Nitric Oxide, Angiotensin |1, and Hypertension

By Ming-Sheng Zhou, Ivonne H. Schulman, and Leopoldo Raij

Although initially adaptive, the changes that accompany hypertension, namely, cell growth, endothelial dysfunc-
tion, and extracellular matrix deposition, eventually can become maladaptive and lead to end-organ disease such
as heart failure, coronary artery disease, and renal failure. A functional imbalance between angiotensin Il (Ang Il)
and nitric oxide (NO) plays an important pathogenetic role in hypertensive end-organ injury. NO, an endogenous
vasodilator, inhibitor of vascular smooth muscle and mesangial cell growth, and natriuretic agent, is synthesized
in the endothelium by a constitutive NO synthase. NO antagonizes the effects of Ang Il on vascular tone, cell
growth, and renal sodium excretion, and also down-regulates the synthesis of angiotensin-converting enzyme
(ACE) and Ang Il type 1 receptors. On the other hand, Ang Il decreases NO bioavailability by promoting oxidative
stress. A better understanding of the pathophysiologic mechanisms involved in hypertensive end-organ damage
may aid in identifying markers of cardiovascular susceptibility to injury and in developing therapeutic interventions.
We propose that those antihypertensive agents that lower blood pressure and concomitantly restore the homeo-
static balance of vasoactive agents such as Ang Il and NO within the vessel wall would be more effective in

preventing or arresting end-organ disease.
© 2004 Elsevier Inc. All rights reserved.

YPERTENSION IS A MAJOR risk factor

for coronary artery disease, congestive heart
failure, cerebrovascular disease, peripheral vascu-
lar disease, and rena failure. Hypertension in-
volves 3 magjor factors: abnormal vascular tone,
abnormalities in volume and salt regulation, and
vessel wall remodeling. Both nitric oxide (NO) and
angiotensin 11 (Ang I1) are important players in
these pathogenetic mechanisms. The interactions
of and balance between NO and Ang Il are of key
importance in hypertensive end-organ injury and
are the focus of this review.

THE RENIN-ANGIOTENSIN AND NO SYSTEMS

The renin-angiotensin system (RAS) is an enzy-
matic cascade that starts with the cleavage of an-
giotensinogen by renin to form the inactive deca-
petide Ang |. Thereafter, Ang | is converted by
angiotensin-converting enzyme (ACE) to form
Ang Il. ACE, or kininase, is a bivalent dipeptide
carboxyl metallopeptidase present as a membrane-
bound form in endothelial, epithelial, or neuroep-
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ithelial cells, including the heart, kidney, and brain,
and as a soluble form in blood and numerous body
fluids.t ACE cleavesthe C-terminal dipeptide from
Ang | and bradykinin. Thus, ACE strategically
regulates the balance between the RAS and the
kallikrein-kinin system.2

The main subtypes of Ang |l receptors are Ang
type 1 (AT,) and Ang type 2 (AT,). Both the AT,
and AT, receptors belong to the superfamily of
G-protein—coupled receptors that contain 7 trans-
membrane regions.® Their amino acid sequence
seems to be highly conserved across species and
across tissues within a species. AT, and AT, re-
ceptors have distinct signal transduction pathways.
AT, receptor is distributed ubiquitously and abun-
dantly in adult tissues, including blood vessels,
heart, kidney, adrenal gland, liver, brain, and lung.
The AT, receptor mediates all the classic and well-
known effects of Ang Il, such as an increase of
blood pressure, vasoconstriction, cardiac contrac-
tility, aldosterone release from nerve endings, renal
sodium and water reabsorption, and Ang ll-in-
duced growth in cardiovascular and renal tissues.
NO can down-regulate AT, receptors in vascular
tissue* and the adrenal gland> and mitigate the
action of Ang Il. Although AT, receptor actions
have not been elucidated fully, AT, receptors have
been associated with the synthesis and/or the re-
lease of both prostaglandins and NO and have been
shown to exert antiproliferative effects.®

The circulating RAS participates in short-term
regulation of the cardiovascular system, which be-
comes activated in acute conditions including hy-
potension, hypovolemia, and hemorrhage. In the
case of chronic condition, including hypertension
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and chronic heart failure, activation of the RAS
causes long-term regulation of cardiovascular ho-
meostasis via sustained activation of local angio-
tensin and degradation of bradykinin, resulting in
permanent structural changes.?

NO is synthesized in the endothelium by endo-
thelial nitric oxide synthase (eNOS), which con-
verts L-arginine to citrulline and NO. In endothe-
lial cells, NOS is bound to cell membrane—
associated caveolae.” Blood flow—induced shear
stress on endothelial cells is the major physiologic
stimulus for vascular NO production by eNOS.8
This activation of eNOS has been shown to be
directly dependent on phosphorylation by serine/
threonine protein kinase Akt/PKB, and not primar-
ily mediated by an increase in intracellular calcium
levels.®

NO activates the enzyme soluble guanylate cy-
clase to generate the second messenger cyclic
guanosine monophosphate (cGMP).1° Activation
of thisenzymeis mediated by the binding of NO to
the heme moiety of soluble guanylate cyclase to
form the nitrosyl-heme adduct of soluble guanylate
cyclaselt As aresult, the heme iron is shifted out
of the plane of the porphyrine ring configuration,
which initiates the binding of guanosine triphos-
phate and the formation of cGMP. cGMP activates
2 specific cGMP-dependent protein kinases, pro-
tein kinase G (PKG) | and Il. PKG | is the main
kinase mediating vasodilatation and inhibition of
platelet aggregation.12

Endothelial production of NO has become a
major research area in vascular biology. Some of
the most important effects that NO exerts in the
vascular wall are potentially vasoprotective be-
cause these effects maintain important physiologic
functions such as vasodilatation, anticoagulation,
leukocyte adhesion, smooth muscle proliferation,
and antioxidative capacity.13

INTERACTION OF ANG Il AND NO IN THE
REGULATION OF VASCULAR TONE

There is a countervailing interaction between
endothelial NO and Ang 11.1416 The balance be-
tween NO, Ang Il, and vascular generation of
reactive oxygen species appear crucia for main-
taining the homeostasis of the cardiovascular and
renal systems, particularly for regulation of vascu-
lar tone and modulation of growth-related patho-
logic changes.'# During the pathogenesis of hyper-
tension in both animal models and humans, this
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homeostatic balance becomes perturbed so that the
actions of Ang Il predominate over those of NO
(Fig 1).v7

ENDOTHELIAL FUNCTION

The endothelium is the site of the final step of
synthesis of both Ang Il and NO and a mgjor site
for their interaction. The vascular endothelium
plays a key role in the control of vasomotor tone,
local homeostasis, and vascular wall proliferation
processes.3 Endothelium-derived NO may con-
tribute to the overall regulation of arterial blood
pressure by virtue of its ability to relax vascular
smooth muscle. Inhibition of NO production stim-
ulates endothelial ACE activity and generation of
Ang Il and superoxide anion (O, ), induces vaso-
constriction, and causes pronounced and sustained
hypertension.181® Mice lacking the eNOS gene
have a dightly higher arteria blood pressure than
wild-type animals,2° whereas hypotension has been
found in mice with overexpression of the NOS
gene2t

Ang Il has been shown to increase O, produc-
tion in rat vascular smooth muscle cells (VSMCs),
mesangia cells, and human vascular endothelial
cells through activation of the reduced forms of
nicotinamide-adenine  dinucleotide/nicotinamide-
adenine dinucleotide phosphate oxidase.2224
Chemical antagonism between O, and NO has
been recognized as a potentially important modu-
lator of vascular reactivity as well as being a
source of peroxynitrite, a potent oxidant.2s In-
creased production of O, could be responsible for
impairment of the balance between relaxing and
contracting factors released from the endothelium,
leading to expression of endothelium-dependent
vasoconstriction and loss of endothelium-depen-
dent vasorelaxation.2627 Furthermore, oxidative in-
jury of endothelial cellsinduced by O, converted
to peroxynitrite, hydrogen peroxide, or hydroxyl
radicals may inhibit production and release of re-
laxing factors. All of these properties support the
concept that excessive production of O, in endo-
thelial cells may increase the tone of the underly-
ing smooth muscle.28

This NO, Ang Il, and O, interaction in the
regulation of vascular tone has been documented
clearly in humans with increased Ang Il owing to
renovascular hypertension. Higashi et al2° showed
that the forearm blood flow in response to acetyl-
choline was lower in subjects with renovascular
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hypertension than in controls. Angioplasty de-
creased systolic and diastolic blood pressures, fore-
arm vascular resistance, and urinary excretion of
8-hydroxy-2’-deoxyguanosine and serum malond-
ialdehyde-modified low-density lipoprotein, in-
dexes of oxidative stress. Co-infusion of ascorbic
acid (vitamin C) augmented the response of fore-
arm blood flow to acetylcholine before angioplasty
but not after angioplasty. These studies in patients
with renovascular hypertension as well as ex vivo
studies of human arteries have shown that the

jury. mc, mesangial cells.

biological interaction between Ang Il, O, , and
NO is fully operative in humans (Fig 2).

INTERACTION WITH ENDOTHELIN-1

The antagonistic effects between NO and Ang 11
appear also in interactions with other vasoactive
substances. Endothelin-1 (ET-1) is a powerful va-
soconstricting peptide released from the endothe-
lium.3° Ang Il stimulates the endothelia cell to
synthesize and release ET-1.31 In Ang Il-induced
hypertension, ET-1 augments Ang ll-induced va-
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Fig 2. Effect of concomi- 80 -
tant administration of the an-
tioxidant ascorbic acid (24
mg/min, vitamin C) on the re-
sponse of forearm blood flow
to the administration of ace-
tylcholine before and after
angioplasty in subjects with
renovascular hypertension.
Data are expressed as
mean =+ SD. P < .0001, before
angioplasty group compared
with the other 3 groups. O,
Before angioplasty; @, before
angioplasty plus ascorbic
acid; [, after angioplasty; m,
after angioplasty plus ascor-
bic acid. Reprinted with per-
mission from Higashi Y,
Sasaki S, Nakagawa K, et al:
Endothelial function and oxi-
dative stress in renovascular
hypertension. N Engl J Med
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soconstriction.32 On the other hand, NO inhibits
endothelia cell ET-1 production and action. In the
porcine aorta, NOS inhibition augments the release
of ET-1, whereas 8-bromo cGMP has an inhibitory
effect on ET-1 release, suggesting that NO inhibits
ET-1 production via a cGMP-dependent mecha-
nism.33 Selective endothelin A (ETA) or dua
ETA/endothelin B (ETB) receptor antagonists
blunt the acute pressor response caused by NOS
inhibition,3* whereas blockade of NO formation
magnifies ET-1-induced vasoconstriction of vari-
ous vascular territories.3> NOS inhibition facili-
tates Ang |l1-related effects, which can beinhibited
by both AT, receptor and endothelin receptor an-
tagonists. Human and anima studies have sug-
gested that there is a feedback mechanism between
Ang I, endothelin, and NO synthesis that acts
reciprocally to regulate vascular tone.36.37

REGULATION OF RENAL MICROCIRCULATION

In vivo studies have suggested that NO plays an
important role in maintaining renal hemodynamics
near the normal range in kidneys in response to
increased Ang Il levels.38 In normotensive rat kid-
neys, intrarenal NO regulates afferent and efferent
arteriolar tone and modulates both afferent and
efferent arteriolar responsiveness to Ang 11.3° The
relative degree to which NO affects the afferent
and efferent arteriolar responsiveness to Ang I
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significantly affects renal function. In Ang ll-in-
fused hypertensive rats, inhibition of NOS with
nitro-L-arginine (NLA) decreased afferent and ef-
ferent arteriolar diameters, and the decrease in
diameter was significantly greater in afferent than
in efferent arterioles. The addition of sodium ni-
troprusside, a NO donor, to increase loca NO
concentrations blunted the Ang |l response in &f-
ferent arterioles but was not sufficient to alter the
efferent arteriolar reactivity to Ang Il. Thus, NO
modulation of Ang Il responsivenessis maintained
in afferent but not efferent arterioles. The main-
tained NO-dependent tone and function in afferent
arterioles may contribute to maintaining renal he-
modynamics during the development of Ang Il1—
dependent hypertension.4©

INTERACTION OF ANG Il AND NO IN
CARDIOVASCULAR REMODELING

Vascular remodeling is an adaptive response of
the vascular beds to aterations in blood flow or
blood pressure.#-42 Remodeling is dependent on a
dynamic interaction between locally generated
growth factors, vasoactive substances, and hemo-
dynamic stimuli, and involves changes in cell
growth, cell death, cell migration, and extracellular
matrix (ECM) turnover. Although initially an
adaptive process, remodeling contributes to hyper-
tension and its complications, including left ven-
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tricular hypertrophy, heart failure, myocardial
ischemia, stroke, peripheral artery disease, and re-
nal failure. The balance between NO and Ang II,
which, as noted, plays a critical role in the modu-
lation of vascular tone, also plays a predominant
rolein the regulation of cardiovascular remodeling.4®

CARDIAC REMODELING

Left ventricular hypertrophy (LVH) is a well-
established, strong, and independent risk factor for
cardiovascular complications in hypertension, in-
cluding heart failure and cardiac death.#4 LVH is
characterized by an increase in myocyte size, myo-
cyte gene reprogramming (enhanced expression of
fetal phenotypes of genes such as B-myosin heavy
chain), fibroblast proliferation, and an increased
accumulation of ECM proteins, such as collagen
types | and I11 and fibronectin, in the interstitium
and around blood vessels within the heart.4>

Accumulating in vitro and in vivo evidence
show that Ang I, viathe AT, receptor, isinvolved
directly in all of these processes of cardiac remod-
eling independent of its effect of increasing blood
pressure.s On the other hand, current data suggest
that NO may inhibit the fibrotic and inflammatory
cardiac changes thought to be an important patho-
logic process in severa experimental models of
hypertension.4¢ Chronic inhibition of NO synthesis
with oral administration of NC-nitro-L-arginine
methyl ester has been shown to increase cardiac
tissue ACE activity, AT, receptor expression, gene
expression of transforming growth factor-g 1 and
ECM proteins, and activity of 70-kd S6 kinase, all
thought to play a mgjor role in cardiac remodel-
ing.18.194647 Fyrthermore, treatment with ACE
inhibitors or AT, receptor antagonists, but not hy-
dralazine, prevented the NC-nitro-L-arginine methyl
ester—induced increases in the gene expression of
transforming growth factor-g1 and ECM proteins,
and also prevented the activation of 70-kd S6 ki-
nase and the myocardia structural changes seen in
this model.1847.48 The role of NO in mediating the
antifibrotic and antihypertrophic effects of AT,
receptor stimulation remains an active area of re-
search.4® A recent study showed in rat cardiomy-
ocytes that stimulation of the AT, receptor by Ang
Il is accompanied by increased expression of
eNOS, an effect mediated by the calcineurin path-
way.3° Moreover, in transgenic mice overexpress-
ing the AT, receptor selectively in cardiomyo-
cytes, the Ang l1-induced perivascular fibrosis was
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attenuated significantly compared with wild-type
mice, whereas there was no difference in the de-
velopment of myocyte hypertrophy. Cotreatment
with NC-nitro-L-arginine methyl ester abolished
the inhibition of perivascular fibrosis in the trans-
genic mice.5! These findings suggest that an im-
balance in the interplay of NO and Ang Il may
participate in the maladaptive cardiac remodeling
that occurs in hypertension and restoration of this
balance, in addition to blood pressure reduction, is
necessary to prevent end-organ damage.

Studies in spontaneously hypertensive (SHR)
and Dahl sdt-sensitive (DS) rats, experimental
models of salt-resistant and salt-sensitive hyperten-
sion, suggest that individual variability in suscep-
tibility to hypertensive end-organ injury may be
explained at least partially by genetic differences
in vascular eNOS activity in response to hyperten-
sion. In SHR rats, left ventricular and aortic eNOS
activity significantly increased compared with nor-
motensive controls, whereas in hypertensive DS
rats the left ventricular and aortic eNOS activity
did not increase compared with normotensive con-
trols.1452 At asimilar blood pressure, hypertensive
DS rats developed significantly greater LVH and
aortic hypertrophy than SHR rats. Moreover, in DS
rats, treatment with an ACE inhibitor and a diuretic
normalized blood pressure, eNOS activity, and
LVH, and reduced aortic hypertrophy. Thus, in
susceptible individuals, decreased vascular NO
bioavailability in response to a blood pressure in-
crease may result in a relative increase in Ang 1l
action that contributes to cardiac and vascular re-
modeling.

VASCULAR REMODELING

Increased peripheral vascular resistance is one
of the hallmark features of hypertension. The re-
sistance arteries, characterized by a lumen diame-
ter of 100 to 350 wm, are the major determinants of
peripheral resistance.#453 Structural changes in
these resistance arteries are observed commonly in
experimental animal models of hypertension and in
human hypertension. The 2 alterations in vascular
structure most commonly described are eutrophic
and hypertrophic remodeling. Eutrophic remodel-
ing describes the increased media to lumen ratio
that results from a reduced outer diameter that
narrows the lumen without net growth. In hyper-
trophic remodeling the growth of the media nar-
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rows the lumen resulting in increased media cross-
sectional area and mediato lumen ratio.>* Thereis
increasing evidence that vascular remodeling in
resistance arteries contributes to the development
and complications of hypertension.5* Furthermore,
hypertension-induced remodeling in conduit arter-
ies facilitates development of atherosclerosis and
contributes to decreased vessel compliance, which
results in increased systolic blood pressure.>® The
structural aterations exhibited in conduit arteries
include increased lumen size and thickened media
with increased ECM deposition. The functional
balance between NO and Ang Il plays a centra
rolein the pathophysiology of vascular remodeling
of resistance and conduit arteries through modula-
tion of VSMC growth and ECM deposition.

The effect of Ang Il on growth has been shown
in vitro and in several in vivo models of hyperten-
sion and arterial injury.4245 Ang Il regulates
VSMC growth via direct and indirect pathways.
On binding to the AT, receptor, Ang Il stimulates
the generation of inositol triphosphate and diacyl-
glyceral, resulting in activation of calcium-depen-
dent intracellular kinases and protein kinase C,
respectively. Ang Il aso activates other growth-
promoting kinases such as Raf-1, extracellular sgnal-
regulated kinase (ERK)1/2, p38 mitogen-activated
protein kinase, phosphatidylinositol 3-kinase (P13K),
Akt, the Janus kinase (JAK)2, and tyrosine kinase
(TYK)2. Additional growth mechanismstriggered by
Ang Il include production of growth factors such as
ET-1, platelet-derived growth factor-A, platelet-de-
rived growth factor-B, basic fibroblast growth factor
(bFGF), insulin-like growth factor-1, transforming
growth factor-B, vascular endothdia growth factor,
and heparin-binding epiderma growth  factor
(HBEGF), and transactivation of growth factor recep-
torsincluding the epiderma growth factor and plate-
let-derived growth factor receptors. Ang Il adso has
been shown to stimulate production of severad ECM
components including fibronectin, collagen, laminin,
and tenascin.4555 In vivo studies have shown that
ACE inhibitors and AT,-receptor blockers suppress
these growth-promoting effects of Ang Il in resis-
tance and conduit arteries.5356-58 |n addition, recent
evidence suggests that the AT, receptor may coun-
teract the growth-promoting effects of the AT, recep-
tor. Studies in AT,-receptor null mice and AT,-re-
ceptor null mice have shown that Ang 1l stimulation
of the AT, receptor exerts antiproliferative and pro-
apoptotic effects in VSMCs and contributes to the
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decrease in neointimal formation in a cuff-induced
vascular injury model.>® Transfection of an AT,-
receptor expression vector into the rat carotid artery
also was shown to attenuate neointimal formation in
a balloon injury model.42.60

NO has been shown to inhibit the growth-stim-
ulating effects of Ang Il in conduit arteries, imply-
ing an antagonistic interaction between NO and
Ang Il in the modulation of vascular remodel-
ing.53:61.62 As opposed to Ang 11, NO, generated by
both eNOS or NO donors, exerts antiproliferative,
antimitogenic, and antimigratory effects on cul-
tured VSMCs.1363 |n addition, NO has been shown
to inhibit total protein and collagen synthesis in
VSMCs* and to activate certain matrix metallo-
proteinases,®3 suggesting an antagonistic role to
Ang Il in the modulation of ECM turnover in the
vessel wall. The inhibitory effects of NO on vas-
cular wall growth have been verified in in vivo
models of vascular injury by using NOS inhibitor—
treated animals,18:65.66 mice genetically deficient in
eNOS,8367.68 transgenic mice that overexpress
eNOS in the endothelium,%4 and animals that over-
express eNOS in VSMCs and/or the adventitia via
eNOS gene transfer.69.70 The mechanisms underly-
ing these actions of NO have not been elucidated
fully. Recent evidence suggests that activation of
protein kinase A, at least partially mediated by
cGMP-induced inhibition of phosphodiesterase 11,
contributes to the antiproliferative activity of NO
by regulating the expression of cell cycle proteins
and by inhibiting Raf-1.13 The inhibition of argi-
nase and ornithine decarboxylase by NO, indepen-
dently of cGMP, is another mechanism shown to
mediate the antiproliferative effects of NO on
VSMCs.13 The phosphorylation of ERK 1/2 is an
important mediator of Ang Il-induced VSMC
growth. Blockade of the AT, receptor and the ERK
1/2 pathway both have been shown to attenuate
this growth response to Ang 11.4555 |t has been
reported recently that NO is an endogenous inhib-
itor of ERK 1/2 phosphorylation, thus counteract-
ing the growth-promoting effects of Ang Il in
conduit arteries.st

In human hypertension, reactive oxygen species
such as superoxide anion and hydrogen peroxide
contribute to the pathogenesis of vascular remod-
eling and exacerbate cardiovascular damage. Ang
I has been shown to activate the reduced form of
ni cotinami de-adenine dinucleotide phosphate oxi-
dasein endothelial cells, VSMCs, adventitial fibro-
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blasts, and glomerular mesangial cells.14.24.71.72
The reduced form of nicotinamide-adenine dinu-
cleotide phosphate oxidases produce superoxide
anions that avidly interact with NO extracellularly
and reduce its bioactivity, thereby counteracting
the tonic inhibition on VSMC growth. Loss of NO
bioactivity also aters vascular reactivity and con-
tributes to the development and maintenance of
hypertension. Moreover, O, and hydrogen perox-
ide have been shown to be second messengers in
the cascade of Ang ll-initiated growth responses
that participate in the pathologic vascular remod-
eling that occurs in hypertension.4271-73 Thus, vas-
cular remodeling likely is dependent on the net
balance between VSMC-generated reactive oxy-
gen species, diffusible reactive oxygen species pro-
duced in the endothelium and adventitia, and dif-
fusible endothelium-derived NO.

INTERACTION OF ANG Il AND NO IN THE
REGULATION OF SODIUM BALANCE

The capability of the kidneys to excrete sodium
is considered to be an important determinant of
arterial blood pressure. Studies performed in dif-
ferent animal models of hypertension suggest that
a functional imbalance between the counteracting
effects of Ang Il and NO on tubular sodium reab-
sorption, renal hemodynamics, tubuloglomerular
feedback, and pressure natriuresis plays an impor-
tant pathogenetic role in the development of hy-
pertension.”

MODULATION OF TUBULAR SODIUM
REABSORPTIVE FUNCTION BY
ANG Il AND NO

In addition to its vasoconstricting and growth-
promoting effects, Ang Il indirectly and directly
enhances both proximal and distal tubule reabsorp-
tive function, thereby exerting its antinatriuretic
effect. By modifying the production and rel ease of
aldosterone in the adrenal gland, Ang Il indirectly
promotes sodium retention.”> The direct stimula-
tory action of Ang Il on proximal tubule reabsorp-
tion is mediated by activation of the AT, receptor
present on both the basolateral and luminal mem-
branes.” Ang Il increases sodium-potassium-ade-
nosine triphosphate (Na* /K~ ATPase) activity and
sodium/bicarbonate (Na+/HCO; ™) cotransport on
the basolateral membrane, and stimulates the sodi-
um/hydrogen (Na*/H™) antiporter on the luminal
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membrane, thus increasing sodium, water, and bi-
carbonate reabsorption.””

Although the role of Ang Il in the regulation of
distal tubule reabsorptive function has not been eu-
cidated fully, recent evidence suggests that luminal
AT, receptors mediate Ang lI-induced net bicarbon-
ate and fluid reabsorption in these segments. In vivo
micropuncture experiments showed that Ang Il in-
creases sodium/potassum/chloride transport in the
medullary thick ascending loop of Henle”” More-
over, arecent study using isolated, perfused, cortica
collecting duct segments also showed that Ang Il
directly stimulates epithelia sodium channel activity
via AT, receptor binding.”8

The AT, receptor also is present in the kidney
and may contribute to the stimulatory action of
Ang Il on proxima tubule reabsorptive function
because both AT, and AT, receptor antagonists
have been shown to independently and synergisti-
caly inhibit the proximal tubule reabsorption
rate.”® On the other hand, the AT, receptor may
play arole in counteracting the antinatriuretic ef-
fect of Ang Il. In vivo renal microdialysis experi-
ments suggested that sodium depletion or Ang Il
administration augmented renal NO production
through activation by Ang Il of the AT, receptor.7
These findings imply a central role of the AT,
receptor in maintaining a functional balance be-
tween the opposing effects of Ang Il and NO on
tubular reabsorptive function.

Studies evaluating the effect of intrarenal NOS
inhibition indicated that NO plays akey role in the
preservation of normal renal excretory function.g
Furthermore, NO administered intrarenally has
been shown to serve as a diuretic and natriuretic
agent.8° Experimental evidence from proximal tu-
bule and cortical collecting duct cells and isolated,
perfused, proximal tubule and collecting duct seg-
ments showed that this effect of NO is mediated by
direct inhibition of epithelial transport mecha-
nisms.82 NO inhibits the Na*/H™ antiporter on the
luminal membrane of the proximal tubule and at-
tenuates the Na+/K+ ATPase activity on the ba-
solateral membrane of the proximal tubule and
collecting duct segments.82 However, accumulat-
ing experimental evidence suggests that the effects
of intrarenal NOS inhibitors or NO donors on
tubular reabsorptive function also are mediated
indirectly by the associated changes in peritubular
hemodynamics or interstitial pressure.go.83
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MODULATION OF RENAL HEMODYNAMICS
BY ANG Il AND NO

The counterbalancing effects of Ang Il and NO
also are evident in the renal microcirculation. It has
been well established that Ang Il causes a dose-
dependent decrease in rena blood flow, a smaller
reduction in glomerular filtration rate, and an in-
crease in filtration fraction.”® These effects are
mediated by AT,-receptor—induced vasoconstric-
tion of the afferent and efferent arterioles, thereby
increasing both pre- and postglomerular resis-
tances. This renal hemodynamic responseto Ang Il
is similar to the renal hemodynamic response to
acute systemic NOS inhibition, implying that NO
may counteract the vascular actions of Ang 11.82

The functional balance between Ang Il and NO
influences medullary hemodynamics to a greater
extent than cortical hemodynamics.8%84 In vitro
and in vivo studies have revealed a higher density
of Ang Il receptors and a greater content of Ang Il
in the medulla than in the cortex.8* In hormoten-
sive and hypertensive rats, Ang Il stimulates med-
ullary NO generation, which in turn prevents its
vasoconstricting effects on the medullary circula-
tion.82858 Moreover, recent reports have sug-
gested that an increased susceptibility to the hy-
pertensive actions of Ang Il may result from an
impaired NO counterregulatory system in the me-
dulla.se87

MODULATION OF THE TUBULOGLOMERULAR
FEEDBACK (TGF) MECHANISM BY ANG I
AND NO

TGF describes the mechanism whereby in-
creases or decrease in sodium chloride delivery to
the macula densa transmit a signal to the afferent
arterioles to constrict or dilate, respectively, to
maintain stability of the filtered load. Systemic or
peritubular capillary infusion of Ang Il has been
shown to enhance the sensitivity of the TGF mech-
anism, whereas inhibitors of the RAS have been
shown to exert the opposite effect.”® Current data
indicate that Ang I, via the AT, receptor, ampli-
fies TGF responsiveness by stimulating macula
densa transport of sodium chloride and not by
directly congtricting the afferent arteriole.”” The
role of Ang Il as a modulator of TGF sensitivity
has been confirmed in studies of AT;-receptor
knockout and ACE-deficient mice, which have
been shown to have a markedly attenuated TGF
response to increases in distal nephron sodium
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chloride delivery.g889 Micropuncture experiments
aso have shown that in the presence of a NOS
inhibitor, the effect of Ang Il on TGF responsive-
ness is enhanced significantly. In these studies,
AT ;-receptor blockade suppressed the Ang I1-in-
duced TGF activation during NO inhibition.®© An
increase in sodium chloride delivery to the macula
densa has been shown to stimulate apical sodium-
hydrogen exchange, which in turn promotes NO
generation by neuronal NO synthase.829t NO is
considered to be an important modulator of TGF
responsiveness, at least partialy, by counteracting
the vasoconstrictor stimuli mediating TGF re-
sponses.g2 Collectively, these findings imply that
the functional balance between Ang Il and NO
plays acentral rolein maintaining the sensitivity of
the TGF mechanism, which is a key factor under-
lying the effects of Ang Il and NO on renal sodium
excretion.””

SALT-SENSITIVE HYPERTENSION AND THE
MODULATION OF THE PRESSURE-
NATRIURESIS RELATIONSHIP BY
ANG Il AND NO

In hypertension, salt sensitivity is amarker for a
disproportionate susceptibility to cardiovascular
and renovascular injury. Three large studies of
patients with essential hypertension showed that
patients who were salt sensitive more often had
LVH, cardiovascular events, and/or microal bumin-
uria than non-sat-sensitive hypertensive pa
tients.9294 These findings highlight the important
link between salt-sensitive hypertension and car-
diovascular injury. Salt-sensitive hypertension has
been linked to a decrease in renal NO production,
inappropriate activation of the RAS, or both.14

One of the defects characterized in this form of
hypertension is a blunted pressure-natriuresis rela-
tionship, so that a higher blood pressure is needed
to achieve the same level of sodium excretion. Ang
Il and NO are key modulators of pressure-natri-
uretic responses.””-80 Based on in vivo and in vitro
experimental data, it has been proposed that in-
creases in intrarenal NO generation in response to
acute increases in rena arterial pressure may di-
rectly inhibit distal tubular sodium transport, |ead-
ing to an increase in sodium excretion.8® AT,-
receptor knockout mice have been shown to
exhibit a higher blood pressure and an antinatri-
uretic shift in the pressure-natriuresis relation-
ship.9596 A recent study in AT ,-receptor knockout
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mice treated with a NOS inhibitor for 1 week
showed a greater blood pressure increase and right-
ward shift of the pressure-natriuresis curve com-
pared with NOS inhibitor—treated wild-type
mice.% AT,-receptor blockade normalized blood
pressure in both strains, suggesting that the AT,
receptor mediates the impaired renal sodium ex-
cretion and blood pressure increase induced by NO
synthesis blockade. However, in experiments con-
ducted in rats treated for 8 weeks with a NOS
inhibitor, RAS blockade normalized blood pres-
sure but had no effect on the pressure-natriuresis
responses, implying that correction of NOS inhibi-
tor-induced hypertension is not enough to over-
come the renal alterations associated with the
chronic deficiency of NO.97 These findings high-
light the complex interactions between Ang Il and
NO and indicate that they play an important patho-
genetic role in the development of hypertension.

PHARMACOLOGIC RESTORATION OF ANG I
AND NO BALANCE: CLINICAL IMPLICATIONS

Dysfunction of blood vessels and of neuroendo-
crine systems plays a major role in the develop-
ment of hypertension. Modern therapeutic strate-
gies in human hypertension focus on preserving
endothelial integrity and on preventing the devel-
opment of end-organ damage. To the extent that
vascular disease is characterized by an imbalance
between arelative increase in Ang Il and/or super-
oxide production and a relative deficit of NO bio-
activity, modulating the activity of vasoactive sub-
stances generated by the endothelium has
important implications for the treatment of hyper-
tension and the prevention of end-organ dam-
age.5298-101 ACE inhibitors, dua ACE/neutral en-
dopeptidase  (NEP) inhibitors, AT, receptor
blockers, and the 3-hydroxy-3-methylgutaryl-CoA
reductase inhibitors (statins) have been shown to
improve endothelial vasodilator function and to
exert beneficia effects on vascular remodeling by
restoring the balance between NO, Ang I, and O, ™.

ACE INHIBITORS

ACE inhibitors can reduce blood pressure effec-
tively in hypertensive patients and are associated
with improvements in endothelial function. Be-
yond inhibiting the renin-angiotensin system, ACE
inhibitors potentiate bradykinin stimulation of NO
release.192 |n addition, ACE inhibitors stabilize the
B,-receptor and reduce oxidative stress and tissue
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ET-1 levels.203 ACE inhibitors have been shown to
improve endothelial function in subcutaneous ar-
teries, epicardial arteries, and the renal circulation.
The Trial on Reversing Endothelial Dysfunction
showed that 6 months of treatment with quinapril
was associated with significantly improved, angio-
graphically documented, vasodilative responses to
acetylcholine in coronary artery segments.04 Hi-
gashi et al1%5 studied 296 patients with arterial
hypertension. They found that although ACE in-
hibitors and other frequently prescribed classes of
antihypertensive agents (calcium antagonists,
B-blockers, and diuretics) were equally effectivein
decreasing blood pressure, only ACE inhibitors
augmented the response of forearm blood flow to
reactive hyperemia, an index of endothelium-de-
pendent vasorelaxation.

ACE/NEP INHIBITORS

NEP is an endothelial cell surface zinc metal-
lopeptidase with a similar structure and catalytic
site as ACE.1% NEP is the major enzymatic path-
way for degradation of natriuretic peptide and a
secondary enzymatic pathway for degradation of
kinin and adrenomedullin.206 Dual ACE/NEP in-
hibitors decrease vascular resistance and blood
pressure, and improve sodium and water balance
by simultaneously inhibiting the RAS and potenti-
ating the natriuretic peptide and kinin systems.
Within the blood vessel wall, omapatrilat, a potent
dual NEP/ACE inhibitor, has been shown to reduce
Ang ll-induced vasoconstriction and vessel wall
growth and enhance bradykinin-induced NO re-
|ease/formation. 190 Studies on both DOCA-salt hy-
pertensive and SHR rats showed that omapatrilat
was more effective in decreasing blood pressure,
preventing vascular remodeling, and improving en-
dothelial function of resistance arteries than ACE
inhibition done. In patients with hypertension, oma-
patrilat produced greater decreases in both systolic
and diastolic blood pressure than ACE inhibition
aone.107-109 These data suggest that combined inhi-
bition of ACE and NEP may produce greater benefits
in hypertenson and end-organ injury than ACE in-
hibition alone. Thus, the ACE/NEP inhibitors may be
anew and promising approach to treat hypertension
and other cardiovascular diseases.10

ANGIOTENSIN RECEPTOR BLOCKERS

With mechanisms similar to those of ACE in-
hibitors, AT,-receptor blockers possess a number
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of unique properties that may add to the benefits
observed clinically. For instance, low-dose cande-
sartan, when given to hypertensive rats, normal-
ized vascular NO production and improved vascu-
lar morphology.tt AT, receptor blockers enhance
endothelia prostaglandin release and NO formation
by shifting the balance to AT, and B,-receptor stim-
ulation.2 |n the experimenta model of Ang -
induced hypertension, losartan enhanced endotheli-
um-dependent relaxation to acetylcholine and
prevented the increasein tissue ET-1 content. In SHR
rats, blockade of AT, receptors decreased blood pres-
sure, improved endothelid function, and inhibited
vascular superoxide production.113114 |n patients
with hypertension, AT, receptor blockers have been
shown to be as effective as ACE inhibitors, calcium
channel antagonists, B-blockers, and diuretics in de-
creasing blood pressure.ts However, the effects of
Ang Il antagonists on endothelial dysfunction in hu-
man hypertension have not been defined.

STATINS

Statins are potent inhibitors of cholesterol biosyn-
thesis. However, evidence has mounted steadily that
the pleiotropic effects of statins, including up-regula
tion of eNOS activity, inhibition of ET-1 and AT,
receptor expression, improvement of endothdlia dys-
function, and anti-oxidant and anti-inflammatory &f-
fects, are also important mediators of the beneficial
role of these drugs on cardiovascular disease. 116117 |n
SHR rats, atorvastatin trestment decreased arteria
blood pressure, improved endothdia dysfunction,
down-regulated aortic AT, receptor expression, up-
regulated eNOS activity, and inhibited superoxide
production.18 In hypertensive DS rats, pravastatin
treatment decreased blood pressure and proteinuria,
and prevented rena injury.12° Therefore, these effects
of statins may be a new additional trestment for
hypertension.

CALCIUM CHANNEL BLOCKERS

The calcium channel blocker amlodipine is an
effective antihypertensive agent.12° In addition to
its direct vasodilating effect, amlodipine influences
the functional balance between Ang Il and NO
within the vessel wall. Experimental studies in
small and large coronary arteries and in the aorta
indicate that amlodipine stimulates NO generation
to asimilar extent as ACE inhibitors.12t This effect
of amlodipine may not be exerted by other calcium
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channel blockers and potentially may provide ben-
eficial effects on end-organ disease.12t

CONCLUSION

In summary, it has been well established that by
decreasing the hemodynamic stress of high blood
pressure, antihypertensive agents reduce endothelial
injury. Some agents, particularly inhibitors of the
RAS and perhaps some of the calcium channel block-
ers, decrease blood pressure and concomitantly block
Ang |l actions, enhance NO bioactivity, and/or de-
crease reactive oxygen species production, thereby
restoring the homeostatic balance of these vasoactive
factorsin the vessd wall. These drug-specific actions
beyond decreasing blood pressure may exert cardio-
protective, vasculoprotective, and renoprotective ef-
fects by preventing the maladaptive changes that ac-
company hypertension, namely, cell growth and
migration, endothdlia dysfunction, and increased ex-
tracellular matrix deposition.
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