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22.1 Introduction

The renin-angiotensin system (RAS) plays a central role in blood pressure regula-
tion. The main effector peptides of this system, the octapeptide angiotensin II (Ang
II; Ang 1-8) and the heptapeptide angiotensin III (Ang III; Ang 2-8), act at least on
four different receptor subtypes (ATR 1-4). Most of the classical angiotensin actions
are mediated by the AT1 receptor (AT1R). They include generalized vasoconstric-
tion, increased release of noradrenaline, stimulation of proximal tubular reabsorp-
tion of sodium ions, secretion of aldosterone from the adrenal cortex, and cell
growth in the arterial wall and in the heart [1]. Ang II induces endothelial dysfunc-
tion, activates prooxidant and proinflammatory processes, and promotes cardiovas-
cular remodeling, thus contributing to vascular tone regulation as well as to the
development and progression of hypertension [2, 3].

In the past two decades, novel RAS peptides and receptors have been identified,
including the angiotensin AT2 receptor (AT2R), angiotensin-converting enzyme 2
(ACE2), and Ang (1-7) with its G-protein-coupled receptor Mas. The AT2R and the
MasR form heterodimers and are functionally closely related [4]. These compo-
nents are considered as the “protective arm” of RAS because they mainly activate
opposing actions compared to those mediated by the AT1R.
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Prehypertension is characterized by functional and structural changes in the
microcirculation. A reduction of small arterial elasticity, the earliest predictor for
hypertension development [5], along with endothelial dysfunction, nitric oxide defi-
ciency, accumulation of extracellular matrix, and inflammation, contributes to early
vascular remodeling. Increased circulating and local expression of RAS compo-
nents in the vasculature and subsequently enhanced Ang II production are involved
in these pathological processes [6]. Experimental studies in “prehypertensive” rats
provided first evidence for the unique effect of RAS interaction on vasculature and
blood pressure: Inhibiting the RAS by ACE inhibitors or angiotensin AT1 receptor
antagonists (ARBs) prevented the progression of hypertension and vascular remod-
eling in young “prehypertensive” spontaneously hypertensive rats (SHR) [7-12].
Later on, investigations in humans [13—15] provided evidence that interfering with
the RAS not only lowered blood pressure but also improved vascular factors deter-
mining vascular tone.

The present overview deals with the role of “harmful” and “protective’” arms of
RAS in prehypertension particularly in the context of early vascular remodeling.
Furthermore, studies on pharmacological blockade of the RAS in prehypertensive
humans are discussed.

22.2 Classical Renin-Angiotensin System
22.2.1 AT1 Receptor

Ang II constricts precapillary arterioles by activating AT1 receptors of vascular
smooth muscle cells (VSMC). Direct vasoconstriction in the kidney leads to
reduced renal flow and subsequent efferent arteriole constriction resulting in
increased filtration pressure. Blood pressure-driven diuresis and sodium excretion
generate a feedback loop on renin release. Furthermore, Ang II facilitates periph-
eral noradrenergic neurotransmission by augmenting norepinephrine release from
sympathetic nerve terminals and by enhancing the vascular response to norepi-
nephrine. This facilitating effect is mediated by presynaptically localized AT1
receptors [16]. Expression of endothelin-1 in response to Ang II also contributes to
vasoconstriction [17] (Fig. 22.1).

The pathophysiological mechanisms of vascular remodeling are attributed to an
Ang II-dependent increase of NAD(P)H oxidase activity via the AT1R in endothe-
lial and VSMCs [18, 19], thereby stimulating reactive oxygen species (ROS) and
nitrogen (RNS) formation in the vessel wall [20]. ROS products such as superoxide
and H,O, may activate mitogen-activated protein kinases, tyrosine kinases, phos-
phatases, calcium channels, and redox-sensitive transcription factors [20]. Activation
of these signaling pathways results in cell growth and expression of proinflamma-
tory genes.

Above hypertrophic effects on the vascular wall, actions of Ang II mediated by
ROS include vasoconstriction and decreased vasodilatation. The ROS, which is gen-
erated especially by NAD(P)H oxidase, causes lipid peroxidation and generation
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of various vasoconstricting molecules such as F2 isoprostanes. On the other hand,
ROS/RNS reduce the availability of the major vasodilator NO by reacting with
superoxide [21].

Furthermore, via ATIR activation, Ang II controls cellular growth, migration,
and intercellular matrix deposition and hence influences chronic adaptive changes
in vascular growth and remodeling. Ang II stimulates the accumulation of extracel-
lular matrix proteins, like collagen, elastin, fibrillin, fibronectin, and proteoglycans,
which induce a phenotype switch in VSMC from contractile to proliferative/syn-
thetic [22].

22.2.2 Vasopressin

Acting on AT1 receptors in hypothalamus and brainstem, Ang II or Ang III influ-
ence drinking behavior, sodium intake, natriuresis, and vasopressin release [23].
Vasopressin, an antidiuretic hormone, induces volume expansion followed by eleva-
tion of blood pressure. The pressor and antidiuretic actions are mediated by differ-
ent vasopressin receptor subtypes, Vla, V1b, and the V2 receptors (V1aR, V1bR,
V2R). The V1aR are expressed abundantly in the vascular smooth muscle cells, and
their stimulation is responsible for the vasopressor effect. Blockade of the V1aR for
4 weeks in prehypertensive SHR could attenuate the development of hypertension
in adult SHR [24]. This was recently supported by an increase of plasma vasopres-
sin and of renal V1aR gene and protein expressions parallel to hypertension
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development in SHR [25]. However, in well-hydrated volunteers and in patients
with a mild form of essential hypertension, VIR blockade did not alter blood pres-
sure [26, 27]. Thus, the potential contribution of vasopressin to the development of
hypertension from prehypertension requires further investigations.

22.2.3 Aldosterone

In 1958, Franz Gross postulated a physiological link between the RAS and aldoste-
rone secretion in the zona glomerulosa of the adrenal gland [28]. Later on, several
groups of investigators confirmed that Ang II stimulates aldosterone secretion [29].
Aldosterone, the primary mineralocorticoid, acts via the mineralocorticoid recep-
tors (MR) in the kidneys and plays a central role in the regulation of blood pressure,
blood volume, and salt household. Importantly, aldosterone contributes to the patho-
genesis of hypertension beyond primary aldosteronism via several pathogenetic
pathways, e.g., renal sodium and water retention, increased peripheral resistance,
and stimulation of the sympathetic nervous system [30]. Since aldosterone levels
within the upper part of the physiological range predispose normotensive subjects
to the development of hypertension [31], it can be assumed that aldosterone also
contributes to prehypertension.

The effects of aldosterone on blood pressure regulation extend beyond
increased intravascular fluid retention and volume overload. Aldosterone modu-
lates vascular tone by upregulation of the ATIR, by limiting bioavailability of
endothelial NO, by increasing pressor responses to catecholamines, and by
impairing the vasodilatory response to acetylcholine [32]. In addition, aldosterone
excess activates inflammation and oxidative stress alters fibrinolysis by increasing
plasminogen activator inhibitor-1 expression [33] and promotes vascular hyper-
trophy followed by increased arterial stiffness [34]. All these cellular pathways,
regulated by aldosterone via the MR and by Ang II via its AT1R, can reinforce
each other [35].

In an experimental model of prehypertension in young SHR, treatment with the
MR antagonist, spironolactone resulted in prolonged blood pressure reduction and
decreased collagen deposition [36]. Nevertheless, compared to the ATIR antago-
nist, losartan, the transient effect of spironolactone treatment was less impressive.

22.3 “Protective” Arm of the RAS

Recently, attention has been paid to the “protective” arm of RAS [37] that consists
of several angiotensin peptides and their fragments and receptors with actions at
least partly opposing the classical RAS concept. Some of these angiotensin pep-
tides, related enzymes, and receptors are of particular interest because they play a
protective role in the cardiovascular system.

Angiotensin-converting enzyme 2 (ACE2) has been described to be a potent neg-
ative regulator of the RAS, counterbalancing the multiple functions of ACE [38].
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ACE2 converts the decapeptide, angiotensin I, to angiotensin Ang (1-9), which can
be further converted by ACE to a shorter peptide, Ang (/7). Alternatively, Ang
(1-7) can also be formed directly from Ang I via neutral endopeptidase (NEP, nepri-
lysin). Interestingly, in prehypertensive SHR, the ACE2 levels are reduced [39].

Ang (1-7) evokes a range of acute central and peripheral effects such as vasodi-
latation, inhibition of VSMC proliferation, and inhibition of vasopressin release
[40]. Although some of these effects depend on the acute activation of eNOS or
inhibition of NADPH oxidase [41, 42], others may point to a potential role of Ang
(1-7) in endothelial regeneration [43].

Furthermore, Ang (1-7) is known to be the endogenous ligand for the Mas recep-
tor, a seven-transmembrane domain G-protein-coupled receptor sharing a 31%
sequence identity with the AT2R [38, 44]. Other studies have suggested that the Mas
receptor can heterodimerize with AT1R to inhibit the effects of Ang I [45]. A recent
study shows heterodimerization and close functional relationship of the Mas R and
the AT2R [4]. Mas receptor activation promotes often opposing effects to those of
the ATIR such as anti-inflammation, antiproliferation [46], and blood pressure
reduction as shown in DOCA-salt-induced hypertension in rats [47].

Ang IV (3-8) is formed via the cleavage of Ang III (Ang 2—-8) by aminopeptidase
B or N. Ang IV was reported to activate anti-inflammation and antiproliferation
through a poorly defined AT4R and to induce vasodilatation and vascular protection
via eNOS activation and subsequent NO release [48]. In addition, chronic treatment
with Ang IV improved endothelial dysfunction in ApoE-deficient mice. This vaso-
protective effect most likely resulted from increased NO bioavailability [49].

The angiotensin AT2 receptor (AT2R) is much less expressed under basal condi-
tions compared to the AT1R. However, in cardiovascular diseases, such as hyper-
tension or left ventricular hypertrophy, the AT2R expression is upregulated [3, 50].
The AT2R is a seven-transmembrane domain G-coupled receptor [51] that acts via
several intracellular signaling pathways such as NO/cGMP activation [52], inhibi-
tion of mitogen-activated protein kinases (MAPKs) by protein phosphatases [53],
phospholipase A2 stimulation [54], or disruption of AT 1R signaling by AT ,R-AT,R
heterodimerization [55]. Similar to the MasR, AT2R activation promotes often
opposing effects to those of the AT1R such as anti-inflammation, vasodilatation,
and cell proliferation [1]. Activated AT2R also inhibits sympathetic activity [56]
and through the phosphorylation of MAP kinase counteracts AT1R-mediated
actions [57]. Notably, the AT2R mediates activation of bradykinin/NO/cGMP sys-
tem in endothelial cells [58], in the heart [59] and in the aorta of prehypertensive
stroke-prone spontaneously hypertensive rats (SHR-SP) [52]. In SHR-SP, the AT2-
mediated increase in aortic cGMP is mediated by bradykinin B2 receptors, which
activate NO synthase, followed by NO production and formation of the cGMP.
c¢GMP, in turn, exerts antihypertensive and tissue protective effects such as vasodi-
latation, natriuresis, and antigrowth [60]. In addition, AT2 knockout mice have
slightly elevated blood pressure, low basal levels of renal bradykinin and cGMP, as
well as low NO production [61]. Conversely, AT2 receptor overexpression acti-
vated the vascular kinin system and caused vasodilatation [62]. In humans, the
AT?2-mediated vasorelaxation has been directly demonstrated in isolated coronary
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artery [63] and gluteal vasculatures [64]. Whereas acute vasodilator role of AT2R
is well described, chronic decrease of blood pressure seems to be minimal after
AT2R stimulation [65, 66].

Nevertheless, the AT2R has consistently been shown to be important in the
prevention of vascular remodeling. In experimental studies performed in prehy-
pertensive rats, AT2R stimulation with a selective AT2R agonist, compound 21
[67], reduced vascular fibrosis [68] and improved endothelial function and vascu-
lar composition by reducing oxidative stress, collagen content, fibronectin, and
inflammatory cell infiltration [69]. AT2R stimulation also protected against
nephropathy in doxorubicin-treated rats [70] and in 2K1C hypertension [71].
Furthermore, in a mouse model of type 1 diabetes, AT2R showed microvascular
vasodilator properties [72].

In addition, AT2R exerts an anti-remodeling effect with regard to atherosclerotic
lesions [73] and neointimal formation [74]. Iwai and colleague [75] demonstrated
that AT2R/ApoE-double knockout mice fed a high-cholesterol diet display exagger-
ated atherosclerotic lesion development parallel with increased NADPH oxidase
activity and superoxide production when compared to ApoE knockout mice. In
humans, AT2Rs are expressed in the atherosclerotic and aneurysmatic lesions being
mainly localized in the endothelium of vasa vasorum [76].

Taken collectively, an AT2 receptor-mediated increase in production of vasodila-
tors (nitric oxide, cGMP), as well as the antigrowth and antifibrotic and anti-inflam-
matory features of this receptor, might contribute to blood pressure lowering and
prevent remodeling in prehypertension.

22.4 Pharmacological Blockade of the RAS
in Prehypertension

In view of the above-described contribution of the RAS to pathological changes in
the vasculature and other target organs, given the availability of pharmacological
inhibitors of this system and stimulated by experimental data in spontaneous
hypertensive rats [7, 11, 12], the idea was borne to delay or even prevent the devel-
opment of hypertension in prehypertensive individuals via pharmacological block-
ade of the RAS.

These considerations led to the conception of the so-called TROPHY (Trial of
Preventing Hypertension) study “Feasibility of treating prehypertension with an
angiotensin-receptor blocker” by Stevo Julius and colleagues [14]. The aim of this
clinical trial was to investigate ... whether pharmacological treatment of prehyper-
tension prevents or postpones stage 1 hypertension.”

Participants with systolic blood pressure, between 130 and 139 mmHg and dia-
stolic blood pressures of 89 mmHg or lower, were treated for 2 years with the angio-
tensin AT1 receptor blocker, candesartan, or with placebo followed by placebo for 2
years for both groups. When a participant became hypertensive (stage 1), he or she
was continued on candesartan. Advice for “healthy living” to reduce blood pressure
was given to both groups throughout the study.
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Data from 772 participants could be analyzed, roughly half and with respect to
groups. During the first 2 years, 154 participants reached the endpoint in the placebo
group, compared to only 53 participants in the candesartan group, corresponding to
a risk reduction of more than 66%. After 4 years, 240 individuals had developed
hypertension in the placebo group, compared to 208 in the candesartan group. Thus,
there was still a significant risk reduction of 16% in the group that had been started
on candesartan.

The results of this trial demonstrate, first, that prehypertension can indeed be
considered a precursor of hypertension in a substantial number of individuals
(nearly two thirds) and, second, that a period of early intervention with an inhibitor
of the RAS can delay the appearance of hypertension.

While the design of this study appeared relatively straightforward and the results
on first glance quite clear, TROPHY fueled a lot of discussion and received positive
as well as negative critiques.

On the negative side, the authors were criticized for using an “odd clinical end-
point” [77]. Without going into too much detail here, this point was answered by the
authors in a reappraisal of their outcome data using the criteria of the “Joint National
Committee on Hypertension (JNC)” [78]. There were only very minor differences
between this analysis and that of the original report.

Even more serious was the criticism that TROPHY did, according to scenarios
developed by its authors in an interim report [79], not prevent or delay the develop-
ment of hypertension but instead caused a “slow unmasking” of hypertension [77].
Indeed, although the endpoints in both groups were still significantly different with
less incidence of hypertension in the candesartan group, the slope of the cumulative
incidence curve rose promptly after 2 years when candesartan treatment was
replaced by placebo. Continuing on their respective slopes, the curves of both
groups would have probably met after another 2 years or so. Thus, the study did
indeed not show that hypertension can be prevented by a transient pharmacological
intervention but that it can be delayed. The authors, although playing with the
thought of prevention on several occasions, did not make this claim in the abstract
of their original paper but just mention that “treatment with candesartan reduced the
risk of incident hypertension during the study period” which is certainly not over-
interpreting the data.

The authors further conclude cautiously that “treatment of prehypertension is fea-
sible.” This statement, too, is justified by the data of their study, but does it make sense,
clinically? Would it imply that, if taken seriously, 25 million prehypertensive US
Americans would have to be treated pharmacologically with an inhibitor of the RAS
notwithstanding the “rest of the world”’? Would the usual lifestyle adaptations (weight
loss, salt restriction, exercise and dietary modifications) as more or less authoritatively
advocated around the world not have the same effect without “chemistry”?

Kjeldsen et al. [80] argue against this by alluding to the fact that the prevalence
of prehypertension has increased despite intensive efforts to promote such healthy
lifestyles [81]. They argue further that, just taking the US American population, of
the 25 million US Americans with TROPHY-like blood pressures, almost 16 mil-
lion will become hypertensive over the next 4 years according to the experience
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from the TROPHY placebo group. Should one not intervene as early as possible in
these individuals given the fact that prehypertension already carries pathological
abnormalities in cardiovascular structure and function? If one follows this argu-
ment, the question is not any more whether or not it is possible to delay the onset
of hypertension by transient pharmacological intervention, but to prevent hyperten-
sion altogether by early-onset, continuous treatment in prehypertensive individuals.
Kjeldsen et al. [80] deliver a strong argument in favor of such early intervention:
If one uses the absolute difference in risk reduction between groups in TROPHY,
one can calculate that four individuals with prehypertension need to be treated to
prevent one case of hypertension in 2 years.

Two years after TROPHY, another clinical study, named PHARAO (Prevention
of Hypertension with the Angiotensin-converting enzyme inhibitor RAmipril in
patients with high-nOrmal blood pressure), was published [15].

The objective was quite similar to the one in TROPHY, namely, to address
“whether the progression to manifest hypertension in patients with high-normal
blood pressure can be prevented with treatment.” The study included 505 individu-
als in the ramipril and 503 individuals in the placebo group, lasted 3 years and, in
addition, used ambulatory blood pressure monitoring to confirm the diagnosis of
hypertension. After 3 years of treatment, 153 individuals in the ramipril group
(30.7%) and 216 (42.9%) in the placebo group reached the primary endpoint (rela-
tive risk reduction 34.4%; p < 0.0001). Ramipril also reduced the incidence of office
hypertension in participants with high-normal blood pressure established by ambu-
latory blood pressure monitoring (ABPM). The authors concluded that “treatment
of patients with high-normal office blood pressure with the angiotensin-converting
enzyme inhibitor was well tolerated, and significantly reduced the risk of progres-
sion to manifest hypertension.” Analysis of the data further revealed that ramipril
not only shifted the incidence of manifest hypertension downward in a parallel man-
ner to the placebo group but, in addition, diminished the slope of the graph during
the treatment period. This was interpreted to mean that the ACE inhibitor not only
lowered blood pressure per se but also interfered with the vascular or neurohumoral
factors determining vascular tone.

As with the angiotensin AT1 receptor blocker, candesartan, in TROPHY, it is
now a member of another class of RAS inhibitors, the ACE inhibitor ramipril, which
yielded such a preventive antihypertensive effect suggesting that a specific interfer-
ence with the harmful arm of the RAS would reduce the risk toward manifest hyper-
tension. However, in the absence of comparable studies with other classes of
antihypertensive drugs, this idea, despite its theoretical plausibility, remains
speculative.
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