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New components and functions of the renin-angio-

tensin system (RAS) are still being unravelled. The

classical RAS as it looked in the middle 1970s con-

sisted of circulating renin, acting on angiotensinogen

to produce angiotensin I, which in turn was converted

into angiotensin II (Ang II) by angiotensin-converting

enzyme (ACE). Ang II, still considered the main

effector of RAS was believed to act only as a circulat-

ing hormone via angiotensin receptors, AT1 and AT2.

Since then, an expanded view of RAS has gradually

emerged. Local tissue RAS systems have been identi-

fied in most organs. Recently, evidence for an intra-

cellular RAS has been reported. The new expanded

view of RAS therefore covers both endocrine, para-

crine and intracrine functions. Other peptides of RAS

have been shown to have biological actions; angioten-

sin 2–8 heptapeptide (Ang III) has actions similar to

those of Ang II. Further, the angiotensin 3–8 hexapep-

tide (Ang IV) exerts its actions via insulin-regulated

amino peptidase receptors. Finally, angiotensin 1–7

(Ang 1–7) acts via mas receptors. The discovery of

another ACE2 was an important complement to this

picture. The recent discovery of renin receptors has

made our view of RAS unexpectedly complex and

multilayered. The importance of RAS in cardiovascu-

lar disease has been demonstrated by the clinical ben-

efits of ACE inhibitors and AT1 receptor blockers.

Great expectations are now generated by the introduc-

tion of renin inhibitors. Indeed, RAS regulates much

more and diverse physiological functions than previ-

ously believed.
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Discovery of renin

The classical paper on the discovery of renin by the

Finnish physiologist Robert Tigerstedt and his Swedish

student Per Bergman in 1898 [1] was based on experi-

ments performed 1896–97 at the Karolinska Institute.

Saline extracts of rabbit kidney were shown to slowly

raise the blood pressure (BP) when injected into rab-

bits. The principle causing this was present in kidney

cortex but not in medulla and was destroyed by heating.

The authors concluded that the substance was a protein

and they named it renin. They speculated that ‘renin

might in some direct or indirect way be associated with
hypertrophy of the heart found in renal disease and

high BP’. However, these early results could not be

repeated in other laboratories, and it was not until late

1930s when renin was ‘rediscovered’.

Circulating ‘classical RAS’

An immense amount of early research on the renin-

angiotensin system (RAS) paved the way for improved

understanding of its physiology and pathophysiology.

In the early 1970s, the major components of ‘classical’

circulating RAS (Fig. 1) were identified and there was

compelling evidence to indicate important roles for

RAS in the regulation of fluid balance and BP. At that

time, however, there was widespread skepticism
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regarding the role of RAS in cardiovascular disease. It

was not until the discovery of orally effective angio-

tensin-converting enzyme (ACE) inhibitors, the first of

which was captopril [2], that the paramount impor-

tance of RAS in cardiovascular homeostasis and dis-

ease was being appreciated. The introduction of

losartan, the first orally active and effective angioten-

sin receptor type 1 blocker [3] further strengthened

this concept.

New expanded view of RAS

The relatively simple ‘classical’ concept of the

‘circulating RAS’, (Fig. 1) with angiotensinogen

(AGT) generated by the liver, renin by the kidneys

and the main effector peptide, angiotensin II (Ang II)

generated by ACE in the vasculature was complete with

the cloning of the AT1 and AT2 receptors [3]. However,

the physiological implications of the RAS have contin-

ued to expand (Fig. 2) and we have not seen the entire

picture yet. It has gradually become evident that in

addition to the ‘circulating RAS,’ there is a local ‘tissue

RAS’ in most organs and tissues studied. In fact, even

intracellular generation of Ang II has been reported [4].

This makes RAS not only an endocrine, but also a

paracrine and an intracrine system. Moreover, both the

heptaptide angiotensin 2–8 (Ang III) and the hexapep-

tide 3–8 (Ang IV) have been shown to be biologically

active. The angiotensin 1–7 heptapeptide (Ang 1–7)

appears to play an important role by counterbalancing

many actions of Ang II. Angiotensin II and Ang III

actions are mediated by AT1 and AT2 receptors only.

Recent discoveries have revealed specific functional

receptors for Ang IV, Ang 1–7, and perhaps most

surprisingly, even for renin ⁄prorenin. Therefore, our

present expanded view of RAS (Fig. 2) is quite

complex and multilayered.

n e g o n i s n e t o i g n A 

I g n A 1–10 

I I g n A 1–8 

n i n e R 

E C A 

R 1 T A R 2 T A 

n i n i k y d a r B 

s t n e m g a r f e v i t c a n I 

n e g o n i n i K 

n i e r k i l l a K 

oitcirtsnocosaV n
n o i t a l u m i t s S N C 

e n o r e t s o d l A 
e s a e l e r 

e s a e l e r H D A 
y h p o r t r e p y H 
n o i t a r e f i l o r P 

s i s o r b i F 

? 

Fig. 1 A simplified view of the ‘classic’ circulating renin-
angiotensin system. Whole arrows ( ) indicate
pathways; the clinical significance of which has been dem-
onstrated. Dashed arrow ( ) indicates pathway
deduced from animal or cell culture experiments, not yet
conclusively shown to be clinically relevant.
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Fig. 2 The present view of the expanded renin-angiotensin
system. RPR, renin ⁄ prorenin receptor; Mas, mas oncogene,
receptor for Ang 1–7; AT2R, angiotensin type 2 receptor;
AT1R, angiotensin type 1 receptor, IRAP, insulin-regulated
aminopeptidase; Ang IV receptor AMPA, aminopeptidase
A; AMPM, aminopeptidase M; ACE, angiotensin-converting
enzyme; ACE2, angiotensin-converting enzyme 2; NEP,
neutral endopeptidase.
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Established roles of Ang II

Angiotensin II exerts its actions via AT1 and AT2

receptors which in principle, but not invariably,

mediate opposite functions. AT1 receptors mediate

actions with potentially harmful consequences, if not

properly counterbalanced. AT2 receptors are thought

to mediate protective actions, the clinical relevance of

which has not yet been clearly established.

Angiotensin II is a major regulator of fluid and

sodium balance and haemodynamics, but also of cel-

lular growth and cardiovascular remodelling. Thus,

AT1 receptors mediate vasoconstriction, thirst and

release of vasopressin and aldosterone, fibrosis, cellu-

lar growth and migration. More recently, Ang II has

been shown to cause generation of oxidative radicals

via AT1 receptors and to be involved in inflammatory

processes including atherosclerosis and vascular age-

ing. AT2 receptors mediate vasodilation, release of

nitric oxide (NO) and usually inhibition of growth.

Novel functions mediated by AT1 receptors

Angiotensin II infusion caused decrease of plasma

adiponectin, an insulin sensitizer, apparently via AT1

receptors in the rat [5]. Suppression of adiponectin

may represent a mechanism whereby Ang II causes

impaired glucose tolerance. Other metabolic actions

of Ang II include pro-inflammatory modulation [6],

increased insulin secretion [7], b-cell apoptosis [8],

reduction of gluconeogenesis and hepatic glucose out-

put [9] and increased plasma triglycerides [10]. We

decided not to enter the complex field of intracellular

AT1 and AT2 receptor signalling and therefore refer

the reader to recent reviews [11, 12].

Novel functions mediated by AT2 receptors

Angiotensin receptor type 2 is generally reported to

mediate effects opposing and counterbalancing those

mediated by AT1 receptors (Fig. 1), e.g. vasodilata-

tion, NO release and inhibition of proliferation and

growth. However, AT2 receptors may also mediate

neurotrophic effects in the central nervous system

[13]. Moreover, upregulated AT2 receptors in the

peri-ischaemic brain may exert protection against is-

chaemic damage [14]. The authors speculate that such

a protective effect mediated by AT2 receptors might

in part explain superior protection against stroke in

patients treated with losartan vs. treatment with ateno-

lol in the LIFE study [15]. Another explanation may

be that losartan lowers central BP more effectively

than atenolol [16].

In rat kidney, Ang III but not Ang II was recently

reported to induce natriuresis mediated by AT2 recep-

tors [17]. This natriuresis was augmented by blockade

of aminopeptidase N, an enzyme metabolizing Ang III

to Ang IV (Fig. 2) [18]. The authors speculated that

blockers of aminopeptidase N might be developed to

treat diseases characterized by sodium and fluid reten-

tion such as hypertension and heart failure. In theory,

such inhibitors may also exert beneficial actions via

reduced tissue levels of Ang IV (see below). Interest-

ingly, renal interstitial fluid has been shown to contain

roughly 1000-fold higher concentrations of Ang II and

Ang III than found in the plasma [19].

Effects of unopposed stimulation of AT2 receptors are

slightly controversial [20]. Thus, beneficial effects

include bradykinin-NO vasodilatory effects, natriuretic

and antifibrotic effects. Potentially detrimental effects

are apoptosis, nuclear factor-kappa B (NF-jB) signal

transduction and induction of chemokines. Despite a

plethora of promising experimental results strongly

suggesting beneficial actions of AT2 stimulation [20]

the final clinical proof is lacking. Though treatment

with AT1 receptor blockers (ARBs) substantially

increase plasma Ang II levels and presumably cause

increased stimulation of AT2 receptors, there is no

conclusive evidence to prove the clinical relevance of

increased AT2 receptor activity.

Alternative pathways of Ang II generation

Angiotensin II may be enzymatically generated from

Ang I by chymase (Fig. 2) in certain pathological

conditions. Chymase is stored in macromolecular

complex with heparin proteoglycan in secretory gran-

ules of mast cells [21]. To become enzymatically

active, complexed chymase must be released from
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mast cell granules, e.g. by vascular damage caused by

ballooning or other damage. Therefore, chymase is

enzymatically inactive in normal vascular tissue and

may produce Ang II only in damaged or atheroscle-

rotic arterial walls. It is of note that endogenous ser-

ine protease inhibitors present in interstitial fluid [22]

are potent inhibitors of chymase.

Chymase inhibitors reportedly prevent neointimal

lesions following vein grafting or arterial ballooning in

dogs, whereas ACE inhibitors are ineffective [23].

However, the effects of chymase inhibitors may depend

on other effects of these compounds such as decrease in

transforming growth factor-b (TGF-b) generation and

stabilization of mast cell granules and not on decreased

Ang II formation. In addition, ARBs which block Ang

II actions irrespective of generating enzyme(s) have not

proven superior to ACE inhibitors in large clinical trials

[24, 25]. Though animal experimental results with

chymase inhibitors are promising [23], the possible

importance of Ang II generation by chymase is unclear

and chymase inhibitors that are safe and useful for

human trials have not yet been developed.

Angiotensin 2–8 heptapeptide

Angiotensin III has been known since the 1970s to

cause vasoconstriction and release of aldosterone. It

is generated from Ang II by aminopeptidase A

(Fig. 2). Ang III exerts its actions, in principle similar

to those of Ang II, via AT1 and AT2 receptors. While

Ang II is considered the main effector of RAS, Ang

III may be equally or even more important in some

actions mediated by AT1 receptors, e.g. release of

vasopressin [26].

Systemic infusion of Ang II or Ang III to conscious

dogs was recently shown to result in equipotent

effects at the same plasma concentration on BP, aldo-

sterone secretion, sodium excretion and plasma renin

activity; all effects inhibited by candesartan. However,

the metabolic clearance rate of Ang III was five times

that of Ang II [27]. This study indicated that Ang II

plays a dominant role as an effector of the ‘classical

circulating RAS’.

Angiotensin 3–8 hexapeptide

Angiotensin IV may be generated from Ang III by

aminopeptidase M (Fig. 2). This biologically active

peptide has caught increasing interest following the

discovery and cloning of insulin-regulated amino

peptidase receptors (IRAP), [28, 29], a binding site

and a probable receptor (AT4) of Ang IV. Actions of

Ang IV mediated by IRAP (Fig. 3) include renal

vasodilation, hypertrophy and activation of NF-jB
leading to increased expression of platelet activator

inhibitor-I (PAI-1), monocyte chemoattractant protein

(MCP-1) interleukin-6 and tumour necrosis factor-a
[30, 31]. Several studies suggest that Ang IV has
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important regulatory functions in cognition, renal

metabolism and cardiovascular damage [32, 33]. Ang

IV regulates cell growth in cardiac fibroblasts,

endothelial cells and vascular smooth muscle cells. It

appears that Ang IV is involved in the vascular

inflammatory response and could therefore play a role

in cardiovascular pathophysiology.

Angiotensin 1–7 heptapeptide

Angiotensin 1–7 heptapeptide was thought for a long

time to be devoid of biological actions, in spite of

early reports on biological effects [34]. The

importance of Ang 1–7 was emphasized by the

relatively recent discovery of a ‘new’ ACE2. This

enzyme generates Ang 1–7 from Ang II. Ang 1–7

may also be generated from Ang I or Ang II by other

peptidases. Already back in 1988, Ang (1–7) was

shown to release vasopressin as effectively as Ang II

from neurohypophyseal explants [34]. Ang (1–7) was

found to have actions opposing those of Ang II

(Fig. 3), namely vasodilation and antitrophic effects

and amplification of vasodilation caused by

bradykinin [35–37]. Numerous experiments suggest

an important interaction between Ang (1–7) and

prostaglandin–bradykinin–NO systems. Ang (1–7)

appears to counterbalance several actions of Ang II.

Ang (1–7) binds to the mas receptor (Figs 2 and 3)

which mediates vasodilating and antiproliferative

actions of the heptapeptide.

Angiotensin-converting enzyme 2

Angiotensin-converting enzyme 2 was discovered and

cloned rather recently [38, 39]. This discovery

brought both ACE2 and its main product, Ang 1–7

into the focus of intense research. ACE2 is a

carboxypeptidase which cleaves one residue from

Ang I to generate angiotensin 1–9 and a single resi-

due from Ang II to generate Ang 1–7 (Fig. 2). ACE2

is most abundant in vascular endothelium of kidney,

heart, hypothalamus and aortic wall. ACE2 is also

found in testis [40].

Regulation of ACE2 expression has not yet been fully

clarified [35]. Neither ACE inhibitors nor ARBs do

inhibit ACE2 activity, but they both appear to upregu-

late ACE2 expression in rat myocardium and renal

cortex [35]. Expression of ACE2 in the heart is

increased by myocardial infarction [41].

Disruption of the ACE2 gene in mice was reported to

result in a severe cardiac contractility defect,

increased Ang II plasma levels and upregulation of

cardiac hypoxia-induced genes [42]. The authors

concluded that ACE2 is an ‘essential regulator of

heart function’. Genetic ablation of ACE in ACE2

null mice completely normalized the cardiac

phenotype, which fits the proposed mutually

counterbalancing roles for the ACE ⁄Ang II and

ACE2 ⁄Ang 1–7 arms of RAS. The authors interpreted

these findings as evidence for ACE2 being an

essential regulator of heart function.

This interpretation [42] has recently been challenged

by a study also on ACE2 null mice, showing ‘no

detectable effect on cardiac dimensions or ejection

fraction in conscious mice under basal conditions’

[43]. These investigators reported increased pressor

sensitivity to Ang II infusion and higher plasma levels

and renal concentrations of Ang II during infusion in

ACE2 null mice. This study suggested an important

role for ACE2 in degrading Ang II and regulation

of vascular responses to Ang II. The abundance of

ACE2 in kidneys notably in the proximal tubule is of

particular note. ACE2 may be critical in regulating

the balance between renal effects of Ang II and ang

(1–7) and may therefore become a target for future

therapeutic approaches [44]. ACE2 seems to have a

protective role in the kidney [45].

Angiotensin-converting enzyme 2 and Ang 1–7 may

play an important role in cardiovascular physiology

and pathophysiology, e.g. by modulating or counter-

balancing excess activity of the ‘classical’ RAS [45,

46]. The expression and activity of ACE2 in heart

[47] and kidney is differently increased by treatment

with ACE inhibitors. This leads to organ-wise regu-

lated increase of local production of Ang 1–7, as

demonstrated in rats [48–50]. This would offer an

additional beneficial effect of ACE inhibitors, possibly

explaining in part why ACE inhibitors and ARBs
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remain effective despite increased plasma renin activ-

ity and angiotensin peptide concentrations [48–50].

Renin ⁄ prorenin receptors

Renin receptors were identified and cloned rather

recently and shown to be functional [51]. Renin recep-

tors bind both prorenin and renin [52]. Two receptors

have been characterized; the M6P ⁄ insulin-like growth

factor II receptor, a clearance receptor and the specific

renin receptor, which activates intracellular signalling

and enhances receptor-bound renin catalytic activity

on the cell surface (Fig. 4). Renin receptors are abun-

dant in heart, brain and placenta, lower levels being

found in kidney and liver [52]. Visceral adipose tissue

also expresses renin receptor, whereas subcutaneous

adipose tissue expressed less renin receptors [53]. It

appears that renin receptors participate in local produc-

tion of Ang II and may contribute to systemic Ang II

levels as well. Binding of prorenin to the renin recep-

tor (Fig. 4) leads to activation of prorenin to active

renin, activation of mitogen-activated protein kinases

p44 ⁄42 and TGF-b, ultimately increasing contractility,

hypertrophy and fibrosis [51, 52]. It has been

suggested that blocking renin receptors may be a new

target for tissue protection.

The ‘handle and gate’ hypothesis of activation of

receptor-bound renin offers exciting perspectives [52].

A pentapeptide reproducing the ‘handle’ region of the

prosegment of prorenin (Fig. 4) that covers the active

site has provided promising results in the treatment

of diabetic nephropathy [54] and in the prevention

of hypertensive glomerulopathy in mice [55]. If
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translated into human pathology, these observations

may profoundly change our view of prorenin and the

(pro) renin receptor as an actor within the tissue RAS

and a potential target of treatment.

Tissue (local) RAS

Local RAS systems have been identified in most

organs and tissues investigated as recently reviewed

[11, 56]. They contain all components necessary for

the production of Ang II and other angiotensin pep-

tides and their respective receptors, and in addition,

renin ⁄prorenin receptors. The majority of studies indi-

cate that most if not all renin found in local RAS

systems is derived from renal renin.

Tissue RAS systems exert diverse actions in many

organs. In some organs, they operate independently of

the ‘circulating RAS’, e.g. the adrenal glands and brain.

Other local RAS systems, e.g. heart and kidney operate

in close interaction with the ‘circulating’ RAS. Thus,

circulating components of RAS like renin and AGT

may be taken up by tissues. Circulating RAS and local

tissue RAS are thought to operate in a complementary

fashion [56], not opposing each other. A proper balance

between regulating and counter-regulating factors of

tissue RAS appears important in maintaining normal

physiological functions of many organs.

The circulating RAS is seen as a regulator of systemic

volume and electrolyte balance and of BP homeosta-

sis, whilst ‘local’ RAS systems have local tissue

effects involving proliferation, growth, protein synthe-

sis and organ functions, e.g. in kidney, heart, brain,

reproductive organs and pancreas [56, 57].

Some recent discoveries concerning local RAS

systems may deserve particular interest, namely those

of the heart, brain and adipose tissue. Thus, ACE2

expression is increased in the heart following

myocardial infarction [41], in heart failure [47] and

during treatment with ACE inhibitors or ARBs [50].

ACE2 is the main generator of Ang 1–7 from Ang II

in the heart, and the amount of Ang 1–7 is increased

in the peri-ischaemic area following myocardial

infarction [47].

Brain RAS components mediate a large variety of

neurobiological activities [58] which are gradually

being understood. For instance, neuronal AT1 recep-

tors mediate Ang II effects on BP, salt and water

intake and secretion of vasopressin whereas AT2

receptors mediate, e.g. apoptosis and possibly neural

regeneration after neural injury [59]. In addition to

Ang II and Ang III, Ang IV and Ang 1–7 appear to

be involved in modulation of brain functions, includ-

ing learning and memory responses.

Adipose tissue also contains all components of RAS

including functional renin receptors co-localizing with

renin and may be involved in the regulation of visceral

adipose tissue accumulation [53]. Thus, visceral RAS

may play a role in the pathophysiology of the meta-

bolic syndrome [60]. Adipose tissue was shown to be

an important source of both local and circulating AGT

[61] and might thereby participate in systemic BP regu-

lation. However, this has not been shown in humans.

Testicular ACE (ca 100 kDa), a smaller isoform of

ACE (150–180 kDa) was recently shown to play a

crucial role in fertilization by releasing a glycosylphos-

phatidylinositol (GPI)-anchored protein from sperm

cells. ACE knock-out sperm cells showed deficient

binding of egg cells [62]. The impact of this observation

awaits further clarification. However, treatment with

ACE inhibitors is not reported to interfere with male

fertility.

Intracellular RAS

Evidence suggesting the existence a complete, func-

tional intracellular RAS within cells has been pro-

vided recently [63, 64]. Intracellular RAS is reported

to mediate changes in Ca2+ fluxes and activation of

genes [65]. Intracellular Ang II reportedly caused

cardiac hypertrophy in vivo in mice [66]. In these

experiments, a plasmid construct under the control of

an a-myosin promoter caused increased intracellular

Ang II and 68% increase in relative heart weight. The

mechanisms by which intracellular Ang II exerts its

actions are not fully understood. Thus, intracellularly

applied ARBs can only partly block intracellular Ang

II. The role of intracellular RAS is presently unclear.
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Involvement of ACE2 in avian influenza

Surprisingly, ACE2 has been shown to function as

a receptor of severe acute respiratory syndrome

(SARS) coronavirus [67, 68]. ACE is thought to

contribute to pulmonary tissue damage and oedema

by generating Ang II. ACE2 is believed to normally

counteract these harmful effects, but following

attachment of SARS virus to ACE2 and replication,

ACE2 expression is diminished, less Ang 1–7 is

formed from Ang II and AT1 receptor activation is

intensified. In support of this contention, injection

of recombinant ACE2 into mice protected these

mice from acute lung injury caused by sepsis or

acid aspiration [69]. Thus, functioning ACE2 may

protect against the potentially lethal lung injury

associated with SARS [69].

RAS and arterial ageing

Ageing is associated with alterations of several

structural and functional properties of large arteries.

Increased wall thickness and stiffness, pulse wave

velocity and pulse wave augmentation and

deterioration of endothelial function are hallmarks of

arterial ageing [70]. These alterations form fertile soil

for age-associated cardiovascular disease. Conversely,

cardiovascular disease causes acceleration of these

detrimental changes. Several lines of evidence support

an important role of RAS in arterial ageing as well as

in cardiovascular disease.

Arterial components of the Ang II-signalling cascade

increase with ageing [70]. Ang II signalling via AT1

receptors increases collagen production within the

arterial wall, promotes reduced forms of nicotinamide-

adenine dinucleotide phosphate oxidase activity and

enhances migration of vascular smooth muscle cells.

Increased formation of reactive oxygen species (ROS)

leads to activation of metalloprotease, less NO

bioavailability and endothelial dysfunction. Formation

of ROS induced by Ang II may contribute to tissue

ageing and age-related cardiovascular disease [71].

Ang II also causes activation of NF-jB pathway and

proinflammatory cytokines [6, 33]. Thus, judging by

mechanistic criteria, Ang II appears to play a central

role in many stimuli that govern arterial ageing and

its functional responses.

A recent study [72] showed that treatment of male

Wistar rats with an ACE inhibitor (enalapril

10 mg · kg · day) or an ARB (losartan 30 mg ·
kg · day) for 18 months or life-long resulted in

prolongation of life span by 21% (enalapril) or 19%

(losartan) compared with untreated control rats. The

difference in life span could not be explained by

cardiovascular protection. The authors speculate that

prolongation of life span could be explained by

reduction by RAS inhibitors of ROS formation and

reduction of oxidative burden.

Genetics of RAS

In accordance with the generally acknowledged impor-

tance of RAS in pathophysiology of cardiovascular

disease, many mutations in RAS component genes are

associated with hypertension and cardiovascular

diseases [73].

The AGT gene has been associated with hypertension

[74], but attempts to predict responses to

antihypertensive drugs based on AGT polymorphisms

have yielded inconsistent results [75]. Variants of the

AT1 and the AT2 receptor genes are reportedly associ-

ated with hypertension, but they are also inconsis-

tently associated with response to antihypertensive

therapy [76–79]. In a Chinese cohort of hypertensive

patients, the association with combined AGT and AT1

receptor single nucleotide polymorphisms (SNP) hapl-

otypes was modest (13% for systolic, 9% for diastolic

BP reduction with ACE inhibitor [73].

In a prospective study comprising 2579 UK men, the

AT1 receptor genotype 1166CC was associated with

increased cardiovascular risk irrespective of BP [80]

whereas the AT II receptor 1675A allele was associated

with increased risk only at high systolic BP

(>165 mm Hg). In general, the magnitude of predictive

power of RAS gene, SNPs has been rather modest.

A possible role for the AT2 receptor in the central

nervous system was first suggested by attenuated
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exploratory behaviour in AT2 receptor-deficient

(knockout) mice [81–83]. In humans, the absence of

or mutations in the AT2 receptor gene was shown to

be associated with severe X-chromosome linked men-

tal retardation [84], showing a link between a RAS

component and development of cognitive functions.

Interestingly, a unique mutation of the renin receptor

gene was later shown to be present in patients with

X-linked mental retardation and epilepsy [85]. Func-

tional analysis revealed that the mutated renin recep-

tor could bind renin and increase renin catalytic

activity. ‘This finding confirmed the importance of the

RAS in cognitive processes and indicated a novel spe-

cific role for the renin receptor in cognitive functions

and brain development’ [85].

Considerable widening and deepening of our under-

standing of RAS’ physiology and pathopysiology has

been achieved by genetical manipulation of experi-

mental animals, e.g. rats [86] and in mice [87]. For

instance, ‘ACE 1 ⁄3 mice’, compound heterozygotes

for the ACE genes [88] have no endothelial ACE, but

are nevertheless capable of maintaining normal physi-

ology. The explanation for this appeared to be a com-

pensatory increase in renal renin production followed

by increased Ang II generation by nonendothelial

ACE, showing the plasticity of RAS. This is just one

example of fascinating gene manipulation revealing

secrets of RAS physiology that would otherwise have

remained enigmatic.

RAS inhibition, achievements and expectations

Angiotensin-converting enzyme inhibitors and ARBs

(Fig. 5) are well established corner stones in the pre-

vention and treatment of hypertension and cardiovas-

cular disease, as demonstrated by numerous clinical

trials and world wide clinical practice. According to a

recent meta-analysis [89], ACE inhibitors and ARBs

have similar BP-dependent effects for the risks of

stroke, coronary heart disease and heart failure. For

ACE inhibitors, but not for ARBs, there is evidence

for BP-independent effects on the risk of coronary

disease events [89]. The benefits of ACE inhibitors or

ARBs on renal outcomes probably result from BP-

lowering effects [90] whereas renoprotective benefits

in diabetic patients may partly depend on factors

beyond BP lowering [15]. In fact, several studies sug-

gest that both ACE inhibitors and ARBs offer benefits

in addition to those mediated by BP lowering only.

Several trials have demonstrated a 15–30% reduction

of new onset diabetes during treatment with ACE

inhibitors or ARBs [91]. The mechanism behind this

protective effect of RAS inhibition is not clear, but it

offers a significant advantage for RAS inhibitors as

we are experiencing a global epidemy of increasing

incidence of diabetes.

Combined blockade of the RAS by ACE inhibitors

and ARBs has been shown to provide additional

benefits compared with either drug class [92–94].

However, these expectations were not confirmed by

the recently published ONTARGET study [95]

which compared treatment with telmisartan, ramipril

or both drugs combined in a megatrial comprising

25620 patients with high cardiovascular risk profile.

Of particular interest is the use in ONTARGET of

telmisartan, by far, the most prominent activator of

peroxisome proliferator activated receptor-c, a medi-

ator of a host of favourable metabolic actions [33,

96]. In the ONTARGET study, mean BP was lower
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Fig. 5 Scheme of presently available renin-angiotensin
system inhibitors.
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in both the telmisartan group (0.9 ⁄0.6 mm Hg

greater reduction) and the combination therapy

group (2.4 ⁄1.4 mm Hg greater reduction) than in

the ramipril group. Telmisartan was equivalent to

ramipril in terms of primary outcomes in patients

with vascular disease or diabetes. The combination

of telmisartan and ramipril was associated with

more adverse events (hypotension, renal dysfunc-

tion) without an increase in benefit. The recent

introduction of the first orally effective renin inhibi-

tor, aliskiren, has raised additional interest in new

possibilities of almost complete blockade of RAS as

a tool (Fig. 5), perhaps, more effective than earlier,

in the prevention and treatment of cardiovascular

disease [92, 93, 97, 98]. Early reports on the use

of aliskiren are promising, showing at least, an anti-

hypertensive effect of aliskiren potent as those of

other antihypertensive drugs [93]. In particular, the

combination of renin inhibitors with ACE inhibitors

and ARBs may offer a solution to the ‘renin

escape’ phenomenon [93], which implies that ACE

inhibitors or ARBs may lose part of their effect

during long time treatment. Many questions are also

raised, for instance, what would the consequences

be if the ‘beneficial’ angiotensin peptide, Ang 1–7

was not generated at all or ‘benefical’ AT2 receptor

mediated effects disappeared completely? Only well

conducted experiments and trials may answer such

questions. We may look forward to interesting years

ahead whilst waiting for results and answers.

Concluding remarks

Having witnessed an amazing plethora of RAS dis-

coveries from renin, in 1898, to mutations in the AT2

receptor and of renin receptor genes associated with

X-chromosome linked mental retardation, we cannot

avoid concluding that the physiology of RAS is by

far more complex and multilayered than one would

have thought of. It appears quite unlikely that we

have seen the whole picture yet. This challenging

complexity and the central position of RAS in the

pathophysiology of cardiovascular disease will con-

tinue to inspire research and drug trials aiming at cre-

ating optimal pharmacological tools for RAS

modulation or blockade.
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