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Preface

Large elastic artery stiffness is a novel and emerging cardiovascular disease risk factor
shown to predict future cardiovascular-related events and mortality. Our primary
intention is to provide a concise overview for students, researchers, and clinicians by
exploring the basic physiological and pathophysiological concepts and mechanisms
underlying arterial stiffness. In Chap. 1, we define arterial stiffness, review the myriad
ways it can be assessed, and summarize the causes, whereas in Chap. 2, we take a
more in-depth look at putative cellular and molecular mechanisms of arterial stiff-
ness. In Chap. 3, we present epidemiological factors that contribute to arterial
stiffness and highlight the “bigger picture” implications for increased arterial stiff-
ness, including the damaging effects for target organs such as the heart, brain, and
kidneys. Finally, in Chap. 4, we conclude by examining clinically relevant interven-
tions to reduce arterial stiffness that, in turn, may reduce cardiovascular disease risk
and target organ damage.
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Adam J. Berrones
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Chapter 1
Overview of Arterial Stiffness

Abstract Arterial stiffness is a novel risk factor for cardiovascular disease result-
ing from functional and structural changes within arteries. Greater arterial stiffening
places negative consequences on the heart, because greater effort is required for the
myocardium to overcome the resultant increase in afterload. While the etiology of
arterial stiffness is not entirely clear, aging appears to be the principal accelerator of
the functional and structural remodeling that occurs in the arteries after the third
decade of life. Importantly, arterial stiffness can be easily assessed with potential for
routine clinical measurement.

Keywords Aorta ¢ Stiffness ¢ Cardiovascular * Pulse wave velocity ® Mortality

What Is Arterial Stiffness?

Quoted in the seventeenth century, English physician Thomas Sydenham stated that
“A man is as old as his arteries” [1]. Indeed, a historical review of the advances in
vascular physiology has shown a shift in viewpoint of the vessels as mere passive
conduits of blood, to active contributors of cardiovascular disease (CVD). As such,
the influence of vascular pathophysiology has been increasingly studied as a major
participant in CVD-related events including heart attacks and strokes. One vascular
consequence that has been linked to increased CVD risk and events is arterial stiff-
ness. Thus, this chapter will introduce arterial stiffness by: (1) overviewing the
physiological and pathophysiological aspects of arterial stiffness, and the contribut-
ing factors, (2) discussing commonly used non-invasive approaches for assessing
arterial stiffness, and (3) highlighting the pathophysiology of arterial stiffness. This
initial chapter will provide the basis and foundation for the fundamental principles
of arterial stiffness and potential consequences that will be examined in more detail
in the subsequent chapters.

Because there is potential for confusion, we will address the differences in arte-
riosclerosis versus atherosclerosis to delimit the scope of this monograph.
Arteriosclerosis is the thickening and loss of elasticity of the arterial wall that
occurs with normal, healthy aging, and in many disease conditions including ath-
erosclerosis [2]. Atherosclerosis, however, is characterized by localized and
obstructive plaque buildup in the arterial wall, which is a common condition leading

© Springer International Publishing Switzerland 2015 1
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2 1 Overview of Arterial Stiffness

to arteriosclerosis. In short, arteriosclerosis can occur in the absence or presence of
overt disease such as atherosclerosis. Due to the extensive study of arteriosclerosis
with older age, much of the discussion herein will be based on data from aging
models. We will, however, highlight other disease conditions where arterial stiffen-
ing emerges as an important CVD risk factor.

Pathophysiology of Arterial Stiffness

Aortic Function and Physiology

To better understand the pathophysiology of arterial stiffness, it is important to
briefly review the functional role and physiology of the arterial system. The primary
function of the arterial system is to provide oxygen and nutrient rich blood to the
various tissues and organs of the body. In addition, the arterial system, specifically
the thoracic aorta, buffers the blood ejected from the heart by extending and recoil-
ing to promote continuous blood flow in the capillaries [3]. This design has been
likened to that of a windkessel of antique fire engines [4], which is purposeful for
cushioning the left ventricular blood ejected during systole, and for continuous
propagation of blood flow through the arterial tree during diastole.

Each contraction of the heart results in a pulse pressure wave that is emitted from
the heart, which precedes blood flow down the aorta. Under normal, healthy physi-
ological conditions the pulse pressure wave travels down the aorta and is partially
reflected back to the heart while the remaining wave is transmitted to the
microcirculation to promote low pulsatile capillary blood flow in tissues. The return,
or reflective wave arrives at the heart during diastole, which provides the driving
pressure for coronary artery perfusion during diastole. When the aorta is stiffened,
as observed with aging, the pulse pressure wave travels down the aorta at an
increased speed with a greater proportion of the wave being transmitted to the
microcirculation. The increased transmitted wave results in greater pulsatile blood
flow in tissue capillaries, which causes damage to these small vessels that, in turn,
may contribute to target (end) organ damage of the heart, brain, and kidneys
(Fig. 1.1) [5, 6].

In addition, because the pulse wave travels faster through a stiffened aorta, the
reflected wave returns to the heart sooner, during late systole when the heart is
ejecting blood. This results in an increase in afterload, or greater resistance by
which the left ventricle must overcome to pump blood from the heart, and thus is a
contributing factor to hypertension. Notably, the early arrival of the pulse pressure
wave to the heart also decreases the perfusion pressure in the coronary arteries,
which may reduce coronary blood flow at rest and/or during physiological stress
such as exercise. Thus, increased arterial stiffness—specifically aortic stiffness—is
implicated in heart-related pathologies including hypertension and myocardial
ischemia (Fig. 1.1).
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Fig. 1.1 Arterial stiffness is an important target for a variety of pathological conditions

Implications Throughout the Arterial Tree

In general, the aging process accelerates vessel wall stiffening, which is more pro-
nounced in the large elastic arteries (aorta, carotid) than in the peripheral arteries
(brachial, tibial). As such, aging from early to mid-life (10-50 years of age) results
an approximately 70 % increase in aortic stiffness, whereas peripheral artery stiff-
ness increases only ~20 % [7]. Because arterial stiffness is non-uniform in its devel-
opment, and appears to be enhanced in the large elastic arteries, the impact to
cardiovascular health will vary throughout systemic circulation in a site-specific
manner. We will discuss the differences between the large elastic versus the medium
and small arteries.

Large Elastic Arteries

By convention, discussion of the macro-vasculature involves arteries with an inter-
nal diameter greater than 10 mm, up to the largest elastic artery in the human body,
the proximal aorta (25 mm luminal diameter) [4]. The principal large elastic artery
is the aorta, which has a diverse function and structural composition throughout.
The thoracic aorta, from the heart to the diaphragm, is the most elastic segment
containing a greater proportion of elastin compared with collagen. The greater elas-
tin composition allows this segment of aorta to be more distensible to buffer the
bolus of blood that is ejected from the heart that, in turn, recoils to propel the blood
down the aorta during diastole. The distal aorta, which spans from the diaphragm to
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the iliac artery promotes and distributes oxygen and nutrient dense blood to tissues
and has greater amounts of the rigid protein collagen, and proportionally less
elastin.

Importantly, the stiffness of arteries increases as a function of distance from the
heart in order to perform unique functions. Because of this biological arrangement,
the proximal aorta has a greater potential to stiffen due in part to the greater stress
placed on this aortic segment to buffer the ejected blood with each heart beat com-
pared with the distal aorta or smaller arteries [8]. As such, a logarithmic relationship
between linear strain (or stretch) and the number of cycles determines the extent of
fatigue and fracture in the elastin and collagen fibers [7]. Thus, by holding constant
the number of cardiac cycles, we see that aortic stiffness is increased (experimen-
tally) as a function of the magnitude of linear strain (stretch), which implicates
blood pressure as an important modulator of arterial stiffness.

Muscular (Small and Medium) Arteries and Arterioles

Medium and small arteries have a luminal diameter of 0.50-10 mm [9] with a
decreased elastin to collagen ratio making them stiffer compared with large arteries.
Medium sized arteries help regulate blood flow in various tissues via local vasodila-
tion and vasoconstriction. Small arteries and arterioles (<0.50 mm luminal diame-
ter) have greater frictional resistance to blood flow compared with large and medium
sized arteries. Thus, the higher frictional resistance and cross-sectional area of small
arteries and arterioles control blood pressure, and ultimately determine mean arte-
rial pressure [4]. The small muscular arteries, in essence, function as stopcocks of
the vascular system and are responsible for the steep reduction in mean arterial pres-
sure across the vasculature. However, it appears, that the medium and small arteries
do not become stiffer despite increased stiffening of large elastic arteries such as the
carotid and aorta with aging or hypertension [10-12]. Thus, these findings collec-
tively indicate an effect of aging and disease to increase central large artery stiff-
ness, specifically the aorta and carotid arteries, compared with the small and medium
arteries of the peripheral vasculature.

Aspects of Arterial Stiffness

Arterial stiffness is associated with both structural and functional changes within
the artery. Impaired smooth muscle function resulting in altered arterial dilation and
constriction, and increased blood pressure is an important functional mechanism for
increased arterial stiffness. Additionally, the abundance and organization of the
extracellular matrix composition also contribute to the alterations of arterial
structure. These functional and structural changes within arteries will be briefly
summarized.
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Functional Changes

Arterial stiffness in older adults is associated with isolated systolic hypertension
and greater CVD risk [13]. Because aging is irreversible, but blood pressure is (to
an extent) modifiable, recognition and treatment of isolated systolic hypertension is
an important target to attenuate the pathophysiological effects of arterial stiffness.
However, because of the close relationship between systolic blood pressure (SBP)
and aortic stiffness, there is some question as to whether arterial stiffness leads to
hypertension, or hypertension promotes arterial stiffness [14]. Regardless of under-
lying pathological process, reducing blood pressure to decrease arterial stiffness is
an important therapeutic target. As such, impaired smooth muscle function leading
to greater aortic tone, is one target to decrease systolic blood pressure. It has recently
been postulated that nearly 50 % of age-related aortic stiffening is due to aortic
vascular smooth muscle cells (VSMCs) [15]. Importantly, arterial stiffness as a
result of impaired VSMC function is, in part, attributable to endothelial dysfunction
and reduced nitric oxide bioavailability [16—19]. Therefore, reducing blood pres-
sure is a key target for decreasing aortic stiffness, which may be accomplished by
improving both VSMC function and nitric oxide bioavailability.

Structural Changes

In addition to the functional regulation of blood pressure, structural alterations
within vessels also contribute to arterial stiffening [20]. These changes include thick-
ening and remodeling within each of the three layers of the artery, which include the:
tunica intima, tunica media, and tunica adventitia (Fig. 1.2) [21]. While the tunica
intima and media have been studied more extensively, the outermost, less-studied
tunica adventitia layer has also been shown to remodel in conditions of increased
arterial stiffening [7]. Each layer of the artery either has an increase in thickness and
is geometrically remodeled, or has demonstrated structural remodeling of extracel-
lular matrix (ECM) proteins, both of which promote arterial stiffness.

Tunica media

Tunica intima
Endothelium

Tunica adventitia

Fig. 1.2 The structural layers of an artery
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Structural remodeling of the ECM is related, in large part, to increased collagen
I deposition, a key load-bearing collagen isoform in arteries, and their cross-linking
by advanced glycation end products (AGEs), which are also in greater abundance of
stiffer arteries. In contrast, elastin, a protein that provides elasticity to arteries has an
attenuated expression that further contributes to aortic stiffening. Moreover, a disor-
dered and/or fragmented arrangement of the ECM also promotes arterial stiffness
[22]. There are many unique extracellular-related changes within arteries contribut-
ing to arterial stiffness. For example, cellular contributions to arterial stiffness such
as stiffening of individual vascular smooth muscle cells (VSMCs) with aging are
related to specific cytoskeletal compositions within the cell [23]. Although only
limited information is available, the cell-specific role of VSMCs is an important and
emerging mechanistic area of investigation for arterial stiffness-related pathologies
and warrants further investigation.

Assessing Arterial Stiffness in Adults

The changes within arteries leading to age-related aortic stiffening are largely due
to functional and structural changes within the artery [7]. These arterial changes
result in volume and pressure changes, which can be used to assess arterial stiffness.
For example, assessing the compliance, or elasticity of an artery can be determined
by quantifying the changes in volume and pressure (compliance=AV/AP) during a
cardiac cycle. Pulse pressure (systolic minus diastolic blood pressure) can also be
easily assessed clinically and used as a surrogate measure of arterial stiffness. To
gain even greater insight, however, Young’s modulus, a ratio of force per unit area
(stress, units=Pa) per unit length (strain, ratio of the deformation to its original
form, units=dimensionless), has also been used to characterize arterial wall stiff-
ness using the incremental elastic modulus (E;,.). The E;,. can then be used to calcu-
late pulse wave velocity (PWYV) as described in the Moens-Kortweg equation:
PWV= \/ (Einc*h/2 1 p), where h is the vessel wall thickness, r is the vessel radius,
and p is the density of blood. Thus, age-related aortic stiffness increases the PWYV,
which can readily be assessed across the arterial tree [7].

Pulse Wave Velocity

The viscoelastic properties of arteries vary widely across the arterial tree. Thus, it
becomes clear that extrapolating segmental arterial properties to the whole arterial
tree may not always be justified [24]. In that regard, however, local or regional spe-
cific measures of arterial stiffness of the aorta or carotid arteries can be assessed
non-invasively, using ultrasonic echotracking systems, magnetic resonance imaging
(MRI), or by using the pulse pressure wave that is generated with each contraction
of the heart [24]. The velocity of the pressure wave also varies across the arterial
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tree, such that, the velocity of this pressure wave is lower in the proximal aorta than
in the periphery indicating the aorta is less stiff than peripheral arteries [4].
Consequently, when arterial stiffness is high, as in aging, so is the PWV. The pres-
sure wave can be conveniently palpated at the radial, femoral, or carotid arteries for
routine and repeatable measures.

To determine regional arterial stiffness of the aorta, which includes the entire
aorta except the ascending segment, non-invasive carotid-femoral PWV (cfPWV)
can be utilized and is considered the ‘gold-standard’ measurement [24]. To obtain
this measure the pulse waveforms are acquired non-invasively, either sequentially or
simultaneously, at the carotid and femoral arteries using tonometry or Doppler flow
probes. The superficial distance (D, meters) between the right common carotid and
right femoral arteries, and the time delay (At or transit time, seconds) between the
feet of the two respective waveforms are acquired. By measuring the distance
between the carotid and femoral arteries relative to the suprasternal notch, a refer-
ence point, height is accounted for in this measurement. cfPWYV is therefore calcu-
lated as D (meters)/At (seconds), which provides a regional measure of aortic
stiffness (Fig. 1.3). Logically, the greater the velocity of the pulse wave traveling
down the aorta the greater the extent of arterial stiffening. Importantly, this ‘gold-
standard’ measure of arterial stiffness is associated with cardiovascular events,
independently of conventional risk factors [3].

cfPWV = D (meters) / A time (seconds) |

A time (seconds)
Tonometer

Carotid Artery

— D (meters)

Tonometer

\D Femoral Artery

Fig. 1.3 The pulse wave transit time provides a regional measure of aortic stiffness. Time is cal-
culated from the foot of the carotid and femoral waveforms, and superficial distance is measured
from the carotid to femoral sites
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Pulse Wave Analysis to Assess Central Hemodynamic
Parameters

Applanation tonometry is a technique used to assess central hemodynamic param-
eters that can influence aortic stiffness (Fig. 1.4). There are many commercially
available devices, but the SphygmoCor system (AtCor Medical, West Ryde,
Australia) is one of the most widely used devices. Importantly, these noninvasive
estimations of central blood pressure correlate well with invasive catheter-derived
measurements acquired at the ascending aorta with a correlation coefficient of 0.91
(demonstrated with the SphygmoCor device) [25]. The SphygmoCor applanation
device uses a generalized mathematical transfer function to create an aortic pressure
waveform that is computed both from the pressure waveform at the radial artery, as
well as the brachial blood pressure. The Food and Drug Administration has accepted
the central blood pressure values derived from peripheral waveforms via applana-
tion tonometry as a “substantially equivalent” assessment of aortic pressure when
compared with invasive catheterization measures [3]. Hence, applanation tonometry
is a validated, non-invasive alternative to catheterization and is commonly used in
research settings.

Central Pulse Pressure

Pulse pressure, or the difference between systolic and diastolic blood pressure
within arteries is an important surrogate marker for arterial stiffness. Based on the
pressure-strain elastic modulus, E, to define arterial stiffness, which is calculated by
the equation E,= AP/(AD/D), where AP is the aortic pulse pressure; AD is the max-
imal change in aortic diameter during the cardiac cycle; and D is the mean aortic
diameter during the cardiac cycle. This characterization of arterial stiffness points to

Quaiity Control

MMM AP AN

[ \JF\"“\JI\'\J H\MJI’\L\J(\'\_;(\F\I\"\J\’\F.\P = = —

Sp

Dp (2]

M

P

Fig. 1.4 Screen shot of Pulse Wave Analysis and central hemodynamic parameters using the
SphygmoCor AtCor Medical v. 9.0
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elevated central pulse pressure as a major participant in the disease’s etiology.
Ultimately, the pressure-strain elastic modulus will be elevated in individuals whose
aorta is unable to increase luminal diameter for a given pressure. Hence, pulse pres-
sure is the pulsatile component of blood pressure that drives repetitive strain and
contributes to fragmentation of aortic elastin, which can be used as a surrogate
marker of arterial stiffness [14]. It is important to consider within the context of
enhancing cardiovascular risk prediction, that the routine use of central pulse pres-
sure measurements in clinical practice has not been substantiated [26].

Augmentation Index (AIx)

Alx is the difference between the first and second systolic peaks relative to pulse
pressure [24]. The AIx measure is based on the return, or reflected, wave that is
transmitted with each heartbeat. In arteries that confer greater stiffness the reflected
wave returns to the left ventricle of the heart sooner causing amplification of the
systolic blood pressure. The early arrival of the reflected wave increases the myo-
cardial oxygen demand and requires greater mechanical work to overcome the
augmented aortic root pressure (afterload), which is one deleterious consequence
of arterial stiffness. AIx has also been used as a surrogate measure of arterial
stiffness [27].

While the interpretation of Alx is straightforward, one limitation of using this
measure as a substitute of cfPWV is Alx has a nonlinear relation with arterial stiff-
ness with increasing age [28]. After approximately 60 years of age Alx drops, but
arterial stiffness when measured by the cfPWYV, increases [29, 30]. Therefore Alx is
considered to be a more global, or whole-body, measure of stiffness, rather than a
specific aortic stiffening endpoint as it assesses the cumulative reflected waves at
the heart. Thus, AlIx may be used to describe the magnitude of peripheral wave
reflections, but care should be taken when using Alx as a measure of arterial stiff-
ness, particularly in older populations.

Intima-Media Thickness (IMT)

Measuring IMT with ultrasound devices has been used as a surrogate for determin-
ing local arterial stiffness, and is typically assessed in the carotid artery [24]. One
potential limitation with the ultrasound-derived measure of IMT is that the calcula-
tion of Young’s modulus assumes homogeneity of the arterial wall, but—by
design—the arteries are inhomogeneous [8]. Further, the intima cannot be distin-
guished from the media with ultrasound [8], and hyperplasia of the intima, com-
pared with the medial layer, is the major cause of increased IMT [31]. As a result,
aortic morphology is dependent on age, and so calculation of Young’s modulus
from the IMT will yield uncertain measures of arterial stiffness.
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For example, prospective data from the Multi-Ethnic Study of Atherosclerosis
(MESA) study showed arterial calcification and plaque presence were stronger
predictors of incident CVD versus increased IMT alone [32]. And, while IMT does
correlate withaPWV innormal subjects, IMT does not appear to be an interchangeable
measure of arterial stiffness in high-risk patients such as those with hypertension
and/or diabetes [24]. Hence, in cases of high-risk patients, the rate of aortic stiffening
relative to carotid IMT thickening is increased, but is unpredictable when the carotid
and aorta do not stiffen at the same rate [33]. More prospective trials are needed to
qualify the use of IMT as a sole determinant of arterial stiffness.

Pathophysiological Role of Arterial Stiffness in CVD

Traditional measures of blood pressure occur in the brachial artery, a relatively mus-
cular peripheral artery. However, the hemodynamics, or blood pressure, in the aorta
is markedly different from what is observed in the brachial artery. One example of
the discrepancy between the central and peripheral vasculature is the amplification
phenomenon, which shows that pulse pressure is lower in the aorta compared with
brachial artery. However, in conditions of aging and/or disease pulse pressure
amplification is decreased due to increases in aortic stiffness and blood pressure. In
addition, central hemodynamic parameters such as pulse pressure can be accurately
and easily obtained with tonometry; additionally, quartiles of central pulse pressure
are stronger predictors of future CV events in contrast to quartiles of peripheral
pulse pressure [34]. Clinicians have historically relied on and continue to use
peripheral blood pressure measures to determine treatment options. However,
current data suggest treatments based on central blood pressures may be more
efficacious [35-37].

Increase in SBP, Central Pulse Pressure and Left Ventricle
Afterload

Arterial stiffness accelerates the return waves back to the left ventricle of heart, and
elevates SBP and pulse pressure. The paradoxical question, however, is: Does
hypertension cause arterial stiffness or does arterial stiffness cause hypertension.
This relationship has been summarized as the colloquial chicken-and-egg dilemma
[14]. The current general viewpoint is that hypertension in young adults accelerates
arterial stiffness, similar to that of aging, owing to the premature return of reflected
waves in late systole [24]. Evidence also indicates arterial stiffness precedes the rise
in blood pressure [14]. Regardless, an increase in SBP results in the heart working
harder to overcome the increased pressure in the aortic root (afterload). Hence,
arterial stiffness is associated with left ventricular hypertrophy (LVH) [38, 39],
which is an established risk factor for CVD [7, 32, 39, 40].
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Decrease in Coronary Perfusion Pressure

Isolated systolic hypertension is characterized by a normal diastolic blood pressure
(DBP), but with a systolic pressure greater than 140 mmHg. Because the vast major-
ity of the myocardial blood flow occurs during diastole, sufficient coronary perfusion
pressure is required to oxygenate the heart. Interestingly, DBP increases with age up
until approximately 60 years, and then decreases [9]. Remember that arterial
stiffness increases dramatically after 60 years of age, and due to elevated SBP, the
fall in DBP with increasing arterial stiffness is explained by a diminished hydraulic
buffering system leading to greater peripheral run-off of stroke volume during
systole [9]. Results from the Framingham study indicate that if hypertension is left
untreated, then elevated DBP is associated with increased SBP, allowing arterial
stiffness to perpetuate in an accelerated and vicious circle [41]. Collectively, these
findings indicate that greater aortic stiffness in older age reduces coronary perfusion
pressure, which is possibly linked to myocardial ischemia.

Summary

Arterial stiffness, or arteriosclerosis, is an emerging independent risk factor for the
prediction of future CVD-related events. Non-invasive approaches for assessing
arterial stiffness make this measure readily available to clinicians for routine assess-
ment. The principal causes of arterial stiffness are the functional and structural
changes that accompany aging with the greatest changes observed in large elastic
arteries (aorta, carotid) compared to peripheral arteries (brachial, tibial). Importantly,
increased aortic stiffness is a novel risk factor associated with pathological
conditions of the heart, brain, and kidneys with potential for routine clinical use.
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Chapter 2
Mechanisms of Arterial Stiffness

Abstract Current understanding for the mechanisms contributing to arterial stiff-
ness is limited. The field is rapidly growing, however, and the complex process of
functional, structural and signaling pathways working together to stiffen arteries is
becoming increasingly clear. As such, arterial dilation and constriction, extracellu-
lar matrix accumulation and stiffening of individual cells via specific signal trans-
duction pathways inter-connect providing numerous targets for potential therapeutic
intervention. Herein we highlight the mechanisms that are largely implicated in
arterial stiffness, and those that may be emerging as important targets.

Keywords Artery function * Smooth muscle * Adventitia ® Endothelium ¢ Collagen
* Elastin * Advanced glycation end-products

Introduction

The mechanisms by which arteries stiffen include both physiological as well as
cellular and molecular events that collectively contribute to the pathophysiology.
Both functional and structural changes occur to stiffen arteries, which are due to
the actions and interactions of the physiological and cellular/molecular events. In
this chapter we will overview functional and structural changes, and highlight key
cellular signaling mechanisms that promote these impairments. In order to gain
greater insight for mechanisms contributing to arterial stiffness, we will use animal
based studies to complement and to provide additional insight to support what is
known from human-based literature. For example, aging mouse models are
commonly used to study aortic stiffness, which demonstrate in vivo increases in
aortic pulse wave velocity (aPWV) (Fig. 2.1a) and intrinsic stiffness assessed by
ex vivo mechanical testing (Fig. 2.1b). Importantly, animal studies provide
additional insight but the mechanisms do not always translate well to humans.
A more in-depth understanding of mechanisms, however, ultimately leads to more
efficacious treatments.

© Springer International Publishing Switzerland 2015 15
B.S. Fleenor, A.J. Berrones, Arterial Stiffness, SpringerBriefs in Physiology,
DOI 10.1007/978-3-319-24844-8 2



16 2 Mechanisms of Arterial Stiffness

a b
500 5000
400 £ 4000
- =
£ 300 £ 3000
~ =
> B
2 200 S 2000
] 2
100 £ 1000
[sa)
0 0
Young Old Young Old

Fig. 2.1 A representative age-related increase of (a) in vivo arterial stiffness assessed by aortic
pulse wave velocity (aPWV) and (b) ex vivo mechanical stiffness in isolated aortic segments of
young (4—6 months) and old (2628 months) mice

Functional Changes Contributing to Arterial Stiffness

Blood Pressure

Blood pressure is a traditional measure assessed clinically to determine risk for
potential future cardiovascular events. Advancing age is associated with isolated
systolic hypertension where current blood pressure control rates are suboptimal at
~50 % [1]. Aortic stiffness is considered to be a key mediator for controlling resis-
tant hypertension. For instance, the Preterax in Regression of Arterial Stiffness
(REASON) trial demonstrates that increased arterial stiffness is related to reduced
blood pressure control, and decreases in arterial stiffness is a major contributor in
the reduction and control of systolic blood pressure [2]. Additionally, other investi-
gations have observed that increased aortic stiffness predicts incident hypertension
and cardiovascular events [3, 4]. Collectively, current evidence indicates an effect
for arterial stiffness to contribute to hypertension-related conditions.

In addition to the evidence for arterial stiffness to promote and regulate blood
pressure, other data indicate blood pressure contributes to arterial stiffening.
Recently, it has been proposed that “early vascular aging,” which is, in part,
characterized by aortic stiffness is present in young hypertensive adults [5]. The
changes in arterial stiffness that are observed in young hypertensive subjects are
similar to what is seen in older non-hypertensive adults. As such, when blood
pressure is reduced in young adults with hypertension arterial stiffness is also
decreased, suggesting blood pressure does indeed contribute to arterial stiffness
early in life [6]. The current evidence indicates arterial stiffness and blood pressure
promote and/or decrease the expression of one another in a feedback loop. Thus,
blood pressure is a key mechanism by which aortic stiffness may be modulated to
reduce cardiovascular risk.
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Impaired Smooth Muscle Function

Vascular smooth muscle cell dysfunction results in impaired vasodilation, increased
vasoconstriction, increased proliferation and migration, and has been postulated to
contribute to the overall impairments in blood pressure regulation and arterial
stiffness. In a recent meta-analysis, it was shown that smooth muscle dysfunction
occurs with advancing age in adults [7]. A limitation of this analysis is that the
effect of dysfunctional smooth muscle is relatively small, and was observed in
peripheral arteries. Due to current limitations in technology, assessing smooth
muscle function of the central arteries, such as the aorta, in adults cannot be
performed readily. However, aortic segments from animals in age- and hyperten-
sion-related models have shown that there are indeed impairments in smooth
muscle function [8, 9]. Thus, there is evidence to support the notion for impaired
aortic smooth muscle function to be associated with age- and blood pressure-related
vascular dysfunction, including arterial stiffness. Importantly, it has been estimated
that ~50 % of aortic stiffness with aging is due to smooth muscle cells [10], which
has been attributed to signaling and structural events in smooth muscle cells [10,
11]. These findings collectively indicate smooth muscle dysfunction, as it relates to
extracellular signaling and structural changes, significantly contributes to the
development of arterial stiffness.

Impaired Endothelium-Dependent Dilation

The vascular endothelium is a monolayer of cells on the innermost side of arteries
that responds to mechanical forces and receptor-mediated signaling, contributing to
arterial homeostasis and pathophysiology. Smooth muscle function is influenced by
the vasoactive factors released from the vascular endothelium with nitric oxide
(NO) being a primary signaling molecule. It is important to note, as discussed in the
previous section, that endothelium-independent dilation (EID), or smooth muscle
dysfunction, contributes much less to arterial dysfunction in comparison to endo-
thelium dependent dilation (EDD) [7, 12]. Studies demonstrating greater smooth
muscle dysfunction have largely been reported in subjects with additional cardio-
vascular risk factors [12]. This is further supported in animal models of aging where
EID, or smooth muscle cell relaxation, is largely unimpaired in old mice when arte-
rial segments are treated with the NO donor sodium nitroprusside [13—15]. Taken
together, age-related impairments in EDD influences smooth muscle function—
rather than influencing the dilatory properties—that is related to signaling and
structural changes of the cells. Thus, targeting EDD via improvements in NO
bioavailability may improve structural changes in vascular smooth muscle cells,
which would be critical for reducing arterial stiffness (Fig. 2.2).
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Fig. 2.2 A summary of the complex, multiple causes of arterial stiffness with aging and disease

Structural Changes Contributing to Arterial Stiffness

Aging results in multifaceted changes within the vasculature to promote arterial
stiffness. These alterations include gross morphological remodeling and
compositional changes within arteries that are not as readily identifiable in humans.
Additionally, there are cell-specific changes that contribute to the overall decrements
in arterial function and structure that have recently been elucidated. This section
will highlight the importance of each structural component in the development of
arterial stiffness (Fig. 2.2).

Gross Morphological Changes

Intima-media thickness (IMT) is a common clinical measure providing insight for
an individual’s vascular age and health. IMT increases as a product of aging, which
is associated with increased stiffness and cardiovascular events [6]. IMT, a surro-
gate arterial stiffness measure is used clinically, but is more indicative of the gross
changes in morphology rather than arterial stiffness. Moreover, IMT is not as sensi-
tive of a predictor for major cardiovascular events in high-risk diabetic and/or
hypertensive patients as other direct measures of arterial stiffness, [16] such as
aPWYV, because it only accounts for morphology, and excludes additional factors
including material composition of the artery that is taken into account with aPWV
[17]. The IMT thickening, however, is a relatively easy endpoint to assess for a
trained clinical technician that provides additional insight for arterial health and
future cardiovascular disease risk.
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Compositional Changes
Collagen

Collagen is an important extracellular protein in arteries influencing arterial stiff-
ness with over 20 identified isoforms to date [18]. The type I and III collagen iso-
forms are the most abundant in the aorta with type I having the greatest content
throughout this large elastic artery [19]. This distribution pattern is important as
type I collagen promotes strength leading to increased mechanical stiffness, whereas
type Il has greater elastic properties promoting elasticity. Type I collagen expression
has an age-related increase in the three primary cell types of arteries: endothelial
cells, vascular smooth muscle cells, and adventitial fibroblasts [20]. The
compositional change for increased collagen I content and/or expression in each
layer indicates the importance of this protein in arterial stiffening. For example, a
collagenase-resistant animal model with the inability to decrease type I collagen
was shown to have greater mechanical stiffness [21]. And, selective increases in
adventitial collagen deposition, as observed with aging, may have even greater
contributions to overall arterial stiffness compared to other arterial layers [22].
Type II collagen expression in arteries is an emerging isoform that may have
important implications in age-related aortic stiffness. Arterial collagen II expression
increases with aging in both rodents and humans [23]. This type II isoform is a
matrix protein primarily found in cartilage, a biomaterial designed for strength.
Thus, greater collagen II, in addition to increased collagen I protein expression in
arteries is hypothesized to dramatically promote age-related arterial stiffening.

Elastin

The elasticity of arteries is primarily due to the extracellular protein elastin as it
accounts for ~90 % of elastic fibers in arteries [18]. Aging and disease decrease
elastin content and/or functionality leading to arterial stiffening as observed in the
elastin haploinsufficient mouse model [24]. Elastin is expressed in all arterial cell
types, but the medial smooth muscle cell layer expresses greater amounts of this
protein [20]. Notably, arterial elastin expression progressively decreases with aging
and is highest in early life. As elastin decreases, it is thought to be an irreparable
process without the ability to re-form elastin in arteries. Prevention of elastin loss
and functionality in early age would be of great importance in reducing arterial stiff-
ness across the life span.

Advanced Glycation End-Products (AGEs)

Glycosylation, a post-translational modification of proteins, is also implicated in age-
and disease-induced aortic stiffening. Non-specific accumulation and cross-linking
of extracellular proteins by AGEs has been shown to contribute to arterial stiffness in
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both aged rodents and adults [20, 25]. The greater cross-linking by AGEs results in
increased stiffness, which is akin to a chain link fence with more links having less
flexibility. AGEs accumulation is hypothesized to be the result of one of three pri-
mary mechanisms, which include: (1) increased circulating glucose concentrations,
(2) greater oxidative stress within arteries, and (3) enhanced inflammatory signaling
[26]. Although these factors are all considered primary pathways by which arterial
AGEs are formed, greater mechanistic insight for each pathway requires further
investigation. In addition to the cross-linking effect of AGEs to promote arterial stiff-
ness, the cellular signaling of AGE:s is also a potential mechanism for arterial stiffen-
ing that will be discussed later in this chapter.

Calcium

Rigid deposits of calcium mineral within the vascular wall increase in vivo stiffness
[27]. Coronary calcium levels are associated with those of the aorta and both are
shown to increase with advancing age [28]. In a middle-aged cohort without preva-
lent cardiovascular disease from the Framingham Heart Study, a correlation was
found between aortic stiffness and vascular calcification [29]. The appearance of
progressive aortic stiffness and aortic calcification appears as early as the fourth
decade of life [30]. Thus, calcification is an important mechanism leading to aortic
stiffness that warrants further investigation.

Cellular Changes

There are distinct changes in vascular smooth muscle cell (VSMC) and endothelial
cell stiffness that contribute to the overall arterial stiffening process [11, 31].
Increased VSMC stiffness has been attributed to changes in the cytoskeletal protein
actin, as reductions in this protein decreases age-related VSMC stiffness [11].
Intracellular structural changes, in part, begin to explain how nearly 50 % of arterial
stiffness is due to VSMC:s. For instance, focal adhesions link the contractile compo-
nents of the cell, including actin, to the extracellular matrix, which have been shown
to mechanistically promote arterial stiffness [10]. Thus, the actin cytoskeleton and
focal adhesions seem to collectively coordinate the VSMC-contributions to overall
arterial stiffening.

Endothelial cells have also been shown to increase cellular stiffness in an ani-
mal model of obesity [31]. In this model, endothelial cell stiffness increased ~5
fold, similar to what is observed in VSMCs. Few studies have examined endothe-
lial cell stiffness, and, therefore, the mechanistic insight by which these cells
become stiffer is limited. Notwithstanding, a senescent endothelial cell model has
indicated that smooth muscle alpha actin and collagen I protein expressions
increase with aging, which would implicate endothelial cells as a contributor to
arterial stiffness. Importantly, the pro-inflammatory cytokine tumor necrosis factor
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alpha was shown to recapitulate both smooth muscle alpha actin and collagen I
protein expressions in non-senescent endothelial cells [32]. Hence, endothelial cell
stiffness is an emerging contributor to arterial stiffness, which may be mediated by
inflammatory processes.

In summary, cellular changes to both VSMCs and endothelial cells result in
greater cell stiffness and provide novel insight for arterial stiffness. This novel area
of investigation requires future study to determine the mechanisms by which
VSMC s and endothelial cells stiffen with aging and disease.

Signaling Mechanisms

There are numerous potential signaling events that may contribute to age- and
disease-related arterial stiffness. Our aim, however, is to highlight several key
signaling and molecular mechanisms that have been shown to promote arterial
stiffness. Thus, we present several important mechanisms shown to have a significant
influence on arterial stiffness.

Oxidative Stress

Oxidative stress, which can be defined as increased reactive oxygen species (ROS)
production or bioavailability in relation to the antioxidant buffering capacity, is
greater in arteries of old animals. Increased NADPH oxidase (NOX) expression
and/or activity is one oxidase system implicated in arterial ROS production with
age, which is associated with decreased expression/activity of the superoxide dis-
mutase (SOD) antioxidant defense system. As such, greater superoxide production
within the aorta is associated with increased aortic stiffness observed with aging,
and reductions in aortic superoxide bioavailability with antioxidant supplementa-
tion reverses arterial stiffening [13]. Importantly, antioxidant treatment is associated
with an attenuation of age-related increases in the pro-oxidant NOX p67 subunit
and reductions in the antioxidant manganese superoxide dismutase expressions
[13-15, 33]. The oxidative stress process, however, is much more complex but cur-
rently there is little mechanistic evidence or insight. In short, greater oxidative stress
within arteries promotes aortic stiffness via increased pro-oxidant superoxide pro-
duction and reduced superoxide dismutation by the antioxidant system.

An important functional component of arterial stiffness is reduced nitric oxide
(NO) bioavailability due to increased arterial ROS production with advancing age.
Notably, antioxidant treatment reverses the age-related decrements in NO bioavail-
ability, and is associated with reversal and/or attenuation with the structural and
extracellular matrix components of arterial stiffening. For example, short-term
(4-week treatment protocols) with SOD-specific boosting intervention, and less
specific antioxidant interventions have been shown to modulate both collagen
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and AGEs [13-15]. Yet, few interventions have shown attenuation of the age-related
decrements in elastin content. Additionally, it is largely unknown if antioxidants
influence vascular smooth muscle and/or endothelial cellular stiffness. It appears,
however, antioxidant compounds are a potential treatment strategy to ameliorate
arterial stiffness.

Inflammation

Large artery inflammation is emerging as an important aspect of arterial aging, and
aortic stiffening. For instance, increased macrophage numbers, and pro-inflammatory
cytokine expressions have been observed in aortas from older mice. Importantly,
expression of the nuclear factor kappa B (NFkB) transcription factor is also greater
in aortas with aging, which may mediate both monocyte recruitment and
pro-inflammatory cytokine expression. Thus, examining the role of NF«xB in arterial
stiffness, and identifying novel interventions to modulate NFxB expression are
promising [20, 34]. For example, inhibition of NFkB in older animals improves
endothelium-dependent dilation via a NO-dependent mechanism. This finding
indirectly suggests NFxkB contributes to age-related aortic stiffness by reducing NO
bioavailability and impairing endothelial function. As such, anti-inflammatory
interventions may lead to reductions in aortic stiffness.

Nitric Oxide (NO)

Impaired endothelium-dependent dilation is a key functional outcome contributing
to arterial stiffness. Decreased expression and/or activity of endothelial NO synthase
(eNOS)—a critical enzyme—Ieads to reduced NO bioavailability and endothelial
dysfunction [35]. The reduced capacity for the arteries to dilate indicates VSMCs
are not relaxing, which is largely due to reductions in NO bioavailability. Equally
important is the influence of NO to modulate arterial inflammatory proteins and
transforming growth factor Beta 1, which the latter is implicated in structural
changes within arteries [36]. Thus, NO boosting interventions are quite important as
both functional and structural changes within arteries are influenced by this critical
signaling mechanism.

Reductions in NO bioavailability have been attributed to oxidative stress. More
specifically, greater superoxide production reacts with NO to form peroxynitrite,
which modifies proteins and is a common marker of oxidative stress. Additionally,
the key cofactor for NO production, tetrahydrobiopterin (BH,) becomes oxidized
contributing to uncoupling of eNOS resulting in less NO bioavailability and more
superoxide production [35]. The greater oxidative stress is due to both enhanced
pro-oxidant and reduced antioxidant enzyme expression and/or activity. Targeting
oxidative stress to improve NO bioavailability would be critical for improving both
functional and structural mechanisms leading to arterial stiffness.
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Transforming Growth Factor Beta 1 (TGF-f1)

TGF-B1 is a profibrotic cytokine involved with adventitial remodeling, and thus
implicated in aortic stiffness. Adventitial TGF-p1 expression is increased in aged
rodents that, in turn induces a phenotypic change of adventitial fibroblasts into
pro-secretory myofibroblasts. This phenotypic transition results in greater collagen
I protein expression in myofibroblasts, which is associated with increased
adventitial collagen I expression and aortic stiffness. The collagen secretory
phenotype induced by TGF-p1 also promotes superoxide production, which was
shown to mediate the effects of TGF-f1 in fibroblasts [37]. Thus, TGF-p1 is an
important profibrotic cytokine with increased age-related expression with limited
in vivo evidence for its effects on arterial stiffness. Interventions focused on
attenuating adventitial TGF-B1 signaling may be of importance as the adventitia is
a key load-bearing layer of arteries.

Advanced Glycation End-Products (AGEs)

As discussed previously, AGEs are responsible for cross-linking extracellular
proteins that ultimately contribute to aortic stiffness. Notably, AGEs also bind the
receptor of advanced glycation end-products (RAGE) which results in intracel-
lular signaling that promotes negative biological consequences such as greater
arterial stiffness seen with aging [26]. Limited experimental evidence exists for
this hypothesis; however, it has been shown that ex vivo administration of
biologically active AGE:s to arteries from young rodents enhances aortic stiffness
[38]. AGEs accumulation within the artery was not assessed, but these findings
indicate AGEs signaling promotes increases in mechanical stiffness. Moreover,
an AGEs enriched diet increases pro-inflammatory cytokine expressions in
adipocytes, which may be the downstream signaling event leading to greater
mechanical stiffness [39]. However, little is currently known about AGEs
signaling and arterial stiffness.

Summary

The mechanisms underlying arterial stiffness are multifaceted, complex and inter-
related. Although mechanistic insight for arterial stiffness is accumulating, the sci-
entific community is in the beginning stages of understanding the disease’s etiology.
Novel therapeutics to effectively treat and manage arterial stiffness will target the
functional and structural components of this emerging risk factor.
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Chapter 3
Implications of Arterial Stiffness

Abstract The implications for increased arterial stiffness are just now beginning to
be understood. However, there is still much unknown in this emerging field of study.
In this chapter we overview several areas of clinical importance that influence arterial
stiffness, which include aging, sex, race, body composition, and cardiorespiratory
fitness, and the implications of these on cardiovascular health and target organ
damage. These discussions merely highlight the complex interactions that occur
with aging alone, which become increasingly convoluted with multiple pathologies.
Thus, our discussion only begins to elucidate the very complex processes
contributing to aortic stiffness and the overall health implications.

Keywords Heart ¢ Kidney * Brain * VO, peak * Epidemiology * Aorta

Arterial Stiffness as a Cardiovascular Disease (CVD)
Biomarker

CVD is the leading cause of mortality in the United States and represents an impor-
tant target for intervention [1]. Although aortic pulse wave velocity (aPWV)—the
gold standard measure of arterial stiffness—is a nascent clinical outcome measure,
its prognostic value as an independent CVD biomarker to identify future CV events
and all-cause mortalities is still emerging and being established [2—13]. Ultimately,
the overall expectation of a CVD biomarker is to enhance the ability of the clinician
to optimally manage the patient and reduce the risk of future CV events [14]. aPWV
is in line with this expectation, and may therefore be used in conjunction with, and
independent of traditional CVD risk factors to identify future CV events and all-
cause mortalities in numerous pathological conditions. In the following section, we
will examine the epidemiology of arterial stiffness in the context of aging, sex, race,
body composition, and habitual exercise (Fig. 3.1). We will conclude with the
implications for increased arterial stiffness in target organs such as the heart,
the brain, and the kidneys.
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Fig. 3.1 Epidemiological contributors to arterial stiffness with potential implications for target
organ damage

Epidemiology
Aging

In the United States, the proportion of patients greater than 65 years of age is
increasing at a greater rate than the total population [15]. Importantly, the primary
determinant of cardiovascular health is age [16]. Therefore understanding the
impact of early, accelerated and/or heightened vascular aging are important initial
steps for identifying vulnerable older populations. For instance, during ‘normal’
arterial aging there are functional, structural, and cellular and molecular events,
which collectively results in arterial stiffness. However, individuals where the arte-
rial aging process is accelerated beyond what would be expected in a normal or
reference population, additional increases in aPWV will be observed indicating
greater CVD risk [17]. Identifying the physiological mechanisms promoting
age-related arterial stiffness, and the accelerating factors contributing to greater
CVD risk are thus clinically significant.

The Baltimore Longitudinal Study on Aging (BLSA) is a large prospective
cohort study that assessed aPWV over a period of 7 years in a subset of 943 partici-
pants [18]. Both older age and increased systolic blood pressure (SBP), or hyperten-
sion in this population, were the main longitudinal determinants of age-related
increases in aPWV. Furthermore, the effect of SBP on the rate of increase in aPWV
was evident even in prehypertensive subjects, and was associated with an accelerated
rate of aPWYV in a dose dependent manner. The isolated impact, however, of elevated
SBP on arterial stiffness is difficult to partition and remains a current challenge.
Notwithstanding, it has been shown that after controlling for traditional
cardiovascular risk factors, including blood pressure, an increase in 5 m/s of aPWV
is equivalent to aging 10 years, in terms of increased likelihood of CVD mortality
[19]. In very old populations (i.e. 70-100 years), aPWV is a strong independent
predictor of cardiovascular mortality with an adjusted odds ratio of 4.60 (95 % CI,
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1.4-15.7) when aPWV was >17.7 m/s [20]. Thus, it is evident that both aging and
even modest increases of SBP in older adults are primary factors in greater CVD
risk in older populations.

To further highlight the influence of age on aortic stiffness in a large healthy nor-
motensive population (age range = 18-90 years), it was shown that aPWV beyond 50
years increases at an accelerated rate [21]. Therefore, suggesting that arterial stiffness
is a more sensitive marker of vascular aging in older compared with younger adults.
Hence, in this study, the relationship between arterial stiffness showed an exponential
increase after the fifth decade of life, and the inclusion of age as a predictor of aPWV
accounted for 60 % of the total variance. Similarly in another study, after controlling
for gender, body size, and heart rate, aPWV increased by 1.56 m/s per 10 years from
age 20 to 80 years in which a marked trend occurred after 50 years of age [22].

Notably, in the presence of obesity and diabetes, arterial stiffness increases more
rapidly with advancing age, which would be equivalent to a 70 year old adult [23,
24]. These findings provide additional insight for age as the primary factor
influencing arterial stiffness, which is accelerated at ~50 years of age, and for both
obesity and diabetes as contributors to accelerated age-induced aortic stiffness.
Further, the National Institute on Aging SardiNIA study, a population-based,
follow-up study involving more than 4000 community-living men and women (age
range=20-100 years) showed that aPWV increased by ~60 % from age 30 to 70
years [25]. An additional cross-sectional study using 102 Korean adults (age
range=21-60s years) demonstrated that aging accounted for 37 % of the total
variance of arterial stiffness, which increased by 0.07 m/s per year [26]. In summary,
arterial stiffness increases linearly until approximately 50 years of age, after which
time there is an acceleration of the stiffening process.

Sex

Due to sex related differences in CVD incidence, prevalence, morbidity and mortal-
ity [27], it is important to discuss the influence of sex on the progression of arterial
stiffness. For example, discrepancies exist between sexes regarding atherosclerosis,
hypertension, angina, and stroke [27]. Therefore, predicting CVD risk in women is
challenging because many statistical models of cardiovascular complications
relying on traditional risk factors such as smoking, diabetes, and total cholesterol,
have not accounted for sex differences that are known to exist [28].

Older women compared with aged men have a greater incidence of heart failure
with preserved ejection fraction (HFpEF). Interestingly, aortic characteristic
impedance (i.e. aortic opposition to pulsatile inflow from the contracting left ventricle,
measured as the ratio of aortic pulsatile pressure to flow) has been shown to be greater
in older women than older men, which is indicative of greater proximal ascending
aortic stiffness and diastolic heart dysfunction in women [29]. But, aPWV is greater
in men than women (11.9+3.8 vs. 10.5+3.4 m/s, P<0.0001) despite the fact that
women had greater AIx% (surrogate measure of arterial stiffness) and higher central
(aortic) SBP. These data suggest women may be more susceptible for presenting with
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a greater pulsatile load on the left ventricle resulting in diastolic dysfunction and an
abnormal ventricular-arterial interaction leading to the increased incidence of HFpEF
[29]. In this view, the role of pulse pressure amplification could be considered a
potential mechanism to explain why women have greater aortic characteristic imped-
ance, or proximal aortic stiffness, compared to men that is independent of aPWV,
which largely does not account for stiffening of the ascending aorta.

In support of greater pulse pressure amplification as a sex-related mechanism,
differences in the brachial pulse pressure to central pulse pressure ratio (B-PP/C-PP)
were shown in older, post-menopausal women (=55 years) compared with older
men [30]. More specifically, older women have a decreased B-PP to C-PP ratio
because of greater increases in aortic pulse pressure than what is observed in men.
Increased aortic stiffness, likely due to the stiffening of proximal ascending aorta, is
responsible for the reduction in the B-PP to C-PP ratio in women but not men, who
appear to maintain pulse pressure amplification with older age.

In fact, CVD risk is increased in older, post-menopausal women due to increased
pulse pressure at the central (aortic) level [30]. Similarly, the SardiNIA showed that
B-PP increased for both men and women at the entry age of 55 years, however for
men the increase was attenuated until 70 years, which there was little change in
B-PP after this age [25]. In contrast to men, the average longitudinal rate of change
of B-PP for women continued to increase (monotonically) with every decade from
age of 30 to beyond 70 years. In short, both B-PP and C-PP in women have shown
to increase with advancing age compared with men [25, 30], indicating central
blood pressure is a key target to reduce CVD risk in older women.

In addition to blood pressure, accelerated stiffening of the aortic and carotid
arteries in older age (50+ years) has shown sex-related differences. The Multi-
Ethnic Study of Atherosclerosis (MESA) project has demonstrated that women in
the 45-54 age range had equivalent Young’s elastic modulus (arterial stiffness) of
the carotid artery compared to men of the same age [31]. However, in the oldest
group (age range="75-84 years), women had significantly higher Young’s elastic
modulus compared to men (2013.7 vs. 1741.3 mmHg, P<0.05). These data suggest
that, following menopause, carotid artery stiffness progression increases more
quickly in women than in men [31]. However, in the BLSA study, the longitudinal
rate of change of aPWV was greater in men than in women, which may indicate that
women display a differing pattern of arterial remodeling in the aortic and carotid
regions compared with men [18]. Clearly, accelerated older age differences in
arterial stiffness are present, which warrant further investigation in order clarify sex-
and artery-specific differences on the progression of arterial stiffness.

Race

Predictions have suggested that over the next 35 years non-Hispanic Caucasians will no
longer be the majority race in the United States, due to the increased number of Hispanics
and Asians [32]. Given the changing demographics of the United States, understanding
varied risk factor profiles and health outcomes will contribute to continued improvements
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of care for both minority and non-minority groups [32]. African Americans, for instance,
experience a disproportionately greater burden of CVD, morbidity and mortality, rela-
tive to their Caucasian counterparts [1]. While this uneven burden of CVD between
races has yet to be explained, emerging models point to social, environmental, and
economic risks as accelerators of developmental processes, which become biological
patterns that ultimately influence health and disease [33].

In the context of arterial stiffness, young (23 years) African Americans compared
with Caucasians have greater aPWV (7.3+£0.3 vs. 6.0+£0.2 m/s; P<0.001) that is
independent of peripheral (brachial) blood pressure values, cardiorespiratory fitness,
total cholesterol, fasting glucose, body fat, and glomerular filtration rate [34].
Additionally, African Americans have greater carotid intima-media thickness, aortic
SBP, and reduced pulse pressure amplification. The increased arterial stiffness
between African Americans and Caucasians suggests that large elastic artery
stiffness and central blood pressure mechanisms are key contributors in CVD
progression in the young African American population.

In middle-aged African Americans and Caucasians it was shown that African
Americans had greater wave reflections and arterial stiffness in large elastic arteries
[35]. More specifically, Alx (wave reflections) and aPWV were higher in African
Americans compared with Caucasians. Similarly, in a middle-aged cohort of African
American compared with Caucasian adults of the Atherosclerosis Risk in
Communities Study (ARIC study) displayed earlier and more accelerated large
artery stiffening (common carotids), which was associated with the development of
hypertension [36]. Therefore, it seems apparent, racial disparities in arterial stiffness
may help to explain why incident CVD occurs at an earlier age in African Americans
compared with Caucasians [37]. Furthermore, treatments aimed at attenuating
increased arterial stiffness where there is no apparent increase in blood pressure in
young African Americans seems recommended in order to reduce accelerated
CVD-related risk and adverse CV events in this population.

Body Composition

Assessment of body composition, particularly body fatness, and relating to measures
of arterial stiffness is critical. However, there are many facets, and limitations for
the different measures of body composition that need to be considered prior to
discussing body composition and arterial stiffness. For example, fat and fat-free
mass can be assessed by dual energy x-ray absorptiometry (DXA) and computed
tomography (CT) scans that provide valid measures. Both DXA and CT scans are
preferable measures, however, they are costly and are not always feasible for larger
population studies. For larger studies, body mass index (BMI) is a common measure
of total body fatness, which is determined with the ratio of weight (kg) to height
(m?). As such, BMI quantifies total mass, and does not selectively quantify fat or
fat-free mass. Hence, individuals who have a high BMI may not necessarily have a
high body fat percentage, but instead could have a large amount of fat-free mass that
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could increase BMI but not reflect greater fat mass. In large part, however, BMI is a
standard and valid method for assessing body fatness in sedentary and recreational
active individuals, or those without large amounts of muscle mass. Thus, under-
standing the limitations to BMI is important prior to reviewing studies reporting
BMI but not other measures of body composition.

Greater fat mass resulting in obesity has been implicated in arterial stiffness
across the lifespan. As such, overweight and obese adolescents (n=86; BMI > 85th
percentile) demonstrate a higher aortic and brachial SBP, brachial and aortic PP, and
mean arterial pressure (MAP), than adolescents of normal weight (n=141;
BMI<85th percentile) [38]. Moreover, overweight/obese adolescents have a 7 %
higher aPWV and 3.5 % lower PP amplification than the adolescents of the normal
weight group [38]. It is particularly worrisome and likely that, given the negative
implications of childhood obesity on arterial function, overweight and obese
adolescents will carry unhealthy juvenile behaviors into adulthood that will give
rise to early CVD risk. For instance, it has been shown in a large follow-up study
that childhood body size or adiposity was associated with increased intima-media
thickness and large artery stiffness as an adult [39]. Thus, it is imperative to develop
interventions to attenuate adolescent arterial stiffening that is due to obesity.

Overeating, or excessive caloric intake, and/or a sedentary lifestyle contribute to
weight gain and obesity. When normal weight, non-obese adults were overfed for
6—8 weeks by ~1000 kcal/day (5 kg of weight gain), total abdominal fat, abdominal
visceral fat, and waist circumference increased in parallel with arterial stiffness by
13 % [40]. These findings were similar in Amsterdam Growth and Health
Longitudinal Study, in which they found that an increase of trunk mass by 10 kg was
positively associated with carotid Young’s elastic modulus [41]. In short, the
magnitude of abdominal visceral fat accumulation appears to be an important
contributor of large artery stiffening in adults [40, 42].

In addition to short-term weight gain, chronic obesity in adults results in significant
metabolic burden due to excessive fat storage, and ultimately, a clinical manifestation
of arterial dysfunction. In large part, overweightness and obesity are considered to be
important in arterial stiffening [40, 43, 44]. Contrary to this notion, it has been asserted
that BMI is not very useful in predicting changes in arterial stiffness due to generalized
obesity [45], and that the cardiovascular system of older adults may display an adverse
association of body fat and arterial stiffness in contrast to young adults who may be
more adaptable to the state of obesity [46]. Waist circumference, in fact, was the only
measurement positively associated with early atherosclerosis and arterial stiffness in
the Supplementation en Vitamines et Mineraux Antioxydants (SU.VL.MAX) study, in
which over 1000 middle-aged adults were assessed for body composition and carotid
structure and function [47]. In support of this finding, older adults from the Health ABC
study demonstrated an association of aPWV and abdominal visceral fat (the strongest
predictor of arterial stiffness) that was consistent across tertiles of body weight [48].
Additionally, older men with high amounts of total lean mass and low total fat mass
exhibited the most favorable arterial profile, including reduced aPWV [49]. For older
women, greater trunk fat mass was the strongest predictor of arterial stiffness [50].
Although general obesity does contribute to arterial stiffness for the population at large,
some studies indicate abdominal obesity is a better predictor of arterial stiffness.
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Habitual Exercise Training
Cardiorespiratory Fitness

Aging is the strongest predictor of arterial stiffness for both women and men.
Chronic, regular physical activity can blunt the age-related arterial stiffness, as
indicated in physically active post-menopausal women with similar aPWV
compared to pre-menopausal women [51]. However, a significant difference in
aPWV was still observed between post vs. pre-menopausal sedentary women
indicating regular activity cannot fully reverse the age-related increase in arterial
stiffness to those of younger adults. The strongest predictors of aPWV in this cohort
were cardiorespiratory fitness (i.e. VO,peak) and total and LDL cholesterol, which
collectively explained up to 50 % of the variance in central arterial stiffness [51].
Similarly, VO,peak has been shown to be associated with reduced PWV and body
fatness, and greater amounts of regular physical activity in an apparently healthy
middle aged cohort of women [52]. In addition, an important mechanistic
relationship was shown in older but not younger women between VO,peak and
relative left ventricular wall thickness (R=-0.32, P<0.05), indicating that more
favorable cardiac remodeling is predicated on greater cardiorespiratory fitness. In
brief, greater physical activity and improved cardiorespiratory fitness is associated
with reduced arterial stiffness and more favorable cardiac remodeling in middle-aged
and older women.

Men with higher cardiorespiratory fitness also demonstrate reduced arterial
stiffness, in part, through reductions in resting heart rate [53]. In addition, it has
been shown that men who engage in regular endurance exercise had lower aPWV
than both resistance trained and sedentary (non-exercising) participants [54]. This
relationship of reduced arterial stiffness was dependent on greater cardiorespiratory
fitness, reduced SBP, and reduced endothelin-1, a vasoconstrictor, in the endurance
trained men [54]. Importantly, it has also been demonstrated, for both men and
women, greater cardiorespiratory fitness and reduced arterial stiffness is associated
with improved occipitoparietal perfusion and better cognitive composite scores
(memory and attention-executive function) than those with lower cardiorespiratory
fitness and greater arterial stiffness [55]. Thus, suggesting cardiorespiratory fitness
and reduced arterial stiffness may influence important cognition centers in the brain.
Collectively, these data indicate chronic exercise and/or increased cardiorespiratory
fitness in men and women are important for attenuating the aging associated effects
of arterial stiffness.

Strength Training

Regular, progressive strength training is an important exercise modality for
preserving the aging associated decrements in lean muscle mass, strength, and
physical function. However, reports have suggested strength training may increase
measures of arterial stiffness. For example, Bertovic et al. [56] compared apparently
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healthy young males who had regularly strength trained for 12 months to sedentary
controls, and discovered that strength trained athletes had higher aortic characteristic
impedance and p stiffness. Additionally, strength trained athletes had greater carotid
and brachial pulse pressures compared with the sedentary controls [56]. Similarly,
young men (age range=20-38 years) who engaged in resistance training for 4
months increased P stiffness and decreased carotid arterial compliance was
negatively related to changes in left ventricular mass and hypertrophy indices [57].
Interestingly, detraining reversed the negative impact of strength training on arterial
compliance, as values returned to baseline after 4 months of detraining [57].

Last, it has been shown that young men (age=21 years) who had been strength
training for 2 years had greater aPWYV, and increased plasma endothelin-1 levels,
compared with endurance training athletes and sedentary controls [54]. Additionally,
in middle aged men, strength trained vs. sedentary controls had greater f stiffness,
SBP and MAP, while vasoreactivity to a sympathetic stimulus was similar between
groups, indicating endothelial function remains intact [58]. In short, there is
convincing evidence that strength training increases arterial stiffness in both young
and middle aged men. However, it is important to note that strength training is a
recommended form of exercise to prevent age-related decreases in muscle mass,
and that concomitant aerobic exercise offsets the influence of strength training on
arterial stiffness [59, 60]. Undeniably, strength training per current guidelines in
conjunction with aerobic exercise is recommended.

Target Organ Damage

Increased arterial stiffness will increase the potential for damage in high-flow organs
such as the heart, the brain, and the kidneys [61]. In brief, target (or end) organ
damage in these high-flow organs is caused by greater loads of pulsatile energy that
impair target organ microvascular function leading to ischemia, reduction in
cognitive scores, and/or reduced glomerular filtration rate [61]. In this section we
will briefly highlight emerging areas of investigation for arterial stiffness in target
organ damage of the heart, brain and kidneys.

The Heart

In hypertensive patients, an increased media to lumen ratio is evident in small arter-
ies (lumen diameter=100-350 pM), followed by endothelial dysfunction and left
ventricular hypertrophy (in fewer patients), independent of proteinuria [62]. Small
artery remodeling has been implicated in the pathogenesis of hypertension, which
may precede most clinical manifestations of target organ damage in mild essential
hypertension [62]. In the Strong Heart Study, elevated fibrinogen levels was shown
to be an independent correlate of cardiovascular target organ damage such as left
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ventricular hypertrophy and arterial stiffness [63]. Furthermore, stress-corrected
midwall shortening, an estimate of myocardial contractility, was reduced in
individuals in the highest tertile of fibrinogen, in addition to reductions in ejection
fraction [63]. However, heart failure patients with preserved ejection fraction have
increased central aortic stiffness, which explains the abnormal ventricular-vascular
coupling beyond myocardial relaxation velocity and other measures of diastolic
function [64]. Thus, the pathophysiological link between early cardiac abnormalities
and arterial stiffness may be elevated systemic inflammation and central blood
pressure [65, 66].

The Brain

In alarge cohort of older adults (n=812), of whom 71 % had hypertension, increased
aPWYV was shown to be independently associated with a greater burden of subclinical
disease in cerebral arterial beds [67]. After adjustment for age, sex, conventional
CVD risk factors, and pulse pressure, increased aPWV was positively linked to
volume of white matter hyperintensity in the brain, suggesting a potential link for
arterial stiffness to vascular dementia [67]. Similarly, greater alPWV was associated
with increased risk for silent subcortical infarcts, white matter hyperintensity
volume, and lower memory scores, indicating that progressive stiffening of the aorta
reduced the wave reflection interface between the carotid and aorta permitted a
greater load of pulsatile energy into the microvasculature of the brain [68]. Notably,
a recent investigation in patients who underwent aortic valve replacement
demonstrated that N-methyl-D-aspartate antibody (NR2Ab), a serum ischemic
brain injury biomarker, was significantly higher in the aPWV-high group, thus
highlighting a potential biomarker for cerebrovascular outcomes [69]. In contrast,
however, others have shown arterial stiffness was not linked to white matter
hyperintensity, but aortic arch PWV was positively linked to lacunar brain infarcts,
after correction for confounding factors such as age, sex, hypertension duration
[70]. Although there have been a few studies linking arterial stiffness to brain
pathology, additional investigation is required to further elucidate this relation.

The Kidneys

Because the renal circulation provides relatively low resistance (impedance), greater
pulsatile energy renders the glomerulus susceptible to pressure related damage [71].
Elevated aPWYV is associated with reduced glomerular filtration rate (GFR), which
may be mediated by elevated blood pressure [72]. This relationship of reduced GFR
and elevated aPWV has been demonstrated in type 2 diabetics [72] and patients with
chronic kidney disease [73]. Arterial stiffness, as measured by intima-media
thickness is associated with albuminuria, another consequence of greater pulsatile
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energy within the renal vasculature [74]. For normotensive and hypertensive
subjects, greater intima-media thickness was associated with greater renal resistive
index values, indicating renal arterial disease (measured as [peak systolic
velocity —end diastolic velocity]/[peak systolic velocity]). In renal and vascular
tissues, accumulation of advanced glycation end products cause abnormal
cross-linking, which, in conjunction with greater pressure related damage manifest
a deterioration of kidney function during conditions of elevated arterial stiffness
[75]. Collectively, arterial stiffness is implicated in kidney dysfunction but further
study is needed.

Summary

Arterial stiffness is a CVD biomarker that can be used to improve patient disease risk
stratification in conjunction with, or independent of traditional risk factors such as
smoking, diabetes, and total cholesterol. Aging is a natural biological process that
increases arterial stiffness beyond the third decade of life until mortality where
known sex differences exist. Moreover, increased body fatness is associated with
early and accelerated arterial stiffness adding to the complexity. Importantly, habitual
exercise training resulting in improvements in cardiorespiratory fitness is associated
with reductions in arterial stiffness; whereas, strength training appears to increase
arterial stiffness, which can be offset with aerobic exercise. Collectively, factors
increasing arterial stiffness are associated with target organ damage to tissues such
as the heart, the brain, and the kidney. Factors leading to greater aortic stiffness need
to be identified to reduce CVD-related risk, and damage to critical organs.
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Chapter 4
Interventions to Destiffen Arteries

Abstract Stiffening of arteries is a condition associated with aging and disease that
results in a less compliant arterial system. Arterial stiffness is an important CVD
risk factor that is associated with premature mortality and heightened morbidity.
Intervening to reduce arterial stiffening is a challenge, yet there is mounting evi-
dence supporting the effects of lifestyle and dietary modifications to reduce aortic
pulse wave velocity (aPWV), the gold standard measure of aortic stiffness. Plant-
based polyphenolic compounds, omega-3 fatty acids, antioxidant vitamins C and E,
regular aerobic exercise, sodium reduction and weight loss have all shown to be
successful strategies to destiffen arteries. First-line strategies to combat CVD risk
factors such as arterial stiffening should include lifestyle modifications.

Keywords Nutraceutical ® Polyphenols ¢ Omega-3 ¢ Sodium * Aerobic ® Weight loss

Arterial Stiffness Overview

The detrimental effects of increased arterial stiffness are multifaceted, which
include: (1) Increases in central systolic blood pressure; (2) Increase in left ventricular
afterload; and (3) Decrease in diastolic perfusion pressure. Primarily due to these
physiological mechanisms, stiffening of the aorta is an independent risk factor for
cardiovascular disease (CVD) that is associated with heightened morbidity and,
premature mortality when assessed by aortic pulse wave velocity (aPWYV) [1].
Indeed arterial stiffness is a novel risk factor that predicts incident CVD, and
prospective data supporting the proposed pathophysiological mechanisms and their
deleterious consequences on cardiovascular health, is mounting, and convincing.
Moreover, arterial stiffness accelerates target organ damage to the brain, heart, and
kidneys. Thus, identifying interventions to reduce arterial stiffness, and ultimately
CVD-related events is clinically relevant.

The intent of this chapter is to focus on interventions that destiffen arteries,
specifically the aorta (Fig. 4.1). Both preventing and ameliorating arterial stiffness
are of great importance so both will be reviewed. Because mechanistic insight for
interventions is important, we will also summarize the overarching mechanisms
that underlie these novel interventions. However, in order to clearly and concisely
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present this body of literature we have narrowed down our discussion of novel inter-
ventions to those shown to destiffen arteries that we believe have greater potential.
As such, we have chosen to highlight interventions that meet the following criteria:
(1) The intervention has to be equal to or longer than 4 weeks (>4 weeks); (2) The
intervention must use carotid-to-femoral, aortic pulse wave velocity (aPWV) as its
measure of arterial stiffness, which is the gold standard measure of aortic stiffness;
(3) The intervention must have studied an adult (>18 years) human population; and
(4) The intervention cannot use pharmaceutical or prescription-based medications
as therapy to arterial stiffness.

Nutraceuticals and Functional Foods

The role of dietary factors in both the acceleration and slowing of CVD is undeni-
able. Skewing the energy balance equation towards greater intake vs. expenditure is
the principal cause of obesity, which in turn accelerates arterial stiffening and the risk
of CVD events. Understanding the impact of food intake, in terms of quality and
quantity, and how it relates to CVD is a twenty-first century puzzle that remains to be
solved. Many so-called “heart healthy” diets that have been conventionally recom-
mended such as reduced saturated fat intake have shown poor associations with over-
all CV health status, thus complicating matters. It now appears as though the relation
of saturated fat intake to CVD risk is dependent upon the source, be it plant or animal
based [2, 3]. To date there is no consensus as to what exactly a “heart healthy” diet
should consist of, and if in fact saturated fat intake is as pernicious as once thought.
The term “nutraceutical” is a portmanteau of the words “nutrition” and “pharma-
ceutical,” and refers to any substance that is a food, or part of a food, that provides
medical or health benefits including the prevention and treatment of disease [4].
Similarly, the definition of a “functional food” is any food or food ingredient that
may provide a health benefit beyond the traditional nutrients it contains [4]. Because
of the quasi-identical definitions and comparable interpretation, we have decided to
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use both terms interchangeably. We have defined, and will focus on three broad
categories of functional foods that have been shown to have beneficial effects for
attenuating arterial stiffness, which include: polyphenolic compounds, omega-3
fatty acids, and micronutrients.

It is worthwhile to mention that regular ingestion of functional foods have also been
shown to positively impact hyperlipidemia by reducing serum lipid profiles through
reductions in total cholesterol, triglycerides, LDL cholesterol, and elevations in HDL
cholesterol [5]. Additionally, functional foods may boost cellular antioxidant capaci-
ties and thwart aging associated diseases such as cancer and neurological disorders [6].
Last, functional foods may alleviate symptoms of gut malfunction by bolstering anti-
inflammatory cytokines that positively impact the gut microflora during allergic
responses and infections seen with Crohn’s disease [7]. Thus, it is reasonable to expect
these beneficial effects of functional foods to be extended to arterial stiffness.

Polyphenolic Compounds

Polyphenols are classified on the basis of the number of phenol rings that they contain and
by the structural elements that bind these rings to one another. Broadly, they may be
divided into four major classes, including: (A) Phenolic acids, (B) Flavonoids,
(C) Stilbenes, and (D) Lignans [8]. There are more than 4000 varieties of flavonoids that
include six subclasses, of which isoflavones and anthocyanins will be focused on due to
the available scientific evidence of these compounds to promote arterial destiffening.

Flavonoids

Epidemiological studies suggest that high intakes of dietary flavonoids are associ-
ated with decreased CVD mortality and risk factors [9]. Fruits and vegetables having
a high concentration of flavonoids that are generally recognized as healthy include
apples, berries, onions, tea leaves, and dark chocolate. A clinical trial using dark
chocolate (10/g day; >75 % cocoa) for 4 weeks in healthy young adults (40 females;
20 males; mean age=20+2 years) showed a significant decrease in aPWV com-
pared to the control group (pre: 6.13+0.41, post: 5.83+0.53 m/s) [10]. These
improvements in arterial stiffness were independent of peripheral (brachial) and
central (aortic) blood pressures, which did not change throughout the 4-week period
for the intervention group. However, an increase in flow-mediated dilation was
increased with dark chocolate supplementation (13.91+4.71 to 23.22+7.64 %), sug-
gesting this key functional aspect of arterial stiffness contributes to the destiffening
process. The proposed mechanism for decreased arterial stiffness and enhanced
endothelial function in this dark chocolate intervention was increased plasma
epicatechin, which enhances NO production and bioavailability leading to increased
endothelium-dependent vasodilation [11]. Thus, the cardioprotective effects of dark
chocolate may be ascribed to cocoa flavonoids via improvements in NO bioavail-
ability and arterial dilation.
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Isoflavones

Isoflavones, which are components of soy protein, promote in vivo endothelium-
dependent dilation and inhibit constrictor responses to collagen either by inhibiting
platelet aggregation or platelet release of vasoconstrictors, or both [12]. However,
clinical trials using isoflavone supplementation as a means to enhance arterial func-
tion have shown equivocal results. Only two original reports that have shown success-
ful reductions in aortic stiffness from isoflavone administration will be discussed.

A double-blind, crossover design trial in healthy middle-aged normotensive
adults examined the effects of isoflavones enriched with biochanin or formonentin
(metabolites of isoflavones; 80 mg/day) or placebo for 6-weeks [13]. While
supplementation with isoflavones did not improve flow mediated dilation or blood
pressure, aPWV was significantly decreased after the intervention compared with
the placebo (pre: 8.69+0.2, post: 8.39+0.2 m/s). Additionally, total peripheral
resistance was decreased (17.0+0.7 to 16.0+0.6 RU, P=0.03) and circulating
pro-inflammatory molecule VCAM-1 was reduced by 11 % in the intervention
compared with the placebo group following isoflavone supplementation (P=0.009).
Although endothelial function did not directly improve following isoflavone
ingestion for 6 weeks, aortic stiffness improved likely to due altered vascular tone
rather than to structural changes [13].

Further evidence for isoflavones to improve arterial function was observed in a
randomized, double-blind, crossover designed trial assessing the isoflavone
metabolite trans-tetrahydrodaidzein (THD, a metabolite of daidzein; 1 g/day) for 5
weeks [14]. This study randomized 25 middle-aged overweight/obese subjects (14
overweight males; 11 overweight postmenopausal women; mean BMI=30.3+4.7;
mean age=57+7 years) to THD or placebo, and aPWV was significantly decreased
by 1.1 m/s following isoflavone supplementation, representing a 10 % improvement
in aortic stiffness (placebo: 9.90, baseline intervention: 9.72, isoflavone supplemen-
tation: 8.8 m/s; P<0.05). Moreover, both systolic and diastolic blood pressures
decreased with isoflavone treatment and differed significantly between the active
treatment and placebo periods (P<0.05). Because arterial stiffness is generally
related to blood pressure [15], the absence of correlation between the changes in
pressure and aPWV suggests that isoflavone supplementation affected each of those
two parameters independently [14].

Pigments (Anthocyanins and Betalains)

Consumption of fruits and vegetables is associated with a reduced risk of heart dis-
ease and premature mortality [16]. Pigments are compounds found in fruits and
vegetables that have unique spectral properties, giving off an assortment of bright
and colorful visual characteristics of wavelengths between 380 and 730 nm [17].
The three main classes of pigments for coloration in plants are (A) Anthocyanins,
(B) Betalains, and (C) Carotenoids [17]. Cranberries, for example, have
678 mg/100 g of total phenols, and high levels of anthocyanins, which ranks them
just below blueberries in terms of the level of high quantity/quality total phenol
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antioxidant concentrations [16]. Moreover, beetroots, a major source of betalain
pigments, have strong antioxidant properties and increased consumption is
associated with reduced CVD risk [18]. It has been hypothesized that cranberry and
beetroot consumption impart specific cardiovascular benefits by reducing
inflammation and improving lipid profiles.

Inarandomized trial, older adults (30 males; 14 females; mean age =62 + 10 years)
with coronary artery disease were given either cranberry juice (480 mL “double-
strength” juice; 835 mg total polyphenols; 94 mg anthocyanins) or placebo juice for
4 weeks, in a crossover design [19]. aPWV following cranberry juice treatment was
7.8+2.2 m/s which was significantly reduced compared to baseline value
(8.3+£2.3 m/s; P=0.003) with no changes in the placebo group. There were no
significant improvements in brachial artery flow mediated dilation, markers of
inflammation, or blood pressure. However, a modest yet significant reduction of
HDL cholesterol by 2 % (pre: 43+10 vs. post: 42+9 mg/dL; P=0.04) was
discovered, which was unexpected and in contrast to other cranberry interventions.

Increasing NO bioavailability by consuming foods high in nitrates/nitrites has
beenidentified asameanstoreduceblood pressure. Arandomized, placebo-controlled
trial in hypertensive patients (26 males; 38 females; mean age=57+15 years) with
hypertension given dietary nitrate (250 mL/day beetroot juice, a major source of
betalains) had reductions in both systolic and diastolic blood pressure (P=0.05)
[20]. Compared to baseline, beetroot juice treatment decreased aPWV by 0.59 m/s
(P<0.01), and increased peak flow mediated dilation by 1.0 % (P<0.001). Thus, by
capitalizing on NO metabolism, once daily dietary nitrate interventions may be
practical and a cost-effective means to augment NO bioavailability, and reduce
blood pressure and arterial stiffness in hypertensive patients [20].

Omega-3 Fatty Acids

Over the last 50 years studies have shown an array of health benefits among those
following Mediterranean diets, including reduced CVDrrisk [21]. Several advantages
of following a Mediterranean diet is improved vasodilation, decreased blood
pressure, and reductions in oxidative stress and inflammatory biomarkers [22].
The purported mechanism of reduced risk of CVD by the Mediterranean diet is due
to the greater intake of long chain polyunsaturated omega-3 fatty acids. The plant
based food sources of omega-3 fatty acids (alpha linolenic acid [ALA]) include
flaxseed, hempseed, soybeans, and walnuts [22, 23]. The marine sources of omega-3
fatty acids (eicosapentaenoic acid [EPA] and docosapentaenoic acid [DHA]) include
algae, salmon, mackerel, and trout. Importantly, the metabolic conversion of the 18
carbon fatty acid ALA to the 20 carbon fatty acid EPA and 22 carbon fatty acid
DHA is approximately 5 % in humans, thus making it “essential” to consume EPA
and DHA in copious amounts [24]. In short, specific consideration should be given
to the type of long chain polyunsaturated omega-3 fatty acid consumed, in particular
EPA and DHA, due to their association with decreased CVD risk factors and
improved vascular outcomes [25].
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Unfortunately, the metabolic syndrome is a common disease, characterized by at
least three of the following risk factors: abdominal obesity, low HDL cholesterol, high
triglycerides, hypertension, and impaired fasting glucose. The metabolic syndrome
accounts for up to 1/3rd of CVD in men [26], therefore assessing the influence of
omega-3 fatty acids in a metabolic syndrome population is a promising therapy. As
such, 12 weeks of oral supplementation with 2 g/day of omega-3 polyunsaturated fatty
acids (46 % EPA; 38 % DHA) in middle-aged adults with metabolic syndrome reduced
aPWYV from 7.62+1.59 at baseline to 7.22+1.54 m/s (P<0.001) at the end of the trial.
Additionally, total cholesterol, triglycerides, LDL cholesterol, and IL-6 were signifi-
cantly reduced, while plasminogen activator inhibitor 1 and flow mediated dilation
increased, over the course of the 12-week intervention compared to baseline values
(P<0.001). The favorable effects of omega-3 supplementation on endothelial function
and arterial stiffness in adults with metabolic syndrome appear to be partially medi-
ated through modification of the metabolic profile and inflammatory processes [27].

As mentioned previously, endothelial dysfunction is an early event in the
pathogenesis of arteriosclerosis that increases CVD risk. Cigarette smoking is asso-
ciated with dose related and (potentially) reversible impairment of endothelium-
dependent arterial dilation in asymptomatic young adults [28]. The smoking related
impairment in endothelium-dependent arterial dilation promotes increases in the
pro-inflammatory phenotype, leading to changes in the thrombosis/fibrinolysis sys-
tem, which are important pathways for coagulation and the enzymatic breakdown of
blood clots [29]. In a randomized, placebo-controlled, double-blind, and crossover
study, the effects of 12-week omega-3 polyunsaturated fatty acids supplementation
(46 % EPA; 38 % DHA) in 20 healthy smokers (13 males; 7 females; mean
age=28+3 years) who had been smoking greater than 20 cigarettes per day for
greater than 5 years were determined [30]. Treatment with omega-3 polyunsatu-
rated fatty acids reduced aPWV from 5.87+0.63 at baseline to 5.54+0.76 m/s
(P=0.007) following the intervention. Additionally, TNF alpha and IL-6 were sig-
nificantly reduced, while plasminogen activator inhibitor 1 and flow mediated
dilation increased, over the course of the 12-week intervention compared with
baseline values (P<0.05). Supplementation with omega-3 fatty acids did not,
however, influence the lipid profile. In short, the detrimental effects of regular
cigarette smoking on endothelial function and elastic properties of the arterial tree
can be ameliorated by long chain omega-3 fatty acids such as EPA and DHA in
asymptomatic adults, in part, through reductions in inflammation [30].

Micronutrients
Sodium Restriction
The consumption of highly salted food is increasing worldwide, and these changes

in salt intake present a major challenge on the physiological systems of the body
[31]. Much evidence exists regarding our high salt intake and its role in creating the
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large rise in blood pressure that occurs with age [31]. Therefore, minimizing sodium
intake has been an important strategy for addressing the age-associated increase in
blood pressure, which is directly linked to the pathophysiological processes that
underpin arterial stiffness. For example, Dietary Approaches to Stop Hypertension
(DASH) have been successful in reducing systolic and diastolic blood pressures in
a variety of adult populations, and so DASH-like diets that invoke these beneficial
effects of reducing blood pressure and the concomitant decrease in arterial stiffness
are highlighted in this subsection [32].

In a randomized, placebo-controlled study with a crossover design, eight men
and three women (mean age =60.2 years) with moderately elevated systolic blood
pressure (139+2/83+2 mmHg) followed a low sodium (77+99 mmol/day) or
normal sodium (144 +7 mmol/day) diet for 5 weeks [33]. aPWV for the low
sodium condition was significantly reduced compared to that of the normal sodium
condition (7.0+£0.4 vs. 8.43+0.36 m/s, P=0.001). Furthermore, systolic blood
pressure was significantly reduced as a result of the low sodium condition com-
pared with baseline and the normal sodium condition (low sodium: 127+ 3, base-
line: 139+2, normal sodium: 138+5, P<0.001). It is important to consider that
systolic blood pressure is a key determinant of large elastic artery (aortic) stiffness
[34], which may explain the impact of low sodium consumption on reductions of
aPWYV in this middle-aged and older cohort of adults with moderately elevated
systolic blood pressure.

Similarly, a study in a postmenopausal cohort of women of middle and older age
(n=17; mean age=65+10 years) used a 3-month sodium restriction protocol
(preintervention to postintervention: 2685+559 vs. 1421+512 mg/day) to assess
changes in arterial function [35]. In addition to reductions in systolic blood pressure
(~16 mmHg, P<0.05), aPWV was also significantly reduced as a result of 3 months
of sodium restriction (8.7+2.0 vs. ~7.3+1.1 m/s, P<0.05). Again, this study
highlights the influence of blood pressure reduction with sodium restriction to
decrease central arterial stiffness in women whose systolic blood pressure ranged
from 130 to 159 mmHg.

Additional studies have also demonstrated reductions in blood pressure and
arterial stiffness in mildly hypertensive patients (n=169; mean age=50+11 years;
147+13/91+8 mmHg) as a result of modest sodium restriction [36]. In this study,
the reduction in salt intake from 9.7 to 6.5 g/day was successful in reducing systolic
blood pressure by 5+12 mmHg (P<0.001). Importantly, aPWV also dropped from
11.5+2.3 to 11.1+1.9 m/s, which was statistically significant (P<0.01). These
results demonstrate that a modest reduction in salt intake can improve CVD risk by
attenuating systolic blood pressure and increasing compliance of the aorta. Because
the reduction in salt intake was in accordance with current public health
recommendations, the improvements (albeit slight) seen in arterial stiffness are
promising not only for mildly hypertensive adults, but also normotensive adults.
The research regarding sodium restriction in well-controlled clinical trials is
undoubtedly scarce. However, the studies presented herein point to a meaningful
connection between sodium consumption, systolic blood pressure, and arterial
stiffness that deserves further clarification.
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Antioxidant Vitamins (C and E)

It has been hypothesized that vascular function and structure will be improved if
oxidative stress can be ameliorated by reducing free radicals and protecting nitric
oxide (NO) from inactivation [37]. Supplementation with antioxidant vitamins C
and E, in particular, are recognized to protect against lipid peroxidation, a
contributor to arterial stiffness. And many observational studies have shown that a
high dietary intake or high blood concentrations of antioxidant vitamins are
associated with reduced risk of CVD in general [38]. Yet few studies have
examined the potential effects of antioxidant supplementation on vascular stiffness
and function in humans.

Using an emulsified preparation of a tocotrienol-rich vitamin E supplement, 36
healthy young men (mean age=23.9+0.39 years) were assigned to either 50, 100,
or 200 mg daily supplementation of this compound for 8 weeks [39]. All treatment
groups had higher plasma concentrations of vitamin E following the 8-week study
duration (P<0.05). Vitamin E supplementation had no effect on systolic blood
pressure. However, aPWV was significantly reduced in both the 100 and 200 mg
supplementation groups by 0.77 and 0.65 m/s, respectively. This reduction in aortic
stiffness was approximately 10 % less than the values observed at baseline.
Mechanistically, it has been shown that free radicals inactivate endothelium-derived
relaxing factor (EDRF), an important vasodilator [40]. Therefore, it is plausible that
the reductions in aPWV seen in this study were due to neutralization of free radicals,
and preserved EDRF activity.

Vitamin C supplementation has been shown to restore NO activity by
improving endothelium-dependent vasodilation in adult patients with essential
hypertension [41]. The synergistic effects of vitamin C and E supplementation
may exert a greater antioxidant effect beyond those effects in isolation. In a ran-
domized, double-blind, placebo-controlled study with a crossover design a com-
bined vitamin C (1 g) and vitamin E (400 IU) treatment was given for 8§ weeks to
30 males (mean age =50 years; range 42—-60) with essential hypertension (never
treated) [42]. While combined treatment of vitamin C and vitamin E did not
affect blood pressure, a significant reduction in aPWV was observed (pre to post,
~9.1 to ~8.4 m/s, P<0.01). The combined effect of antioxidant vitamins C
together with E may provide optimal conditions for endothelial NO formation
[43]. Therefore, independent of changes in blood pressure, improvements in
aortic stiffness were demonstrated in this male population of untreated
hypertensives that is possibly due to decreases in vascular oxidative stress, and
enhanced NO bioavailability.

Chronic Exercise Training

Regular aerobic exercise is an important strategy to bolster cardiovascular function
and prolong longevity. The benefits of aerobic exercise are proportional to intensity
and duration, that is, the greater and more robust the exercise program (in general)
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then greater cardiovascular improvements will be observed. The gold standard
measure of cardiorespiratory fitness is maximal oxygen uptake (VO,yax), expressed
absolutely as liters of oxygen per minute (L/min) or relatively as milliliters of
oxygen per kilogram of body mass per minute (mL/kg/min). Studies have shown
that regular aerobic exercise inhibits large elastic artery stiffening with aging by
optimizing aortic stiffening, which is associated with preserved endothelial function
[44]. Therefore, engaging in regular aerobic exercise can be considered both a
preventative strategy and treatment for age-associated arterial dysfunction, thus
suggesting endothelial function is an important mechanism for overall improvements
in arterial function.

The improvements in arterial stiffness in otherwise healthy adults is most likely
due to enhanced NO synthesis and activity. As such, in an experimental animal
model reductions in aortic stiffness with chronic aerobic exercise training were
associated with increased endothelial nitric oxide synthase (eNOS), a critical
enzyme for NO production stiffness [45]. Increased NO bioavailability may, in part,
decrease vascular tone and blood pressure. Because of this sustained reduction in
vascular smooth muscle tone, the structural composition of the arteries would
slowly change, as the arteries would remodel to meet the demands of reduced
intra-arterial pressure brought on by aerobic exercise. If the arterial pressure were
consistently reduced due to greater eNOS activation and NO synthesis, the
extracellular matrix (ECM) protein profile would favorably adjust to further
contribute to the destiffening process.

Additional studies have also demonstrated beneficial effects of chronic aerobic
exercise to destiffen arteries. However, these studies provide less mechanistic insight.
In 17 middle-aged sedentary men (mean age=>50+3 years) subjects were progressed
in a brisk walking/jogging exercise-training program over a 16-week period where
the final intensity was equivalent to 75 % of HRR (HRR=HRyx—HRggsr) for
45 min/day, 3—4 days/week [46]. After the exercise intervention aPWV was signifi-
cantly decreased from 9.37+3.4 to 8.7+3.2 m/s (P<0.05).

Using a similarly aged cohort (range age=32 to 59 years) of women (N=12), it
was shown that 2 days/week for 30 min/day at 60—70 % of individual VO,ysx for 12
weeks significantly reduced aPWV (P<0.05) [47]. Additionally, in a younger
middle-aged group of sedentary adults (58 females; 19 males; range
age=30-55 years) who performed 6 months of accumulated (3 sessions x 10 min/
day, 5 days/week) brisk walking at a moderate intensity (measured with an acceler-
ometer) also displayed reductions in aPWV [48]. In summary, these studies [46—48]
demonstrate that reductions in arterial stiffness were independent of peripheral (bra-
chial) blood pressure values, which did not change over the intervention period for
any study.

The efficacy of chronic aerobic exercise training has also been assessed in popu-
lations with increased CVD risk. For instance, middle-aged patients (12 females; 4
males; mean age=45+9 years) with hypertension underwent interval exercise train-
ing (3 days/week; alternating intensity from 50 % x 2 min and 80 % x 1 min of HRR
for 40 min on a treadmill) for 16 weeks. This exercise protocol reduced aPWV from
9.44+0.91 to 8.90+£0.96 m/s (P=0.009) [49]. Similarly, stage 1 hypertensives (10
males; 5 females; mean age=49.8 + 1.6 years) performing aerobic exercise (3 days/
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week for 4 weeks of 30 min of treadmill exercise at 65 % VO,yax) found a signifi-
cant decrease in aPWV by 9.5 % (P<0.05) and a significant reduction in mean arte-
rial pressure (MAP, pre vs. post: 103.5+1.8 vs. 100.3+2 mmHg, P<0.05) [50].
Significant reductions in aPWV have also been observed in older subjects who had
co-morbidities such as type 2 diabetes, hypertension, hyperglycemia, and hypercho-
lesterolemia after 3 months of vigorous regular aerobic exercise [51, 52].

It should also be noted that in apparently healthy young adults who engage in
high intensity resistance training demonstrate increased arterial stiffening [53].
Importantly, combined aerobic and resistance training may have reduced beneficial
effects on arterial stiffness compared with chronic aerobic exercise interventions
alone [54]. These data do not suggest that regular resistance training is detrimental
to overall cardiovascular health. In fact, combined aerobic and resistance training is
most effective in the chronic modification of blood pressure and lipid profile, and in
the reduction of total CVD risk factors aggregated [55].

Lifestyle Modifications

The first-line approach for prevention and treatment of most CVD risk factors is
lifestyle & behavior modifications [56]. While regular aerobic exercise is beneficial
and promotes arterial compliance, it is possible to partake in an exercise program and
lose little, if any, body weight. The impact of excessive body mass on arterial stiffness
is clear: The larger you are, the stiffer your arteries, independent of age [57]. Thus, the
physiological basis of weight gain (or weight loss) ultimately points back to the law
of conservation of energy, which states that energy cannot be created or destroyed but
rather changes forms. Because food provides the human body with energy, and is
accumulated then subsequently stored in adipose tissue, obesity can best be explained
as a condition of excessive caloric intake relative to caloric expenditure. The health
benefits of a lifestyle modification such as weight loss can therefore be achieved
either by (1) eating less, or (2) increasing levels of physical activity.

Weight Loss

Among normotensive overweight/obese young adults, weight loss is associated
with a reduction in aortic stiffness [58]. After a 1-year lifestyle intervention (diet/
physical activity/reduced sodium), aPWV significantly decreased by 0.581 m/s after
6 months (P<0.0001), by 0.32 m/s (P=0.02) and after 12 months [58]. This 1-year
intervention resulted in an average weight loss of 6.4 % (P<0.05). Additionally,
systolic blood pressure, triglycerides, CRP, insulin, and leptin decreased (P<0.05);
whereas, HDL cholesterol increased (P<0.05).

Additional studies have also demonstrated the effectiveness of lifestyle
intervention on arterial stiffness in populations with greater CVD risk. Obese men
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(mean age=45+2 years; BMI=30+ 1 kg/m?) were placed on a low-calorie lifestyle
intervention (1380 kcal/day) for 12 weeks. aPWYV significantly decreased from
9.79+0.45 t0 9.18+0.29 m/s (P<0.05). Additionally, plasma endothelin-1 (a vaso-
constrictor) significantly decreased from 1.9+0.1 to 1.3+0.3 pg/mL (P<0.01), and
plasma nitrite/nitrate significantly increased from 24 +3 to 39+4 pmol/L (P<0.01),
suggesting that enhanced endothelial function is responsible for the reduction (9 %,
P<0.01) in aortic stiffness following weight loss due to a low-calorie diet. Other
physiological variables that changed over the course of the 12-week weight loss
intervention were total cholesterol, triglycerides, and blood glucose (P<0.05) [59].

Furthermore, a 12-week hypocaloric diet (1200 to 1500 kcal/day) administered
to 25 overweight/obese, middle-aged and older adults (16 females; 9 males; mean
age=61.2+0.8 years; BMI=30.0+0.6) demonstrated a significant reduction in
aPWYV by 1.87+0.29 m/s (P<0.05) [60]. The magnitude of this improvement in
arterial stiffness was positively related to the percent weight loss (r=0.59; P<0.05).
Additionally, brachial and aortic systolic blood pressures, triglycerides, total
cholesterol, and glucose were significantly reduced (P<0.05). Notably, the observed
reductions in arterial stiffness in this study (~1.5 to 2.0 m/s) would translate into a
reversal of age-related arterial stiffening by ~15 to 20 years [60].

Summary

The prevention of arterial stiffness is of paramount importance. Although arterial
stiffness is largely a process of aging, obesity early in life can accelerate arterial
stiffness resulting in development of premature CVD. Current guidelines recommend
preventing and treating most CVD risk factors with 3-6 months of lifestyle
interventions, followed by pharmacological therapy (if necessary) in order to
achieve normalization [56]. We purposely did not include short term (<4 weeks) or
pharmaceutical interventions for this reason. Our goal is to emphasize the importance
of undertaking a healthy lifestyle by incorporating high quality nutrients in the form
of polyphenolic compounds (e.g., flavonoids, isoflavones, pigments), omega-3
polyunsaturated fatty acids, reduced sodium intake, antioxidant vitamins C and E,
regular aerobic exercise, and minimal consumption of calories needed to sustain
adequate metabolic function. In short, an appropriate lifestyle is the first approach
for achieving healthy arterial function that can ultimately reduce CVD risk.
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