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Mechanisms, Pathophysiology, and Therapy of
Arterial Stiffness

Susan J. Zieman, Vojtech Melenovsky, David A. Kass

Abstract—Arterial stiffness is a growing epidemic associated with increased risk of cardiovascular events, dementia, and
death. Decreased compliance of the central vasculature alters arterial pressure and flow dynamics and impacts cardiac
performance and coronary perfusion. This article reviews the structural, cellular, and genetic contributors to arterial
stiffness, including the roles of the scaffolding proteins, extracellular matrix, inflammatory molecules, endothelial cell
function, and reactive oxidant species. Additional influences of atherosclerosis, glucose regulation, chronic renal
disease, salt, and changes in neurohormonal regulation are discussed. A review of the hemodynamic impact of arterial
stiffness follows. A number of lifestyle changes and therapies that reduce arterial stiffness are presented, including
weight loss, exercise, salt reduction, alcohol consumption, and neuroendocrine-directed therapies, such as those
targeting the renin-angiotensin aldosterone system, natriuretic peptides, insulin modulators, as well as novel therapies
that target advanced glycation end products. (Arterioscler Thromb Vasc Biol. 2005;25:932-943.)

Key Words: arterial stiffness � isolated systolic hypertension � mechanisms � therapeutics � pathophysiology

Increased central arterial stiffening is a hallmark of the
aging process and the consequence of many disease states

such as diabetes, atherosclerosis, and chronic renal compro-
mise. Accordingly, there is a marked increase in the incidence
and prevalence of clinical surrogate markers of vascular
stiffness, such as pulse pressure and isolated systolic hyper-
tension, with age and these associated conditions.1–6 Arterial
stiffening is also a marker for increased cardiovascular
disease risk, including myocardial infarction, heart failure,
and total mortality, as well as stroke, dementia, and renal
disease.7–14 This has been recently reviewed by Safar et al.15

By altering the resting and stress-induced hemodynamics and
energy expenditure, vascular stiffness not only contributes to
these clinical repercussions and lowers the threshold for their
symptoms but also likely contributes to more dyspnea with
exertion and orthostatic hypotension in older adults. Although
the structural and cellular changes that underlie arterial
stiffness may predispose the vasculature to further insult by
atherosclerotic disease, the mechanisms explaining this link
are still undergoing investigation. Wang and Fitch provide a
recent summary of the putative relationship between arterial
stiffness and atherosclerosis.16

Earlier work on arterial properties focused on fluid me-
chanics and the impact of hemodynamic and reflective wave
properties on the development of arterial stiffness and the
arterial waveforms.17,18 The development of methods to
measure and assess specific aspects of arterial stiffness, as
recently reviewed by Oliver and Webb,19 greatly facilitated

understanding of its role in cardiovascular disease. Here, we
build on this earlier review to discuss more recent theories on
the mechanisms contributing to arterial stiffness, its physio-
logical impact on the cardiovascular system, and treatment
strategies to confront it.

Mechanisms of Vascular Stiffness
Vascular stiffening develops from a complex interaction
between stable and dynamic changes involving structural and
cellular elements of the vessel wall (Figure 1). These vascular
alterations are influenced by hemodynamic forces20,21 as well
as by “extrinsic factors” such as hormones, salt, and glucose
regulation. Stiffness is not uniformly disseminated through-
out the vascular tree but is often patchy,22,23,24 occurring in
central and conduit vessels while sparing more peripheral
arteries.25,26 Common diseases, such as hypertension and
diabetes mellitus, or simply aging itself, amplify the vascular
changes that result in artery stiffening and can do so in
different, yet synergistic, ways.

Structural Components of Arterial Stiffening
The stability, resilience, and compliance of the vascular wall
are dependent on the relative contribution of its 2 prominent
scaffolding proteins: collagen and elastin. The relative con-
tent of these molecules is normally held stable by a slow, but
dynamic, process of production and degradation. Dysregula-
tion of this balance, mainly by stimulation of an inflammatory
milieu, leads to overproduction of abnormal collagen and
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diminished quantities of normal elastin, which contribute to
vascular stiffness.27 Increased luminal pressure, or hyperten-
sion, also stimulates excessive collagen production.28 On
gross pathologic vascular specimens, these molecular
changes manifest as a doubling to tripling of intima-medial
thickness between ages 20 to 90,29,30 as well as a hypertro-
phied vascular smooth muscle layer.31 Histological examina-
tion of the intima of stiffened vessels reveals abnormal and
disarrayed endothelial cells, increased collagen, frayed and
broken elastin molecules, infiltration of vascular smooth
muscle cells, macrophages and mononuclear cells, and in-
creased matrix metalloproteinases, transforming growth fac-
tor (TGF)-�, intracellular cell adhesion molecules, and cyto-
kines.32 In addition to vessel wall thickening, aging is
associated with a gradual increase in central artery lumen
diameter (9% per decade from 20 to 60 years in the ascending
aorta),33 although some recent studies have suggested this
does not occur.34

The extracellular matrix (ECM) of the vessel wall is
comprised of collagen, elastin, glycoproteins and proteogly-
cans. The first two provide structural integrity and elasticity,
and are potently regulated by catabolic matrix metallopro-
teases (MMPs). Through their collagenolytic and elastinolytic
effects, MMPs degrade the ECM by creating uncoiled, less
effective collagen and broken and frayed elastin molecules,
respectively (Figure 2). Vascular cells, as well as inflamma-
tory cells such as macrophages and polymorphonuclear neu-
trophils, produce collagenases (MMP-1, MMP-8, MMP-13)

and elastases (MMP-7 and serine proteases).35 Further deg-
radation of the basement membrane ECM and stimulation of
chemotactic agents occur through gelatinase activation
(MMP-2 and MMP-9).22,36 Enzyme activity is regulated by
augmented gene expression, post-translational activation by
cleavage of pro-MMP protein, by MMP–MMP interactions,
and by plasmin, thrombin, and reactive oxygen species
(ROS).37–39 Tissue inhibitors of MMPs counter this response,
and MMP–tissue inhibitors of MMPs balance is central in
controlling remodeling.22 Deposition of chondroitin sulfate,
heparin sulfate, proteoglycans, and fibronectin can also
thicken and stiffen the ECM of vessel walls.40

Collagen molecules provide the tensile strength of the
vessel wall and are enzymatically cross-linked soon after
their formation to render them insoluble to hydrolytic en-
zymes.41 Breaks in the integrity of these intermolecular bonds
cause unraveling of the collagen matrix. Moreover, because
of their slow hydrolytic turnover rate, collagen is particularly
susceptible to nonenzymatic glycation cross-linking as de-
scribed. This leads to increased collagen content, often with a
more unorganized and dysfunctional fiber distribution. Elas-
tin molecules are also stabilized by cross-linking (by LOX) to
form desmosine and isodesmosine. Disruption of these cross-
links contributes to weakening of the elastin array with
predisposition to mineralization by calcium and phosphorous,
together increasing arterial stiffness.33,42,43 Moreover, activa-
tion of various serine and metalloproteases generate broken
and frayed elastin molecules.44 Alterations in elastin produc-
tion and molecular repair mechanisms additionally contribute
to the loss of vascular elasticity.45–47

Arterial stiffness is also caused by advanced glycation end
products (AGEs), which result from nonenzymatic protein
glycation to form irreversible cross-links between long-lived
proteins such as collagen.48,49 AGE-linked collagen is stiffer
and less susceptible to hydrolytic turnover. This results in an
accumulation of structurally inadequate collagen molecules.50

Similarly, elastin molecules are susceptible to AGE cross-
linking reducing the elastic matrix of the wall.51,52 AGE may
also affect endothelial cell function by quenching nitric oxide
and increasing the generation of oxidant species such as
peroxinitrite.53 Through their immunoglobulin superfamily
receptors (RAGE), AGE stimulates stress signaling and
inflammatory responses, increasing the expression of
p12(ras), NF-�B, oxidant radical formation, pro-
inflammatory cytokines, growth factors, and vascular adhe-
sion molecules.54,55 Such mediators can increase vascular
stiffness via MMPs,56 contribute to endothelial dysfunction
that elevates smooth muscle tone, depress endothelial flow-
mediated dilation, worsen the response to vascular injury,
affect angiogenesis, and promote atherosclerotic plaque for-
mation.57–59 A profibrotic response can be also triggered
independently from a TGF-� pathway by the interaction of
RAGE with AGE ligands.60

It remains less clear whether the deposition of lipids in the
vascular wall and development of atherosclerotic lesions
alone contribute to vessel stiffness. Young subjects with
isolated hypercholesterolemia have normal or even increased
arterial compliance.61 With progressing age, the relationship
between arterial compliance and low-density lipoprotein

Figure 1. Summary of the multiple causes and locations of arte-
rial stiffness.

Figure 2. Matrix metalloproteinases affect collagen and elastin
balance and are regulated by various activators and inhibitors.
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(LDL) cholesterol becomes negative, as a result of more
pronounced endothelial dysfunction.62 Clearly, the patho-
physiology of atherosclerosis involves many similar inflam-
matory, protease, and oxidase-mediated stress/remodeling
cascades that can lead to vessel remodeling and altered
collagen and elastin structure. However, because stiffness and
atherosclerosis often coexist, causality remains uncertain.

Cellular Role in Vascular Stiffening
In addition to structural changes, arterial stiffness is strongly
affected by endothelial cell signaling and vascular smooth
muscle cell (VSMC) tone. VSMC tone can be modified by
mechanostimulation, itself, in part because of cell stretch and
changes in calcium signaling, and by paracrine mediators
such as angiotensin II,63 endothelin,64 oxidant stress,65 and
nitric oxide. Endothelial dysfunction is evidenced clinically
by an impaired vasodilatory response to acetylcholine.66,67

This stems, in part, from an imbalance between nitric oxide
and endothelial-derived hyperpolarizing factor and constrict-
ing hormones, and oxygenases (eg, cyclooxygenase,
NADPH, and xanthine oxidase).68 Nitric oxide expression
may itself be reduced,67,69 and increased expression of a
natural nitric oxide synthase (NOS) inhibitor, asymmetrical
dimethylarginine, has been linked to vascular stiffening.70

Bioavailability of nitric oxide is also reduced by activation of
reactive oxygen species caused by stress, hormones, and
likely AGEs.71 The formation of peroxynitrite and other
highly reactive species results in abnormal vascular tone.67,72

Although many studies have established a role of endothe-
lial dysfunction in vascular stiffening, recent studies have
suggested the opposite holds as well—ie, that structural
stiffening could alter endothelial function and thereby worsen
stiffening. When endothelial cells cultured in distensible
silastic tubes are exposed to realistic pulsatile perfusion, the
combined phasic shear and stretch results in greatly aug-
mented phosphorylation of the serine-threonine kinase Akt
and subsequent stimulation of endothelial NOS.72 However,
neither phosphorylation nor endothelial NOS expression are
stimulated in cells cultured in stiff tubes and exposed to
identical pulsatile perfusion. These data suggest that the
ability of the vessel wall to stretch impacts endothelial
mechanotransduction far more than a pulsatile stimulus, and
this lack of compliance may promote a decline in NOS
activity, leading to further arterial stiffness.

Neuroendocrine Signaling and Salt
Many hormones are known to modulate vascular stiffness.
Angiotensin II (AII) stimulates collagen formation, triggers
matrix remodeling and vascular hypertrophy, depresses nitric
oxide-dependent signaling, increases oxidant stress, and re-
duces elastin synthesis.63 In addition, AII stimulates cyto-
kines and growth factors in the matrix that contribute to an
increased inflammatory response.47,73–75 Many of these
changes are transduced by AII-stimulated NADPH oxidase
and NOS uncoupling.76 Aldosterone (ALDO) synthesis is
primarily controlled by the action of AII on the angiotensin
type I receptor, and also promotes vascular stiffness and
hypertension by stimulating VSMC hypertrophy, fibrosis,
and fibronectin.77,78 The action of ALDO is closely tied to

endothelin-1; infusion of ALDO increases endothelin-1 pro-
duction, which has vasoconstrictive and fibrotic effects on the
vasculature itself.79

Dietary salt augments vascular stiffness with increasing
age, and low-sodium diets consumed by older adults improve
arterial compliance.80,81 In response to NaCl, VSMC tone is
stimulated and vascular wall composition altered with a
marked increase in the medial layer with VSMC hypertrophy
and abundant collagen and elastin production.82–85 Salt intake
interacts with genetic polymorphisms for genes such as
angiotensin type I receptors, nitric oxide, and ALDO syn-
thase.86–88 Sodium also impairs endothelial function by re-
ducing the production of nitric oxide by NOS, thereby
diminishing nitric oxide bioavailability and by stimulating
NOS inhibitor asymmetrical dimethylarginine and enhancing
NADPH oxidase activity.81 This results in enhanced ROS
stimulation as a common mechanism for arterial stiffening.

Glucose, Insulin, and Vascular Stiffening
In patients with diabetes and metabolic syndrome, arterial
stiffening is consistently observed across all age groups. For
example, increased arterial stiffness and abnormal endothelial
reactivity is already present in obese children with metabolic
syndrome.89 A core feature appears to be insulin resistance,
because central arterial stiffness and insulin resistance are
positively correlated.90,91 Furthermore, the extent of metabol-
ic changes predicts arterial stiffness in a dose-dependent
fashion.3 Chronic hyperglycemia and hyperinsulinemia in-
creases the local activity of renin-angiotensin-aldosterone
system (RAAS) and expression of angiotensin type I receptor
in vascular tissue,92 promoting development of wall hyper-
trophy and fibrosis.93,94 Hyperinsulinemia itself has prolifer-
ative effects, because insulin resistance impairs PI3-kinase–
dependent signaling responsible for the acute metabolic
effects of insulin, yet activity of growth-promoting mitogen
activated kinase pathways remains relatively preserved.95

Impaired glucose tolerance also enhances nonenzymatic gly-
cation of proteins with covalent cross-linking of collagen
(AGEs) and alters the mechanical properties of interstitial
tissue of the arterial wall.96 Stiffness is further increased by
endothelial dysfunction caused by high LDLs, free fatty
acids,97 endothelin-l, inadequate vasodilatory effects of insu-
lin, or decreased levels of adiponectin98 and natriuretic
peptides.99 Importantly, increased arterial stiffness in the
metabolic syndrome is not the consequence of fully estab-
lished diabetes, but rather caused by subtle hormonal and
metabolic abnormalities present from the very beginning of
an insulin-resistant state.

Chronic Renal Disease
Arterial stiffening increases in patients with chronic renal
insufficiency, and aortic pulse wave velocity (PWV), a
marker of stiffening, is a strong independent predictor of
mortality in this population.12 Arterial stiffening in renal
disease involves several mechanisms. Intima-medial thicken-
ing occurs in response to increased wall stress from hyper-
tension. Increased extracellular matrix collagen content and
VSMC proliferation are promoted by activated systemic and
local RAAS. Further, elasticity and digestibility of collagen
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and other ECM proteins are reduced because of AGE forma-
tion100 and reactions with methylglyoxal and other reactive
carbonyl compounds, which are increased in uremic pa-
tients.101 Arterial stiffening in renal disease is also driven by
diffuse calcifications in the arterial media without much
inflammation, producing a histological picture quite different
from calcifications in complex atherosclerotic plaque.102,103

Rather, data support a role of osteoblast-like cells that secrete
bone matrix proteins.104–106

Genetics of Vascular Stiffening
Given the involvement of numerous proteins and hormones in
vascular stiffening, it is perhaps not surprising that genetic
polymorphisms have been identified that are associated with
increased arterial stiffening. In a recent genome-wide scan of
the Framingham Heart Study population, DeStefano et al
report that having chronically increased arterial pulse pres-
sure has moderate inheritability (0.51 to 0.52). There appears
to be minimal overlap between linkage peaks of pulse
pressure (PP) versus systolic or diastolic pressure,107 suggest-
ing that genes contributing to PP variability are separate.
Several highly suggestive regions have been identified, some
in concordance with genome scans in different cohorts, such
as 122 cM region of 15 chromosome,108 164 cM region of 8
chromosome (in proximity of ALDO synthase gene),109 and
70 cM region of 7 chromosome.110 Gene candidates in these
locations have not been identified but may ultimately disclose
unexpected genes related to blood pressure traits. Interest-
ingly, several linkage peaks for PP have been observed in
regions coding multiple components of growth hormone/
insulin growth factor axis (insulin-like growth factor, insulin-
like growth factor binding protein 1 and 3, and growth
hormone insulin-like growth factor), supporting the impor-
tance of this pathway on vascular structure.

Candidate gene analysis has also identified loci coupled to
measures of arterial stiffness. For example, variations in
arterial stiffness have been related to gene polymorphisms in
the angiotensin-converting enzyme (ACE) or angiotensin
type I receptor,73,111 endothelin A and B receptor,112 collagen-
I�1,113 fibrillin-1, and IGF-1114 Importantly, these studies
have been generally limited by small and preselected study
populations. None of these genes seems to have a major effect
in the general population, which likely reflects the polygenic
and multifactorial nature of hypertension.115

Vascular Stiffening Pathobiology
Vascular stiffening results in widening of the arterial pulse
pressure, which can profoundly influence blood vessel and
heart biology. In arteries, the impact is primarily related to
changes to mechanical vascular stimulation caused by in-
creased pulsatile shear and pressure.116,117 Local regions near
bifurcations have more turbulent flow and experience a
higher amplitude of oscillatory shear stress with elevated
stress, magnifying endothelial dysfunction and vascular dis-
ease.118 In compliant arteries, increased pulsatile perfusion
can augment vasodilation, a change linked to enhanced nitric
oxide production as well as activation of calcium-sensitive
K� channels linked to endothelial-derived hyperpolarizing
factor.119,120 This is further amplified when PP is enhanced in

vascular beds dilated by local stimulation of ATP-sensitive
K� channels,121 a common mechanism regulating regional
flow in the coronary arteries and peripheral vasculature.
However, this augmentation of flow by pulse perfusion may
require normal vascular distensibility, because reduction of
wall compliance appears to block key signaling involved with
this response.72

From the perspective of the heart, vascular stiffening
influences the load imposed on the ventricles, the efficiency
of cardiac ejection, and the perfusion of the heart itself.
Hearts ejecting into a stiffer arterial system must generate
higher end-systolic pressures for the same net stroke volume.
The result is a greater energy requirement for a given level of
ejected flow.122 Chronic ejection into a stiffer vasculature
induces cardiac hypertrophy even at similar levels of mean
arterial pressure (MAP).123 Vascular stiffening also changes
the manner by which the heart is perfused. Normal coronary
flow is predominantly diastolic, so that changes in systolic
pressure have relatively little impact on mean perfusion.
However, in hearts ejecting into a stiff arterial system,
coronary perfusion displays far more systolic flow associated
with the elevated systolic perfusion pressure.119,124 What this
means, however, is that when heart performance is dimin-
ished—for example, by an acute ischemic event—coronary
flow is far more sensitive to the decline in systolic function
than it otherwise would be. This was demonstrated in a canine
model in which cardiac ejection was randomly directed into
the normal compliant aorta or a stiffer conduit.124 Hearts
ejecting into the stiffer conduit had greater chamber dilation
and cardiodepression during an acute coronary occlusion than
those ejecting into the compliant aorta, despite having
matched levels of basal cardiac metabolic demand.

Clinical Implications of Vascular Stiffening
Isolated systolic hypertension (defined as systolic blood
pressure �140 and diastolic blood pressure �90 mm Hg) and
elevated pulse pressure (PP�systolic blood pressure�dia-
stolic blood pressure) are 2 clinical manifestations of de-
creased vascular distensibility.4 The prevalence of hyperten-
sion increases with age such that �60% of people older than
age 65 years are hypertensive with systolic blood pressure
�140 mm Hg and/or a diastolic blood pressure �90 mm Hg;
older blacks have a higher prevalence of hypertension than do
whites in all age groups.1,2 However, unlike younger hyper-
tensive subjects in whom systolic blood pressure, diastolic
blood pressure, and MAP are all risks for cardiovascular
events,125–127 isolated systolic hypertension, elevated PP, and
increased PWV pose more significant risks for strokes,
myocardial infarctions, heart failure, and overall mortality in
older adults.7,9–11,14,128–132 This difference in risk implies a
different pathophysiological mechanism for hypertension in
younger versus older individuals and perhaps a different
therapeutic approach.8,133,134 In fact, it is reported that every
2-mm Hg increase in systolic blood pressure increases the
risk of fatal stroke by 7% and fatal coronary heart disease
event by 5%.135

Chronic elevation of mean blood pressure also leads to
thickening of arterial wall, mostly in media. Hypertension-
driven remodeling represents a compensatory mechanism that
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normalizes increased wall stress. In contrast to the effects of
aging, intrinsic stiffness of wall material in hypertensive
individuals may not differ from normotensive controls,136,137

and hypertension-related wall hypertrophy is least partly
reversible after adequate reduction of mean pressure.138

Elevation of peripheral vascular resistance combined with
increased arterial stiffness in older subjects leads to develop-
ment of isolated systolic hypertension. There is growing
evidence that response of PP to therapy may also be relevant
to outcomes. In post-hoc analysis of Systolic Hypertension in
the Elderly Program (SHEP) trial data, widening of PP
(�10 mm Hg) on active drug therapy was associated with
increased risk of stroke.10 Another analysis of the same study
showed that the risk stemming from excessive diastolic blood
pressure reduction is dose-dependent, with a threshold at
�60 mm Hg.139

It is important to underscore that a reduction in blood
pressure and/or an increase in vascular compliance are
associated with a reduction in cardiovascular risk. However,
it is often difficult to separate the effects of pharmacological
and lifestyle interventions on blood pressure reduction alone
from their direct effects on the vascular wall properties.
Changes in MAP tend to correlate better with changes in
arterial compliance than do changes in systolic blood pres-
sure. As highlighted in these clinical and observational trials,
interventions that lower blood pressure and that are associ-
ated with reduction in cardiovascular risk are associated with
a decrease in measures of arterial stiffness (PWV, augmen-
tation index, compliance); however, they may not necessarily
have any direct effect on structural components of the vessel
wall that contribute to stiffness.

Can We Intervene? Reducing
Vascular Stiffening

There are a number of strategies to reduce vascular stiffening.
Several factors involve lifestyle issues, such as reducing body
weight, exercise, lowering salt intake, and moderate alcohol
consumption. Other strategies are pharmacological in nature,
focusing on nitric oxide-dependent pathways, antioxidants,
RAAS inhibitors, TGF-� inhibition, 3-hydroxy-3-methylglu-
taryl–coenzyme A reductase inhibition, and AGE cross-link
breakers. We briefly review the current evidence of such
destiffening approaches.

Although reduction of body weight alone in uncomplicated
obesity significantly reduces blood pressure, the isobaric
compliance of the carotid artery appears unaltered.140 How-
ever, obesity is often accompanied by the metabolic syn-
drome, and substantial improvement of the latter also occurs
with weight loss. Interestingly, clinical evidence linking
improvement in the metabolic syndrome state and vascular
destiffening remains lacking. Whereas many weight-
reduction diets have been proposed, there are no data directly
supporting one method or another as a means for arterial
destiffening. In contrast, several dietary supplements appear
to influence compliance. For example, supplementation of
n-3 polyunsaturated fatty acids (eicosapentaenoic acid and
docosahexaenoic acid) increases systemic arterial compliance
in dyslipidemic subjects, presumably by lowering of triglyc-
erides and very LDL.141 A high dietary intake of isoflavones,

nonsteroidal plant-derived compounds abundant in soy beans,
is associated with a lower PWV,142 and administration of red
clover isoflavones for 6 weeks reduces PWV in healthy
volunteers;143 an effect that may relate to the affinity of
isoflavones to bind to human estrogen receptors.

Stiffness of large arteries increases with age, even in
healthy individuals without any cardiovascular disease,144 but
is less pronounced in those who engage in regular endurance
exercise.144,145 Even once established, large artery stiffening
can be diminished by a program of physical exercise.146 In
middle-aged sedentary men, 3 months of aerobic training
(walking or jogging 40 minutes per day at 70% to 75% of
maximum heart rate) enhanced carotid artery compliance to
levels observed in similarly aged endurance-trained men.145

Whether low-to-moderate exercise imparts similar effects is
less clear.147,148 In one randomized, crossover study of indi-
viduals with systolic hypertension, moderate aerobic exercise
had no impact on large artery compliance.149 Intensive
exercise has limited effects on aerobic capacity and may not
alter arterial stiffness in very old subjects.148 The vascular
benefits of exercise are indirectly related to a decline in the
release of neurohumoral vasoconstrictors and reduced effer-
ent sympathetic tone, and to endothelial mechanical-signaling
associated with increased pulsatile flow and stretch and
consequent enhanced nitric oxide stimulation.150 These
changes appear to persist after exercise training.151 In contrast
to aerobic training, resistance training (weight lifting) in-
creases proximal aortic stiffness152 and is associated with
higher incidence of left ventricular hypertrophy than in
sedentary controls.153

Moderate alcohol consumption has been associated with
significantly lower PWV in both genders, even after adjusting
for mean blood pressure and other variables.154,155 There is a
J-shaped relationship between alcohol intake and PWV, but
this weakens after adjusting for high-density lipoprotein
cholesterol,154suggesting that an important part of protective
effects of alcohol are related to increased cellular cholesterol
efflux and reverse cholesterol transport stimulated by chronic
ethanol exposure.156

Among diet-related factors, salt intake probably has the
most potent effects on vascular stiffness. The salt ingestion of
our human ancestors was probably �10-times less than it is
normally consumed in a Western diet today.157 Salt supple-
mentation to such current dietary levels induces dose-
dependent increases in blood pressure in nonhuman pri-
mates,158 whereas even short-term salt restriction in
hypertensive patients substantially lowers blood pressure.159

High salt intake accelerates age-related changes in vascula-
ture,160 and both short-term80 and longer-term161 sodium
restriction increases arterial compliance, relatively indepen-
dently from the effect on mean blood pressure. Besides
altering mean pressure, salt exposure triggers structural and
functional pressure-independent changes in the vascular wall.
Salt-sensitive rats raised on a high-salt diet display increased
vascular stiffness and altered arterial wall composition that
precedes blood pressure increases by weeks.162 These
pressure-independent changes are caused by abnormal endo-
thelial function, increased smooth muscle tone, intimal-
medial thickening, and increased collagen, fibronectin, hyal-
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uronic acid, and collagen cross-link formation.163,164 Vascular
RAAS is also activated with a local increase in AT2 synthe-
sis,165 whereas nitric oxide production decreases.166 Smooth
muscle tone also increases because of endogenous Na pump
ligands such as marinobufagenin or ouabain-like substances
that increase with high-salt intake.81

Among the pharmacological approaches for reducing vas-
cular stiffness and/or its cardiac effects, diuretics, nitrates,
and RAAS inhibitors are most commonly used. Although
providing some usefulness, these agents have not solved the
problem, and there remains a serious lack of effective
therapies that directly target the structural abnormalities and
changes in vascular signaling that underlie stiffening. Diuret-
ics167 together with calcium channel antagonists have long
been the first line of treatment,168,169 whereas �-blocking
agents are less valuable.170 The latter slow heart rate, leading
to an increase in PP and central pressure augmentation, and
also increase the reactive load on the heart.171,172

Nitrates do not substantially affect stiffness of the proximal
aorta, yet they reduce PP more selectively than other vaso-
active drugs by inducing only minimal changes in diastolic or
mean pressure.173,174 This may occur by a more selective
effect on venodilation175,176 and attenuation of peripheral
wave reflections during systole.176,177 Long-term effects have
been limited by development of nitrate tolerance, among
other potential mechanisms.

Atrial natriuretic peptide (ANP) and brain natriuretic pep-
tide elevate intracellular cGMP by activation of a receptor-
coupled guanylate cyclase.178 Administration of ANP or brain
natriuretic peptide acutely decreases ovine iliac artery stiff-
ness in vivo, whereas infusion of a selective antagonist of
natriuretic peptide receptor type A (NPR-A) increases stiff-
ness, suggesting that baseline distensibility is under active
control of circulating natriuretic peptides.179 Natriuretic pep-
tides also exert antiproliferative and antifibrotic activities in
the cardiovascular system, and long-term ANP infusion
enhances carotid compliance and decreases wall thickness in
spontaneously hypertensive rats.180 The bioavailibility of
natriuretic peptides can be enhanced by inhibiting neutral
endopeptidase 24.11 (NEP 24.11), a catabolic enzyme for
natriuretic peptides and other vasoactive peptides such as
bradykinin and adrenomedullin. The combined ACE and
neutral endopeptidase inhibitor (omapatrilat) has been tested
in several clinical trials181,182 and was found to lower proxi-
mal aortic impedance (characteristic impedance) more than a
similar dose of enalapril.183 The incidence of angioedema
with the medication proved limiting, however.

Nitrates and natriuretic peptides enhance vascular cGMP
synthesis, and this can also be accomplished by blocking
cGMP catabolism using phosphodiesterase 5 inhibitors.184

Phosphodiesterase 5 inhibition by sildenafil can also reduce
wave reflections and lower PP,185 and may accomplish this
without the tolerance from long-term nitrate exposure.
Chronic phosphodiesterase 5 inhibition might also potentiate
antiproliferative effects from circulating ANP and brain
natriuretic peptides— but such speculations remain to be
tested.

The RAAS system plays a central role in short-term and
chronic blood pressure control and adaptive responses. Acti-

vation of RAAS by suprarenal aortic banding,186 administra-
tion of AII or ALDO, or salt feeding in salt-sensitive rat
strains162 alters the ECM composition of cardiovascular
tissues—expanding the matrix and increasing fibrosis. Ini-
tially, RAAS-driven fibrosis is characterized by increased
inflammatory cells in the tissue and activation of redox-
sensitive NF-�B pathway. Inhibition of monocyte chemoat-
tractant peptide (MCP-1) by a monoclonal antibody prevents
macrophage accumulation, induction of TGF-�1, and
fibroblast-mediated fibrosis in myocardium and vessels in rat
model of aortic constriction.187 AII-driven ROS production
activates redox-sensitive transcription factor NF-�B, which
stimulates a wide array of genes involved in growth-specific
and tissue-specific “response-to-injury” programs. AII-
mediated ROS generation is also implicated in reduced nitric
oxide-synthesis by NOS caused by enzyme uncoupling.188

Clinical evidence supporting pressure-independent benefits
of angiotensin type I receptor blockade on arterial stiffness
remains lacking, although some data hint at a benefit.189

ALDO-responsive mineralocorticoid receptors are also
present in the heart and large arteries.190 In parallel with AII,
ALDO is produced directly in vascular wall.191 ALDO
upregulates and increases the sensitivity of angiotensin type I
receptors,192 and therefore mediates and exacerbates AII-
induced cardiovascular damage, particularly in the setting of
a high-sodium diet. Pharmacological inhibition of RAAS by
low-dose angiotensin type I receptor antagonists193 or ALDO
receptor antagonists194 prevents development of fibrosis in
animals without altering blood pressure.194–196 In experimen-
tal models, ALDO antagonists can prevent age-related colla-
gen accumulation in the absence of hypertension.197 Lastly,
local RAAS activity can be modified by inhibition of ACE,
which blocks AII-mediated and bradykinin-mediated effects,
but favors the former.198 ACE inhibition effectively lowers
blood pressure but appears less effective in preventing vas-
cular fibrosis and stiffening over angiotensin type I receptor
or ALDO-receptor antagonists.186

TGF-�1 is a central player in the development of fibrosis
in chronic inflammatory conditions.199 Fibroblasts and
smooth muscle cells respond to TGF-�1 by expansion of
extracellular matrix, upregulation of proteoglycans, fibronec-
tin, and collagen synthesis paralleled by downregulation of
gelatinases (MMP-2 and MMP-9) and upregulation of their
tissue inhibitors (TIMP-1). TGF-�1 plays a substantial role in
mediating AII effects on ECM remodeling and vascular
fibrosis. Activation of TGF-�1 by AII is mediated by ROS
created by NADP(H) oxidase, and is coupled to several signal
transduction pathways, including MAP kinase, and notably
the Smad pathway. Pharmacological modification of TGF-�–
Smad pathway are therefore prospective targets for antifi-
brotic therapy.200,201

Arterial stiffness is improved by therapy with 3-hydroxy-
3-methylglutaryl–coenzyme A inhibitors. The effects of
statins on arterial compliance are more pronounced in mus-
cular arteries than in the aorta or carotid artery, and are
detectable after several weeks of therapy.62,202 Statin efficacy
is in part attributable to reduction of circulating LDL choles-
terol, but they also can improve stiffness of arteries in the
absence of hyperlipidemia. This may relate to their enhance-
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ment of Akt kinase and consequent activation of NOS and
angiogenesis,203 effects on endothelial progenitor cells, and
inhibition of GTP-binding proteins Rac1 and RhoA, that are
involved in regulation of VSMC growth and proliferation,
and in regulation of vascular NADPH oxidase activity.204

Arterial stiffening related to insulin resistance and diabetes
can be modified by pharmacological ligands of peroxisome
proliferator activated receptor (PPAR)-� receptors. PPAR-�
are ligand-activated nuclear transcription factors that regulate
intermediate metabolism. Activation of PPAR-� by thiazo-
lidinediones (pioglitazone, rosiglitazone, troglitazone) in-
creases insulin sensitivity and improves glycemic control, and
these drugs are now widely used in the management of type
II diabetes. PPAR receptors are also expressed in vascular
tissue and contribute to vascular homeostasis. Activation of
PPAR- � prevents vascular remodeling and inhibits wall
inflammation in AII-stimulated rats.205 In type 2 diabetics, 3
months of pioglitazone treatment reduced aortic PWV while
increasing adiponectin206 and lowering C-reactive protein.
Interestingly, the decrease of PWV and C-reactive protein
levels occurred irrespective of improved diabetic control,
suggesting that vascular and antidiabetic effects of glitazones
may be partially independent.

Whereas most antihypertensive agents are directed at the
dynamic vasoconstrictive component of arterial stiffness,
newer therapeutics are targeting structural causes in the
vessel wall such as AGE cross-linking of collagen, which
were previously thought irreversible. Drugs that block the
formation of AGEs (aminoguanidine, pyridoxamine, and
OPB-9195), those that nonenzymatically cleave existing
AGE cross-links (alagebrium [ALT-711]), and drugs that
either serve as sham RAGEs or block RAGE are undergoing
development. Although aminoguanidine improves vascular
distensibility, reduces PWV, and reduces diabetic nephropa-
thy, clinical trials demonstrate glomerulonephritis at high
doses.207–209 Pyridoxamine and OPB-9195 remain in preclin-
ical testing; the latter reduces blood pressure in genetically
hypertensive rats and decreases the intimal hypertrophic
response to balloon vessel injury in diabetic rats.210,211 In
animal models, administration of an AGE cross-link breaker,
(3-phenylacyl-4,5-dimethylthiazolium chloride, or alage-
brium chloride) reduces arterial stiffening, slows PWV,
enhances cardiac output, and improves left ventricular dia-
stolic distensibility.212–214 In a randomized, placebo-
controlled trial in 93 humans older than age 50 years with
increased arterial stiffness (PP �60 mm Hg and systolic
blood pressure �140 mm Hg), ALT-711 was associated with
a significant reduction in PP and PWV and improvement in
compliance compared with placebo.215 The effect of this
agent in older adults with isolated systolic hypertension and
diastolic heart failure are undergoing investigation. Soluble
RAGE molecules, which act as a false AGE ligands, suppress
atherosclerotic development in apolipoprotein E knockout
mice and decrease VSMC proliferation to balloon injury in
diabetic rats.216–218 Soluble RAGE molecules decrease ex-
pression of MMPs, vascular cell adhesion molecule-1, mac-
rophage chemotactic factor, and tissue factor, all key factors
in vascular inflammation and arterial stiffness.219 These
agents currently remain in preclinical testing.

Summary
The growing prevalence and associated risk of arterial stiff-
ness provide a major thrust to better understand the underly-
ing molecular, cellular, and genetic causes and the resultant
physiological impact of this condition. Elucidation of these
mechanisms will aid in more specifically targeted therapeutic
interventions because currently available antihypertensive
medications fall short at increasing the compliance of the
central arterial vessels. Reduction of arterial stiffness of these
larger vessels will likely have a significant impact on mor-
bidity and mortality of older adults, as well as diabetic
subjects and those with chronic renal disease, and will likely
improve quality of life in these populations.

Acknowledgments
The authors have no potential conflicts of interest to declare. S.J.Z.
is supported by grant funds from the Society of Geriatric Cardiology/
Association of Subspecialty Professors (T. Franklin Williams
Scholar) and the National Heart, Lung, and Blood Institute
(1K23HL73059). D.A.K. is partially supported by a grant from the
National Institute on Aging (AG-18324).

References
1. American Heart Association. Heart and Stroke Statistics—2003 Update.

Dallas, TX: American Heart Association; 2002.
2. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo

JL, Jr, Jones DW, Materson BJ, Oparil S, Wright JT, Jr, Roccella EJ.
The Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure: the JNC
7 report. JAMA. 2003;289:2560–2572.

3. Scuteri A, Najjar SS, Muller DC, Andres R, Hougaku H, Metter EJ,
Lakatta EG. Metabolic syndrome amplifies the age-associated increases
in vascular thickness and stiffness. J Am Coll Cardiol. 2004;43:
1388–1395.

4. Dart A, Kingwell B. Pulse pressure–a review of mechanisms and clinical
relevance. J Am Coll Cardiol. 2001;37:975–984.

5. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in
cardiovascular disease enterprises: Part I: aging arteries: a “set up” for
vascular disease. Circulation. 2003;107:139–146.

6. Collins AJ, Li S, Gilbertson DT, Liu J, Chen SC, Herzog CA. Chronic
kidney disease and cardiovascular disease in the Medicare population.
Kidney Int Suppl. 2003;S24–S31.

7. Chae CU, Pfeffer MA, Glynn RJ, Mitchell GF, Taylor JO, and Hen-
nekens CH. Increased pulse pressure and risk of heart failure in the
elderly. JAMA. 1999;281:634–639.

8. Franklin SS, Larson MG, Khan SA, Wong ND, Leip FP, Kannel WB,
and Levy D. Does the relation of blood pressure to coronary heart
disease risk change with aging? The Framingham Heart Study. Circu-
lation. 2001;103:1245–1249.

9. Mitchell GF, Pfeffer MA, Braunwald E, Rouleau J-L, Bernstein V,
Geltman EM, and Flaker GC. Sphygmomanometrically determined
pulse pressure is a powerful independent predictor of recurrent events
after myocardial infarction in patients with impaired left ventricular
function. Circulation. 1997;96:4254–4260. 97.

10. Vaccarino V, Berger A, Abramson J, Black H, Setaro J, Davey J,
Krumholz H. Pulse pressure and risk of cardiovascular events in the
systolic hypertension in the elderly program. Am J Cardiol. 2001;88:
980–986.

11. Kostis J, Lawrence-Nelson J, Ranjan R, Wilson A, Kostis W, Lacy C.
Association of increased pulse pressure with the development of heart
failure in SHEP. Systolic Hypertension in the Elderly (SHEP) Coop-
erative Research Group. Am J Hypertens. 2001;14:798–803.

12. Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London GM.
Impact of aortic stiffness on survival in end-stage renal disease. Circu-
lation. 1999;99:2434–2439.

13. Forette F, Seux ML, Staessen JA, Thijs L, Birkenhager WH, Babar-
skiene MR, Babeanu S, Bossini A, Gil-Extremera B, Girerd X, Laks T,
Lilov E, Moisseyev V, Tuomilehto J, Vanhanen H, Webster J, Yodfat Y,
Fagard R. Prevention of dementia in randomised double-blind placebo-

938 Arterioscler Thromb Vasc Biol. May 2005

 by guest on March 19, 2013http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


controlled Systolic Hypertension in Europe (Syst-Eur) trial. Lancet.
1998;352:1347–1351.

14. Benetos A, Safar M, Rudnichi A, Smulyan H, Richard, J-L., Duci-
metière P, and Guize L. Pulse pressure: a predictor of long-term car-
diovascular mortality in a french male population. Hypertension. 1997;
30:1410–1415.

15. Safar ME, Levy BI, Struijker-Boudier H. Current perspectives on arte-
rial stiffness and pulse pressure in hypertension and cardiovascular
diseases. Circulation. 2003;107:2864–2869.

16. Wang YX, Fitch RM. Vascular stiffness: measurements, mechanisms
and implications. Curr Vasc Pharmacol. 2004;2:379–384.

17. Nichols W, O’Rourke M. Contours of pressure and flow waves in
arteries. In: Nichols W, O’Rourke M, eds. McDonald’s Blood Flow in
Arteries. Theoretical, Experimental and Clinical Principles. London:
Edward Arnold; 1998.

18. Nichols W, O’Rourke M. McDonald’s Blood Flow in Arteries. Theo-
retical, Experimental and Clinical Principles. London: Edward Arnold;
1998.

19. Oliver JJ, Webb DJ. Noninvasive assessment of arterial stiffness and
risk of atherosclerotic events. Arterioscler Thromb Vasc Biol. 2003;23:
554–566.

20. Wolinsky H, Glagov S. Structural basis for the static mechanical prop-
erties of the aortic media. Circ Res. 1964;14:400–413.

21. Wolinsky H, Glagov S. Comparison of abdominal and thoracic aortic
medial structure in mammals. Deviation of man from the usual pattern.
Circ Res. 1969;25:677–686.

22. Galis ZS, Khatri JJ. Matrix metalloproteinases in vascular remodeling
and atherogenesis: the good, the bad, and the ugly. Circ Res. 2002;90:
251–262.

23. Beattie D, Xu C, Vito R, Glagov S, Whang MC. Mechanical analysis of
heterogeneous, atherosclerotic human aorta. J Biomech Eng. 1998;120:
602–607.

24. Bassiouny HS, Zarins CK, Kadowaki MH, Glagov S. Hemodynamic
stress and experimental aortoiliac atherosclerosis. J Vasc Surg. 1994;
19:426–434.

25. Benetos A, Laurent S, Hoeks AP, Boutouyrie PH, Safar ME. Arterial
alterations with aging and high blood pressure. A noninvasive study of
carotid and femoral arteries. Arterioscler Thromb. 1993;13:90–97.

26. Gillessen T, Gillessen F, Sieberth H, Hanrath P, Heintz B. Age-related
changes in the elastic properties of the aortic tree in normotensive
patients: investigation by intravascular ultrasound. Eur J Med Res.
1995;1:144–148.

27. Johnson CP, Baugh R, Wilson CA, Burns J. Age related changes in the
tunica media of the vertebral artery: implications for the assessment of
vessels injured by trauma. J Clin Pathol. 2001;54:139–145.

28. Xu C, Zarins CK, Pannaraj PS, Bassiouny HS, Glagov S. Hypercholes-
terolemia superimposed by experimental hypertension induces differ-
ential distribution of collagen and elastin. Arterioscler Thromb Vasc
Biol. 2000;20:2566–2572.

29. Nagai Y, Metter EJ, Earley CJ, Kemper MK, Becker LC, Lakatta EG,
Fleg JL. Increased carotid artery intimal-medial thickness in asymptom-
atic older subjects with exercise-induced myocardial ischemia. Circu-
lation. 1998;98:1504–1509.

30. O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson
SK, Jr. Carotid-artery intima and media thickness as a risk factor for
myocardial infarction and stroke in older adults. Cardiovascular Health
Study Collaborative Research Group. N Engl J Med. 1999;340:14–22.

31. Virmani R, Avolio AP, Mergner WJ, Robinowitz M, Herderick EE,
Cornhill JF, Guo SY, Liu TH, Ou DY, O’Rourke M. Effect of aging on
aortic morphology in populations with high and low prevalence of
hypertension and atherosclerosis. Comparison between occidental and
Chinese communities. Am J Pathol. 1991;139:1119–1129.

32. Lakatta EG. Arterial and cardiac aging: major shareholders in cardio-
vascular disease enterprises: Part III: cellular and molecular clues to
heart and arterial aging. Circulation. 2003;107:490–497.

33. Watanabe M, Sawai T, Nagura H, Suyama K. Age-related alteration of
cross-linking amino acids of elastin in human aorta. Tohoku J Exp Med.
1996;180:115–130.

34. Mitchell GF, Lacourciere Y, Ouellet JP, Izzo JL, Jr., Neutel J, Kerwin
LJ, Block AJ, Pfeffer MA. Determinants of elevated pulse pressure in
middle-aged and older subjects with uncomplicated systolic hyper-
tension: the role of proximal aortic diameter and the aortic pressure-flow
relationship. Circulation. 2003;108:1592–1598.

35. Jacob MP. Extracellular matrix remodeling and matrix metallopro-
teinases in the vascular wall during aging and in pathological conditions.
Biomed Pharmacother. 2003;57:195–202.

36. Li Z, Froehlich J, and Galis ZS. Increased expression of matrix
metalloproteinase-2 in the thickened intima of aged rats. Hypertension.
1999;33:116.

37. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry. Circ Res.
2003;92:827–839.

38. Dollery CM, McEwan JR, Henney AM. Matrix metalloproteinases and
cardiovascular disease. Circ Res. 1995;77:863–868.

39. Rajagopalan S, Meng XP, Ramasamy S, Harrison DG, Galis ZS.
Reactive oxygen species produced by macrophage-derived foam cells
regulate the activity of vascular matrix metalloproteinases in vitro.
Implications for atherosclerotic plaque stability. J Clin Invest. 1996;98:
2572–2579.

40. Lakatta EG. Cardiovascular regulatory mechanisms in advanced age.
Physiol Rev. 1993;73:413–467.

41. Reiser K, McCormick RJ, Rucker RB. Enzymatic and nonenzymatic
cross-linking of collagen and elastin. FASEB J. 1992;6:2439–2449.

42. Spina M, Garbin G. Age-related chemical changes in human elastins
from non-atherosclerotic areas of thoracic aorta. Atherosclerosis. 1976;
24:267–279.

43. Cattell MA, Anderson JC, Hasleton PS. Age-related changes in amounts
and concentrations of collagen and elastin in normotensive human
thoracic aorta. Clin Chim Acta. 1996;245:73–84.

44. Avolio A, Jones D, Tafazzoli-Shadpour M. Quantification of alterations
in structure and function of elastin in the arterial media. Hypertension.
1998;32:170–175.

45. Robert L. Aging of the vascular wall and atherogenesis: role of elastin-
laminin receptor. Atherosclerosis. 1996;123:169. 96.

46. Bizbiz L, Alperovitch A, Robert L. Aging of the vascular wall: serum
concentration of elastin peptides and elastase inhibitors in relation to
cardiovascular risk factors. The EVA study. Atherosclerosis. 1997;131:
73–78.

47. Tokimitsu I, Kato H, Wachi H, Tajima S. Elastin synthesis is inhibited
by angiotensin II but not by platelet-derived growth factor in arterial
smooth muscle cells. Biochim Biophys Acta. 1994;1207:68–73.

48. Lee A, Cerami A. Role of glycation in aging. Ann N Y Acad Sci.
1992;663:63–70.

49. Bailey AJ. Molecular mechanisms of ageing in connective tissues. Mech
Ageing Dev. 2001;122:735–755.

50. Verzijl N, DeGroot J, Thorpe SR, Bank RA, Shaw JN, Lyons TJ,
Bijlsma JW, Lafeber FP, Baynes JW, TeKoppele JM. Effect of collagen
turnover on the accumulation of advanced glycation end products. J Biol
Chem. 2000;275:39027–39031.

51. Winlove CP, Parker KH, Avery NC, Bailey AJ. Interactions of elastin
and aorta with sugars in vitro and their effects on biochemical and
physical properties. Diabetologia. 1996;39:1131–1139.

52. Konova E, Baydanoff S, Atanasova M, Velkova A. Age-related changes
in the glycation of human aortic elastin. Exp Gerontol. 2004;39:
249–254.

53. Rojas A, Romay S, Gonzalez D, Herrera B, Delgado R, Otero K.
Regulation of endothelial nitric oxide synthase expression by albumin-
derived advanced glycosylation end products. Circ Res. 2000;86:
E50–E54.

54. Yan SD, Schmidt AM, Anderson GM, Zhang J, Brett J, Zou YS, Pinsky
D, Stern D. Enhanced cellular oxidant stress by the interaction of
advanced glycation end products with their receptors/binding proteins.
J Biol Chem. 1994;269:9889–9897.

55. Throckmorton DC, Brogden AP, Min B, Rasmussen H, Kashgarian M.
PDGF and TGF-beta mediate collagen production by mesangial cells
exposed to advanced glycosylation end products. Kidney Int. 1995;48:
111–117.

56. Kuzuya M, Asai T, Kanda S, Maeda K, Cheng XW, Iguchi A. Glycation
cross-links inhibit matrix metalloproteinase-2 activation in vascular
smooth muscle cells cultured on collagen lattice. Diabetologia. 2001;
44:433–436.

57. Wendt T, Bucciarelli L, Qu W, Lu Y, Yan SF, Stern DM, Schmidt AM.
Receptor for Advanced Glycation Endproducts (RAGE) and Vascular
Inflammation: Insights into the Pathogenesis of Macrovascular Compli-
cations in Diabetes. Curr Atheroscler Rep. 2002;4:228–237.

58. Stern D, Du YS, Fang YS, Marie SA. Receptor for advanced glycation
endproducts: a multiligand receptor magnifying cell stress in diverse
pathologic settings. Adv Drug Deliv Rev. 2002;54:1615–1625.

Zieman et al Arterial Stiffness: Mechanisms and Treatment 939

 by guest on March 19, 2013http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


59. Schmidt AM, Stern D. Atherosclerosis and diabetes: the RAGE con-
nection. Curr Atheroscler Rep. 2000;2:430–436.

60. Li JH, Huang XR, Zhu HJ, Oldfield M, Cooper M, Truong LD, Johnson
RJ, Lan HY. Advanced glycation end products activate Smad signaling
via TGF-beta-dependent and independent mechanisms: implications for
diabetic renal and vascular disease. FASEB J. 2004;18:176–178.

61. Lehmann ED, Watts GF, Fatemi-Langroudi B, Gosling RG. Aortic
compliance in young patients with heterozygous familial hypercholes-
terolaemia. Clin Sci (Lond). 1992;83:717–721.

62. Giannattasio C, Mangoni AA, Failla M, Carugo S, Stella ML, Stefanoni
P, Grassi G, Vergani C, Mancia G. Impaired radial artery compliance in
normotensive subjects with familial hypercholesterolemia. Atheroscle-
rosis. 1996;124:249–260.

63. Dzau VJ. Significance of the vascular renin-angiotensin pathway.
Hypertension. 1986;8:553–559.

64. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui
Y, Yazaki Y, Goto K, Masaki T. A novel potent vasoconstrictor peptide
produced by vascular endothelial cells. Nature. 1988;332:411–415.

65. Gurtner GH, Burke-Wolin T. Interactions of oxidant stress and vascular
reactivity. Am J Physiol. 1991;260:L207–L211.

66. Taddei S, Virdis A, Mattei P, Ghiadoni L, Gennari A, Fasolo CB,
Sudano I, Salvetti A. Aging and endothelial function in normotensive
subjects and patients with essential hypertension. Circulation. 1995;91:
1981–1987.

67. d’Alessio P. Aging and the endothelium. Exp Gerontol. 2004;39:
165–171.

68. Matz RL, Schott C, Stoclet JC, Andriantsitohaina R. Age-related endo-
thelial dysfunction with respect to nitric oxide, endothelium-derived
hyperpolarizing factor and cyclooxygenase products. Physiol Res. 2000;
49:11–18.

69. Lyons D, Roy S, Patel M, Benjamin N, Swift CG. Impaired nitric
oxide-mediated vasodilatation and total body nitric oxide production in
healthy old age. Clin Sci (Lond). 1997;93:519–525.

70. Miyazaki H, Matsuoka H, Cooke JP, Usui M, Ueda S, Okuda S,
Imaizumi T. Endogenous nitric oxide synthase inhibitor: a novel marker
of atherosclerosis. Circulation. 1999;99:1141–1146.

71. Taddei S, Virdis A, Ghiadoni L, Salvetti G, Bernini G, Magagna A,
Salvetti A. Age-related reduction of NO availability and oxidative stress
in humans. Hypertension. 2001;38:274–279.

72. Peng X, Haldar S, Deshpande S, Irani K, Kass DA. Wall Stiffness
Suppresses Akt/eNOS and Cytoprotection in Pulse-Perfused Endotheli-
um. Hypertension. 2003;41:378–381.

73. Benetos A, Safar ME. Aortic collagen, aortic stiffness, and AT1
receptors in experimental and human hypertension. Can J Physiol
Pharmacol. 1996;74:862–866.

74. Kato H, Suzuki H, Tajima S, Ogata Y, Tominaga T, Sato A, Saruta T.
Angiotensin II stimulates collagen synthesis in cultured vascular smooth
muscle cells. J Hypertens. 1991;9:17–22.

75. Gibbons GH, Pratt RE, Dzau VJ. Vascular smooth muscle cell hyper-
trophy vs. hyperplasia. Autocrine transforming growth factor-beta 1
expression determines growth response to angiotensin II. J Clin Invest.
1992;90:456–461.

76. Griendling KK, Ushio-Fukai M. Reactive oxygen species as mediators
of angiotensin II signaling. Regul Pept. 2000;91:21–27.

77. Lacolley P, Labat C, Pujol A, Delcayre C, Benetos A, Safar M.
Increased carotid wall elastic modulus and fibronectin in aldosterone-
salt-treated rats: effects of eplerenone. Circulation. 2002;106:
2848–2853.

78. Blacher J, Amah G, Girerd X, Kheder A, Ben Mais H, London GM,
Safar ME. Association between increased plasma levels of aldosterone
and decreased systemic arterial compliance in subjects with essential
hypertension. Am J Hypertens. 1997;10:1326–1334.

79. Park JB, Schiffrin EL. ET(A) receptor antagonist prevents blood
pressure elevation and vascular remodeling in aldosterone-infused rats.
Hypertension. 2001;37:1444–1449.

80. Gates PE, Tanaka H, Hiatt WR, Seals DR. Dietary sodium restriction
rapidly improves large elastic artery compliance in older adults with
systolic hypertension. Hypertension. 2004;44:35–41.

81. Bagrov AY, Lakatta EG. The dietary sodium-blood pressure plot
“stiffens”. Hypertension. 2004;44:22–24.

82. Gu JW, Anand V, Shek EW, Moore MC, Brady AL, Kelly WC, Adair
TH. Sodium induces hypertrophy of cultured myocardial myoblasts and
vascular smooth muscle cells. Hypertension. 1998;31:1083–1087.

83. Draaijer P, Kool MJ, Maessen JM, Van Bortel LM, de Leeuw PW, van
Hooff JP, Leunissen KM. Vascular distensibility and compliance in

salt-sensitive and salt-resistant borderline hypertension. J Hypertens.
1993;11:1199–1207.

84. Safar ME, Thuilliez C, Richard V, Benetos A. Pressure-independent
contribution of sodium to large artery structure and function in hyper-
tension. Cardiovasc Res. 2000;46:269–276.

85. Partovian C, Benetos A, Pommies JP, Mischler W, Safar ME. Effects of
a chronic high-salt diet on large artery structure: role of endogenous
bradykinin. Am J Physiol. 1998;274:H1423–H1428.

86. Pojoga L, Gautier S, Blanc H, Guyene TT, Poirier O, Cambien F,
Benetos A. Genetic determination of plasma aldosterone levels in
essential hypertension. Am J Hypertens. 1998;11:856–860.

87. Benetos A, Gautier S, Ricard S, Topouchian J, Asmar R, Poirier O,
Larosa E, Guize L, Safar M, Soubrier F, Cambien F. Influence of
angiotensin-converting enzyme and angiotensin II type 1 receptor gene
polymorphisms on aortic stiffness in normotensive and hypertensive
patients. Circulation. 1996;94:698–703.

88. Lacolley P, Gautier S, Poirier O, Pannier B, Cambien F, Benetos A.
Nitric oxide synthase gene polymorphisms, blood pressure and aortic
stiffness in normotensive and hypertensive subjects. J Hypertens. 1998;
16:31–35.

89. Tounian P, Aggoun Y, Dubern B, Varille V, Guy-Grand B, Sidi D,
Girardet JP, Bonnet D. Presence of increased stiffness of the common
carotid artery and endothelial dysfunction in severely obese children: a
prospective study. Lancet. 2001;358:1400–1404.

90. Salomaa V, Riley W, Kark JD, Nardo C, Folsom AR. Non-insulin-
dependent diabetes mellitus and fasting glucose and insulin concen-
trations are associated with arterial stiffness indexes. The ARIC Study.
Atherosclerosis Risk in Communities Study. Circulation. 1995;91:
1432–1443.

91. Sutton-Tyrrell K, Newman A, Simonsick EM, Havlik R, Pahor M,
Lakatta E, Spurgeon H, Vaitkevicius P. Aortic stiffness is associated
with visceral adiposity in older adults enrolled in the study of health,
aging, and body composition. Hypertension. 2001;38:429–433.

92. Nickenig G, Roling J, Strehlow K, Schnabel P, Bohm M. Insulin induces
upregulation of vascular AT1 receptor gene expression by posttranscrip-
tional mechanisms. Circulation. 1998;98:2453–2460.

93. Jesmin S, Sakuma I, Hattori Y, Kitabatake A. Role of angiotensin II in
altered expression of molecules responsible for coronary matrix
remodeling in insulin-resistant diabetic rats. Arterioscler Thromb Vasc
Biol. 2003;23:2021–2026.

94. Rizzoni D, Porteri E, Guelfi D, Muiesan ML, Valentini U, Cimino A,
Girelli A, Rodella L, Bianchi R, Sleiman I, Rosei EA. Structural alter-
ations in subcutaneous small arteries of normotensive and hypertensive
patients with non-insulin-dependent diabetes mellitus. Circulation.
2001;103:1238–1244.

95. Cusi K, Maezono K, Osman A, Pendergrass M, Patti ME, Pratipanawatr
T, DeFronzo RA, Kahn CR, Mandarino LJ. Insulin resistance differen-
tially affects the PI 3-kinase- and MAP kinase-mediated signaling in
human muscle. J Clin Invest. 2000;105:311–320.

96. Brownlee M, Cerami A, Vlassara H. Advanced glycosylation end prod-
ucts in tissue and the biochemical basis of diabetic complications.
N Engl J Med. 1988;318:1315–1321.

97. Steinberg HO, Tarshoby M, Monestel R, Hook G, Cronin J, Johnson A,
Bayazeed B, Baron AD. Elevated circulating free fatty acid levels impair
endothelium-dependent vasodilation. J Clin Invest. 1997;100:
1230–1239.

98. Matsuzawa Y, Funahashi T, Kihara S, Shimomura I. Adiponectin and
metabolic syndrome. Arterioscler Thromb Vasc Biol. 2004;24:29–33.

99. Wang TJ, Larson MG, Levy D, Benjamin EJ, Leip EP, Wilson PW,
Vasan RS. Impact of obesity on plasma natriuretic peptide levels. Cir-
culation. 2004;109:594–600.

100. Makita Z, Bucala R, Rayfield EJ, Friedman EA, Kaufman AM, Korbet
SM, Barth RH, Winston JA, Fuh H, Manogue KR. Reactive glyco-
sylation endproducts in diabetic uraemia and treatment of renal failure.
Lancet. 1994;343:1519–1522.

101. Miyata T, van Ypersele dS, Kurokawa K, Baynes JW. Alterations in
nonenzymatic biochemistry in uremia: origin and significance of
“carbonyl stress” in long-term uremic complications. Kidney Int. 1999;
55:389–399.

102. Goldsmith D, Ritz E, Covic A. Vascular calcification: a stiff challenge
for the nephrologist: does preventing bone disease cause arterial
disease? Kidney Int. 2004;66:1315–1333.

103. Abedin M, Tintut Y, Demer LL. Vascular calcification: mechanisms and
clinical ramifications. Arterioscler Thromb Vasc Biol. 2004;24:
1161–1170.

940 Arterioscler Thromb Vasc Biol. May 2005

 by guest on March 19, 2013http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


104. Moe SM, Chen NX. Pathophysiology of vascular calcification in chronic
kidney disease. Circ Res. 2004;95:560–567.

105. Jono S, McKee MD, Murry CE, Shioi A, Nishizawa Y, Mori K, Morii
H, Giachelli CM. Phosphate regulation of vascular smooth muscle cell
calcification. Circ Res. 2000;87:E10–E17.

106. Block GA, Hulbert-Shearon TE, Levin NW, Port FK. Association of
serum phosphorus and calcium x phosphate product with mortality risk
in chronic hemodialysis patients: a national study. Am J Kidney Dis.
1998;31:607–617.

107. Levy D, DeStefano AL, Larson MG, O’Donnell CJ, Lifton RP, Gavras
H, Cupples LA, Myers RH. Evidence for a gene influencing blood
pressure on chromosome 17. Genome scan linkage results for longi-
tudinal blood pressure phenotypes in subjects from the Framingham
heart study. Hypertension. 2000;36:477–483.

108. Xu X, Yang J, Rogus J, Chen C, Schork N, Xu X. Mapping of a blood
pressure quantitative trait locus to chromosome 15q in a Chinese pop-
ulation. Hum Mol Genet. 1999;8:2551–2555.

109. Atwood LD, Samollow PB, Hixson JE, Stern MP, MacCluer JW.
Genome-wide linkage analysis of pulse pressure in Mexican Americans.
Hypertension. 2001;37:425–428.

110. Camp NJ, Hopkins PN, Hasstedt SJ, Coon H, Malhotra A, Cawthon RM,
Hunt SC. Genome-wide multipoint parametric linkage analysis of pulse
pressure in large, extended utah pedigrees. Hypertension. 2003;42:
322–328.

111. Cambien F, Costerousse O, Tiret L, Poirier O, Lecerf L, Gonzales MF,
Evans A, Arveiler D, Cambou JP, Luc G. Plasma level and gene
polymorphism of angiotensin-converting enzyme in relation to myo-
cardial infarction. Circulation. 1994;90:669–676.

112. Lajemi M, Gautier S, Poirier O, Baguet JP, Mimran A, Gosse P, Hanon
O, Labat C, Cambien F, Benetos A. Endothelin gene variants and aortic
and cardiac structure in never-treated hypertensives. Am J Hypertens.
2001;14:755–760.

113. Brull DJ, Murray LJ, Boreham CA, Ralston SH, Montgomery HE,
Gallagher AM, McGuigan FE, Davey SG, Savage M, Humphries SE,
Young IS. Effect of a COL1A1 Sp1 binding site polymorphism on
arterial pulse wave velocity: an index of compliance. Hypertension.
2001;38:444–448.

114. Schut AF, Janssen JA, Deinum J, Vergeer JM, Hofman A, Lamberts
SW, Oostra BA, Pols HA, Witteman JC, van Duijn CM. Polymorphism
in the promoter region of the insulin-like growth factor I gene is related
to carotid intima-media thickness and aortic pulse wave velocity in
subjects with hypertension. Stroke. 2003;34:1623–1627.

115. Hopkins PN, Hunt SC. Genetics of hypertension. Genet Med. 2003;5:
413–429.

116. Glagov S, Zarins CK, Masawa N, Xu CP, Bassiouny H, Giddens DP.
Mechanical functional role of non-atherosclerotic intimal thickening.
Front Med Biol Eng. 1993;5:37–43.

117. Glagov S, Vito R, Giddens DP, Zarins CK. Micro-architecture and
composition of artery walls: relationship to location, diameter and the
distribution of mechanical stress. J Hypertens Suppl. 1992;10:
S101–S104.

118. Moore JE, Jr., Xu C, Glagov S, Zarins CK, Ku DN. Fluid wall shear
stress measurements in a model of the human abdominal aorta: oscil-
latory behavior and relationship to atherosclerosis. Atherosclerosis.
1994;110:225–240.

119. Recchia FA, Senzaki H, Saeki A, Byrne BJ, Kass DA. Pulse pressure-
related changes in coronary flow in vivo are modulated by nitric oxide
and adenosine. Circ Res. 1996;79:849–856.

120. Paolocci N, Pagliaro P, Isoda T, Saavedra FW, Kass DA. Role of
calcium-sensitive K(�) channels and nitric oxide in in vivo coronary
vasodilation from enhanced perfusion pulsatility. Circulation. 2001;103:
119–124.

121. Pagliaro P, Senzaki H, Paolocci N, Isoda T, Sunagawa G, Recchia FA,
Kass DA. Specificity of synergistic coronary flow enhancement by
adenosine and pulsatile perfusion in the dog. J Physiol. 1999;520 Pt
1:271–280.

122. Kelly RP, Tunin R, Kass DA. Effect of reduced aortic compliance on
cardiac efficiency and contractile function of in situ canine left ventricle.
Circ Res. 1992;71:490–502.

123. Lartaud-Idjouadiene I, Lompre AM, Kieffer P, Colas T, Atkinson
J. Cardiac consequences of prolonged exposure to an isolated increase in
aortic stiffness. Hypertension. 1999;34:63–69.

124. Saeki A, Recchia F, Kass DA. Systolic flow augmentation in hearts
ejecting into a model of stiff aging vasculature. Influence on myocardial
perfusion-demand balance. Circ Res. 1995;76:132–141.

125. Sesso H, Stampfer M, Rosner B, Hennekens C, Gaziano J, Manson J,
Glynn R. Systolic and diastolic blood pressure, pulse pressure, and mean
arterial pressure as predictors of cardiovascular disease risk in men.
Hypertension. 2000;36:801–807.

126. Blacher J, Staessen J, Girerd X, Gasowski J, Thijs L, Liu L, Wang J,
Fagard R, Safar M. Pulse pressure not mean pressure determines car-
diovascular risk in older hypertensive patients. Arch Intern Med. 2000;
160:1085–1089.

127. Khattar R, Swales J, Dore C, Senior R, Lahiri A. Effect of aging on the
prognostic significance of ambulatory systolic, diastolic, and pulse
pressure in essential hypertension. Circulation. 2001;104:783–789.

128. Franklin SS, Khan SA, Wong ND, Larson MG, and Levy D. Is pulse
pressure useful in predicting risk for coronary heart disease? The Fra-
mingham Heart Study. Circulation. 1999;100:354–360.

129. O’Donnell CJ, Ridker PM, Glynn RJ, Berger K, Ajani U, Manson JE,
and Hennekens CH. Hypertension and borderline isolated systolic
hypertension increase risks of cardiovascular disease and mortality in
male physicians. Circulation. 1997;95:1132–1137.

130. Vaccarino V, Holford T, Krumholz H. Pulse pressure and risk for
myocardial infarction and heart failure in the elderly. J Am Coll Cardiol.
2000;36:130–138.

131. Domanski M, Davis B, Pfeffer M, Kastantin M, Mitchell G. Isolated
systolic hypertension : prognostic information provided by pulse
pressure. Hypertension. 1999;34:375–380.

132. Meaume S, Benetos A, Henry O, Rudnichi A, Safar M. Aortic pulse
wave velocity predicts cardiovascular mortality in subjects �70 years of
age. Arterioscler Thromb Vasc Biol. 2001;21:2046–2050.

133. Safar M, London G. Therapeutic studies and arterial stiffness in hyper-
tension: recommendations of the European Society of Hypertension. The
Clinical Committee of Arterial Structure and Function. Working Group
on Vascular Structure and Function of the European Society of Hyper-
tension. J Hypertens. 2000;18:1527–1535.

134. Darne B, Girerd X, Safar M, Cambien F, Guize L. Pulsatile versus
steady component of blood pressure: a cross-sectional analysis and a
prospective analysis on cardiovascular mortality. Hypertension. 1989;
13:392–400.

135. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R. Age-specific
relevance of usual blood pressure to vascular mortality: a meta-analysis
of individual data for one million adults in 61 prospective studies.
Lancet. 2002;360:1903–1913.

136. Laurent S. Arterial wall hypertrophy and stiffness in essential hyper-
tensive patients. Hypertension. 1995;26:355–362.

137. Mourad JJ, Blacher J, Blin P, Warzocha U. Conventional antihyper-
tensive drug therapy does not prevent the increase of pulse pressure with
age. Hypertension. 2001;38:958–961.

138. Girerd X, Giannattasio C, Moulin C, Safar M, Mancia G, Laurent S.
Regression of radial artery wall hypertrophy and improvement of carotid
artery compliance after long-term antihypertensive treatment in elderly
patients. J Am Coll Cardiol. 1998;31:1064–1073.

139. Somes GW, Pahor M, Shorr RI, Cushman WC, Applegate WB. The role
of diastolic blood pressure when treating isolated systolic hypertension.
Arch Intern Med. 1999;159:2004–2009.

140. Balkestein EJ, Aggel-Leijssen DP, van Baak MA, Struijker-Boudier
HA, Van Bortel LM. The effect of weight loss with or without exercise
training on large artery compliance in healthy obese men. J Hypertens.
1999;17:1831–1835.

141. Nestel P, Shige H, Pomeroy S, Cehun M, Abbey M, Raederstorff D. The
n-3 fatty acids eicosapentaenoic acid and docosahexaenoic acid increase
systemic arterial compliance in humans. Am J Clin Nutr. 2002;76:
326–330.

142. van der Schouw YT, Pijpe A, Lebrun CE, Bots ML, Peeters PH, van
Staveren WA, Lamberts SW, Grobbee DE. Higher usual dietary intake
of phytoestrogens is associated with lower aortic stiffness in postmeno-
pausal women. Arterioscler Thromb Vasc Biol. 2002;22:1316–1322.

143. Teede HJ, McGrath BP, DeSilva L, Cehun M, Fassoulakis A, Nestel PJ.
Isoflavones reduce arterial stiffness: a placebo-controlled study in men
and postmenopausal women. Arterioscler Thromb Vasc Biol. 2003;23:
1066–1071.

144. Vaitkevicius P, Fleg J, Engel J, O’Connor F, Wright J, Lakatta L, Yin F,
Lakatta E. Effects of age and aerobic capacity on arterial stiffness in
healthy adults. Circulation. 1993;88:1456–1462.

145. Tanaka H, Dinenno FA, Monahan KD, Clevenger CM, Desouza CA,
Seals DR. Aging, habitual exercise, and dynamic arterial compliance.
Circulation. 2000;102:1270–1275.

Zieman et al Arterial Stiffness: Mechanisms and Treatment 941

 by guest on March 19, 2013http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


146. Cameron JD, Dart AM. Exercise training increases total systemic arte-
rial compliance in humans. Am J Physiol. 1994;266:H693–H701.

147. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM,
Walker EA, Nathan DM. Reduction in the incidence of type 2 diabetes
with lifestyle intervention or metformin. N Engl J Med. 2002;346:
393–403.

148. Seals DR, Tanaka H, Clevenger CM, Monahan KD, Reiling MJ, Hiatt
WR, Davy KP, Desouza CA. Blood pressure reductions with exercise
and sodium restriction in postmenopausal women with elevated systolic
pressure: role of arterial stiffness. J Am Coll Cardiol. 2001;38:506–513.

149. Ferrier KE, Waddell TK, Gatzka CD, Cameron JD, Dart AM, Kingwell
BA. Aerobic exercise training does not modify large-artery compliance
in isolated systolic hypertension. Hypertension. 2001;38:222–226.

150. Green DJ, Bilsborough W, Naylor LH, Reed C, Wright J, O’Driscoll G,
Walsh JH. Comparison of forearm blood flow responses to incremental
handgrip and cycle ergometer exercise: relative contribution of nitric
oxide. J Physiol. 2005;562:617–628.

151. Kingwell BA, Sherrard B, Jennings GL, Dart AM. Four weeks of cycle
training increases basal production of nitric oxide from the forearm.
Am J Physiol. 1997;272:H1070–H1077.

152. Bertovic DA, Waddell TK, Gatzka CD, Cameron JD, Dart AM,
Kingwell BA. Muscular strength training is associated with low arterial
compliance and high pulse pressure. Hypertension. 1999;33:1385–1391.

153. Miyachi M, Donato AJ, Yamamoto K, Takahashi K, Gates PE, Moreau
KL, Tanaka H. Greater age-related reductions in central arterial com-
pliance in resistance-trained men. Hypertension. 2003;41:130–135.

154. Sierksma A, Lebrun CE, van der Schouw YT, Grobbee DE, Lamberts
SW, Hendriks HF, Bots ML. Alcohol consumption in relation to aortic
stiffness and aortic wave reflections: a cross-sectional study in healthy
postmenopausal women. Arterioscler Thromb Vasc Biol. 2004;24:
342–348.

155. Sierksma A, Muller M, van der Schouw YT, Grobbee DE, Hendriks HF,
Bots ML. Alcohol consumption and arterial stiffness in men.
J Hypertens. 2004;22:357–362.

156. Beulens JW, Sierksma A, van Tol A, Fournier N, van Gent T, Paul JL,
Hendriks HF. Moderate alcohol consumption increases cholesterol
efflux mediated by ABCA1. J Lipid Res. 2004;45:1716–1723.

157. O’Shaughnessy KM, Karet FE. Salt handling and hypertension. J Clin
Invest. 2004;113:1075–1081.

158. Denton D, Weisinger R, Mundy NI, Wickings EJ, Dixson A, Moisson P,
Pingard AM, Shade R, Carey D, Ardaillou R. The effect of increased salt
intake on blood pressure of chimpanzees. Nat Med. 1995;1:1009–1016.

159. Sacks FM, Svetkey LP, Vollmer WM, Appel LJ, Bray GA, Harsha D,
Obarzanek E, Conlin PR, Miller ER, III, Simons-Morton DG, Karanja
N, Lin PH. Effects on blood pressure of reduced dietary sodium and the
Dietary Approaches to Stop Hypertension (DASH) diet. DASH-Sodium
Collaborative Research Group. N Engl J Med. 2001;344:3–10.

160. Avolio AP, Deng FQ, Li WQ, Luo YF, Huang ZD, Xing LF, O’Rourke
MF. Effects of aging on arterial distensibility in populations with high
and low prevalence of hypertension: comparison between urban and
rural communities in China. Circulation. 1985;71:202–210.

161. Avolio AP, Clyde KM, Beard TC, Cooke HM, Ho KK, O’Rourke MF.
Improved arterial distensibility in normotensive subjects on a low salt
diet. Arteriosclerosis. 1986;6:166–169.

162. Limas C, Westrum B, Limas CJ, Cohn JN. Effect of salt on the vascular
lesions of spontaneously hypertensive rats. Hypertension. 1980;2:
477–489.

163. Levy BI, Poitevin P, Duriez M, Guez DC, Schiavi PD, Safar ME.
Sodium, survival, and the mechanical properties of the carotid artery in
stroke-prone hypertensive rats. J Hypertens. 1997;15:251–258.

164. Mizutani K, Ikeda K, Kawai Y, Yamori Y. Biomechanical properties
and chemical composition of the aorta in genetic hypertensive rats.
J Hypertens. 1999;17:481–487.

165. Boddi M, Poggesi L, Coppo M, Zarone N, Sacchi S, Tania C, Neri
Serneri GG. Human vascular renin-angiotensin system and its functional
changes in relation to different sodium intakes. Hypertension. 1998;31:
836–842.

166. Bragulat E, de la SA, Antonio MT, Coca A. Endothelial dysfunction in
salt-sensitive essential hypertension. Hypertension. 2001;37:444–448.

167. Cushman W, Materson B, Williams D, Reda D. Pulse pressure changes
with six classes of antihypertensive agents in a randomized, controlled
trial. Hypertension. 2001;38:953–957.

168. Prevention of stroke by antihypertensive drug treatment in older persons
with isolated systolic hypertension. Final results of the Systolic Hyper-

tension in the Elderly Program (SHEP). SHEP Cooperative Research
Group. JAMA. 1991;265:3255–3264.

169. Staessen J, Fagard R, Thijs L, Celis H, Arabidze G, Birkenhager W,
Bulpitt C, de Leeuw P, Dollery C, Fletcher A, Forette F, Leonetti G,
Nachev C, O’Brien E, Rosenfeld J, Rodicio J, Tuomilehto J, Zanchetti
A. Randomised double-blind comparison of placebo and active
treatment for older patients with isolated systolic hypertension. The
Systolic Hypertension in Europe (Syst-Eur) Trial Investigators. Lancet.
1997;350:757–764.

170. Messerli FH, Grossman E, Goldbourt U. Are beta-blockers efficacious
as first-line therapy for hypertension in the elderly? A systematic review.
JAMA. 1998;279:1903–1907.

171. Yin FC, Raizes GS, Guarnieri T, Spurgeon HA, Lakatta EG, Fortuin NJ,
Weisfeldt ML. Age-associated decrease in ventricular response to hae-
modynamic stress during beta-adrenergic blockade. Br Heart J. 1978;
40:1349–1355.

172. Morgan T, Lauri J, Bertram D, Anderson A. Effect of different antihy-
pertensive drug classes on central aortic pressure. Am J Hypertens.
2004;17:118–123.

173. Duchier J, Iannascoli F, Safar M. Antihypertensive effect of sustained-
release isosorbide dinitrate for isolated systolic systemic hypertension in
the elderly. Am J Cardiol. 1987;60:99–102.

174. Starmans-Kool MJ, Kleinjans HA, Lustermans FA, Kragten JA, Breed
JG, Van Bortel LM. Treatment of elderly patients with isolated systolic
hypertension with isosorbide dinitrate in an asymmetric dosing schedule.
J Hum Hypertens. 1998;12:557–561.

175. Bank AJ, Kaiser DR, Rajala S, Cheng A. In vivo human brachial artery
elastic mechanics: effects of smooth muscle relaxation. Circulation.
1999;100:41–47.

176. Fitchett DH, Simkus GJ, Beaudry JP, Marpole DG. Reflected pressure
waves in the ascending aorta: effect of glyceryl trinitrate. Cardiovasc
Res. 1988;22:494–500.

177. Yaginuma T, Avolio A, O’Rourke M, Nichols W, Morgan JJ, Roy P,
Baron D, Branson J, Feneley M. Effect of glyceryl trinitrate on periph-
eral arteries alters left ventricular hydraulic load in man. Cardiovasc
Res. 1986;20:153–160.

178. D’Souza SP, Davis M, Baxter GF. Autocrine and paracrine actions of
natriuretic peptides in the heart. Pharmacol Ther. 2004;101:113–129.

179. Schmitt M, Qasem A, McEniery C, Wilkinson IB, Tatarinoff V, Noble
K, Klemes J, Payne N, Frenneaux MP, Cockcroft J, Avolio A. Role of
natriuretic peptides in regulation of conduit artery distensibility. Am J
Physiol Heart Circ Physiol. 2004;287:H1167–H1171.

180. Mourlon-Le Grand MC, Poitevin P, Benessiano J, Duriez M, Michel JB,
Levy BI. Effect of a nonhypotensive long-term infusion of ANP on the
mechanical and structural properties of the arterial wall in Wistar-Kyoto
and spontaneously hypertensive rats. Arterioscler Thromb. 1993;13:
640–650.

181. Kostis JB, Packer M, Black HR, Schmieder R, Henry D, Levy E.
Omapatrilat and enalapril in patients with hypertension: the Omapatrilat
Cardiovascular Treatment vs. Enalapril (OCTAVE) trial. Am J
Hypertens. 2004;17:103–111.

182. Packer M, Califf RM, Konstam MA, Krum H, McMurray JJ, Rouleau
JL, Swedberg K. Comparison of omapatrilat and enalapril in patients
with chronic heart failure: the Omapatrilat Versus Enalapril Randomized
Trial of Utility in Reducing Events (OVERTURE). Circulation. 2002;
106:920–926.

183. Mitchell GF, Izzo JL, Jr., Lacourciere Y, Ouellet JP, Neutel J, Qian C,
Kerwin LJ, Block AJ, Pfeffer MA. Omapatrilat reduces pulse pressure
and proximal aortic stiffness in patients with systolic hypertension:
results of the conduit hemodynamics of omapatrilat international
research study. Circulation. 2002;105:2955–2961.

184. Rybalkin SD, Yan C, Bornfeldt KE, Beavo JA. Cyclic GMP phosphodi-
esterases and regulation of smooth muscle function. Circ Res. 2003;93:
280–291.

185. Vlachopoulos C, Hirata K, O’Rourke MF. Effect of sildenafil on arterial
stiffness and wave reflection. Vasc Med. 2003;8:243–248.

186. Brilla CG, Pick R, Tan LB, Janicki JS, Weber KT. Remodeling of the rat
right and left ventricles in experimental hypertension. Circ Res. 1990;
67:1355–1364.

187. Kuwahara F, Kai H, Tokuda K, Takeya M, Takeshita A, Egashira K,
Imaizumi T. Hypertensive myocardial fibrosis and diastolic dysfunction:
another model of inflammation? Hypertension. 2004;43:739–745.

188. Landmesser U, Dikalov S, Price SR, McCann L, Fukai T, Holland SM,
Mitch WE, Harrison DG. Oxidation of tetrahydrobiopterin leads to

942 Arterioscler Thromb Vasc Biol. May 2005

 by guest on March 19, 2013http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


uncoupling of endothelial cell nitric oxide synthase in hypertension.
J Clin Invest. 2003;111:1201–1209.

189. Mahmud A, Feely J. Effect of angiotensin ii receptor blockade on
arterial stiffness: beyond blood pressure reduction. Am J Hypertens.
2002;15:1092–1095.

190. Lombes M, Oblin ME, Gasc JM, Baulieu EE, Farman N, Bonvalet JP.
Immunohistochemical and biochemical evidence for a cardiovascular
mineralocorticoid receptor. Circ Res. 1992;71:503–510.

191. Hatakeyama H, Miyamori I, Fujita T, Takeda Y, Takeda R, Yamamoto
H. Vascular aldosterone. Biosynthesis and a link to angiotensin
II-induced hypertrophy of vascular smooth muscle cells. J Biol Chem.
1994;269:24316–24320.

192. Ullian ME, Schelling JR, Linas SL. Aldosterone enhances angiotensin II
receptor binding and inositol phosphate responses. Hypertension. 1992;
20:67–73.

193. Tokuda K, Kai H, Kuwahara F, Yasukawa H, Tahara N, Kudo H,
Takemiya K, Koga M, Yamamoto T, Imaizumi T. Pressure-independent
effects of angiotensin II on hypertensive myocardial fibrosis. Hyper-
tension. 2004;43:499–503.

194. Brilla CG, Matsubara LS, Weber KT. Anti-aldosterone treatment and the
prevention of myocardial fibrosis in primary and secondary hyperaldo-
steronism. J Mol Cell Cardiol. 1993;25:563–575.

195. Weber KT. From inflammation to fibrosis: a stiff stretch of highway.
Hypertension. 2004;43:716–719.

196. Benetos A, Lacolley P, Safar ME. Prevention of aortic fibrosis by
spironolactone in spontaneously hypertensive rats. Arterioscler Thromb
Vasc Biol. 1997;17:1152–1156.

197. Lacolley P, Safar ME, Lucet B, Ledudal K, Labat C, Benetos A.
Prevention of aortic and cardiac fibrosis by spironolactone in old nor-
motensive rats. J Am Coll Cardiol. 2001;37:662–667.

198. Benetos A, Levy BI, Lacolley P, Taillard F, Duriez M, Safar ME. Role
of angiotensin II and bradykinin on aortic collagen following converting
enzyme inhibition in spontaneously hypertensive rats. Arterioscler
Thromb Vasc Biol. 1997;17:3196–3201.

199. Border WA, Noble NA. Transforming growth factor beta in tissue
fibrosis. N Engl J Med. 1994;331:1286–1292.

200. Flanders KC. Smad3 as a mediator of the fibrotic response. Int J Exp
Pathol. 2004;85:47–64.

201. Kingston PA, Sinha S, David A, Castro MG, Lowenstein PR, Heagerty
AM. Adenovirus-mediated gene transfer of a secreted transforming
growth factor-beta type II receptor inhibits luminal loss and constrictive
remodeling after coronary angioplasty and enhances adventitial collagen
deposition. Circulation. 2001;104:2595–2601.

202. Smilde TJ, van den Berkmortel FW, Wollersheim H, van Langen H,
Kastelein JJ, Stalenhoef AF. The effect of cholesterol lowering on
carotid and femoral artery wall stiffness and thickness in patients with
familial hypercholesterolaemia. Eur J Clin Invest. 2000;30:473–480.

203. Shiojima I, Walsh K. Role of Akt signaling in vascular homeostasis and
angiogenesis. Circ Res. 2002;90:1243–1250.

204. Takemoto M, Liao JK. Pleiotropic effects of 3-hydroxy-3-
methylglutaryl coenzyme a reductase inhibitors. Arterioscler Thromb
Vasc Biol. 2001;21:1712–1719.

205. Diep QN, El Mabrouk M, Cohn JS, Endemann D, Amiri F, Virdis A,
Neves MF, Schiffrin EL. Structure, endothelial function, cell growth,
and inflammation in blood vessels of angiotensin II-infused rats: role of
peroxisome proliferator-activated receptor-gamma. Circulation. 2002;
105:2296–2302.

206. Satoh N, Ogawa Y, Usui T, Tagami T, Kono S, Uesugi H, Sugiyama H,
Sugawara A, Yamada K, Shimatsu A, Kuzuya H, Nakao K. Anti-
atherogenic effect of pioglitazone in type 2 diabetic patients irrespective
of the responsiveness to its antidiabetic effect. Diabetes Care. 2003;26:
2493–2499.

207. Corman B, Duriez M, Poitevin P, Heudes D, Bruneval P, Tedgui A,
Levy B. Aminoguanidine prevents age-related arterial stiffening and
cardiac hypertrophy. Proc Natl Acad Sci U S A. 1998;95:1301–1306.

208. Cantini C, Kieffer P, Corman B, Liminana P, Atkinson J, Lartaud-
Idjouadiene I. Aminoguanidine and aortic wall mechanics, structure, and
composition in aged rats. Hypertension. 2001;38:943–948.

209. Bolton WK, Cattran DC, Williams ME, Adler SG, Appel GB,
Cartwright K, Foiles PG, Freedman BI, Raskin P, Ratner RE, Spinowitz
BS, Whittier FC, Wuerth JP. Randomized trial of an inhibitor of for-
mation of advanced glycation end products in diabetic nephropathy.
Am J Nephrol. 2004;24:32–40.

210. Mizutani K, Ikeda K, Tsuda K, Yamori Y. Inhibitor for advanced
glycation end products formation attenuates hypertension and oxidative
damage in genetic hypertensive rats. J Hypertens. 2002;20:1607–1614.

211. Miyata T, Ishikawa S, Asahi K, Inagi R, Suzuki D, Horie K, Tatsumi K,
Kurokawa K. 2-Isopropylidenehydrazono-4-oxo-thiazolidin-5-
ylacetanilide (OPB-9195) treatment inhibits the development of intimal
thickening after balloon injury of rat carotid artery: role of glycoxidation
and lipoxidation reactions in vascular tissue damage. FEBS Lett. 1999;
445:202–206.

212. Wolffenbuttel B, Boulanger C, Crijns F, Huijberts M, Poitevin P,
Swennen G, Vasan S, Egan J, Ulrich P, Cerami A, Levy B. Breakers of
advanced glycation end products restore large artery properties in exper-
imental diabetes. Proc Natl Acad Sci U S A. 1998;95:4630–4634.

213. Asif M, Egan J, Vasan S, Jyothirmayi G, Masurekar M, Lopez S,
Williams C, Torres R, Wagle D, Ulrich P, Cerami A, Brines M, Regan
T. An advanced glycation endproduct cross-link breaker can reverse
age-related increases in myocardial stiffness. Proc Natl Acad Sci U S A.
2000;97:2809–2813.

214. Vaitkevicius P, Lane M, Spurgeon H, Ingram D, Roth G, Egan J, Vasan
S, Wagle D, Ulrich P, Brines M, Wuerth J, Cerami A, Lakatta E. A
cross-link breaker has sustained effects on arterial and ventricular prop-
erties in older rhesus monkeys. Proc Natl Acad Sci U S A . 2001;98:
1171–1175.

215. Kass D, Shapiro E, Kawaguchi M, Capriotti A, Scuteri A, deGroof R,
Lakatta E. Improved arterial compliance by a novel advanced glycation
end-product crosslink breaker. Circulation. 2001;104:1464–1470.

216. Bucciarelli LG, Wendt T, Qu W, Lu Y, Lalla E, Rong LL, Goova MT,
Moser B, Kislinger T, Lee DC, Kashyap Y, Stern DM, Schmidt AM.
RAGE blockade stabilizes established atherosclerosis in diabetic apoli-
poprotein E-null mice. Circulation. 2002;106:2827–2835.

217. Park L, Raman KG, Lee KJ, Lu Y, Ferran LJ, Jr., Chow WS, Stern D,
Schmidt AM. Suppression of accelerated diabetic atherosclerosis by the
soluble receptor for advanced glycation endproducts. Nat Med. 1998;4:
1025–1031.

218. Sakaguchi T, Yan SF, Yan SD, Belov D, Rong LL, Sousa M, Andrassy
M, Marso SP, Duda S, Arnold B, Liliensiek B, Nawroth PP, Stern DM,
Schmidt AM, Naka Y. Central role of RAGE-dependent neointimal
expansion in arterial restenosis. J Clin Invest. 2003;111:959–972.

219. Kislinger T, Tanji N, Wendt T, Qu W, Lu Y, Ferran LJ, Jr., Taguchi A,
Olson K, Bucciarelli L, Goova M, Hofmann MA, Cataldegirmen G,
D’Agati V, Pischetsrieder M, Stern DM, Schmidt AM. Receptor for
advanced glycation end products mediates inflammation and enhanced
expression of tissue factor in vasculature of diabetic apolipoprotein
E-null mice. Arterioscler Thromb Vasc Biol. 2001;21:905–910.

Zieman et al Arterial Stiffness: Mechanisms and Treatment 943

 by guest on March 19, 2013http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/

