increased mortality in heart failure patients (Cohn and Tognoni 2001). 

In the CONSENSUS trial, ACE-inhibition treatment was associated with a sig
nificant reduction of plasma NA levels (Swedberg et al. 1990). In smaller studies, 
similar findings were reported with AT) blockade by some (Gottlieb et al. 1993; 
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Fig. 10 Bar graphs showing muscle sympathetic nerve activity (MSNA) and plasma NA-values before 
(open bars) and after 8 weeks of benazepril treatment (hatched bars) or an 8-week observational period 
(shaded bars) in heart failure treatment. ACE-inhibition significantly reduced MSNA. (From Grassi et al. 
1997) 
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Crozier et al. 1995) but not by all authors (Houghton et al. 1999). In addition, a 
low dose of an ACE inhibitor was shown to increase parasympathetic activity 
(Kamen et al. 1997). In patients with heart failure, acute losartan administration 
increases forearm blood flow by 25%, in contrast to age- and sex-matched con
trols (Newby et al. 1998). These findings suggest that endogenous Ang II con
tributes to the maintenance of peripheral resistance. Since there is a sympathet
ic tone in the forearm under basal conditions, this increased sympathetic tone 
may be caused by a facilitatory effect of Ang II. In the same study, lower body 
negative pressure (LBNP) failed to reduce forearm blood flow in heart failure 
patients, consistent with defective baroreflex control. Additionally, losartan had 
no effect on the blood flow response to LBNP. Hence, no direct evidence of 
Ang II-induced facilitation was found. In a pacing-induced heart failure model, 
chronic AT 1 blockade was shown to reduce renal sympathetic nerve activity, as 
well as to enhance baroreflex sensitivity (Murakami et al. 1997). In an analogy 
to this animal model, similar findings were obtained in humans subjected to 
chronic ACE inhibition (Grassi et al. 1997): in patients with NYHA class II heart 
failure, treatment with the ACE inhibitor benazepril caused significant reduc
tions in muscle sympathetic nerve activity (see Fig. 10). Plasma NA values were 
slightly but insignificantly reduced in this study. Additionally, ACE inhibition 
improved baroreflex restraint on sympathetic drive. 

5 
Conclusions 

In summary, there is an overwhelming body of evidence that the RAS and SNS 
interact. However, most of the evidence is derived from animal experiments, 
sometimes far from the clinical setting, using high, unphysiological concentra
tions of Ang II. Nevertheless, clinical importance of this interaction may follow 
from the fact that both the RAS and the SNS play a pivotal role in the patho
physiology of hypertension and even more so in heart failure. Consequently, 
there exists important potential for the positive reciprocal feedback loop be
tween the RAS and the SNS to be involved in the pathophysiology and therapeu
tic approaches of these conditions. 
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Abstract The octapeptide angiotensin II (Ang II) binds to two subtypes of re
ceptors, AT I and AT 2, that both belong to the superfamily of G protein-coupled 
receptors (GPCRs). The ATI subtype is a classical GPCR in terms of coupling 
and signaling, and appears to mediate all known physiological actions of Ang II. 
In contrast, the AT 2 subtype is an atypical receptor that has remained a puzzle 
since its discovery in 1989 and molecular cloning in 1993. Over the past 10 
years, a number of studies have aimed at elucidating the signaling pathways and 
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functions of the AT z subtype. A role for AT z receptors has been established dur
ing fetal development and in cardiovascular, brain, and renal functions. In most 
cases, the AT z receptor has been shown to counteract the effects of the AT 1 sub
type. ATz also negatively cross-talks with growth factor receptors and plays a 
major role in the processes of apoptosis, migration, differentiation, and tissue 
regeneration. Depending on the cellular model and function examined, the ATz 
receptor activates different signaling pathways, that can be classified into three 
major types: regulation of protein phosphorylation, activation of phospholi
pases, and/or regulation of nitric oxide (NO)/cGMP. In the present chapter, we 
review recent advances on the molecular aspects of the AT z receptor: its struc
tural features (functional domains involved in ligand binding and receptor acti
vation), signaling pathways, coupling to G proteins and association with other 
intracellular partners. We then examine the molecular mechanisms by which 
ATz antagonizes the effects of the AT1 subtype. Examples of ATz receptor gene 
alterations associated with human diseases such as congenital anomalies of kid
ney and urinary tract (CAKUT) or X-linked mental retardation, are also dis
cussed. 

Keywords G protein-coupled receptor· Structure/function relationship· 
Signaling pathways· Negative cross-talk· Phosphorylation· Arachidonic acid· 
Nitric oxide· Cardiovascular· Apoptosis . Migration· Neuronal differentiation· 
AGTR2 gene alteration 

1 
Introduction 

The first evidence that the octapeptide angiotensin II (Ang II) was able to bind 
to two distinct receptor subtypes was provided in 1989, in studies showing dis
tinct binding sites for non-peptidic analogs of Ang II in the rat adrenal gland 
(Chiu et al. 1989a) and different sensitivity of Ang II binding sites to the reduc
ing reagent dithiothreitol (DTT) (Chiu et al. 1989b). These receptor SUbtypes, 
first designated as ATA and ATB, are now well-known as type 1 (AT 1) and type 2 
(ATz) receptors. The molecular cloning of cDNAs encoding the AT1 and ATz re
ceptors revealed that both subtypes belong to the superfamily of G protein-cou
pled receptors (GPCR) organized as single polypeptides that span the cell mem
brane seven times. AT 1 and AT z subtypes thus belong to the same superfamily 
of receptors and they bind the same ligand; however they exhibit no more than 
35% amino acid sequence homology, and they differ in many aspects. The AT 1 
subtype appears to mediate most known physiological effects of Ang II and be
haves as a classical GPCR with regard to G protein coupling and associated in
tracellular signaling pathways. In contrast, the ATz receptor is an unconvention
al GPCR; in many cell types, this receptor is not coupled to classical G proteins, 
its intracellular signaling pathways remain controversial, and its physiological 
functions are still to be fully characterized. Over the past 10 years, a number of 
studies have aimed at elucidating the signaling pathways and functions of the 
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AT2 subtype. A role for AT2 receptors has been established in cardiovascular, 
brain, and renal functions and in the processes of apoptosis and tissue regener
ation. In most cases, the AT 2 receptor has been shown to counteract the effects 
of the AT 1 subtype. In the present chapter, we will focus on the structural fea
tures of the AT 2 receptor, the signaling pathways associated with AT 2 receptor 
activation, and the molecular mechanisms by which AT 2 antagonizes the effects 
of the AT 1 subtype. Examples of AT 2 receptor gene alterations associated with 
human diseases will also be discussed. 

2 
Structural Features of the AT 2 Receptor 

2.1 
Functional Domains Involved in Ligand Binding 

The AT 2 receptor has been distinguished from the AT 1 subtype on the basis of 
its selective binding to specific synthetic ligands-among them the peptidic 
CGP 42112 and non-peptidic PD123319 compounds-and its insensitivity to 
AT 1 receptor antagonists such as losartan. AT 1 and AT 2 receptors share only 
35% amino acid sequence identity but they bind Ang II with similar affinity, 
and the question has been raised whether both receptors bind Ang II through 
their conserved amino acid residues, or whether they display distinct binding 
sites to the same ligand. 

GPCR binding sites have been shown to differ considerably depending on the 
type of ligand considered. For instance, binding of ,B-adrenergic receptors to 
small molecules like catecholamines involves residues located in the transmem
brane regions (tm), whereas receptors for glycoproteins essentially use their 
large N-terminal portion for ligand binding. In the case of ATl receptors, bind
ing to the octapeptide Ang II has been shown to involve amino acid residues lo
cated in the tm as well as in the N-terminus. 

Initial studies of the AT2 receptor binding site, using photo affinity-labeled 
analogs of Ang II (Servant et al. 1997), revealed that the amino-terminal end of 
Ang II interacts with the first 30 N -terminal residues of the AT 2 receptor, where
as the carboxyl-terminal end of Ang II interacts with the inner half of the third 
transmembrane domain (tm3) of the receptor (residues 129-138) (Fig. 1). Fur
ther studies of deleted mutants of the AT 2 receptor confirmed the essential role 
ofN-terminal residues in binding to Ang II (Yee et al. 1998). Interestingly, these 
latter studies also revealed that the N-terminal part of the receptor does not in
terfere with binding to the synthetic AT2-selective ligand CGP 42112, indicating 
distinct binding sites for the natural and synthetic ligands. 

The N-terminal portion of the AT2 receptor contains five potential N-glycosy
lation sites, at least three of which are utilized (Lazard et al. 1994b). Indeed, the 
AT 2 receptor is heavily glycosylated; however, enzymatic deglycosylation only 
has a modest effect on AT2 receptor binding properties (Servant et al. 1996). 
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Fig. 1 Structural features of human AT 2 receptor 

Site-directed mutagenesis indicated that, as for the AT 1 receptor, charged re
sidues located in the transmembrane domains of the AT 2 receptor playa critical 
role in binding to Ang II (Fig. 1). Thus, amino acid Lys 215, a conserved residue 
corresponding to the critical Lys 199 of the rat AT) receptor in the tms, is re
quired for efficient binding of AT2 to Ang II (Yee et al. 1997; Pulakat et al. 1998). 
Replacement of Asp 279 in the tm6 by an alanine also leads to a loss of binding 
to Ang II (Heerding et al. 1998). Residues Arg 182 located at the junction be
tween e2 and tm4 (Heerding et al. 1997; Kurfis et al. 1999) and His 273 in the 
tm6 (Turner et al. 1999) are required for high-affinity binding to both Ang II 
and CGP 42112. In contrast, substitution of Asp 297 to Lys in the tm7 resulted 
in loss of affinity for Ang II (Heerding et al. 1997; Knowle et al. 2001) but re
tained partial binding to CGP 42112 (Knowle et al. 2001), further indicating that 
binding sites for Ang II and CGP 42112 are overlapping but not superimpos
able. 

In addition to the N-terminus and tm regions, intracellular portions of the 
AT2 receptor, namely the third intracellular loop (i3) and the C-terminal tail, 
have also been identified as playing a role in ligand binding. This finding was 
unexpected, as it is generally accepted that cytoplasmic portions of GPCRs are 
rather involved in intracellular signaling and internalization. Chimeric receptors 
in which the i3 of AT2 has been replaced by that of AT) were no longer able to 

C-Ter 
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bind Ang II and CGP 42112 (Dittus et al. 1999). Reciprocally, chimeric receptors 
in which the i3 of ATl has been replaced by that of AT2 showed high-affinity 
binding to CGP 42112A-but not to PD123319-which was further enhanced in 
the presence of the AT2 receptor tm7 domain (Hines et al. 2001b). The role of 
the C-terminal tail (residues 322-363) in binding and activation of AT2 was re
centlyexamined (Pulakat et al. 2002). A C-terminally deleted mutant of the AT2 
receptor showed reduced affinity to Ang II and unexpectedly showed increased 
affinity to the peptide analog CGP 42112. 

Chimeric receptors in which tm6 and/or tm7 domains of the AT2 receptor 
were substituted into the AT 1 receptor revealed functional similarities between 
the two subtypes of receptors in the domains mediating agonist-dependent acti
vation (Hines et al. 2001a). Further studies combining photo-affinity labeling, 
site-directed mutagenesis and modeling recently indicated that although poorly 
homologous in sequence, AT 1 and AT 2 binding sites are superimposable, and re
vealed that Ang II binds to both receptors in an extended form parallel to the 
transmembrane regions (Deraet et al. 2002). 

2.2 
Disulfide Bonds in the AT 2 Receptor 

The observation that the AT2 binding site for a small peptide such as Ang II in
volves residues located in the N-terminus as well as in the tm6 domain suggest
ed that these regions may be spatially close to each other, possibly via the for
mation of disulfide bonds. The existence of disulfide bonds in the AT 2 receptor 
had for a long time remained a puzzle because of the unusual behavior of this 
receptor in the presence of the reducing reagent DTT. While the AT 1 subtype is 
inactivated in the presence of DTT, the AT 2 receptor paradoxically shows higher 
affinity to Ang II in the presence of the reducing reagent (Chiu et al. 1989b). 
Several cysteines are conserved at similar positions in the sequences of the AT 1 

and AT 2 receptors. Site-directed mutagenesis of conserved cysteines in the AT 2 
receptor (Feng et al. 2000; Heerding et al. 2001) have confirmed the existence of 
two disulfide bonds (Cys35-Cys290) and (Cys117-Cys195) that link N-ter to e3 
and el to e2, respectively, in the same manner as in the ATl subtype (Fig. 1). As 
for the ATl subtype, abolishing the (Cys117-Cys195) bond (between el and e2) 
leads to inactivation of the AT 2 receptor. Surprisingly, disruption of the other 
bond (Cys35-Cys290) that links N-ter to e3, leads to increased binding affinity 
for the ligands. Analyses of single Cys mutants suggested that a Cys-disulfide 
bond exchange may occur between the free SH group of Cys(35) or Cys(290) 
and the (Cys117-CysI95) disulfide bond, resulting in production of an inactive 
population of receptors through formation of a non-native disulfide bond (Feng 
et al. 2000). Further analysis of ATdAT2 chimeras suggested to Heerding et al. 
that the N-ter and e3 regions of the AT2 receptor may possess latent binding epi
topes that are only uncovered after DTT exposure (Heerding et al. 2001). 
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2.3 
Ligand-Independent Activation of the AT 2 Receptor 

By comparing the affinity profiles of ATl and AT2 receptors towards a panel of 
substituted analogs of Ang II, Miura and Karnik suggested that the AT 1 subtype 
is in a constrained conformation and is activated only when bound to the ago
nist, whereas the AT2 receptor is "relaxed:' in that no single interaction is criti
cal for binding (Miura and Karnik 1999). In this respect, the native AT2 receptor 
resembles the Nl11 G mutant AT 1 receptor, which is constitutively active. These 
observations led to the interesting hypothesis that activation of the AT 2 receptor 
may be ligand-independent, a hypothesis consistent with previous findings that 
replacement of the i3 loop of the AT 2 receptor by that of the AT 1 subtype led to 
constitutive activation of ATl pathways (Wang et al. 1995). It was indeed shown 
shortly afterwards that ATz-mediated apoptosis in cultured fibroblasts, epithe
lial cells, and vascular smooth muscle cells was regulated by overexpression of 
the receptor rather than by ligand activation (Miura and Karnik 2000). A ligand
independent effect of the AT2 receptor was also indicated in recent experiments 
showing heterodimerization between ATl and AT2 receptors, leading to attenua
tion of the AT 1 signaling pathways (AbdAlla et al. 2001). These authors showed 
that AT2-mediated antagonism of ATl receptor activation is attenuated by re
lease of AT II AT 2 heterodimers but remains unaffected in the presence of the AT 2 
receptor antagonist PD123319. Constitutive activation of the AT2 receptor may, 
however, depend on the cell type or signaling pathway considered, since other 
recent studies indicate that AT2-mediated activation of tyrosine phosphatase 
SHP-l in NIE-115 and transfected COS cells is not ligand-independent (Feng et 
al.2002). 

2.4 
Functional Domains Involved in Intracellular Signaling 

As for most GPCRs, the third intracellular domain of the AT 2 receptor has been 
shown to be a major determinant of receptor activation. Intracellular injection 
into cultured rat neurons of a 22-amino acid peptide corresponding to the i3 
loop of the AT2 receptor elicited increased opening of potassium channels simi
lar to that produced by AT2 receptor activation (Kang et al. 1995). Transfection 
of the same i3 peptide into vascular smooth muscle cells resulted in reduction 
of serum-stimulated DNA synthesis and cell proliferation as well as a decrease 
in mitogen-activated protein kinase activity, therefore simulating the effects of 
AT2 receptor activation (Hayashida et al. 1996). In both studies, the effect of the 
i3 peptide was blocked by pertussis toxin, indicating the involvement of a Gi 
protein. 

The role of the i3 loop as a major determinant of ATz-mediated responses 
was further established in studies showing that chimeric AT 1 receptors in which 
the i3 loop was replaced by that of the AT 2 were able to transduce AT z-specific 
signals, while keeping their ATl-selective binding properties (Daviet et al. 2001). 
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Using site-directed mutagenesis, crucial residues (Lys 240, Asn 242, and Ser 
243) located in the intermediate portion of the i3 loop have been identified as 
being involved in ATz-induced apoptosis, extracellular signal-regulated kinase 
(ERK) inhibition and SHP-1 activation in PC12 cells (Lehtonen et al. 1999a). 
Consistently, AT 2 chimeras containing either the i3 or the i2 loop of the AT 1 re
ceptor were no longer able to associate with, nor activate, tyrosine phosphatase 
SHP-1 (Feng et al. 2002). Interestingly, loss-of-function of the i3 chimera was re
stored when the C-terminal tail was additionally replaced by that of AT!> indi
cating that all three intracellular portions of the AT2 receptor participate in the 
coupling to phosphatase SHP-1 (Feng et al. 2002). Studies by Pulakat et al. re
cently indicated a negative effect of the C-terminal tail in signaling, as AT2-me
diated reduction of cyclic guanosine monophosphate (cGMP) levels in oocytes 
was further enhanced by C-terminal (322-363) deletion (Pulakat et al. 2002). 
The same C-terminally deleted mutant was no longer able to interact with 
ErbB3, a recently identified partner of the AT2 receptor (see Sect. 3). 

3 
Coupling to G Proteins 

3.1 
Coupling to Gi 

The AT2 receptor clearly belongs to the superfamily of GPCRs; however, cou
pling of this receptor to classical G proteins still remains a matter of debate. Ini
tial studies performed in pheochromocytoma PC12 cells by Bottari showed 
that the AT2 receptor is insensitive to analogs of guanosine triphosphate (GTP) 
(Bottari et al. 1991) and does not activate a GTPase (Brechler et al. 1994), sug
gesting that the AT 2 receptor is not coupled to heterotrimeric G proteins. Later 
studies reported the involvement of pertussis toxin-sensitive Gi proteins in AT2 
signaling pathways, leading to opening of potassium channels (Kang et al. 1994; 
Huang et al. 1995) and apoptosis (Yamada et al. 1996; Horiuchi et al. 1997), and 
established that AT2 is able to interact with Ga(i2) and Ga(i3) in rat fetus ex
tracts (Zhang and Pratt 1996). More recently, Hansen et al. showed in reconsti
tuted systems that AT 2 is able to trigger rapid activation of purified Ga(i) and 
Ga(o) but not of Ga(q) and Ga(s), as measured by radioactive GTPyS binding 
(Hansen et al. 2000). The ability of AT2 to couple to Gi, but not to other Ga pro
teins, was also demonstrated in recent studies using chimeric G proteins 
(Sasamura et al. 2000). 

Thus, while most GPCRs function by coupling to a large panel of G proteins 
sometimes simultaneously in the same cell type, the AT 2 receptor seems to be 
restricted to coupling to Ga(i). However, signaling pathways elicited by the AT2 
receptor in a number of cell types remained insensitive to pertussis toxin, indi
cating coupling to other G proteins, or to G protein-independent pathways. Two 
studies have indicated coupling of the AT 2 receptor to other G proteins: in neu
roblastoma NGlOS-lS cells, AT2 has been shown to inhibit the opening of calci-
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urn channels through activation of a non-identified G protein different from Gi 
(Buisson et aL 1995). In a recent study, Feng et al. have demonstrated an essen
tial role for Ga(s) as a scaffold protein in the constitutive association between 
AT2 and tyrosine phosphatase SHP-1, illustrating a novel mechanism for GPCR
induced activation of SHP-1 that is independent of fiy subunits of heterotrimeric 
G proteins and does not involve activation of Ga(s) (Feng et aL 2002). 

3.2 
Other Interacting Partners of the AT 2 Receptor 

Increasing evidence indicates that in addition to coupling to heterotrimeric G 
proteins, GPCRs also transduce their activation signals via other intracellular 
regulatory proteins, most of which often interact with the C-termini of GPCRs 
(Marinissen and Guntkind 2001; Brady and Limbird 2002). This is also the case 
for the AT I receptor, which interacts via its C-terminal tail with a novel protein 
designated AT I receptor-associated protein (ATRAP) (Daviet et aL 1999). Ex
pression of ATRAP in vascular smooth muscle cells results in enhanced AT I re
ceptor internalization and inhibition of AT I-mediated activation of signal trans
ducer and activator of transcription (STAT)3, Akt, and cell proliferation, indi
cating that ATRAP is a negative modulator of the AT I pathway (Cui et aL 2000). 

In an attempt to identify novel interacting partners of the AT 2 receptor, 
Knowle et aL have screened a random peptide library using the whole AT 2 re
ceptor as a bait in the two-hybrid system method. A peptide corresponding to 
the ATP binding site of ErbB3, a member of the epidermal growth factor (EGF) 
receptor family, has been isolated. The cytoplasmic tail containing the ATP 
binding site of ErbB3 has been shown to interact with the i3 loop and C-ter por
tion of the AT2 receptor (Knowle et aL 2000; Pulakat et aL 2002). Although the 
consequence of ErbB3 interaction on AT 2 receptor signaling has not yet been es
tablished, this finding is particularly relevant in the light of the major role 
played by the ErbB family in growth and development (Olayioye et aL 2000) and 
of the inhibitory effect of AT 2 on EGF receptor (EGFR) signaling (Elbaz et aL 
2000; Shibasaki et aL 2001; DePaolis et aL 2002). 

A similar approach has been used in our laboratory to identify novel inter
acting partners of the AT2 receptor. The 52 C-terminal residues of the AT2 recep
tor were used as a bait to screen a mouse fetal cDNA library in the two-hybrid 
system. One novel sequence, designated AT2 receptor interacting protein 
(ATIP), was isolated and found to specify a new family of proteins that all inter
act with the AT2 receptor, via a conserved coiled-coil domain allowing dimeriza
tion (S. Nouet et aI., submitted). Transfection of ATIP into eukaryotic cells leads 
to inhibition of insulin receptor autophosphorylation and growth factor-in
duced ERK activation, indicating that ATIP simulates AT 2 receptor activation 
and may be a novel component of growth-inhibitory pathways. 
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4 
Intracellular Signaling Pathways Activated by Al2 Receptor 

The AT 2 receptor is highly expressed at late stages of fetal development and its 
expression falls abruptly after birth. In the adult, this receptor is found in spe
cific sites-adrenals, kidney, ovary, brain, vasculature-and is upregulated dur
ing the process of tissue regeneration following injury. At the cellular level, most 
documented AT 2-associated signaling pathways are those related to organogene
sis and tissue repair, renal function, and neuronal activation. Although differing 
extensively depending on the cellular model and biological response examined, 
AT2 signaling pathways can be classified into three major types: (1) regulation 
of protein phosphorylation, (2) activation of phospholipases, and (3) regulation 
of nitric oxide (NO)/cGMP (Fig. 2), that have been found to work in concert in 
some cell types. 

EGFR 
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Fig. 2 Major AT 2 receptor signaling pathways 

4.1 
Cell Proliferation and Apoptosis 

It is now well established that the AT 2 receptor inhibits cell proliferation and 
promotes apoptosis in vivo and in vitro (for reviews, see Horiuchi et al. 1999b; 
Nouet and Nahmias 2000; Stoll and Unger 2001). Growth-inhibitory effects of 
the AT2 receptor are due, at least in part, to negative cross-talk with growth fac
tor receptor tyrosine kinases and mainly involve activation of phosphatases and 
inhibition of protein kinases. 
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4.1.1 
Protein Tyrosine Phosphatases 

Protein tyrosine dephosphorylation and activation of orthovanadate-sensitive 
protein tyrosine phosphatases were the first cellular responses that were associ
ated with AT2 receptor activation (Bottari et al. 1992; Brechler et al. 1994; 
Nahmias et al. 1995). Consistent with a role on growth inhibition, the AT2 recep
tor has been shown to rapidly activate the SH2 domain-containing tyrosine 
phosphatase SHP-l (Bedecs et al. 1997), a vanadate-sensitive phosphatase that 
directly interacts with phosphorylated receptor tyrosine kinases and negatively 
regulates cytokine and growth factor receptor signaling pathways. A number of 
studies conducted by M. Horiuchi group have established a pivotal role of SHP-
1 in AT2-mediated ERK inactivation and apoptosis (Lehtonen et al. 1999a; Cui et 
al. 2001, 2002). In vascular smooth muscle cells (VSMC) from AT2 transgenic 
mice, AT2 induces increased association of SHP-l with EGFR, leading to inhibi
tion of AT I-mediated EGFR trans-activation and activation of ERK (Shibasaki et 
al. 2001). AT 2 acting through SHP-l also mediates inhibition of AT I-induced c
Jun N-terminal kinase ONK) activation and c-jun expression (Matsubara et al. 
2001) as well as inhibition of the insulin-induced PI3 kinase association with 
IRS-2 and Akt phosphorylation (Cui et al. 2002). Moreover, SHP-l appears re
sponsible for Janus kinase OAK)2 dephosphorylation and termination of the 
AT I-activated JAK/STAT cascade (Marrero et al. 1998) and has been shown to 
participate in ATz-mediated inhibition of ATI-induced superoxide formation in 
human umbilical venous endothelial cells (Sohn et al. 2000). 

How does the AT2 receptor activate SHP-l? In some cell types, ATz-mediated 
activation of SHP-l is sensitive to pertussis toxin, indicating coupling to Gi. 
Although not firmly demonstrated, it may be possible that AT2 functions like 
the somatostatin sst2 receptor that constitutively interacts with SHP-l in a com
plex including Gi (Lopez et al. 1997). In other cell types however, ATz-mediated 
SHP-l activation is not sensitive to pertussis toxin. A recent study has demon
strated constitutive association of AT 2 with the inactive form of SHP-l in a com
plex containing Ga(s)-but not other Ga-proteins-independently of f3y sub
units of G proteins. Upon AT 2 receptor stimulation, SHP-l and Gs still interact 
but they dissociate from the receptor and SHP-l becomes activated (Feng et al. 
2002). 

In addition to SHP-l, two other phosphatases, i.e., protein phosphatase 2A 
(PP2A) and mitogen-activated protein (MAP) kinase phosphatase (MKP)-I, are 
involved in AT2-mediated ERK inactivation and apoptosis. The okadaic acid
sensitive Ser/Thr phosphatase PP2A is involved in inhibition of ATI-mediated 
ERK activity in neurons (Huang et al. 1996), and in ATz-mediated apoptosis in 
the presence ofUV irradiation (Shenoy et al. 1999). The AT2 receptor also stim
ulates dual-specificity (Tyr/Thr) MKPs that inactivate ERK by direct dephos
phorylation on Tyr and Thr residues. In PCl2W cells, AT2 induces increased ex
pression of MKP-l, leading to inactivation of ERKI and ERK2 (Yamada et 
al. 1996) and reduced phosphorylation of the anti-apoptotic protein bcl-2 
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(Horiuchi et al. 1997). Recently, a role for MKP-3 in Ang II-mediated apoptosis 
and bcl-2 dephosphorylation and degradation in endothelial cells has also been 
demonstrated (Rossig et al. 2002). In contrast to SHP-l whose catalytic activity 
is increased within minutes, MKP-l and MKP-3 are transcriptionally activated 
within hours, suggesting that a relay between different tyrosine phosphatases 
may be necessary to allow the pro-apoptotic effects of the AT2 receptor (Nouet 
and Nahmias 2000). 

4.1.2 
Inhibition of Protein Kinases 

In parallel to tyrosine phosphatase activation, the AT2 receptor mediates inhibi
tion of protein kinase activity, leading to attenuation of mitogenic signaling cas
cades. AT2 interferes at early steps of mitogenic cascades, by inhibiting insulin
and EGF- induced receptor tyrosine kinase autophosphorylation (Elbaz et al. 
2000) and EGF receptor trans-activation by the ATl receptor (Shibasaki et al. 
2001; DePaolis et al. 2002). AT2 also inactivates downstream protein kinases: in 
addition to its widely described effect on ERK, AT2 inhibits ATl-induced JNK 
activity (Matsubara et al. 2001), and inhibits insulin-induced IRS-2-associated 
PI3 K and subsequent Akt phosphorylation (Cui et al. 2002). As a consequence 
of ERK inactivation, AT2 inhibits the phosphorylation of STATl, STAT2, and 
STAT3 induced by several growth factors including AT 1> with no effect on JAK 
(Horiuchi et al. 1999a). Studies of AT2 knockout mice have indicated that AT2 
also negatively regulates the phosphorylation of p70S6 kinase in the vascula
ture-an effect which is not due to inhibition of upstream kinases ERK nor 
Akt-suggesting a role for AT2 in the regulation of vascular hypertrophy in vivo 
(Brede et al. 2001). 

4.1.3 
Ceramides 

In PC12W cells, AT2 induces generation of ceramides, illustrating another path
way that links AT2 receptor activation with apoptosis (Gallinat et al. 1999). ATr 
mediated accumulation of ceramide in PC12W cells was shown to be due to de 
novo biosynthesis of sphingolipids. This pathway was blocked by pertussis toxin 
and orthovanadate, indicating the involvement of Gi and phosphotyrosine phos
phatases in this process (Lehtonen et al. 1999b). 

4.2 
Cellular Differentiation 

Consistent with its role in nerve regeneration (Lucius et al. 1998), the AT2 recep
tor induces morphological differentiation and neurite elongation in neuronal 
cell lines NGl08-1S (Laflamme et al. 1996) and PC12W (Meffert et al. 1996), as 
well as in granular cells from rat cerebellum (Cote et al. 1999). These morpho-
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logical changes are correlated with increased levels of polymerized tubulin and 
microtubule-associated proteins Tau and MAP2c, which are involved in neurite 
extension (Laflamme et al. 1996; Stroth et al. 1998; Cote et al. 1999). In PC12W 
cells, AT2 downregulates the expression of MAP1B, in contrast to what is seen 
during nerve growth factor (NGF)-induced differentiation (Stroth et al. 1998). 
AT2 stimulation in PC12W also results in reduced expression levels of the mid
dle-sized neurofilament subunit (NF-M), which is decreased in regenerating 
neurons and in neuronal cultures undergoing apoptosis (Gallinat et al. 1997). 

AT2 receptor signaling pathways leading to neurite elongation in NG108-15 
cells include inhibition of GTP-bound p21ras (Gendron et al. 1998), but surpris
ingly also include a sustained increase in ERK1 and ERK2 activation that is es
sential for neurite outgrowth (Gendron et al. 1999). Inhibition of p21ras using 
the dominant negative mutant RasN17 failed to impair the stimulatory effect of 
Ang II on ERK, suggesting that p21ras is not an upstream component of the 
ATz-activated ERK cascade (Gendron et al. 1999). AT2 also mediates activation 
of ERK1 and ERK2 in quiescent PC12W cells (Stroth et al. 2000) and AT2-medi
ated neurite extension is blocked by the MEK inhibitor PD098059, confirming 
the essential role of ERK activation in AT z-mediated differentiation (Stroth et al. 
2000). Taken together, these studies tend to suggest that the net cellular effect of 
the AT2 receptor may depend on the growth status of the cell. Thus, in cells cul
tured in the presence of growth factors, AT 2 inhibits ERK activation, thereby 
leading to inhibition of cell proliferation, whereas in quiescent cells, AT 2 acti
vates ERK to promote neuronal differentiation and neurite extension. 

Another signaling pathway linking AT 2 activation to neuronal differentiation 
involves increased NO production (Cote et al. 1998). In NG108-15 cells, AT2 in
duces a rapid increase in NO synthase (NOS) activity and a subsequent increase 
in intracellular cGMP levels via a pertussis toxin-sensitive Gi protein (Gendron 
et al. 2002). AT 2-mediated activation of NO/cGMP is independent of ERK activa
tion, and rather represents a parallel and complementary pathway involved in 
neurite branching. 

A role for AT2 receptors in the differentiation ofVSMC has also been suggest
ed by studies of AT 2 receptor knockout mice, showing reduced expression of 
calponin and h-caldesmon-two constituents of vascular contractile appara
tus-in null mice as compared to wild-type mice (Yamada et al. 1999). 

4.3 
Migration 

Cell migration is an essential step during development and tissue repair. The 
AT2 receptor has been reported to induce cell migration in microexplant cul
tures of rat cerebellum (Cote et al. 1999), and to inhibit the migration of ATz
transfected VSMC plated on laminin (Chassagne et al. 2002). The decreased mi
gration of ATz-transfected VSMC was correlated with increased synthesis and 
binding to fibronectin. Addition of GRGDTP peptide, which prevents cell at
tachment to fibronectin, reversed the inhibitory effect of AT 2 on cell migration, 
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indicating that VSMC migration is inhibited via synthesis and binding of fibro
nectin (Chassagne et al. 2002). 

In another study conducted on ATrtransfected VSMC, AT2 receptor activa
tion was shown to induce a significant increase of collagen synthesis, and this 
effect was attenuated by treatment with pertussis toxin and Gi antisense oligo
nucleotides (Mifune et al. 2000). Similar effects were observed in ATrtransfec
ted mesangial cells, but not in transfected NIH-3T3(AT2) fibroblasts, further in
dicating differential effects of AT2 receptor stimulation in different cellular mod
els (Mifune et al. 2000). 

In endothelial cells derived from rat heart (CEC) or bovine aorta (BAEC), 
AT2 upregulates the expression ofthrombospondin-l and fibronectin, indicating 
a role for this receptor in remodeling of endothelial extracellular matrix 
(Fischer et al. 2001). 

4.4 
Neuronal Activation 

Electrophysiological studies conducted by C. Sumners group have shown that in 
cultured neurons from newborn rat brain, the AT 2 receptor stimulates a delayed 
rectifier K+ current (Martens et al. 1996), leading to increased neuronal firing 
rate (Zhu et al. 2001). In catecholaminergic neurons in which ATI and AT2 re
ceptors are co-localized, the two subtypes induce opposite effects on K+ current, 
indicating functional negative cross-talk between AT I and AT 2 in regulating 
electrophysiological responses of catecholaminergic neurons (Gelband et al. 
1997). AT2-mediated stimulation of K+ current in rat neuronal cells involves a 
pertussis toxin-sensitive Gi protein and activation of serine/threonine phospha
tase PP2A (Kang et al. 1994; Huang et al. 1995). In these cells, AT2 receptor acti
vation also leads to increased activity of phospholipase A (PLAh, generation of 
arachidonic acid and production of 12-lipoxygenase (12-LO) metabolites (Zhu 
et al. 1998,2000). Inhibition of PP2A abolished the stimulatory effects of AT2 on 
neuronal delayed-rectifier potassium (K+) current but did not affect Ang 11-
stimulated (3H)-AA release, suggesting that PP2A is a distal event in this path
way (Zhu et al. 1998). 

Another signaling pathway involving NO/cGMP production has been shown 
to link the AT2 receptor to neuronal activation in PC12W and NGl08-IS cells. 
In these cells, AT2 negatively cross-talks with N-methyl-n-aspartate (NMDA) re
ceptors, leading to attenuation of NMDA-induced increase in cGMP levels and/ 
or NO release (ScheIman et al. 1997). 

4.5 
Renal Function 

In the kidney, the AT2 receptor counteracts the anti-natriuretic and pressor ef
fects mediated by the ATI subtype (Siragy et al. 1999). In conditions of elevated 
Ang II such as sodium depletion, AT2 mediates a renal vasodilator cascade in-
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cluding generation of bradykinin, NO, and cGMP (Carey et al. 2000), a response 
partially mediated by neural NOS in addition to other NOS isoforms (Siragy 
and Carey 1997). A similar AT2 signaling pathway involving NO and cGMP pro
duction has been described in the gastro-intestinal tract (Carey et al. 2000) and 
AT 2 has also been shown to increase aortic cGMP by a kinin-dependent mecha
nism in stroke-prone spontaneously hypertensive rats (SHRSPs) (Gohlke et al. 
1998). 

In isolated microperfused rabbit preglomerular afferent arteriole, activation 
of the AT2 receptor causes endothelium-dependent vasodilation, and this effect 
is mediated by cytochrome P450 epoxygenase metabolites of arachidonic acid 
(AA) rather than by the NO pathway (Kohagura et al. 2000). 

Thus, although triggering different cellular responses, renal and neuronal AT2 
receptors are linked to similar signaling pathways, i.e., regulation of NO/cGMP 
and AA metabolite production. Extensive studies by J. Douglas group have 
shown AT 2-mediated activation of PLA2 and generation of arachidonic acid me
tabolite in rabbit kidney proximal tubule epithelial cells (Jacobs and Douglas 
1996; Harwalkar et al. 1998). Of interest, ATrmediated activation of PLA2 in 
these cells leads to activation of MAP kinase (Dulin et al. 1998) and p21ras, via 
a Shc-Grb2-S0S pathway usually associated with receptor tyrosine kinase 
(RTK) activation (Jiao et al. 1998). 

5 
Negative Cross-Talk Between AT 2 and AT 1 Receptors 

Although showing distinct patterns of expression, the AT 1 and AT 2 receptors 
have been shown to be expressed within the same cell type. Their relative con
tribution to the effects of Ang II is therefore of particular importance in the light 
of the recent utilization of anti-AT 1 receptor antagonists as potent anti-hyper
tensive drugs. Functional negative cross-talk between AT 1 and AT 2 receptors on 
growth and hypertrophy, cardiovascular and neuronal functions has been dem
onstrated (Masaki et al. 1998; Sumners and Gelband 1998; Horiuchi et al. 1999b; 
Unger 1999; Stoll and Unger 200l). Obviously, negative cross-talk between ATI 
and AT 2 receptors is a consequence of opposite signaling pathways, but another 
mechanism, i.e., receptor heterodimerization, has recently been shown to partic
ipate in AT r mediated antagonism of AT I function. 

5.1 
Opposite Signaling Pathways 

The mitogenic AT I receptor activates several independent phosphorylation cas
cades, including MAP kinase (ERK and JNK), JAK/STAT, and PI3-kinase/Akt 
pathways, which are inactivated following stimulation of the AT 2 receptor. ERK1 
and ERK2 seem to be a major target of the ATdAT2 cross-talk, as AT2 inhibits 
AT I-activated ERK in a variety of cellular models through activation of either 
SHP-1, PP2A, or MKP-1 phosphatases (Nouet and Nahmias 2000). The ERK cas-
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cade was originally shown to be activated by receptor tyrosine kinases. As for 
other GPCRs, AT 1-mediated activation of ERK at least partly results from trans
activation of receptor tyrosine kinases, in particular the EGF receptor (Hackel 
et al. 1999). The observations that AT2 inhibits autophosphorylation of insulin 
receptors and EGF receptors (Elbaz et al. 2000; Shibasaki et al. 2001; DePaolis et 
al. 2002) and that AT2 interacts with ErbB3, a member of the EGFR family 
(Knowle et al. 2000), therefore suggest that RTKs may constitute important 
cross-points between AT 1 and AT2 signaling pathways at the level of the mem
brane. Other cross-points, however, have been identified downstream of mem
brane receptors, since AT2 mediates dephosphorylation of STATI, STAT2, and 
STAT3 with no effect on JAK activity (Horiuchi et al. 1999a), inhibition of JNK 
with no effect on Pyk2 (Matsubara et al. 2001), and inhibition of PI3-kinase and 
Akt with no effect on IRS-1 nor on the insulin receptor (Cui et al. 2002). 

5.2 
Heterodimerization 

Increasing evidence indicates that, like other families of membrane receptors, 
GPCRs are able to self-assemble in the membrane, and that homo- and hetero
dimerization is a novel mechanism controlling GPCR activation and regulation 
(Salahpour et al. 2000). Homodimerization of AT2 receptors in human myome
trium has been suggested by cross-linking experiments even before the cloning 
of the AT2 cDNA (Lazard et al. 1994b). Recent studies conducted by the U. Quit
terer group (AbdAlla et al. 2001) have demonstrated heterodimerization be
tween AT 1 and AT 2 receptors, leading to attenuation of the AT 1 signaling cascade 
in PC12 cells, fetal fibroblasts, and in human myometrial biopsies. AT 1 antago
nism induced by the AT 2 receptor does not involve sequestration of Ga proteins, 
and is rather mediated by direct receptor interaction independently of ligand 
binding and signaling by the AT 2 receptor. AT tf AT 2 heterodimerization, being 
agonist-independent, is mainly regulated by the expression level of AT2, unrav
eling the importance of AT2 receptor transcriptional and post-transcriptional 
regulation in the AT1/AT2 cross-talk. The AT2 receptor can thus be considered as 
a natural antagonist of the AT 1 subtype, illustrating a novel mode of negative 
communication between the two subtypes of Ang II receptors 

6 
AGTR2 Gene Alterations Associated with Human Diseases 

In agreement with the widely described effect of AT 2 receptor in growth, devel
opment, and neuronal activation, two studies have reported alterations of the 
AT2 receptor gene (AGTR2) that were associated with human diseases: (1) con
genital anomalies of the kidney and urinary tract (CAKUT) and (2) X-linked 
mental retardation. 
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6.1 
Congenital Anomalies of the Kidney and Urinary Tract 

One interesting phenotype of ATz receptor-null mice includes anomalies of kid
ney development that strikingly mimic various features of human CAKUT 
(Nishimura et al. 1999). Establishment of these anomalies in the AT2 knockout 
mice is preceded by delayed apoptosis of mesenchymal cells that surround the 
urinary tract during ontogeny. Detailed analysis of human AGTR2 gene in male 
Caucasians revealed a significant association between CAKUT and a nucleotide 
transition (A1332 to G) in the first intron of the gene. Splicing of ATz mRNA re
sulting from the G allele was found to be abnormal-lacking exon 2-and inef
ficient, suggesting that a single A/G mutation in the first intron may simulate 
the effect of ATz gene knockout (Nishimura et al. 1999). 

The human AGTR2 gene is located on chromosome X (Lazard et al. 1994a) 
and comprises three exons that span more than 5 kb of genomic sequence 
(Martin and Elton 1995). The entire coding region of the ATz receptor gene is 
contained in the third exon, the first two exons being untranslated. Studies by 
Warnecke et al. have revealed the presence of enhancer intronic elements in the 
first intron of AGTR2 that are necessary for efficient transcription of the gene 
(Warnecke et al. 1999b). In human heart, exon 2 is alternatively spliced and the 
major ATz transcript is that containing exons 1,2, and 3. Of interest, exon 2 has 
an inhibitory effect on reporter gene expression, indicating possible regulation 
of AT z receptor expression in vivo by differential splicing (Warnecke et al. 
1999a). 

Alterations in the AGTR2 gene leading to abnormal transcription of AT 2 
mRNA may thus be responsible for developmental anomalies of the kidney. In 
recent studies, however, no correlation was found between A/G transition in the 
first intron of AGTR2 and the occurrence of CAKUT in a population of 66 Japa
nese male patients (Hiraoka et al. 2001) nor between A1332/G transition and the 
pathogenesis of primary familial vesicoureteral reflux (Yoneda et al. 2002). 

6.2 
X-Linked Mental Retardation 

A recent study has reported alterations in the sequence of the AGTR2 gene in 
several cases of X-linked mental retardation (MR) (Vervoort et al. 2002). One 
female patient with a chromosomal (X;7) translocation showed complete extinc
tion of AT z receptor mRNA, although the chromosomal breakpoint occurred 
outside the AGTR2 gene. Further examination of males from families with pos
sible X-linked MR revealed a deletion of one thymidine at nucleotide position 
395, causing a frame shift at position Phe133 in the tm3 and resulting in a trun
cated protein (Fig. 1) in two affected males within the same family and one un
related patient. In addition, three missense mutations in the coding region of 
AGTR2: a (Gly21IVal) substitution in the N-ter portion of the ATz receptor, and 
Arg324/Gln and Ile337IVal mutations in the C-terminal portion of the receptor 
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were detected in seven sporadic patients with MR (Fig. 1). Although the func
tional consequences of these mutations on AT z receptor activation and regula
tion have not yet been examined, it is interesting to note that all mutations are 
located in regions that have been shown to be involved in ligand binding or sig
naling (Fig. 1). These findings are consistent with other studies showing (1) ex
pression of the ATz receptor mRNA in developing and adult brain (Nuyt et al. 
1999), (2) a role for ATz in nerve regeneration, and neuronal differentiation and 
activation, and (3) a possible role for ATz in behavior and cognitive functions 
(Hein et al. 1995; Ichiki et al. 1995; Okuyama et al. 1999; Braszko 2002), further 
supporting the hypothesis that the AT 2 receptor may playa role in human brain 
development and/or trophic maintenance of neuronal connections important 
for learning and memory. 
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Abstract Since its discovery, the AT 2 receptor of angiotensin II has been one of 
the most controversial G protein-coupled receptors. The AT2 receptor is widely 
distributed in the fetus, but in most tissues, its expression is dramatically di
minished few hours after birth. These observations have led to the hypothesis 
that this receptor may play an important role during fetal development. During 
the last decade, many studies have been conducted to elucidate the role of the 
AT2 receptor in many different tissues and cell lines. Apart from a well-de
scribed action in cell apoptosis, one of the major roles attributed to the AT2 re
ceptor of angiotensin II is its involvement in cellular differentiation. The AT 2 re
ceptor is involved in differentiation of many tissues. For example, in cells from 
neuronal origin, activation of the AT 2 receptor was shown to induce neurite out
growth and elongation, to modulate neuronal excitability, and to promote cellu
lar migration. In steroidogenic tissues, the AT 2 receptor is associated with the 
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development of the human fetal adrenal gland, where it induces apoptosis and 
probably cell migration, as well as of granulosa ovarian cells, where it promoted 
ovulation and oocyte maturation. The AT z receptor is also transiently expressed 
in smooth muscle cells where it may playa role in vasculogenesis, and in adipo
cytes where it induces production of prostacyclin (PGh) involved in preadipo
cyte differentiation. This chapter describes in detail how the ATz receptor of an
giotensin II acts on cellular differentiation, with a particular emphasis on neuro
nal differentiation. Indeed, signaling mechanisms involved in the AT z effects are 
various and can be classified as atypical. For instance, ATz receptor activation 
promotes mitogen-activated protein kinase (MAPK) cascade through a p21ras_ 
independent pathway, and stimulates, in a parallel way, nNOS/cGMP/PKG sig
naling; both are essential to promote neurite outgrowth. 

Keywords AT z receptor· Angiotensin· Cellular differentiation· Signaling 
mechanisms· MAPK cascade· Neurite outgrowth· Fetal adrenal· NG108-15 
cells 

1 
AT 2 Receptor Expression in Fetal Tissues 

One of the most remarkable features of the ATz receptor is its high level of ex
pression in many fetal tissues (Shanmugam et al. 1995; Tanaka et al. 1995; 
Breault et al. 1996; Schutz et al. 1996), including the brain (Grady et al. 1991; 
Millan et al. 1991; Tsutsumi et al. 1991) (see chapter by Nishimura, this volume), 
suggesting an involvement of the AT z receptor in fetal development. Indeed, in
volvement of the AT 2 receptor has been documented in different models of dif
ferentiation such as morphological neuronal differentiation, steroidogenesis in 
gonads and in adrenal gland, contractility in smooth muscle cells, and prostag
landin production in adipocytes. The most important features of these events 
will be reviewed in this chapter. 

2 
AT2 Receptor and Induction of Neuronal Differentiation 

Due to its high level of expression in the neonatal brain and in some area of the 
adult brain involved in cognition and behavior, it was hypothesized that the ATz 
receptor was important in neuronal development and in the formation and/or 
maintenance of neuronal connections. Both the development and differentiation 
of cells of neuronal origin have been extensively studied and were shown to in
volve four different, essential stages of cellular evolution. These processes in
clude cell growth, cell migration, neurite outgrowth, and synaptogenesis, all of 
which are controlled by the extracellular environment (hormones, growth fac
tors, neurotransmitters, the extracellular matrix, cell adhesion molecules, and 
electrical activity). 
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2.1 
Neurite Outgrowth 

Over the last decade, evidence has been obtained that binding of angiotensin II 
(Ang II) to its AT 2 receptor modulates at least one of the above-mentioned crite
ria for neuronal differentiation, the induction of neurite outgrowth. Ang II-in
duced morphological changes have been studied in NG108-15 cells (a neuro
blastoma-glioma hybrid cell line) and PC12 W cells (cell line derived from rat 
pheochromocytoma), two cell lines which express only the AT2 receptor, or in 
primary cultures of rat cerebellar granule cells, in which the two types of recep
tors, ATI and AT2 are present (Cote et al. 1999) (Fig. IE, F and Fig. 3A). Three
day treatment of non-differentiated NG108-15 cells (Laflamme et al. 1996) or 
PC12 W cells (Meffert et al. 1996) with 100 nM Ang II induces morphological 
differentiation as characterized by the outgrowth of neurites (Fig. lA-D). 

Neurite extension is initiated at the growth cone and involves several bio
chemical steps directed towards promoting the assembly of tubulin monomers 
into microtubules necessary to support the growing neurites (Laferriere et al. 
1997). Several molecules play crucial roles in regulating neurite outgrowth and 
differentiation. Among these are the microtubule-associated proteins (MAPs), 
which include MAP1B, MAP2, and tau (Matus 1988; Smith 1994). These proteins 
promote tubulin polymerization, stabilize microtubules, and exhibit embryonic 
and adult isoforms, whose differential expression during brain development cor
relates with the maturation of neuronal circuitry. For example, MAP2 and tau 
bind to distinct populations of microtubules in adult neurons: MAP2 to somato
dendritic microtubules and tau to axonal microtubules (Matus et al. 1981; Binder 
et al. 1984). In NG108-15 cells, neurite outgrowth induced by Ang II stimulation 
of the AT2 receptor is correlated with an increase in the level of polymerized tu
bulin and in the levels of the microtubule-associated protein, MAP2c (Laflamme 
et al. 1996). Mediation by the AT2 receptor may be inferred since these cells con
tain only AT2 receptors; these effects are mimicked by CGP 42112 (an AT2 recep
tor agonist); they are not suppressed by addition of DUP 753 (an ATI receptor 
antagonist) but are abolished by co-incubation with PD 123319 (an AT2 receptor 
antagonist). In rat pheochromocytoma PC12 W cells, similar neurite elongation 
was observed upon Ang II stimulation, and was also associated with an increase 
in MAP levels and/or association with microtubules, in particular MAP2 and 
MAP1B (Meffert et al. 1996) but a decrease in the level of neurofIlament middle 
molecular weight subunit, NF-M (Gallinat et al. 1997; Stroth et al. 1998). 

The effects of Ang II, through the AT 2 receptor, on neurite elongation have 
also been observed in more physiological models, such as postnatal retinal ex
plants (Lucius et al. 1998) and micro explant cultures of cerebellum (which con
tain both ATI and AT2 receptors) (Cote et al. 1999). In the latter, Ang II treat
ment, through the AT2 receptor localized in neurons, strongly increased ,BIII-tu
bulin polymerization, a neuron-specific tubulin isoform (Matus 1988), and in
creased expression and association of phosphorylated forms of MAP2 (isoforms 
a, b and c) and tau (Cote et al. 1999). These findings confirm that AT2 receptor 
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Fig. lA-F Phase-contrast morphology of angiotensin II-treated cells of neuronal origin. Cells were cul
tured in media containing 10% fetal calf serum (FCS) for the NG108-15 cells (A, B), 0.5% FCS for the 
PC12 W cells (e, D) or neurobasal medium supplemented with B27 for cerebellar microexplants (E, F). 
Cells were cultured in the absence (A, e, E) or in the presence of 100 nM Ang II (B, D, F) over 3 days 
for the NG 1 08-15 cells, 5 days for the PC12 W cells and 4 days for cerebellar microexplants. (Repro
duced with permission from Gendron et al. 2002; (A, B); Stroth et al. 1998 (c, D); and Cote et al. 1999 
(E, F) 

stimulation activates all the components involved in the process of neurite elon
gation. Several developmental studies indicate that increases in tau and MAP ex
pression precede that of tubulin, suggesting that the primary effect of the AT 2 

receptor activation may be on tau and MAP2 rather than on tubulin itself. 



Al2 Receptor of Angiotensin II and Cellular Differentiation 403 

Thus, alone, AT 2 receptor activation promotes neurite outgrowth and specific 
phosphorylation/association of MAPs with tubulin. However, in conditions 
where the ATl receptor is also present, such as in dibutyryl cAMP (dbcAMP)
treated NGl08-1S cells [a well-known differentiating factor for NGl08-1S cells 
(Hamprecht et al. 1985; Beaman-Hall et al. 1993; Laflamme et al. 1996)], or in 
cerebellum (Cote et al. 1999), activation of ATl receptor inhibits the effect pro
duced by the AT2 receptor. These observations further illustrate the well-de
scribed negative cross-talk interaction between the two types of Ang II receptors 
(for reviews see Inagami et al. 1999; Unger 1999; Stoll et al. 2001). 

2.2 
Cell Migration 

In addition to elongation, Ang II application in cerebellar microexplants induces 
a marked cell migration observed at the center of the microexplant moving to
wards the periphery (Cote et al. 1999) (Fig. 1 E, F). Similar cell migration is ob
served during AT2 receptor-induced regeneration of postnatal retinal microex
plants (Lucius et al. 1998). These effects were more pronounced in cells treated 
with Ang II and DUP 753 or in cells treated with 10 nM of CGP 42112. Moreover, 
incubation with Ang II and PD 123319 blocked the AT2 receptor-mediated effect. 
The study by COte et al. (1999) confirms the hypothesis raised by Johren et al. 
(1998) that the high expression of AT2 receptors in the inferior olivary-cerebel
lar pathway may be associated with a role for the AT 2 receptor in neuronal plas
ticity and cerebellar development. Indeed, neuronal development and differenti
ation of the cerebellum involve several steps including proliferation (in the ven
tricular zone), migration (through the ventricular zone to the cortical zone), 
and finally either neurite extension or apoptosis, once the cells have reached 
their specific destination (Cambray-Deakin et al. 1987; Komuro et al. 1998). In 
the cerebellar microexplants, where both neuronal and glial cells are present, 
AT2 receptor activation induces not only neurite outgrowth, a process associat
ed with morphological differentiation, but interestingly, cell migration as well. 
However, although extensively described for other systems (Yamada et al. 1996; 
Shenoyet al. 1999), the AT2 receptors did not induce apoptosis in these cerebel
lar microexplants. Because the decision between apoptosis versus survival de
pends on the specific combination of local factors, the effect of Ang II observed 
in microexplant cultures may be due to interaction of AT2 receptor signalization 
with factors locally produced by the mixed population of cells present in the mi
croexplants, such as BDNF (brain-derived neurotrophic factor), NT-3 (neu
rotrophin 3) (Segal et al. 1995) or PACAP (pituitary adenylyl cyclase activating 
peptide) (Basille et al. 1994; Cavallaro et al. 1996). 

2.3 
Neuronal Excitability 

Neuronal differentiation is characterized by a differential expression of ionic 
channels resulting in a change in the electrical activity. The T-type Ca2+ channel 
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is involved in protein synthesis, growth, and proliferation and is predominantly 
present at earlier stages and disappears later (Yaari et al. 1987; McCobb et al. 
1989; Kostyuk et al. 1993; Schmid et al. 1999). Activation of the AT2 receptor by 
Ang II or CGP 42112 reduced the amplitude of the T-type current in non-differ
entiated NGI08-15 cells by an as-yet-unknown mechanism which involved a 
phosphotyrosine phosphatase and a pertussis toxin (PTX)-insensitive G protein 
(Buisson et al. 1992; Buisson et al. 1995). Considering the antiproliferative effect 
of mibefradil, a selective antagonist of the T-type Ca2+ channel (Schmitt et al. 
1995), it is tempting to postulate that the ATz-induced blockage of the T-type 
current could be involved in Ang II-dependent NGI08-15 differentiation. The 
transient K+ current IA and the delayed-rectifier K+ current IKv are enhanced by 
AT2 receptor activation (Kang et al. 1993). This effect on K+ current results in 
the shortening of both action potential duration and refractory period, leading 
to an increased firing rate (Zhu et al. 2001). Increased membrane excitability is 
one of the fundamental characterizations of neuronal development during em
bryonic and postnatal ages (Fitzgerald 1987; Gao et al. 1998), particularly for 
the establishment of synaptic transmission (Gao et al. 1998). It is interesting to 
note that the decrease in the T-type current amplitude and enhancement of K+ 
currents' amplitude, both occurring during differentiation, are mimicked by ac
tivation of the AT 2 receptor (for more details, see chapter by Diez in the next 
volume). 

An inhibition of the visual response to flash stimulation was reported in rat 
superior colliculus (Merabet et al. 1997). This inhibition was mainly attributed 
to ATl receptor but a slight effect was also observed with CGP 42112. Further
more, activation of the AT 2 receptor depresses glutamate depolarization and ex
citatory postsynaptic potentials in locus coeruleus (Xiong et al. 1994). However, 
AT 2 receptors have an excitatory effect on inferior olivary neurons (Ambiihl et 
al. 1992). All together, these results indicate that the AT2 receptor is able to mod
ulate several different types of currents, but it is not yet known if one common 
or several signaling pathways are used. 

During differentiation, microtubules are characterized by phases of rapid 
elongation and shortening. This dynamic instability is regulated by phosphory
lation-dephosphorylation of microtubule-associated proteins (Maccioni et al. 
1995; Sanchez et al. 2000), by environmental cues (Komuro et al. 1998) often tar
geted at the growth cone level for the axon (Letourneau 1996; Williamson et al. 
1996), by calcium transients and electrical activity (Kater et al. 1991; Gomez et 
al. 2000; Spitzer et al. 2000). All these phenomena are stimulated by the AT2 re
ceptor. 

2.4 
Mechanisms Involved in AT 2-lnduced Neurite Outgrowth 

As indicated above, the association/dissociation of MAPs to microtubules is ra
pid and dynamic and is dependent on MAPs' phosphorylation states. Each MAP 
can be phosphorylated on multiple Ser/Thr and Tyr residues by the activation 
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of different protein kinases such as glycogen synthase kinase (GSK3,B), p42/ 
p44mapk, cyclin-dependent protein kinases (CDKs), cAMP- or calcium-depen
dent protein kinases (respectively, PKA and PKC) or dephosphorylated by the 
activation of different phosphatases (PP1, PP2A) (Sanchez et al. 2000). More
over, MAP-2 is the main substrate for ERKI and ERK2 while tau is phosphory
lated by several kinases, including proline-directed serine/threonine protein ki
nase (Avila et al. 1994). Over the past 5 years, substantial amounts of data have 
been obtained, using both biochemical and morphological approaches to deter
mine how Ang II could induce such differentiation processes. 

Activation of the ATl receptor has been shown to modulate many signaling 
events including the activation/inhibition of kinases and phosphatases (Horiuchi 
et al. 1999; Nishimura et al. 1999; Unger 1999) (see chapter by Balt and Pfaffen
dorf, this volume). In NG 108-15 cells cultured in the presence of 10% fetal bo
vine serum, Ang II (or CGP42112) application induced a time-dependent modu
lation of tyrosine phosphorylation of several proteins. In particular, Ang II in
duced a sustained increase in the activities of p42 and p44 MAPK (p42 mapk and 
p44mapk). This delayed-but-sustained activation of p42/p44mapk was shown to be 
essential for Ang II to promote neurite outgrowth and elongation. Accordingly, 
when cells were treated with a specific inhibitor for MEKI (PD98059, 10 JlM), 
the Ang II-induced p42/p44mapk activity and neurite outgrowth were completely 
abolished (Gendron et al. 1999). Supporting these observations, Stroth and co
workers (2000) then demonstrated that the Ang II-induced neuronal differentia
tion of PC12 W cells was also dependent on p42/p44mapk activation. Again, in 
this model, PD 98059 was sufficient in blocking Ang II's effects on neurite out
growth and on p42/p44mapk activation (Stroth et al. 2000). Thus, p42/p44mapk 

plays an important role in the regulation of the mechanisms involved in Ang II
induced neuronal differentiation. 

Gendron et al. (l999) demonstrated that, during the course ofp42/p44mapk ac
tivation by Ang II, p21 ras activation was inhibited. Reinforcing these observa
tions, cells transfected with the dominant negative form of the Ras protein, 
RasN 17, exhibit an increased basal state of p42/p44 mapk activation, which re
mains sensitive to Ang II stimulation. These results indicate that p21ras inhibi
tion alone activates p42/p44mapk and that Ang II stimulation further increases 
this activity, by a p21 ras-independent mechanism. Among the alternative path
ways reported to activate p42/p44mapk independently of p21ras, the nitric oxide 
(NO) signaling cascade and the RapllB-Raf signaling cassette are the most ex
tensively described. The former is known to be activated by the AT 1 receptor, 
both in the kidney (Siragy et al. 1996; Siragy et al. 1997; Carey et al. 2000) and 
in NG108-15 cells (ScheIman et al. 1997; Cote et al. 1998). Gendron et al. (2002) 
have shown that the increase in cyclic guanosine monophosphate (cGMP) was 
consecutive to a rapid increase in NO synthase (NOS) activity induced by de
phosphorylation of neuronal NOS (nNOS). This increased activity did not in
volve modification in expression of nNOS. This effect, specifically stimulated by 
Ang II via the ATl receptor, is mediated by a PTX-sensitive Gi protein. However, 
cGMP is not involved in Ang II-induced activation of p42/p44mapk. Indeed, the 
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blockade of any protein from this signaling cascade (NOS), soluble guanylyl cy
clase (sGC), or cGMP-dependent protein kinase (PKG) failed to interfere with 
the effects of Ang II on the p42/p44 mapk cascade of signaling (Gendron et al. 
2002). In summary, these investigators stated that the activation of p42/p44mapk 

cascade is independent of NO production, at least in NG108-15 cells. 
As recent observations obtained in developing brain or in neuronal cell lines 

have indicated that NO could be involved in morphological neuronal differenti
ation (Peunova et al. 1995; Poluha et al. 1997; Sheehy et al. 1997) and in migra
tion of neurons (Wright et al. 1998), this same group further investigated if NO 
could be involved in the AT 2 receptor mechanism of action in the induction of 
morphological neuronal differentiation of NG108-15 cells. Daily application of 
dbcGMP was sufficient to induce neurite outgrowth, suggesting that NO/sGCI 
cGMP pathway is involved in the AT2-mediated differentiation. In agreement 
with these observations, inhibition of sGC or PKG (LY83583 or methylene blue 
and KT5823, respectively) impaired Ang II effects on neurite elongation. Howev
er, fine morphological comparison between Ang 11- and dbcGMP-stimulated 
NG 108-15 cells revealed that cGMP itself was responsible for neurite branching 
and filopodia formation, while PKG was necessary for elongation. Indeed, prein
cubation of the NG108-15 cells with KT5823 blocked Ang II-induced elongation, 
but did not interfere with branching and filopodia formation. Such observations 
corroborate results obtained by Phung et al. (1999) that cGMP and PKG have 
distinct effects on differentiation of PC12 cells. Together, these results indicate 
that p42/p44mapk, NO/cGMP, and PKG have independent but complementary ef
fects in the induction of dynamic neurite outgrowth and neurite branching. Ax
onal branches may be regulated by a cGMP-dependent pathway. Such collateral 
branches are important in the establishment and refinement of neuronal con
nections during development (Gallo et al. 2000). 

What remains unclear at this point is the initial events linking AT 2 receptor 
activation and the increase in p42/p44mapk activity. In a recent study (Gendron 
et al. 2003), we demonstrated that the activation of the AT 2 receptor rapidly, but 
transiently, activated the Rapl/B-Raf complex of signaling proteins. In RapN17-
and RaplGAP-transfected cells, the effects induced by Ang II were abolished, 
demonstrating that activation of these proteins was responsible for the observed 
p42/p44mapk phosphorylation and for morphological differentiation. In several 
models-such as PC12 cells-cAMP and cAMP-activated proteins are required 
for nerve growth factor (NGF) activation of Rap1, as well as for p42/p44mapk 

(York et al. 1998). To assess whether cAMP was involved in the activation of 
RapllB-Raf and neuronal differentiation induced by Ang II, NG108-15 cells were 
treated with stimulators or inhibitors of the cAMP pathway. However, db cAMP 
and forskolin did not stimulate Rap1 nor p42/p44mapk activities. Furthermore, 
addition of H-89, an inhibitor of protein kinase A, or Rp-8-Br-cAMPS, an inac
tive cAMP analog, failed to impair p42/p44mapk activity and neurite outgrowth 
induced by Ang II. These observations clearly indicate that cAMP, a well-known 
stimulus of neuronal differentiation, do not participate in the AT2 receptor sig
naling pathways in the NG108-15 cells. Therefore, the AT2 receptor of Ang II ac-
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Fig.2 Schematic representation of the AT2 receptor signaling mechanisms involved in neurite elonga
tion. The Ang II AT 2 receptor induction of neurite outgrowth and elongation involves at least two path
ways. After binding of Ang II, the activated AT2 receptor rapidly inactivates p21'"s but stimulates the 
Rapl-B-Raf pathway, leading to a delayed p42/p44mapk phosphorylation. A second pathway involving 
the NO/sGC/cGMP signaling cascade is also required for observable neurite outgrowth. In addition, AT 2 
receptor modulates intracellular calcium concentration ([Ca2+1i) by inhibiting Ca2+ channels and activat
ing K+ channels. Together, these parallel pathways could modulate gene expression and the phosphor
ylation state of different microtubule-associated proteins (MAP2, MAPl B) to control microtubule stabili
ty/dynamics responsible for neurite elongation. nNOS, neuronal NOS (nitric oxide synthase); NO, nitric 
oxide; sGc, soluble guanylyl cyclase; MEK, mitogen-activated protein kinase kinase; unP-MAPs, unphos
phorylated MAPs; P-MAPs, phosphorylated MAPs. (The lower panel is adapted from Gordon-Weeks 
1991) 



408 N. Gallo-Payet et al. 

tivates the signaling modules of Rapl/B-Raf and p42/p44mapk via a cAMP-inde
pendent pathway to induce morphological differentiation of NG108-15 cells. 
Thus, how Rap 1 could be activated in this model remains unknown. 

Several questions still remain to be answered in regards to the AT 2 receptor. 
However, in agreement with other reported results, some hypotheses could be 
raised. For example, the effect of Ang II on neuronal differentiation and on 
stimulation of p42/p44mapk activity are clearly observed when cells are cultured 
in the presence of serum, suggesting that a growth factor-promoting effect is re
quired in the signaling mechanism of the AT 2 receptor. It is also not yet clear 
how NOS is dephosphorylated by Ang II; however, a role for SHP-l could be en
visaged (Bedecs et al. 1997; Feng et al. 2002) (see chapter by Balt and Pfaffen
dorf, this volume). Another alternative may be through interaction between the 
AT2 receptor and the bradykinin receptor. Indeed, it is already known that bra
dykinin mediates AT2 receptor-induced NO production (Siragy et al. 1996; 
Gohlke et al. 1998; Searles et al. 1999). In addition, heterodimerization between 
the bradykinin (B2) receptor and the AT I receptors has been demonstrated 
(AbdAlla et al. 2000). Similar effects could be envisaged in NGl08-15 cells, where 
BK receptors are expressed (Chiang et al. 1989; McIntyre et al. 1993). In addition, 
the AT2 subtype has been shown to interplay with members of the EGF-receptors 
family or with insulin receptors (Elbaz et al. 2000; Knowle et al. 2000). 

All these observations concerning AT 2 receptor signaling involved in neurite 
outgrowth are summarized in Fig. 2. After binding of Ang II, the activated AT 2 
receptor induces a sustained activation of p42/p44mapk cascade and an increase 
in NO and cGMP content. The initial events, at least in NGI08-15 cells, involve 
inactivation of p21'as activity (5-120 min), but a rapid activation of Rapl 
(1-5 min). Activated Rapl then enhances the activity of B-Raf (5-15 min) that 
in turn stimulates p42/p44mapk phosphorylation (30-60 min). Finally, the return 
of p42/p44mapk phosphorylation to basal level, occurring much later (seen after 
120 min of Ang II treatment), may be under a phosphotyrosine phosphatase ac
tivity such as SHP-l, shown to be activated after the AT2 receptor stimulation. 
In parallel, the initial effect of AT2 on the dephosphorylation of the nNOS (thus 
activation of nNOS) may be subsequent to the activation of the phosphotyrosine 
phosphatase SHP-l. All these events could occur at the end of the dendrite (or 
in the growth cone for the axon), where elongation, retraction, and pathfinding 
are initiated. Together, p42/p44mapk, cGMP, and PKG could regulate gene expres
sion and modulation of the phosphorylation states of different microtubule-as
sociated proteins (MAPs) such as MAP2, tau, and MAPlb. 

2.5 
Conclusion for the Involvement of AT 2 in Neuronal Differentiation 

In conclusion, the results reported to date indicate that AT 2 receptor activation 
promotes and/or accelerates all the processes involved in morphological differ
entiation since, its stimulation (1) increases polymerization of the ,BIII-tubulin, 
the specific neuronal isoform, (2) increases tau expression, thereby increasing 
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axonal outgrowth, (3) increases MAP2c and MAPIB expression and phosphory
lation, promoting polymerization of unstable microtubules, (4) decreases ex
pression of NF-M protein, affecting stability to favor plasticity, (5) stimulates 
cell migration and, finally, (6) modulates membrane excitability. In addition, 
AT 2 effects are antagonized by the AT 1 receptor, indicating that AT 1 and AT 2 re
ceptors have opposite actions on neuronal differentiation. 

These observations clearly demonstrate the involvement of the AT 2 receptor 
in the fine tuning of neuronal differentiation and cell migration, two very im
portant events occurring during brain development. Thus, both ATl and AT2 re
ceptor types may participate, together with other environmental growth factors, 
adhesion molecules and the components of the extracellular matrix, in the dif
ferentiation of brain areas expressing these receptors. 

Lessons from knockout mice or from neurological disorders reinforce the 
idea that AT 2 receptor may be important for neuronal development. Indeed, per
turbations in exploratory behavior and locomotor activity have been observed 
(Hein et al. 1995; !chiki et al. 1995), as well as an anxiety-like behavior (Okuyama 
et al. 1999). In addition, a decrease in the expression of the AT2 receptor is ob
served in areas of the adult brain, implicated in the development of neurological 
disorders such as Alzheimer disease, Huntington disease, or Parkinson disease 
(caudate nucleus, putamen and substantia nigra, temporal cortex) (Ge et al. 
1996). Finally, recent observations indicate that AGTR2 mutations are correlated 
with mental retardation (Vervoort et al. 2002). Together, such observations indi
cate inappropriate neuronal differentiation and plasticity (in adult) when AT2 is 
absent or genetically modified. 

3 
Differentiation of Steroidogenic Tissues 

3.1 
AT 2 Receptors in the Adrenal Gland 

Among the peripheral tissues which express AT 2 receptors are the adrenal 
glands in rats, ovine, and human (Aguilera et al. 1994; Shanmugam et al. 1995; 
Wintour et al. 1998). In the human fetal adrenal gland, immunocytochemical 
studies revealed that AT 2 receptor labeling is predominant in the fetal zone 
(identified using P450C17 as a fetal zone marker) and in a population of cells 
having a radial disposition, which could correspond to the future chromaffin 
cells, as attested by chromogranin A and dopamine ,B-hydroxylase reactivities 
(Breault et al. 1996) (Fig. 3B). Labeling was also present around the central me
dulla vein. 

The human fetal adrenal gland is morphologically and functionally different 
from both the adult adrenal gland and fetal gland of non-primates. Morphologi
cal evidence indicates that the human fetal adrenal gland is a very dynamic or
gan, in which proliferating cells located at the periphery migrate, then differen
tiate, and finally undergo senescence in the central part of the gland. The func-
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Fig. 3A, 8 Immunofluorescence localization of 
AT 2 receptor in cerebellar granule cells and in 
human fetal adrenal gland. Primary cultures of 
cerebellar microexplants or frozen sections of an 
18-week-old human fetal adrenal gland were pro
cessed for immunofluorescence labeling using a 
primary antibody directed against the AT 2 recep
tor, and visualized after incubation with a second
ary anti-rabbit-coupled antibody. In cerebellar 
microexplants, AT 2 receptor (labeled with rhoda
mine, red) was identified in neurons but not in 
astrocytes (labeled with anti-glial fibrillary acidic 
protein labeled with fluorescein, green; A). In the 
fetal adrenal gland, AT 2 receptor (labeled with flu
orescein, green) was identified in fetal cells and in 
islets of chromaffin cells (upper right). Visualiza
tion of cellular composition has been achieved us
ing Evans's blue solution (orange; 8). The anti-AT2 

receptor antibody was a gift from Dr. Ian Bird, De
partment of Obstetrics and Gynecology, University 
of Wisconsin, Madison, USA 

tional role of the fetal adrenal gland is to produce large amounts of DHEA/ 
DHEAS (dihydroepiandrosterone and its sulfated derivative) (from the fetal 
zone). In contrast, cortisol secretion is absent during the first 15 weeks of gesta
tion, and appears in a zone called transitional zone, visible between the fetal 
and definitive zones (Mesiano et al. 1997). 

Data by Chamoux et al. (1999) indicate that the high expression of AT2 recep
tors in the fetal zone may be correlated with the high level of apoptosis present 
in this area of the adrenal gland during development. Indeed, in human fetal ad
renal cells cultured for 24 h, Ang II, via the AT 2 receptor, induced DNA fragmen
tation and cleavage of the DNA repair enzyme, poly-(ADP-ribose) polymerase 
(PARP), thus corroborating numerous studies indicating that the AT 2 receptor 
can induce cell apoptosis (see previous chapter, by Nahmias and Boden, this 
volume). Furthermore, stimulation with Ang II or CGP 42112 strongly modified 
the actin network, inducing membrane blebbing and a complete disappearance 
of the stress fiber network. At that time, actin was localized exclusively along 
the plasma membrane, with labeling predominant at the base of the bleb forma
tion. 
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The same group has also shown that the AT 2 receptor overlaps the fibronectin 
expression pattern in the human fetal adrenal gland (ChamollX et al. 2001), 
whereas laminin is expressed only at the gland periphery, where the AT 2 recep
tor is absent, while collagen IV is expressed throughout the fetal gland. Because 
it is now well accepted that extracellular matrix can induce intracellular signal
ing or interact with hormonal or growth factor transduction pathways leading 
to specific cell behaviors such as proliferation, migration, apoptosis, or gene ex
pression (Aplin et al. 1999; Giancotti et al. 1999), the authors examined Ang II 
effects on cells cultured on various matrices. Altogether, their results indicate 
that the extracellular matrix modulates cell behavior and hormonal responsive
ness in the human fetal adrenal gland. In particular, collagen IV favors steroid 
secretion in response to adrenocorticotropin (ACTH) and Ang II stimulation, 
laminin alone enhances proliferation, and fibronectin favors cell behavior asso
ciated with fetal zone cells by enhancing apoptosis and ACTH responsiveness in 
terms of DHEA/DHEAS secretion. 

Interaction between Ang II and matrices is indeed well known (see chapter 
by Schiffrin, following volume). Chassagne et al. recently confirmed a positive 
interaction between AT z and fibronectin: in this study, stimulation of the AT z re
ceptor stopped migration of smooth muscle cells by stimulating the synthesis of 
fibronectin as well as increasing binding to this matrix (Chassagne et al. 2002). 
Fisher et al. indicated that activation of the AT2 receptor enhanced the expres
sion of fibronectin mRNA in endothelial cells (Fischer et al. 2001). These data 
indicate a strong correlation between fibronectin and ATz-receptor mediated ef
fects of Ang II in terms of inhibition of proliferation and induced cell apoptosis. 

Interestingly, the synergistic effect of the AT z-receptor/collagen IV on steroid 
secretion seems to be specific to cytochrome P450C17 activity, since no increase 
was observed for DHEAS production. This observation is of interest, since 
DHEA-sulfotransferase activity usually parallels that of P4S0C17 (Parker et al. 
1999). However, in vitro, the effects of collagen IV on Ang II responsiveness are 
not due to an increase in mRNA expression of the enzyme, but rather to a spe
cific hormonal/environmental regulation of the sulfotransferase and/or lyase ac
tivity. In addition, Ang II abrogated expression of the 3-,B-hydroxysteroid dehy
drogenase (3,B-HSD) mRNA. These results may be compared with the in vivo 
physiology: P4S0C17 is largely expressed in the fetal zone, but absent in the pe
riphery, where collagen and laminin are both present. In contrast, 3,B-HSD is 
present at the periphery where fibronectin is less present. Taken together, these 
data highlight the intricate regulation of 3P-HSD onset and P4S0C17 mainte
nance in the human fetal adrenal gland, and suggest that AT z receptor, together 
with fibronectin- or collagen-induced events, may influence activity of these en
zymes. Interestingly, the Gail-2 and Gai3 proteins also exhibit a mirror distribu
tion, with Gai3 being localized in fetal cells, as the AT z receptor. These results 
are summarized in Fig. 4, outlining the interactions between hormonal and en
vironmental factors in controlling human fetal adrenal development. 

Fibronectin is known to favor proliferation when recognized by its high-af
finity integrin receptor aSp!. No typical receptor for fibronectin is expressed in 
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Fig.4 Summary of the differential distribution of the angiotensin II receptors (ATl and AT2), extracellu
lar matrix components and heterotrimeric G proteins in the human fetal adrenal gland during the sec-
0nd trimester of gestation. Correlation is presented with known steroid production. Collagen IV and Gs 
are distributed throughout the fetal gland, while laminin is predominant in the definitive zone. Fibro
nectin is predominant in the fetal zone, as are the AT 2 receptor and the Gai3 protein. Dl, definitive 
zone; Fl, fetal zone; Tl, transitory zone. (Reproduced with the permission of Chamoux et al. 2002) 

the human fetal adrenal gland, but the a3{31 integrin, which can serve as a mod
erate-affinity receptor is present (Kuhn et al. 1994; Chamoux et al. 2001). Recent 
studies have shown that a3{31 disrupts cell-cell adhesion (DiPersio et al. 2000; 
Kawano et al. 2001), which may be correlated with the migration observed in 
the fetal zone. The absence of as{31 may also explain why these cells are non
proliferative and are subject to apoptosis. These observations reinforce the no
tion that extracellular matrix and their receptors integrins can modulate hor
mone responsiveness. The AT 2 receptor, which induces various physiological ef
fects, could be particularly sensitive to such interactions. 

3.2 
Differentiation of Ovarian Granulosa Cells 

Autoradiographic studies revealed the intense localization of Ang II receptors 
present in the granulosa layers of ovaries in rat (Pucell et al. 1991), rabbit 
(Yoshimura et al. 1996), and human (Johnson et al. 1997). AT2 receptors are pre
dominantly located in granulosa cells layers of the preovulatory follicles, where
as AT 1 receptors are more concentrated in the thecal cell layers and stroma. 
Ang II, through AT 2 receptor activation, induced ovulation and oocyte matura
tion, characterized by meiotic maturation of ovulated ova and follicular oocytes 
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in the absence of gonadotropin. AT z receptor stimulation also stimulated pro
duction of prostaglandins (PGEz and PGE2a) and estradiol, but not progesterone 
(Yoshimura et al. 1996). This observation suggests an AT 2 receptor-specific ef
fect on aromatase activity (Yoshimura et al. 1996) or on the passive conversion 
of Ang II-induced thecal androgen production to granulosa cells estrogen 
(Pucell et al. 1991). In addition, Johnson et al. (1997), using human granulosa 
cells, showed that the decrease in progesterone production by activation of the 
AT2 receptor was mediated through inhibition of 3,B-HSD activity (but did not 
affect protein expression). In another study, AT2 receptor expression was dis
cernable only on granulosa cells present in follicle, attaining the tertiary stage of 
atresia, and representing the advanced process of ovulation and follicle disorga
nization (Obermuller et al. 1998). At this stage of maturation, the neoexpression 
of AT 2 receptors counteracts follicle-stimulating hormone (FSH)-stimulated sur
vival signals and induces cell death (Kotani et al. 1999). 

These data indicate that AT 2, but not AT 1 receptors for Ang II, play an impor
tant role during follicular development and in the ovulatory process. Moreover, 
as in the adrenal gland, AT 2 receptor activation induces specific steroid produc
tion, stimulating pathways involving P450C17 enzyme activity, inhibiting those 
involving 3,B-HSD, and inducing apoptosis as well. 

4 
AT 2 Receptors in Chromaffin Cells 

As mentioned earlier, AT 2 receptors are found in fetal adrenal gland, not only 
on adrenocortical cells, but also on chromaffin cells (Fig. 3B), as attested by co
labeling with chromogranin A and dopamine ,B-hydroxylase reactivities (Breault 
et al. 1996). Even if not yet formally demonstrated, a role for the AT 2 receptor in 
cell migration could be hypothesized, based on observations made in neuronal 
cells (Lucius et al. 1998; COte et al. 1999). Indeed, pheochromoblasts originating 
from the neural crest begin migration throughout the fetal cortex as early as 
6 weeks of pregnancy, and progressively colonize the center of the gland leading 
to the formation of the medulla. Paracrine action of steroids from the fetal cells 
induce their progressive differentiation into chromaffin cells. 

In contrast to most tissues, expression of the AT 2 receptor in chromaffin cells 
persists in the adult (Martineau et al. 1999; Takekoshi et al. 2000). However, the 
role of the AT 2 receptor on catecholamine secretion is not yet clearly estab
lished. Martineau et al. (1999) found that AT 2 receptor stimulation increases 
both epinephrine and norepinephrine secretion. Initially, Takekoshi et al. 
(2001), found an inhibitory effect of the AT2 receptor; however, more recently, 
the same group found that CGP42112, as well Ang II, stimulated catecholamine 
synthesis, through a process involving cGMP-dependent regulation of calcium 
influx through voltage-dependent Ca2+ channels (Takekoshi et al. 2001). The 
overall proposed hypothesis is that AT2 stimulation decreases cGMP production, 
resulting in a reduction of PKG activity which leads to an increase of Ca2+ mobi
lization through voltage-dependent channels, stimulating catecholamine release. 



414 N. Gallo-Payet et al. 

However, the specific target of action, as well as the net effect of AT 2 receptor 
stimulation on catecholamine secretion, still remains unclear. Because the two 
types of Ang II receptors are present on chromaffin cells (Ishii et al. 2001), an 
interaction between the transduction pathways activated by both AT 1 and AT 2 
receptors could be envisaged when attempting to explain Ang II action. 

5 
Differentiation of Smooth Muscle Cells 

Yamada et al. (1999) have shown that the AT 2 receptor is transiently expressed 
during late gestation in the fetal vasculature and that this expression rapidly de
clines after birth. The authors examined the expression of various differentia
tion markers for vascular smooth muscle cells in the aorta of wild-type and of 
AT2 receptor-null mice. Although there is no change in the expression of a
smooth muscle actin, mRNA levels of calponin and of the high-molecular 
weight caldesmon (h-caldesmon) are lower in the AT2 receptor knockout mice 
than in control, wild-type mice. Their data demonstrated a correlation between 
time-dependent expression of the AT2 receptor with that of h-caldesmon and 
calponin. All three proteins are absent during early development (E13-E1S), 
their expression increases between EIB-E20, then declines after 1 day in the 
neonate. These data suggest that the AT2 receptor plays a role in the phenotypic 
differentiation of smooth muscle cells, by acting on cytoskeletal-associated pro
teins, rather than on actin itself. These proteins, h-caldesmon and calponin, 
bind actin and inhibit actomyosin ATPase, thus inhibiting contractility. Taken 
together, the delayed expression of these smooth muscle cells markers suggests 
that the AT2 receptor may play some role in vasculogenesis. 

6 
Differentiation of Adipocytes 

Adipose tissue contains differentiated and undifferentiated cells. Preadipocytes 
contain both ATl and AT2 receptors (Darimont et al. 1994; Mallow et al. 2000). 
In addition, the AT2 receptor expression is high in preadipocytes, but is com
pletely lost after differentiation, suggesting a role for AT2 during cell differentia
tion (Mallow et al. 2000). Using Ob1771 preadipocyte clonal cell line, Darimont 
et al. (1994) have shown that Ang II stimulation of AT2 receptors stimulated the 
production of prostacyclin (PGI2), the major metabolite of arachidonic acid in 
these cells. Through paracrine action, PGI2 released by these cells is then able 
to participate in the differentiation of other undifferentiated preadipocytes 
(Darimont et al. 1994). 
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7 
Conclusion and Perspectives 

Altogether, these studies demonstrate that the AT2 receptors (l) are involved in 
the modulation of apoptosis and migration, (2) affect expression of specific dif
ferentiating markers, such as MAPs in neurons, and (3) affect P450C17 expres
sion in adrenals or caldesmon in smooth muscle cells. Even if initial studies 
conducted using models of knockout mice for the AT 2 receptor did not reveal 
major changes in development, more recent studies indicate several perturba
tions, in addition to the regulation of blood pressure. A role of AT 2 receptor in 
migration may appear as an important one, since knockout mice for AT 2 recep
tor present congenital anomalies of the kidney and urinary tract (CAKUT), both 
in mice and in human, presenting anomalies of the AGTR2 gene (Nishimura et 
al. 1999; Miyazaki et al. 2001). 

Despite numerous studies, little is known about the initial events associated 
with the AT 2 receptor, and the overall mechanism of action remains incomplete
ly understood. For many of the cell models described in this chapter, stimula
tion of the AT 2 receptor induced modifications in cytoskeleton organization. 
Much of the data in the literature indicate that most of the proteins involved in 
intracellular signaling cascades are linked to microfilaments or microtubules 
(Schmidt et al. 1998; Schlaepfer et al. 1999; Nikolic 2002), among which are the 
heterotrimeric G proteins (Ibarrondo et al. 1995; Cote et al. 1997), the phospha
tases SHP-l (Brumell et al. 1997; Kim et al. 1999), and SHP-2 (Schoenwaelder et 
al. 2000; Xu et al. 2001), and the tyrosine kinases Src or Pyk2. Of note, a recent 
study showed that the AT 2 receptor inhibited the kinase Pyk2 (Matsubara et al. 
2001). It is now well accepted that extracellular matrix can induce intracellular 
cell signals or interact with hormonal or growth factor transduction pathways 
leading to specific cell behaviors such as proliferation, migration, apoptosis, or 
gene expression (Aplin et al. 1999; Giancotti et al. 1999). Accumulating evidence 
suggests that the AT 2 receptor activates different signaling pathways, which may 
be attributed to interactions or associations with cytoskeleton-associated pro
teins, which together are linked to specific integrins; all are coordinated to im
print specific cell responses according to the nature of the extracellular matrix 
components. 
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Abstract Renin-angiotensin system (RAS) plays an important role in the regu
lation of body fluids and electrolyte homeostasis and blood pressure control. 
Angiotensin II (Ang II), the major effector hormone of the RAS, functions 
mainly through stimulation of two angiotensin receptors subtypes, AT J Rand 
AT2R. The well-known actions of Ang II have been attributed mainly to activa
tion of various signal-transduction pathways modulated by ATIR. Further re
search has led to the identification of the angiotensin subtype-2 (AT 2R) that is 
clearly distinct from AT lR in its structure, tissue-specific expression, and signal
ing mechanisms. In this chapter, we review the different aspects of AT 2R includ
ing its development and structural features, its signaling pathways, and its local
ization in different tissues. The main focus of this review is on the AT 2 receptor 



424 E. M. Abdel-Rahman . H. M. Siragy 

locations and actions within the kidneys, and the different ways that AT \R inter
acts with AT2R. While on one hand AT\R activation stimulates vasoconstriction, 
vascular cell hypertrophy and hyperplasia, sodium retention, stimulation of re
active oxygen species (ROS) production, and induction of inflammatory, throm
botic, and fibrotic processes, and under some conditions can lead to apoptosis 
in some cell types, on the other hand, AT 2R has vasodilatory, antigrowth, and 
apoptotic actions that opposes AT\R actions. In the kidneys, AT2R promotes va
sodilation and natriuresis and plays a role in blood pressure {BP)-lowering ef
fect of the AT\R blockers. This vasodilatory action of AT2R has been shown to 
be through bradykinin {BK)-/nitric oxide {NO)-dependent pathways. Besides re
viewing the potential physiological actions of AT 2R in the kidneys, we also shed 
some light on the potential roles played by AT 2R in several disease processes af
fecting the kidneys, such as glomerular diseases, diabetes mellitus, and in con
genital anomalies of the kidney and urinary tract. 

Keywords AT 2 receptor· AT \ receptor· Kidney· Nitric Oxide· Bradykinin 

1 
Introduction 

Renin-angiotensin system (RAS) plays an important role in the regulation of 
body fluids and electrolyte homeostasis and BP control. Although RAS was orig
inally regarded as a circulating system, most of its components are localized in 
tissues, indicating the existence of a local tissue RAS as well (Dzau 1988; Navar 
1999). All the components of RAS, including renin, the substrate angiotensino
gen, angiotensins, the enzymes involved in the synthesis and degradation of an
giotensins, as well as angiotensin receptors are present in the kidney. 

Angiotensin II (Ang 11), the major effector hormone of the RAS, functions 
mainly through stimulation of two angiotensin receptors subtypes, AT \R and 
AT 2R. These cellular receptors have been cloned, pharmacologically character
ized, and localized at various tissues. The angiotensin subtype-I-receptor 
(AT \R) is widely distributed throughout the body and mainly in the vasculature, 
heart, adrenal glands, kidneys, and nervous and endocrine systems. 

The well-known actions of Ang II have been attributed mainly to activation 
of various signal-transduction pathways modulated by AT \R. However, the dis
covery of the highly selective, peptide and non- peptide ligands such as 
CGP42112A and PD123319 has led to the identification of the angiotensin sub
type-2 (AT2R) (Timmermans et al. 1993). AT2R is clearly distinct from AT\R in 
its structure, tissue-specific expression, and signaling mechanisms. 

The Ang II receptors can be distinguished according to inhibition by spe
cific antagonists. AT\R is selectively antagonized by biphenylimidazoles such 
as losartan, whereas tetrahydroimidazopyridines specifically inhibits AT 2R 
(Ardaillou 1999). AT2R is also identified by being selectively activated by 
CGP42112A. This is a hexapeptide analog of Ang II, which at low dose may act 
as an AT2R agonist, but may also inhibit the AT2R and AT\R at higher concen-
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trations (Criscione et al. 1990). The availability of the radiolabeled forms of the 
highly selective AT2R ligands (Whitebread et al. 1991; Heemskerk et al. 1993) 
made direct localization of AT 2R a practical possibility. 

Drugs that antagonize ATjR cause marked elevation of the levels of plasma 
Ang II, which in turn activates the AT2R. With the increasing usage of AT jR 
blockers, elucidation and understanding of AT2R-mediated physiological actions 
will have important pharmacotherapeutic implications. 

2 
Al2 Development and Structural Features 

The AT2R is a seven-transmembrane receptor comprising 363 amino acids, with 
a molecular mass of approximately 41 kDa. It has low amino acids sequence 
homology (around 32%-34%) with ATjR (Kambayashi et al. 1993; Mu Koyama 
et al. 1993; Table 1). 

The AT2R protein consists of five potential N-glycosylation sites in the extra
cellular N-terminal domain and 14 cysteine residues. The second intracellular 
loop consists of a potential protein kinase C phosphorylation site (Griendling et 
al. 1996). The third intracellular loop is essential for AT2R signal transduction 
via mitogen-activated protein (MAP) kinase inactivation (Lehtonen et al. 1997). 
The AT 2R expression is species-dependent. In general, humans have a much 
higher level of expression of AT 2R than rodents. In humans, AT 2R expression 
can be equal to, or even exceed that of ATjR, but the functional significance of 
the AT2R in humans remains unknown (Carey et al. 2000). The gene for ATjR is 
located on chromosome 3 and exists as a single copy of the X-chromosome in 

Table 1 General properties of AT 2 

Structure 

Molecular mass 
Chromosomal localization 
Selective ligands 
Signal transduction 

Action 

363 amino acids 
7 transmembrane 
41 kDa 
X-chromosome 
PD123319, PD123177, CGP42112-A 
Activation of phosphatase 
Inhibition of kinases 
Closing Hype Ca++ channel 
Opening delayed rectifier K+ channel 
Stimulation of cGMP/NO 
Activation of phospholipase A2 
Activation of STAT-l 
Generation of ceramides 
Pressure diuresis and natriuresis 
Vasodilatation 
Apoptosis 
Blood pressure reduction 
??? Protective role in D.M. complication 
??? Role in glomerular disease 

m, There is some information to support a protective role but not enough to accept it as a fact. 
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human, rat, and mouse. The genes encoding the AT 2R are localized at xq22-q2 
in human (Koike et al. 1994), chromosome xq3 in rat (Tissir et al. 1995), and 
chromosome x in mouse (Hein et al. 1995), with 99% amino acid residue se
quence identity between rat and mouse, and 72% amino acid residue sequence 
identity between rat and human. While in some species ATjR is expressed in 
two subtypes, genomic analyses have indicated that there is only one subtype to 
the AT2R gene family (Mukoyama et al. 1993; Ichiki et al. 1995). While a 4.5-kb 
AT 2 cDNA was cloned from rat PC12 W cells and rat fetuses (Kambayashi et al. 
1993), an AT2 genomic 4.4-kb DNA fragment was cloned from mice (Ichiki et al. 
1994). The AT2R genomic DNA of all three species, humans, rats, and mice, con
sists of three exons with an uninterrupted coding region being confined in the 
third exon (Tsuzuki et al. 1994). This confinement of the entire coding system 
in one exon allowed the AT2 coding sequence, or fragments containing more ex
tensive sequence, to be cloned. 

The expression of the AT 2R gene is dependent on growth state. The AT 2R 
gene is expressed ubiquitously at very high level in the fetus but then declines 
soon after birth in many, but not all, tissues. While it decreases to undetectable 
levels in the skin, the decline stops at certain levels in the heart and adrenal 
gland. Moreover, while AT2R is expressed in uterine myometrium under non
pregnant conditions, it declines during pregnancy to return to nonpregnant lev
els after partition (de Gasparo et al. 2000). Furthermore, in special cells such as 
PC12 W cells (Kijima et al.1995), R3T3 cells (Horiuchi et a1.1995), or mesangial 
cells (Goto et al. 1997), AT2R expression is markedly increased when a confluent 
quiescent state is reached. 

Several conditions were shown to modulate the expression of ATzR. AT2R ex
pression is increased in adults after tissue injury, myocardial infarction, vascu
lar injury, heart failure, and after sodium depletion (Siragy and Bedigian 1999). 
In contrast, Ang II, norepinephrine, insulin-like growth factor, basic fibroblast 
growth factor, and transforming growth factor beta (TGF) all decrease AT2R ex
pression (Carey et al. 2000b). Several cell lines express the AT 2R, but not the 
ATjR, such as PC12 W, R3T3, and some lines ofN1E115. 

3 
AT 2 Signaling 

Ang II mediates its effects by acting directly through its receptors and via cross
talk with intracellular signaling cascades of other vasoactive agents, growth fac
tors, and cytokines. Although the exact signaling pathways and the functional 
roles of AT 2R are not fully elucidated, these receptors may antagonize, under 
physiological conditions, the ATjR-mediated actions (Ciuffo et al. 1998; Yamada 
etal.1998). 

Several signal transduction elements for AT 2R have been described. The 
growth-inhibitory effects of the AT 2R are reported to be at least partly mediated 
by the activation of protein tyrosine phosphatase, which results in the inhibition 
of ATjR-activated mitogen-activated protein MAP kinase (Horiuchi et al. 1999). 
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In neuronal cells cultured from neonatal rat hypothalamus and brain stem, ser
ine/threonine phosphatase 2A (PP2A) activation and subsequent extracellular 
signal-regulated kinase (ERK) inactivation through AT2R have been reported 
(Huang et al. 1996). In the heart of transgenic mice overexpressing cardiac 
AT 2R, ERK activity was noted to be decreased, suggesting that ERK inactivation 
by the AT2R has a physiological role in vivo (Masaki et al. 1998). Other signaling 
pathways, such as closing of aT-type Ca++ channel (Buisson et al. 1995), open
ing a delayed rectifier potassium channel (Kang et al. 1995), elevation in cyclic 
guanosine monophosphate (cGMP), stimulation of particulate guanylate cyclase, 
and stimulation of NO production have been proposed as signal transduction 
elements for AT2R (Siragy and Carey 1996; Tsutsumi et al. 1999; Siragy et al. 
2000). In vivo studies in the kidney have shown that Ang II can activate phos
pholipase A2 via AT 2R, resulting in the release of arachidonic acid and its 
metabolites, which in turn can activate Ras kinase and MAP kinase. (Dulin et al. 
1998; Jiao et al. 1998). 

Seebach et al. explored the signal transducer and activator of transcription 
(STAT) pathway as a possible mechanism of Ang II signaling in fetal human me
sangial cells. These studies showed that AT 2R mediated the Ang II activation of 
STATl, which may be an important signaling pathway for Ang II-induced cellu
lar responses (Seebach et al. 2001). Another signaling pathway involving apop
to sis through generation of cerami des was suggested by Gallinat et al. (1999). 

4 
AT 2R Localization 

AT2R is expressed in abundance in mesenchymal tissues of the developing fetus, 
such as the uterus, the adrenal medulla, and specific brain regions, suggesting 
neuronal and developmental roles for the AT2R (Matsubara 1998). However, in 
almost all tissues there is a rapid regression to low levels or even disappearance 
of expression of the AT 2R in the early postnatal period. Arce et al. showed high 
expression of AT2R in 2-week-old rat hindbrains, which was absent in the adult 
rat, suggesting a probable role of these receptors in neuronal development (Arce 
et al. 2001). In adults, AT2R were demonstrated in rat kidney (Zhuo 1992; Aguilera 
1994; Ozono et al. 1997), rat heart (Sechi et al. 1992; Wang Z-Q et al. 1998), rat 
brain (Tsutsumi and Saavedra 1991), and rat adrenal glands (Shanmugam 
1995). Other tissues that showed AT2R expression were uterine myometrium, 
ovary, and pancreas (Matsubara 1998). 

Using binding studies and quantitative autoradiography, AT 2 expression in 
adult Sprague-Dawley (SD) rat aorta, has been localized through out the aortic 
wall (Vinswanathan et al. 1991). Similar results were demonstrated in Wistar
Kyoto (WKY) and spontaneous hypertensive (SHR) rats (Song et al. 1995). Both 
AT]R and AT2R were expressed in endothelial cells derived from SHR coronary 
arteries in an 80:20 ratio. (Stoll et al. 1995). 

Immunohistochemistry staining showed that rat AT2 expression varies with 
vessel size. It is more abundant in endothelial and vascular smooth muscle cells 
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(VSMC) in micro-vessels than in large vessels (Nora et al. 1998). Tsutsumi et al. 
failed to identify AT2R expression in the endothelium of aorta from wild-type 
(WT) or transgenic mice overexpressing the AT2R (Tsutsumi et al. 1999). Taken 
together, these results suggest that demonstration of the AT 2R in endothelial 
cells depends on species, size of vessels, and experimental conditions. 

AT2R is also expressed in both medial and adventitial layers of the rat mesen
teric vasculature with predominant localization in the adventitial layer (Bonnet 
et al. 2001). In the heart, immunostaining for AT2R was positive in the myocar
dium and coronary vessels throughout the ventricles and atria of neonatal and 
young rat hearts. The AT 2R expression was significantly more in the neonatal 
rat heart as compared to young rat heart (Wang et al. 1998). 

5 
AT, 1 AT 2 Interactions 

The interaction between receptor subtypes may be important to the physiologi
cal response to the agonist. Integrated responses to Ang II are the result of com
bined ATIR- and AT2R-mediated actions (Berryet al. 2001). It has been postulat
ed that Ang II effects at the AT 1 R are opposed by actions at the AT 2R (Carey et 
al. 2000b). Furthermore, it has been viewed that infusion of Ang II with an AT2R 
antagonist represents an alternative model of ATIR stimulation (Diep et al. 
1999). Thus the concept of "crosstalk" was proposed where one Ang II subtype 
receptor will affect the other. 

AT 1 R activation stimulates vasoconstriction, vascular cell hypertrophy and 
hyperplasia, sodium retention (Berry et al. 2001), stimulation of reactive oxygen 
species (ROS) production (Berry et al. 2000), and induction of inflammatory 
(Muller et al. 2000), thrombotic (Vaughan et al. 1995) and fibrotic processes 
(Boffa et al. 1999), and under some conditions can lead to apoptosis in some cell 
types (Li et al. 1999). In contrast, AT2R has vasodilatory, antigrowth, and apop
totic actions that oppose AT lR actions (Berry et al. 2001). 

Several organs and tissues showed manifestations of the crosstalk between 
ATIR and AT2R. In the heart, these receptors seem to exert opposite effects in 
terms of cardiovascular hemodynamics and cell growth (Xoriuchi et al. 1999). 
In neuronal cells, Laflamme et al. illustrated negative crosstalk interaction be
tween AT lR and AT2R receptors (Laflamme et al. 1996). Tsutsumi et al. demon
strated that ATIR and AT2R play opposite roles in aortic vascular smooth mus
cles (VSM). In transgenic mice overexpressing AT2R, chronic infusion of Ang II 
completely abolished the ATIR- mediated pressor effects. (Tsutsumi et al. 1999) 
In the mesenteric artery of SD rats, Bonnet et al. demonstrated that ATIR plays 
a role in the up-regulation of the AT2R following Ang II infusion (Bonnet et al. 
2001). 

In the kidneys, the ATIR is shown to induce vasoconstriction and sodium re
tention, whereas the AT 2R is postulated to promote vasodilation and natriuresis 
(Haithcock et al. 1999; Siragy and Carey 1999; Siragy et al. 1999). AT2R inhibi
tion prevents the hypotensive effects of ATIR blockade. Thus the AT2R seems to 
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mediate the depressor responses to Ang II (Inagami et al. 1999; Siragy and 
Carey 1999; Tanaka et al. 1999). ATzR has been shown to induce vasodilation 
through bradykinin (BK)-/nitric oxide (NO)-dependent pathways (Siragy and 
Carey 1999; Siragy et al. 2000). It has been suggested that ATzR may playa role 
in the BP-Iowering effect of AT [R blockers. 

Several studies examined the underlying mechanism(s) of the crosstalk oc
curring between AT [ and AT 2 receptors. Hunley et al. showed that AT z decreases 
angiotensin converting enzyme (ACE) activity tonically, which by decreasing 
the formation of Ang II, attenuates AT[R-mediated actions (Hunley et al. 2000). 
Moreover, the AT zR appears to counterbalance the AT [R by increasing the pro
duction of BK, NO, and cGMP, thus mediating vasodilation and BP-Iowering ac
tions. 

6 
AT2R!NO Interaction 

NO is synthesized from the amino acid L-arginine in endothelial as well as other 
cell types by the action of NO synthase (NOS) (Moncada et al. 1991). In the kid
ney, the NOS isoenzymes are distributed in close proximity to the sites of the 
RAS components, which may explain the interaction between these two systems 
(Millatt et al. 1999). Intrarenal NO helps to maintain the normally low renal vas
cular resistance, being responsible for up to one-third of the renal blood flow 
(Navar et al. 1996). It participates in the maintenance of renal perfusion and 
glomerular filtration in the normal kidney by its vasodilatory effect, mainly on 
the afferent arterioles of the superficial glomeruli (Kone 1997; Kone and Baylis 
1997). NO also plays an important role in controlling tubular function. It acts as 
a natriuretic factor, by directly inhibiting Na+ reabsorption in the proximal and 
collecting tubules, by inhibiting Na+/H+ exchange and Na+-K+-ATPase (Majid 
and Navar 1997). Other actions that involve NO include controlling cell growth, 
apoptosis, and inflammation (Gross and Wolin 1995). 

The stimulation of AT zR is associated with increased generation of BK 
(Siragyet al. 1996, 1998), NO (Siragy et al. 1998; Careyet al. 2000a), and cGMP 
(Siragy and Carey 1996), all of which have vasodilatory properties (Carey et al. 
2000b). A vasotonic role for BK production during ATzR activation has been re
ported in several animal models such as in the stroke-prone spontaneously hy
pertensive rats (SHR-SP) aorta (Gohlke et al. 1998) and in rats with two-kidney, 
one figure-eight wrap hypertension (Siragy and Carey 1999). Seyedi et al. stud
ied coronary microvessels and large coronary arteries obtained from normal 
dogs. Nitrite, a product of NO metabolism, was increased following Ang II infu
sion, an effect blocked by BK BzR antagonist, AT[R antagonist, and AT2R antag
onist (Seyedi et al. 1995). These effects suggested a role for local kinin formation 
in the coronary vessels, and that AT[R and AT2R may playa role in mediating 
the release of nitrite. Golke et al. demonstrated that the attenuation in Ang II
induced pressor response in SHR-SP rats by AT[R blockade was associated with 
a rise in aortic cGMP concentration. BK-B2R antagonist or L-nitroarginine 
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methyl ester (L-NAME) (Golke et al. 1998) inhibited this increase in cGMP con
centration. This study suggests that AT2R activation during ATIR blockade is as
sociated with an increase in BK production, which in turn stimulates NO gener
ation and can cause a vasodilatory effect. Bucher et al. described another inter
action between AT2R and NO. In this study SD rats were injected with either 
lipopolysaccharide or lipoteichoic acid to stimulate gram-negative and gram
positive sepsis, respectively. In both models of sepsis, AT 2R expression in the 
adrenal gland was downregulated and NOS II expression was induced. This 
downregulation of AT 2R was prevented by blocking of NO synthesis (Bucher et 
al. 2001). This study points to another important aspect of the AT2R-NO inter
action, where AT 2R could play an important role in the pathogenesis of septic 
shock that is NO-dependent. 

Siragy and Carey demonstrated that Ang II stimulates cGMP production in 
the kidney, which could be inhibited by AT2R blockade or NOS inhibitor (Siragy 
and Carey 1996, 1997a). These data demonstrated that AT2R activation leads to 
an increase in renal NO production. They further demonstrated that the physio
logical action of Ang II in the kidney, such as the release of cGMP by the AT 2R, 
is potentiated during stressful conditions such as sodium depletion in which the 
RAS is stimulated. Reports from the same laboratory also demonstrated that the 
increase in Ang II, in response to AT 1 R blocker valsartan, stimulated AT 2R, 
which mediates a BK and NO cascade (Siragy et al. 2000). Furthermore, it was 
shown that the AT 2-null mouse has low basal levels of renal BK and renal cGMP, 
an index of NO production, with no change in these levels following Ang II in
fusion or dietary salt restriction (Siragy et al. 1999). Israel et al. showed that sys
temic administration of AT lR blocker, losartan, not only inhibited the pressor 
response induced by mild footshocks but also resulted in vasodepression. When 
AT2R was blocked by PD123319 in combination with losartan, the vasodepres
sor response was eliminated (Israel et al. 2000). These data suggested that the 
vasodepressor response to footshocks in the presence of AT lR antagonist is trig
gered by activation of AT2R. This vasodepressor response was also blunted by 
BK, NO, and prostaglandin (PG) inhibitors, suggesting the involvement of BK, 
NO, and PG in the depressor response triggered by AT2R activation in that mod
el. Taken together, these results demonstrate that AT2R is necessary for normal 
physiological responses of BK and NO, and that the renal NO production by 
AT 2R activation can be a major contributing factor in the regulation and control 
of multiple renal functions. 

7 
AT 2R and the Kidney 

The kidney serves as one of the major target tissues that mediate the physiolog
ical actions of Ang II. Ang II has multiple effects on renal function including 
modulation of renal blood flow, glomerular filtration rate (GFR), tubular epithe
lial transport, renin release, and cellular growth (Matsubara 1998). Ang II levels 
in renal interstitial fluid (RIF) were reported to be 1,000 times higher than sys-
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temic plasma levels, suggesting the importance of Ang II in the local regulation 
of renal function (Siragy et al. 1995). Furthermore, Nishiyama et al. confirmed 
that RIF concentrations of Ang I and Ang II are substantially higher than the 
corresponding plasma concentrations (Nishiyama et al. 2002). The high RIF 
concentrations of Ang II were not responsive to acute ACE inhibition or volume 
expansion, suggesting the compartmentalization and independent regulation of 
RIF Ang II. 

AT2R has specific effects on renal function. The detection of increased inci
dence of congenital anomalies of the kidney and the urinary tract in AT 2R-defi
cient mice, suggests a role for AT 2R in genitourinary development (Guron and 
Friberg 2000). Among the renal effects of the AT2R stimulation are: mediation 
of renal interstitial production of NO, BK, and cGMPj counter-regulatory pro
tective role against AT lR-mediated anti natriuretic and pressor actions of 
Ang IIj and enhancing the activity of 9-ketoreductase enzyme leading to conver
sion of prostaglandin E2 (PGE2) to prostaglandin F2 alpha (PGF2 alpha) (Siragy 
and Carey 1996, 1997b). 

7.1 
AT 2R Localization in the Kidney 

A paucity of information exists about the localization of the AT 2R in the kidney. 
Autoradiography coupled with competitive binding studies have been used to 
characterize the distribution of Ang II receptors subtypes in renal tissues. By 
using these techniques, the distribution of ATIR and AT2R subtypes showed re
markable species-differences (Table 2). 

Table 2 AT2 localization in the kidney 

Species Age 

Mouse Fetal 
Rat Fetal 

Newborn 
Young 
adult 
Mature 
adult 

Rabbit 
Rhesus 
monkey 
Human Fetal 

Children 
Adult 

location 

Mesenchymal cells of mesonephros surrounding the mesonephric tubules 
Mesenchymal cells surrounding the epithelial structure and ureteric buds, 
immature glomeruli, primitive cortical and medullary tubules, interstitial 
cells 
Glomeruli, proximal and distal tubules, blood vessel 
Glomeruli and tubules. Re-expressed with sodium depletion in glomerular 
mesangial cells, tubules and mesenchyma, interstitial cells of outer cortex 
Glomeruli and tubules. Enhanced by sodium depletion in glomeruli, 
interstitial cells, and adventitia of preglomerular arcuate and interlobular 
arteries. 
Fibrous sheath around the kidney 
JGA, vasculature of renal cortex 

Mesenchymal cells adjacent to the Stalk of ureter epithelium, superficial 
cortex, between collecting ducts 
Interlobular arterial 
Glomeruli and tubules, large cortical preglomerular vessels, interlobular 
arteries, tubulo-interstitium 
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Kakuchi et al. reported that AT 2R is intensely expressed in the mesenchymal 
cells of the mesonephros surrounding the mesonephric tubules of fetal mouse 
kidney (Kakuchi et al. .1995). In the rat fetal kidney, AT2R is heavily expressed 
in immature glomeruli, cortical and medullary tubules and interstitial cells, but 
within few days of birth, AT 2R expression diminishes rapidly, and is observed 
only at low levels in adult kidney (Ozono et al. 1997; Carey et al. 2000b). 

Ozono et al. published an eloquent study using immunohistochemical stain
ing to detect AT2R gene in fetal (day 14 and 19 of fetal life), newborn (day 1 
postpartum) and adult rat kidney (4 weeks and 3 months old). The study 
showed heavy immunohistochemical staining for the AT 2 receptor in the undif
ferentiated mesenchymal cells surrounding the epithelial structures and in the 
ureteric buds in the F14 fetus. In the F19 fetus, AT2 receptor signal was detected 
in the S-shaped glomeruli, primitive tubules, and mesenchymal tissue. The 
study further showed positive staining in glomeruli, proximal and distal renal 
tubule cells, and blood vessels of the newborn rat kidney at D 1. In young adult 
(4-week-old) rats on normal sodium intake, renal staining for the AT2 receptor 
was markedly reduced but remained detectable in the glomeruli and tubules. 
Sodium depletion increased AT 2R expression in young adult rats, in the glomer
uli, tubules, and mesenchyma. The glomerular staining was localized to mesan
gial cells and also was present in the interstitial cells of the outer cortex. Similar 
results were shown in the mature adult (3-month-old) rats. On normal sodium 
intake, there was some glomerular and tubule expression of AT 2R protein signal 
that was enhanced during sodium depletion predominantly in the glomeruli 
and in the interstitial cells of the outer cortex (Ozono et al. 1997). 

The status of renal AT2R in the adult rat kidney has been controversial. Initial 
studies (Gibson et al. 1991) suggested that there was no gene expression for 
AT 2R in adult kidney. However, using immunohistochemical techniques and au
toradiography, it has been shown that AT2R is present in low levels in the glom
erular epithelial cells, cortical tubules, and interstitial cells of glomeruli and tu
bules of rat kidney. (Ozono et al. 1997; Wang et al. 1999). Miyata et aI., using 
immunohistochemistry and reverse transcription-polymerase chain reaction 
(RT-PCR) found the AT2R mRNA and protein expression throughout the rat 
kidney, but little expression was found in the glomerulus and the medullary 
thick ascending limbs of Henle (Miyata et a1.1999). Sharma et al. demonstrated 
the presence of AT 1 R and AT 2R in rat glomerular epithelial cells, and proposed 
that Ang II and its interaction with AT 1 R and AT 2R on glomerular epithelial cells 
play an important part in the regulation of glomerular function (Sharma et al. 
1998). 

AT2R and its mRNA are most prominent in the fetal and newborn mam
malian kidney. In contrast, the expression of AT2R in the adult mammalian kid
ney has been reported to be very low and localized mainly in the glomerular 
and mesangial cells (Goto et al. 1997; Ozono et al. 1997), or adventitia of the 
preglomerular arcuate and interlobular arteries (Zhou et al. 1996). Autoradiog
raphy revealed that in rabbit, the fibrous sheath around the kidney contains 
AT2R binding sites (Herblin et al. 1991), and that in rhesus monkeys it is present 
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in juxta-glomerular apparatus (JGA) and in the vasculature of the renal cortex 
(Gibson et al. 1991) 

In the human fetal kidney, the presence of AT 2Rm RNA was detected in undif
ferentiated mesenchymal cells adjacent to the stalk of the ureter epithelium, in 
the superficial cortex near nephrogenic areas, and in the area between collecting 
ducts (Grone et al. 1992). In adult human kidney, AT2 mRNA was localized in 
the medial layers of interlobular arteries (Matsubara et al. 1998). AT2R was also 
found in large cortical preglomerular vessels and the tubulo-interstitium (Grone 
et al. 1992; Goldfarb et al. 1994; Zhou et al. 1996). The presence of AT2R in the 
interlobular arteries was also shown in children. Vinswanathan et al. examined 
kidneys obtained at autopsy from five children (aged 1 month to 2 years) during 
the first 24 h after death. Ang II receptor subtypes were localized by quantitative 
autoradiography. While renal glomeruli expressed exclusively AT 1 R, 80% of the 
Ang II receptors in the interlobular artery belonged to AT2R (Vinswanathan et 
al. 2000). Immunohistochemistry of the human adult kidney with the use of a 
polyclonal antibody to the AT2R revealed a positive signal in the glomerular epi
thelial elements, tubules, and large-order renal blood vessel (Carey et al. 2000b). 

7.2 
AT 2R Actions and the Kidney 

Ang II takes part in a number of regulatory events in the kidney mainly the con
trol of renal vascular resistance, glomerular filtration, and tubular epithelial 
transport. These renal actions of Ang II are mediated by AT1R, which predomi
nates in glomeruli, JGA, and proximal tubules in adult human kidneys. Howev
er, the AT 2R also seems to have some specific effects on renal functions. AT 2R is 
postulated to playa role in pressure natriuresis, vascular and BP regulation, ap
optosis and antiproliferation, glomerular action, and certain pathologic renal 
conditions. 

7.2.1 
Pressure Natriuresis and Diuresis 

Controversial data exist regarding the role of AT 2R in pressure natriuresis and 
diuresis. While most studies proposed that AT2R enhance both pressure natri
uresis and diuresis (Siragy et al. 1999; Gross et al. 2000), other studies did not 
support this proposal (Lo et al. 1995; Madrid et al. 1997). Siragy et al. suggested 
that AT 2R stimulation can physiologically increase pressure natriuresis and pro
posed that the effect is mediated by BK/NO cascade. In ATz-null mice, chronic 
infusion of sub-pressor doses of Ang II for 1 week increased the systolic BP 
(SBP) and reduced urinary sodium excretion (UNAV), whereas neither SBP nor 
UNAV changed in WT mice. Furthermore, in WT mice, dietary sodium restric
tion or Ang II infusion increased RIF BK and cGMP, with no changes noted in 
the ATz-null mice. These results suggest that the absence of AT2R leads to sodi
um retention and hypertension in the presence of physiologically increased 
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Ang II (Siragy et al. 1999). In agreement with Siragy et al. was the study by 
Gross and colleagues. Under the same renal perfusion pressure (RPP), Gross et 
al. noted that the control WT mice excreted threefold the quantity of sodium 
and water compared to the AT2 null mice, suggesting that AT2R plays a role in 
enhancing pressure natriuresis and diuresis (Gross et al. 2000). Haithcoch et al. 
showed that AT 2R is linked to inhibition of bicarbonate reabsorption in the 
proximal tubule, an effect that opposes AT lR-mediated facilitation of sodium 
and bicarbonate reabsorption and suggests a role for AT 2R in natriuresis. These 
natriuretic and diuretic responses were not related to hemodynamic changes 
(Haithcoch et al. 1999) 

7.2.2 
Effects on Blood Vessels 

Ang II directly influences blood vessels structure and function. The atrophic 
and proliferative effects of Ang II on the vasculature are modulated by both 
ATlR and AT2R. Tsutsumi et al. demonstrated that ATlR and AT2R play opposite 
roles in aortic VSM. In transgenic mice with overexpressed AT 2, chronic infu
sion of Ang II completely abolished the ATlR-mediated pressor effects, suggest
ing an ATrmediated vasodilation (Tsutsumi et al. 1999). Sheuer et al. and 
Munzenmaier et al. showed data confirming the vasodilatory actions of AT 2R. 
Sheuer et al. demonstrated that AT2 mediates the depressor phase of the bipha
sic BP response to Ang II in mature rats (Sheuer et al. 1993), while Munzen
maier and coworkers showed the pressor action of Ang II to be enhanced with 
chronic treatment with AT2R antagonist PD123319 in SD rats (Munzenmaier et 
al. 1996). In agreement with these data is the observation that the pressor ac
tions of Ang II are further enhanced in the ATrnull mice model (Hein et al. 
1995; Ichicki et al. 1995). Furthermore, Ichiki et al. and Siragy et al. demonstra
ted that AT2R-null mice have a higher sensitivity to BP and exert enhanced pres
sor actions of Ang II (Ichicki et al. 1995; Siragy et al. 1999). 

To delineate the mechanisms of the AT 2R vasodilatory effects, Tsutsumi et al. 
chronically infused Ang II into mice overexpressing the AT 2R. In these studies, 
Ang II completely abolished the AT I-mediated pressor effect, which was blocked 
by inhibitors of bradykinin type 2 receptor (icatibant) and NO synthase (L
NAME). The vasoconstrictive response of Ang II was enhanced by AT2R block
ade, suggesting that AT2 antagonizes the AT I-mediated vasoconstrictive actions 
in aortic VSMC through the stimulation of bradykinin-NO-cGMP cascade 
(Tsutsumi et al. 1999). The proposed mechanism of stimulation of this cascade 
is that AT 2 causes intracellular acidic changes through inhibition of amiloride
sensitive Na+/H+ exchanger activity. The increase in cellular acidity stimulates 
the activity of kininogenases that in turn increase formation of bradykinin 
(Tsutsumi et al. 1999). Arima and Ito proposed another mechanism while study
ing rabbit afferent arteriole (Af-Art). They showed that ATlR blockade abol
ished the Ang II-induced vasoconstriction. Further infusion of Ang II in the set
ting of AT lR blockade caused dose-dependent dilation, which was abolished by 
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AT2R blockade, suggesting an AT2R-mediated vasodilation. While the dilation 
was not affected by inhibiting the synthesis of NO or prostaglandin (PG), it was 
completely abolished by either disrupting the endothelium or inhibiting the 
synthesis of epoxyeicosatrienoic acid (EET), a cytochrome P-450 (CYP) epoxy
genase metabolite of arachidonic acid that is a potent vasodilator in the Af-Art. 
Thus, AT2R induces endothelium-dependent and EET-mediated vasodilation, 
which is independent of NO release (Arima and Ito 2000). Using the same model 
of rabbit Af-Art, Kohagura et al. induced vasoconstriction by inhibiting NOS or 
EET using L-NAME or miconazole respectively. The addition of Ang II enhanced 
further this vasoconstriction. When the experiment was repeated with the addi
tion of AT2R blocker PD123319, only L-NAME augmented the vasoconstrictive 
activity of Ang II, while EET inhibitor, miconazole had no effect. These studies 
suggest an additional mechanism whereby AT2R mediates vasodilation via cou
pling to EET (Kohagura et al. 2000). 

Contrary to the proposed vasodilator effect of AT 2R, Croft et al. showed that 
Ang II increases CYP mono oxygenase in preglomerular microvessels (PGMV s) 
of SD rats, which in turn cause an increase in the vasoconstrictor 20-hydroxye
icosatrienoic acid (HETE) by two- to threefolds. This effect was blocked by 
AT2R blockade (PD123319) and phospholipase C (PLC) inhibitor (U-73122). 
These data suggested that AT2R-PLC effector unit is associated with synthesis of 
a vasoconstrictor product in PGMVs (Croft et al. 2000). 

7.2.3 
Blood Pressure Regulation 

Several studies suggest that AT 2R plays a role in BP control, counterbalancing 
the AT 1 R pressor action and causing a reduction in Ang II -induced hyperten
sion. AT 2R has been suggested to have a direct vasodilatory action that can 
cause reduction in BP. Furthermore, AT 2R through its pressure natriuresis and 
diuresis actions can achieve similar BP reduction effects. The malfunction of 
pressure natriuresis and diuresis leads to arterial hypertension. 

In a series of studies (Siragy and Carey 1996, 1997a, 1999; Siragy et al. 1996), 
Siragy et al. provided evidence for a vasodilatory cascade mediated by AT 2R. 
These studies showed that Ang II, via AT 2R, triggers a cascade of increase tissue 
BK, synthesis of NO, and cGMP, and ultimately leading to vasodilation and re
duction of the increased BP associated with Ang II. 

The protective role of the renal AT 2R was further investigated in a 2-kidney, 1 
figure-8 wrap model (Siragy and Carey 1999). Siragy et al. observed that BK, 
NO, and cGMP were all higher in the intact kidney than in the wrapped kidney. 
While AT lR blockade increased BK, NO, and cGMP further in the intact kidney, 
AT 2R blockade decreased these products in both kidneys. They concluded that 
Ang II triggers the production of BK in the kidney via the stimulation of AT 2R, 
which then releases NO and cGMP to produce counter-regulatory vasodilation 
in this model. The study also suggests that the hypotensive response associated 
with AT1R blockade is partially mediated by the AT2R. To further expand on the 
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role that AT 2R plays in BP regulation, Carey et al. infused the selective AT 2R ag
onist CGP42112A, and showed that it decreased BP. They further showed that 
this BP-Iowering response was blocked by either AT2R blockade PD123319 or 
the NOS inhibitor L-NAME, suggesting that the AT2R induces a vasodilator re
sponse mediated by NO (Carey et al. 2001). 

The role of AT2R in BP regulation was studied further in AT2-null mice (Rein 
et al. 1995; Ichiki et al. 1995; Siragy et al. 1999). At base line in the absence of 
AT2R, ATrnull mice have slightly elevated BP. This mouse model demonstrated 
pressor hypersensitivity to Ang II compared with WT controls. When the RAS 
was activated by dietary sodium restriction or Ang II infusion, the AT2-null 
mice did not increase BK, NO, nor cGMP in contrast to the WT control mice 
(Siragy et al. 1999). These data support the hypothesis that AT2R plays a role in 
lowering BP through the vasodilatory actions of BK/NO/cGMP. 

Additional studies using AT]R blockers (Matrougui et al. 1999) alone or in 
combination with AT2R agonist (Barber et al. 1999) or in combination with salt 
restriction (Siragy et al. 2000) confirmed the vasodilator actions of AT2R stimu
lation and its role in BP regulation. 

7.2.4 
Apoptosis 

Apoptosis is characterized by a series of morphological events such as shrinkage 
of the cell, condensation of chromatin, fragmentation into apoptotic bodies, and 
rapid phagocytosis by neighboring cells. It plays a crucial role in the normal de
velopment as well as in the pathophysiology of a variety of tissues that have un
dergone injury or damage. Among many other factors, the balance between 
pro- and anti-apoptotic proteins determines whether a cell will undergo pro
grammed cell death or survive. 

AT2R stimulation has been demonstrated to induce apoptosis in a number of 
cells in correlation with extensive cell death in the developing fetus. AT2R in
duces apoptosis in cells of neuronal origin, such as PC12 W (Yamada et al. 
1996) and cultured neurons from newborn rat (Shenoy et al. 1999), rat ovarian 
granulosa cells (Tanaka et al. 1995), fibroblast from mouse embryo (Li et al. 
1998), and endothelial cells from human (Dimmeler et al. 1997). AT2R was also 
shown to mediate vascular mass regression by stimulating smooth muscle cells 
apoptosis (Tea et al. 2000). In a study by Suzuki et aI., vascular injury was in
duced by polyethylene cuff placement around the left femoral artery of ATrnull 
mice. They found that the number of apoptotic cells decreased in this mouse 
model, pointing to a proapoptotic effect of AT 2R on VSMC in the process of 
neointimal formation after vascular injury (Suzuki et al. 2002). 

In the kidney, it has been suggested that the balance between cell prolifera
tion and apoptosis plays an important role in the pathophysiology of various re
nal diseases (Kovacs and Gomba 1998; Thomas et al. 1998; Truong et al. 1998). 
Ang II was shown to induce apoptosis in renal tubular cells. This was demon
strated by the immunohistochemical techniques and confirmed by electron mi-
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croscopy. Both AT 1 R and AT zR antagonists attenuated this effect of Ang II on 
apoptosis. In a kidney model of rat with unilateral ureteral obstruction, ATzR 
blockade suppressed tubular cell apoptosis (Morrissey and Klahr 1999). Using 
the same model of unilateral ureteral obstruction in male WT and ATzR-defi
cient mice, Ma et al. investigated the role of Ang II in renal remodeling. They 
observed that the obstructed kidney from the ATzR knock-out mice showed sig
nificantly fewer apoptotic cells compared to WT control mice, supporting a role 
for ATzR in apoptotic cell death (Ma et al. 1998). 

Cerami de, an intracellular lipid second messenger and one of the most hy
drophobic molecules in mammalian cells, has been implicated as an important 
mediator of apoptosis (Pushkareva et al. 1995). Gallinat et al. demonstrated that 
Ang II increased cerami de levels during apoptosis in PC12 W cells, and that this 
action was completely abolished by co-incubation with an ATzR antagonist, con
firming that apoptosis is mediated by ATzR (Gallinat et al. 1999). Miura and 
Karnik further showed that induction of apoptosis could be a constitutive func
tion of the AT zR, and proposed that overexpression of the AT zR itself may act as 
a signal for apoptosis that did not require Ang II (Miura and Karnik 2000). 

7.2.5 
Antiproliferative Effects 

As mentioned before, the balance between cell proliferation and apoptosis plays 
an important role in the pathophysiology of various diseases (Kovacs and Gom
ba 1998; Thomas et al. 1998; Truong et al. 1998). Ang II was noted to be able to 
induce both cellular proliferation (Bunkenburg et al. 1992; Kunert-Radek et al. 
1994) and apoptosis (Anaka et al. 1995; Kajstura et al. 1997) in renal cystic dis
eases, renal fibrosis, and obstructive uropathy. While the proliferative properties 
of Ang II were considered to be mediated by AT1R, the ATzR was considered to 
promote apoptosis (Nakajima et al. 1995; Yamada et al. 1996). The opposite was 
also suggested where AT 1 R mediates apoptosis (Croft et al. 2000) and AT zR 
mediates proliferation (Levy et al. 1996). To establish a mechanistic pathway 
through which Ang II exerts its growth promoting effect, Li et al. infused Ang II 
to WKY rats with AT1R blocker or ATzR blocker for 21 days. They noted that 
growth of the heart, aorta, coronary, renal, mesenteric, and femoral arteries are 
mediated by the AT1R, with little evidence of a role of ATzR (Li et a1.1998). This 
result raised the question of whether ATzR subtype has growth-inhibitory and 
proapoptotic properties or no role in growth at all. Stoll et al. demonstrated an 
anti proliferative effect of Ang II on coronary endothelial cells that could be 
blocked by the ATzR blocker PD123319 (Stoll et al. 1995). These results suggest 
that the antiproliferative effect of Ang II was mediated via AT zR. In agreement 
with this observation were Brogelli et al. and Suzuki et colleagues. Using an in 
vitro organ culture model, Brogelli et al. demonstrated that the growth of VSMC 
of male Wistar rat aorta was inhibited by AT1R blockade, yet increased by the 
ATzR antagonist. This data demonstrated that ATzR-mediated inhibition of 
VSMC proliferation in adult vessels (Brogelli et al.2002). Suzuki et al. demon-
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strated that neointimal formation as well as DNA synthesis in VSMC was exag
gerated in AT2-null mice following vascular injury, suggesting an antiprolifera
tive effects of AT2R (Suzuki et al. 2002). 

In the kidney, Goto et al. examined AT 2 expression using culture mesangial 
cells (MC) from normotensive WKY and from SHR-SP rats. MC from SHR-SP, 
whose proliferative activity was much higher than WKY, showed only AT 1 R sub
type. The lower expression of AT2R in MC from SHR-SP may suggest its involve
ment in the MC higher proliferative activity and possibly in the development of 
renal disorders (Goto et al. 1997). 

7.2.6 
Glomerular Actions 

AT2R seems to playa role in regulation of glomerular blood flow (GBF). Selec
tive activation of AT 2R using afferent arteriole microperfusion technique was 
shown to cause endothelium-dependent vasodilation via CYP, possibly by re
leasing vasodilatory EET (Kohagura et al. 2000). On the other hand, AT2R was 
shown to be able to do the opposite by increasing synthesis of the vasoconstric
tor product of arachidonic acid metabolite, 20 HETE (Croft et al. 2000). 

In a human study, Mifune et al. examined kidney samples from 21 patients 
with or without glomerular lesions. The glomerular lesions included IgA neph
ropathy, minimal change disease, and membranous glomerulonephritis. While 
mild-moderate immunohistochemical staining of AT2R was seen in the blood 
vessels, weaker staining was found in the glomeruli. These results were observed 
in both the normal and diseased kidney samples, suggesting a role for the AT 2R 
in both normal and diseased human kidneys (Mifune et al. 2001). 

7.2.7 
Diabetes Mellitus 

Diabetes mellitus (DM) has grown into an epidemic. Several studies pointed to
ward a significant role of the RAS activation in DM. Clinical studies demonstra
ted a role for interrupting the RAS at the ACE level and/or at the AT lR levels, 
using ACEI and ATIR blockade, in delaying progression of diabetic nephropathy 
(Lewis et al. 1993,2001; Parving et al. 2001). In spite of that, the source of intra
renal Ang II formation remains unclear. Several studies have shown that renal 
renin mRNA and activity, proximal tubule angiotensinogen expression, and 
proximal tubule cell mRNA expression are increased in the diabetic model 
(Anderson et al. 1993; Wang TT et al. 1998; Zimpelmann et al. 2000). Once 
Ang II is formed in the kidney, it exerts most of its effects as vasoconstriction, 
increased glomerular capillary pressure, and mechanical stretch-induced glom
erular injury via ATIR (Yuan et al. 1990; Akai et al. 1994). Recently, Wehbi et al. 
studied the role of intrarenal AT 2R in the progression of diabetic nephropathy 
in streptozotocin {STZ)-induced diabetic SD rats. The study demonstrated by 
RT-PCR that early diabetes had no significant effect on glomerular mRNA ex-
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pression of renin, angiotensinogen, or ACE. While the non-glycosylated ATJR 
expression was increased in the diabetic rats, there was a significant decrease in 
glomerular AT 2R protein expression. Furthermore, AT 2R expression was de
creased in all kidney regions in early diabetes. These data suggest that alter
ations in the balance of kidney ATJR and AT2R expression may contribute to 
Ang II-mediated glomerular injury in progressive diabetic nephropathy (Wehbi 
et al. 2001). 

Bonnet et al. further confirmed that AT2R was reduced in long-term diabetic 
SHR. In a study where they assessed gene and protein expression of the ATJR 
and the ATzR using RT-PCR, immunohistochemistry, and autoradiography in 
STZ-induced diabetes in SHR and WKY, they showed that both ATJR and AT2R 
mRNA levels in the kidney, glomerular, and tubular-interstitial staining for both 
ATJR and AT2R, and their binding was reduced (Bonnet et al. 2002). These data 
suggest a role for the AT zR in the pathogenesis of renal injury, including DM. 

7.2.8 
Congenital Anomalies of the Kidney and Urinary Tract 

The RAS plays a role in cell proliferation and differentiation, and organogenesis, 
especially nephrogenesis (Wolf and Neilson 1996). ATzR is more expressed dur
ing development and appears to affect tissue remodelling through apoptosis 
and plays a role in nephrogenesis. 

Congenital anomalies of the kidney and urinary tract account for more than 
50% of cases of abdominal mass found in neonates, and involve 0.5% of all preg
nancies (Scott et al. 1988). Studies of the mice and human ATzR gene showed an 
association between being AT2R null and congenital anomalies of the kidney 
and urinary tract (Nishimura et al. 1999). The AT2R is postulated to be involved 
in the development of the ureteric lumen through apoptotic resorption of cells. 
Thus, the occurrence of a mutation of the ATzR was shown to occur more fre
quently in individuals with pelvi-ureteric junction obstruction as well as lower 
ureter malformation (Nishimura et al. 1997). Hohenfellner et aI., while confirm
ing a role for AT zR for the normal development of the ureter, could not find a 
relationship between ATzR and vesico-ureteral reflux (Hohenfellner et al. 1999). 

8 
Conclusion 

While our knowledge of AT JR actions in the kidney is better delineated, most of 
the data regarding the role of AT 2R in normal physiological and in pathological 
situations remain unclear. A vast number of basic and clinical studies over the 
past few decades have confirmed a major role for drugs that interrupt the RAS 
at the ACE or the AT JR levels in the management of several diseases including 
hypertension, diabetic nephropathy, congestive heart failure, and some of the 
glomerular diseases. 
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The possible protective role that AT 2R may play in some of these diseases is 
intriguing. Further studies aiming at better understanding of the physiologic 
and pathophysiologic roles of AT 2R and evaluating the potential beneficial ac
tions of drugs that work as agonists for this receptor is much needed. 
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Abstract Angiotensin II (ANG 11), the biologically active component of renin
angiotensin system (RAS), acts through two receptor subtypes, the AT 1 and the 
AT2 receptors. All classic physiological effects of ANG II, such as vasoconstric
tion, aldosterone and vasopressin release, sodium and water retention, as well as 
ANG II-mediated growth, are mediated by the AT, receptor. Recent investiga
tions have established a role for the AT 2 receptor in cardiovascular, brain, and 
renal function as well as in the modulation of various biological processes in
volved in development, cell differentiation, and tissue repair. Furthermore, 
binding of ANG II to AT 2 receptors inhibits, in certain cells, proliferation, medi
ates differentiation in neural cell lines, and even induces apoptosis. Interesting
ly, one study suggests that AT 2 receptor-mediated apoptosis may be independent 
of the ligand ANG II and requires only AT2-receptor expression on a specific 
target cell. As all these effects of AT 2 receptor activation are the opposite of 
those mediated through AT 1 receptors, a ying-yang hypothesis has been pro
posed in which AT 1 and AT 2 receptors have principally contrary functions. This 
review summarizes new insights in the function of the AT 2 receptor and its 
affected target genes. 
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1 
Introduction 

The peptide hormone angiotensin II (ANG II) exerts a broad field of physiologi
cal and pathophysiological actions on the cardiovascular and nervous system, 
fetal development, and in response to injuries. In 1989, two independent groups 
of investigators provided pharmacological evidence for the existence of two ma
jor subtypes of ANG II receptor (Chiu et al. 1989; Whitebread et al. 1989). These 
subtypes were subsequently named the ATl and AT2 receptors. There may be 
even more ANG II receptor types, but they are not yet cloned. The AT 1 receptor 
is responsible for mediating many of the well-known stimulatory physiological 
actions of ANG II, including vasoconstriction, secretion of aldosterone, and re
nal sodium reabsorption. The AT 1 receptor can activate G protein-coupled and 
-uncoupled signal transduction pathways, such as down-regulation of adenylate 
cyclase, activation of phospholipase A2, and protein kinase C, stimulation of the 
Janus kinase/STAT (signal transducer and activator of transcription) cascade, 
and opening of calcium channels. The AT 1 receptor is the predominant subtype 
in the adult and is responsible for the most physiological effects of ANG II (de 
Gasparo et al. 2000). 

The AT2 receptor shares only about 33% amino acid sequence identity with 
its ATl counterpart (Nakajima et al. 1993). The lowest homology between these 
receptors exists between their third intracellular loops (lCL). The third ICL is 
regarded as one of the major regions of the G protein-coupled receptor that is 
responsible for their signal transduction. Delivery of synthetic third ICL pep
tides of the AT 2 receptor into vascular smooth muscle cells (VSMC) results in 
decreased DNA synthesis, diminished cell proliferation, and a reduction in mi
togen-activated protein (MAP) kinase activity, similar to the effects of ANG II 
acting via the AT2 receptor (Hayashida et al. 1996a). Moreover, in neurons cul
tured from newborn rat hypothalamus and brain stem, intracellular injection of 
a 22-amino acid peptide (PEP-22) corresponding to the putative third ICL of the 
AT2 receptor elicited an increase in delayed rectifier K+ current (Kv) similar to 
that obtained with ANG II acting via AT2 receptors in these cells (Kang et al. 
1996). Using a chimeric receptor in which the third ICL of the AT2 receptor was 
replaced with that of the AT 1 receptor, Dittus et al. observed a loss in affinity to 
[l251-Sarl-Ile8]ANG II and l251-CGP42112A (Dittus et al. 1999). Collectively these 
data support the hypothesis that the third ICL of the AT2 receptor is as closely 
linked to intracellular signaling as to the determination of ligand-binding prop
erties. 

Regardless of the low homology of the ATl and AT2 receptors, ANG II ex
hibits a similar affinity to both receptor subtypes. Discrimination of these sub
types became possible with the development of highly selective receptor antago
nists (Timmermans et al. 1993). ATl receptors exhibit a low affinity to tetrahy-
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droimidazolepyridines, such as PD123177 and PD123319, and a high affinity for 
a class of compounds called "sartans" which, from the chemical point of view, 
belong to the biphenylimidazoles. On the other hand, AT 2 receptors show a very 
low affinity for biphenylimidazoles and a high affinity for tetrahydroimida
zolepyridines. Moreover, compared with AT I receptors, AT 2 receptors also dis
playa high affinity for the peptide CGP42112A, which is a partial agonist 
(Brechler et al. 1993). 

The exposure of G protein-coupled receptors (GPCRs) to agonists often re
sults in a rapid attenuation of receptor responsiveness. This process, termed de
sensitization, is the consequence of a combination of different mechanisms in
cluding the uncoupling of the receptor from heterotrimeric G proteins, the in
ternalization of cell surface receptors to intracellular membranous compart
ments, and the down-regulation of the total cellular receptors due to reduced re
ceptor mRNA and protein synthesis, as well as both the lysosomal and plasma 
membrane degradation of pre-existing receptors (Ferguson et al. 2001). In con
trast to this concept, the AT 2 receptor neither undergoes internalization after 
agonist binding (Rein et al. 1997) nor down-regulation of mRNA or protein lev
el. Contrariwise, the AT 2 receptor density on the cell surface is adjusted by self 
up-regulation mechanisms on transcriptional and translational levels by the re
ceptor itself (Shibata et al. 1997; Li et al. 1999). 

The AT2 receptor gene (AGTR2) is located on the X chromosome. The gene 
comprises three exons with the entire coding region in the third exon (Ichiki et 
al. 1995a). There is no intron in the coding region, thus excluding multiple 
forms of the AT 2 receptor derived by alternative splicing. 

The majority of studies performed on AT2 receptor regulation have been in 
vitro cell culture experiments. In the course of these experiments, it became evi
dent early on that the cell culture conditions can affect the expression of AT 2 re
ceptors. For example, in the fibroblast cell line R3T3, which is known to express 
AT2 but not ATI receptors, the number of AT2 binding sites depends greatly on 
the cell density (Dudley et al. 1993). In actively growing R3T3 cells, the expres
sion of AT 2 receptors is very low, but their expression is substantially increased 
when the cells become confluent. This regulation of AT 2 receptors seems to oc
cur at multiple levels, involving translational and/or posttranslational as well as 
transcriptional control (Camp et al. 1995). The fact that serum dramatically in
fluences the expression of AT 2 receptors in cultured cells led to the idea that 
growth factors may have a role in the regulation of these receptors, and this is 
the case. The promoter activity of the AT 2 receptor gene is indeed modulated by 
several factors. To be specific, the AT 2 receptor is consistently down-regulated 
by factors which are known to induce cell proliferation, such as basic fibroblast 
growth factor (bFGF), epidermal growth factor (EGF), nerve growth factor 
(NGF), platelet-derived growth factor (PDGF), and ANG II via ATI receptor 
(Ichiki et al. 1995a; Kizima et al. 1996; Li et al. 1998, 1999). In contrast, AT2 re
ceptor expression is up-regulated during serum deprivation and cell contact in
hibition as well as by factors like insulin, insulin-like growth factor, the inflam
matory cytokine interleukin 1b, estrogen, and ANG II via the AT2 receptor itself 
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(Ichiki et al. 1995b; Kambayashi et al. 1996; Shibata et al. 1997; Armando et al. 
2002; Stoll et al. 2002). It should also be pointed out that the effects of growth 
factors or serum on AT2 receptor expression in PC12W and R3T3 cells are de
pendent on the respective cell passage (Li et al. 1998), indicating another level of 
complexity in the regulation of AT2 receptor expression in these cells. In prima
ry neuronal cultures, short-term incubations with NGF resulted in increased 
AT2 receptor mRNA levels, whereas long-term incubations with this factor gen
erated the opposite effect (Huang et al. 1997). The finding that the effects of cer
tain factors on the AT 2 receptor expression are not necessarily identical in dif
ferent cell types emphasizes the importance of thoroughly discriminating data 
gathered in each situation. 

In vivo, AT 2 receptors are abundantly expressed in fetal organs but are pres
ent in distinct tissues in the adult organism, including brain, adrenal glands, 
uterine myometrium, ovarian follicles, kidney, and heart (Matsubara et al. 
1998). In the brain, the receptor is expressed in brain stem, several thalamic nu
clei, lateral septum, and amygdala (Tsutsumi and Saavedra 1991). Interestingly, 
the AT 2 receptor is re-expressed under pathological conditions such as conges
tive heart failure, renal failure, or following incidents like skin lesions, vascular 
injury, myocardial infarction, and lesions of the nervous system like brain isch
emia, brain lesions, sciatic, or optic nerve transection (Unger 1999). 

The signal transduction pathways for the AT 2 receptor still remain enigmatic. 
Although the AT2 receptor possesses all features of a G protein-coupled receptor, 
the coupling of the receptor to G proteins is still a matter of controversy. The 
insensitivity of the AT2 receptor to guanosine triphosphate (GTP)yS raised the 
assumption that this receptor is not a member of the G protein-coupled receptor 
family (Bottari et al. 1991). Evidence that linked the AT2 receptor to G proteins 
came from studies in neuronal cells demonstrating that the receptor modulates 
K+ channel activity by the G protein Gi (Kang et al. 1994). It turned out that at 
least three phosphatases lead to the growth-inhibitory signals of the AT2 recep
tor: mitogen-activated protein kinase phosphatase (MKP)-I, protein phospha
tase 2A (PP2A) and SH2 domain-containing phosphatase (SHP)-1 (Nouet and 
Nahmias 2000). Moreover, stimulation of the AT2 receptor in certain cell types 
leads to changes in cellular cGMP levels and nitric oxide (NO) production 
(Sumners et al. 1991; Siragy and Carey 1997; Gohlke et al. 1998). In renal tubular 
epithelial cells and in cultured neurons, the receptor is also linked to a mem
brane-associated phospholipase A2 (PP2A) pathway which involves the G pro
tein p21ras. This pathway can be blocked by the inhibition of the PP2A (Zhu et 
al. 1998). Another fatty acid used by the AT2 receptor as a second messenger is 
the sphingolipid ceramide. In PC12W cells, a rat pheochromocytoma cell line, 
long-term activation of the AT 2 receptor increases the synthesis of ceramide and 
may lead via this pathway to the AT2 receptor-mediated apoptosis (Gallinat et 
al. 1999; Lehtonen et al. 1999). 

Unexpectedly, studies using AT 2 receptor knockout mice show that the AT2 
receptor appears to have a physiological role in blood pressure control as well 
as behavior modulation (Hein et al. 1995; Ichiki et al. 1995c; Sakagawa et al. 
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2000). These knockout models are part of a separate section of this volume 
(i.e., see Brede and Hein) and discussed there in more detail. 

As most of these effects of AT z receptor activation are opposing those mediat
ed by AT 1 receptor activation, a yin-yang hypothesis has been proposed in 
which the AT 1 and AT z receptors have principally opposed functions (Unger 
1999; Gallinat et al. 2000; Stoll and Unger 2001; Kaschina and Unger 2003). 

2 
Function 

ANG II has a number of well-known physiological effects, including stimulation 
of drinking behavior, increases in blood pressure, modulation of baroreceptor 
function, and stimulation of vasopressin release. However, the majority of early 
studies have indicated that they are ATl receptor-mediated effects and have 
failed to recognize any role of AT z receptors (Hogarty et al. 1992; Qadri et al. 
1993). One notable exception involves studies showing that administration of 
the AT z receptor antagonist PD 123177 potentiates the stimulatory effects of 
ANG II on drinking behavior and vasopressin secretion (Hohle et al. 1996). This 
is one example of a situation in which AT z receptors appear to oppose AT 1 re
ceptor-mediated effects. 

The AT z receptor is expressed at a very high level in numerous fetal tissues 
(Shanmugam and Sandberg 1996). In contrast, its expression is restricted to cer
tain organs and brain areas in the adult. The AT z receptor is re-expressed in the 
context of cardiac and vascular injury (Nakajima et al. 1995) and nerve crush 
(Gallinat et al. 1998; Lucius et al. 1998) as well as during wound healing (Kimura 
et al. 1992) or kidney obstruction (Morrissey and Klahr 1999). These observa
tions led to the hypothesis that the ATz receptor exerts its main functions during 
the processes of cellular development and reorganization. Therefore, in this 
chapter, we will focus on the role of the AT z receptor during ontogenesis and in 
tissue regeneration. 

2.1 
Growth and Development 

During the process of ontogenesis, the AT z receptor is expressed in an abundant 
and transient manner. In fetal tissues, the AT z receptor emerges on embryonic 
days 11-13 (Ell-E13) and reaches its maximal level on E19. The ATz receptor is 
localized in tissues derived from embryonic mesoderm such as the striated and 
smooth muscle, undifferentiated mesenchymal tissues surrounding the develop
ing cartilage, diaphragm, tongue, connective tissue, bronchi, blood vessels, liga
ments, and submucosal layer of the stomach and intestine, and the choroid sur
rounding the retina and dermis. The AT z receptor expression then rapidly de
clines in after birth to lower or undetectable levels (Table 1; Shanmugam and 
Sandberg 1996). In comparison, the AT 1 receptor is expressed less in fetal or
gans such as the aorta, kidney, adrenal gland, liver, and lungs (Grady et al. 
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Table 1 Tissue distribution of the AT 2 receptor and ontogenic change 

Tissue Fetus New- 3 week 8 week Reference(s) 
bom 

Adrenal 
Cortex + + + + Shanmugam et al. 1995 
Medulla + + + Feuillan et al. 1993 

Ovary 
Follicular granulosa + + + Pucell et al. 1991 

Kidney 
Cortex +++ + Shanmugam et al. 1995 
Medulla (outer strip) + ++ Shanmugam et al. 1995; 

Kakuchi et al. 1995 
Heart ± Shanmugam et al. 1995 

Uterus 
Myometrium 
Blood vessels + 

Heart ± Shanmugam et al. 1995 
Aorta + + Feuillan et al. 1997; 

Shanmugam et al. 1995 
Pancreas + Chappell et al. 1992 
Trachea + Shanmugam et al. 1995 
Stomach + Shanmugam et al. 1995 
Mesenchyme + 
Skin +++ ± Grady et al. 1991; 

Shanmugam et al. 1995; 
Feuillan et al. 1993 

Tongue +++ ± Grady et al. 1991; 
Feuillan et al. 1993 

Skeletal muscle + Feuillan et al. 1993 

1991) which are the tissues where ANG II is known to playa physiological role 
during adult life. 

2.1.1 
Development of the Nephron and Aorta 

In the fetal kidney on the embryonic days EI2-EI6, the AT2 receptor is ex
pressed in mesenchymal cells of differentiating cortex and medulla, which sur
round the glomeruli in the cortex and the tubular tissues in the medulla 
(Kakuchi et al. 1995). These mesenchymal cells will finally be replaced by tubu
lar tissue after their apoptosis. On E14, the AT2 receptor emerges in the intersti
tial mesenchym of the kidney, but not in the glomeruli or the S-body, whereas 
the AT 1 receptor is richly expressed in the preglomeruli and S-bodies. On E16, 
AT 2 receptor mRNA is seen in the renal capsule and inner medulla where it is 
prominent along the papillary duct and between the collecting ducts. In this 
context, the apoptosis of the AT 2 receptor-expressing cells in fetal tissue devel
opment is an attractive concept. On the other hand, mice with targeted deletions 
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of genes for angiotensinogen or angiotensin-converting enzyme (ACE) revealed 
more severe renal abnormalities compared to ATI or AT2 receptor knockout ani
mals with milder abnormalities of the kidney (Hein 1998). These findings sug
gest that AT] and AT 2 receptors are both involved in the developmental process 
of the nephron and that ANG II growth-stimulatory effects, though AT] recep
tors may be adjusted by AT2 receptor-mediated apoptosis and growth inhibi
tion. Therefore, changes in AT 2 receptor signaling may lead to changes in the 
sensitive balance between growth stimulation and inhibition and to alterations 
in tubular formation. 

In the fetal aorta, AT2 receptor expression is undetectable in early stages 
(E15) but rises to very high levels during late embryonic development (E16-
E21) whereupon it decreases 2 weeks after birth (D22) (Viswanathan et al. 
1991). A similar pattern of AT2 receptor expression during development was 
also observed in other cardio-pulmonary tissues. By in utero application of the 
AT2 receptor antagonist PD123319, the role of the AT2 receptor in the develop
ment of the fetal aorta could be examined. The drug was administered for 3 days 
prior to tissue harvesting and the rates of DNA synthesis in the fetal aortae in 
utero were measured. During early embryonic development (E15), when the AT2 
receptor expression is low and the aortic DNA synthesis rates are near maxi
mum, PDl23319 has no effect on DNA synthesis. Between E16 and E2l, the 
growth rates in the fetal aorta decline as the AT 2 receptor is expressed. 
PD123319 treatment attenuates significantly this reduction in aortic DNA syn
thesis (Nakajima et al. 1995). These results suggest that the AT2 receptor medi
ates an antigrowth effect on the aorta in vivo which may be causally related to 
the delayed vasculogenesis observed in AT2 receptor knockout mice (Yamada et 
al. 1998). 

2.1.2 
Development of the Brain and Cognitive Function 

Although circumventricular organs of the brain respond to circulating ANG II, 
an endogenous brain renin-angiotensin system can generate ANG II in tissues 
protected from circulating ANG II by the blood-brain barrier. ANG II generated 
by this system reacts with angiotensin receptors within the brain. The brain an
giotensin receptors have been studied and reviewed extensively (Gehlert et al. 
1991a,b; Rowe et al. 1992; Saavedra 1992; Song et al. 1992; Hohle et al. 1995; Len
kei et al. 1996). An expression of the AT2 receptor in fetal (E18) brain tissues 
was reported in several areas: inferior olive, paratrigeminal nucleus, and hypo
glossal nucleus (Table 2). Saavedra determined AT] and AT2 receptor expression 
in various regions of the brain, and the changes of the expression depending on 
age (Saavedra 1992). Although AT] receptor expression did not show marked 
age dependence, the AT 2 receptor showed a significant decrease from 2 to 
8 weeks of age. Using competitive radio ligand binding the distribution of 
ANG II receptor types in adult rat brain nuclei were investigated (Obermiiller et 
al. 1991). Whereas midbrain and brain stem contained AT] and ATz receptors in 
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Table 2 Distribution of the AT 2 receptor in the brain: effect of age (fmol/mg protein, mean±SEM) 

Regions containing only the AT2 receptor 
Persistent AT 2 receptor with age 
lateral septal nucleus 
Ventral thalamic nuclei 
Mediodorsal thalamic nucleus 
locus ceruleus 
Principal sensory trigeminal nucleus 
Parasolitary nucleus 
Inferior olive 
Medial amygdaloid nucleus 
Medial geniculate nucleus 

Transient expression of the AT 2 receptor 
Anterior pretectal nucleus 
Nucleus of the optic tract 
Ventral tegmental area 
Posteodorsal tegmental nucleus 
Hypoglossal nucleus 
Central medial and paracentral thalamic nucleus 
laterodorsal thalamic nucleus 
Oculomotor nucleus 

Regions containing both AT 1 and AT 2 receptors 
Persistent AT 2 receptor with age 
Superior collicus 
Cingulate cortex 

Transient expression ofthe AT2 receptor 
Cerebellar cortex 

ND, not determined. 

2-week-old 8-week-old 

58±6 
lO1±8 
l65±11 
289±19 
75±6 

220±15 
1328±61 
159±8 
338±24 

53±8 
lO1±13 
lOl±ll 
l10±21 
l41±11 
202±14 
l10±10 
98±13 

145±5 
19±4 

59±6 

18±3 
24±3 
38±13 
98±13 
15±4 
S7±14 

181±32 
94±9 
71±6 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

6S±8 
8±4 

ND 

comparable concentrations, AT 1 receptors were by far predominant in several 
hypothalamic nuclei, although a limited amount of AT 2 receptors was detectable 
in most of them. Although minor differences may exist among these studies, 
they share the following observations: AT 2 receptor expression is consistently 
high in the cerebellar nuclei, inferior olive, and locus coeruleus in the brain 
stem, which is rich in noradrenergic neurons. In contrast to the AT 1 receptor, 
which participates in various central cardiovascular functions and is expressed 
in the hypothalamus and in brain stem nuclei (nucleus of the solitary tract, dor
sal motor nucleus of vagus at a low level), the AT 2 receptor is much less present 
in distinct hypothalamic and brain stem nuclei associated with the regulation of 
cardiovascular functions. The presence of the AT 2 receptor in the dorsal motor 
nucleus of vagus is not completely settled. 

The AT 2 receptor is exclusively or predominantly expressed in two limbic sys
tems, the lateral septal nucleus, and the medial amygdaloid nucleus. This distri
bution of the AT 2 receptor remains unchanged during development and in the 
adult animal; however, the density of the AT 2 receptors shows a marked decline 
after birth (Millan et al. 1991; Tsutsumi and Saavedra 1991). The fact that the 
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AT 2 receptor is much more highly expressed in fetal brain tissues compared to 
adult suggests that the AT 2 receptor may modulate auditory, visual, motor, and 
limbic formation during the process of development. In vitro studies also sup
port that assumption, e.g., the long-term treatment of the AT2 receptor with 
ANG II induces two major morphological changes in 3-day-old rat cerebellar 
cells: increased elongation of neurites and cell migration from the edge of the 
micro explant toward the periphery. These are two important processes in the 
organization of the various layers of the cerebellum (Cote et al. 1999). 

The role of the AT 2 receptor in brain development may explain the altered be
havior of AT 2 receptor knockout mice. These mice have been reported to show 
an anxiety-like and markedly reduced exploratory behavior (Rein et al. 1995a; 
Ichiki et al. 1995c), and the pain threshold was significantly lower in AT2 recep
tor knockout compared to findings in wild-type mice. Furthermore, AT2 recep
tor knockout mice show a greater stimulation of dipsogenesis after water depri
vation (Rein et al. 1995a). In the passive avoidance task and cold injury, no dif
ferences were found between wild-type and ATz-deficient mice (Sakagawa et al. 
2000). 

Another genetic study points to a role for the AT 2 receptor in brain develop
ment and cognitive function in human. This study shows that AT 2 receptor ex
pression was missing in a female patient with mental retardation (MR) who had 
a balanced X;7 chromosomal translocation. Additionally, 8 of 590 unrelated 
male patients with MR were found to have mutations in the AT 2 receptor 
(Vervoort et al. 2002). Thus it appears that the AT2 receptor in human seems to 
be involved in the development of cognitive function and learning behavior. 

Although the distribution of AT 2 receptors in the brain is well known, their 
effects are still not clear. As outlined above, brain AT 2 receptors may playa role 
in cognitive functions and certain types of behavior, such as exploration or 
drinking (Rein et al. 1995a). On the other hand, they may also antagonize the 
central effects of angiotensin peptides in osmoregulation mediated via AT 1 re
ceptors (Rohle et al. 1995, 1996). Taken together, the data suggest the AT2 recep
tor regulates the differentiation of various precursor cells and enables them to 
assume their final tasks. A possibly important role of AT 2 receptors in neurore
generation and neuroprotection will be dealt with below. 

2.2 
Tissue Regeneration and Pathophysiological Aspects 

AT2 receptor expression is dramatically altered in a number of tissues after ex
perimental- or disease-induced damage, and there is much evidence that AT2 re
ceptors contribute to the cellular processes that follow injury situations. The 
role of AT 2 receptors in pathological situations will be reviewed in the following 
paragraphs, with particular focus on their function in tissue regeneration. 
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2.2.1 
Nerve Regeneration 

In vitro treatment of undifferentiated, NGF pre-stimulated NG108-15 or PC12W 
cells, which are used as in vitro models of sympathetic neurons, with ANG II in
duces growth arrest and morphological differentiation to neuronal cells via a 
Rapl/B-Raf-pathway. This effect can be blocked by the selective AT2 receptor 
antagonist PD123177 (Laflamme et al. 1996; Meffert et al. 1996; Stroth et al. 
1998; Gendron et al. 2002). During this differentiation process the cytoskeleton 
ofPC12W cells undergoes substantial morphological changes, pointing to an in
volvement of the AT 2 receptor in axonal regeneration (Fig. 1). These morpholog
ical changes are paralleled by alterations in the expression patterns of different 
cytoskeletal proteins, such as neurofilament-M (NF-M) subunit (Gallinat et al. 
1997) and microtubule-associated proteins (Stroth et al. 1998), pointing to an 
involvement of the AT 2 receptor in axonal regeneration. As demonstrated by 
Gallinat et aI., a lasting and pronounced increase in the AT2 receptor gene ex
pression after sciatic nerve transection occurs in both sciatic nerves as well as 
in dorsal root ganglia neurons (Gallinat et al. 1998). Together with the observa
tion that Schwann cells express AT2 receptors (Bleuel et al. 1995), this specific 
AT 2 receptor expression pattern after peripheral nerve injury points to a role of 
these cells in neuroregenerative events. 

Both in vitro and in vivo, the AT 2 receptor promotes axonal elongation of 
postnatal retinal explants and dorsal root ganglia neurons and, in adult rats, ax
onal regeneration of retinal ganglion cells after optic nerve crush. It has been 
demonstrated that AT 2 receptor stimulation directly contributes to the process 
of axonal regeneration in the CNS of adult rats. Intravitreous application of 
ANG II-soaked collagen foams significantly improved the axonal regeneration 
of retinal ganglion cells after optic nerve crush. Co-treatment with the AT2 re
ceptor antagonist PD123177, but not the AT] receptor antagonist losartan, en
tirely abolished the ANG II-induced axonal regeneration, providing for the first 
time evidence for receptor-specific neurotrophic actions of ANG II via the AT2 
receptor (Figs. 2 and 3; Lucius et al. 1998). 

Thus, the AT 2 receptor plays a role in neuronal cell differentiation and nerve 
regeneration via regulation of the neural cytoskeleton of affected neurons 
(for review, Rosenstiel et al. 2002). 

2.2.2 
Remodeling of the Heart After Injury 

Pharmacological evidence indicates that most of the known effects of ANG II in 
adult cardiovascular tissues are due to the AT] receptor predominantly ex
pressed in the adult heart. However, the relative proportion of the AT] and AT 2 
receptor density changes during myocardial infarction (MI) (Fig. 4). AT2 recep
tor density was shown to be increased in experimental MI 1 day after infarction 
in the infarcted area. Additionally, the AT 2 receptor was further up regulated 
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Fig. 1 a-c Immunofluorescence microscopy analysis of the effect of ANG II on ,B-tubulin in PC12W celis. 
a Control; bANG Ii; c ANG 11+ 
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Fig. 2a, b Camera-Iucida projections from serial sections of paraffin-embedded and GAP-43-stained 
optic nerves. The lesion site is demarcated by two arrows. In control animals (a), only few fibers grew 
over the lesion, whereas in animals receiving the ANG II gel foam (b). numerous axons crossed the 
lesion site and regenerated over a distance of several millimeters. ANG II increased the number of 
GAP-43-positive axons in the proximal optic nerve stump compared with controls 

7 days post infarction in both the infarcted and the noninfarcted area (Nio et al. 
1995; Busche et al. 2000). These findings resemble the hypertrophied heart, 
where the ratio of AT 2 to AT 1 receptor densities is also increased (Lopez et al. 
1995). 

Most studies using AT 2 receptor-deficient mice suggested that AT 2 receptors 
inhibit hypertrophy and vascular fibrosis (Akishita et al. 2000b; Brede et al. 
2001; Sandmann et al. 2001a). A recent study demonstrated the role of the AT2 
receptor in wound healing after MI using an in vivo intervention study in AT 2 
receptor knockout mice with MI. Mice lacking the AT 2 receptor revealed a de
creased collagen deposition, followed by cardiac rupture. The impaired wound 
healing caused a significantly greater mortality rate of the AT2 receptor knock
out mice compared to wild-type mice (Ichihara et al. 2002). Experiments using 
cultured cell systems showed that experimental overexpression of the AT 2 recep
tor in VSMC (vascular smooth muscle cells) induced collagen expression (Mifune 
at al. 2000). Further in vitro studies demonstrated that the AT 2 receptor in-



AT2 Function and Target Genes 461 

Fig. 3. a Retinal explant (postnatal day 11) in control cultures after 3 days in vitro. Many regenerating, 
but short neurites werde dectected. b Addition of BDNF (10 ng/ml) enhanced axonal growth up to 
160±3%. c In the present of ANG II (106 M), the number and length of neurites was increased to com
parable amounts (162±4%), whereas d the AT 2 receptor antagonist, PD123177 (105 M), blocked axonal 
regrowth (102±3%). On the other hand, the AT, receptor-antagonist, losartan (105 M) did not influence 
the ANG II-induced axonal elongation (data not shown). 80r=100 ,urn 

hibitied the proliferation of rat coronary endothelial cells and transfected 
VSMCs (Stoll et al. 1995; Fischer et al. 2001) and prevented ANG II-induced 
growth of cultured neonatal rat myocytes (Booz and Baker 1996). The ATz re
ceptor appears also to control the transcriptional regulation of the N a + -H+ -ex
changer NBC-l in the ischemic myocardium and contributes to the control of 
pH regulation in the diseased cardiac tissue (Sandmann et al. 2001b). Therefore, 
the AT z receptor counteracts acidification in the affected areas through cytoplas
mic alkalinization and thereby reduces apoptosis and inflammation, both conse
quences of acidification. 

Considering the ying-yang hypothesis, where AT z receptor functions are the 
opposite of those mediated through the AT 1 receptor, the up-regulation of the 
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Fig. 4 Regulation of AT receptors following myocardial infarction 

AT 2 receptor in the diseased heart leads to interesting pharmacological conse
quences of AT I receptor antagonist treatment. AT I receptor antagonists cause a 
reduction in blood pressure, cardiac and vascular hypertrophy, proteinuria, and 
glomerular sclerosis. By blocking the AT I receptor, the circulating ANG II pref
erentially binds to the cardiac AT 2 receptor. There is evidence that the AT 2 re
ceptor is activated in failing hearts, especially in cardiac fibroblasts. Liu et al. 
reported that the cardioprotective function of AT I receptor antagonists is mainly 
exerted by the selective stimulation of AT 2 receptor, which is mediated partly by 
the kinin/NO system. ANG II-induced cardiac fibrosis is increased by chronic 
inhibition of NO synthase, and generation of coronary kinin mediates NO re
lease after ANG II receptor stimulation (Liu et al. 1997). Moderate endothelial 
NO synthase (eNos) activity and NO generation is cardio protective because NO 
reversibly depresses mitochondrial respiration and hence decreases basal myo
cardial oxygen consumption (Xie et al. 1996). Interestingly, Ritter et al. showed 
that AT 2 receptor stimulation with ANG II increases eNOS protein expression 
3.3-fold in rat cardiomyocytes (Ritter et al. 2003; see Sect. 11). AT2 receptor-me
diated activation of the kinin/NO system is also involved in pressure natriuresis 
and diuresis of the kidneys. Kijima et al. reported that the AT 2 receptor in hy
pertrophic myocytes at least partially exerts an inhibitory effect on AT I recep
tor-mediated positive chronotropic or hypertrophic actions by showing up-reg
ulation of AT2 receptors in stretch-induced myocyte hypertrophy (Kijima et al. 
1996). Taken together, these results show that the AT2 receptor plays an impor
tant role in cardiovascular recovery in various ways (Table 3; Matsubara 1998; 
Sandmann and Unger 2002). 
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Table 3 Pathophysiological roles of AT 2 receptors in cardiovascular systems 

Effect 

Growth inhibition 

Apoptosis 

Differentiation 
Decrease in 
cellular matrix 

pH regulation 

Vasodilatation 
NO production 

2.2.3 

Cell/tissue 

VSMC 
Endothelial cell 
Neonatal rat myocytes Cardiomyocyte 
Cardiac fibroblast 

Endothelial cell 
VSMC 
Cardiomyocyte 

VSMC 
Heart 

Heart 

Glomerular afferent arteriole 
Coronaryartery and microvessel 
Kidney 
Aorta 
Heart 

Renal Physiological and Pathophysiological Function 

Reference(s) 

Nakajima et al. 1995 
Stoll et ai.1995 
Fischer et al. 2001 
Booz and Baker 1996 
Van Kesteren et al. 1997 
Ohkubo et al. 1997 
Dimmeler et al. 1997 
Yamada et al. 1998 
Leri et al. 1998 
Goldenberg et al. 2001 
Yamada et al. 1999 
Ohkubo et al. 1997 
Fischer et al. 2001 
Shimizu-Hirota et al. 2001 
Chassagne et al. 2002 
Kohout et al. 1995 
Sandmann et al. 2001 b 
Arima et al. 1997 
Seyedi et al. 1995 
Siragy et al. 1996 
Gohlke et al. 1998 
Ritter et al. 2002 

The AT I receptor is clearly expressed in the glomeruli and in the inner stripe of 
the outer medulla. Glomerular AT I receptors may control the hemodynamic 
function of the kidney. The proportion of the AT 2 receptor in the kidney cortex 
is less than 10% of the ATI receptor in the rat and rabbit, and roughly 55% in 
monkey (Chang and Lotti 1991). Nevertheless, the AT 2 receptor influences renal 
function by controlling pressure natriuresis (Lo et al. 1995). In sodium-depleted 
rats it is involved in decreasing cGMP production by a bradykinin-dependent 
mechanism (Siragy and Carey 1996; Chung und Unger 1998). 

Morrissey and Klahr determined the effects of the AT 2 receptor antagonist 
PD123319 on pathophysiological processes in the kidneys of rats undergoing 
unilateral ureteral obstruction. The authors showed that blockade of the AT 2 re
ceptor flattens the increase in interstitial volume and the collagen IV matrix 
score of the ureteral-obstructed kidney. The AT 2 receptor antagonist inhibited 
apoptosis of tubular cells, a -smooth muscle actin expression within the intersti
tium, and p53 expression in the ureteral-obstructed kidney. These findings sug
gest that the AT 2 receptor exerts an antifibrotic effect under pathophysiological 
conditions, again an effect that is opposite to the profibrotic effects of the AT I 
receptor (Morrissey and Klahr 1999). In support of this hypothesis, an in vitro 
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study shows that ANG II induces growth inhibition and apoptosis in the cul
tured proximal tubule cell line LLC-PKI overexpressing of ATz receptors 
(Zimpelmann and Burns 2001). Taken together, these reports demonstrate that 
the AT z receptor also plays a pivotal role in renal remodeling following injury. 

3 
Target Genes 

As demonstrated above, the AT z receptor is mainly involved in cellular develop
ment and tissue rearrangement after injury. In order to elucidate the expression 
profile of AT z receptor target genes involved in these processes, various studies 
have been performed. Recently, two studies using differential display performed 
in cell-culture systems discovered some of these target genes. Wolf and co-work
ers investigated the alteration in gene expression in PC12W cells after ATz re
ceptor stimulation. They were able to show that ANG II suppresses the mRNA 
expression of SM-20, a growth factor-responsive gene. The SM-20 transcription 
was also reduced by ANG II acting on ATz receptors in rat glomerular endothe
lial cells that express both ATI and ATz receptors (Wolf et al. 2002). These effects 
could be antagonized by PD123177, but not by losartan, a selective ATI antago
nist. SM-20 is associated with mitochondria and is involved in neurotrophin 
withdrawal-mediated apoptosis through a caspase-dependent mechanism (Wax 
et al. 1994). Its down-regulation via AT2 receptors may set the course from ap
optosis to differentiation of the affected cells. 

Stoll and co-workers identified two additional target genes of the AT2 recep
tor. One of them was the transcription factor Zfhep, a zinc finger homeodomain 
enhancer-binding protein which is implicated in various developmental process
es. The expression patterns of Zfhep in vivo and in a P19 cell model of neuro
genesis suggest that Zfhep may playa role in the differentiation of neural cells 
(Yen et al. 2001). In quiescent PC12W cells, Zfhep mRNA was time-dependently 
induced by ANG II, an effect that could be blocked by the selective AT z antago
nist PDI23177. These observations were supported by data from a coronary en
dothelial cell model. In this model, Zfhep mRNA expression was also induced 
after AT 2 receptor stimulation. Interestingly, this Zfhep induction was only ob
served when the AT I receptor was blocked by losartan. This observation sug
gests that a negative regulatory influence of AT I receptors on AT z induced Zfhep 
mRNA expression. Zfhep is present in both hyperphosphorylated and hy
pophosphorylated forms. It is primarily phosphorylated on serine and threo
nine residues and dephosphorylation enables the translocation from the cytosol 
into the nucleus of the transcription factor. This dephosphorylation could by ac
complished by PP2A (Costantino et al. 2002), a phosphatase which is activated 
via AT z receptors. In this way the AT z receptor may modulate the differentiation 
process in neuronal cells. 

The second gene identified by Stoll et al. was the ATz receptor itself (Stoll et 
al. 2002), an observation that is consistent with an older study using cultured 
rat cortical cells (Shibata et al.1997). This self up-regulation is exceptional be-
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cause the majority of receptors are down-regulated after stimulation, preventing 
an "overload" of the receptor signal by a positive feedback loop. But this obser
vation can be reconciled with the general unique nature of the AT 2 receptor sig
naling, including the lack of ligand-stimulated receptor internalization and de
sensitization of the receptor (Mukoyama et al. 1993; Mukoyama et al. 1995). 
These findings led to the assumption of the existence of an unknown endoge
nous factor which, like the AT 2 receptor ligands, seems to prevent AT 2 receptor 
degradation (Csikos et al. 1998). Miura and Karnik were first to report that the 
stimulation of the AT 2 receptor via ANG II is not obligatory for its signaling 
and also that the receptor expression level is crucial. They proposed that an 
overexpression of the AT2 receptor itself is a receptor-intrinsic signal for apop
tosis that does not require ANG II (Miura and Karnik 2000). 

Since then, several publications have confirmed this concept of an intrinsic 
activity of the AT 2 receptor. Another interesting finding is that the AT 2 receptor 
binds directly to the AT 1 receptor and thereby antagonizes the function of the 
AT 1 receptor. This inhibitory effect of the AT 2 receptor is independent of the 
stimulation status. This report is notable since it is the first identified interac
tion between two G protein-coupled receptors, where one receptor acts like an 
antagonist (AbdAlla et al. 2001). 

All these data fit to two recently published studies which show that overex
pression of the AT 2 receptor significantly alters the expression profile of cells, 
given the receptor density crosses the critical threshold. In VSMC, overex
pressed AT 2 receptor leads to decreased expression of AT 1 and transforming 
growth factor (TGF)-fJ type I receptors (Su et al. 2002). In the same cell line, 
over-expressed AT2 receptor up regulates bradykinin and inducible NO in the 
absence of ANG II. The bradykinin B2 receptor antagonist HOE-140 and the NO 
synthase inhibitor ~-nitro-L-arginine methylester (L-NAME) inhibit the de
crease in AT 1 receptor expression via the over expression of AT 2 receptor in 
VSMCs, whereas L-arginine enhances a decrease of AT 1 receptor expression (Jin 
et aI. 2002). By this, the AT2 receptor antagonizes the ATl receptor via a brady
kinin B2 receptor/NO pathway without the requirement of ANG II (Fig. 5). 
These observations are consistent with the presumed AT2 receptor-mediated va
sodilator signaling cascade that includes bradykinin, nitric oxide, and cyclic 
guanosine 5-monophosphate (see Sect. 9). 

Another gene that is negatively regulated by AT 2 receptor overexpression is 
the TGF-fJ I receptor. Conversely, AT 1 receptor stimulation is accompanied by 
an up-regulated TGF-fJ 1 gene expression. TGF-fJ 1 is a potent regulator of 
VSMC proliferation, migration, and extracellular matrix synthesis, components 
which partially contribute to the pathogenesis of cardiovascular end-organ dam
age. Furthermore, the AT 1 receptor stimulates collagen production in VSMCs 
via a paracrine/autocrine loop of TGF-fJ (Ford et al. 1999). The suppression of 
the AT 1 receptor as well as the TGF-fJ I receptor appear to have a potential bene
fit in preventing pathological myocardial fibrosis. 

To investigate the molecular events that follow the initiation of neurite out
growth in PC12W cells via AT2 receptor stimulation, Gallinat and co-workers 
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Fig.5 Influence of AT1 receptor antagonist and ACE-inhibitor on the AT2 receptor effects 

determined the expression pattern of the middle-sized neuroftlament subunit 
(NF-M). They showed that the protein and mRNA levels of NF-M was not only 
down-regulated by ANG II via AT2 receptor directly, but also by counteracting 
the NGF-mediated NF-M up-regulation. In view of previous findings of de
creased NF levels in regenerating neurons and in neuronal cultures undergoing 
apoptosis, this observation suggests a role of AT 2 receptors in either of these 
processes (Gallinat et al. 1997). 

As outlined above, the AT 2 receptor is re-expressed and plays a role in tissue 
remodeling. Change in the expression profile of the concerned areas is one pos
sible option of the cells to implement this reconstruction. The AT 2 receptor ap
pears to take a direct and active part in the remodeling of the extracellular ma
trix of the injured regions. Fischer et al. showed that stimulation of the AT 2 re
ceptor in VSMCs, retrovirally transfected with the AT 2 receptor, resulted in a 
significant increase in thrombospondin 1 synthesis, which was abolished by an 
AT2 receptor antagonist and attenuated by pretreatment with pertussis toxin, 
suggesting a G protein-dependent pathway (Fischer et al 2001). Using the same 
cell model, Mifune and co-workers were able to show that the AT2 receptor 
stimulation increases collagen synthesis also via a G protein-mediated mecha
nism (Mifune at al. 2000). 

In the myocardium, acidosis depresses the contractility of cardiac myocytes 
by affecting virtually every step in excitation-contraction coupling. Hence, in 
order to preserve a proper function of the heart, cardiac myocytes possess pH-
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regulating transporters that maintain the pH within very narrow limits. Ion ex
change in myocardial cells represents a major mechanism for pH regulation 
during normal physiological processes, but particularly during ischaemia and 
early reperfusion. The AT 2 receptor, being upregulated itself within the infarcted 
area, upregulates and activates the Na+-HC03 symporter NBC-l in the ischemic 
myocardium and thereby contributes to the control of pH in cardiac tissue 
(Kohout et al. 1995; Sandmann et al. 200lb). Since acidification is also a feature 
of apoptosis and inflammation, the AT 2 receptor acts to obviate this process by 
preventing acidification through cytoplasmic alkalinization. 

A recent study using in vivo and in vitro experiments determined the influ
ence of the AT 2 receptor on myocardial eNOS (NOS-III) protein expression. AT 2 
receptor stimulation with ANG II increases the eNOS protein expression 3.3-fold 
in rat cardiomyocytes. This augmentation could be blocked by PD123319, 
whereas inhibition of the ATJ receptor did not reduce ANG II-mediated eNOS 
protein expression. The modulatory effects of the AT 2 receptor on eNOS expres
sion was confirmed in vivo using an AT 2 receptor knockout mouse. Mice lacking 
AT 2 receptors express significantly less eNOS protein in the myocardium then 
wild-type mice (Ritter et al. 2003). As outlined above, AT2 receptor stimulation 
releases NO (see Sect. 9). This has been shown for coronary arteries and the aor
ta (Seyedi et al. 1995; Golhke et al. 1998). Moderate eNOS activity and NO gen
eration is considered to be cardioprotective, because NO reversibly depresses 
mitochondrial respiration and hence decreases basal myocardial oxygen con
sumption (Xie et al. 1996; Liu et al. 1997). 

Many inflammatory renal diseases are connected with glomerular influx of 
monocytes/macrophages (M/M). The signals guiding the M/M into the glomer
ulus are cytokines and chemokines. In vitro ANG II stimulation of the AT2 re
ceptor induces mRNA and protein expression of the chemokine RANTES in cul
tured rat glomerular endothelial cells, a chemokine that is chemotactic for 
monocytes. In an in vivo study it was shown that intraperitoneal infusion of 
ANG II into naive rats for 4 days significantly stimulated glomerular RANTES 
mRNA and protein expression compared to control. Immunohistochemistry re
vealed induction of RANTES protein mainly in glomerular endothelial cells and 
small capillaries. Under medical conditions the AT2 receptor may have a proin
flammatory implication mediated through its target gene RANTES (Wolf et al. 
1997). 

In summary, the functions of the AT 2 receptor in development and regen era -
tion imply a wide range of target genes (Table 4) that are controlled via ANG II 
stimulation and AT 2 receptor density. The suppression of proliferation signals 
by the AT 2 receptor via activation of various phosphatases is mediated via 
down-regulation of growth-mediating receptors as well as up-regulation of the 
receptor itself, thereby producing a positive feedback loop. During its function 
in cell differentiation, the AT2 receptor regulates miscellaneous genes in order 
to reorganize precursor cells during maturation and enable them to assume 
their finale tasks. 
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Table 4 Target genes modulated by the AT 2 receptor 

Target gene 

AT 1 receptor 
AT 2 receptor 
Bradykinin 
Collagen 
eNOS 
NBC -1 Na+ -HC03 symporter 
Thrombospondin 1 
RANTES 
SM-20 
TGF-p type I receptor 
Zfhep 

4 
Summary and Conclusion 

Regulation 

Down 
Up 
Up 
Up 
Up 
Up 
Up 
Up 
Down 
Down 
Up 

Reference 

Su et al. 2002 
Stoll et al. 2002 
Jin et al. 2002 
Mifune et al. 2000 
Ritter et al. 2002 
Sandmann et al. 2001 b 
Fischer et al. 2001 
Wolf et al. 1997 
Wolf et al. 2002 
Su et al. 2002 
Stoll et al. 2002 

The AT 2 receptor signals and functions in unexpected ways compared to the 
"classical" AT 1 receptor. Moreover, some of the actions of the AT 2 receptor are 
even directly opposing those of the AT 1 receptor, especially concerning the 
growth- and differentiation-modulating actions after ANG II stimulation. The 
modulatory or suppressive function of the AT2 receptor often counteracts stim
ulatory signals. This requires measuring reduction in activities, which is techni
cally more difficult than measurement of increased activity from a low level. 
This may have been the reason the AT2 receptor has sometimes escaped the at
tention of investigators. 

The signaling mechanisms of the AT 2 receptor are diverse, and only a few of 
them have yet been characterized reasonably well. The unique nature of the AT2 
receptor includes the lack of desensitization and internalization after ligand 
binding and the intrinsic activity of the receptor in itself. AT 2 receptor expres
sion in fetal tissues is widespread. However, in several tissues the receptor dis
appears after birth or-under in vitro conditions-when cells are transferred in 
the presence of serum and growth factors. On the other hand, a sometimes dra
matic up-regulation of the AT 2 receptor does occur after tissue injuries. Espe
cially during heart failure its expression is significantly increased. Pharmacolog
ically relevant is the fact that AT2 receptor stimulation inhibits cardiac fibroblast 
growth and extracellular matrix formation and exerts a negative chronotropic 
effect, indicating that AT 2 receptor stimulation has a cardioprotective effect 
(Fig. 5). It appears that the AT 2 receptor accepts the role as a modulator of bio
logical programs in embryonic development and cellular processes following in
juries, particularly by altering the expression profile of its target genes. 
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Abstract A formidable body of evidence accumulated to date reveals the pleio
tropic actions of the renin-angiotensin system and its role in cardiovascular 
medicine. The characterization of the biological actions of angiotensin-(I -7) ex
panded knowledge of the endogenous control mechanisms regulating the actions 
of angiotensin II and revealed alternate enzymatic pathways for the processing of 
angiotensin I and angiotensin II. The following chapter reviews the tissue-specif
ic pathways for formation and metabolism of this member of the renin-angio
tensin system as well as its localization within brain, renal, and cardiac tissue. 
The unique actions of angiotensin-(I-7} in general oppose those of angiotensin 
II, and the preponderance of data identifies the regulation of the balance between 
the two peptides as important to overall cardiovascular health. We emphasize the 
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physiological actions of the peptide in vascular, neural, and renal systems and 
provide a comprehensive review of its trophic and signaling mechanisms. The 
current status of the receptors mediating the actions of the peptide and the po
tential for non-receptor mechanisms are also presented. Finally, we discuss the 
significance of angiotensin-(1-7) in human disease, based on evidence emerging 
from recent studies suggesting that deficits in angiotensin-(l-7) are associated 
with hypertension in specific subpopulations of patients. 

Keywords Blood pressure· Angiotensin-(1-7) . Hypertension' Kidney· Heart· 
Vasculature· Brain 

1 
Introduction 

With the publication of the first edition of Angiotensin 30 years ago (Ryan 
1974), it appeared that the role of the renin-angiotensin system in the regulation 
of arterial pressure was cast in stone. In retrospect, this was not the case. The 
formidable body of evidence accumulated to date has provided a more complete 
understanding of the pleiotropic actions of the system, its role in cardiovascular 
medicine, and the critical role of the angiotensin peptide system in heart failure 
(Pitt 2002), hypertension (Dahlof et al. 2002), diabetes (Brenner et al. 2001; Dah
lof et al. 2002), atherosclerosis (Strawn et al. 2000), and end-stage renal disease 
(Brenner et al. 2001; Lewis et al. 2001). 

The advent of new technologies and the synthesis of selective antagonists to 
subtype 1 and 2 angiotensin receptors provided the opportunity to explore the 
molecular mechanisms at a more complex level. A re-examination of the puta
tive role of angiotensin fragments other than angiotensin II (Ang II) was one of 
the outcomes of these endeavors. The characterization of the biological actions 
of angiotensin-(1-7) [Ang-(1-7)] expanded knowledge of the endogenous con
trol mechanisms regulating the actions of Ang II and uncovered alternate enzy
matic pathways for the processing of angiotensin I (Ang I) and Ang II. Until re
cently, the dogma was that the carboxyl-terminus of the Ang II molecule was re
quired for binding to its receptor. This idea, advanced by Bumpus and associ
ates (1961), required revision with the discovery that Ang-(1-7), a fragment 
where the C-terminal end of the Ang II molecule was cleaved at the eigth posi
tion, had pharmacological activity. A comprehensive review of the lessons 
learned from studying the biological role of Ang-(1-7) in both animals and hu
mans is provided below. 

2 
Production and Metabolism of Angiotensin-(1-7) 

The newer concept, that the biochemical mechanisms for the processing of 
Ang I into smaller biologically active forms, departed significantly from the 
original concept, which implicated angiotensin converting enzyme (ACE) and 
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aminopeptidases as the two critical enzymes for synthesis and degradation of 
angiotensin peptides. 

2.1 
Pathways of Angiotensin-(1-7) Formation and Degradation 

Illustrated in Fig. 1 are the major bioactive components of the renin-angioten
sin system following conversion of angiotensinogen to the decapeptide Ang I. 
The peptide cascade diverges with the processing of Ang I to Ang II and Ang-
0-7) yielding products with different carboxy termini and contrasting biologi
cal actions. Ang II generation occurs primarily by the hydrolysis of the Phe8-

His9 bond of Ang I by ACE (EC 3.4.15.1) (Corvol et al. 1995; Deddish et al. 
1998). Numerous studies demonstrated that the mast cell-derived serine prote
ase chymase also generates Ang II from Ang I or the ACE-resistant analog 
[Proll ,Ala12]-Ang I (Urata et al. 1990; Balcells et al. 1996). However, the lack of 
direct evidence that chymase contributes to endogenous production of Ang II 
questions the relevance of this pathway. Ang II is metabolized further either at 
its amino terminus by aminopeptidases, internally at the Tyr4-Ile5 bond by en
dopeptidases, or at the carboxy terminus by carboxypeptidases. Several en
zymes expressing carboxypeptidase-like activity, including prolyl oligopeptidase 
and prolyl carboxypeptidase, hydrolyze the Pro7_Phe8 bond to generate Ang-0-7) 
(Welches et al. 1991; Welches et al. 1993). Both enzymes are primarily cytosolic 
with prolyl carboxypeptidase localized to lysosomes. Their peptide substrates 
generally require a carboxy terminal proline residue. Shariat-Madel et al. (2002) 
demonstrated a novel activity of prolyl carboxypeptidase that processes prokal
likrein to the active form of the enzyme in human endothelial cells. The ability 
of prolyl carboxypeptidase to activate kallikrein as well as to form Ang-0-7) is 
of particular interest in lieu of the positive interaction between Ang-0-7) and 
bradykinin in vascular function (see below). 

I [fA~IOTENtS. !.I t· ... ·~ 
I Ch ~se .1. N~Ps 

ACE 2 : ~. 1 . ' t:11 ~'.. 
I 111111 AdE 2 -+. Ang-(1-5) 

I ACE L..- ill II 
. I J'1\~) NEP24.11 

N¥ 
Fig.l Biochemical pathways involved in the synthesis and degradation of angiotensin-(1-7). ACE, an
giotensin converting enzyme; ACE2, angiotensin converting enzyme 2 (Crackower et al. 2002); NEPs, 
neutral endopeptidases 24.11, 24.26, and 24.15 
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Recent studies identified a third enzymatic candidate that processes Ang II to 
Ang-( 1-7). Although originally termed ACE2 due to its sequence homology with 
ACE, this enzyme does not cleave Ang I to Ang II nor is it sensitive to ACE in
hibitors (Donoghue et al. 2000). ACE2 is a carboxypeptidase that exhibits a high 
catalytic efficiency for the generation of Ang-(l-7) from Ang II-almost 500-
fold greater than that for the conversion of Ang I to Ang-(l-9) and 10- to 600-
fold higher than that of prolyl oligopeptidase and prolyl carboxypeptidase, re
spectively, to form Ang-(l-7). From an array of over 120 peptides, only dynor
phin A and apelin l3 were hydrolyzed by ACE2 with comparable kinetics to the 
conversion of Ang II to Ang-(l-7) (Vickers et al. 2002). ACE2 is a type I mem
brane protein that is primarily localized to the heart (myocytes), kidney (endo
thelium and tubular elements), and testes (Donoghue et al. 2000). Although the 
physiological role of ACE2 in the formation of Ang-(l-7) is unknown, ACE2 
knockout mice have altered heart function that may be associated with changes 
in the cardiac renin-angiotensin system (Crackower et al. 2002). Moreover, 
ACE2 shows a parallel distribution with Ang-(l-7) in kidney tubules and is in
creased in the spontaneously hypertensive rat (SHR) following combined ACE
neprilysin blockade with omapatrilat (Chappell et al. 2002). 

Ang-(l-7) is formed directly from Ang I or Ang-(l-9) by multiple endopepti
dases that cleave the Pr07-Phe8 bond, completely bypassing the formation of 
Ang II (Gafford et al. 1983; Stephenson and Kenny 1987; Welches et al. 1993). In 
the circulation, this pathway is mediated principally by the metalloendopepti
dase neprilysin (EC 3.4.24.11) (Campbell et al. 1998; Iyer et al. 1998b; Chappell 
et al. 2000). Similar to ACE and ACE2, neprilysin is a membrane-bound enzyme 
located on the luminal side of the endothelium with access to circulating pep
tides. Although the kidney, particularly the brush border of the proximal tu
bules, exhibits the highest concentration of neprilysin, significant activity is 
found in extra-renal sites including the lung, aorta, mesenteric artery, endothe
lial cells, and neutrophils (Erdos et al. 1989; Tamburini et al. 1989; Llorens
Cortes et al. 1992; Soleilhac et al. 1992; Graf et al. 1995; Tharaux et al. 1997). 
Neprilysin inhibitors significantly reduce circulating levels of Ang-O-7), partic
ularly in the presence of ACE inhibition; however, they do not completely abol
ish its production, suggesting the contribution of other enzymatic pathways 
(Anastasopoulos et al. 1998; Iyer et al. 1998b; Chappell et al. 2000; Ferrario et al. 
2002a). The extent to which other endopeptidases form endogenous Ang-(1-7) 
from Ang I is not adequately defined at the present time nor have complete ki
netic analyses been obtained. Endopeptidases that process Ang I to Ang-(l-7) in 
vitro include endothelin-converting enzyme in human endothelial cells (Pirro et 
al. 2001), thimet oligopeptidase (EC 3.4.24.15) in rat vascular smooth muscle 
cells (Chappell et al. 1994, 2000) as well as prolyl oligopeptidase in neuronal 
cells, brain tissue, and the perfused hindlimb (Santos et al. 1988; Welches et al. 
1991). 

As the pathways for the formation of Ang-O-7) were defined, the route for 
the metabolism of the peptide was investigated. We and others showed that 
Ang-(l-7) is hydrolyzed at the Iles-His6 bond to form angiotensin-(l-5) and the 
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dipeptide His-Pro by ACE (Chappell et al. 1998; Deddish et al. 1998; Allred et al. 
2000). Although somatic ACE contains two active sites (N and C domains), Ang
(l-7) and the hematopoietic fragment Acetyl-Ser-Asp-Lys-Pro are the only two 
known substrates hydrolyzed exclusively by the N -domain of human ACE 
(Deddish et al. 1998). The favorable kinetic constants (Km=0.8 ,uM, kcat/Km of 
2,200 mM-I sec- l for canine ACE) suggest an in vivo role for ACE in the metab
olism of Ang-{l-7). The Km of ACE for Ang-{1-7) is surpassed only by that of 
the potent vasodilatory peptide bradykinin. Similar to kinins, the ACE-depen
dent metabolism may account for the remarkably short half-life of Ang-{l-7) in 
the circulation (t1l2 of9 s versus 60 s for Ang II) (Yamada et al. 1998). Moreover, 
chronic treatment with the ACE inhibitor lisinopril prolonged the half-life of in
fused Ang-{l-7) approximately six-fold in the SHR while the ATI antagonist 
losartan had no effect (Yamada et al. 1998). The marked increase in circulating 
levels of Ang-{l-7) following ACE inhibition most likely reflects increased syn
thesis (due to higher Ang I levels) as well as reduced metabolism. In the circula
tion, ACE constitutes a nexus in this pathway as it may balance the magnitude 
of the pressor and proliferative properties of Ang II and the depressor and anti
proliferative actions of Ang-{l-7) and bradykinin. However, in the kidney, both 
ACE and neprilysin are involved in the metabolism of Ang-{l-7). In salt-sensi
tive hypertensives and the SHR, chronic administration of the combined ACE/ 
neprilysin inhibitor omapatrilat resulted in a significant elevation in the urinary 
excretion of Ang-{l-7) (Ferrario et al. 2002a,b). In isolated brush border mem
branes from rat, we demonstrated that neprilysin hydrolyzed the Tyr4-Ile5 bond 
of Ang-{l-7) to form Ang-{l-4) and the tripeptide Ile-His-Pro (Allred et al. 
2000). Moreover, addition of omapatrilat increased the t1l2 of Ang-{1-7) in urine 
approximately eight-fold (5.5 min to 34 min) (Chappell et al. 2001; Ferrario et 
al. 2002a). Thus, in tissues such as the kidney with high concentrations of nepri
lysin, this endopeptidase may primarily contribute to Ang-{1-7) metabolism. 

2.2 
Immunocytochemical Findings 

Selective antibodies to Ang-{1-7) reveal some of the sites at which the heptapep
tide may act in a true paracrine or autocrine form. The earliest observations 
were obtained in rat brain where it was first shown that Ang-{1-7) modulated 
the secretion of vasopressin (Schiavone et al. 1988, 1990; Moriguchi et al. 1994) 
and the central control of the baroreflex system (Campagnole-Santos et al. 
1989). Localization of immunoreactive (ir-) Ang-{1-7) within the rat hypothala
mus (Block et al. 1988) gave impetus to more detailed studies of Ang-{1-7) dis
tribution in rat brain. Ang-{1-7) immunolabeling was detected in neurons in 
the nucleus circularis and in the suprachiasmatic, supraoptic, and paraventricu
lar nuclei (PVN) of [mRen-2]27 transgenic hypertensive rats (Krob et al. 1998). 
Interestingly, robust immunolabeling was present in the posterior magnocellu
lar division of the PVN (Fig. 2, top panel), while double labeling experiments 
provided direct evidence that vasopressin and Ang-{1-7) co-localized within in-
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Fig.2 Top panel: Ang-(1-7) immunoreactive labeling in the posterior paraventricular nucleus in a 
[mRen-2J27 transgenic hypertensive rat. labeled neurons are primarily found in the dorsal and lateral 
parts of the posterior magnocellular division. DP. dorsal component of the paraventricular nuclei; MP 
and PM, medial and posterior components of the paraventricular nuclei. Bottom panel: Ang-(l -7) immu
noreactive neurons associated with a blood vessel in the hypothalamus immediately anterior to nucleus 
circularis. The vessel lumen, which is visible on top and bottom, is obscured by labeled neurons (black 
arrows) and processes. Arrowheads at the right point to a beaded axon that is typical of the axons 
showing ir-Ang-(1-7). (Reprinted by permission from Krob et al. 1998) 

dividual neurons projecting to the median eminence, neurohypophysis, and 
both PVN and supraoptic nuclei (Krob et al. 1998). The anatomical distribution 
of Ang-(1-7) neurons is in keeping with the seminal observation of Schiavone et 
al. (1988) showing Ang-(1-7)-mediated release of vasopressin from isolated rat 
hypothalamic-hypophysial explants and the finding that central Ang-(l-7) infu
sions stimulated vasopressin secretion in normal rats (Moriguchi et al. 1994). 
Furthermore, the presence of ir-Ang-(l-7) in neuron-like cells surrounding ce-
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Fig. 3 Localization of immunoreactive Ang-(1-7) products in cardiac myocytes (top) and kidneys 
(bottom) provide additional evidence for paracrine functions of the peptide. Dense immunoreactive 
products positive for Ang-(1-7) are present in cardiac myocytes of the left ventricle from a normotensive 
Lewis rat. In the kidney, immunoreactive Ang-(1-7) is localized in proximal and distal tubules but com
pletely absent in the glomeruli. (From studies reported by Ferrario; Ferrario 2002; Ferrario et al. 2002a) 

rebral arterioles (Fig. 2, lower panel) is consistent with the observation that 
Ang-{l-7) dilates cerebral vessels (Meng and Busija 1993). 

Recent studies demonstrated intense ir-Ang-{l-7) in rat cardiac (Ferrario 
2002) and renal (Ferrario et al. 2002a) tissues. In the heart, ir-Ang-{l-7) was 
found only in cardiac myocytes (Fig. 3, upper panel) (Ferrario 2002). Moreover, 
we also found that Ang-{l-7) staining was more intense in myocytes found with-
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in the region of the penumbra surrounding the infarct zone (Ferrario 2002). 
These findings correlate with previous observations showing the presence of 
Ang-(1-7) in the venous effluent from the canine coronary sinus (Santos et al. 
1990) and within the interstitial fluid collected from microdialysis probes placed 
in canine left ventricle (Wei et al. 2002). 

As discussed below, Ang-(1-7) has important actions in the control of 
glomerulotubular function. That these actions may be mediated, at least in part, 
by local production of Ang-(1-7) in renal tubules gained credence with the 
demonstration of intense ir-Ang-(1-7) in renal proximal tubules and the ascend
ing loop of Henle in the rat (Ferrario et al. 2002a). The lower panel of Fig. 3 
shows that Ang-(I-7) immunostaining is absent in renal glomeruli but present 
in the cytoplasm of renal proximal convoluted tubules and the thick ascending 
limbs ofloops of Henle (Ferrario et al. 2002a). 

3 
Physiological Actions of Angiotensin-(1-7) 

The pithed rat served as the first biological model to characterize the effects of 
Ang-(1-7) on blood pressure and vascular tone (Benter et al. 1993). In this ani
mal model, the absence of autonomic nervous system function achieved through 
spinal cord destruction provided a tool to determine the vasoactive properties 
of Ang-(1-7) in the systemic circulation. Injection of the peptide into a peripher
al vein in the pithed rat produced a biphasic response in blood pressure that 
was blocked by the non-selective Ang II antagonist [Sar1Thr8]-Ang II. The ini
tial short-lasting pressor component was blocked by losartan which also attenu
ated the duration, but not the magnitude of the depressor component. The en
tire hypotensive response was blocked by indomethacin. These early studies, 
confirmed by others, showed that the depressor component of the response may 
be variably influenced by the species studied, whether animals are anesthetized 
or non-anesthetized, and the dose of the peptide employed (Santos et al. 2000). 
With one exception (Kono et al. 1986), a vasodilator response was recorded in 
pigs (Porsti et al. 1994), dogs (Brosnihan et al. 1996), and rabbits (Ren et al. 
2002). In general, the vasodilator effect was largely intact after administration of 
either AT 1 or AT 2 receptor blockers, a finding that supports the possibility that 
the vascular effects of Ang-(I-7) are mediated by a receptor subtype that is not 
sensitive to either AT 1 or AT 2 receptor blockade. 

Vasodilators such as bradykinin, prostaglandins, and nitric oxide (NO) con
stitute a system of autacoid regulators acting to oppose the pressor molecules 
such as Ang II, catecholamines, and endothelin. With the possible exceptions of 
bradykinin and atrial natriuretic peptide, none of these factors shares biochem
ical pathways for either formation or degradation of the biologically active 
products. In contrast, enzymes which form and degrade angiotensin peptides 
characteristically share common substrates and biochemical pathways. The in
tertwining of these pathways suggested that the vasodilator properties of Ang
(1-7) could represent a mechanism within the renin-angiotensin system to op-
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Fig.4 Comparative effect of intravenous infusions of [d-Ala7]Ang-(1-7) on the blood pressure of con
scious SHR (left panen and [mRen-2]27 hypertensive transgenic rats maintained in either a normal 
(open symbols, dashed lines) or reduced intake of sodium (filled symbols, solid lines) 12 days after initia
tion of the dietary regimen. (Reprinted by kind permission from Iyer et al. 2000a) 

pose the pressor and trophic actions of Ang II. This concept was first evaluated 
in two-kidney one-clip hypertensive dogs, as the elevated blood pressure in this 
model of experimental hypertension is clearly dependent on increased circulat
ing levels of Ang II. Nakamoto et al. (1995) showed that the vasodilator compo
nent of the blood pressure response due to intravenous injections of Ang-(1-7) 
was augmented in both untreated and L-arginine-treated two kidney, one-clip 
hypertensive dogs but significantly attenuated in hypertensive dogs fed the NO 
synthase inhibitor. 

In these studies (Nakamoto et al. 1995), the magnitude of the vasodilator ef
fects of Ang-(1-7) was consistently dependent on whether the renin-angiotensin 
system was activated. Ferrario et al. (1997) thus proposed that Ang-(1-7) may 
serve as an intrinsic negative regulator of the pressor actions of Ang II. The con
cept was explored further in studies in which dietary salt depletion was used to 
assess the contribution of the renin-angiotensin system to the regulation of ar
terial pressure (Iyer et al. 2000a). During salt depletion, renin-angiotensin sys
tem activation fails to elevate blood pressure, presumably due to blood volume 
contraction and downregulation of AT 1 receptors. However, recent experiments 
implicate a role for Ang-(1-7) in opposing the actions of Ang II. Fig. 4 shows the 
dose-dependent effects of administering a selective antagonist of Ang-(1-7) 
(Santos et al. 1994)-[D-Ala7jAng-(1-7)-to SHR and [mRen-2j27 transgenic 
hypertensive rats maintained on a low-salt diet for 11 days (Iyer et al. 2000a). 
Blockade of endogenous Ang-(1-7) activity caused dose-dependent increases in 
the arterial pressure of salt-restricted rats, suggesting that the heptapeptide pre
vented the increased levels of Ang II from raising blood pressure. The pharma
cological effects of the selective Ang-(1-7) receptor antagonist were observed in 
the presence of increased plasma levels of renin and Ang II and duplicated by 
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administering an Ang-(l-7) antibody (Iyer et al. 1998b). These data provide a 
mechanistic understanding for the finding that stimulation of the renin-angio
tensin system by salt depletion is not accompanied by increases in arterial pres
sure. 

A tonic role of Ang-(1-7) in contributing to blood pressure regulation was 
also demonstrated in hypertensive rats in which the elevated blood pressure was 
normalized by chronic oral administration of an ACE inhibitor or an Ang II re
ceptor blocker. In both situations, control of arterial blood pressure by either 
agent was reversed in part by acute administration of a selective Ang-(1-7) anti
body (Iyer et al. 1998a) or inhibition of neprilysin (Iyer et al. 1998b). In these 
treated hypertensive rats, the pressor effects of Ang-(1-7) blockade could not be 
ascribed to activation of AT 2 receptors or a direct effect of bradykinin (Iyer et 
al. 1998a,b). 

3.1 
Vascular Mechanisms 

3.1.1 
Species and Regional Bed Differences in Angiotensin-(1-7) Vasodilator Responses 

The vascular-related actions of Ang-(1-7) are species-, region-, and mediator
specific. In porcine and canine coronary arteries, Porsti et al. (1994) and Brosni
han et al. (1996) reported that Ang-(1-7) produced a dose-dependent dilation 
that was dependent upon an intact endothelium. The vasodilator response was 
mediated by a non-ATdnon-AT2 angiotensin receptor that stimulated the endo
thelium-dependent release of NO and bradykinin, but not prostaglandins 
(Porsti et al. 1994; Brosnihan et al. 1996). The confirmatory nature of these two 
studies strongly supports the characterization of Ang-(1-7) receptors in canine 
coronary endothelium (Ferrario et al. 1997). In contrast, Gorelik et al. (1998) re
ported no vasodilator response to Ang-(1-7) in porcine coronary arteries. It is 
difficult to explain the results of Gorelik et al. (1998) since the preparation used 
(species, pre-constricting agent, and regional bed) was similar to those reported 
by Porsti et al. (1994). In piglet pial arterioles (Meng and Busija 1993), Ang-(1-7) 
and Ang II produced mild vasodilation at concentrations of 10-5 and 10-4 M, as 
assessed with intravital microscopy. Intravenous administration of indometha
cin blocked the dilator responses. The results of these studies may reflect a lack 
of pre-constriction of the pial preparation as well as differences in regional beds. 
Furthermore, in canine coronary vessels, Ang II and Ang-(1-7) at equivalent 
concentration ranges produced diametrically opposite changes in the contractile 
state of coronary artery rings (Fig. 5) (Brosnihan et al. 1996). Weaker agonistic 
vasoconstrictor and vasodilator actions were elicited by Ang-(3-8) and Ang-(3-7), 
respectively. 

Intraarterial injections of Ang-(1-7) in feline superior mesenteric vascular 
beds produced vasodilation at 1-, 3-, and 1O-llg doses and vasoconstriction at 30 
and 100 Ilg (Osei et al. 1993). In the hindquarter vascular bed, intraarterial in-
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Fig. 5 Contrasting effects of Ang II and Ang-(1-7) on isolated coronary artery rings obtained from dogs 
illustrates the comparative effects of the peptides on vascular tension. (Adapted from studies reported 
in Brosnihan et al. 1998) 

jection of 1 fig produced an increase in perfusion pressure, whereas a decrease 
in perfusion pressure was found at 10- and 30-fig doses. While the pressor ef
fects of Ang-(1-7) were prevented by blockade of ATI receptors with losartan, 
the depressor responses to lower doses of the peptide were mediated by release 
of NO (Osei et al. 1993). 

In Wistar rat mesenteric vessels, topical applications of Ang-(1-7) elicited 4% 
and 10% vasodilation at 100 and 1000 pmol, respectively (Oliveira et al. 1999). 
The vasodilator response was reduced but not abolished by pretreatment with 
either .wu-nitro-L-arginine methylester (L-NAME) or indomethacin but was un
affected by the bradykinin B2 receptor antagonist HOE 140. [D-Ala7]Ang-(1-7) 
completely blocked the Ang-(1-7) response, whereas losartan was without effect. 
Le Tran and Forster (Forster and Ie Tran 1997) showed that Ang-(1-7) dilated 
pre-contracted rat aorta (EDso of 2.3 nM) in an endothelial-dependent manner. 
Pre-constriction was obtained with 20 mM KCI, which produced a submaximal 
contraction. The degree of pre-constriction and the agent used appear to be crit
ical factors in assessing the vasodilator actions of Ang-(1-7). Ang-( 1-7) caused 
the vasodilation of norepinephrine-preconstricted rabbit renal afferent arterial 
vessels with an EDso of 2 nM (Ren et al. 2002). The response was mediated by 
NO and was selectively blocked by [D-Ala7]Ang-(1-7). Ang-(1-7) caused the re-
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lease of prostanoids including prostacyclin from cultured rabbit aortic vascular 
smooth muscles cells (Muthalif et al. 1998), rat and porcine aortic vascular 
smooth muscle cells (Jaiswal et al. 1993a,b), and endothelial cells (Jaiswal et aI. 
1992). It is thus unclear why Ang-(1-7)-stimulated release of prostacyclin does 
not cause vasodilation in in vitro vascular preparations that are endothelium
denuded. In humans, Ueda et al. (2000) showed that Ang-(1-7) alone had no sig
nificant effect on forearm blood flow at concentrations from 1 to 2,000 pmol! 
min; at greater concentrations (0.1-40 nmol!min) they observed a reduction in 
forearm blood flow. However, the antagonism of Ang II-mediated vasoconstric
tion of human forearm resistance vessels by nanomolar concentrations of Ang
(1-7) observed by Ueda et aI. (2000) may result from activation of an AT(I-7) re
ceptor and the release of compensatory vasodilators. Wilsdorf et al. (Wilsdorf et 
al. 2001) also found no vasodilator response to Ang-(1-7) in human forearm. 
Finally, Davie and McMurray (1999) reported no vasodilator but a slight vaso
constrictor response in patients with heart failure and treated with ACE in
hibitors. 

A recent innovative study demonstrated the vasodilator effect of Ang-(1-7) in 
mature skin and sponge-induced neovasculature in mice (Machado et al. 2002). 
Blood flow increased in the presence of Ang-(1-7) and was blocked by [D-Ala7] 
Ang-(1-7), NO synthase inhibitors, or indomethacin. Treatment with an ATl re
ceptor antagonist failed to alter the growth of newly formed vessels but prevent
ed the vasodilation in the pre-existing vessels. These studies suggest that Ang
(1-7) may contribute to newly formed vascular bed formation during wound 
healing, chronic inflammatory processes, and tumor growth and development. 

3.1.2 
Interactions of Angiotensin-(1-7) and Bradykinin in the Vasculature 

The interactions of Ang-(1-7) and bradykinin were first demonstrated by Paula 
et al. (1995, 1999), who showed that Ang-(1-7) potentiates the hypotensive effect 
of bradykinin in conscious normotensive and hypertensive rats. The response 
was attenuated by pretreatment with indomethacin and exaggerated with ACE 
inhibition. The potentiation of bradykinin by Ang-(1-7) was also shown in iso
lated dog and pig coronary arteries (Li et al. 1997; Gorelik et al. 1998), rat me
senteric microvessels (Oliveira et al. 1999; Fernandes et al. 2001), isolated rat 
heart, and human forearm brachial arteries (Ueda et al. 2001). The specificity of 
the response was demonstrated by showing that Ang-(1-7) did not affect the va
sodilator responses of acetylcholine or sodium nitroprusside (Li et al. 1997; 
Oliveira et al. 1999) and neither Ang I nor Ang II potentiated the bradykinin re
sponse (Li et al. 1997). The potentiating effect of Ang-(1-7) was blocked by a 
NO synthase inhibitor in canine and porcine coronary arteries (Schappert 1996; 
Gorelik et aI. 1998), rat mesenteric vessels (Oliveira et al. 1999), and human 
forearm brachial arteries (Ueda et al. 2001) while indomethacin inhibited the re
sponse in the isolated heart preparation (Almeida et al. 2000), and in mesenteric 
microvessels of Wistar (Oliveira et al. 1999) and SHR rats (Fernandes et al. 
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2001). In contrast, endothelium-derived hyperpolarizing factor participated in 
the response in SHR microvessels (Fernandes et al. 2001). In addition, [D
Ala7jAng-(1-7), which is not a substrate or inhibitor of ACE, blocks the Ang-(1-
7) potentiation of the responses to bradykinin in both Wistar rats (Almeida et 
al. 2000) and SHRs (Fernandes et al. 2001). These results suggest that Ang-(1-7) 
potentiates bradykinin through the release of prostaglandins, NO or endotheli
um-derived hyperpolarizing factor (EDHF), depending upon the species and the 
vascular bed, and is mediated by an AT(1-7) receptor. 

Alternatively, Ang-(1-7) may potentiate bradykinin responses through its 
ability to inhibit ACE activity. Micromolar concentrations of Ang-(1-7) inhibit 
ACE activity, through interactions at the C-terminal domain (Chappell et al. 
1998; Deddish et al. 1998). However, the Km for Ang-(1-7) is similar to that of 
bradykinin, suggesting that competition for the enzyme would occur even at 
modestly elevated levels of either peptide. Indeed, ACE inhibitors increase levels 
of both peptides. ACE inhibitors potentiate responses to bradykinin, by inhibit
ing bradykinin B2 receptor desensitization (Minshall et al. 1997; Benzing et al. 
1999). This resensitization is thought to occur through protein-protein interac
tions between the bradykinin receptor and ACE. In porcine coronary arteries, 
bradykinin-induced vasodilation was potentiated by captopril, quinaprilat, or 
Ang-(1-7) (Tom et al. 2001). The mechanisms for the interaction between Ang
(1-7) and bradykinin in the dilation of blood vessels and the regulation of blood 
pressure are complex and require further investigation. 

3.2 
Brain/Neural Mechanisms 

The first report of a biological function for Ang-(1-7) indicated that it was as 
potent as Ang II in releasing vasopressin from isolated hypothalami-pituitary 
explants (Schiavone et al. 1988). Since that observation, a wide variety of actions 
were reported for the peptide in the central nervous system (CNS). Unlike the 
counter-regulatory actions described thus far, many actions of Ang-(1-7) in the 
CNS mimic those of Ang II at a cellular level. However, when Ang-(1-7) is evalu
ated by effects exerted through integrative regulatory systems, the heptapeptide 
generally opposes the actions of Ang II. Ang-O-7) is present in brain tissues 
such as the hypothalamus and medulla oblongata at concentrations equivalent 
to or greater than those of Ang II (Chappell et al. 1989). The distribution of the 
peptide in neurons and pathways of the medulla oblongata, PVN (Fig. 2), medi
an eminence and pituitary-hypophysial portal system (Block et al. 1988; Law
rence et al. 1992; Krob et al. 1998) and its co-distribution with nicotinamide ad
enine dinucleotide phosphate, reduced diaphorase (NADPH) (Calka and Block 
1993) and vasopressin (Block et al. 1988) underscore the importance of this pep
tide as a critical component of the mechanisms that participate in fluid balance 
and osmoregulation. 



490 C. M. Ferrario et al. 

Hypothalamus. Ang-(1-7) stimulated release of vasopressin from isolated ex
plants (Schiavone et al. 1988) and from hypothalamic sites in the whole animal 
(Moriguchi et al. 1994; Qadri et al. 1998). This is consistent with excitatory ac
tions on paraventricular neurons (Felix et al. 1991). However, plasma vasopres
sin levels were not different in these studies, suggesting that the peptide acted 
as a local modulator of tissue vasopressin release. Although the release of vaso
pressin from isolated organ explants by Ang-(1-7) was comparable to Ang II, 
plasma release of vasopressin in response to paraventricular injections of the 
peptide was less than that of Ang II following injection (Qadri et al. 1998). 
Moreover, the effects in whole animals were not accompanied by the increase in 
blood pressure or drinking normally seen with Ang II (Moriguchi et al. 1994; 
Qadri et al. 1998). In the hypothalamus of [mRen-2]27 transgenic hypertensive 
rat, both peptides were elevated to levels 10- to 20-fold higher than in normo
tensive Hannover Sprague Dawley (SD) rats (Senanayake et al. 1994). Although 
no direct effects of the peptide on blood pressure were observed, Moriguchi et 
al. (1995b) clearly showed that in [mRen-2]27 transgenic hypertensive rats, 
Ang II and Ang-(1-7) produced opposing actions on blood pressure through 
central mechanisms. Intracerebroventricular administration of an Ang II anti
body lowered pressure, while an antibody that selectively bound to Ang-(1-7) 
raised pressure. 

The overall effect of exogenously administered Ang-(1-7) on plasma vaso
pressin may depend upon the fluid balance state of the animal and the balance 
between endogenous levels of Ang II and Ang-(1-7). Long-term infusion of 
Ang-(1-7) in Wistar-Kyoto (WKY) or SD rats tended to increase plasma vaso
pressin levels (Benter et al. 1995b). In contrast, Ang-(1-7) treatment of SHRs 
with elevated levels of plasma vasopressin lowered plasma vasopressin (Benter 
et al. 1995b). These data, which interestingly mimicked the effects of ACE inhi
bition (Thibonnier et al. 1981), showed that effects of Ang-(1-7) were dependent 
upon the state of the animal and that Ang-(1-7) acts as a modulator rather than 
a direct secretagogue. Similarly, in [mRen-2]27 transgenic hypertensive rats 
with elevated hypothalamic tissue levels of both Ang II and Ang-(1-7) 
(Senanayake et al. 1994), the release of vasopressin (Moriguchi et al. 1994) or 
substance P (Diz et al. 1997) in response to Ang-(1-7) was diminished. 

The failure of Ang-(1-7) to stimulate thirst or increase blood pressure while 
modulating vasopressin release provided some of the first indications that Ang
(1-7) and Ang II must be acting through separate receptors and transmitter sys
tems or pathways. Indeed, patterns of release for norepinephrine, dopamine, 
and substance P were distinctly different for the two peptides. Ang II released 
norepinephrine, dopamine, and substance P from hypothalamic slices, whereas 
Ang-(1-7) primarily released substance P, although delayed effects on dopamine 
and norepinephrine were observed (Diz and Pirro 1992). Ang-(1-7) may inhibit 
potassium-stimulated release of norepinephrine from hypothalamic slices (Diz 
and Pirro 1992; Gironacci et al. 2000) through a mechanism mediated by NO 
(Gironacci et al. 2000). Ang-(1-7) shows a remarkable co-distribution with 
NADPH diaphorase, suggesting that NO may playa role in the effects of Ang-
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(1-7) in the brain (Calka and Block 1993). However, studies in glial cell cultures 
support a role for the peptide in release of other neuroactive substances, such 
as prostaglandins (Jaiswal et al. 1991b; Tallant et al. 1991b). 

The failure of Ang -(1-7) to evoke release of the monoamines in a similar time 
frame as Ang II may be the mechanism for the absence of drinking and pressor 
responses to the heptapeptide (Kawabe et al. 1986). However, since tachykinins 
participate in Ang II-mediated release of vasopressin (Perfumi et al. 1988; Massi 
et al. 1991a,b), the similar effects of the two angiotensin peptides on substance 
P may explain their concerted ability to evoke release of vasopressin. Intracere
broventricular injection of Ang-(1-7) induced c-fos expression primarily in the 
organum vasculosum of the lamina terminalis and median preoptic nucleus, 
whereas enhanced c-fos expression by Ang II was observed in the PVN and sub
fornical organ as well as the organum vasculosum of the lamina terminalis and 
median preoptic nucleus, providing additional evidence that the two peptides 
may act through different pathways (Mahon et al. 1995). 

Rowe et al. (1995) showed that Ang-(1-7) has moderate affinity for the ATl 
receptor (-100 nM) at several brain sites including the PVN. The affinity of neu
ronal ATl receptors for Ang-(1-7) is greater than that reported for the peptide at 
peripheral ATl sites (>1 IlM) although lower than Ang II. Qadri et al. (1998) 
showed that actions of Ang-(1-7) in the PVN required higher doses of Ang-(1-7) 
than Ang II, and actions of both peptides were blocked by AT 1 receptor antago
nists. The AT2 antagonist PD123177 also blocked the response to Ang-(1-7) 
(Qadri et al. 1998). In fact, Ang-(1-7) stimulated dopamine release only after 
ATl receptor blockade (Pawlak et al. 2001). Electrophysiological studies of Ang
(1-7) in the PVN showed that neuronal responses to Ang-(1-7) were blocked by 
[D-Ala7jAng-(1-7) as well as by ATl and AT2 antagonists (Felix et al. 1991; 
Ambuhl et al. 1992) but that blockade by AT2 antagonists required higher doses, 
suggesting an interaction with AT 1 receptors. Substance P release (Diz and Pirro 
1992) and dopamine release (Pawlak et al. 2001) in response to Ang-(1-7) were 
attenuated in hypothalamic slices by [D-Ala7jAng-(1-7) and AT2 antagonists as 
well as [D-Ala7jAng-(1-7) blocked the release of substance P or catecholamines 
in response to Ang II (Diz and Pirro 1992; Pawlak et al. 2001). Critical evalua
tion of these findings clearly support the interpretation that the receptor activat
ed by Ang-(1-7) does not show the same pharmacologic selectivity as the classic 
ATl or AT2 receptors or the non-AT lo non-AT2 receptor present in the peripheral 
vasculature, as discussed elsewhere in the chapter. 

Medulla Oblongata. Ang-(1-7) elicited excitatory neuronal actions in the nucle
us of the solitary tract (nTS) and the dorsal motor nucleus of the vagus (dmnX) 
(Barnes et al. 1990). In both nuclei, the percentage of cells excited was compara
ble to that of Ang II. However, some cells responded to both peptides or only 
one peptide, suggesting that separate receptors mediated the observed actions. 
Microinjection of low doses of Ang-(1-7) into the dorsomedial medulla evoked 
depressor and bradycardic responses, whereas higher doses of the peptide pro
duced a biphasic response consisting of an initial increase in blood pressure fol-
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lowed by a decrease in blood pressure (Campagnole-Santos et al. 1989). These 
responses appeared similar to those evoked by injection of Ang II into the nTS 
(Diz et al. 1984). However, subsequent studies showed that unilateral sino-aortic 
denervation potentiated the cardiovascular responses to ipsilateral injection of 
Ang-(1-7), whereas responses to Ang II injection were not affected (Campag
nole-Santos et al. 1990). Studies also demonstrated that Ang II may act at nerve 
terminals in the nTS as well as at intrinsic neurons of the nTS (Qu et al. 1996; 
Diz et al. 2001). Thus, Ang II has both pre- and post-synaptic sites of actions in 
the dorsomedial medulla and Ang II has excitatory actions on cells of the no
dose ganglion (Widdop et al. 1992). In contrast, Ang-(1-7) is devoid of actions 
on cells in the nodose ganglion (Widdop et al. 1992). The site of action of Ang
(1-7) (pre- or post-synaptic) awaits further studies. 

The response patterns to Ang-(1-7) in the medulla oblongata are dependent 
on the cardiovascular state of the animal, similar to the actions at forebrain 
sites. For example, the depressor/bradycardic responses to Ang-(1-7) injected 
into the nTS were greater in the SHR. In contrast, microinjection of Ang-(1-7) 
in the nTS of ASrAogen rats (angiotensinogen antisense linked to a glial fibril
lary acidic protein) caused smaller depressor responses than those produced by 
injection of the peptide in the nTS of Hannover SD rats (Couto et al. 2002). 
Thus, the decrease in tissue levels of angiotensin peptides in the brain stem of 
ASrAogen rats (Schinke et al. 1999; Monti et al. 2001) and/or the relatively lower 
level of arterial pressure in these rats altered the cardiovascular response to 
Ang-(1-7). The opposite effects observed in the SHR may reflect the importance 
of resting levels of pressure on the response. 

In terms of the baroreceptor reflex, the effects of Ang II and Ang-(1-7) are in 
direct opposition. Ang II attenuated, whereas Ang-(1-7) augmented, barorecep
tor reflex control of heart rate. Ang-(1 -7) given by either intracerebroventricular 
administration (Campagnole-Santos et al. 1992; Oliveira et al. 1996) or long
term peripheral infusion (Benter et al. 1995a) also increased the gain of the 
baroreceptor reflex control of heart rate in SHR and normotensive rats. This ef
fect was mediated at sites in the nTS (Chaves et al. 2000; Diz and Westwood 
2000), where a tonic action of the peptide contributed to the resting level of re
flex function in normotensive rats (Diz and Westwood 2000). Actions of Ang
(1 -7) in the dorsal medulla were apparently influenced by hypertension and by 
anti-hypertensive treatments. In SHRs with an impaired baroreceptor reflex, the 
role of endogenous Ang-(1-7) was enhanced, since the injection of [D-Ala71Ang
(1-7) inhibited the reflex to a greater extent than that produced by injection of 
the Ang-(1-7) antagonist in the nTS of Wistar rats (Chaves et al. 2000). In 
[mRen-2127 transgenic hypertensive rats with lower tissue levels of Ang-(1-7), 
[D-Ala71Ang-(I-7) had no effect on the reduced baroreflex sensitivity (Senanayake 
et al. 1994; Diz and Westwood 2000). In ASrAogen animals (Couto et al. 2002), 
Ang-( 1-7) no longer facilitated the reflex and, surprisingly, inhibited baroreflex 
sensitivity. When ACE inhibitors were given to SHRs (Heringer-Walther et al. 
2001) or rats with renal hypertension (Britto et al. 1997), the ability of ACE inhi
bition to improve the baroreceptor reflex was mediated, in part, by endogenous 
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Ang-(l-7). The role of Ang-(l-7) in this beneficial effect of ACE inhibition was 
substantiated by the finding that [D-Ala7]Ang-(l-7) reversed the enhanced gain 
in the reflex seen with this type of treatment. These findings underscore that 
Ang II and Ang-(l-7) exist in a balance to set the sensitivity or gain of the baro
receptor reflex at the level of the nTS. 

In the ventrolateral medulla (VLM), Ang-(l-7) like Ang II has actions that 
mimic excitatory neurotransmitters in the caudal and rostral cell groups in
volved in blood pressure control. In the caudal VLM, Ang-(l-7) lowered arterial 
pressure by activation of pathways providing tonic inhibition to the pressor ros
tral VLM (Potts et al. 2000a,b). In the rostral VLM, the peptide excited pathways 
leading to activation of the sympathetic nervous system (Fontes et al. 1994; 
Lima et al. 1996; Fontes et al. 1997). These actions mimic those observed when 
Ang II or glutamate was injected into the caudal or rostral VLM (Averill and Diz 
1999; Diz et al. 2002). The effects of Ang-(l-7) at the rostral VLM are mediated 
by both vasopressin and the sympathetic nervous system (Oliveira et al. 1998). 
However, the increases in blood pressure in response to Ang-(l-7) injections 
into the rostral VLM were enhanced after hemorrhage, while those to Ang II 
were not (Lima et al. 1999). In animals with reduced levels of Ang II (Schinke et 
al. 1999; Monti et al. 2001) and presumably Ang-(l-7), the ASrAogen animals, 
there was no role of endogenous Ang-(l-7), since [D-Ala7]Ang-(l-7) did not de
crease pressure observed in a SD control animal (Baltatu et al. 2001). In [mRen-
2]27 transgenic animals with higher levels of Ang II and lower levels of Ang-(l-7) 
than in SD rats (Senanayake et al. 1994), [D-Ala7]Ang-(l-7) caused a greater fall 
in pressure than in SD rats, suggesting a greater contribution of the Ang-(l-7) 
to the elevated pressure in the rostral VLM (Fontes et al. 2000). Taken together 
with the effects of Ang-(l-7) on the baroreceptor reflex in the dorsal medulla, 
the data suggest that, much like Ang II (Weinstock and Gorodetsky 1995), the 
overall influence of Ang-(l-7) depends upon its site of action, the relative bal
ance of Ang II and Ang-(l-7) endogenously present, the prevailing level of arte
rial pressure and heart rate, and the sensitivity of the reflex. 

We observed no effect of Ang-(l-7) on basal release of serotonin and sub
stance P in slices prepared from the medulla oblongata (Diz and Pirro 1992). 
However, Ang-(l-7) caused a significant release in the presence of a potassium 
stimulus (Diz and Pirro 1992). Since Ang-(l-7) facilitated, whereas Ang II atten
uated, the gain of the baroreceptor reflex control of heart rate, this pattern of 
transmitter release is particularly relevant given that serotonin and substance P 
are known to enhance reflex function. The relationship between these changes 
in transmitters and the actions of Ang II or Ang-(l-7) in the ventral medulla are 
not known. However, both peptides may act directly upon neurons of the caudal 
and rostral VLM and not through release of additional transmitters at those 
sites similar to other excitatory neurotransmitters (Li and Guyenet 1995, 1996). 
Ang II acts in the rostral VLM to enhance the release of glutamate (Moriguchi et 
al. 1995a; Yamada et al. 1995; Zhu et al. 1998), suggesting a presynaptic effect 
for Ang II. We do not know if Ang-(l-7) shares a similar mechanism of action. 
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As indicated above, Ang-{1-7) has moderate affinity for the ATI receptor in 
the nTS (-100 nM) (Rowe et al. 1995). We reported that losartan competed for 
Ang II binding in the nTS and dmnX of the dog, suggesting ATI sites predomi
nated in the dorsal medulla (Diz and Ferrario 1996). However, in the more ros
tral aspects of these nuclei, these losartan-sensitive binding sites were 10- to 
100-fold more sensitive to Ang-{1-7) and the AT2 antagonist PDl23177. Couto et 
al. (1998) reported a smaller response to Ang II in the rostral nTS of the rat, 
whereas Ang-{1-7) acted similarly at both sites. Importantly, the actions of the 
Ang-{1-7) were blocked by [D-Ala7jAng-{1-7) (Santos et al. 1994). In contrast, 
Potts et al. (2000b) found that the actions of Ang-(1-7) in the ventrolateral me
dulla required higher doses than Ang II and actions of both peptides were 
blocked by ATI receptor antagonists (either losartan or candesartan). [D
Ala7jAng-(l-7) also blocked the actions of both Ang II and Ang-{1-7) in this 
study (Potts et al. 2000b). Thus, receptors responding to Ang-(I-7) in the me
dulla oblongata are also sensitive to ATI and AT2 antagonists; however, in con
trast to the hypothalamus, there is less of an effect of the AT 2 antagonists in this 
brain region. There remains a great deal of controversy about the nature of the 
receptors mediating responses to angiotensin peptides in the ventrolateral me
dulla. The sarcosine-substituted peptide antagonists have actions that do not 
appear related to either Ang II, Ang-(I-7), or other angiotensin peptides 
(Potts et al. 2000a) and the specificity of the actions of losartan are questionable 
(Averill et al. 1994). 

3.3 
Angiotensin-(1-7) in the Kidneys 

The kidney is a critical target site for the actions of the renin-angiotensin sys
tem. The ability of Ang II to promote the retention of sodium and water through 
its potent vasoconstrictor effects, reduction in the filtration coefficient, and 
stimulation of various transporters in the proximal epithelium are well-charac
terized (Ichikawa and Harris 1991). In contrast, infusion of Ang-(I-7) into the 
renal artery stimulates a marked diuresis and natriuresis in both the rat and 
dog, as well as an increase in glomerular filtration rate (GFR) (DelliPizzi et al. 
1994; Heyne et al. 1995; Hilchey and Bell-Quilley 1995; Handa et al. 1996; Vallon 
et al. 1998; Heller et al. 2000). The diuretic and natriuretic actions of Ang-(I-7) 
are independent of either AT I or AT 2 receptors, but are attenuated by the [D
Ala7jAng-(I-7) antagonist. At concentrations 1,000-fold higher than that of 
Ang II, Ang-(I-7) did not antagonize Ang II-dependent vasoconstriction in the 
rat kidney (Handa et al. 1996). Moreover, in the rabbit, low nanomolar doses of 
Ang-(I-7) induced vasodilation of pre-constricted afferent arterioles that was at
tenuated solely by [D-Ala7jAng-(I-7) (Ren et al. 2002). These studies suggest 
that the renal actions of Ang-(I-7) encompass both tubular and vascular sites 
that are sensitive to blockade of a non-ATI/AT2 receptor. Ang-(l-7) or its metab
olite Ang-(3-7) are potent inhibitors of Na+,K+ -ATPase activity in isolated con
voluted proximal tubules and the renal cortex (Handa et al. 1996; Lopez et al. 
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1998; Handa 1999). In cultured rabbit renal tubular epithelial cells, Ang-(1-7) 
stimulated transcellular flux of sodium which was associated with activation of 
phospholipase A2 (Andreatta-Van Leyen et al. 1993). Furthermore, inhibition of 
sodium transport by Ang I was markedly potentiated by captopril-strong evi
dence for the bio-activation to Ang-(1-7) in the proximal tubules of the kidney. 
Indeed, the natriuretic and diuretic actions of Ang-{l-7) in the perfused kidney 
were associated with increased levels of prostacyclin that were attenuated by the 
cyclooxygenase inhibitor indomethacin (Hilchey and Bell-Quilley 1995). Fur
thermore, low picomolar doses of Ang-(l-7) stimulated phosphatidylcholine in
corporation in the renal cortex, a mechanism that may provide a substrate for 
arachidonic acid synthesis (Gironacci et al. 2002). Recently, we showed that the 
Ang-(1-7)-dependent inhibition of oubain-sensitive rubidium (Rb86) influx was 
blocked by both [D-Ala7jAng-(l-7) and inhibitors of the cytochrome P450 
(CYP450) system in isolated tubules (Chappell 2002). These data suggest that 
Ang-(1-7) may selectively activate the proximal epithelial CYP450 system to 
augment sodium excretion, in contrast to the Ang II-dependent stimulation of 
the vascular CYP450 system to produce potent vasoconstrictors (McGiff et al. 
1993; Harder et al. 1995; Roman and Alonso-Galicia 1999). Our studies with the 
mixed vasopeptidase inhibitor omapatrilat in the SHR model also support the 
renal actions of Ang-(1-7) described above. The pronounced diuresis accompa
nying the chronic administration of omapatrilat was associated with a large in
crease in urinary excretion of Ang-(l-7) and enhanced immunocytochemical 
staining of the peptide in the kidney (Ferrario et al. 2002a). 

Other reports suggest that the renal actions of Ang-(1-7) are somewhat com
parable to those of Ang II. For example, in a perfused preparation of straight 
proximal tubules, peritubular application of Ang-(1-7) displayed biphasic effects 
on bicarbonate transport that were essentially identical to Ang II (Garcia and 
Garvin 1994). A low concentration (10-12 M) of Ang-(l-7) stimulated transport, 
while higher levels (l0-8 M) inhibited absorption, probably by altering the Na+/ 
H+ exchanger. At this site, the biphasic actions of Ang-(1-7) were completely 
blocked by losartan, and partially attenuated by the AT2 antagonist PDl23319 
(Garcia and Garvin 1994). Intratubular application of Ang-{l-7) stimulated 
transport in the loop of Henle, but did not affect reabsorption in either the 
proximal or distal tubule (Vallon et al. 1997). In this case, the lack of an effect 
may result from the high luminal concentrations of Ang-(1-7) in the proximal 
or distal segments of the tubule. Indeed, luminal application of an AT I antago
nist or ACE inhibitor attenuates basal reabsorption in the proximal tubule, sug
gesting that endogenous levels of Ang II are sufficient to facilitate water and so
dium transport (Quan and Baum 1996). In contrast to these actions, Santos and 
colleagues (Santos and Baracho 1992) found that subcutaneous administration 
of Ang-{l-7) promoted an anti-diuretic action in water-loaded Wistar rats, an 
effect blocked by both losartan and [D-Ala7jAng-(1-7), but unaffected by an 
AT2 antagonist or a vasopressin V2 antagonist (Santos et al. 1996; Baracho et al. 
1998). Studies to date have not determined whether other ATI antagonists also 
inhibit this response, nor have the cellular mechanisms been defined. Ang-(l-7) 



496 C. M. Ferrario et al. 

stimulates water transport in collecting duct tubules, suggesting that these ter
minal epithelial cells may be the site of action for Ang-{1-7) (Santos et al. 1996). 
Borges et al. (2002) also investigated the influence of Ang-{1-7) on water absorp
tion in the jejunum and reported similar antidiuretic actions that were blocked 
by [D-Ala7jAng-{1-7). However, in the presence of losartan, the same dose of 
Ang-{1-7) potently inhibited water reabsorption. Finally, a series of studies re
ported that Ang-{1-7) alone stimulated ouabain-insensitive Na-ATPase activity 
in the ovine renal cortex, but inhibited Ang II -dependent stimulation of this AT
pase through a [D-Ala7jAng-{1-7)-sensitive site (Caruso-Neves et al. 2000; Lara 
et al. 2002). Although Burgelova et al. (2002) showed that intrarenal administra
tion of Ang-{1-7) produced natriuresis, the peptide also blocked the anti-natri
uretic actions of Ang II. In this case, Ang-{1-7) did not attenuate the reduction 
in GFR or increased renal perfusion pressure associated with Ang II. Further
more, infusion of the [D-Ala7jAng-{1-7) alone produced a comparable response 
to that of Ang II (Burgelova et al. 2002). Importantly, these latter studies empha
size the complex array of actions of Ang-{1-7) and suggest that the overall state 
of the renin-angiotensin system as well as the dose, route of administration, 
and site(s) of the nephron exposed to Ang-{1-7) clearly influence the physiolog
ical actions of the peptide in the kidney. 

3.4 
Angiotensin-{l-7) and Trophic Mechanisms 

Early observations of responses to Ang-{1-7) included its ability to regulate cel
lular growth by either preventing mitogen-stimulated proliferation or stimulat
ing the growth of quiescent cells. We and others showed that nanomolar con
centrations of Ang-{1-7) inhibited mitogen-stimulated growth of cultured rat 
thoracic aortic vascular smooth muscle cells (VSMCs) through activation of a 
[D-Ala7jAng-{1-7)-sensitive receptor (Freeman et al. 1996; Zeng et al. 2001). 
Ang-{1-7) also has antiproliferative properties in vivo, reducing neointimal for
mation following balloon catheter injury to the rat carotid artery (Strawn et al. 
1999). These results demonstrate that Ang-(1-7) inhibits smooth muscle cell 
growth following vascular injury and could be used to reduce restenosis follow
ing angioplasty and stent placement. In similar studies in neonatal rat car
diomyocytes, Ang-{1-7) reduced Ang II-mediated hypertrophy by preventing 
the increase in protein synthesis and cell surface area which was insensitive to 
either AT 1 or AT 2 receptor antagonists, suggesting that Ang-{1-7) inhibits myo
cyte hypertrophy through activation of a novel receptor (Zeng et al. 2000). 
These studies are in agreement with a recent report by Loot et al. (2002) demon
strating that infusion of Ang-{1-7) reduced myocyte surface area in infarcted rat 
hearts following coronary artery ligation. Cardiac tissue contains an endoge
nous renin-angiotensin system (Dzau and Re 1994), and infusion of Ang I into 
the canine left ventricle results in an BOO-fold elevation in interstitial Ang-{1-7) 
(Wei et al. 2002). In addition, we recently showed significant amounts of immu
noreactive Ang-{1-7) in rat myocardium (Ferrario 2002). These results suggest a 
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potential role for Ang-(1-7) in the regulation of myocyte growth and an impact 
on cardiac dynamics. 

Ang-( 1-7) also regulates the formation of new capillary blood vessels. Machado 
et al. (2000) demonstrated an antiangiogenic effect of Ang-(1-7) using a mouse 
sponge model. These results suggest a potential therapeutic use for Ang-(1-7) in 
angiogenesis-dependent diseases such as tumor growth. We recently showed 
that Ang-(1-7) inhibited DNA synthesis in human lung and breast cancer cells, 
effects mediated by a non-AT\> non-ATz angiotensin peptide receptor sensitive 
to [D-Ala7]Ang-(1-7) (Tallant et al. 2001). Collectively, these results suggest a po
tential role for Ang-(1-7) as a chemopreventive and chemotherapeutic agent in 
human cancers through a reduction in cancer cell growth and angiogenesis. 

In contrast to the antiproliferative responses to Ang-(1-7), the heptapeptide 
stimulates the growth of human skin and cardiac fibroblasts. Nickenig et al. 
(1997) reported that nanomolar concentrations of both Ang II and Ang-(1-7) 
stimulated DNA synthesis in cultured human skin fibroblasts. Although the pro
liferative response to Ang II was partially blocked by an AT) receptor antagonist, 
the stimulatory effect of Ang-( 1-7) was insensitive to either an AT) or an AT z re
ceptor antagonist. Fleck and colleagues (Neuss et al. 1994, 1996) also showed 
that Ang II and Ang-(1-7) stimulated the growth of cardiac fibroblasts isolated 
from the left ventricle of explanted end-stage failing hearts. The proliferative re
sponses to Ang II and Ang-(1-7) had ECsos in the nanomolar range and were 
not prevented by AT) or AT z receptor antagonists. These results suggest that hu
man fibroblasts contain a novel angiotensin peptide receptor that binds both 
Ang II and Ang-(1-7) and is coupled to the stimulation of cell growth. Ang II 
and Ang-(1-7) were also equipotent in increasing DNA synthesis in neonatal rat 
cortical astrocytes and human astrocytoma cells, responses insensitive to either 
AT) or ATz receptor antagonists (Fogarty et al. 2002). However, micromolar con
centrations of Ang II and Ang-(1-7) were required to stimulate astrocyte prolif
eration, leading to questions about the physiological role of these responses. 
The ability of Ang-(1-7) to either inhibit or stimulate cell growth is dependent 
upon the type of cell, suggesting that the AT(l-7) receptor may activate unique 
signaling pathways in different types of cells. 

Finally, roles for Ang-(1-7) in hematopoietic recovery following radiation in
jury and in dermal repair and wound healing were recently suggested by 
Rodgers et al. (2001, 2002). Treatment of irradiated mice with either Ang II or 
large doses of Ang-(1-7) accelerated hematopoietic recovery by increasing the 
number of hematopoietic progenitors in the bone marrow and in the blood. Al
though losartan tended to block the response to Ang II and not to Ang-(1-7), 
experiments with additional angiotensin receptor antagonists are required to 
identify the receptor mediating these responses (Rodgers et al. 2002). Ang II 
and Ang-(1-7) also accelerated dermal repair in four different models of wound 
healing, including excision wounds and thermal injury and increased keratino
cyte proliferation (Rodgers et al. 2001). Since Ang II and Ang-(1-7) were 
equipotent in stimulating hematopoietic progenitor formation and accelerating 
dermal repair but Ang-(1-7) does not increase blood pressure, Ang-(1-7) may 
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have important therapeutic effects following myelosuppressive irradiation and 
dermal injury. 

4 
Mechanisms of Signal Transduction by Angiotensin-(1-7) 

Prostanoid Production by Ang-(1-7}. We showed that Ang-(1-7) stimulates the 
release of prostaglandin E2 (PGE2) and prostacyclin from C6 glioma cells, hu
man astrocytes, porcine aortic endothelial cells, both porcine and rat aortic 
VSMCs and rabbit vas deferens (Trachte et al. 1990; Jaiswal et al. 1991a,b, 1992, 
1993a,b; Tallant et al. 1991b). In cultured rabbit renal tubular epithelial cells, 
Ang-(1-7) activated phospholipase A2 to release arachidonic acid (Andreatta 
Van Leyen et al. 1993). An antisense oligonucleotide to the cytosolic phospholi
pase A2 blocked arachidonic acid release by Ang-(1-7) in rabbit VSMCs, and 
Ang-(1-7) stimulated translocation of the cytosolic phospholipase A2 to the nu
clear membrane, demonstrating that Ang-(1-7) activates phospholipase A2 to 
release arachidonic acid for prostanoid production (Muthalif et al. 1998). In ad
dition, Ang-(1-7) stimulation of arachidonic acid release in rabbit VSMCs was 
dependent upon the sequential activation of calmodulin-dependent protein ki
nase II and mitogen-activated protein kinase prior to activation of the cytosolic 
phospholipase A2. Thus, Ang-(1-7) stimulates phospholipase A2 activity to re
lease arachidonic acid for prostanoid production. In contrast to Ang II, Ang-(1-7) 
does not activate phospholipase C in vascular smooth muscle or endothelial 
cells, astrocytes, or mesangial cells (Tallant et al. 1991b; Jaiswal et al. 1993a; 
Chansel et al. 2001; Heitsch et al. 2001; Tallant and Higson 1997) or phospholi
pase D in VSMCs (Freeman and Tallant 1994). 

Many physiological responses to Ang-(1-7) are dependent upon prostanoid 
production, based upon studies using the cyclooxygenase inhibitor indometha
cin. Indomethacin blocked the Ang-(1-7)-mediated inhibition of VSMC growth 
by Ang-(1-7) (Tallant and Clark 2003), the reduced incidence and duration of 
arrhythmias in rat hearts (Ferreira et al. 2001), the vasodilation of piglet pial ar
teries (Meng and Busija 1993), and the depressor component in the pithed rat 
(Benter et al. 1993). In SHRs treated with lisinopril, losartan, or both, an anti
body against Ang-(1-7), an inhibitor of Ang-(1-7) formation, or [D-Ala7jAng
(1-7) caused an increase in blood pressure (Iyer et al. 2000b). Indomethacin 
caused a similar increase in blood pressure, and the increase in blood pressure 
by [D-Ala7jAng-(1-7) was prevented by pretreatment with the cyclooxygenase 
inhibitor. These results suggest that vasodilatory prostaglandins mediate many 
of the vascular effects of Ang-(1-7). 

In Dahl salt-sensitive rats, the Ang-(1-7)-mediated reduction in mean arterial 
pressure was associated with an increase in prostacyclin and a reduction in 
thromboxane A2 levels (Bayorh et al. 2002). Since thromboxanes are vasocon
strictive, the decrease in thromboxane production by Ang-(1-7) may contribute 
to its hypotensive response. Treatment of two-kidney, one-clip (2K-IC) hyper
tensive rats with Ang-(1-7) reduced thrombus weight following vena cava occlu-
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sion (Kucharewicz et al. 2000). Ang-(I-7) also reduced collagen adhesion to 
platelets isolated from 2K-IC rats. These antithrombotic effects could be due to 
increased production of prostaglandins or reduced thromboxane synthesis by 
Ang-(I-7), since prostaglandins are known anti-thrombotic mediators and 
thromboxanes induce platelet aggregation. Since Ang-(I-7) also increased plas
minogen activator inhibitor (PAI)-1 and tissue plasminogen activator (TPA) re
lease from human endothelial cells (HUVECs) (Yoshida et al. 2002), the poten
tial role for Ang-(1-7) as an antithrombotic agent requires further investigation. 

Prostaglandins also participate in many of the renal effect of Ang-(I-7). Ang
(1-7) stimulated arachidonic acid release from renal tubular epithelial cells (An
dreatta-Van Leyen et al. 1993). Infusion of Ang-(1-7) into isolated rat kidneys 
caused an increase in prostacyclin in both the urine and the perfusate; pretreat
ment with indomethacin blocked the increase in prostacyclin as well as the diu
retic effects (Hilchey and Bell-Quilley 1995). Ang-(1-7) infusion into SHRs 
caused diuresis and natriuresis during the first 3 days of infusion, concomitant 
with increased urinary prostaglandins measured on day 2 of the infusion (Ben
ter et al. 1995b). In agreement with these studies, patients chronically treated 
with the ACE inhibitor captopril had increased plasma concentrations of Ang
(1-7) and prostacyclin with no significant effect on plasma concentrations of 
Ang II (Luque et al. 1996). These results suggest that Ang-(1-7) and prostacyclin 
may contribute to the antihypertensive effects of chronic therapy with captopril. 

Nitric Oxide Production by Ang-(1-7}. The Ang-(1-7)-mediated vasodilation of 
canine and porcine coronary arteries, isolated feline mesenteric and hindquar
ter vascular beds, canine middle cerebral arteries, and rabbit afferent arterioles 
were attenuated by NO synthase inhibitors (Osei et al. 1993; Porsti et al. 1994; 
Brosnihan et al. 1996; Feterik et al. 2001; Ren et al. 2002). Ang-(1-7) reduced 
norepinephrine release from the rat hypothalamus, an additional response 
which was blocked by NO synthase inhibitors (Gironacci et al. 2000). In addi
tion, the antiangiogenic effects of Ang-(l-7) in the mouse sponge model was 
mediated by NO (Machado et al. 2001). Since the effects of Ang-(l-7) on the ca
nine, porcine, and rabbit arteries as well as in the rat hypothalamus were also 
blocked by the bradykinin B2 receptor antagonist HOE 140, Ang-(I-7) may 
stimulate the production of vasoactive kinins to release NO. 

The reduction in mean arterial pressure of Dahl salt-sensitive rats by Ang-(l-7) 
was associated with an enhanced release of prostacyclin, as described above, as 
well as enhanced NO production (Bayorh et al. 2002). Ang-(1-7) also caused the 
release of NO from aortic rings isolated from Dahl salt-sensitive rats on a low- or 
high-salt diet. In addition, Ang-(1-7) stimulated the production of aortic cyclic 
guanosine monophosphate (cGMP). These results suggest that the release of NO 
by Ang-(1-7) stimulates the production of cGMP to induce vascular relaxation. 

Stimulation of NO synthase by Ang-(I-7) was measured in isolated canine 
vessels and bovine aortic endothelial cells. In isolated canine microvessels or 
coronary arteries, Ang-(1-7) caused nitrite release but only at a concentration of 
10 flM (Seyedi et al. 1995). The effect of Ang-(1-7) was blocked by HOE 140 or 
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losartan and may result from activation of AT I receptors at this concentration. 
Ang-(l-7)-mediated NO release from bovine aortic endothelial cells was only 
observed at micro molar concentrations of the peptide, was blocked by HOE 
140, and was partially attenuated by [D-Ala7]Ang-(l-7), losartan, or PD123177 
(Heitsch et al. 2001). The requirement of micro molar concentrations of Ang-(l-7) 
and blockade of NO production by various receptor antagonists may result from 
activation of AT(I-7), ATl> ATz, or Bz receptors by the peptide or through inhibi
tion of ACE activity. 

Effects of Ang-(1-7) at the ATl Receptor. Pharmacological concentrations of 
Ang-(l-7) bind to the AT I receptor and either stimulate AT I-like responses or 
antagonize Ang II responses at this receptor. Chansel et al. (2001) showed that 
Ang-(l-7) prevented the Ang II-mediated increase in Ca2+ in rat mesangial cells. 
However, the effect of Ang-(l-7) occurred at micro molar concentrations of the 
heptapeptide which competed at the AT I receptor in these cells. Ang-(l-7) also 
constricted rat renal microvessels at micromolar concentrations (van Rodijnen 
et al. 2002). Consistent with these findings, we showed that micromolar concen
trations of Ang-(l-7) reduced Ang II binding to the ATI receptor and Ang II
mediated phospholipase C activity in rat aortic VSMCs and CHO cells transfec
ted with the ATIA receptor (Clark et al. 2001a,b). Micromolar concentrations of 
Ang-(l-7) compete for binding to the ATI receptor in VSMCs and CHO-ATIA 
cells and AT I receptor antagonists blocked downregulation of the AT I receptor 
by Ang-(l-7), demonstrating that Ang-(l-7) interacts with the ATI receptor to 
reduce Ang II-mediated responses. We also showed that Ang-(l-7) downregu
lates the AT I receptor in kidney slices (Clark et al. 2003). This effect was blocked 
by [D-Ala7]Ang-(l-7) and indomethacin, suggesting that it occurred through ac
tivation of an AT(I-7) receptor. Since ACE inhibitors increase Ang-(l-7) levels 
(Kohara et al. 1993), the decreases in AT I receptor density seen in brain areas 
such as the nTS or PVN of SHR treated with ACE inhibitors (Diz et al. 1992, 
1994) and hypothalamic or medullary neuronal cells in culture (Wilson et al. 
1988) may reflect actions of Ang-(l-7) at the ATI receptor. 

Competition for the AT I receptor by pharmacological concentrations of Ang
(1-7) may be responsible for blockade of contractile responses to Ang II in rab
bit aortic rings by Ang-(l-7), which required 1-30 pM Ang-(l-7) (Mahon et al. 
1994) and human internal mammary arteries, in response to 10 pM Ang-(l-7) 
(Roks et al. 1999). However, this latter study also addressed the role of Ang-(l-7) 
as an ACE inhibitor to reduce Ang I contractions in human atrial tissue. They 
demonstrated that Ang-O-7) had an ICso value of 3 jlM as an ACE inhibitor and 
acted in a noncompetitive/mixed way. In functional studies, Ang-(l-7) inhibited 
the contraction to Ang I and [ProIO]Ang I, a substrate solely converted by ACE, 
but not to [Proll-D-AlaI2] Ang I, an ACE-resistant substrate. Thus, Ang-(l-7) 
could also modulate responses at the AT I receptor through inhibition of ACE; 
however, the concentrations required for ACE inhibition by Ang-(l-7) do not 
occur under physiological conditions. In contrast to inhibition of Ang II re
sponses at micro molar concentrations, the antagonism of Ang II-mediated vaso-
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constriction of human forearm resistance vessels by nanomolar concentrations 
of Ang-(l-7) observed by Veda et al. (2000) may result from activation of an 
AT(I-7) receptor and the release of compensatory vasodilators. 

Although Ang-(l-7) acutely downregulates the ATI receptor, Neves et al. 
(2000) showed that a 24-h treatment with Ang-(1-7) upregulated ATI mRNA in 
VSMCs isolated from the Akron strain of WKY and SHR rats. This suggests that 
chronic exposure to Ang-(I -7) may alter the expression of the AT I receptor in a 
strain-specific manner. 

4.1 
Angiotensin-(1-7) Receptor(s) 

Recognition of the physiological responses to Ang-(l-7) occurred concurrently 
with the identification of subtype-selective ligands for different molecular forms 
of Ang II receptors. AT I angiotensin receptors are pharmacologically defined by 
their selectivity for the prototypical ligand losartan and similar antagonists 
(valsartan, L-158,809, etc.), while AT2 receptors show selectivity for the antago
nist PD123177 and PD123319 as well as the agonist CGP42112 (de Gasparo et al. 
1995). Characterization of physiological or cellular responses to Ang-(l-7) was 
therefore accompanied by attempts to define the receptor mediating these re
sponses. Ang-(l-7) is a poor competitor (ICsos in the micro molar range) at 
pharmacologically defined ATI receptors in VSMC (Jaiswal et al. 1993a,b) or 
AT2 receptors in differentiated NGI08-15 cells, pancreatic cells, and human 
myometrium (Tallant et al. 1991a; Chappell et al. 1995; Bouley et al. 1998). [D
Ala7jAng-(l-7), a modified form of Ang-(l-7) in which proline at position 7 is 
replaced with D-alanine, was designed as a selective antagonist for the Ang-(1-7) 
receptor (Santos et al. 1994). In initial studies, [D-Ala7jAng-(1-7) blocked 
hemodynamic and renal responses to Ang-(l-7), did not compete for binding 
of 12SI_Ang II to rat adrenal ATI or AT2 receptors, and did not block pressor or 
contractile responses to Ang II, demonstrating selectivity for Ang-(1-7) (Santos 
et al. 1994). 

We identified an Ang-O-7) binding site on bovine aortic endothelial cells 
(BAEC) which was competed by [D-Ala7jAng-(1-7) and [Sarl -Ile8jAng II, but not 
by losartan or PD123319 (Tallant et al. 1997). In agreement with this identifica
tion, treatment of BAEC with Ang-O-7) stimulated NO release, an effect blocked 
by [D-Ala7jAng-(l-7) (Heitsch et al. 2001). A similar 12SI-Ang-(I-7) binding site, 
sensitive to Ang-(I-7) and [D-Ala7jAng-(I-7), was visualized in the endothelium 
of canine coronary artery rings (Ferrario et al. 1997), consistent with functional 
effects of Ang-(I-7) in endothelium-intact canine and porcine coronary arteries 
(Xiang et al. 1985; Porsti et al. 1994; Brosnihan et al. 1996). We recently identified 
a similar binding site for Ang-(l-7) in the rat vasculature that is sensitive to both 
[D-Ala7jAng-(I-7) and [Sarl -Thr8 jAng II, but not to losartan or PDl23319 (Iyer 
et al. 2000b). Ang-(I-7) inhibited the mitogen-stimulated growth of rat VSMCs 
which was blocked by [D-Ala7jAng-(l-7) and sarcosine analogs of Ang II but not 
by losartan and PD 123177 (Freeman et al. 1996; Tallant et al. 1999; Min et al. 
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2000). Additionally, the specific receptor antagonist [D-Ala7jAng-(l-7) blocked 
the Ang-(l-7)-induced inhibition of angiogenesis in the mouse sponge model 
(Machado et al. 2001). The identification of high-affinity binding sites for Ang
(1-7) that are selectively competed by [D-Ala71Ang- (1-7) agrees with the ability 
of this ligand to block functional responses at these sites. 

A multitude of physiological responses to Ang-(1-7) are mediated by a specific 
AT(I-7) receptor that is selectively blocked by [D-Ala71Ang-(1-7) or the sarcosine 
analogs of Ang II, but not by pharmacologically-defined ATl or AT2 receptor an
tagonists. Studies in the pithed rat (Benter et al. 1993) provided the first evidence 
for a hypotensive response to Ang-(1-7) that was mediated by a non-ATl> non
AT2 receptor. Moreover, treatment with an Ang-(l-7) antibody, the non-selective 
angiotensin peptide antagonist [Sarl-Thr81Ang II, or a neprilysin inhibitor to 
prevent Ang-(1-7) formation caused a rapid increase in blood pressure in SHRs 
chronically treated with an ACE inhibitor and an AT 1 receptor antagonist (Iyer et 
al. 1998a,b). These effects were not blocked by the AT2 receptor antagonist 
PD 123319. Similar effects of the Ang-(1-7) antibody, a neprilysin inhibitor, or 
[D-Ala71Ang-(l-7) were observed in salt-depleted SHRs or [mRen-2127 hyperten
sive rats (Iyer et al. 2000a). In agreement, Ang-(1-7) infusion decreased blood 
pressure in SHRs on day 4 and 5 which was blocked by [D-Ala71Ang-(1-7) (Wid
dop et al. 1999). Bayorh et al. (2002) recently showed that Ang-(1-7) also caused 
a depressor response in salt-sensitive Dahl rats which was specifically blocked by 
[D-Ala71Ang-(1-7); Ang-(1-7) infusion caused an increased in the release of pros
tacyclin and NO and reduced thromboxane A2 levels, all of which were prevented 
by pretreatment with the selective AT(I-7) receptor antagonist. Collectively, these 
results demonstrate that the hypotensive response to Ang-(1-7) was mediated by 
a non-AT l> non-AT 2 [D-Ala71-Ang-(1-7)-sensitive receptor. Other studies re
viewed above are also consistent with the existence of an AT(I-7) receptor in brain 
(Ambuhl et al. 1994; Fontes et al. 1997; Chaves et al. 2000; Fontes et al. 2000) and 
renal tissue (Vallon et al. 1998; Gironacci et al. 2002; Lara et al. 2002). Taken to
gether, these data provide overwhelming evidence that the actions of Ang-( 1-7) 
are mediated by a non-ATl> non-AT2 receptor. We refer to this receptor as the 
AT(I-7) receptor, in accordance with the guidelines established by the Internation
al Union of Pharmacology Nomenclature Subcommittee for Angiotensin Recep
tors (Bumpus et al. 1991; de Gasparo et al. 1995). The unique AT(l-7) receptor is 
defined by its sensitivity to Ang-(1-7), its antagonism by [Sarl-Thr81Ang II and 
[D-Ala71Ang-(1-7), and its lack of response to losartan or PD123319, either func
tionally or in competition for binding. 

Recently, Santos et al. (2002) reported the G protein-coupled receptor mas as 
a functional AT(I-7) receptor. Ang-(1-7) bound with high affinity to either CHO 
or HEK cells transfected with the mas gene. [D-Ala71Ang-(1-7) blocked the hep
tapeptide binding to the transfected CHO cells; however, the ATl or AT2 receptor 
antagonists had no effect. The results suggest that mas serves as a selective Ang
(1-7) binding site. Mas is predominately expressed in the testis and the hippo
campus and amygdala of the mammalian forebrain with minimal but detectable 
levels in the rodent heart and kidney (Metzger et al. 1995). This tissue distribu-
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tion differs from many previous reports of Ang-{l-7) binding and functional re
sponses, suggesting the possibility of additional receptor subtypes. 

Conversely, some of the renal effects of Ang-{l-7) implicate a losartan-sensi
tive receptor (Garcia and Garvin 1994). Ang-{l-7) inhibited sodium transport 
in the rat proximal tubule, an effect that was partially blocked by losartan but 
completely inhibited by [Sar1-Thr8jAng II (Handa et al. 1996). In the basolateral 
membranes of porcine renal proximal tubules, Ang-{l-7)-stimulated Na+-AT
Pase activity was reversed by losartan, but not by PD123319 or [D-Ala7jAng
(l-7) (Caruso-Neves et al. 2000). In contrast to the diuretic and natriuretic ef
fects of Ang-{l-7), the heptapeptide has anti-diuretic effects in water-loaded rats 
that were also specifically blocked by both [D-Ala7jAng-{l-7) and losartan, but 
not by AT2 receptor antagonists (Baracho et al. 1998). In support of losartan
sensitive responses to Ang-{l-7) in the kidney, Ang-(1-7) competed with high 
affinity (Ki=8 nM) for an l2SI-Ang II binding site in rat renal cortex that was to
tally displaced by losartan (Gironacci et al. 1999). Likewise, microinjection of 
[D-Ala7jAng-(1-7) or losartan into the ventrolateral medulla inhibited both the 
pressor and depressor responses to Ang-(1-7) (Potts et al. 2000b). Although 
Ang-{l-7)-stimulated prostaglandin release from C6 glioma cells was also 
blocked by the AT 1 antagonist, micro molar concentrations of the antagonist 
were required, suggesting that this may be a non-selective effect of the antago
nist (Jaiswal et al. 1991a). Collectively, these results suggest that some of the 
Ang-(1-7)-stimulated responses in the kidney and brain are partially mediated 
by a receptor that is sensitive to losartan and may be sensitive to other AT 1 re
ceptor antagonists, but retains sensitivity to [D-Ala7jAng-(1-7). 

There are also several reports of responses to Ang-(1-7) that are sensitive to 
AT2 receptor antagonists. Ang-(1-7) stimulated arachidonic acid release from 
rabbit VSMCs which was partially blocked by [D-Ala7jAng-(1-7) or PDl23319. 
However, the combination of [D-Ala7jAng-(1-7) and PDl23319 completely 
blocked the response to Ang-(1-7), suggesting that the heptapeptide activates 
both a [D-Ala7jAng-(1-7)-sensitive and a PDl23319-sensitive receptor on rabbit 
VSMCs (Muthalif et al. 1998). Ang-(1-7) inhibition of norepinephrine release 
from the rat hypothalamus was blocked by PDl23319 and by [D-Ala7jAng-(1-7), 
but not by losartan. These results suggest that the Ang-(1-7) inhibition of nor
adrenergic neurotransmission is mediated by a receptor that is sensitive to both 
[D-Ala7jAng-(1-7) and PDl23319 (Gironacci et al. 2000) or that the two recep
tors act in series. In cultured human astrocytes, the Ang-(1-7)-mediated release 
of both PGE2 and prostacyclin was blocked by CGP42112A; however, other AT2 
receptor antagonists were· not available at the time of these studies. Since 
CGP42112A is now recognized as an agonist for the AT 2 receptor, further studies 
are required to determine whether this response is mediated by an AT 2 receptor 
(Jaiswal et al. 1991b). 

Identification of an AT(l-7) receptor is further confounded by reports of re
sponses to Ang-(1-7) that are sensitive to both AT 1 and AT2 receptor antago
nists. Iontophoresis of Ang-(1-7) excited neurons in the paraventricular nucleus. 
Although both AT 1 and AT 2 receptor antagonists blocked the responses to Ang-
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(1-7), AT 1 receptor antagonists were more potent than AT 2 receptor antagonists 
(Ambuhl et al. 1992). Ang-(1-7) caused the release of norepinephrine from the 
rat atria, which was inhibited by both losartan and PD123319 (Gironacci et al. 
1994). Additionally, Ang-(1-7), at concentrations from 1 to 10 .uM, stimulated 
NO and superoxide release from bovine aortic endothelial cells. These responses 
were partially blocked by [D-Ala7jAng-(1-7), losartan, or PD123177 (Heitsch et 
al. 2001). However, since the Kd for binding of Ang-(1-7) to the AT(i-7) receptor 
in bovine aortic endothelial cells was in the nanomolar range (Tallant et al. 
1997), the observed responses may be due to interactions with ACE or resensiti
zation of the B2 receptor on endothelial cells. In porcine vascular smooth muscle 
cells, Ang-(1-7)-mediated prostanoid release was not inhibited by losartan but 
was partially inhibited by L-158,809, EXP3174, or PD123319 (Jaiswal et al. 
1993b). 

Finally, Handa (1999) reported that Ang-(1-7) recognizes the AT4 receptor in 
renal proximal tubules and Madin-Darby canine kidney (MDCK) collecting duct 
cells. This interaction requires the metabolism of Ang-(1-7) to Ang-(3-7), a 
high-affinity agonist that subsequently binds to the AT4 receptor (Handa 
2000a,b). However, the AT4 receptor was identified as the insulin-regulated ami
nopeptidase, suggesting a substrate-enzyme interaction rather than an agonist
receptor pathway (Albiston et al. 2001). 

[D-Ala7jAng-(1-7) exhibited agonistic properties in two recent reports. 
Gironacci et al. (2002) showed that [D-Ala7jAng-(1-7) blocked Ang-(1-7)-stimu
lated phosphatidylcholine synthesis in rat renal cortical slices. However, 
[D-Ala7jAng-(1-7) itself stimulated phosphatidylcholine synthesis. Additionally, 
Ang-(1-7) as well as [D-Ala7jAng-(1-7) decreased the release of PAI-l and TPA 
in human umbilical vein endothelial cells (Yoshida et al. 2002). These results 
suggest that [D-Ala7jAng-(1-7) may also act as a partial agonist in some circum
stances. 

5 
Role of Angiotensin-(1-7) in Human Hypertension 

A limited number of studies in humans provides a foundation for Ang-(1-7) as 
another mechanism implicated in cardiovascular function and blood pressure 
dysregulation. The vasodilator effects of Ang-(1-7) contribute to the antihyper
tensive effects of ACE inhibitors (Ferrario et al. 1998) and the vasopeptidase in
hibitor omapatrilat (Ferrario et al. 2002b). These two studies provided evidence 
that salt-sensitive hypertensive patients may have lower excretion rates of Ang
(1-7), a finding that we interpreted as a deficit in Ang-(1-7) synthesis or activity 
as a contributor to the syndrome of low-renin hypertension. The bulk of the 
physiological, pharmacological, and molecular evidence gathered to date makes 
this field a fruitful point for further investigation. 

Recent studies demonstrated that circulating and urinary levels of Ang-(1-7) 
are increased in normal human pregnancy. Valdes et al. (2001) showed that uri
nary Ang II and Ang-(1-7) increased throughout gestation. By the 35th week of 
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gestation, both urinary Ang II and Ang-(1-7) reached their highest levels, which 
were 16- and 20-fold higher than that obtained during the menstrual cycle. In 
addition, plasma levels of Ang I, Ang II, and Ang-(1-7) were increased in nor
motensive pregnant women during the third trimester of pregnancy (Merrill et 
al. 2002). These changes were accompanied by increased levels of other compo
nents of the renin-angiotensin system, including plasma renin activity and al
dosterone. In age-and race-matched third-trimester preeclampsia subjects, 
plasma levels of Ang-(1-7) were significantly decreased compared with normal 
pregnant subjects. Other components of the renin-angiotensin system, with the 
exception of ACE, were reduced in preeclamptic subjects; only plasma Ang II re
mained elevated in preeclamptic subjects as compared to non-pregnant subjects. 
There was an inverse association between circulating Ang-(l-7) and both systol
ic (r=-0.51, p<0.004) and diastolic (r=-0.44, p<0.02) blood pressure, support
ing a role of Ang-(l-7) in the control of blood pressure. This study suggests that 
Ang-(l-7) may contribute to the elevated blood pressure in preeclamptic wom
en. Furthermore, these data are consistent with the negative correlation between 
urinary Ang-(l-7) and blood pressure previously reported in normotensive and 
hypertensive subjects (Ferrario et al. 1998). 

6 
Summary 

Hypertension research has provided fundamental insights into the regulation of 
cardiovascular function and expanded knowledge of the biochemical mecha
nisms by which hormones and locally generated autacoids regulate tissue perfu
sion and blood distribution to maintain homeostasis. Research on Ang-(l-7) 
has expanded knowledge of the biochemistry of the renin-angiotensin system 
and its interaction with molecules participating in the processes of inflamma
tion, growth, and vascular tone. The unique actions of Ang-(1-7) in generally 
opposing the pleiotropic effects of Ang II in cardiovascular function led us to 
propose that the heptapeptide represents a negative feedback mechanism con
trolling the agonistic actions of Ang II in tissue function and body fluid control 
mechanisms. The demonstration that ACE is the primary enzyme responsible 
for Ang-(1-7) inactivation provides a mechanistic point of balance between syn
thesis of Ang II and Ang-(l-7) degradation. The half-life of Ang-(1-7) in blood 
and tissue, similar to that of bradykinin and far shorter than the half-life of cir
culating Ang II, supports the role of this hormone as a vasodilator factor. Mod
ulatory effects of Ang-(l-7) described in neural and central neuroendocrine 
mechanisms regulating blood pressure and fluid volumes are strong, as is the 
physiological and pharmacological evidence that Ang-(l-7) contributes to the 
glomerulotubular regulation of sodium and, perhaps, water excretion. 

While there is overwhelming evidence that Ang-(1-7) binds to a unique, non
ATI> non-ATz receptor, additional studies suggest that the molecular interac
tions of Ang-(l-7) with its cellular receptor are complex. Data accumulated thus 
far indicate that the heptapeptide also may bind to additional receptors that are 
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sensitive to ATl and/or AT2 receptor antagonists as well as blocked by [D-Ala7] 
Ang-(1-7). Alternatively, Ang-(I-7) may bind to a unique receptor that physical
ly interacts with the pharmacologically defined AT 1 and AT 2 receptors, resulting 
in a protein complex with combinatorial characteristics. Such a heterodimer is 
formed between the AT 1 and bradykinin B2 receptors, resulting in a complex 
with altered G protein signaling and receptor endocytosis (AbdAlla et al. 2000). 
Cloning of the unique non-AT!> non-AT2 receptor as well as further studies 
directed toward protein-protein interactions between the AT(l-7) receptor and 
other membrane receptors are needed to elucidate the precise molecular mecha
nisms involved in Ang-(1-7)-mediated responses. 
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Abstract Although angiotensin IV (Ang IV) was thought initially to be an inac
tive product of angiotensin II (Ang II) degradation, the hexapeptide was subse
quently shown to markedly enhance learning and memory in normal rodents 
and reverse memory deficits observed in animal models of amnesia. These cen
tral nervous system effects of Ang IV are mediated by binding to a specific site 
known as the AT 4 receptor which is found in appreciable levels throughout the 
brain and concentrated particularly in regions involved in cognition. The AT 4 

receptor has a broad distribution and is found in a range of tissues including 
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the adrenal gland, kidney, lung and heart. In addition to Ang IV, the peptide 
LVV-haemorphin-7 binds with high affinity to the AT4 receptor and has been 
demonstrated to mediate the same effects as Ang IV. In the kidney Ang IV has 
been demonstrated to mediate a number of effects including increasing renal 
cortical blood flow and decreasing Na+ transport in isolated renal proximal tu
bules. Biochemical studies define the AT 4 receptor as a single transmembrane 
glycoprotein, 165 kDa in size. This field of research was redefined by the identi
fication the AT4 receptor as the transmembrane enzyme insulin-regulated mem
brane aminopeptidase (IRAP). Insulin-regulated aminopeptidase is a type II in
tegral membrane-spanning protein belonging to the M1 family of aminopepti
dases. Ang IV has been demonstrated to be a potent inhibitor of IRAP enzymat
ic activity. 

Keywords Aminopeptidase· Angiotensin· AT 4 receptor· Memory· 
Haemorphin· Insulin-regulated aminopeptidase 

1 
Definition of the AT 4 Receptor 

Angiotensin IV (Ang IV), the 3-8 fragment of angiotensin II (Ang II), is formed 
by consecutive actions of aminopeptidase A and N on Ang II (Zini et al. 1996). 
This hexapeptide was initially thought to be inactive because it does not elicit 
the classical effects of Ang II on blood pressure and fluid balance. However, in 
1992 a specific high-affinity binding site was discovered for Ang IV in bovine 
adrenal membranes (Swanson et al. 1992). This binding site is pharmacological
ly distinct from angiotensin AT 1 and AT 2 receptors and binds Ang II with only 
micro molar affinity. This binding site was named the angiotensin AT 4 receptor 
by an International Union of Pharmacology (IUPHAR) nomenclature committee 
(de Gasparo et al. 1995). 

Ang IV exhibits a high affinity for the AT4 receptor in bovine adrenal cortical 
membranes with a KD of between 0.2 and 0.6 nM and a Bmax of between 0.5 and 
2.9 pmol/mg protein (Swanson et al. 1992; Bernier et al. 1994). The binding of 
Ang IV to the AT4 receptor in bovine adrenal cortical membranes is saturable 
and reversible. 

2 
Ligands of the AT4 Receptor 

The amino acids of Ang IV critical for binding to the AT 4 receptor have been 
identified (Sardinia et al. 1993, 1994; Krishnan et al. 1999). The presence of an 
amino-terminal valine or, more precisely, a primary a-amine in the L-amino 
acid conformation in position I, is important for binding to the AT4 receptor. 
Glycine substitutions at positions I, 2 or 3 of Ang IV greatly reduce affinity for 
the AT4 receptor, whereas substitutions at positions 4, 5 or 6 of Ang IV have lit
tle effect (Sardinia et al. 1993). N-terminal elongation of Ang IV to Ang III and 
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Ang II results in a marked reduction in affinity, whilst the C-terminal extensions 
(Ang I 3-9, Ang I 3-1O) do not alter binding affinity (Sardinia et al. 1993). Thus, 
the N-terminal amino acids of the Ang IV peptide are critical for receptor bind
ing, whilst the C-terminal portion is less critical. 

Two N-terminally modified analogues of the Ang IV, namely Nlel-Ang IV and 
norleucinal Ang IV, exhibit higher affinities for the AT4 receptor site from bo
vine adrenal membranes, with Ki of 3.6xlO-l2 and 1.8xlO-10 M respectively 
(Sardinia et al. 1994). These peptides were thought to be more resistant to deg
radation by aminopeptidases and were found to be "agonists" at the AT 4 recep
tor site, eliciting vasodilatation and facilitation of memory as discussed in the 
following sections. Replacement of the Ile3 with YaP and the amide bonds con
necting Vall and Tyr2, YaP and His4 with methylene peptide bond isosteres 
[Vt/I(CH2-NH2}YVt/I(Ch2-NH2}HPF] results in a non-peptide partial antagonist 
of the AT4 receptor named divalinal Ang IV (Krebs et al. 1996). Divalinal 
Ang IV bound to the AT4 receptor from bovine adrenal membranes with a KD of 
0.4 nM (Krebs et al. 1996). 

In addition to Ang IV and its analogues, we isolated a decapeptide, 
LVVYPWTQRF, from sheep cerebral cortex that binds with high affinity to the 
AT4 receptor (Moeller et al. 1997). This peptide is identical to an internal se
quence of {3,8,y and e globin and has been called LVV-haemorphin-7 because it 
was derived from haemoglobin and exhibited weak opioid activity in the guin
ea-pig ileum (Garreau et al. 1995). In bovine adrenal membranes, LVV-haemor
phin-7 competes for l2SI_Ang IV binding with an ICso of 35 nM, while Ang IV 
competes for the same binding site with an ICso of 2.3 nM (Moeller et al. 1997). 
The binding of l251-LVV-haemorphin-7 and l25I_Ang IV on adjacent sections of 
the sheep hindbrain exhibit identical patterns (Moeller et al. 1997), suggesting 
that both of the peptides bind to the same site, the AT 4 receptor. In contrast to 
Ang IV, LVV-haemorphin-7 is more resistant to degradation in vitro (Moeller et 
al. 1999a). 

Deletion of the last four amino acids from the carboxy terminus or N-termi
nal truncation of Leul does not alter binding of LVV-haemorphin-7 to the AT4 
receptor. In fact, removal of Val2 from the N-terminus results in a tenfold in
crease in its affinity for the receptor site. By contrast, substitution of Tyr4 and 
Trp6 residues with alanine results in a tenfold decrease in affinity with respect 
to LVV-haemorphin-7. However, the replacement of Pros and Thr7 with alanine 
has little effect on the affinity of the decapeptide for the AT 4 receptor. 

3 
Distribution of the AT 4 Receptor 

Although the AT4 receptor was first identified and characterised in bovine adre
nal membranes, where it occurs in high levels in the zona glomerulosa (Krebs et 
al. 1996), the receptor has since been detected in many tissues. These include 
heart, spleen, colon, kidney and brain of the guinea-pig, human prostate and 
bladder, rhesus monkey bladder and rat kidney (reviewed in Wright et al. 1995). 
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3.1 
Cardiovascular 

In the guinea-pig heart, the AT4 receptors were found in cardiomyocytes, blood 
vessels, epicardium and endocardium (Hanesworth et al. 1993) and in the rabbit 
in cardiac fibroblasts (Wang et al. 1995b). The AT4 receptor has also been de
tected in bovine coronary (Hall et al. 1995), bovine aortic (Bernier et al. 1995) 
and porcine aortic (Riva and Galzin 1996) endothelial cells, and in bovine aortic 
vascular smooth muscle cells (Hall et al. 1993). In rabbit carotid arteries, we 
found the AT4 receptor distributed most abundantly in the smooth muscle layer 
and in vaso vasorum of the adventitia. Much lower levels are detected in the en
dothelium (Moeller et al. 1999b). Moreover, we found that the AT4 receptor was 
upregulated in the media and the thickened neointima following endothelial de
nudation (Moeller et al. 1999b). 

3.2 
Renal 

In the rat kidney, the AT4 receptors have been reported in outer stripe of the 
medulla (Harding et al. 1994; Coleman et al. 1998; Handa et al. 1998) and at low
er levels in the cortex, including the proximal and distal tubules. However, we 
find a different pattern of distribution of the AT4 receptors in sheep, guinea-pig, 
rabbit, mouse and human kidney (A.L. Albiston, unpublished results). In our 
studies, high levels of the AT 4 receptors occur in the medullary rays and also in 
the inner medulla. Moderate levels of the receptor are also detected in the prox
imal and distal tubules, over the glomeruli and in the renal vasculature (Fig. 1). 
In WKY rats fed a high salt diet (8%), the AT4 receptors in the kidney were re
ported to increase by 28% (Grove and Deschepper 1999). 

Fig. la, b Receptor autoradiography using [125IjNle1_Ang IV on lO-Jim adjacent ovine kidney sections. 
Incubations were carried out as described previously. (Chai et al. 2000). The binding sites are displayed 
as white regions against the black background. Total: [125I]Nlel-Ang IV binding, (a) non-specific : 
[125IjNlel-Ang IV binding in the presence of 1 jiM Ang IV (b). C, cortex; M, medulla; bv, blood vessel 



3.3 
Brain 
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Angiotensin AT4 receptors, as detected by [125I1Ang IV or p25I1Nle1-Ang IV 
binding, are distributed widely in the brains of the guinea-pig (Miller-Wing et 
al. 1993), rat (Roberts et al. 1995), sheep (Moeller et al. 1995), macaque monkey 
(Moeller et al. 1996a) and human (Chai et al. 2000). The distribution of the AT4 
receptors is highly conserved throughout these species. The AT 4 receptors are 
found in high concentrations in the basal nucleus of Meynert, in the pyramidal 
cell layer of CAl to CA3 of Ammon's horn of the hippocampus, and throughout 
the neocortex in layers IV IV. This pattern of AT 4 receptor distribution closely 
resembles that of cholinergic neurons and their projections and its abundance 
in brain regions involved in cognitive processing is consistent with the memo
ry-enhancing properties of the AT 4 receptor agonists. High levels of binding also 
occur in most brain regions involved in motor control including the motor cor
tex, ventral lateral thalamic nucleus, cerebellum and the cranial nerve motor nu
clei and spinal cord ventral horn motor neurons. Many sensory regions, and 
some hypothalamic regions, also contained moderate levels of the AT 4 receptor, 
suggesting a more widespread role for the receptor in the brain. 

The AT4 receptor has also been demonstrated in primary cultures of embry
onic rat neurons and neonatal rat astrocytes where the receptor was found to be 
abundant with Brnaxs of 1.7 and 1.4 pmo1!mg protein respectively (Greenland et 
al. 1996). 

4 
Effects of Ang IV and Other AT4 Receptor Ligands in the CNS 

The first report of central effects of Ang IV was by Braszko and colleagues in 
1988 who infused Ang IV (l nmol) into the lateral cerebral ventricles of the rat 
and observed improved acquisition of conditioned avoidance responses and im
proved recall in the passive avoidance paradigm (Braszko et al. 1988). They also 
reported stimulation of exploratory locomotor activity and enhanced stereotypy 
with apomorphine or amphetamine (Braszko et al. 1988). 

Following the discovery of the AT 4 receptor in discrete regions of the guinea
pig brain, particularly in the cerebral cortex and hippocampus, the effect of in
tracerebroventricular infusion of Ang IVon the passive avoidance paradigm was 
reinvestigated (Wright et al. 1993). A single dose of Ang IV (l00 and 1,000 pmol) 
given before the final conditioning trial improved performance thereby enhanc
ing memory retention (Wright et al. 1993). Ang IV (10, 100 and 1,000 pmol) , 
given prior to retesting on day 2, was found to enhance retrieval of memory 
(Wright et al. 1993). In contrast to the earlier study by Braszko, no significant 
increase was observed in exploratory behaviour in the open field test (Wright et 
al. 1995). 

In a spatial learning paradigm, the Morris water maze, chronic infusion of 
Nle1-Ang IV (0.1-0.5 nmo1!h for 6 days) facilitated the rate of acquisition of this 
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task for the first 3 days (Wright et al. 1999). In the same study, chronic infusion 
of the «antagonist" divalinal Ang IV (0.5-5 nmol/h for 6 days) interfered with 
the acquisition process on days 3-6 (Wright et aL 1999). In our study using the 
Barnes circular maze, another spatial learning paradigm, a single dose of Nle1-
Ang IV (100 or 1,000 pmol) or the structurally unrelated AT4 ligand, LVV
haemorphin-7 (1,000 pmol), given intracerebroventricularly dramatically accel
erated spatial learning by up to 3 days compared to control rats. The concurrent 
delivery of 10 nmol of the antagonist divalinal Ang IV with 100 pmol of Nle1-
Ang IV prevented the increased rate of acquisition mediated by theAT4 receptor. 

The role of AT4 receptors in memory was reported even in invertebrates, 
since both Ang IV and Ang II facilitated long-term memory of an escape re
sponse in the crab Chasmagnathus (Delorenzi et aL 1997). However, they later 
concluded that Ang II, but not Ang IV, is the endogenous mediator oflong-term 
memory in this species (Delorenzi and Maldonado 1999). 

In addition to its memory-enhancing effects in normal animals, AT4 receptor 
ligands are effective in various models of amnesia. Bolus i.c.v. injection of 1 nmol 
Nle1-Ang IV prior to the testing reverses scopolamine-induced amnesia in rats, 
demonstrated in the Morris water maze paradigm (Pederson et aL 1998). Subse
quently it was demonstrated that i.c.v. injection of Nle1-Ang IV dose-dependent
ly (0.1-1 nmol) reversed scopolamine-induced amnesia in the same paradigm, 
an effect blocked by the AT4 receptor antagonist, Nlel,Leua13-Ang IV [1 nmol 
(Pederson et al. 2001)]. Similarly, we find that i.c.v. injection of the AT4 receptor 
ligand, LVV-haemorphin-7 (100 pmol), reverses scopolamine-induced amnesia 
in a passive-avoidance paradigm (S.Y. Chai et aI., unpublished results). In a sec
ond rat model of amnesia, a single i.c.v. injection of the AT4 receptor agonist, 
norleucinal (1 nmol), 5 min before the training trial each day, reversed the defi
cit in spatial learning induced by bilateral perforant pathway knife-cuts in the 
rat (Wright et aL 1999). 

Recent studies demonstrate a role for AT4 receptors in long-term potentiation 
(LTP) (Kramar et al. 2001; Wayner et aL 2001), a cellular basis for learning and 
memory. Application of Nle1-Ang IV (1 .uM) enhances synaptic transmission 
during low-frequency test pulses (0.1 Hz), and increases tetanus-induced LTP 
by 63% with respect to control in CAl region of the rat hippocampus in vitro. 
Paired stimulation before and during infusion of Nle1-Ang IV had no effect on 
paired-pulse facilitation, suggesting that the Nle1-Ang IV-induced increase in 
synaptic transmission and LTP is likely to be a post-synaptic event. Similarly, 
administration of Ang IV (0.8 .urn) enhanced LTP in the rat dentate gyrus in vivo 
(Wayner et aL 2001). A complex time-related effect was observed with a maxi
mum at 5 min, a return to normal LTP at 30 min, a minimum below normal at 
90 min, and a return to normal at 120 min. The Ang IV-induced enhancement 
ofLTP was attenuated in the presence of divalinal-Ang IV (5 .uM). 

In cultured embryonic chicken sympathetic neurons Ang IV inhibited neurite 
outgrowth in a dose-dependent manner (Moeller et al. 1996b; Reed et aL 1996). 
This effect was blocked by the Ang IV analogues WSU 4042, Nle1-Y -I -amide or 
Nle1-Ang IV, but not by the Ang II antagonists, [SarI, Ile8]Ang II or CGP 42112, 
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indicating an AT4 receptor-mediated effect (Moeller et al. 1996b). Other com
pounds, such as acetylcholine, have been shown to reduce neurite outgrowth of 
embryonic chicken ciliary neurons (Pugh and Berg 1994). 

Based on the distribution of the AT 4 receptor in the brain, and involvement 
of the cholinergic system in hippocampal-dependent memory acquisition, re
tention and retrieval, we investigated the effect of AT 4 receptor ligands on ace
tylcholine release from hippocampal slices. Ang IV and LVV-haemorphin-7 both 
potentiated depolarisation-induced [3H]-acetylcholine release from the rat hip
pocampus in a concentration-dependent manner with the maximal effective 
dose (0.1 ,uM) of each inducing increases of 45% and 96% above control, respec
tively (Lee et al. 2001). Potentiation of release by both agonists was attenuated 
by the AT4 receptor antagonist, 1 ,uM divalinal-Ang IV, Ang IV-induced potentia
tion was not affected by ATl and AT2 receptor antagonists (Lee et al. 2001). AT4 
receptors therefore can potentiate depolarisation-induced release of acetylcho
line from hippocampal neurons and may be one mechanism by which AT 4 re
ceptor ligands enhance cognition. 

There is considerable evidence to support a role for AT4 receptors in mito
genesis (reviewed in Mustafa 2002). Work from this laboratory demonstrated 
that the AT4 receptor ligand, LVV-haemorphin-7, stimulates DNA synthesis, in 
the neuronal/glial hybrid cell line, NGl08-1S (Moeller et al. 1999a). However, 
treatment with Ang IV alone had no effect on DNA synthesis, and co-incubation 
of the cells with excess Ang IV (1 ,uM) inhibited LVV-haemorphin-7-stimulated 
DNA synthesis. In contrast, we also demonstrated that both Ang IV and LVV
haemorphin-7 (100-1.0 nM) stimulated DNA synthesis in the human neuroblas
toma cell line SK-N-MC by up to 72% and 81 % above control levels (Mustafa et 
al. 2001). These trophic effects may playa role in the AT4 receptor-mediated re
versal of memory deficits resulting from bilateral perforant pathway lesion (see 
above). 

5 
Effects of Ang IV and Other AT 4 Receptor Ligands in Peripheral Tissues 

5.1 
Vasculature 

Intra-arterial infusions of either Ang IV or Nlel- Ang IV at 100 pmollmin into 
the carotid artery increased cerebral blood flow in anaesthetised rats, an effect 
blocked by pretreatment with NV-nitro-L-arginine methylester (L-NAME), sug
gesting the involvement of nitric oxide (Kramar et al. 1998). Intravenous infu
sions of Ang IV (1 ,uglkg/min) also reversed acute cerebral blood flow reduction 
after subarachnoid haemorrhage (Naveri et al. 1994). 

Ang IV dose-dependently stimulated plasminogen activator inhibitor-l (PAl-I) 
expression in cultured bovine aortic endothelial cells (Kerins et al. 1995) and 
Ang IV at 1 ,uM increased PAI-1 mRNA and protein levels in human coronary 
artery endothelial cells (Mehta et al. 2002). The actions of Ang IV on the plasmi-
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nogen activator system were inhibited by divalinal Ang IV, indicating an AT 4 re
ceptor-mediated effect. In porcine pulmonary aortic endothelial cells, Ang IV 
stimulated nitric oxide release (Hill-Kapturczak et al. 1999) and increased activ
ity of endothelial cell nitric oxide synthase (Patel et al. 1998). Ang IV also mo
bilised intracellular calcium and increased release from intracellular stores in 
porcine pulmonary endothelial cells (Patel et al. 1999; Chen et al. 2000). These 
findings suggest that the Ang IV-mediated vasorelaxation results from mobilisa
tion of calcium and release of nitric oxide from the endothelium. 

S.2 
Heart 

The AT4 receptor has been characterised in guinea-pig and rabbit heart mem
branes (Hanesworth et al. 1993) and in rabbit cardiac fibroblasts (Wang et al. 
1995b) where Ang IV stimulates DNA and RNA synthesis (Wang et al. 1995a). 
This contrasts with an earlier report that Ang IV (at 1 ,11M) inhibited the effect 
of Ang II to increase protein synthesis in chick myocytes whilst having no effect 
alone (Baker and Aceto 1990). In the isolated rabbit heart preparation, Nle1-
Ang IV (100 pM) was reported to modulate left ventricular systolic function by 
reducing pressure-generating capability and increasing the sensitivity of pres
sure development to volume change. The AT 4 receptor agonist also reduced left 
ventricular ejection capability and accelerated relaxation (Slinker et al. 1999). 
Treatment with 100 pM Nle1-Ang IV also decreased c-fos and egr-l mRNA ex
pression in the mechanically loaded, isolated rabbit heart (Yang et al. 1997). 

S.3 
Renal 

In the anaesthetised rat, intra-renal arterial infusion of Ang IV or Nle1-Ang IV 
(0.1-100 pmol/min) produced a dose-dependent increase in renal cortical blood 
flow without altering systemic blood pressure (Coleman et al. 1998). Increased 
renal cortical blood flow and increased sodium excretion following intra-renal 
arterial infusion of Ang IV occurred with no change in mean arterial pressure, 
glomerular filtration rate or urinary volume (Hamilton et al. 2001). These effects 
were blocked by pretreatment with divalinal Ang IV (Coleman et al. 1998; 
Hamilton et al. 2001). In contrast, another study in the anaesthetised rats re
ported no vasodilation after intra-renal infusion of Ang IV (10, 100 and 
1,000 pmol/min) or LVV-haemorphin-7 (10, 100) (Fitzgerald et al. 1999). 

In view of the abundance of AT 4 receptors in renal proximal tubules (Handa 
et al. 1998), the effects of Ang IV have been investigated in a number of proxi
mal tubular epithelial cell lines. In isolated rat proximal tubules, Ang IV dose
dependently (0.1 pM-1 ,11M) decreased trans cellular Na+ transport as measured 
by proximal tubule oxygen consumption rates (Handa et al. 1998). The effect of 
1 pM Ang IVon Na+ transport was mimicked by 1 pM Nle1- Ang IV and blocked 
by 1 ,11M divalinal Ang IV (Handa et al. 1998). In the HK2 human immortalised 
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proximal tubular epithelial cells, Ang IV stimulated PAI-l expression (Gesualdo 
et al. 1999). In the same cell line, Ang IV induced a concentration-dependent in
crease in intracellular sodium and activation of extracellular signal regulated ki
nase (ERK)-2 and p38 (Handa 2001). The intracellular calcium response to 
Ang IV was biphasic, increasing from 10-10 to 10-8 then decreasing at 10-7 and 
10-6 M (Handa 2001). Surprisingly, divalinal Ang IV also increased intracellular 
sodium and calcium levels and ERK-2 and p38 phosphorylation (Handa 2001). 
Ang IV also dose-dependently stimulated tyrosine phosphorylation of p12S-fo
cal adhesion kinase and p68-paxillin in the LLC-PKl/CI4 porcine proximal tu
bule epithelial cells (Chen et al. 2001). 

In the distal tubular-like epithelial cells, the Mardin-Darby bovine kidney 
(MDBK) epithelial cell line Ang IV (0.1 and 10 nM) increased intracellular calci
um concentration (Handa et al. 1999), a response which was no longer evident 
at 1 ,LIM Ang IV. Interestingly, in this cell line, as in the HK-2 cells, divalinal 
Ang IV also produced the same effect as Ang IV (Handa et al. 1999). 

Angiotensin AT 4 receptors have also been detected in a human collecting 
duct cell line, where 0.1 ,LIM Ang IV stimulated adenosine monophosphate 
(cAMP) production in the presence offorskolin (Czekalski et al. 1996). 

6 
Biochemical Properties of the AT 4 Receptor 

The biochemical properties of the AT 4 receptor have been characterised in bo
vine adrenal and aortic endothelial cells using photosensitive analogues of 
Ang IV (Bernier et al. 1998; Zhang et al. 1998). In bovine aortic endothelial cells, 
the AT4 receptor was found to be a glycoprotein of 186 kDa, with N-linked car
bohydrate moieties which accounted for 30% of the mass of the receptor 
(Bernier et al. 1998). Mild trypsin treatment of intact endothelial cell mem
branes produced the release of a high molecular weight fragment of the AT4 re
ceptor of approximately 177 kDa into the supernatant, suggesting that the recep
tor comprises a large extracellular domain (Bernier et al. 1998). A smaller pro
tein was reported in the bovine adrenal membranes with a molecular weight of 
165 kDa containing approximately 20% N-linked carbohydrates (Zhang et al. 
1998). The receptor occurred as a dimer, with the ligand-binding subunit of 
165 kDa and a smaller subunit of approximately 70 kDa (Zhang et al. 1998). 

Structural analysis of the AT 4 receptor in different bovine tissues suggests the 
presence of a brain-specific isoform of the receptor. In contrast to the AT4 re
ceptor in other peripheral tissues, the receptor in the hippocampus was smaller 
(150 kDa) and did not occur as a dimer (Zhang et al. 1999). The difference in 
size between AT4 receptor from the hippocampal and the other sources could be 
attributed to differential glycosylation of the proteins. There were also minor 
differences between the hippocampal AT 4 receptor and the receptor from pe
ripheral sources that were uncovered by endopeptidase C fingerprinting, al
though these were poorly characterised (Zhang et al. 1999). 



528 S. Y. Chai et al. 

In both the bovine aortic endothelial and rat neuronal NG108-15 cells, the 
cell surface AT4 receptor is rapidly internalised upon binding of [12SI1Ang IV 
(Briand et al. 1999; Moeller et al. 1999a) whereas binding of [12SIldivalinal 
Ang IV did not result in internalisation of the receptor (Briand et al. 1999). 

7 
Identification of the AT 4 Receptor 

7.1 
Purification 

In order to identify the AT 4 receptor, our group purified the receptor from bo
vine adrenal membranes, an abundant source (Bmax=3 nmollmg protein) of this 
receptor (Wright et al. 1995; Zhang et al. 1998). The AT4 receptor was cross
linked to a photoactivatable analogue of Ang IV (Mustafa et al. 2001) and solu
bilised. After ion exchange chromatography and sodium dodecyl sulphate poly
acrylamide gel electrophoresis (SDS-PAGE), a silver-stained protein band co-mi
grating with the radioactive band was excised and digested with trypsin. Tryptic 
peptides were subjected to capillary-column reversed phase-high performance 
liquid chromatography, coupled to an electro spray ionisation ion trap mass 
spectrometer for peptide sequencing, as described (Simpson 2000). 

Of three peptides identified, one was 95% identical to amino acid sequence of 
human oxytocinase, the homologue of rat IRAP. IRAP was the most likely can
didate since its size (Keller et al. 1995) and tissue distribution (Keller et al. 
1995) closely resemble those of the AT4 receptor, and the enzyme had been dem
onstrated to bind Ang IV (Herbst et al. 1997). 

7.2 
Proof of Concept: The AT4 Receptor Is IRAP 

In order to demonstrate that the ''AT4 receptor" is in fact IRAP, HEK 293T cells 
were transfected with the full-length cDNA for human IRAP (pCI-IRAP), and 
analysed for the biochemical and pharmacological properties of "AT 4 receptor" 
(Albiston et al. 2001). 

First, in cells transfected with IRAP, the specific binding of 12SI_Nle1_Ang IV 
was 30- to 40-fold higher than binding to membranes from cells transfected 
with empty vector. Unlabelled Ang IV and LVV-haemorphin-7 competed for the 
binding of 12SI_Nle1_Ang IV with ICso values of 32 nM and 140 nM, respectively, 
which are in close agreement with the ICso values for the endogenous ''AT4 re
ceptor" (Mustafa et al. 2001). This indicates that the pharmacological profile of 
IRAP was identical to that of the AT4 receptor (Albiston et al. 2001). 

Second, membranes from transfected cells were cross-linked with [12SI1Nle1_ 
BZPhe6-Gly7-Ang IV and resolved by SDS-PAGE. In cells transfected with pCI
IRAP, but not with empty vector, a major radiolabelled band of 165 kDa and a 
minor band of greater than 250 kDa were observed under non-reducing condi-
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tions. Thus, the molecular weight of IRAP was identical to that of the AT4 recep
tor observed in previous studies (Bernier et al. 1998; Briand et al. 1998; Mustafa 
et al. 2001). Both bands were absent in the presence of 10 ,uM unlabelled Ang IV, 
confirming the specific interaction of the photoactivatable Ang IV analogue with 
the "AT4 receptor" expressed from the IRAP cDNA (Albiston et al. 2001). 

Third, we compared the distribution of "AT4 receptors", detected by 1251_ 
Nle1-Ang IV binding, with the distribution of IRAP mRNA and IRAP immuno
reactivity in the mouse brain (Albiston et al. 2001). In line with previous studies 
(Miller-Wing et al. 1993; Moeller et al. 1996a; Chai et al. 2000), 1251_Nle1_Ang IV 
binding sites were widely distributed and occurred in high abundance in the 
medial septum, in the pyramidal cell layer of CAl to CA3 region of the hippo
campus, and throughout the neocortex in the mouse brain. High levels of bind
ing were also found in brain regions involved in motor control, such as the cere
bellum. Using in situ hybridisation histochemistry and immunohistochemistry, 
the distribution of IRAP mRNA and immunoreactivity closely paralleled 

A. 

B. 

Non-specific binding 

Fig. 2A, B Parallel distribution of [1251]Nle-Ang IV binding and IRAP gene expression in human cerebel
lar cortex. A Distribution of IRAP mRNA in human cerebellar sections determined by in situ hybridisa
tion histochemistry, using antisense and sense oligonucleotide sequences derived from the human IRAP 
eDNA sequence. The antisense sequences used include nucleotides 1136-1109, nucleotides 1407-1377 
and nucleotides 2587-2560 of the human IRAP sequence (Human Genbank Acc.U62768). B The adja
cent sections of the cerebellum were labelled with [12511Nle-Ang IV as previously described. (Chai et al. 
2000) 
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125I_Nle1_Ang IV binding in the mouse brain (Albiston et al. 2001). Specifically, 
IRAP mRNA and protein was localised in regions such as the medial septum, 
hippocampus, neocortex and cerebellum. In the CA1-CA3 region of the hippo
campus, IRAP-positive immunoreactive cells co-localised with NeuN staining in 
pyramidal neurons, but not in glial cells, as revealed by glial fibrillary acidic 
protein (GFAP) staining (Albiston et al. 2001). We also find a parallel distribu
tion ofIRAP mRNA and 125I_Nle1_Ang IV binding in the human brain (Fig. 2). 

8 
Insulin-Regulated Aminopeptidase 

8.1 
Biochemical Properties of IRAP 

IRAP is a 916 amino acid protein with a calculated molecular mass of 
104,575 Da. The predicted 105-kDa molecular mass for IRAP is less than the ap
parent 165-kDa size of the protein on SDS-PAGE, which is due to glycosylation 
of the protein. IRAP is a type II integral membrane-spanning protein such that 
the C-terminal domain containing the catalytic site is extracellular followed by a 
single 22 amino acid potential transmembrane domain, and a short 109 amino 
acid hydrophilic N-terminal segment, which projects into the cytoplasm (Keller 
et al. 1995). The N-terminal cytoplasmic domain contains two dileucine motifs, 
which are preceded by highly acidic regions; these motifs are involved in vesicu
lar trafficking (Fig. 3) (Johnson et al. 2001). 

The large extracellular region of IRAP contains the catalytic domain consist
ing of zinc binding [HEXXH-(18-64X)-EJ and exopeptidase (GAMEN) motifs, 
making it a member of the M1 family of zinc metallopeptidases (Fig. 3) (Laustsen 
et al. 1997, 2001; Rasmussen et al. 2000). IRAP degrades a range of peptides in 
vitro including oxytocin, arginine vasopressin, Ang II, Ang III, somatostatin, 
met-enkephalin, dynorphin A (1-8), neurokinin A, neuromedin Band CCK-8 
(26-33; Tsujimoto et al. 1992; Herbst et al. 1997; Matsumoto et al. 2000). In hy
drolysing fully active hormones into inactive peptides or alternatively process
ing precursors into active peptides, IRAP may regulate in vivo peptide levels 
and their specific actions. 

IRAP was initially cloned from rat adipocytes and skeletal muscle (Keller et 
al. 1995), where it is found predominantly in vesicles containing the insulin-reg
ulated glucose transporter (GLUT4) (Kandror et al. 1994; Keller et al. 1995). This 
enzyme is also known as placental leucine aminopeptidase (P-LAP), or oxytoci
nase (OTase), because it was also cloned from a human placental cDNA library 
as the peptidase involved in the degradation of oxytocin (Rogi et al. 1996; Laust
sen et al. 1997). Analysis of the amino acid sequence revealed that human 
P-LAP/oxytocinase shares 85% identity with the rat IRAP sequence (Keller et al. 
1995), indicating that IRAP is the rat homologue of human P-LAP. 
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Fig.3 Schematic diagram representing the structure and plasma membrane topology of I RAP. The 
large extracellular catalytic domain of IRAP (131-1025 aa) contains the Zn2+ binding (HEXXH-E) and 
exopeptidase motif (GAMEN) that is conserved in all Ml zinc metallopeptidases family members. The 
short intracellular domain (1-112 aa) contains di-Ieucine motifs in an acidic region 

8.2 
Tissue Distribution of IRAP 

In addition to its characterisation in classic insulin responsive tissues (adipo
cytes, skeletal muscle and cardiomyocytes), IRAP has been identified in a range 
of other tissues. IRAP was first described in syncytiotrophoblasts of the placen
ta and was predicted to be the primary site of synthesis and release of the en
zyme into the maternal circulation during pregnancy (Small and Watkins 1975). 
Following cloning of IRAP, the enzyme was also detected by both Western and 
Northern blot analysis in the heart, skeletal muscle, placenta, brain and pancre
as (Keller et aI. 1995; Rogi et al. 1996; Laustsen et al. 1997). Immunohistochemi
cal localisation of IRAP protein has subsequently been demonstrated not only 
present in the placenta (Nagasaka et al. 1997) but also in other reproductive tis
sues such as human umbilical vascular endothelial cells (Nakamura et al. 2000) 
and endometrial epithelial cells (Toda et al. 2002). 

Earlier studies reported immunohistochemical localisation of IRAP in neuro
nal cells but did not describe the brain region from which the sections were tak-
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en (Nagasaka et al. 1997). Later studies extended these findings, localising the 
enzyme in neurons of the rat cerebral cortex, basal ganglion, and cerebral cortex 
(Matsumoto et al. 2001). Localisation of IRAP at a subcellular level in neurons 
revealed granular and punctate binding throughout the cell body and dendritic 
spines, suggesting localisation of IRAP in cytoplasmic vesicles (Nagasaka et al. 
1997; Matsumoto et al. 2001). The rat pheochromocytoma cell line PC12 en
dogenously expresses a high level of IRAP in the absence of GLUT 4. 

8.3 
Trafficking of GLUT4/IRAP Vesicles 

In the basal state, the majority of IRAP and GLUT4 are co-localised intracellu
larly in specialised post-endosomal vesicles, and also in the trans-golgi network 
in adipocytes (Kandror 1999; Pessin et al. 1999; Holman and Sandoval 2001; 
Simpson et al. 2001). During insulin stimulation, both GLUT4 and IRAP rapidly 
translocate to the cell surface (Kandror and Pilch 1994; Ross et al. 1996) and are 
inserted into the plasma membrane. This process, in part, resembles synaptic 
vesicle trafficking and docking in the regulation of neurotransmitter release in 
the brain. IRAP and GLUT4 are both trafficked by the same specialised insulin
regulated pathway in adipocytes, and a similar trafficking mechanism has also 
been reported for skeletal muscle (Sumitani et al. 1997; Zhou et al. 2000). Other 
than insulin, treatment with peptides such as endothelin and oxytocin has also 
been shown to stimulate the translocation of IRAP in adipocytes and endotheli
al cells, respectively (Wu-Wong et al. 1999; Nakamura et al. 2000). The sub-cel
lular localisation of IRAP in non-insulin responsive tissues is poorly defined, as 
are the factors that may mediate its translocation to the plasma membrane in 
these cells. The physiological relevance of the translocation of IRAP to the cell 
surface remains to be elucidated. 

8.4 
AT4 Ligands 

The aminopeptidase activity of IRAP can be measured by the hydrolysis of a 
synthetic fluorescent substrate, L-Ieucine-,B-naphthylamide (Km=31 ,uM). We 
have used this system to investigate the effect of AT 4 ligands on IRAP catalytic 
activity. As stated in Sect. 16, transient transfection of HEK293T cells with pCI
IRAP results in a roughly 30- to 40-fold increase of IRAP expression compared 
to cells transfected with the vector alone, as assessed by [125IlNle1-Ang IV bind
ing to cell membranes. For evaluation of effects on IRAP catalytic activity, 
HEK293T-solubilised membranes were incubated with 10 ,uM of the substrate, 
L-Ieucine-,B-naphthylamide in the absence and presence of AT4ligands (Albiston 
et al. 2001). Addition of increasing concentrations (0.1-10 ,uM) of the AT4 recep
tor ligands Ang IV and LVV-H7 resulted in a marked dose-dependent decrease 
in catalytic activity. These findings indicate that AT4 receptor ligands bind with 
high affinity to IRAP and dose-dependently inhibit catalytic activity. 



Angiotensin AT4 Receptor 533 

To determine whether the AT 4 ligands are potential substrates of IRAP, 
Ang IV was incubated with solubilised, crude membranes from HEK293T-trans
fected cells and peptide degradation determined by HPLC separation with on
line mass spectrometric detector analysis. There was no difference in the degra
dation profile between membranes from IRAP-transfected and vector-only
transfected cells, indicating that Ang IV is not a substrate for IRAP (R.A. Lew et 
al., unpublished results). 

We therefore propose that AT 4 ligands may, at least in part, mediate their ef
fects by acting as inhibitors of IRAP. The AT4 ligands are structurally similar to 
a number of substrates for IRAP, being small peptides ofless than 10 aminoac
ids in length and with at least two aromatic residues. Therefore, it is likely that 
the AT4ligands are substrate analogue inhibitors ofIRAP, binding at the catalyt
ic site. If this is the case, we would predict that all AT4ligands are competitive 
inhibitors of IRAP. 

References 

Albiston AL, McDowall SG, Matsacos D, Sim P, Clune E, Mustafa T, Lee J, Mendelsohn FA, 
Simpson RJ, Connolly LM, Chai SY (2001) Evidence that the angiotensin IV (AT4) re
ceptor is the enzyme insulin regulated aminopeptidase. J BioI Chern 13:13 

Baker MF, Aceto FJ (1990) Angiotensin II stimulation of protein synthesis and cell growth 
in chick heart cells. Am J Physiol259 (Heart Cir PhysioI28):H61O-H618 

Bernier SG, Bellemare JM, Escher E, Guillemette G (1998) Characterization of AT4 recep
tor from bovine aortic endothelium with photosensitive analogues of angiotensin IV, 
Biochemistry 37:4280-4287 

Bernier SG, Fournier A, Guillemette G (1994) A specific binding site recognizing a frag
ment of angiotensin II in bovine adrenal cortex membranes. Eur J Pharmacol 
271:55-63 

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

Braszko JJ, Kupryszewski G, Witczuk B, Wisniewski K (1988) Angiotensin 11-(3-8)
hexapeptide affects motor activity, performance of passive avoidance and a condi
tioned avoidance response in rats. Neuroscience 27:777-783 

Briand SI, Bellemare JM, Bernier SG, Guillemette G (1998) Study on the functionality and 
molecular properties of the AT4 receptor. Endocr Res 24:315-323 

Briand SI, Neugebauer W, Guillemette G (1999) Agonist-dependent AT(4) receptor inter
nalization in bovine aortic endothelial cells. J Cell Biochem 75:587-597 

Chai SY, Bastias MA, Clune EF, Matsacos DJ, Mustafa T, Lee JH, McDowall SG, 
Mendelsohn FA, Paxinos G, Albiston AL (2000) Distribution of angiotensin IV bind
ing sites (AT(4) receptor) in the human forebrain, midbrain and pons as visualised 
by in vitro receptor autoradiography. J Chern Neuroanat 20:339-348 

Chen JK, Zimpelmann J, Harris RC, Burns KD (2001) Angiotensin IV induces tyrosine 
phosphorylation of focal adhesion kinase and paxillin in proximal tubule cells. Am 
J Physiol Renal Physiol 280:F980-F988 

Chen S, Patel JM, Block ER (2000) Angiotensin IV-mediated pulmonary artery vasorelax
ation is due to endothelial intracellular calcium release. Am J Physiol Lung Cell Mol 
PhysioI279:L849-L8456 



534 S. Y. Chai et al. 

Coleman JK, Krebs LT, Hamilton TA, Ong B, Lawrence KA, Sardinia MF, Harding JW, 
Wright JW (1998) Autoradiographic identification of kidney angiotensin IV binding 
sites and angiotensin IV-induced renal cortical blood flow changes in rats. Peptides 
19:269-277 

Czekalski S, Chansel D, Vandermeersch S, Ronco P, Ardaillou R (1996) Evidence for an
giotensin IV receptors in human collecting duct cells. Kidney Int 50:1125-1131 

de Gasparo M, Husain A, Alexander W, Catt KJ, Chiu AT, Drew M, Goodfriend T, Harding 
JW, Inagami T, Timmermans PB (1995) Proposed update of angiotensin receptor no
menclature. Hypertension 25:924-927 

Delorenzi A, Locatelli F, Romano A, Nahmod V, Maldonado H (1997) Angiotensin II (3-
8) induces long-term memory improvement in the crab Chasmagnathus. Neurosci 
Lett 226:143-146 

Delorenzi A, Maldonado H (1999) Memory enhancement by the angiotensinergic system 
in the crab Chasmagnathus is mediated by endogenous angiotensin II. Neurosci Lett 
266:1-4 

Fitzgerald SM, Evans RG, Bergstrom G, Anderson WP (1999) Renal hemodynamic re
sponses to intrarenal infusion of ligands for the putative angiotensin IV receptor in 
anesthetized rats. J Cardiovasc PharmacoI34:206-211 

Garreau I, Zhao Q, Pejoan C, Cupo A, Piot JM (1995) VV-hemorphin-7 and LVV-hemor
phin-7 released during in vitro peptic hemoglobin hydrolysis are morphinomimetic 
peptides. Neuropeptides 28:243-250 

Gesualdo L, Ranieri E, Monno R, Rossiello MR, Colucci M, Semeraro N, Grandaliano G, 
Schena FP, Ursi M, Cerullo G (1999) Angiotensin IV stimulates plasminogen activa
tor inhibitor-l expression in proximal tubular epithelial cells. Kidney Int 56:461-470 

Greenland K, Wyse B, Sernia C (1996) Identification and characterization of an
giotensinlV binding sites in rat neurone and astrocyte cell cultures. J Neuroen
docrinoI8:687-693 

Grove KL, Deschepper CF (1999) High salt intake differentially regulates kidney angio
tensin IV AT4 receptors in Wistar-Kyoto and spontaneously hypertensive rats. Life 
Sci 64:1811-1818 

Hall KL, Hanesworth JM, Ball AE, Felgenhauer GP, Hosick HL, Harding JW (1993) Identi
fication and characterisation of a novel angiotensin binding site in cultured vascular 
smooth muscle cells that is specific for the hexapeptide (3-8) fragment of angioten
sin II, angiotensin IV. Regul Pept 44:225-232 

Hall KL, Venkateswaran S, Hanesworth JM, Schelling ME, Harding JW (1995) Characteri
zation of a functional angiotensin IV receptor on coronary microvascular endothelial 
cells. Regul Pept 58:107-115 

Hamilton TA, Handa RK, Harding JW, Wright JW (2001) A role for the angiotensin IV! 
AT4 system in mediating natriuresis in the rat. Peptides 22:935-944 

Handa RK (2001) Characterization and signaling of the AT(4) receptor in human proxi
mal tubule epithelial (HK-2) cells. J Am Soc NephroI12:440-449 

Handa RK, Harding JW, Simasko SM (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 

Handa RK, Krebs LT, Harding JW, Handa SE (1998) Angiotensin IV AT4-receptor system 
in the rat kidney. Am J Physiol274:F290-F299 

Hanesworth JM, Sardinia MF, Krebs LT, Hall KL, Harding JW (1993) Elucidation of a spe
cific binding site for angiotensin II(3-8), angiotensin IV, in mammalian heart mem
branes. J Pharmacol Exp Ther 266:1036-1042 

Harding JW, Wright JW, Swanson GN, Hanesworth JM, Krebs LT (1994) AT4 receptors: 
specificity and distribution. Kidney Int 46:1510-1512 

Herbst JJ, Ross SA, Scott HM, Bobin SA, Morris NJ, Lienhard GE, Keller SR (1997) Insulin 
stimulates cell surface aminopeptidase activity toward vasopressin in adipocytes. 
Am J PhysioI272:E600-E606 



Angiotensin AT4 Receptor 535 

Hill-Kapturczak N, Kapturczak MH, Block ER, Patel JM, Malinski T, Madsen KM, Tisher 
CC (1999) Angiotensin II-stimulated nitric oxide release from porcine pulmonary en
dothelium is mediated by angiotensin IV. J Am Soc Nephrol10:481-491 

Holman GD, Sandoval IV (200I) Moving the insulin-regulated glucose transporter 
GLUT4 into and out of storage. Trends Cell Bioi 11:173-179 

Johnson AO, Lampson MA, McGraw TE (200I) A di-Ieucine sequence and a cluster of 
acidic amino acids are required for dynamic retention in the endosomal recycling 
compartment of fibroblasts. Mol Bioi Cell 12:367-381 

Kandror KV (1999) Insulin regulation of protein traffic in rat adipose cells. J Bioi Chern 
274:25210-25217 

Kandror KV, Pilch PF (1994) gp160, a tissue-specific marker for insulin-activated glucose 
transport. Proc Nat! Acad Sci USA 91:8017-8021 

Kandror KV, Yu L, Pilch PF (1994) The major protein of GLUT4-containing vesicles, 
gp160, has aminopeptidase activity. J Bioi Chern 269:30777-30780 

Keller SR, Scott HM, Mastick CC, Aebersold R, Lienhard GE (1995) Cloning and charac
terization of a novel insulin-regulated membrane aminopeptidase from Glut4 vesi
cles. J Bioi Chern 270:23612-23618 

Kerins DM, Hao Q, Vaughan DE (1995) Angiotensin induction ofPAI-1 expression in en
dothelial cells is mediated by the hexapeptide angiotensin IV. J Clin Invest 96:2515-
2520 

Kramar EA, Armstrong DL, Ikeda S, Wayner MJ, Harding JW, Wright JW (2001) The ef
fects of angiotensin IV analogs on long-term potentiation within the CAl region of 
the hippocampus in vitro. Brain Res 897:114-121 

Kramar EA, Krishnan R, Harding JW, Wright JW (1998) Role of nitric oxide in angioten
sin IV-induced increases in cerebral blood flow. Regul Pept 74:185-192 

Krebs LT, Kramar EA, Hanesworth JM, Sardinia MF, Ball AE, Wright JW, Harding JW 
(1996) Characterization of the binding properties and physiological action of divali
nal-angiotensin IV, a putative AT4 receptor antagonist. Regul Pept 67:123-130 

Krishnan R, Hanesworth JM, Wright JW, Harding JW (1999) Structure-binding studies of 
the adrenal AT4 receptor: analysis of position two- and three-modified angiotensin 
IV analogs. Peptides 20:915-920 

Laustsen PG, Rasmussen TE, Petersen K, Pedraza-Diaz S, Moestrup SK, Gliemann J, 
Sottrup-Jensen L, Kristensen T (1997) The complete amino acid sequence of human 
placental oxytocinase. Biochim Biophys Acta 1352:1-7 

Laustsen PG, Vang S, Kristensen T (2001) Mutational analysis of the active site of human 
insulin-regulated aminopeptidase. Eur J Biochem 268:98-104 

Lee J, Chai SY, Mendelsohn FA, Morris MJ, Allen AM (2001) Potentiation of cholinergic 
transmission in the rat hippocampus by angiotensin IV and LVV-hemorphin-7. Neu
ropharmacology 40:618-623 

Matsumoto H, Nagasaka T, Hattori A, Rogi T, Tsuruoka N, Mizutani S, Tsujimoto M 
(2001) Expression of placental leucine aminopeptidase/oxytocinase in neuronal cells 
and its action on neuronal peptides. Eur J Biochem 268:3259-3266 

Matsumoto H, Rogi T, Yamashiro K, Kodama S, Tsuruoka N, Hattori A, Takio K, Mizutani 
S, Tsujimoto M (2000) Characterization of a recombinant soluble form of human pla
centalleucine aminopeptidase/oxytocinase expressed in Chinese hamster ovary cells. 
Eur J Biochem 267:46-52 

Mehta J, Li DY, Yang H, Raizada MK (2002) Angiotensin II and IV stimulate expression 
and release of plasminogen activator inhibitor-1 in cultured human coronary artery 
endothelial cells. J Cardiovasc PharmacoI39:789-794 

Miller-Wing AV, Hanesworth JM, Sardinia MF, Hall KL, Wright JW, Speth RC, Grove KL, 
Harding JW (1993) Central angiotensin IV binding sites: distribution and specificity 
in guinea pig brain. J Pharmacol Exp Ther 266:1718-1726 



536 S. Y. Chai et al. 

Moeller I, Albiston AL, Lew RA, Mendelsohn FA, Chai SY (1999a) A globin fragment, 
LVV-hemorphin-7, induces [3Hlthymidine incorporation in a neuronal cell line via 
the AT4 receptor. J Neurochem 73:301-308 

Moeller I, Chai SY, Oldfield BJ, McKinley MJ, Casley D, Mendelsohn FA (1995) Localiza
tion of angiotensin IV binding sites to motor and sensory neurons in the sheep spi
nal cord and hindbrain. Brain Res 701:301-306 

Moeller I, Clune EF, Fennessy PA, Bingley JA, Albiston AL, Mendelsohn FA, Chai SY 
(1999b) Up regulation of AT4 receptor levels in carotid arteries following balloon in
jury. Regul Pept 83:25-30 

Moeller I, Lew RA, Mendelsohn FA, Smith AI, Brennan ME, Tetaz TJ, Chai SY (1997) The 
globin fragment LVV-hemorphin-7 is an endogenous ligand for the AT4 receptor in 
the brain. J Neurochem 68:2530-2537 

Moeller I, Paxinos G, Mendelsohn FA, Aldred GP, Casley D, Chai SY (1996a) Distribution 
of AT4 receptors in the Macaca fascicularis brain. Brain Res 712:307-324 

Moeller I, Small DH, Reed G, Harding JW, Mendelsohn FA, Chai SY (1996b) Angiotensin 
IV inhibits neurite outgrowth in cultured embryonic chicken sympathetic neurones. 
Brain Res 725:61-66 

Mustafa T, Chai SY, Mendelsohn FA, Moeller I, Albiston AL (2001) Characterization of 
the AT(4) receptor in a human neuroblastoma cell line (SK-N-MC). J Neurochem 
76:1679-1687 

Nagasaka T, Nomura S, Okamura M, Tsujimoto M, Nakazato H, Oiso Y, Nakashima N, 
Mizutani S (1997) Immunohistochemical localization of placental leucine aminopep
tidase/oxytocinase in normal human placental, fetal and adult tissues. Reprod Fertil 
Dev 9:747-753 

Nakamura H, Itakuara A, Okamura M, Ito M, Iwase A, Nakanishi Y, Okada M, Nagasaka 
T, Mizutani S (2000) Oxytocin stimulates the translocation of oxytocinase of human 
vascular endothelial cells via activation of oxytocin receptors. Endocrinology 
141:4481-4485 

Naveri L, Stromberg C, Saavedra JM (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 

Patel JM, Li YD, Zhang J, Gelband CH, Raizada MK, Block ER (1999) Increased expres
sion of calreticulin is linked to ANG IV-mediated activation oflung endothelial NOS. 
Am J Physio1277:L794-L801 

Patel JM, Martens JR, Li YD, Gelband CH, Raizada MK, Block ER (1998) Angiotensin IV 
receptor-mediated activation of lung endothelial NOS is associated with vasorelax
ation. Am J Physio1275:Ll061-Ll068 

Pederson ES, Harding JW, Wright JW (1998) Attenuation of scopolamine-induced spatial 
learning impairments by an angiotensin IV analog. Regul Pept 74:97-103 

Pederson ES, Krishnan R, Harding JW, Wright JW (2001) A role for the angiotensin AT4 
receptor subtype in overcoming scopolamine-induced spatial memory deficits. Regul 
Pept 102:147-156 

Pessin JE, Thurmond DC, Elmendorf JS, Coker KJ, Okada S (1999) Molecular basis of in
sulin-stimulated GLUT4 vesicle trafficking. J BioI Chern 274:2593-2596 

Pugh PC, Berg DK (1994) Neuronal acetylcholine receptors that bind alpha-bungarotoxin 
mediate neurite retraction in a calcium-dependent manner. J Neurosci 14:889-896 

Rasmussen TE, Pedraza-Diaz S, Hardre R, Laustsen PG, Carrion AG, Kristensen T (2000) 
Structure of the human oxytocinase/insulin-regulated aminopeptidase gene and lo
calization to chromosome 5q21. Eur J Biochem 267:2297-2306 

Reed G, Moeller I, Mendelsohn FA, Small DR (1996) A novel action of angiotensin pep
tides in inhibiting neurite outgrowth from isolated chick sympathetic neurons in cul
ture. Neurosci Lett 210:209-212 



Angiotensin AT4 Receptor 537 

Riva L, Galzin AM (1996) Pharmacological characterization of a specific binding site for 
angiotensin IV in cultured porcine aortic endothelial cells. Eur J PharmacoI305:193-
199 

Roberts KA, Krebs LT, Kramar EA, Shaffer MJ, Harding JW, Wright JW (1995) Autoradio
graphic identification of brain angiotensin IV binding sites and differential c-Fos ex
pression following intracerebroventricular injection of angiotensin II and IV in rats. 
Brain Res 682:13-21 

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

Ross SA, Scott HM, Morris NJ, Leung WY, Mao F, Lienhard GE, Keller SR (1996) Charac
terization of the insulin-regulated membrane aminopeptidase in 3T3-Ll adipocytes. 
J Bioi Chern 271:3328-3332 

Sardinia MF, Hanesworth JM, Krebs LT, Harding JW (1993) AT4 receptor binding charac
teristics: D-amino acid- and glycine- substituted peptides. Peptides 14:949-954 

Sardinia MF, Hanesworth JM, Krishnan F, Harding JW (1994) AT4 receptor structure
binding relationship: N-terminal-modified angiotensin IV analogues. Pep tides 
15:1399-1406 

Simpson F, Whitehead JP, James DE (2001) GLUT4-at the cross roads between mem
brane trafficking and signal transduction. Traffic 2:2-11 

Simpson RJ CL, Eddes JS, Pereira JJ, Moritz RL, Reid GE (2000) Proteomic analysis of the 
human colon carcinoma cell line (LIM 1215): development of a membrane protein 
database. Electrophoresis 21:1707-1732 

Slinker BK, Wu Y, Brennan AJ, Campbell KB, Harding JW (1999) Angiotensin IV has 
mixed effects on left ventricle systolic function and speeds relaxation. Cardiovasc 
Res 42:660-669 

Small CW, Watkins WB (1975) Oxytocinase-immunohistochemical demonstration in the 
immature and term human placenta. Cell Tissue Res 162:531-539 

Sumitani S, Ramlal T, Somwar R, Keller SR, Klip A (1997) Insulin regulation and selective 
segregation with glucose transporter-4 of the membrane aminopeptidase vp165 in 
rat skeletal muscle cells. Endocrinology 138: 1 029-1034 

Swanson GN, Hanesworth JM, Sardinia MF, Coleman JK, Wright JW, Hall KL, 
Miller-Wing AV, Stobb JW, Cook VI, Harding EC, et al (1992) Discovery of a distinct 
binding site for angiotensin II (3-8), a putative angiotensin IV receptor. Regul Pept 
40:409-419 

Toda S, Ando H, Nagasaka T, Tsukahara S, Nomura M, Kotani Y, Nomura S, Kikkawa F, 
Tsujimoto M, Mizutani S (2002) Existence of placental leucine aminopeptidase/oxy
tocinase/insulin- regulated membrane aminopeptidase in human endometrial epithe
lial cells. J Clin Endocrinol Metab 87:1384-1389 

Tsujimoto M, Mizutani S, Adachi H, Kimura M, Nakazato H, Tomoda Y (1992) Identifica
tion of human placental leucine aminopeptidase as oxytocinase. Arch Biochem Bio
phys 292:388-392 

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

Wang L, Eberhard M, Kohler E, Erne P (1995b) A specific binding site for angiotensin 
11(3-8), angiotensin IV, in rabbit cardiac fibroblasts. J Recept Signal Transduct Res 
15:517-527 

Wayner MJ, Armstrong DL, Phelix CF, Wright JW, Harding JW (2001) Angiotensin IV en
hances LTP in rat dentate gyrus in vivo. Peptides 22:1403-1414 

Wright JW, Krebs LT, Stobb JW, Harding JW (1995) The angiotensin IV system: function
al implications. Front NeuroendocrinoI16:23-52 

Wright JW, Miller-Wing AV, Shaffer MJ, Higginson C, Wright DE, Hanesworth JM, Hard
ing JW (1993) Angiotensin 11(3-8) (ANG IV) hippocampal binding: potential role in 
the facilitation of memory. Brain Res Bull 32:497-502 



538 S. Y. Chai et al. 

Wright JW, Stubley L, Pederson ES, Kramar EA, Hanesworth JM, Harding JW (1999) Con
tributions of the brain angiotensin IV-AT4 receptor subtype system to spatial learn
ing. J Neurosci 19:3952-3961 

Wu-Wong JR, Berg CE, Wang J, Chiou WJ, Fissel B (1999) Endothelin stimulates glucose 
uptake and GLUT4 translocation via activation of endothelin ETA receptor in 3T3-Ll 
adipocytes. J BioI Chern 274:8103-8110 

Yang Q, Hanesworth JM, Harding JW, Slinker BK (1997) The AT4 receptor agonist 
[Nle1]-angiotensin IV reduces mechanically induced immediate-early gene expres
sion in the isolated rabbit heart. Regul Pept 71:175-183 

Zhang JH, Hanesworth JM, Sardinia MF, Alt JA, Wright JW, Harding JW (1999) Structural 
analysis of angiotensin IV receptor (AT4) from selected bovine tissues. J Pharmacol 
Exp Ther 289:1075-1083 

Zhang JH, stobb JW, Hanesworth JM, Sardinia MF, Harding JW (1998) Characterization 
and purification of the bovine adrenal angiotensin IV receptor (AT4) using 
[125I]benzoylphenylalanine-angiotensin IVas a specific photolabel. J Pharmacol Exp 
Ther 287:416-424 

Zhou M, Vallega G, Kandror KV, Pilch PF (2000) Insulin-mediated translocation of 
GLUT-4-containing vesicles is preserved in denervated muscles. Am J Physiol En
docrinol Metab 278:E1019-E1026 

Zini S, Fournie-Zaluski MC, Chauvel E, Roques BP, Corvol P, 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 va
sopressin release. Proc Natl Acad Sci USA 93:11968-11973 



Subject Index 

accelerated 
- aging 71, 79 
- cellular turnover 73 
ACE, see angiotensin-converting 

enzyme 
[3Hl-acetylcholine release 525 
Acetyl-Ser-Asp-Lys-Pro 481 
acquisition 523 
ACTH 47,55 
activation 300, 376 
activator protein (AP)-l 150 
active conformation 287 
adenoviruses 255 
adenylate cyclase 337 
adequate oxygen delivery 100 
adipocytes 532 
adipose tissue 178 
adrenal 135 
- gland 51,409 
- medulla 121,355 
- steroid 47 
adrenergic nerve endings 45 
J3-adrenergic system 56 
adrenoceptor 
- a-adrenoceptor antagonist 45 
- J3-adrenoceptor 43 
affinity purification 113 
age 19,78 
aglomerular toadfish 44 
agonist 279 
AGT, see angiotensinogen 
AGTR2 390 
albuminuria 162 

aldosterone 46, 154, 450 
- hypertension 157 
allostery 279 
alternative splicing 272 
aminopeptidase 532 
aminopeptidase A 195 
amphibians 38 
amygdala 452 
Ang, see angiotensin 
angiogenesis 100,497 
angiopoietin-2 104 
angiotensin (AT, Ang) 477 
- activity 58 
- 125I-Ang I and II infusion 133 
- (1-7) 300,477,504 
- - [D-Ala71Ang-(1-7) 485,492,495, 

501,503,506 
- - plasma levels 505 
- - receptor 497 
- fragments 478 
- I (ATI) 38,51,137 
- - antagonists 88 
- - ATI/AT2 cross-talk 389 
- - converting enzyme 181 
- - homolog receptor 38, 47 
- - mRNA 50, 52 
- - receptor 8, 100, 135, 185,207,216, 

297,501 
- - receptor expression 319 
- - receptor regulation 321 
- - receptor-dependent endocytosis 

133,134 
- - selective antagonist 54 



540 

-IA 
- - receptor 237 
- - receptor gene 271 
-IB 
- - receptor 362 
- - receptor gene 272 
- II (ATz) 38,51,73, 186,232,237, 

297,399 
- - [lz5IJ-Iabelled angiotensin II 116 
- - [SarlThrsJ-Ang II 484 
- - antagonist 495 
- - binding 270 
- - binding site 276 
- - fragments 299 
- - gene-null mutant mice 54 
- - hypertension 153 
- - mRNA 50 
- - receptor 8, 100, 106, 112, 115, 185, 

189,207,218,240,299,399,457,501 
- - receptor blocker 486 
- - receptor expression 425 
- - receptor localization 427 
- - receptor subtypes 112 
- - selective antagonist 54 
- - signaling 426 
- - smooth muscle cell proliferation 101 
- III 195,299 
- IV (AT4) 299,519,521 
- - receptor 300, 504, 520 
- native 36 
- peptides 7 
- receptor 45 
- - antagonist 38 
angiotensin-converting enzyme (ACE) 

6,43,50,81,101,214,478,504,505 
- 2 194,207,480 
- AS-ODN 258 
- gene 207 
- inhibitor 253, 488 
- upregulation 139 
angiotensinogen (AGT) 5,36,174,212, 

232 
- gene 
- - deletion 53 
- - null-mutant mice 53 
- knockout mice 53 
-mRNA 48 
- antisense 492 
antagonist 279, 303 
- slow dissociating 306 

Subject Index 

anti-natriuretic 387 
antisense oligonucleotides (AS-ODN) 

254 
antithrombotic agent 499 
apoptosis 54,71, 106,383,436,437,454 
- stimuli 84 
aquaporin 60 
arachidonic acid 388, 495 
Argl67 310 
L-arginine 429 
arrestin 285 
- fJ-arrestin 286, 289 
arterial pressure 478 
arteriovenous differences 131 
Asnlll 311 
aspartly protease 36 
ASrAogen rats 492 
association studies 183 
astrocytes 120, 503 
astrocytic angiotensinogen 119 
AT, see angiotensin 
atherosclerosis 327,478 
ATRAP 283 
atrial natriuretic peptide 10, 19 
atrophy 77 
autoregulation of GFR 14 

balloon catheter 496 
baroreceptor 43 
- reflex 492 
baroreflex 238, 252 
- sensitivity 492 
basal nucleus of Meynert 523 
bcl-2 384 
- expression 106 
binding 376,501 
- pocket 275 
biochemical mechanisms 478 
biomarker 81 
biphenylimidazoles 451 
biphenyltetrazole 305 
blood 
- pressure 31, 120,209,252,257,504 
- - regulation 435 
- - regulatory substance 73 
- vessels 434 
- volume 31,55 
blood-brain barrier 455 
BODE 116, 122 



Subject Index 

BP 55 
- regulation 52 
bradykinin 6,434,465,481,505 
- B2 receptor 489 
brain 118, 218, 503 
- angiotensin 119 
- stem nuclei 456 
Braun-Menendez 5 
Brown-Sequard, Charles-Edouard 5 

Ca2+ channel agonist 44 
CAKUT 389, 390 
calcium 282 
candesartan 303, 362 
captopril 46, 101 
- treatment 55 
carboxyl group 308 
cardiac 24 
- fibrosis suppression 88 
- hypertrophy 216,233,239 
- myocytes 483 
- remodeling 158 
cardiomyocytes 158 
cardiovascular 
- function 388, 505 
- medicine 477 
- remodeling 151, 155 
cAT I mRNA 47 
catecholamine 491 
- release 45 
cathepsin D 36 
cation channels 81 
cell 
- cycle control genes 77 
- growth 32 
- mesangial 137 
- proliferation 383 
- surface 138 
central nervous system (CNS) 353,489 
ceramide 385,437 
cerebellar microexplants 403 
c-fos 491 
cGMP 45 
cGMP-dependent protein kinase 406 
CGP42112 377 
- A 59 
chaperones 78 
chicken (cATd 41 
chimeric receptors 379 

541 

chloramphenicol acetyltransferase 232 
CHO-hAT I 308 
chromaffin tissues 45 
chromatin fragments 83 
chromosomal mapping 79 
chromosome X 390 
chymase 139,240 
clathrin-coated 
- pits 286 
- vesicle 289 
coagulation 14 
colchicine 123 
colocalization 121 
competitive antagonists 305 
conformation 302 
congestive heart failure 152, 364 
constitutive activation 302, 380 
contractility 14 
controlling renin release 43 
coronary 
- artery 501 
- heart disease 178 
- vessels 486 
cortex 432 
crosstalk 428 
C-terminal tail 378 
cumulative 
- cell death rate 86 
- hemorrhage 43 
cyclic guanosine monophosphate 

(cGMP) 120,465,499 
Cyr61 105, 106 
cytochrome P450 (CYP450) 236,495 
cytoplasmic alkalinization 467 
cytoskeleton 458 
cytosolic Ca2+ 41,44 

de novo synthesis 132 
deletion 182 
dephosphorylation 384, 464 
desensitization 284, 286 
diabetes mellitus 438 
diabetic nephropathy 178,438 
differentiation 54, 386, 399 
diffusion 136 
dileucine motifs 530 
dipsogenesis 46, 457 
disulfide 
- bonds 379 



542 

- bridge 273 
diuresis 433, 434, 494 
DNA 
- fragmentation 74 
- synthesis 525 
domestic fowl 45 
dorsal motor nucleus of the vagus 

(dmnX) 491 
down-regulation 284 
drinking 258, 490 
- behavior 453 
- rate 46 
dynamin 289 

effects 387 
EGFR 103, 384 
ELAINE trial 116, 118 
elasmobranch 35 
elevated (Na+)J(K+)j ratio 85 
embryonic development 48 
endocrine system 13 
endoglin 103 
end-organ damage 188 
endothelial 
- dysfunction 26 
- nitric oxide synthase (eNOS) 103,106, 

462 
endothelin (ET) 150, 163 
- endothelin-converting enzyme 480 
endothelium 
- endothelium-dependent relaxation 

45 
- endothelium-derived hyperpolarizing 

factor 489 
enhancer 179 
epidermal growth factor (EGF) 318 
epoxyeicosatrienoic acid (EET) 435 
eprosartan 358, 360 
ErbB3 382 
ERK 384 
- 1 405 
- 2 405,527 
erythropoietin 14 
estrogen 328 
- deficiency 329 
euryhaline teleosts 48 
evolution 33, 59 
- process 61 
expression cDNA libraries 271 

extracellular 
- fluid volume 13, 19 
- matrix 387 
eye 135 

Fak 342 
familial resemblances 187 
fat tissue 240 
fetal 
- development 48, 383 

Subject Index 

- growth 54 
- - restriction 53 
- kidney 49, 57 
-life 33,52 
- zone 409 
fibroblast growth factor (FGF) 318 
fibronectin 411 
filtration fraction 13 
fluid-mineral balance 52 
fluorescein isothiocyanate 118 

gain-of-function mutants 281,286 
j3-galactosidase 81,232 
gene 
- cassette 79 
- expression 71 
- targeting 52 
- therapy 256, 259 
genotype concordance 79 
GFP trans gene expression 57 
glioblastoma multiforme 124 
glomerular 
- antidiuresis 47 
- blood flow (GBF) 438 
- diuresis 47 
- filtration 13 
- - rate (GFR) 430 
glycogen 14 
glycoprotein 274 
Goldblatt, Harry 5, 22 
GPCR 274 
G protein 337,380 
- coupling 338 
- G protein-coupled receptor 

(GPCR) 376,451 
- receptor 284 
Gq/ll protein 282 
green fluorescent protein 232 



Subject Index 

GRK 285 
growth 
- factor 52 
- inhibition 88 
- - pathway 382 
growth-promoting 
- action 59 
- effect 59 
GTPyS 282 
guanosine triphosphate (GTP) 337,452 
guanylyl cyclase 406 

Haeckel's hypothesis 33,56 
hematocrit 14 
haplotypes 181 
heart 
- failure 24, 162,235,478 
- size 77 
heat stress proteins 77 
a-helix 338 
heterodimerization 380, 506 
high-affinity 502 
high-molecular-weight AGT 179 
hindlimb ischemia 101 
hippocampus 523 
holocephalians 35 
homodimerization 389 
Hoxgenes 50 
human 
- angiotensinogen 233 
- gene 271 
- study 504 
hydrogen peroxide 326 
3-hydroxy-3-methylglutaryl 327 
18-hydroxydehydrogenase activity 46 
hypercholesterolemia 327,329 
hyperinsulinemia 329 
hyperplasia 74 
hypertension 71, 152, 176, 178, 234, 

478,505 
- essential 23 
-low-renin essential hypertension 20 
- one kidney-one clip (lK1C) 23 
- pregnancy-induced 178 
- two kidney-one clip (2K1C) 23 
- volume-dependent 24 
hypertrophy 12,77, 151,258,388,460, 

496 
- remodeling 157 

- secondary 
hypothalamus 489, 503 

immunocytochemistry 113 
immunohistochemistry 427,432 
inactivating mutations 279 
increased 
- aorta 77 
- telomere restriction fragments 77 
indomethacin 484 
inositol (1,4,5) triphosphate 282 
insertion 182 
insulin-regulated glucose transporter 

530 
insurmountable 303 
internalization 287, 288, 308 
interstitial fluid 138 
intracellular 
- angiotensin generation 137 
-loop 378 
- signaling 84 
inverse agonism 279,281,311 
ion 
- carrier 83 
- transport inhibitor 83 
IRAP 528 
- substrates 533 
irbesartan 358,360 
isoproterenol 43 
- renin release 44 

JAK 343,385 
- JAK2/STATl pathway 283 
juxtaglomerular OG) 
- apparatus 9, 34, 57 
- area 57 
- cells 8 

K+ current 387 
kidney 49,77,238,241,428,430,503 
- abnormalities 455 
- AT2 
- - actions 433 
- - localization 431 
- congenital anomalies 439 
- cortex 463 
- kidney-derived renin 133 

543 



544 

- mesonephric 50 
- metanephric 50 
kinases 285 
Kriippel-like zinc-finger transcription 

factor (KlfS) 105, 106 

lacZ reporter gene 242 
LAK2 tyrosine kinase 341 
Langendorff hearts 131 
lar trafficking 530 
large arteries 157 
left ventricular hypertrophy 158 
linkage disequilibrium 175,182 
loop of Henle 495 
losartan 59, 119, 236, 358, 360, 430 
- binding site 278 
luciferase 232 
LVV-haemorphin-7 520 
Lys199 310 

M6P/IGFII receptor 139 
macula densa 9,35 
maldevelopment 
- of the kidney 54 
- renal structure 53 
mannose 6-phosphate insulin-like 

growth factor II 136 
MAP2 401 
mas oncogene 275 
maternal dietary protein restriction 54 
mean circulation filling pressure 19 
medulla 51,115,463 
- oblongata 489 
- ventrolateral 493 
medullary rays 522 
membrane hyperpolarization 81 
memory 519 
- retention 523 
mental retardation 390, 457 
mesonephros 49 
meta-analysis 177 
miconazole 435 
microinjection 230 
microvascular angiogenesis 102 
migration 386, 403 
mineralcorticoids 46 
minicistron 273 
mitochondria 135 

Subject Index 

mitogen-activated protein (MAP) 425 
- kinase (MAPK) 340, 344, 498 
mitotic misregulation 79 
MKP-1 384 
model of osteoporosis 81 
molecular cloning 300 
monoamines 491 
monovalent ion handling 81 
MOT-2 expression 79 
mRNA binding protein 326 
mutagenesis 301 
myocardial 
- AT receptors 38 
- infarction 152, 162,458 
myocardium 466 
myocytes 462 
a-myosin heavy-chain promoter 239 

Na 
- regulation 55 
- retaining effect of Ang II 47 
- transport 47 
Na+ 
- H+ exchanger 81 
- K+ pump 81 
- K+, Cl- cotransport 60, 81 
- K+ -ATPase 494 
- Na\ elevation 79 
- transport 526 
NAD(P)H oxidasis 21,25 
natriuresis 434, 494 
necrosis 85 
negative feedback control 55 
neocortex 523 
neointima 220 
- formation 496 
neonatal hyperplasia 71 
nephrectomy 131,133,241 
nephrogenesis 439 
nephron 496 
neprilysin 480 
nerve regeneration 391,458 
neural crest cell 51 
neurite 401 
- extension 386 
- outgrowth 399, 524 
neuroblastoma NG108-15 cells 381 
neurohypophysis 121 
neuron 401,530 



Subject Index 

neuronal connections 391 
newborn 50 
NGI08-15 cells 403 
N-glycosylation 377,425 
nitric oxide (NO) 405,406,429,465,484, 

525 
- synthase 101,405,499 
L-nitroarginine methyl ester (L-NAME) 

429,430,487 
nitrocellulose 123 
Nle,-Ang IV 521 
N-methyl-D-aspartate 120 
NO/cGMP 387 
nodose ganglion 492 
non-AT, receptor 502,505 
non-AT2 

- [D-Ala71Ang-(l-7)-sensitive receptor 
502 

- receptor 486, 502, 505 
nonmammalian species 33 
nonpeptide 303 
- AT, antagonists 277 
norepinephrine 155, 504 
N-terminal residues 377 
nuclear 
- factor-l 150 
- polyploidy 86 
- ribonucleoprotein 322 

oligonucleotides 255 
ontogenesis 453 
ontogeny 32,56,60,390 
organ 
- mass reduction 87 
- remodeling 83 
organogenesis 48 
organum vasculosum laminae 

terminalis 257 
orthostatic hypotension 14 
osmoregulation 489 
ovary 135 
oxidase 159 
oxidative stress 86, 159, 160 
oxygen radicals 25 
oxytocinase 528 

p21ras 405 
p38 phosphorylation 527 

p42mapk 405 
p44mapk 405 
p130Cas 343 
Page 5 
papaverine-induced hypotension, 

plasma cortisol 46 

545 

paraventricular nucleus (PVN) 117,481 
partial agonists 281 
Paxillin 343 
PD123177 464 
PD123319 59,102,362,377,455 
PDGFR 103 
perinatal programming 54 
peroxynitrite 25 
pharmacogenetics 195 
phenotype 79,81 
- concordance 79 
pheochromocytoma 381 
phosphatase 2A 384 
phosphatidylcholine 495 
phospholipase 336,337,495 
- C (PLC) 498 
- - f3 282 
- - yl 283 
phosphorylation 286, 326, 340 
phylogeny 32, 56, 60 
PI3 K 385 
pial arterioles 486 
pituitary-hypophysial portal system 489 
PKC 285 
plasma 
- ACE 182 
- renin activity 132, 152 
plasmid vectors 255 
plasminogen activator inhibitor-l 

(PAl-I) 525 
platelet 
- aggregation 499 
- platelet-derived growth factor 

(PDGF) 318 
PLC 341 
polymorphism 175 
polyploidy 74 
post junctional vascular AT, receptor 362 
potassium 427 
potentiation, long-term 524 
PRA 43,55 
pre-activation 302 
pregnancy 504 
prejunctional 362 



546 

pressure 
- mechanism 87 
- natriuresis 16,433 
- - curve 16 
primitive bony fish 35 
progeria 79 
programmed cell death 71 
proliferation 496 
- imbalance 73 
prolyl 
- carboxypeptidase 479 
- oligopeptidase 479 
promoter 176 
prorenin 135, 242 
- binding 137 
- receptor 136 
- uptake 137 
prostaglandin 435 
- E2 (PGE2) 498 
prostanoid 498, 504 
protein synthesis 526 
proto-oncogenes 52 
proximal tubules 495 
purified antibodies 114 
Pyk2 342 
pyramidal cell layer 529 

quantitative trait locus 75 
quinapril 101 

rabs 288 
radioligand binding 305 
RANTES study 467 
rat hindquarter 131 
recapitulation 56 
recombinant inbred strains 76 
regional clearance 132 
regulatory protein 382 
renin 179,241,259 
- actions of angiotensin 47 
- afferent arterial vessels 487 
- binding 137 
- body fluid feedback mechanism 16 
- development 54, 209 
- fibrosis 233 
- gene 8,234 
- glomeruli 484 
- growth 54 

Subject Index 

- interstitial fluid (RIF) 430 
-low-renin 180 
- membrane-bound 138 
- mRNA 49,57 
- proximal tubules 484, 503, 504 
- receptor 136 
-Ren-1e 8,213 
- Ren-ID 213 
- Ren-2 213 
- renin-angiotensin system (RAS) 31,76, 

112,232,477,505 
- -local (or tissue) 131 
- renin-binding proteins 136 
- renin-binding receptors 136 
- - genes 174 
- renin-containing juxtaglomerular 

cell 49 
- renin-like enzyme 57 
- renin-secretory cell 57,58 
- secretion 44 
- sympathetic nerve 9, 19 
- transgene expression 57 
- uptake 137 
renovascular hypertension 22 
replicative senescence 79 
resensitization 287 
resistance arteries 156 
retrieval of memory 523 
retroviruses 255 
reverse transcription-polymerase chain 

reaction (RT-PCR) 432 
right atrial pressure 19 

salt 
- appetite 13 
- conservation 11 
- depletion 485 
- sensitivity 19 
saralasin 277 
sarile 303 
scaffolding 286, 382 
scopolamine-induced amnesia 524 
senescence pathway 72 
sequence identity 274 
serotonin 493 
serum-deprivation 84 
signal 
- cascade 82 
- sequence 273 



Subject Index 

- transduction 311,427 
single nucleotide polymorphism 175 
sino-aortic denervation 492 
site-directed mutagenesis 275 
small 
- artery 157 
- G protein 344 
sodium 494, 505 
- diet 11 
- excretion 526 
- retention 428 
solitary tract (nTS) 491 
sphingolipid 385 
spontaneously hypertensive rat 

(SlIR) 74,253,362,427 
sporadic dominant mutation 81 
Src family kinase 342 
STAT 343 
steroidogenic pathways 46 
streptozotocin 438 
subcellular distribution 135 
subfornical organ 46 
substance P 490 
superoxide 
- production 78, 161 
- radical 20 
surmountable 303 
SV 40 T antigen 231 
sympathetic 
- ganglia 355 
- nerve terminals 355 
- nervous system 351,493 
syncytiotrophoblasts 531 

tachykinin 491 
target gene 464 
telomerase activity 75 
telomere length 81 
testis 135 
tetradecapeptide 119 
tetrahydroimidazolepyridines 450, 451 
TGR 
- (mREN2)27 235 
- ASrAOGEN 235, 237, 238 
thick ascending limbs of loops of 

lIenle 484 
thimet oligopeptidase 480 
thirst 13, 490 
thrombin 103 

thromboxane A2 498 
thymidine incorporation 42 
Tigerstedt, Robert A. 5 
tissue 
- angiotensin II 130 
- - content 135 
- mesenchymal 51 
- regeneration 457 
- repair 386 
transactivation 103 
transgenic 153 
- animals 493 
- hypertensive rat 
- mammals 230 
- mice 207,234,236,253 
- [mRen-2]27 481 
- rat 234 
trans-golgi network 532 
transmembrane 
- domain 273, 378 
- glycoprotein 273 
trophic mechanisms 496 
tryptophan hydroxylase 238 
T-type Ca2+ channel 403 
tubulin 401 
tubuloglomerular feedback 9, 44 
turkey (tAT l ) 41 
two state model 307 
two-hybrid system 382 
two-kidney one-clip hypertensive 

dogs 485 
tyrosine 
- kinase 283, 340 
- phosphatase SlIP-1 381 
- phosphorylation 340, 527 

urinary tract 439 
urine-concentrating ability 55 

valsartan 358 
vasa recta 13 
vascular 
- fibrosis 460 
- growth 58 
- hypertrophy 24 
- reactivity 155 
- regression 88 
- remodeling 159 

547 



548 

- smooth muscle cells (VSMC) 78, 150, 
322,324,496,503 

- tone 12 
vascularization 53 
vasculogenesis 100 
vasoconstriction 155, 494 
vasodilation 388, 486, 526 
vasopressin 13, 119, 120,236,258,481, 

490 
- secretion 453 
VEGF 102, 106 
vessel 
- mesentric 487 
viral vector 255 
volume regulation 55 

water 505 
- absorption 496 
wound healing 497 

ying-yang hypothesis 461 

zebrafish AGT 36 
Ztbep 464 
zinc binding 530 
zona 
- fasciculata 52 
- glomerulosa 51, 115,521 
- reticularis 52 

Subject Index 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




