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Intervention of RAS is currently done by ACE-I and ARB:s.
. Identification of additional targets and mode of
f action of RAS presents new areas for future drug development.
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Hypertension is one of the cardiovascular diseases that might cause
cardiovascular remodeling and endothelial dysfunction besides high
blood pressure. Angiotensin II (Ang II) receptors are implicated in
hypertension. Genetic and epigenetic manipulations of the Ang II
receptors play a crucial part in the programming of cardiovascular
diseases, and certain variants of the Ang II type 1 and Ang II type 2
receptors are constitutively predisposed to higher cardiovascular risk and
hypertension. In this review, we focus on the expression, mode of action of
Ang Il receptors, and their role in programming the cardiovascular diseases
in utero. In addition, we discuss possible therapeutic interventions of Ang
II stimulation. Collectively, this information might lead us to new drug
designs against cardiovascular diseases.

Introduction
Angiotensin II (Ang II) is a multifunctional peptide hormone that regulates blood pressure (BP),
plasma volume, and cardiac, renal and neuronal functions, and controls thirst responses. This
peptide is of central importance in hypertension and myocardial remodeling and is the principle
effector molecule of the renin-angiotensin system (RAS). In diseased or dysfunctional RAS,
pathological effects are manifested. The classical effects of Ang II on its target organs are mostly
mediated by two membrane receptors, type 1 receptors (AT1Rs) and type 2 receptors (AT2Rs),
which mediate tissue-specific functions; however, a widespread non-AT1 and non-AT2 binding
site for Ang Il was also found in rat, mouse and human brain. Interestingly, this site is not present
in rat or mouse liver or adrenals [1-3]. The widespread but discrete distribution of this binding site
suggests that it might function as a component of the blood-brain barrier. The AT1R and AT2R
cDNAs were cloned almost two decades ago [4-6], and this helped to provide insight into the
molecular mechanisms that control the sensitivity of cardiovascular and other target organs to
Ang II.

Although acute stimulation with Ang I regulates body fluid homeostasis and vasoconstriction,
which regulate BP, chronic stimulation by Ang II promotes migration, hyperplasia and hyper-
trophy of vascular smooth muscle cells (VSMCs). Chronic exposure to Ang II induces cardiac
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hypertrophy, remodeling, restenosis and atherosclerosis. Given
these diverse functions, it is necessary to understand the role of
Ang II receptors in physiological and pathophysiological pro-
cesses. Studying the varied roles of Ang II is also of tremendous
importance given the beneficial effects of angiotensin-converting
enzyme (ACE) inhibitors (ACE-Is) and Ang II type I receptor
blockers (ARBs) in reducing morbidity and mortality in diabetes,
hypertension, atherosclerosis, heart failure and stroke. The struc-
ture—function relationship of angiotensin receptors has already
been reviewed extensively [7]; in this review, therefore, we briefly
describe their structure, along with the expression of Ang II
receptors in the cardiovascular system, their mode of action and
the major signaling pathways they participate in. In addition, we
describe their role in cardiovascular pathobiology, how they are
programmed in utero to cause cardiovascular diseases, and genetic
variants of angiotensin receptors, and we discuss possible thera-
peutic interventions of Ang II stimulation. Collectively, this infor-
mation might lead us to new drug designs against cardiovascular
diseases.

The renin-angiotensin system

The RAS is a hormone system that regulates the BP and fluid
balance of the body. A decrease in renal perfusion through the
juxtaglomerular apparatus in the kidney’s macula densa region
induces the renal juxtaglomerular cells to secrete the enzyme
renin, an aspartyl protease [8]. Renin cleaves the inactive zymogen
angiotensinogen (secreted mainly by the liver), converting it to
angiotensin I (Ang I). Ang I is then converted to Ang II, an
octapeptide, by ACE, which is found mainly in lung vascular
endothelium. Other cell types in various organs including renal
endothelium also possess ACE [9]. Ang Il regulates BP and mediates
its vasoconstrictor effects by stimulating angiotensin receptors in
vascular smooth muscle. Ang II also stimulates the secretion of
aldosterone from the adrenal cortex. Aldosterone causes the
tubules of the kidneys to increase the reabsorption of sodium
and water. This raises the volume of fluid in the body, which also
increases BP. If the RAS system is overactive, BP becomes too high.
A recently identified ACE homolog (ACE-2, a carboxypeptidase
that is insensitive to ACE-I) cleaves one amino acid from either
Ang I or Ang II, decreasing circulating Ang II levels, and increases
the metabolite Ang (1-7), which is believed to be beneficial in
cardiovascular tissues. The ACE2-angiotensin-(1-7)-Mas axis is
now seriously considered as a putative target for the development
of new cardiovascular drugs [10]. This has been reviewed exten-
sively by Shi et al. [11]. According to Crackower et al. [12], ACE2 is
an essential regulator of heart function because there is severe
reduction of cardiac functions, including cardiac contractility in
ACE2 single and double knockout (KO) mice, with abnormal
cardiac structure, despite an apparent lack of hypertrophy and
fibrosis. By contrast, the ACE-2 KO mice of Yamamoto et al. [13]
and Gurley et al. [14] did not show any cardiac abnormalities. The
role of ACE-2 in cardiac functions is thus somewhat controversial.
The balance between ACE and ACE-2 could still be an important
factor controlling available Ang II levels and may be important in
determining the final physiological response in some situations
because it has also been reported that the loss of ACE-2 accelerates
left ventricular remodeling in response to myocardial infarction
and that AT1R-mediated ACE-2 inhibition impairs baroflex func-

tion. This supports a crucial role for ACE-2 in the central regulation
of BP and the development of hypertension [15-17]. Although, in
general, ACE is believed to be the primary enzyme leading to Ang II
production, in the heart the majority of Ang I may be converted to
Ang I1 by chymase, a serine protease, which is ACE-I insensitive [9].
Renin inhibitors and ARBs may be able to induce a more complete
blockade of the RAS in the heart, therefore, providing a more
effective therapeutic intervention in congestive heart failure [18].
Besides ACE-2, several other novel components of RAS have been
identified, such as prorenin and the prorenin receptor (PRR). The
PRR may bind both renin and prorenin. Receptor-bound prorenin
may trigger a profibrotic response and upregulate cyclooxygenase
(COX)-2 genes, an Ang-II-independent function. This explains a
potential role of PRR in organ damage, particularly in hyperten-
sion and diabetes [19]. Nevertheless, definitive proof is still lacking
for arole for PRR in disease, by showing improvement of disease by
tissue-specific ablation of PRR or a PRR-specific antagonist [20].
Thus, RAS is far more complicated than initially anticipated. The
effects of Ang II are primarily manifested via two G-protein-
coupled, seven-transmembrane-domain receptors, AT1R and
AT2R. They mediate an intricate pattern of function and regula-
tion [9]. These two receptors operate via different signaling path-
ways and mediate different functions [21]. AT1R activates growth-
promoting pathways, mediates major Ang II effects (such as vaso-
constriction, increased BP, cardiac contractility, renal tubular
sodium absorption and cell proliferation) and detrimental effects
(such as oxidative stress, endothelial dysfunction, cardiovascular
diseases and inflammation) [22]. By contrast, AT2R is believed to
induce opposing effects, namely vasodilatation, hypotension,
antigrowth by apoptosis, antihypertrophic effects and the possible
inhibition of AT1R [21,23-25]. A brief overview of RAS is depicted
in Fig. 1. Actually, RAS is far more complex that the figure suggests
because new members are still being identified. Thus, Ang (1-12) is
a newly identified alternate endogenous substrate for Ang II
production. Vasoconstrictor effects of Ang (1-12) may be pre-
vented by previous blockade with the ACE-I:captopril or ARB:can-
desartan in both isolated aorta and the systemic circulation. The
enzyme that cleaves Ang (1-12) to Ang I is yet to be identified.
Because of space limitations, we are unable to review information
about Ang (1-12) but refer interested readers to an excellent review
by Ferrario [26]. On the basis of the knowledge of RAS, various
drugs (e.g. ARBs, such as candesartan, losartan, and valsartan, and
ACE-Is, such as captopril, enalapril, and trandolapril) have been
created that interrupt at different steps in this system to control
BP. These drugs are our main armaments in the management of
cardiovascular diseases, kidney failure and diabetes.

Ang Il type 1 receptor

AT1Rs are expressed in all organs, including heart, kidney, liver,
adrenals, brain, lung and vasculature [9,27-29]. There is only one
AT1R gene in human, but possible gene duplication gave rise to
AT1a receptor (AT1aR) and AT1b receptor (AT1bR) gene subtypes
in rat and mouse [4,5]. In contrast to AT1R, rat, mouse and human
reportedly have only one AT2R gene, for which no subtypes or
splice variants have so far been identified [6,30-32]. In human, the
single AT1R coding gene is located on chromosome 3, whereas in
rat, the AT1aR and AT1bR gene subtypes are located on chromo-
somes 17 and 2, respectively. The AT2R genes for human, rat and
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The renin-angiotensin system (RAS) and long-term effects of angiotensin Il receptor stimulation. Angiotensinogen, secreted mainly from liver, is converted to Ang
I by renin. ACE, primarily from lung, subsequently converts Ang | into Ang Il. ARB, ACE-I or DIZE, an experimental drug, can activate ACE-2, a homolog of ACE, which
cleaves Ang Il to Ang (1-7) that acts through Mas receptors. ACE-2 and Ang (1-7) are considered to be beneficial components of RAS. Ang Il mediated chronic
stimulation of AT1R leads to vasoconstriction and other pathophysiological consequences that may be blocked by ARBs or ACE-Is. Long-term stimulation of AT2R,
by contrast, leads to vasorelaxation and is considered beneficial. Ang (1-12) is a newly identified alternate endogenous substrate for Ang Il production.

Vasoconstrictor effects of Ang (1-12) may be prevented by previous blockade with captopril or candesartan in both isolated aorta and the systemic circulation.
The enzyme that cleaves Ang (1-12) to Ang | is yet to be identified. Red, AT1R; green, AT2R; black, MasR. ARB, Ang Il receptor blocker; ACE-I, ACE inhibitor; DIZE,
diminazene aceturate, an experimental drug and activator of ACE-2; vitamin D, [1,25 (OH), D3], 1,25-dihydroxyvitamin D3, the most active metabolite of vitamin D;
Gemini compounds, vitamin D analogs, being screened for renin-suppressing activity; 7?2, not identified yet; arrow in any direction, conversion or activation; T in

any direction, inhibition.

mouse are localized on the X chromosome [33]. Although most of
the well-known actions of Ang II are mediated by the AT1 recep-
tors, the role of AT2R is not yet completely understood.

Structure

AT1aR was originally cloned from rat VSMCs [5], and AT1bR was
cloned from rat adrenal gland [4]. These receptors are composed of
359 amino acids, with approximately 40-41 kDa denatured mole-
cular weight and seven-transmembrane domains; they belong to
the superfamily of G-protein-coupled receptors. In rat, two iso-
forms AT1a and AT1b receptors share 95% amino acid sequence
identity in the protein coding region but have notable differences
in the untranslated regions of their mRNAs and respective pro-
moter regions. Pharmacological studies with the expressed cDNAs
indicate that these proteins have almost identical ligand-binding
affinities and receptor-effector coupling [34,35]. Structurally, AT1
receptors belong to the seven-transmembrane domain superfamily
of G-protein-coupled receptors. Each of the four putative extra-
cellular domains contains a cysteine residue, which presumably

forms two disulfide bonds, one between the first and the fourth
(last) extracellular domains and the other between the second and
the third extracellular domains, of which the latter disulfide bond
between the second and the third is essential for the binding of the
nonpeptidic antagonists (e.g. losartan) [36]. The extracellular
sequences also contain three consensus N-glycosylation sites
[37]. The cytoplasmic tail of AT1 receptors is rich in serine and
threonine residues, which are potential phosphorylation sites for
several kinases, including G-protein-receptor kinases and protein
kinase C (PKC). The cytoplasmic tail also contains consensus
sequences for phosphorylation by casein kinase II [33] and a
palmitoylation site (Cys355) that may be involved in receptor—
effector coupling or in anchoring the tail of the receptor to the
plasma membrane [38]. The main differences between the AT1aR
and AT1bR genes exist in the protein sequence differences in the c-
terminal tail of the molecules giving rise to two additional putative
PKC phosphorylation sites, the absence of a possible palmitoyla-
tion site in the AT1bR protein and the presence of a low homology
(35%) at the 5’ and 3’ untranslated regions of the two mRNAs [33].
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These differences indicate possible differential regulation of these
two protein subtypes. In addition, although glucocorticoid
response elements (GREs) are present in both AT1aR [27] and
AT1DbR [39] promoter regions, in AT1aR, GREs are positive regu-
latory, whereas in AT1bR, they are negative regulatory. Because the
GRE in AT1aR promoter is functional in vascular smooth muscle
[40], it may partially explain the high BP owing to enhanced
vasoconstrictor response to Ang II in glucocorticoid-induced
hypertension, which is observed in Cushing’s syndrome.

Expression

AT1R is expressed in all cells of the cardiovascular system, namely
endothelial cells, smooth muscle cells, fibroblasts, monocytes,
macrophages and cardiac myocytes and, thus, is crucial in cardi-
ovascular pathobiology. Ang II and AT1R are also ubiquitous in
nervous tissues, including the cardiovascular center of the brain,
and control brain cardiovascular, neural and thirst responses
[41,42]. In vivo experiments with AT1bR-null mice double mutants
show that in kidney and adrenal, AT1aR can take over the role of
AT1bR with comparable BP and plasma aldosterone levels. In
contrast to AT1aR™~ and angiotensinogen™'~ mice, AT1IbR™/~
mice are devoid of morphological abnormalities in these tissues
[43]. Thus, AT1aR isoform could be more important than AT1bR in
the regulation of BP. The same might be true in cardiovascular
tissues, including brain. In brain, BP increase elicited by centrally
administered Ang II can be selectively ascribed to that of AT1aR,
but the drinking response requires the presence of AT1bR [44].
Expression of AT1aR and AT1bR is tissue dependent. AT1aR is
more abundant in smooth muscle, liver, kidney, heart and lungs
[45], whereas AT1bR is more abundant in pituitary and adrenal
glands (i.e. in the hypothalamus-pituitary-adrenal axis) [27].
Studies of the expressed cDNAs indicate that AT1aR and AT1bR
mRNAs code for proteins with nearly identical ligand-binding
affinities and receptor—effector coupling [33,35]. They differ in
hormonal regulation, however [34], and also differ pharmacolo-
gically [4]. Thus, estrogen treatment suppressed AT1bR mRNA but
not AT1aR mRNA levels in the pituitary gland [34]. Comparative
binding studies of these two receptors expressed in COS-7 cells
indicated that Ang II was more potent on the expressed AT1bR
(ICs0 = 5.4 nm) than it is on AT1aR (ICso = 14 nm). Similarly, Du
753 (now called losartan), an Ang Il antagonist, was more potent
on the expressed AT1bR (ICs0=5.4nwm) than it is on AT1laR
(ICs0 = 15 nwM) [4]. Both AT1aR and AT1bR have comparable inhi-
bition constant, however: K; (50 nm) for losartan and valsartan
[33]. In contrast to human, therefore, in rat and mouse the tissue-
specific expression of AT1aRs and AT1bRs could selectively med-
iate different effects of Ang II in the different target tissues, as
expressions of two identical proteins are under different promoter
controls in different tissue types.

Mode of action

The effect of angiotensin receptor activation by Ang II was
described by Glossmann et al. [46]. Activated AT1 receptors can
activate multiple signaling pathways. The acute vasoconstrictor
function of Ang Il is primarily mediated through AT1R by classical
G-protein-dependent signaling mechanisms. Depending on cell
types, Ang II activated AT1 receptors can activate at least four
different effector pathways - namely, voltage-gated Ca** channels,

phospholipase C, phospholipase D (PLD) and phospholipase A-2
(PLA-2) - and can inhibit adenylate cyclase [33,47,48]. Activation
of phospholipase C produces inositol-1,4,5-trisphosphate and dia-
cylglycerol. Inositol-1,4,5-trisphosphate then binds to its receptor
on the sarcoplasmic reticulum, opening a channel that enables
Ca®* efflux into the cytoplasm. Ca** binds to calmodulin and
activates myosin light chain kinase, which phosphorylates the
myosin light chain that enhances the interaction between actin
and myosin, inducing smooth muscle cell contractions. Myosin
light chain phosphatase maintains equilibrium at this step by
dephosphorylating the myosin light chain. In addition, Ang II
stimulation of AT1R activates the extracellular-signal-regulated
kinase (ERK) cascade, platelet-derived growth factor, epidermal
growth factor receptor (EGFR), insulin receptor pathways and non-
receptor tyrosine kinases belonging to the c-Src family, proline-
rich tyrosine kinase 2, focal adhesion kinase and janus kinases
(JAKs) [22]. Besides the G-protein-dependent effects of Ang II-
activated AT1R, the activated AT1R can also stimulate G-pro-
tein-independent signal transduction mechanisms by directly
associating with signaling molecules, such as B-arrestins, JAK,
Cdc42 and Src, and has been reviewed extensively by Hunyady
and Catt [49]. In brief, the ATIR is a class B G-protein-coupled
receptor, which bind B-arrestins tightly [50]. B-Arrestins may serve
as scaffolds to organize the formation of signaling complexes [51]
that mediate AT1R-induced activation of ERK, MAPKs and JNK3
MAPKs [52]. Studies on a mutant AT1R that is fully uncoupled
from G proteins have shown that it can still activate Src tyrosine
kinases [53]. Although additional studies are required to elucidate
the exact biological role of these mechanisms, Gq-protein-inde-
pendent, AT1R-mediated EGFR transactivation was also recently
reported to occur in human coronary artery smooth muscle cells
[54]. Cumulatively, the effector molecules downstream to AT1R
contribute to the vasoconstrictor and growth-promoting proper-
ties of Ang II, which is mediated via AT1R. It is these mechanisms
that are responsible for vascular lesion formation (owing to migra-
tion, proliferation and growth of smooth muscle cells) and vas-
cular dysfunction in hyperglycemia (diabetes) because in
hyperglycemia PKC, PLD and free-radical formation are upregu-
lated [55]. Treatment with antioxidants (e.g. probucol and «-
tocopherol) attenuates these effects by lowering PKC and PLD
activities and by relieving intracellular oxidative stress [56].

AT1R in cardiovascular pathobiology

Oxidative stress

Ang 1II is also a potent mediator of oxidative stress and reactive
oxygen species (ROS)-mediated signaling. Ang II manifests this
effect through the activation of AT1R. A large body of evidence
indicates that ROS plays a major part in the initiation and pro-
gression of cardiovascular dysfunctions associated with diseases
such as hyperlipidemia, diabetes mellitus, hypertension, ischemic
heart disease and chronic heart failure (CHF) [57]. In addition, Ang
II signaling activates membrane NAD(P)H oxidases in VSMCs to
produce ROS (e.g. superoxide and hydrogen peroxide), which
mediate the pleiotrophic effects of Ang II [58-60]. Ang II signaling
mediated activation of NAD(P)H oxidases involves the upstream
mediators Src/EGFR/PI3K/Rac-1 and PLD/PKC/p47phox phos-
phorylation [59,61]. Transcription factors — such as NF-kB, acti-
vator protein 1 (AP-1) and Nrf2 - that are implicated in the
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pathogenesis of atherosclerosis are activated by ROS [62,63]. ROS,
in turn, can reversibly modify cysteine residues and inactivate
many controlling molecules (e.g. tyrosine phosphatase). One of
the most detrimental consequences of AT1R-induced production
of superoxides and ROS is the inactivation of endothelial-derived
relaxing factor [64]. ROS may cause vessel inflammation by indu-
cing the release of cytokines and causing an increase of expression
of the leukocyte adhesion molecules in the cell membranes. This
may increase recruitment of monocytes to the area of endothelial
damage [65]. Thus, activated AT1R-induced ROS production can
lead to changes in structural and functional properties of the
vasculature and is the central aspect of vascular pathobiology in
hypertension, diabetes and cardiovascular diseases.

Endothelial cell dysfunction

Endothelial dysfunction in the context of hypertension and cardi-
ovascular diseases is partly dependent on the production of ROS.
AT1R-induced ROS not only destroys nitric oxide (NO) but also
reduces NO formation in the endothelium by oxidizing tetrahy-
drobiopterin, a crucial co-factor for endothelial NO synthase [66].
Superoxide anion, a highly reactive ROS, is known to cause break-
down of endothelial-derived relaxing factor and concomitant
breakdown of endothelium [64]. Regenerated endothelium has
an impaired ability to release endothelial-derived relaxing factors,
in particular NO. Activation of angiotensin receptors triggers an
efflux of cytosolic calcium (see the section ‘Mode of action’) in
endothelial cells. A rise in calcium efflux activates PLA-2 to release
arachidonic acid, which is metabolized by COX to generate various
eicosanoids including endoperoxides and various prostaglandins
that activate thromboxane A,/prostanoid receptors located on the
VSMCs causing contractions [67]. Endothelial COX activity also
produces ROS, which in turn stimulates COX in the smooth muscle
cell, further initiating thromboxane A,/prostanoid-receptor-
mediated contractions in smooth muscle cells and thereby initiat-
ing a vicious circle [67]. In addition, a recent in vitro study described
that uric acid, despite its known antioxidant effects, may cause
human vascular endothelial cell dysfunction by local activation of
RAS and inducing oxidative stress (i.e. by ROS) [68]. Nevertheless,
physiological relevance of such in vitro study requires further con-
firmation. ROS may, in turn, activate local RAS of whole vasculature,
including EC, smooth muscle cells, fibroblast-enhancing Ang II
production and concomitant stimulation of AT1R to create a posi-
tive feedback loop between local RAS and ROS. Overall in hyper-
tensive cardiovascular diseases, endothelial dysfunction is
characterized by blunted endothelium-dependent vasodilations
or enhanced endothelium-dependent contractions [67].

Insulin resistance

Patients with an imbalance in the RAS exhibit insulin resistance
[69]. Insulin resistance develops in various metabolic syndromes,
including type 2 diabetes, obesity and hypertension [70]. In vivo
studies in rat demonstrated that Ang II infusion confers insulin
resistance [71,72] and hyperactive Ang II signaling may over-
whelm the insulin signaling [73]. Normally, insulin actions are
mediated through binding of insulin to insulin receptor (IR) that
has an intrinsic tyrosine kinase activity, which results in tyrosine
phosphorylation of the insulin receptor substrates (IRS), Src
homology collagen and JAK2 [70]. These phosphorylated proteins

dock downstream effector molecules, which are able to activate
different signaling cascades. Of these, the ERK pathway is involved
in growth and mitogenesis, whereas the activation of phosphati-
dylinositol-3 kinase (PI3K), which primarily takes place through
IRS-1, deploys the metabolic actions of insulin [70]. In view of the
important association between cardiovascular diseases and insulin
resistance, cross-talk mechanisms between insulin and RAS path-
way are known. Thus, Velloso et al. [73] demonstrated that in
either insulin or Ang II stimulated rat heart, there is tyrosine
phosphorylation of both IRS-1 and IRS-2. These phosphorylations
are mediated by JAK2, which associates with AT1R, IRS-1 and IRS-2
in Ang II stimulation. Despite binding of PI3K to IRS-1 and IRS-2,
however, there is acute but severe inhibition of PI3K activity in
Ang II stimulation in both the basal- and the insulin-stimulated
states. These effects of Ang II are inhibited by AT1R antagonists.
Folli et al. [74] found that pretreatment of rat aortic smooth muscle
cells with Ang Il inhibited insulin-stimulated IRS-1 associated PI3K
activity by 60%, insulin-stimulated tyrosine phosphorylation of
IRS-1 by 50% and the insulin-stimulated association of IRS-1 and
the p85 subunit of PI3K activity by 30-50%. In addition, Ang II
increased serine phosphorylation of both the IR-B subunit and IRS-
1. Furthermore, Ang II induced ROS induced serine phosphoryla-
tion of IRS-1 for proteasome-dependent degradation in rat aortic
smooth muscle cells [75]. Thus, hyperactive RAS may severely
perturb normal insulin signaling at multiple levels. Evidently,
ACE inhibitors and ARBs can ameliorate the risk of type 2 diabetes
and restore insulin sensitivity in hypertension [69].

Cardiovascular remodeling

Pressure overload induced by hypertension and myocardial infarc-
tion causes hearts to undergo remodeling. This includes cardio-
myocyte hypertrophy, extracellular matrix synthesis, fibrosis and
loss of compliance, leading to fatal outcomes. At the molecular
level, the RAS, TGF-B and B-adrenergic system network mediates
this myocardial remodeling. TGF-B1 mRNA and protein expres-
sion is augmented in cardiomyocytes and cardiac fibroblasts,
which in these situations transdifferentiate to myofibroblast phe-
notype [76]. As a consequence, progressive diastolic dysfunction
sets in. Ang II caused a significant increase in TGFB1 mRNA.
Chronic administration of Ang II induced TGF-1 protein expres-
sion in myocardium [77]. The direct relationship between the RAS
and TGF-B1 in cardiac hypertrophy was demonstrated by Jel
Schultz et al. [78], who showed that Ang II-induced hypertrophic
growth of cardiomyocytes is mediated by TGF-B1, which is down-
stream to Ang II in network. Mice expressing constitutively hyper-
active TGF-B1 had a chronic hypertrophy, fibrosis and cardiac
dysfunction that was resistant to the ARB telmisartan but blocked
by TGF-B antagonist [79]. The Ang II-mediated cardiac remodeling
mechanism is thus dependent upon TGF-B1. From all the studies
done so far, it is clear that Ang II/TGF-B1 induced autocrine—
paracrine cellular responses in cardiac fibroblasts, in the myocar-
dial interstitium and cardiomyocytes cause cardiac hypertrophy.
Ang Il-activated TGF-B1 signaling also induces translocation of
Smad proteins into the nucleus to drive transcription of fibrotic
marker proteins such as collagen, fibronectin and connective
tissue growth factor (CTGF) [80]. CTGF is a profibrotic factor that
stimulates TGF-B-1 responses mediating fibrosis and apoptosis
[81,82]. Because AT1R hyperactivity is implicated in ischemic
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injury and coronary artery disease, expression profiling studies on
coronary artery biopsies were done to relate end point gene
expression profile with AT1R activation. This procedure detected
high CTGF mRNA expression in chronic ischemic myocardium
with a high degree of correlation with thrombospondin 4, collagen
type Ia2, versican, adlican, latent TGF-B binding protein 2 and
fibronectin, which are involved in extracellular matrix remodel-
ing. These proteins, along with inflammatory cytokines (e.g. IL-8,
IL-6, VCAM-1 and MCP-1), are believed to have important roles in
the coupling acute ischemic episodes and chronic myocardial
remodeling with chronic angiotensin receptor stimulation [83].

Role of AT1R and AT2R in brain

The cardiovascular center of brain (in the medulla) is responsible
for the regulation of the rate at which the heart beats. Ang IT and its
receptors are important determinants of this autonomic tone.
Several aspects of AT1R signaling in CHF have emerged in recent
years and have been reviewed excellently by Zucker et al. [41].
There is now good evidence that AT1R expression in neurons is
mediated by the activation of the transcription factor AP-1. AP-1
and its component proteins are upregulated in the rostral ven-
trolateral medulla (RVLM) of animals with CHF. Because the
increase in AT1R expression and AP-1 activation can be blocked
by losartan, a positive feedback mechanism of AT1R expression in
CHFis suggested. In addition, whereas AT1R expression in RVLM is
upregulated in CHF, the AT2R expression is downregulated. Sti-
mulating RVLM ATIR in the presence of PD123319 induced a
larger response in sham rats but not in CHF rats, indicating that
AT2R in RVLM exhibits an inhibitory effect on sympathetic out-
flow and it is the downregulation of AT2R that contributes to
sympathetic overactivity in CHF [42].

Ang Il type 2 receptor
Structure
Like AT1R, AT2R also belongs to the superfamily of G-protein-
coupled receptors. The AT2R was originally cloned from a rat fetal
cDNA library and rat PC12 cells [30,31,84]. Like the AT1R, AT2R also
has a seven-transmembrane domain, with a molecular weight of
41 kDa, with 363 aminos, which is only 34% identical to AT1
receptors [30,84]. Subsequently, mouse and human AT2R cDNAs
were also cloned, and they show more than 92% homology with the
rat homolog [32,85]. Structural comparisons between AT1 and AT2
receptors indicate some important differences. In AT2R, there are
five (as opposed to three in AT1R) potential glycosylation sites at the
N-terminus of protein. Because of possible post-translational mod-
ification at these sites, AT2R protein in transfected COS-7 cells
shows a molecular weight of 80 kDa, as determined by gel electro-
phoresis, but can be converted to approximately 40 kDa by treat-
ment with N-glycosidase [84]. The second intracellular loop of AT2R
contains a potential PKC phosphorylation site and the cytoplasmic
tail contains three consensus PKC phosphorylation sites and one for
phosphorylation by cyclic AMP-dependent protein kinase [33].
Like AT1aR and AT1bR promoters, rat AT2R promoter also
contains GREs [86]. Like AT1bR, these GREs are also negative
regulatory, which explains the downregulation of AT2R expres-
sion by growth factors and glucocorticoids [87,88]. Although the
human AT2R gene has been cloned, only limited information has
been published about it so far [6,32].

Expression

AT2R is highly expressed in fetal heart and fetal aorta and is
expressed at a modest level in kidney, lung and liver [89,90].
AT2R expression declines fast after birth, suggesting that it might
play an important part in fetal development [90], but can be
induced later in adult life under pathological conditions (e.g.
fibrosis) [91]. Cardiac-specific overexpression of AT2R, however,
led to fatal consequences, showing why AT2R expression is turned
off in postnatal life (details in the section: Ang II-type 2 receptor-
Mode of action). Contrary to these developmental changes in most
of the tissues, in brainstem AT2R expression was seen to be
increased significantly with age [92]. This finding, along with
the downregulation of AT2R in RVLM [42] and in cold-induced
hypertension [93], raises new questions about the role of AT2R in
neuronal tissues.

Mode of action

Although the AT1R mediates most of the well-known effects of
Ang 11, the modes of action of the AT2R are still emerging. At a
glance, AT2R seems to counterbalance many actions of the AT1R;
for example, whereas phosphorylation of IR and IRS-1 are induced
in ATIR stimulation, the same could be attenuated by AT2R
activation [94]. Because of its intrinsic proapoptotic, antiprolifera-
tive and vasorelaxing properties, AT2R may control other physio-
logical processes such as tissue remodeling (by inhibiting cell
growth and stimulating apoptosis), BP (by vasodilatation), natriur-
esis and neuronal activity. AT2R induced antiproliferative and
proapoptotic changes in VSMCs antagonize that of AT1R. Accord-
ing to one study, AT2R might do so by forming a heterodimer with
AT1R and is thus considered as a G-protein-coupled AT1R-specific
antagonist [24]. By contrast, a more recent study reported that
AT2Rs cause hypertrophy of isolated cardiomyocytes and do not
block AT1R-mediated hypertrophy [95]. This hypertrophic
response is mediated by direct binding of the transcription factor
promyelocytic leukemia zinc finger protein to the tail of the AT2R,
leading to nuclear translocation and enhanced transcription of the
p8S subunit of PI3K [96]. This might indicate that the AT2R is
capable of participating in multiple signaling pathways, based on
tissue types or environment. The exact role of AT2R thus remains
debatable. Three major pathways have been described for AT2R
signaling, however, namely protein phosphatase pathway causing
protein dephosphorylation, activation of NO/cGMP pathway and
stimulation of PLA-2 with release of arachidonic acid [97].

Cardiovascular effects of AT2R

Vasodilatation

It is generally accepted that AT2R promotes apoptosis and inhibits
proliferation and hypertrophy. Unlike AT1Rs, the AT2R contri-
butes to maintenance of BP by controlling the vascular tone
through vasodilatation. Available evidence indicates links
between AT2R and bradykinin B2 receptors (B2Rs) in NO produc-
tion in vasodilation [98-100]. AT2R stimulation by Ang II leads to
an increase in cGMP levels through a mechanism involving B2R,
causing NO release [99,101]. AT2R activation stimulates bradyki-
nin formation by activating kininogenases [98]. These investiga-
tors found that chronic infusion of Ang II into AT2R
overexpressing mice completely abolished the AT1-mediated
pressor effect, suggesting vasodilatation by AT2R. This was blocked
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by inhibitors of B2R (icatibant) and NO synthase inhibitor N*-
nitro-L-arginine methyl ester. In addition, aortic explants from
these transgenic mice overexpressing AT2R showed greatly
increased cGMP/NO production and diminished Ang I-induced
vascular constriction. Removal of endothelium or treatment with
icatibant and N“-nitro-L-arginine methyl ester abolished these
AT2-mediated effects, indicating endothelium is the primary site
of effect manifestation by AT2R. AT2R in aortic VSM cells also
stimulates the production of bradykinin, which stimulates the
NO/cGMP system to promote vasodilation. In contrast to the
wild-type mice, in AT2R KO mice, bradykinin-induced dilation
is seriously impaired. Bradykinin-induced dilation is inhibited by
AT2R antagonist PD123319 and B2R antagonist HOE-140 but not
by Losartan. Thus, AT2R and B2R may form functional hetero-
dimers, as recently shown, and this might lead to increased NO
and cGMP production [102]. The physical association between the
dimerized AT2R and B2R initiates changes in intracellular phos-
phoprotein signaling activities leading to phosphorylation of c-
Jun terminal kinase, phosphotyrosine phosphatase activity, inhi-
bitory protein kBa, activating transcription factor 2, dephosphor-
ylation of p38 and p42/44 MAP kinase and signal transducer
inhibitor of transcription 3, and enhanced production of NO
and cGMP [97].

Anti-inflammation and apoptosis

Growth and apoptosis are also two opposite components of tissue
remodeling. Cardiac remodeling happens in certain physiological
or pathological circumstances, such as exercise, aging, hyperten-
sion and myocardial infarction. It is known that although AT2R
expression decreases sharply after birth, it can increase again in
some pathophysiological conditions. Stimulation of de novo AT2R
expression may inhibit neointima formation, cell proliferation,
inflammation in vascular injury, myocardial infarction and
ischemic diseases, suggesting its protective role. Conversely, in
AT2R KO mice, recovery from acute myocardial infarction was very
much reduced compared to the wild-type mice [103]. Whereas
neointima formation and smooth muscle cell proliferation after
vascular injury were exaggerated in AT2R KO mice, they were
suppressed in AT1aR KO mice. AT2R possibly exerts antiprolifera-
tive effects and proapoptotic effects in VSMC by controlling AT1aR
[104]. The number of apoptotic cells in the injured artery was
increased significantly in AT1aR KO mice but decreased in AT2R
KO mice. This indicates that AT2R mediates apoptosis, as was
originally demonstrated in PC12W cells by Yamada et al. [23].
Selective AT2R stimulation also inhibited restenosis after balloon
angioplasty [105]. In agreement, thus, experimental studies have
shown a beneficial role for the re-expression of the AT2R after
vascular injury leading to inhibition of cell growth and promotion
of apoptosis. Gene transfer studies in vivo have also supported that
AT2R expression attenuated neointima accumulation in injured
carotid arteries by antagonizing growth-promoting effects of AT1R
[25]. Vascular injury studies using mice with disrupted AT2R
expression showed enhanced neointima development compared
with wild-type mice, suggesting a protective role for AT2R [106].

Ectopic expression
Because de novo AT2R expression is upregulated in several disease
conditions, the pathological implication of de novo AT2R over-

expression was addressed. Left ventricle (LV)-specific overexpres-
sion of AT2R promoted the onset of dilated cardiomyopathy
phenotype and heart failure in vivo. Analysis of in vivo LV para-
meters showed reduced systolic pressure, aberrant left ventricular
end diastolic pressure and Doppler echocardiography, which is an
indicator of dialated cardiomyopathy. In addition, aberrant phos-
phorylation of several cardiac signaling proteins, disarrayed z-
bands, intercalated discs and contractile fibers were seen [107].
Invivo ectopic AT2R overexpression in postnatal LV myocardium is
thus detrimental, explaining the sharp decline of AT2R after birth.
If prolonged ARB treatment turns out to be completely beneficial
through clinical trials, then either it is a matter of dosage effect
(normal level of AT2R expression versus ectopic overexpression of
AT2R) or it depends on the time and site of AT2R expression.
Hence, the implications of overstimulation of AT2R by long-term
use of ARB are being investigated in clinical trials [21].

Acute versus chronic effects of AT1R and AT2R
inhibition

Although the long-term use of ARBs is considered to prevent the
deleterious consequences of ischemia-reperfusion injury, reduce
cardiovascular remodeling and promote vasorelaxation, the short-
term or acute effects of AT1R or AT2R antagonism led to opposing
results. Ford et al. [108] first evaluated the consequences of short-
term (acute) administration of either AT1R or AT2R antagonists. In
their model, the effects of acute administration of losartan (selec-
tive AT1R antagonist) and PD123319 (selective AT2R antagonist)
on the recovery of LV mechanical function during reperfusion
after 30 min of global, no-flow ischemia were studied. Interest-
ingly, whereas PD123319 given before ischemia improved the
postischemic recovery of LV function significantly, antagonism
by losartan inhibited the recovery of LV function, despite the fact
that no antagonists altered coronary vascular conductance. This
finding is radically opposite to the prevailing notion and indicates
that short-term AT1R agonism (not antagonism) and AT2R antag-
onism might be cardioprotective. Further studies in isolated hearts
demonstrated that PD123319 upregulated AT2R protein and
mRNA abundance, along with cGMP and PKCe expressions and
its membrane translocation and activation [109]. In ischemic
preconditioning (PC) of the heart, membrane translocation of
PKCe plays an important part. NO donors can also induce PC
by activating PKC isozymes of which PKCe is specifically involved
[110]. Augmentation of cGMP levels, along with AT2R protein
expression, could mean the involvement of AT2R-B2R-dependent
activation of bradykinin pathway in cardioprotection [97]. These
studies possibly indicate that the ratio of AT1R/AT2R protein at
any point in time dictates the outcome, the signaling mechanism
predominant in acute LV-IR recovery, observed by Ford et al. [108].
Because IR + PD123319 augmented expression of AT2R protein
and mRNA, based on most current concept of inhibitory hetero-
dimeric association between AT1R and AT2R [24,97,111], it may be
extrapolated that a higher proportion of AT1R is present as AT1R-
AT2R heterodimer in IR + PD 123319. This remaining free AT1R
may perform controlled beneficial cell, tissue regeneration and
proliferation, which is required to rebuild cardiomyocyte popula-
tion. In addition, this process does not accompany any myocyte
apoptosis in the presence of PD123319. Evidently, this procedure
might offer a novel approach for the treatment of mechanical
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Ang Il stimulation

—

AT1R promotes growth and
proliferation

Beneficial

Harmful

Promotes recovery from
cardiac I/R Injury; inhibited
by Losartan.

Promotes myocardial
remodeling, fibrosis via

inhibitors.

activation of TGF-J pathway; I/R injury recovery by PD
relieved by Losartan, ACE-

AT2R inhibits growth, promotes
apoptosis, vasorelaxation

Harmful Beneficial

Counterbalances AT1R
signaling by inhibiting cell-
growth, proliferation,
cardiovascular remodeling,
dimerizes with bradykinin
type 2 receptor enhancing
NO production and
vasorelaxation.

Inhibits recovery from
cardiac I/R Injury; improved

123,319.

Summary of acute and chronic stimulation of angiotensin Il receptors. Whereas chronic stimulation of AT1R promotes hypertension, cardiovascular remodeling
and fibrosis, its acute stimulation may promote recovery of left ventricular function from ischemia-reperfusion (I/R) injury. By contrast, on a short-term basis, AT2R
activity inhibits the recovery of left ventricular function from I/R injury, although chronic stimulation of AT2R activity when AT1R function is blunted by ARBs
promotes vasodilation and endothelial relaxation and alleviates hypertension. Red, AT1R; green, AT2R.

dysfunction of heart after ischemia. Figure 2 summarizes acute and
chronic effects of selective Ang II receptor stimulation.

Epigenetic regulation of Ang Il receptors: programming
hypertension in utero

Adverse fetal growth environment may program cardiovascular
diseases in adults, so increased cardiovascular disease risk in adult
life might have its origins in fetal life [112,113]. Barker et al. [113]
first documented that adverse intrauterine environment could be a
strong risk factor for cardiovascular diseases, and diabetes in adult
life [113,114]. Babies who are born small or thin with large
placenta at birth have higher than normal rates of ischemia,
coronary heart disease (CHD), stroke, hypertension and diabetes
in adult life. If the growth of a fetus is constrained by lack of
nutrients, there are persistent changes in the physiology of the
fetus, which lead to reduced fetal growth and elevated BP. Collec-
tively, reduced fetal growth caused by lack of either maternofetal
nutrition or other hostile stimuli (e.g. hypoxia and drug abuse)
promotes several chronic conditions later in life, as described
above. This phenomenon was termed ‘programming’ by Barker
and has been validated in animal models. The suboptimal fetal
growth environment is collectively called ‘intrauterine growth
restriction’ (IUGR). Maternal low-protein (MLP) diet in rat preg-
nancy perturbs fetal growth and caused high BP in postnatal life
[115]. This programming has a global impact: it is not restricted

only to cardio-vasculature but affects kidney and brain similarly. It
is now known that maternal glucocorticoids might play a key part
in programming hypertension, causing overstimulation of RAS
and increasing vascular resistance and hypertension [115]. Studies
on kidney in MLP conditions indicate that hypertension may be
programmed in utero by the involvement of glucocorticoids and
angiotensin receptors [116,117]. There is substantial upregulation
of AT2R mRNA expression in MLP and glucocorticoid exposed
adult female rat kidneys [117]. Similarly, fetal hypoxia caused
upregulation of AT2R mRNA and protein expression in both male
and female hearts by participation of glucocorticoid receptor (GR)
[118]. MLP diet caused global change in many components of the
RAS in different fetal mice tissues. In fetal kidneys, renin mRNA
and protein levels were increased significantly. In the lungs, there
was a decrease in both ACE I mRNA expression and ACE Il mRNA
expression. In fetal heart, there is a significant increase in the
expression of both AT1aR and AT2R mRNAs [119]. Although the
implications of many of these changes require further investiga-
tion, at least it may be derived that many components of the RAS,
including the Ang II receptors of cardiovascular system, may be
programmed in an adverse uterine environment. It is known that
MLP causes the upregulation of AT1b mRNA and protein, possibly
because of hypo-methylation of AT1b gene promoter in adrenal
gland [28]. A similar mechanism may be functional in cardiovas-
cular tissues. Role of glucocorticoids in control of Ang II receptor
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expression in cardiovasculature is also a distinct possibility
because both ATlaR and AT1bR promoters contain GREs
[27,39]. We have recently identified multiple GREs in the rat
AT2R promoter and have demonstrated that fetal hypoxia may
program increased AT2R gene expression in the heart by down-
regulating the GR expression. This may cause increased cardiac
vulnerability to ischemic injury in male rat offspring [118].
Although the mechanism of downregulation of GR in hypoxia
is a matter for investigation, and hypoxia downregulates GR in
human cells too [120], the AT2R expression is epigenetically
modified here. Placental 11 B-hydroxysteroid dehydrogenase type
2, an enzyme that inactivates maternal cortisol and thus protects
the fetus, is decreased in pregnancies complicated by IUGR. Pre-
natal exposure to glucocorticoids or the 11 B-hydroxysteroid
dehydrogenase type 2 inhibitor carbenoxolone may program
low birth weight, glucose intolerance, hypertension and cardio-
vascular diseases [121]. This programming can be reversed, at least
in animal models, by the pharmacological blockade of maternal
glucocorticoid synthesis by metyrapone [122]. Furthermore, per-
sistence of such in utero programming effects through several
generations might indicate the potential involvement of epige-
netic mechanisms in the intergenerational inheritance of the
‘programmed phenotype’ and provides a molecular basis for the
inherited association between low birth weight, angiotensin
receptors and cardiovascular diseases [123].

The expression of many genes may be altered by epigenetic
mechanisms such as DNA methylation or histone acetylation in
promoters. The density of methylation is important because a weak
promoter can be silenced by only a few methylated CpGs (5'-CpG-
3’), whereas a higher density of methylation is required to repress a
strong promoter. The window of establishment of the DNA methy-
lation pattern formation possibly lies entirely within the early
developmental stage of life (i.e. in utero), so factors — including
nutrition, hypoxia and maternal glucocorticoids - that affect this
machinery early in uterine life may have permanent effects on gene
expression in coming generations. Methylation of DNA is catalyzed
by the DNA methyltransferases and utilizes S-adenosylmethionine
as the principal methyl donor. As a result, DNA methylation is
dependent on two biochemical pathways, namely the folate and the
methionine-homocysteine cycle [124]. MLP may cause distur-
bances in the methionine-homocysteine cycle that hence impact
upon the supply of methyl donors for methylation of DNA. Indeed,
the decreased folic acid in MLP may play a crucial part in the hypo-
methylation of AT1b gene promoter resulting in increased AT1bR
expression in the adrenal gland in offspring. A consistent MLP diet
supplemented with folic acid, glycine and urea can inhibit the
detrimental effects of the MLP diet [125,126]. Folicacid (a B vitamin)
plays a crucial part in cell proliferation and division, including the
production of red blood cells. Folic acid is crucially required in
pregnancy. In the fetus, folic acid helps formation of the neural tube
and confers protection against various birth defects. Besides folic
acid, several dietary nitrogen supplements (e.g. glycine and urea)
might also play a protective part in normal cardiovascular devel-
opment and the maintenance of normal BP in IUGR [126].

Genetic variants of Ang Il receptors
Genetic variants of the RAS have been implicated in cardiovascular
diseases. Whereas IUGR programs cardiovascular diseases, certain

genetic variants of the RAS and Ang II receptors are genetically
predisposed to increased sensitivity to AngIl, higher risk of CHD or
ischemic events. An adenine/cytosine base substitution at position
1166 in the human ATIR gene is associated with the increased
incidence of essential hypertension and coronary artery vasocon-
striction, owing to enhanced response to Ang II in patients with
the AT1R double mutant (CC) genotype (AT1IRCC!!%%) [127]. The
enhanced Ang II responsiveness of ATIRCC!'®® variant may
explain the described relation between this polymorphism and
cardiovascular abnormalities [128]. The CHD event rate was also
higher in ATIR-CC''®® variants than in ATIR-AC''®® or
AT1RAA''%® genotypes. This was further confirmed with decreased
survival among the AT1R-CC!!%® genotype compared to the cor-
responding A alleles [129]. Furthermore, AT1R-CC''%® and ACE-
DD genotypes interact to increase the risk of ischemic heart disease
[130]. The role of AT1R polymorphisms has also been evaluated in
hyperlipidemia. In patients with familial hypercholesterolemia,
the AT1R-CC''°® variant may increase the risk of CHD [131,132].
Single nucleotide polymorphic (SNP) variants of human AT2R are
also known. There is no association between CHD risk and
AT2R1675A versus AT2R1675G SNP variants. Kaplan-Meier curve
revealed no difference in survival between AT2R1675A and
AT2R1675G alleles at normotensive systolic BP. In contrast to
the AT2R1675G carriers (who are protected from hypertension),
the AT2R1675A genotype is associated with a higher risk of CHD in
subjects with systolic hypertension. Furthermore, individuals car-
rying both AT2R3123A and AT2R1675A SNPs have a tenfold
greater risk of CHD than AT2R3123A and AT2R1675G haplotypes.

Therapeutic intervention of Ang Il stimulation

Pharmacological blockade of the RAS with ACE-I and ARBs restores
insulin sensitivity, alleviates diabetic complications and controls
hypertension. ACE-I can decrease the incidence of type 2 diabetes
in hypertensive patients and, therefore, is widely used to prevent
renal and cardiovascular diabetic complications [132]. ACE-I
improve glucose metabolism through effects on kinin-NO path-
ways. ACE-I and ARBs also improve endothelial dysfunction.
Mechanisms include increases in bradykinin levels [133] and
Ang (1-7) levels [134]. Acting on Mas receptors, Ang (1-7) may
attenuate the ACE-Ang II-AT1R axis [11]. Ang (1-7) presents a
newly recognized Ang Il metabolite derived by the action of ACE-2
that contributes to the beneficial cardiorenal and vasculature
control of BP [135,136]. Further recent recognition of Ang (1-
12), a newly identified endogenous substrate for Ang II produc-
tion, might be another target for the control of RAS stimulation
[137]. Recognition that RAS contains both a pressor and a depres-
sor arm in exerting regulatory functions on vascular tone and
cellular signaling, which paved the way for the generation of an
alternate hypothesis as to how an imbalance of their functions
contributes to cardiovascular diseases [26]. At the same time, it
may lead to the design of the synthetic RAS-related peptide deri-
vatives or analogs that may be the RAS therapeutics of the future.
However, a new generation ARB, telmisartan, has been shown to
effectively activate the peroxisome proliferator activated receptor
v (PPAR-y), a well-known antidiabetic component. Thus, the
beneficial effects of some new generation ACE-I and ARBs might
go well beyond their conventional effects on the RAS. Identifica-
tion of telmisartan as a unique Ang II receptor antagonist with
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selective PPARy-activating ability opens a new frontier for devel-
oping next-generation ARBs containing PPARvy-activating proper-
ties, with enhanced potential for treating hypertension, diabetes
and the metabolic syndrome simultaneously [69]. ACE2, an ACE
homolog that promotes degradation of Ang II to Ang (1-7), is a
recently recognized therapeutic target for intervention in cardio-
vascular diseases [11]. The human trypanocide diminazene acetu-
rate [138], an activator of ACE2, is currently being tested. This
could be a novel antihypertensive drug in the near future. Under-
standing mechanisms of IUGR-induced programming of the RAS
components calls for a potential therapeutic approach with dietary
supplements such as folate and nitrogen-enriched diets in protect-
ing the fetus from an adverse intrauterine environment. AT2R may
also be a potential new drug target as AT2R dimerizes with bra-
dykinin receptors inducing vasorelaxation. Controlling the
expression of AT2R-B2R and influencing its biologically active
dimerization potential present a novel therapeutic strategy for the
treatment of hypertension, cardiovascular and renal disorders
[105]. Vitamin D is a potent suppressor of renin biosynthesis
and can regulate RAS. Vitamin D deficiency stimulates renin
expression and can be reversed by vitamin D injection. In addi-
tion, mice lacking vitamin D receptor have elevated production of
renin and Ang II. Furthermore, in cell cultures, 1,25 (OH), Dj
directly suppresses renin gene transcription in a vitamin-D-recep-
tor-dependent mechanism. Gemini-vitamin D3 analogs have
more potent renin-suppressing activity than 1,25 (OH), D3 Thus,
vitamin D analogs present yet another novel class of antihyper-
tensive agents for the future [139]. Until now, intervention of the
RAS has been done by ACE-I and ARBs. New studies done on the
RAS, angiotensin receptors and their epigenetic programming
mechanism have led to the identification of newer strategies for
future drug development and newer ways to better manage hyper-
tensive cardiovascular diseases.

Concluding remarks

The RAS is connected to multiple cellular signaling systems that
are crucially balanced under normal conditions. One mechanism
for the pathogenesis of hypertensive cardiovascular diseases is
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