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Foreword

Hypertension is the most common form of cardiovascular disease in economically devel-
oped and developing countries, afflicting over 73 million persons in the US and over one
billion worldwide. Left uncontrolled, it is a major contributor to death and disability due to
stroke, coronary artery disease and chronic kidney disease. While blood pressure reduction
has been shown in randomized controlled trials to be highly effective in preventing acute
cardiovascular events and death, attainment of guideline specified blood pressure goals in
the practice setting has proved difficult. Much of the difficulty experienced by primary care
providers and hypertension specialists alike in managing blood pressure comes from con-
flicting information about the relative efficacy of various antihypertensive measures, both
pharmacologic and nonpharmacologic (lifestyle modification). Further, there is a paucity of
authoritative information about how to approach blood pressure management in patients
with comorbidities that may be driving blood pressure elevation (anxiety and panic disor-
ders, sleep disorders, athletic activities) or that may limit therapeutic choices (acute and
chronic stroke, coronary artery disease) and in special patient populations (adolescents and
young adults, the very elderly).

Edited by preventive cardiologist Peter Toth and clinical pharmacologist Domenic Sica,
this new book fulfills an urgent need of those who care for hypertensive patients by pro-
viding answers or at least approaches to practical questions that are not addressed in cur-
rent guidelines. The volume is organized around frequently asked questions about
hypertension that surface time and time again at educational symposia. Issues discussed
include both core clinical and scientific concepts and practical everyday patient related
issues that are not well covered in most hypertension guidelines.

Chapters by world experts offer advice on such critical questions as: How should we use
home (self) blood pressure measurement vs 24 hour ambulatory blood pressure monitoring
vs office-based blood pressure readings for diagnosis and management of hypertension?
What are appropriate treatment goals for systolic and diastolic blood pressure? In what
patient groups? Does lifestyle modification play a major-and sustainable-role in hyperten-
sion management? If pharmacologic therapy is needed, does it matter what we use? Should
we believe, as stated in JNC7, that diuretic therapy should be first step therapy in all (or
nearly all) hypertensive patients? Or, should we adopt the recommendations of the more
recent European guidelines that several classes of antihypertensive drugs are appropriate
for first line treatment, at the discretion of the caregiver? What is more important, getting to
goal blood pressure or blocking critical pathways, e.g., the renin-angiotensin-aldosterone
system? In other words, when considering antihypertensive treatment, does mechanism
matter? Are all angiotensin converting enzyme (ACE) inhibitors equally effective in lower-
ing blood pressure? Protecting target organs? Are angiotensin receptor blockers (ARBs)
equivalent or superior to ACE inhibitors in controlling blood pressure and protecting target
organs? What is the best way to treat morning surges in blood pressure?

Importantly, there are many hypertensive patients for whom treatment recommenda-
tions based on the strongest form of evidence, the randomized controlled trial, are lacking.
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Chapters in this book address many of these common and difficult to manage situations,
e.g. the patient with anxiety/panic disorder and labile hypertension, the post-stroke (both
acute and chronic) patient, the athlete who wishes to continue to compete despite his/her
hypertension, the adolescent or young adult with hypertension in whom the short term risk
of cardiovascular disease/events is low but the long term prognosis may not be benign, and
the patient with a hypertensive emergency. For many of these conditions, there may never
be randomized controlled trial data. In the meantime, the caregiver must rely on expert
opinion and his/her own experience in caring for patients with these complex problems.
Clinical Challenges in Hypertension is a treasure trove of valuable expert opinion on how to
deal with many important problems in hypertension management. I recommend it highly.

Suzanne Oparil, MD

Professor of Medicine, Physiology & Biophysics
Director, Vascular Biology and Hypertension Program
Cardiovascular Disease

Department of Medicine

University of Alabama at Birmingham



Preface

Hypertension (HTN) is a complex, multifactorial disease. In the last four decades an enor-
mous amount of experimental, epidemiologic, and clinical investigation has demonstrated
beyond all doubt that elevations in both systolic and diastolic blood pressure exert deleteri-
ous effects on the vasculature. Progressive injury stemming from chronically elevated blood
pressure increases risk for developing endothelial dysfunction, loss of vascular elasticity
and distensibility, atherosclerosis, left ventricular hypertrophy, heart failure, ischemic and
hemorrhagic stroke, peripheral arterial disease, as well as proteinuria and nephropathy.
Hypertension is widely prevalent throughout the world and constitutes a significant public
health issue. The incidence of HTN is increasing in men and women and in people across all
ethnic groups.

The treatment of hypertension is one of the true cornerstones in any approach to reduc-
ing risk for cardiovascular events in both the primary and secondary prevention settings.
Evidence-based, population specific guidelines for the treatment of HTN have been devel-
oped by numerous expert bodies. These guidelines are rigorous and based on many well
done prospective, randomized clinical trials. They emphasize the critical need to lower ele-
vated blood pressure with lifestyle modification and pharmacologic intervention and to
treat patients with end organ injury with specific classes of drugs. Despite the clarity and
utility of many of these guidelines, there continues to be low rates of attaining target blood
pressure in approximately two-thirds of the patients with HTN. Clearly, more focused
efforts at improving the identification and management of HTN need to be implemented.
Patient compliance and access to medication must also be improved.

The etiology of HTN depends on specific, highly complex genetic and metabolic back-
grounds. Environmental influences (e.g. social/psychological stress, salt intake, diet) also
play significant roles. The brain, kidney, and visceral adipose tissue regulate a wide range of
biochemical and physiological responses which intimately influence the molecular and his-
tologic dynamics of arterial walls, leading to increased vasomotor tone and HTN.
Hypertension in any given individual is often multifactorial. During the last 60 years, many
different drug classes have been developed to antagonize specific mechanisms by which
blood pressure is raised (i.e. reducing intravascular volume, inhibiting renin and
angiotensin converting enzyme, blocking intravascular catecholamine and angiotensin II
receptors, and blocking calcium channels in smooth muscle cells). The majority of patients
require combinations of drugs to control their blood pressure, especially in the presence of
end organ damage. It requires clinical experience and insight into drug mechanisms to
appropriately target specific mechanisms with specific drugs in order to optimally control
blood pressure.

There are numerous fines textbooks in the field of hypertension and nephrology. This
book is not intended to be encyclopedic. Rather, it is framed as a series of questions with
detailed answers that are as evidence-based as possible. The authors are all experts in the
field of HTN management. The questions posed are those that often arise at major confer-
ences. These are the sorts of questions that often puzzle clinicians the most, or leave them
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wondering what the evidence supporting certain approaches really consists of. Issues such
as the need to treat early morning surges in blood pressure, the influence of sleep and anx-
iety disorders on blood pressure, determining the most efficacious first line agent for HTN,
therapeutic equivalency of angiotensin converting enzymes and angiotensin receptor block-
ers, issues and complications in the management of isolated hypertension, and the nature of
endothelial dysfunction, among others, receive detailed, focused, and practical treatment in
a manner that emphasizes daily application in clinical and hospital settings. Therapeutic
approaches emphasize established guidelines for HTN management. Important biochemi-
cal and physiologic pathways are illustrated. The emphasis of each chapter is on improving
patient care and encouraging clinicians to expand their scope and efficacy of practice.

It is our sincerest wish that this book facilitates the mission each of us share in improving
patient care. The targeted, appropriate management of HTN unequivocally reduces cardio-
vascular morbidity and mortality. The control of HIN also helps to forestall the develop-
ment of endstage renal disease and need for dialysis and reduces the rate of progression of
heart failure, atherosclerosis, and aortic aneurysms. Increasing the number of patients with
well-controlled blood pressure is an important goal as it improves the quality and quantity
of life. We hope that this book and its companion volume facilitate more aggressive and
thoughtful approaches to blood pressure management.

Domenic Sica
Peter P. Toth



What is endothelial cell dysfunction and does it
impact capacity for vasodilatation?

P. P. Toth

BACKGROUND

Atherosclerosis is a disease continuum that, without intervention, most often leads to coro-
nary heart disease and cardiovascular events, including myocardial infarction, stroke, and
sudden death. Dyslipidemia plays a major role in atherosclerosis, but so do other modifiable
cardiovascular risk factors, including hypertension, insulin resistance and diabetes mellitus,
and cigarette smoking. The vascular endothelium plays a pivotal role in the development of
hypertension and atherogenesis. Endothelial cells represent a highly evolved cell type capa-
ble of an extraordinary range of both beneficial and, under certain conditions, injurious,
biochemical functions. When impairment in local endothelial function increases the adhe-
siveness and permeability of the endothelium, monocytes and lipids infiltrate the underly-
ing arterial intima, triggering pathogenic mechanisms that promote the formation of
atherosclerotic plaques. An early and important part of this process is the reduced endothe-
lial production of vasodilating substances and loss of normal vasomotor function. The
endothelium is a critical modulator of blood pressure (BP) and vessel wall structure and
function. Endothelial dysfunction is an area of intense clinical and scientific investigation.
This chapter will examine the role of endothelial dysfunction in both hypertension and
atherogenesis, two cardiovascular diseases that are tightly interwoven both clinically and
mechanistically.

THE FUNCTIONAL ENDOTHELIUM

The vascular endothelium, a continuous monolayer of cells that lines the inner wall of blood
vessels, including arterioles and capillaries, is one of the body’s largest organ systems. It is
estimated that if all of the endothelial cells in the human cardiovascular system were com-
piled into a single structure, they would form an organ about the size of a liver. By means
of highly evolved, tightly sealed contacts between cells (i.e. ‘gap junctions’), the endothe-

Peter P. Toth, MD, PhD, FAAFP, FICA, FNLA, FCCP, FAHA, FACC, Director of Preventive Cardiology, Sterling Rock Falls
Clinic; Chief of Medicine, CGH Medical Center, Sterling, Illinois; Clinical Associate Professor, University of Illinois
College of Medicine, Peoria, Illinois; Southern Illinois University School of Medicine, Springfield, Illinois, USA.
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Figure 1.1 The endothelium maintains vascular health. In response to signals such as shear stress,
endothelial cells produce and secrete vasoactive substances that can dilate or constrict blood vessels.
Through these hemodynamic effects, the endothelium maintains blood pressure. Endothelial cells also produce
and release substances that promote or inhibit growth and migration of vascular smooth muscle cells.
Numerous substances released by the endothelium affect thrombosis, coagulation, and fibrinolysis. These
include tissue plasminogen activator and plasminogen activator inhibitor-1. Endothelial cells also release
substances that influence inflammation.

lium forms an impermeable barrier between circulating blood and body tissues. This barrier
function helps to maintain the structural and functional integrity of arterial vessel walls.

The endothelium is far from inert: rather, it plays a key role in the events that determine
the body’s response to tissue injury. It is highly sensitive to biomechanical forces (e.g. shear
stress) or biochemical stimuli (e.g. changes in bloodborne substances such as inflammatory
mediators and trophic factors). In response to such signals, it synthesizes and releases mes-
senger molecules such as nitric oxide (NO), endothelin, prostacyclin, and angiotensinogen,
the precursor to angiotensin I and II (Ang I and II), which regulate vasoactivity and mito-
genesis, thromboresistance, vascular permeability, platelet and inflammatory cell adhesion,
and smooth muscle cell (SMC) proliferation and migration. In order to prevent thrombosis
and luminal obstruction, the endothelium maintains a non-thrombogenic surface by pro-
ducing tissue plasminogen activator (tPA) and other inhibitors of coagulation and thrombo-
sis. Endothelial cells have sensors that regulate the cellular response to hypoxia; these
include hypoxia-inducible factor (HIF)-1 alpha and mitochondria [1]. By maintaining a bal-
ance between opposing effects, the healthy endothelium preserves normal vascular physiol-
ogy and homeostasis (Figure 1.1).

By synthesizing and releasing substances that relax or constrict the vessel, the endothe-
lium regulates vascular tone and the vasomotion that maintains the active flow of oxygen-
ated blood necessary for tissue perfusion throughout the body. Endothelial cells at various
locations in the vascular tree may respond differently to bloodborne stimuli and express
vasoactive substances to different degrees [2].

THE ROLE OF NITRIC OXIDE (NO)

In mediating vessel function, the most important substance expressed by the endothelium
is NO. Nitric oxide may be considered an antiatherogenic, antiproliferative, and antithrom-
botic factor [3]. Originally described as endothelium-derived relaxing factor, NO is gener-
ated as a by-product of the conversion of the amino acid L-arginine to L-citrulline by the
enzymatic action of the endothelial isoform of NO synthase (eNOS; Figure 1.2). Required
cofactors include Ca?*/calmodulin, flavin adenine dinucleotide (FAD), flavin mononucle-
otide (FMN), and tetrahydrobiopterin (BH4) [4]. Blood flow across the endothelial cell sur-
face (laminar shear stress) stimulates the expression of eNOS, so that organ perfusion is
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Figure 1.2 Endothelium-dependent vasodilation: L-arginine-nitric oxide pathway. Endothelial nitric oxide
synthase (eNOS) is stimulated by blood flow across the endothelial cell surface (shear stress) or by chemical
mediators that stimulate receptors on the endothelial cell surface. Nitric oxide (NO) diffuses to the underlying
smooth muscle cells (SMC), where it stimulates guanylate cyclase to generate cyclic guanosine-5'-
monophosphate (cGMP), which causes SMC relaxation and vasodilatation. Other regulators of NO production
are substance P, bradykinin, and beta-agonists (with permission from [6]).

adapted to changes in cardiac output and local tissue oxygen demands [5]. Chemical medi-
ators, including acetylcholine, bradykinin, adenosine, vascular endothelial growth factor
(VEGEF), substance P, and serotonin, also stimulate receptors on the endothelial cell surface
[4, 6] (Figure 1.2). NO diffuses to vascular SMC in the tunica media, where it stimulates
guanylate cyclase to generate cyclic guanosine-5- monophosphate (cGMP), triggering SMC
relaxation and vasodilatation [6].

EFFECTS OF NO

[ Limits platelet aggregation and prevents platelet adhesion

[0 Inhibits leukocyte adhesion

[0 Prevents invasion of the vessel wall by monocytes and oxygen free radicals

1 Inhibits proliferation and migration of vascular SMC into the intima, an early event in
atherogenesis

Adequate supplies of NO help to ensure that balance between oxidative and anti-oxidative
activity, cell quiescence and proliferation, and vasodilatation and vasoconstriction is main-
tained, and that normal vessel wall function is preserved.

Some endothelium-derived vasoactive factors, however, act independent of NO. These
include the vasodilators prostacyclin [7] and endothelium-derived hyperpolarizing factor
(EDHEF) [8]. The contribution of EDHF, which appears to act predominantly in small arteries,
is currently being actively investigated. In contrast, when endothelial cells become dysfunc-
tional, they increase production of endothelin-1, a highly potent vasoconstrictor.

THE DYSFUNCTIONAL ENDOTHELIUM

A dysfunctional endothelium is one in which the activity and expression of NO are reduced,
and endothelium-derived relaxation is impaired, creating an imbalance between relaxing
and contracting factors. Under these conditions, the vessel wall is subject to constriction,
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Figure 1.3 Deficiency of nitric oxide augments atherosclerosis in hypercholesterolemic mice. The left side of
the figure shows longitudinally opened aortas from female apolipoprotein E (apoE)-knockout and apoE/eNOS-
double knockout mice fed a Western-type diet for 16 weeks (luminal side, face up) displaying lipid-rich
(darker) atherosclerotic lesions. The right side shows lesion areas at study end (lesion area/total area of the
aorta) (with permission from [11]).

* = Significant difference (P <0.05).

leukocyte adherence, platelet activation, mitogenesis in the media and adventitia, impaired
capacity for anticoagulation and inhibition of platelet aggregation, and increased inflamma-
tion. If either of the key cofactors required for NO production, BH4 or calmodulin, is lack-
ing, eNOS may “uncouple’, i.e. the superoxy ferrous-peroxy ferric complex may disassociate,
yielding superoxide anion or hydrogen peroxide. These activated oxygen species can lead
to increased lipid oxidation and peroxidation, which renders lipoproteins more atherogenic.
In addition, superoxide anion and hydrogen peroxide can ‘quench’ NO, resulting in
increased synthesis of peroxynitrite anions and reduced bioavailability of NO. All of these
oxygen and nitrogen free radicals are also directly toxic to endothelial cells, potentially cre-
ating a vicious cycle whereby endothelial dysfunction becomes self-perpetuating and poten-
tiates vessel wall injury, reduced vasodilatation (and hence hypertension), and
atherogenesis [9].

ENOS DEFICIENCY AND ENDOTHELIAL DYSFUNCTION

Nitric oxide may be reduced either through decreased synthesis or through increased break-
down by oxidative mechanisms. Endogenous inhibitors of eNOS, including asymmetric
dimethylarginine (ADMA), N-methylarginine (NMA), N(G)-monomethyl-L-arginine
(L-NMMA), and N(G)-nitro-L-arginine methyl ester (L-NAME), accelerate atherosclerotic
changes by shifting the balance between NO and oxygen-derived radicals in the direction of
increased oxidative stress [10].

In a study conducted to test whether deficiency in eNOS affects the development of ath-
erosclerosis, lesion formation was compared in apolipoprotein E (apoE)/eNOS double-
knockout mice and apoE-knockout mice. After 16 weeks of a Western diet, the apoE/eNOS
double-knockout mice showed coronary atherosclerosis associated with evidence of myo-
cardial ischemia, myocardial infarction, and heart failure, but none of the apoE-knockout
mice developed these complications. Male apoE/eNOS double-knockout mice also devel-
oped atherosclerotic abdominal aneurysms and aortic dissection. This study provides clear
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evidence that in a murine model, eNOS deficiency initiates and accelerates the progression
of atherosclerotic disease. The authors also point out that the BP effects of apoE deficiency
and eNOS deficiency are not additive but reflect different degrees of endothelial dysfunc-
tion (Figure 1.3) [11].

REACTIVE OXYGEN SPECIES (ROS)

When eNOS is activated as a result of low shear stress, production of pro-oxidant enzymes
is increased and the expression of anti-oxidant enzymes is decreased [12]. Signaling mole-
cules, including bradykinin, adenosine, VEGF, and serotonin, may also play roles in this
process [13, 14]. When NO expression is reduced, there is increased production of ROS sec-
ondary to increased expression of such pro-oxidative enzymes as xanthine oxidase (XO),
cyclo-oxygenase, and nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase.
Reactive oxygen species increase vascular permeability both by consuming NO and by
inducing changes in the shape of endothelial cells [2]. Other damaging effects of ROS include
a reduction in fibrinolytic capacity secondary to increased endothelial expression of plasmi-
nogen activator inhibitor-1 (PAI-1), increased platelet aggregation, the development of a
procoagulant surface, proliferation of SMC, and accelerated atherogenesis. Inflammatory
cytokines and interleukins, matrix metalloproteinases (which hydrolyze intercellular con-
nective tissue proteins such as collagen and elastin), and lipid mediators may amplify the
damaging effects of ROS [15].

Reactive oxygen species stimulate production of the potent vasoconstrictor endothelin-1
[16], further increasing BP and endothelial dysfunction. Xanthine oxidase is a major endothe-
lial source of superoxide; endothelial XO levels are inversely related to endothelium-depen-
dent vasodilatation and are increased in patients with coronary disease [17]. In patients with
coronary artery disease, in whom endothelium-dependent vasodilatation was markedly
reduced, intra-arterial infusion of oxypurinol (active metabolite of allopurinol), an inhibitor
of XO, significantly improved flow-dependent endothelium-mediated vasodilatation before,
but not after the angiotensin-receptor blocker (ARB) losartan or allopurinol [17].

In addition to increased production of ROS, endothelial dysfunction also results in
decreased production of anti-oxidative enzymes. These include superoxide dismutase,
which is involved in redox regulation of cellular function [15], glutathione reductase, which
protects red blood cell enzymes and cell membranes against oxidative damage [18], and
thioredoxin reductase, which maintains thiol-disulfide bond balance and helps protect vari-
ous proteins from oxidative inactivation [19].

INFLAMMATION

In the setting of endothelial dysfunction, activation of the immune system induces the tran-
scription of proinflammatory mediators in endothelial cells [9]. Chemokines and chemoat-
tractants expressed by injured endothelial cells promote leukocyte (monocytes, T cells)
recruitment and commit leukocytes to particular functional pathways [1, 20]. Generation of
proinflammatory cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)-alpha,
is augmented. TNF-alpha is expressed by macrophages and can stimulate the production of
superoxide radicals [21, 22]. During the early stages of atherosclerosis, NADPH oxidase
produces superoxide in the endothelium; in the more advanced stages of atherosclerosis,
this process also occurs in vascular SMC [22]. Either TNF-alpha or IL-6 may induce secretion
of IL-18 by macrophages, which has been shown to independently predict cardiovascular
death in persons with coronary artery disease [1]. Under proinflammatory conditions, intra-
vascular levels of lipoprotein-associated phospholipid (LP-PLA,) may also increase. LP-PLA,
is independently associated with coronary artery dysfunction and atherosclerosis, as this
enzyme promotes the formation of toxic phospholipids and oxidized fatty acids [23].
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ANGIOTENSIN IT

Ang I is an active component of the renin-angiotensin system that is produced in the sys-
temic circulation as well as in vascular and other tissues via the activity of angiotensin
converting enzyme on Ang I. Ang II has the capacity to promote vasoconstriction, inflam-
mation, thrombosis, and vascular remodeling [16].

EFFECTS OF ANG II INCLUDE

Opposing NO-induced vasodilatation

Activating ROS (eg, XO, NADPH oxidase) [17]

Stimulating production of oxygen free radicals (eg, superoxide anion)

Stimulating endothelial elaboration of endothelin-1

Augmenting levels of IL-6 and monocyte chemotactic protein (MCP)-1, a cytokine that
promotes the transmigration of inflammatory white cells from the endothelial surface
into the subendothelial space

Stimulating production of adhesion factors such as intercellular adhesion molecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1

Stimulating synthesis of PAI-1

Inhibiting tPA secretion, and increasing coagulability and risk of thrombosis

Angiotensin II mediates most of its effects by activating the Ang II type-1 (AT)) receptor,
which, once turned on, elevates BP and initiates vascular dysfunction. The AT, receptor may
also be upregulated by the acute-phase reactant C-reactive protein, which stimulates prolif-
eration and migration of vascular SMC, neointimal formation, and production of ROS [1].

ADHESION MOLECULES AND PROTHROMBOTIC EFFECTS

Endothelial dysfunction decreases the expression of a blocker of two members of the TNF
family, CD40 and its ligand, CD40L [1]. CD40L may be a molecular link between inflamma-
tion, thrombosis, and angiogenesis [24]. When CD 40 attaches to endothelial cells, adhesion
molecules such as VCAM-1 and ICAM-1 are expressed, which promote the adherence of
monocytes to the endothelial cell surface. ICAM-1, which is expressed on the surface
endothelium, is constitutively expressed in the peripheral vasculature [20]. In experimental
models of atherosclerosis, VCAM-1 mediates monocyte recruitment to early atherosclerotic
lesions [20].

Platelets adhering to inflamed endothelium express the adhesion molecule P-selectin
[25]. Leukocytes adhering to a lesion are then able to facilitate capture of other leukocytes
from free flow plasma [20]. P-selectin may also induce the biosynthesis of tissue factor, an
activator of platelet aggregation [12, 20, 25]. In addition to these well studied adhesion mol-
ecules, the roles of platelet endothelial cell adhesion molecule (PECAM)-1, CD99, junction
adhesion molecules A, B, and C, and CD47 in atherosclerosis are being intensively investi-
gated. An endothelium-derived glycoprotein, von Willebrand factor, can also be released
into the circulation, where it promotes platelet activation as well as being a procoagulant
[26].

CARDIOVASCULAR RISK FACTORS AND THE ENDOTHELIUM

Vascular homeostasis entails a delicate balance between cells that induce repair and those
that produce damage, and conditions such as dyslipidemia, elevated BP, diabetes mellitus,
cigarette smoking, and genetic factors, which may disrupt that equilibrium [12, 14]. All the
major risk factors for cardiovascular disease are associated with reduced tissue BH4 levels,
increased superoxide generation, and endothelial dysfunction, and all impair important cel-
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lular functions [14]. Less severe injury may alter only one or two endothelial functions,
whereas more extensive injury may alter several or all [27]. Multiple mechanisms may be
responsible for reduced endothelium-dependent relaxation, but the principal cause is a lack
or deficiency of NO, which also predisposes patients to atherosclerosis, coronary heart dis-
ease, hypertension, chronic heart failure, and vasculopathies associated with diabetes mel-
litus. [28]

DYSLIPIDEMIA

In the presence of hypercholesterolemia the endothelium promotes vasoconstriction, mono-
cyte and platelet adhesion, thrombogenesis, and growth factor release (e.g., platelet-derived
growth factor, fibroblast growth factor) [29]. Hypercholesterolemia is an important initiator
of atherogenesis, which begins at sites of endothelial dysfunction and is exacerbated by
increased levels of low-density lipoprotein cholesterol (LDL-C). As the dysfunctional
endothelium becomes permeable, monocytes accumulate in the intima. In response to mono-
cyte colony stimulating factor, monocytes differentiate into macrophages resident in the
subendothelial space. As macrophages are exposed to oxidized lipids and phospholipids,
they express families of scavenging receptors (scavenger receptor A and CD36, among oth-
ers) on their surface and progressively take up more and more lipid, eventually becoming
foam cells. Foam cells produce cytokines, matrix metalloproteinases, ROS, and procoagulant
tissue factor. The foam cells can coalesce and turn into fatty streaks, which progressively
increase in volume, forming the lipid core of an atheromatous lesion. SMCs proliferate,
stimulated by inflammatory cytokines and growth factors produced within atheromatous
plaques, and secrete extracellular matrix material that forms a fibrous cap over the core [30].
The dysfunctional endothelium further increases cardiovascular risk by promoting local
shear stress, which increases the risk of plaque rupture [31]. When an atherosclerotic plaque
ruptures, circulating platelets are exposed to tissue factor, adenosine 5-diphosphate, and
collagen, which promote activation, aggregation, and the formation of an obstructive throm-
bus within the lumen of the involved artery.

As the endothelium becomes dysfunctional and expression of eNOS at the vessel wall is
reduced, superoxide is generated, and oxidative stress is increased, further impairing
endothelium-dependent relaxation [32]. Whereas in hypercholesterolemia loss of endothe-
lial-dependent vasodilatation is selective, in advanced atherosclerosis, it is complete [33].

Elevated lipid levels are associated with a significant overexpression of AT; receptors
along the endothelial surface, leading to a substantial increase in Ang-II-induced BP eleva-
tions. Nickenig et al. conducted a study to examine AT, receptor overexpression in hyper-
cholesterolemic men and the effect on BP of lipid-lowering therapy. Effects of
hypercholesterolemia on AT, receptor activation were determined by measuring changes in
BP after the infusion of Ang II in men with normal cholesterol (1 = 19) and hypercholester-
olemia (294 + 10 mg/dL; n = 20). The data suggested that high levels of LDL-C exaggerate
BP responses to Ang II related to increased endothelial expression of AT, receptors (Figure
1.4) [34].

HYPERTENSION

Normal coronary vasodilatation is impaired in hypertensive persons as a result of not only
BP elevation but also as a function of inflammation and oxidative stress induced by degra-
dation of NO, activation of endothelin-1, and other vasoactive substances, including brady-
kinin and prostacyclin. Reduced production of NO and/or EDHF may diminish
endothelium-dependent relaxation, promoting net vasoconstriction [35].

The renin-angiotensin system is central to many pathologic processes leading to cardio-
vascular events, and constriction of the systemic vasculature by Ang II leads to hyperten-
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Figure 1.4 Hypercholesterolemia induces AT, receptor expression. Left side: The effect of an infusion of
angiotensin II (Ang II) in normal and hypercholesterolemic individuals (n = 8). Right side: Measurements in
hypercholesterolemic individuals before and after treatment with 20-40 mg atorvastatin or simvastatin for 6
weeks. The inset figure shows the significant correlation between the Ang II type-1 (AT,) receptor density on
isolated platelets and low-density lipoprotein cholesterol (LDL-C) plasma concentrations. The data indicate
that hypercholesterolemia stimulates AT, receptor overexpression and causes a more profound increase in Ang
II-induced blood pressure elevation, and that treatment with statins can reduce Ang-II-induced elevations in
blood pressure (with permission from [34]).

sion. In the kidney, Ang II causes sodium and water retention and efferent arteriolar
vasoconstriction. Hypertension is associated as well with activation of rho kinase. In in
vitro studies, rho kinase has been shown to play a role in SMC contraction, and activation
of rho kinase in vascular SMCs may be involved in the development of atherosclerosis
[36].

Because eNOS plays an important role in the recruitment of inflammatory cells, oxidative
stress, and vascular response to injury, it has been postulated that eNOS deficiency could be
one of the mechanisms linking hypertension to atherosclerosis [11]. Other mechanisms
include deposition of abnormal forms of collagen and elastin, calcification, scarring, increased
thickness in the smooth muscle cell layer comprising the media, and thickening of the
adventitia, all of which can potentiate a loss of vessel wall distensibility and compliance.

DIABETES MELLITUS

In insulin-sensitive individuals, as much as two-thirds of insulin-mediated vasodilatation
derives from signaling mechanisms in the endothelium [37].

BENEFICIAL EFFECTS OF INSULIN

Augments NO bioavailability

Suppresses generation of ROS

Reduces plasma concentrations of adhesion molecules

Reduces proinflammatory factors in plasma (eg, VEGF, matrix metalloproteinase-9) [38]
Reduces PAI-1

As a result of increased production of ROS, insulin-induced NO production is reduced or
lacking in insulin-resistant or diabetic individuals. In insulin-resistant conditions, vasodila-
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tation is impaired and arterial pressure is elevated, resulting in endothelial dysfunction,
worsening insulin resistance, and macrovascular disease. In early diabetic vasculopathy,
oxidative stress increases vascular permeability, allowing monocytes to move between
endothelial cells and migrate into the wall of the artery [39].

Nonenzymatic protein glycation is a process that yields toxic compounds known as
advanced glycation end-products (AGEs), which have been implicated in the pathogenesis
of diabetic vascular complications [40]. In insulin resistance and diabetes mellitus, AGEs
bind to endothelial cell surface receptors for AGE (RAGE), generating ROS and inducing the
expression of adhesion molecules, tissue factor, and foam cells independent of diabetic
hyperglycemia [41].

CIGARETTE SMOKING

Cigarette smoke induces vascular dysfunction by increasing vascular production of super-
oxide anion, which inactivates NO. It contains high concentrations of peroxynitrite, per-
oxynitrate, and thiol-reactive substances, all of which may adversely effect the vasculature
[42]. Cigarette smoke may also contribute to endothelial dysfunction by activating rho kinase
in vascular SMC [36]. This dysfunction is not limited to the pulmonary circulation, but also
occurs in the systemic circulation [42]. In a study in healthy young men, intra-arterial infu-
sion of sodium nitroprusside, a direct vasodilator of vascular smooth muscle, increased
plethysmographically measured forearm blood flow equivalently in smokers and in non-
smokers; alternatively, forearm blood flow response to acetylcholine, which dilates healthy
arteries, was significantly reduced in smokers compared to nonsmokers (P <0.01) [36].

REPAIRING THE DAMAGED ENDOTHELIUM
LOCAL MITOGENESIS

Mature endothelial cells have the capacity to replicate locally, replacing cells that have been
damaged or destroyed. Under normal conditions the integrity and continuity of the endothe-
lium can be maintained in this manner. However, in the presence of cardiovascular risk
factors, these cells cannot replicate quickly enough and additional means are required to
repair the damaged endothelium [43].

ENDOTHELIAL PROGENITOR CELLS

The differentiation of endothelial precursor cells, or angioblasts, into endothelial cells, is a
key mechanism in normal vascular development [44]. In adults, endothelial progenitor cells
are thought to be derived from CD34 hematopoietic stem cells that originate in bone marrow.
They migrate through the endothelial barrier and thereafter are blood borne. When they
reach an anatomical defect along an endothelial surface, they invade target tissue. There they
differentiate into mature endothelial cells, a process known as vasculogenesis that can occur
both in embryos and in adults [12, 44]. The same factors that improve the bioavailability of
NO also improve the mobilization and homing of endothelial progenitor cells [44]. Growth
factors such as VEGF, cytokines, and chemoattractants all play important roles in this process.
Because the expression of anti-oxidant enzymes is higher in endothelial progenitor cells than
in mature endothelial cells, artificially increasing numbers of endothelial progenitor cells
could potentially be therapeutic, particularly in the instance of myocardial ischemia [12, 45].

STATINS

In recent years, HMG-CoA reductase inhibitors (statins) have been shown to have numerous
‘pleiotropic’ effects unrelated to their lipid-lowering properties.
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Effects of statins

Inhibit oxidation of low-density lipoprotein, a key step in atherogenesis

Stabilize mRNA transcripts for eNOS activity, increasing endothelial NO activity
Stimulate production of tPA

Inhibit cytokine production

Inhibit the activity of NADH oxidase

Downregulate expression of the AT, receptor, attenuating Ang Il-induced free radical
production in vascular SMC and induction of vasoconstriction [46]

Inhibit the expression of endothelin-1

Improve endothelium-dependent vasomotion in large arteries and resistance vessels
[33]

Improved endothelial function has been shown after only 2 weeks of statin use [46]. In two
small studies, statin therapy improved endothelium-dependent dilatation in the forearm
circulation [47, 48]. In the study by Nickenig et al. discussed above, , lipid-lowering therapy
with statins (20 to 40 mg of atorvastatin or simvastatin), caused a significant decrease in the
Ang II induced BP increase (P <0.05) and downregulated AT; receptor density in isolated
platelets (P <0.05) (Figure 1.4) [34]. In the randomized, double-blind Coronary Artery
Reactivity After Treatment with Simvastatin (CARATS) study, however, 6 months of treat-
ment with simvastatin improved the lipid profile but failed to show a significant improve-
ment in coronary endothelial vasomotor function compared with placebo in 60 patients with
coronary artery disease and mildly elevated cholesterol levels [49]. The investigators pro-
posed that the relatively mild degree of endothelial function at baseline in this patient pop-
ulation might explain these results.

ANTIHYPERTENSIVE MEDICATIONS

Various antihypertensive drugs have shown favorable effects on the endothelium.

Alpha, beta blockers

Combination alpha, beta-blockers such as carvedilol have anti-oxidant activity that may
improve endothelial function. In one study, 28 patients with coronary artery disease were
randomized to carvedilol or placebo. Using high-resolution ultrasound, brachial flow-medi-
ated dilatation was assessed during reactive hyperemia and after nitroglycerin-induced
endothelium-independent dilatation. Although there were no significant changes in endothe-
lium-independent dilatation with either placebo or carvedilol in response to reactive hype-
remia after 2 h, after 4 months, treatment with carvedilol significantly increased
flow-mediated dilatation compared with both baseline (P <0.01) and placebo values (P <0.01)
The improvement in endothelial function was not likely due to the BP-lowering effect of
carvedilol, since BP reduction of a similar magnitude (to what was observed in these stud-
ies) with different antihypertensive agents has had a limited effect on endothelial dysfunc-
tion [32].

Calcium-channel blockers

Calcium-channel blockers induce vasorelaxation by blocking calcium ion influx into vascu-
lar smooth muscle. They also stimulate the release of VEGF from vascular smooth muscle
and induce angiogenesis. In addition to beneficial effects on the endothelium, calcium-chan-
nel blockers exert anti-oxidant effects on endothelial precursor cells. When precursor cells
were exposed to nifedipine, they were more resistant to cellular oxidant stress, dysfunction,
and apoptosis mediated by hydrogen peroxide [45]. In patients with Stage 1 hypertension,
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nifedipine (4 weeks of treatment with 20-mg sustained-release) stimulates NO production
and preserves endothelial function [45].

Angiotensin-converting enzyme inhibitors

Angiotensin-converting enzyme inhibitors block the formation of Ang II. They also reduce
the degradation of bradykinin and improve the biosynthesis of NO and prostacyclin, all
vasodilators. These effects collectively result in improved vasodilatation and BP reduction
[33].

A randomized, double-blind, crossover study was conducted to determine whether and
by how much simvastatin or enalapril, separately or combined, could modify endothelial
function [33]. In this study, 38 hypercholesterolemic patients were treated with either sim-
vastatin or enalapril, for 8 weeks and with both drugs for another 8 weeks. Brachial artery
diameter was measured before and after postischemic hyperemia using high-resolution
ultrasound at baseline and at 8 and 16 weeks. In the group receiving simvastatin first, after
the first 8 weeks, endothelium-dependent vasodilatation significantly increased (P <0.001),
and the addition of enalapril further improved vasodilatation at 16 weeks. In the group
receiving enalapril first, at 8 weeks vasodilatation improved compared with control (P
<0.01), and further improvement was seen at 16 weeks with the addition of simvastatin (P
<0.001 vs 8 weeks). Thus, both agents improved the postischemic vasodilator response and
additive effects were seen with the combination of both [33].

In the Trial on Reversing Endothelial Dysfunction (TREND), the angiotensin-converting
enzyme inhibitor quinapril in normotensive individuals with coronary artery disease
improved endothelium-mediated vasodilatation as assessed by intracoronary administra-
tion of acetylcholine, independent of antihypertensive effects [50].

Angiotensin-receptor blockers (ARBs)

Some, although possibly not all, ARBs have anti-oxidant properties. The ability to inhibit
superoxide production mediated by Ang II has been seen with olmesartan but not with
losartan [51]. However, losartan and other ARBs may prevent NADPH oxidase-dependent
superoxide production and activation of XO [17]. In addition, ARBs may increase scaveng-
ing of superoxide by extracellular superoxide dismutase [17]. Olmesartan may help prevent
myocardial infarction by maintaining low coronary vascular resistance during high flow
demand situations.

Cold pressor testing measures changes in BP or heart rate in response to immersion of the
hand in ice water for 60 to 120 seconds: sympathetic activation leads to vasoconstriction and
elevated pulse pressure. In one study, 26 hypertensive patients were randomized to olme-
sartan or the calcium-channel blocker amlodipine for 12 weeks. Myocardial blood flow at
rest and during cold pressor testing were determined using positron emission tomography.
Before treatment, myocardial blood flow significantly decreased from rest to the cold pres-
sor test. After treatment, olmesartan but not amlodipine improved endothelium-dependent
coronary dilatation, despite the fact that BP reduction was comparable in the two groups
[51]. Activity of the anti-oxidative enzyme superoxide dismutase also increased in the olm-
esartan group.

Other
Several additional strategies have been proposed, with greater or less success, in an effort to
restore damaged endothelium to a functional state.

Anti-oxidant vitamins
In principle, since ROS trigger endothelial dysfunction, anti-oxidants should inhibit their
activity and even repair endothelial injury. However, anti-oxidants have shown little or no
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benefit in reducing clinical outcomes. In the Medical Research Council (MRC)/British Heart
Foundation (BHF) Heart Protection Study, more than 20 000 patients were randomized to
placebo or to a daily regimen of 20-mg of beta-carotene, 250-mg of vitamin C, and 600-mg
of vitamin E. The anti-oxidant regimen produced no significant reduction in cardiovascular
events despite this regimen substantially increasing blood vitamin levels [52].

Reducing X0 activation

Selective modulation of XO signaling has been proposed as a therapeutic target: allopurinol
has been shown to prevent the production of superoxides as well as to attenuate ischemia/
reperfusion injury induced by XO activation [21]. However, although allopurinol reduced
the activity of XO and improved endothelium-dependent vasodilatation, the ARB losartan
had a more pronounced effect [17].

High-density lipoprotein (HDL)

High-density lipoprotein is known to attenuate the formation of oxidized LDL and to stabi-
lize prostacyclin, but it may also augment the ability of the endothelium to increase eNOS
expression, thereby enhancing vasorelaxation. Flow-mediated dilatation was improved in
eleven patients with coronary artery disease and well controlled LDL-C after HDL choles-
terol levels were raised (30.1 + 1.2 to 40.5 + 1.2 mg/dL) by oral administration of niacin for
3 months [53].

BH4

Supplementation with exogenous BH4 could potentially restore NO activity in patients with
coronary artery disease, hypercholesterolemia, or diabetes [9]. In mice, incubation of vessels
with sepiapterin, a precursor to BH4, improved endothelial-dependent relaxation and
decreased superoxide production. [22].

Glitazones

Thiazolidinediones activate eNOS. In an animal model, pioglitazone inhibited Ang II-induced
peroxynitrite formation and senescence of endothelial progenitor cells. [54] Treatment with
rosiglitazone significantly improved flow-mediated dilatation of the brachial artery in young
women with polycystic ovary syndrome after 6 months, comparable with what was seen
with metformin [55].

MEASURING ENDOTHELIAL DYSFUNCTION AND REPAIR

Coronary endothelial dysfunction is an independent long-term predictor of atherosclerotic
disease progression and coronary heart disease event rates [56]. A correlation between vas-
cular function in the coronary and peripheral vasculature suggests that the endothelium
functions through common pathways in both vascular beds [57]. Because blood flow shear
stress stimulates the release of NO, measurement of forearm blood flow responses to vasoac-
tive agents indicates endothelial function in conduit arteries [36]. Acetylcholine can dilate
healthy arteries by stimulating the release of NO. In patients with coronary artery disease or
risk factors, however, acetylcholine administration may cause paradoxical vasoconstriction
and impaired flow-mediated vasodilatation, reflecting endothelial dysfunction [58].
Several tests have been developed to evaluate endothelial-dependent vasomotion and/
or physiologic stimulation of endothelial NO release. These tests may also reveal early ath-
erosclerosis that may not yet be detectable angiographically [58]. Veno-occlusion plethys-
mography tests acetylcholine response in the forearm using mercury strain gauges during
hyperemia. This test is currently the gold standard for clinical research on endothelial func-
tion [14]. Brachial artery imaging with high resolution ultrasound during reactive hypere-
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mia has been used, but its lack of standardized methodology has made it less useful clinically
[57]. Another type of testing involving infusion of eNOS inhibitors requires brachial artery
cannulation and so is less useful clinically [57].

Circulating biomarkers have also been used to assess endothelial function: these include
ADMA, a competitive antagonist of eNOS, which is linked to preclinical atherosclerotic
disease, an imbalance in levels of tPA and PAI-1, and von Willebrand factor. In a substudy
of the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), elevated levels of P-selectin
were predictive of myocardial infarction in high-risk hypertensive patients, but levels of von
Willebrand factor were not associated with coronary events, and neither marker predicted
cerebrovascular or composite cardiovascular endpoints [59].

Since nearly all risk factors for atherosclerosis decrease the number of circulating endothe-
lial cells, the number of these cells could reflect endothelial injury and predict cardiovascu-
lar events [45]. This may be measured using flow cytometry or fluorescent microscopy. In
addition, circulating cellular proteins, inflammatory markers, or adhesion molecules that
were shed from the surface of damaged endothelial cells may be markers of cardiovascular
risk. These may include metabolites of NO excreted in urine, C-reactive protein, or reduced
levels of extracellular superoxide dismutase. However, to date there is no evidence that
alterations in any biomarker correlate specifically with endothelial dysfunction [27].

Although endothelial function testing can provide prognostic value independently of
that provided by assessment of traditional risk factors, to date all tests of endothelial func-
tion remain too expensive and too variable for routine clinical use. A simple, inexpensive,
and standardized test that would detect early and progressive endothelial dysfunction is
urgently needed [27].

SUMMARY

The vascular endothelium is a dynamic, versatile, and complex organ that is highly respon-
sive to its environment. It plays a pivotal role in maintaining normal BP, vascular homeosta-
sis, and protecting the vasculature from inflammatory and prothrombotic changes that could
lead to cardiovascular morbidity and mortality. The healthy endothelium produces factors
that regulate numerous beneficial effects including vasodilatation and protecting the vessel
wall from inflammatory and oxidative injury. Injuries to the endothelium caused by athero-
sclerosis, hypertension, diabetes mellitus, cigarette smoking, and other cardiovascular risk
factors adversely affect cellular function, create an imbalance between relaxing and contract-
ing factors in the endothelium, and further exacerbate endothelial dysfunction, hypertension,
and vascular disease. Meticulous control of cardiovascular risk factors helps to prevent
endothelial dysfunction and the development and progression of cardiovascular disease.
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